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Editor's
In the

December

we promised to provide additional information about submitting reports to the
Marine Models Electronic Record (BB-MER). The editors and computer technicians
refine the details, and we are thus unable to publish them in this issue. Stay tuned;

issue,

Biological Bulletin's

are continuing to

we hope

to have

Note

them

for

you next time.
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Science
age.

is

human achievement of our
how to keep peace, to restore

the transcendant

We have not yet

learned

the poor, or to arrest the decline of our planet. But in

building science, we have found a way to understand ourselves and the world around us in ever increasing depth

and

detail. Scientists

lavish support

from

ural

it is

indeed,

could not have done this without

their fellow citizens.

that

So

it is

only nat-

we of science should

obligatory
share the joy of our discoveries and the grandeur of the

puzzles that remain.

Can

this

The

of California.

ability of cells to multiply lies at the root

also prefigures the baleful threat of cancer.

of life;

One person

it

in

every four among us here will develop cancer; one in every
five will die of the disease. These are
tragic dimensions,

but they are no larger than the intellectual challenge cancer
presents. Every second, twenty-five million cells divide in

our bodies. The divisions usually occur in the right place,
governed by mechanisms we have yet

at the right time,

When the governance fails, cancer may
does
the governance fail? How does it fail?
Why
What hope do we have of penetrating the complexities of
cancer cells?
to understand.
arise.

be done?

Is it possible for those of us schooled
decades in the ways and means of science
to explain the world to our friends in other spheres? Great
figures in the history of science have had no doubt about

and practiced

Cancer

for

this:

These questions have been before the human mind for
a very long time, and until recently, the answers had
seemed distant indeed. But over the past decade, a great

Joseph Lagrange: "A mathematician has not fully understood his own work until he can go out and explain it
to the first [person] he meets on the street." (If that be

change has occurred in how we think about cancer. Where
once we viewed the cancer cell as an unfathomed black
box, now we have pried open the box and cast in the first

true,

then in

my

mathematicians

experience, there are a lot of confused
in the world.)

it

life

My challenge here is to demonstrate the truth of those
aphorisms for cells and cancer. It is a less daunting challenge than you might think: cancer was once one of the
most complex of biological problems, seemingly beyond
our comprehension: but now, as understanding burgeons,
cancer can be readily explained.

This paper

is

now we

are

on the track of a
all

single unifying explanation

cancers might

arise.

The

track

is

paved

cells.

miserable for

to anyone."

based on a Friday Evening Lecture delivered
on 6 August 1993.

Biological Laboratory

Where once we viewed cancer as a bewildering
numerous to count,

of how most or
with

they were badgered to distraction by aspirant physicists.)
Enrico Fermi: "If you truly understand something, you

can explain

light.

variety of diseases with causes too

Lord Rutherford: "A physicist's theories are worthless
unless he can explain them to the barmaid at the local
pub." (Thus did Lord Rutherford make
the barmaids in the Britain of his time

dim

at

the

Marine

The nature

of cells

Robert Hooke

first

brought

cells to public view.

Hooke

was a seventeenth century English physicist, meteorologist, engineer, architect, and biologist who also found time
to fabricate

some of the

earliest

microscopes.

Some time between 1660 and

1665, Hooke placed a
thin slice of cork under the lens of his home-made
mag-

Three centuries of technological development have
improved very little on Hooke's first image. Hooke described what he saw as "little boxes or cells distinct from
one another." The term "cell" caught on, and we still use
nifier.

it

to describe the elementary building blocks of living tisNo single word now better embodies the sum of life:

sues.

J.

the image of a cell

is

more portentous than even

M. BISHOP

that

DMA.

of

is

an irony here. Hooke chose the word cell
rigid and static enclosure, which

connotation of a

its

biologists);

mon

and they do

origin in fertilization

microscope. Never has a connotation
been less apt. Hooke was indeed looking at rigid enclosures. But the living units that had been within, the units

dowry.

we now

sperm and the

is

what he saw

in his

call cells,

were gone.

We

that he ever appreciated the

tion of

would be close to three centuries before anyone
Then, in the space of little more than 50 years,
the period between 1835 and 1900. scientists at last

Indeed,

it

else did.
in

perceived the nature of the
the cell in

life

on our

cell

planet.

and the central place of
The perception came in

several steps.

Mathias Schleiden, a student of plants, was perhaps the
to propose that cells represent the unit from which

living

Skeptics

lescent

organisms are

an irreducible unit with a

built,

life

among you might conclude
is

that the student in-

salacious. Granted: the

mere men-

sperm brings the gleam of lust to many an adoeye (the egg seems less provocative, perhaps be-

cause of a mistaken association with cholesterol).
But I prefer to believe that students are moved by the
wonder of embryogenesis: the fertilized egg, a single cell,
multiplying myriad times over to produce the

ganism.

first

genetic

engender a new individual.

egg, uniting to

terest in fertilization

his discovery.

common

and share a

When I lecture high school students, I find no aspect
of biology more absorbing for them than the image of the

do not know the exact day on which Hooke first
saw his "little boxes," and we have no reason to believe
magnitude of

different

we

say in the shop talk of
this even though they have a com-

functions, to differentiate (as

But there
for

assume

ability to individualize themselves, to

Our form and our

passions, intellect,

and

properties of individual

Wilson put it well:

".

.

or-

all

are rooted in the

The great

cell biologist E. B.

creativity
cells.
.

human

function, our consciousness,

the secrets of the

mind

are slum-

Theodor Schwann adapted

bering in the ganglion cell." [The cognescenti among us
will recognize an anatomical error here, forgivable since

The popular

the aphorism dates from 1898. But the poetry remains

formed dc novo as if by magic
the
from
juices of the body, from a mystical substance
as
known
the blastema in embryos, the cytoblastema in
adults. But that view would not last. Its downfall was foreshadowed by the work of the great German embryologist.
Karl Ernst von Baer. who discovered the mammalian oocyte (egg) from which we all have grown (with a modest
assist from sperm).
Von Baer surmised that the growth and development
of the embryo from a fertilized egg was dependent upon
continuous cleavage of some elemental component, whose
nature he never grasped. But von Baer did realize that the
search for those imagined cleavages would lead to what
he called "the innermost tabernacle of embryology."
Another German embryologist, Robert Remak, followed von Baer into the tabernacle and eventually reached
the conviction that all cells in the embryo arise from the
division of preexisting cells. The pathologist Rudolf Virchow then generalized the scheme and gained lasting credit
for it, perhaps because he publicized it in the form of a
Latin phrase that many a student has committed to memory: "omnis cellula a cellula": all cells come from cells.
This "theory of the cell." as it was called, immediately

unblemished and evocative.]
Here too is the stuff" and manner of evolution: cells
must change if species are to evolve. But the play of evo-

of its own. Three years
this proposal to animals.
all

Still,

later,

the origin of cells remained a mystery.

view was that each

cell

illuminated several great problems in biology. Now it
could be seen that all of life had a structural continuity:

every new

individual arises from the union of two

Cells are the vehicles for inheritance, whatever

its

cells.

chemical

nature might be
a mystery that was to go unsolved for
almost another century.

And

if all

the cells of an organism arise from the single
cells must possess an inherent

product of fertilization, then

lution introduced a subtlety into the biological continuity
of cells. August Weissman made this subtlety clear when
he embellished the theory of the cell with two lineages.

One lineage assembles the body of each living creature
and is a biological dead-end the somatic lineage (from
"soma," for body): another lineage perpetuates the germ
cells, sperm and egg. from one generation to the next
the germinal lineage, or

germ

line,

the carrier of our ge-

netic dowry.

Weissman argued correctly that
two lineages will last for all

these

matic

germ

cell

cell.

the separation between

time: changes in a socannot be retrofitted to the inheritance of a
In this one point, he challenged Charles Darwin,

because Darwin had imagined that germ cells collect information from somatic cells throughout the course of
life, and that the received information is part of the varirelies. So far as we can tell,
Weissman was correct; Darwin wrong.
The formulation by Weissman gave new form to an

ation on which evolution

astonishing continuity that reaches from every cell now
alive, back into the ultimate depths of biological time,

coacervate of primitive living matter from
We have laid bare a kinship between
ourselves and all the other creatures that inhabit the

back to the

which we

first

all

arose.

animals and plants alike; a kinship that was formed
the
by
sculpting hand of evolution: a kinship that some
earth

would

like to

banish from our teaching because it emDenv evolution and

barrasses their religious convictions.

CELLS

AND CANCER

also deny the theory of the cell, which is by now no
longer a theory, of course. Deny evolution and you profane a deep truth of human existence.

you

The theory of the

cell and the conclusions to which it
were based on inference, not experiment. The images
that Sehleiden, Schwann, Remak, Virchow, and Weissman saw through their microscopes were static, frozen in

led

time and space. Thus, the dynamic features of the cell
theory as conceived in the nineteenth century were

triumphs of the

human

The image

is

the cell

is

that

brick-like.

300

creatures are built

our own

imagination.

bestowed upon us by the theory of
Cells are the bricks with which all
trillion

of these bricks in each of

all

in

and errant natives (such

have an elaborate internal structure that allows them to
and breathe; they move from one place to another
with purpose; they have distinctive personalities and assignments; they converse by means of chemical and molecular languages;

and they multiply

ten thousand

lion times over during the course of each

human

tril-

lifetime.

We know

little

cell, whose progeny have negotiated
the several steps necessary to reach malignancy and have
successfully eluded the defense mechanisms of the body.

from a single wayward

What changes

the personality of the

first cell

in this

tumor? Humankind has spent the last century trying to answer these
questions. We are now tantalizingly close to an answer.
Our progress has come from attention to genes, so let's
pause for a brief lesson on genes and DNA.
scheme; what

fuels its progression to a lethal

Genes and

DNA

The command center for our cells is located within a
compartment known as the nucleus, on structures known
as chromosomes. When individual chromosomes are
stained

and magnified many hundreds of times, each

plays a distinctive pattern of bands

and cancer

fingerprint.

greatest wonder of cells, though, is that each knows
what it is to do, and when, and where. Cancer is a failure

The

of this wonder: the cancer
with other

cells,

cell violates its social

proliferating

and spreading

in

We

of

Homo

Chromosomes

dis-

a sort of microscopic

sapiens possess 24 different

chromosomes, including the X and Y
and each has a different fingerprint.

contract

an unfet-

tered way.

sex

chromosomes,

carry the instructions that dictate the

and activities of our cells. These instructions are
inscribed on that remarkable molecule known as DNA.
structure

DNA are crammed into each human cell:

The theory of the cell owes much to the study of cancer.
Virchow himself was motivated primarily by interest in
the origin of cancer cells rather than normal cells. But he
knew a good thing when he saw it. If all cells come from
other cells, then surely cancer cells must come from normal cells rather than from bad juices, as was formerly
imagined. Virchow envisioned many cells turning malign
to form a single cancer. Here he was wrong. We now
know that most cancers begin as single cells that then
grow into colonies of innumerable cells, all derived from

get

the original founder.

of the

The

as cancer cells).

of these defenses, but they are real.
Thus, most of us will develop no more than one cancer
our lifetimes; and the cancer usually will have originated
too

bodies. But these are not ordinary bricks: they

live

Cells

tissues)

Several yards of
how the cramming

is

accomplished remains a great mys-

tery.

The instructions carried by DNA are composed of a
chemical vocabulary that we call genes. Genes are interpreted by a universal molecular pathway that first copies

DNA
RNA

into smaller molecules

known as RNA, and then
known as proteins.

into even smaller molecules

handmaidens of genes: the molecules that
most of the jobs done; the pieces from which much

Proteins are the

cell is built;

reactions of

the engines that drive the chemical

of cancer probably occur
in many of our cells during a lifetime, only to be aborted
before matters get out of hand. But occasionally, the

It now appears that cancer results from mistakes in this
chain of command; mistakes that originate from damage

course of events continues to a lethal end

to

early steps in the genesis

a

homoge-

neous colony of cancer cells with the potential to expand
its size without surcease. Reasonable calculations suggest
that billions of cells may take the first step towards cancer
in each of us during the course of our lives. Why then do

any of us survive

to

tell

the tale? There are at least two

answers to that question.
First, one step is not enough: several insults are required
to produce a fully malignant cell, and the likelihood that
will
these will combine in a single cell is very low.

We

speak more of these combined insults later.
Second, our bodies can mount potent defenses against
both foreign intruders (such as microbes and transplanted

DNA.

life.

Usually, these are not mistakes that are inherited:

instead, they occur at various times during our lives, grad-

accumulating to a catastrophic threshold, beyond
lies the cancer cell. To recall the language of August
Weissman, most cancers arise from genetic mistakes in
ually

which

cells rather than in our germ line.
The mistakes take two forms. Some cause a gain of
function: the damaged gene acts when it should not and

our somatic

thus disturbs the control of cellular proliferation. Others
eliminate a gene or its function, with the same consequences. We call these mistakes dominant and recessive,
respectively.

menclature

We
later.

will

explore the significance of this no-

J.

M. BISHOP

man

Understanding cancer: essential beginnings

How
much

have these genetic mistakes been found? Like so
came not from

else in science, the initial progress

a deliberate search but from unexpected quarters,

and the
were taken by resorting to simplifications. The first of these simplifications was to view cancer as a disease of individual cells and to study this disease
essential beginnings

not in the body of an animal but in a petri dish. The
second was to exploit agents that will rapidly and reproducibly convert cells to cancerous growth under experimental circumstances; preeminent among these agents
are viruses that cause

tumors

in animals.

these two simplifications in greater detail,
much about how science is done and why

Whole tumors are not easy objects
study. So we resort to the belief that

By examining
we will learn
it

for experimental

We

cells

outside of the animal, using an artificial mixand glass or plastic vessels

ture of nutrients to feed the cells
to contain the cells.

Under these circumstances, cancer cells misbehave exactly as we might have expected from the properties of
whole tumors: they continue to grow when they should
not
when they have become crowded by their neighand they develop a very different appearance
normal counterparts. The normal cells are flat,
extended, and grow in orderly arrays; the cancer cells are
rounded, disordered, literally crawling all over one another
a convincing caricature of the cells in an invasive
boring

from

cells;

their

The fact that we can describe a cancer cell does not
mean that we understand it. To understand how cancer
arises, we need to track the events that occur from the

moment

a cell

is first

to the final lethal

set

on the path

outcome.

to

cancerous growth

We cannot do this with human

cancer: usually, the disease
catches our eye. But we can

is

well

do

it

advanced before

it

by using viruses that
cells to cancerous

cause tumors in animals and convert

The

play.

'/ruses

I

The

story

working

began with Peyton Rous,

at the Rockefeller Institute,

that could transmit cancer

the

who

in 1910, while

discovered a virus

from one chicken to another

cancer virus brought to

full view. For this remarkable discovery, Rous was for many years criticised
and disparaged: his finding was beyond the ken of most
first

of his time.

Others proved more perceptive, Henry James among
them. The expatriate American author toured the Rocke-

and was introduced to Peyton Rous in 1910,
Rous was in the midst of his work on
the chicken cancer virus that he had discovered. (James
was deep into the miseries of age and but two years from
his death.) When James was told that Rous was in charge
feller Institute

when

the youthful

of cancer research
vently:

"How

at the Rockefeller,

magnificent!

To

he responded

in the test tube.

of viruses for the experimentalist rests on a
of human cells is large
genetic simplification. The
to
accommodate
one
million
enough
genes. For reasons
utility

DNA

we do not have one million
but
we
do
have
tens
of
thousands, most of them
genes;
not yet even identified. Each gene has its own specific
that are not yet entirely clear,

and among these chores, there must be many that
are important in the genesis of cancer. By contrast, viruses
generally have less than a dozen genes, and often only
one of these genes is required to produce cancer. So simply
put, viruses can simplify the study of cancer by more than
chore,

power."

The opinion of Henry James not withstanding, Peyton
Rous also failed to achieve divine power; indeed, he eventually despaired of convincing anyone that he was right,
gave up the pursuit of his historic discovery, and entered
another field of research. Fortunately, Rous had good
genes: he lived long

enough

Nobel Prize

to receive the

he had passed the age of 80; the rest of the
world had finally caught up with him.

Over the recent decades,

Rous has been memorialized

scientists

have exploited the

simplifications offered by viruses to help find a set of hu-

in a

way

that

I

scientific

find

more

notable than the Nobel Prize: he has been enshrined in

portrayed as the character Rippleton Holabird
Arrowsmith, Sinclair Lewis' romantic novel about life

literature,
in

in science.

(Rippleton Holabird: consciously or subconde querre must have been inspired by

sciously, that noin

the fact that

Rous did

his

seminal work with chickens.)

Paul de KruifT was the microbiologist who coached
Sinclair Lewis during the writing of Arrowsmith. They
put virtually the entire staff of the Rockefeller Institute
into the novel
not always in a good light. For good mealeft us his own analysis of why Rous gave
research
on
cancer viruses: "Dr. Rous was so amazed
up

sure, de Kruiff

at his own discovery that it was rumored he couldn't stand
the mental strain of going on with it and you couldn't

blame him."
That analysis is not as outlandish as it might sound to
you. Scientists admit to what one of our colleagues (Mark
Ptashne) has called "psychic risks" in doing an unortho-

dox experiment. Our egos

a thousandfold.

fer-

be young and to have divine

after

cancer.

growth

keyboard on which many different carcinogens might
An enemy has been found, and we have begun to
understand its lines of attack.

as a

scientists

succeeds.

the properties of
individual cancer cells probably explain the behavior of
tumors.
can define these properties by growing the

cancer

genes whose activities may lie at the heart of many
no matter what their causes. We view these genes

cancers,

We now know

suffer brutally

from

that the virus discovered

emplifies a distinctive sort of virus

known

failure.

by Rous ex-

as retroviruses

CELLS

(among which

is

HIV, the cause of AIDS);

indeed cause cancer; and that

that

it

AND CANCER

does

contains but four genes,
arrayed along a single molecule. Three of these genes are
used to reproduce the virus, but the fourth causes cancerit

an "oncogene." We call this oncogene sir because
the cancers it induces are sarcomas.
it

is

view, proto-oncogenes become the precursors to cancer
genes within our cells, and damage to genes becomes the

underpinning of all cancers, even those that are not caused
viruses.

by

Consider, then, what retroviruses have done for us. Piracy of proto-oncogenes by retroviruses is an accident of
nature, serving no purpose for the virus. But the event

has profound implications for cancer research. In an extraordinary act of benevolence, retroviruses have brought
to view cellular genes whose activities may be vital to

Proto-oncogenes

The discovery that the virus of Peyton Rous and many
other viruses use genes to elicit cancer brought clarity to
before that the elemental secrets of cancer might lay hidin the genetic dowry of cells. But in cancer viruses

many forms of carcinogenesis. It might have required
many decades more to find these genes by other means
among the morass of the human DNA. Instead, we have
the genes made manifest in retroviruses, excerpted from
amid the morass and made available for our closest scru-

we found

tiny.

what had been a muddled business. There had been hints

den

first explicit examples of genes that can
from normal to cancerous growth.
Might the cell itself have such genes? Can the complexities of human cancer be reduced to the chemical vocabulary of DNA? The answer came from asking yet an-

switch a

the

cell

other question, based on the logic of evolution.

The

src

gene serves no obvious purpose for Peyton Rous' virus
it contributes nothing to the growth or survival of the
virus.

Why

When

then

is it

there?

that question

ballet.

The

virus

it

led to a penetrating

is

a pirate; the booty

is

a cel-

gene with the potential to become a cancer gene.
That discovery opened a floodgate of revelation. The

lular

DNA

of vertebrates contains

rated into viruses like

tally

that

has now reached 100 or more. And we have learned
many of these can have a role in the genesis of human

cancer.

Having learned where

genes that can be pithat of Peyton Rous, there to be-

many

We call these cellular genes proto-onbecause
each
has the potential to become an oncogenes
in
a
virus.
Each
cogene
proto-oncogene can be found in

to look

from

retroviruses,

we could now examine the status of proto-oncogenes in
human cancer cells. What we found was nothing short of
astonishing.

was asked,

discovery. Src is present in the virus of Peyton Rous because of an accident of nature. The gene was acquired
from the cells in which the virus grows, in an elaborate

molecular

In time, scientists learned to go beyond retroviruses:
other ways to uncover proto-oncogenes. The

we found

We

nancies in which

can point to a variety of human maligdamage to one or another proto-onco-

gene has been found with some consistency. In each
stance, the

damage causes

a gain of function

in-

unwanted

of the gene. A list of such malignancies impresses
because of the diversity of tumors involved, because of
their identities (several can be counted among the prinactivity

nemeses of humankind) and because the list has
after only a few years of pursuit, with
tools:
there
is doubtless more to come.
imperfect

cipal

been assembled

come oncogenes.

many

different species

from

Homo .sapiens to

birds, in-

even sea urchins

arrayed across one thousand
million years of evolution. This conservation tells us that
each of these genes serves a vital purpose for the organisms
sects,

which it is found.
seems most unlikely that evolution installed protooncogenes in our cells to cause cancer. These genes must
normally have more noble purposes. Why then does their
in

It

transfer into retroviruses give rise to oncogenes?

The an-

the elaborate molecular gymnastics by which
proto-oncogenes are pirated into the genomes of retro-

swer

lies in

During the pirating, proto-oncogenes suffer dammutations
that can convert them to oncogenes:
age
from Dr. Jekyll to Mr. Hyde.
We also imagine that any other influence that can
viruses.

damage
even
the

a proto-oncogene might give rise to an oncogene,
damage occurred without the gene ever leaving

if the

cell;

without the gene ever confronting a virus. In this

Tumor

suppressor genes

The discovery and exploration of proto-oncogenes provided a new view of the cancer cell, rich in detail and
prospect. But there is another set of genes that are equally
important in the genesis of cancer, and whose time has

now come. Their

story goes as follows.

We are called diploid organisms by geneticists,
our

cells possess

because

two copies of most of our genes. The

oncogenes we have discussed until now are genetically
dominant; their abnormalities are expressed even when
a normal copy of the same gene is also present in the
evil overrides good, to use an image I find useful
cell
for medical students and physicists. But it now appears
that most or all human tumors also bear genetic lesions

make their presence known only when both copies
of a gene have been lost or inactivated. We call these
lesions recessive. The possibility that recessive mutations,
that

that the loss or inactivation of genes, might contribute to

cancer emerged in two ways.

J.
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it is
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possible to induce the fusion of two different

and thus to cause the intermingling of their genetic
endowments in a single progeny. Experimental fusion of
normal and cancer cells often suppresses the abnormalities

cells

of the cancer

cell:

the hybrid cells

grow normally rather

cells. The cancer cells therefore appear to
be defective in functions that are required for the regulation of cellular proliferation and other behavior. Fusion

than as cancer

with a normal

cell restores

the necessary function and,

The responsible genes
"tumor suppressor genes," and their
cancer cells represents an example of re-

thus, suppresses cancerous growth.

are

now known

defectiveness in
cessive genetic

Second, the

as

of some

mosomes
we call deletion and

human

cancers contain chro-

DNA

that

is

sometimes

a lesion that

visible

through a

microscope. Consider an example that involves a deletion
within chromosome number 13 in human retinoblastoma,

tumor of the retina that occurs only in young
The loss of genes is a recessive lesion, of the sort

a malignant
children.

imagined from the experiments with cell fusion. If you
have understood the concept of recessiveness, you also
realize that nothing ill will happen until the counterpart
of the deleted gene on the other copy of chromosome 3

figure in the

damage

with targets
with targets

known
known

oncocogene is pathogenic only when it is
defective or lost. These are diametrically opposite maladies, yet they both play on the cell to give an identical
outcome: cancer. How does this happen? The proliferation
of cells is driven by an internal engine that is governed in
the recessive

at least three

ways.
multiple accelerators activate the engine

First,

that have lost part of their

sorts of genetic

variously as tumor suppressor genes, recessive oncogenes.
or anti-oncogenes. The proto-oncogene causes trouble
only if it continues to produce an active protein, whereas

damage.
cells

summary, two

In

genesis of human cancer: dominant
as proto-oncogenes; and recessive

has been idling and keep
is

it

when

it

running as long as cell division

required. Proto-oncogenes exemplify these accelerators.

proto-oncogene jams the accelerator and

to a

Damage

drives the cell to relentless division.

Second, multiple governors retard or arrest the engine
the cell should cease division. Tumor suppressor

when

genes exemplify the governors. Remove a governor, and
the cell is unleashed to relentless division.
Third, the engine runs according to a strict schedule:
in division occurs in a predictable sequence and
at a predictable time: and the sequence repeats itself in a

each step

1

has also been damaged. That is exactly what happens in
the genesis of retinoblastoma: both copies of a tumor suppressor gene on chromosome 3 are lost or otherwise in1

activated.

has required several decades for these findings to have
an impact, but now that impact is being felt in spades.
It

From

several lines of enquiry, evidence has

for recessive genetic lesions in

human

most

if

been obtained

not

all

forms of

cancer. At least ten of the affected genes have

cyclical

The

manner

hence, "cell division cycle."

cellular clock

In other words, cells possess an internal clock that sets
the schedule for cell division. The existence and nature

of this clock emerged in fascinating ways. One of these
ways can be illustrated by removing the nucleus from a
fertilized frog egg.

does not divide.

Such an egg has no chromosomes and
it heaves rhythmically, on the same

Still,

been identified directly by the use of recombinant DNA,
including genes involved in retinoblastoma; carcinomas

schedule as

of the breast, bowel, bladder, lungs, and kidney: tumors
of the nervous system; and leukemias.

and running, the clock has no need of genes:

Any
human

present effort to enumerate recessive lesions in
cancer is freighted with uncertainty. Taking the

count on the order of a dozen.
There are probably many more. It is worth noting that
even the first fruits of the often maligned human genome
literature at face value,

I

would make these genes easier to find.
Moreover, the identification of lesions in tumor suppressor genes has added an additional dimension to the

project

but

DNA

germinal lineage and. thus, is passed
from generation to generation. But emphasize that this
seems to be the exception, not the rule. Most cancer genes
fected

in the

I

arise

from damage

in the

only a single individual.

somatic lineage and, thus,

affect

cell division,

frustrated in

its

drive to multiply,

responding to the clock. In other words,
it is

once up
entirely

self-sufficient.

The works of

the cellular clock have just

come

into

view, mainly from research on the cells of yeast and frogs.
One notable feature of the clock is the fidelity with which
it

It

has been conserved throughout the course of evolution.
was invented more than a billion years ago and has

remained

virtually

unchanged

until the present.

some of its components can be moved from
to a yeast

molecular genetics of cancer, because some of these lesions

account for inherited predispositions to specific cancers.
Recalling August Weissman again: the damage has af-

still

is

One
how

adjust

and function there

a

At

least

human

cell

just as well.

of the great remaining mysteries about the clock
the accelerators and governors of the cell cycle
its

rhythm. Once

tery should cast

new

in

light

normal and cancerous

hand, the solution to that myson the inner workings of both

cells.

Tough Gi/ys Don't Dance, Norman Mailer
reminded us that the development of cancer is not a simple
matter: more than one event is likely to be involved.
In his novel.

CELLS

"None of these
I

doctors has a

see the matter,
.

.

.

Two

can get

it's

The

cancer

first

.

.The way
two switches
.

have to happen before the crud

terrible things

its start.

feel for

a circuit of illness with

AND CANCER

cocks the

trigger.

The other

fires

been walking around with the trigger cocked for
forty-five years." (The speaker was a smoker who, in
Mailer's plot, died of lung cancer four pages later.)

it.

I've

Mailer got things right

in this instance, at least.

Ma-

lignant tumors arise from a protracted sequence of events
whose components have never been decisively counted
or named. The common view is that each step in the
sequence creates an additional aberration. For example,

an emerging cancer cell might independently acquire the
capabilities for extended proliferation, invasion of adjacent tissue, and spread through the body.
the details of why or

we cannot

how

this

We do not know

assign distinct steps in tumorigenesis to indiwe look, we find evidence

damage to multiple genes, both proto-oncogenes and
tumor suppressor genes, figures in the genesis of virtually
that

every cancer.

may

feature recessive mutations
1

1

,

NMYC;

on both chromosome

as well as amplification of the

and

(4)

carcinoma of the

tively consistent lesions

may

1

proto-oncogene

breast, in

which

rela-

include amplification of the

proto-oncogenes NEU and MYC, and recessive lesions
affecting Rb, chromosome 3, and chromosome
1

Each additional

lesion

1

.

adds insult to injury, the eventual

sum being a malignant tumor. The catalog of genetic lesions is nothing short of extraordinary. Less than 20 years
ago,

we knew nothing of these

and had no means
of modern biomed-

lesions

by which to find them. No other field
ical science can boast of more rapid progress.

Why
cancer

should
cell?

research.
cells progress through the division cycle, they monthemselves for the completion of crucial events, such
as the replication of DNA. repair of mutations, and con-

As

itor

struction of the apparatus required for mitosis. If

it

require so

We know

proliferation of cells

is

many

that the

the cell

elaborate,

separate steps to

may

destroy

make

a

order to avoid becoming an

itself in

outlaw.

Some of the mutations

in

inspection or the feedback

cancer

it

cells cripple this self-

generates, allowing cells to

be more sloppy and, thus, to produce more mutations
that survive to cause trouble. In other words, one mutation
beget many more, and that can fuel the progression
to frank malignancy. It takes little imagination to recog-

may

how important

all

of this

is

likely to

be for future

efforts to prevent the occurrence of cancer and to deal

with

it

once

it

has appeared.

The future

How might
have reviewed for you
eventually aid in the management of cancer? It is too
early to give a decisive answer to this question, but there
Which

brings us to a look into the future.

all

this research progress that

are

ways

in

I

which genetic dissection can already be used
will illusand prognosis of cancer.

in the diagnosis

I

trate two.

Neuroblastoma is the most common cancer of children
under the age of two. The tumors are assigned to four
stages,

I and II, relatively localized
and IV, more widespread and

according to severity:

and usually curable; and
inevitably fatal.

A

III

proto-oncogene called N-myc is often
in neuroblastomas, a dom-

damaged and malfunctioning

malady occurs only in those
and IV, where it signifies a particularly

inant disorder. But the genetic

tumors of stages

machinery to regulate the
with numerous components

all is

not well, a feedback device slows the engine of the cell
cycle, buying time for defects to be remedied. That failing,

nize

Prominent examples include (1) carcinoma of the colon, which may harbor recessive lesions on chromosomes
5, 17, and 18, and a point mutation in the proto-oncogene
K.RAS; (2) carcinoma of the lung, in which amplification
of myc genes, and recessive mutations affecting chromosome 3 and the retinoblastoma gene (Rb) have been
found with some regularity; (3) neuroblastoma, which

tumor progression?

If our cells are so
do they ever acdamage,
why
good
cumulate the catastrophic combination of mutations required to generate a full-blown cancer cell? The answer
to this question is now in hand and represents one of the
most remarkable insights from contemporary biomedical

fuels

at rectifying genetic

happens. For the moment,

vidual genes. But everywhere

and

What then

III

poor prognosis. As a

result,

damage

to

NMYC

is

now

regarded as the single best parameter for staging neuroblastomas, a dire prognostic sign that is used in the coun-

working in concert, sometimes redundantly. The machinery
seems to have become deliberately complex. Perhaps this

therapy.

complexity represents an evolutionary failsafe, designed to
ward off the anomalies that lead to cancer.

The gene affected by recessive damage in human retinoblastomas has been identified and isolated by molecular

If you think about it, we are nigh onto perfect in this
regard: our bodies reduce a billion risks of cancer to less

cloning. Therefore,

than one per lifetime.

DNA

We calculate that every gene in our

damaged some ten billion times in a
somehow, the machinery of our cells voids
is

of this damage.

lifetime, yet

virtually all

seling of patients

and

their families,

and

in the choice of

it is now possible to chart the inheritance of damaged copies of this gene in families afflicted
with congenital retinoblastoma and. thus, to identify chil-

dren

at risk for the disease either before or after birth.

Beyond

lie

much broader

we can reasonably

envision a not-

these two limited examples

prospects. For example,

J.
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too-distant day when we will perform molecular cytology
on human sputum, urine, and feces, screening for the
early genetic lesions that signal the precursors to lung,

and colon cancer. With current technologies, we
can detect one mutant cell, one precursor to cancer among
10.000 normal cells. It should be only a few years before
such detection becomes a matter of routine.
What of treatment? Are we likely to acquire new antidotes for cancer from our study of oncogenes? There is
bladder,

we

be able to repair or replace
the damaged genes of cancer cells in the foreseeable future:
we have not yet learned how to operate on the
of
like'ihood that

little

will

DNA

human

with the necessary surgical precision
and efficiency. There is talk of restoring functional copies
of tumor suppressor genes to cancers in which they are
living

cells

The

defective.

strategy has been tested with

some

success

deployment in human subjects presseems
ently
many years distant.
If we focus on the protein handmaidens of genes, however, we can see more cause for hope. Given sufficient
information about how these proteins act, we may be able
in cell culture, but

to invent

ways

to interdict their action,

the specificity of genetic

even to exploit

damage and thus

of oncogenes.
am eager not to appear naive.

to reverse the

effects
I

against an

oncogene product

is

No

likely to

single therapy

become

a panacea.

We must deal with a large variety of damaged genes, whose
actions present great chemical and enzymological diversity; and we must be prepared to cope with evolving genetic

damage within cancer

cells that

can bring a variety

of oncogenes into play sequentially. In 1983, a prominent
figure in American cancer research told the New York
Jlnicx that "scientists should learn

oncogenes

how

to manipulate

to protect or treat patients within the next five

The prediction has not come to pass. The words
hollow,
now. except as a cautionary tale.
ring
In summary: many things cause cancer, but all may

years."

act through the

same malady

damage

to

DNA. From

an accident of nature, piracy by retroviruses, we gained
our first glimpse of a genetic keyboard on which many
different causes of cancer can play, a final common path-

way to the disease we know as cancer.
Over the past decade, that glimpse has broadened into
a view of intricate detail and great potential. We have
learned that cancer cells harbor both dominant and recessive genetic damage; we have identified dozens of genes
that are affected by this damage; we have begun to chart
the course by

propel a

how

this

cell to

which the damaged genes collaborate to
cancerous growth; and we have glimpsed

knowledge

will eventually serve at the

of the cancer patient.

bedside

The

story of cancer research in our time

great truth about scientific discovery that

emphasize. We cannot prejudge the
we can only ask that it be sound.

Peyton Rous isolated

his virus

not renowned for glamour

German

embodies a
want now to

of scholarship;

from chickens

beasts

witness this quote from the

Werner Herzog: "Stupidity is the
chicken and you will know.
the most horrifying, cannabalistic and nightmarish
film director,

Look

devil.
It's

utility

I

in the eye of a

creature in this world."

The chicken
ago was the

Rous 70

years

cancer virus to be isolated. Decades

later,

virus discovered by Peyton

first

the oncogene xrc of this virus became the first retroviral
oncogene to be identified; the action of the sir protein,

biochemical mechanism implicated in cancer
and
the discovery of xrc in normal cells, the first
growth;
the

first

sighting of proto-oncogenes

our

of potential cancer genes in

cells.

Similarly, the engine that drives the division of cells

and the clock

that governs its rhythm have been uncovered
mainly through the study of two other humble creatures:
baker's yeast and its relatives, and the frog. Here is a fa-

miliar but oft-neglected lesson: the proper conduct of sci-

ence

lies in

may

lead.

arship,

the pursuit of nature's puzzles, wherever they
cannot prejudge the utility of any schol-

We

we can only

ask that

it

be sound.

We cannot always

problems of biology at will; we must reto nature's clues and seize on them whenever

assault the great

main

alert

and wherever they may appear

even

if

it

be

in a chicken,

a frog, or baker's yeast.

by bit. the inner workings of the cancer cell are
coming under our sway. With this knowledge, we seek
Bit

devices for diagnosis, for prognosis, and for rational designs of therapy and prevention of cancer. But a greater
intellectual

adventure overshadows even these: the quest

to understand the cell in all of

its

particulars, to

know

what keeps us whole and what renders us asunder. The
great French mathematician and physicist Henri Poincare
phrased the point well

(I

will take liberties

with the gender

in his text):

"The

scientist

in

it

does not study nature because

it is

useful;

because she delights in it, and she delights
because it is beautiful. If nature were not beautiful,

she studies

it

would not be worth knowing, and if nature were not
worth knowing, life would not be worth living."
Or H. G. Wells: "The motive that will conquer cancer
it

will

not be pity nor horror; it will be curiosity to know
Pity never made a good doctor, love

how and why
never made a good
.

discovery."

.

.

poet. Desire for service never

made

a
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Abstract.

(MO) from
two

Visual examination of the mandibular organ
the lobster, Homarus americanus. disclosed

morphological regions: a fan-folded region
along one edge of the gland, and a smooth, unfolded region
comprising the rest of the gland. Because MOs produce
distinct

methyl farnesoate (MF). the MF content of both regions
was measured. In freshly dissected glands, more than 95%
of the MF was found in the fan-folded region of the gland.

MO

In

sections incubated with

3
[

H->mv/n'/]methionine

MF

precursor of MF), more than 90% of
synthesis was found in the fan-folded region. Eyestalk
ablation, a procedure that increases
activity, caused
(a radiolabeled

MO

MF content

the

but had

MOs

of

little effect

to increase

more than

1

30-fold,

on the regional distribution of MF.
two regions

Histological observations indicated that these

had

The fan-folded region
The A cells were mitotically active and appeared to be undifferentiated. The
B cells contained a large number of small vacuoles. The
unfolded region was largely composed of a third cell type
(C). The C cells were large and morphologically complex,
containing many mitochondria and large vacuolar-like
different cellular compositions.

contained two

structures.

cell

types (A and B).

They contained

relatively

few small vacuoles.

On

a sesquiterpene structurally related to the insect juvenile

hormones (JH) (Borst et a/., 1987; Laufer et at.. 1987;
Tobe et at.. 1989; Borst and Laufer. 1990). This synthetic
activity

is

consistent with

features are observed in the insect corpus allatum
(Cassier, 1979;
thesis.

These

similarities of ultrastructure

one have been detected
vert

Scylla serrala and the crayfish Procambarus clarkii, produce and release farnesoic acid in vitro (Tobe et al.. 1989;
However, the importance of either
Ding and Tobe, 99
1

1

).

as a secretory product

Because of
In this paper

its

we

Mandibular organs (MOs) from several crustacean
decapods have been shown to produce methyl farnesoate.

MO

ethyl farnesoate.

MF

methyl farnesoate:

by radioimmu-

1987). Moreover, lobster

et at..

function of this tissue.

Abbreviations:

MOs

in lobster

MOs conpregnenolone to progesterone in vitro (Tsukimura,
1988). MOs from other species, such as the mud crab

noassay (Couch
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tissue for investigating

=
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product, several reports
Although MF is a major
have suggested that this tissue produces other endocrine
products. For example, significant amounts of progester-

unknown.

= mandibular organ;

and of

chemical product suggest that the crustacean
homologue of the insect CA.
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Stay, 1985), the site of JH syn-

Tobe and

compound

cells is

which has
and ste1975; De-

ultrastructure,

roid hormones (Aoto et a!.. 1974; Byard et a/..
meusy, 1975; Hinsch and al Hajj, 1975; Hinsch, 1977;
Buchholz and Adelung. 1980). Similar ultrastructural

the basis of appearance and location, B cells appear
to be the likely site of
synthesis. The physiological

MF

MO

features typical of endocrine cells producing lipid

//;

vivo

large size, the lobster

is still

MO

MO function (Byard et

describe studies

uncertain.
is

an

a/..

ideal

1975).

on the structure and

Materials and Methods

were obtained from the MaMarine Biological LabDepartment
Woods
Massachusetts.
Animals were kept
Hole,
oratory,

Male

lobsters

rine Resources

(200-300

g)

at the
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ambient temperature 5 to 20C)
eyestalks of some animals were severed
at their base; bleeding was limited by cauterization. Animals were eyestalk-ablated 2 weeks before use.
in

running seawater

until used.

at

(

1

The

Materials
Acetonitrile and diethyl ether (both HPLC grade), and
hexane (Optima grade) were purchased from Fisher Sci3
entific (Pittsburgh, PA).
H-;i'//n7]methionine (specific
=
was obtained from Dupont/
200
mCi/mmol)
activity
[

NEN

(Boston, Massachusetts). JB-4 glycol methacrylate

ET AL

Homarus saline (Welsh and Smith, 1960)
supplemented with glucose (0.1%) and 200 pM pH/mv/;r/]methionine. After two hours, MF was extracted

gentle shaking in

from the tissue and the incubation medium.
These extracts were then used to determine MF synthesis by two different methods. In one approach. npHPLC was used to calculate the amount of MF synthesized during the incubation of MOs. This method is facilitated by the observation that freshly dissected
pairs

MO

MF
MF contained in incubated gland

from the same animal contain similar amounts of
(see Results, Fig. 2).

was purchased from Polysciences, Inc. (Warrington,
Pennsylvania). MF was obtained from Dr. D. A. Schooley

sections

(Zoecon Research Institute, Palo Alto, California) as a
mixture of two isomers (approximately 70% 2E,6E and
30% 2Z,6E). The 2E,6E isomer was purified by normal

the

and

The

culture

their

npHPLC. The sum of these

MF found in sections of the unincubated contralateral

pair.

of

media was quantified by
values was then compared to

The

difference between these values

is

the

amount

MO

MF synthesized

during the incubation.
by the
In a second method, the relative level of MF synthesis

phase high performance liquid chromatography (npHPLC; see below). Ethyl farnesoate was prepared from
2E,6E methyl farnesoate as previously described (Borst

was determined by calculating the transfer of radiolabeled
3
methyl groups from H-/Ht7/n'/]nietnionine to MF during

eial, 1987).

incubation (Borst

[

lobster

Mandibular organ dissection

MOs

el

al. 1987; Lauferf/

synthesize and release

labeled organosoluble

compound

a/.,

1987). Because

more than one

(Borst

MO

el al.,

radio-

1987), the

from the area adjacent to the apodeme of the mandibular abductor. Some MOs were cut

media
sections and
hexane extracts of
described
conditions
were fractionated using the npHPLC

transversely with a razor blade into four strips or sections
(I-IV) of approximately equal width (see Fig. 1 ). In a few

above.

MOs were removed

cases,

each section was further divided into three or more

pieces of equal size by cutting perpendicular to the
first

cut.

Whole

MOs

or

MO sections were homogenized in dis-

water with a

sufficient saline to give a final acetonitrile:water ratio

of

Ethyl farnesoate (5 or 10 ng) was added as an internal
standard, and the samples were extracted twice with hex5:4.

MF present

in these

pooled hexane extracts was de-

method involves separating the hexane extract on a silica column (5 pm,
4.6 mm X 25 cm) with 1.0% diethyl ether in hexane. Material appearing in the same elution volume as 2E,6E
methyl farnesoate was quantified by absorption at 220 nm.
This value was adjusted for recovery by comparison to
the internal standard. This method has been validated by
gas chromatography/mass spectroscopy and has a detection limit of 0.1 ng/injection (Borst and Tsukimura,
termined by

time of

MF

counter.

The sum of the

MF

in the tissue

sections plus that released into their culture medium is a
measure of
synthesis by the MO. While this in vitro

MF

is

more

sensitive than the

npHPLC

can be affected by factors other
procedure used above,
than the absolute synthetic rate of the MO. Therefore,
the results are relative indicators of the level of
syn-

npHPLC.

Briefly, this

MF

thesis

and

MF (Tobe

are best presented as
el al..

DPM

incorporated into

1989).

Histology

MOs were fixed in modified Karnovsky's (1965)
which consists of 2.7% glutaraldehyde and 2%
sodium cacodylate (pH
formaldehyde buffered with 0.
an
to
and
7.3)
osmolality of 835 milliosmoles
adjusted
with 10% sucrose. After fixation, the tissue was washed
with cacodylate buffer, dehydrated in ethanol. and
Whole

fixative,

1

M

5C

in glycol methacrylate by the method
at
of Butler (1984). Sections were cut dry at 2 nm thickness
with machine-made Ralph-Bennett knives (Butler, 1979)

embedded

and stained with

either Heidenhain's iron hematoxylin

or Lee's stain (Bennett

el al.,

1976).

Results

1991).

Measurement

The

radiolabeled

it

Dounce homogenizer, the homogenizer
was then rinsed with 1% NaCl and the rinse combined
with the homogenate. The homogenate (or the culture
medium, see next section) was added to acetonitrile and

ane.

radioactive material eluting at the retention
was quantified with a liquid scintillation

labeling procedure

MF quantification
tilled

The

their culture

synthesis of

or pieces of

Morphology

ofMF synthesis

MOs

MF in

vitro

incubated

was measured

at

in sections

room temperature with

The

MO

has a fan-shaped appearance with a broad

fan-folded edge at one end and a narrow

smooth (un-
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MOs

250

the major site of attachment of the gland to
apodeme of the mandibular abductor. The narrow

200

//; \//,
).
folded) edge at the other end (see Fig.
are oriented with the fan-folded edge posterior and dorsal;
1

this

the

edge

11

is

MO

is anterior and ventral. Macroscopic exedge of the
amination of several MOs suggested that they have two
morphological regions. The fan-folded edge of the gland

150

(approximately 25% of the glandular area) is thinner and
is thicker and
has a light yellow color. The rest of the
dark beige or tan. MOs from animals that had been eye-

MO

stalk-ablated 14 days earlier

had a

larger

and thicker

100

fan-

folded region.

50

MF content and distrihution
MF

content was measured in freshly dissected whole
content varied markedly (from 3.2 to
glands.
196.8 ng/MO) between animals, with an average content

of 55.5 (12.7.
imals, the

MF

SEM) ng/MO

(n

contents of the

=

left

16). In

and

right

MOs

MOs
lobsters

(r

MOs

from these animals were divided
synthesis of MF.
into four sections of approximately equal width (Fig. 1).
For MOs from eyestalk-intact animals, division of the
gland into four sections placed the fan-folded region enanimals,
tirely in section I. For MOs from eyestalk-ablated

MO (ng

MF)

2.
Symmetry of methyl farnesoate (MF) content in right and
MOs. Whole MOs were extracted and their MF content determined

Figure

were

= 0.977; Fig. 2).
from eyestalk-intact and eyestalk-ablated male
were analyzed to determine regional content and

strongly correlated

Right

individual an-

250

200

150

100

50

MF

left

by normal phase high performance liquid chromatography (npHPLC).
Each point indicates the MF content of the left and right MOs of a single
= 0.977 and
animal (n = 16). The line represents the linear regression; r
the slope

=

.978.

was 43. (7.7, SEM) ng/MO. Most (95.3%
SEM) of the MF in each gland was found in section
3.3, SEM) in section II. No
with the remainder (4.7%

sected glands

1

3.3,

I,

enlargement of the fan-folded region resulted in some of
this region being included in section II.
content was loIn every lobster studied (n = 16),

MF was detected

calized in the fan-folded region of the

might have been
region in eyestalk-intact animals,
and then sequestered in
produced elsewhere in the

MF

MO

(section

I).

Figures 3 and 4 show the distribution of MF in MOs taken

in sections III

and IV.

Although the distribution of MF in
suggested that MF was produced

MO

freshly dissected
in the fan-folded

MF

MO

from two groups of animals (eyestalk-intact and eyestalkablated. respectively) that were analyzed at the same time
and under similar conditions. Figure 3A shows the distribution of MF in MOs from the eyestalk-intact animals
= 4). One
from each animal was analyzed for MF
(n

the fan-folded region. Therefore, the contralateral MOs
from the animals shown in Figure 3A were divided into

immediately after dissection. The total MF content (the
sum of the MF found in sections I-IV) of the freshly dis-

medium were determined by npHPLC. The

MO

and incubated separately in medium containing
content
H-me/2j>/]methionine. After incubation, the
incubation
released into the
of each section and the

sections

MF

3

[

MF

of radiolabeled methionine into

incorporation

MF was also determined

in these samples.

The

total

was 170.7

MF content of these

(36.7 SEM) ng/MO. Of

(0.9, SEM) was

released into the

MF content of paired MOs
is

incubated

similar (Fig.

1).

the

this

MO sections

amount, 7.8%

medium. Because the

from eyestalk-intact animals
MF produced during

amount of

incubation was determined by subtracting the

MF content

of the unincubated contralateral glands (43.1

IV

MO

MF

Figure

I.

Drawing of the

lobster

mandibular organ (MO). In some

indicated
experiments, glands were divided into the four sections (I-IV)
or inby the horizontal dashed lines. Each section was then extracted

cubated

in vilrn.

The

fan-folded edge of the gland

is

in section

I.

ng/MO).

MF production

during the 2-h incubation was ap128
4.7, SEM) of
ng/gland. Most (90.8%
proximately
found in
was
incubated
in
each
contained
the
in
the other
were
amounts
small
section I, though
present

Thus,

MF

production during the
incubation was largely restricted to the fan-folded region.

three sections (Fig. 3A). Thus,
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The production of radiolabeled MF was studied further
sections from two animals into
by dividing the four
several (3 or 6) pieces. Each piece was then incubated

100

MO

-

80

O

60

5

40

MO

Freshly-dissected
Incubated MO

D

MF

3

synthesis deterH-/77?7/n'/]methionine and
radiolabeled
was promined. More than 99%. of the

with

[

MF

duced by pieces obtained from section Every piece produced MF, and those from the middle of this section produced the largest amounts (data not shown).
The distribution of MF was also determined in freshly
= 4). The
dissected MOs from eyestalk-ablated animals (n
total MF content of these glands was 5,627 (730, SEM)
I.

20

MF

content of
ng/gland, about 30-fold greater that the
MOs from the group of eyestalk-intact animals (P < .000
1

1 ;

/-test).

IV

III

As

in the intact animals, the

MF content

of

MOs

from the eyestalk-ablated animals was localized to the
9.2.
fan-folded region of the
(Fig. 4). Most (74.3%
but
in
section
MF
in
was
found
the
each
I;
of
SEM)
gland
9.0, SEM) was found in
a substantial amount (20.3%

MO

100

B
80

section

% Total DPM

II

due

to the

The other two

MF(<4%.

60

enlargement of the fan-folded region.

sections contained only small

amounts of

each).

40
Light microscopy

showed

that the

two regions of the

MO contain different cell types. Two cell types (A and

20

B)

are found in the fan-folded region of the gland. A single
cell type (C) predominates in the rest of the gland. The

A

MO

cells are

a minor cellular constituent of the fan-folded

region and were not always seen. When present, they were
found along the outer edge of the fan-folded region and

IV

III

II

Section

Regional distribution and synthesis of MF in MOs trom
MOs from each animal (n = 4) were divided

Figure 3.

eyestalk-mtact lobsters. Both

into four sections as in Figure

MO

were analyzed

each section

MO (%

is

Total

for

MF

I.

(A)

MF

content by

content: Sections of the

expressed as a percentage of the total
was detectable in sections
Content). No

MF

MF

100

left

MF content of
MF content ot the

npHPLC. The

III

80

and

IV. Sections of the right gland were incubated individually for 2 hours
in

Homanis

saline

supplemented with ['H-wi7/n7]methionine. The MF
its culture medium was also quan-

content of each incubated section and

MF

content
by npHPLC" and is displayed as a percentage of the total
of the incubated MO. (B) Radiolabel incorporation: The radiolabeled
tified

MF in the MO sections incubated above was calculated from the amount
of radioactivity present in the fractions eluting with MF during npHPLC.
Results are expressed as a percentage of the total radioactive MF produced
by the gland (% Total DPM).

C
o

O

60

u.

S

40

"a
*

o

20

This conclusion was confirmed by analyzing the inby the
corporation of ['H-;mv/!r/]methionine into
incubated
sections (Fig. 3B). The total synthesis of

MF

radiolabeled

MF by the MO sections was 66,600

SEM) DPM/gland. Of this amount,

(

1

14.3% (3.1,

3.6.
was released into the medium. Most (95.7%
was in section
of the radiolabeled MF found in each
I, though small amounts were found in the other sections.

MO

MO

7,760,

SEM)
SEM)

III

II

MO

Figure 4.
lobsters.

sections.

The

IV

Section

MF

in MOs from eyestalk-ablated
Regional distribution of
MOs from each animal (n = 4) were divided into four

left

Each section was analyzed

MF content of each
content of the

section

MO (%

Total

is

for

MF content

by npHPLC. The

expressed as a percentage of the total
Content).

MF

MF
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cells are

were arranged into cords. Of the three cell types, the A
the smallest and have the highest ratio of nuclear
to cytoplasmic material (see Fig. 5). These cells frequently

observations suggest that the mechanisms responsible for
are impaired during the //; vitro incubation.
releasing

contain mitotic figures. Their nuclei are oval or irregularly

We

The A cells have no distinguishing cytoplasmic
and may be relatively undifferentiated.
The B cells are the predominant cell type in the fan-

shaped.

vivo

(Tsukimura and

Borst, 1992). Overall, these

MF

have previously shown that the percentage of MF
released in vitro increases when MOs from Libinia etnar-

features

ginata were incubated in culture medium supplemented
with hemolymph. Thus, the hemolymph of this crab ap-

folded region, extending from the interior of the gland to
A cells, when the latter are present. The B cells are
larger than the A cells and have smaller nuclear-to-cyto-

release (Borst
pears to contain a factor that facilitates
el ul., 1990). Lobster MOs may require a similar factor

plasmic ratios, reflecting an increase in cytoplasmic mass.
Their nuclei are round or oval, and their cytoplasm con-

was also observed in MOs
Regional production of
from eyestalk-ablated animals. Eyestalk ablation causes

small vacuoles (Fig. 6). Situated between the
cells are cells with characteristics inter-

in several crustaceans (Byard, et
hypertrophy of the
ai. 1975; Hinsch, 1977; Le Roux, 1983) as well as an

the

many

tains

A

cells

and the B

mediate to those of the

mature B

A

and B

cells;

may

they

be im-

MF

for

MF release.
MF

MO

MF synthesis by MOs (Laufer et til.. 1987).
have previously shown that eyestalk ablation has an

increase in

We

cells.

MF content of lobster MOs, causing
MF content 2 days after eyestalk

The C cells are very large and have the smallest nuclearto-cytoplasmic ratio (Fig. 7). Their nuclei are spherical,
and their cytoplasm contains several distinct cytological

acute effect on the

features, including large vacuolar-like structures. In pre-

confirmed and extended in this study, in which the
tent of the
increased 130-fold in animals that were

liminary electron micrographs (not shown) these structures contain large masses of

smooth endoplasmic

ulum. The cytoplasm of the C cells also contains
mitochondria, but relatively few small vacuoles.

retic-

many

a 13-fold increase in

ablation (Tsukimura and Borst, 1992). This effect

is

con-

MF

MO

eyestalk ablated for 2 weeks. Nevertheless, the increase in
content did not affect the distribution of MFin MOs.

MF

rest of the gland does not represent reserve MF
production capacity that can be activated when the gland
is stimulated. These observations do not rule out the pos-

Thus, the

Discussion

involvement of other glandular regions in the synMF precursors such as farnesoic acid.
Analysis of paired MOs from individual lobsters showed

sible

MO

The

suggests that
gross morphology of the lobster
the fan-folded edge is distinct from the rest of the gland.

thesis of

This was confirmed by the studies reported in this paper,
which demonstrated that these two regions differ in both

that the glands contain similar

and

their biochemical

histological characteristics.

Biochemical studies showed that

MOs

was localized

The

possibility that this region

was

tested

dividual
sections
that

The

MF

unincubated

in

in the fan-folded region of the
is

the site of

by determining the production

MO.

MF synthesis
of MF by in-

MO sections in vitro. The MF measured in these
was found

largely in the fan-fold region, indicating

MF synthesis was occurring primarily in this region.
production of radiolabeled MF was also highest in

this region.

Taken

MF production
region of the

The

total

is

together, these studies demonstrate that

an important function of the fan-folded

MO.

MF

content of the incubated

was fourfold greater than

MO

sections

that of the unincubated contra-

MO

amounts of MF. This conand extends a previous study, in which the mean
MF contents of right MOs and left MOs were statistically
similar (Tsukimura and Borst, 1992). The symmetrical
MF content of paired MOs was a critical prerequisite for
firms

MF production during incubation.
MF content of paired lobster MOs suggests
vivo. In
that these glands produce MF at similar rates
contrast, the in vitro biosynthesis of MF by paired MOs
measuring

The

//;

from the mud crab Scylla serrata and the crayfish Procambarus clarkii is asymmetric (Tobe et a/.. 1989; Ding
and Tobe, 99 ). In addition, asymmetric biosynthesis of
JH in vitro has also been observed in the corpora allata
from several insect species (Tobe and Stay, 1985). How1

ever, such

by the

1

MF release by incubated
MF release in vitro stands
rapid release of MF by the

difficult to interpret.

The

re-

MO

previously for other species (Sagi et a/., 199 ). About 8%
of the
was released during the 2present in the
h incubation, confirming reports by others (Tobe et ai.

MO

comparisons are

MF

are

MF

1

lationship of in vitro
synthesis to the activity of the
//; vivo is not clear, because tissues incubated in vitro

MO. Thus, the production of MFby the
during
incubation was substantial [63 ng (256 pmole) per hour].
This level falls within the range of synthetic rates observed
lateral

similar

no longer controlled by endogenous regulatory systems. For the lobster, this is particularly significant, because eyestalk factors can rapidly affect
production

MF

Our

MO (Tsukimura and Borst,
histological studies also

1992).

show two

distinct regions
fan-folded region contains two
physical relationship of these cells, as well

MO. The

1989; Ding and Tobe, 1991 ) that
is low. This low level of

cell types.

in contrast to the

as the presence of morphologically graded transitional

MO

apparent

in the lobster

The

D.
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/;/'

I/

6
'

"

A

;

Figure

5.

A cells found in fan-folded region of the MO. Note arrangement of these
have irregularly shaped, small nuclei and a homogeneous cytoplasm. Mitotic

Light micrograph of

cells into cords.

The

cells

= 5
figures are present. Scale

^m.

Ml
forms, suggests that

A

that differentiate into

B cells. Based on

characteristics

B

the

cells are

cells
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cells

their morphological

and location within the fan-folded region,
the most likely site of MF synthesis.

The rest of the gland contains predominantly C cells,
whose function and relationship to the other two cell types
are unknown. Preliminary ultrastructural studies suggest
that these cells are active metabolically and may be involved in the synthesis of lipids or steroids. We speculate
that they may be the sites of the progesterone metabolism
previously reported in MOs from female lobsters (Couch
el ui. 1987; Tsukimura, 1988). However, to the best of

our knowledge

MOs

from male

lobsters

have never been

investigated for the presence of this steroid. In any case,
the lobster
may have several products, so the phys-

MO

be complex.
The histological and biochemical complexity of the
was unexpected, partly because of the similobster
iological

importance of

this tissue

may

MO

larity

of

between the

MOs

of other crustaceans and the

insects. In insects, the

CA

CA

contains only one type of

glandular cell (Tobe and Stay. 1985). Likewise, cytological
observations of MOs from other crustaceans (Aoto el til..

Demeusy, 1975; Hinsch and al
Hajj, 1975; Hinsch, 1977; Buchholz and Adelung, 1980)
also suggest that the glands are relatively homogeneous.
MOs from adult female spider crabs, L. emarginata, have
two cell types that differ in their staining properties, but
1974; Byard

1975;

et at..

have similar ultrastructural characteristics. In addition,
is no indication that these cells were regionally dis-

there

tributed in the
wise,

MF

MO

of this species (Hinsch, 1981). Likeevidence for regional distribution of

we found no

synthesis in

MOs

from

L.

emarginata (Tsukimura.

Martin, and Borst, unpub. data).

Our studies show
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gamete encounters

much

is

greater

and may

We

make

a large contribution to net fertilization.
predict
that other behaviors, such as migration to shallow water,

commonly

associated with spawning in

marine invertebrates

m

will

.-1.

planci and other

have measurable impacts on

fertilization success.

eggs were fertilized at distances as great as 8
downstream from a single spawning male starfish, and

The
was

more than 20% were
60 m. Fertilization was still measurable, at 5.8%>, 100 m
downstream. Lateral diffusion of sperm away from the
axis of flow produced fertilization rates of 13.8% at 8 m
normal to the flow and 32 m downstream. The large volumes of sperm released by male .-1. planci are the primary
cause of high rates of fertilization for eggs derived from
than

potential for high levels of fertilization in A. planci
realized during natural spawnings. Fertilization rates

as high as 99%> were recorded

when

levels of

spawning

synchrony were high.
Introduction

Do

free-spawning marine invertebrates ever achieve

high rates of fertilization? Attempts to answer this question
have increased in frequency and taken a variety of forms,

widely spaced individuals. Models of sperm diffusion using
high sperm release rates such as those found in this starfish

as conceptual and emmodels. The question arises for two main reasons.
many perhaps even most observations of natural

most of which use echinoderms

accurately confirmed the fertilization rates measured in
situ for two populations of A. planci with widely differing

pirical

rates of

spawning have involved

sperm

:

4810, Australia, and

Columbia. Canada

potential

were determined under natural conditions in the field.
During experimentally induced spawnings, measured fertilization rates for broadcast eggs were high. More than

fertilized at separations of more

WHITEHEAD

the sperm source were relatively low, the total area for

This study was undertaken to compare fertilization rates of the sea star Acanthaster planci that were
predicted using sperm diffusion models with those that
Abstract.

70% of the

D.

First,

release.

We

observed some changes in starfish density and deof
aggregation in the study population for spawning
gree

isolated or lone individuals (usu-

males) or only a small proportion of the population
present. This is true for echinoids (Diadema: Randall et
ally

periods during two spawning seasons, though these were
not striking. High levels of aggregation may not be nec-

ai. 1964; Levitan, 1988; Strongylocentrotus: Pennington.

essary for fertilization success in this starfish, due to the
potential for long-distance fertilization and the probability

chin. 1987; Pearse et ai. 1988;

number of zygotes
distance from the point of
spawning. Although fertilization rates in areas distant from

1988), and asteroids (MinBabcock and Mundy, 1992;
Gladstone, 1992). Similar behaviors have also been noted
for other groups such as tridacnid clams (Braley. 1984)

and sponges (Reiswig,

that, for

any spawning

formed

will

1985, Pearse

McEuen,

starfish, the total

be greater at

some

et at..

1988), holothuroids (Mosher, 1982;

1988; Pearse

el a/..

1970). Second, experimental studies

of in situ fertilization rates for free-spawning species show
that fertilization can be very low or even fail completely
Received 10 December 1992; accepted 30 August 1993.
Current address: University of Auckland Leigh Marine Laboratory.
P.O. Box 349, Warkworth, New Zealand.

unless animals

*

AIMS

spawn with a high degree of synchrony

are in extremely close proximity (<1 m) during
spawning (Pennington, 1985; Levitan. 1991. Levitan et

and

Contribution 658.
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ai. 1992).

Numerical modeling studies of sperm diffusion

support these empirical results by predicting that concentrations of sperm will be too low to effect high levels of
fertilization

except

when animals

are

close

together

(Denny and Shibata, 1989).

of fertilization

single

spawning

1992). This level

approximately equivalent to that found

is

spawning sea urchins at distances of less than

1

m

today suggests that high levels of

ders of magnitude greater than that reported for urchins
or any other marine invertebrates (e.g., hydroids: Yund,

be devoted to gamete production instead of other funcif all the gametes were to be wasted. The strongest

1990; ascidians: Grosberg, 1991). The source of this diflie either in the greater size of Acanthaster

tions

ference could

evidence that high rates of fertilization can be commonplace is indirect, coming from the evolution of a wide

and the

variety of

reported for

and do, occur in free-spawning marine
seems unlikely that so much effort would

in the seas

It

20% have been

(Pennington. 1985; Levitan, 1991). The scale at which A.
planci is able to maintain reproductive contact is two or-

fertilization can,

invertebrates.

than

m

downstream from a
male Acanthaster (Babcock and Mundy,

eggs released 64

for

Nevertheless, the continued existence of thousands of

such species

tilization rates greater

We

mechanisms

noids: Scheul, 1984).

to prevent polyspermy (e.g., echiAlthough most observations have

large

mass of gametes

it

releases

(Babcock and

or in the physiology of the gametes.
observed individuals in a population of starfish over

Mundy. 1992)

two spawning seasons

in

an

effort to

determine whether,

been of asynchronous or isolated spawnings, virtually all
of the taxa listed above have been observed in the act of
large-scale synchronous spawnings (Hoppe and Rcichert,
1987; Reiswig. 1970; Pennington, 1985; Babcock and

over the course of the spawning season, there were any
differences in vertical distribution, degree of aggregation,

1988; Minchin. 1987). Such large-

sure fertilization rates //; situ and assess the importance
of spawning synchrony to fertilization success.

Mundy. 1992;McEuen,

synchronous spawnings are likely to be much more
important to the reproductive output of the population
than indicated by their low frequency.
scale

For free-spawning marine organisms to attain high
els

lev-

of fertilization, the numbers or concentration of viable

sperm adjacent

to eggs

must be above a certain

level.

Two

or other factors that might enhance fertilization rates.
Natural spawning events gave us an opportunity to mea-

Combining empirical and modeling approaches, we attempted to determine whether number of gametes alone
could adequately explain the ability of Acanthaster \.o fer-

We

tilize at great distances.

ulation to assess

how the

also observed a natural pop-

results

of modeling studies could

types of adult behavior, synchronization of spawning and
aggregation of reproductive adults, can increase the con-

be related to natural spawning behavior. In a series of
field trials, we examined the effects of population density

centration of sperm in space and time. A third strategy is
to increase sperm output. Levitan 1991 ) postulated that,

on

(

in

fertilization success,

terms of zygote production, "small organisms living at
may be just as fecund as large

high population density

organisms living at low population density." That study
was unable to demonstrate any effect of adult size on fertilization rate, though adult density was shown to have a

Behavioral observations

The population of starfish
S.

meter).

regularly

1

Our

study of

//;

situ fertilization rates

concentrated on

(25-40

cm

diameter), highly fecund asteroid

is

charac-

by population outbreaks that have impacted large
areas of coral reef throughout the Indo-Pacific region over
the last 30 years (Moran, 1986). Several hypotheses have
been formulated to explain these outbreaks. One set of
theories proposes that they are a natural result of enhanced

terized

reproductive success of starfish in aggregations (Dana.
1970; Vine. 1970; Moore. 1978). Such aggregations can

form naturally as a result of feeding behavior (Ormond
rt a/.. 1973) or environmental disturbances such as cyclones (Dana, 1970). Recent measurements of fertilization

directly with

Materials and Methods

major influence, with success ranging from 7.3% (with
male per square meter), to 45% (with 16 males per square

the crown-of-thorns starfish. Acanthaster planci. This large

and compared these

the results of modeling studies.

at

Davies Reef (Lat. 1850'

Great Barrier Reef was
sampled and observed visually over two spawning seasons (December-January) of 1990-91 and 199192. The observation site was in the lagoon of the reef,
Long. 14739' E)

in the central

adjacent to the site of the fertilization experiments. Depths
and 10 m, and many coral heads and
varied between
1

patch reefs with abundant
transect

200m

long.

quadrats of equal

size

(20

were present. A belt
wide and divided into 10

live coral

10m

m

X

10

m) was

established in

area. The number and behavior (spawning/not
spawning) of starfish in each quadrat on the transect were
recorded on 60 occasions (20 at night). A total of 214
dives (55 at night) were made on this population in the

the

rates for A. planci suggest that the reproductive biology

course of collecting these data and while making general
observations or conducting fertilization experiments. All
natural spawnings of Acanthaster were noted and, when

of Acanthaster populations may have unusual aspects that
contribute to periodic huge increases in abundance. Fer-

females were observed spawning, eggs were collected to
enable us to measure natural fertilization rates.
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current speed was measured using a tape,
neutrally buoyant markers, and a stopwatch. The trials
were planned so that the current would flow in a consistent

Induced spawning experiments

spawning

Rather than manipulating the density of populations
(Levitan el al. 1991), we varied the distance between

direction for the duration of the

spawning pairs of male and female starfish in situ, both
along the direction of the current and normal to it. The
low density of the starfish in the field and the large scale
over which the experiment had to be conducted were loreasons for using pairs of animals rather than arrays
of spawning animals. Currents prevailing during the ex-

gistic

periments were of a sufficient velocity (0.07-0.25 m s~')
major effects were likely to be observed down-

that the

stream (Babcock and Mundy, 1992). The sex of animals
to be used in the trials was determined in advance with
a syringe and 14-gauge needle. Each animal was injected
4
with 20-30 ml 10
1-methyl adenine to induce
more slowly, females were
reacted
Because
they
spawning.

M

treated approximately 10-15

min

before males.

Most of

took place at Davies Reef in 1991set of trials was run in June
an
additional
however
92;
1991 at Sesoko Island, Okinawa, and a few trials using

trial,

trial.

Samples of eggs were collected using a submersible
plankton pump equipped with 64-^m-mesh filter car(Babcock and Mundy, 1992) that allowed the col2 individually metered samples (1-21) during
each trial. Once collected, these samples were completely
isolated from water outside by means of one-way valves.
tridges

lection of

1

Trials of this device

demonstrated that neither the volume

of water

pumped through the filter cartridges (48 trials
2
from
0.5 to 3 1, R = 0.02) nor the period of time
ranging
eggs remained in contact with the water sample (2 min
= 0.95), affected the eventual level of ferto about
h. p
1

et al.. unpublished data). Two samples
each sampling point and preserved at the
termination of the experiment. Fertilization of a subsam-

tilization

(Mundy

were taken

at

the fertilization trials

ple of the eggs

numbers of spawning male starfish were also
conducted at Davies Reef late in the 1991-92 spawning

gonad weight of the two populations. To estimate the average mass of gametes spawned by Davies Reef starfish,
we used mean gonad weights for the population immediately before and after natural spawning events observed
on Davies Reef in 1990 and 1991.

increased

season.

Immediately

after the starfish

were injected with methyl

was determined by release of
was placed at the point
The
male
starfish
fluorescein dye.
a predetermined
moved
the
female
was
of dye release and
the male
Divers
monitored
distance directly downstream.
was
when
release
starfish, and released extra dye
sperm
when
the
of
commenced
eggs
fully under way. Sampling

adenine, current direction

dye cloud reached the female, or as soon thereafter as the
female began releasing eggs. The spawning female was
incrementally moved upstream from the most distant
sampling point, and eggs were sampled at progressively
smaller distances downstream from the spawning male.

were 100 m, 64 m, 32 m,

Sampling points in the trials
m (adjacent downstream), as well
16 m, 8 m, 4 m, 2 m,
as -4 m and -8m (upstream). The exact sampling routine in each trial varied because it was not possible to

was then scored in the laboratory.
Individual A. planci from both Davies Reef and Sesoko
Island were sampled to determine the mean size and mean

Sperm

diffusion

modeling

The shedding of sperm into a flow was modeled as a
plume diffusion problem in which the concentration of
particles

downstream from a point source was described

under a set of simplifying assumptions (Csanady, 1973;
Denny and Shibata, 1989). In this model the water column
is assumed to be moving at a mean velocity U parallel to
the .Y-axis within a turbulent benthic boundary layer. A
point source shedding sperm at a constant rate s located

Q

at the

.Y.

v origin, at a distance h,

above the substratum

gives a function for the concentration of A. planci

sperm

S,

sample every position each time. This sampling strategy
allowed us to measure the effect of sperm transport and
diffusion in a direct downstream direction. Starfish were
also deployed

on a grid of coordinates at various distances

+ exp

perpendicular to the flow to allow measurement of the
effects of lateral sperm diffusion. At distances of 32, 16,

xjexp-

and -4 m, an additional series of samples was
taken from females at varying distances normal to the
flow 16, 8, 4, 2, and
m). Samples at Sesoko Island were
taken only along the direct downstream vector, up to a
distance of 32 m. In all cases, sampling was begun at the
most distant point downstream and proceeded upstream
past the spawning male animal, the last point acting as a
sperm-free control. Immediately before and after each

where the spatial standard deviations
modeled by the functions

8, 4, 0,

-,
~

"-,-

Eq.

1.

for diffusion are

(

1

Eq.2.
1

1

u*\

U

Ix"

Eq.3.
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values for the empirically determined diffusion pa- describe
the shape of the plume, and fi
,,

rameters

ter relate

spreads out. Without separate data from
and fi parameters, it was
which to determine the -,
necessary to estimate their values by fitting the model to

plume

as

it

,

the fertilization success data. Ranges for suitable values
of the plume shape parameters were suggested by Denny
(

1988).

He

the ratio
it* is

to 3 for
suggested ranges of 0.5 to 3 for .,
,/_-, and 0.9 to 1.33 for /I The shear velocity
1

a function of the Reynold's shear stress
measure of the turbulence intensity.

and

to be a

It is

is

taken

used to

distance a particle is moved by the
turbulent eddies over a small interval of time. The caldescribe the

mean

culation of real values for the shear velocity

is

beyond the

scope of this simple model, and we have adopted the values cited by Denny 1988) where the shear velocity is a
constant fraction (10%) of the mean velocity.
(

At shallow depths the upper surface boundary

is

likely

to play a significant role by restricting the dispersion of

The original model (Csanady. 1973) was dework for atmospheric dispersion, recognising
a
lower
only
boundary to the flow. Given the depth of
water at the field site (7m) and the scale at which the
effects of sperm diffusion were observed (100 m), it was

shear velocity to flow velocity and by empirically
sperm concentration.

relating fertilization success to

Denny and

describes the rate of growth of the eddies acting to disperse
the

.11.

and ova

as

and compare the results of
model with those of Pennington 1985) for StronxyhK'ciitniinn. Fertilization success for.l. planciwas meatheir

(

sured by sampling eggs over a period of about 30 s (the
time taken to sample -2 water). In terms of our model,

any sperm that diffuses as

far as the

sultant

sperm concentration

S=

exp

-(!-)(

^-

"/r*

2irUff,a-

+ exp

is

-(Z
exp

+ exp

+

sperm concentrations over the time taken to sample the
We have not modeled the dispersion of ova, since
sampling was in the free flow immediately downstream
from spawning females. It is assumed that the ratio of
sperm to ova is sufficient to ensure that the concentration
of eggs has a negligible effect on the results. Because most
eggs.

-

r

I,)]

Eq.

4.

<//.,

Rv,

r.

r)

=

1

-

starfish,

open water over the

very soon after the eggs and sperm mix
20 s; Denny and Shibata, 1988), we used

the equation appropriate for estimating sperm-egg collisions in a turbulent flow, rather than that for an enclosed
(i.e., Denny and Shibata 1988, p. 880).
Data collected from our A. p/anci population at Davies
Reef before and after natural spawnings during the 199091 and 1991-92 spawning season (Babcock and Mundy.
1992; and unpublished data) gave an average gamete release for males of 60-106 g, shed over about 45 min. These

vessel

amount of gonad spawned by male
Sesoko Island as 14g, based on shedding of
one-third of the gonad and measurements of total gonad
weight. Male starfish from Davies Reef were 2.8 times
larger than those at Sesoko Island (mean whole wetweights; Davies Reef

suming

Eq.5.

The

shear velocity is used as a measure of the distance
a sperm travels in unit time. Time / is the time spent
is ~3% of the
observing collisions at a point. The area
Levitan
et
of an unfera/..
1992)
(cf.

cross-sectional area

mm

2220

g,

Sesoko Island 780

g).

As-

that the concentration of undiluted A. planci
lh

equal to that of urchin sperm (2 X 10 sperm
Tyler el a/., 1956) and that the sperm are essentially

sperm

m
c\p(-<f>/u*S)

estimated the

starfish at

2

calculating the probability of
el

likely to take place in

in the first

(90%

We

sperm colliding with
and
Shibata. 1989). the
1982; Denny
at
a
fertilization
success
percent
point is determined from
the sperm concentrations.

By

ova (Vogel

is

values are about one-third of the prespawning gonad mass.

j

'/T-

-[(2D

at discrete

positions, with each point experiencing relatively constant

fertilization

reflect

1

1

concentration and fertilization are calculated

female

boundary, we

(

to estimate fertilization rates

signed to

surface back into the flow. In water of depth D. the re-

Shibata 1989) followed a cohort of sperm
advected downstream. By iterating simul-

taneous differential equations for the concentrations of
sperm and ova and calculating the predicted fertilization
rate in a closed vessel (Vogel el ai. 1982), they were able

gametes.

necessary to include a term describing surface reflection.
By adding a mirror source located above the sea-surface

it

';

is

neutrally buoyant, the release rate, Qs, of

sperm

is

4.44-

s
7.84 x 10 sperm -s '. We used a mean sperm release
0* sperm -s
rate per animal of 6.14 x
for Davies Reef
'

1

starfish,

and

s

1.5

X 10 sperm

-s

'

for

Sesoko Island

star-

fish.

The model assumes a constant

flow velocity throughout

in diameter or approximately
Because shear velocity is assumed to be
a constant fraction of the mean velocity, all the velocity
terms in the calculation of fertility success reduce to a

during experiments ranged from 0.07 to 0.25 m s
with a mean velocity (.'of 0. 12 m-s '. The high degree

constant. Although the calculated sperm concentrations
van, with flow velocity, this variation is canceled by the

this

tilized A.

9.42

*

>

plunci egg 0.2

10""'

m

:

.

term in the calculation of fertilization success. This
shortcoming could be remedied through models that bet-

the water column. Flow velocities recorded at the field
'

site

of mixing in a turbulent boundary layer allows us to make
assumption except near the substratum, where the

assumption
zero.

It is

fails

because the flow velocity must reduce to

assumed

that

sampling takes place

far

enough
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Table

T

AL

I

/Yc'M fertilisation rates for A. planci: Percent fertilization, plus or minus standard error,
in which eggs were collected at varying distances from spawning male starfish

and sample

si:e (n) for experimentally induced

spawnings
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r =

velocity: partial

.014,

F =

3.5,

p =

.063). Trials in

which currents reversed during the course of the experiment were not included in this analysis.

Sperm

diffusion

modeling

Diffusion coefficients. In order to determine the
coefficients

,

y

and

model prediction

the

4

2

m (r =

the

ft,

to the results recorded along the axis

4) to the side of the flow axis (Table

model

more complex data

to this

plume

we concentrated on matching

rising then falling values,

we were

I).

By

fitting

which contained

set,

more

able to obtain a

satisfactory set of coefficients to describe the diffusion of

plume than if we had used r = 0.
The model's predictions were found to be most sensitive
to the & value. In general, the lower the ft value the flatter
the

the curve and the closer the sets of parameters matched.
Because the range of values suggested by Denny and Shi-

bata was for a model without a sea-surface boundary, we
decided that a small deviation from these values would
2.

Figure

Three-dimensional representation of observed mean ferAcanlhasler planet at Davies Reef. Values used were

tilization rates for

means obtained from Table I for variations in fertilization at a range of
coordinates surrounding a spawning male starfish. Current flows from
along the downstream (x) axis. (Missing data points interpolated using graphics features of SigmaPlot 5.)
left to right

= 1.15
be acceptable. Values of ft = 0.5, a : = 0.65, and
were selected as the set of parameters that best matched
,.

model to the data while remaining within an acceptable range for the values. Levels of turbulence and diffusion experienced in the lagoon of Davies Reef are likely
the

by Denny and Shibataf 1989),
whose model described extremely turbulent surf zones.
Separation distance (x, y). Comparing the model to the
measured data (Fig. 3) reveals a fit that we believe is a
to be lower than those used

m upstream (Table I). Fertilization
dropped more rapidly as female starfish were moved
away from the direct downstream (.Y) axis (Fig. 2). For exstream, and to 0.7% at 8
rates

m

downstream
ample, no fertilization was recorded at 4
and 4
normal, but at 8
downstream, the sperm plume

m

m

had diffused outward to the extent that mean fertilization
was 29.5% at 4 m normal to the downstream axis. At 32
downstream,

fertilization

was

still

measurable (2.6%) at 16

perpendicular to the direct downstream axis, rising to
at 8

m and

3

1

.9% at 4

m

1

m
m

reasonable enough representation of actual sperm diffusion to permit discussion of the model's behavior in more
general terms. At short distances from the origin, predicted
values were slightly higher than those we observed in our

samples. This discrepancy could be an artifact of the use
of induced spawnings if some of the eggs that were shed

3.8%

perpendicular.
100.0

For trials with more than one starfish, fertilization rates
were expected to be higher than for single starfish at cor-

70.0

at

100

sizes.

when

was 21.8% when

were induced to spawn. The
recorded at 100

m

maximum

five

male

data
predicted

4m

data
predicted

60.0
40.0
30.0

Nevertheless, the average fertilization rate

m downstream

Om

eo.o

the starfish had smaller gonads
and partly because of the variability related to smaller

sample

-

V 4m

responding distances (Table I). This was not always the
however, partly because these trials were conducted
season

-

80.0

case,

later in the

Om

90.0

20.0

starfish
10.0

fertilization rate

0.0

20

10

males was 42%. FerSesoko Island were lower

30

SO

40

60

70

60

100

90

in trials with five

from starfish at
than those from starfish at Davies Reef at equivalent distances downstream (Table I).
Effects of current speed on observed fertilization rates
were slight and not significant over the range of current
tilization rates

speeds experienced (Stepwise regression. Distance down= .000 Current
stream: partial r = 0.521,
129.5,/?

F=

1

.

Distance Downstream (m)
Figure 3.
at

Observed and predicted mean

Davies Reef. Data points are from Table

downstream

fertilization rates for starfish
I,

0, 4,

and

8

m

offset

from

Predicted values are those derived using values
that provided the best fit to data 4
offset from .v axis (y = 4).

direct

axis.

m

=

1.15; a,

V=

0.

1

2

m

- 0.65:
s~

l

;

it*

tf

=

= 0.5 m.
separation r

0.

=
1 ;

0.5;

,,

Qs = 6.14 X

Depth =

7

m;

10

=

8
;

release height

/;

=

9.42
0.5

X

m;

lO'

10
;

vertical
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confirmed by results presented here as well as by those
of other studies (Babcock and Mundy, 1992). In some
spawnings of A. planci, success can be low, but the maas

c
o

gametes are shed during events in which the
and Mundy,
probability of fertilization is high (Babcock
1992). Levels of synchrony in the spawnings we observed
were variable, and most spawnings involved only male

jority of

'-t-'

o
N

be wasteful of sperm. The
release of eggs appeared to be more critically controlled,
occurring only when many males were spawning. On the
99%
only such occasion observed in 1991-92, more than
the
at
released
peak of
fertilization was recorded for eggs

starfish;

c
<D

O

may

such behavior

spawning. Similar measurements made by Babcock and
Mundy (1992) during 1990-91 indicate that spawning at
the peak of a reproductive event involving a large pro40

20

100

80

60

Figure 5.

Predicted effects of depth and vertical separation

on occasions when only a small proportion
of the population is spawning (~23%). Variations in
spawning synchrony have been shown to produce corre-

same

Distance Downstream (m)
dicted fertilization rates. Diffusion parameters as for Figure

portion of the population will produce measurably higher
fertilization rates (83%) than spawning at the end of the

on

pre-

event, or

sponding changes in fertilization rate for holothurians
(Babcock el ai. 1992) as well as for some mass-spawning
corals (Oliver and Babcock, 1992).

3.

Sperm release rate (Qs). The phenomenal fertilization
success of A. planci can be directly attributed to the animal's high sperm output. By examining the effect of dif-

Although members of the population may spawn several times, the relative contribution of each spawning

the spawning of

event to the seasonal reproductive output probably varies
considerably. Not only is the number of gametes released

or reduced levels of sperm production, could determine the success of external fertiliza-

dependent on the numbers of animals participating and
the intensity of spawning, but the probability of fertiliza-

fering

sperm outputs,

we examined how

more than one animal,
tion.

The importance of sperm output

level to fertilization

comparison of animals
from Sesoko Island with those from Davies Reef. When
sperm release values in the model were reduced so that

success

is

clearly visible in the

they would correspond to those observed for starfish at
Sesoko Island, there was a high level of agreement between

and observed fertilization rates (Fig. 6). A
spawning male starfish is predicted, using

the predictions

group of
the

five

same model,

to be capable of generating fertilization

rates in excess of

40%

at distances

of

1

00

m

or

more

downstream. Indeed the highest mean fertilization rate
we observed for a group of five spawning males was 42%
at

100

m (although the mean was much lower,

we compare

19.6%). If

these observations to the predictions of the

model based on the gamete

release rate of urchins such

g, Denny and Shibata. 1989).
becomes apparent why A. planci are capable of fertil-

tion also varies in direct proportion to these factors.
variations in sperm release rate that would result

changes
of sperm

mately on fertilization (Fig. 6). In Acanthaster, for exas
ample, even though the reproductive season may be
several times,
and
animals
months
as
two
spawn
may
long
the bulk of larvae

may

be produced in just one large

productive event.

The

likelihood that particular events

tility

and

viability of

season (Babcock and

gametes during the course of the

Mundy,

1994).

Adult aggregative behaviors in free-spawning invertebrates can also act to increase sperm concentrations at
the time of spawning (Levitan, 1991).
that males in aggregations will shed

sible for urchins.

greater than those that are posrelease rate can clearly be a major

Sperm
outcome of reproductive behavior

factor determining the
in a free-spawning

marine organism such as Acanthaster.
Discussion

Free-spawning marine invertebrates can and do achieve
high levels of fertilization during normal spawning events.

re-

contribute disproportionately to reproductive output is
increased by the presence of seasonal changes in the fer-

it

much

from

synchrony are analogous to the critical impact
release rate on sperm concentration and ulti-

in

as Strongylocentrotus (1-3
ization at distances

Thus

It

is

more

likely

sperm close to females
where the sperm will have a better chance of fertilizing
obeggs. Aggregative spawning behavior has been clearly
served in other asteroids (e.g., Minchin. 1987), but if
Acanthaster has some means of aggregating at the time
of spawning (Beach el al, 1975). the intensity of this agof
is not great (Fig.
). Increases in the density
gregation
the population at Davies Reef indicated a change of star1

fish

behavior and

may

represent an increase in aggregation
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A.
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plancl
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C.
oj

male

one

o

A.

Sesoko

plancl

predicted
field data
predicted

Is.

field

five

male

one male

30

20

10

50

40

70

60

90

80

Oavies

A. plancl

data

predicted

R.

predicted

Strongylocentrotus

100

Distance Downstream (m)
Effects of varying sperm release rate on predicted fertilization rate. Predictions and data for
Figure 6.
values on the direct downstream axis (r = 0). Model parameters for Acanlhaxler planci as for Figure 3.

Sperm

release rates:

=

x

1.5

10";

1

s
= 3.07
male. Davies R. = 6.14 x 10 5 males, Davies R.
:

=

1

fertilization as in

x 10 7

all

Strongylocentrotus
Denny and Shibata (1989), except
1

;

scale too large for our sampling to detect. The fact
that Acanthaster routinely aggregates in response to both

on a

the physical structure of the habitat (e.g., cryptic resting
places [personal obs.]) and the feeding of other starfish

1973) does not preclude the usefulness
of such behavior in terms of reproductive success.

(Ormond

et al.,

The number of zygotes formed
tances from a sperm source

noted by Grosberg

(

1

99

1

),

at relatively large dis-

may be

due

to

high, as has

an increase

been

in the total

area under consideration, even though the proportion of
eggs fertilized is lower than that in the small area immediately surrounding the source. This

is

an important factor

in reproductive success not only at the

population level
but also in terms of the pattern of gene flow of individual
organisms. For individual starfish, a high level of aggrenot be necessary to optimize the transfer of
genes to the next generation; despite the high level of fertilization for animals in close proximity, the total numbers

gation

may

of eggs fertilized by the sperm of a single spawning male
may actually be greater at considerable distances from the

x

10

g
;

I

male, Sesoko

Is.

other parameters for estimates of Strongylocentrotus
,.

= 1.24 and

.

=

1.98.

note that outbreaking populations of starfish

may

be better

able to synchronise their spawning behavior (Okaji. 199 1 ),
probably through spawning pheromones such as those

demonstrated by Miller (1989).
Other behaviors associated with spawning

may

act to

increase the probability of spawning. Acanlhaster populations have been observed to move into shallow water at

the time of spawning (e.g., Owens, 1971), as have populations of other asteroids (Minchin, 1987). In animals that
live

this

along coastlines or other steeply sloping substrata,
movement will have the effect of aggregating the

population, reducing the distance separating the population in the horizontal as well as the vertical dimension.
In addition, the dilution of

shallow water, due

gametes will be reduced in
and constrainment by the

to reflection

surface (Fig. 5). An extreme example of this phenomenon
may be the reproductive behavior of polychaetes whose

epitokes aggregate at the surface (e.g.. Palolo worms; Caspers, 1984), or hermaphroditic corals that shed buoyant

gamete bundles

that break apart at the surface (Oliver

and

of sperm release (Fig. 7). As long as other members
of the population are spawning in the vicinity and the
release of gametes is essentially simultaneous or epidemic,

Large-scale movements of populations may be true migrations of a sort, but they may also be the consequence

intense aggregation is not essential to ensure significant
fertilization success for this animal. It is interesting to

of simple climbing behaviors. On a smaller scale, starfish
commonly arch themselves up off the bottom when

site

Babcock. 1992).
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we conclude

that turbulent diffusion

of fertilization

is

a sufficient

mech-

animal to achieve the observed levels
success. The level of fertilization recorded

anism to enable

this

generally varied according to the mass of
to be spawned. Fertilization was thus
available
gonads
for the smaller Sesoko Island starfish
lower
appreciably
in

our

trials

than for Davies Reef starfish, and the levels observed were
consistent with the predictions of our sperm diffusion
model. This result contrasts with the conclusions of Levitan (1991) that

and the amount of gametes

size

body

released were not significant factors in fertilization success.
This difference may have several sources. Firstly, the
40

20

6

Fertilization
Figure 7.

Number

80

60

of zygotes formed

at

numbers of sperm

95

released

may

not have been sufficiently

produce a consistent difference with size, despite
the relative difference in gonad volume between large and
small urchins. Secondly, low current speeds and the short
lifespan of urchin sperm relative to that of Acanthaster

large to

Zone

varying distances from sperm

source. Values are those predicted for the case of a single male Acanthaster
distributed female starfish. Density
planci spawning in a field of uniformly
of female starfish is taken to be half the mean density of starfish on our

(].

0.0124 female
study transect at Davies Reef during 1990-92, or
fish -nr. Based on our gonad index data (Babcock and Mundy, 1992;
and unpublished data) each of these females could spawn an average of

to describe the rapid dilution of

star-

220 g of eggs during a natural spawning event. At approximately 9
7
X 10" eggs-g" (Conand. 1985), this gives an egg release of 1.98 x 10

Benzie, unpublished data)

may

also have contributed.

We demonstrated that the same model that has been used
fertilization success in

our

results,

and

that

it

gametes and decline in
echinoids is also consistent with
is

the exceptionally high rate of

1

per female or 2.46

X

5

10 eggs

m

2
.

The

area defined by each fertilization

was then multiplied by this value to provide a total egg
in each zone. The number of zygotes produced in each
value
production
zone was calculated as the product of the total egg production and the

zone

(cf.

Fig. 4)

median value
less

typicus;

Run

et

ai. 1988), to ensure fertilization.

each zone. Zygote production was
which fertilization rates were predicted to

for fertilization rate in

not calculated for the area in

be

gamete release that, so far, sets this animal apart. Smaller
organisms may be more reliant on phenomena such as
Archaster
aggregation, or even pseudo-copulation (e.g.,

Acknowledgments

than 5%.

We

would
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in
spawning, and similar behaviors (i.e., rearing) are seen
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such behaviors in spawning Acanthaster. as have many
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marine animals (McEuen, 1988). In some situations, gametes can actually pile up on the substratum adjacent to
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results of field experiments on the fertilization suc-
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as well as existing models of
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Ontogeny of Osmoregulatory Structures in the Shrimp
Penaeus japonicus (Crustacea, Decapoda)
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The ontogeny of differentiated osmoregulatory
chamber (gills, branchiostegite,

Abstract.

05,

2,

France

have concerned the

gills

of crabs (Drach. 1930; Chen,

1933; Smyth, 1942) and of shrimps such as Palaemonetes
various (Allen, 1892), Crangon vu/garis (Debaisieux,

epithelia in the branchial

was studied by transmission electron
microscopy throughout the postembryonic development
of Penaeus japonicus. These epithelia are characterized
pleura, epipodite)

1970),

and Penaeus aztecus (Foster and Howse, 1978).

Ultrastructural studies of the

numerous (review

gills

of adult crustaceans
1990), but to our

by typical cytological features, including apical microvilli

are

and numerous basal infoldings associated with mito-

knowledge, comparable information about larvae and
postlarvae is lacking. In penaeid shrimp, a description of

chondria.
Differentiated osmoregulatory structures are not ob-

the ontogeny of

served in the early larval stages: nauplii and zoea 1. In
the next larval stages, zoeas and mysis, gills and epipodites

Hudinaga

(

in Bouaricha,

Penaeus japonicus was given by

gills in

1942), but without histological data.

are developed as buds only, but osmoregulatory epithelia
are observed in the branchiostegites and pleurae. The dif-

Gills are among the most permeable external surfaces
of crustaceans, and they are considered the primary site
for ionic and osmotic regulation (Robertson, 1960; Lock-

and pleurae
present in postlarvae but disappear in juveniles

wood, 1962, 1968;Gilles, 1975; Croghan, 1976; Kirschner, 1979; Pequeux and Gilles, 1981, 1988;Towle, 1984a).

adults. Gills and epipodites develop progressively in
the postlarval stages, with early differentiation of osmoregulatory epithelia in the epipodites. In juveniles and

were also described on the branchial chamber epithelium
in larvae of Penaeus ti:lccus (Talbot el ai, 1972) and

ferentiated structures of the branchiostegites

are

still

and

adults, the
trast,

gill

epithelium

is

poorly differentiated;

In

con-

in

abundant differentiated osmoregulatory structures

ontogeny during larval and postlarval development,
with particular attention directed at the localization of
epithelia involved in osmoregulation. We also looked for

Ontogenetical comparisons of these observations with
lations

same

their

species reveal strong corre-

between the development of osmoregulatory
+

epi+

thelia, the ability to osmoregulate, the activity of Na -K
ATPase, and salinity tolerance during the postembryonic

similar tissues in the branchiostegite. pleura, and epipoOur ultimate goal was to evaluate the validity of a

dite.

hypothetical relationship between the ontogeny of osmoregulatory structures in gills and other epithelia and

development of Penaeus japonicus.
Introduction

Among

the ontogeny of osmoregulation demonstrated by the

changes in osmoregulatory capacity (Charmantier, 1986;
Charmantier ct ai, 1987, 1988; Charmantier-Daures et

the few comprehensive histological studies of

osmoregulatory structures in

earlier studies, patches of salt-transporting tissue

Callianassa jamaicense (Felder el a/., 1986).
This study presents a general and histological description of the gills in juvenile and adult P. japonicus and

are observed in the epipodites.

previous studies in the

some

decapod crustaceans, most

ai, 1988)
Received
*

5
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icha,
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and

in the activity of

1990; Bouaricha

et ai.

bryonic development of

be addressed.
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(Bouar1991) during the postem-

P. japonicus.
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Material and Methods

lacuna. Connective tissues are present in the septa of
filaments and axis of the gill (Fig. 4).

Animals
Penaeus /aponicus larvae, postlarvae, and adults were
obtained from the Ifremer center (Deva-Sud, Palavas,
Herault, France) and from a local shrimp-farm (Poissons

du

Balaruc

soleil,

les Bains. Herault).

The

different de-

velopmental stages were identified according to morphological criteria

A metamorphic

Larval development
and three mysis stages.

1942).

(Hudinaga,

consists of six naupliar, three zoea,

molt transforms the

late

mysis 3 larva

Changes

In postlarvae PL1. the curved larger branchiostegite

chamber. The gill bud
and the hemolymph lacuna is wider (Fig. 6).
In PL4, the septum that divides the axis of the gill

present.

PL4

for fourth stage postlarva.

Molt stages were

the branchial

partly encloses the branchial

Postlarval stages are designated by an abbreviation of
stage; e.g..

3,

open. The gills, appearing as

longer,

first

and

during development

chamber is widely
small buds on the coxopodite
of the thoracic appendages, are limited by a simple epithelium enclosing a hemolymph lacuna (Fig. 5).
In mysis stages 2

postlarval stage. Postlarvae progressively acthe
adult
quire
morphology through about 20 molts.
into the

in gill structure

The

gill

epithelium gives

rise to

branches

is

is

(Fig. 7)

whole length of the gill in PL5.
and efferent vessels are differentiated
and the branchial chamber is completely

that are present along the

controlled by microscopical observation of pleopods according to the technique widely used with adult crusta-

At

ceans (Drach and Tchernigovtzeff. 1967); only animals

enclosed by a lateral-ventral infolding of the branchio-

in stage

C

this stage, afferent

in the largest gills,

stegite. In

were used.

PL10, the

gills

are about

mm

1

thelium on the surface of the branches

is

The

epi-

only 0.1-0.7

^m

long.

few organelles are visible in
Only this type of slightly differ-

thick, except near the nuclei:

Microscopy
All stages were fixed in Halmi's fluid, sectioned in the

the cytoplasm (Fig. 8).
entiated epithelium was observed on transverse and lon-

transverse plane, stained with Masson's trichrome (variant

gitudinal serial sections of the

Goldner; Martoja and Martoja, 1967), and examined with
a light microscope. For electron microscopy, animals were

3-month-old juveniles, the epithelium of the
branches and filaments (Figs. 9 and 10) is about 0.8 /*m
.4-2.2 /urn) and at the tip
thick; it is thicker near nuclei
of the filaments
.5 jum) that are widened to form a distal

fixed in

2.5% glutaraldehyde

in 0.1

M saline cacodylate

buffer adjusted to the osmotic pressure of seawater with

sodium chloride. Samples were post-fixed in 1% OsO 4 in
same buffer and embedded in Spurr's medium. Ul-

the

trathin sections, stained sequentially with uranyl acetate

and lead

were examined with a
tron microscope at 100 kV.
citrate,

JEOL 200CX elec-

gills.

In

1

(

(

1

The cytoplasm contains but few organelles (Fig.
(0.4 ^m) or elongated

lacuna.

and these include spherical

10).

/jm) mitochondria. Microvilli occur infrequently on
the apical cytoplasmic membrane. Infoldings of the basal
lamina are limited (Fig. 9).
(1

In 5-month-old juveniles, the apical cytoplasmic

Results
Structure

<>/

Eighteen

gills in

gills

juvenile

and

brane of the

adult

are present in each branchial chamber:

one podobranchial

gill,

eleven arthrobranchial

gills,

and

pleurobranchial gills. In P.jiiponicux. as in other species
of penaeid shrimps, all gills are dendrobranchiate, and
this consists of an axis that supports a series of paired
six

branches

length (Fig. 1 ). Each
branch then gives rise to perpendicularly oriented filaments that bifurcate at least once (Figs. 2 and 3). Mucus
set at right

angles along

septum dividing the lumen of each
filament into afferent (external) and
vessels (Figs. 3 and 4).

The

histology of the

gill is

axis,

branch, and

efferent (internal)

as follows.

The

surface of

covered by a thin cuticle that
overlies a simple epithelium. A central lacunar system
expands in the tip of each filament into a hemolymphatic
is

No

difference in structure

was noted between the

ferent filaments along the length of the

the anterior

still

and posterior

gill

axis,

dif-

or between

gills.

Pleurae

The

internal structure of the gills includes a longitudinal

each branch or filament

large mitochondria, but other organelles are

many
scarce.

its

pores are located on both sides of the axis.

The

mem-

epithelium is differentiated, giving rise
to microvilli, 0.3-0.8 nm high, that delimit important
subcuticular spaces (Fig. 11). The cytoplasm contains
gill

pleural epithelium covers the lateral internal sur-

face of the branchial

chamber

(Figs. 5

and

24).

In zoea 2 larvae, this epithelium presents

two

aspects:

1.4-4 /jm) and only slightly differentiated, or thicker
(4-7 nm) and with typical differentiations, i.e.. large inthin

(

membrane

enfolding mitochoncontains
the nucleus,
dria (Fig. 13).
apical cytoplasm
numerous vesicles of reticulum, free ribosomes, and mivaginations of the basal

The

tochondria

(Fig. 12).

OSMOREGULATORY STRUCTURES

Figures 1-4.

gills,

I/

/
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Penaeus japonicus. A: axis, AV: afferent vessel, B: branches. BR: branCT: connective tissue. E: epithelium, EP: epipodite, EV: efferent vessel. F: filament,

Gills of juvenile

chiostegite, C: cuticle.

G:

IN /V.A

HL: hemolymphatic lacuna.

Figures 1-2.

Dorsal face of a dendrobranchiate

gill

showing the axis and the filaments (X25 and X90,

respectively).

General organization of the branchial chamber of a juvenile
250). The outside of the branchial
closed by the branchiostegite. Subtransverse sections of gills show the axis divided into afferent
and efferent vessels and branches and filaments. Epipodites are intercalated between the gills.
Figure 3.

chamber

Figure 4.

by a thin

(

is

Transverse section of

cuticle.

Each

tip

gill

filaments in an old juvenile.

of the filament

is

The monolayer epithelium

occupied by a hemolymphatic lacuna.

is

covered

N.
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Ontogeny and structure ot gins in Penaeits laponk'us B: branches. BB: branchial bud.
Figures 5-11.
BL: basal lamina. BR: branchiostegite. C. cuticule, E: epithelium. G: gill. HE: hemolymph. HL: hemoh mphatic
lacuna, IN: infolding, M: mitochondria, MV: microvilli. N: nucleus. PC: pillar cell, PR: pleura.
Figure 5.

Mysis

3 larva

(

400).

EarK

gill

buds on a thoracic appendage.

OSMOREGULATORY STRUCTURES
In

3 larvae, the

mysis

The

are also present.

two forms of pleural epithelium

differentiated epithelium

located

is

in the central region of the pleural dorsoventral axis. Dif-

more pronounced than

ferentiations are

Although the

14).
ilar

(4-8

^m)

total thickness

in

zoeas (Fig.
is sim-

of the epithelium

to the previous stage, basal infoldings have

expanded (1.2-3 ^m); mitochondria are very abundant;
and the apical membrane bears thin microvilli, 0.8 /urn
long, either scarce or close-ranked.
In

from

postlarvae. although observations were available
microscopy only, the differentiations present

light

PENAEUS

IN
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basal infoldings, sometimes nearly as
high as the cell. Many elongated mitochondria are located
between the infoldings and under the microvilli.

merous elongated

In adults, this type of differentiated epithelium was not
observed in any of the serial sections of the branchiostegite.
The internal epithelium is composed of high cells. The

nucleus

is

centrally located.

The cytoplasmic membrane

shows ample, sinuous interdigitations. Different organelles
can be observed in the cytoplasm: abundant rough endoplasmic reticulum forming a tubular network connected to small vesicles, elongated mitochondria, large
numerous vesicles, and oriented fibril

in

golgi profiles with

epithelial cells of the pleura.

bundles. Apical microvilli or basal infoldings were not
observed.

mysis seem to have been retained. Longitudinal streaks
that characterize basal infoldings can be observed on
In adults,

no

differentiated epithelial structure

was ob-

served on any of several serial transverse sections of the
pleura.

Epipodite

The epipodites, or mastigobranchs,
biramous

Branchiostegites

The

branchiostegite

is

almost horizontally oriented in
an open branchial chamber.

the larval stages, resulting in
In later stages, the

folding

down

chamber

is

progressively closed by the

of the branchiostegite (Figs. 5 and

18).

At

the developmental stages, the branchiostegite comprises
two simple epithelia, external and internal, separated by
all

a

lacuna.

hemolymph
The

The

epithelia are linked by pillar

external epithelium, under the cuticle,
slightly differentiated. The internal epithelium

cells (Fig. 5).

and

is

thin

is

thicker,

and

its

structure varies with the developmental

nm

thick
In stage mysis 3, the internal epithelium is 8
differentiated zones similar to those described

and shows

for the pleura (Fig. 15); the apical cytoplasmic

membrane

presents patches of microvilli, 0.1-1 ^m long. The basal
cytoplasmic membrane forms many deep infoldings separating cytoplasmic areas that contain abundant round

some

thoracic appendages. Six of them are present in each
branchial chamber of adult shrimp.

and

In mysis 2

3 larvae, the first epipodites

small buds. This aspect

is

appear as

retained until the early postlarval

stages. They lengthen and become biramous and covered
with setae in PL5. According to Hudinaga (1942), their
full

complement is reached by PL1 1.
PL5 postlarvae, epipodites are formed of

a simple
vascular
network
a
enlarged
locally
enclosing
epithelium
in lacunae (Figs. 18 and 19); the tip is widened around a
In

hemolymph
of the

stage.

are elongated, thin,

structures, attached to coxopodites of

lacuna. In light microscopy, the basal part
appearance, similar to the

cells presents a striated

differentiated zones observed in the branchiostegite

and

the pleurae.
In 5-month-old juveniles and in adults, epipodites
present two simple epithelia separated by a central con-

or elongated mitochondria. Nuclei are located in the narrow median zone, above the basal infoldings. They are

The epithelium is made of high columnar
(30 ^m in adults), with the nuclei located in the apical
part of the cell under a thin cuticle (Fig. 20). The ultrastructure of the epithelial cells features both apical and

X 4 ^m), with spots of chromatin; the
membrane carries numerous

basal infoldings (Figs. 21, 22, and 23). The apical infoldings are oriented at right angles to the cuticle. Mitochon-

large

and oval

(2.6

external layer of the nuclear

ribosomes.

Rough endoplasmic reticulum and

irregularly

shaped mitochondria can be observed around the nuclei.
In PL 10 postlarvae, the internal epithelium is thicker

(12-14 nm) and presents the same differentiations as in
the mysis (Figs. 16 and 17), with long (1-2 ^m) and abundant microvilli

at the apical

Figure 6.

pole (Fig. 16) and with nu-

Postlarva

PL

1

(

nective tissue.

cells

of rough endoplasmic reticulum, and numerous small round vesicles are located between them

dria, tubules

The

basal infoldings are organized as a compact
network, penetrating deeply, up to 20 ^m. into the cyto-

(Fig. 2

1

).

plasm. Abundant elongated mitochondria (0.4
are inserted between the infoldings.

X400). Gill hud structure: a thin epithelium delineating a central hemolymphatic

lacuna.
7.
Postlarvae PL 4 (X400). First branchial branches on a gill.
Postlarvae PL 10 (X 13000). Epithelium of a branchial branch.
Figure 8.
Juvenile ( ' 7500). Branchial epithelium. Thin epithelium and few intracellular organelles.
Figures 9-10.
Juvenile (X8000). Branchial epithelium with apical microvilli and some mitochondria.
Figure 11.

Figure

1

X

2.5
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Figures 12-17.

membrane. C:
N: nucleus,

Pleura and branchiostegite of larvae and postlarvae of Penaeus japonicus. BM: basal
CH: chromatin. IN: infoldings, IT: mterdigitation, M: mitochondria. MV: microvilli,

cuticle,

RER: rough endoplasmic

Figures 12-13.

Pleura, zoea 2

reticulum. V: vesicle.

(X9200 and X15000.

respectively). Pleural epithelium with

numerous

basal infoldings associated with mitochondria.

Figure 14.
microvilli

and

Figure 15.

Pleura, mysis 3 (X9100).

The

pleural epithelium contains

two types of differentiations: apical

basal infoldings with mitochondria.

Internal layer of the branchiostegite. mysis 3 (X8300).

sociated with mitochondria.

Numerous

basolateral infoldings as-

OSMOREGULATORY STRUCTURES
Discussion and Conclusions
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ings associated with mitochondria.

These ultrastructural

features are typical of tissues involved in active ionic

Gills

transport (Pease. 1956: Berridge and

buds appear at the end of the larval phase, and
their development progresses during the postlarval period.
The branchial formula is complete at stage PL
(Hu-

some of these species

dinaga, 1942).

(Burggren

Gill

1

1

Only one type of

gill epithelium was observed in the
This
thin
postlarvae.
epithelium containing few nuclei
and very few organelles was not differentiated. A similar

type of epithelium was described in adult Callinectes sapidus (Copeland and Fitzjarrell, 1968) and Ocypode cera-

tophthalma (Storch and Welsch, 1975). These observations, and our own, suggest that this epithelium is probably
involved in gas exchange.

The epithelium begins to differentiate in juveniles with
the formation of microvilli on the apical cytoplasmic

Fitzjarrel,

1988, 1990;

the

gill,

Oschman,

1972). In

Gecarcinus lateralis (Copeland and
1968), Carcimts maenas (Goodman and Cavey,

Compere

et al.,

1989), Procambarus clarkii
two types of epithelia coexist in

et al..

1974)

a thin one supposedly implicated in gas exchange,

and a

differentiated epithelium involved in hydromineral
exchanges. In adult P. japonicus, we observed only one

type of epithelium with apical microvilli but without basal
infoldings.

In addition,

we saw no morphological

or ultrastructural

differences between the anterior, median,

and posterior
thus conclude that a single type
of epithelium exists in P. japonicus. as in P. aztecus (Foster

We

of P. japonicus.

gills

tion progresses in juveniles that are

The differentiamore than 5 months

and Howse, 978) and in the crab Holthuisana transversa
(Taylor and Greenaway, 1979). In other species, anterior
and posterior gills are histologically different. In Eriocheir

old, resulting in a higher density of

mitochondria under

sinensis (Barra et

membrane

of the

cell,

under the

cuticle.

1

al.,

1983). the anterior gills have a thin,

the microvilli.

little-differentiated epithelium,

In juveniles and adults, we found that the epithelium
of the gills is formed of thin cells having, as their only
apical differentiated structures, microvilli and mitochon-

piration; the epithelium of the posterior gills is differentiated and certainly implicated in osmoregulation. This

dria.

These

cells

were also described

(Foster and Howse,

1978) and in

Penaeus aitecus
Palaemontes pugio
in

(Doughtie and Rao. 1978). They are the principal cells of
the gills of palaemonid and penaeid shrimps (Taylor and
Taylor, 1992). Similar epithelia have been reported in the
posterior gills of Eriocheir sinensix (Barm et a/.. 1983)
and Gecarcinus cntentata (Martelo and Zanders, 1986).

This type of epithelium could be involved

in

osmoregu-

lation, a hypothesis

supported by the increase in the size
of the microvilli in P. aitecus that were transferred to low
or high salinities (0.9 and 59%o; Foster and Howse, 1978).
The comparison with other species demonstrates that
the

gill

epithelium is only slightly differentiated in P. jaGecarcinus lateralis (Copeland, 1968), Cal-

ponicits. In

linectes sapidus

(Copeland and

leptodactylus (Bielawski, 197

1

Fitzjarrell, 1968),

),

Astacus pallipes (Fisher,

1972), Gecarcinus oceanicus (Milne

cambarus

clarkii (Burggren et

(Bubel, 1976; Bubel

(Babula,

1979),

al.,

Astacus

and

Ellis,

1973), Pro-

1974), Jaera

nordmanni

and Jones, 1974), Asellus aquaticus

Holthuisana transversa (Taylor and

Greenaway, 1979), Eriocheir sinensis (Bam et al., 1983),
Uca mordax (Finol and Croghan, 1983), and Crangon
crangon (Papathanassiou, 1985), the

gill epithelium is
characterized by apical microvilli and basolateral infold-

Figure 16.

and

probably involved in

confirmed by physiological data, since only
gills are involved in osmotic and ionic regulation (Schoffeniels and Gilles, 1970; Pequeux and Gilles,
is

hypothesis

the posterior

1981, 1988). This topographic difference has also been

observed

Astacus pallipes and A. leptodactylus (Dunel1982) and in Asellus aquaticus (Babula, 1979).
In summary, the gills of P. japonicus appear as buds

Erb

in

et al.,

and grow progressively during
The gill epithelium differentiates
slightly and progressively in juveniles and adults, with
apical microvilli and mitochondria beneath it. The difduring the
the

first

last larval stages

postlarval stages.

ferentiated

gills are implicated mainly in respiration and,
than in other species, probably in osmoregulation.
This last function is also shared by other structures of the

less

branchial chamber.

The

structure of the gill epithelium
japonicus (and probably other penaeids) is simpler
than that in most other crustacean groups.
in P.

Branchiostegite

and pleura

The branchiostegite and pleural epithelia are not differentiated in nauplii and zoea 1. Differentiation appears
in zoea 2 and persists in the postlarvae; the most typical
features are apical microvilli, deep basal and lateral infoldings, and abundant mitochondria. These elements
were called "mitochondrial pumps" by Copeland (1964).

Internal layer of the branchiostegite, postlarvae

PL

10 (*6500).

PL

10 (x

Numerous

apical microvilli

basal infoldings with mitochondria.

Figure 17.

Internal layer of the branchiostegite, postlarvae

between infoldings and mitochondria.

res-

1

3000). Detail of the interrelations
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Figures 18-23.

Epipodites in postlarvae and adult of Pcimcnx iiipunifiix. BL: basal lamina, BR: branCT: central connective tissue. E: epithelium, EP: epipodite, G: gill. HL: hemolymphatic

chiostegile, C: cuticle.

lacuna. IN: intbldings.

M: mitochondria, N: nucleus. ST:

striation.

Transverse section of the branchial chamber, postlarvae PL 5
200). The branchial chamber
Figure 18.
almost completely enclosed by the folded branchiostegite. Epipodites are intercalated between the gills.
(

is

OSMOREGULATORY STRUCTURES

A

similar type of epithelium, localized on the internal
surface of the branchial chamber, has been found in larvae

and postlarvae of P. a:tecus (Talbot et at. 1972) and in
the two zoeal stages ofCallianassajamaicense (Felder ct

those described in P. japonicus (Dunel-Erb
Epipodites and

observations demonstrate that the differentiation
of the branchiostegite and pleural epithelia has disap-

Our

in adults.

(i.e.. gills

originate

gills

podobranchiate

gills

and

opodite of maxillipeds. Their

common

in the

Artcmia salina: the nauplii, which are strong regulators,
of
possess a dorsal gland with the typical differentiations
in

a tissue implicated in osmoregulation (Conte el at. 1972;
Hootman and Conte. 1975). This gland degenerates when

develop (Dejdar, 1930).

Rough endoplasmic reticulum, ribosomes, and golgi
of adult
profiles are very abundant in the branchiostegite
P. japonicus, after the regression

of its microvilli; this tissue

from osmoregulation

to other functions.

pographical and

histological similarities,

ATPase

activity

measured

appear concurrently during postdevelopment. Epipodite cells appear striated (light
gills

microscopy) in postlarvae, and electron microscopical
observations demonstrate that this epithelium is thicker
and more differentiated than that in the other adult tissues

The cells of
(i.e.. gills, branchiostegites, pleurae).
the epithelium are very similar to the thick cells, or ionin crabs
ocytes, described on the posterior pair of gills

in epipodites

of adult

P. ja-

during the postembryonic development
of P. japonicus (Fig. 24). In larval stages, before gills and
epipodites are present, the features typical of osmoregusively established

latory epithelia were observed in pleurae and branchiostegites. During the postlarval stages, the osmoregulatory

structures are

still

present in the branchiostegites and

pleurae, but these disappear in the juveniles and adults.
Gills and epipodites continue developing during the post-

and adults, the gill epithelium
and certainly most involved

thin, slightly differentiated,

in respiration.

Epipodites and

their features

ponicm (Bouaricha, 1990; Bouaricha et at. 1991).
In summary, osmoregulatory structures are progres-

is

Epipodite

origin, their to-

and

typical of ion-transporting tissues suggest that epipodites
are probably involved in osmoregulatory mechanisms.
+
+
This is further supported by the high level of Na -K

larval stages. In juveniles

larval

podobranchiate

P. japonicus,

at. 1982).

an osmoregulatory function

P.

this function. This hypothesis is supported
4
+
ATPase activity in the
level of Na -K
low
the
very
by
P.
adult
of
japoniats (Bouaricha, 1990;
branchiostegite
Bouaricha et at. 199 1 ). Similar results have been described

shift

from epipodites. In

et

phylogenetic origin

same location on the cox-

japonicus before the adult structures
and epipodites; see next paragraph) differentiate

could thus

(Mill, 1972). In decapods,

common

epipodites are attached at the

and take up

"gills"

gills

have a

We hypothesize that branchiostegite and

pleural epithelia have

young stages of
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epipodites as wide vascular structures offering a large exchange surface; an electron microscopical study of these
structures revealed important differentiations similar to

at. 1986).

peared

IN

From our

observations in adults, both the

be involved in osmoregulation.
gills and epipodites could
But the robust and dense osmoregulatory structures in
the epipodites of adult P. japonicus point to a major os-

moregulatory function of the epipodites, a new finding in
penaeid shrimps and in decapod crustaceans.

studied

1992). Copeland's "mitoare present in all cells and along the

(review in

Taylor and Taylor,

chondria!

pumps"

whole length of the epipodites. Very few comparable
studies are available in other species.

Buchanan (1889)

proposed a gill-cleaning function for Penaeus epipodites.

According to Hudinaga (1942), who described them and
included them in the gill formula under the name of mastigobranchia, epipodites are

gill

structures. In

Crangon

vulgaris (Debaisieux, 1970), the epipodite, as studied by
Astacus pallight microscopy, has a thick epithelium. In
lipes

and

A. leptodactylits.

Figure 19.
in a

Bock

Epipodite, postlarvae

lacuna at the

Figure 20.

(1925) described the

PL

5

(X500).

Relation between the ontogeny of osmoregulatory
structures

and

the ontogeny of osmoregulation

Previous studies conducted in
activity (Bouaricha,

P.

japonicus on ATPase

1990; Bouaricha

et at.

et at. 1988) during the postembryonic development, as well as the results of this study, supestablishport the existence of correlations between the

Charmantier-Daures

ment of osmoregulatory

structures

and the ontogeny of

osmoregulatory physiological processes.

The simple epithelium

encloses a vascular network enlarged

tip.

Epipodite, adult structure.

Two

1991), os-

moregulation (Charmantier, 1986; Charmantier et at,
1988), and salinity tolerance (Charmantier et at. 1987;

simple columnar epithelia. separated by a centra] connective

tissue.

21 (and basal (Fig. 22) part of the
Epipodite. adult (x 13000 and X23000). Apical (Fig.
Figures 21-22.
with mitochondria.
epithelium with numerous infoldings associated
association between mitochondriae and infoldings.
Epipodite, adult (X 14000). Detail of
Figure 23.
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12-13

BB

M2-M3

Juv-Ad
Ontogeny of osmoregulatory epithelia (doited areas) throughout the postembryonic development of Penaeus japonicus, schematic transverse sections through the cephalothorav Z: zoeae. M: mysis,
PL: postlarva. Juv-Ad: juvenile and adult. BR: hranchiostegite, EP: epipodite. G: gills, PR: pleura.
Figure 24.

In

young larvae

(nauplii

and zoea

1),

osmoregulatory

structures that can be related to the nonexistent
activity are absent

K+

ATPase

is

(Bouaricha

el al..

located in basolateral

1991

),

ATPase

because

Na + -

membranes of

ion-

transporting tissues (Towle, 1981;Towle. 984a, b; Towle
and Kays, 1986). These stages are probably osmocon1

formers and are not tolerant to low
ct al..

salinities

(Charmantier

1988).

In later larval stages (mysis 2-3), osmoregulatory tissues

are present in the branchial chambers,

first

and reaches

lesser extent, in

PL

a

ATPase

maximum

6 (Bouaricha

1

in salinity.

+

moconforming type of regulation and a low tolerance to
variations in salinity.
After metamorphosis, i.e.. in postlarvae, osmoregulafrom the branchiostegites and pleurae while appearing during the postlarval phase in the gills

to a

Osmotic

,

estuarine habitats that are subject to

+

PL5 and,
1991).

becomes hyper- and hypoosmotic starting in
and hyper- and hypoosmoregulatory capacities reach
a maximum in PL 5-6 and later stages (Charmantier et
ai, 1988). Salinity tolerance also increases in PL 5-6 and
later stages; under natural conditions, these stages will
have migrated from the open sea to coastal, lagunal. and

PL

and

epipodites appear as buds at these stages (Hudi-

in

regulation

side

gills

activity increases

et al..

The

naga, 1942; Bouaricha, 1990). The activity of Na -K
ATPase increases slightly, but these stages retain an os-

tory tissues disappear

in the epipodites.

on the inner

of the branchiostegites. and on the pleurae.
the

and mainly
correlatively

ample fluctuations

In conclusion, the ontogeny of osmoregulatory structures

described in this study

is

strongly correlated with the on-

togeny of the physiological processes of osmoregulation, and
both are correlated with the ecology of P. japiniicus.
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Abstract.

An

jected with

14

standing crop (volume of gonad). reveal a substantially
different picture about the details of the spawning season.

immunoprecipitation assay was developed
instantaneous
for measuring
reproductive effort in female
Crassostrea
American oysters,
virginica. Oysters were inC-leucine and incubated in situ for

1

Estimates of the time required to reach spawning condior 2 months; these
from several weeks to

to 30 h

tion ranged

1

periodically throughout the annual gametogenic cycle.
l4
Gonadal protein labeled with C-leucine was precipitated

values agree with published estimates derived from less
direct methods. Direct rate measurements thus seem to

from an oyster homogenate with rabbit anti-oyster egg
IgG as the primary antibody. Antibody-oyster egg protein
complex was further purified by immunoadsorption with

accurately reflect the true rate at which gametic tissue is
produced in the field. A positive correlation between oyster

staphylococcal

protein A

cell

size

suspension. The quantity of

A

The

atility

oyster popu-

Introduction

was

lightly to moderately infected with a protozoan
marinus.
Perkinsus
negative correlation beparasite,
tween the intensity of infection and the rate of gonadal

A

production suggests that

P.

that larger

spawn. Furthermore,

of gonadal growth that is borne out by the results
of population dynamics models of oysters.

the instantaneous reproductive rate of oysters and to estimate the number of days required from the initiation
lation

spawn suggests

the range in observed somatic and gametic growth emphasizes the conservatism of somatic growth and the vol-

was determined by single-ring immunodiffumathematical model was developed to calculate

of gonadal development to spawning.

to

oysters require longer to prepare to

oyster eggs
sion.

and the estimated days

marinus retards the

Like other bivalves, the American oyster

(

Crassostrea

virginica) goes through three stages during the gametogenic cycle: ( 1 ) proliferation of germ cells, ( 2 ) vitellogen-

rate of

gamete development. The

seasonal cycle of gamete production determined by direct measurements of egg protein
production was not equivalent to that determined by

or the growth and enrichment of gametes, and 3
spawning (Sastry, 1979). Egg constituents such as lipids

esis,

(

)

and proteins accumulate during vitellogenesis Kennedy
and Battle. 1964 ). These constituents are either mobilized
and synthesized from nutrient reserves in other organs or
synthesized directly from compounds assimilated during
feeding (Soniat and Ray, 1985; Shafee, 1989; Thompson
and MacDonald, 1990; Suzuki el at.. 1992). Spawning
(

standard gonadal-somatic index (GSI ), except at the most
basic level. GSI was highest during the spring spawning
peak, but the rate of gamete production was highest in
fall. Accordingly, the two measurements, rate versus

the

when the cumulative reproductive biomass reaches
a certain proportion of the standing stock ( Hofmann et
ul.. 1992; Choi et a/., 1993). Reproduction is an eneroccurs
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*
Current address: Environmental Radiological Assessment Dept..

Korea

Institute of Nuclear Safety. P.O.

Box

1

6,

Daeduk-Danji. Taejeon.

getically costly process

305-606, Korea.
*

Person to

whom

because

tion allocated to reproduction

correspondence should be addressed.
41

much of the
is

lost as

net produc-

gametes during

42
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spawning. The fraction of net production diverted to gamete production is called the reproductive effort. Reproductive effort in bivalves

often expressed as the total
number or weight of eggs or sperm released per individual
or biomass ( Sprung, 1983; Deslous-Paoli and Heral, 1988;
is

AL.

variation in the rate of gonadal synthesis in female oysters

and the

effect of environmental conditions such as water
temperature and Perkinsus marinus parasitism on that

process.

Hofmann

cl ai, 1992; Choi ct ai, 1993).
Environmental conditions such as food availability,
water temperature, salinity, and parasitism can influence
growth and reproduction of oysters in various ways. For
example, an increase in water temperature increases the

nitration rate of oysters

and

also results in the diversion

of more of the net energy to reproduction, resulting in
increased fecundity or spawning frequency (Hofmann ct
ul..

1992

).

Perkinsus marinus. a protozoan parasite, exerts

impact on oyster growth and reproduction.
Higher infection intensities may retard growth, delay reproductive development, or reduce spawning intensity and
a significant

frequency (White

ct ai.

1988a, b; Wilson

Field procedures

Adult oysters 7 to 2 cm in length ) were collected from
Confederate Reef, Galveston Bay (Fig.
from August
)
1990 to July 1991. Collections were made monthly during
1

(

1

and less frequently during the
remainder of the year. Water temperature and salinity
were recorded during each sampling. To administer the
the reproductive season

'

4

C-labeled leucine, a rock saw was used to

make

a v-

end of each oyster shell,
and .5 to 2 ^Ci of 4 C-labeled L-leucine was injected into
the adductor muscle. The oysters were then placed in a
shaped notch

at the posterior
'

1

ct ai.

1988).

and prevalence is in part governed by
and water temperature. Powell ct ai 1992) reported that regional and temporal shifts in the infection
intensity of P. marinus in oysters in the Gulf may be
Infection intensity

salinity

Materials and Methods

(

controlled by long-term climatic cycles.

The reproductive

effort of oysters can be examined ustwo
ing
approaches. Firstly, the number and developmental stage of the gametes can be assessed. This is essentially a standing crop measurement. Histology is one
of the most common methods used for this assessment
(Ford and Figueras, 1988; Barber cl ai. 1988; Gauthier
and Soniat, 1989; Wilson ct ai. 1990). However, the
is only semiquantitative. Recently Choi
introduced
an immunological technique that
1993)
allows a quantitative evaluation of reproductive effort of

analysis, at best,
cl

ai

(

They reported that the weight of gametes produced
per spawn by oysters in Galveston Bay, Texas, amounted
oysters.

much

40%

(eggs) or 44% (sperm) of the total
the
rate of gamete production can be
weight. Secondly,
to as

measured

as

for

example, by measuring the rate of syngonadal protein. We will term this the instantaneous rate of gamete production. The two approaches
are complementary because environmental factors may
thesis of

by varying either the number of gametes
(measured
per spawn
by standing crop) or the spawning
affect fecundity

frequency (controlled by the rate of gamete development ).
No studies have reported the instantaneous rate of ga-

mete production in oysters because an adequate method
was lacking. Accordingly, we developed a technique to
measure the rate of gonadal synthesis of gametic protein

upon a radiolabeled amino acid tracer
and an immunological probe. Rabbit anti-oyster egg IgG
(Choi ct ai. 1993) and staphylococcal protein A, an imin oysters based

munoadsorbent, were employed in a radio-immunopremeasure the rate of production of gonadal protein. The present study focuses on the seasonal

cipitation assay to

Figure
Texas.

1

.

Location of stud\ area. Confederate Reef

in

West Bay.

REPRODUCTION
nylon-mesh bag and incubated //; situ according to the
summarizes the data collec-

experimental design. Table

I

tion efforts. After incubation, oysters were opened and
the maximum length of the upper shell was recorded. A

piece of mantle tissue was taken from each oyster and
placed into a 10-ml culture tube containing fluid thioglycollate medium fortified with antibiotics according to Ray
(

1966) to assess the intensity of infection by P. marinus.
narrow cross-sectional slice was taken from the central

A

part of the body and fixed in a 25-ml Bouin's solution for
the examination of gametogenic stage. The remaining

was frozen on dry
and stored at -40C

oyster flesh

ice,

oratory,

until used.

transported to the lab-

Laboratory procedures

The samples of mantle

tissue were incubated in thioweeks (Ray, 1966), at which time
the infection intensity of P. nuirinus was scored from
glycollate

(

(

medium

uninfected

for 2

to 5 heavily infected ) according to Mackin
1962) as modified by Craig el at. (1989).
The frozen oyster samples were thawed and excess water
)

(

was removed.

First the total wet weight of each oyster was
measured, then the body mass containing gonadal material was separated from the other somatic tissues and

weighed. Wet weight was converted to dry weight using
the empirical relation: dry weight = wet weight X 0.196
(Choi el ai, 1993). After a known volume of phosphate
buffered saline

(

pH

PBS;

M

M KC1, 0.0 M

0. 5
NaCl, 0.003
was
added, the body
7.3)
1

1

was homogenized first in a glass syringe tissue grinder and then
in an ultrasonicator. The homogenate was centrifuged at
1200 X g for 10 min, and the volume of supernatant rephosphate,

corded.

The quantity of total

tissue

protein in the supernatant

was determined using the BCA Protein Assay (Pierce, Illinois with bovine serum albumin as the protein standard.
The quantity of oyster eggs was measured using rabbit
anti-oyster egg serum Choi el ai, 1 993 ) and a single-ring
immunodiffusion assay according to Mancini el a/. 1965
and Gallagher el al. (1988). A 1.5% (w/v) agarose gel
was prepared in barbitone buffer (0.01
sodium barbital,
)

(

(

0.02

M

)

M

barbital,

and 0.05% sodium azide

as preservative,

A

2-ml aliquot of oyster egg-specific rabbit antipH
serum was mixed with 18 ml agarose gel and poured onto
8.6).

a 10

X

10

cm

frigerator for

The gel was solidified in a remin and 4-mm-diameter wells were

glass plate.

10

made using a gel puncher. On each plate, 20-/ul aliquots
of various concentrations of oyster egg protein (positive
controls), reproductively inactive female oyster

homog-

enate (negative control), and the oyster homogenate to
be analyzed were added to the wells and incubated for

72 h in a humid container
plate
liant

at

4C.

After incubation, the

was pressed, dried, stained with 1% Coomassie brilblue (w/v) (Bio-Rad, California) dissolved in 50%.

IN

FEMALE OYSTERS

43
Table

I

Dulti collection efforts during the study

44

K.-S.

using a liquid scintillation counter.

CHOI ET

Quench was corrected

l4

C-leucine into oyster eggs was
estimated using immunoprecipitation with staphylococcal

A

(Staphylococcus aitreus Cowan I strain cell suspension, Sigma) as an immunoadsorbent (Kessler, 1975).
was reacted with
Rabbit anti-oyster egg IgG ( 2 mg ml
protein

'

)

ml of oyster homogenate (containing up to 2 mg egg
as determined from the single-ring immuprotein ml
h
nodiffusion assay) in a test tube and incubated for
at room temperature. After incubation. lOOmgml
1

'

1

'

A cell suspension was added according to the
manufacturer's directions, incubated for
h, and centri-

protein

1

X g for

fuged at 4000
tein

10 min.

The antibody-antigen-pro10 ml PBS and then

A complex was rinsed twice with

dissolved in a liquid scintillation solution (Solusol
tional Diagnostics,

New

Most

pulse-labeling experiments utilize a

mean

Jersey).

Na-

The amount of '^-leu-

cine in the eggs was determined by liquid scintillation
counting as previously described for the TCA precipitate.

variation about the

on the assumption

number of

and the
mean. Such experiments are based

replicates to permit calculation of the

for as previously described.

The incorporation of

AL.

that

all

effect

individuals are initially equivby the normal stochastic

alent, to the extent permitted

mean. Experiments on reproduction,
however, frequently do not meet this assumption, particularly those run in the field where temperature cannot be
manipulated to control the reproductive cycle. The individuals used in the experiments we describe could be
expected to be in different stages of their reproductive
variation about the

cycle, as

indeed they were. Accordingly, no true replicates
of experiments, and the mean value is not

exist in this set

for

meaningful

necessarily

quently, equation

(

1

)

ideally

all

Conse-

interpretations.

would be solved separately

for each individual.

The problem posed

as equation

(

1

)

cannot be solved

separately for every individual, however. Nevertheless,
components of it can be solved for single individuals, pro-

vided that the specific rates of some components can be
to be common to all individuals. The specific

Model

assumed

rates that are

Perspective

Three important, but conservative, assumptions are

re-

in the solution

important

of equation

(

1

)

are those controlling the loss of labeled leucine from the
free leucine pool, the changes in concentration of the free

C-leucine from unla-

leucine pool, the rate of uptake of free leucine into the
gonadal protein pool, and the rate of loss of leucine from

indiscriminately during protein synthesis and degradation.

the gonadal protein pool. Because the rates of uptake and
loss from the gonadal pool are unlikely to be equivalent

quired to use radiolabeled leucine as a tracer in this study.
14

do not

First, oysters
distinguish
beled leucine present in oysters, so both isotopes are used

Second, the amount of

14

C-leucine injected into the oysters

small enough not to disturb the amino acid balance.
Third, the labeled leucine does not exchange with somatic
is

or gonadal

components by any process other than protein

synthesis and degradation.
In order to calculate the instantaneous rate of gonadal

production (the

amount of gonadal
measured

per unit time), the

material produced

rate of incorporation

of

la-

beled leucine must be corrected by the specific activity of
the free leucine pool (Samarel. 1991 ). Stated mathemat-

=

[dg*/dt] [/(/)//*(/)]

(1

dry wt~'

is

),

that the rates of pro-

[/(/)//*( /)] are equivalent. This assumption is reasonable
because the loss of labeled leucine probably involves diffusional and metabolic processes common to most individuals,

and the change

in the free leucine

a stress response to a manipulation
viduals. In particular, the
in the

amount of labeled

formation of gonadal tissue

amount

the

pool involves

common

is

to

all

indi-

leucine used

small relative to the

injected. Accordingly, variations in the metabolic
little effect

on the

)

amount of leucine incorporated moles g
the amount of labeled leucine incorpog*
rated (dpm gdry wt" '), is time, /is the amount of free
leucine (moles g dry wt" ), and/* is the amount of la-

where g

we must assume

processes involved in reproduction had
total available pool of labeled leucine.

ically,

dg/dt

in all individuals,

cesses controlling the specific activity of labeled leucine

(

is

/

Calculation of specific activity

the labeled free

leucine pool

We

assume

from the

that the loss of labeled leucine

1

beled free leucine

(dpm g

dry wt"'

free leucine pool

is

).

d/*/d/ = -kf*

The experimental

protocol requires that/*, the amount
of labeled free leucine, be a function of time because a

constant perfusion technique was not used. Because most
animals undergo a stress response to experimental manipulation which results in changes in the free

amino acid

pool,/, the amount of free leucine present, is also likely
to be a function of time. As a result, evaluation of equation
(

1

)

first

requires an evaluation of /(/)

and/*(

/).

a first-order process. Accordingly,

where

A.

is

(2)

the first-order rate constant (time"

1

).

Com-

parison of the results obtained by evaluating equation 2
with the measured values shows that equation (2) does
not adequately describe the change in labeled free leucine
(

in the free leucine

Assuming
pools

is,

pool over the experimental time course.

that the labeled leucine exists in

however,

)

much more

satisfactory.

two separate
Hence,
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600

-kj

d/f/d/=

IN

(3)
500

and
400

=

d/?/df

(4)

=
the measured value.
f + / ?
The two-pool model does not necessarily imply

f

300

at

*

where

200

-

iai

./'

./'

that

only two pools exist or that the pools are continuously
discrete. Failure of equation (2) to predict the measured
results requires a

multipool model

if

the processes are

Experience indicates that equations ( 3 ) and
good curve-fitting routines and often adequately

first-order.

(4) are

data from multiple pools. Accordingly, in using equations ( 3 ) and ( 4 ) we do not necessarily conclude anythi ng
about the processes determining the time course of labeled

1

o

leucine except that a multiple pool

We

solved equations

(

3

)

model

is

a
o
o

/

=

-

1

OE+01

1

OE+00

20

40

60

80

100

120

20

40

60

80

100

120

140

in
cc
LU

w
o
1

OE-01

1

OE-02

required.

and 4 using the boundary
)

(

= /?(/). We cannot generally
atf*(t)
set t equal to zero, the time of injection, because the time
course before the first sampling is unknown. Initially, the
specific activity would be controlled by processes affecting
the distribution of the label throughout the animal as well
conditions

000

DC

fit

,

00

t

RING DIAMETER SQUARE (mm
A typical standard curve for the single-ring
Figure 3.
fusion assay for rabbit anti-oyster egg serum.

140

2
)

immunodif-

metabolism. Accordingly, the experimental protocol necessitates that / be the time of the
first sampling usually 1 h). As a consequence, data from

yielding the best

sampling cannot be used to evaluate any subsequent process rate. That sampling only defines the metabolic milieu at the beginning of the measured time

type error term to evaluate the goodness-of-fit.
As stated earlier, if the specific rates are assumed equal
among all individuals ( that is, the specific rates describe

course.

a process

as

by

tissue-specific

(

the

first

Solving equations

(

3

)

and 4
(

yields

)

1( '

(5)
/*(0=/?(0+/2(0=/
*
* =
We define
f + / *2 as the mean amount of labeled
./'

sampling period. The two
first-order rate constants. A;, and A: : and the fraction of
the labeled free leucine in each pool, /*/./*, were ob-

leucine observed in the

first

,

tained iteratively by computer by searching for the values

/"*( t)

for

tion

5

(

)

fit

common

to the observations using a chi-square-

to

all

individuals), then the value for

any individual can be obtained by solving equausing the value of

*

for that individual. In es-

/

sence, this assumes that the variation between individuals
is

produced by the

received

more

label

efficiency of injection

some animals

rather than the processes

than others

controlling loss after injection.

Comparing

the data ob-

tained during January, where metabolic processes were
slowed by low temperatures, with all other observations,

The success of insuggests that this assumption is valid.
the variajection is the primary determinant controlling
tion in the

amount of

labeled free leucine available for

use in metabolism during the experiment.

Calculation of specific activity

The

free leucine pool

was

the free leucine pool
also not stable during the

experimental time course. Typically, free leucine rose in
concentration during the first few hours and then declined.
This transient rise in concentration was found in most

months and probably represents a response to the stress
of injection. The invertebrate stress response to experiOCT

mental manipulation typically includes protein break-

APR

MAR

FEB

down and

SAMPLING PERIOD
Figure
period.

2.

Water temperature

(

C

)

and

salinity

(

%

)

at

each sampling

a

rise in

the concentration of free

amino

acids.

The free amino acid pool is governed by a balance between the addition of amino acid from protein breakdown
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Seasonal variation in the gonadal-somatie index (GS1) of oysters.

4.

highest

and lowest values) are

or digestive processes and the loss of amino acid by anaand catabolic processes. Accordingly, and assuming

bolic
that

processes are again of first-order,

all

loss

,

P(

t

)

(

6

)

The

where P(
rates.

t) is the precursor pool and A:, and Ar 4 are specific
P(l) can be described as the result of a first-order

reaction analogous to equation (2),

where

again,

evaluation

=

A'

)

computer by searching

fit

values of P, and P : are

P + P: =

(7)

of equation

We assume that

unknown.

equivalent to the highest value of free
leucine measured (./, a i). To the extent that this is inac/'total

t

is

,

(6) generally

showed that a one-pool model was inaccurate. A twopool model generally provided an accurate description of
the measured values:
d./;/df

,

curate, the specific rates calculated

dP/dl = -kP

Once

5

for the values yielding
to the observations using a chi-square-type
error term to evaluate the goodness-of-fit.

the best

kj

first-order

and the fraction of free
k. A'
h
each pool, /i// and /://, were obtained it-

eratively by

terms =

the

Equation (9) yields a similar solution. The four
rate constants (A.^,

leucine in

d//d/ = production terms

-

The mean (bar) and

plotted.

(8)

A-j

A' 4

(A;,.

,

A' 6 )

A',,

will

not reflect those rates actually present. These values, then,
are relative to the estimated protein pool size. However,

because these rates are obtained from observations of the
free leucine

to estimate

pool and equations 8 and ( 9 ) are used solely
the use of specific rates scaled to an unknown
(

)

f.

protein pool size still provides an accurate estimate of the
concentration of free leucine at any particular time.

and

fcs/MO

+

The

- &6/2

(9)

We assume /j/
same caveats and assumptions
apply as were discussed in the evaluation of/*, and the
equations for P, and P2 are of the form of equations (3)
and (4). Once again, we solved the equations using the
boundary conditions = / atf(t) = /(/) and set l- to be
where

=

/:

PI

/j

/:

=./, ota |,

.

the

/

first

sampling usually

yields

+

uptake and loss from

the measured value.

/P2 Once again,

the time of the

specific rates oj leucine

gonadal protein

(

1

h

).

Equation

(

8

)

The amount of
protein

is

labeled leucine

measured

in

gonadal

amino acid inand free amino acid

the net of two processes: free

corporation during protein synthesis

release during protein degradation. Stated mathematically

dg*/d/ = growth terms

-

loss

terms = k xx f*(

t

)

- k g*
/K

(11)

where g* is the amount of labeled leucine in gonadal tissue
and kxg and k,g are the specific rates governing the rates
of protein synthesis and degradation, respectively. We use
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at the measured rate for a sufficiently
long period. The
estimated days to spawn varied over a wide range; however, most oysters collected during the spawning peaks of

o
o

if

gs-

August/September and April/May required less than
100 days to come into spawning condition (Fig. 16). In
contrast, almost all oysters collected in February and
July
would have required more than 000 days at the measured

Q.

O
H
Q.

-I

AL.

=
u
3

S

1

come

to

rate

into

spawning condition. Overall, the
monthly median value for the estimated days to spawn

I!

o
o

follows the seasonal changes in oyster reproductive
output

_j

as

I

shown

in

Figure

4.

Discussion
SAMPLING MONTH

mg

Methodology

Seasonal fluctuation of egg protein production (g)(/

Figure 15.
leucine

"'

dry wt

).

All oysters analyzed are plotted.

Use of polyclonal
el ul..

Gonadal protein production

The

calculated values for the net rate of gonadal protein
sum of the production and loss terms,

production, the

shown

are

in

Figure

13.

As observed

in the calculation

of

rabbit anti-oyster egg serum (Choi
1993) permitted us to measure the amount ofga-

metic tissue present in oysters. The single-ring immunodiffusion assay could detect as little as 50 /ug egg protein ml
Although the single-ring immunodiffusion as'

.

than ELISA, which detects as little as
200 ng ml
Choi ct u/.. 993 it is simpler than ELISA
and can still detect as little as 100 jug of egg protein present
is

say

less sensitive
'

somatic production, except in October, most oysters used
in the experiment exhibited a
greater rate of egg protein
production k Ki .f( t ) than of gonadal protein degradation
(

in

)

(A//), resulting in a net gain of egg protein (#) over the
time course (Fig. 14). In some oysters sampled in August

1990 and April 1991, the specific rate of gonadal producwas up to 20 times greater than the specific rate of

tion

gonadal protein degradation. Once again, the amount of
protein produced slowed to a plateau at the longest incubation times in some months. Either the rate of production slowed, the calculation of specific activity became
more inaccurate, or protein recycling resulted in a net loss
4
of C-leucine from the more rapidly overturning portion
'

1

(

1

)

,

g of oyster tissue.

Immunoprecipitation using rabbit anti-oyster egg IgG
and protein A cell suspension as an
immunoadsorbent permitted us to measure the rate of
u
incorporation of C-leucine into gametic tissue. The instantaneous rate of egg production (dg/dt) at the time of
sacrifice can then be calculated from the amount of 14 Cas primary antibody

and the specific activity of leucine
measured by amino acid analysis. From the cumulative
leucine incorporated

amount of

leucine incorporated, we could calculate the
instantaneous rate of gamete synthesis and the days re-

of the tissue pool.
Overall, the observed seasonal pattern in gonadal synthesis (Fig. 15 coincides with the annual
cycle of reproductive effort in oysters shown in Figure 4. Two discrete
)

peaks occur, one in August /September and the other
April /May.

The values

in

for

gonadal synthesis obtained
during the spawning peaks are significantly higher than
the values obtained during the
intervening periods (P
< 0.0001 ). However, gonadal production and gonadal/
somatic index

(i.e..

rate versus quantity) did not corre-

exactly. April and May were similar in synthesis
rate, but oysters sampled in April had
higher GSI (more
eggs). The rate of egg synthesis was higher in August/

spond

September than
the

in April

number of eggs

Estimated days

We

to

/May; the opposite was true

0)

o
III

I
en
tu

x xx xx xx ^

N

for

present.

SAMPLING PERIOD

spawn

estimated the

I

Figure 16.

number of days

imal to become ready to spawn

if egg

Seasonal fluctuation in the estimated

required for an individual to

required for an ansynthesis continued

rate of egg synthesis

plotted.

become ready

number of days

if the measured
were to continue unaltered. All oysters analyzed are

to

spawn
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relationship between estimated days to spawn and gonadal-somatic index mg dry wt
egg mg dry wt oyster ') during the two primary spawning periods, August /September and April/May.
Oysters collected 2 h after injection were not included.

Figure 20.

direct rate

I

measurements we have made would seem to
which gametic tissue is

accurately reflect the true rate at

produced

One might expect that oysters with
exhibit higher values for the estimated

in the field.

higher GSI would

time required to reach spawning condition as we have
calculated it, because the rate of gametic tissue production

might decline as spawning condition was reached. We
found no significant relationship between GSI and the

number of days required to reach spawning condition
20). Thus the rate of production of gametic tissue

(

Fig.

ap-

nadal development in all adults regardless of size, and
from the fact that the spawning trigger would appear to
include the requirement that gonadal tissue make up at
20% of the oyster's biomass. As suggested by Hofmann ct ai in press, 1992 ), smaller oysters have higher

least

(

food acquisition rates than larger ones and allocate more
of the net energy gained to reproduction; thus smaller
individuals should reach the
earlier.

The longer time

duction.

days to spawn only during the spring spawning peak in

decay

longer exists.

The

significant relationship in the spring

probably stems from the spring temperature signal LoosBarber and Mann, 1991 ), which initiates go(

anoff, 1942;

20%

spawn

level

sooner and spawn

in larger oysters indicates

the importance of the relative capabilities of different oyster size classes to obtain energy and allocate it to repro-

parently does not intrinsically increase or decrease during
gonadal maturation, even as spawning nears.
Oyster size is positively correlated with the estimated
April /May, when larger oysters require more days to prepare to spawn (Fig. 21 ). By the fall, this relationship no

to

and days

The absence of a
to

spawn

correlation between oyster size
may be due to the gradual

in the fall

synchrony of reproductive development that
accompanied the spring temperature signal. Synchrony
declines for two reasons. ( 1 As the various size classes
in the

)

spawn during the spring and summer, the synchrony of
reproduction in the population gradually degrades. The
smaller size classes will almost certainly spawn more fre-
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Figure 21
spawning condition. Only oysters collected during the spring and fall spawning peaks are included. Oysters
.

)

collected 2 h after injection not included.

quently than large oysters over the year.
in P.

(

2

)

The

increase

marinus infection intensity gradually retards spawn-

ing in highly infected individuals. Less heavily infected
individuals will spawn sooner (Fig. 19). By the fall, these

two

factors should result in asynchronously

dividuals within

and between

spawning

in-

size classes. Probably, the

increased infection intensity of P. marinus is primarily
responsible for the lack of a correlation between days to

spawn and

size in the

fall.

Conclusion

periods of time without loss or growth, particularly when
food supply is low. A high GSI does not necessarily mean
a simultaneously high rate of production of gametic
tissue.

The data support the overriding importance of food
supply and the important role of disease in controlling
gametic production. Some of the lowest rates (in July)
probably resulted from low food supply. Furthermore,
the range in observed somatic and gametic growth emphasizes the conservatism of somatic growth and the volatility

of gonadal growth that

is

borne out by the

of population dynamics models of oysters

(

results

Hofmann

el

This study represents the first examination of the in
situ instantaneous rate of reproduction in oysters. Al-

ui.

though a general relationship exists between a standard
GSI measurement and the rate of production of gametic
tissue, upon closer examination, the two differ markedly
in detail. The suggestion is that oysters can rapidly produce gametic tissue and can maintain it for extended

range was 100. Thus somatic growth was more conservative, and the data support the suggestion that the added

1992, in press). Somatic production rates varied by
a factor of 10 over the year; for gonadal production, this

assimilation that occurs in the spring with increased filtration rate and higher temperature is largely diverted into
the production of gonadal tissue.
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Standard GSI measurements, whether histological or
by quantitative measure (e.g.. Green, 1978; Dolah et a/.,
1992; Choi cl a/.. 1989), fail to describe the complexity
of oyster reproduction As the season progresses and the

synchrony in gonadal development imposed by the initial
temperature signal lades, the importance of a measurement of egg production rate increases. Many factors, including food supply and

P.

martinis infection intensity,
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A rate measurement

is

The apparently weaker fall spawn
standard GSI measurements in this study

to identify these trends.
identified in

reflects this

probably

output. In

fall

asynchrony rather than a smaller
of egg production were as high

fact, rates

or higher in the

than

fall

in the spring, so that the

whole retained a

lation as a

popuspawning potential
suggest that measurements of
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Multiple Modes of Asexual Reproduction by Tropical
and Subtropical Sea Star Larvae: an Unusual
Adaptation for Genet Dispersal and Survival
WILLIAM

B.

JAECKLE

Smithsonian Marine Sun ion at Link Port. 5f>12 Old Dixie Highway. Fort Pierce. Florida 34946*
Harbor Branch Occanoxraphic Institution. 5600 Old Dixie Highway. Fort Pierce. Florida 34946. and
Smithsonian Environmental Research Center. P.O. Box 2^. Mgemiier. Maryland 21037-0028

recruit into habitats suitable for postlarval growth, de-

Sea star larvae (Echinodermata: Asteroidea).
collected from the subtropical Northwest Atlantic Ocean,
exhibited three distinct modes of asexual reproduction.
Abstract.

velopment, and survival. Dispersal and successful recruitment of planktonic larvae regulates, in part, the geographical distribution of many benthic marine invertebrates (Thorson, 1950; Mileikovsky, 1971; Strathmann,

A number

of different bipinnariae and brachiolariae reproduced by paratomous cloning of the posterolateral
arms. This morphogenesis was identical to that of larvae
assignable to the genus Lnidia. A second mode of asexual

1974; Jackson and Strathmann, 1981; Roughgarden et
1988). The arrival of competent larvae at suitable
til..

reproduction involves the autotomization of an anterior
portion of the preoral lobe. Primary larvae with preoral
lobes of varying sizes and free-swimming preoral lobes of

habitats

is

influenced by both abiotic and biotic features

of the overlying water column (Pechenik, 1987; Strathmann, 1987; Young and Chia. 1987). Potential recruits
predation (Rumrill. 1990), starvation, and
and Olson. 1989, and references

various stages of morphological development were simultaneously collected. The free-swimming preoral lobes

can be

developed complete digestive systems and ultimately assumed the form of typical bipinnaria larvae. Asexual reproduction by larvae may also take the form of budding.

within),

The

greater the time that

released individual

stage

is

lost to

food limitation (Olson

and

to dispersal

away from appropriate settlement
and Strathmann. 1981; Palmer

sites (Crisp. 1974; Jackson

and Strathmann. 1981; Roughgarden

either a blastula- or gastrula-

embryo. Subsequent development to a bipinnaria-

stage secondary larva, with the possible exception of coelom formation, appears to occur through the events as-

more

et

<//..

1988).

The

complete the larval
that
a
in
theory,
given larva will be
likely,

life,

the

lost

from recruitment.

is

required to

sociated with normal larval development. These diverse

Despite the theoretical disadvantages of a lengthy
planktonic existence, larvae of many marine invertebrates

methods of asexual propagation provide a common
mechanism to increase the length of larval life and amplify

are long-lived and potentially able to disperse over large
geographic distances (e.g., Thorson. 1961; Scheltema,

Thus asexual reproduction by

larvae should increase the likelihood of genet represen-

1964, 1966. 1971a. b; Scheltema and Williams, 1983).
For example, planktotrophic larvae of many phyla (e.g.,

tation in the next generation.

Mollusca. Sipuncula. Echinodermata. and Brachiopoda)

the

number

of individuals.

have been collected from surface plankton tows in all major currents of the North Atlantic gyre (Scheltema, 1964,

Introduction

The primary
larvae

is

ecological role of planktonic invertebrate

to disperse

1966, 197

away from parent populations and

tema

logical,

Contribution #347 to the Smithsonian Marine Station at Link Port
to the

Harbor Branch Oceanographic

in reference to their potential for

wan-

long-distance

Presumably, teleplanic larvae possess morphobehavioral, and chemical characters and character

dispersal.

*

and #998

1975; Laursen. 1981; Rice. 1981). Schel-

(197 la) labeled these larvae teleplanic ("far

dering")
Received 16 August 1993; accepted 22 November 1993.
Current address.

la. b.

states that decrease the likelihood of mortality

Institution.
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long dispersal phase. These larvae often possess expansive
locomotory and feeding appendages, long elaborations of

and poorly calcined structural elements (i.e.,
(Scheltema, 197 la, b; Wilson, 1978; Domanski,
1984). These features are thought to decrease the rate of

the body,
shell)

sinking and increase the

volume of water cleared during

feeding. In addition to structural alterations, changes in

the physiological state of the larvae

may

also allow for an

extended planktonic existence. Teleplanic larvae are
thought to enter a metabolic steady-state (i.e., growth
stasis),

where the energy demands of metabolism covary

with the

Pechenik

(Hoegh-Guldberg and
Manahan, 1991), then the flexibility to vary development
and metabolic rates with nutrient availability may be a
prerequisite for a long larval

life.

Yet adaptations that increase the likelihood that the
genet (i.e., a genetically discrete individual) will persist
can take a different and novel form. Bosch (1988) and
el al.

(

1989) reported that oceanic bipinnaria larvae

ofLiiidia sp. (Ph. Asteroidea: Or. Paxillosida) reproduced
asexually by paratomous cloning of the posterolateral larval arms. Upon release, the secondary embryos morphologically

resemble late-stage gastrulae and rapidly assume
young bipinnaria larvae. Bosch et til. 1989)

the form of

(

recognized that the ability of a larva to replicate itself may
and size of each genet. These

serve to lengthen the lifespan

consequences of asexual reproduction by larvae may enhance the likelihood of successful recruitment into benthic
(

1

)

increasing the duration of the larval

number of larvae

that

may

and multiplying the
metamorphic com-

petence.

Further sampling has revealed that asexual reproducand sub-

tion by oceanic asteroid larvae in the tropical

Western Atlantic Ocean is restricted neither to a
of the genus Litidia nor to modifications of the
posterolateral larval arms. Plankton samples taken in the
Florida Current of the Gulf Stream and from the territorial

various

Commonwealth

in the area

(ca.

5-j/m pore size). Larvae that were
were held in finger bowls at

in the laboratory

fed a mixture of Dunaliella tertiolecta

genus Luidia (Bosch et al., 1989, see below), the
taxonomic classification of the examined larvae remains
to the

unknown.
Bipinnaria larvae, brachiolaria larvae, and asexually

produced individuals were processed in two ways for
morphological inspection. For examination of larval gross
anatomy, larvae were examined live or fixed in Hollanders
fluid (Galigher and Kozloff, 1971) for 24 h, dehydrated
with an ascending ethanol series, and examined using both
a compound and a dissecting microscope. For studies of
external and internal surfaces, larvae and embryos were

1%

life

survive to

W) and at

and
Each
the
dishes
day
Isochrysis galbana (Tahitian strain).
were inspected for newly released secondary larvae and
embryos. All asexually produced individuals were pooled
and maintained in the same manner as the primary larvae.
With the sole exception of the larva of a species assignable

1

(facilitating long-distance dispersal)

filter

21-25C and

fixed in

habitats by

78.8

the total catch as soon as possible after collection and
placed in seawater that had been filtered through a bag

el a/.,

fixed for a species

N and

27.3

between the Berry
W), Eleuthera Island (ca. 25.5
N, 76.8 W), and Andros Island (ca. 25 N, 77.5 W)
and off Grand Bahama Island (ca. 26.5 N; 78.8 W). All
plankton samples were taken using a 3/4-m diameter net
with a 202-j/m (pore size) netting that was towed either
horizontally or vertically. Sea star larvae were sorted from

maintained

is

ca.

of the Bahamas, chiefly
Islands (ca. 25.5 N, 77.5

or string

ingested foods (Scheltema, 1966;
1984). If the total energy cost of larval

W to

locations in the territorial waters of the

amount of

development

Bosch

N and 79.6

63

h. serially

OsO 4

in either

seawater or distilled water for

dehydrated with ethanol, and critical-point-

CO : as the transition fluid. The specimens
were mounted on stubs, coated with a gold-palladium
mixture, and then examined using a Novascan 30 scandried using

ning electron microscope.

tropical

member

waters of the
a

number of

Commonwealth

of the Bahamas contained

different bipinnaria (with

and without de-

veloping juveniles) and brachiolaria larvae that were

re-

producing asexually by one of three distinct modes. The
potential for asexual reproduction has now been found
in representatives

of at

least

two

different asteroid orders

1989; present study) and represents an unusual developmental adaptation to further

(Bosch, 1988; Bosch

el al..

the existence and lifetime of the genet.

Field-collected bipinnaria

and brachiolaria larvae

ex-

hibited three forms of asexual reproduction. Asexually

produced individuals were either

(

1

)

released as late gas-

trula-stage embryos or early bipinnaria larvae from either
or both posterolateral arms of primary larvae (Figs. 1, 4,

developed from an autotomized anterior region of
the preoral lobe (Figs. 8-9), or (3) released from the apical
tips of the arms of primary larvae in a blastula- or gastrula6), (2)

condition (Figs. 2, 3, 14, 15). Based on the morphology and coloration patterns of the examined larvae,
it is assumed that each of the three modes of asexual relike

production

Materials and Methods

is

exhibited by different species.
asexual reproduction

The most common method of

Larvae were collected from surface waters (<60
depth) of the Florida Current of the Gulf Stream

Results

(ca.

m

in

27.3

observed was the differentiation of either a single or both
posterolateral arms to become modified into secondary

W.
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'

;

Figures 1-6.

and budding by
Light micrographs of asexual reproduction via paratomous cloning

collected bipinnaria

and brachiolaria

larvae.

co

field-

LARVAL ASEXUAL REPRODUCTION
larvae (Figs.

1,

4).

This

mode

of asexual propagation was

originally described by Bosch cl al. (1989) for larvae assignable to the genus Luiilia. In addition to bipinnariae

of Litiilia

sp., a

number of field-collected

brachiolaria lar-

vae also underwent asexual reproduction by modification
of the posterolateral larval arms (Fig. 4; note that members

of the order Paxillosida do not develop a brachiolariastage larva). Although the brachiolar complex was not

formed

any asexually reproducing larva, each possessed a pair of arms on the ventral face of the preoral
lobe that contained an extension of the anterior larval
well

in

coelom; hence these are here considered to be brachiolar
arms (Fig. 5). Secondary larvae from both bipinnariae

and brachiolariae are generally released

as late gastrulae

or early bipinnariae. Many attached secondary larvae developed a ciliary band, and the primordium of the

circumoral

evident (Fig.

field is

some

In

exceptional
individuals, primary larvae were collected with fully
formed secondary bipinnaria larvae still attached.
6).

Asexual reproduction exhibited by oceanic asteroid
may also involve the apparent autotomization of

larvae

the anterior portion of the preoral lobe. A number of
morphologically identical bipinnaria larvae of similar

65

forms are present (Fig. 1) and close examination of the
site of autotomization does not reveal any evidence of
mechanically induced tissue damage (Fig. 12). Collected
alongside larvae exhibiting preoral lobes of various sizes
1

were a number

01

free-swimming preoral lobes that de-

veloped a complete digestive system (apparently from larval ectoderm) 1-2 days after collection (Figs. 8, 9). The

newly released individuals retain a portion of the coelomic
system of the primary larva from which the remainder of
the secondary larva's coelomic system is presumed to be
derived (the assumed site of autotomization is depicted

Secondary larvae retain the normal anteriorposterior polarity of the primary larvae. Although secondary larvae are initially asymmetrical about the
in Fig. 7).

anterior-posterior axis (with the preoral lobe being dis-

proportionately large; Fig. 8), their posterior region presumably grows at an accelerated rate and these larvae as-

sume

A

the proportions of typical bipinnariae (Fig. 9).
method of asexual reproduction was infre-

third

quently observed and involved the release and subsequent
development of a small apical portion of a larval arm.

The

body

size (here defined as the distance

initiation of larval budding (Figs. 2. 3) coincides with
an accumulation of mesenchyme-like cells in the distal
tip of the arm (Figs. 3, 13). The tip of each budding arm

terior

margin of the

becomes swollen and rounded

between the posbody and the posterior margin
of the preoral lobe) were obtained from a single plankton
tow taken in the Florida Current of the Gulf Stream. Although the body size was similar among individuals, the
size of the preoral lobe ranged from complete (Fig. 7) to
absent (Fig. 10), with individuals intermediate between
The loss of the
the two extremes also present (Fig.
larval

1

1

).

anteriormost portion of the larval body is probably not
an artifact of the collection method because intermediate

(Figs. 4,

released secondary individual
that

The

(Fig.

is

in a

developmental

apical surface of these cells

(B).

CO

is

lined with microvilli,

cell

anterior extension of the anterior coelom

(CO) has extended

well

E

Light micrograph of the right ventral side of a larva reproducing asexually by developing buds

right

somatocoel; S

stomach; scale bar = 48 ^m.

Figure 4.
Light micrograph of a brachiolana larva reproducing asexually via paratomous cloning of
both posterolateral arms. The developing secondary larvae (C) differ in appearance from other unmodified
larval arms. Examination of the preoral lobe reveals an extension of the anterior coelom (CO) into an
evagination of the epithelium, producing a brachiolar
scale bar = 65 ^m.

arm (BR). S

stomach; arrowhead

ciliary

band;

Light micrograph of the brachiolar arm depicted in Figure 4 clearly showing the extension of
coelom (CO) into the brachiolar arm (BR). Scale bar = 29 ^m.
Figure 6.
Light micrograph of a secondary individual produced by paratomous cloning of the posterolateral
arms. The developing archenteron (A) and the beginning of the oral vestibule (*) are visible in this specimen.
Arrowheads ciliary band of both the primary and the secondary larva; scale bar = 39 ^m.

Figure

5.

the anterior

state

and

possesses a cilium (not shown). Secondary embryos have a blastocoelic space of variable size (Figs. 14-

each

M

Figure 3.

tissue

morphologically similar to either a blastula-stage
15) or an early gastrula-stage embryo (Fig. 16). The

= 65 ^m.
esophagus: S stomach; arrowhead ciliary band: scale bar
Figure 2.
Light micrograph of a bipinnaria larva (ventral view) in the early stages of asexual reproduction
via budding. Those larval arms that appear to be developing buds (B) differ in appearance from nonbudding
larval arms (L). E
mouth; scale bar = 316 fim.
developing juvenile;
esophagus; J
into the preoral lobe.

The

is

Figure I.
Light micrograph of a bipinnaria larva of Luiilia sp. (ventral view) reproducing asexually
through paratomous cloning of the posterolateral arms. Note the difference in appearance between the
posterolateral arms and other larval arms (L). The secondary larva (C) of the larval left side is near the point
of release from the primary larva.

13).

linking primary larvae to their secondary embryos (Figs.
3, 14) regresses and the connection is lost. The newly

W.
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involved in or the result of
Light micrographs of primary and secondary larvae that are
Figures 7-12.
autotomization of the preoral lobe of bipinnana larvae.
larva showing the vestibule
Light micrograph of a left lateral view of a fully formed bipinnana
Figure 7.
lobe (P). the anterior extension of the
(*). mouth (M), stomach (S). and intestine (I). Within the preoral

coelom (CO) is clearly. e\ident. The assumed plane of autotomization is the area suggested by the space
between the open arrows. Arrowheads ciliated band: scale bar = 88 /jm.
released through the
Light micrograph of a left side view of a developing secondary larva
Figure 8.
stomach:
intestine; S
autotomization of a preoral lobe. The digestive system is nearly fully formed.
I

mouth

vestibule

Figure 9.

A

(*):

light

scale bar

micrograph of a

individual depicted in Figure 8.

of the larval epithelium.

L

I

The

intestine:

right side

S

view of a secondary larva that

band (arrowhead) is clearly
stomach; scale bar = 100 fim.

ciliated

is

more developed than

differentiated

from the other

has autotomized
Light micrograph showing a ventral view of a bipinnaria larva that
mouth; scale bar = 158 ^m.
larval arm;

Figure 10.
lobe.

= 70 ^m.

M

its

the

cells

preoral
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20) and within the blastocoel there can be a variable

16,

number of mesenchyme-like cells (Figs. 14-16, 20-21).
If the secondary embryo is released in a blastula-like condition, the cells of one side of the secondary embryo begin
to invaginate into the blastocoelic cavity (Fig. 16), ultimately resulting in the formation of a gastrula-like sec-

ondary embryo

(Fig. 17).

Development of the mesoderm

of the secondary larva has not been directly observed.
Thus coelomic development could occur either from outpocketings of the developing archenteron or from the pool
of mesenchyme-like cells that preexist within the blastocoel

and accumulate

at the distal tip

larvae, which possess structural, physiological, and reproductive characteristics to prolong larval life, can disperse

great distances

24-

addition to elongation, the developing individual
develops the ciliated bands and overall morphology of a
h. In

1
I

)).

increased size of the feeding

Thorson (1961) believed

that "long-distance larvae seem
only to occur in special groups of prosobranchs and crustaceans" and doubted that echinoderm larvae were ca-

pable of transoceanic dispersal. Thorson did, however,
note the observations of Mortensen (1921; p. 147-149)

on an ophiopluteus larva (Ophioplutcus opulentiis) that
apparently released a benthic juvenile and then returned
to the water column. This larva subsequently regenerated
both the ciliary bands and the posterior digestive system
and ultimately assumed the morphology of a normal larva.
Thorson suggests that "some tropical ophiurans and perhaps some tropical asteroids may have chances to cross
even the widest ocean basins, provided that Mortensen's

Discussion

A

majority of marine invertebrates produce planktonic
larvae that remain in the water column for variable periods

of time. This obligate dispersal period allows for ( ) recruitment into sympatric populations, (2) maintenance
1

of genetic communication between allopatric populations,
and (3) colonization of new or recently opened habitats
(e.g.,

(e.g..

ments, and growth stasis) that increase the probability of
survival (e.g., Scheltema, 1966; Pechenik et at., 1984).

embryo elongates (Figs. 16-18). The developing archenteron comes in contact with the outer epithelium and a
secondary opening, the mouth, is formed. The entire pro-

bipinnaria larva (Figs. 18,

from the source

structures, decreased weight of inorganic structural ele-

of the outer epithelium

36

recruit into habitats far

and the adaptations

of the archenteron

cess (from release to a feeding individual) requires

and

population (Scheltema, 1971a. b).
Discussions of the ecology of teleplanic larvae largely
center on the velocity of the prevailing ocean currents

15-18, 20-21). As development proceeds, the cells
become thinner in profile and the

(Figs.

67

Thorson, 1946, 1950; Scheltema, 1971a,

b; Milei-

kovsky, 1971; Crisp, 1974, 1976; Chia, 1974). Dispersal
increases the probability that a species will persist in both

and geologic time scales (Jablonski and Lutz,
However, these positive benefits of a planktonic

observations on the 'budding larval polyps' holds true."
The results of previous studies (Bosch, 1988; Bosch et al.,
1989) and the present study reveal that asexual reproduction by echinoderm larvae exists and is not restricted
solely to the ophiurans.

modes of

asexual reproduction described in this
dedifferentiation and redifferentiainvolve
a
serial
report
tion of larval tissue. In all three modes the primary deAll

velopmental cycle (egg -* embryo

by a

new developmental

series

secondary embryonic tissue

1983).

In secondary larvae

countered by the increased likelihood of
mortality with extended time in the plankton
(Vance, 1973, 1974; Strathmann, 1974, 1985; Jackson
larval

and Strathmann, 1981: Young and Chia, 1987; Roughgarden el at.. 1988). Much recent work on the ecology of
invertebrate larvae has been centered on coastal larval
forms (e.g., see Young, 1990). Dispersal away from neritic

(primary

ectoderm. Further, the concordance between the position
of the putative mesenchyme-like cells and the coelomic
cavities in secondary larvae,

produced either by paratomy

or budding, suggests that these cells are responsible for or
assist in the production of these mesodermal structures.

The process of asexual reproduction differs among the
modes described in this report. These developmental

three

forms (Roughgarden

differences, coupled with the fact that larvae

Figure 11.

1988). In contrast, teleplanic

Light micrograph of a bipinnaria larva with a preoral lobe (P) of intermediate height (dorsal
is midfrontal). The connection between the left and -right anterior coeloms (CO) is

view, plane of focus
visible

= 62 ^m.
immediately anterior to the mouth (M). Scale bar
Light micrograph of a higher magnification view of the larva shown

Figure 12.

smooth surface of the
bar = 91 nm.

site

of apparent autotomization

overlapped

asexual reproduction, it appears that the "endodermal"
regions are derived from the primary larva's differentiated

waters by local circulation patterns significantly decreases
the likelihood of successful recruitment for coastal larval
et ai.

is

larval tissue

secondary larval tissue).
produced by all observed modes of

ecological

larval stage are

larva)

is

denoted by the arrowheads.

in Figure

M

10.

mouth:

The
scale

from

at least

W.
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Scanning electron micrographs of the exterior and

Figures 20-21.

69

interior surfaces of

newly released

secondary embryos.
epithelium (E)

Scanning electron micrograph of a blastula-stage individual that has been broken open. The
is composed primarily of ciliated columnar cells, but circular holes suggest that at least one

other

is

Figure 20.

cell

type

present.

(S) are notable. Scale bar

The

blastocoelic space

is filled

with

cells: in this

micrograph small spherical

cells

= 28 ^m.

Figure 21.
Scanning electron micrograph of the basal face of the outer epithelium of a blastula-stage
embryo. Present are mesenchyme-like cells (M) and smaller spherical cells (S). The inner surface of the
= 9 jim.
epithelium is lined with a fibrous meshwork. Scale bar

Light and scanning electron micrographs that depict the sequence of events during the

Figures 13-19.

process of asexual reproduction by budding.
Figure 13.
Light micrograph showing the rounded appearance of the

accumulation of cells

arm

apices (B) and the associated

Scale bar = 58

Light micrograph of a

Figure 14.
larva junction

(*).

^m.
bud near

the time of release from the primary larva.

The

site

of bud/

= 38 ^m.
designated by the arrow. Scale bar
in
a blastula-like condition. In this individual, the
a
released
bud
of
Light micrograph

is

Figure 15.

cell-

= 33 urn.
16.
The deof
a
secondary
embryo
undergoing
gastrulation.
Figure
free-swimming
Light micrograph
veloping archenteron (closed arrow) is formed by the invagination of the epithelium into the blastocoel (b).
BL; scale bar = 25 Mm.
Blastopore
free blastocoel (b)

is

small and the blastocoelic space contains a large

number of cells

(*).

Scale bar

A light micrograph showing a fully formed gastrula-stage secondary embryo produced by
Figure 17.
asexual reproduction by budding. The well-developed archenteron (filled arrow) leads from the blastopore
(BL) into the blastocoel (b). The accumulation of cells at the apex of the archenteron (*) is seen in many
involved in the formation of the coeloms of the secondary larva. Scale bar = 27 nm.
micrograph of a dorsal view of a newly formed secondary bipinnaria larva. The ciliated
band (arrowhead) has formed and the primordium of the coelomic system of the secondary larva (CO) is
= 23 >im.
clearly evident at the anterior extent of the developing larval gut (filled arrow). Scale bar
individuals and

Figure 18.

may be

A

light

Figure 19.
Scanning electron micrograph of a fully formed secondary bipinnaria larva that developed
from a bud released from a primary larva. Anus A: mouth M; ciliated band (filled arrow): scale bar

W. B JAECKLE

70

two orders are reproducing asexually (members of the or(e.g., Liiufm) do not develop a brachiolar

der Paxillosida

complex), suggest that asexual reproduction represents an
adaptation to a prolonged planktonic existence. However,
the factor or factors that regulate the production of sec-

ondary larvae remain obscure.
Despite the theoretical advantages of persistence and
amplification of the genet, asexual reproduction may have
a negative impact on the primary larvae. All forms of
asexual reproduction require a relatively small percentage

of the total larval soma, but

may

significantly reduce the

effectiveness of larval feeding. In

(mode
to

1),

each posterolateral arm

is

paratomous cloning
completely modified

produce a secondary larva. Although this

arm

pair

(R/V Sea Diver). Special thanks are extended to Dr. Mary
Rice and her staff (Woody Lee, Sherry Reed, and Hugh
Reichardt) for collecting and allowing the author to examine plankton samples taken for her research program.
Dr. Sid Bosch (SUNY, Geneseo) and Ms. Elizabeth Balser
(Clemson University) are acknowledged for their stimulating discussions about the development of asteroid echinoderms. Ms. Julianne Piraino (Smithsonian Marine Station at Link Port) helped prepare the scanning electron
micrographs. The work was support by a Smithsonian
Postdoctoral fellowship to W. Jaeckle and by NSF grants
OCE-89 16264 (to C.M. Young and K.J. Eckelbarger) and
OCE-91 16560 (to C.M. Young).

is

margin of the larval body, it may contribute a significant percentage of the total number of
at the posterior

food particles captured. Hart (1991) reported that the
posterior region of the body of bipinnaria larvae of Der-

maslerias imbricata accounted for nearly a quarter of the
observed particle captures. The small portion of an arm
lost through budding (mode 3) is less likely to interfere
with the particle capture mechanism to the same degree.
In contrast, asexual reproduction by autotomization of

the preoral lobe (mode 2) is predicted to have a significant
impact on the feeding performance of the primary larva.

Hart

(

199

1 )

observed that

50% of the

particle captures

by

larvae of Dermasterias imbricata were attributable to the

bands anterior to the mouth.

ciliary

The obvious

benefit afforded a species

The lengthening of the larval
tion of the number of larvae

by

larval asexual

lifespan
in the

and the amplifica-

plankton should

in-

crease the probability of successful representation in the
following generation. Persistence of three different modes

of asexual reproduction, spanning at least two taxonomic
indicates that this adaptation

planktonic existence

is

to a

prolonged

both ecologically and evolution-
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Aspects of Histocompatibility and Regeneration
Solitary Reef Coral Fungia scutaria
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Fungia scutaria were cut with a rock saw and rejoined in various paired combinations and orientations

demonstrate allogeneic and isogeneic reactions
produce a response. For
example, the solitary coral Fungia scutaria kills other coral

of autogeneic sections

species held in direct contact, but

Abstract.

Discoid coralla of the solitary free-living reef

tempts

(self to

self),

to

in solitary reef corals failed to

coral

isogeneic sections

no reaction (neither

(clone-mate to clone-mate), and allogeneic sections (two
different genotypes). Results of these experiments provide

aggressive killing nor immunological cytotoxic response)
occurs when two F. scutaria coralla are held in contact

evidence of histocompatibility in a solitary coral.
Autogeneic or isogeneic sections of coralla with one sec-

(Hildemann

tion containing a mouth were joined along cut edges. In
all cases, fusion of tissues occurred within weeks, followed

elicit

the

by

first

skeletal fusion within

1975a.

1977; Chadwick. 1988). In

b,

preliminary experiments, we discovered

tions in various pairings

months. However, autogeneic

that

we could

a histocompatibility response

skeletons with a rock saw

by cutting the discoid
rejoining the resulting sec-

and
and orientations of autogeneic,

isogeneic, and allogeneic material. This technique allowed
us to design experiments to explore three questions that
are basic to our understanding of histocompatibility and

or isogeneic sections rejoined along the uncut edges did
not fuse. Isogeneic pairings between two sections with

mouths produced

el at..

neither tissue/skeletal fusion nor cy-

totoxicity at the interface. Individual cut sections were

regenerative processes in these corals.

allowed to regenerate. Sections containing the parent
mouth did not develop new mouths. However, cut sec-

Question 1: Do solitary corals display self/not-self histocompatibility responses similar to those observed in colonial scleractinians? Also, will grafts along cut surfaces

mouth always regenerated multiple mouths
the
cut
along
edge, but not along the uncut edge. Sections
without mouths cut along a second line parallel to the
tions lacking a

react differently than grafts along uncut edges? Previous

attempts involving intraspecific parabioses of F. scutaria
failed to produce a histocompatibility or aggressive killing

cut always regenerated mouths along the cut edge
located closest to what had been the mouth area of the
first

original corallum.

response at uncut edges (Hildemann

The new mouths eventually developed

into individual polyps.

last

ai. 1975a, b, 1977;

Question

2:

Does

the presence or absence of a

mouth

influence regeneration or graft reactions? Presence of a
mouth is known to influence survival and regeneration

Introduction
Studies over the

el

Chadwick, 1988).

in other species of fungiids (Boschma, 1923; Chadwick
and Loya, 1990), but nothing is known of the possible
influence of the mouth on grafting response.

two decades have shown gener-

alized self/not-self recognition in coelenterates (Hilde-

manneta/.. 1975a, 1975b, 1977; Grosberg, 1988; Bigger,
1988). Aside from sea anemones, most studies of antho-

Question

3:

Do

naturally occurring aggregations of

color-morphs of this species truly represent isoclone-mates?
These aggregations are believed to be
geneic
derived asexually from the same anthocauli or ancestral
identical

zoan histoincompatibility have involved colonial species
(Grosberg, 1988). Among the scleractinia, colonial corals
have been used as experimental subjects. Previous at-

corallum (Wells. 1954; Krupp
Fungiid corals are

common

(Hoeksema, 1989). Their

Received 22 March 1993; accepted 13 October 1993.
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throughout the Indo-Pacific
mode of existence

free-living
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them to colonize unstable
(Hoeksema, 1988; Chadwick-Furman
F. scuuiriii is widely distributed from
the Red Sea in the west to Hawaii and
enables

rubble

substrata

and Loya,

1992).

South Africa and
the

Tuamotu Ar-
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I

to the continuous-flow aquaria. Regeneration in

has long been

known

to be rapid

(Kawaguti, 1937); the

grew and covered the exposed cut skeleton within
to 2 weeks. This species contains symbiotic zooxan-

tissues
1

chipelago in the east (Veron, 1986). The dense, discoid
skeleton of this species has been shown to be an adaptation

produce enough photosynthetic product to
allow the coral to grow in filtered seawater without het-

and abrasion resistance
bulent, shallow water (Jokiel and Cowdin. 1976).

erotrophic feeding (Franzisket, 1969), so even cut sections

for

hydrodynamic

F. sciitaria

stability

in tur-

without mouths

a gonochoristic broadcast-spawner that

is

gametes at dusk (Krupp, 1983). Spawning genoccurs
between the second and fourth days following
erally
the full moon in the warmest months of the year (Krupp.
releases

1983).

The

fertilized eggs

larva within 12 h.

The

life

develop into a typical planula
cycle of fungiid corals has been

summarized by Wells (1966) and Hoeksema

(

1989). After

settlement, the planula begins to deposit skeleton

thellae that

and

new

will regenerate

new

tissues

and deposit

There was no mortality of cut secwith or without mouths) or grafts in the

skeletal material.

tions (either

months following

the cutting process.
Sections cut for regeneration experiments were placed
on plastic mesh racks and observed at regular intervals.

The

combinaon notched acrylic plastic
X 12 cm X cm. The grafts were

coral sections used in the various grafted

tions were held firmly together
plates

cm

measuring 23

1

end of the anthocaulus then

held securely in contact with mononlament nylon fishing
leader (50-pound test). Mononlament strands were looped

expands radially, forming a disk-shaped structure called
the anthocyathus. The resulting structure resembles a

over the coral fragments and around the notched plastic
plate, stretched by pulling the ends with hemostat clamps,

mushroom, hence the root word "fungi" was applied to
The anthocyathus disk eventually breaks

and fastened on the back

grows into a broadly attached cylindrical corallum called
the anthocaulus.

The

oral

these animals.

side of the plate with fishing

leader crimps. Each graft pairing

was labeled with a

plastic

The

and begins life as a freecorallum.
The
living, solitary
remaining anthocaulus tissues continue to produce additional anthocyathi, which
break free and form additional coralla. Aggregations of
identical color-morphs found on reefs are assumed to be
clone-mates derived from a single anthocaulus (Wells.

examined with the

1954, 1966).

tine scoring.

Asexual reproduction occurs through budding from residual tissues of a damaged corallum (Bourne. 1887). An-

conducted with a platform stereomicroscope at 45X magnification. The term "tissue fusion" was applied to cases

thocaulus-like structures have also been observed arising
from "dead" coralla of Fitngia (Boschma. 1923; Krupp.

where tissues healed completely and became confluent
between the two sections as observed under 45 X magni-

away from the anthocaulus

stalk

1983). Wells 1966) and Veron (1986) suggested that such
buds are formed asexually from residual live tissue in
damaged or dying parent coralla. Wells (1966) referred
to these buds as "asexual anthocauli." The proliferation
(

of new coralla from "dead" adult F. sciitaria has recently
been supported by direct evidence (Krupp ci a/.. 1993).

plates were held oft" the bottom of the aquarium
tag.
in a plastic rack at an angle of 60 to prevent accumulation

of detritus or sediment.
Graft interactions were examined daily for the first
at monthly intervals. Grafts were

month and subsequently

fication. In cases

sisted

aid of a jeweler's magnifier during rou-

When

needed, detailed examination was

of "nonfusion." a boundary or gap pertissues of the two joined sections. Scor-

between the

ing tissues as fused or unfused

cleaned of all tissues by soaking in hypochlorite solution.
After drying, the interfaces were examined for skeletal
fusion. Sections that fell apart from each other when the

Materials and Methods

mononlament

ties

were removed were scored as "un-

fused." Sections that had calcified heavily along the in-

Fiingia sciitaria coralla were collected from shallowwater (depth < 1 m) on patch reefs in the vicinity of Co-

terface into a solid skeleton

conut Island, Kaneohe Bay, Hawaii, and held

there

in

continu-

ous-flow aquaria supplied with nonrecirculating seawater
from Kaneohe Bay. The aquaria were located outdoors

experimental environment
was similar to that encountered in the shallow reef-flat
in full natural sunlight, so the

habitat of this species.
The corals were cut with a circular rock saw.

ous flow of seawater was directed

and the cutting area
tissues.

at the

to prevent heating

was unambiguous, and we

did not have to resort to histological techniques. At the
conclusion of the experiments, the grafted skeletons were

A

continu-

diamond blade

and drying of the

After cutting, the corals were immediately returned

was no ambiguity
Initially, we made six

low.

Some types of graft

were termed "fused." Again,

in the scoring

of skeletal fusion.

of each type described bepairings were increased in number
grafts

answer

specific questions that arose during the initial
experiments. For example, the first set of allografts showed
a lack of cytotoxicity as well as a lack of fusion. Different

to

genotypes of some colonial species show a wide range of
rapid to slow and strong to weak reactions (Johnston ct
Therefore we increased the numbers of pairings
nl.. 198
1

).

to rule out the possibility that

we had

selected only slow-

74

P.

MOUTH FORMATION

IN

L.

JOKIEL

AND

REGENERATING FVNGIA SCVTARIA

C. H.

BIGGER

experiments compared reactions between sections with
mouths and sections without mouths. The allograft/isograft

experiments were designed to provide information
reactions. They also allowed us to

on histocompatibility
test the

the

hypothesis that

same aggregation

all

identical

color-morphs from

are clone-mates, whereas corals

taken from different reefs are allogeneic, even

if

they are

of the same color-morph.

Regeneration experiments

mouths and without
shown in Figure 1. Sections were maintained in the continuous-flow microcosm
aquaria on plastic mesh racks. During the 7-month regeneration period, we examined the fragments and noted
the number and location of new mouths.
Coralla were cut into sections with

N

N

= 27

mouths and with multiple cuts

= 19

MULTIPLE MOUTHS
[OKML'nON ORAL

MULTIPLE MOUTHS
FORMED ON ORAL

SIDE

SIIII

Figure

Mouth formation and

1.

regeneration in h'ungia sciilaria for
and sections with

cut sections with mouths, cut sections without mouths,

two cut

as

edges.

Autograft s
reactors in the

first six grafts.

The number was

further

Given a

single corallum, four grafting orientations

The

was a cut

were

increased to test the possible effects of different color-

of interest to us (Fig.

morph pairings. The original six grafts were sufficient to
show a clear-cut response in many of the graft combi-

across the

nations.

allum outside of the mouth region with grafting in the
original orientation. The third type of autograft was similar

The

graft

and regeneration experiments were designed

to provide several types of information.

periments tested rates of tissue

and

The

autograft ex-

skeletal fusion

and

the importance of cut versus uncut surfaces. Further, these

same

2, top).

first

directly

mouth

region with subsequent regrafting in the
orientation. The second was a cut across the cor-

to the second, but

we made an

additional cut

on the uncut

outer edge, rotated the cut section 180, and placed the
two cut edges in contact. In the fourth case, the uncut

GRAFTING RESPONSE IN FUNGIA SCUTARIA
TISSUE SOURCE

AUTOGRAFT

ISOGRAFT

ALLOGRAPH

XENOGRAFT

ORIENTATION

SAMPLE

SIZE

20

10

14

1 1

24

RESPONSE
(% OF GRAFTS)
FUSION
TISSUE

100%

SKELETON 100%

100% 91%
100% 91%

NO RESPONSE

9%

229

100% 100%
100% 100%

78%

25%*

75%

100%

100%

100%

100%

ABNORMAL
TISSUE

I)

(I

KILLING

100%

"OCCASIONAL TISSUE CONNECTIONS
Figure

2.

Summary

in various orientations.

NOT COMPLETE FUSION.

of grafting results for autografts,

isografts. allografts.

and xenografts ofFungia

sciilaria

OMP ATIBILITY

SOLITARY CORAL HISTOC
edge of the cut piece was rotated 80 and placed in conuncut free edge of the parent corallum.
1

tact with the opposite

75

septae on the cut surface within 60 days (Fig. 3c). After
7 months, no additional mouths had formed on the 31

had a mouth (Fig. 1). Multiple
mouths formed within 45 days on all 46 sections that
At 90 days, many of the
initially lacked a mouth (Fig.
mouth areas started to form into anthoblasts and began
to separate (Fig. 3b) in a manner reminiscent of polyp
sections that initialh

1

Isografts

Aggregations of single color-morphs found on the reef
have long been assumed to he clone-mates derived from
a single ancestral anthocaulus through asexual formation

of multiple anthocyathi. F. scutaria in Kaneohe Bay display different combinations of tentacle color (green or

brown), mouth color (white, purple, brown, or green),
and disk color (brown, mottled white-brown, or violet).
Pairs of the same color-morphs taken from within such
natural aggregations were used in

urations

shown

at the

top of Figure

uration, a section with a

The

all isografts.

were cut on the rock saw and grafted

2. In

the

first

config-

to a section

mouth and had been cut from a putative
clone-mate. The second type of isograft was made by
grafting two sections that lacked mouths and had been
that lacked a

cut from two

presumed clone-mate

coralla.

A

third type

joined two mouth-bearing sections along their cut edges.
The fourth was the same as the third, but joined along
the free uncut edges. The fifth type of isograft joined two
sections without

mouths

at the

uncut

formation from an anthocaulus

(Fig. 3d). In all

46 cases,

new multiple mouths formed along the cut margin
proximal to what had been the mouth area of the original
corallum. Areas distal from the original mouth area (on
sections with and without a second cut) did not develop
new mouths (Fig.
the

1

).

corals

in the five config-

mouth was joined

).

free margins.

Autografts
All autografts joined along cut surfaces in their original
orientation showed complete tissue and skeletal fusion

Fusion of tissue was rapid, with confluences observed within 48 h. Within 60 days, the skeletons
were fused to the point that the sections would hold to(Figs. 2, 4a, 4c).

gether without support. One of the autografts made at cut
surfaces in the rotated orientation did not fuse. Autografts

made

with contact along the uncut outer free margin did
not show skeletal or tissue fusion (Figs. 2, 4b, 4d). In some
cases we noted occasional stringlike tissue connections
across the graft interface, but these did not persist for

more

than a few days.

Allografts

were made between corals taken from difand
ferent reefs
presumably derived from different planThree types of allografts were made (Fig.
settlements.
ulae
The
first
2, top).
type consisted of grafting sections from
different
two
corals, but with both sections having mouths
=
(/;
24). Allografts were made between sections containAllografts

color-morphs taken from differing
ent reefs (n = 12) and from pairings of different color= 12). In the second
morphs taken from the same reef (n

mouths

type, only
third type,

for identical

one of the pair had a mouth
neither had a mouth (// = 6).

(n

=

6); in

the

Isografts
All isografts

between a section with a mouth and a

sec-

tion without a mouth fused completely if joined along
the cut edge, but did not fuse if joined at the uncut free

outer edge (Fig.

2). Isografts

along cut edges between two

mouth-containing sections did not

show any

skeletal fu-

in the case of autografts joined at the free

sion.

As

zone,

we noted

edge

occasional stringlike tissue connections at

the interface. Apparently, recognition was occurring, as
evidenced by the limited and nonpersistent connections.

However, these connections dissipated, and fusion did
Xenografts

As a

control. 16 xenograft pairings were

made between

and the colonial reef coral Montipora vern/cosa
at cut and uncut edges. (Fig. 2). A number of previous
vemicosa by F. scutaria.
studies show rapid killing of
These xenografts served to demonstrate whether the killing
/'

scutaria

not occur between two sections containing mouths. In
contrast, grafts between two fragments without a mouth
that were joined along the cut surface fused completely
and formed a new mouth at the interface (Figs. 2, 5b).

M

response was active during our experiments.

Allografts

showed no signs of tissue fusion or skeleton
combination or orientation of the
there was no sign of cytotoxic
Also,
2,
5a).
(Figs.
graft
killing between the two tissue types. Polyps attempted to
push away from each other by "inflating" the coelenteron
with water. Mesenteries were extruded, but no tissue
damage was observed on live material viewed with a sterAllografts

fusion, regardless of

Results

Regeneration experiments

The

to 2
freshly cut skeletons (Fig. 3a) healed within
mouth began to regenerate

weeks. Each section with a

1
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eomicroscope

at

45X. Pairings between

identical color-

Recently,

it

77

has been shown that successful recruitment

morphs taken from different reefs did not fuse. Graft
combinations using pairings of different color-morphs did

of sexually derived planulae of F. scutaria on the reefs of
Kaneohe Bay is rare (Fitzhardinge, 1993; Krupp et at..

not show heightened reactions compared to pairings with
same color pattern from different reefs. Abnormal

1993). More than a decade has passed since spawning of
gametes and sexual production of planulae were first observed and described for this species (Krupp, 1983). Dur-

the

hyperplasia (not necrosis) and mouths appeared in the
fragments paired cut edge to cut edge (e.g.. Fig. 5a), but

and

tissue

skeletal fusion did not take place.

ing the initial study and in

D.

Krupp

(pers.

unable to induce settlement

Concurrent control xenografts of F. scutaria paired with
M. vcrrucosa resulted in killing of the

the colonial coral

M. verrucosa along

the interface within

maintained a

3 days.

The

-cm-wide tissue-free zone
the
7-month
experiment. This control demthroughout
onstrated the presence of the killing response in our exscutaria

1

perimental material. The observed lack of cytotoxicity or
aggressive killing in autografts, isografts, and allografts of

was not due

F. scutaria

mental

in

attempts,

researchers have been

planulae of F. scutaria.

A

and environmental regimes have been
presented to the planulae, but they have not settled and
formed anthocauli. Larvae of the other common Hawaiian coral species readily settle under laboratory conditions,
but it seems that the conditions required for settlement
variety of substrata

Xenografts

F.

many subsequent

comm.) and other

to lethargy

among

the experi-

corals.

of F. scutaria are highly specific. We have not found new
F. scutaria anthocauli developing on fouling plates or on
blocks, reef rock, or other substrata placed in the bay to

measure recruitment over the years. A long-term study
designed to measure coral recruitment in Kaneohe Bay
has recently been completed (Fitzhardinge, 1993). About
70 concrete blocks were set in various shallow-water reef
environments and monitored for coral recruitment over
a period of 3 years. Thousands of settlements of all other
1

Discussion
Results of these grafting experiments provide the first
evidence of a self/not-self histocompatibility recognition
system in a solitary reef coral. The response of Fungia
scutaria

is

analogous to that observed in colonial corals

Hildemann

1975a, b, 1977) in that allografts
(e.g.,
and presumed isografts fused, but allografts did not fuse.
et a/..

No

common Kaneohe

Bay coral species were recorded, but

only a single F. scutaria anthocaulus was noted. Even the
anthocaulus-like structures found attached to natural reef
substrates (other than dead parent coralla) often are asexually derived. Close

veals that

many

examination of these structures refrom highly eroded and encrusted

arise

have been incorporated and ce-

cytotoxic killing was noted in allografts. Unique and
previously unreported observations for F. scutaria include

F. scutaria coralla that

mented

into the reef matrix. Apparently, asexual repro-

the observation that isogeneic mouth-containing individuals do not fuse at cut edges, but isogeneic sections without

duction

is the dominant means of proliferation of F.
Kaneohe Bay (Krupp et al.. 1993).

mouths will fuse. Also, isogeneic grafts do not fuse along
the intact free edge of the solitary corallum, as shown by
isograft and allograft pairings involving cut versus uncut
edges.

Grafts between sections from different coralla taken

laria in

scu-

Given the well-documented importance of asexual rein this species and the rarity of successful sexual reproduction, we conclude that the most parsimonious

production

explanation for the occurrence of aggregations of identical
color-morphs is asexual proliferation of coralla. It is hard

how aggregations of isogeneic color-morphs
could be achieved by multiple planulae settlements at one

from the same aggregation of F. scutaria fused at the same
rate and in the same manner as autografts. Scientists have

to imagine

previously suspected that such "families" ofFungia probably represent clone-mate aggregations derived from

site.

multiple asexual budding from a single ancestral anthocaulus (e.g.. Wells, 1954). An alternate hypothesis is that

the asexually derived clonal hypothesis. Identical color-

such aggregations are the result of a mass settlement of
sibling planulae that each gave rise to an anthocaulus and

geneic and did not fuse.

anthocyathi.

Results of the isograft experiments are consistent with

morphs taken from

different reefs, however,

The

I

(c) Regenerated septae on a section with a mouth after 7 months, (d) Two anthocyathi
sprouting from isogeneic tissue (anthocauli). Note that isogeneic tissues of the two anthocyathi do not fuse

at the edges.

allo-

of histocompatibility responses as a measure of genetic
structure of populations is debated (e.g., Curtis el al., 1982:

All scale bars =
cm. (a) Freshly cut section of Fungia scutaria. (b) Regeneration of mouths
Figure 3.
from a section cut without a mouth after 7 months. Note formation of a new anthocyathus from the former

aboral surface,

were

usefulness and interpretation
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All scale bars =
cm. (a) Cleaned skeleton of cut edge to cut edge autograft of f-'ungui
Figure 4.
showing fusion of skeleton after 7 months, (b) Cleaned skeleton of uncut edge to uncut edge autograft
showing no fusion after 7 months, (c) Autograft fusion of tissues at 7 months along rejoined cut edge, (d)
Autograft nonfusion of tissues in uncut edge to uncut edge at 7 months.
'

1

Rinkevich and Loya, 1983; Willis and Ayre, 1985; Heyward and Stoddart. 1985; Hunter, 1985;Grosberg, 1988).
Nevertheless, in the case of F. satlaria, our results are

development of anthocyathi from anthocauli, formation from fragments without mouths (Fig. 3d), and
proliferation of coralla from damaged or dying coralla.
for

Each new mouth becomes a center of polyp development.
edge zone forms around each mouth area, leading to
the eventual separation of polyps from each other and

consistent with the notion that aggregations of identical
color-morphs are isogeneic.

An

Organization of tissues in /'. scuuiriu into an anthocyathi begins with the formation of a mouth. This is true

from the parent anthocaulus

if

they are to

become

solitary
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enterates(e... Babloyantz and Hiernaux, 1974), but such
studies are generally lacking among the anthozoans. Architectural

methods used

to describe

growth

in tropical

trees have been used to describe coral growth, including

Fungiti (Dauget, 1991). Fungiid corals provide an attractive experimental model because members of this family

show considerable

diversity in structure

and develop-

mental pattern. For example, the free-living solitary coral
Diaseris
reproduces asexually by breaking into
fragilis

wedge-shaped fragments, each of which later forms a
mouth and develops into a discoid corallum Yamashiro
et ai, 1989). The fungiid Samialolitha robusta has mul(

development is similar to that
Yamazato. 1987). The anthoand
ofFungia (Yamashiro
the
anthocauli at an early stage
from
detaches
cyathus
mouths, but

tiple

its

early

and follows a free-living existence thereafter. The number
of mouths and tentacles on the disk continues to increase,
however, leading to the polystomatous condition. The
anthocyathus continues to regenerate additional polyps,
which also detach. Unlike F. scutaria, S. robusta does not

show

the influence of the

mouth

in preventing

formation

of additional mouths.
Results of the regeneration experiments are consistent
with the classic observation that extensive budding in F.
the mouth
tungites can be induced by selectively killing
with putty (Boschma, 1923). In our experiments,

region
all sections cut without a

mouth formed new mouths, and
mouth did not form mouths.
Location on cut fragment is important in mouth formation. Sections without mouths cut along a second line

all
All scale bars = 1 cm. (a) Allograft between two mouthless
Figure 5.
scutaria one year after grafting. Note lack effusion
of
Fitngia
fragments

and formation of abnormal hyperplasia along interface, (b) Isograft between mouthless sections one year after grafting. Note fusion of tissues
and formation of new mouth along

the interface.

sections cut containing a

always regenerated multiple mouths
cut
the
edge proximal to the former mouth area.
along
first
the
stage of polyp formation, multiple mouths
During
parallel to the first cut

proliferate

polyps. Polyps of F. scutaria must possess a mechanism
that initially causes separation of the corallum from parent
tissue. Juvenile clone-mate anthocyathi on the same an-

even though connected at the base
by continuous tissues and touching along the edge zone
must be fur(Fig. 3d). Once the mouth has formed, there
the
ther development leading to
separation of a solitary

thocaulus

from the parent tissue.
Formation of buds from tissues lacking a mouth leads
to rapid proliferation of new coralla from parent anthocauli as well as from damaged or senescent coralla. Each
bud in turns leads to formation of an anthocyathi. Perhaps
the
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Substance Inducing the Loss of Premature Embryos
From Ovigerous Crabs
MASAYUKI SAIGUSA

Okayama

University, College

of Liberal Arts

&

when the medium was hatch water (i.e.,
medium into which larvae had been released),
their

Japan

bryos are attached to the pleopod setae by a stalk: the
funiculus. While attached to the ovigerous hairs by this
stalk, the embryos are ventilated by the movement of

cases. In contrast,

most ovigerous females liberated

700,

1895; Yonge, 1937, 1946, 1955; Cheung, 1966; Fisher
and Clark, 1983; Goudeau and Lachaise. 1983). The em-

When

females were kept in a small quantity of diluted seawater
(about 10%), hatching and larval release occurred in all
the filtered

Okayanui

2-1-1,

transparent outer membrane and clustered on pleopod
setae beneath the folded abdomen of the female (Herrick,

The embryos of an estuarine terrestrial crab
(akate-gani: Sesarma haematocheir) are attached by a funiculus to ovigerous hairs on the maternal pleopods, and
Abstract.

are ventilated by the female until hatching occurs.

Tsushima

Sciences,

pleopods of the female until the thick outer membrane
breaks, indicating the beginning of hatching. The present

embryos prema-

but hatching did not occur. The egg masses (cluster
of embryos) carried by these females were not released as

study

usual, but were gradually extruded from the brooding
chamber, and within a few days all had dropped to the
bottom of the beaker. No morphological changes were
found on the outer egg membrane, the funiculus, or the

that

coat investing the ovigerous hairs of females kept in hatch
water. But the ovigerous hairs did slip easily out of the

imals. In the teleost Oryzias latipes, the

caused the extrusion of the egg masses. The
active factor
called incubation disrupting substance

lowing the

turely,

coat,

was

and

is

it is

released outside of the egg

membrane

at the

time

is

the important substances
hatching in many groups of an-

among

upon

enzyme, which

secreted by the embryo, digests the egg

embryo

to

emerge

membrane,

(e.g., Ishida, 1944;

al-

Yama-

gami, 1972). This teleost enzyme is actually a mixture of
two kinds of proteases that act cooperatively on the inner

normal females

layer of the egg case

(Yasumasu

et ai,

1989a,

b).

Embryos

of the toad Xenopus laevis also secrete a proteolytic enzyme (from the frontal region of the embryos) that digests

coat on the ovigerous hairs, but they are gone by the
morning after hatching. So the secretion of this incubation-

the fertilization

membrane

(Carroll

and Hedrick,

1974).

Katagiri (1975) also demonstrated a hatching

disrupting substance may participate in cleaning the ovigerous hairs of old investing coats and funiculi after larval

enzyme of
whole egg case in the frog Rana
chensinensis. Similarly, sea urchin embryos at the blastula
stage (about 10 h after fertilization) secrete a proteolytic
55-60 kDa

preparing for the attachment of the next

may

with hatching in an estufocused on an active substance

in general,

Hatching enzyme

those not treated with hatch water), broken egg cases
and funiculi remain for a time after hatching with the

release, thus

is

that are discharged

(i.e.,

clutch of embryos. In addition, this substance
a role in hatching.

concerned,

of hatching.

this

stable with freezing, but heat-labile. In

is

arine terrestrial crab;

play

enzyme

that digests the

that dissolves the fertilization

membrane. Re-

Lapage and Cache (1989) purified the enzyme, a
glycoprotein of 51, 52, or 57 kDa that autolyzes to an
inactive form of 30 kDa.
cently,

Introduction

The newly oviposited eggs of decapod crustaceans, except nonbrooding peneid shrimps, are wrapped in a thick

Among

crustaceans, adult barnacles (Balanus) release

a substance that stimulates the hatching of nauplius larvae

(Crisp
factor

Received 4 January 1992: accepted 22 November 1993.
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and Spencer, 1958).
was secreted within

If
1

the barnacles were fed, the

or 2 days and the

embryos
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the barnacles were starved, hatching did not

occur. Because the factor could be extracted from the

tis-

sues of starved animals in the laboratory, as well as those
fed under natural conditions, it may be produced by the
barnacle's

own metabolism, and

food source (Crisp and Spencer, 1958).

compound

muscle (Clare

et al.,

In the brine

An

embryonic

1982).
salina, glycerol

is

highly

concentrated in dormant cysts, and then rapidly disappears (Clegg, 1962).

When

egg cases, glycerol

is

the

Preparation oj hatch water

embryos emerge from

released into the

Eggs of

active factor

that stimulates

shrimp Anemia

medium

their

(Clegg,

terrestrial

crab Sesanna haematocheir

haenuitocheir are dark brown at the early

S.

stages of embryonic development, but

lected,

removed from the

plastic containers,

and placed

cm

in diameter,

individually in glass or plastic beakers (8.5

cm

containing 30 ml of 10%o seawater. This
prepared from natural seawater, which is boiled
for 5-10 min, cooled, and then diluted with distilled water;
12

in height)
is

aerated for at least one day before use. The
at intervals of 1-2 days. Under these

the solution

highly

synchronized among embryos (Saigusa, 1992,
As soon as hatching is complete, the crabs enter
the water and release the hatched larvae by making vigorous fanning movements of the abdomen (Saigusa,
1982). The embryos of ovigerous females that were collected from the field and kept in the laboratory did hatch

conditions,

1993).

hatching (Table I, top).
Hatching of S. haematocheir

water) contains a substance that disrupts the incubation

of other females. Next, microscopic studies are described
that indicate the cause of the liberation of premature em-

a brownish

approaches. Females carrying brownish-green eggs (i.e.,
embryos that should hatch within a few days) were se-

hatch on land around the time of nocturnal high water.
Hatching occurs in a very short time, and the timing is

simultaneously. This paper first demonstrates that the filtered water into which zoea-larvae had hatched (i.e., hatch

become

green (possibly because of yolk consumption) as hatching

medium

1964).

Embryos of the

field.

not related to a particular

extracted and purified from adult barnacle tissues contains
a prostaglandin-like

by females occurs about the time of noc-

larval release

turnal high tides in the

is

medium was renewed

all

all

of the females continued to carry eggs until

of the embryos

the laboratory

is highly synchronized;
hatch within about 5-30 min in

may

see Saigusa, 1993).

(e.g..

When

hatching

was completed, and the female had released all of her
larvae into the medium by vigorous abdominal fanning,
she was removed, and the medium was filtered through
nylon mesh or filter paper (filtrate I in Fig. 1) which
removed the zoeas. As shown in Table I, 23 samples of
tillrale 1

were prepared immediately

after the larval release

bryos from the brooding chamber.

Materials and Methods

medium and a female
30ml

Animal handling
Experimental animals were ovigerous females of the
red-handed crab (akate-gani), Scsarma hae-

(10 "/..SW)

hatching

terrestrial

removal of the female

malocheir. collected from the thicket along a small estuary
at

Kasaoka,

Okayama

Prefecture, Japan. (For details of

the habitat and the chronology of larval release, see Saigusa, 1982.) Collections were made on 19 August and 2,
4, 9, 14, 15,
September 1991. The crabs were
into
the
quickly brought
experimental rooms, where they
were kept in plastic containers (70 cm long, 40 cm wide,

and

filtration

I

filtrate

zoeas

1

16

and 25 cm high (containing shallow water (ca. cm deep)
and hiding spaces. The water was renewed whenever one
or more females released their larvae in the container,
and otherwise at intervals of 3-5 days. The crabs were fed

new medium

to rinse

zoeas

filtration

1

I

zoeas

filtrate 2

new medium

to rinse

zoeas

every few days.
Light and temperature were controlled in the experimental rooms. A 5-h light and 9-h dark photoperiod, a
1

phase that

is

much

the

same

as that in the field (light-on

0500 and light-off at 2000), was employed. Temperature
was held constant at 23
C. Under this light condition.

at

1

filtration

I

filtrate 3

zoeas

Collection of hatch water. Each
Figure 1.
of 10%o seawater. See the text for details.

medium

contained 30 ml

INCUBATION-DISRUPTING SUBSTANCE
(i.e..

within 30 min); the rest (22 samples) were prepared
(i.e., more than 30 min after the release, but

after a while

before 10:00 on the next

morning following release).
The filtered zoeas were immediately immersed in new
medium, and this medium was also filtered (filtrate 2).

Among Jilt rale

2,
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A CRAB
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Another sample of hatch water (filtrate I), obtained simi80C for 8
larly from seven specimens, was frozen at
days, and then thawed at room temperature. This sample
was divided among seven beakers, and an ovigerous female was again placed in each.

nine samples were generated immediI. and then the zoeas

Results

ately after the preparation offill rate

once more (filtrate 3) (Fig. 1).
The rest of filtrate 2 (32 samples) was generated within a
few hours after the preparation offiltrate I Because larval
were rinsed and

filtered

.

ried

were usually carout under illumination provided by a small hand-

held

light.

release occurs at night, these procedures

Egg attachment

activity

of incubation-disrupting substance

Ovigerous females, that had not been used to collect
randomly from the stock

pleopod setae

A female of Sesarma haematocheir has four pairs of
abdominal appendages, each of which bears one plumose
and one non-plumose seta (Fig. 2 A). Many fine hairs
(ovigerous hairs) are arranged in whorls along the nonplumose

Assay of the

to

seta (Fig. 2B). Fertilized eggs are attached to these

hairs by a funiculm'(Fig. 2C, D).

When

the hatch water, were selected

tached to several funiculi

containers and placed individually in beakers containing
hatch water (filtrates 1. 2. or 3). The activity of incubation-

gests that the investment coat
terial as

the funiculus (Fig. 2E, F).

disrupting substance in each filtrate was evaluated in terms
of the following three grades: ( + ), a portion of the egg

features

shown

mass protrudes from the brooding space; + + ), the eggmass protrusion progresses further, and some embryos
are scattered at the bottom of the beaker, + + + ), all, or
almost all, of the egg mass has slipped out of the brooding
space. Observations were finished 4 or 5 days after the
female had been placed in each beaker. To prevent contamination of the medium by feces and foods, the females
were not fed during the experiment. With time, however,
(

(

they often ate their own embryos, either those released in
the beaker or those squeezed out of the brooding chamber.

But females never eat their embryos in normal brooding.
effect of test solutions was judged

For these reasons, the
within 4-5 days.

the ovigerous hair

was removed with fine forceps, the coat that had been
wrapped around the hair was broken but remained at(Fig. 2E).
is

This observation sug-

formed of the same ma-

The morphological
and
F suggest that this
Figure 2D, E,
material also constitutes the outer egg membrane, or at
least covers the surface of this membrane.

Protrusion

in

and dropping of egg masses from an

incubating female

As shown in Figure 3A, an incubating female carries
her clutch in the brooding space between the thorax and
the flexed

abdomen. Premature embryos never slipped

out of the brooding space when the females were in 10%o
seawater, and hatching occurred in all cases (Table I). At
the completion of hatching, these females released the

hatched larvae into the

medium

with vigorous fanning

movements of the abdomen.

5%

Soon after ovigerous females were placed in hatch waa mass of premature embryos protruded from the
brooding chamber, and then dropped into the beaker.
This process is shown in Figure 3B-E'. Figure 3B shows
a portion of the incubating egg mass starting to protrude
from the brooding space + ). In Figure 3C and D, the

through a graded series of ethanol concentrations and

embryo-protrusion has proceeded further ( + + ). These
premature embryos were often released by the females in

ter,

Observations with a scanning electron microscope

Embryos attached

to the pleopod setae, as well as those

released in the hatch water, were collected

and

fixed with

formalin in distilled water for 2 or 3 days. They were
then washed a few times in 50% ethanol, then dehydrated
dried in a critical point apparatus (Hitachi HCP-1). The
samples were mounted on metallic stubs with a piece of

double-sided stick tape, plated with gold, and observed
with a scanning electron microscope (JEOL JSM-T300).

(

association with abdominal fanning behavior and were
scattered at the bottom of the beaker. In Figures 3E and

this

Boiling

and free-ing of the

test

embryos have all (or almost all) dropped from
chamber +++). A remarkable feature of
phenomenon is that, from the beginning of embryo-

3E', the

the brooding

(

protrusion to the time that

samples

A sample of filtrate 1. obtained from 15 females that
had just released their larvae, was boiled for 5 min. After
it had cooled, the solution was divided among
5 beakers
1

(30 ml each), and an incubating female was put into each.

all

of the egg masses have

slipped out of the female takes only a few days. As shown
in Table I, 37 of 45 females (82%) treated with hatch

water

(filtrate 1) released their

egg masses into the beaker.

Clearly, the active substance that disrupts incubation

contained

in

hatch water.

is

84
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ga

The pleopod setae and attachment of eggs. (A
left) Thorax (T) and abdomen (A) ofa Si'Mirnm
Figure 2.
haematocheir female, wl: walking leg: an: anus; ga: genital aperture. (A
right) The second abdominal
appendage showing plumose and non-plumose setae, ps: plumose seta: os(nps): non-plumose seta; oh: ovigerous
hair. (B) Ovigerous hairs on the
membrane (om) and
seta. Scale = 100
(C) The outer

non-plumose
Mm.
egg
^m. (D) Embryos attached to an ovigerous hair by funiculus. This specimen was
with 5% formalin and observed in 50% ethanol. em: embryo; fu: funiculus; co: the coat investing an

fumculus
fixed

(fu).

Scale = 10

ovigerous hair; oh: ovigerous hair; im: inner (or lining) membrane; om: outer thick membrane. In living

INCUBATION-DISRUPTING SUBSTANCE
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of zoea-larvae released

eggs attached to intact females. The embryos were obviously alive (Fig. 4A), and the funiculus remained at-

medium. When the hatch water was derived from
medium into which a large number of zoea had been

tached to the coat investing each ovigerous hair. But a
clear difference was observed in the coat investing oviger-

of the females dropped their embryos
within 1 day after contact. But hatch water prepared from
a medium containing only a small number of larvae, in-

ous

The

activity of

any sample of hatch water

seems to vary with the number

(filtrate 1)

into the

released, almost

all

duced this phenomenon 1-3 days later.
Four females, though treated with hatch water (filtrate
]), showed no sign of egg mass protrusion (Table I). This
negative result, however, could have been due to an insufficient

concentration of active substance.

When

Egg masses incubated by untreated females were

hairs.

attached tightly to the ovigerous hairs (Fig. 2F and F'),
whereas those dropped in hatch water always lacked an
ovigerous hair in the twig of the investment coat (Fig.
4B). Premature

embryo

release

is

thus due to the invest-

ment coat separating from the ovigerous hairs, and not
the funiculus detaching from the coat.

When

the

hatch-water-induced protrusion of egg masses
(+ or ++; Fig. 5A), groups of embryos

unresponsive females were isolated after the experiment
in a new, unoccupied container, they finally dropped their

was
would

egg masses some days

with a fine forceps (Fig. 5B). These embryos were always
accompanied by the funiculus and coat. In contrast, when
the egg mass of a control female was pulled, the ovigerous

later

obs.). In four

(unpub.

other

females (Table I), normal hatching and larval release occurred before egg mass protrusion could begin. Presumably, these ovigerous females had been collected just prior
to hatching,

in progress

hairs

when

easily slip off the ovigerous hairs

gently pulled

were broken away from the seta (not shown).

which simply occurred on schedule, uninflu-

enced by the incubation-disrupting substance reported

Discussion

here.

The

15

samples of boiled hatch water had no

effect

on

incubation: no egg masses protruded from the abdomen
(Table I), so the incubation of the test females was clearly

maintained. In contrast, the egg masses protruded and
dropped as usual when seven females were exposed to
hatch water that had been frozen and thawed (Table I).
Incubation-disrupting substance is thus stable to freezing,
but

is

heat-labile.

To determine whether

the active substance

is

released

by the
and 3 were

in association with larval hatching or is generated

larvae after the release, the effects of filtrates 2

compared with that of filtrate 1 (Table 1). The activity
was markedly decreased in filtrate 2, and no effect was
detected in filtrate 3. Because filtrate I contains most of
the incubation-disrupting activity,

sponsible factor

egg

is all

membrane opens

I

speculate that the remedium when the

released to the
at the

time of hatching.

The embryos of most decapod crustaceans

female during embryonic development. For example,
the female cleans

some embryos may be dropped when

the clutch using her chelae. Laboratory-maintained females of the lobsters Homarus americanus and H. gam-

mants often lose a large percentage of embryos because
the funiculus has been improperly formed (Talbot and
Harper, 1984). In Sesarma haematocheir, predation on
egg masses by the maggots of a parasitic fly can be the

main

extrinsic factor for the loss of

nomenon
larvae.

prematurely from the female
Clusters of embryos shed into the incubation medium
were observed under a stereomicroscope (Fig. 4A). The
surface of the

embryos

(i.e.,

outer egg

the funiculus were not different

membrane) and

morphologically from the

embryos

for ovigerous females; but this

Observations of the female

val release (Saigusa, 1992, 1993)

2.

(Cimliniicil) specimens, the

coat. Scale

= 100

ol the portion

jam. (F)

where

outer

membrane

abdomen just

after lar-

broken egg case (outer egg membrane), funiculus, and the
still remain attached to the ovigerous hairs (see also
Fig. 6A). A similar event occurs in the lobsters H. amer-

coat

icanus and H. gammams: egg cases and stalks remain
attached on the ovigerous hairs, and they seem to be cast

swells, revealing

The coat wrapping an ovigerous

is

demonstrated that the

embryo completely

this hair penetrates the coat. Scale

phenomenon

have released their

fills, and is pressed against the egg case, but
an inner membrane or a membrane lining the
hair was removed
egg case (tor egg membranes, see Saigusa, 1992). (E) The coat from which an ovigerous
with a fine forceps. White arrow heads show the region where the funiculus (fu) branches out of the investment

Figure

in the fixed samples, the

in the field

(unpub. obs.). But the phenomenon reported in the present study is quite different from such types of egg loss.
Disruption of incubation is certainly an unusual pheobviously adaptive for females that

Microscopic observations of the egg masses liberated

are incu-

bated by the females until hatching occurs. So it may be
natural that a portion of the egg cluster is lost from the

hair. Scale

=

10

/JITI.

= 100 ^m. Upper

left (F'l:

Magnification

86

M.

SAIGUSA

3C

Premature egg-release from a female. (A) A normal clutch incubated by a female, rb: a rubber
body and legs. (B) A female in which egg-release from the brooding chamber is
beginning + (Cand D) Females in which protrusion of egg mass has proceeded further + + ). (E) A female
from which almost all eggs were released + + + (E') The inside of the brooding chamber in this female.
Figure

band

to

3.

fix

the female's

(

).

(

).

(

Although some eggs

still

remained

in the

chamber, they have already been detached from the ovigerous

hairs.

Figure 4.
the brooding
stage) are all
is

Morphology of premature eggs liberated from the female. (A) Embryos (eml extruded from
chamber and dropped to the bottom of the beaker. These embryos (at early developmental
alive. The coats that invested the ovigerous hairs are seen to be in place. (B) An ovigerous hair

absent from

different

from

its

investment coat

that of the coat

(co).

An

ovigerous hair

(compare with

Fig. 2F').

itself is also

hollow, but

its

appearance

is

clearly
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Table
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I

Liberation of premature embryos induced by the hatch water

Activity of filtrate

Medium
Fresh

medium

Filtrate

(

Maintenance of

Hatching and

incubation

larval release

Number

SW)

10%o

82

82

(0)

1

Generated within 30 min

after

hatching

23

21

22

16

Generated more than 30 min
after hatching

3
14

15

Boiling

Freezing and thawing

6

7

Filtrate 2

Generated within

1

h after

hatching

Generated

for

3-

9

8

32

23

h after

1

hatching
3

Filtrate

Generated within

1

h after

hatching

off

from the ovigerous hairs

et al.,

next molt (Goudeau

tachment to the ovigerous hairs and the source of the
attachment stalk have been controversial for a number

remnants on the ovigerous

of years (Yonge, 1937, 1946, 1955; Cheung, 1966; Fisher
and Clark, 1983). Goudeau and Lachaise (1983) showed

at the

1987).

In contrast to the lobster, the

haematocheir completely disappear during the
night of the larval release, and the next clutch is produced
within a few days. After larval release is complete, females
hairs of 5.

unfold their

abdomen and pluck the empty egg cases and
some of the remnants are probably

that the funiculus of the

around an ovigerous
for the

American

hair,

Homarus

folds

innermost coiling turn, the stalk wall adheres
although no adhesive substance

funiculi to eat; indeed,

tightly to the hair surface,

disposed of in this way. But it is not conceivable that a
purely mechanical plucking behavior can completely clear

to the coat

is

lobster

forming several turns, and that

detectable. In 5. haematocheir, the funiculus extends

wrapping an ovigerous

hair,

same material forms both the

which suggests
and the coat

ovigerous hairs and setae. I conclude that the incubationdisrupting substance, as reported in this paper, causes the

that the

investment coat to

the outer egg membrane (at least the surface of the membrane), as well (Fig. 2C). Because the coat dropped from

the ovigerous hair, facilitating
post-release remnant-eating of the female, and releasing
the remnants that are not eaten. Because the ovigerous
slip off

hairs completely clean offby the
release

(compare

substance

may

6A and B),
make it easier

Fig.

also

morning following

larval

incubation-disrupting
for the female crab to

get the debris off her ovigerous hairs without

damaging

or breaking the hairs which, after all, must be in good
condition to receive the new clutch of eggs. In brief, the
incubation-disrupting substance clears the ovigerous hairs
for the next clutch of eggs.

What mechanisms cause the investment coat to slip
from ovigerous hairs? The exact mechanisms of egg at-

(Fig. 2E, F).

Furthermore,

stalk

this material

no obvious morphological changes (Figs.
4A, B), then the egg masses must be liberated, either by
a deformation of the ovigerous hairs or by a separation
of the coat in some unknown way from the hairs. But the
the female shows

deformation of the ovigerous hairs must be detrimental
to the hairs because a new clutch has to be attached to
them.

Embryos of the estuarine crab Rhithropanopeus harrisii
can be detached by bovine or porcine trypsin, and are
released into the medium by the pumping movements of
the females.

Some

of them prematurely hatched as im-

Detachment of the egg masses from the ovigerous hairs (living specimen). (A) Two ovigerous
and the investing coat that begins to slip out of these hairs. A white arrow
head indicates the edge of the investment coat, em: embryo; os: ovigerous seta. (B) The end (a white arrow
head) of a section of coat that had slipped off its enclosed ovigerous hairs.
Figure 5.

hairs (see the black arrow heads)

might make up

M.

Ovigerous hairs are completely cleaned offby the morning

Figure 6.

seta just after larval release.

ovigerous hairs. (B)

mobile larvae (RittschoftV
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An

The empty egg

cases, funiculi,

1990). In

.V

also be

more

is

1
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1

was

based on the proteolysis of casein. But how, exactly, such
an enzyme contributes to hatching remains obscure. As
in Figures

4A,

5 A,

An

ovigerous

attached to the

Bid

/Vi

and

.J. I..

Iledrick. 1974.

Hatching

in the
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ciation with the hatching of estuarine crabs; the assay

shown

A)

I

indicated that a proteolytic
released outside of the egg membrane in asso(

Jr.,

.1.,

O/IRS A/civs

directly involved in hatching. Recently.

Vries and Forward

activity

Carroll, K.

the other functions of the

incubation-disrupting substance. Because this factor is released from the egg case at the time of hatching, the factor
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(

still
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Abstract.

There has been a debate over whether the
and
development of the larvae of the crown-ofgrowth

Ducklow, 1983), but can be greater than phytoplankton
biomass in oligotrophic waters (Fuhrman ct al.. 1989; Cho

thorns starfish Acanthaster planci are severely food-limited. This debate has raised a range of questions, including
the one relating to the role of heterotrophic bacteria in

and Azam. 1990). Furthermore, the proportion of ultraplankton (<5 /urn. Murphy and Haugen, 1985) in phytoplankton assemblages reaches more than 50% in a wide
range of environments (cf. Stockner. 1988). Use of these

the nutrition of larvae. In this study, the feeding rate of

predominant, small particles as a food source

on bacteria as well as on other ultraplankton
(<5 i*m) was determined by counting the number of the
fluorescence-labeled cells (FLC) in the gut after short incubation. Preliminary experiments showed no detrimental

is thought
larvae
surfor
planktonic
advantageous
enormously
but
their
under
conditions,
nutrient-impoverished
viving
actual use by asteroid larvae has been a matter of controversy over the past decade. Specifically, bacteria were in-

larvae

effect

to be

of the fluorescence dye (5-(4,6-dichlorotriazin-2-yl)

aminofluorescein) on the development of larvae and
demonstrated the usefulness of FLC in feeding experiments as food particles analogous to living cells of ultra-

gested by antarctic asteroid larvae (Rivkin ct al.. 1986;
Pearse ct al.. 199 ), but not by temperate ones (Pearse et

plankton. There was no evidence that larvae ingested bacLarvae did ingest two strains of photosynthetic cy-

The crown-of-thorns starfish (COTS) Acanthaster planci
in tropical and subtropical waters. Gut content
analysis with a scanning electron microscope (SEM) has
shown that the natural diet of COTS larvae almost exclu-

1

al..

teria.

is

anobacteria, which had equivalent spherical diameters
(ESD) of 1 and 1.8 urn, but these tiny cells were cleared

more than

10 times slower than the larger algae Phaeo-

dactvlwn tricomutwn (4.7

/urn

ESD) and

Dunaliella

1

sively

These

late

results

bacteria.

common

Introduction

usually equal to

el

al. 1983). Bacterial

biomass

to

200

nm

in tropical

waters (Olson, 1985, 1987). Results

from the rearing studies have been interpreted as indirect
evidence that COTS larvae can exploit non-phytoplankton
food, including bacteria and dissolved organic matter
(Olson and Olson, 1989; Birkeland and Lucas, 1990).

Heterotrophic bacteria make up a large, metabolically
active component of plankton assemblages in the sea (e.g..

10-40% of phytoplankton biomass

phytoplankton, such

toplankton to COTS larvae is very low and therefore the
growth and development of COTS larvae are food-limited
(Lucas, 1982). In contrast, experiments in which COTS
larvae were reared in /;; situ chambers showed no evidence
of food limitation under the low phytoplankton conditions

portion of their nutrition from ultraplankton, but not from

Azam

rare, large

and pennate diatoms of up

in length (P.

bipinnaria stage to the late brachiolaria stage.
show that larvae may derive a sizable pro-

Pomeroy, 1974;

comprises relatively

Dixon, unpub.). Dixon's results have supported the idea that, except during occasional phytoplankton blooms, the availability of the preferred phy-

^m

per unit time) increased by 50-120%, as larvae developed

from the

unique

as dinoflagellates

ter-

ESD). Regardless of the size of FLC used,
the clearance rate (volume of water cleared per animal
tiolecta (5.

1991).

is

(cf.

Bacteria were not positively identified in the gut conCOTS larvae (Dixon, unpub.). However, this may

tents of
Received 28 December 1992; accepted

3

be due to the difficulty in finding bacteria in various food

September 1993.
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remains or the

loss

of bacteria during a

number of pro-

SEM

cesses involved
sample preparation. Sherr et
the
til.
feeding rate of heterotrophic
(1987) determined
bacteria
on
by directly counting the numnanoflagellates
in the

DTAF

ber of heat-killed,
(5-(4,6-dichlorotriazin-2-yl)
aminofluorescein)-labeled cells in food vacuoles. The yel-

91

and addition of a pre-wash with a .5%
NaCl solution before incubation in a DTAF solution.

for cyanobacteria)

Toxicity oj

1

FLC

study the feeding of larger protozoans and rotifers (Rublee

To test the toxicity of FLC, larvae were allowed to feed
on fluorescence-labeled P. tricormitum for 2 days and their
survival and development were examined. At the beginning, 50 larvae at the early brachiolaria stage were introduced into each often 100-ml bottles (five bottles per

andGallegos, 1989).

treatment)

low-green fluorescence of DTAF-labeled cells is distinctive
and intense, so that this technique has also been used to

The

first

objective of this study

was

to test the feasibility

of the fluorescence-labeled cell (FLC) technique for determining the feeding rate of COTS larvae on ultraplank-

The

ton.

possibility of differences in

between

living

whether
cells.

to

and

COTS

heat-killed cells (Paffenhofer

and Van

particularly important to examine
larvae ingest FLC at similar rates to living

made

Sant, 1985)

chemical properties

The second

it

objective

was

to use the

FLC

technique

determine the feeding rate of COTS larvae on bacteria

and other ultraplankton.

larvae were

grown in the mass rearing facility at
of Marine Science, using mixtures

tanks were at different developmental stages
(the distinction criteria described by Lucas, 1982). about
600-800 larvae were individually sorted from the masslarvae in the

250-ml bottles

<

50 larvae

reared populations, placed
per bottle) filled to the top with filtered seawater, and held
(

1

h, only actively swimming larvae
each bottle were removed and used
for experiments. This procedure was designed to reduce
the chance of using physiologically retarded larvae. Seawater used in experiments was obtained at the rearing

without food. After 24
in the top quarter of

and

filtered

through 0.45-^m Millipore filtersjust
28C under dim light.

before use. Experiments were run at

FLC preparation

suspension and incubated at

28C

under an

8 h light- 16 h dark cycle.

Gut filling rate

Two

conditions must be

fulfilled for

the

FLC method

to provide reliable feeding rate estimates: the feeding rate
must be constant and the incubation must be short enough

no defecation occurs. Then, providing

that the

change

FLC

per unit time) can be calculated by dividing the gut filling
rate (cells per animal per unit time) by the FLC concentration.

To ensure these conditions were met,

the gut filling rate
of FLC in the
the
number
was determined by measuring
at the early
1
5
larvae
h
24
starvation,
gut over time. After
brachiolaria stage were introduced into each of 21 scintillation vials (3 vials

per treatment) with 20 ml of filtered

seawater, and 200 M' of a labeled P. triconnitum suspension was added (the final concentration was 806 cells
ml' ). After 2- to 30-min incubations, ml of a 10% buffered glutaraldehyde solution was added to the vials. Pre1

1

served samples were then refrigerated for later FLC
counting. DTAF fluorescence did not fade out during
several

weeks of cool

storage.

Preserved larvae were examined under a Zeiss epifluorescence microscope equipped with a blue excitation filter

(#487909). Before counting, preserved larvae were
poured into plastic tubing with a 80-Mm-mesh screen at
set

FLC were prepared: three cultured algal spetricormitum, D. tertio/ecta. and Tetraselmis sp);

Six types of
cies (P.

cells in

keep

concentration during incubations is negligible,
the clearance rate (volume of water cleared per animal

of three cultured phytoplankton, Dwuiliella primolecta,
D. tertiolecta, and Phaeodactylwn triconnttum. Because

facility

.

in

the Australian Institute

in

to the top with a labeled or a living (as
1

that

Materials and Methods

COTS

filled

These
control) cell suspension at about 1000 cells ml"
bottles were placed on a cell shaker (30 shakes min ') to

two cultured cyanobacteria species (Strain ACMM326,
the culture collection of the Sir George Fisher Centre,
James Cook University of North Queensland, and an unidentified strain); and natural bacteria. These cells were

and stained with the fluorochrome DTAF
(Sigma #D2281 Methods were as described by Sherr et
al. (1987), except for minor modifications to the speed
and duration of centrifugation of algal suspensions 500
rpm for 10 min for P. tricormitum and D. tertiolecta, 800
rpm for 10 min for Tetraselmis sp., 6000 rpm for 5 min
heat-killed

one end and gently washed with filtered seawater. A small
amount of water with larvae was then filtered onto 0.45-

^m

Millipore

filters

stained with Irgalan black. After excess
filters with larvae were mounted

seawater was removed,

on

glass slides, using a Zeiss

number of FLC
each

in the gut

immersion oil (#58884). The
was counted for 10 larvae in

vial.

).

Discrimination between

FLC and living cells

( 1

1

In this experiment, larvae at the late bipinnaria and
early and late brachiolaria stages were allowed to feed on

92
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Table
Si:e of algal and bacterial

cells

Type
Phaeodactvlum incornuntm

AYUK.AI

I

used for feeding experiments

ESD

(Mm)
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amount of such clumped material was also seen in original
FLC solutions. Thus larvae were probably ingesting

3

clumped material rather than individual cells.
The rates of ingestion and clearance of all FLC except
Tetraselmis sp. by larvae at the late bipinnaria and early
and late brachiolaria stages are shown in Figures 3-5. In

2

-

1

-

-i
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Late bipinnaria

o

Phaeodactylum tricornutum
Dunallella tertlolecta

O

Tetraselmis sp.

a

experiments, the ingestion rate increased linearly with
FLC concentration and there was no evidence of satu-

all

ration of ingestion rates.

The 95% confidence bands of

the regression line, although not shown, covered the origin.
Thus the clearance rate remained constant over the range

of

FLC

3-, Ea rl V

Cyanobacteria
Cyanobacteria

-

small strain

-

ACMM326

brachiolaria

01

concentrations tested.

The clearance

rate

of larvae increased by almost two

orders of magnitude as the ESD of FLC increased from
1
to 5 JJITI (Fig. 6). The clearance rate also increased with
larval age:

from the

bipinnaria to the late brachiolaria

late

by 120% for

stage, the rate increased

for D. tertiolecta,

and 70%

50%

P. tricornutum,

80%

for the small cyanobacteria strain.

for cyanobacteria

ACMM326.

Discussion
Feasibility of the

FLC technique

The FLC technique demonstrates both strengths and
weaknesses when applied to the feeding of asteroid larvae.
With
is

larger food particles, the usefulness of the

limited, as suggested

over living

cells

by the

selective ingestion of

of Tetraselmis

sp.

by

COTS

FLC

method

FLC

For
technique has an
larvae.

ultraplankton-sized algae, however, this
obvious advantage over the conventional

Figure

2.

:

living cells In

media

Comparison of the proportion of heat-killed, fluorescencemedia and the gut con-

labeled cells to living cells between experimental
tent of the larvae of Acanthoster plonci.

cell counting
method. Generally, the feeding rate of zooplankton is determined by measuring the change in cell concentration
during incubations (Frost, 1972). This method, because

larvae

of the low precision and accuracy of cell counting, is inadequate to detect small changes in cell concentration

by the resolution of light microscopy. The use of an epifluorescence microscope in feeding studies promises more

and thus cannot be used

for determining the feeding rate
of individuals. This problem is particularly serious for

making it impossible to determine the
lower size limit of food particles with the cell counting
method. DTAF fluorescence, on the other hand, is very
small-sized algae,

intense

COTS

and

clearly visible

larvae (Fig.

7),

even through the gut wall of
little chance for counting

leaving

conditions can interfere with the ac-

curacy of FLC counts, these usually can be overcome or
avoided. For example, FLC in the gut can densely overlay
each other, depending on the orientation of body on filters.
This problem can be solved simply by excluding such

1

reliable data with less effort

1

and time. The autofluores-

samples are examined immediately

cence of algal

cells, if

after fixation,

can be seen

in the gut.

DTAF-labeled

cells

produce bright yellow-green fluorescence at the broad blue
excitation band (450-490 nm) of the Zeiss filter set used.
The autofluorescence of two strains of phycoerythrin-rich
cyanobacteria
to

errors.

Although some

Direct count of algal cells in the gut of echinoderm
97 ), but has been limited
is not new (Strathmann,

DTAF

is

orange-yellow and more or

fluorescence. Nevertheless, the

less similar

DTAF

fluores-

cence can be distinguished easily from the autofluorescence of cyanobacteria, unless the gut becomes congested
with

cells.

Selective ingestion of

selmis sp. by

COTS

FLC

larvae

over living cells of Tetramay be ascribed to the ineffi-

individuals from counting. Another potential problem,
accumulation of FLC in the posterior part of the esoph-

cient capturing of the motile cells of Tetraselmis sp. Al-

agus, did not become serious within the range of FLC
concentrations in the present feeding rate measurements.

chemical compounds that COTS larvae do not favor. The
possibility of such chemosensory feeding has been sug-

ternatively, living cells of Tetraselmis sp.

may

release

94

T.

AYUKAI
Table

/cs/ lur

the difference hclwccn

Two-sample

I

Itihclcd cells

(CFLC) offive algae

mean

elcanuice rate* ul

C| 1VL.(ml ind

Phaeodactylum incomuium

h

llic

')

II

larvae

<>/

Acanthaster planci on

C FLC

(in

I

lirin.i;

ind

'

h

/(.'/,,

')

j

mill Iwal-kilk'tl,

FEEDING OF STARFISH LARVAE

95

Late bipinnaria
Phaeodactylum tricornutum
2000-1

O.S-i

= 10.2 + 0.283X, r2= 0.707

0.40.3-

10000.20.1-

x = 0.292

0.0

4000

2000

4000

2000

Dunaliella tertiolecta

1200-1

0.5
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Figure 3.
Ingestion and clearance rates of late bipinnaria larvae of Acanthaster planci feeding on four
types of fluorescence-labeled cells.
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The majority of ultraplankton

q

teria consist

bigger than cyanobacof different forms of flagellates. Cyanobacteria

are usually the

dominant component ofultraplankton in
Reef (Furnas and Mitch-

shelf waters of the Great Barrier

1986). In coral reef lagoons, however, flagellates make
a significant contribution to ultraplankton biomass ( Ayukai, 1992) and are a potentially important food source for
ell.

COTS

larvae.

Although the

analysis (Dixon, unpub.)

io-

results of the gut content

do not support

this possibility,

1

flagellates in this size class are

:

have been

lost

extremely

fragile

and could

during sample fixation and preparation

SEM.
An increase

for

in cell size beyond the ultraplankton size
range appears to have relatively little effect on the clearance rate of COTS larvae. For instance, the clearance rates

on

10

FLC

of Tetraselmis

sp. (17.2

jum

ESD) were

similar

Late bipinnaria

-2-

D /

Early brachiolaria

Late brachiolaria

01234567
Equivalent spherical diameter (urn)
Effect of algal cell size on the clearance rate of the larvae
Figure 6.
of Acanthaster planci at three developmental stages.

O vd/ichis grew equally well when reared on bacteria alone
or on bacteria-phytoplankton mixtures. In contrast, the
same authors, using the same methods, found no significant ingestion of bacteria by the larvae of A. niuiiiiui.

One

explanation for these contradictory results

antarctic asteroid larvae are adapted to their rather

is

that

unique

environments and have a particle-capturing mechanism
different from those of temperate and tropical species,
despite their resemblance in morphology. It is also necessary to consider the possible difference in the proportion

of attached to free-living bacteria between experiments.
As mentioned above, this study does not deny the likelihood of ingestion of attached bacteria by asteroid larvae.
Ingestion ofultraplankton hy

COTS larvae

In the present experiments.

ingest

two

COTS

larvae were able to

strains of cyanobacteria. but not bacteria, in-

dicating that about

food particles for

1

/urn

represents the

COTS larvae.

minimum

size

of

Another important finding

the rather

phenomenal increase in clearance rate beparticles of and 5 ^m ESD: COTS larvae ingested
P iriconiniiini and D. tcrtiolccla more than ten times
faster than they did two strains of cyanobacteria.

is

tween

Figure

7.

Heat-killed, fluorescence-labeled cyanobacteria (arrows, ca.

1

1

(jm

in

diameter)

in the gut

of brachiolaria larva of Acanthaster planci.

The autofluorescence of live cells ofPhat'ociiittyluin
and Dwialiella icrnnlcciu

(oval)

is

iricnrniintm (pennate)

also seen in the background.
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on FLC of P. tricornutiim and /). teriiolectu at
bipinnaria and early braehiolaria stages and only two times
higher than those on FLC of P. irieonniluin and D. lerto those

The

tiolecta at late braehiolaria stage.

larvae

on

selective feeding of

FLC over living cells of Tclra.se/mis sp.

Keesing raised the COTS larvae used in this study. I
thank Drs. J. Keesing, P. Moran, and two anonymous

J.

reviewers for their helpful comments on the manuscript.
AIMS contribution no. 656.

suggests

that factors other than cell size (e.g.. cell shape, motility,

chemical properties)

COTS
The

may become more

larvae capturing larger particles.
larvae in this study iningestion rate of

COTS

creased linearly with increasing FLC concentration and
the clearance rate remained constant, independent of FLC
concentration. This result contradicts the previous study
by Lucas (1982), who reported a decrease in clearance
rate with increasing cell concentrations. For instance, the
clearance rate for D. tertiolecia in this study is comparable

low

to his values for D. primolecta at

(<1000

cells

ml

but

'),

is

cell

concentration

clearly different at higher con-

centrations (1000-4000 cells ml"

1

).

This

is

probably be-

cause feeding rates determined using the FLC method
better reflect the efficiency of food particle capture by the

band of cilia than do rates based on the conventional
method, which can be affected by physiological and behavioral factors. As observed under an epi fluorescence
microscope, the turnover of cells in the gut of COTS larvae
is

relatively slow.

high
cells,

cell

cell

is

soon congested

at

COTS larvae continue to capture

rejecting excess cells in the

flexion of the

high

Although the gut

concentrations,

esophagus by the dorsal

1982). In long incubations at
larvae
is quite likely that

body (Lucas,

concentrations,

it

COTS

many more

cells than they actually ingest.
length approximately doubles, from about 0.7 to
1.4 mm, as COTS larvae progress from the late bipinnaria

capture

Body

stage to the late braehiolaria stage. In this study, the clearance rates of larvae on four types of FLC also increased

This result agrees with a
general trend that the clearance rate of planktonic larvae
with a single band of cilia is largely proportional to the
length of the ciliated band (Strathmann el nl.. 1972;

by 50-120% during

this period.

Strathmann, 1975), which in turn depends on body length.
At present, little is known about the nutritional value
of ultraplankton for the growth, development, and survival of asteroid larvae. The variability of the size fre-

quency distribution and biomass of ultraplankton
tative habitats

The

of different asteroid larvae

results presented here

should not be

rectly to other asteroid larvae, but

is

also

nificant proportion of ultraplankton
source for asteroid larvae.

in

pu-

unknown.

extrapolated di-

do suggest
is
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We

a salmonid

have isolated and characterized for the
first time the chromosomal proteins from the nucleus of
the sperm of a lancelet (amphioxus) Branchiostoma florAbstract.

given the

(Hubbs,

1922)

Among

of

all

including amphibians (Bols and Kasinsky, 1972, 1973;
Kasinsky tf a/., 1978, 1985; Mann el a/.. 1982; Takamune
et ai.

1991), reptiles (Kasinsky et al. 1978;

Kasinsky

chromosomal protein

ability is considerably greater in representatives

(Miescher, 1874; Kossel,

early salmonid protamines, other homologous proteins
have also been identified in other groups of vertebrates

eukaryotic organisms.

the deuterostomes,

Salmon) and were

arginine) proteins that displace the somatic-like spermatogenic histones during spermiogenesis. Besides the

and compositional features similar to those of PL-Ill from
bivalve mollusks. In contrast, the chromatin of the sperm
of the lamprey has a structural arrangement and protein
composition (histones) very similar to that found in the
cells

sa/ar (Rhine

was clear from the very beginning that these
1928).
were
different "chemically" from the proteins
proteins
found in the nucleus of somatic cells (Kossel, 1928). Protamines are small (30-40 amino acid) arginine rich (>50%

specialized protamine-like (PL) protein that has structural

somatic

Salmo

It

(Phylum Chordata: Subphylum
a lamprey Petromy:on marinus
and
of
Cephalochordata)
(Linnaeus, 1758) (Phylum Chordata: Subphylum Vertebrata: Class Agnatha). In the first case, the major protein
component of the sperm-chromatin of a lancelet is a highly
idae

fish

name of protamines

et al,

1987; Chiva

el al,

Mann,

1989), birds

1981;

(Dixon

el

1985; Chiva el al. 1987, 1988) and mammals (this
group has been recently reviewed by Oliva and Dixon,

vari-

al.

of the

Phylum Chordata than in echinoderms. The possible

1991). See also Kasinsky (1989) for an overall review.

evolutionary significance of these findings

Despite their wide distribution and the historical discovery of protamines in vertebrates, the protein composition of the sperm chromatin of this taxonomic group is

is

discussed.

Introduction

extremely heterogeneous (Bloch, 1969, 1976; Kasinsky,
1989). Such protein heterogeneity is also shared by other

The first nuclear sperm-specific proteins were isolated
from vertebrates. They were obtained from the sperm of

taxonomic groups (Bloch, 1969, 1976). The protein composition of the sperm may thus vary from somatic-type

Received 2 June 1993; accepted 8 November 1993.
*
To whom all correspondence should be addressed.

histones (H) to compositionally intermediate protamine101
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A

-

H5
H3

>,

3

2

1

m

AL.

H2B
H2AH4

-

-W.H1

H3

H2B

*H2A
H4

PAGE analysis of
chicken erythrocyte histones, (2)
urea (2.5 M)
(A) Acetic acid (5%)
Figure I.
nuclear sperm proteins from the mussel \fytitu.\ californianus, (3) nuclear sperm proteins from the ascidian
tunicate Styclu plicate:. (4) nuclear sperm proteins from the lancelet Branchiostoma lloridac. and (5) salmine
(

dimension)

(A) lane

SDS

(PL) to protamines

organism (Bloch,

as

(HI type)

l%9,

(

)

4.

(P), depending on the
Those organisms that retain
the somatic-histone type of proteins often contain spermspecinc histones (HI and/or H2B) and will be referred to

like proteins

)

+ to bottom (-). (B) Acetic acid (5''r) urea (6 .U)
is from top
(second dimension) two-dimensional gel electrophoresis of the proteins shown in

(protamine). Direction of electrophoresis
(first

I

1

976).

in this paper.

more

specialized proteins

and therefore might be expected to have appeared in more
evolved organisms, whereas the less specialized histones
would be present in more primitive species. From this

on the taxonomic

bution of protamines within and
of this

among

distri-

different tax-

remains a puzzle. A clear example
situation has been recently exemplified in the bony

onomical groups
fish

Although the nature of the compositional protein heterogeneity of the sperm is unclear, from an evolutionary
point of view protamines are

perspective, the data available

(Saperas

ct a/.,

group have sperm
including

all

still

1993a,

b).

The organisms within

this

with nuclear protein compositions
the protein types (H, HI, PL, P) described
cells

earlier.

The problem of nuclear
bony

fish

protein heterogeneity within
has been linked to the controversial evolutionary

origin of protamines in fish (see Oliva

and Dixon.

1
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A
A230

100
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100

B

50

50-

0-

20
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t

RSRSRSAS

G/P
Figure

(A) Reverse phase

2.

HPLC

the sperm of Branchiostoma floridae

= absorbance
acid (5%)

at

230 nm.

urea (6 A/)

Figure 2(A). (C)

ACN

PAGE

Amino

(min)

=

HCI) from
column. A 2 TO

fractionation of the whole nuclear protein extract (0.4 A'

on a

5

acetonitrile.

^m, Spherisorb

No

C 18 ODS2
,

(4.6

x

150

proteins could be detected in peaks

mm)
1

and

_

2.

(B) Acetic

of 0: starting nuclear protein extract: 3: protein fraction eluted in peak 3 of
acid sequence of the N-terminal region of the protein shown in (B) lane 3.

%ACN

N.

104
Table

Amino
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I

acid analysis (mol <^> ol'ihc nuclear \/vnii-v/>tv///f protein of
floridae PL(BF) in CHIHIWHOII i,< llic PL-Ill proteins

Branchiostoma

d/'Mytilus trossulus PL-Ill

Macoma

nasuta PL-Ill

(MT) (Mogenwn

(MM

(Auxio. 1988}

el at

.

IWIi and
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B

H2A

H1

H3

-

H1

H3

H3 H2BH2A-

H2B

H2B

H2A

H1
H4

H4-

H4
Figure

3.

acetic acid

(5%)

(A) Analysis of a whole nuclear protein extract from the sperm of Petromy:i>n marinus in
urea (2.5 M)
) after and (2) before reduction with /5-mercaptoethanol.
(B) Acetic acid

(5%)

urea (6 A/)

Pelromy'on marinus

(

triton
(

I

)

I

X-lOO (6mA/)

PAGE

of a whole nuclear protein extract from the sperm of

before and (2) after treatment with fi-mercaptoethanol. (C) Two-dimensional

in acetic acid-urea-tnton

X-lOO

the position of the histone

H3

as in (B)

(first

dimension).

SDS

PAGE

(second dimension). The asterisks indicate

dimers.

composition. The number of constitutive amino acids estimated from the electrophoretic mobility of this protein
in polyacrylamide urea acetic acid gels (Colom and Su-

Results

The nuclear sperm-specific proteins of the
cephalochordate Branchiostoma floridae

birana. 1979; Ausio

and Subirana, I982a; Daban

el al.,

The electrophoretic analysis of a whole protein extract
from the nuclei of the sperm of B. floridae is shown in
The analysis is shown in comparison to somatic
Figure
histones from chicken erythrocyte (lane
and to proteins

amount of purified
protein available, it was still possible to establish the amino
acid sequence of the first nine amino acids of the N-terminal region of this protein. The results are shown in

of the PL-type from a mussel (Mytilns edulis, lane 2) and
from an ascidian tunicate (Styela plicata, lane 3). Several

cates

I

.

I )

minor bands with electrophoretic mobility similar

to that

of histones (both in urea-acetic acid. Fig. A, or in SDS
B) coexist with a major band of higher electroI

gels. Fig.

I

phoretic mobility.

band was

The

purified

protein corresponding to this major

by reverse phase

The compositional amino
given in

Table

I.

HPLC

(see Fig. 2).

acid analysis of this protein is
is clearly indicative

Such composition

of the highly specialized nature of this protein. Only six
amino acids are present, four of which (Lys, Arg. Ser, and
Ala),

account for 88% of the overall amino acid compoThe basic amino acids alone represent 50% of this

sition.

199

1)

was 85

5.

Despite the small

Figure 2C. G/P at the N-terminus of this sequence indian almost identical recovery of these two amino

acids in the
likely

due

first

cycle of Edman degradation. This

to the existence of

some

is

most

protein microhetero-

geneity.

The nuclear sperm-specific proteins of the Agnathan
Petromyzon marinus
whole nuclear protein (0.4 N HC1 extract) from the
sperm of Petromyzon marinus is shown in Figure 3. Based
on their relative electrophoretic mobility in polyacrylamide gels containing either urea-acetic acid, urea-acetic

A

acid-triton

X-100 or SDS

(Fig. 3 A. B, C), the proteins
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Ammo acid composition
lliymus (CT) (Maycx

(mo/ %)

<;;;</

HI

,/o/mv

of the .sperm Ins/ones of the
I

Will

AL.

II

lamprey Petromyzon murinus (PM)

in

comparixon

to the

somatic hixtonex from

call
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(A) Light microscope phase contrast micrograph of the sperm suspension of Pelromyzon

5.

Figure

shown in Figure 3 and Figure 4. About 2-3%
of the sample consisted oferythrocyte contamination (arrow). B) Light microscope Feulgen stain of a section
of an embedded sperm sample from Lampclrn nchardsani icslis. (C) Light microscope Feulgen stain of a
marinus used

to prepare the sperm-specific nuclear proteins

(

sperm suspension from Branchiotoma

fluruliu:

The magnification was x 1000

of the sperm cXBranchiostomafloridae (Ccphalochordata)
and Pctroniyion marinus (Agnatha), the analyses must
be carried out in comparison to the different groups of
deuterostomes for which the sperm-specific protein composition is already well established. At present some information is available about the chromosomal proteins
of the sperm of echinoderms, ascidian tunicates, and fish
(see also Fig. 7 and Table III).
The sperm-specific proteins of the echinoderms have
been extensively characterized. They consist basically of

H

histone variants (type
of the classification outlined in
the Introduction), although in most cases highly specialized sperm-specific histone

H

1

or

H2B

fractions have

been

described (type H ) (see Fig. 7, lanes
2, 3). Thus, within
the Subphylum Asterozoa, several representative organisms of the Class Stelleroidea have been analyzed (see also
1

1

,

(Subirana and Palau, 1968; Strickland ct
1980; Zalenskaya ct ul.. 1980). In the sperm of these

Fig. 7, lane 1)
til.,

HI

from

in

every case.

Zalenskaya and Zalensky, 1980; Imschenetzky ct ul..
1984). These variants exhibit modified N- or C-terminal
regions,

which are often characterized by the presence of

very characteristic repetitive (tetra or penta)-peptides
(Strickland, W.N.etul.,

1978; Strickland.

Holt

el ul..

M.

977; Strickland,

1

el al..

etui., 1977.

1980a, b) (see also von

1984. and Poccia. 1991, for

more

detailed

Within the organisms of the Class Holothuroi-

reviews).

dea,

W. N.

Holothuna

tulniloxa contains a highly specific het-

erogeneous histone HI in addition to the somatic counterpart (Phelan ct al., 1972). In addition to the histone

complement,

the organisms characterized so far within
contain an additional protein with higher

all

this class also

electrophoretic mobility
lane 3) (Subirana,

(~80 amino

1970; Zalenskaya

acids) (see Fig. 7,
el al..

1980).

The

sequence of one of these proteins was determined recently
(Prats ct
In

ul..

1989).

most of the ascidian

tunicates, the basic proteins

from

somatic counterpart, whereas the core histones (H2A,

the nucleus of the sperm consist of a major protamine-like
component (PL) that replaces the nucleosomal histones

exhibit an electrophoretic mobility in
indistinguishable from that of the somatic

(Chiva et ul.. 1990, 1992; Saperas ct al., 1992) (Fig. 7, lane
4). This protein consists of approximately 145 amino acids

organisms the histone

fraction

is

different

its

H2B, H3, H4)

PAGE

that

is

core histones (Zalenskaya

phylum
classes

ct a/..

1980). Within the Sub-

Echinozoa, several organisms within each of the

Echinoidea and Holothuroidea have been char7, lane 2). In the Echinoidea, most of

acterized (see Fig.
its

b.

HI and H2B

variants (Strickland,

1982a, b; Brandt

ct ai,

W.N.

1979; Giancotti

peptide (Saperas

ct ai,

proteins of mollusks ( Ausio c/
In at least

trypsin-resistant

1992) that resembles those of PL-I
al.,

1987; Jutglare/fl/.. 1991).

one genus of ascidian tunicates (genus = Styela)

<//., 1980a.

an additional PL with fewer amino acids (80-85) is also
present (see Fig. 7, lane 5, and Fig. 1, lane 3). The amino

1980;

acid composition of this latter protein resembles that of

representative organisms have highly specialized his-

tone

and has an amino acid composition and a

ct al.,
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Figure 6.

109

micrograph of the apical region of the sperm of Petromyzon mariaus. showing
and the central fiber (CF) and the nucleus (N)
Detail of the nucleus of the sperm of P. marinus to show the fine structure of chromatin

(1) Electron

the acrosomal vesicle (AV), the endonuclear canal (EC)

(X53.000); (2)

(3) Electron micrograph of a mature sperm cell from BranchiostomafloridaeacTosoma] vesicle
(AV); distal centriole (DC); mitochondria (M); nucleus (N); proximal centriole (PC); and subacrosomal
material (SM) (X37.000). (4) Detail of the nucleus of the sperm ofBranchiostomafloridae(Xl4Q,OQQ). All

(X 140,000).

scale bars are

200 nm.

PL

protein only represents a particular solution to

protamines from teleost fish (Saperas ct a/., 992). However,
it is not clear whether there is an evolutionary relation be-

tional

tween these proteins or whether the presence of the addi-

esis for the

1

the process of chromatin compaction during spermatogen-

members of this

genus.

110
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8

7

1

-*

-

.

H1

m
H5
H3 ^-^
H2B I
H4

Figure

urea (2.5 .U)

Acetic acid (5%)

7.

several groups of deuterostomes:
ocliraceiix; (2) sea

PAGE

CH: Chicken

of whole nuclear protein extracts from the sperm of

erythrocyte histones used as standard;

(

I

)

starfish Pisasler

urchin Strongylocentrotus /'iir/nuuiiiy (3) sea cucumber Thyum' briurcut: (4) ascidian

The proteins shown in this lane are a 0.4 V HCI protein extract from nuclei
had been previously treated with 35''.' acetic acid in order to remove the residual histones. (5) ascidian
tunicate Styc/ti pliailu: (f>) lancelet Branchiostoma llorulac. (7) lamprey Pciromy:nn nmriiiM. (8) fish Trigla
lui'crna: (9) commercial salmon fish protamine (salmine) Onchorhyncui sp. The asterisks (*) point to the
tunicate Pliallu.fui mammillata.

;

that

histone

H3-H3 dimers

resulting

from oxidation of the cysteine

The only cephalochordate that has been characterized
thus far from the point of view of its nuclear sperm proteins is that described in the present work. As has already
been mentioned

preceding section, the major nuclear protein of the sperm of Branchiostoma floridae is a
protamine-like (PL) protein (Fig. 2. Fig. 7, lane 6). The
in the

is

residues.

also present in other vertebrate

From an

evolutionary perspective (Fig.

agnathan Pclromyion martinis

more

to occur in tunicates

very similar, however, to PL-Ill proteins (Ausio, 1986)

from mollusks (Table

quence of the

first

I).

In addition, the

nine N-terminal

"RS"

amino

acid se-

amino

acids (Fig. 2C)
motif largely resembles the pri-

with

its

mary

structure of the N-terminal regions of PL in mollusks

repetitive

is

the finding

sperm of the

quite unexpected.

It

surprising, considering that substitution of histones

ferent

It is

8),

that somatic-like histones are present in the

amino

acid composition of this protein (Table I) is diffrom that offish protamines and from that of the
smaller PL present in Slyclulac. [P2c (SP) in Table III.]

protamines (Kasinsky,

1989: Oliva and Dixon. 1991).

specialized proteins (PL) has already been

and

in

is

by

known

cephalochordates as discussed

is also found in
where an apparently random distribution of histones, protamine-like, and protamine proteins is observed among different orders, families, and

above. Nevertheless, a similar situation
teleost fish (see Fig. 8),

genera (Saperas

el a/..

1993a.

b).

We envisage two alternative possibilities to explain these
The

(Daban, 99 1; Carlos <>//.. 993), which also exhibit this
kind of repetitive structure. An "RS" repetitive motif is

observations.

also present in the N-terminal region of the bird prot-

(see Fig. 8A), histones represent the early proteins present

amines (Oliva and Dixon.

in the

1

1

1

989) and to a different extent

first is

that during the evolution of the

sperm-specific proteins within the

Subphylum Vertebrata

nucleus of the sperm that, during the evolution of
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Table

Amino

III

acid composition (mo/ "?) ot different nuclear sperm protein*: histone III from slurhsh Aphelastcrias japonica /// (A.I) (Zalenskaya et al.,
HI from sea urchin Parechinus angulosus /// (PA) (Brandt el al., 1979). PL(j'o) protein from sea cucumber Holothuria tubulosa
PL /nun laiuclel
Pl.(lo) (HT) (Subirana, 1983). proteins PI. P2 from ascidian tunicate Styela plicata PI. P2 C (SP) (Superas et al., 1992). protein
Branchiostoma flondae PL(BF) (this work), and the protamine salmine SL (SI) from Salmo irideus (Amlo and H'atanabe, 1969)
IVfiO).

histone
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B
III!
H

PL

PL

H.H1

Pisces

Urochordata

H.PL.P

Tetrtpoda

Cephalochordata

Echinodermata

Echmodermata

-n

(H)

HISTONES

(PL)

PROTAMINE-LIKE

(P)

PROTAMINES

Schematic representation of the phylogenetic relationships of the main groups of deuterostomes,
Figure 8.
adapted from Stock and Whitt (1992) and from Brusca and Brusca (1990). H: mature sperm containing
mature sperm containing histories with a highly specialized histone H PL: mature sperm
only histones; H
I

1

:

;

containing mainly intermediate protamine-like (PL) proteins. P: mature sperm containing protamines. The
arrow indicates the progressive transition from the histone type (H) to the protamine type (P) as a result of
evolution.

appears to be unique. Association of core histones (H2A,
H2B, H3. and H4) with the
usually leads to chro-

with that of a primitive sperm (Baccetti and Afzelius,
1976). The organization of chromatin, as visualized by

matin

electron microscopy [Fig. 6(4)] (Holland and Holland,
1989), is similar to that observed in other invertebrate

DNA

fibers consisting

particles of

about 10

histones of the

of randomly spaced nucleosome
in diameter. In the presence of

nm

HI family

somal linker DNA), the
structure giving rise

(that

bind to the internucleo-

compacts into a higher order
to fibers of about 30 nm in diameter
fiber

organisms with a similar protein composition (Longo and
Dornfeld. 1967; Casas el ul.. 1993).

(see Van Holde, 1988, for a review). Fibers of a similar
diameter have also been observed in the chromatin of the

sperm nucleus of different organisms containing histones
or other sperm-specific proteins (Casas

et a/.,

The chromatin arrangement observed

in

1993).

Petromvion

very similar to that recently described in the sperm of
the fish Ah/Hits xiirmiilclns (Saperas et at.. 1993b). In the
is

latter case,

however, the protein composition of chromatin
two PL proteins and no histones. There-

consists of only

fore, the finding of a 3-nm fiber in Pclroinyion raises the
very challenging possibility that histones could organize

chromatin

in alternative structures to

nucleosomes. In

the case of Branchiostoma floridae, the sperm shape (Fig.

5C) (Holland and Holland, 1989)

is

in

good agreement
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Occurrence and Distribution of RFamide-Positive
Neurons Within the Polyps of Coryne
sp.

(Hydrozoa, Corynidae)
RAINER GOLZ

Inst ilut filr

Ncuro-

itucl

Verhaltensbiologie, Universilat Aliinster,

The neuronal network of the hydrozoan polyp
Coryne sp. contains RFamide-positive neurons. Within
the body column, these neurons are centralized in a basal
ring and a distal field of ganglionic cells surrounding the
Abstract.

peristome.

The

external or intrinsic factors. Nematocyst discharge, for
example, is affected by the duration of starvation, the

contraction/relaxation state of the animal, or environmental conditions (Jones, 1947; Kass-Simon, 1988). Al-

though some of these stimuli

capitate tentacles are traversed by thick

may be received by the nematocytes themselves or by adjacent epitheliomuscular

RFamide-positive neurites. Their pericarya are centralized
in the knobby heads of the tentacles, forming a brightly
fluorescing plaque after

(Watson and Hessinger, 1989), others are obviously
on specialized sensory cells (Tardent and Schmid,
1972; Westfall and Kinnamon, 1978; Kinnamon and
Westfall, 1982; Westfall and Rogers. 1990; Westfall ct ill..
1991; Golz and Thurm, 1991. 1993).
Summation and integration of some of these sensory
cells

immunolabeling with an antibody

acting

RFamide sequence. Numerous dendrite-like
extensions project from these cells towards the cell bodies
of the nematocytes. The possible role of these dendrites
against the

in

communication between adjacent nematocytes

is

Germany

dis-

cussed.

inputs are

managed by a

net of neurons (Josephson, 1974).

The

phylogenetically primitive nervous system consists
of at least three types of neuronal cells: sensory cells, gan-

Introduction

and morphologically distinguishable interneurons (Tardent and Weber, 1976). However, this strict
classification has to be used carefully since one and the
glionic cells,

Cnidarian nematocytes are both sensory and effector
cells that respond to adequate external stimulation with
the discharge of their nematocysts. This extremely rapid,
specialized exocytotic process is triggered by a combination of mechanical
shift

and chemical

of the cnidocil within

its

same neuronal

stimuli: a deflection or

simultaneously be used for all
The loosely organized neurons

are interconnected to a functional network by

stereovillar support has to

1971; Westfall and
All

1993).

Kinnamon,

neurons are located in the

interstitial

Although the sensory

Physiological experiments and //; vivo observations of
hydrozoan polyps in most instances made on Hydra
revealed that the nematocytes of two individual polyps
and even different nematocytes of the same polyp may

respond to identical external stimulation with great sta-

cells are in close spatial contact.

1988;

spaces of the

cells are usually

Hobmayer

ct a/..

1990).

Neurons and non-neuronal

They

are functionally

coupled by chemical synapses (Westfall and Kinnamon,
1984; Westfall, 1988). Thus, the occurrence of synapses
between neurons and nematocytes (Westfall and Kinna-

Received 27 July 1993; accepted 29 November 1993.
Address for correspondence: Institut fur Neuro- und Verhaltensbio9,

or

at..

arranged perpendicular to the mesoglea, most of the other
neuronal cell types are situated parallel to it (e.g., Westfall,

divergence, indicating the influence of additional

logie, Westfalische Wilhelms-Universitat. Badestr.

ct

1984).

epithelial cell layers.

tistical

mono-

1970; Westfall

bidirectional synapses (Westfall,

be preceded or at least accompanied by the chemical
stimulus (Pantin, 1942; Thurm and Lawonn, 1990;

Brinkmann and Thurm,

may

cell

three tasks (Westfall, 1973).

mon, 1984) may
matocytes.

48149 Munster,

indicate an efferent control of the ne-

To prove

this

assumption directly by electro-

physiological measurements, our group established a

Germany.
115

new
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Figure 1.
Scanning electron micrograph of Convic sp. The body column of the polyp bears a whorl of
hlitorm tentacles (F) and numerous capitate tentacles (C). Cnidocil complexes of nematocytes are marked

by arrowheads; cilia of mechanosensory cells are labeled by arrows. Bar = 100 jim.
Fluorescence microscopical survey of Comic labeled with anti-RFamide.
Figure 2.

A basal nerve ring
(bent arrows), the heads of the capitate tentacles (open arrows), and a field of ganglionic cells around the
peristome (arrowhead, cf. Fig. 4) are labeled. From the nerve ring some neurites (small arrow) branch off
cell body of the neurons (arrow). Bar = 100 /jm.
Scanning electron micrograph of a filiform tentacle. The cilia of the mechanosensory
marked by arrows. C = capitate tentacle of the next whorl. Bar = 10 fitn.

towards the stolon. Bright spots indicate the
Figure 3.

cells are

NEURONAL CENTRALIZATIONS
model system: the marine hydrozoon Coryne
mann and Thurm, 1991, 1993).
Like

close relative

its

Coryne pinineri

(cf.

sp.

many

Stoessel

and

lular

EM

imens were

1993).

To

physiological data,

we

h at 4C. Then, the specimens were washed with
PBS, incubated with 0.25% Triton X-100 in PBS for about
h. briefly washed with PBS, and rinsed with 0.4 Al glycine, 1% goat normal serum in PBS for at least 4 h. The

visualize the dis-

least 12

we used an antibody against neuRFamide type. Antibodies against the

tribution of neurons,

ropeptides of the

1

amidated carboxyterminus of these transmitter substances
were produced by Grimmelikhuijzen and coworkers and

4C

for about 12 h with the
specimens were incubated at
anti-RFamide antiserum 146II1 (kindly provided by Dr.
Grimmelikhuijzen, Hamburg) diluted 1:100 with PBS. In

have been successfully used for the study of cnidarian
nervous systems by immunofluorescence and immunocytochemistry (for review see Grimmelikhuijzen

double-labeling experiments, this solution was supplemented with a monoclonal antibody against /i-tubulin
(Sigma (Them.). After a short rinse with PBS, the speci-

et a!..

1991).

mens were washed with
in PBS for about

Materials and Methods

serum
Coryne

was cultivated

at the

carbon dioxide, sputEM S-530 at

a Hitachi

huijzen (1985). Polyps were fixed with 4% freshly prepared
formaldehyde in phosphate buffered saline (PBS) for at

the neuronal organization of Coryne sp. by means of elec-

To

in

For indirect immunofluorescence, the specimens were
prepared using a procedure modified from Grimmelik-

of electro-

started a parallel investigation of

tron and fluorescence microscopy.

and examined

25 kV.

to intracel-

electrophysiological recordings (Brinkmann and

Thurm,

critical-point dried with

tered with gold,

facilitate the interpretation

7000 microcitrate, and ex-

Specimens used for scanning electron microscopy were
fixed and dehydrated as described above. Then, the spec-

and a knobby head

amenable

are

MT

tome (Microm), poststained with lead
201.
amined in a Philips

stenotele nematocytes.

The nematocytes of Coryne

117

were made with a diamond knife on a

of capitate tentacles. The latter are structurally differencontaining

CORYM-

resin following standard procedures. Ultrathin sections

(Brink-

Tardent. 1971) Coryne sp. has hydranths that are characterized by a whorl of filiform tentacles and several rings
tiated into a short, contractile stalk

IN

Zoological Institute of

1

0.4
h.

M

glycine,

1% goat normal

The binding of the RFamide-

14C. The polyps

antibody was detected by labeling with FITC-conjugated
anti-rabbit-IgG. The distribution of /3-tubulin was viewed

were fed once a week with freshly hatched brine shrimps.
All specimens are descendents of a single colony obtained

by labeling with TRITC-conjugated anti-mouse-IgG.
The specimens were examined in an Olympus IMT-

from the Biological Station of Helgoland.
For electron microscopy, polyps were cut off from their

microscope using 40X/0.5 or 60X/ .4-optics. Photographs
of tluorescing specimens were made on TMAX-100 film

sp.

Miinster in

stolons

artificial

seawater at about

and transferred into

artificial,

calcium-free sea-

water supplemented up to 90

mAl with MgCl :

fixation-induced contractions.

The polyps were

fixed with

M

(pH

exposed and developed as a 400-ASA

5

Results

mAf
In

buffer

6.0) for 5 min.

During

are predominantly located within the upper two-thirds of
the heads. Ciliated sensory cells of the same type as those

dehydration in a graded series of ethanol, the specimens
were stained for 15 min by exposure to 1% uranyl acetate
in 70% ethanol. The specimens were embedded in Spurr's

Figure 4.

Ganglionic

cells stained

the four filiform tentacles within the

of these tentacles measure about 50 f*m in diameter and
contain numerous stenotele nematocytes (Figs. 1,9) which

,

mAf Na-cacodylate buffer (pH

sp.,

whorls formed by capitate tentacles depends on the age
of the polyps and reaches from one in newly outgrown
animals to up to seven in older polyps. The knobby heads

1

50

Coryne

proximal whorl lack any nematocytes but contain numerous ciliated sensory cells (Figs. 1.3). The number of

30 min. The specimens were rinsed with

50 mAl Na-cacodylate buffer (pH 7.4) and subsequently
washed with the same buffer at pH 6.0. After postfixation
with 5% tannic acid, 0.5% glutaraldehyde in 50 mAf Nacacodylate buffer (pH 6.0) for 5 min, the specimens were
rinsed and stained with 1% OsO 4 0.025%- ruthenium red
in

film.

to prevent

5% glutaraldehyde. 2% formaldehyde, 10% DMSO,
EGTA, 0.5% tannic acid in 0.1
Na-cacodylate
7.4) for

1

of the filiform tentacles are not only integrated in the

by anti-RFamide.

A group

of these

cells

surround the peristom

in a

=

10 ^m.
arrangement. Bar
Double-labeled sensory cell in the stalk of a capitate tentacle. The antibody against ftFigures 5-6.
tubulin stains the axoneme of the modified, immotile cilium (arrow in Fig. 5) and the microtubular cyto-

broad

belt-like

skeleton (open arrow) of the
heads.

Some

cell.

The

fluorescing microtubular basket of a nematocyte

neurites (small arrows) are clearly visible.

RFamide serum

(small arrows in Fig. 6). Bar = 10

^m.

Only these

is

marked by arrow-

are additionally stained by the anti-

18

R.

between the ne-

GOLZ

matocytes.
By incubation with the antibody against the RFamide,
the polyps of Coryne sp. become intensely labeled, indi-

through the voluminous interlumina towards the periphery of the ectodermal
cell layer. Most of the dendrite-like extensions terminate
near or at the cell bodies of the nematocytes, which them-

cating the occurrence of RFamide-positive cells within

selves are not stained

their neuronal networks. Fluorescence microscopical sur-

mechanosensitive

ectoderm of the

stalks but also located

The

veys reveal the organization of this network (Fig. 2).

body column is covered by thin, brightly
strands
that are only loosely interconnected
fluorescing

main

part of the

mark

fibers.

Intensely fluorescing spots
by anastomosing
the pericarya of the neurons (arrows in Fig. 2). Two regions
of the neuronal network are characteristically modified:

dritic extensions project

cellular

by the anti-RFamide. The second

type within the capitate tentacles,
the sensory cells, are also not stained by this antibody,
thus resembling their counterparts in the filiform tentacles.
cell

Electron microscopical investigations confirmed that
the capitate tentacles of Coryne sp. contain parallel bundles of neurons (Figs. 11, 12). These bundles are often

composed of a

central, thick neurite that

is

accompanied

a ring-like concentration of neurons surrounds the body
column at the same level as the filiform tentacles; and

by a few thinner neurites. In cross-sections the thick neurites frequently appear to be encircled by thin protrusions

groups of RFamide-positive cells are concentrated within
the heads of the capitate tentacles. A brightly fluorescing

of non-neuronal

is formed by ganglionic cells
As indicated by double-labeling experiments
with anti-tubulin and anti-RFamide, the sensory cells
within the filiform tentacles do not contain RFamide-like

patch around the peristome
(Figs. 2, 4).

peptides (Figs.

A

great

5, 6).

number of

neurites within the

originate from the basal nerve ring.

From

body column

these nerve

cells,

and the

peri-

thin neurites branch off towards the stolon

stome. Most of the basally directed neurites seem to

ter-

zone between body column and
stolon, but a few neurones penetrate into the stolon (Fig.
2). However, the occurrence and distribution of RFamidepositive neurons within the stolons is difficult to determine
minate

at the transition

by immunofluorescence, because the peridermal sheet not
only hinders the penetration of antibodies into the tissue,
but additionally complicates observations due to its autoiluorescence. The distally oriented neurites participate

formation of the neuronal network interconnecting
distal parts with the basal neuronal ring.

in the
its

Numerous RFamide-positive

cells

elongate into the

Immunofluorescence

capitate tentacles.

in the tentacles

appears as arrays of thick (2-3 nm) fluorescent strands
interspersed with occasional thinner ones (Fig. 7). Focus
series revealed that the

todermal

cell layer.

neurons are

The neuronal

restricted to the ec-

strands are situated im-

mediately adjacent to the mesoglea. From these neurons
only a few dendrite-like extensions project towards the
surface of the stalks. However, these projections never

12).

The protrusions contain

by bundles of microtubules and contain aggregates of
dense-cored vesicles with diameters of about 120

nm

(Fig.

Besides the neurites, no other cellular compartments
of the ectodermal cell layer contain similar amounts of
13).

microtubules. Thus, the fluorescence microscopical presentation of polymerized tubulin should reflect the distribution of neuronal cells within the tentacles of Coryne.

By comparing

this fluorescence pattern with the pattern

obtained by the RFamide-antibody, the occurrence of
neurons lacking RFamide-like peptides was investigated.

Double immunofluorescence experiments with

anti-/i-

tubulin and anti-RFamide revealed that both antibodies

produce identical staining patterns within the stalk of the
and within
(cf. Figs. 14, 15; 18, 19; and 20, 21

tentacles

)

the filiform tentacles

(cf.

Figs.

16,

17). In

the knob-like

heads of the capitate tentacles, anti-?-tubulin additionally
labels the microtubular cytoskeleton of the nematocytes.

However, all neuron-shaped cells that are stained by the
antibody against /j-tubulin are simultaneously labeled by
the anti-RFamide immunoglobulins. The only neuronal
contain a prominent microtubular cytoskeleton
but lack RFamide-like immunoreactivity are the sensory
cells of the filiform and capitate tentacles. Thus, the doucells that

ble-labeling experiments indicate that

most of the neurons

within the tentacles of Coryne sp. use RFamide-like peptides as neurotransmitters.

correspond with the cytoplasm of the ectodermal ciliated
sensory cells that are not stained by the antibody.
The pericarya of the nerve cells are concentrated within

cells (Fig.

myofilaments, an indication that they are formed by epitheliomuscular cells. Only the neurites are characterized

Discussion

Their intense

RFamide-positive neurons have been identified in both
polyps and medusae of numerous cnidarian organisms.

fluorescence complicates the detection of subcellular details, but many thin dendrite-like extensions that grow

Fluorescence microscopy has been used to examine the
staining produced by specific antibodies against the car-

out from the centralized

boxyterminus of RFamide-like neuropeptides and to
demonstrate, thereby, the organization and development
of the neuronal network in anthozoans (Grimmelikhu-

the center of the

guishable from

knobby heads

this

(Fig. 8).

bodies are clearly distinbackground. A comparison of microcell

graphs obtained by Nomarski interference contrast optics
and fluorescence optics (Figs. 9, 10), reveals that the den-

ijzen el ai,

1989), scyphozoans (Anderson ct

at.,

1992)

NEURONAL CENTRALIZATIONS

Figure

8.

Head of

a capitate tentacle focused on the mesoglea.

The nematocytes (NC)

(bent arrow). Nematocytes

and sensory

cells are

(Fig. 9)

and fluorescence image

is

so far widely

accepted, the use of nonpeptidic transmitters by cnidarians
is still controversially discussed.
Morphological, bio-

chemical, and physiological data indicate that at least catecholamines may be additional candidates for neurocer,

1983:

(Wood and

Lentz, 1964; Martin and Spen-

Kolberg and Martin.

1988;

(Fig.

10)

of a capitate

not labeled by the antibody against RFamides. RFamide-

and hydrozoans (Grimmelikhuijzen, 1985; for review see
Grimmelikhuijzen el at, 1991).
Although the occurrence of RFamide-like neuropep-

transmission

the neurites are

are anchored at the mesoglea (small arrows) by thin, noncontractile stalks

positive dendrites (arrowhead) terminate at the nematocytes. Bars

nervous system

The pericaryons of

Thin dendritic protrusions (arrowhead) project towards the surface

of the tentacle. Bar = 20 Mm.
Nomarski interference contrast
Figures 9-10.

tides within the cnidarian

19

= 20 jim.

centralized in the center of the heads.

tentacle.

CORYM-

Stalk of a capitate tentacle. Thick parallel RFamide-positive neurites are linked by thin neurites

7.

(arrow). Bar

Figure

IN

Takeda and

= 20

Svendsen, 1991: Carlberg, 1992). but the cellular localization and distribution of these substances within the
epithelial tissues
ified

more

and the neuronal network must be

clar-

precisely.

In the present

work, the antiserum 146III against

RFamides, which was produced by Grimmelikhuijzen
and coworkers (for details see Grimmelikhuijzen, 985),
was shown to label the neuronal network of the hydrozoan polyp Coryne sp. Because the double-labeling experiments with anti-/3-tubulin revealed that most of the
1

R GOLZ

120

Ultrathin sections of neuntes within the stalk. Thick neurites (N) are frequently accomFigures 1 1-13.
panied by thinner neurites (Ns). All neurites are filled with densely packed microtuhules. The thick nerve
cells are often enclosed by thin non-neuronal protrusions (arrows in Fig. 12). Myofibrils of the epitheliocells are marked by Mf. The neurites contain dense-cored vesicles with diameters of approximately
=
= cuticula-like sheet around the tentacle. Bar in
(open arrow in Fig. 13).
mesoglea, Cu
Figure
= 500 nm; in Figures 12 and 13 = 200 nm.

muscular
120
1

light

1

M

nm

microscopically detectable neurites are RFamide-

positive cells, the obtained fluorescence patterns are
thought to reflect the main portion of the neuronal

system

in

Coryne.

The neuronal organization of Coryne closely resembles
the neuronal networks of other hydrozoan polyps but also
shows some specific structural adaptations. Prominent

nerve rings

like, for

example, the basal one observed

in

Coryne, have been described for Hydra oligaetis. In this
organism, a prominent RFamide-positive nerve ring is
located at the transition zone between

body column and

peristome (Grimmelikhuijzen, 1985; Koizumi et ai.
1992). Those regions of the body column from which

whorls of tentacles emerge appear to be favored in the
formation of nervous rings not only in hydrozoans but
also in other cnidarians. Thus, the body column of the
Tnpcdalia. for

cubopolyp
surrounded by

example, was

also

shown

to be

a massive nervous ring at the level of the
tentacular bases (Werner et ai, 1976).

Both organisms, Coryne sp. and its close relative Coryne
pintneri. contain many mechanosensitive cells within their
filiform tentacles (Tardent

and Schmid,

1972).

These

cells

are stimulated by water movements caused by prey organisms or experimental manipulations. After such an

adequate stimulation, the polyp responds with a directed
bending of its whole hydranth towards the stimulatory
source (cf. Stoessel and Tardent, 197 1 ). Thereby, the cap-

itate tentacles are brought into the vicinity of a potential
prey organism. Since, in Coryne, the ring-like centralization of neurons is only associated with the whorl of

filiform tentacles, it may probably function as a first site
of neuronal integration for incoming signals produced by
the sensory cells within this type of tentacles. The coor-

dination or activation of
rected

The

all

muscles involved in the

movements may be achieved by
ultrastructural

investigations revealed

neurons of Coryne contain numerous dense-cored

Koizumi

et ai (1989) were able
munocytochemistry that similar

to

di-

these neurons.
that

the

vesicles.

demonstrate by im-

vesicles located within

the epidermal ganglion cells in the peduncle of

Hydra

contain RFamide-like neuropeptides. Large numbers of
these vesicles have been localized within the nerve ter-

minals adjacent to the muscular base of the epitheliomuscular cells, indicating that this neuropeptide may be

neuromuscular transmission. That
excitatory effect on muscle and
neuronal systems was demonstrated at least for sea anemones by McFarlane et ai (1987).
directly involved in

RFamides indeed have an

other hydrozoan polyps, as for example
oligactis and Hydractinia echinata, the pericarya

Although

Hydra

in

of RFamide-positive neurons are homogeneously distributed over the entire length of their tentacles (Grimmelikhuijzen. 1985). the capitate tentacles of Coryne are
characterized by a strong centralization of their RFamide-

NEURONAL CENTRALIZATIONS

Figures 14-15.
against

RFamide

IN

COK)M.

121

Double-labeled capitate tentaele. Both figures have the same focal plane. The antibodies
14) and /i-tubulin (Fig. 15) produce identical staining patterns within the stalks

(Fig.

(indicated by open arrows). In the heads of the tentacles, only the microtubular baskets of the nematocytes

= 20
(arrows) are labeled but no RFamide-based fluorescence occurs. Bar
Figures 16-21.

Pairs of double-labeled tentacle. Figures 16.

pm.
and 20 represent

staining patterns produced
by anti-fi-tubulin: Figures 17. 19. and 21 show the corresponding patterns obtained by the antibody against
RFamides. All tubulin-poshive neuntes within the filiform tentacles are also stained by anti-RFamide (Figs.
16. 17). Within the stalks of the capitate tentacles, both antibodies produce identical staining patterns in
thinner (small arrows) and thicker neurites (arrowheads). Bar in
17 = 20
in
19 and 21
1

8.

Figure

=

10

Mm.

^m;

Figures

122

R.

positive pericarya. Intracellular electrophysiological recordings revealed that the nematocytes in the knobby

heads of Coryne become postsynaptically depolarized by
the mechanical stimulation of a second nematocyte located within the

same

tentacle

(Brinkmann and Thurm,

1993). Although the discharge of nematocysts does not
depend on the presence of nerve cells (Aerne et ai, 199 ),
its probability is affected by such neuronal interactions.
1

The observed concentration of RFamide-positive cells
within the center of the knobby heads may be a consequence of the accumulation of all nematocytes in a
restricted domain on the tentacular surface. By this arrangement, an effective neuronal interaction between adjacent nematocytes may be achieved. Neuronal interactions between adjacent nematocytes are also discussed to
occur in scyphomedusae via RFamide-positive neurons

(Anderson

et

ai. 1992).

The sensory cells spaced between the nematocytes
within the knobby heads are thought to act on adjacent
nematocytes by neuronal interactions similar to those observed between adjacent nematocytes. However, both
mechanosensitive cells obviously do not transmit their
signals via
In each

RFamides.
head of the knobby tentacles, neurons and ne-

matocytes seem to be structurally and functionally interconnected in the same way as the corresponding cells
within the tentacles of Hydra: a distinct number of ne-

matocytes is integrated within an epitheliomuscular cell,
thus forming an individual battery complex (Hufnagel et
ai, 1985). Each battery is usually accompanied by a sensory and a ganglionic cell. The latter cell is not only synaptically linked to the nematocytes of its own battery, but
is additionally responsible for the excitation of adjacent

epitheliomuscular
(Westfall,

1988;

cells

and

their batteries of nematocytes

Hobmayer

et a/.,

1990). In analogy to

this system, the nematocytes of each capitate tentacle are
thought to represent a battery complex. The communi-

cation between adjacent batteries, i.e., neighboring capitate tentacles, has then to be mediated by the parallel

bundles of neurites within the tentacular

stalks.
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live flow of a fluid.

Abstract.
Murray's law predicts that there will be a radius-cubed relationship between the parent and daughter
vessels of a branching system of vessels that carry the flow

of a

2

minimizes the
and operating the system.

fluid, a relationship that theoretically

costs of building, maintaining,

Two major

types of fluid transport

systems are seen in animals (LaBarbera, 1990). In one,
used by many suspension feeders, fluid is pumped from
an external source past the animal's filtering structures.

The second, an

internal transport system, is familiar as
the circulatory system of most "higher" animals. Circulatory systems can be further divided (LaBarbera and Vo-

The

vascular system of the blue crab, Callinectes sapidus.
was replicated by corrosion casting at physiological pressures; vessel diameters were measured oft" the casts and

gel.

used to calculate a junction exponent for each branch
point. This study is the first quantitative description of

1

982) into those

in

which the circulating

fluid

is

com-

the vascular branching geometry in an open circulatory
system. The mean value derived from the arctan-trans-

network of vessels (closed circulain which the circulating fluid
and
those
tory systems)
leaves well-defined vessels and flows through sinuses to
bathe the tissues (open circulatory systems). For a fluid

formed junction exponent distribution, 3.020, was not
significantly different from the value of 3 predicted by

transport system to function effectively, there must be
continuous flow of the fluid, which results in large volumes

Murray's law. The phylogenetic distance of arthropods
from the animals previously studied in this context,

of fluid being

sponges and mammals, is evidence for three independent
evolutions of this branching relationship in biological fluid

there a design principle for transport of a fluid that
both minimizes the cost of volumetric flow and is general

transport systems.

enough

pletely contained

physiologists have addressed the question of an ideal
branching pattern, but the "clearest and most general ap-

proach" (Sherman, 1981) is that of Murray (1926).
The derivation of "Murray's law" [see Sherman (1981)
and LaBarbera (1993) for details] assumes that there is
laminar flow of a fluid through circular pipes, an asthat is not grossly violated in biological fluid
transport systems. If the velocity profile is fully developed
("Poiseuille flow," a stable parabolic velocity profile; see

sumption

94305.
all

to apply across the diversity of fluid transport

1

1

CA

animals

systems observed in biology? This question was first
treated over a century ago by Thomas Young in his 808
Croonian lecture (Sherman, 1981). Since then, several

Received 10 August 1993; accepted 22 November 1993.
Present address: Dept. of Biological Sciences. Stanford University.

To whom

at substantial cost to the

Is

Organisms and their component cells depend on exchange with their surroundings for nutrient procurement,
excretion, respiration, and temperature regulation. Animals commonly meet the demands of exchange with a
system of branching pipes, within which there is convec-

2

pumped

(LaBarbera. 1994).

Introduction

Stanford,

in a

correspondence should be addressed.
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Vogel, 1981), and the fluid

of the
flow),

fluid

is

Newtonian

is

(i.e.,

the viscosity

independent of the characteristics of the

then the Hagen-Poiseuille equation (Vogel, 1981)
volumetric flow rate, the resistance

states that, for a given

to flow

is

inversely proportional to the radius of the vessel

125

of Murray's law to open circulatory systems.
present study on the vasculature of the decapod crustacean, Callinectex xapiclus, represents the first quantitaplicability

The

of vessel branching

tive analysis

an open circulatory

in

system.

would imply that
minimized by maxi-

to the fourth power. This relationship

the cost of

moving

the fluid can be

mizing the radius of the vessels. However, Murray's derivation also assumes that there is some cost proportional

volume of the system; this cost might be the cost
to build and maintain the vessel walls (Sherman, 1981),
the formed elements in the blood (Murray, 1926), or any
other volume-related cost (LaBarbera and Boyajian,
to the

199

Minimizing these volume-related costs by decreasvessel
radius necessarily increases the costs associated
ing
1

).

with moving the fluid. The total cost can be minimized
only if the volumetric flow rate through a vessel in the
system is maintained proportional to the cube of the vessel

Materials and Methods

Maryland blue crabs, Callincctes sapidus Rathbun (98185 g wet weight), were purchased from a local tish market
on the same day they were received. Because the crabs
were shipped on ice, they were placed in plastic containers
containing aerated 4-5C artificial seawater (salinity 3234%o) and allowed to warm gradually (2 h minimum) to

room temperature to minimize temperature shock. After
thermal acclimation, the crabs were transferred to 300-1

as Murray's

room temperature. Because of their aggressive
nature, the blue crabs were generally isolated in plastic
mesh cages submerged in the aquaria; when isolation was

supported by a number
of empirical studies on the relationship between volumetric flow rate and vessel radius in the vascular systems

not possible, their chelipeds were bound.
The mortality rate during acclimation was 20-40%, and
it reached 50% after two days; animals still alive after two

radius (Murray, 1926), a relationship
law. This

form of Murray's law

mammals

of birds and

[see

known

is

LaBarbera (1994) fora review].

Murray's functional relationship makes a clear morphological prediction. At a branch point in a fluid transport system, where a single parent vessel gives rise to two
or

more daughter

vessels, the

volumetric flow rate in the

parent vessel must be equal to the

sum of the

volumetric

flows in the daughter vessels (the "principle of continuity";
Vogel, 1981). In the equation

aquaria at

days generally survived until used (1-14 days). The heart
and major blood vessels were located, during dissection,
with the help of McMahon and Burnett's
990) description of the brachyuran circulatory system.
(

1

Surviving animals were anesthetized by injection of
ml of 3-5% procaine in distilled water into the coxal
joint of a rear periopod or swimming leg; procaine is re0.2

ported to minimally influence cardiac parameters in crabs

(Oswald, 1977). After being injected, the animal exhibited
a short period (20-30 s) of excitation followed by retracrn

tion of

its

are the radii of the daughter vessels, Murray's law thus
predicts that x, the junction exponent, will have a value

stimuli.

We

appendages and subsequent insensitivity to
manually drilled a hole through the dorsal
carapace, about one-third of the distance from its posterior

of

edge, to access the heart.

where

3.

r

is

the radius of the parent vessel

and

r,

(Note that other values for the junction exponent
A system in which flow velocity was main-

are possible.

all vessels would have a junction exponent of 2; a system in which resistance to flow was
maintained constant would have a junction exponent of
4.) A radius-cubed relationship of daughter to parent vessels is supported by empirical evidence for multiple species
of mammals (Sherman, 98 1 LaBarbera, 1990, 1994)and

tained constant in

1

;

A 20-gauge hypodermic needle
attached by 20 cm of PE-90 catheter tubing to a Gould
P32 pressure transducer was inserted into the heart; cardiac pressures were recorded on a
recorder.

Normal

Gould 2200

heartbeat patterns

and

strip chart

systolic pressures

were successfully recorded from three anesthetized blue
crabs; a typical pressure recording

Measured

were

systolic pressures

is
1

shown

1-14

in Figure

1

.

cm H : O (mean

including Devonian stromatoporoids (LaBarbera, 1990, 1993; LaBarbera and Boyajiian, 1991). an

sponges,

Given the extreme phylogenetic
distance between sponges and mammals, the agreement

15-

extinct group of sponges.

10

5

with Murray's law observed in these animals is probably
not due to chance occurrence or a single evolution of this

system (LaBarbera, 1990).

I

10

While previous work provides data on two functionally
highly divergent systems (the trophic fluid transport system of sponges and the closed circulatory system of vertebrates), to date there are

no available data on the ap-

I

15

seconds
Figure

The

1.

A

typical pressure recording

vertical scale

horizontal scale

is

is

pressure (in

time

cm H 2 O;

(in seconds).

from the heart of a blue crab.
1

cm H,O =

0.098 kPa); the
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D.

MARCINEK.

AND

= 13.1
0.3 cm H : O). and these pressures (=1.08-1.37
kPa) were maintained throughout circulatory system per-

and vascular

fusion

were

filling.

Measured

systolic pressures

virtually identical to those reported for other crabs

14.1 cm H 2 O, C.
of comparable size (Cancer productus
nnicnux
14.0cm H : O: McMahon and Burnett. 1990).

During cardiac pressure measurements and throughout
the vascular casting procedure, the crab was submerged
in seawater.

After pressure measurements were completed, the 20gauge needle was removed and replaced with an 8-gauge
needle connected, via PE-160 tubing, to a 50-ml syringe
1

body (the perfusion reservoir). Hemolymph was rinsed
from the vascular system using cold (4-5C) artificial seawater to inhibit clotting

(J.

L. Wilkins,

Univ. of Calgary,

M.

LABARBHRA

the flow; the volumes infused ranged from 5.2 to 9.4 ml.
Shrinkage of the modified Bateson's upon polymeriza-

was measured by
and 0.4mm

tion

the tube was broken
and diameters for both the unbroken sections of the tube
and casts were measured. The mean diameter shrinkage
was 3.8%
0.5% (mean
SE); there was no significant
difference in shrinkage between tubes of different sizes
= 0.263, P = 0.85).
(ANOVA:
32
Fj,

The specimen was

left in seawater overnight to allow
the cast to fully polymerize. The exoskeleton was decalcified by immersing the specimen for 24 h in 20-25%

acetic acid:H 2

O

water covering the crab to ensure a proper pressure graOne of the posterior periopods was excised at the

tissue digestion

hemolymph

to drain. In

some

dye was added to the rinse solution to help
identity when the rinse emerged from the animal. Rinsing
times and volumes ranged from 16 to 36 min and 32 to

53 ml, respectively. When exsanguination appeared to be
complete, the vascular system was perfused for 20-30 min
with cold (4-5C) 10% buffered formalin in seawater; the
fluid level in the perfusion reservoir was maintained to
ensure fixation at physiological pressures.
During exsanguination. the crabs occasionally displayed

spontaneous, random movement of their appendages. We
attempted to maintain complete anesthesia in some spec-

and the

rinsed

treatment in
dissected

away

casting.

Components

facturer's protocol in the following proportions:

Bateson's

monomer,

10 parts catalyst B,

C, 50 parts methylmethacrylate (Levesque

ct

50 parts

promoter

part

1

it/..

1979).

Immediately after being mixed, casting compound was
poured into a 10-ml syringe attached to an 8-gauge needle
via a short segment of catheter tubing; the tubing and
needle were bled of air before being inserted into the heart.
1

Because the density of the casting compound (1.079g/
ml) was about that of water, the meniscus of the uncured
Bateson's was maintained 10-14 cm above the water covering the crab, ensuring
heart.

The

casting

normal

compound

systolic pressures in the

continued to flow into the

solution was changed daily. After

the remaining chitinous matrix was
and the cast washed; casts were stored in

casts were photographed on Kodak TechPan film using a Nikon FM 35-mm camera and
MicroNikkor 55-mm macro lens. The cast was fixed to a
universal stage and the stage adjusted to ensure that the
parent and daughter vessels of the junction being photographed were coplanar and oriented perpendicular to
the optic axis of the lens. A stage micrometer was phoscale. The negatives were projected at a
magnification of 330X and traced: linear dimensions
were measured with a Summa Sketch II digitizing pad

tographed for

vessel segment;

the vascular system for corrosion
were mixed according to the manu-

Mac-

The vascular

specimens without supplementary anesthesia.
Bateson's #17 (Polysciences. Inc.), diluted with meth-

fill

1990).

nical

ameter varies

to

ct al.,

to three days; specimens were

distilled water.

complete or without well-defined vessels. The results reported here, therefore, were obtained exclusively from

was used

KOH

up

KOH,

total

1990),

(Lametschwandtner

eration continued for

imens by adding 2-3 ml of procaine solution to the rinse
solution; spontaneous appendage movement was reduced,
but the vascular casts from these specimens were less

ylmethacrylate to reduce the viscosity of the casting medium (Levesque ct a/.. 1979; Lametschwandtner ct a!..

solution; after sections of the decalcified

were cut away and the body thoroughly rinsed of
acid, the specimen was transferred to 30% KOH for soft
cuticle

cases, uranine

microcapillary tubes (1.4,

internal diameter) with casting

compound. After polymerization,

comm.); the air-water interface in the perfusion reservoir was maintained 10-14 cm above the level of the

coxal joint to allow the

filling

0.6,

1.0,

pers.

dient.

25-32 min before polymerization stopped

crabs' hearts for

connected to an Apple Macintosh
eral

slightly

Ilci.

Because vessel

along the length of the

di-

vessels, sev-

diameters were measured along the length of each
mean values were used to calculate junc-

tion exponents

Where

and predicted parent vessel diameters.
segment length between

possible, the total vessel

junctions was also measured.
In many instances a junction had vessels projecting or
curving into more than one plane; these junctions were

excluded from the sample.
casts

appeared flattened,

A number

of vessels

in the

which we interpreted as indicat-

ing incomplete filling by the casting compound; these vessels were also excluded from the analysis.

Best

fit

values for junction exponents were determined
an iterative search program.

to four decimal places with

Where

the diameter of one of the daughter vessels

was

equal to or larger than that of the parent vessel, the junction

exponent was considered undefined.

Statistical tests

of junction exponents, by definition, exclude consideration of junctions where the junction exponent is undefined.

To

test

the

full

data

set for

consistency with

Mur-
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B

Figure

Corrosion casts of the blue crab vasculature. (A) The anterior dorsal region of the thorax and

2.

exoskeleton.

The

heart

is

ray's law,

we

also

arteries serving the tips

mandibular region and periopods

of one of the chelae can be seen

compared measured values

vessel diameters with parent vessel

from the measured daughter
LaBarbera, 1994). This

for parent
diameters predicted

vessel diameters,

a junction exponent of 3 (LaBarbera

assuming
and Boyajian. 1991;

allowed inclusion of branch

test

points where the junction exponent was undefined.

and most

All numerical calculations

statistical tests

were

Abacus Concepts.
Berkeley, California). One sample and paired sign tests
were run on StatView 4 (ver. 4.01; Abacus Concepts);
confidence intervals for medians of untransformed juncperformed with StatView

II

vasculature cast

removed from

the

the large mass at the bottom center of the photograph; the sternal artery, the major

vessel in the midlinc of the cast, supplies the

The

A

from the exoskeleton. (B)

a cheliped before dissection of the cast

(ver. 1.04;

in the

upper

in

blue crabs (see Fig.

3).

left.

The frequency

was
skewed
The
mode
of
6).
right
(Fig.
this distribution appeared to be between 2 and 3, although
both the mean and median gave higher values (Table I).
Because the distribution was obviously skewed and significantly different from a normal distribution (Lillifors
test; Table II), we used an arctan transformation (Ladistribution of junction exponents

sharply peaked and

Suwa et a/., 1963) to normalize the data
The arctan-transformed frequency distribution

Barbera, 1994;
(Fig. 7).

was not
(Table

significantly different

from a normal distribution

Neither the median of the untransformed dis-

II).

exponent distributions were determined by bootstrap
resampling with replacement (1000 runs) of the distributions using the program Resampling Stats (ver. 1.00;
tion

Resampling

Stats, Arlington, Virginia). All analyses

run on a Macintosh

679

were

Ilci.

386

Results

Examples of blue crab vascular

I

503

[368

casts are given in Figure

|242

271

|335

|443

schematic diagram of a typical vascular tree is given
in Figure 3. Vessel diameters were measured from 106
2; a

junctions, pooled from vascular casts of three crabs; 98
of these junctions exhibited dichotomous branching, and

540
435

412

351

320

8 possessed three daughter vessels. Vessel diameters ranged

from 52 to 785
nearly this

(the distance

/urn,

with parent vessel diameters spanning

range (71-785

^m; Fig. 4). Segment lengths
between branch points) could be accurately

full

determined on only

159 segments (Fig.

5).

Segment

length/diameter ratios were extremely variable, ranging
from 0.50 to 17.8; the mean value was 3.98
0.62 (median

=

3.21).

Figure 3.
Branching topology and diameters (in ^m) of the vessels
supplying the mandibular region from a segment of the sternal artery
(the parent vessel in this network) in blue crabs. Branches that lack di-

ameter values could not be
branching
vessels

is

reliably

measured. Note that dichotomous

most common, but junctions with more than two daughter

do occur.

MARCINEK AND

D.

LABARBERA

M.

Grouping the junction exponents on the basis of diameter of the parent vessel produced a similar pattern.
Two of the four groups showed frequency distributions
of junction exponents that were significantly non-normal,

12

10

as

was one of the

size

groups of arctan-transformed juncII); thus, ANOVA could not be

tion exponents (Table

used to

8-

between groups. However,
of the untransformed (P = 0.20)

for differences

test

Kruskal-Wallis rank

tests

and transformed distributions (P = 0.27) showed no significant differences between size groups. Neither the medians of the untransformed distributions nor the back-

O

transformed means of the transformed distributions were
significantly different from a value of 3 (Table I); among

means of the untransformed distributions, only the
mean for the largest size group (431-785 nm) was signif-

the

from 3.
measured junctions in the analysis (not
we used
just junctions where the exponent was defined),
the measured diameters of the daughter vessels at each
junction to predict a diameter for the parent vessel (Table
III; a junction exponent of 3 was assumed in these calicantly different

To

ffl
200

100

300

400

Parent vessel diameter

700

600

500

800

\im)

(

all

were grouped by anatomical
and parent vessel diameter. In

culations). Again, the data

Frequency distribution of the parent vessel diameters (in
Figure
^m) of the 106 junctions measured from vascular casts of three blue
4.

crabs.

location of the junction

every case, the mean ratio of the predicted diameter to
the observed diameter was greater than
implying a tendency for the parent vessel to be slightly smaller than
1

tribution nor the (backtransformed)

mean

of the trans-

formed distribution was significantly different from a value
of 3 (Table I); based on confidence intervals, the mean of
the untransformed distribution was significantly different

from

include

.

would be predicted by a junction exponent of

3 (or,

equivalently, for the daughter vessels to be slightly larger

3.

The pooled exponents were divided

20.

into quasi-arbitrary

basis of anatomical location

groups on the

and diameter

of the parent vessel (Table I); the particular groupings in
Table I were chosen to maintain sample sizes approximately constant. Three groups were established on the

1

5.

vessels of

basis of anatomical location of the junction

the anterior-ventral region, the vessels supplying the ventral regions of the thorax and the periopods, and the dorso-

(which supply the digestive gland and the
All three of the groups
peripheral
showed frequency distributions of junction exponents that

lateral arteries

thoracic arteries).

c

8

10

were significantly non-normal; the arctan-transformed
junction exponent distributions were not significantly different

from normal distributions (Table II). ANOVA of
= 0.312; P = 0.73)

the transformed distributions (F :83

and Kruskal-Wallis rank tests of the untransformed distributions (P = 0.64) showed no significant differences
between anatomical groups. Neither the medians of the
untransformed distributions nor the backtransformed
means of the transformed distributions were significantly
different from a value of 3 (Table I); based on confidence
intervals, one of the three means of the untransformed
distributions

was

significantly different

from

3.

1
1

15

Segment
Figure

5.

in the blue

2

length

pnn
(mm)

Frequency distribution of lengths of
crab arterial system.

n
3.5

2.5

1

59 vessel segments
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exponents, both of which are more robust indicators of
central tendency than a simple mean. Both measures
clearly indicate that the junction exponents of vessels in
the arterial system of blue crabs are not significantly different from the value of 3 predicted by Murray's law. This
conclusion is robust to divisions of the data by either an-

10.

I). Although both
stromatoporoid sponges have been

atomical location or vessel size (Table

mammals and
previously

fossil

shown

to exhibit a fluid transport system in

quantitative agreement with Murray's law (data summarized in LaBarbera, 1994), this is the first demonstra-

o

O

tion that an animal with an
hibits

open circulatory system ex-

such a vascular architecture.

Most previous quantitative
dictions of Murray's law

(e.g..

of the anatomical preSuwat'M/., 1963; Hutchins
tests

979; Wieringa et a/.. 988; Griffith
have
focused on branch points where
and Edwards, 1990)
were
(by our definition) defined. The
junction exponents
cl

2-

ai,

1

976; Arts

et al..

1

\

I, where no statistically sigwere found between the blue crab vasculature and Murray's law, and Table III, where significant
differences were apparent, can clearly be attributed to the

discordance between Table

JL
4

8

6

JL
10

12

nificant differences

14

Junction exponent
Frequency distribution of the junction exponents calculated
Figure 6.
from measured parent and daughter vessel diameters at 86 branch points
in the arterial systems of three blue crabs. Note that the distribution is

and non-normal
an exponent between 2 and 3.

strongly right-skewed
at

(see

Table

II)

but exhibits a

mode

than would be predicted by a radius-cubed relationship
with the parent vessel). Although all ratios were consis-

nonparametric two sample sign tests
revealed significant differences between observed and
predicted diameters only for three groupings: the full data
set, the dorso-lateral vessels, and the largest parent vessels

tently greater than

(Table

1

,

III).

Discussion

was to provide a quantitative
of
vessel
description
branching in an open circulatory system and test the results against the idealized geometry of
objective of this study

an "optimally designed"

fluid transport

dicted by Murray's law.

Given the highly skewed

quency

system as prefre-

distribution of junction exponents (a feature also

seen in the fluid transport systems of sponges and mammals; see LaBarbera. 1994), a simple mean is clearly a

poor measure of central tendency of the junction exponent
distribution. The large discrepancy between the mean and
median of the distribution is a clear indicator of its nonnormality, a conclusion confirmed by statistical analysis
II). We have provided two alternative measures,

(Table
the

Although inclusion of all junctions yields statistically significant differences between the idealized and real system,
the actual error is small; Murray's law predicts parent
vessel diameters averaging only 5% larger than the measured vessels.

Proximate mechanisms for generating Murray's
law systems

Our conclusion

that the blue crab circulatory system

approaches Murray's model is significant, not only because it is the first test of Murray's law in an open circulatory system, but also because of the evolutionary position of arthropods in relation to the groups previously
in this context
sponges (including 375-millionand vertebrates (LaBarbera,
stromatoporoids)
year-old
1990, 1994; LaBarbera and Boyajian, 1991). The Arthropoda are a distinct evolutionary lineage, separate from

examined

Tests of Murray's law

The

inclusion of junctions where the junction exponent was
undefined, effectively changing the data set being tested.

median and the mean of arctan-transformed junction

both sponges and vertebrates, which are in turn distinct
from one another (Turbeville et al.. 1991, 1992; Ballard
et al..

1992; Wainwright

et ai.

1993).

all

three groups

diverged before the development of their fluid transport
systems (LaBarbera. 1994). Thus, approximations of

Murray's law systems must have evolved independently
times and were in place at least 375 million
years ago (LaBarbera and Boyajian, 99 ). The convergent

at least three

1

1

evolution of Murray's law fluid transport systems is probably driven by the substantial costs incurred in moving

volumes these systems transport (see
LaBarbera, 1994). Because even small changes in effi-

the large relative

130

D.

MARCINEK AND
Table

measures of central tendency

in the distributions

<>/

M.

LABARBERA

I

itinelion i-.v/xv/iW.v in the hlue crah arterial

Untransformed

system
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potentials, voltages generated

by the interaction of fixed

surface charges with the ions carried in the fluid, are also
correlated with local velocity gradients (Eriksson. 1974)

and have been suggested
cells to flow

(Reich

el ai.

to underlie responses of some
1990; Berthiaume and Frangos,

1993).
In crustacean circulatory systems, the cells lining the

from the vascular fluid by a continuous extracellular intima(Maynard, 1960; Johnson. 1980;
vessels are separated

6-

O

o

Ruppert and Carle, 1983; Factor and Naar, 1990:
McMahon and Burnett, 1990). Given the lack of direct
contact between living cells and the fluid in the blue crab
vasculature, a feedback mechanism that relies on me-

5-

chanical sensing of shear stress seems unlikely. However,
either changes in the local gradient of a molecule (i.e..

changes in diffusion boundary layer thickness) or changes
in the streaming potential could be detected through the
extracellular matrix lining crustacean blood vessels; both,

1
1.5

1.3

1.2

.1

like

hydrodynamic shear

stress, are

dependent on the ve-

locity gradient at the wall of the vessel

and thus

tractive candidates for local signals that

arctan(exponenl)

vessel

remodeling

in

are at-

might control

blue crabs.

Frequency distribution of the arctan transformed junction
exponents for 86 branch points in the arterial system of the blue crab.
Note that the transformed distribution is approximately symmetrical
and normal (see Table II).

derivation of Murray's law assumes that a fully
developed velocity profile is present everywhere in the

blood vessels have shown that vessel diameter

stream before complete re-establishment of Poiseuille flow
(Vogel. 1981; LaBarbera, 1994). In biological systems,
there are rarely 10 vessel diameters between branch points

Figure 7.

is

altered

so as to restore the shear stress to pre-experi mental levels
(reviewed in LaBarbera, 1993, 1994). Two distinct en-

The

system of vessels. But the parabolic velocity profile is disturbed at each branch point (LaBarbera, 1990). and the
fluid must typically travel 10-80 vessel diameters down-

dothelium-mediated mechanisms (LaBarbera, 1993) apparently exist in mammals: ( 1 ) In response to acute
changes in flow rate (= shear stress), smooth muscle tonus

and thus

controlled by the release of prosand endothelium-derived relaxing
Roller and Kaley, 1990a,b; 1991),

vessel caliber

is

taglandins, nitric oxide,

factor

(EDRF)

(e.g..

maintaining the vasculature in a Murray's law configuration (Griffith and Edwards, 1990). (2) In response to
chronic perturbations of flow, proliferation of both cellular

and

components or the breakdown of alreadyremodel vessels, thus changing vessel
Kamiya and Togawa, 1980; Langille and

extracellular

existing elements

caliber

(</.#.,

O'Donnell, 1986; Zarins el ai, 1987).
Other mechanisms have been proposed to underlie endothelial responses to changes in flow rate, including

changes

in local

ATP

changes

in diffusion

Nollert

and

changes

in

bound

concentrations via flow-induced

boundary thickness (Mo

Mclntre,

1992),

configuration

or

el ai.

1991;

shear-stress-induced

of extracellular membrane-

proteins (Bevan and

Siegal,

1991). Like the

me-

chanosensor hypothesis, both of these hypotheses posit a
response of endothelial cells to a signal dependent on the
local velocity gradient; all three

could result

responses of the system to changes in flow

rate.

in similar

Streaming

Table

III

Comparison of measured parent vessel diameters to parent vessel
diameters predicted Innu measured daughter vessel diameters
assuming a function e.\pnnent <>/ 3

Vessel diameter

132
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(ZamirandPhipps, 1988; LaBarbera, 1994); hence, astatic
parabolic velocity profile is seldom fully re-established
before the next branch point. If vessel diameter is deter-

mined by the magnitude of the local velocity gradient,
downstream vessel diameters will be larger than predicted
by Murray's law. In the case of the blue crab, downstream
vessels are invariably

molymph

daughter

vessels,

because the he-

returns to the heart through sinuses rather than

Given the small value of length/diameter ratio in
the vessels we measured (mean 3.98), our hypothesis of
veins.

the exploitation by blue crabs of the magnitude of the
velocity gradient at the wall (or some variable dependent

on the

LABARBERA

M.

Although there have been a number of studies examand the maintenance of the diameter

ining Murray's law

relationships between vessel branches in mammalian circulatory systems, there are virtually none for any other
group of animals. More extensive work on the architecture

of the fluid transport systems of animals other than mammals may yield important information on the generality

of a Murray's law architecture and the variety of mechanisms involved in the production and maintenance of

branching geometries that approach Murray's cost-optimized model.

velocity gradient) as a signal to control vessel re-
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In Situ Spawning of Hydrothermal Vent Tubeworms
(Riftia pachyptila)
CINDY LEE VAN DOVER
Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic
Woods Hole, Massachusetts 02543

Riftia pachyptila, the giant vestimentiferan tubeworm,
dominates the biomass of many hydrothermal vent sites
in the Gulf of California (Guaymas Basin) and on the East
Pacific Rise and Galapagos Spreading Center (I). The

which were

worms typically occur in large clumps or thickets as mixed
populations of males and females On a dive series made

was not observed.

slightly negatively

Institution,

buoyant, were observed to

amongst the tubeworms. Sperm formed an ap-

sink in

parently neutrally buoyant, milky cloud that dispersed in
the current within 10 s. Mixing of egg and sperm clouds
the

visit to

N

same

No

spawning

activity

was noted on a

days earlier nor on a subsequent
4 days later (L. Mullineaux and L. Garland,
site 3

on the
by the submersible Alvin in the vicinity of 9 50
East Pacific Rise, I observed spawning tubeworms while
I was sampling associated fauna. This note presents a

dive to the

brief account oj the

infer several features of the reproductive ecology of hy-

spawning

Although the above observations are limited, we can

activity.

drothermal vent tubeworms;

A

population of adult vestimentiferans (length greater
than 1 m) colonizes a 10
high basalt pillar at 949.59'

m

N, 104

1

7. 37'

drothermal Fields (2). Tubeworms cover most of the surface of the pillar and are relatively uniform in size and so

R

pachyptila populations is not neca few individuals out of a colony

Only

of hundreds were involved in the release of gametes. This
observation does not preclude mass spawning by a large
proportion of the population under appropriate condiConcurrent spawning by several individuals, both

densely packed that they present a cylindrical face of red
plumes around the pillar. The site, known as Dudley's

tions.

male and female, suggests synchronization of gamete reamong sexually mature animals, presumably me-

marked by a round white lid labeled "2" placed
Haymon and Fornari expedition in May 99
On Alvin dive #2474 (6 December 1991), several R.

Pillar, is

1

in

essarily en masse.

11

1

Spawning

1.

W (25 m depth) within the Venture Hy-

during the

site

comm.).

pers.

lease

.

diated by a chemical cue.

pachyptila were observed to spawn during an hour of intermittent observations. Each release of gametes consisted
of a small, 10-15 cm cloud of eggs or sperm; the gametes

2.

Spawning behavior within tubeworm populations,

as described above,

is

intermittent, not continuous. Al-

might seem patent from the lack of spawning
observations during the accumulated tens of hours of observation time over the 15 years since tubeworm populations were first discovered, the possibility of continuous

though

were propelled upward by a rapid, partial withdrawal of
the worm into its tube. It was not possible to determine

this

if the same individuals were
spawning repeatedly. Fewer
than 10 individuals comprising a small portion of the
tubeworm population (covering about '/i to '/: m : ) were
observed engaged in spawning activity. The frequency of

an acute rather than a chronic event, with the spawning

spawning contractions of individual worms was not determined; the interval between observed spawns was about
2-3 min. Both males and females were observed spawn-

period lasting on the order of hours.
3. The negative buoyancy of female gametes generates
a dispersal shadow that initially lies close to the adult.

ing. After release, the

but inconspicuous release of gametes exists. Observations
here suggest that individual spawning is best described as

cloud of eggs separated and the eggs.

Some

features of these observations

must be reconciled

with other studies. Cary et a/. (3) describe spawning of
female R. pachyptila in a shipboard pressure chamber.
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TUBEWORM SPAWNING
Females released streams of eggs, bound by mucus, from
the gonopores over a period of 30 min. The eggs were
retained in the vesti mental cavity for a few minutes before

135

fertilization occurs internally immediately before
spawning or externally (within the vestimental chamber?)
just after release of the eggs; (4) accumulated eggs are

(3)

buoyant, floated upward. In unpressurized aquaria, the
same authors (3) observed male tubeworms spawning,

column where, negatively
buoyant, they spend a short period near the site of release:
(5) advective conditions of the turbulent, warm-water vent

with semen continuously flowing from the male gonopores. Though it is conceivable that release of a stream

environment disperse gametes and developing larvae away
from the adult population.

of gametes, rather than punctuated and forceful expulsion
of gametes as observed /// xilu. is an alternative repro-

Acknowledgments

the

mucous binding

dissolved

and the

eggs, positively

ductive strategy, the observations of Cary el at. (3) may
represent anomalous behavior as a result of trauma during

and depressurization. If this is the case,
buoyancy of the eggs may be an artifact of
premature gamete release. Southward and Coates (4) suggest, based on characteristics of the acrosome, that Cary
ft a/, witnessed expulsion of immature sperm.
collection, ascent,

the positive

forcefully ejected into the water
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some form of direct sperm

transfer or internal
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not to systematics), the manual, and especially the reference lists, went badly out of date. We believe that the
revision of these Keys is a task that can be accomplished
quite efficiently in our electronic journal.
In the next few weeks, the manual will be retyped and
published in the BB-MMER, complete with figures. When
it appears, readers who would like to
help in the revision

should get

in

touch with us by e-mail

at

pclapp@mbl.edu;

We

will find people to take
specifying their specialty.
charge of the larger taxa and will coordinate the process.

Michael

J.

Greenberg

Editor-in-Chief

Reference: Biol. Bull 186: 139-152. (April, 1994)
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Laboratory experiments varying gamete concentrations and gamete age demonstrated significant reductions in fertilization success of the starfish Acanthaster

velopment, using a few model species (Ishikawa, 1975;
Chia and Bickell, 1983; Kanatani and Nagahama, 1983;
of gaMeijer and Guerrier, 1984). Reports on the effects

and inplanci (L.) with decreasing sperm concentration
of
The
effect
and
of
both
aging
sperm.
eggs
creasing age

mete age and concentration on

sperm was faster than that of eggs, and the speed of
sperm aging increased with increasing dilution of sperm.
Fertilization success was high over a wide range of sperm:

the process in an ecological context (Tyler and Tyler,
Pennington, 1985; Levitan el ai. 1991).

Abstract.

mostly limited to laboratory studies and rarely address

in

egg ratios but declined rapidly at ratios less
ticularly at

aged more
far less,

Fertilization

than 50, par-

(the respiratory dilution effect)

was

for

higher fertilization rates

Gametes

would remain competent for longer periods at more dilute
concentrations and so better achieve long-distance fertilization. Gametes obtained at the end of the breeding season were qualitatively different from those obtained early
in the breeding season and showed reduced fertilization
success for a given combination of variables, and different
fertilization

gametes (the

released into the seawater), the

Kobayashi, 1984; Dinnel etal., 1987). Pennington (1985)
was the first to study fertilization success in the field. He
confirmed the loss of fertilizing capacity of sperm of sea
urchins with dilution and with increasing gamete age in
the laboratory and inferred that the effects of sperm di-

achieved over longer distances in

the wild by A. planci relative to sea urchins.

first

966;

mete concentrations on fertilization success has been obtained incidentally from studies using sea urchin sperm
as a toxicological assay (Greenwood and Bennett, 1981;

than in sea urchins. These characteristics provide

mechanism

affected by the age of the

1

concentration of sperm, and the number of sperm relative
to the number of eggs (Lillie. 1915, 1919; Cohn, 1918;
Gray, 1928). Additional information on the effect of ga-

enhanced fertilization success at given
and at greater distances and times
concentrations
sperm
from the point of gamete release, and may explain the

a

is

time since they were

low sperm concentrations. A. planci gametes
slowly, and the loss of fertilizing capacity of

sperm with dilution

fertilization success are

lution were largely responsible for the marked reductions
in fertilization success he observed in field experiments

between eggs and spawning males increased.
Pennington's theory has been supported by further studies
on sea urchins (Levitan, 1991; Levitan et ai, 1992), and
as distance

dynamics.
Introduction

similar explanations have been advanced to explain rapid
reductions in fertilization success with distance in hydroids

Most work on sea urchins and starfish has concentrated
on the biochemical and cellular mechanisms underlying
gamete maturation and fertilization and early larval de-

(Yund, 1990) and ascidians (Grosberg, 1991).
Despite the importance of gamete age and sperm concentration in determining fertilization success between
individuals spatially separated to different extents, only
one study has attempted to quantify experimentally the

Received 6 January 1993; accepted 28 December 1993.
Author to whom correspondence should be addressed.

success
conjoint effects of several variables on fertilization
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These authors demonstrated that

1991).

model developed by Vogel
(1982)
accounted for 91% of the variation they observed in ferthe theoretical

el al.

tilization success.

The aim of

the present

information on the

effects

work was

to obtain conjoint

of sperm concentration, sperm:

egg ratio, and gamete age on fertilization success in the
crown-of-thorns starfish, Acanthaster planci (L.). Fertil-

AND

P.

DIXON

45 min for females compared with less than 30 min for
males) and eggs had to be counted into beakers before

sperm were added. Only gametes extruded during the first
10-15 min in response to the hormonal treatment were
used in the experiments.
Eggs were pipetted into a shallow crystallizing dish with
clean FSW. After eggs had matured (as evidenced by ger-

large increases in population size (outbreaks),

minal vesicle breakdown), they were counted into separate
beakers for the various experimental treatments. For
treatments requiring small numbers of eggs (80 or fewer),

which have caused considerable damage to coral reefs
throughout the world (Moran, 1986), could result from

eggs were counted out individually from pasteur pipettes.
For treatments requiring 100 eggs or more, a monolayer

fluctuations in fertilization success. Despite intensive re-

of eggs was settled on the base of the dish over a grid in
which each square contained 100 eggs. With the aid of a
dissecting microscope, eggs from the appropriate number
of squares were sucked into a pasteur pipette and added

ization

dynamics

because

its

in this species

search in recent times,

many

is

of particular interest

aspects of A. planci biology

dynamics are still unknown
1991
and
Kelleher,
(Lassig
Although A. planci has been spawned and reared in
captivity, fertilization success was not reported (Yamaguchi, 1974; Lucas, 1982). Information on spawning and
including

fertilization

).

fertilization rates in the field has been reported (Babcock
and Mundy, 1992), but no studies have examined the
influence of gamete characteristics or gamete concentrations on fertilization success. Comprehensive information
on the conjoint effects of gamete concentrations and gamete age on fertilization success in A. pkinci is not only

specifically relevant to the

occurrence of outbreaks in the

crown-of-thorns starfish but also adds to the limited in-

formation available on the

effect

of these variables on

external fertilization in marine organisms.

Starfish

were collected from Davies Reef (18 50' S.
Great Barrier Reef on the east coast of

39' E) in the

Australia from

November to February

in 1987, 1988,

and

1989, in each of the breeding seasons for A. planci. Animals were sexed, and their breeding condition assessed,

proximal part of one arm
of the starfish and examining the gonad. Individuals with
well-developed gonads were then kept separately in clear

by making a small cut

in the

acrylic tanks with fresh-flowing seawater until they

were

used in the experiments. The seawater used in this treat-

ment and in all experiments was approximately 28C and
8.3. The usual range in summer values for the Great
Barrier Reef inshore waters is 28-33C and pH 8.2-8.6.
Gametes were obtained from portions of gonad ap3
proximately 5 cm in volume that were removed from
individual starfish through a 2-cm cut in the dorsal margin
of one side of the proximal part of an arm. The tissue was
placed in 100 ml of filtered (0.4 ^m) seawater (FSW) con-

pH

taining 10

Gonad
gonad

6

M 1-methyladenine to induce gamete

tissue

release.

from female starfish was collected h before
from males because females responded more

tissue

The sperm

solution was separated from male

gonad

by decanting the solution into another beaker. This
original 100 ml of concentrated solution usually contained
tissue

6
12-40 X 10 sperm ml

mained

Because 2.5ml of tissue

'.

re-

sperm release, these figures suggest that
8
sperm were stored and extruded at densities of 2 X 10 9
10 sperm ml
Given that the extrusion occurred over
20 min, the average rate of sperm release from excised
6
5
gonad was approximately 10 -10 sperm s~' One milliliter
of well-mixed solution was removed and diluted 500 times
in FSW to which formalin had been added to fix the sperm
before counting. Two drops of solution were placed on a
hemacytometer and the number of sperm counted. These
after

'.

data were used to calculate the appropriate aliquot of the
original concentrated sperm solution to be diluted with

Materials and Methods
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to the test container.

1

slowly than males to hormonal induction (approximately

FSW

to provide 500 ml of a stock solution containing 2
X 10 6 sperm ml '. This stock solution was used as the
base for serial dilutions to provide sperm of varying con-

centrations.

shown

that sperm maintained at
retained full fersperm ml
tilizing capacity for at least 24 h, but the longest period
over which the solution was used in any experiment was

Preliminary' tests had

a concentration of 2

less

than 8

h.

X

10

6

'

Rates of fertilization

at a variety

of dilutions

from such stock solutions held for 8 h were the same as
those from the same dilutions made immediately after
the stock solution was created. In other words, stock so6
did not appear to "age"
lutions of 2 X 10 sperm ml
over 24 h. Timing was therefore carried out from the time
of dilution from the stock solution held at 2
x 10 6 sperm ml
This approach provided a clear and
'

'.

reproducible start to experiments with "non-aged" sperm.
There was no correlation between initial concentrations

which sperm had been spawned and the relative speed
of aging of the sperm in subsequent experiments; the existence of a correlation might suggest that the initial
at

spawning into seawater had

irreversibly aged the sperm.

14!

FERTILIZATION SUCCESS IN A PLANCI
It should be noted that when sperm were released, they
accumulated in a thick sludge at the base of the beaker
and were therefore accumulating in very high concentra-

X

6

10 sperm ml
were observed after thorough mixing of the seawater in the beaker
at the end of the spawning period.
tions.

The

values of 12-40

ing sperm to the eggs.

To

add-

first

obtain the desired final concen-

ml of sperm stock solution was added
ml of FSW containing the eggs. Stock sperm
concentrations derived from 1, 1:10, 1:100, 1:1000, and
6
1:2000 dilutions of the 2 X 10 sperm ml" solution pro1

to every 19

1

vided respective final concentrations of sperm of 10

5
,

10

4
,

and 50 sperm ml" in the FSW containing the
eggs. Most of the treatments were carried out in 50-ml
glass beakers with 19 ml of FSW. However, where a specified sperm:egg ratio would have resulted in less than
liter were used
10 eggs in 19 ml of FSW, volumes up to
10\ 10

:

1

.

1

to provide treatments having at least 10 eggs.

Preliminary experiments had demonstrated that no
occurred if sperm concentrations were

fertilization

sperm ml" or less, and that the proportion of eggs
fertilized in any treatment did not increase after 45 min.
In all experiments, therefore, only sperm concentrations
greater than 10 sperm mr were used, and the fertilized
eggs were counted 45 min after sperm was first added to
1

10

ratios of

sperm ml

'.

Sperm concentration and sperm:egg

were used to obtain stock solutions of

Serial dilutions

spernregg
4

10

1, and 2 h after gamete release
5000 and sperm concentrations of

fertilization success at 0.

'

each sperm concentration immediately prior to
tration of sperm,

on
at

Experiments testing the

and spernregg

used

effects

ratio experiments

of sperm concentration

sperm concentrations of
5
and 10 sperm ml and spernregg ratios
of 100, 500, 1000, 2500, and 5000 in every combination,
50, 10

:

10\ 10

,

ratio

final

4

'

,

giving a total of 25 treatments. Testing a

number of the

low sperm :egg ratios at sperm concentrations less than
50 sperm ml" was impracticable: it would have required
'

or more with only 10 eggs that
would have been difficult to relocate and score.
Eggs were collected, and sperm solutions were diluted,
immediately before the experiment and were used
throughout the experiment, so that both gametes were
aging over the course of the experiment. Sperm from the
diluted stock concentrations was added to sets of eggs at
min, 5 min, 45 min, h 45 min, and every succeeding
hour until 6 h 45 min from the first insemination. Two
replicates of each test combination were performed per
mating, and a total of 10 different matings were used.
several replicates of 10

1

1

1

1

the eggs. In treatments using small containers, all eggs
were counted and the number of fertilized eggs (those

with a raised fertilization

membrane) was

noted, with the

aid of a dissecting microscope. In treatments with large

volumes of seawater, the eggs were collected using a pasteur pipette and placed in a small volume of seawater
where those with a raised fertilization membrane were
counted.

Preliminary experiments also demonstrated marked
differences in performance by different individuals of one

Gamete aging experiments
The number of sperm
was reduced
of aging in

set of fresh eggs from ovary tissue induced to spawn
45 min prior to that insemination. Freshly diluted stock
solutions of fresh sperm were prepared from the 2
6

when mated with

X

and showed

eggs.

one individual in several matings, subsequent experiments
used an individual only once.

Variation in fertilization success at different times
in different

and

years

The logistic difficulties in undertaking the large-scale
combinations of sperm concentration, spernregg ratio,
and differently aged gametes meant that data were collected from experiments conducted at different times in
the breeding season and from more than one breeding
season. To assess the effects of these variations on fertilization success, data

from each time period were obtained

ratios

the sperm concentration and sperm :egg ratio experiment.
Aging sperm was also used to fertilize a newly collected

sex

with the individual of the opposite sex used. Because experimental results could be strongly influenced by using

and spernregg

of "aging" and "fresh" gametes had to be tested. At each
time interval, aging sperm was added to aging eggs as in

sex

a given individual of the opposite
that the ranking of performance varied

dilutions

experiments testing the independent effects
either eggs or sperm because four combinations
in

10

10 sperm ml
4

'

stock

and added

to both aging

and

fresh

The sperm concentrations used were 10 2 and
sperm ml and the spernregg ratios were 100, 1000,
'

and 5000; with four combinations of gametes, this gave
Sperm was added to sets of eggs
h 45 min. and every succeeding hour
at
min, 45 min,
until 6 h 45 min from the first insemination. Two replicates of each test combination were performed per mating,
and a total of six different matings were used.
a total of 24 treatments.
1

Statistical analysis

All results were expressed as percent fertilization and
were arcsin transformed prior to analysis of variance and
stepwise multiple regression using BMDP (Dixon el al..
1983) and SAS (SAS Inc., 1985). Multidimensional plots
were produced using graphic programs in SAS.
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Analysis of variance testing for differences between early and late
breeding season (time in breeding season), breeding seasons (year),
and time since gamete release (gamete age), on fertilization success of

Acanthaster planci

Source of variance
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FERTILIZATION SUCCESS IN
Table

A.

III

Analysis of variance testing the effects of time since initial gamete re/ease (gamete age), sperm.egg
breeding season (time in breeding season) on tertiliiation success in Acanthaster planci

Total data

set
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ratio,

sperm concentration, and time within
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-

Early breeding

season

Late breeding season

Sperm: egg
120

60

ratio

5000

Sperm: egg

ratio

1000

Sperm: egg

ratio

5
Sp. cone. 10

-

Hours
Mean percent fertilization, with standard error, of eggs from Acanthaster planci when mixed
Figure 1.
with sperm at different sperm concentrations (rows) and sperm:egg ratios (columns) over a period of 6 h
45 min. Sperm concentration varied from 50 to 10 5 sperm ml' and spernregg ratio varied from 100 to
1

,

5000. Data from matings early (November-December) and
separately.

late

(January)

in the

breeding season are plotted

100

FERTILIZATION SUCCESS IN

145

PLl.\CI

.-1.

Early breeding season

Time

Sperm

100

500

5000

(hrs)

concentration

Late breeding season

Figure

release, plotted for three different

times from gamete release.

spernregg

ratios for the early

geometry of the
of 500 from the late breed-

The

surface for the sperm:egg ratio

overall

the spernregg
ing season was depressed relative even to
ratio of 100 from the early breeding season, although its
general form was

similar.

The two-dimensional

surface

of fertilization in these illustrations appears to be the result
of the orthogonal interaction of two sets of sigmoid curves.

The temporal dynamics of fertilization have been summarized in a series of fertilization rate response surfaces
release as a function
plotted at different times from gamete
concentration
(Fig. 3). Data
of spermiegg ratio and sperm
for the early

breeding season show

tilization in the first

a plateau of high fer-

45 min, with a drop

observed only for the lowest spermiegg
concentrations.

The

in fertilization

ratios

and sperm

with
general decline in fertilization

time was more rapid for low sperm concentrations and
varied little with sperm:egg ratio. When data from early
late breeding season were compared, the consistently
lower fertilization rates and the more rapid decline in fertilization rate with time and at lower sperm concentrations

and

in the late breeding season

sperm concentrations and times since gamete
and late breeding season.

Fertilization response surfaces over a series of

2.

100

500

5000

The response
tilted downwards

were clear (Fig.

surface for the late breeding season also

4).

and sperm
strongly at the apex of the spernregg ratio
concentration axes than that from the early breeding sea-

more

son and folded downwards at relatively higher spernregg

ratios

and

(compare the

1

5-min and 45-min graphs

in Figs. 3

4).

Gamete aging experiments
The gamete aging experiments included data only trom
the early breeding season and therefore did not require
inclusion of time in breeding season as a factor in the
Time since the aging gametes were first released
analysis.

(time), egg type (fresh or aged),

sperm:egg

ratio,

sperm type

and sperm concentration

(fresh or aged),
all

had highly

(Table IV). Fertilization rates decreased with time since gamete release, with aged as opposed to fresh eggs or sperm, with decreasing spernregg
significant

main

effects

ratio, and with decreasing sperm concentration (Fig. 5).
There were highly significant two-way interactions of

other factors, reflecting the
at lower sperm congreater reduction in fertilization rate
centrations with increasing time from gamete release, aged

sperm concentration with

relative to fresh gametes,

Fertilization rates

all

and decreasing spernregg

ratio.

were also increasingly depressed the

older the aged eggs or aged sperm used, leading to the
between time since gasignificant two-way interactions

mete

release, egg type,

When

and sperm

type.

the treatments using different sperm concentra-

tions were analyzed separately, both

showed

significant
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hr 45

min

hr

Sperm:egg

A. H.

min

1

hr 45

min

-

10o50

ratl

Sperm
concentration

3 hr 45 min

Figure

3.

5

Fertilization response surfaces over a series of

The

hr45 min

sperm concentrations and sperm:egg

ratios,

of six graphs depict the decline in fertilization early
in the breeding season, with the sixth graph providing a key to the relative positions of the surfaces shown
plotted at different times from

in the

main

effects

preceding

five

gamete

release.

set

graphs.

Discussion

of time since gamete release, egg type, sperm

type, spernr.egg ratio, and sperm concentration; both also
showed the same suite of significant two-way interactions.

However, the two-way interaction of egg type and sperm:
2
analyegg ratio was nonsignificant in the 10 sperm ml
sis, and that of sperm type and spernregg ratio was non-

In this investigation, the

first

detailed analysis of fer-

dynamics of a starfish, A. planci showed general
but there were also marked
similarities to sea urchins
tilization

'

4

sperm ml"' analysis (Table IV). Far
fewer higher order interactions were significant in each

significant in the 10

case.

The results clearly demonstrated an aging of both gametes, with aging eggs fertilized using fresh sperm showing
a decline in fertilization rate after 3 h, dropping to

20%

7 h (Fig. 5). The aging rate of sperm was much faster
and dependent upon sperm concentration. At sperm con2
the fertilization rates of
centrations of 10 sperm ml'
h.
fresh eggs fertilized by aging sperm declined after
dropping to 0% after 3 to 4 h. At sperm concentrations
4
fresh eggs fertilized by aging sperm
of 10 sperm ml"
showed a decline in fertilization rate after 3 h, dropping
4
to 20% by 7 h. Thus at 10 sperm ml"
aging eggs fertilized by aging sperm showed a fertilization rate similar to
that of aging eggs and fresh sperm. At high sperm con-

by

1

,

1

1

,

1

,

centrations, fertilization rates were therefore largely de2
at 10 sperm mr'.
showed
a
pattern simaging eggs fertilized by aging sperm
ilar to that of fresh eggs fertilized by aging sperm. At low

termined by egg aging. In contrast,

sperm concentrations, fertilization rates were therefore
determined to a large extent by sperm aging.

The

relative effects of sperm concentration,
and
spernregg ratios on fertilization success
gamete age,
in A. planci were similar to those reported for several species of sea urchin. Egg density or spernregg ratio had little
influence on fertilization success, but gamete age and
sperm concentration had marked effects, as in sea urchins

differences.

1915; Dinnel

(Lillie,

However,

1987; Levitan

el a!.,

fertilization

dynamics

et ai,

1991).

appeared to

in A. planci

be more sensitive to spernregg ratio than are the sea urchins studied to date. Although Levitan et al. (1991) found
no significant effect of egg concentration over the range
they examined, they used a model developed by Vogel et
al. (1982) to predict reduced fertilization success for
Strongylocentrotus franciscanus at low sperm concentra2
and high egg contions of
sperm ml" '(10 sperm ^1
4
3
centrations of 10 eggs ml
(10 eggs^r ), equaling
'

1

)

1

'

spernregg ratios of 0.01 or less (see Fig. 8 of Levitan et
99 ). Effects on fertilization success of A. planci were
al.
observed at far higher spernregg ratios (up to 100 early
,

1

1

breeding season and up to 500 late in the breeding
2
season) for sperm concentrations of 10 sperm mT'
in the

(Fig. 3).

The

fertilization

response surfaces for the sea urchin

franciscanus (Levitan

et ai.

1

99

1 )

and the

S.

starfish A. planci

FERTILIZATION SUCCESS IN
hr

C
o

min

A.

PLANCI

hr 15

min

3 hr 45

min

100

10050
ratio

Sperm
concentration

1

Figure 4.

hr 45

min

Fertilization response surfaces over a series of

plotted at different times from

surface)

were similar

and

gamete

release

late (stippled surface) in the

and comparing the

sperm concentrations and spernvegg
fertilization

from almost 100% to approximately 30% over the same
range. The fertilization dynamics inferred from more re-

clining sperm concentrations and increasing time from
gamete release. The loss of fertilizing capacity of sperm

stricted data reported for a range

with dilution

(Lillie,

and

called the respiratory dilution effect (Chia

Bickell, 1983)

and

results

from the

fact that

although

the total

amount of oxygen consumed by a spermatozoan

over

lifespan

its

consumption

is

independent of dilution, the rate of
low sperm concentrations,

is

ratios,

response surface early (transparent

breeding season.

in that fertilization success declined with de-

is

5hr 45 min

far greater at

leading to a shorter lifespan at low concentrations. A dilution effect was clearly demonstrated for A. planci.

However, the dynamics of fertilization of A. planci were
very different from those of S. franciscanus. Fertilizing
capacity was lost more rapidly by S. franciscanus at given

of sea urchin species

1915; Gray, 1928; Pennington, 1985) were comparable to that reported for S. franciscanus by Levitan el
al. ( 1991 ). Fertilization dynamics cannot be further com-

pared using parameters, such as /3, from the Vogel el al.
(1982) model because these parameters require data on
the fertilization success achieved at different gamete contact times,

and these data are not available
sperm aged more rapidly than

A. planci

for A. planci.
eggs, at least

concentrations likely to be encountered in the field;
similar results have been described for the sea urchin S

at

1

.

sperm concentrations and declined more rapidly with increasing dilution of sperm. At sperm concentrations of
5
10 sperm ml"', fertilization rates for A. planci early in
the breeding seasons were above 90% for up to 105 min
from the time of gamete release, but rates for S. franciscanus had declined from over 90% at 10 min to approxfrom the present
imately 40%> by 80 min (compare Fig.

droebachicnsis (Pennington, 1985). Detailed data on the
independent aging of sea urchin sperm and eggs are lack-

paper with

the crown-of-thorns starfish are capable of being fertilized
for up to several hours after they are first released. A.

1

Fig. 2

of Levitan

el al.,

1991). Similarly, at

3
sperm concentrations of 10 sperm ml~ ', fertilization rates
for A. planci were above 90% for up to 45 min, declining
to 50% by 105 min; but rates for S. franciscanus were less

than 40%'

at

time zero, declining to

less

than 10% by

80 min. Fertilization success in A. planci at time zero
showed no decline at sperm concentrations from 10 5 to
10

J

sperm mr', but

fertilization in S.

franciscanus

fell

making it impossible to establish whether the extent
which egg aging determines fertilization dynamics at
high sperm concentrations and sperm aging determines
fertilization dynamics at low sperm concentrations is
similar in sea urchins and starfish. It is clear that eggs of
ing,

to

to
planci sperm also retain their fertilizing capacity for
2 h even at reasonably dilute concentrations: this is be1

cause the sperm of A. planci are less affected by the reduced
respiratory dilution effect than are sea urchin sperm.

A
and

greater sensitivity of fertilization to sperm:egg ratio
a relatively slow rate of gamete aging appear to char-
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Table IV
Analysis
l).

<>/

variance testing the effects of time since initial

sperm.egg

ratio,

and sperm

gamete

release (time), egg type (whether fresh or aged),

concentration, on fertilization success of Acanthaster planci

Total data set

sperm type I whether

fresh or

FERTILIZATION SUCCESS IN

10

4

10

1

sperm

149

PLANC1

ml'

Sperm egg

ratio

5000

Sperm

ratio

1000

:

c
g

A.

egg

:

2

sperm mP

1

'75
C/5

CD
-

CD

D)
03
-

C
O
CD

Sperm

Q_
100

:

egg

ratio

1

00

<

Hours

Figure

Fresh sperm, fresh eggs

Ageing sperm, fresh eggs

Fresh sperm, ageing eggs

Ageing sperm, ageing eggs

5.

Mean

of fresh eggs and aged eggs from Acanthasier
percent fertilization, with standard error,

at different sperm concentrations (rows) and sperm:egg ratios
planci when mixed with fresh and aged sperm
4
2
min.
45
6
h
and
Sperm concentration was either \0 or 10 sperm ml"', and
(columns) over a penod of

spernregg ratio was either 100, 1000, or 5000.
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small spatial scales, but the respiratory dilution effect

be

may

critical.

work with Strongylocentrotus
has
demonstrated
that various treatments used
purpwatus
to activate sperm all give rise to an increased intracellular
Detailed biochemical

pH

(Christen

ct al..

1983a, 1986; Johnson

ct a!.,

1983).

Sea urchin sperm can be maintained for a long time in a
quiescent, "non-aging" state at the pH of seminal fluid,

pH of approximately 7.5 and an
of
pH
approximately 7.0 (Christen ct al..
1983b). These findings explain the effect of a number of

that

is,

an extracellular

intracellular

artificial

extended

means of inducing sperm
fertilizing

motility as well as the

capacity observed for sperm

solutions

their activation threshold (approximately

after they are released into seawater

pH

7.

5)

develops

where the external
(1983a, 1986) have

ATP production at 2 X

balanced by

reversibly aged sperm.

The

fact that A. planci

mP

h

8

10 sperm ml

'

(Levitan

ct al..

1991).

Our conclusions depend on
at the start

sperm

the use of "non-aged"

of our experiments, and our empirical

protocols allowed us to do this.
carried out with natural seawater

The experiments were

pumped

not suf-

compounds
damage cell function. High pH activates both microtubule movement that depletes ATP
and mitochondria] reactions that produce ATP. The
former (consumption) is usually more rapid than the latter
high energy

ficiently depleted to

(production),

and the

relative rate

of these processes de-

termines the time for which sperm are viable at a given
environmental pH. and whether the situation is reversible.
Variations in external

pH may

therefore influence the

experiments. However, no major
variations in seawater pH were observed in our experifertilization success in

ments, and in any case we wished to determine how varying gamete age and concentration would affect fertilization
in

environments

likely to

occur in the wild. The biochem-

pertinent to the work we report in that it
helps explain the mechanisms of sperm aging and allows
us to speculate on specific reasons for the difference in
ical literature is

sperm aging observed in .1
We did not measure the

of the sperm solution immediately after spawning (when sperm concentrations
were 12-40 X 10 s sperm ml"
or in the stock solution
6
(with 2 x H) sperm ml '). However, our observations
1

)

are consistent with the view that any aging effects of dilution of sperm during the early stages of spawning were

reversed

when sperm concentrations

increased (and posdecreased) with continuing addition of
sperm to the 100 ml of seawater in the beaker. When

sibly external

pH

released, they accumulated in a thick sludge
base of the beaker and were therefore very concen-

sperm were
at the

trated.

The

values of 12-40

served after the seawater in
well at the

sperm mr were obthe beaker was mixed very

X

10

6

1

end of the spawning period. Our observations
was at

are also consistent with the view that respiration

from the

between gametes

of given age and concentration. The results do not allow

mechanisms that give rise to the different
and crown-of-thorns starfish

rates of aging of sea urchin

sperm.

However, one may speculate

that,

compared

to sea ur-

might have (
lower seawater pH

chins, the crown-of-thorns starfish

1

acid seminal fluid, resulting in

at

)

more
given

(2) higher pH thresholds for activation of sperm: (3) different rates of reaction for respiration and ATP production with rise in pH, resulting in

sperm concentrations:

longer viability: or (4) combinations of the above.
The conclusions are also conservative in that gamete

age was calculated from the time of dilution from the
stock solution. This was shown to be an appropriate em-

because A planci sperm do not age
concentration over the time scales of the experiment. If age had been timed from the beginning of sperm

pirical starting point
at this

release,

the sperm

would have been considered some

30 min older on average, thus increasing the observed
difference in fertilization rates of A. planci

planci.

pH

fresh

Great Barrier Reef lagoon, replicating the conditions in
which natural fertilization would occur and allowing us

us to identify the

reversible as long as

1

relative to that of sea urchin sperm, whose viability
extended over several hours only at concentrations of

stances that activate the

in respiration are

sperm held

of 2 x 10 sperm
do not appear
to age over several hours, whatever the reason, is in itself evidence that their fertilization capacity is enhanced
at concentrations

to estimate fertilization rates in the wild

sperm are

10

of aging of the sperm in subsequent experiments that
might suggest the initial spawning into seawater had ir-

pH is 8.0 or more. Christen ct al.
demonstrated that the effects of short exposure to circumused

6

sperm ml '.
There was no correlation between initial concentrations
at which sperm had been spawned and the relative speed
least

in buf-

(Timourian and Watchmaker. 1970;
Christen ct al., 1983a; Johnson ct til., 1983). Sperm are
activated in nature when an intracellular pH higher than
fered

DIXON

P.

and

sea urchin

sperm.
In the field, fertilization rates as high as

m

downstream of

about 60%

spawning male, dropping to
20% at 60 m distance, have been observed for
planci
(Babcock and Mundy, 1992). These values are much
greater than those of sea urchins, which show 5% fertilization at 5 m, dropping to zero at distances greater
at

10

a

A

than 10

m (Pennington,

dilution effect,

1985).

and consequent

The reduced

respiratory

relatively slow aging of

sperm, are features of A. planci that may well enhance
fertilization success by allowing gametes to remain
competent for a longer time at more dilute concentrations. Environmental factors such as salinity, temper-

and

are also likely to affect fertilization success
(Rupp. 1973: Greenwood and Bennett, 1981: Dinnel el
ature,

pH

FERTILIZATION SUCCESS IN
al. 1987; Christen et

1983a, 1986), and hydrodygamete release will control the degree of dilution of the gametes. However, the characteristics of A. planet gametes described here are
very

namics and

different

a/..

rates of

from those of sea urchins and would lead

to

higher fertilization success at greater distances from
spawning adults. The range of gamete concentrations tested

X
X

5

was similar

to the average values of 2

sperm ml" or less, and sperm:egg ratios of 2
10 or less, measured in the field (Benzie et al.. 1994).
10

is
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the starfish; the proportion decreased with increasing current strength. This process may provide a mechanism for

The dispersal of eggs and sperm of crown-ofthorns starfish, Acanthaster planci (L.), was measured in
the field using an array of collectors up to 10m downAbstract.

enhanced fertilization of these gametes and/or a mechanism for self-recruitment to a given reef population.

stream of a spawning starfish. Hydrodynamic measurements, gamete dispersal numerical models, and the gamete cloud dispersal measurements for the first time
quantified the relationship between hydrodynamic con-

Introduction

organisms release their gametes into the
seawater where fertilization takes place. Theoretical Vogel

Many marine

and the dispersion of eggs and sperm in the field.
In general, gamete concentrations fell rapidly and logarithmically with distance from the spawning starfish; egg
concentrations at 3 m were 1% of those near the starfish.
Simplified dispersal models showed a good correspondence with these field data, and confirmed the observation
that eggs rose higher in the water column and spread more

ditions

laterally at

low current speeds over the short

(

1982) and laboratory (Lillie, 1915, 1919; Cohn.
1918; Gray, 1928; Levitan et ai, 1 99 1 ) studies have demonstrated that gamete concentration plays a key role in
et ai,

the fertilization success of such organisms. This results
not only from changes in the probability that gametes will

encounter each other, but also from the marked decrease
in fertilizing capacity of sperm with increasing dilution

spatial scales

(Gray, 1928; Chia and Bickell, 1983).
Illustrative models of the effects of turbulent flow have

being considered.

from laboratory measurements of fertilization success and the gamete concentrations measured in the field, were estimated to be 90-100%
m and 70-100% at 10 m. These results are exwithin
Fertilization rates, predicted

demonstrated the dominant effect fluid dynamics are
likelihood
likely to have on gamete dispersion and on the
of successful fertilization (Denny, 1988; Denny and Shibata, 1989). Dispersal of gametes at reef scales has been

1

plained by high success rates of fertilization (fertilizing
capacity) at the measured dilutions, and were similar to
previously measured
crown-of-thorns starfish in the field.
rates

fertilization

examined

by others for

Although the eggs were observed to spread upwards
column due to turbulence, laboratory
measurements of sinking rates showed eggs to be very

A

Received

3

ai. 1991).

However, despite the

measured dispersal of gametes in the natural environment. Such information is of vital importance to
understanding the dynamics of external fertilization.
The few field studies of fertilization that have been car-

negatively

mm-s

et

to the

buoyant (median fall velocity of
whereas sperm were neutrally buoyant.
significant fraction of eggs also entered the seabed near

0.072

Black

importance of the interaction of gametes and the fluid
environment, no experiments have been undertaken at
small spatial scales to link the physics of the water body

into the water

slightly

(e.g..

'),

ried out in sea urchins (Pennington,

1985), hydroids

(Yund, 1990), and ascidians (Grosberg, 1991) have all
confirmed theoretical predictions (Denny and Shibata,

February 1993; accepted 28 December 1993.
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1989) that fertilization rates drop rapidly with distance
from the spawning adult. Pennington (1985) found the
proportion of sea urchin eggs fertilized by sperm in seawater sampled at different distances downcurrent of a

spawning male was above 60% over 0. m, falling to 5%
over 0.2 m and to less than 5% over m. Sperm dispersal
estimated in ascidians from the spread of genetic markers
showed that 20-40% of embryos within 0.05 m of a male
1

1

1

source had been fertilized by that male, but that less than
5% had been fertilized over 0.5
away (Grosberg, 99 ).
In marine hydroids, fertilization rates were more than

m

80%

m

within 3

1

1

of the male source, but dropped to zero
than 7
(Yund, 1990). The repro-

and Lasker, 1992), and scleractinian corals
and Babcock, 1992). However, no previous studies
have measured the dispersal of the gametes themselves or
obtained simultaneous information on current flows, turbulence, and boundary conditions that might have better
described the conditions in which the measured fertilization rates were achieved.
The aim of the present work was to establish the dispersion patterns of eggs and sperm of the crown-of-thorns
starfish in the field, and to determine the link between
gamete dispersion patterns and the physics of the natural

corals (Brazeau

(Oliver

environment.

m

at distances greater

ductive success of female octocorals, Briareum asbcstinum. was also greater the closer they were to males and
in hydrodynamic conditions where dilution of sperm was
likely to

that the

be less (Brazeau and Lasker, 1992). This implies
magnitude of the spatial separation of spawning

individuals

crucial to the fertilization success achieved.

is

These data suggest that the aggregation of many species
during spawning is a mechanism to enhance fertilization
success (Pennington, 1985).

have been
male
crownfrom
measured over tens of meters
spawning
This
result
and
of-thorns starfish (Babcock
Mundy. 1992).
In

marked

might

contrast, high fertilization rates

Materials and Methods
Field experiments

Experiments were conducted at Little Broadhurst Reef
Great Barrier Reef (Fig. 1)

in the Central Section of the

along a 40

m

X

10m

on a

transect established

large patch

reef within the lagoon. Natural concentrations of eggs

sperm downstream of a spawning

starfish

and

were determined

using a vertical array of nineteen 12-V bilge pumps (Fig.
mobile frame that could be moved up to

2) set into a

10

m downstream of the starfish.

ranged

at the

nodes (450-500

Sixteen

pumps were

ar-

mm apart) in a rectangular

number of gametes released by this
to
0.5 m) and the fact that individuals
(diameter up

reflect the large

starfish

Up

are widely dispersed in their natural habitat.

to 10

8

and Lucas. 1990),
and
ml
of
and up
Mundy, 1992)
sperm (Babcock
8
at densities of up to 8 X 10 sperm ml
(Benzie and
are
male,
Dixon, 994)
although densities
produced per
once
the
be
much
lower
sperm is released into a
may
water
column.
Although there are reports of agmoving
eggs are produced per female (Birkeland
to 140

'

1

gregations of starfish during spawning, these have been

observed only

in high-density

(Birkeland and Lucas,
in

much

lower densities

suggests that

outbreaking populations

The species normally occurs
(Moran and De'ath. 1992), which

1990).

gamete dispersal needs to be

effective.

The

influence of water flow has been recognized in all
the field studies of fertilization. Differences in the dispersal

of sperm inferred from population genetic structuring of
ascidian populations at sites in the United States

and

Italy

were thought to be the result of the different flow regimes
at the two locations (Grosberg, 1991). The site with slow
currents had limited sperm transfer, whereas the site with
fast, highly turbulent flows had population structures
consistent with sperm dispersal over greater distances.
Research by Pennington (1985) showed that the fertiliza-

tion of eggs

was

greatest,

over distances of

m

1

m, when
Figure

1

.

Map

showing the location of the experimental she on Little
Great Earner Reef, and the setup of the pump

current speeds were low (i.e.. < 0.2
s" ). The potential
effects of hydrodynamic conditions on fertilization success

array and substrate traps within the study transect relative to the spawning

have also been noted

starfish.

1

in reef fish (Peterson, 1991), octo-

Broadhurst Reef

in the
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passage of a dye cloud traveling between the starfish and
the pump array. A surface-piercing capacitance probe

500

500

500

IN

(

Black and Rosenberg,

conditions

1

99 1 ) was deployed to record wave

at the sea surface.

wave probe gain and
were calibrated in still
water each day. Instrument output was logged on a portable computer at a sampling rate of 2 Hz. The current
meter outputs were later averaged over 7 min (2048 data

To check instrument

450

offset

accuracy,

and current meter zero

offset

1

450

points) to find

mean

currents.

Collection. Prior to each experiment, searches

made

to

transect.

450

were

remove any crown-of-thorns starfish within the
A starfish of known sex was then collected and

injected with 1-methyladenine to induce spawning.

The

females normally began spawning after 20 min, while the
males usually took half that time.

250mm

Eggs or sperm were collected downstream of the starfish.
array used for the collections was moved to

The pump

and 10.0m downstream

0.5, 1.0, 3.0,
Figure

grid.

2.

Plan of the

To improve resolution
pumps were

pump

array.

over the shorter distances,

mm

set about 250
apart in
the lower middle section of the frame (Fig. 2). Another
pump positioned next to the starfish measured the con-

three additional

centration of gametes being released. All

pumps were

connected by 30-m-long, 12-mm-diameter plastic hoses
to filters located on a moored barge. Pumping rates were
approximately 2

Up

1

-min"

1
.

to six "substrate" traps were deployed

of the starfish to measure the

seabed

(Fig.

X

1).

X

downstream

number of eggs

Each trap consisted of a small

lost to the

plastic tray

(Fig.

1).

Immedi-

were disconnected from
the downstream filters and the pumps were run for 1 min
to flush the hoses. The hoses were reconnected rapidly (in
less than 30 s) and filtering was carried out for 2 min.
ately prior to sampling,

Flow

all

lines

pump were consistent, so the volume
min through each pump (about 4 1) was

rates for a given

that passed in 2

measured several times and averaged. While the pumps
active, dye was released next to the starfish to ensure
that the array was correctly positioned downstream. All
experiments were undertaken in reasonably clear and calm
conditions with wind speeds of less than 10 knots, waves

were

than 0.5 m, and mostly slow current speeds of less
than 0.1 m-s~' (Table I).
Filtering and counting. Eggs collected from the water
less

similar to that of the natural seabed

column were filtered into a plastic bottle through 80-^m
plankton mesh placed in a bucket of seawater. A large
volume of seawater in the bottle prevented eggs being
crushed or forced through the mesh as would have oc-

similar

curred by

with moderate-sized pieces
in diameter.
of clean, angular pieces of rock, 20-30
The rock was added to provide substrate with a porosity
(0.13

0.13

0.05

m)

filled

mm

and to provide a
hydrodynamic environment. Normally two traps
m from the starfish, and a
were deployed at 0.5 m and
further four traps were deployed at 3 m. During Experiment 6 when the current speed was very slow, the four
traps from 3 m were positioned adjacent to the spawning
starfish. Unlike the pump array, the substrate traps were
left open for the full duration of spawning. Each tray had
1

a plastic lid to close the tray during retrieval.
Current speeds were measured using a Neil

acoustic

vector-averaging current

meter,

Brown

suitable

for

filtering in air. On completion of pumping, the
was removed from the bucket, the external surface
of the meshes was washed, and the eggs were trapped in
filter

the water draining into a small sample tube at the base
of the plastic bottle. The small sample tube was then re-

moved and

1

ml of formalin added

to preserve the eggs.

Because sperm could pass through the filters, a 20-ml subsample was collected without filtering from the 2-min

pumped sample and

preserved with formalin.
The contents of each substrate trap were placed in a
tunnel over a filter and washed with seawater to dislodge

combined wave and current environments. The current
meter was supported on a bottom-mounted metal frame
and manually raised and lowered to measure the vertical

any

The meter failed after 3 days of experiments (up to and including Experiment No. 7) and currents on 2 subsequent days were estimated by timing the

of a binocular microscope; sperm counts were

velocity profile.

eggs.

The

surface of each

filter

was then washed, and

the eggs were collected and preserved as described above.
Eggs in each sample were counted at 25X with the aid

400X

made

at

using a phase contrast microscope. Subsamples of
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Information nn

Exp.

No.

llic sex,

duralion of spawning,

pump and

trap positions,

I

and environmental

conditions pertaining to each experiment

GAMETE DISPERSION
width of the cuboid were taken as 0. 75 m and the height
was 0.075 m.
The model maintained a constant concentration within
the cuboid equal to the measured values. At each time
cuboid was destep, the number of particles within the
termined and the appropriate number added to compen1

sate for those that

moved downstream.

Diffusion, advcction, and concentration. In the Monte
Carlo diffusion stage, all particles in the water column

"jumped" horizontally or vertically with the
governed by the eddy

=

AA',

(

1

)

uniform range (-1,
and R,, is a random number
vertical
or
eddy diffusiv1);
\ is the lateral, longitudinal,
6
in
The
factor
eqn ( ), rather
ity, and A/ is the time step.
number
random
than 2, results when a uniform
range is
1

position

each particle's vertical

stage,

to

its fall

velocity as

Ar = HA/

U(=)

position was adjusted according to the
current speed U(:) at the level of the particle (:) above
the bottom

Ax =

(3)

C/(r)A/

any elevation was the sum of the
by the cell volume

particles lying in a vertical cell, divided

NJ(dxdydz)

//

is

the

The vertical
Thus

= 5.75H*

(6)

log,

and : is the roughness
* is the friction velocity
the
which
at
the
velocity
goes to zero. The
height
length,
was
elevation
at
any
speed
where

U(z)

=

Um log

(7)

Um

is

the velocity measured by the current meter
.

Measurements of the measured velocity profile indicated r was in the range 0.08-0.15 (previously reported
by Black and Gay, 990). This value is in accordance with
a number of other estimates. Summarized by Black and
1

Hatton

(

1

990), r values of approximately 0.08

m (or fric-

= 0.08) have been

in-

dependently obtained using wave height attenuation data
and numerical model calibrations (Black and Gay, 1990;
Hardy and Young. 1991). Thus, we have taken r

(4)

= 0.08 m in this study.
Eddv diffusivities. The current and wave measurements
showed a mean circulation superimposed on an oscillating
wave orbital motion. Spectra of the sea-surface time series
indicated two wave trains with periods of about 8 and 3 s.
The dominant 8-s peak was probably associated with swell,
whereas the

number of particles, and

dx, dy,

and d:

are

the cell dimensions.
short time step of A/ = 0.05 s was chosen to refine
the model resolution. In a Lagrangian model, the vertical

A

grid size does not influence the solution, but

is

selected

according to the resolution required. More particles and
shorter time steps are needed to properly resolve sharp
concentration gradients on fine grids.
To determine concentrations as recorded in the

3-s

waves were generated by

fusivity

wind.

above the wave boundary layer (e.g., Fredsoe et
more than 30 different techniques

1985), although

have been proposed to predict bottom shear stresses and
bed roughness scales under the combined action of waves
and currents! Simons etai. 1989). Despite this wide choice
of models, very few have been fully calibrated against the
few suitable field data available.
The complexity of the available relationships varies,
but Nielsen (1986) has found that the simplest case of a
vertically invariant

field,

local

In wave/current environments, the most common assumption is a parabolic vertical distribution of eddy dif-

a/..

where

length.

to be logarithmic.

(1

(2)

The downstream

at

and roughness

was assumed

tion coefficients equivalent to r u

1.

was adjusted according

The concentration

velocity profile

at elevation i m

R n (6EAt)-

chosen instead of R,,
In the linear advection

The

velocity profile

where

in the

=

157

PLANC1

A.

step size AA",

where

diffusivity,

IN

eddy

diffusivity

is

effective for pre-

dicting suspended sediment concentrations,

and

this

was

particles were tracked until they passed the downstream
location of the pump array. The cumulative number of

confirmed by Black and Rosenberg ( 1 99 1 ) after examining
a series of suspended-sediment load measurements under

though model grid cells
=
=
2-min
interval was detera
0.2 m over
di
of size dy
mined. The water volume passing through each cell was

natural waves.

particles per liter of fluid passing

In this paper,
diffusivity for :

we

>

r

,

applied a vertically invariant eddy
and allowed the eddy diffusivity to

equilibrium

decrease linearly to zero for r < r The linear decrease
near the bed was found to have very little effect on the
model results. We used the field measurements of egg and

model (as in the field condition), the
simulation ran for 80-600 s (depending on the current
strength) before the summation of particle numbers was
commenced. The model then ran for a further 120 s.

sperm concentrations to determine the adequacy of this
formulation. Although local wind creates a second
boundary layer at the surface, this layer could be neglected
in the model because eggs and sperm did not spread to

K=
where

/

is

the elapsed time

to develop in the

.

U(:}dyd:t
( 1

20

s).

To allow an

(5)
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To

the active pool.

record the event, a particle counter

which they

for the cell in

was incremented by

settled

1

.

Results
Full velocities of eggs
Distance (m)

Figure

3.

to 0.3

laboratory measurements of fall velocity indicated
a range of small negative buoyancies for the eggs (Fig. 4),
h~ ).
s~ (0.26
with a median fall velocity of 0.072

The

Seabed bathymetry over a 2-m distance at the study

showing variations of up

and sperm

site,

mm

m.

m

'

'

essentially neutral whether alive or dead
Measured
sperm concentrations, even after 7 h,
(Fig. 4).
about the neutrally buoyant curve.
scattered
remained
for
fit
curve
A best
eggs was determined of the form

The sperm were
the surface in significant

numbers over the

spatial scales

considered.

Defined

The

hetl level.

velocity of

all

particles

was

set

"mean bed level," i.e.. within
= 0.08 m) of the bed where the

C/C =

to zero in the region below

one roughness length

(:

undefined. Zero net current in this zone
velocity profile
is probably a reasonable approximation because of the
is

sheltering induced by the coral.

However, because the

porous, some water movement may still occur,
ranparticularly when waves are present. Consequently,
dom movement was retained below : = :
The lowest pumps were estimated to be about 0.3coral

is

the concentration,

and

m above the minimum bed level (: = 0) in the model.

The pumps were

0.2

frame while the bed
variations of

up

m above the base of the pump array
profile at the study site exhibited

to 0.3

m

(Fig. 3),

and the

pump

frame

base was generally located on the crests of the undulations.
Mean bed level is expected to be at an elevation dependent

on the magnitude of the roughness length. However, the
frame was moved often and there remains some uncerof
tainty, of the order of 0.2 m, in the defined position
the bed in the field data relative to the model.

Bowularv conditions. At the surface, a zero flux boundary condition was imposed by reflecting any particles that

move through the surface by diffusion.
The bottom boundary condition is best described as a

attempted to

is

the concentration at

T is the

C/C =
From eqn

(7),

(9)

the time taken for the concentration to

which corresponds with a fall velocity
depth of 0.072 mm-s~', as given above.
Although the eggs are slightly negatively buoyant, a
neutral condition for both the eggs and sperm is a reasonable approximation over the spatial scales being con-

halve

is

over 0.1

0.384

h,

m

was subsequently confirmed with the numerical model by comparing results using the measured
mean fall velocity and the neutrally buoyant condition.

sidered. This

Dynamics of gamete

release

Although there was considerable individual variation,
the rate at which female crown-of-thorns starfish released
eggs was generally greatest at the beginning of the spawning event and declined logarithmically with time (Fig. 5).

to investigate
"settling or trapping" condition, established
the entry of particles into the bed matrix. In this paper,
"settlement" is used in the sediment transport sense to

denote contact with the seabed.

C

decay coefficient (hours).
The data exhibited a correlation coefficient of r = -0.97
to the curve
(hours),

is

.

0.4

where C
time t =

(8)

Eggs o Hep

A

A Rep

square grid covering
the seabed was established in the model with 0. 1 3-m sides,
so that the surface area of each cell was equal to the area

Sperm O

1

Live

Dead

2

of the substrate traps (0.0169 nr). Particles were said to
have settled if their vertical position was within 0.1 r of
the defined bottom. Physically, this means that the particles would be well within the hollows in the bed undulations.

Model

tests

showed

that the defined level at

which

settlement was said to occur only marginally influenced
the absolute numbers trapped when the defined level was

Moreover, changes to the defined settlement
level had no obvious influence on the predicted pattern
of settlement. Once settled, particles were eliminated from
less

than r

.

Neulrally buoyant

Time

(hrs)

m

below the surface
Egg and sperm concentrations at 0. 1
Figure 4.
of the settling tube as a function of time. Note the close correspondence
of the two replicate logarithmic plots for

of the plots for

live

and dead sperm.

live eggs,

and the

close similarity
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Low
Medium

Low
Medium

High

High

E

10

Distance (m)

7.

Figure

Egg dispersion. Logarithmic plot of eggs per

tion of distance from the

Time (mins)

spawning

starfish, for low,

currents, expressed as a percentage of the

Temporal dynamics of egg release. Number of eggs per
Figure 5.
next to the spawning starfish is plotted on a logarithmic scale as a

spawning

liter

as a func-

medium, and high

number of eggs per

liter at

the

starfish.

liter

function of time since the start of spawning, for low,

medium, and high

current speeds.

release

was observed during the

first

10

min

after the start

low current flows, the period and conditions for which data were available (Fig. 6). A mean of
of spawning

This trend was consistent for two of the current flow

gimes (low 0.02-0.05 m-s'
In high flows (0.2-0.3

m

mean of

medium

1

,

s~'),

0.07-0. 10 m-s~').

the results were

3

re-

more

er-

was recorded close
to the starfish at the start of spawning, and total production
over the mean spawning period of 45 min averaged 2.0
Overall, a

ratic.

X

10

10

'

eggs

4

eggsr'.

rents, particularly with respect to accurate

5).

placement of

pump near the starfish, which may explain
number of eggs

the smaller

=

during high flows (Fig.
In addition, as noted above, the number of eggs released

observed

by individual

The

at

t

5

sperm ml" was recorded close to the starfish at the
start of spawning, and total production over the mean
9
spawning period of 10 min averaged 2 X 10 The con10

1

.

centration near the starfish of 10

s

much

is

less

than the

1

Measurements of egg concentrations adjacent to the
starfish are more prone to experimental error in fast curthe

at

concentrations of 8

X

10

8

sperm ml" recorded by Benzie
1

in the laboratory. The reduction is indicative of the initial dilutions occurring immediately ad-

and Dixon (1994)

jacent to the starfish.
4
The total of 10 sperm

is equivalent to a volume of
concentrated sperm in the testes of approximately 50 ml
(calculated from data in Benzie and Dixon, 1994), and

suggests a rate of

sperm

release of 3

X

6

10 sperm

s"'.

Downstream gamete concentrations

starfish varies considerably.

which individual male starfish released
sperm varied considerably, but no decline in the rate of
rate at

Average egg concentrations, calculated as the mean
number of eggs per liter over all pumps with non-zero
values, fell rapidly with increasing distance from the

spawning adult

to

taking until 10

m

centrations

again (Table
E

By a distance of m, egg conone hundredth of that near the starfish,

(Fig. 7).

fell

II).

1

before approximately halving in value
Current strength does not strongly affect

10000

Table

s
i

II

Average concentrations of eggs measured on the frame (as a percentage

100

of the concentration at the

.starfish)

for slow, medium,

and

Distance downstream

(m)
Time (mins)

0.5

Temporal dynamics of sperm release. Number of sperm
per milliliter next to the spawning starfish is plotted on a logarithmic
scale as a function of time since the start of spawning. Data were available
Figure 6.

only for slow currents and for up to 10

mm

from the

start

of spawning.

Slow

1.0

3.0

fast currents

160

A. H.

BENZIE KT AL.
period before the arrival of the slower moving dye
near the bed.
in the

Due

to variations in

gamete

release rates in different

data do not permit further analysis of the
absolute concentrations (without normalizing) as a function of current strength. However, modeling of the spatial
starfish, the

0.5

m

from starfish

C = 1.85V-296
r

distribution of eggs in the pump array described in a later
section demonstrated clear differences in the dispersion

= 0.95

of the gamete cloud at different current speeds and was
in accordance with the field measurements (Fig.
).
1

1

m of the
sperm were limited to within
spawning male because of the practical difficulties of adequately sampling sperm at greater dilutions. The percentages of sperm at 0.5 and 1.0 m are very similar to
Data

1

those for eggs (Fig. 9). This important result indicates that
both are influenced by the hydrodynamics in the same

1m trom starfish
C=3.09V-6 18
r

for

= 0.74

way, and are not showing any major differences in their
response as a result of factors such as their size or buoyancy.
Figure 8.

centrations for the five

on the next highest
/?, is

and sperm. The ratio of egg conpumps on the lowest level and the five pumps

Vertical spread of eggs

each

in

is

the ratio of

maximum

downstream concentration after normalizing by the
concentration recorded near the starfish (Fig. 7).
To examine the spread of the gametes as a function of
the current strengths, the following two ratios were determined:

-

?:

CmaxQ/Cn

(10)

Cax0 and C^i are the averages of the concentrations measured across the lowest level and the next lowest level of
the frame respectively (450
are the

fell

to

approximately 10 sperm ml"

1

by

1

5

sperm
m.

Bed settlement

level.

the

Cmax]

')

the starfish (10

3

level (Fig. 2) are plotted against the current speed.

the ratio ol average concentrations, and R?

concentrations

ml

Sperm concentrations near

maximum

same two rows. These

mm apart;

Fig. 2).

Cmax0 and

concentrations measured in the

ratios indicate

whether the gametes

spread evenly through the water column or favor the lower
or upper level. R and R : are both correlated with current

An average of 0.007% of the total number of eggs produced over a spawning entered the substrate (Fig. 10).
Most did so near the spawning female, at densities up to
6000 eggs m : Patterns of settlement into the seabed differed between current speeds (Fig. 10). The proportion of
eggs entering the substrate was greater, and the majority
settled closer to the starfish, for the slowest currents. At
.

high current speeds few eggs entered the substrate traps,
at some distance from the female.

and did so only

Mi nlel sim n/al it >n.s
Three field cases were modeled to encompass a range
of current speeds and to provide a complete calibration,
verification, and validation sequence over a wide range

{

strength at 0.5, 1.0,

and

3.0

m

from the

starfish (Fig. 8).

o

100

This means that the eggs are found closer to the bottom
as the current strength increases over these space scales
(see also Figure

1

1.

low and medium current

case).

At 10m, egg concentrations were lower near the bed
than at the higher levels (Fig.
). This may be caused by
1

1

substrate trapping of the near-bed particles (see below) or
velocity shear. By acting as a sink, substrate trapping reduces the number of eggs near the bed. The effect of cur-

Distance (m)

was depicted by dye released near a starfish in
slow currents. The dye was observed to spread between
the bed and the surface after about 3 min, but the dye in
the upper levels reached the downstream location fastest.

as a function of distance

This can result

spawning

rent shear

in

higher concentrations in the upper levels

Figure 9.

Sperm

centage of the

dispersion. Logarithmic plot of sperm per milliliter
from the spawning starfish, expressed as a per-

number of sperm

Data were available only
starfish.

per milliliter at the spawning starfish.

for slow currents

and

for

up

to

1

m

from the
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,1

= 0.25 m-s

), the tendency for the gametes to be found
only at the lower levels is exhibited in the model. Also,
the magnitude of the predicted concentrations lies within
'

the variability exhibited by the two sequential sets of field
measurements (Fig. 1 1, Case 3). Notably, the horizontal

between the two sets of field measurements and the
model relates only to the positioning of the frame relative

offset

to the

gamete cloud

in the field.

The

values of the horizontal eddy diffusivities are supported by the model calibration. In a series of sensitivity
simulations, it was found that larger values tended to

Distance (m)

The proportion of the total number of eggs per liter that
Figure 10.
were produced near the spawning starfish over the course of an experiment
and entered the substrate traps at different distances up to 3 m from the
starfish, for low,

medium, and high current

overly spread the gamete cloud laterally in the model.
Less well predicted is the measured tendency for egg

concentrations to be very small near the seabed at distances greater than 10
(Fig. 1 1 ). However, simulations

speeds.

m

carried out

The

over 60 m

and 100

m

did exhibit lower con-

numbers demodel due to the

examined a very
m from the
slow current (0.02 m s~') with the pumps
starfish; it was compared with data from Experiment No.
(Table I). The second. Case 2, was a simulation over
m when the current was faster (0.07 m-s '); it was
compared with data from Experiment No. 9 (Table I).
The third simulation, Case 3, examined dispersal at larger
spatial scales and fast current speeds (ca. 0.25 m-s '); it
was compared with two sets of field measurements (made

centrations near the bed. In addition, egg

sequentially for replication) during Experiment Nos. 13

In general, although the model is far simpler than nature, it appears to contain the essential physics needed to

of current conditions.

first.

Case

1,

1

1

1

and

14 (Table

I).

We applied eddy diffusivity values in the range 0.00051

0.0015 nr-s" Although the tests were not exhaustive,
we chose 0.0015 nr -s" for all three directions. This
.

1

m

= 0.0012 2 s~'
compares favorably with the value off.found by Black and Rosenberg (1991) in a wave-driven
environment, although the horizontal values were smaller
than expected (Elder, 1959). The results proved to be sensitive to the choice of eddy diffusivity, but we were unable
to distinguish

any need for an eddy

(Fig.

1 ).

In particular, the spread of the cloud, the spacing

of the contours, their absolute magnitude, and their vertical position in the water column are in good agreement.

The tendency

gametes to stay near the seabed

for the

is

evident in both the model and the measurements. Indeed,
the magnitude of deviations between the

measurements

and the model is less than the variability in the concentrations measured at the starfish, which is a determining
input to the model, and is within the variation between
replicates. For example, in Case 1, when the current (U)
was only 0.02 m-s" the larvae spread over a greater
depth and spread more horizontally than in Case 2 (V
= 0.07 m s~ This is
the measurements and
1

,

'

).

the model. In Case

3,

depicted by
the currents were very

when

fast

(

V

at

10

m

in the

losses associated with substrate trapping (Fig.

12).

The

egg concentrations (rather than egg numbers) in the model
remained high because the water volumes predicted to
pass through the frame at the low levels were small, in

accordance with the small currents in the logarithmic
boundary layer. Thus, some refinement of the behavior
at

near-bed levels

may

be required.

address questions about the dispersal of eggs and sperm.
The reduction in concentration with distance from the
is evidently being effectively predicted. Moreover,
the assumptions made about the shape of the velocity
profile and the eddy diffusivity appear to be adequate.

starfish

results indicate that the starfish eggs and the much
smaller sperm can be treated as passive particles at these

The

temporal and

spatial scales.

Models ofegg dispersal. The pattern of gamete

diffusivity that de-

pended on current strength.
Comparison of model with data. The measurements
and model show a clear correspondence in all three cases
1

creased near the bed

dispersal

each of the current classes is clearly demonstrated in
the diagrams showing egg clouds in both plan (top) view
in

and

in cross-section (side view) at the

of Cases

1,

2,

and

3 (Fig.

of eggs.

13).

This

Case

1,

end of the simulation
is

3.5

min

after the

the particles spread
the
This
concurs
with
field observations
depth.
throughout
in which dye spread between the bed and the surface after
first

release

In

about 3 min.
the eggs
In Case 2. when the current was 0.07 m-s"
spread through about one third of the depth only. Indeed,
1

,

in

Case

mained

Two

3,

when

in the

the current

was 0.25

m

s~',

the eggs re-

lower half of the water column after 10 m.

opposed factors determine the downstream con-

centrations of eggs and sperm. First, for a given release
rate, the concentration of eggs near the starfish will be a
function of the current speed, which determines the initial
That is, if eggs are transported away quickly, the

dilution.
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MODEL

DATA

Low

Medium

High

Comparison of measured egg concentrations (eggs per liter) with those predicted from the
m distance
an example from one each of low (0.02 m s~' at
from the spawning starfish), medium (0.07 m -s~' at m distance), and high (0.25 m -s" at 10 m distance)
speed currents. The horizontal offset between measurements and data relates only to the position of the
pump array relative to the egg cloud, and does not indicate any fundamental difference between the model
and measurements. In fact, not only is the general fit in dispersion pattern good, the concentrations generated
m the model are very close to those measured.
Figure 11.

model

for three different cases, representing

I

1

1

concentration in a region near the starfish will be reduced.
also show that the vertical

The measurements and model

spread of the gametes is less over a given downstream
distance in fast currents, which compensates in part for
the higher initial dilution. Indeed, Figure 7 indicates that

the

downstream concentrations normalized by the con-

centration at the starfish are not a strong function of current strength, even though the ratio of downstream concentrations at different depths indicated that gametes remained closer to the bed in fast flows. The measurements
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(Grosberg, 1991). In those studies, fertilization success
dropped dramatically from 80 to 100% near the spawn-

m

and the authors
ing male to about 10% or less over 1
inferred gamete dilution to be the significant factor contributing to the observed decline. Unlike the present study,

none of these previous studies measured the

field

concen-

trations of the gametes.

To infer fertilization rates from gamete concentrations,
we used data obtained from mixing gametes of crown-ofthorns starfish at different concentrations in the laboratory
(Benzie and Dixon, 1994). These calculations were based

on the mean concentration of sperm observed in the field
and on fertilization data from both early and late in the
breeding season. Benzie and Dixon (1994) showed that
gamete quality, and hence fertilization success, varied according to the time of the breeding season.

Figure 1 2.
Egg numbers predicted by the numerical model, showing
from the
a reduction near the seabed due to substrate trapping at 10

m

starfish in currents

of 0.20

m

s~'.

If we assume that the diluted sperm pass across a
downstream spawning female, the calculations suggested
the following rates of fertilization if spawning occurred
early in the breeding season: 100% with the female adm. 90-100% at 3 m.
jacent to the male, 90-100% at
and 70-100%' at 10 m. Towards the end of the season the
1

rates

did not indicate a need for an adjustment to the eddy
diffusivity as a function of current speed over the range
of speed and space scales considered.

90% near the male,
m, and 60-70% at 10m.

of fertilization were estimated as

80-90%
These

at

1

m, 75-80%

of 80-90%

rates

at 3

results are consistent with the published fertilization
at

1

m

and 60-70%

at 10

m

for

crown-

The predicted contours of the number of eggs trapped
seabed for the simulation of Cases 1-3 indicate

in the

that, if the starfish

spawned

in the

hollows of the undu-

SIDE VIEW

PLAN

many of the eggs would be trapped nearby (Fig.
The model predicts that hundreds of eggs per

lations,
14).

m

0.0169

:

(the size of

our settlement dishes) enter the

higher than the field measurements, but
similar numbers were recorded in one case (Experiment
seabed. This

No.

4)

when up

stream of the
0.05

is

to 118 eggs were trapped at 0.5

starfish.

m) and may

The

m down-

Case
Low

1

traps were very shallow (about
all of the settling eggs.

not have retained

Moreover, the entrances of some bed settlement traps were
above mean bed level. At this level, the influence of local
hydrodynamics, including wave orbital motion creating
currents within the dish, was not

known.
Case 2
Medium

Discussion
Inferred fertilization success

A rapid reduction in concentration was measured with
increasing distance from spawning crown-of-thorns starThese concentrations do not, however, necessarily
indicate the levels of fertilization to be expected for the
fish.

species,

even though their rate of decline was similar to

the decline in fertilization success reported for sea urchins

(Pennington, 1985; Levitan

el

ai,

1991) and ascidians

Case 3
High
Kigure 13.

ri?J
Position of the egg cloud in plan (top) view and cross-

section (side view) after 3.5

min of simulation

in

Cases 1-3. representing

one example from each of low. medium, and high speed currents.

I
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2

Low

/rx

Number of eggs predicted to enter the seabed for each ot the Cases 1-3. These cases provide
Figure 14.
one example from each of low. medium, and high current speeds. The model was run until the eggs had
reached the 10-m mark, and then egg numbers were allowed to accumulate for 2 min.

of-thorns starfish in the field (Babcock and

than those ob-

from 5 to 30%. This is within the range of field measurements (for fast current speeds and slow currents speeds)
made by Pennington (1985). Such measurements have

has been suggested that this
because the crown-of-thorns starfish is far more fecund

used either samples of large numbers of eggs in syringes
(Pennington. 1985) or samples of eggs taken from spawn-

Mundy,

1992,

1993).

These

fertilization rates are far higher

served for sea urchins, and
is

it

than other echinoderms (Babcock and Mundy. 1992;
Babcock ct til.. 1993). The measured concentration of the
5

ing females set

downstream of

1992; Babcock

Mundy.
The higher

ct

til..

male (Babcock and

a

1993).

near the
sperm, of approximately 10 sperm ml
spawning male in the field, suggested rates of sperm release
of 3 x 10" sperm s '. These data compare well with the
?
6
rates of sperm release of 10 -10 s" calculated by Benzie

as observed in the laboratory by Benzie

and Dixon (1994) from laboratory measurements, and

The

starfish

'

'

field fertilization rates

fertilizing capacity

fertilization

is

of

starfish

sperm

tion of gametes as suggested by

x 10" sperm

calculated by Denny and Shibata 1989).
Therefore, assuming similar rates of sperm release and

(1992),

similar dispersion patterns in given flow regimes, sperm
concentrations for sea urchins at
downstream from

field.

who used sperm

'

(

1

m

would be equivalent to those measured
3
for crown-of-thorns starfish 10 sperm ml ').
Fertilization rates expected from such sperm densities,
and 2 from Levitan el at. (1991), range
using Figures
the spawning male

(

1

sperm

'

s

at

higher
a given dilution,

and Dixon

(

1994).

evidently not due to a higher produc-

are similar to the rates of release for sea urchins of 1-3
s

of crown-of-thorns

starfish, relative to sea urchins, therefore reflects the

Babcock and Mundy
4-8 X 10 8

release rates of

to explain the high fertilization rates in the

The production of far higher numbers of eggs by

crown-of-thorns

starfish

may

still

increase the overall

numbers of fertilized zygotes produced, but

the fecun-

dity of the starfish does not appear to influence rates of
fertilization
in the field.

(through increasing gamete concentrations)

GAMETE DISPERSION
The

basic advection

models used

in this study ade-

quately predicted the distribution of eggs and sperm of
crown-of-thorns starfish in the field. Given this, they can

be used to predict with some confidence the dispersion
patterns of crown-of-thorns gametes over greater spatial
scales

and

for a greater variety of

hydrodynamic condi-
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Indirect evidence to support the occurrence of this type
of phenomenon has been recorded in the field. Moran et
al.

(

1985) found

many

numbers of adult

small starfish 1-2 years after large
were observed in the same area.

starfish

Similar events were reported almost 2 years later along
the leeward side of the reef (Bell, pers. comm.) and in the

tions.

north bay of Pelorus Island (Kettle, pers. comm.). Self-

fertilization

recruitment has been reported for other organisms. For

Using laboratory data on fertilization rates, average
expected in the gamete cloud at 100 m downstream from a spawning male at currents of 0.25 m s
was 25% (range 0-50%). These are very similar to the
rates published by Babcock and Mundy (1992) and Bab-

example, McShane et al. 1988) found that successful recruits of the abalone Haliotis rubra were those that remained near the parent in the crannies of reefs on exposed

cock

coasts.

'

el al.

(1993).

(

Comparisons with the larvae of crown-of-thorns
however, because the larval life
days instead of the average 10-16 days

starfish are questionable,

Local substrate settlement

Although small

in

of H. rubra

proportion (0.007%), a significant
in the substrate. Most of

7

is

for the starfish.

number of eggs were entrained

these entered the substrate near the spawning female at

At high currents, eggs were detected
only in the substrate traps at 3 m. These results may explain why the starfish often mount high coral heads to

low-medium

Buoyancy and natural turbulence

currents.

Results from the present study also confirmed, contrary
assumptions of Wolanski and Hamner ( 1 988), that

to the

spawn. The elevated position puts the eggs into the water
column away from the seabed, maximizing the chance of

the gametes of the starfish can be treated as passive,
weightless particles at the temporal and spatial scales over

long-range dispersal. Coral reefs have a high roughness
value, and Eckman (1990) found that the rates of settle-

which our measurements were taken. The fall velocities
were much less than the turbulent vertical and horizontal

ment should

diffusivities applied in the
the
model. Although 10%- of
eggs remained in suspension
the
after an hour in still water,
percentage would be much

increase monotonically with aerial density

of roughness features.

The

small-scale

hydrodynamics around the substrate

velocities indicated

by the eddy

more turbulent

some

traps could not be assessed, but flow patterns in the vicinity

higher under

of similar collection devices (Gardner, 1980; Butman,
1989; Yund 1991) can vary widely and may reduce cap-

metes were resuspended
the most important factor determining gamete numbers
remaining in the water column at longer time scales may

ture efficiency under certain conditions.

The capture

ficiency of the traps used in the present study

may

ef-

also

have been reduced by their relatively low sides (0.05 m).

field

conditions

if

ga-

after contacting the bed. Indeed,

be the tendency for trapping near the seabed.

The model

results, at 10

m

from a spawning

starfish,

number of eggs near

the bed,

Consequently, it is possible that the number
tering the seabed was underestimated, thereby explaining

indicated a reduction in the

the difference between the measured and model results.
In addition, the assumptions made in the model for conditions very near the bed may need further refinement.
The biological significance of egg entrainment to the

entrapment of gametes in the substrate. In a turbulent

of eggs en-

the eggs could complete
such an environment.
within
development
Their survivorship, however, is open to question because

seabed

is

not clear.

If fertilized,

their larval

due

to the effects of

they may
benthic predators and physical disturbance (e.g.. wave action). The effects of these factors may in turn be offset by
the increased availability of nutritional sources. Recent
suffer greater mortality

research (Hoegh-Guldberg. pers. comm.) has shown that
concentrations of dissolved free amino acids (DFAA),

which are an important source of nutrition

for larvae

of

starfish, are much higher in the vicinity
of the coral substrate. Entrapment of significant numbers
of larvae amongst such substrates may provide a mech-

crown-of-thorns

anism

for self-recruitment to the adult population.

as also

measured

in the field.

We

think this

is

due

to the

environment that mixes the gametes through the vertical,
this reduction in concentration would be expected to continue with time. As such, although the eggs and sperm
are neutrally buoyant, turbulence brings the gametes into
the sphere of influence of the seabed and the potential
exists for these to enter into cavities within the substrate.

This mechanism could considerably shorten the time that
larvae of crown-of-thorns starfish spend in the water col-

umn and hence their average excursions during the pelagic
phase.

Numerically, for neutrally buoyant material,
is

equivalent to a

this trap-

bottom boundary condition

ping process
that allows random turbulence to carry particles into the
seabed. In sediment-transport models such as the one

presented by Black and Rosenberg (1991), the bottom
boundary condition (described as a pick-up function)
precludes this loss of particles to the bed by

random

dif-
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particles "settle" to the seabed only

The sediment

when the fall velocity carries them there. Thus, the data
presented in this paper provide some new insight into the
dynamics very near the bed. The results suggest that ran-

dom

turbulence over these very rough beds

may "inject"
remain. In
eggs and sperm into the seabed, where they
seabed
material,
trapping (or
fact, for neutrally buoyant
any form of "settlement") cannot occur if random turbulent movement into the bed is forbidden in the model.
The bottom boundary in this case may be described as a
"trapping condition." Physically, the gametes may be
trapped by snagging or attaching to the substrate.

fall

velocity experiments. This

Number

is

AIMS

Contribution

679.
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Portable, Discrete-Sampling Submersible Plankton
Pump and Its Use in Sampling Starfish Eggs
CRAIG MUNDY. RUSS BABCOCK

Australian Institute of Marine Science.

Abstract.

The apparatus was designed

1

.

IAN ASHWORTH.

PMB No 3,

fertilization rates

of A. planci and other echinoderms in

both natural and experimental situations.

the surface. These attributes confer a high degree of flexibility in subsurface sampling situations. Although we used
it

4810. Australia

diver.

of water. Relatively large
without the need to maintain contact with or return to

In applying this apparatus to the study of in situ
ization rates,

could

equally easily be used to sample other small, patchily

MC, Queensland

We designed and constructed an apparatus that enabled us to fulfill these requirements and obtain data on

to enable divers

samples from known volumes
volumes of water can be filtered

to obtain discrete replicate

the equipment to sample the eggs of invertebrates,

Townsville

AND JOHN SMALL

it

of fertilization

fertil-

was important to determine that estimates
rates were not biased by the sampling pro-

cedure or the apparatus. This paper describes the appa-

dis-

tributed plankton.

ratus, the

sampling procedure, and the experiments

in-

vestigating potential sources of bias.

Introduction

Materials and Methods
In the marine environment, just as in the terrestrial

environment,

many phenomena of

Apparatus

interest to ecologists

vary unpredictably in time and space. However, the nature
of aquatic environments greatly complicates our attempts

Conceptually, the apparatus was a metered plankton
pump with 12 replicate filter cartridges (Fig. la). Its di-

understand these ecosystems. The advent of scuba diving has transformed our understanding of life in marine
and fresh waters, through the freedom it has given sci-

to be

entists to explore

them

directly.

Many

mm

aspects of marine

ecological research continue to present difficulties, particularly

when sampling programs must be conducted

mm

mm

and 550
mensions were 500 X 400
high. Water
sampled was taken in through a suction hose (13Tygon tubing) and passed through a digital flow meter
(GP1 electronic digital meter) after filtration. Suction was

to

applied using a

at

pump

(Flojet. 12 1/min) attached to the

cartridge by a second hose.

filter

cartridge consisted of an inner

temporal scales in a patchy environment.
In a study of in situ fertilization rates of the crown-ofthorns starfish, Acanthaster planci, we needed to sample
fine spatial or

Each numbered

filter

filter

tube constructed of

and plankton mesh (60 ^m), approximately
350 ml in volume, surrounded by a second outer tube of
500-ml volume that screwed into a flange at the top of
the inner tube (Fig. Ib). The entire cartridge was then
screwed onto the pump by another set of threads on the
flange. Water was drawn into the cartridge through a oneclear acrylic

eggs repeatedly from positions that were fixed relative to
spawning starfish but that were unpredictable in time and

Sampling had to be conducted both during experimentally induced spawning situations and during spontaneous natural spawning events. The sampling method
space.

way

had to enable us to sample and filter measured quantities
of water without damaging starfish eggs, and the equipment had to be easily operated and transported by a scuba

fitting

mounted

in the

pump

assembly

at the

top of

the inner tube, and out of the cartridge through a second
one-way fitting at the bottom of the outer tube. Thus once

the sample was drawn into the tube, it was effectively
isolated from the surrounding water mass. As successive

samples were taken, the suction hose and the second hose
pump were removed and reattached to the appropriate cartridge. The flow meter was activated automati-

Received 12 November 1993; accepted 27 January 1994.
Current address: University of Auckland Leigh Marine Laboratory,
P.O. Box 349, Warkworth, New Zealand.
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procedure given here is for experiments involving artificially spawned crown-of-thorns starfish.
The direction and path of the current were determined
with fluorescein dye and marked with a plastic-fiber measuring tape. A single male starfish was placed upstream,
and the female starfish was placed at a set distance downstream. The sex of starfish was determined by extracting
a small

amount of gonad with

a large-bore syringe.

The

was then injected with 20-30 ml of
X 10~ 4 A/ -methyl adenine to induce spawning, and the
male was injected 10 to 15 min later. A large cloud of
fluorescein was released next to the male starfish once
spawning was well under way, to mark the passage of the
sperm plume. Sampling was started when the female starfish had begun to spawn, but not before the dye cloud
had reached the female. Two replicate samples were taken
with the female at each prescribed distance, starting from
the most distant and proceeding towards the spawning
male. Only the female starfish was moved in each trial.
Two replicates were always taken with the male and female starfish adjacent to one another (0 m), as a control
female

starfish

1

1

to establish

maximum

potential fertilization rates for each

The

of samples were taken
upstream from the male, as
a sperm-free control. The sperm-free control samples
provided a means to ensure that fertilization rates observed in the trial were not due to extraneous sperm from

experimental pairing.
with the female starfish 8

last pair

m

naturally spawning starfish in the area.

New animals were

On completion

of the experiment,

obtained for each

trial.

the apparatus was brought to the surface and transported
back to the research vessel, where the eggs were decanted

from each

filter

cartridge

and

fixed

immediately in 10%

seawater formalin.

Samples were taken holding the intake of the suction
cm above the spawning female
starfish. Although eggs did accumulate on the surface of
hose approximately 15

Figure

1.

(A) Photograph of apparatus.

flow meter; 4
(B) Detail of

intake hose; 5
filter

tridge flange; 3

filter

1

pump;

cartridge assembly; 6

cartridge assembly.

1

outer cartridge casing; 4

2

switch; 3

suction hose.

intake (sample); 2

filter

car-

outlet(suction).

allowing the volume of each sample to be recorded.
Power was supplied by two parallel 2- V gel-cell batteries.
Batteries, pump, flow meter, and switch were each housed

cally,

1

in separate clear acrylic O-ring-sealed housings, giving a

maximum

safe operating

depth of 20 m.

the starfish, currents during the experiments (0.07-0.25
m-s') were sufficient to advect the eggs into the water

column. Before sampling at a prescribed distance, the
pump, flow meter, and sampling hoses were flushed with
water to remove eggs and water from the previous sampling point. The eggs on the surface of the female starfish
were shaken free, and sampling was not commenced until
a new series of eggs had begun to leave the body surface
of the starfish. Current speed was recorded at the site immediately before and after each trial by releasing neutrally
buoyant markers and timing their travel along the tape.

The sampling procedure
Sources of bias

The apparatus was used

in

experiments investigating
fertilization rates of eggs from female starfish separated
downstream from males at varying distances, and fertil-

from female starfish and other echinoderms during natural spawning events. The sampling

ization rates of eggs

The primary sources of

possible bias in the sampling
procedure were that (a) variability in the quantity of water
sampled through the filter cartridge might influence the
fertilization rate

and

(b) the fertilization rate

might

in-
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(37%) was

slightly

lower than the fertilization rate observed

is

171

much more

dilute concentra-

Neither variable amounts of water

pumped through

therefore able to sample

min, 25 min, and normal treatments (48, 44,
and 45%), although not significantly so (Fig. 3). The results
indicate that most of the fertilization takes place within

the cartridges (representing varying

the

first 2 min, and that further periods of confinement
with sperm prior to flushing do not increase measured
levels of fertilization appreciably. The "normal" procedure

past eggs) nor varying periods of retention of
with
sperm
samples in the cartridges introduced significant
levels of bias into the results of the sampling. Our method

of decanting eggs from the filter cartridge upon return to
the research vessel does not result in a significant increase

can be used to obtain

for the 15

in fertilization rate.

Levels of fertilization recorded at 8

m

upstream from the spawning male were zero; those for
adjacent animals ranged from 70 to 90%.
Discussion

The results of fertilization rate experiments presented
here agree broadly with those presented elsewhere (Babcock and Mundy, 1992; Babcock et al. 1994), with high
rates of fertilization for Acanthaste r planci eggs being redownstream from spawning
males. The technique of pumping water samples through
filter cartridges worked as expected, with no detectable
fertilization upstream from spawning males and high levcorded

at

large distances

of fertilization for adjacent animals. This demonstrates
that there is little inhibition of fertilization
if any
as a

els

sampling technique, and no contamination
of samples by sperm that might have leaked in from other
sampling areas (the samples upstream had no measurable
fertilization). The absence of fertilized eggs in the upstream
result of the

samples also indicates that fertilization membranes were
not formed as a mechanical artifact of shear in the tubes.
This apparatus represents a significant improvement
on techniques used previously to obtain similar measurements in that it does not rely on passive dispersal of sperm

through a porous container

(e.g..

Levitan

et al.,

1992).

Such containers do allow sperm to penetrate, but they
may well reduce flow and exchange of water with the surrounding sea. This reduction would have an effect on fertilization rates. Furthermore, our technique does not rely
on preloading of containers with eggs and so can be used
in natural
(e.g.,

spawning

Unlike syringe sampling
can handle large volumes and

situations.

Pennington, 1985),

it

tions of eggs.

numbers of sperm

pumped

results

with a higher level of accuracy

and a greater degree of flexibility than have been previously available for measurements of in situ fertilization
rates.

Many of the features of the apparatus would lend
themselves to applications in other fields, such as the study
of micro-scale distribution patterns of planktonic organisms, especially demersal forms. With minor modifications to buoyancy, the

equipment could

also be adapted

example, sampling of visible
over
small
plankton patches
spatial scales (e.g.. Wolanski

to open-water situations

and Hamner,

for

1988).
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Larvae of the scleractinian coral Agaricia hu-

Abstract.

and metamorphose

"flypaper" for A. humilis larvae. This material should
prove useful in resolving the role of chemosensory recognition of morphogens in the control of substratum-spe-

response to chemosensory recognition of a morphogen on the surfaces of Hydwlithon boergesenii and certain other crustose coralline
milia settle

red algae.

The requirement of

in

cific

that the inducer

is

settlement, metamorphosis,

and recruitment and in
mechanisms in the

the maintenance of species isolation
natural environment.

the larva for this inducer

apparently helps to determine the spatial pattern of recruitment in the natural environment. Previous research

showed

Institute,

associated with the insoluble

Introduction

wall fraction of the recruiting algae or their microbial
epibionts, and that a soluble but unstable fragment of the
cell

Chemosensory recognition of unique substrata (algae,
microbial films, conspecifics, etc.) has been found sufficient, in the laboratory, to induce settlement and meta-

inducing molecule can be liberated by limited hydrolysis,
either with alkali or with

polysaccharides.

enzymes

specific for cell wall

We now show that the parent

morphosis of the larvae of a wide variety of marine invertebrate taxa (for reviews see Crisp. 1974, 1984; Schel-

morphogen

can be solubilized by gentle decalcification of the algal
cell walls with the chelators EGTA or EDTA, suggesting

tema, 1974; Hadfield, 1978, 1986; Chia, 1978; Burke,
1983. 1986; Morse, 1985, 1990; Rittschof and Bonaventura, 1986; Hadfield and Pennington, 1990; Pawlik,

morphogen may be a component of the calcified
recruiting alga itself, rather than a product of any non-

that the

calcified microbial epibionts.

The

solubilized inducer

1990; Morse, 1992). In a number of cases, the specificity
of this response demonstrated in the laboratory parallels
the substratum-specificity of settlement, metamorphosis,

is

subsequently purified by hydrophobic-interaction and
DEAE chromatography. The purified, amphipathic morphogen retains activity when tightly bound to beads of a
hydrophobic-interaction chromatography resin, and this
identical

in the natural environment, and the
inducer
a partially purified fraction or pre(or
complex
chemical
sumptive
analog) induces substratum-specific

ocean and the laboratory. We have attached the
purified, resin-bound inducer to surfaces coated with a

settlement and metamorphosis of the target species in the
ocean (Crisp, 1974; Morse et a/.. 1980, 1988; Highsmith,

and thus produced a potent artificial
i.e.. a morphogen-based chemical

1982; Sebens, 1983; Hadfield and Scheuer. 1985; Connell,
1985;Raimondi, 1988, 1990a, b; Jensen and Morse, 1984,
1990; Morse and Morse, 1984; Shepherd and Turner,

activity (tested with laboratory-reared larvae)

is

and recruitment

in the

silicone adhesive

recruiting substratum

1985;
Received 29 September 1993; accepted 19 January 1994.
Abbreviations:
tetraacetic

acid;

DEAE. diethylaminoethyl; EDTA. ethylenediamineEGTA, ethylene glycol-bis(/j-amino ethyl ether)

tively select microhabitats for

from the

raphy; Tris, tns-hydroxymethylarmnomethane.

Author

to

whom

1992). Using artificial sub-

without a sticky coating, Walters (1992)
showed that rugophilic barnacle and bryozoan larvae ac-

N.N.N'.N'-tetraacetic acid; HIC, hydrophobic-interaction chromatog'

Raimondi and Schmitt,

strata with or

correspondence should be addressed.

sites

of their

yet clear, however,

17:

is

first

metamorphosis that

differ

contact with the substrate. Not

the extent to which larval recognition
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of any individual, natural morphogenic molecule
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may

algal cell walls (or other divalent metal-cross-linked in-

contribute to the control of recruitment and to species
isolation in the natural environment, and how this rec-

soluble phycocolloids) with the calcium chelator EGTA,
or with the divalent metal chelator EDTA, used at the pH

ognition interacts with other determining factors (such as
surface rugosity, hydrodynamic regime, other biological
interactions, etc.) that also are usually present with the

of seawater. The fact that the release of the inducer in
gests that

chemical cue in the complex natural substratum (cf. Butman, 1987; Pawlik el ai. 1991). These effects must be

(non-calcified) microbial epibionts. Significant purifica-

resolved

we

if

are to understand the role of larval che-

receptors in the control

mosensory

of recruitment and

their possible contribution to the evolution of species iso-

What

lation.

is

needed for such experimental resolution
is normally non-

those cases in which the natural cue

(in

diffusible)

is

a kind of

morphogen-based chemical

"fly-

paper," an inert substratum to which the highly purified
natural morphogen is bound, permitting dissection of the
contributions and interactions of the presence of the individual chemical cue and other features of the recruiting

substratum and the environment.

As we show here, properties of the alga-associated morphogen of the common Caribbean scleractinian coral
Agaricia humilis facilitate both its purification and the
development of an immobilized, morphogen-based recruiting substratum. Larvae of A. humilis are induced to
settle

and metamorphose by contact-dependent chemo-

sensory recognition of molecules on the surfaces of Hydrolithon boergesenii and other specific crustose coralline
red algae (Morse et ai. 1988; Morse and Morse, 1991).
In the absence of this cue, larvae persist without settlement

or metamorphosis for

>30 days

and Morse, 1991). This
tum-specific

larval

morphogen

in the laboratory (Morse
requirement fora substra-

parallels,

and thus presumably

soluble form

itself,

is

dependent on decalcification strongly sug-

may be a component of the calcified alga
rather than a molecule produced by any associated
it

and concentration of the solubilized, amphipathic
molecule are achieved by adsorption to a hydrophobic
chromatographic support that strongly binds the inducer
tion

from high
low

salt

salt,

and subsequently

releases the

molecule

concentration. Further purification then

is

at

ob-

tained by anion-exchange chromatography on DEAE. Our
data suggest that the morphogen extracted and purified
by these procedures has an apparent (or micellar) molecular weight of 6000-8000 Da.

and is the parent molecule
from which the smaller, unstable hydrolysis fragment
originally had been obtained.
The properties of this molecule make it suitable for
tests of the role of chemical induction of larval settlement
and metamorphosis, both in the laboratory and the ocean
environment. The purified morphogen retains activity
when adsorbed to beads of the hydrophobic interaction
chromatography resin, and it remains bound to the resin
in seawater. Activity

of the resin-bound inducer

is

identical

ocean and the laboratory when tested with A. humilis larvae produced in the laboratory. Attachment of
the resin-bound inducer to surfaces coated with a silicone
in the

adhesive produces a potent artificial recruiting substratum
corresponding to a morphogen-based chemical flypaper
for A. humilis larvae.

helps shape, the pattern of recruitment of this species on
coralline red algae in the natural environment (Morse et

Materials and Methods

ai. 1988).

Larvae

We previously found that the nondiffusible inducer of
settlement and metamorphosis is associated with the in-

as described previously

soluble cell wall fraction of the recruiting alga or its microbial epibionts (Morse et ai. 1988; Morse and Morse,

Morse, 1991). Adult colonies of Agaricia humilis. identified by the taxonomic criteria of Wells (1973) and van

1991).

We

also

found that a small (<2000 Da), soluble

fragment of the inducing molecule could be liberated by
decalcification of the algal cell walls with dilute acetic
acid, followed

purified
cell

by limited hydrolysis with

enzymes

alkali or

with

bonds found in
and Morse, 1991). This bio-

that hydrolyze specific

wall polymers (Morse

chemical result was consistent with either an algal or a
bacterial origin of the inducer, as similar polymers can
be found in the cell walls of both groups. Furthermore,
the solubilized
yield
its

morphogen fragment was obtained

and proved

show

low

(Morse

et ai.

1988;

Morse and

Moorsel (1983, 1989), were collected from depths of 1m in Bonaire. Netherlands Antilles, and incubated in
the dark in 20-60 of seawater at 28C. Planula larvae
were released copiously between 1800 and 2300 h, col5

1

lected

from the surface with a Pasteur

pipet,

and main-

tained at densities of <0.5 larva/ml in 600-ml polyethylene
containers of 0.2-^m-filtered seawater containing 2 ng/

ml of the antibacterial

28C. under
40-W incandes-

antibiotic rifampicin at

continuous indirect illumination from a
cent bulb at 3 m.

to be extremely unstable, hindering both

further purification

We now

in

Coral larvae were produced and maintained in culture

and

use.

morphogen can be solubilized
without hydrolysis, simply by gentle decalcification of the
that the

Purification of the
All operations

morphogen

were

at

24-28C

unless otherwise noted.

Hydrolithon boergesenii was cleaned of macroscopic epi-
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from

bionts, scraped
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substratum, blotted dry, and ex-

its

tracted fresh or stored frozen until use.

The

fresh or frozen

was ground (in 1-g portions) with a mortar
and pestle until a smooth paste was obtained; it was then
ground further after the addition of 10 ml of 0.2-pm-filcoralline alga

matography column (2-ml bed volume/ 10-ml applied
sample; 0.9-cm column diam.). The active morphogen
then was eluted with a gradient of increasing NaCl con-

pH

M)

to 0.6

centration (from

in Tris Cl buffer (1

mAl,

8.2).

tered seawater containing 2

^g/ml rifampicin (RFSW)/g
homogenate was diluted to 40 ml with
RFSW, centrifuged 5 min at 10,000 X g, and the aqueous
supernatant discarded. The water-insoluble pellet was resuspended in RFSW and washed by centrifugation two
more times, as above, and then (except as specified in
Table I) added to a solution
1/g alga) of 50 mAl EDTA
alga.

The

algal

(

had

(Na), that

EGTA

first

adjusted to

8.2 with

pH

pH

8.2. Alternatively.

NaOH

was used. Decal-

to proceed by magnetic stirring of

the resulting suspension for 22-24 h. after which the decalcified soluble extract was readjusted to pH 8.2 if nec-

and

essary,

clarified

by vacuum

fiber filters (Millipore

GFC

filtration

47

filters,

through glass

mm diam.,

using

1

filter/250 ml).

The

resulting clarified demineralized crude extract

M NaCl to

adjusted to 2

phogen to beads of a
chromatography (HIC)

facilitate

was

adsorption of the mor-

hydrophobic interaction
resin (Biorad. Richmond, CA).
After adding 2 g (wet weight) of the water-washed and
blotted HIC resin/liter, the resin was stirred with the crude
induccr for 3
filtration

on

h,

a

t-butyl

and the

GFC

resin then collected

mm)

filter.

The

by vacuum

filtrate

was

refil-

two more times, and

with two 10-ml portions of
to remove traces of the chelator. The resin then

the resin rinsed on the

MNaCl

(

1

m,A/,

pH

Assays for the induction of larval attachment and
metamorphosis (unless otherwise noted) were performed
in duplicate samples of 5 larvae/sample, in 10 ml of seawater (0.22-^m-filtered) contained in 20-ml polystyrene
disposable breakers incubated at
lumination (as described above) for
are the average percent

28C

8.2. at

2C;

3 ml/1 of original clarified,

demineralized crude extract), and poured into a chro-

matography column (0.9cm diam.). The column was
eluted with the same chilled butler and the aid of a low-

1

with indirect

8-24

metamorphosis

h; results

il-

shown

deviation from

the mean. Metamorphosis, defined as the differentiation

and calcification of the septa following permanent attachment and cellular differentiation, was quantified by
examination with a binocular microscope. This transition
is an unequivocally recognized (and in this species, irreversible) developmental event, and not simply a behavioral

change (Morse

The

extracted

1988).

ct a/..

morphogen was assayed

either

by direct

addition in solution or after adsorption to a hydrophobic
support. Following elution from the HIC or DEAE chro-

matographic resins, samples of the concentrated inducer
were assayed directly in solution; up to 1.5 ml of concenmAl Tris Cl buffer (with 0-0.6
trated inducer in
NaCl)
could be assayed by direct addition to the larvae in 10 ml
filtered seawater.

filter

was blotted with paper towels to remove excess salt, resuspended in a minimal volume of pre-chilled Tris Cl
buffer

laboratory

M

1

(47

tered through the resin filter-cake

2

in the

1

been adjusted to

was allowed

cification

Assays of the morphogen

clarified,

Dilute samples of the inducer in the

demineralized crude extract were assayed by

M

NaCl to the HIC resin (as deprior adsorption from 2
scribed above) or to hydrophobic nitrocellulose filters; the
resin

beads or the minced

filters

then were added directly

to the small beakers of seawater, and the larvae added for

Samples of the chromatographically purified inducer also were assayed after readsorption to the HIC
assay.

Modifications of the standard assay procedure are
described below.
resin.

pressure chromatography
inal clarified,

and assayed

pump:

fractions (3 ml/1 of orig-

demineralized crude extract) were collected
morphogenic activity, absorbance. and

for

protein. Fractions containing the

peak of activity were

pooled. In a typical preparation. 4 X 1 g portions of //ydrolithon boci'xcscnii were individually homogenized,

Characterization oj the morphogen

containing the peak of activity were pooled.
Further purification of the morphogen was achieved

The molecular weight of the HIC-purified morphogen
was estimated by gel-filtration chromatography (Bio-Gel
P6 acrylamide resin; from Biorad), and by dialysis and
ultrafiltration (Amicon) using calibrated porosity membranes. Methods were standard, as described previously
(Morse and Morse, 1991). Treatment of the HIC-purified
morphogen with trypsin was performed with the enzyme

by anion-exchange chromatography over Trisacryl-DEAE
(from LKB) or DEAE-Sephadex (from Pharmacia). A
sample of the pooled, most active fractions of the HIC

covalently linked to insoluble beads (from Sigma, St Louis,
MO) to facilitate removal of the protease prior to assays
of the remaining morphogenic activity. Aliquots of the

pooled, and decalcified with 4 of chelator; the resulting
solubilized inducer was then adsorbed to 8 g of HIC resin,
1

eluted in

fractions of 12-ml each,

and 3-4 fractions

was diluted with an equal volume of Tris Cl buffer
mAl, pH 8.2), and adsorbed to DEAE-resin in a chro-

eluate
(1

6-10

ml) were incubated with 0.2 g immobilized trypsin (187 units/g polyacrylamide beads) with

purified

morphogen

(2
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gentle magnetic stirring for 5 h at

28C, and then separated

from the immobilized enzyme by passage (with air pressure) through a small chromatography column that retained the insoluble beads. Parallel incubations were conducted with samples of buffer stirred with equal amounts
of the enzyme-linked beads; the treated buffer was separated from the enzyme and subsequently combined with
the stirred but untreated

were conducted at a depth of 7 m, in the habitat
from which the parental A. humilis colonies had been

tests

obtained.

solid support

its

as were direct effects

on the larvae. Protein concentrations were estimated by
the method of Bradford (1976). Adsorbance was measured
with a

Beckman DU-7 scanning spectrophotometer.

vials

surfaces

A

sample of HlC-purified morphogen (22 ml) was adNaCl and readsorbed to 0.5 g fresh t-butyl

M

justed to 2

HIC

resin as described above;

in the field

Because previous laboratory-based studies of settlement
in many cases yielded results not directly reproduc-

ible in the natural

environment, they have been of little
value in predicting the behavior and understanding the
ecology of the species under investigation. To overcome
it

was necessary

to develop a

method

for

redeploying the purified natural morphogen for tests in
the ocean, to determine whether the molecule we had
purified retained

its

activity in the natural

silicone adhesive.

to

the activity of the chromatographically purified

compare
morpho-

gen under laboratory and ocean conditions, the first essential step toward the development of a morphogenbased larval flypaper.
We took advantage of the hydrophobic property of the
to develop a material useful for testing

activity in the

of

HIC

resin

its

ocean environment. After chromatographic
molecule was readsorbed to fresh beads

purification, the

from 2

The beakers were im-

filled

removed by four successive replacements of this seawater
h. After this curing, the silicone resin was no
longer
sticky. An estimated 50% of the added resin (ca. 15
2
5 mg/beaker = ca. 2 mg resin/cm
was estimated to
remain firmly cemented to the polystyrene surfaces. Water-washed HIC resin without adsorbed morphogen was
over

1

)

used to prepare the control surfaces.

Results

environment.

The experiment described below allowed us

morphogen

mg of the resulting mor-

with 0.22-jum-filtered seawater, and the
unadhered resin and byproducts of adhesive curing were

mediately

have

this obstacle

30

phogenically active resin cemented to the bottoms of three
polystyrene beakers (3.2-cm diam.; 50-ml capacity) with

Dow-Corning
Assays of the morphogen

were recovered and examined microafter 22 h.

metamorphosis

Incorporation of the purified morphogen on synthetic

morphogen

was minimal,

The

scopically for

prior to assay. These
controls demonstrated that any leaching of the trypsin

from
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M NaCl, as described above.

This

resin-bound morphogen retained full activity after washing with several liters of seawater, making it possible to
the efficacy of the HIC-resin-bound morphogen directly in the ocean. To compare the activities of the HICtest

Purification of the

We

morphogen

found that gentle decalcification with either of the

chelators,
nificant

EGTA

or

EDTA,

morphogenic

is

sufficient to solubilize sig-

activity

from the water-insoluble

fraction of the coralline alga Hydro/ithon boergesenii.

The

treatment employed completely decalcified the algal cell
walls. The properties and subsequent purification behavior
of the morphogen solubilized with the two different chelators are thus far indistinguishable; because EDTA is less

expensive than

EGTA, and
we chose

buffering capacity,
fact that the inducer
8.2 (the

ambient

pH

is

because

it

exhibits superior

EDTA

routinely. The
solubilized by the chelators at pH
to use

of seawater at the shallow collection

resin-bound morphogen in the ocean and the laboratory,
minor modifications in the standard assay procedure were

sites in

employed. Assays were conducted in clear plastic vials
(25 X 50 mm, i.d. X h) with the caps replaced by tightly

morphogen is markedly amphipathic i.e., it exhibits
both hydrophobic and hydrophilic properties. It is this
property that has been exploited to concentrate and purify

secured

mesh

(Nitex; 100

^m)

sufficient to retain A. hu-

is achieved
without appreciable hydrolysis. The chelator-solubilized

Bonaire) suggests that solubilization

milis larvae but permit

the

water

which form

(cf.

exchange with environmental seaRaimondi and Schmitt, 1992, for similar tech-

nique). HIC resin (with or without adsorbed morphogen)
and 10 laboratory-reared larvae were added to each vial
containing fresh seawater, and identical sets were incubated simultaneously in the laboratory and in the ocean.
Incubations in the ocean were accomplished by securing
the vials with cable-ties to an anchored line maintained
in a vertical orientation

with a subsurface buoy.

The ocean

morphogen and
it

to couple it to an inert support, in
can act as a kind of morphogenic flypaper

for A. humilis larvae.

Because of the amphipathic behavior of the solubilized
morphogen, it can be adsorbed from the dilute, decalcified,
and clarified crude extract (see Materials and Methods)
and concentrated on hydrophobic supports. The addition
of NaCl to the clarified crude extract greatly enhances this
binding to nitrocellulose filters and to beads of the t-butyl
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morphogenic inducer retains

its
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The

resin.

-

100

activity after adsorption

hydrophobic supports and is not eluted by seawater (although penetrance into the pores of the nitrocellulose niters apparently reduces detectability by the
to these

larvae, requiring that the niters be

minced before

The adsorbed inducer can be subsequently
the

HIC

(Fig.

1

).

assay).

released

from

support by elution with low ionic strength buffer
This chromatographic adsorption and subsequent

morphogen by about 100from the dilute demineralized crude extract (permitting direct assays of the morphogen in solution), re-

elution concentrated the active
fold

As seen in Figure 1, the
of
is
in fractions 2-5,
eluted
peak
morphogenic activity
whereas the majority of the light-absorbing contaminants
sulting in significant purification.

are eluted in the

first

fraction.

At the lower concentrations

assayed, activity of the purified inducer

proportional to the

amount added

is

approximately
Induction of

(Fig. 2).

metamorphosis is both time- and dose-dependent, with
metamorphosis observed as quickly as 2-3 h following
addition of high concentrations of the HIC-purified inducer.

0.8

0.4

Morphogen
Activity of the

2.

Figure

1.2

(ml)

HIC-punhed and concentrated morphogen.

Samples (0.2-1.2 mil of the pooled morphogen eluted in the peak fractions from the HIC resin (fractions 2-5 from Fig. I) were assayed in
= 0.5 ml Tris Cl buffer
duplicate for morphogenic activity. Controls
with no morphogen. Error bars indicate deviation from the mean.

The

morphogen that can be solubilized (and
subsequently purified by HIC) is strongly dependent on
yield of

the concentration of chelator in the initial extract (Table
I).

The

results

shown

inducer

in

Table

I

A

demonstrate that

rela-

solubilized by prolonged (20 h) stirtively
water-washed
crude cell wall fraction in
of
the
ring
in
of chelator, and that solubuffer
the
absence
aqueous
little

increases

bilization

EDTA)

is

lator also

is

present.
is

markedly when chelator (0.05

The absolute

critical to

M

concentration of the che-

obtain high yields of the soluble

morphogen. Thus (Table IB), in three parallel extractions
using the same total amount of chelator (50 mmole

EDTA/g
walls in
1

2

3

4567

8

soluble inducer are obtained with progressively higher
EDTA. This behavior is consistent with

9

concentrations of

Fraction
Hydrophobic-interaction chromatography. The clarified
demineralized nitrate (4 1) was adjusted to 2
NaCl, adsorbed to 8 g of
the t-butyl HIC resin, poured into a column, and eluted with Tris Cl
Figure

1.

M

buffer as described in Materials

(solid line).

and Methods. Fractions of

12

ml of each fraction was assayed for morphogenic
Absorbance at 212 nm is shown (dashed line).

collected; 0.4

completely decalcify the cell
three samples, progressively lower yields of

alga), sufficient to
all

ml were
activity

the hydrophobic property of the amphipathic morphogen;
at progressively higher concentrations of the highly
+

4

[nominally, (Na 4 EDTA ], the hydrophobic behavior of the morphogen becomes increasingly dominant, apparently causing its retention by ad-

charged

EDTA salt

)

sorption to other hydrophobic molecules (possibly, for
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example, the chlorophyll and phaeopigments known to
be present) in the water-insoluble algal residue.
The morphogen eluted from the HIC resin can be fur-

chromatography (Fig. 3).
low salt concentration and

ther purified by anion-exchange
It

binds ionically to

DEAE

at

eluted by a gradient of increasing NaCl molarity. The
activity elutes from a Trisacryl-DEAE column with a
is

M

NaCl, indirange of 0.3-0.5
cating moderately strong anionic binding. Similar results
(not shown) were obtained using a DEAE-Sephadex chrosymmetrical peak

matographic

in the

resin,

although the resolution obtained with

the Trisacryl (acrylamide-based) ion-exchanger was superior to that obtained with the polysaccharide-based

Sephadex

resin.

to absorbances,

>

purified

From the ratios of morphogenic activity
we estimate that the inducer has been

1000-fold (total purification, relative to the
homogenate) after the hydrophobic-

starting crude algal

interaction chromatography,

and >4000-fold

after the

anion-exchange chromatography.

Characterization of the morphogen

The apparent molecular weight of
eluted from the

HIC

resin

distribution of

morphogenic
over Bio-Gel P6, and after
through a series

the

morphogen

was estimated by analyzing the
activity after gel-filtration

and ultrafiltration
of calibrated-porosity membranes. These
dialysis

results yielded estimates consistent with a weight-average

apparent molecular weight in the range of 6000-8000 Da;
however, this value may be influenced by the ability of

morphogen to form micellar agThe DEAE-purified morphogen is negative in

the purified amphipathic
gregates.
tests for

though

it

protein by the Bradford (1976) procedure, aldisplays an absorption maximum in the ultra-

violet at 07.

210-212 nm. The apparent

insensitivity

of

morphogenic activity to trypsin (Table II) indicates that
if any peptide is present, it does not contain lysine or
arginine in a region essential for activity. The chelatorsolubilized and chromatographically purified morphogen
retains activity for >24 h at 28C, and
when frozen.
The properties of this molecule thus

suggest that the chelator-solubilized

for several

weeks

far characterized

and chromatograph-

morphogen may be the parent molecule
from which the smaller fragment had previously been ob-

ically purified

tained by enzymatic or alkaline hydrolysis, following demineralization with acetic acid (Table III). The chelator-

morphogen is apparently larger and is more
than the hydrolytic fragment. The chelator-solubilized inducer contains both hydrophobic and anionic

solubilized
stable

domains, whereas the fragment apparently lacks the hydrophobic domain.

Table
Soluhilizalion of the

I

morphogcn depends on chelator concentration
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(able

0.6r

Cliclattir xnluhilizcx the

111

parent morplmgen

Morphogen
Property

M (Da)

345678
Fraction
Anion-exchange chromalography. Five ml of the pooled

Figure 3.

morphogen

eluted in the peak fractions from the

HIC

resin (fractions

was diluted and chromatographed on Trisacryl-DEAE.
Elution from the DEAE was performed with a gradient of increasing
NaCI concentration (inset) as described in Materials and Methods. Frac-

2-5 from

Fig.

tions of 5

)

ml were

morphogemc
line);

1

collected;

the bulk of the applied

behavior

1.5

is

ml of each

fraction

nm

was assayed

for

shown (dashed
absorbance remained bound on the column.

activity (solid line).

Ahsorbance

at

212

is

comparable to that of the purified inducer

in

solution.

Morphogen-based

To produce
deployed

larval flypaper

a practical experimental tool that could be
ocean environment, we incor-

in the natural

Table

The purified morphogen

is

Trypsin treatment

insensitive

II

l<>

irypsin

Metamorphosis (%)

Control

90

10

Treated

80

10

HIC-punned morphogen was incubated with immobilized

trypsin.

separated from the enzyme, and assayed for remaining activity as described in Materials and Methods. Control was a sample of the untreated

morphogen. incubated in parallel, and then combined with a sample of
buffer that had been incubated in parallel with the immobilized enzyme.

3

Chelator

1

Solubilized By

Enzymes or alkalr

LARVAL MORPHOGEN FLYPAPER
is

Table

a potent

morphogen-based larval flypaper that is
recognized efficiently by A. humilis larvae when tested
in the laboratory (Table IV). Larvae exposed to this morphogen-bearing surface rapidly began attachment and
metamorphosis, and all of the metamorphosed individuals
were found attached to the morphogen-containing surfaces. In contrast, exposures to the comparable surfaces
result

179

Morphogen-based

IV

chi'inical flypaper lor Agaricia humilis larvae

Morphogen on

surface

Metamorphosed/total
9/10
9/10
10/10

of attached resin that lacked the purified morphogen reno settlement or metamorphosis; the larvae in

0/10

swim normally. In a parallel
morphogen-based flypaper was

0/10

sulted in

0/10

these treatments continued to

when

experiment,

the

t-Butyl

HIC

resin, either

with adsorbed chromatographically purified

prepared either with or without grooves (cci. 1-mm deep
and 1-mm wide), all of the larvae that settled and meta-

morphogen, or without, was cemented to polystyrene surfaces which
were then extensively washed with seawater as described in Methods.

presence of the grooved substratum did
so within the grooves (in contact with the resin-bound

The prepared surfaces contained ca. 1 mg resin/cm- and 8 crrr/triak
each was assayed for morphogenic activity with 10 larvae in 40 ml filtered
seawater. Attachment and metamorphosis were observed as early as 2

morphosed

in the

morphogen), although the numbers of larvae that settled
and metamorphosed were identical on the grooved and
smooth substrata. Post-metamorphic growth through development of the feeding polyps occurred normally on
the artificial substrata, with no inhibition relative to that
seen on the natural host coralline alga. This material
should thus

make

it

possible to assess the relative contri-

butions of chemosensory recognition and other factors

hydrodynamics, light, biological interactions,
the control of substratum specificity, settlement,
metamorphosis, and recruitment both in the laboratory

(texture,
etc.) to

and, with natural propagules, in the ocean.

Discussion

The

natural

morphogen recognized by Agaricia humilis

larvae has been purified >4000-fold in three successive

and scored

h,

ment and

chelator-solubilized molecules are subsequently released);

hydrophobic-interaction chromatography; and anion-exchange chromatography. The first step separates the morphogen from the bulk of the algal phycocolloids, proteins,

and small molecules. HIC removes the majority of hydrophilic contaminants, and the final DEAE chromatography resolves the inducer both from species more weakly
and more strongly anionic than the morphogen. Structural
studies of the purified

The
bilized

properties of the amphipathic

now

in progress.

morphogen

solu-

from the source alga by gentle demineralization

the

pH

EGTA

or

(at

morphogen

are

of seawater) with the calcium-specific chelator
analog, the divalent metal chelator EDTA,

its

metamorphoses occurred on the resin-coated

natural environment. In steps toward that goal, our results
demonstrate that the morphogen remains active after adsorption to beads of the t-butyl HIC resin; the HlC-resinbound morphogen is not eluted from the beads by sea-

water and

which the water-soluble
and discarded, and then the

h; all

phogen can be exploited to test the role of larval chemosensory recognition in the control of substratum-specific settlement, metamorphosis, and recruitment in the

molecules are

extracted

1

and metamorphosis may be a component of the recruiting
coralline alga itself, rather than of any microbial epibionts
that are uncalcified. Ultrastructural immunohistochemical analyses, using antibodies against the purified morphogen, can now resolve this question unequivocally.
The hydrophobic behavior of the amphipathic mor-

steps: differential solubilization (in
first

after 2

surfaces.

is equally active in the natural ocean environthe laboratory. Attachment of the resin-bound
inducer to surfaces coated with a silicone adhesive pro-

duces a potent

artificial

recruiting substratum

corre-

A

sponding to a morphogen-based chemical flypaper for
humilis larvae. This substratum should prove useful for
testing the relative contributions of chemosensory recognition of the algal morphogen and other factors to the
control of settlement and metamorphosis under defined

conditions in the laboratory, and to the control of recruitment and the maintenance of species isolation

mechanisms

in the natural

environment. This

is,

to our

knowledge, the first highly purified natural inducer of larval settlement and metamorphosis to be incorporated into

an

artificial

substratum suitable for testing

in the

ocean.

suggest that this

may be the parent molecule from which
the smaller and less stable fragment originally had been

Advantages of this uniform, non-sticky, morphogen-based
recruiting surface include avoidance of the complexity

obtained by limited enzymatic or alkaline hydrolysis following cell wall decalcification with acetic acid. The fact

and variability of the natural algal substrata that usually
confound the effects of chemical morphogen, textural
complexity, cryptic animal predators, allelopathic competitors, and other chemical and biological interactions.

that solubilization

is

strongly dependent

on demineral-

ization suggests that the inducer of A. humilis settlement
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Use of such synthetic surfaces containing the natural
morphogen should permit experimental resolution of the
contributions of each of these factors.

AL.

C'risp,

M. G.

ubilized

Rice, eds. Elsevier,

morphogen. However, larvae of the congeneric .1 ieninduced to metamorphose by the intact alga
and by the morphogen, suggesting that this cue may be
The morphogengroup-specific (Morse and Morse, 199
based chemical flypaper containing the purified inducer
should be a useful tool for investigating the specificity of

morphogen recognition by the cognate
and of the possibility that changes in this

larval receptors

M. G., and
morphic inducer

lladtield,

Mar

data. Bull

M.

lladtield,

and some proposals. Bull Mar.

liyhsmith, R.

its

C'.

chemical and biological

Nature of the metamor-

internal transduction in larvae of the nudibranch

1982.

Mar

Sci 46:

455-464.

Induced settlement and metamorphosis of sand

sand dollar beds. Ecologv 63: 329-337.
Jensen, R., and D. K. Morse. 1984.
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./
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Mar
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of larval

Phragmatopoma

Chemically induced metamor-
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Algal Symbiosis in Bunodeopsis: Sea Anemones
with "Auxiliary" Structures
REBECCA
Department of Zoology, University of the West

Abstract.

DAY

Indies,

Mona, Kingston

7.

values in B. antilliensis (109%) and B. glohulifera
(92%) suggest that both species are potentially autotrophic
with respect to carbon available for animal respiration.

anemone genus

Bunodeopsis from Discovery Bay, Jamaica. B. antilliensis
was found in shallow water (0.3 m) and experienced higher
irradiance levels than B. glohulifera from deeper water (3

Introduction

m). Both species contained symbiotic dinoflagellates of
the genus Symbiodinium within the endodermal cells. The

Most tropical marine Cnidaria, including sea anemones
and corals, contain symbiotic dinoflagellate algae of the
genus Symbiodinium (Trench and Blank, 1987), also

morphology and expansion-contraction behavior
anemone species were closely linked to symbiont distribution. B. antilliensis had large vesicles
3
), with 88.5% of the symbiont population in the
(2.6
lower column and basal disk and 1.5% in the tentacles
and upper column, and was contracted under normal
daylight illumination. In contrast. B. glohulifera had small
vesicles (0.2 mm'), with 55.5% of the symbionts in the
lower column and basal disk and 44.5% in the tentacles
and upper column, and was expanded under illumination.
external

of the two

known

mm

had a

B. glohulifera

)

)

1

0.29 pg cell"

m

',

0.

1

7 yugO,

:

light, thereby enhancing
Examples of auxiliary structures include the "pseudotentacles" of Lebrunia coralligens, L.
danae (Gladfelter, 975). and Phyllodiscus semoni (Shick
el al., 1991); the diskal tentacles of Discosoma sanctithomae (Elliott and Cook. 1989); and the collar of Phyllactis flosculifera (Steele and Goreau, 1977).

their photosynthesis.

translocation in both species of Bunodeopsis (97%) was
high and reflected the low algal protein biomass ratios
1

-day"

).

1

The
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Present address: Department of Palaeontology,

The algal symbionts experience variations in irradiance
regime due to host habitat, morphology, and behavior.

The Natural History

Museum, Cromwell Road, London SW7 5BD.
Contribution No. 556 of the Discovery Bay

Manne

symbiosis are illustrated by the

of the symbiont populations to

m

1

1983).

body regions (Sebens and deReimer, 1977). Expansion of
these structures under illumination maximizes exposure

6

10 cells

-s~' and 436
78 /umol phoh~'/Mrnol photons?
tonss ', respectively. The calculated rate of carbon

(2%) and population growth rates (<0.

a/.,

flexible

"auxiliary" structures of symbiotic sea anemones, which
contain high densities of symbiotic algae relative to other

1

'

antilliensis. 4.5

is

logical adaptations to

1

and photosynthetic efficiency (0.24 ^gO 2
/
:
^mol photons irT s~ and lower saturation irradiance
:
(277
ISfitnol photons -m
-s~') than those from B.
-

symbionts are

sponses related to the possession of symbionts. Morpho-

signifi-

0.77 pg ceir
6
10 cells -h"

algal

The photosynthetic capacity
and varies with host irradiance
regime; therefore, animal and algal responses that enhance
symbiont exposure to light and photosynthesis will be
beneficial to the whole association.
Tropical marine Cnidaria display a diverse array of re1969; Muscatine et

of the symbionts

host habitat irradiances than were those from B. antilcantly higher chlorophyll a content (7.34

These

photosynthetic and much of the fixed carbon is translocated to the cnidarian host (Muscatine and Cernichiari,

The photosynthetic physiology of the symbionts indicated that those from B. glohulifera were adapted to lower

The symbionts from

as "zooxanthellae."

generally located within endodermal cells and are nutritionally important to the associations because they are

1

liensis.

Jamaica, West Indies

CZAR

This study describes the photobiology of two

tropical species of the symbiotic sea

J.

Algal symbionts display compensatory responses to maximize photosynthesis; these include variations in photo-

Laboratory, Ja-

maica, West Indies.
182
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synthetic pigment content and physiology, which may be
assessed by parameters of photosynthesis-irradiance (P-I)

curves (Chalker, 1981).

The

nutritional contribution

made

by the symbiont population to the host may be estimated
by the index CZAR, or "the contribution of translocated
zooxanthellal carbon to the daily animal respiratory car-

IN

BL'XODEOPSIS

183

The aquaria were covered with fine mesh (2-mm mesh
contain the sea anemones and placed on tables
of flowing seawater. Every second night, anemones were
size) to

ct ai, 1981). A high proportion of photosynthetically fixed carbon is translocated
to the host, as shown in the symbiotic sea anemones Aip-

to light for less than 5

tasia pallida (Clayton and Lasker, 1984) and Anemonia
sulcata (Stambler and Dubinsky, 1987), and this represents a large contribution to the host's respiratory needs

Morphology and histology

The nutritional contribution
made by algal symbionts to these sea anemones also varies

with the extent of host heterotrophy, zooplankton feeding,
or uptake of dissolved nutrients (Zamer, 1986). Investigations of algal and animal responses in symbiotic sea
anemones include those for the tropical species Aiptasia

and 1987; Steen,
(Cook et a/., 1988; Lesser and
and Phyllodiscus semoni (Shick et ai. 1991),

pulchella (Muller-Parker, 1984, 1985,
1986), Aiptasia pallida

Shick, 1989),

and

for the temperate species

Anthopleura elegant issima
1982; Shick and Dykens, 1984; Zamer and
Shick, 1987) and Anemonia su/cata (= viridis) (Taylor,
1969; Tytler and Davies, 1984).

(Fitt et ai.

This study presents the first detailed description of animal and algal responses that enhance the photosynthesis
and the nutritional contribution of the symbionts in the
sea

anemone Bunodeopsis

1924). This genus

is

(Boloceroididae;

Carlgren,

of particular interest because these

sea anemones have auxiliary structures (Sebens and
deReimer, 1977) that contain high densities of symbiotic

B

(Hyman,
anti//iensis(Duerden, 1897) and
B. globulifera (Verrill, 1900) occupy different habitats in
terms of depth and irradiance regime. These two species
also have distinctly different morphologies and light-related patterns of expansion and contraction behavior. The
relationship between these environmental factors and
algae

1940).

symbiont distribution, photosynthetic pigment content,
and physiology of the two species of Bunodeopsis is exin relation to CZAR. Lastly, the extent of zooplankton feeding by these two species of Bunodeopsis is
investigated in a 24-h in situ study.

amined

salina nau-

applied by pipette directly to the tentacles. Anemones
maintained in otherwise constant darkness were exposed

bon requirements" (Muscatine

(reviewed in Shick, 1991).

Anemia

fed to repletion with freshly hatched
plii,

min during each feeding. Aquaria
were cleaned several times each week to prevent fouling.

Morphological measurements were

anemones attached by

made on

contracted

their basal disks to petri dishes at

X under a dissecting microscope with a calibrated ocu-

50

micrometer. Basal disk diameter, width, and total
vesicles were measured for individual anemones. For histological preparations, anemones were

lar

number of

O

narcotized in 7.5% (w/v) MgCl 2 6H 2 solution and fixed
in Bouin's solution in seawater. Preparation of anemones
for transmission electron microscopy was conducted as
described by Parke and Manton (1967). Silver-to-gold
sections were stained with a saturated solution of uranyl
acetate in

viewed

50%

ethanol and Reynold's lead citrate, and
400 transmission electron mi-

in a Phillips

EM

croscope.

Biomass parameters

Animal and algal biomass parameters were determined
whole anemones and separate body regions for specimens collected in November 1989. Anemones were relaxed in darkness for 10-15 min. at 4C and narcotized
for

7.5% MgCl 2 -6H 2 O (w/v) solution prior to dissection

in

body regions (tentacles, capitulum, scapus, and
basal disk) at 50 X under a dissecting microscope. Whole
into four

anemones or separate body

regions were homogenized in
Millipore-filtered (0.22-/um pore size) seawater, and the

animal and

were separated by centrifugaMuller-Parker
by
(1984). The algal pellet

algal fractions

tion as described

was resuspended in filtered seawater, and cell numbers
were determined in a hemacytometer at 400 X. Protein
content of the animal fraction was assayed by the method

ofLowry etai (1951) with bovine serum albumin

as stan-

dard.

was determined from the diameter of
measured parallel to the plane of division

Algal cell size

Materials and Methods
Collection

dividing

cells,

500 X with a calibrated ocular micrometer, for 10 cells
anemone from eight anemones of each species. Cell
volumes were calculated from cell diameters, and the
mean cell carbon content was estimated from the equations of Strathmann 1967) determined for phytoplankton
at

and maintenance

per

Specimens of Bunodeopsis were observed in situ and
from Thalassia testitdinwn beds in Discovery
Bay, Jamaica (Lat. 7725' W; Long. 1830' N) during
studies conducted between January 989 and 1991. Whole

collected

(

anemones adhering,

(including dinoflagellates and excluding diatoms). From
the mean algal density and the weight of carbon per cell,

were placed into self-sealing plastic bags with seawater,
and then transferred to glass aquaria (61 X 31 X 30 cm).

the standing stock of algal carbon was calculated. Total
algal protein was estimated as (6.25 X C)/C:N, and the

1

Thalassia testiidinum blades, with the
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ratio of algal to "total" (animal plus algal) protein

calculated using a

C:N

ratio of 9.4:1

(Cook

et a/..

To determine whether the algal symbionts had
cell

division cycle, the mitotic index

was

1988).

a phased

(number of cells

di-

viding per 100) was recorded for algae isolated from
anemones at intervals during a 24-h period. Anemones
were freshly collected from study sites every 2 h between
0800 and 1800 h. For nighttime studies, anemones were
sampled every 3 h between 2000 and 0600 h from anemones that had been collected from study sites at 1800
and placed into aquaria of flowing seawater (Wilkerson
el a/.. 1983; Fitt and Trench, 1983). The algae were immediately separated from the animal fraction, resuspended in 5 ml of 5% formalin in seawater (v/v), and
until cell counts were made. Three
refrigerated at
replicate counts were made for three anemones of each
species during each sampling time. Chlorophylls a and c 2
of the algal symbionts were assayed following the method

4C

outlined by Muller-Parker (1984).

Anemones were observed in situ at collection sites between January and March 1990. and in aquaria under
laboratory conditions. Anemones were considered to be
in an "expanded" posture if the oral disk was expanded
In "contracted"

DAY
darkness.

The

postures of the

anemones were noted

at

0700, 1200, and 1900 h daily for 2 weeks. At the termination of these studies, biomass parameters were deter-

mined

for individual

anemones from each treatment.

Zooplankton feeding

The

extent of zooplankton feeding was assessed by examining coelenteron contents from 10 anemones of each

from study sites every 3 h for 24 h. This
time interval was chosen because zooplankton prey can
be completely digested within 4 to 6 h of capture (Sebens
species collected

and Koehl,

1984). Nocturnal collections were essential

because peak zooplankton activity occurs within 2 h of
sunset in Discovery Bay (Ohlhorst, 1982). The anemones
were allowed to expand in darkness, then removed from
the Thalassia testudinum blades

and transferred

to plastic

with 10% formalin in seawater (v/v). The basal
disk diameters were measured; the coelenteron contents

bags

filled

removed: and the number, maximum length, and type of
each recognizable prey item (Newell and Newell, 1966)
recorded at 50 X with a dissecting microscope and cali-

Expansion and contraction behavior

and the tentacles extended.

J.

anemones,

brated ocular micrometer.

Photosynthesis-inadiance relationships

Oxygen

flux

was recorded

for

anemones, within 2 h of

the oral disk was contracted, with the tentacles retracted

collection, in a cylindrical clear acrylic

into the gastrovascular cavity, the basal disk extended,
and the vesicles inflated. Anemones in intermediate pos-

volume) fitted with a Clark Beckman 1000 microcathode
connected to a Linear chart recorder. Constant temperature (28C) of the chamber seawater was maintained by
a water jacket receiving water from a recirculating water
bath. Even mixing of the water column, without disturbance to the anemone, was ensured by a pin-mounted
magnetic stirrer. The chamber was positioned beneath a

tures were rarely observed. At the study sites, percentage
transmission of surface irradiance to depth was recorded

(PAR: 400-700 nm)
sensor (Model
192) and Li-Cor photometer (Model LI 185A). Underwater measurements were made with the meter contained
in a clear acrylic housing sealed with an o-ring. In situ,
the postures of a minimum of 50 anemones and irradiance
were noted three times daily at about 0700, 1200, and
900 h, twice weekly for a period of 8 weeks.
Under laboratory conditions, irradiance was provided
by lighting from nearby windows with artificial illumination from overhead cool-white fluorescent lamps ( 12 h
as photosynthetically active radiation

with a cosine-corrected Li-Cor

quantum

1

approx. lOO^mol photons- m^-s'). Anemones
having low symbiont densities were obtained by the
method of "cold-stripping" (Steen and Muscatine, 1987).

d~',

Anemones

in seawater were placed into a refrigerator at
30 min until the seawater temperature was reduced to about 16C (when cooled below 16C, all the

4C

for

anemones

died), then transferred to aquaria of flowing

(28C) and maintained in darkness for 2 weeks.
Expansion and contraction behavior was observed for two
groups of untreated and cold-stripped anemones, which
were placed under laboratory irradiance and in constant
seawater

variable light source, consisting of a

chamber (75-ml

250-W

tungsten lamp

mm

2

) filprojected through Corning 3405 and 3409 (50
ters, with an SOB Kodak filter to convert incandescent

more "natural" spectrum experienced at depths
5 m. The light source was calibrated with the
Li-Cor quantum sensor (Model 192) and Li-Cor photomlight to a

of less than

(Model LI 185A) used in the behavioral studies. Two
and a heat filter prevented the
light source from increasing the chamber temperature.
The electrode was calibrated between incubations with
air-saturated seawater and oxygen-free seawater (with sodium sulphite). The oxygen concentration of seawater was
reduced to between 50 and 60% air saturation by bubbling
with gaseous nitrogen. Low-oxygen seawater was added
eter

fans directed at the bulb

chamber seawater during incubations to maintain
and chamber
seawater was replaced during each reading. As a control
for biological activity of the incubation medium and oxygen consumption by the cathode, oxygen flux was reto the

a concentration of 75 to 100%. air saturation,
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corded for seawater alone in darkness for 30 min. No
oxygen uptake was recorded for three such replicates.

and animal respiratory quotients (RQ Z and RQ A were
assumed to be 0.8 and .0, respectively (Muscatine et al.,

Specimens of B. globulifera anemones were placed dichamber, where they attached rapidly to
the base. Because B. antilliensis required several hours
for attachment, specimens were allowed to settle on pieces
of plastic sheet, which were subsequently transferred to
the base of the chamber. After a 5-min equilibration period, oxygen flux was recorded for 20 min at consecutive
ascending irradiances 10, 30, 100, 200, 300, 400, and 500

1981).

rectly into the

/jmol photons- irT

:

In darkness,

s~'.

both species of

anemone rapidly expanded. However, because B. glohulifera anemones contracted much more rapidly under illumination than did B. antilliensis

anemones, dark

res-

piration rates were recorded at the beginning of incuba-

and

tions for B. globulifera

at the

end of incubations,

)

1

Total daily net carbon fixation by the algae (Pz) was
estimated as the gross photosynthetic capacity of the
anemone (p ax ) minus the derived algal respiration rate
multiplied by the daily number of hours at saturation
irradiance (10.95). For comparative purposes, the contribution made by symbiont photosynthesis at irradiances

(r z ),

below saturation was assumed to be negligible (see Fig.
9). In situ irradiances were predicted from mean transmission of surface PAR to the study site depths, together

PAR recordings made at 30-min intervals
on 22 February 1990 (with a maximum irradiance of 2100
with surface

s~'). The gross photosynthetic ca/jmol photons- m~
of
the
anemone
(pax) was equal to the measured
pacity
:

plus the dark respira-

following a 20-min equilibration period, for B. antilliensis.
Anemone biomass parameters were assessed at the ter-

tion rate of the

mination of each incubation.

equivalents, assuming a photosynthetic quotient of

measurements were standardized to sea
Oxygen
anemone protein and to algal cell number for 10 specimens of B. antilliensis and 12 of B. globulifera. Hyperbolic

(Muscatine

flux

tangent function curves (Chalker, 198 1 ) were fitted to the
net photosynthesis versus irradiance data with a leastsquares regression analysis

program. Mean

P-I character-

photosynthetic capacity (P max ). photosynthetic

istics,

and

ficiency (),

I

k

(the irradiance at

which the

ef-

initial

slope of the curve () intercepts the horizontal asymptote)
were derived for each species from the individual P-I
curves. Saturation irradiance (lo.w) was estimated from

the irradiance at

which photosynthesis was 95% of the

maximum, where

CZAR

I 095

=

1.83

X

Ik

(Chalker

net photosynthetic capacity (p

anemone

et al.,

ax

)

(rAnemone

),

converted to carbon
1.1

1981).

The proportion of fixed carbon
symbionts

method of Muscatine

rate

T=

///Me

/i c

carbon

translocated from the
was estimated by the growth

to the host (T)

specific

et al.

X 100%, where
growth

ulation growth rate

(/u)

(1983), using the equation
/u

and

/i c

are the algal

rates, respectively.

The

algal

and
pop-

was derived from the mitotic index

(Biomass parameters) using the equation of Wilkerson et
al. (1983). The carbon-specific growth rate was calculated
as

c

fj.

algal
5t is

O

= 1/C X 5C/5t, where
is the standing stock of
carbon (Sea anemone biomass parameters), and 5C/
the total net daily carbon fixed by the algae (Pz).
14

el al..

1983).

Translocation was not measured directly with C, because
the use of this radioactive isotope is known to underes-

timate carbon translocation in vivo (Muscatine

index

et al.,

1983).

The

potential contribution of algal photosynthetically

fixed carbon to

timated as

where PZ

animal respiratory requirements was es(P X T)/R A (Muscatine et al., 1981),
the total daily net carbon fixed by the algae,

is

T

is the fraction of PZ translocated to the host, and R A is
the daily respiration of the animal in carbon equivalents.
Respiration rates of the animal and algal components were

assumed

to be proportional to their

measured and derived

protein biomasses respectively (Muscatine

Oxygen consumed

in respiration

et al.,

was converted

1983).

to carbon

equivalents by using the respiratory quotient (RQ) multiplied by the molecular weight conversion factor of 0.375.

The

was estimated as r z
/3(r A nemone) X 0.375 RQ Anem one and the animal respiration rate as R A = /3(r Anemone ). where r Anemone is the measured
anemone rate of dark respiration and
is the protein
biomass ratio. The anemone respiratory quotient calculated as RQ Anemon e = [((1 - |8)/RQz) + fl/RQA)]' was
0.8 for both B. antilliensis and B. globulifera. The algal

~

algal

Statistical analysis

CZAR =

respiration

rate

Data were analysed by the following parametric
two-factor analysis of variance

/

Scheffe's

and Tukey-Kramer multiple range tests; and
and Rohlf, 1981). Nonpara-

test;

correlation analysis (Sokal

metric

tests

used were Wilcoxon's signed ranks;

:
Whitney U; and X

Mann-

and Castellan. 1988). Angular transformations (Sokal and Rohlf, 1981) were used
on all percentage data prior to statistical analysis.
tests (Siegel

Results

=

1

1

tests:

(ANOVA);

Student's

Habitat

Bunodeopsis

antilliensis (Figs,

la,

2)

was found on

Thalassia testudinwn blades in water shallower than 0.3
in the

depth

West back
in the East

reef

and

B. globulifera (Fig. Ib) at 3

m
m

back reef area of Discovery Bay, Jamaica.
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mm

3
for B. globulifera. Because the number of vesicles
anemone
was directly related to body size for B. anper
tilliensis (r(m = 0.96; 0.01 < p < 0.05) but not for B.
= 0.05; p > 0.05), the mean number of
globulifera (77, n
vesicles per anemone was not compared between species.

Light microscopy of paraffin sections demonstrated that
the algal symbionts of Bunodeopsis were restricted to the
endoderm, and were absent from the mesoglea and ec-

toderm. Transmission electron microscopy (Fig. 3) revealed that each algal cell was contained within a peri-

symbiont space, bounded by multiple membranes of host
of Cnidaria-dinoflagellate symbioses
typical
origin,
The
most obvious dinoflagellate ultra1971).
(Trench,
structural features were the permanently condensed chromosomes in the nucleus (Dodge, 1973). Other distinguishing dinoflagellate characteristics included a single or
multistalked pyrenoid surrounded by a starch sheath and

groups of three thylakoids per lamella within the chloroplast. The algal symbionts ofB. antilliensis and B. globulifera had a single or multilobed chloroplast and an accumulation body, which are characteristic ofSymbiodin-

ium (Blank,

1987). Invasive thylakoid

membranes within

and a segmented starch sheath (Dodge, 1973)
were not observed in the symbionts of B. antilliensis or
B. globulifera. The symbionts of B. antilliensis and B.
globulifera were not identified to species level.
the pyrenoid

Biomass parameters

The measured and derived

and animal biomass
shown
parameters of B. antilliensis and
similar
of
had
in Table I. The two species
Bunodeopsis
densities of algal symbionts (/, 10) = -0.7; p> 0.05), which
were of a similar size (/, U) = -1.29; p > 0.05). The estimated standing stock of algal cell carbon and biomass
ratios did not vary between species. However, the distrialgal

B. globulifera are

Figure

1.

(a)

untillicHxis

Bunodeopsis

=
panded postures. Scale bar

1

and

B

(h)

globiilil'era in ex-

cm.

anemones experienced higher ambient ir2 and 26
radiances than B. globulifera, receiving 53
= 87), respec2% of surface irradiance (means SE;
B. antilliensis

N

tively

(/ (!i5

=
,

1

1

.23; 0.01

<

p>

0.05).

Morphology and histology

Of the anemones

B

collected, the larger

antilliensis rather

than B.

diameters of the two species ranged from
4.4 to 15.2

mm,

respectively.

specimens were

globiilifcra: the basal disk
5 to

However,

34

mm and

vesicle size (di-

ameter) was not related to body size for either B.
liensis

p>

(r(m = 0.36; p

0.05).

The

>

0.05) or B. globulifera

(/f ]0

vesicles of B. antilliensis (Fig. 2)

(means

SE) of

1.7

0.2

and

0.7

0.1

0.

were

nificantly larger than those of B. globulifera, with
eters

antil-

=
)

1

7;

sig-

diam-

mm.

re-

= 4.17; 0.01 < p < 0.05). Assuming the
vesicles to be spherical, this would represent mean volumes per vesicle of 2.6 mm 3 for B. antilliensis and 0.2
spectively (/da,

Figure

2.

Bunodeopsis

antilliensis in contracted posture,

inflated vesicles (V). Scale bar

=

1

cm.

showing
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~ 368.42; 0.01 < p < 0.05;
F(intenictionX3.40)
< p < 0.05). B. globulifera anemones had

region)(3.40)

= 103. 10; 0.01

a higher proportion of symbionts in the tentacles (44%)

than B. antilliensis (10%), which had most symbionts in
the scapus and basal disk (85%) (Tukey-Kramer multiple

comparisons

The

0.01

test;

<p<

0.05).

of symbiont

cell division were phased
both B. antilliensis and B. globulifera (Fig. 5), with
peak mitotic indices in the early morning. Symbionts from
B. globulifera had a higher chlorophyll a content, 7.34

diel cycles

in

those from B.

0.77, than

=

1

pg-ceir

(/ (8)

3.45; 0.01

0.29

4.51

antilliensis.

<p <

0.05). Chlorophyll c2

content did not differ between the symbionts of B. antilliensis and B. globulifera, with 3.3 and 3.9 pg-ceir', re-

= 1 1 9; p > 0.05). The ratio of
spectively (? (8)
chlorophylls
a:c 2 was higher for symbionts from B. globulifera, 1.88
0.05 (f (8) = 7.46;
0.06, than from B. antilliensis, 1.40
.

0.01

<p<0.05).

Expansion and contraction behavior
In

situ,

almost

all

anemones of both

deopsis were expanded

at night,

species of

Buno-

although marked

differ-

ences in expansion and contraction behavior were observed during the day (Fig. 6). Under illumination, B.
antilliensis
ulifera

anemones were

contracted, whereas B. globat very high irradiances

remained expanded, except

experienced

anemones

midday. The proportion of B. globulifera
an expanded posture was found to be in-

at

in

versely related to irradiance (Fig. 7;

<p <

/f29)

= -0.69;

0.01

Under laboratory conditions of irradiance,
untreated and cold-stripped anemones displayed patterns
0.05).

of expansion and contraction behavior similar to those
observed in situ (Fig. 8). However, significantly more coldstripped B. globulifera

anemones than untreated anem-

ones were contracted during the day (Scheffe's; 0.01 < p
< 0.05). In constant darkness, almost all anemones of
both species were expanded, and the proportion of contracted B. globulifera was significantly higher for coldstripped anemones than for the untreated group (Scheffe's;
0.0 < p < 0.05). Cold-stripped anemones contained sig1

nificantly fewer

densities

symbionts than untreated anemones, with
6
0.01 X 10 cells mg
SE) of 0.03

(mean

=

'

protein" for B. antilliensis
and 0.26 0.05 X 1 6 cells

=
Symbiodinium in the \esicle cndoderm of (a) Bunodeopsis
anlilliensix and (b) B globulifera showing multiple membranes (f): nucleus (n); chromosomes (chr); chloroplast (chl); pyrenoid (p); and pyrenoid
stalk (ps). Scale bar =
^m.
Figure 3.

1

(/( g)

6.51; 0.01

<p<

(/, 10)

1

3.

1

9; 0.0
~

mg protein

'

1

<p <

0.05),

for B. globulifera

anemones (with
mm), which were

0.05). "Juvenile"

a basal disk diameter of less than 5

formed by pedal laceration from "adults," were continunder illumination and in darkness.

ually expanded, both

Zooplankton feeding

anemones was markedly
between the two species of Bunodeopsis (Fig. 4)

bution of symbionts within the
different

(Two-factor

ANOVA:

F,(species)(l.40)

=

1.37,

p >

0.05;

Prey items were found at various stages of digestion
within the gastrovascular cavity, mesentery, and oral disk
regions of B. antilliensis and B. globulifera. The compo-
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Table

Sea anemone biomass parameters

of

Bunodeopsis

antillinesis

M

cell

diameter (^m) (mean

= measured;

D

= derived.

SE;

B. globulifera

Method*

Parameter

Algal

and

I

A'

=

8)

B. globulifera

B

antilliensis
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T3
0)

TD

C

-

100

100

Q.

X

LU

-|

(/j

_0>

o

5

c:
0)

(0

o

o

.52

I-

Q

o

~nj

# 6
07:00

12:00

Time
Figure
odeopsis antilliensis (open bars) and

ANOVA: FtVKxa{t

^omemcuon) C.52I
anlillit'imis

07:00

= 10.46*

,

i2)

B

('significant at 0.01

anemones with expanded

Time

globulifera (solid bars) in situ.

= 42.83*:

F, niK

<p<

oral disk

and

,

(

=

2. 5 2)

0.05).

51.43*;

0% = No

S.

tentacles.

w
dark respiration rates (r Ancmone ) and gross photosynax ) (Table III). The photosynthetic ef0.02 for B. globficiencies (; means
SE) were 0.24
ilar

thetic capacities (p

ulifera

2

6
MgO 2 -10

algae" -h
s~' for B. antilliensis. However, the deeper

and 0.17

photons- irT

0.03

1

living species B. globulifera attained photosynthetic ca-

pacity at a significantly lower saturation irradiance

100

O
c

(I 09 5;

-i

80-

OJ

Q.

X

LU

60^
~ S
eg
40

O
I-

8

-

-<5

oo

Q
1

3

2

Irradiance (Log + 1)

photons,

m

"

"

.s

)

Variation of oral disk and tentacle expansion with irraFigure 7.
diance in Bunodeopsis globulifera. Points were fitted by the method of
least

12:00

Oral disk and tentacle expansion and contraction in Bun-

6.

Two-factor

(h)

squares regression analysis.

(h)

19:00
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Table
Total

=

number of prey items

identified in specimens oj B. antilliensis (1M

80) anil B. globulifera (N

at night

(2100

to

0600

Crustacea

=

80) during the day 10700 lo 1800 h)

and

h)

B
Prey Item

II

Dav

antillicnxis

Night

B
Dav

globulifera

Night

J.
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P-I curve parameters (means

Parameter

SE) and

CZAR
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B. globulifera
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small energy saving resulting from contraction of a small
to a large anemone (Robbins and Shick, 1980).

compared

B. antilliensis

and

B. globidijera

had expanded feeding

tentacles at night, corresponding with the diel migration

of zooplankton prey within Discovery Bay (Ohlhorst,
1982). Capture of more prey by B. glohulifera than B.
during the day was presumably a direct consequence of their differences in light-related behavior. The
present study of prey capture by B. antilliensis and B.
antilliensis

one of the few reported for tropical sea
anemones (reviewed in Shick, 1991). These results em-

glohulifera

is

phasize the importance of nighttime sampling, with short
intervals,

because sea anemones

may

rapidly digest their

prey (Sebens and Koehl, 1984; Zamer, 1986). Therefore,
the apparent lack of prey found within the tropical cor-

and Cook,
and
Davies,
989) and the coral Porites porites (Edmunds
1989) may be artifacts due to the choice of sampling time
and interval.
In association with differences in host habitat, morphology, and behavior, the algal symbionts exhibit responses to enhance photosynthesis and maximize cell division rates in low light environments (Prezelin, 1987).
Variations in the photosynthetic pigment content and
physiology between the symbionts from B. antilliensis and
allimorph Discosoina sanctithomae

(Elliott

1

B. glohulifera

were indicative of responses to the different

DAY
rophyll a content, the photosynthetic efficiencies (means
SE; TV = 10) of symbionts from B. antilliensis and B.

0.02 and 0.17

0.24

globidijera,

m

0.03

MgO : -10

6

2

hr'/M ol photons -m~ -s"', were considerably
higher than those from A. pulchella based on algal cell
numbers (0.04 to 0.06 ^g 2 10 6 cells -h'/Mmol pho-

cells-

O

:

tons-m
similar

-s

')

-

(Muller-Parker,

when normalized

1984,

1987). but were

to algal chlorophyll a content.

Also, photosynthetic capacities of the symbionts from B.
antilliensis and B. glohulifera were almost twice that of
A. pulchella based
cells-

h

on

number, of

algal cell

10

6

^gO : 10
when

(Muller-Parker, 1984). but did not differ

'

normalized to

The dark

a content.

algal chlorophyll

respiration rates for

anemones of both

species

of Bunodet tpsis compared well with those for A. pulchella,
of 8.2 ngO ; mg protein h
(Muller-Parker, 1984), and
'

A. pallida (fed three times per week), of 10.7

MgO : mg

(Clayton and Lasker, 1984). However, symprotein -h
biont respiration rates based on algal biomass estimations
'

were low for both B.

antilliensis

and

B. globidijera. Be-

both species of Bunodeopsis
were low, the estimated biomass ratio of algal to total
protein was also low. Higher algal biomasses have been
cause algal

cell densities in

estimated for Z. sociatus (17%; Steen and Muscatine,
1984). A. pulchella (18%; Muller-Parker, 1984), Aulactinia
stelloides (15%; Smith, 1986),

and Anthopleitra elegant is-

irradiance regimes of their respective host habitats. Characteristic of adaptation to lower habitat irradiances, sym-

sima

bionts from the deeper species B. glohulifera had a higher
chlorophyll a content than those from B. antilliensis. The

animal reszoanthids
Z.
was
similar
to
that
for
the
piration
high,
sociatus (95%-) and P. variahilis (89%; Steen and Muscatine, 1984). High rates of translocation reflect low rates
of carbon utilization by the algal symbionts for their own

chlorophyll a content of these symbionts was comparable
to that of the symbionts from the tropical sea anemone

Aiptasia pallida, 2 to 5 pg-ceir (Clayton and Lasker,
1984; Cook et ai, 1988; Lesser and Shick, 1989). but
1

higher than for the symbionts from A. pulchella. 1.5
(Muller-Parker, 1984). The ratio of chlorophylls
pg-cell
'

was lower for symbionts of B. antilliensis and B. glohulifera than from A. pulchella, 2.2 to 3.7 (Muller-Parker,
1984, 1985, 1987). This was due to higher levels of chlorophyll c': in the symbionts from the two species of Bunodeopsis compared to those from A. pulchella, with 0.4 to
0.7 pg-ceir (Muller-Parker, 1984 and 1987).
The lower saturation irradiance and higher photosynthetic efficiency of symbionts from B. globidijera compared to those from B antilliensis was also indicative of
adaptation to lower light levels. These photosynthesis-ira:t'2

1

radiance responses compared well with those of symbionts
from .4. pulchella and A. pallida collected from habitats

of differing irradiance regimes (Muller-Parker, 1984, 1985,
1987; Lesser and Shick. 1989). I k values for symbionts

B

(

14%; Dykens

In B. antilliensis

et at..

and

photosynthetically fixed

growth (Muscatine

1992).

B. globidijera, the

carbon available

et ai, 1983).

proportion of

for

Calculated translocation

were high due
and
correspondingly
growth
low algal population growth rates. Despite low carbonspecific growth rates of the symbionts from Z. sociatus
and P. variabilis, 0.2 -day" compared to those for B.
antilliensis and B. globidijera, algal population growth
rates of Z. sociatus and P. variabilis were much lower,
0.02 and 0.01 -day"
respectively.
rates of B. antilliensis

and

B. glohulifera
rates

to high carbon-specific

1

,

1

,

The values of CZAR estimated
and

for B. antilliensis (109%)
(92%) suggest that both species are poautotrophic with respect to carbon available for

B. globidijera

tentially

animal respiration on days with 8.5 h of saturating irradiance. Although CZAR values may be high, essential
nutrients such as nitrogen and phosphorus need to be
acquired by host heterotrophy (Muller-Parker et ai. 1988).

and B. globidijera were found to feed
on zooplankton prey, providing an alternative
nutrient source to the supply of carbon fixed photosynBoth B.

antilliensis

238 nmo\ photons- m~-- s~', were
similar to those from A. pulchella collected from "sun"
2
habitats during the summer, 288 ^mol photons rrT
s~

extensively

(Muller-Parker, 1987). Reflecting the differences in chlo-

sulcata was also found to be potentially autotrophic, with

from

antilliensis,

'

thetically

by the symbionts. The sea anemone Anemonia

ALGAL SYMBIOSIS

CZAR

16%, for freshly collected Mediterranean anemones experiencing 10 h of saturating irestimated to be

1

(Stambler and Dubinsky,

radiance daily
1987). However,
values for the tropical zoanthids Z. sociatu.s (48%)

CZAR

(13%) (Steen and Muscatine, 1984),
were considerably lower than for B. antilliensis and B.
globulifera, reflecting relatively low photosynthetic capacities of the symbionts and high rates of animal respi-

and

for P. variabilis

CZAR

ration in the zoanthids.

calculated for the tem-

anemone

Anthoplciira elegantissima was also low
a
translocation
value of 90%), 17% for high
(assuming
shore and 40% for low shore anemones (Shick and Dyperate

Zamer and

kens, 1984;

Shick, 1987). Therefore, further

investigations are required to assess the influence of host
habitat

and

on the

locality

nutritional contribution

made

by the algal symbionts to their hosts.
In summary, despite morphological differences between
B. antilliensis

and

B. globulifera, light-related

behavior

symbiont populations to light. Although B. antilliensis
and B. globulifera experience different irradiance regimes

due to host habitat and posture, compensatory responses
by the symbionts enhance light absorption and photosynthesis. B. antilliensis and B. globulifera display two distinct

combining anemone morphology with sym-

biont distribution and photosynthetic physiology, that result in a similar contribution made by symbiont photosynthesis to animal respiration.
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Neurophysiological Correlates of the Behavioral
Response to Light in the Sea Anemone
Anthopleum elegantissima
SARA
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Neurophysiological responses to light in Anthopleura elegantissima do not involve the ectodermal
slow system
(SSI). Activities in both the endodermal

Although sea anemones respond to light, no photoreceptor has been identified in these animals. Sensory
cells have been described, but definite functions cannot

and the through conducting nerve

readily be assigned to them (Batham et a/.. 1960; Fautin
and Mariscal, 1991; Shick, 1991). Batham and Pantin
(1954) investigated the light response in Metridium senile and found that light acted on the parietal musculature in the endoderm. Because the action of light on
the muscle was not abolished by magnesium chloride

Abstract.

1

slow system 2 (SS2)
net

(TCNN) change when

response

is

the lighting changes, but the
not consistent. Thus, photoreception in A. ele-

gantissima probably occurs in the endoderm because SS2
and the TCNN are involved and SSI is not. We hypothesize either that the photoreception occurs in sensory cells
in

a local nerve net, with the information then being

anesthesia (which inhibits myoneural transmission),
they concluded that light was acting directly on the

transmitted to the muscles, or that the muscles themselves

come involved
quence

TCNN

and SS2 beand as a conseof muscular activation.

are light sensitive. In either case, the

muscles in this anemone.
Cnidarians are morphologically the simplest animals
and in actinarian anthozoans

after the transduction,

rather than the cause

to have a nervous system,

The conducting systems of zooxanthellate specimens have

it

a higher frequency of activity than those of apozooxan-

one with a conducting velocity 10-20 times

thellate individuals.

those of the other two.

(TCNN)
100 cm s^

Introduction

12

1958; Zahl

and McLaughlin,

1

= Tealia
(

to

1959). Pearse (1974a) noted

oral

(Fleure

,

SS2

et a!.,

is

endodermal

(McFarlane,

1982;

1988).

Using extracellular recordings, Marks ( 976) found that
the burrowing anemone Calamactis praelongus responded
to light with a local contraction of the column that was
unaccompanied by TCNN activity. Light could also evoke

Conversely, Urticina felina
an azooxanthellate anemone,

and Walton,

to

1

et a/., 1988). The TCNN is found
endoderm of the column and the ectoderm of the
disc and tentacles. The SSI is located in the ectoderm,

McFarlane

1

contracts within five minutes after exposure to intense
light

s~',

net

whereas slow system
(SSI) conducts at 5and slow system 2 (SS2) at 3.0-5.3 cm s~' (Jo-

whereas the

light.

crassicornis),

1

The through conducting nerve
conducting velocity, up

fastest

in the

specimens of Anthowithin
five to ten minutes
pleura elegantissima expand
exposure

has the

conducting systems,
faster than

1969, 1982; McFarlane

956; North and Pantin,

that dark-adapted zooxanthellate

after

cm

at least three different

sephson, 1966; Robson and Josephson, 1969; McFarlane,

Sea anemones have distinct behavioral responses to
light (Fleure and Walton, 1907; Parker, 1918; Batham

andPantin, 1950a, 1954; North,

comprises

1907).

TCNN

pulses in the

was not sure whether
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*
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or whether the
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TCNN

of the

light response.

found

in this

anemone, although Marks
acted
on the
directly
light
was involved in the final processing

in this

TCNN

No

anemone.

slow-conducting systems were
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In the present investigation, extracellular recordings

were used to evaluate the neurophysiological correlates
of the response to a light:dark change in zooxanthellate

Individual preparations in which the through conducting nerve net (TCNN), slow system (SS ). and slow
system 2 (SS2) could not clearly be distinguished were
1

1

and apozooxanthellate specimens ofAnthopleura elegantissima and to provide the first such data on this species.
Novel methods of data analysis were developed to allow

in the light (Before

integration of electrical activity over long time intervals.

a continuous recording could not be maintained were not

not used. Recordings were taken while the animals were
Dark, BD), in the dark (D), and then
again (After Dark, AD). Individuals in which

in the light

used. All animals had at least a

Materials and Methods
Zooxanthellate and apozooxanthellate specimens of A.
elegantissima were collected near Bodega Marine Labo-

Bodega Bay, California, and shipped to Orono,
Maine. Zooxanthellate anemones were maintained at a
salinity of 30%n in a 250-liter aquarium that received indirect natural illumination from a nearby window. This
illumination was supplemented with light from a tungstenhalogen lamp (QF-500A) on a 10: 14 hour light:dark cycle.
Under these conditions, a minimum irradiance of 200
2
Mmol photons trT s~' was maintained when the lamp
was on, as measured with a Li-Cor LI-185B quantum
photometer fitted with a model LI-1905B cosine corrected
sensor (photosynthetically active radiation. 400-700 nm).
Apozooxanthellate anemones were maintained at 30%o
ratory.

in a 40-liter

in a

darkened, temperature-controlled incubator. All water temperatures were 15
2C.

aquarium

Anemones were maintained

aquaria for no more than
six months. All animals were fed previously frozen squid
in

twice weekly and were starved for 48 hours before the

experiments.
Electrophysiological recordings were made as follows.
suction electrodes were placed on tentacles on op-

Two

posite radii of an experimental anemone. The electrodes
were made from 1-ml plastic syringes, each with a silver

wire threaded through a hole in the barrel and out through
the tip into a polyethylene tube. Metal Luer stubs were

avoided because they introduce galvanic artifacts. Electrical stimuli were supplied by a Grass SD9 stimulator

5-min

D

period,

from the recording electrodes were passed
and then to a DC amplifier.
The recordings were displayed on a Tektronix 5103N
storage oscilloscope and were stored on videotape (Sony
Betamax) with a Nakamichi DHP-100 digital audio processor sampling at 44 kHz. For analysis, the data recorded
on the videotape were reconverted to an analog signal
and redigitized (84 Hz sampling rate) using a Zenith mi-

1

1

a water circulator

(Brinkman

RC

6).

5-min

20-min

AD

BD

period, a

period. Overall, the

five apozooxanthellate (specimens A1-A5) anemones
were analyzed. One of the zooxanthellate anemones (S2)
received two dark periods. For this anemone, the intervals
consisting of the before-dark, the first dark and the inter-

dark periods are referred to as S2a, whereas the interdark,
second dark and afterdark intervals are referred to as S2b.

The
Only

pattern of recorded events

TCNN

and SS2 events

was analyzed as follows.
on both elec-

that occurred

trodes simultaneously were scored. Because SSI activity
was very low, this criterion was relaxed, and events that

occurred on only one electrode were included as well.
These data were then grouped into sets of events per
1

The 15-s bin was chosen to decrease random
and to enhance a pattern observed in the data

5-s interval.

variability

scored per second. The distribution pattern of the data
was determined with the Poisson probability distribution,
the index of dispersion, the index of clumping,

and

Green's index (Ludwig and Reynolds, 1988). To determine the effect of light on the burst rate in the three recording periods (BD. D. AD) a Kruskal-Wallis nonparametric one-way ANOVA, Dunn's Multiple Comparison
Test (Zar, 1984), and Spearman Rank Correlation (SAS)

were performed

for

each anemone. The overall activity

in the zooxanthellate versus

apozooxanthellate anemones

was compared with an ANOVA (SAS
and Duncan's Multiple Range Test.

GLM

procedure)

Results

The

trodes. Signals

crocomputer with a Metrabyte DASH 8 A/D converter
driven by FORTRAN software. Illumination (200 ^mol
:
photons irT s '. measured at 400-700 nm) was provided
by a Cole-Parmer low-noise illuminator with a fluorescent
bulb. The anemones were maintained in plastic cups at
5
C on a flow-through copper base plate cooled with

a

recordings of five zooxanthellate (specimens S1-S5) and

applied through a suction electrode attached to a tentacle
approximately equidistant from the two recording electo a Grass PI 5 preamplifier

and

electrical events in the

elegantissima following an
in

Figure

1

.

TCNN,

electrical

SSI, and SS2 of A.

stimulus are shown

Bursts in these three conducting systems have

similar appearances to those seen in other anthozoans

(McFarlane, 1969. 1982;Shelton, 1982; McFarlane

eta/.,

1988).

Most experimental anemones showed some degree of
contraction during the D treatment, which is the usual
response to darkness in A. elegantissima. The burst rates
measured during these experiments were tested to determine whether the activity in the different conducting systems was randomly distributed within the BD. D, and
AD treatments. In treatments that were of short length,
or where there was little activity, the distribution tended
to be random. In all cases where the bursting was not
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Table

I

I

Duration (min) of the Before Dark, Dark, and After Dark intervals

Anemone
SI

The appearance of activity in the three conducting systems
Figure I
of Antlwplcura clegantissima after an electrical stimulus given at the
is marked by a T, SSI by a 1. and SS2 by a 2. The
arrow. The
.

TCNN

scale

is

200 ms.

was clumped, as measured
no
apparent relationship beby Green's index. There was
randomly

distributed, activity

tween the distribution of the bursts in the conducting systems within the BD. D, and AD treatments and the effect
of the light treatment on the burst

rates.

The recordings were examined directly so we could determine which conducting system first becomes active afchange in the light treatment. In 6 of 1 cases, a
the
signal from the TCNN was the event first seen when
an
SS2
5
cases
in
the
signal
remaining
light was turned off;
was first (there are 1 dark periods as anemone S2 had
ter a

1

1

TCNN

two dark periods). In seven cases, a
signal was the
after-dark
of
the
at
the
to
first
period,
beginning
appear
whereas four cases showed an SS2 pulse first. If an SS2
pulse was seen, it appeared within 2 s of the change in
the light condition, but if a TCNN pulse was the first seen,
it appeared between 2 and 60 s (and usually closer to 60
s)

after the

change

in the light treatment.

SSI pulses were

never seen directly after the light condition changed.
In eight specimens of A. elegantissima, a change in
burst rate occurred in response to the dark treatment, but
the exact effect varied

among individuals (Figs.

2-4).

Some

animals showed an increased burst rate in the dark,
whereas others showed a decreased rate. Still other animals

had a burst

rate in the

dark that was different from the

BD rate but not the AD rate, and some anemones showed
the opposite pattern. Except in the case of anemone A3,
to be discussed below, the length of the BD, D, and

AD

period did not

seem

to affect the rate changes (Table

I).

although there is no single obvious trend in the time
of occurrence, the rate change was clearly due in some
Still,

manner

to the

change

in illumination.

All five of the zooxanthellate (S1-S5)

and three (A3-

A5) of the apozooxanthellate specimens of A. elegantissima showed a statistically significant change in burst rate
due to changes in illumination (Table II), although the
system in which the change was seen varied among individuals. In seven

anemones, a significant difference in
was attributable to the dark interval

burst rate within SS2

#

BD

D

AD

Total (min)
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ness of the zooxanthellate

also

anemones

in behavioral studies

(unpub. results), and also be related to the greater
the dark treatment had on the burst rates, because
the zooxanthellate

anemones showed

effect
all

of

a significant effect

of the treatment, whereas only three of the apozooxanS3
S2a
S2b
si

M

thellate

did.

burst rates in the three conducting systems were
tested for correlation with each other. Seven anemones

A3, and A4) had activity in the TCNN
SS2 (P < 0.001 ). Six
anemones (S3, S5, Al, A3, A4, and A5) had activity in
the TCNN positively correlated with activity in SSI (P
(S

Significant in

anemones

The

1 ,

S2, S3, S5,

A

1

,

positively correlated with activity in

SS2 only

<

c
<D
3

0.03),

and four anemones

(S2, S3, S5,

and

A

1 )

had SS2

activity positively correlated with activity in SSI (P
< 0.03). Anemone A2 was the only one to show no cor-

o-

S5
S4

I-

A5

among the conducting systems and no
of the light treatments on burst rate. One anemone
(Al) in which the light treatment did not have an effect
relation in activity

effect

Not Significant

2

1

Significant

-

-

A3
A2
Al

BD

S3
S2a
S2b

AD

D
Light

Figure 2.
Averages of burst frequency in SS2 of 10 specimens of
Anthopieuni eleganlissima during the BD, D, and AD intervals. Anemones are grouped by burst pattern. Those anemones in which there is a
significant difference in activity in

SI

i-

SS2 and

together in the upper portion of the figure.

in the

TCNN

Anemones

in

A4
A3

cr

8
Not Significant

are grouped

which there

is

03

SS2 are grouped together in
Anemones in which there is no significant

a significant difference in activity only in

the middle portion of the figure.

SS2 are grouped together in the bottom portion
of the figure. Zooxanthellate (S) anemones are indicated by solid lines,
and apozooxanthellate (A) anemones are indicated by dashed lines;

difference in activity in

numbers denote individual specimens. Standard
but range from 5 to

errors are not

shown,

S5
S4

33% of the means.

A5
A2
Al

was

BD and D in20-min dark period, the only
min (Table I). This specimen

significantly lower than those in the

tervals.

This

anemone had

dark period longer than

7

was the only one

significance in the

It is

to

show

TCNN alone.

anemone having a long dark
only anemone not to show a significant

interesting that the only

treatment was the

change

in

SS2 burst

rate resulting

from the change

in

irradiance.

is

The frequency of activity in the TCNN, SSI, and SS2
higher in zooxanthellate anemones than in apozooxan(P < 0.0001, Duncan's Multiple Range
be manifested in the greater responsive-

thellate individuals

Test). This

may

AD

BD

a

Light

Averages of burst frequency in the TCNN of 10 specimens
Figure 3.
of Anthopleura eleganlissima during the BD. D, and AD intervals.

Anemones

in

which there

is

a significant difference in activity in the

TCNN

are grouped together in the top portion of the figure, whereas
anemones in which there is not a significant difference in activity are

bottom portion of the figure. Zooxanthellate (S)
and apozooxanthellate (A) anemones are indicated by dashed lines; numbers denote individual specimens.
Standard errors are not shown, but range from less than to 33% ol the

grouped together

anemones

in the

are indicated by solid lines,

1

means.
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elegantissima and is not activated by a change in irradiance, the ectoderm is probably not the site of photoreception in this sea anemone.
When the change in irradiance causes contraction in
the anemones, the conducting systems could be involved
in three ways: ( 1 ) the frequency of activity would increase

TCNN and decrease in SS2, because SS2 is inhibTCNN pacemaker activity (McFarlane, 1974a, b,

in the
SI

itory to

1983; McFarlane

el al.,

1988; Pickens, 1988); (2) the fre-

quency of activity in the TCNN could remain constant,
while the burst rate in SS2 decreased; (3) SS2 activity
could remain constant while

TCNN

activity increased.

Any of these would produce a relative reduction of the
inhibitory effects of the SS2.
S5
S4

In A. elegantissima,

when

S3

there

was a change

S2a
S2b

some

individuals (Figs. 2.

A5
A4
A3
A:

the

Al

TCNN

the illumination changed,

TCNN and SS2 in
The frequency of activity in
when SS2 activity decreased

in activity in the
3).

did not increase

which would have been expected

if the hythe light change
reduces the inhibitory effects of SS2 on the TCNN. The
conducting system responsible for initiating the light re-

(Figs. 2. 3),

pothesis were correct that

some way

in

sponse cannot be specified because a change in light
sometimes induced a pulse from the TCNN first and
Figure 4.
Averages of burst frequency in SSI of 10 specimens of
Anthopleura elegantissima during the BD, D, and AD intervals. The
anemone in which there is a significant difference in activity in SSI is

top portion of the figure, whereas anemones in which there
not a significant difference in activity in SSI are grouped together in

shown
is

in the

bottom portion of the figure. Zooxanthellate (S) anemones are inand apozooxanthellate (A) anemones are indicated
by dashed lines; numbers denote individual specimens. Standard errors
are not shown, but range from 2 to 100% of the means.
the

dicated by solid lines,

sometimes a pulse from SS2

The

conducting system to irradiance changes seems paradox-

The change in irradiance obviously affected the
anemones as they would often contract during the dark
period and so pull off the suction electrodes. The recordical.

ings presented here

rate did

show

correlation in activity

among

all

three conducting systems. This anemone (Al) and the
anemones S3 and S5 were the only individuals that

showed correlation

in activity

among

all

the conducting

systems.

Discussion

may

therefore be biased toward less

responsive individuals because the data are from anemones that did not contract fully during the dark period.

The response
on burst

first.

large individual variation in the response of the

If a

change

to light itself

in activity in the

is

also difficult to explain.

TCNN or SS2

is

carrying the

information regarding conditions of illumination, then
the change in rate of activity should always be in the same

was not the case, suggesting again that the
data presented here are of necessity from anemones that
did not fully contract, i.e., those that may have perceived
direction. This

the change but failed to respond to

TCNN

it.

This would argue

and SS2 are not involved

Because we never observed pulses in the ectodermal
SSI of Anthopleura elegantissima in response to a light-

that the

dark change, our results support the endodermal locus of
the light response noted by Batham and Pantin (1950a,
1954) and by Marks (1976) in other species of anemones.

In C. parasitica. SS2 activity can be triggered by endodermal sensory cells that detect stress between opposing
muscle groups; as a muscle field contracts, SS2 activity is

McFarlane (1983) noted that SSI

enhanced. This would act as a control over contraction

not spontaneously
active in C. parasitica. This observation also pertains to
A. elegantissima, where SSI pulses were rare (Fig. 4). The

number of recorded SS

is

pulses may even have been arowing to the recording method, because
some pulses recorded by only one electrode were classified
1

tifactually high

as SSI.

Because SSI

is

not spontaneously active in A.

in the initial

response to light.

(Batham

el al..

1960; McFarlane, 1974b). Spontaneous,

or inherent, contractions are not always accompanied by
in C. parasitica. These inherent
activity in the

TCNN

result from activity in a local nerve net,
and it is this local system that may integrate information
from the sensory cells (McFarlane, 1974a, b).

contractions

may
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Photoreception in A. elegantissima may occur in a sencell of a local neuronal network. This photoreceptive

sory

sensory

cell

The

could be directly connected to the muscles

responsible for slow contraction. This local neuronal network might be similar to the one revealed by fluorescent

antibodies to

Antho-RFamide
ct at..

(Grimmelikhuijzen

and II in C. parashica
1989) and by immunogold-laI

beling of the tentacular nerve plexus in Anthopleura ele-

gant issinia (Westfall and Grimmelikhuijzen, 1993). Thus
light would affect the muscles of sea anemones without

TCNN

or SS2. Alternatively,
initially involving either the
the muscles themselves may be directly photosensitive.
Batham and Pantin 1954) believed that the parietal mus(

of Metridium senile were sensitive to

cles

in the higher activity levels in the conducting systems of
the zooxanthellate specimens.

light,

although

these authors were unable completely to separate the

muscular response from possible sensory components.
Marks (1976) determined that the parietal and circular
muscles of Calamactis praelongus were locally sensitive
to light. With strong stimuli, pacemakers of the nerve net

were activated. This

is

similar to

what

is

proposed

for A.

cells that are

is

c/cxuntissiniii. Light
perceived by sensory
connected to muscles, or the light is perceived by the
muscles themselves; if sufficient stimulus reaches the

muscles, their tension changes,

which subsequently

alters

TCNN

electrophysiologically defined conducting systems
and TCNN) in sea anemones are responsible

(SSI, SS2,

for coordinating a variety

has several different

roles.

of behaviors, and each system
SS2, for example, helps coor-

dinate the rhythm of expansion and contraction, chemically induced shell climbing, feeding activity involving
chemoreception, and tentacle movement (McFarlane and
Lawn, 1972; McFarlane. 1974a. b. 1975. 1983; Boothby

and McFarlane,

1986). These three conducting systems
be more global (McFarlane, 1984; McFarlane ct ill..
1988) than the low-level, local systems that respond directly to every sensory input. Rather, these global con-

may

ducting systems integrate and coordinate behavioral responses resulting from local perception of manifold sensory stimuli.
differs from other electrophysiologon sea anemones in the method of data coland analysis. Storing the data on magnetic media

This investigation
ical

studies

lection

allowed for a lengthy study of the electrical pulses in the
three conducting systems. The statistical analysis of these
data was an attempt to reveal the overall pattern of activity
in response to a change in irradiance. rather than the

minute-to-minute changes, which are highly variable. This
not the first attempt to examine and quantify long-term

the activity of the
or SS2.
The effect of irradiance on the frequency of activity in
the conducting systems of A. elegantissima may depend

electrophysiological

on the behavioral state of the anemone. Batham and Pantin
1950a. b) have noted that Metridium senile has dis-

McFarlane. 1973), but the method is more quantitative
and may prove useful in future studies.

phases of spontaneous or inherent activity. The
anemone's response to an external stimulus may depend
on its behavioral phase. McFarlane (1973, 1983) has noted
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Changes Occur in the Central Nervous System of the
Nudibranch Berghia verrucicornis (Mollusca,
Opisthobranchia) During Metamorphosis
DAVID

CARROLL AND STEPHEN
1

J.

C.

Department of Zoology ami Wildlife Science. 331 Funchess Hall.
Alabama 36830

Abstract.

The

structure of the larval

and juvenile

KEMPF
An/mm

University, Auhitrn.

tion of neurons (Schacher

central

et at..

1979; McAllister

el al.,

known

1983; Schacher, 1983; Bulloch, 1985), the connections
between specific, individual neurons (Kandel et al.. 1967;
Schacher, 1983), and the function of neurotransmitters

as sub-

and supra-intestinal ganglia), pedal, and buccal
ganglia, and a single visceral ganglion. A pleurovisceral

during neurodevelopment (Goldberg and Kater, 1989) has
contributed to our knowledge of the organization of neu-

loop is present. The organization of the CNS changes as
the nudibranch undergoes metamorphosis. In general,

ronal systems. Opisthobranchs possess several unique
features that make them useful as neural models. For in-

nervous system (CNS) in Berghia verrucicornis, an aeolid
nudibranch, was examined using 1-^m serial sections. The

CNS consists of paired optic, cerebral,

there

is

a condensation of the

pleural (also

CNS. The

cerebral

and

stance, the relative simplicity of the nervous system

the accessibility of their neuron perikarya

pleural ganglia fuse to form the prominent cerebropleural
The single visceral ganglion fuses with the pleural

portion of the

left

and

cerebropleural ganglion. The buccal
fully organize into a cortex of nerve

bodies and medulla of nerve

the

mouth and

fibers.

associated structures. These

Willows. 1971, 1973; Nagle et al.. 1989a, b; Baux et al.
1990; Bedian et al.. 1991; Hickmott and Carew, 1991;

Ziv

commonly

studied opisthobranch species, suggesting that Berghia
verrucicornis is an appropriate model for the developmental examination of structure and function in mollus-

aquanum

PNS =

enable investigators to draw parallels

life cycle or to obtain the appropriate stage animal from the field as needed. A
number of attempts at culturing these organisms in the

laboratory have been successful (Kriegstein et al.. 1974;
Bridges, 1975; Harris, 1975; Kempf and Willows, 1977;

'

water;

may

oratory throughout their
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Present address: Department of Physiology, University of Connecticut

seasoned,

aspects of the

as neurobiological models, it was necessary to devise
protocols for maintaining the nudibranchs in the lab-

The use of opisthobranch mollusks for the investigation
of neurobiological questions as diverse as the differentia-

liltered (0.45 ,um).

some

between the ontogeny of the easily studied opisthobranch
CNS and the more complex vertebrate PNS (Jacob, 1984;
Bulloch, 1985; Cash and Carew, 1989).
In the past, to fully exploit opisthobranch mollusks

Introduction

MFSA

1991). Also, the fact that

system (PNS)

can nervous systems.

Health Center, Farmington, Connecticut 06030.
Abbreviations: CNS = central nervous system:

et al.,

organogenesis of the molluscan central nervous system
(CNS) resemble those of the vertebrate peripheral nervous

metamorphic

changes are similar to those seen in other

opis-

ing into the cellular and molecular mechanisms driving
the development and function of the nervous system (see

Rhinophoral ganglia develop anterior to each cerebropleural ganglion and
a pair of nervous processes extend from each: one to the
developing rhinophore and the other anteroventral toward
cell

and

thobranchs exceedingly convenient models for correlating
animal behavior with nervous activity, as well as for delv-

ganglia.

ganglia enlarge

make

= Page]
Switzer-Dunlap and Hadfield, 1977; Bickell
culture
and Kempf. 1983; Paige, 1988); however, such
work has been essentially limited to marine laboratories

= Millipore-

[

peripheral nervous

svstem.

202

NUDIBRANCH CNS BEFORE AND AFTER METAMORPHOSIS
where

fresh seawater

and prey organisms are readily

Berghiti verritcicornis

is

suitable for culture in inland

has lecithotrophic larvae (the larvae
derive energy from endogenous yolk reserves), it does not
require a specific metamorphic inducer, and it feeds on
laboratories because

it

the coelenterate Aiptasia pallida, a species

amenable

to

laboratory culture (Hessinger and Hessinger, 1981). Thus,
we are able to rear and maintain this nudibranch through
successive generations at our inland laboratory by using

seawater and relatively simple techniques (Carroll

andKempf,

1990).

In this paper, as a prelude to the use of this species in
neurodevelopmental studies, we describe the neuromor-

phology of two stages in the life history of B. vernicicornis:
the veliger larval stage and the prefeeding juvenile stage.

These stages occur approximately 12 and 14 days after
oviposition at 22C. The larval stage was chosen for exit represents the most developed stage
before metamorphosis. The prefeeding juvenile stage was selected to assess changes that occur in the
gross neuromorphology of the CNS during and just after

amination because
in the

CNS

metamorphosis.

h in a primary
fixed for
of 2.5% glutaraldehyde in 0.2
Millonig's phosNaCl. Larval shells were decalphate buffer and 0.14
cified by one of two methods:
) before fixation, live lar1

M

M

(

I

vae were treated with 2-[N-morpholino] ethanesulfonic
acid (MES) in MBL artificial seawater according to the

methods of Pennington and Hadfield (1989), or (2) after
solution
primary fixation, the larvae were placed into a
of 10% sodium-ethylenediaminotetraacetic acid (NaEDTA) and primary fixative. Following primary fixation
and decalcification, the specimens were rinsed in buffer
1

:

1

and then secondarily fixed in a solution of 2% osmium
tetroxide in 1.25% sodium carbonate buffer. After secondary fixation, specimens were washed in .25% sodium
carbonate buffer and then dehydrated through an ethanol
1

100%. propylene oxide before being infiltrated
Poly/Bed 812-propylene oxide mixture and
embedded in pure Poly/Bed 812 (Polysciences). The
specimens were embedded in flat dishes by spreading them
series to

with

a

in a thin layer of plastic and curing overnight at 60C.
They were then cut out of the plastic mold and glued to

metal studs for sectioning.
Serial sections of /im were cut on a Reichart ultrami1

Materials and Methods

Animal

MFSA. The specimens were

fixative

available.

artificial

203

crotome, mounted on gelatin-coated glass slides, and
stained with methylene blue-Azure II (Richardson et al,
1960) or 1% Thionin in distilled water.

culture

Animals were cultured according to the methods of
and Kempf (1990). Briefly, adult nudibranch pairs

Carroll

Ganglia and connective designations

were kept in bowls of Millipore-filtered (0.45 /urn), seasoned aquarium water (MFSA) and fed the sea anemone
Aiptasia pallida as needed. The culture bowl and MFSA

Precise ganglia designations have proven extremely difficult in light of recent investigations by Page (1992a, b).

Newly laved egg masses were removed
aerated egg mass cultures containing 300 ml of MFSA.

scribed as a circumenteric ring consisting of the paired
cerebral, pedal, and pleural ganglia linked by connectives

were changed
to

daily.

Historically, the opisthobranch larval

CNS

has been de-

Upon

hatching from the egg mass, larvae were transferred
metamorphosis culture dish containing several tiny
A. pallida. Individual larvae began to metamorphose as
soon as day after hatching, and most of the larvae had

around the esophagus

to a

ganglia also exist in this region

reached the juvenile stage by 5 days after hatching. Juveniles began feeding soon after metamorphosis (3-5 days)

that runs posterolateral, extending to the supraintestinal
(right) and subintestinal (left) ganglia, and to the single

1

and reached adulthood (indicated by the laying of their
first egg mass) approximately 60 days after oviposition.
For culture or histological examination, veliger larvae
were collected either by mechanically disrupting the egg
mass at 1 days after oviposition or by concentrating lar1

vae that had already hatched. One-day postmetamorphic
individuals were gathered directly from the metamorphosis

cultures.

These two stages were then treated as de-

scribed below.

Fixation

and

histological

(see Dorsett, 1986).

A pair of buccal

and are connected

to the

cerebral ganglia via the cerebrobuccal connectives. Extending from the pleural ganglia is a pleurovisceral loop

visceral ganglion. In
rietal

some opisthobranch

larvae, the pa-

and

intestinal gan-

ganglia are between the pleural

few opisthobranchs. another ganglion, the oshas
been described as connected to the suprainphradial,
testinal ganglion but outside of the pleurovisceral loop

glia; in a

(Kriegstein, 1977; Page, 1992a).

an alteration

in the

Metamorphosis

CNS of opisthobranchs.

entails

In the anaspid

Aplysia californica, the connectives lengthen and spread
the ganglia further apart (Kriegstein, 1977). The opposite
has been true for nudibranchs in which the cerebral and

examination ofpre- and

postmetamorphic stages
Larvae and juveniles were relaxed in a 1:3 mixture of
seawater and a saturated solution of chlorobutanol in

pleural ganglia fuse to

form the

large cerebropleural gan-

glia and the pleurovisceral loop shortens (Thompson,
1958, 1962; Tardy. 1970, 1974; Bonar and Hadfield, 1974;
Kriegstein, 1977; Bonar. 1978). The above "blueprint"
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of the opisthobranch CNS has arisen from histological
on a variety of species.

studies

Recently, Page (1992a, b) suggested a reinterpretation
of the opisthobranch nervous system based upon an ultrastructural study of several stages in the

life

cycle of the

nudibranch Melihe leoninu. Ganglia were identified by
comparing the placodal origin of their constituent neurons
to those described for ganglia of developing prosobranchs.

Using

this

approach. Page described a

CNS

that differs

considerably from the generally accepted nudibranch plan.
The cerebral ganglia of larval M. lamina are linked to the
fused pleuropedal ganglia in the larval foot via two connectives: the cerebropedal and the cerebropleural. The
visceral loop arises directly from the cerebral ganglia and
consists of the supraintestinal ganglion (on the right, this
may actually contain the parietal ganglion also), the os-

phradial ganglion (which lies outside the visceral loop
but is connected to the supraintestinal ganglion), the
subintestinal ganglion (on the left), and the single visceral ganglion.

The novel notion

in this interpretation

that the pleural ganglion lies outside of the visceral
loop, and it fuses with the pedal ganglion in the larva.
is

M. Iconina also entails fusion of the
constituent ganglia and incorporation of the visceral
Metamorphosis

in

loop components into the cerebral ganglia. In this interpretation (Page. 1992a, b), the subintestinal and visceral ganglia fuse with the left cerebral ganglion and
the supraintestinal ganglion fuses with the right cerebral
ganglion, creating the left and right cerebroabdominal
ganglia.

The data presented

in the

two Page studies (1992a.

b) support her conclusions fully, however, the idea that

AND

S

C.

KEMPF

Measurements
Three measurements were made to determine whether
CNS of B. verrucicornis condensed during metamorthe distance from
phosis. These measurements were
the most anterior point of the organism to the most pos-

the

( 1 )

terior aspect of the pleural ganglion divided

length of the

same organism

by the

total

(Pd); (2) the length of the

cerebropleural connective along the anterior-posterior
axis; and (3) the distance from the most anterior aspect

of the cerebral ganglion to the most posterior aspect of
the pleural ganglion AC-PP). The ganglia measured were
(

those on the
dent's /-test

means

the

left

and juveniles. A Stuany difference between

side in both larvae

was used

to determine

95% confidence

at the

level.

Results
Life history o/'Berghia verrucicornis

B verntcicornis adults lay their egg masses as spirals
containing several hundred embryos. The embryos develop and obtain the appearance of competence (e.g.,
propodium) within the egg
mass. Hatching occurs 11-12 days after oviposition, and
the lecithotrophic larvae spend 1-5 days as swimming
eyespots, retracted mantle,

Larvae of B. verrucicornis are lecithotrophic and

veligers.

are

competent

to

metamorphose

as early as

1

day

after

they hatch. As the larvae approach metamorphosis, they
generally settle to the bottom of the culture dish and attach

Metamorphosis entails, in gross morphological terms, the loss of the larval shell and velum,
as well as a reorganization of the general body plan (Fig.
Adulthood is attained approximately 60 days after
).
to the substratum.

1

ganglion designations based upon comparison to ec-

todermal ingression sites for developing prosobranch
ganglia apply to all opisthobranchs is premature. Indeed, the fact that the pleural ganglion lies within the
visceral loop of the CNS in some prosobranch adults
lends
this

some uncertainty

scheme (Graham.

to the global applicability of

1985).

For the purposes of this study, we have chosen to remain
with the classical designations for the components of the
B. verrucicornis

CNS

for three reasons. First, the

nomen-

scheme is based upon studies
of many opisthobranch species, and while it is true that

clature used in the classical

the descriptions differ in

some

details, the basic layout

oviposition. For a

more complete

history of this species, see Carroll

description of the

life

and Kempf (1990).

Larval nervous system

At hatching, the larvae of

B. verrucicornis possess all

of the major ganglia commonly described (see Ganglia
ana connective designations, Materials and Methods) in
1

competent nudibranch larvae (Thompson, 1958. 1962;
=
= Page] and
Bickell
Page] and Chia, 1979; Bickell
Kempf, 1983; Kempf et a/., 1987; Page, 1992a, b). These
[

[

ganglia are paired, with the exception of the single visceral
ganglion, and have a cortex of nerve cell bodies and a

The

provides ganglion identifications that will be familiar to

medulla of nerve

Second, the new interpretation by Page
(1992a, b) introduces a novel concept (i.e., the pleural

are the cerebral ganglia, located dorsal to the statocysts
(Fig. 2a). Nerve fibers pass medially out of each cerebral

ganglia are separate from the visceral loop) that, although
supported by seemingly convincing evidence, has not yet

ganglion to become part of the cerebral commissure that
connects the left and right cerebral ganglia dorsal to the

become

the accepted model for the opisthobranch CNS.
Third, our primary purpose in this paper is to introduce
B. rerrucicornis as an appropriate model for future neu-

esophagus

rodevelopmental studies.

pleural. Anterodorsal to the cerebral ganglia are the de-

most

investigators.

fibers (neuropil).

largest at

hatching

(Fig. 2b).

The

cerebral ganglia are joined, via connectives, to at
least three other pairs of ganglia: the optic, pedal, and
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veloping optic ganglia. Located lateral, and a little poseach optic ganglion, are eyespots consisting of
a pigmented retina and spherical lens. Ventral to the ceterior, to

Ci

rebral ganglia, the cerebropedal connectives pass anterior

and join the pedal ganglia in the most
dorsal portion of the larval foot (Fig. 2a). The pedal ganglia, consisting of a well-developed cortex and neuropil.
to the statocysts

are directly ventral to the statocysts and are connected to
each other via the pedal commissure.

Immediately posterior to their respective

left

and

right

cerebral ganglia are the left and right pleural ganglia (Fig.
2c). Nerve fibers from the cerebral neuropils pass posterior

through a short cerebropleural connective to their respective pleural ganglia. A connective between the pleural

and pedal ganglia

in the larva

was not

clearly discernible

our sections. Continuing posterior from the left and
right pleural ganglia are connectives that run postero-

in

medially to the single visceral ganglion (Fig. 2d) to complete the pleurovisceral loop. The visceral ganglion is located along the midline of the larva, immediately anterior
to the visceral mass.

The fifth pair of ganglia in B. vermcicornis larvae are
the buccal ganglia. These are located to the left and right
of the developing buccal mass and medioventral to the
pleural ganglia. Presumably, these ganglia are linked to
Figure

1

vemtdconus showing the

ofBergliia
larval

Schematic diagram of the

.

and juvenile

larva, the cerebral

veliger larva

and prefeeding juvenile

spatial relationship

structures, (a) Sagittal

and pleura! ganglia are

view of the

of the

CNS to various

larva's left side. In the

discrete structures that are linked

the cerebral ganglia, although we have not positively
identified these connectives in the larva. The buccal com-

missure connects the

left

and

right buccal ganglia posterior

to the buccal mass.

by the cerebropleural connective. The visceral ganglion lies near the midline
of the larva and is connected to the left pleural ganglion by the pleurovisceral
loop.

The

posterior to the buccal mass, (b) Transverse view of the

lie

end of the

larva

shown

in (a).

The

buccal, cerebral, optic, pedal,

and pleural ganglia are viewed through the velum. The visceral ganglion is
depicted dorsal to the velum in this drawing. The portion of the pleurovisceral
loop connecting the right pleural ganglion to the visceral ganglion

was not

to be present, but

view of the

and

left

clearly discernible in

1-^m

is

assumed

sections, (c) Sagittal

side of a prefeeding juvenile. In the juvenile, the cerebral

pleural ganglia are fused to

the visceral ganglion
at this stage

and

is

The

form the cerebropleural

tightly associated

later will

pleural ganglion.

with the

left

be completely incorporated into the

cerebropleural ganglia have

mass and new

ganglia.

As

indicated,

cerebropleural ganglion

now

left

cerebro-

receded posterior to

have appeared
between the cerebropleural ganglia and the anterior epidermis. Each buccal
ganglion is now notably larger than it appeared in the larva. The dotted lines
the buccal

at the posterior

the

tail,

ganglia, the rhinophoral ganglia,

end of the juvenile represent its body as it tapers towards
view from the dorsal surface of the juvenile. As noted

(d) Frontal

above, the visceral ganglion has
bropleural ganglion.

The

become

tightly associated with the left cere-

pleurovisceral loop

right cerebropleural ganglion,

is

assumed

to extend to the

but could not be traced along

its

entire length

= buccal ganglion; C = cerebral
= velar cilia; CP = cerebropedal
ganglion; CC
= eyespot; F = foot; O
connective; CPL = cerebropleural ganglion; Ey
= optic
= pedal ganglion; PC = pedal com=
P
ganglion; Op
operculum;
missure; PL = pleural ganglion; PLV = portion of the pleurovisceral loop;
B = buccal mass;

in l-/jm sections.

=

R=
S

=

The postmetamorphic

central nervous system

entire dorsal surface, has

buccal ganglia
anterior

which covers the ventral surface of the larva posterior to the
been omitted in the drawing. The

shell,

and the

foot

cerebral commissure; Ci

rhinophore;
statocyst;

BG

Rh =

V =

rhinophoral ganglion;

velum; Vi =

RhN

visceral ganglion.

= rhinorphoral nerve;

Changes in the postmetamorphic nervous system are
most evident in the fusion of the ganglia and the corresponding condensation of the

CNS (see below). The cere-

and pleural ganglia are fused into a single, large
cerebropleural ganglion on both the left and right sides
of the juvenile (Fig. 3a, b). The left and right cerebropleural
ganglia are joined to their respective pedal ganglia via two
connectives. Each connective appears to join a distinct
bral

neuropil in the cerebropleural ganglia; presumably these

and pleural ganglia that
the
of fusion.
consider
process
undergoing
the anterior connective on each side to be the cerebropedal
are the neuropils of the cerebral

are

still

We

connective and the posterior connective to be the pleuropedal connective. All the paired ganglia become more
spherical than they are in the larval stage.

The

relative

position of the optic ganglia, with respect to the eyespots
and the cerebropleural ganglia, changes during metamorphosis. These ganglia are located anterolateral to the

and immediately posterior to the eyespots
postmetamorphic central nervous system.
New structures appear in the postmetamorphic nervous
system. As mentioned above, the pleuropedal connectives
cerebral ganglia
in the
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are

now

visible just anterior to the statocysts linking the

pleural portion of the cerebropleural ganglia to the pedal

The cerebrobuccal connectives are now apparent,
passing ventrally from each cerebropleural ganglion to its
respective buccal ganglion. The buccal ganglia are located
anteromedial to the statocysts, ventromedial to the cereganglia.

of the organism.

ganglion was located in

(If the pleural

the most posterior portion of the organism, this value
would be equal to
The more anterior the CNS is located,
1

.

the smaller the number.)

ganglia

The

relative position of these

was the same in larva (0.5
0.05, mean
S.D.,
and juvenile (0.45
0.08). The second measure1

(Fig. 3c).

bropleural ganglia, and dorsomedial to the pedal ganglia
Connectives join a new pair of ganglia, the rhi-

n = 4)
ment recorded the length of the cerebropleural connective
along the anterior-posterior axis. In this case, condensation

CNS is evident even without

measurement because

nophoral ganglia, to their respective cerebropleural ganglia

of the

(3a, d).

These rhinophoral ganglia are anterior to the cerebropleural ganglia, just beneath the dorsal epidermis (Fig.
3d) and are first seen in the newly metamorphosed juvenile. A nerve can be seen exiting each rhinophoral gan-

the length of these connectives is reduced from 13.5
5.1 nm in the larva to nothing in the juvenile by the
fusion of the cerebral and pleural ganglia during meta-

and extending into the developing rhinophores. Also
arising from each rhinophoral ganglion is a nervous pro-

the most anterior aspect of the cerebral ganglia to the
most posterior aspect of the pleural ganglia ( AC-PP) dem-

mouth,

onstrated that this distance was significantly greater in the
larva (74.1
13 yum) than in the juvenile (54.5
5.

glion

cess that proceeds anteroventral, perhaps to the
salivary glands, or oral tentacles.

now

The

visceral ganglion

is

morphosis. Finally, determination of the distance from

tightly associated with the left cerebropleural gan-

glion.

The

pleurovisceral loop can be followed from the

visceral ganglion

towards the right side of the juvenile;

however, its connection to the right cerebropleural ganglion is not clearly evident. The pedal ganglia, located in
the anterior region of the juvenile foot, have definite ner-

vous processes passing into anterior and posterior portions
of the foot.

Discussion

As discussed above, the nomenclature used
ganglia in opisthobranchs

to the recent investigations of

Page

other past studies are not in

full

identification

Evidence for the condensation of the
metamorphosis

Some

1974).

CNS during

in a state of flux,

is

and

To assist

larval

CNS

in relating

( 1

to identify

mainly due

992a, b). In addition,

agreement on ganglion

structure

(e.g..

Tardy, 1970,

our interpretation of the struc-

and juvenile CNS in Berghia verrucicornis to that of past investigators' descriptions for other
species of opisthobranchs, these various larval CNS morture of the larval

of the morphological data presented above sugCNS of B. verrucicornis condenses during

gest that the

metamorphosis. Evidence of condensation is seen in the
fusion of the cerebral ganglia to their respective pleural

phologies are summarized in Figure 5.
In B. verrucicornis, the structures that constitute most

ganglia in the 1-day

of the juvenile and adult CNS are present when the larvae
are released from the egg mass. These are the cerebral,

tight

optic, pedal, pleural, buccal,

left

postmetamorphic juvenile and the
association between the visceral ganglion and the

cerebropleural ganglion in the juvenile (Fig. 4).

Three measurements were made to determine if the
had become more compact during

central nervous system

metamorphosis (Table

I).

The

first,

and

visceral ganglia.

The

first

of these ganglia are paired, whereas the sixth, the visceral ganglion, is single (see below). The dendronotid Trifive

Pd, determined the

of the cerebral and pleural ganglia in the
and juvenile by dividing the distance from the most
anterior aspect of the organism (larva and juvenile) to the

tonia diomedea, which has a planktotrophic larval stage,
exhibits a similar complement of ganglia as its larva ap-

relative position

proaches metamorphic competence; however, only the

larva

cerebral ganglia are present at hatching

posterior aspect of the pleural ganglion by the total length

ganglia develop during the larval life of
this species. Another opisthobranch with a planktotrophic

Figure
is

2.

Sections

(1

^m)

toward the top of the page),

1987).

The other

of a competent Berghia verrucicornis larva (the anterior end of the organism
(a).

Sagittal section

showing the relationship between the pedal, cerebral, and
and pleural ganglia. These ganglia are distinct in

pleural ganglia. Notice the distance between the cerebral

the larval stage but fuse to form a single cerebropleural ganglion during metamorphosis,
illustrating the cerebral commissure and its location adjacent to the anterior epidermis,

(b).

Frontal section

(c).

Frontal section

depicting the connection between the right cerebral ganglion and the right pleural ganglion, (d). Frontal
section showing the relationship of the visceral ganglion to the esophagus. This ganglion is part of the

C = cerebral ganglion; CC = cerebral commissure; E = esophagus; F = larval foot; P
= pedal
= pleural
= portion of the pleurovisceral loop; S =
PL
ganglion;
ganglion; PLV
statocyst: V
= velum; Vi = visceral
= 35 pm.
ganglion. Scale bar

pleurovisceral loop.

(Kempf

et at.,

D.
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nudihranch Melibe leonina, has cerebral ganglia
linked to primordia of the pedal ganglia via cerebropedal
larva, the

connectives at hatching (Page, 1992a,
this stage

ganglia

is

b).

Also present

at

a complete pleurovisceral loop, though other

commonly associated

at this early stage (Page,

with this structure are absent

1992a,

As with

b).

T.

diomedea,

the other ganglia develop during the larval period. A similar scenario of CNS development is seen in the anaspid

Aplysia califomica (Kriegstein, 1977).

The contrast

in the

209

connective was not identified in the veliger larva; however,
examination of the postmetamorphic CNS reveals a distinct

we have designated

connective between what

the

pleural (posterior) portion of the cerebropleural ganglia

and

their respective pedal ganglia. It is possible that all
connections between major ganglia are not fully developed
in larvae of B. vermcicornis, because we also failed to find

definitive cerebrobuccal connectives in the
liger;

competent

however, these connectives were well developed

vein

timing of ganglion development between these species and
B. vermcicornis reflects differences between the two de-

the one-day postmetamorphic juvenile. A similar situation
may exist in the development of the A. califomica CNS.

velopmental strategies (planktotrophic vs. lecithotrophic),
rather than any real difference in the development of the

Kriegstein ( 1977, p. 375) describes the pleuropedal connective as merging with the cerebropedal connective before passing into the pedal ganglion in the late larval stage

central nervous system.

seen between the larval CNS
and B. vermcicornis. Kriegstein (1977)
noted a pair of abdominal ganglia in A. califomica that
existed as part of a pleurovisceral loop and were located
immediately anterior to the viscera. The right abdominal

Some

real differences are

in A. califomica

described as a

ganglion

is

ganglion,

and the

and

left

as a

homolog of the

supraintestinal

combination of the subintestinal

visceral ganglia (Kriegstein, 1977).

The

visceral gan-

represent the fusion of one
or more of these ganglia. Also present in A. califomica.
but not observed in B. vermcicornis, is the osphradial

glion of B. vermcicornis

may

ganglion that is linked dorsally to the right abdominal
ganglion by a short connective (Kriegstein, 1977).

The presence of a
to

B.

vermcicornis.

Kempf

single visceral ganglion

In

the nudibranch

is

T.

of A. califomica, but shows a distinct pleuropedal connective in the corresponding drawing (Kriegstein, 1977,
Fig. la). In both cases, however, the pleural ganglia are

included in the pleurovisceral loop.

An alternative explanation is that we do not resolve a
pleuropedal connective in the larva because it is not present, and what we have designated the pleural ganglia are,
as suggested by Page

(

1992a,

the supra-

b),

and subintes-

Furthermore, the appearance of another
connective between the cerebral and pedal ganglia in the
tinal ganglia.

juvenile is actually the cerebropleural connective arising
from the pleural ganglion, which has fused with the pedal

not unique

ganglion. This interpretation is supported by the recent
Page model for M. leonina (Page, 1992a, b); however, we

diomedea.

are not convinced this

is

the case in B. vermcicornis.

The

(1987) note a single visceral ganglion that
constitutes a part of the pleurovisceral loop. In Aeolidiella

connectives extending to the pedal ganglion on both the
left and right sides appear to emerge from distinct neu-

alderi. Tardy (1970, 1974) recognizes a single abdominal
ganglion that occurs in a well-developed pleurovisceral
loop. The relative location of the abdominal ganglion in

ropils in what we have designated the fused cerebropleural
ganglion, while each pedal ganglion clearly possesses a
single neuropil. This is suggestive of a fusion event between

el al.

this species

that

and

its

association with other ganglia suggest

homologous to the visceral ganglion in B. vermcicornis. Though Bickell = Page) and Kempf 1983) did
not report a visceral ganglion in competent larvae of M.
leonina. more recent examination of this species' larva by
it

(

Page has established
In this study

we

most

(

presence ( 1992a).
are treating the pleural ganglion as part

of the visceral loop.
the

and pleural ganglia.
Tardy (1970, 1974) uses different terminology

the former cerebral

is

its

The designation

difficult to justify,

for this ganglion is
because a clear pleuropedal

alderi:

some of these

in B. vermcicornis.

ganglia are clearly identical to those

Contrary to

tions (Kriegstein, 1977; Bickell

Kempf el

al. 1987;

[

many

published descrip-

= Page] and Kempf,

Page 1992a,

b).

considered the cerebral and pleural ganglia to be a single
fused ganglion on the left and right sides of the competent

1

pleural ganglia have fused to

optic ganglia.
eyespots.

(c).

form the cerebropleural ganglia,

(b).

Frontal section through the cerebral and

The

optic ganglia are positioned lateral to the cerebropleural ganglia and posterior to the
Frontal section at the level of the statocysts. (d). Sagittal section displaying the newly formed

rhinophoral ganglion. The rhinophore, a sensory organ in the adult, is beginning to form anterodorsal
to the rhinophoral ganglion. B = buccal mass; BC = buccal commissure; BG = buccal ganglion; CC
right

= cerebral commissure;
R =

ganglion:

CPL =

rhinophore;

Rh =

1983;

Tardy (1970, 1974)

Sections
Figure 3.
jim) of a 1-day postmetamorphic Berghia verntcimrnis juvenile (the anterior end
of the organism is towards the top of the page), (a) Frontal section showing the cerebral commissure. The
cerebral commissure is located more posteriorly in the juvenile than in the larva, and the cerebral and
(

to de-

scribe the ganglia of the pleurovisceral loop in Aeolidiella

cerebropleural ganglion;

Ey = eyespot;

O

=

=
optic ganglion; P
pedal

=
= 25 ^m.
rhinophoral ganglion: S
statocyst. Scale bar
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and the supra- and infraintestinal ganglion described
by Tardy 970, 974) in Aeolidiella alderi are either fused
inal

( 1

1

with the visceral ganglion or with the pleural ganglia.
Other studies have reviewed the changes that occur in

C-PL

the opisthobranch central nervous system during metamorphosis (Marois and Carew, 1990). Many of these

we observed in B. vernicicornis.
become more con-

events are similar to what
In

summary,

(

1

)

the central ganglia

centrated during metamorphosis (Thompson, 1958, 1962;

Tardy, 1970, 1974; Bonar and Hadfield, 1974; Bonar,
1978; Page, 1992a, b). (2) The cerebral ganglia migrate
from their position anterior to the buccal mass to lie above
the buccal mass in the juvenile

(Thompson, 1958, 1962;

Tardy, 1970, 1974; ICriegstein, 1977). (3) The components
of the pleurovisceral loop, namely the left pleuro-visceral
connective and the visceral ganglion, are incorporated into
the pleural portion of the left cerebropleural ganglion. (4)

Rh

M.

Similar to descriptions for

CPL

tures, the

leonina,

new

neural struc-

rhinophoral ganglia and associated connectives

and nerves, are apparent

in the

newly metamorphosed
= Page] and Kempf,
[

juvenile of B. vernicicornis (Bickell

1983; and Page, 1992a, b).
The short embryonic, larval, and juvenile
vernicicornis

and the

the laboratory will

ability to rear this

make

it

a convenient

life ofBerghia
nudibranch in

model

for neu-

rodevelopmental studies. We are currently investigating
the expression of specific neurotransmitters during de-

PLV
Figure 4.
larval

Diagram

velopment of

illustrating the organization of the (a)

(11-12 days after oviposition) and

(b)

competent

1-day postmetamorphic

omv

with function.

(13-15 days after oviposition) CNS of Berghia vumicicumis The anterior
portion of the CNS is positioned toward the top of the page. In the
1-day postmetamorphic juvenile the cerebral and pleural ganglia are
fused,

and the

visceral ganglion

bropleural ganglion.

is

The dotted

being incorporated into the left cereof the cerebro-

to be present, but could not be traced in

1-^m

sections.

The pedal com-

missure has been separated at the points indicated by the jagged lines. BG
=
= left cerebral ganglion: CC = cerebral comright buccal ganglion; C

CP = cerebropedal connective; CPL = right cerebropleural ganC-PL = right cerebropleural connective: O = optic ganglion; P
= pedal
= left
=
ganglion; PL
pleural ganglion; PLV
portion of the

missure;
glion;

pleurovisceral loop:

=

PN

= pedal nerve; Rh = rhinophoral
ganglion;

rhinophoral nerve; Vi

=

RhN

visceral ganglion.

veliger ofAeolidiella aldcri. Just posterior to these putative
left and right
These ganglia were connected by a parietalvisceral loop that, moving from left to right, included
infraintestinal, abdominal, and supraintestinal ganglia.
The relative location of the pleural ganglia we have de-

cerebral ganglia, that author identified the

parietal ganglia.

is the same as the parietal gandescribed by Tardy (1970, 1974) in larvae of Aeolii/ielln aldcri. Presumably, in B. vernicicornis, the abdom-

scribed in B. vernicicornis
glia

Table

lines indicate portions

buccal connectives (a) and the pleurovisceral loop (b) that are assumed

Measurements

aim of
and neuroanat-

B. vernicicornis. with the eventual

correlating neurotransmitter distribution

oj the /un'iil

I

and juvenile

CNS

NUDIBRANCH CNS BEFORE AND AFTER METAMORPHOSIS

O
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,0

'BG
Adalaria proximo
Thompson, 1958
Spi

Sbi

O

Aeolidiella alderi

Tardy, 1970

O

O
LAb

^V-^^ss^RAb
^^^(Spi)

(Sbi+Vi)

Aplysia califarnica
Kriegstein,

1977
Doridella steinbergae

O

O

Bickell (=Page)

&

Chia,

1979

O

O

Melibe leonina
Bickell (=Page)

& Kempf, 1983
PL

PL
La
Tritonia

Kempf

diomedea
1987

etal.,

Melibe leonina
Page, 1992a, b

Sbi

Schematic diagrams illustrating various published descriptions of the central nervous system
Figure 5.
of different species of competent opisthohranch veliger larvae. Ab = abdominal ganglion; BC = buccal
commissure; BG = buccal ganglia; C = cerebral ganglion; CC = cerebral commissure; CPL = cerebropleural
= labial
ganglion; La
ganglion;

PL =

LAb =

left

=

Os =

abdominal ganglion;
=

RAb =

right

abdominal ganglion;
=

periment Station grant to S.C.K.,
913124.
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Energetics of the Ventilatory Piston Pump of the
Lugworm, a Deposit-feeding Polychaete

Living in a Burrow
ANDRE TOULMOND' AND PIERRE DEJOURS

2

Observatoire Oceanologique, Centre National de la Recherche Scientifique
and Universite Pierre-et-Marie-Curie, Roscoff, France

The aim of this study was to tentatively estimate the energy cost of breathing in the lugworm, Arenicola marina (L.), a gallery-dwelling, piston-pump breather
that moves water in a tail-to-head direction. Each tested
lugworm was placed in a horizontal glass tube. The caudal
end of the tube was connected to a well-aerated seawater
reservoir at 20C, and the cephalic end attached to a drop
meter through a tube resistance. At the exit of the cephalic
chamber the O 2 tension was recorded via an in situ O 2
electrode, and the hydrostatic pressure of the exhaled water
was also recorded. Water flow rate, total O 2 uptake rate
7
O 2 extraction coefficient, and the mechanical

caupo, and in ciliary

Abstract.

M

bivalves,

to

pump

pumped. The animal thus meets
ticulate matter

1

W MEC

(W MEC

is

very high,

M

? value;

,

W

T

is

29682 Roscoff Cedex, France.

CNRS. 23

oxygen in normoxic water, the lugworm does not regulate
5 kPa
its O 2 uptake rate below an O 2 partial pressure of
in the inspired water; (2) hypoxia below 5.3 kPa is clearly

rue Becquerel, 67087 Strasbourg. France.

See the Appendix for a

list

of symbols used

A positive displacement pump such as a piston pump
the only possible biological pump that can generate the

case of the lugworm: (1) despite the efficiency of its respiratory exchanger, which can extract up to 90% of the

Present address: Dr. Pierre Dejours, Centre d'Ecologie et Physiologie

Energetiques,

a single posterior (caudal) opening. Dur-

(Walshe-Maetz, 1953; Mangum, 1976). Some indirect
evidence suggests that this statement could be valid in the

'

74,

a permanent L-shaped gallery deeply dug
sands and communicating with the water

lives in

mechanism, however, can produce only moderate water
flow rates, and it is considered to be energetically expensive

to those obtained in other

Received 31 July 1993; accepted 27 January 1994.
Address for correspondence: Dr. Andre Toulmond, Station Biolo-

BP

lug-

high hydrostatic pressure needed to force water through
a tube system with a high flow resistance. This pumping

,

piston-pump
breathers, such as Chaetopterus variopedatus and Urechis

2

The

a deposit feeder (Jacobsen,

(Wells, 1966; Foster-Smith, 1978).

W

gique,

feeds (Newell, 1979).
is

piston-type pumping mechanism, the burrow is rhythmically sealed by tail-to-head peristaltic movements of

mechanical power we measured,
MEC is very
low; and that the mechanical-to-metabolic efficiency, the
ratio
MEC /MO^, does not exceed 1%. These observations

compared

it

ing high tide, the lugworm actively pumps water that flows
over the animal's body and then percolates through the
sand blocking the blind head-end of the burrow. In this

that the energy cost of breathing,

that the

are

respiratory needs and,

the body wall which force the inspired seawater forward

show

of the piston-pump-breathing Arenicola
with mean values approximating 47% of the

Mof

It

column through

.

results

967).

in intertidal

necessary to activate the piston-pump breathing mechanism and to ensure the corresponding mechanical work

The

on which

worm, Arenicola marina,

basal metabolic rate of each

rate,

its

in the case of a filter feeder, eventually obtains the par-

water through the resistive an-

apparatus

feeders including polychaetes,

Most aquatic macrofauna burrowing in soft substrates
maintain direct contact with the water covering the sediments via tube or gallery systems through which water is

), were computed. The
NF
animal (M? ) was sepaNF
subrately estimated by the confinement method. MQ?
T
tracted from MO? approximates MO?, the O 2 uptake rate

terior exit of the

filter

ascidians.

Introduction

'

power necessary

and

1

in the text.

213

214

TOULMOND AND

A.

a signal to stop ventilating; (3) from data obtained in previous experiments under normoxic conditions, it can be

O

calculated that the

work

tilatory

uptake necessary to cover the venthe energy cost of breathing,

2

that

is,

40% of

corresponds to about

MS?

O

the total

:

uptake

(Toulmond, 1975. 1986; Toulmond and TchernigovtzefT.
1984). The aim of this work is to obtain direct evidence
concerning the characteristics and the energetics of the

DEJOURS

P.

tificial

gallery through a given resistance,

same animal confined

take of the
NF

Mg?

.

tained through "long duration" (91 to 178 min) measurement periods. In this first case, the 2 stores can be

O

the

such as Chaetoplerus variopedatus (Brown, 1975; Riis-

and Urechis caitpo (Chapman, 1968; Pritchard

and White,

a

total

O

ventilating in

lugworm

M

uptake from the environment,

:

measurement

1

ginning and at the end of a given measurement run, and
T is unequation (3) applies. Because the value of

its

AM

?'

of

,

known, Mg?

cannot be estimated (see Discussion).

gallery during a certain period

is the product of the water flow times the difference
of O 2 concentration between inspired and expired water,

from the multiplication of the inspired-toT
difference by the O : solubility.
? is the

itself resulting

M

expired P 0j
sum of three terms:

MQ?

NF

is

T

=

?

the

O

work and

latory

Mg?

NF

+ MS?

+AM

Mg?

NF

T
(

1

O

can be evaluated

motion-free in a large closed

in a

flask,

:

stores are kept

lugworm confined

Materials and Methods

values,
2

,

(

,

O

pressure below which the

mond,

.

stores are used (Toul-

2

1975).

MO? is the O :
work, that
stores
is

uptake necessary to cover the ventilatory
the energy cost of breathing, CB.
the eventual change of
2
2 stores. If the

is,

AMo

is

AM

01

=

and equation

null,

(

1

)

I

(2)

Mb*;

O

:

1

Mtf-f
If the

O

2

M

=

?

T

stores change,

The term can be

= Mg?

AM

O

(when the

NF
is

T

either negative

crease) or positive

+ MS?
different

(when the
2

O

(2a)

from
2

zero.

stores de-

stores increase).

Then

equation (2a) becomes

M

1FT

In practice,

environment.

=

M

T

?

Measurement

oj total

16C)

O? uptake

AM

T

NF

=

Mg
total O

2

+ Mg?

(3)

uptake from the
an ar-

ventilating in

in local

running

to free the gut of sand.

rate,

MQ?

T
.

//)

un

artificial gallery

The
30

artificial gallery

cm

long,

i.d.

1

holding tank (Fig.

The

rear (caudal)

consisted of a straight glass tube
in a 40-1

cm, horizontally immersed
1

).

end of the tube was connected by

glass

tubing to an open, constant level, 1-1 bottle containing seawater bubbled with air. To attenuate the transmission of
vibrations, this tonometer was kept in a separate tank. Both
tanks were supplied with decanted flowing natural seawater
maintained at a thermostat setting of 20C.

At the anterior (cephalic) end of the tube were serially
a small acrylic chamber containing a Radiometer
(
1

)

O

:

electrode, immediately followed by a T-con-

nection to a

P23BB Statham

pressure gauge; (2) two dif-

ferent parallel lengths of tubing, provided with stopcocks,

which gave two

different resistance values,

Rl or R2,

at

the exit; (3) a photocell drop counter.
The water level of the apparatus was continuously

maintained the same at both ends of the system. Under
these conditions, in accordance with Poiseuille's law. the
lugworm ventilating from tail to head had to create a certain hydraulic pressure difference to

we measured the
M 7 of a lugworm
,

seawaterf temperature 14 to

E5046

2

and kept unfed overnight

laboratory,

fitted

CI\I

uptake from the environment
entirely used to cover the aerobic cellular metabolism.
T
ET
? is the metabolic O : consumption. MO,
In this case, where the

M

is

T

simplified to

M
is

O

O

remain constant,

Experiments were carried out in RoscofF, Nord-Finistere, France, in August 1988 and in May-August 1989.
Medium-sized lugworms, wet mass 15 to 20 g, were collected on the nearby Penpoull beach, brought back to the

taking into account

volume and the initial and final ambient P
the final P
being above the critical point. P the

the flask

O

)

uptake of a lugworm doing no venticonsidered here as a measure of the

2

is

basal metabolism of the animal. If the

constant,

end of
and the

at the

period, equation (2) applies,

energy cost of breathing, MS?, can be estimated.
The symbol shMo? corresponds to values obtained

of time

M

beginning and

at the

through "short duration" (6 min) measurement runs. In
this second case, the O 2 stores can be different at the be-

1981).

Principles

The

up-

(see Discussion; Validity of the model),

and

gard, 1989)

3

Owing to

considered as identical

to

O

the special, periodical ventilation of the
one has
T
to distinguish two types of values for Mj?
The symbol lgMo? r corresponds to mean values ob.

lugworm

ventilatory piston

pump of a deposit feeder, the lugworm,
compare it with the piston pump of filter feeders

and the

as described above,

overcome the

minal resistance of the system.
The three measured variables were the

O

2

ter-

pressure in the

expired water (PE ,). the hydrostatic pressure difference before the exit resistance (APHYD), and the water flow (Vw).
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Pi,

sw
2OC
AIR

TO

B
ov

ov
Figure
bath.

The

1.

Apparatus. The glass tube containing the lugworm was placed in a thermostatted seawater
was connected through very low-resistance glass tubing to a constant

rear (caudal) part of the tube

tonometer (TO) equipped with an O 2 electrode measuring the O 2 partial pressure in the inspired water
At the anterior (cephalic) end of the tube were serially fitted
a small acrylic chamber containing
an O 2 electrode measuring the O : partial pressure in the expired water (PE ,). immediately followed by a
T-connection to a pressure transducer (PT); (2) two different tubing lengths corresponding to two different
exit resistances, Rl and R2; and (3) a photocell drop meter (DM). A and B: separated water baths; OV:
level

(Ploj).

(

1

)

overflow; R: potentiometric recorder; C: microcomputer; Arrows: direction of air or water circulation.

Twelve hours

lugworm (mean wet
was
10)
placed unrestrained in
the artificial gallery; measurements were started about
h
later. Each experiment was carried out on a different animal and was divided into three periods lasting between
90 and 180 min each and corresponding to a different
exit resistance. One day the sequence was R
R2, R and
mass: 18.5

after collection, a

1.7 g,

N

=

1

1

1

,

the next day R2, Rl, R2, to cancel the possible influence
of fatigue. During each period, PE O ,, APHYD and

Vw

were continuously recorded graphically by a potentio-

when the lugworm ventilated
and continuous way, PE O and APHYD were
recorded on tape by a Hewlett-Packard HP85B microcomputer for separate runs each lasting 6 min. For each
metric recorder. In parallel,

in a regular

,

W

mechanical power,
MEC = APHYD X Vw,
developed to push water from the cephalic end of the
gallery to the final exit of the circuit. All values were ex-

and

(7) the

O

pressed in SI units. For
2 consumption, we took the
value of 450 J/mmol
2 as the SI unit for the oxy-energetic

O

equivalent (see Dejours, 1981).
At the end of an experiment, the three periods were
separately analyzed using the graphical record of PE O ,,

APHYD, and

the drop counter signal.

tion, the

O

2

stores are exhausted

During each run, the corresponding total volume of
ventilated water, Vw, was collected and measured to the
nearest 0. ml with a measuring cylinder. This value; the

total

duration

and the metabolism turns

anaerobic), as well as the corresponding long duration
7

mean

total

O

2

uptake.

IgMj?

shM ? T previously calculated

period, 12 to 15 runs were recorded.

The

of each period was measured, including the ventilatory
arrests not lasting more than 20 min (beyond this dura-

,

evaluated using the

6-min run. The O 2
between
two
runs
was
obtained
uptake
by interpolation.
for each

1

calibration coefficients for the

O

2

electrode

and the

pres-

O

sure gauge; the
2
solubility coefficient at 20C, a
= 0.00001 16 nmol/(ml Pa); and the
: pressure in the

Measurement of the basal metabolism

rate.

MQ?

NF
,

by

confinement

O

ingoing seawater, PI O ,, were introduced into the computer,
which calculated 6-min mean values of ( ) the water flow
1

Vw; (2) the O 2 extraction coefficient, Ew = (Pi
PEo )/Pio (3) the short duration total O 2 uptake rate,
T
shMo? = Vw (Clo, - CE O:! ); (4) the specific ventilatory
7
rate, Vw/shMj?
(5) the hydrostatic pressure difference,
APHYD; (6) the hydraulic resistance, R = APHYD/Vw;
rate,

,

-

2

2

:

;

,

After the total

O

2

been measured, the

opaque

vessel

artificial gallery had
transferred to a 575-ml

uptake in the

worm was

wrapped

in

an aluminum sheet and

filled

with normoxic water. The vessel was thereafter closed

20C. The confinement, which
about 90 min, was discontinued when P
was
around the critical O 2 pressure, roughly 15 kPa. Knowing
hermetically and placed at

lasted

,
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P.

and of the animal, the initial
of the water, and the confinement duration,
NF
calculated the basal metabolic rate, MO?

the volumes of the bottle

and

we

P

final

,

Exp #21

Determination of the cost of breathing,

/

+

400-

.

to

MO?

Q.

Assuming that the O : stores were identical at the beginning and end of each long duration measurement period, the mean rate of energy cost of breathing was then
= lgM ? T - Mg NF
calculated as

300

X

200

0.

100

Results

T4000

We conducted 22 experiments on 22 different lugworms. All animals responded similarly. The results reexperiments, the only ones
to be completely analyzed. Results for Arenicola #2 were
selected to illustrate this analysis because they were among
ported here concern the

8000

12000

"short duration" total oxygen uptake rate,

uW

last 10

1

the most representative of this very coherent set of ex1
SD. Differences between
periments. Values are means

means were evaluated using Student's

/

test

P=

with

0.05

Arenicola #2

Figure 3.

1

.

APHYD.

difference of hydrostatic pressure

between the anterior chamber and atmosphere, as a function of the "short
1
Rl and R2 correspond to the
duration" total O 2 uptake rate, shMj?
.

low and high

exit resistances

opposed to exhaled water. Symbols as

= 0.29.x + 10.2
Equation corresponding to Rl: r
and to R2: v = 0.6 .v + 8.9 (r = 0.987).
Figure

2.

(r

=

in

0.988),

as the fiducial limit of significance.
a value
Figures 2 to 6 report results for Arenicola #2
NF =
of MO?
3000 jiW was measured for this animal during
1

;

an 89-min confinement period. Each point corresponds
to

one 6-min run. The ventilatory flow

Vw (Fig.

rate,

2).

and the hydrostatic pressure difference, APHYD (Fig. 3),
were directly proportional to the short duration oxygen
T
These figures also show that there
uptake rate, shM ?
was no significant difference between the first and the
subsequent periods, indicating that the animal did not
.

Figure 2 shows that the resistance (Rl or R2) appar-

tire.

ently did not influence the ventilatory flow rate, whereas
Figure 3 shows, as expected, that the hydrostatic pressure

0.12-

^
1

# 21

Exp

was higher in the experiments with greater ex2R1).
piratory load (R2
Figure 4 describes the variations, as a function of

difference

~

0.08

shM

o

?

T
.

of the mechanical power,

overcome the

2CO

,

developed to

Rl or R2. Calregressions shows

culation of the corresponding log-log
that
MEC varies as a quadratic function of

-

0.04

W MEC

resistive respiratory loading.

W

shM ? T

necessary consequence of the linearity observed
2 and 3.

0.00

MOOO
"short duration" total

as

shM

?

(v

= O.OOoo

the regression line
5

O

;

-

),

rate,

= 0.990). Note that the slope of
ml/
,-specific ventilation, namely 0.00001
a relatively low value for a water breather (De-

v

II

tlu

is

1/mmol

rate.

O

function

nJ (about

uW

rate,

g). Ventilatory flow
of the "short duration" total
;
uptake

a

T

oxygen uptake

Arenicola #21 (wet mass: 17. 2

2.

Figure

Vw,

12000

8000

+

0.0009:

r

M

1

jours, 1981), well in line with

he high extraction coefficient in Arenicola.
Open and closed squares correspond to breathing against a low resistance.
Rl, during the first and third period of the experiment; crosses concern
i

breathing against the higher resistance R2 during the second period of
the experiment (see text. Materials and Methods). The arrow on the
abcissa corresponds to the value of the basal metabolism of lugworm
NF =
#2
3000 ^W. Mean value of
as measured by confinement. Mg?
1

.

Mg?

=

1

150

^W. We took

the value of 450 J for

1

unit for the oxy-energetic equivalent (Dejours. 1981

mmol O
).

:

as the SI

,

a

in Figures

shows the variations of the difference
of pressure between the anterior chamber and the ambient
Finally, Figure 5

Vw,
mean
valRl
R2
whose
and
through the exit resistances
are
Pa
2600
and
5900
ues, respectively
s/ml,
given by
air,

APHYD.

as a function of the ventilatory flow rate.

the slope of the regression lines (see legend of Fig. 5). This
figure also shows that, as needed by Poiseuille's equation,
is directly and linearly proporand
APHVD,
inversely proportional to the resistance of the setup. This fine tuning between the theory
and the data can be considered as a positive argument for
the validity of our measurement methods and the conditions in which the lugworm had to ventilate.
In some 6-min runs, we could estimate the pumping
frequency of the piston pump's periodic activity by mea-

the ventilatory flow rate
tional to

COST OF BREATHING
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THE LUGWORM
2.0

'4000
"short duration" total

8000

12000

oxygen uptake

rate,

uW

Arenicola #21. Mechanical power. WMEC, necessary' to
obtain the flow of water through either the low resistance Rl or the
Figure 4.

higher resistance R2. as a function of the total energy expenditure esti1
as the "short duration" total
The drawn
; uptake. shMj?

O

mated

curves were

fitted

by eye. Symbols as

to Rl: r

=

= 0.991)

(see text).

.v'

-"/(7.9- 10") (r

.

in Figure 2.

Equation corresponding
6
= 0.991) and to R2:
y = x -""/(6.3- 10 ) (r
l

suring the duration of each respiratory period, TR. and
volume of the pump. Vs. according

calculating the stroke
to the equation Vs =

Vw X TR. Figure 6 shows that the
breathing pattern was similar whether the animal was
breathing against a low or high resistance. However, the
ventilatory flow rate

under high resistance was

significantly

lower than under low resistance, with a small, nonsignif-
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more

or less preserved, but they do not produce
Then the

Figure 7 summarizes for the 10 experiments the relationship between the energy cost of breathing, M!f, and

wall are

Each
the long duration total oxygen uptake rate, lgM ?
23 min (N
value corresponds to one period of 126
=
30) and to either the Rl or R2 value of the resistance

oxygen consumption corresponding to the mechanical
work achieved during the confinement can be considered
as negligible compared with that occurring in an animal
ventilating through an exit resistance in its artificial gallery.

T

.

at the anterior exit.

The MQ?/ lgM ? T

0.14 and 0.64, with a

mean

line, corresponding to the

ratio varied

The

value of 0.47.

mean

variations of

between

regression

M?

over

T

lgM o? intersects the .v-axis within the variation interval
of the mean basal metabolism measured by the confine400 M
ment method, Mg NF = 2600
(N = 10). It is
,

W

was no systematic difference between the
Rl and R2 periods and that the energy cost of breathing

clear that there

increased linearly with the rise of

lgM ?

T

a true external ventilatory current of seawater.

M? NF

However, it is quite certain that
mates the basal metabolism, leading
that

MO?

is

slightly

slightly overesti-

to the conclusion

underestimated.

Cost of breathing and energetics and respiratory strategy
in the

lugworm

It is clear from Figure 7 that the lugworm's energy cost
T
NF
of breathing, MQ?, evaluated as lgMo? minus MQ?

.

,

Discussion
[

'ulklity

Equation
that

is

(2)

when

is,

lgM ?

of the model, hypotheses, and methods
valid only in steady state conditions,

the term

AM

',

null. In the

is

which the

lugworm, the

is

O

:

long term, in experiments that last a few hours and
allow us to consider that any difference in the size of the
in the

is

Our previous, more qualitative evaluations
(Toulmond, 1975; Toulmond and Tchernigovtzeff, 1984;
Toulmond, 1986) are directly confirmed, and it is demonstrated that the lugworm's ventilatory piston

stores at the beginning

and

at the

negligible relative to the overall

end of an experiment

O

:

uptake during the

when we consider Rl and
R2 periods lasting an average of 126
23 min (Fig. 7).
Conversely, when we analyze separately each of the

experiment. This

is

the case

short 6-min runs in a given period (for example, Arenicola
#21. Figs. 2 to 6), it is clear that equation (2) does not
all runs. This is demonstrated by Figs. 2 to 4, in
which the lowest values of ventilatory flow rate, of APHYD.

apply to

pump

is

energetically expensive.

MO? has rarely been directly evaluated

stores can be partially depleted but then are

quickly restored during the following ventilatory phase.
Consequently, in the lugworm, equation (2) is valid only

Oi

is

value at 0.47.

periodic, with ventilatory bouts lasting 10
to 15 min, separated by pauses of a few minutes during

ventilation

and

generally high, the MQ? vs
ratio varying between 0. 14 and 0.64, with a mean

varies considerably
T

The most

in invertebrates.

on the energetics of invertebrate

recent studies

give the following values of the MO? vs
0.02 in the ascidian Styela clava (data from
Riisgard, 1988); 0.03 in the polychaete Sabella penicillus
(Riisgard and Ivarsson, 1990); 0.09 in the bivalve Afytilus

water

pumps

M

ratio:

?

T

edulis (data

from Jorgensen

el ai.

1988); 0.2 in Chaetop-

lerus variopedatus, another polychaete (data

gard, 1989);

and White,

and 0.30
1981).

from

Riis-

to 0.48 in Urechis

The

first

caupo (Pritchard
three species have ciliary

pumps. Chaetopterus and Urechis, like the lugworm, have
a muscular piston pump and exhibit the highest MO? vs
T
? ratios. It is clear that a piston pump consumes a

M

end of the corresponding

amount of the total quantity of oxygen it obtains
from the environment.
The flow rates we measured were never very high, between 0.02 and 0.12 ml/s in Arenicola #21 (Fig. 2). This
compares well with data recalculated from values measured by previous authors in normoxic lugworms of var-

values correspond to a depletion
1
of the Oi stores, whereas the highest shM
values correspond to their restoration. It is important to note that

ious sizes: 0.02 to 0.12 ml/s (Van Dam, 1938); 0.03 to
0.07 ml/s (Kruger, 1964): 0.01 to 0.03 ml/s (Jacobsen,
1967); 0.01 toO.02 ml/s (Foster-Smith, 1978). InArenicola

and of mechanical

shM

?

T

power correspond

MQ?

that are lower or equal to

to

NF
,

values

of

and conse-

quently correspond to impossible negative or null values
of this variable. Obviously, the term
T was not iden-

AM

tical at the

beginning and

runs: the lowest

at the

shM ? T

is in complete apnea. then Vw = 0,
=
0, and the aerobic metabolism totally
implying shM ?
depends on the O; stores. In all cases, however, if our
T
evaluations of Vw, APHYD, and shMj
are correct, then
their analysis is pertinent, giving information on the ventilatory pump and its energetics.
Does MQ? NF correctly estimate the basal O ; uptake rate?

when

the animal
T

A

is

deprived of normal
never perfectly still. Ac-

tually, the tail-to-head peristaltic

movements of the body

lugworm

in a

contacts with

its

confinement
gallery walls,

vessel,

sizable

#21, the corresponding
lation.

Vw/shM

identical to that

mond and
compared

T

=

mean

value of the specific venti-

1/mmol O : which is practically
measured in normoxic lugworms (Toul?

5

Tchernigovtzeff.

.

1984),

is

exceedingly low

to values (in liters per millimole of

O

:

)

reported

7930 in Sabella penicillus (Riisgard and
Ivarsson, 1990); 900 in the occasional suspension feeder
Nereis diversicolor (Riisgard, 1991); and 560 to 120 in
for filter feeders:

1

Chaetopterus variopedatus (Riisgard, 1989). Jorgensen el
1986b) consider that filter feeders inhabiting coastal

al.

(

COST OF BREATHING
waters typically process 340
millimole of CK consumed.

tremes of

this set

1600 times lower

and 0.01) than

= 0.82

more of water

When

O

-extraction coefficient

in filter feeders

(Ew

is

it is

easy

about 80

between 0.0005

,

normoxic lugworm (Ew

in the

is

it

2

for each

considering the ex-

of specific ventilation values,

to calculate that the
to

or

1

0.05, N = 37, in Arcnicola #2

1

).

The

filter

,

feeders^

which process very
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and Ivarsson, 1990). These resistances are much lower
than those we used in our experimental setting. Do such
high resistances occur in natural conditions? There are

no

Rl and R2 were
worms' turning around head

direct data.

the
this

behavior

too high and

is

common when

1989).

The

Rl and R2 means

are easily satisfied (Hazelhoff,

in natural conditions.

1939; Jorgensen,
severe

1955),

(Massabuau

et ai,

1991).

Foster-Smith

(1978)

postulated

that

mechanism of an animal must have been
considerably below

the

maximum power most

its

pumping
work

selected to

of the time.

the hypothesis is correct, then a relatively large change
in the resistance of the system must have only small effects
If

on the pumping

Our

rate.

results effectively

show

that

changing the resistance in our experimental setting makes
little difference to pumping rate (Fig. 2) and to cost of
breathing (Fig.

7).

In the lugworm. the piston

erates at rather high values of

APHYD, up

to

pump

op-

430 Pa

in

Arenicola #21 (Fig. 3). This value agrees roughly with
previous records in the literature (Foster-Smith, 1978;

Toulmond

1984) and is well below the maximal
of a lugworm. Actually, APHYD values between 1000 and 500 Pa were commonly observed in our
et ai,

possibilities

1

experimental setting. Thus the hydrostatic pressure that
can be developed by the piston pump of Arenicola is much
higher than those that have been measured in

filter

feeders.

(1986a) give an upper limit of 50 Pa to
the maximum pressure that can be developed by the bivalve ciliary pump. Even in those filter feeders that have

Jergensen

et a!.

a ventilatory piston
sures are

much

pump,

lower than

the

maximal operating

pres-

lugworm: about 80 Pa
and Nereis diversicolor
100 Pa in Urechis caupo

in the

in Chaetopterus (Riisgard, 1989)

(Riisgard,

1991);

than

less

(Chapman, 1968). Obviously, in natural conditions, the
lugworm needs a more powerful engine to overcome the
by the sediment that blocks the blind
The mean values of our artificial
and R2, calculated as the slopes of the

resistance created

head-end of
resistances

its

R

1

APHYD

vs

Vw

graph of Figure

is

that these resistances

must ap-

proximate those against which the lugworms have to work
Figure 4 shows that the mechanical power developed
by the piston pump of Arenicola #21 during normal ven-

W

and calculated as
MEC = APHYD X Vw, is very
low compared to the energy cost of breathing, MO?- The
tilation,

efficiency

of

the

pump,

calculated

as

the

ratio

low or very low, depending on which run
WMEC/MO?
is considered, with a mean value of about 1% as in other
tested animals. However, this efficiency is certainly underestimated, since
MEC is only one part of the total
mechanical power, W, that is actually developed by the
.

is

W

ventilating lugworm, and corresponds only to the work
done on the water expelled from the experimental gallery.
We know nothing about the work done inside the animal
body: to each stroke volume of water ventilated in the
headward direction must correspond an identical volume
of coelomic fluid and blood moving backward inside the
animal. We also do not know how much work is done by
the body wall muscles forming and maintaining the peristaltic wave that acts as the piston of the pump. As far as
we know, these two mechanical works have never been
examined experimentally. We also did not take into account the mechanical work done to fill the posterior com-

partment of the apparatus, but this can be considered
negligible owing to the very wide opening and very low
resistance of the inlet tubing (Fig. 1). However, even if
consider that the sum of these three types of unmea-

we

sured mechanical work

work necessary

is

approximately equivalent to

from the gallery, the
two
times
only
higher than previously estimated and remains very low, at about 2%.

the

pump

efficiency

to expel water

is still

=

APHYD/Vw against

to

work

which

a given biological

pump

Conclusion

5,

were respectively about 2600 and 5900 Pa s/ml. From
the values of APHYD and Vw that can be found or calculated from data in the literature, the resistance R
has

to process water for filtration or respiratory pur-

can be estimated. The values we found
Pa s/ml) about 750 in Urechis (Chapman, 1968);

poses, or both,
(in

the system resistance

gallery.

regression lines in the

were

chosen to avoid
in the glass tube;

also observed in Chaetopterus (Riisgard,
fact that our animals continued to pump

against

is

tail

is

large volumes of water to get enough
food, are practically in equilibrium with the ambient medium as far as oxygen is concerned, and their oxygen needs

even when ambient hypoxia

in fact

to

50 in Chaetopterus (Riisgard, 1989) and Nereis (Riisgard,
1991); 20 to 10 in Mytilus (Jorgensen et ai. 1986a); 10
in Styela (Riisgard, 1988); and 0.1 in Sabella
(Riisgard

To

conclude,

tilates its gallery
is

it

is

clear that in Arenicola,

with a piston

very high. However,

sion that

we cannot

it

which ven-

the cost of breathing
appears from the above discus-

pump,

precisely calculate the real mechanical

efficiency of the process of breathing in the

lugworm. This
kind of difficulty has been met by Scheid (1987), in a
comparison of the costs of breathing in mammals and
fishes, and originates in the fact that, whatever animal is
considered, breathing is a complex activity that cannot
be completely isolated from some other functions such
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Abstract.

Suspension-feeding processes in the eastern

oyster Crassostrea virginica (Gmelin, 1791) were

Introduction

exam-

The

an endoscope linked to a video imageanalysis system. We found that many of the previously
ined, in vivo, with

or isolated organs, are incomplete or inaccurate. In particular, our observations demonstrate that ( ) captured
1

iary (marginal grooves)

species, often form-

1984; Jordan, 1987; Newell. 1988). In addition, C.

forms the basis of a commercially important
fishery throughout its range. As a consequence of their
ecological and economic value, eastern oysters have been

from the

both in mucus-bound particle strings (transported

an ecologically important

virginica

(basal tracts)

processes; (2) the labial palps accept material
gills

et at..

by both mucocil-

and hydrodynamic

is

dominant epibenthic populations on the Atlantic and
Gulf Coasts of North America. These oyster populations
can influence the surrounding environment through particle depletion, nutrient cycling, and biodeposition (Dame
ing

published concepts of particle transport and processing
in this species, obtained using surgically altered specimens

particles are transported along the gills

eastern oyster Crassostrea virginica (Ostreidae,

Bivalvia)

in

numerous

marginal grooves), and suspended in particle slurries
(transported in basal tracts); (3) the labial palps reduce

studied extensively, and

the cohesive integrity of the mucous strings and disperse
and sort the entrapped particles; (4) particles are ingested
in the form of a slurry; and (5) ciliary activity on the labial

(for reviews see Galtsoff, 1964; Eble et

reports about their

ecology, physiology, and anatomy have been published
at.,

1994). Specif-

ically, the capture of particles on the gills; transport of
particulate matter to the labial palps, mouth, and stomach;

allowing the oyster

and processing of food material

in the

from suspension and produce pseudofeces without ingesting any particulate matter. Because
many ostreids have the same plicate gill structure, we believe that our conclusions are applicable to other oyster

have been thoroughly described

(e.g.,

species. In addition, the present observations are consis-

strained the study of feeding processes in whole, intact

palps

is

independent of that on the

lips,

to filter particles

tent with other endoscopic

on bivalves

son,

examinations recently made
We conclude that ac-

1977;

Nelson (1923) and Menzel (1955) did describe
aspects of particle capture and transport in whole

oysters.

some

in different families.

made

1964; Ribelin and Collier,

Newell and Langdon, 1994; Langdon and Newell, 1994).
Unfortunately, methodological limitations have con-

juvenile oysters; their light microscopical observations
were made through the transparent shells of post-set spec-

cepted theories of particle handling in suspension-feeding
bivalve mollusks must be modified to accommodate observations

1960; Galtsoff,

alimentary system
Menzel, 1955; Nel-

imens that had been allowed to metamorphose and grow
slides. With these exceptions,
however, most reports about particle capture and transport
by the pallial organs have been based on observations of
isolated structures, or examinations of structures in sur-

with the endoscope.

attached to glass microscope

Received 8 July 1993; accepted 3 January 1994.
OIT optical insertion tube of the endoscope.
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gically altered oysters (e.g.. Nelson,

1

WARD ET

E.

960; Galtsoff, 1964).

Although such studies underlie our present understanding
of suspension-feeding in most bivalve families, including
the Ostreidae. problems inherent in the observational
techniques may have led to erroneous or incomplete conclusions.

For example, removal and isolation of the

gills

destroys the subtle hydrodynamic interactions that often
exist between these structures and moving particles (Ben-

Ward

and perturbs the
inger
and
mechanisms
that control
neurological
physiological
muscular and ciliary movement. Surgery can also alter
the normal flow of water through the pallial cavity and
el a/.,

1992;

et al.,

1993).

delicate feeding structures. Furthermore,

may damage

surgery can stimulate excess mucus production and cause
the feeding structures to function abnormally (Jorgensen,
1976).
In contrast, recently

doscopy (Ward

ct al.,

developed techniques in video enhave allowed us to reevaluate

1991

)

suspension-feeding mechanisms in whole, intact bivalves
Ben inger el al. 1992; Ward el al. 1993). There are many

(

advantages of video endoscopy over previous techniques:
no surgical alteration of tissue is required; (2) the op1

I

)

tical insertion

(1.7

mm

of the

tube (OIT) of the endoscope

is

small enough

diameter) to be inserted between demibranchs

gill,

between opposing labial palps, and even into
and (3) video recording and image

the alimentary canal;

analysis facilitate observations

and permit post-observational

and

their

documentation,

analysis of the

biodynamics

of particle processing.

we employed video endoscopy to exthe feeding structures and mechanisms in

In this study,

amine,

/'/;

vivo,

C. virginica. Panicle kinematics

were studied, from the

point of capture on the gills, to post-ingestive processing
in the stomach. Of particular interest were the modes of
particle transport (e.g..

their implications for

mucous-bound or suspended), and
particle sorting and ingestion. We

then used our results to address several fundamental
questions about suspension feeding in intact oysters:
What are the mechanisms of particle sorting on the gills?
(

1

)

What

is the mode of particle transport on the frontal
and margins of the gills? (3) How are particles
transferred from the gills to the labial palps? (4) what are
the mechanisms of particle sorting and transport on the
labial palps? (5) In what mode are particles ingested? (6)
Are particles in the stomach tightly bound in mucus, or

(2)

surfaces

suspended? Finally, we compared our endoscopic
observations of intact oysters with previous reports of
freely

feeding processes in order to better understand suspensionfeeding mechanisms in the Ostreidae.

AL

Laboratory, Memorial University of Newfoundland. Seawater in the container was replaced every other day, and
was maintained at 15-21% and 15-20C. Oysters were
fed a daily

maintenance ration of the cultured diatom

Chaetoceros mue/leri

Lemmermann.

Specimens were prepared for endoscopy by carefully
trimming a small section (about 3-6 cm in length X 0.5-

cm in width) of the inhalant margin of the upper and
lower valves. This was done without damaging the un1

derlying mantle margins and produced a narrow opening
in the shell. Trimming of the shell served three purposes.
First, it allowed us to introduce the optical insertion tube
(OIT) into the pallial cavity of an oyster, even when the

specimen was closed and not feeding; second, it provided
more freedom of movement for the OIT when the specimen was open and actively feeding; third, it prevented
the shell edges from damaging the OIT when the specimen
adducted its valves. Oysters prepared in this way were
allowed to recover for at least one day before use; often
shell repair began during the several weeks that these animals were held in the aquarium.
Several specimens were further manipulated so we
could insert the OIT through the mouth and into the alimentary canal. Because C. virginica is monomyarian,
the anterior portion of the

body

Ten Crassostrea
an aerated

60-1

were maintained in
Marine Sciences Research

virginica adults

aquarium

at the

not attached to the

filament nylon lines attached to hooked retractors that
were inserted into the outer portions of the visceral mass.
This fully exposed the mouth and allowed us to insert the
OIT. A similar procedure was used by investigators wishing to inject latex (Galtsoff. 1964) or food material (Newell

and Langdon, 1986)

directly into the oyster's alimentary

system.

Endoscopy was performed according

to

methods de-

scribed by Ward ct al. ( 99 1 ). Briefly, the endoscope (OIT
= 1.7
in diameter) was connected to an optical zoom1

mm

adapter and attached to a monochrome, charge-coupleddevice camera. The resolution of the video-endoscope

was about 5 /im at a maximum magnification of about
150 X. Video signals were recorded on an 8 mm VCR
(Hi8). The recorded images were then digitized with a
video digitizing board (RasterOps, Corp.) and enhanced
for morphometric analysis with Adobe Photoshop software (Adobe Systems. Inc.).
Morphometric measurements made on the digitized
images were calibrated by isolating the pallial organs (e.g.,
gills, labial palps, lips) of several specimens, and measuring

the width of various structures

Materials and Methods

is

by muscles and could be carefully lifted through the
narrow opening we had cut in the shell. The body was
gently held in an extended position with several monoshell

iated ridges) with a

(e.g..

filaments, plicae,

compound microscope and a

cil-

cali-

brated ocular micrometer. Particle velocities could then

be determined by counting the

number of frames

required

SUSPENSION-FEEDING PROCESSES IN OYSTERS
for a particle to traverse a

known

distance along a given

organ; recording speed was 30 frames
1

Velocities (/urn

s"

)

are presented as

(NTSC

'

s

means

1

format).

standard

223

minology of Atkins (1937b) and Nelson (1960). The
iated regions that

lie

along the attached edges of the

are herein termed basal ciliated tracts.

deviation.

tracts include the dorsal (Nelson,

During endoscopic examination, the oysters were held
in an aerated, closed seawater system at the same temperature and salinity as the holding aquarium. The specimens were allowed to feed freely on natural seston sup-

grooves, or furrows.
the free edges of the

plemented with various particles, including silica (2-6 ^m
diameter), reflective red plastic particles (about 5 ^m diameter. Radiant Color, Hercules

polystyrene mi-

Inc.),

crospheres (about 18 /urn diameter, Polysciences Inc.),
spray-dried Tetraselmis sp. (2-13 /j.m diameter, Celsys,
Cell Systems Ltd.), and the diatom C. mitelleri (about
6 jim diameter, cultured in f/2

medium;

Guillard, 1975).

Prior to use, Tetraselmis cells were pelleted twice in a
centrifuge and resuspended in 1 liter of seawater; they
were then resuspended by sonication at low power for
10 min. The polystyrene microspheres were cleaned with
30% H : O : for 5 min and washed with liter of filtered
seawater or distilled water; they were then sonicated for
10 min. To increase particle concentration above the
1

background

5ml

level (10

4

particles-

ml"

1

),

we

Whole

particle

cell extracts

test

prepared from C. muelleri cultures

the effects of chemical stimulation

on

feeding and particle selection. Diatom cells were pelleted
in a centrifuge, frozen at -20C, thawed, and sonicated
for

a

30 min. The disrupted

GF/A

glass fiber

-20C

stored at

cells

were then passed through

and the

filter,

until

used (Ward

filtrate

el al.

collected

1992). In

and

some

experiments, microspheres were treated with the algal extract. This was done by activating the spheres with 100 ml

of 100% methyl alcohol and then treating them with 50 ml
C. muelleri whole cell extract (Ward, 1989).
Results are based on the endoscopic examination of
and are presented as a composite of these

ten oysters,

observations. In

some

The

ciliated

grooves that

lie

along

gills are herein termed marginal ciliated grooves. Synonyms for these grooves include the
ventral (Nelson, 1923; Menzel, 1955), lower-marginal or

free-marginal (Yonge, 1926), and terminal (Galtsoff, 1964;
Bernard, 1974) grooves or furrows.
All anatomical

drawings have the dorsal-ventral axis

oriented so that ventral

bottom of the
adhere

sketch.

is

at the

top and dorsal

this orientation

Although

is

at the

does not

it does match the perspective
depicted in the endoscope micrographs. This circumstance
arose because the OIT was always inserted through the

strictly to

convention,

inhalant margin of the

shell, so that

the pallial structures were the

Furthermore,

this orientation

first

more

the free margins of
come into view.

to

closely reflects the

position of oysters in nature.

Results

6

suspensions (10 -10
particles-mi '), as needed, to the inhalant margin of oysters
using a peristaltic pump or Pasteur pipet.

were used to

for these

1923; Menzel, 1955),
proximal (Nelson, 1960), or axial (Yonge, 1926) tracts,

delivered 25

of stock

Synonyms

cil-

gills

For clarity, our observations of suspension feeding in
Crassostrea virginica are grouped into two sections. In
the first section we deal with the anatomy and function
pallial organs and alimentary canal, with emphasis
on our novel observations. In the second section we deal

of the

with the functional importance of these observations to
suspension-feeding processes, and describe the capture and
transport of particles by the feeding organs described in
the first section. We do not recapitulate the detailed anat-

omy

of these organs; rather, we present novel observations

of organ movements and functions and describe particle
transport from gills to stomach. Where appropriate, the
results are placed in the context

of previous descriptions

of feeding in oysters.
A.

instances, surgically altered speci-

mens were observed with

Organ

structure

ami

function

The most conspicuous

a dissecting microscope, recreating the conditions under which previous workers had

cavity of the oyster are the deeply plicated, heterorhabdic

obtained their

gills,

results. Finally, to verify certain structural

I.

Gills.

which have been described

structures in the pallial

in detail previously (Fig.

aspects of the anterior portion of the demibranchs. scanning electron microscopy (SEM) was performed on iso-

1A) (Atkins, 1937c; Nelson, 1960; Galtsoff, 1964). With
the endoscope we could clearly see the ordinary filaments

lated

and the interfilamentary spaces that lead to the ostia (Fig.
B), as well as the metachronal waves produced by cilia.

gill

segments according to standard procedures

(Glauert, 1980;

Bozzda and

The anatomy of ostreid
that vary

the

gills

Russell, 1992).

gills is

1

often described in terms

from one publication to another. This is because
of oysters arch around the adductor muscle to

such a degree that, depending on their location, portions
of the demibranchs can occupy a posteroventral, ventral,
or anterior position. In this publication

we

use the ter-

Our
light

observations of the

microscopy, and

gills

SEM

by means of endoscopy,

reveal that modifications of

previously reported descriptions must be made.

The mar-

ginal ciliated groove does not extend along the entire

length of each demibranch. Instead, at the anterior portion
adjacent to the palps, the groove becomes narrower and
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SCT
Figure

(A)

Vidco-endoscope micrographs showing,

1.

The margin of one

gill

demihranch

is

shown

in

in vivo, several pallial structures

of Crassostrea

riri>inicu

normal feeding position. The deeply plicated structure

of the demihranch can he seen. The ordinary filaments appear as lines running parallel to the axis of each
= about 1.6 mm). (B) At
plica (length of gill section
higher magnification the ordinary filaments of the plicae
are visible, as are the openings to the mterfilamentary spaces that lead to the ostia.
slits

between the filaments (width of each filament = about 35

displayed in

A shown

seconds

later after

urn). (C)

contraction of the plicae. (D)

which appear as dark
gill demibranch

The margin of the

A

view of the anterior termination

The ridged surfaces of opposing
palp lamellae are visible. Note the smooth ciliated tract that lies at the posterior edge of each lamella and
carries particles U'..?.. white dot) from the base of the palp towards the distal margin (arrow; width of each
of one demibranch and the basal region of the surrounding

palp ridge

labial palps.

=
= ordinary
= about bO/im). (CD =
marginal ciliated groove, OF
gill demibranch. MCG
= inner palp lamella, oPL = outer palp lamella. SCT = smooth ciliated tract).

filament. iPL

shallower, resembling an indentation that runs along the
midline of the margin (Fig. 2A, B). This indentation ends

2-3 plicae from the anterior termination of each demibranch (Fig. 3 A). The transition from groove to indentation begins where the demibranch curves sharply towards

its

attached base on the visceral mass, about 7-10

plicae
(Figs.

from the anterior termination of the demibranch
2B: 3A).

flection point."

We
It

call this

exists

anatomical location the "in-

because the line of fusion of the

ascending and descending lamellae is being distorted by
the sharp decrease in height of each successive filament.

The most

anterior plica of each

demibranch

is

composed

SUSPENSION-FEEDING PROCESSES
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ginal indentation
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and transports material posteriorly

to-

wards the inflection point

Our

(Figs. 2B; 3B).
observations of gill movements within an intact

made by Menzel (1955),
Nelson (1960), and Galtsoff( 1964). These findings include
changes in the position of the demibranchs. and the occasional contraction and expansion of the plicae caused
oyster confirm previous reports

by the

lateral

1A, C). Such

molymph

MCG

movements of the ordinary filaments (Fig.
movements of the gills probably force he-

into interfilamentary

and interlamellar

tissues

(Elsey. 1935; Menzel, 1955; Galtsoff, 1964) and may facilitate the movement of water through the water tubes

and into the epibranchial chamber.

MCI

2. Labial palps. The labial palps are positioned at the
anterior termination of the gills. Endoscopic observations

on the morphology of the palps confirm previous descriptions (Menzel. 1955; Nelson, 1960; Galtsoff, 1964), with

only one modification. Along the entire free edge of each
palp, nearest the

gills, is

two

a smooth, ciliated tract,

to

three palp ridges wide. This tract, previously unreported.
transports particles from the base of the palps to the apex

1D;2A).

(Figs.

The

MCG

one pair of labial palps of Crassoslreu
drawn folded back to reveal the direction of net
particle movement (arrows) on the ciliated tracts and the ridged surfaces.
Note that the cohesive integrity of mucous strings from the marginal
virginica.

ciliated

their junction with

The palps

grooves

is

are

reduced by the action of the palps so that the entrapped
After sorting, particles are transported to the lips

particles disperse.

edge of palp) and then mouth (not shown)
enlargement of the anterior termination of one
demibranch, which has been rotated 180 about its anterior-posterior
axis. Note that the marginal groove becomes narrower and shallower 7-

(smooth region

at anterior

An

for ingestion. (B)

10 plicae from the termination. The transition from groove to indentation
occurs at the inflection point of each demibranch (marked by X). Cilia
in the groove and indentation beat in opposite directions (large arrows),
and mucous balls form at the junction of these oppositely beating ciliary
tracts (X). Excess particles

from the basal

gill-palp junction are transported

to the marginal ciliated indentation (small arrows) via the ordinary

aments. (Ant = anterior.
groove,

MCG

=

BCT

= basal

ciliated tract,

marginal ciliated groove.

MS

LOG

=

= mucous

fil-

lateral oral
string.

= inner
= outer palp lamella. Post = posterior,
palp lamella, oPL
= smooth ciliated tract).

entirely of ordinary filaments

iPL

SCT

and wraps around the end

of the demibranch, forming a rounded anterior termination (Fig. 2B). Along the entire anterior margin of each

demibranch

is

ciliary

activity of the palps also increased.

(A) Schematic diagram of the anterior portion of two de-

mibranchs and

were transported anteriorly, and muscular and

ticles

B
2.

of oysters exhibited changes in muswere positively correlated

ciliary activity that

with increased particle capture and transport. When the
4
particle concentration was low (10 particles- ml" '), activity was also low. As concentration increased, more par-

Post

Figure

labial palps

and

cular

a broad ciliated tract that covers the mar-

During periods of active particle clearance, the palps
constantly interacted with the gills. The apices of the palps
would move along their adjacent demibranchs, from the
ascending lamellae, across the marginal ciliated groove,
to the descending lamellae, or vice versa.

When

this oc-

and outer lamellae of one palp pair alternated between enclosing one and two demibranchs of
a gill. The palps were often observed surrounding only
one demibranch. but this condition did not interfere with
the transfer of mucous strings from the gill to palp (see
section B2). When actively removing material from the
curred, the inner

gills,

the lamellae of each palp pair

moved independently

and alternated between being spread
being closely appressed (Fig. 4A,

B).

slightly apart

When

apart,

and

some

remained in close proximity to the ridged surwhile others occupied the space between the two
opposing surfaces. The significance of this condition will
particles
faces,

be explained in section B2.
3. Lips and buccal region. The outer and inner

lips

of

the oyster arise from the most anterior edge of the two
outer and two inner palp lamellae, respectively (Fig. 5A;
see also Galtsoff. 1964). Here, the ridged surfaces of the

palps terminate and the smooth surfaces of the lips begin.
lateral walls of the lips possess broad tracts of cilia

The
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Figure

3.

virginica. (A)

Scanning electron micrographs of the anterior termination done gill demibranch of Crassostrea
The distal edges of the seven most anterior plicae are shown, demonstrating that the marginal

groove no longer exists and has formed an indentation that runs along the midline of the demibranch
margin. Notice that the most anterior two plicae (far right side) lack this indentation. (B) Close up of the
demibranch margin showing the ciliated tract that covers the indentation and directs particles posteriorly
ciliated

(white arrow). Notice the frontal cilia of the ordinary filaments that direct particles onto the marginal

indentation (black arrows). Scale bars:

= ordinary

filament.

P =

A =

100 ^m. B = 10 ^m.

(MCI = marginal

ciliated indentation.

OF

plica).

mouth. A previously undescribed.
runs along the entire free margin or
ridge of the inner lip. When the inner lip is inserted into
the outer lip, this ridge aligns with a ciliated tract on the
that beat towards the

highly ciliated tract

Esophagus and stomach. Our observations of the
morphology of the alimentary canal of an

4.

internal, gross

intact oyster confirm previous reports

(1955) and Galtsoff

(

1964).

One

made by Owen

modification of these re-

4C. D: 5B). Prominent cilia on both the
inner lip ridge and outer lip tract beat towards the mouth.
A portion of the outer lip tract, just below the insertion

however, is that the stomach is not a chamber or
cavity, but rather a compressed structure with walls that

lip, can be drawn in to form a gutter (Fig.
The
formation
of this gutter usually coincided with
5B).

sole protruding into the food-sorting

active feeding.

actually deep and concealed, hence preventing particles
from reentering the main portion of the stomach (Purchon, 1977; Langdon and Newell, 1994). The conspicuous

outer

lip (Figs.

of the inner

The frequency of

ports,

are tightly appressed. This

tinal

is

a consequence of the typhlo-

caecum. The intesfrom the caecum

groove that carries rejected particles

is

ciliary

beating on the

lips

was not

was it associated solely with changes in particle capture and transport. On occasion, ciliary activity
abruptly ceased and then, after a period of time, restarted.
Furthermore, ciliary activity on the lips was independent
of that on the palp ridges. Oysters that were feeding at
background particle concentrations often had active gill
and palp cilia but little or no ciliary activity on the lips.
In one such specimen, several milliliters of Chaetoce ros
mitelleri culture (Id" cells ml"
were introduced into the
pallial cavity. Over a 5-min period, ciliary activity on the
inner lip ridge and outer lip tract gradually increased until
all cilia were actively beating.
In dissected oysters, cilia on the lips were either inactive
or exhibited an irregular activity. In contrast, cilia on the
gills and palps continued beating for many hours after
constant, nor

is lined with strong ridges that support
of actively beating cilia (Fig. 4E). The cilia rotated
the style in a clockwise direction. To our knowledge, this

crystalline-style sac

tracts

study

is

the

first

to

document

crystalline style activity in

an undissected bivalve.

B

Particle capture

'

and

transport

)

dissection.

1.

Gills. Particles

entrained in the inhalant water cur-

carried dorsally in the pallial cavity and
then deflected laterally towards the frontal surfaces of the
rent were

gill

first

lamellae. Often, particles were

drawn

directly into the

"troughs" between adjacent plicae, presumably by currents produced by the lateral cilia of the principal and
transitional filaments that

form each trough

(Fig. 6; Nel-

SUSPENSION-FEEDING PROCESSES
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OYSTERS

in vivo, several

Video-endoscope micrographs showing,

internal structures of Crassostrea virginica. (A)

The

distal

margin of one pair of labial palps is shown with the lamellae closely
appressed and (B) slightly apart. In B. note the ndged surfaces of the
palps and the deep rejection tracts between each ridge (length of palp
sections = about 600 nm). (C) In the buccal region, the highly ciliated

inner

lip ridge

and outer

lip are

shown before and (D)

after insertion

of

movement;
pyloric caecum of

the inner lip into the outer (dashed arrow indicates inner lip

width of inner

lip ridge

= about 500 Mm).

(E) In the

the stomach, the opening to the crystalline style sac
ciliated ridges that line the sac

and

is

shown. Note the

rotate the crystalline style (not visible

under our lighting conditions). Protrusion of one typhlosole can also be
= about .5 mm). (iLR = inner lip ridge. oL = outer
= inner palp lamella, oPL = outer palp lamella. T = typhlosole).
lip. iPL

seen (diameter of sac

1
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Once

son, 1960; Galtsoff, 1964; Ribelin

and

in the plical troughs, participate

matter was directed bas-

Collier, 1977).

a mean velocity of 740
250jum-s~', towards
the ciliated tracts that lie at the base of the gills (Table I;
ally, at

Fig. 6). Particles in the

troughs appeared to be transported

in suspension, but the high variation in particle velocity

(Table

I)

suggests that

on the

ried directly

some

particles

may have been

car-

frontal cilia of the surrounding tran-

sitional filaments.

were also captured on the frontal surface of

Particles

the ordinary filaments. The ordinary filaments form the
sides and tops of the plicae, from the transitional filament

on one

side, to the transitional filament

on the

other,

an

we term

the plical "crest." Capture of particles by
the ordinary filaments was not always instantaneous. Particles were often observed being deflected away from the

area

frontal surface of one filament, only to accelerate towards

same or an adjacent

the frontal surface of the

These

filament.

"bouncing" from one

particles appeared to be

or-

dinary filament to another on the crests of the plicae.
Such particles usually moved perpendicularly to the long
axis of the

gill

moved

into the plical

6).

troughs (Fig.

Most

filaments and often

particles captured

on the ordinary filaments were

presumably by the coarse frontal cirri (Ribelin
and Collier, 1977) towards the marginal ciliated grooves
directed

CG

the distal edges of the demibranchs. Occasionally, particles on the ordinary filaments were moved baspresumably by the fine frontal
ally for a short distance
that

lie at

cilia

(Ribelin

onto the

and

marginally (Fig.
les

6).

On

'

(Table

s

any ordinary filament,

uniformly

progressed

30 j/m

before being transferred
cirri and directed

Collier, 1977)

of the coarse frontal

tracts

ginal grooves in

I).

at

a

Particles

partic-

mean velocity of 120
moved towards the mar-

an orderly procession, with

trailing par-

never overtaking leading ones. The distance between
a given particle and the underlying filament could not be
ticles

estimated, because the separation was smaller than the
resolution of the endoscope. But no particles were ob-

served being transported in water currents, 20-25 >j.m
above the filament surface, as proposed by Jorgensen

B
Figure

5.

portion of the

The

(

A Schematic diagram
)

gills

of the

lips, labial

palps,

and anterior

of ("rassostrea Yirginica (redrawn after Galtsoff, 1964).

hood of the mantle is cut away to reveal the buccal region
section shown in B. (B) An enlargement of the mid-longitudinal section
of the buccal region. PreniiiiR-nt cilia on the inner lip ridge and outer lip
tract beat orally (open arrows), and aid in the transport of particles into
the mouth (solid arrows). Buccal region is shown before insertion of the
inner lip ndge into the outer lip (dashed arrow indicates inner lip movement). Outer lip is shown with ciliated gutter formed which coincides
with active feeding. (Ant = anterior. CG = ciliated gutter. G = gills. iL
= inner lip. iLR = inner lip ridge, oL = outer lip, M = mantle. Mo
= mouth. iPL = inner palp lamella, oPL = outer palp lamella. Post
=

oral

posterior).

(1975. 1981

)

for the

The manner

mussel Mytilus

t'didis.

which large and small particles (18 /urn
and 5 /urn diameter) were transported along the frontal
surfaces of the ordinary filaments was similar. When oysters were provided only with small plastic particles, most
in

of these were taken to the marginal ciliated grooves. When
mixed with similar-sized Chaetoceros muelleri cells, more
plastic particles

were observed

in the basal ciliated tracts.

Polystyrene microspheres treated with

diatom extract were

and marginal grooves

transported to the basal tracts
the same manner as untreated microspheres.

in

We observed

SUSPENSION-FEEDING PROCESSES IN OYSTERS
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MCG

'&&n

BCT

/v
Figure 6.

Schematic diagram of typical sections of one gill demibranch ofCrassoslrea virginica showing
and transport on the lamella. Dashed lines indicate the path of particles before being captured
(open circles), and solid lines indicate movement of particles after they contact the gill surface

particle capture

by the

gills

Note that after capture, some particles on the ordinary' filaments reverse direction as they are
passed from the fine frontal to the coarse frontal ciliated tracts. Other particles "bounce" from one ordinary'
filament to another and are usually deflected into the plical troughs. Note that a principal filament lies at

(solid circles).

the base of each plical trough. Particles in the basal tracts are transported anteriorly suspended in a slurry
(stippled arrows), while those in the marginal grooves are transported anteriorly in a

= anterior.

BCT

ordinary filament,

PF =

arrows). (Ant

OF =

no obvious

= basal

ciliated tract,

principal filament. Post

difference in the quantity of spheres that en-

and grooves, regardless of treatment.
that left the plical troughs and entered the

tered the tracts
Particles

basal ciliated tracts were immediately swept anteriorly in

No

were observed entering these tracts from the ordinary filaments. Both individual particles and loose particle aggregations were obsuspension (Figs.

6;

7A).

particles

served being carried in cilia-generated currents within the
basal tracts. When oysters were exposed to a higher particle

became more numerand the material in the

concentration, individual particles
ous, aggregations

became

larger,

took on the appearance of a slurry. Particles
in this slurry moved anteriorly at a mean velocity of 820
240 ^m-s~' (Table I) and flowed around the base of
each plica, conforming to the shape of the tract. Particles

ciliated tracts

MCG
=

=

marginal ciliated groove,

mucous string (open
= mucous string,

MS

posterior).

and clumps in the basal tracts frequently changed position
relative to one another, and trailing particles often overtook leading ones. The

movement

of suspended material

in the basal ciliated tracts contrasted

with that in the mar-

ginal ciliated grooves (see below).
Particles that were transported to the distal edges of the
ordinary filaments were carried into the marginal grooves
by the coarse, terminal cirri. These cirri beat obliquely

toward the palps (Atkins, 1937b), causing particles that
were entering the grooves to move in an arc directed anteriorly (Fig. 6). In each marginal groove, particles were
immediately incorporated into a continuous, cohesive
mucous string (Figs. 6; 7B). Mucous strings were always
observed inside the well-developed grooves, even when
few particles were being captured and transported to the
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iPL

Figure

Video-endoscope micrographs showing, in \'i\'n. the movement of particles on several pallial
Arrows indicate direction of net particle movement. (A) At the base of

7.

structures of Crassostrea virginica.
the

gills,

each

the plicae fuse to form the basal ciliated tracts. Particles (white spots) are transported anteriorly in
= about 1.0 mm). (B) At the margin of the gills, particles
suspension (length of gill section

tract in

bound

in a

= about

mucous string
mm). (C) At

1.6

are transported anteriorly in each marginal ciliated groove (length of

the basal gill-palp junction, particles exit the basal tracts

demibranch (white arrows) and are

on

gill

section

either side of a

gill

directed, either anteriorly into the lateral oral groove, or onto the ridged

Dashed arrow indicates movement of particles along the smooth ciliated
of the inner palp lamella: these particles are then distributed across the ridged surface. Movement of
particles onto the marginal ciliated indentation of the demibranch is not shown (width of each palp ridge
surfaces of the palps (black arrows).
tract

= about 60 ^m). (D)

A

particle aggregation being rejected

from the

lateral oral

groove just anterior to the

The

basal gill-palp junction

shown

descriptions of the form

and function of pallial
MS = mucous

aggregation is being disrupted by the action of the ridged surfaces
of the two opposing palp lamellae. Arrows indicate direction of movement of smaller masses which are
= about 60 ^m). See
Figures 1-4 for
breaking from the original aggregation (width of each palp ridge

LOG

=

lateral oral groove,

in C.

structures.

string.

and palp, at a region that we call the "marginal gill-palp
junction" (Figs. 8B; 9B). Unlike the basal junctions, the
location of a marginal gill-palp junction is not fixed. Once
the transport of a

mucous

string

is

(BCT =

basal ciliated tract.

iPL = inner palp lamella.

established, the position

oPL =

GD =

gill

demibranch.

outer palp lamella).

string leaves the marginal groove can move
Mucous strings continually ran from the gills
to the palps, even when few particles were carried in the
strings. If a mucous string broke, the material in the marat

which the

posteriorly.
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PDA-

MB

M

Ant

CT

Ant

Figure
are

8.

shown

in

Schematic diagram of the

gills

and

of Ouvsnv/m/ Virginia/ The pallial structures
drawn in cut-away to reveal the ridged surface ot
particle movement. (A) The apices of the palps are

labial palps

a lateral view, and the inner palp lamella

is

Arrows indicate direction of net
away from the demibranch margins and mucous balls form at the anterior termination of each
marginal ciliated groove. Only particles from the basal tracts are transported onto the labial palps. Mucous
balls and excess material from the distal margins of the palps can be transported onto mantle rejection tracts
(stippled arrows), carried to the principal discharge area, and then expelled as pseudofeces. (B) The palp
apices have contacted the demibranch margins, and particles are transported onto the palps in mucous
strings. On the ridged surfaces, the cohesive integrity of the strings is reduced and the entrapped particles
disperse (solid circles). When the two opposing palp lamellae spread slightly, some particles are directed
the opposing lamella.
retracted

posteriorly in an off-surface counter-current (open circles, large circular arrow). After sorting, particles are

transported to the lips (smooth region at anterior edge of palp) and then the mouth (not shown) for ingestion.
Mucous balls and strings can also be carried across the smooth surfaces of the palps and enter the space

between opposing lamellae at the palp apices
MB = mucous ball, MS = mucous
P =
string,

area. Post

=

posterior).

(Ant = anterior,
iPL = inner palp lamella,

(solid arrows).
plica.

BCT =
PDA =

basal ciliated tract.

principal discharge
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Figure

9.

Video-endoscope micrographs showing, in iv'vo. the movement of mucus-hound particles on
Arrows indicate direction of net movement. (A) At the

several pallial structures of Crassoslrea virginica.

marginal gill-palp junction, the apex of one palp can be seen
(B) establishing

mucous

string transport

lifting

material from the marginal groove and

from demibranch to palp (width of each

mucous

plica

= about 250 ^m).

shown bridging the space between two adjacent
string
demibranchs (width of each plica = about 250 nm). (D) Rejection of mucus-bound particles from the distal
margins of the labial palps is shown. Material is transported both anteriorly (solid arrow) and posteriorly
(C) At the marginal gill-palp junction, a

is

on the palp margins. At the junction of the two oppositely beating ciliated tracts,
and strings form and are transported (dashed arrow) to mantle rejection
tracts to be expelled as pseudofeces (length of palp section = about 4 mm). See Figures 1-4 for descriptions
demibranch. M = mantle, MS = mucous
of the form and function of
structures. (GD =
(open arrow) by

mucus-bound

cilia

particle aggregations

pallial

PA =

ginal groove

gill

= inner palp lamella.
palp apex. iPL

began forming another mucous

ball,

oPL =

and the

process was repeated.
As described in section A2, the two lamellae of one
pair of palps were often observed surrounding only

one

demibranch. This condition, however, did not prevent
material from the unenclosed demibranch from reaching
the ridged surfaces of the palps. The particle string from

string.

outer palp lamella).

a marginal groove of an unenclosed demibranch could
bridge the space between adjacent demibranchs, thereby
joining the string moving from the groove of the enclosed
(Fig. 9C). The bridge was established when
mucous ball on the unenclosed demibranch contacted
the smooth ciliated surface of the closest palp lamella.
The mucous ball, with attached string, was carried to the

demibranch
a
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apex of the palp, then transported around the free edge
and onto the ridged surfaces of the two opposing palp

to a higher particle concentration, the slurry became so
thick that the region became difficult to examine and the

lamellae (Fig. 8B).

OIT became

Mucus-bound

were moving from
the marginal grooves entered between opposing labial palp
lamellae and were directed proximally by cilia on the
particle strings that

ridged surfaces (Figs. 2A; 8B). Presumably, this material

joined with that introduced from the basal ciliated

which also was directed onto the ridged

tracts,

surfaces. Alter-

covered in mucus.

The slurry in the buccal region was moved towards the
mouth by the combined action of the anteriorly beating
cilia on the lateral edges of the lips (adjacent to the ridged
surfaces of the palps), and the orally beating cilia on the
inner lip ridge and outer lip tract (Fig. 5B). Thus, the
insertion of the inner lip into the outer lip was very effrom escaping from the
margins of the lips. This was in contrast to the labial
palp margins, which occasionally allowed particles to es-

natively, strings could be transported anteriorly along the

fective in preventing the slurry

two-thirds of the distal margins of the palps to a point
close to the fusion of palps and lips (Fig. 8A; 9D). At this

free

first

location,

movement

ceased because

cilia

on the remaining

one-third of the margins were beating posteriorly. This
arrangement is analogous to that on the margins of the
gills.

The mucus-bound

material on the palp margins was

then transferred to the mantle where

it

was rejected

as

pseudofeces through the "principal discharge" area (Galt1964; Fig. 8A). Our observations on C. virginica are

cape into the

pallial cavity. Insertion

of the inner

lip into

the outer lip also prevented material from entering the
buccal region across the free margin of the inner lip, via
the central gutter. Such movement of particles across the
free margin of the inner lip was reported by Galtsoff( 1964,
p.

118) from observations of surgically altered oysters,

similar to those of Yonge (1926),

but was never observed by us with the endoscope.
In dissected oysters, particles were not suspended in a

on the

slurry.

soff,

labial

who reported that tracts
palp margins ofOstrea edulis beat in opposite

The cohesive

integrity of

ginal grooves, as well as

the basal tracts,

Only

a highly cohesive

observed between the

directions.

mucous

any

was disrupted

strings

from the marfrom

particle aggregations

as the material

moved across

the ciliated ridges of the labial palps (Figs. 2A; 7D; 8B).
Particles were released from the mucous matrix, apparently by the mechanical action of the palps. Particles dis-

persed across the palps were

initially in

contact with the

and were transported, in general, towards
the lips and mouth, presumably by mucociliary action.
Other material, however, was in suspension in the space
between each pair of opposing palp lamellae and was diridged surfaces

mucus-bound material was
and in the buccal

labial palps, lips,

region.

Esophagus and stomach. Material entering the
mouth, esophagus, and stomach of the oyster was in the
form of a slurry. This ingested slurry was similar to that
found in the buccal region, but appeared to be more
opaque, containing numerous small and large particle aggregations. The slurry in the pyloric caecum was slowly
4.

swirled, probably by the rotating action of the style. Par-

were never observed in the alimentary canal,
nor were strings ever seen wound around the crystalline

ticle strings

style.

rected posteriorly towards the gill-palp junction in intermittent, pulse-like currents (Fig. 8B). These suspended

appeared to be captured and directed back onto
the ridged surfaces of the palps by the smooth ciliated
tracts that lie at the free edges of the palp lamellae (Fig.

Discussion

particles

2A; 8A). Consequently, some of the material between opposing palp lamellae was in the form of a slurry. Occasionally, a portion of this slurry would escape from the
space between the palps when the distal margins of the

lamellae were not tightly appressed (e.g.. Fig. 4B). Material
destined for rejection was transported to the distal margins
of the palps, then onto the mantle, and rejected as pseudofeces (Fig. 8; 9D).
3.

Lips and huccal region. Particles in the buccal region

between the inner and outer
slurry.

lips

were suspended

in a

This slurry, however, appeared more opaque than

between the palps, and the particle aggregations were
more numerous. Probably the concentration of paniculate

Many previous reports on the structure and function
of the feeding organs in Crassostrea virginica were confirmed by our in vivo, endoscopic observations. But endoscopy also elucidated several important processes that
were not found in literature accounts or were different
from those previously reported. Many of these discrepancies could be due to artifacts that were produced when
specimens were prepared for prior studies. For example,
our endoscopic observations clearly show that particles
in the basal tracts, between the labial palps, in the buccal
region, as well as in the stomach are transported in the
form of a slurry. Previous reports of continuous mucous
strings or masses in these regions are incorrect (e.g.. Nel1960; Bernard, 1974; Beninger

that

son, 1923.

matter in the buccal region

and are probably a consequence of dissection which destroys the hydrodynamic properties of the slurry, causing
it to collapse into what appears to be mucus-bound par-

tracts or

between the palps.

is

higher than that in the basal
exposed the oyster

When we

et al,

1991)

SUSPENSION-FEEDING PROCESSES IN OYSTERS
tide-strings, sheets

and masses.

Similarly, the ciliated

of the oyster have never been described
before, probably because the lip-cilia are neurally controlled and cease to function normally after dissection.

on the

tracts

lips
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After capture, particles are transferred from the lateroon the frontal surface of

frontal cirri to the ciliated tracts

the ordinary filaments. Ribelin

and Collier (1977) sug-

observations of particle capture and

gested that captured particles must be transferred directly
to the fine-frontal ciliated tracts, which beat basally. before

transport allow us to reevaluate the previously published
concepts of suspension-feeding processes in C. virginica.

being moved to the coarse frontal cirri which beat towards
the gill margins. Our observations indicate that this se-

We

form and function, providing an integrated view of feeding
dynamics in this species. We show, in particular, how our
novel observations revise, refine and extend previous

quence does not always occur. Although many particles
were observed moving basally first and then reversing direction and moving marginally on the ordinary filaments,
other entrained particles immediately moved toward the

models of suspension-feeding mechanisms

gill

Our endoscopic

discuss below our

Panicle capture by the

combined observations of organ

in C. virginica.

gills

margins. This suggests that other mechanisms, in addition to the direct transfer of particles from the laterofrontal cirri to the fine frontal cilia, are involved in particle

Our

observations in vivo confirm the complexity of
particle capture and are consistent with previous hy-

capture

(e.g..

J0rgensen, 1990).

potheses concerning this process in bivalves with heterorhabdic gills (e.g., Owen and McCrae, 1976; Owen, 1978;

Particle transport by the gills

Beninger et a/.. 1992). In C. virginica. particles are captured by the gills in either of two ways: they can be drawn
directly into the plical troughs, or they can be captured

ious ciliated tracts of the

on the

Previous research on bivalves has shown that the var-

For example, using

transport particles differently.

gill

isolated heterorhabdic gills of several

plical crests (Fig. 6). Particles that enter the plical

bivalve species. J0rgensen (1976) noted that particles in

troughs directly are probably entrained by basally directed

the plical troughs move at a faster rate than particles on
the plical crests. In juvenile C. virginica, Menzel (1955)

currents produced by the fine frontal

and

transitional filaments.

capture on the

plical crests,

cilia

of the principal

The mechanism of

particle

however, seems to be more

and suggested

complex.

On

observed that particles in the marginal grooves
slower than the more discrete particles in the basal
that this

was due

to the greater

move
tracts,

amounts of
from the

the plical crests, particles are immediately captured

viscous

mucus

by the frontal surfaces of ordinary filaments, or they are
deflected away from those surfaces and "bounce" to ad-

ciliated

surfaces of other organisms indicate that the

jacent filaments (Fig. 6). "Bouncing" or "jumping" of
particles on the gill lamellae has been described previously

cus increases (Winet and Blake, 1980; Winet el a/., 1982).
Our in vivo observations confirm the findings of Menzel

in C. virginica (GaltsofT, 1964)

and

in several other bivalve

species (Atkins, 1937a; J0rgensen, 1975, 1976; Beninger
el a/..

The cause of this "bouncing" is not known,
phenomenon has been attributed to direct contact

1992).

but the

cilia or cirri (Atkins, 1937a; GaltsofT, 1964) and to
the influence of "local water currents produced by the
activity of the metachronally beating band of lateral cilia"

with

in the former. Similarly, data

transport rate of particles decreases as the viscosity of mu-

(1955) and J0rgensen (1976), and we suggest that such
variations in the speed of particle movement reflect functional differences (Table

The

I).

port systems: 1 ) the plical crest-marginal groove system,
(2) the plical trough-basal tract system. These two
(

systems can be distinguished based on the speed and uniformity at which they transport particles. Such differences
reflect the distinctive transport

anism responsible

as explained below,

"bouncing." J0rgensen
(1975, 1976) reported that "bouncing" occurred as particles passed between gill filaments and through the interfilamentary

spaces,

and

suggested

that

particle

a characteristic of "leaky" gills, such as
those treated with serotonin. Our observations, however,

"bouncing"

is

indicate that particle

"bouncing" occurs on the

frontal

surfaces of filaments, not between filaments, in
active

gills.

We

normal
suggest that such "bouncing" from one

ordinary filament to another maintains particles in sus-

pension above the plical crests and
flection into the plical troughs.

facilitates their de-

of the oyster can be

and

(Jorgensen, 1975, p. 216). Unfortunately, the resolution
of the endoscope was not sufficient to elucidate the mechfor particle

gills

conceptualized as being composed of two distinct trans-

mechanism of each system
and may be a consequence of ana-

tomical structure (see
Particles

on the

Ward

ci a/..

1993).

plical crests are

transported in close

association with the frontal surface of the ordinary

fila-

ments. These particles move uniformly at a mean velocity
of 120 nm s~'. In addition, particles on the same ordinary
filament can pass in opposite directions as some are directed basally by the fine frontal cilia, while others are
directed marginally by the coarse frontal cirri. This complex, bi-directional transport of particles is difficult to explain in
cociliary

hydrodynamic terms, but
transport.

Once

is

characteristic of

mu-

transferred to the marginal
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groove, particles are bound in a cohesive mucous string.
Particles within this string move uniformly and at a ve= 280 jjm -s ') similar to that of particles on
locity (X

We

the frontal surface of the ordinary filaments (Table I).
therefore conclude that mucociliary transport is respon-

moving particulate matter along both the
and the marginal ciliated grooves (Fig. 6).

sible for

crests

movement

In contrast, particle

and

basal ciliated tracts

is

less

in the plical

plical

AL

in our study. Menzel (1955), however, also
noticed that carmine particles were carried in both the

than that used

and marginal grooves of juvenile oysters, and
he concluded that selection does not take place on the

basal tracts

Obviously, more detailed endoscopic studies need
and with a wider range of particle sizes

gills.

to be performed,

and

types, to elucidate the role of the gills in selection.

troughs

uniform than on the

plical

marginal grooves, and panicle velocity is
3-5 times greater (Table 1). Because the plical troughs lie
deep within the plical folds, we had difficulty determining

Particle transfer from gills to labial palps

crest or in the

whether

all

particles in these troughs are transported in

suspension. At the base of the

The

gill-palp junctions are more
than previously recognized. Indeed,
the interactions between the gills and palps can control

basal

important

and marginal

in feeding

exit the plical troughs as individuals or as small aggre-

the quantity of material entering the buccal region in response to fluctuations in ambient particle concentrations.

gations,

and are immediately swept anteriorly, in suspenby currents in the basal ciliated tracts (Fig. 6). We
therefore conclude that hydrodynamic transport is pri-

For example, during periods of low seston

sion,

individual particles and small particle aggregations enter
the basal gill-palp junctions and are directed onto different

marily responsible for moving particles along both the
plical troughs and the basal ciliated tracts. This conclusion

regions of the palps for immediate ingestion or further
processing and sorting. Various ciliated tracts of the palps,
such as the smooth tract on the posterior edge, ensure

is

gills,

however, these particles

consistent with previous hypotheses of particle transport

in these

1976;

regions

Owen,

(Owen and McCrae,

bated

apices of the palps are usually in contact with the demibranchs and continually accept mucous strings from the

gills

role of the gills in particle selection has

in the literature for

many

years

(e.g..

been de-

Nelson, 1923:

Yonge, 1926: Atkins, 1937b; Menzel, 1955: Nelson, I960;
Newell and Langdon, 1994). In the oyster, the sorting of
particles based on size and other criteria centers around
the heterorhabdic nature of the

gills

tracts that beat in opposite directions

and the two ciliated
on the frontal surface

of the ordinary filaments. According to the current dogma,
small or more desirable particles enter the plical troughs

and are

carried by the principal filaments to the basal

and

ciliated tracts. Larger

less

desirable particles are

more

by the ordinary filaments, where
further sorting occurs. On the ordinary filaments, the fine
frontal cilia are thought to trap smaller, more nutritious
likely to be captured

particles

and

to transport

less nutritious particles

them

to the basal tracts, while

are transferred to the coarse frontal

and are then transported to the marginal grooves.
Our //; vivo observations do not fully support this tra-

cirri

ditional concept. First,

all

particles delivered to the oysters,

regardless of size or treatment, could enter the basal tracts
and marginal grooves. Second, all particles on the ordinary

were ultimately
the
coarse
frontal
cirri.
gill margin by
never observed particles entering the basal tracts via the
filaments, regardless of size or treatment,

We

carried to the

ordinary filaments, as suggested by Atkins ( 1937c) or by
Ribelin and Collier 1977). If size influences selection on
(

the

gills,

that particles are evenly distributed across the ridged,

sorting surfaces. At the marginal gill-palp junctions, the

1978).

Particle selection on the

The

1976; Jorgensen.

availability,

then the requisite size difference must be greater

marginal grooves. This material is pulled between the opposing palp lamellae for processing (Figs. 2A: 8B).
In contrast, during periods of high seston availability

when

are over-loaded or the ingestive capacity is
excess particles that enter the basal gill-palp
junctions are directed onto the marginal ciliated indentations of the demibranchs and carried posteriorly. Pos-

the

gills

exceeded

terior transport

of this material ceases

at the inflection

point where the marginal ciliated groove and marginal
ciliated indentation meet, and rotating mucous balls form.
If the apices of the palps are retracted from the demibranch

margins, the rotating

mucous

balls

continue to grow.
and onto

Eventually, these balls are swept off the margins

the mantle by pallial water currents, to be rejected as

pseudofeces. Alternatively, mucous balls and strings can
lifted from the demibranchs by the palps and transported anteriorly, along the distal margins, directly to

be

pseudofeces rejection tracts on the mantle. Menzel (1955)
and Galtsoff (1964) observed such "food balls" or
"masses" at the marginal gill-palp junctions, but con-

cluded erroneously that these were produced by the palps.
Furthermore, Galtsoff ( 1964) indicated that this material
was transported posteriorly along the distal margins of
the palps to the apices.
that

this

report

anteriorly along

is

Our

observations clearly indicate
Material is transported

incorrect.

most of the palp margins, from the

apices to points posterior to the fusions with the lips
(Fig. 8 A).

SUSPENSION-FEEDING PROCESSES

Many previous reports have suggested that the marginal
grooves of the oyster collect material destined for rejection,
whereas the basal tracts accept material destined for
ingestion
tions

and

Ribelin and Collier, 1977).

(e.g..

show

that this concept

highly dependent

is

on

is

Our

observa-

not completely accurate

particle concentration.

For

low particle concentrations, mucous strings
from the marginal grooves can be drawn into the labial
palps, the entrapped particles dispersed and ingested. At
at

example,

when

high particle concentrations,

junctions
tracts

become overloaded,

the basal gill-palp
from the basal

particles

can be diverted posteriorly along the marginal

dentation, incorporated into

mucous

balls,

and

in-

rejected

as pseudofeces.

Our

findings

(

1

)

that the marginal groove effectively

IN

(1974) for C. gigax. Using a hand-held cystoscope (en-

C

hours of video showing the opposing lamellae of the palps
aration
7),

(e.g.. Fig.

when

gill-palp

strings

from

reaching the anterior termination of the gills and entering
the basal junctions. The prevalence of this condition

not known. But Atkins (1937a),
among
with
the
protobranch bivalve Nuculana ininuta
working
Miiller, reported that cilia lining the axial grooves of the
the Bivalvia

primitive

beat anteriorly up to the twelfth pair of

from the anterior end. From that point on, the

leaflets
cilia

gills

is

lips

that the alternating positions have a functional signifi-

When the two lamellae are appressed, particles between the palps are in close proximity to both ridged sur-

cance.

and

sorting and anteriorward transport occurs.
the lamellae separate, paniculate matter moves to
occupy the semi-enclosed space between the opposing
faces,

pothesized by Newell and Jordan ( 1983), the palps reduce
the cohesiveness of mucous strings and aggregations, and
disperse the entrapped particles. Sorting and selection of
individual particles by the palps is therefore possible. Our
observations of the off-surface posterior movements of
particles between the labial palps are similar to those of

Galtsofff 1964),

who

described opposing currents along

the lateral oral grooves of the palps. In undissected oysters,

however, the countercurrent is clearly much stronger and
extends from the lateral grooves to the distal margins of
the palps. This countercurrent transports particles from
the anterior portion of the palps to the smooth ciliated

edge (Fig. 8B) and probably allows
particles to be cycled over the active ridged surfaces several
times before being ingested or rejected. Such a recircutracts at the posterior

mechanism would

sorting

Our

and

and

this

suspended slurry

posteriorly for resorting (Fig. 8B).

is

then transported
off-surface flow

The

may be due to the lateral cilia of the gills, which generate
the normal feeding currents of the oyster. When the palp
lamellae separate slightly, water could be drawn from between the palps towards the

gill,

carrying the slurry pos-

teriorly.

Food

particles enter the buccal region in the

form of a

slurry. Insertion of the inner lip ridge into the outer lip
forms a "hood" over the buccal region and prevents sus-

from being dispersed. The cilia on the
and
outer lip tract direct food orally and
lip ridge
further reduce the possibility of particles escaping from
the buccal region (Fig. 5B). These findings support the
964), who suggested that the lips
hypothesis of Gilmour
of most monomyarians are modified to enclose the proximal oral grooves and to prevent food that is entering the
mouth from being dislodged and lost.
Activation and deactivation of cilia on the palp ridges
and lips of the oyster was observed many times, in vivo.
during our study. Such spontaneous inhibition of pallial

pended

particles

( 1

Material between the labial palps is composed of individual particles and small particle aggregations. As hy-

lative

two lamellae are appressed the opposing sur"one entity, rather than two

inner

beat posteriorly.

Panicle transport and selection by the labial palps

and

B).

separate surfaces, [and] the result of ciliary activity is different." Our observations support this idea, and we suggest

surfaces,

junctions and prevents mucous

the

4A,

faces can be thought of as

on the marginal indentation and anteriorly

marginal

and slight sepAs noted by Bernard (1974, p.

alternating between close approximation

When

in the
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doscope), Bernard (1974) observed that each pair of labial
gigas was "always closely appressed."
palp lamellae of
During the present study, however, we recorded many

terminates at the inflection point of each gill demibranch,
and (2) that the cilia of the demibranch beat posteriorly
groove, are particularly important. This anatomical arrangement serves to remove excess particles from the basal

OYSTERS

increase the efficiency of particle

selection.

observations on the motion of the labial palps of
from those reported by Bernard

C. virginica differ slightly

organ cilia has been reported previously (Menzel, 1955;
Nelson. I960; Galtsoff, 1964). but the behavioral and
physiological factors that elicit variation in ciliary activity
are not clear. On one occasion we found that ciliary ac-

on the inner lip ridge and outer lip tract was stimulated by the presence of the diatom Chaetoceros muelleri.
suggesting that activity in this region is mediated by food

tivity

material.

The

crease in the

activity

to metabolites

search

was perhaps a response

number of

to an in-

particles in the pallial cavity or

produced by the diatoms, but further

required to elucidate this behavior.
Regardless of the stimulus, the important point

re-

is

the cilia

on the palp

is

that

and those on the lips are inThese findings suggest that the

ridges

dependently regulated.
oyster is capable of discontinuous ingestion. Particles can
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be removed from suspension and pseudofeces can be produced without ingestion taking place. Furthermore, ciliary

on the palps continues after dissection, but that
on the lips ceases to function normally. J0rgensen (1975)
demonstrated that gill cilia of the mussel, Mytilus eilulis.
are under inhibitory nervous control. We suggest that cilia
on the lips of C. virginica are also under direct neural
activity

AL.

In the basal tracts, particles are transported

But the

in a slurry.

necessarily
dic

gills

mean

suspended

suspension of particles does not
that mucus is absent. In the heterorhabfree

of the scallop, Placopectcn magellanicus (Gmelin),

mucocytes that secrete a low viscosity mucus have been
identified on the principal filaments and in the dorsal
(basal) tracts (Beninger ct

a/..

mucus

1993). In addition,

control.

has been chemically identified in the slurries that are

Particle ingestion

transported in these tracts (Beninger ct a/.. 1992). In the
scallop, therefore, transport along the dorsal (basal) tracts

Material in the buccal region and alimentary canal

suspended

in a slurry.

is
is

No continuous mucous strings were

ever observed in these regions, and no strings were observed wound around the crystalline style. Such a mech-

anism has been proposed by previous workers to explain
the ingestion of mucus-bound material by bivalves, and
was termed the "capstan (or windlass)" model (Orton.
1923; Morton. 1960: Purchon. 1977). Our in vivo observations, however, clearly indicate that this

mechanism

does not operate in C. virginica. Rather, a particle slurry
is carried through the mouth and into the stomach, probably by the action of cilia that line the alimentary canal.
Our findings are consistent with the chemical nature

of the alimentary canal and the mechanical properties of
mucus. The pH of the esophagus and stomach of oysters
ranges from 5.0 to 6.0 (Yonge, 1926: Galtsoff, 1964). and
the isoelectric point and minimum viscosity of mucus
falls

within this range (Yonge. 1935).

The

slightly acidic

stomach, therefore, would keep the viscosity of the mucus-water slurry low and the accompaconditions

in the

nying particles suspended. In the stomach this slurry

Yonge

(1926) and Nelson (1925). Rotation of material

in the

stomach probably enhances extracellular digestion and
facilitates contact with the food sorting areas where pardirected into the intestinal groove or into the

ducts that lead to the digestive diverticula.

The

We

conclude that mucus plays an important role in
the feeding process of oysters notwithstanding recent suggestions to the contrary (Jorgensen. 1990). Particle movevelocity

on the ordinary filaments are consistent

with mucociliary transport. In the marginal grooves,
terial is clearly

which

bound

in a

continuous mucous

ma-

string.

transporting food material across
the marginal gill-palp junction to the labial palps, and in
rejecting excess material as pseudofeces. The viscoelastic
is

important

in

nature of the mucous string facilitates this process, enabling the string to bend around pallial organs and stretch
across spaces between demibranchs while continuing to
transport particles

(e.g.. Fig.

9C).

is

mucous

a

present between
the palps, in the buccal region, and in the stomach. The
presence of mucus in these slurries can be inferred from
99 ), who identified active
the work of Beninger el ui
(

mucocytes and mucus
esophageal regions of
('.

in

1

is

1

the peribuccal, buccal. and

five species

of bivalves, including

virginica.

Our conclusion about

the importance of mucus

is

sup-

ported by the rheological properties of this gel. As an amphoteric compound, the viscosity of mucus can change
appreciably due to changes

in the

pH

of the

medium

(Yonge, 1935). In addition, hydration, shear rate,

and the

type of mucopolysaccharides and concentration of glycoproteins produced by secretory cells can affect the viscosity of

mucus

(Litt ct

<//..

1977; Mitchell-Heggs, 1977;

Silberberg, 1982; Beninger ct

a/..

1993).

Changes

in vis-

can dramatically affect the rheology of
mucus, the properties of which can range from Newtonian

cosity, in turn,

(hydrodynamic) to non-Newtonian (viscoelastic: e.g.,
Winet and Blake. 1980). Thus, mucus is an ideal substance
in which to transport particles. Variations in the viscosity
and cohesiveness of mucus give the oyster maximum
flexibility in rejecting, ingesting, and processing paniculate

matter.

Conclusions
Suspension-feeding in the eastern oyster C. virginica is
accomplished by the coordination of both mucociliary'
and hydrodynamic processes. Particles removed from

role of mucus in feeding

ment and

medium

slurry. In the oyster, a similar slurry

is

swirled by the rotating style, as was suggested by

ticles are

by hydrodynamic action, but the

suspension are transported along the gills and to the labial
palps in two different forms, mucous strings and slurries.
palps reduce the cohesiveness of mucous strings and
and disperse the entrapped particles.
Paniculate matter between opposing labial palp lamellae

The

particle aggregations,

is

not bound in cohesive mucus, so sorting and selection
is possible. Particles in the buccal

of individual particles

region and alimentary canal are also suspended in a slurry.
Particles can be routed in a variety of directions on the
pallial

organs and, together with independent control of

ciliary activity

maximum

on the

labial palps

and

lips,

allows the oyster

flexibility in particle processing,

production, and ingestion.

pseudofeces
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Adult Snapping Shrimps
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Abstract.
The paired, bilaterally asymmetric snapper
and pincer claws in the adult snapping shrimp Alpheus
heterochelis were simultaneously autotomized at the beginning of an intermolt, and the resulting growth of the
limb buds was characterized into several stages. At the
next molt the limb buds emerged as newly regenerated
claws of the same morphotype as their predecessors. Next,
the paired claws were autotomized sequentially, with the
second autotomy timed to different stages of limb bud

than the remaining thoracic limbs and are bilaterally
asymmetric, consisting of a pincer and snapper claw. The

growth at the first autotomy site. When the snapper is
autotomized and a limb bud varying from stages
to 5
is allowed to develop at this site before the pincer is removed, the paired claws regenerate in their previous con-

crushing the shells of bivalves (McLaughlin, 1982). The
contralateral pincer claw is smaller and used primarily in

figuration. Similarly, claw asymmetry is retained when
the pincer claw is removed first and an early limb bud

shrimps, and the snapper appears with equal probability
on the right or left side of the animal. However, hand-

(stage 1-2)

is allowed to form at this site before the snapper
autotomized. However, claw asymmetry is reversed if
an advanced limb bud (stage 3-5) is allowed to form at

edness

is

when

before the snapper claw is removed. Under
these conditions a snapper regenerates at the pincer site

which

snapper

at the

snapper

site.

Because the limb bud

hypertrophied structure almost half
is specialized into a pow-

snapping tool; a hammer on the dactyl plunges into
a matching socket on the pollex, resulting in a loud popping sound (hence the name snapping shrimps) and a jet
stream of water (Hazlett and Winn, 1966). The snapping
behavior is used in agonistic encounters and also in

burrowing and feeding (Read and Govind, 1991).

Claw

laterality, or

may

handedness,

is

random

in

snapping

be switched in adult shrimps. This happens
is removed at the beginning of an

the snapper claw

intermolt and in

its

place a

new limb bud

regenerates

molt unfolds into a pincer claw, while
the contralateral intact pincer claw is transformed into a

site

and a pincer

much

a

erful

1

the pincer

is

the size of the entire animal and

at the next

snapper claw (Przibram, 1901; Wilson, 1903). When only
is removed, a new pincer regenerates in
its place; when both claws are removed, the regenerates

at

snapper rather than a pincer, claw transformation has occurred, with the stage 35 limb bud substituting for an intact pincer. Therefore,

the pincer claw

this pincer site regenerates as a

in the

appear

The

same morphotype

as their predecessors.

the minimal requirement for pincer-to-snapper transformation is a stage 3-5 limb bud.
postulate that the

procedure of removing both claws within an
intermolt was used in an original and imaginative manner

newly transforming snapper claw restricts regeneration at
the contralateral old snapper site to a pincer, thereby ensuring that claw bilateral asymmetry is present, albeit re-

by Darby (1934), who varied the time interval between
the two autotomies in the tropical shrimp Alpheus armillatus. These shrimps live off the coast of Bahama in
ocean temperatures of 28-30C and have an intermolt
period of 10.5 days, or 252 h. His findings may be summarized as follows. In the experiment in which the snapper
claw is removed first and then the pincer claw, despite
varying the time interval between the two autotomies from

We

versed.

Introduction

The

first

pair of thoracic chelipeds, or claws, in adult

snapping shrimps of the Alpheid family are

much

larger

latter

20-120
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h, the

paired claws regenerated in their previous

configuration.

Autotomy of the pincer claw beyond 20 h
1
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Materials and Methods

autotomy of the snapper did not allow for a sufficiently advanced limb bud to form on the pincer site, and
after

Adult snapping shrimps of the species Alpheus heterwere collected from the tidal pools around

a claw failed to regenerate at this site at the next molt.

Thus, sequential removal of

first

the snapper and then

the pincer within a single intermolt was similar to simultaneous removal of both claws, as both procedures resulted
in the regeneration of paired

figuration (Wilson. 1903;

claws in their previous con-

Govind etui.

Darby (1934) removed
and then at varying
the snapper claw was re-

the pincer claw, soon after a molt,

time intervals the snapper. If
moved up to 29 h after pincer autotomy. the paired claws
regenerated in their original configuration. Later removal
of the snapper claw led increasingly to a reversal of claw

asymmetry; i.e., a pincer regenerated in place of the pristine snapper claw and a snapper regenerated in place of
the pristine pincer claw. Thus, when the snapper claw was

removed 33 h after pincer autotomy. reversal of asymmetry was seen in 50% of the animals; removal 40 h and
72 h after pincer autotomy produced reversal in 67% and
100% of the animals respectively. In these experiments in
which the paired claws are autotomized sequentially, those
with the shorter time interval between pincer and snapper

autotomy are equivalent to removing both claws
same time, because claw asymmetry is retained

at the

in the

previous configuration, whereas those with the longer time
intervals are equivalent to removing the snapper alone,

because asymmetry

is reversed. During these longer time
what transpires that leads to reversal?
One of the events that transpires after a claw has been
autotomized is the formation, at this site, of a limb bud
that develops during the intermolt and emerges as a new

intervals,

claw

at the

and shipped to our laboratory
Ontario.
The
animals were held in 25-1
Scarborough.
with
a
bottom gravel filter and
glass aquaria equipped
Beaufort, North Carolina,

in

partitioned into 12

1986).

In another series of experiments
first

oc/ielis (Say)

next molt. Because reversal of claw asymmetry

(Govind

el a/.,

compartments with fiberglass screens
The aquaria were filled with artificial

1986).

seawater that was kept at
specially prepared diet

and

hearts, carrots

room temperature (22C). A
mash of chicken livers

a blended

and commercial

cereal

was

fed to

the animals daily, and occasionally live food was provided
in the form of Tubifex worms. The shrimps were sexed

on

arrival in the laboratory

captivity

and

their

molt history during

was recorded.

Shrimps of both sexes were used, and only those with
and snapper claws were selected.
These animals were allowed to molt twice before being
used; this ensured that the claws were pristine, because
earlier studies Read and Govind, 1991) have shown that
well-differentiated pincer

(

at least three intermolts are required for a

newly regenerated limb to be fully differentiated. These claws are regarded as pristine in the present report (Fig. 1A). In our
laboratory, the intermolt period

was between 14 and

26 days (an average of 18.2 days) at 22C.
Removal of a claw was accomplished by gently pinching
the limb near the base of the merus, thereby inducing the
animal to autotomize the claw at a preformed fracture
plane.

The following experiments were performed using

this procedure.

A day or two after a molt, the paired claws were
removed within minutes of each other; this is regarded as
(

1

)

involves transformation of an existing pincer claw into a
snapper, we considered the possibility that a limb bud

may

serve in place of an intact pincer as a suitable target

for transformation.

This would explain Darby's (1934)

findings that claw

asymmetry reverses at the longer time
intervals between pincer and snapper autotomy, because
a limb bud has had time to form at the pincer site. To
test this hypothesis, we monitored the development of
limb buds

moved

at the

autotomy

sites

when both claws

are re-

simultaneously, producing a chart for limb bud

we repeated Darby's experiments but, rather than removing the second claw
based on the time elapsed after removing the first claw,

growth. Using this growth chart,

we removed
bud growth

the second claw at different stages of limb
find that the
autotomy site.

at the first

We

presence of a sufficiently advanced limb bud at the pincer
site when the snapper is autotomized leads to reversal of

claw asymmetry, thereby explaining Darby's results. Additionally, our results demonstrate, for the first time, that
the

minimum

formation

is

requirement for pincer-to-snapper trans-

a limb bud.

pincer

pincer snapper

Representative pristine (A) and newly regenerated B) pincer
Figure 1
and snapper claws showing the hypertrophied snapper with the characteristic plunger on its dactyl (arrow). Pristine claws are asymmetric in
size, whereas the newly regenerated ones are similar in size and substan.

tially smaller.

(

Scale 3

mm;

magnification X5.5.
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243

simultaneous autotomy. The regenerating limb buds at
sites were monitored daily and sketches were made

SNAPPER

PINCER

both

were subsequently categorized into a

that

series

of devel-

opmental stages. The regenerating limb buds were also
measured, in blind observations, under a dissecting microscope with a calibrated eyepiece. To reduce the chance
of damaging the very delicate limb buds by repeated handling,

measurements were made

at

3-4 day

intervals.

Even

of the 27 animals suffered damage to the buds and
were excluded from the study. To compensate for differso,

1

1

ences

in

animal

size,

limb bud measurements were ex-

pressed in terms of a regeneration (R) value where R
= (limb bud
length/carapace length) X 100 (Bliss. 1960).

Within one or two days following a molt, the snapclaw
was removed and the regenerating limb bud at
per
this site was monitored daily. Next, the pincer claw was
removed at varying stages of limb bud growth at the old
snapper site. Of the 52 animals subjected to these se-

2

1

45

3

(2)

quential autotomies, 38 successfully regenerated paired
claws at the next molt.
(3)

The experimental protocol was

first

autotomized

BUD STAGES

Stages in the regeneration of a limb

daw

bud

at the site

of an

snapping shrimps. The development of the
limb bud. although a continuous process, has been categorized into six
(1-6) separate stages based on external landmarks; at stage 6 the limb
buds are differentiated into snapper and pincer types (see text for dein adult

scription of each stage).

2.

per claw was removed. Twenty-four of 36 animals successfully regenerated paired claws at the next molt.

Stages oj limb bud regeneration

Following autotomy of a claw, a new limb gradually
The limb bud that forms is covered

regenerates at the base.

flexible cuticular coat that persists

the intermolt and

throughout

discarded only at the molt. Limb bud
formation begins immediately as a small papilla (stage )
is

1

that enlarges into

an apical blastema (stage

The blastema elongates and acquires a

claws results in the regeneration of the paired claws in
their previous configuration, these studies did not report

on the growth of the limb buds.

We

repeated this exper-

iment by autotomizing the paired claws within minutes
of each other, one or two days after a shrimp had molted,

Results

by a tough

2.

similar to that in

except that the pincer claw was removed
and at various stages of its limb bud growth the snap-

experiment

LJMB
Figure

2) (Fig. 2).

club-like appear-

ance

distally. In the next stage (stage 3), a longitudinal
furrow appears in the distal tip, marking the beginning
of segmentation by dividing this region into the putative

and propus segment. This is followed by the
appearance of a series of transverse furrows along the
length of the limb bud (stage 4). By stage 5, segmentation
dactyl

complete and the limb has acquired typical pincer-like
proportions. Further differentiation into a snapper-type
claw is marked by the characteristic appearance of a

and monitoring limb bud growth in the ensuing intermolt.
Limb bud growth was qualitatively similar on the two
sides and followed the criteria listed above. Moreover, the
regenerate limb buds of the two sides were also similar in
length throughout the intermolt (Fig. 3). At specific times
during the intermolt. either the snapper or pincer bud
would be slightly more advanced, but there was no con-

and frequently both buds were equal in
these limb buds unfolded as claws at the next

sistent pattern
size.

When

molt (Fig. IB), they were much smaller than their predecessors (Fig. A) but otherwise similar in morphotype.
In all 16 of the 27 animals that successfully regenerated
1

paired claws, the previous asymmetric configuration was
retained (Fig. 4A).

is

plunger on the dactyl and a matching socket on the pollex
in the case of a pincer-type claw, the
of
a
appearance
fringe of hair on the propus and dactyl
of male shrimps. These six stages represent the major ex-

(stage 6) and,

landmarks in the regeneration of a claw and were
used as markers in the present study.

ternal

Simultaneous mapper and pincer autotomv

Although earlier experiments (Darby, 1934; Govind et
al., 1986) had shown that simultaneous autotomv of both

Snapper autotomy followed by pincer autotomy
In this experiment, the snapper claw was autotomized
one or two days after the shrimp had molted, and the
pincer claw was then autotomized at different stages of
limb bud regeneration on the snapper side. Thus, the pincer was removed at each stage of limb bud growth classified
as stages

1

to 5.

Of the

claw was autotomized

33 animals in which the pincer

limb bud stages, 24
animals successfully regenerated both claws. In all cases,
at different

the paired claws mimicked their previous configuration.
In a few additional trials, the pincer claw was also re-

moved when

the limb

bud

at the

snapper

site

was

at stage

244
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RNCER

The results of this series of experiments may be summarized as follows (Fig. 4C): removal of the snapper claw
when a limb bud of stage 1-2 is present at the pincer site

SNAPPER

results in retention

of claw asymmetry at the next molt
more of the experimental animals, but removal
of the snapper claw when a limb bud of stage 3-5 is present
in

50

S

READ

A. T.

50%

at the

40

all

or

pincer

site results in reversal

of claw asymmetry in

of the experimental animals.

30

Discussion
20

When the paired claws were removed sequentially
within an intermolt, they regenerated in their previous

10

configuration

24

6

8

10

12

16

14

NUMBER OF DAYS
Percent regeneration of snapper and pincer limb buds in
autotomy of both claws. Percent

Figure 3.

adult shrimps following simultaneous

bud length/carapace length)
of 128 limb buds were measured from 16 animals; each

regeneration was obtained as follows: (limb

X

100.

A

total

data point represents an average of 4-5 measurements.

if the snapper was autotomized first and a
limb bud allowed to form at this site before the pincer
was autotomized, providing there is enough time to re-

generate a claw at the second site. This is the same as
when the paired claws are autotomized simultaneously,

two sides regenerate
and claw asymmetry is retained.

the limb buds on the
rates,

paired claws also regenerate in their previous configuration when the pincer is removed first and an early

for

limb regeneration.
is

removed

leads

to the regeneration of the paired claws in their previous

configuration (Fig. 4B). In effect, this is similar to simultaneous autotomy of the paired claws, where the limb
buds form at equivalent rates on the two sides and claw

asymmetry

is

retained as described above.

paired claws regenerate in the reversed configuration in
100% of the animals when the pincer is removed and a
(stage 3-5)

at this site before the

is

allowed to form

removed. This

is equivsnapper
in
the
of
an
intact
the
snapper
presence
removing
in
claw
transforms
which
case
the
existing pincer
pincer,
into a snapper at the next molt and a new pincer regen-

is

alent to

erates at the old snapper

site.

A

stage 3-5 limb

bud

at the

therefore acts like an intact, fully formed pincer
pincer
claw in that they both transform into a snapper claw in
site

response to removal of the contralateral snapper claw. In
other words, a stage 3-5 limb bud is a suitable target for

Pincer autotomy followed by snapper autotomy
In this experiment, the snapper claw

allowed to form before the snapper

or

more advanced limb bud

Thus, allowing a limb bud to develop to an advanced
stage at the snapper site before the pincer

is

more of the animals. This is equivis removed
50%
alent to removing both claws at the same time. However,
in

was not enough time

equivalent

The

limb bud (stage 1-2)
6 and already differentiated into a pincer claw. In these
animals, a pincer appeared at the old snapper site, but a
claw failed to form at the old pincer site because there

at

was autotomized

of limb bud regeneration on the pincer
side following autotomy of the pincer claw. At the next
molt the morphotype of the newly regenerated paired
at different stages

claws was assessed in terms of retention or reversal of

claw asymmetry. The results (Table I) show that with increasing time interval between removal of the paired claws,
and hence increasing limb bud development, claw asym-

transformation.
Stage 3 limb buds are characterized by a longitudinal
furrow marking the beginning of division of the two most

segments, the dactyl and propus. The more proximal
segments carpus, merus, and basi-ischium are delindistal

eated in stage 4 buds, and segmentation is complete with
final delineation of the dactyl and propus in stage 5 limb

stage

buds. Although the most advanced stage 4 and 5 limb
buds resemble an intact pincer limb in possessing all of

advances, the proportion of claw reversal increases until
100% reversal is reached at stage 3-5 limb buds.

the segments, stage 3 buds with just the beginning of segmentation least resemble an intact limb; yet a stage 3 bud

metry was

reversed. In other words, as the limb

Removal of the snapper claw when
already sufficiently

advanced

bud

the limb

bud

is

to be discernible as a pincer

type (stage 6) does not result in transformation; the limb
bud at the pincer site unfolds as a pincer claw, whereas
the snapper site lacks a newly regenerated limb or limb

bud because of insufficient time

for regeneration.

be signaled into developing as a snapper. It would
appear that the transforming signal released with auto-

may

tomy of the snapper claw can

influence the differentiation

of tissue, not only in intact pincer claws, but also in a
developing limb bud at the pincer site. Thus, for example,
the intact pincer claw has a closer muscle whose mixture

molt

molt

Snapper& pincer autotomy:

Regenerate:

pincer

B
molt

molt

Snapper autotomy followed by pincer autotomy:

Pristine:

Regenerate:

stage 1-5

snapper

limb

bud

molt
Pristine:

molt

Pincer autotomy followed by snapper autotomy:

Regenerate:

stage 1-2
limb

bud

snapper
pincer

stage
limb

3-5

bud

Pictorial representation of the configuration of the paired, asymmetric pincer and snapper
Figure 4.
claws of adult snapping shrimps in the following experiments. (A) Pincer and snapper claws autotomized
simultaneously; regenerate claws appeared in the pristine configuration. (B) The snapper claw was autotomized

and. at different limb hud stages at this site, the contralateral pincer claw was autotomized: the regenerate
claws appeared in the pristine configuration. (C) The pincer claw was autotomized and, at different stages
in the

formation of a limb bud

in the pristine

at this site, the snapper claw was autotomized; the regenerate claws appeared
configuration with stage 1-2 buds and in the reversed configuration with stage 3-5 limb buds.
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the pincer claw
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Hemocyte Aggregation in the Solitary Ascidian
Halocynthia roretzi: Plasma Factors, Magnesium Ion,
and Met-Lys-Bradykinin Induce the Aggregation
HIROKI TAKAHASHI, KAORU AZUMI,

AND HIDEYOSHI YOKOSAWA*

Department of Biochemistry, Faculty of Pharmaceutical Sciences, Hokkaido University,
Sapporo 060, Japan

We

have been investigating the defense mechanisms of
the solitary ascidian Halocynthia rorctzi. in which hemo-

Hemocytes of the ascidian Halocynthia roretzi
undergo aggregation in hemolymph that has been collected from the body through the tunic. To investigate
Abstract.

the

mechanisms involved, we

first

cytes play an important role.

two methone method,

ods of measuring hemocyte aggregation. In

The hemocytes contain two

antimicrobial substances (Azumi

established

hemagglutinin

that

can

1990a, b) and a

ct ai,

agglutinate

The hemocytes

various

bacteria

hemocyte aggregation was quantified by its reduction of
light scattering intensity as measured with a fluorescence

(Azumi

spectrophotometer. In the other method, the increase of
transmittance accompanying aggregation was measured
with an ELISA reader. We found that ascidian plasma,

1979), a self and nonself recognition reaction (Fuke, 1980),
and an enzyme release reaction (Azumi et ai. 1991b,
1993). Body fluid does not coagulate after the tunic of//.
roret:i is injured, but the hemocytes do aggregate upon

Mg:+

et ai,

199

la).

also

undergo several

cellular defense reactions, such as phagocytosis (Fuke,

and Met-Lys-bradykinin can induce the hemocytes
The aggregation induced by any
of these three substances was inhibited by EDTA, Nethylmaleimide, and cytochalasin B. Lipopolysaccharide
had little inducing effect. We also demonstrated that, when
H. roretzi plasma was treated with trypsin, low molecular
weight aggregation-inducing substances were produced.
These results suggest that metal ions and peptide-like sub,

injury to the tunic or

of//, roretzi to aggregate.

when hemolymph

through the tunic. This aggregation appears to

is

collected

be a cellular

defense reaction that arrests bleeding. The mechanisms
of hemocyte aggregation, however, have not yet been
clarified.

Here we report two methods of measuring hemocyte
aggregation of H. rorelii that have enabled us to char-

stances present in the hemolymph play essential roles in
the progression of hemocyte aggregation of H. roretzi.

acterize factors that are involved in the aggregation.

We

found that ascidian plasma, Mg 2t and Met-Lys-bradykinin can induce the aggregation of ascidian hemocytes.
,

Introduction

Materials and Methods

Coagulation of body fluid (hemolymph) in some species
of invertebrates is analogous to blood clotting in vertebrates (Boolootian

and Giese, 1959; Young

el a/..

Hemolymph and hemocytes

1972;

Solitary ascidians, H. roret:i, were harvested in

Earwig, 1985; Levin, 1985; Iwanaga, 1993). Coagulation
thought to prevent the loss of hemolymph from a

Bay,

wound, and

on

is

it

may

also immobilize

microorganisms that

invade the body. In animals such as mollusks (Bayne,
198 ), however, hemolymph coagulation does not occur,

Aomori

ice for at least

molymph
*

Author

to

30 min before collection of hemolymph

and the animals were

(

1

ml) was collected from the space just beneath

the epithelium at the tunic papilla through a 5-ml disposable plastic syringe with a 23-gauge needle. The total

June 1993; accepted 6 April 1994.

whom

Mutsu

ascidians were chilled

kept on ice during the experiment. The tunic matrix was
extensively washed with seawater, and a sample of he-

although the hemocytes do aggregate.

1C)

The

to reduce the rate of aggregation,

1

Received

Prefecture, Japan.

reprint requests should be addressed.
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hemolymph (50-100 ml) was also collected from individual animals: a cut was made in the tunic matrix, and the
animals were allowed to bleed into 0.56 A/NaCl containing 2.1 mM EDTA at pH 5.2 (EDTA solution). The

EDTA and low pH

prevented the hemocytes from aggre-

The volume of EDTA

solution was equal to that
of the original hemolymph. After centrifuging (800 X g,
lOmin) this twofold-diluted hemolymph, the resulting

gating.

pellet

(hemocytes) obtained from each animal was gently
21
2+
5 ml of Ca -, Mg -free Herbst's artificial

washed with

2+

seawater

mM

9.4

Mg

(Ca -,
KC1, 32

2+

mM

-free

mM NaCl,
3.2 mM NaHCO,,

HASW;

Na : SOj. and

450

2+

was then suspended individually in Ca -,
hemocytes in the individual sus6
pension were counted and adjusted to about 5 X 10

pH

Mg

7.6), and
2+
-free

HASW. The

cells/ml.

Chemicals

gree of aggregation was defined as the difference in the
transmittance ( T) calculated from ,4405 before and after

- (T405) Percent
[(r405) M
].
aggregation in the presence of each inducer was calculated on
the assumption that the degrees of aggregation observed
incubation

at

20C

,

mM

and absence of 2
MgCl : were defined
100% and 0%, respectively. Experiments were performed in triplicate, and the mean was calculated.

in the presence

as

Plasma treatment

We

used various preparations of plasma as inducers of
aggregation: Intact plasma was prepared by centrifuging
the hemolymph exuded from a cut made in the tunic and

EDTA. Reacted plasma
was prepared by centrifuging the hemolymph after its
hemocytes had been completely aggregated by incubation
collected into a solution lacking

with agitation for 30 min at 20C. Acid- or alkali-treated
plasma was exposed to acid (pH 1) or alkali (pH 1) for
one hour at 4C and neutralized. Heat-treated plasma
was heated to 90C for 5 min. And dialyied plasma was
1

Bovine pancreatic trypsin, cytochalasin B, kyotorphin.

dynorphin

(RODS

(1-8),

peptide),

formyl-Met-Leu-Phe, Arg-Gly-Asp-Ser
and ADP were obtained from Sigma

Chemical Co. (St. Louis, Missouri). Lipopolysaccharide
(LPS) from Escherichia coli 026:B6 was purchased from
Difco Laboratories (Detroit. Michigan). ACTH was from

Bachem Feinchemikalien

AG

(Bubendorf, Switzerland).
E
and
Peptide
metorophinamide were from Peninsula
Laboratories, Inc. (Belmont, California). Other biologically active peptides, such as Met-Lys-bradykinin, Met-

1

placed in dialysis tubing (10,000 molecular weight cut2+
2+
off) and incubated overnight, at 4C, against Ca -, Mg free

HASW.

Low

molecular weight substances were produced from
plasma by treatment with trypsin as follows: Intact plasma
or dialyzed plasma was treated with 0. 1 mg/ml trypsin at
for 4 h. The reaction mixture was filtered through

20C

enkephalin, and bradykinin potentiatorC, were obtained
from the Peptide Institute (Osaka, Japan).

membrane (10.000 molecular weight cut-off)
by centrifugation (2700 X g, h); the filtrate contains the
low molecular weight substances, but does not contain

Measurement ofhemocyte aggregation

the trypsin (molecular weight. 23,000) and other high
molecular weight substances present in the plasma. The

Method A: The hemolymph. or a suspension of hem2+
2t
6
ocytes in Ca -, Mg -free HASW (1 ml. about 5 X 10
cells/ml),

was added

15C. The hemocyte suspension was

promote aggregation, and the hemocyte
aggregation that occurred spontaneously, or that was induced by addition of 100 ^1 of an inducer, was monitored
stirred gently to

by

light scattering

at

400 nm.

Method

Mg

2+

-free

with excitation at 380

inducing effect on hemocyte aggregation of the filtrate
containing low molecular weight substances was tested.

nm

and emission

Results

Aggregation of hemocytes

B:

90

n\

HASW

of a suspension of hemocytes in
(1

X

10

7

cells/ml)

and incubated

was added
at

Ca 2+ -,

to each

4C for 30 min

hemocytes to attach to the bottom. The plate
was placed on a Bio-Rad 2550 ELISA reader, and the
absorbance at 405 nm [(,-J405) was measured. After 10 n\
of inducer was added to each well, the plate was shaken
to allow the

]

20C

for 10

min

to

promote aggregation and

was then kept standing at 20C. After 50 min, the absorbance at 405 nm [(.1405) 60 was again measured. The de]

in

hemolymph

Whether the hemolymph of//, roretzi was collected by
and needle or through a cut made in the tunic,
aggregation of the hemocytes was observed under the misyringe

croscope. In the

containing

well of a 96-well plate

gently at

1

to a cuvette that contained a stirring

bar and had been placed in a Hitachi 650-60 fluorescence
spectrophotometer equipped with a holder controlled
thermostatically at

a Centricut

many

initial stage

of aggregation, hemocytes

vacuoles with filament-like inclusions

(hemocytes of type C named by Azumi et al., 993) make
contact to form small homogeneous aggregates. At the
same time, amoeba-like hemocytes (type A and B hemo1

cytes) migrate

toward and contact vacuolated

taining several vacuoles of high density (type

type

con-

F hemo-

and promotes the aggregation of the

cytes); this triggers
latter

cells

F hemocytes

themselves. Finally, several large

heterogeneous aggregates including almost all types of
hemocytes are formed. The aggregation reaction on a slide
(without shaking)

is

complete within a 1-h incubation

at

ASC1DIAN HEMOCYTE AGGREGATION

15C;
and

(the reaction takes place

is

cytes

more

rapidly with shaking

seem

tion (the

to

min

The hemo-

then complete within about 10 min).

lyse slightly

much

during a

58 min

96 min

142 min

(point A) (point A)(point A) (point A)

remain intact during an overnight incuba-

hemocytes

249

longer

incubation).

The change

measured

in light scattering

O
z

in a cuvette at

15C (Fig. 1) occurs concomitantly with the aggregation
observed microscopically; when we took up the hemocyte
suspension at increasing time intervals and examined it
microscopically, aggregate formation

concurrent with the decrease of

seemed

DC
LU

O

to be roughly

light scattering.

The

CO

ag-

mM

gregation was strongly inhibited by the presence of 1
EDTA. Thus, the degree of aggregation can be quantified

234 min

276 min

(point B)

(point B)

o

from the curve generated by this method (method A).
Ascidian specimens were placed on ice to reduce he-

molymph

circulation.

collected with a syringe at

samples of hemolymph were
increasing time intervals from

same location on the tunic (point A
measured at

the

rate of hemocyte aggregation

in Fig. 2), the
1

5C increased

with time (upper panel of Fig. 2; the slopes at 58 min,
96 min. and 142 min became steeper in this order). Thus,

hemocyte aggregation seems to be activated at the point
on the tunic that was wounded by the syringe needle.
Indeed, when hemocytes were collected from another
point on the same animal (point B in Fig. 2) 234 min
after the initial collection

rate

the
2).

of hemocytes at point A, the
at point B was almost

of aggregation of hemocytes

same as that at point A at min (lower panel of Fig.
But when the ascidian was put into seawater 15C),

Activation of hemocyte aggregation in Halocynthia nirel:i.
Figure 2.
Point A represents the same point on the tunic through which the he-

molymph was

repeatedly taken, and point

on the

The time between

(0

tunic.

min) and subsequent collections

bar represents 5 min.

The

B represents a

different point

the initial collection of
is

hemolymph
The
shown on the or-

indicated above each record.

extent of light scattering

is

dinate in arbitrary units.

from a tunic wound, or
circulate through the

in the

body

aggregation reaction, and

cavity.

(

allowing hemolymph circulation, the rate of aggregation
of hemocytes at point B increased to that seen at point A
at

min

5

When

142 min (data not shown). These results suggest that

soluble factors inducing

hemocyte aggregation are released

Inducing

effects

of plasma and metal ions on

aggregation of hemocytes
Isolated hemocytes of//, roretii that had been collected
from the hemolymph, washed, and resuspended in Ca2+ -,

Mg 2+ -free HASW exhibited a lower degree of aggregation
than whole hemolymph. Moreover, hemocyte aggregation
was stimulated by the addition of ascidian plasma (the
final

o
z

concentration was 10%), and the plasma-induced

aggregation was dependent on temperature (Fig. 3). Thus,
the plasma of//, roretzi seems to contain factors that can

EC
LLI

t-

induce (or activate) the aggregation of hemocytes.
Because the aggregation, whether in hemolymph or in

O

Ca 2+ -,

to

Mg 2+ -free HASW supplemented with

plasma, was

inhibited by EDTA, a metal chelating agent, we next investigated the effects of metal ions on the aggregation.

ions

Magnesium

(MgCl : or

MgSO 4

)

induce the aggrega-

tion of hemocytes in a concentration-dependent
(Fig. 4a).

5

1

1

trations higher than 2

5

range of 0-2

TIME (min)
Effect of EDTA on aggregation of hemocytes in hemolymph
Figure 1.
of Halocynthia mret:i. The aggregation was measured at
by method
A. The concentration of EDTA used was
mM. The extent of light
1

1

scattering

is

shown on

The aggregation reached a plateau

the ordinate in arbitrary units.

5C

Mn 2+ Zn 2+

mM Mg

at

manner
concen-

mM (aggregation was linear in the
Of the other ions tested, 2 mM

2+

).

and Co 2+ had inducing effects as strong as
24
2+
those of Mg
whereas Ca
and Ni 2+ had little effect
2+
on
(Fig. 4b). We usually measured the effects of Mg
aggregation of hemocytes with shaking and detected its
,

,

,
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the progress of the reaction, but is too time-consuming
for investigating the effects of various substances on ag-

No plasma
15 C

Plasma

O

AL.

gregation. Therefore,

z

method

EC

the increased transmittance that should occur as hemocyte
aggregates form. In fact, the transmission was increased

C

5

we developed another quantitative
ELISA reader is used to measure

(B) in which an

o

at a rate consistent

CD

with the formation of aggregates deBy this method, we confirmed that

tected microscopically.

X
o

both plasma and
etii
1

15

10

5

TIME

(

min

20

5C

light scattering is

2+

had litshaking, however. Mg
tle inducing effect in contrast to the case of plasma: i.e..
the inducing effects of plasma were detectable irrespective
effects. Withinti

of shaking.

Effects

of various preparations

ol

P/CIMHU on liemocyte

aggregation

We developed method A to analyze the aggregation of
H. roretii hemocytes. This method is useful for tracing

characterize the plasma factor that can induce the

proteins by treatment with trypsin. Furthermore, the reacted plasma showed stronger effects than the intact

Metal ion

z
DC
LU

O
CO

I

0.4

O

10

10

TIME
Figure 4.

n>r-

under acidic and alkaline conditions and resistant to heat
treatment; its molecular weight was less than 10,000 because dialyzed plasma had little inducing activity (Fig.
5a). In fact, the filtrate (containing low molecular weight
substances) obtained from intact plasma by filtration
through a Centricut filter (10,000 molecular weight cutoff") had inducing activity (control experiment in Fig. 5b),
whereas that obtained from dialyzed plasma had little activity (second bar in Fig. 5b). The filtrate from trypsintreated intact plasma had strong inducing activity (third
bar in Fig. 5b). But the filtrate from trypsin-treated dialyzed plasma also had some inducing activity (fourth bar
in Fig. 5b), suggesting that low molecular weight peptidelike inducing substances had been produced from plasma

Figure
Aggregation of hemocytes of Halocynthia rnrci:i in the
and at 15C. In the absence of plasma,
presence of 10% plasma at
3.

inducing

induced the aggregation of//.

aggregation of //. roretii hemocytes, we used method B
to examine the effects of various preparations of plasma
(10%) on the aggregation. The plasma factor was stable

)

no aggregation occurred even at 15C. The extent of
shown on the ordmate in arbitrary units.

:+

hemocytes.

To

C

5

Mg

(

min

Aggregation of hemocytes of Halocynthia n>rcl:i induced by metal ions. The respective metal
Ca ;+ -. Mg : *-free HASW. (a) The extent of stimulation by

ion was added to the hemocyte suspension in the

*

*
*
2
Mg2 was dependent on its concentration, (b) Mn 2+ Zn 2+ and Co 2 had an inducing effect, whereas Ca
and Ni :+ had little inducing effect. The concentration of metal ion used was 2 m.U. The extent of light
scattering is shown on the ordmate in arbitrary units.
,

.
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cytes of the mollusk Mytilus edulis by inducing their

Untreated

morphological change, migration, and aggregation. To
whether neuropeptides, such as Met-enkeph-

investigate
pi.

alin,

would induce ascidian hemocytes

used method B to examine the
Acid-treated

pi.

Alkali-treated

pi.

Heat-treated

pi.

Dialyzed

pi.

pi.

Dialyzed

pi.

to aggregate,

we

of 26 biologically

on the aggregation of//, rorelzi hemocytes.
Typical results are shown in Figure 6. Among peptides
active peptides

Met-Lys-bradykinin induced the aggregation as
2+
(the maximum aggregation was observed
strongly as Mg
tested.

at 2 nM). Despite the equivalence of these assay results,
the aggregates formed in the presence of Met-Lys-bradykinin are larger in number and smaller in size than

Mg 2+

and the inducing effect of
was
detectable
even without shaking,
Met-Lys-bradykinin
mechanisms might
that
different
intracellular
suggesting
underlie the two effects.
Bradykinin was a moderate stimulant. The peptides
pM) Lys-bradykinin, substance P, ACTH, and oxytocin
also had moderate inducing activity similar to that of brathose in the presence of

Intact

effects

,

( 1

dykinin. Supporting the possibility that the presence of

Intact pi. + trypsin

endogenous bradykinin-like peptides may induce hemoDialyzed

pi.

we obtained the interesting result that
nM), a kininase inhibitor,
bradykinin potentiator C

+ trypsin

cyte aggregation,

(

had a moderate inducing

activity similar to that seen with

bradykinin. This inhibitor

pi.

(

50

100

Effects of various preparations of plasma

5.

200

150

AGGREGATION
Figure

may

potentiate the activity of

an endogenous peptide-like inducer by blocking inactivating proteases. On the other hand, Met-enkephalin, an
inducer of hemocyte aggregation in M. edulis, had little
effect on the aggregation of ascidian hemocytes. The folnAf) also had little inducing activity;
lowing 19 peptides

Intact untreated pi.

Reacted

1

(%)

on the aggregation

1

Leu-enkephalin, a- and -y-endorphins, a- and (3-neoendorphins, angiotensin I and II, mastoparan, LHRH,
CGRP, somatostatin, neurotensin. physalaemin, sub-

of hemocytes of Halocynthia roretzi. (a) Intact plasma was previously
treated with acid, alkali, or heat (90C), or was dialyzed, and effects of

on the aggregation were measured by method
plasma or dialyzed plasma was treated with or without
mg/ml) at 20C for 4 h and filtered through a Centncut

these preparations (10%)
B. (b) Intact

trypsin

(0.

1

membrane

(

10,000 molecular weight cut-off).

The

effects

of the resulting

Met-Lys-bradykinin

on the aggregation were measured by method B. (c) The effect
of reacted plasma on the aggregation was measured by method B. Reacted
plasma was collected from hemolymph in which the aggregation of henitrates

mocytes had been completed. The
values of triplicate tests

(SD);

results

shown

are

means of

the aggregation induced by 2

Bradykinin

relative

mAf MgCK

Met-enkephalin (2pM)

was defined
exists

as 100%. Note that an approximately linear relationship
between the extent of aggregation and the concentration of plasma

factor tested in this experiment.

Mg
(Fig. 5c), which suggests that one or more inducing
substances are produced when the aggregation of hemocytes takes place in hemolymph.

2*
(2

mM)

plasma

Inducing

effects

of Met-Lys-bradykinin on hemocyte

aggregation

Stefano el al. (1989a, b) have reported that Met-enkephalin triggers inflammatory responses from the hemo-

50

100

AGGREGATION

(%)

The effects of biologically active peptides on the aggregation
Figure 6.
of washed hemocytes of Halocynthia roret-i. The aggregation was measured by method B in Ca ;+ -. Mg :+ -free HASW. Inducers used were MetLys-bradykinin (2 nM). bradykinin (5 nM}. Met-enkephalin (2 nM), and
(2 mM). The results shown are means of triplicate tests (SD).

Mg2+
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stance K, kyotorphin, dynorphin (1-8), peptide E, metorophinamide, and formyl-Met-Leu-Phe. In addition,
ADP mM), Arg-Gly-Asp-Ser (RODS peptide) (0.001(

1

1

mM), and LPS (1-100

/ug/ml) also

had

little effects

on

the aggregation.

Using method B, we examined the

of several

effects

reagents on the hemocyte aggregation induced by 2
2+
,

10% plasma, and

2.5

nM

mAf

Met-Lys-bradykinin. N-

Ethylmaleimide (0.5 mM) completely inhibited the hemocyte aggregation induced by any of the inducers. EDTA
(2 mAl) and cytochalasin B (0.01 mg/ml) also strongly
inhibited aggregation (about 80 and 60% inhibitions were
observed with EDTA and cytochalasin B, respectively).
Because the hemocyte aggregations induced by Met-Lys24
Mg are both inhibited by EDTA, we

bradykinin and

propose that the aggregation reaction consists of several
stages,

and

Met-Lys-bradykinin functions

that

(

cluding

at a stage

prior to an EDTA-sensitive event.

Mg

:f

but not

Ca 2 *, induced

,

aggregation. In con-

again, the aggregation of L.

polyphemus hemocytes
was induced more efficiently by Mg 24 ion than by Ca 2+
ion (Kenney et al.. 1972), and aggregation of Pomacea
24
canaliculata hemocytes was induced by Ca
ion, but not
24
ion (Shozawa and Suto. 1990). The differences
by Mg
in EDTA effects and in metal ion reactivity among the
mollusk, the arthropod, and the ascidian remain unextrast,

Inhibition of aggregation ofhemocytes

Mg

Limulus polyphemus was retarded by EDTA, but was reversible by the addition of metal ions Kenney et al. 1972).
We have shown that ascidian plasma and metal ions, in-

plained, however.

Because the plasma factor is a heat-stable substance of
low molecular weight, and because the plasma does contain metal ions, the inducing activity of the plasma could
be due to metal ions. However, the result that low molecular weight peptide-like inducing substances are pro-

duced by trypsin treatment from dialyzed plasma lacking
metal ions supports the idea that //. roretzi plasma contains inducing substances in addition to metal ions. Fur-

thermore, the reacted plasma has a stronger effect on
hemocyte aggregation than does the intact untreated

Discussion

We

have been studying the roles of defense factors in
the hemolymph of//, roretzi for about 10 years and have
never observed clot formation, even at

room temperature.

plasma, which suggests that the hemocytes produce inducing substances during the aggregation reaction. Our
preliminary finding, that the supernatant obtained from
hemocyte lysate by centrifugation has an inducing

the

on hemocyte aggregation, is consistent with this assumption. The inducing substances found in reacted
plasma and present in the lysate supernatant must be further defined. Circulating hemocytes do not aggregate, even
though metal ions and plasma factors are present; but

hemocyte aggregation has always been deMoreover, when a part of the tunic is removed
by cutting so that the muscle is exposed to seawater, the
hemocytes seem to migrate to the area of injured tunic
and to form aggregates. We therefore assumed that //.

effect

so-called coagulation system, which
functions in maintaining hemostasis, and that instead the
hemocyte aggregation system plays a role in stopping

hemocyte aggregation in the hemolymph will occur at a
restricted site on the tunic that has been damaged with a

In contrast,

tectable.

roretzi lacks the

Our

previous qualitative observations also inbleeding.
dicated that the aggregation of hemocytes is regulated by
factors that are sensitive to temperature.

These factors must be characterized

hemocyte aggregation
this study,

if

EDTA. and pH.

the

in //. roretzi are to

mechanisms of
be

clarified. In

we developed methods of measuring hemocyte

aggregation and investigated several factors that
ticipate in the aggregation.

may

par-

roretzi,

Met-enkephalin has been reported to induce the aggregation ofhemocytes of the mollusk M. edit/is, and a Metenkephalin-like substance has been demonstrated in hemolymph of this species (Stefano et al.. 1989a. b). These
studies suggest that bioactive peptides such as Met-en-

quantitative methods, one is based on the
measurement, with a fluorescence spectrophotometer. of

regulate hemocyte aggregation in the heof other animals. In the case of the ascidians.

may

kephalin

Of the two

mammals. This method

needle. This observation suggests that specific aggregation
activation mechanisms, as yet unidentified, occur in //.

molymph

Met-Lys-bradykinin

is

the strongest inducer of hemocyte

for

aggregation among the peptides tested, whereas Met-enkephalin has little effect. Bradykinin and Lys-bradykinin

presence of EDTA and that preformed hemocyte aggregates can be dissociated by the addition of EDTA. After

activity, thus the methionyl residue of MetLys-bradykinin may be necessary for the full expression
of its inducing activity. These results suggest that a Met-

platelet aggregation in

is

useful

monitoring the kinetics of aggregation reaction, so we
used it to demonstrate that aggregation is blocked in the

EDTA,

have weaker

however, the hemocytes never re2+
Therefore,
upon addition of excess Mg
dissociation of hemocyte aggregates by EDTA is irreversible; the precise mechanism remains unclear. In contrast

Lys-bradykinin-like substance may be one of the candidates for a natural inducers. Our observations on the pro-

to our findings with H. rorelzi.

inducing

dissociation by

aggregated, even

.

hemocyte aggregation

in

duction of peptide-like inducing substances by trypsin
treatment are consistent with this assumption. In addition,
effects

of both plasma and Met-Lys-bradykinin

ASCIDIAN HEMOCYTE AGGREGATION
were detectable without shaking (under these conditions,
:+
were undetectable). The above
inducing effects of Mg
observations, together with the fact that smaller aggregates

formed

in the presence of Met-Lys-bradykinin than
:+
and plasma (in the latter two
presence of Mg
cases aggregates of similar sizes are formed), lead us to

are

in the

:+

propose that plasma contains factors other than Mg and
Met-Lys-bradykinin. In our current experiments, we are
trying to isolate natural inducers from plasma of //. /<>/ct:i.

and we have found a

heat-stable,

low molecular

weight substance that can stimulate the aggregation of
hemocytes. Gel nitration of this substance indicates an

apparent molecular weight slightly larger than that of
: +
Mg Characterization of this factor is now in progress
.

in

our laboratory.

We have previously

reported that the hemocytes of H.
roretzi respond to LPS and release a protease (Azumi el
til..
1991b). In this study, we found that LPS has little

inducing effect on H. roretii hemocyte aggregation under
the conditions used. Because LPS was included in the
reaction mixture throughout the progression of the reaction,

we conclude

cytes in
activity,

produced by hemoresponse to LPS treatment have little inducing
and that those substances are different from the
that substances

inducing substances produced by hemocytes in the aggregation reaction. In the horseshoe crab, L. polyphemus,

LPS

triggers the exocytosis of

components of the coagu-

from amebocytes and initiates the coagucascade system (Levin and Bang, 1964; Levin, 1985;

lation system
lation

Iwanaga. 1993). Even in the absence of LPS, the amebocytes of L. polyphemus aggregate immediately when
is removed from the animal (Levin,
As
1985).
previously noted, there are also differences in
EDTA action and metal ion reactivity between L. polyphemus and H. roretii. However, as in H. roretzi, hemo-

the

hemolymph

A -ethylmaleimide
r

cyte aggregation

prevented by

is

in L.

polyphemus (Bryan el al, 1964), indicating that the
mechanisms of hemocyte aggregation in the two species

may have some

similarities.
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Calcium Buffer Injections Inhibit Ooplasmic
Segregation in Medaka Eggs
FLUCK.

R. A.
1

1

*.

A. L.

MILLER 2

V. C.

,

= 1.5 pAl) calcium
Injection of the weak (K D
5,5'-dibromo-BAPTA into fertilized medaka eggs

,

movement of

eggs (Miller

oil

poles of fertilized medaka eggs (Ruck et al., 1992b). In
medaka eggs, these zones are present throughout the pe-

: +

[Ca ] in the injectate. Because this
buffer has previously been shown to substantially suppress
zones of elevated calcium at the animal and vegetal poles

independent of

free

riod of ooplasmic segregation (Fluck et al., 1992b).
that artificial inducRegarding the second criterion
tion of a cytosolic calcium gradient will organize developmental localization there is only indirect evidence.

of the medaka egg, the results of the present study suggest
that these zones are necessary for normal segregation of
the ooplasm and

its

inclusions in the

medaka

This evidence includes the occurrence of localization in
fucoid eggs (Robinson and Cone, 1980) and ascidian eggs

egg.

(Jeffery, 1982; Bates

Nearly 20 years ago, cytosolic calcium gradients were

and

Jeffery, 1988)

exposed to a gra-

axes of ooplasmic segregation can be induced by "strong
pricking" of the egg (Sakai, 1964), an action that might

postulated to organize developmental localization in eggs
of plants and animals (Jaffe et al.. 1974; for reviews, see
Nuccitelli, 1977;

and

dient of the calcium ionophore A23187. Other indirect
evidence comes from the medaka egg, in which additional

Introduction

and

JAFFE 2

1992b), near the vegetal pole of fertilized Xenopits laevis
el al.. 1991 ), and near the animal and vegetal

droplets toward the vegetal
pole, and cytokinesis. These inhibitory actions were dependent upon the concentration of the buffer but were

Jaffe

L. F.

of the rhizoid of fucoid embryos (Berger and Brownlee,
1993), near the tip of growing pollen tubes (Miller et al.,

inhibited the formation of the blastodisc at the animal
pole, the

AND

1

Biology Department. Franklin and Marshall College, Lancaster. Pennsylvania 17604-3003, and
-Marine Biological Laboratory. Woods Hole, Massachusetts 02543

Abstract.
buffer

ABRAHAM

Jaffe, 1986).

2+

create a zone of elevated cytosolic [Ca ] at the wound.
The present study addresses the third criterion that

Proof of this

theory should have three parts (Gilkey et al.. 1978): (1)
evidence of the existence of cytosolic calcium gradients
in systems undergoing localization; (2) evidence that ar-

dispersion of a cytosolic calcium gradient will inhibit lohave pursued this question in the large
calization.

induction of a cytosolic calcium gradient will cause
localization; and (3) evidence that dispersion of a cytosolic

egg. In this egg,

We

(diameter =

and remarkably clear medaka fish
which consists of a thin (about 25 /^m
thick) peripheral layer of cytoplasm bounded by a plasma
membrane and separated from a large yolk vacuole by a
yolk membrane, ooplasmic segregation consists of the

tificial

calcium gradient will inhibit localization. Evidence for
the existence of cytosolic calcium gradients in eggs was
based on studies suggesting that, in defucoid
veloping
eggs, rhizoids grow in the direction of

plasm and

movement

(Robinson and

Jaffe, 1975; Nuccitelli, 1978).
high [Ca ]
Since then such gradients have been directly demonstrated
in a number of developing systems in which zones of el-

evated cytosolic [Ca

:+
]

have been

identified:

mm)

roughly simultaneous streaming of the bulk of the oo-

at first indirect,
:+

1.2

its

of

the saltatory

inclusions toward the animal pole, the
oil

droplets toward the vegetal pole, and
of some inclusions toward the

movement

vegetal pole (Sakai, 1965; Iwamatsu, 1973;

near the tip

al..

1993a). During and

+
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BCECF,

et

ooplasmic segregation, zones
are present at both the animal

of elevated cytosolic [Ca~ ]
and vegetal poles of the egg (Fluck et al., 1992b).
Injection of the calcium buffer 5,5' dibromo-BAPTA

*

Abbreviations:

Abraham

after

(referred to hereafter as

2,7-bis-(2-carboxyethyl)-5-(and 6-)-carboxy-

dibromo-BAPTA)

dissipates these polar zones of elevated [Ca

tluorescein.

254

substantially
:+
]

(Fluck

et

CALCIUM AND OOPLASMIC SEGREGATION
The

1992h).

a/..

buffer also blocks the

fucoid eggs (Speksnijder

cium zones

in,

( Miller

el at..

ill..

Snow and
hibits

A",

(Sullivan

(K D =

and

1992b); inhibits

(Miller

ct

development of

1989); suppresses high calinhibits the growth of, pollen tubes
ct a/..

cycle contraction

cell

1992a) and cytokinesis (Miller

Nuccitelli, 1993) in

nuclear

cl ul..

1993). This relatively

1.5

ct a/..

of

1993;

K

embryos; and

laevis

A",

membrane

liicvix

vesicle fusion

//;

weak calcium

in-

vitro

buffer

believed to act as a

1989)
H.M; Pethig
one that binds Ca 2+ at the high end of a
2+
[Ca ] gradient and releases it at the low end of the gradient. In other words, the buffer facilitates the diffusion
is

shuttle buffer,

of Ca

2

'

within the

In the present study,

cell.

strate that injection

dibromo-BAPTA

of

5mA/ HEPES, pH

:

SOj or 125

=

0.

1

[Ca

50 mM 5,5'-dimethyl-BAPTA, tetrapotassium
mM HEPES, pH 7.2; and sufficient CaCl, to

set

] free

at 0.2

Dctc
1'tennining the amount of buffer to inject

According to

facilitated diffusion theory, a final

centration of about 2

mM dibromo-BAPTA

con-

in the oo-

plasm should be sufficient to dissipate zones of elevated
2+
in the micromolar range (Speksnijder el al.. 1989).
[Ca
Moreover, 2.7 mA/ dibromo-BAPTA has been shown to
2+
at the poles of the ferdissipate zones of elevated [Ca

for

Abraham ct al.. 1993a), preparing eggs for experimental
use (Abraham el a/.. 1993a), and fertilizing eggs //; vitro
(Yamamoto, 1967; Abraham el al.. 1993a) have been described previously. Gonads, gametes, and zygotes were
placed in the same buffered saline solution used in other

medaka egg (Fluck

studies of the fertilized

Abraham

mM

medaka egg (Fluck

croinjected

removing gonads from breeding medaka
(Yamamoto, 1967; Kirchen and West, 1976; Ruck, 1978;

1.0

100mA/

]

Biological material

KC1;

containing 50 or

third type of control egg re-

5 fiM;

salt; 5
2+

tilized

pH

A

]

Materials and Methods

1992b;

7.2.

KC1.

ceived 1.4nl of a solution of 5,5'-dimethyl-BAPTA, a
BAPTA-type buffer with a higher affinity for calcium (K D

into fertilized

1992a).

Methods

mM

we demon-

medaka eggs inhibits ooplasmic segregation. A preliminary account of these findings has been published (Fluck
ct ul..

Three types of controls were used. First, each batch of
eggs included at least one egg into which we injected no
fluids. A second type of control egg received 1.0-1.6 nl

waves

ct ul..
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ct al..

CaCl-,,

1991,

el al..

mM NaCl; 5.37 mM
0.6 mM MgSO
5 mM HEPES,
1993a):

1

1

1

4

et al..

enough 50 mA/or 100

1992b). We thus mim A/ dibromo-BAPTA

to achieve final buffer concentrations in the

0.5-7.0 mA/.

We estimated

volume was 27. 6 nl (Fluck
0.26-1. 96 nl of buffer. A

shown

ooplasm of

that the accessible ooplasmic

et al..

1992b) and thus injected
investigators have

number of

volumes in this range have no deon the development of the medaka egg
(Ridgway et al.. 1977; Gilkey, 1983; Yoshimoto et al..
1985, 1986; Fluck etui.. 1991, 1992b); thus a purely mechanical effect of the injectate on development of the egg
seems unlikely.
that injectate

tectable effect

;

7.3.

Microinjection

We used a low-pressure method (Hiramoto,

Preparation of micropipettes

Glass micropipettes (0.8-mm diameter, Drummond
Scientific Co., Broomall, Pennsylvania, Series I; or fila-

mented.
vale,

1-mm

New

diameter, Narashige U.S.A.. Inc., GreenII and III) were made with a Nara-

York, Series

PN-3 microelectrode

puller. The tips of the microan angle of 20C with a Narashige
EG-4 microgrinder; this process was monitored with an
audio system (Miller el al.. 1993). Tip diameter was ap-

shige

pipettes were beveled at

proximately 5

nm

at the

widest part of the bevel.

(some eggs

in

I)

5

[Ca

2+

or 0.3

]

rree

pH

was

nM (Series

III).

egg(Schantz, 1985).

six eggs were fertilized simultaneously
buffered saline solution, transferred to closely fitting

fertilization;

12.5

6.5 min.

X

SD,

N

which no fluid was injected.
The method for injecting fluid into the thin peripheral
layer of ooplasm of the medaka egg has been described

KOH)

St.

Louis. Missouri,

were prepared

in

which

pM

the range reported for the

Batches of two to
in

dibromo-BAPTA (Molecular
salt). Cadi, and

(Series I), 0.14 //A/ (Series II),
These values of [Ca 2+ ] frcc are within

set at 0.2

spherical droplets.

= 104
eggs). Every batch included at least one control egg

mM HEPES (Sigma Chemical Co.,
7.2 with

1991, 1992b) in Series

mM

Series I-III) or 100

Probes, Eugene, Oregon; tetrapotassium
titrated to

et al..

high-pressure

30 min after

mM (eggs in

Series

1982; Fluck

holes drilled in a transparent plastic holder, and injected
sequentially with fluid soon after fertilization (range, 5-

Buffer solutions injected

Solutions of 50

1962; Kie-

I and a
method (Narashige IM-200 microinjection
system, Fluck et al.. 1992b) in Series II and III. In both
methods, we front-loaded the micropipettes. The pipettes
were calibrated by injecting a small volume of the solution
into vegetable oil and measuring the diameter of the

hart,

ooplasm of the

fertilized

medaka

into

elsewhere (Ridgway et al.. 1977; Gilkey. 1983; Fluck et
ul., 1991) and will only be summarized here. The micropipette, held in a micromanipulator, was advanced far
to penetrate the chorion (shell) and plasma membrane but not the yolk membrane, which roughly con-

enough
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1.
Diffusion of fluorescein around the medaka egg. The approximate position of the injection
marked with an arrowhead. (A) By 5 min after injection of the dye. it had spread more than 50 arc
in all directions around the egg. (B) By 18 min, it was present about 90
arc from the injection site. (C) At
74 min, it had spread to the antipode of the injection site. Scale bar, 250 ^m.

Figure

site is

formed

to the shape of the micropipette.

When

fluid

was

distended the yolk membrane
near the tip of the micropipette, thus visually confirming
that fluid had been injected into the ooplasm and not the
injected into the ooplasm,

it

where

30

arc of the equator) or near the vegetal pole (within

30

arc of the vegetal pole).

=

1.0

Injection of fluorescein into eggs

To

estimate both the size of the area over which an

injectate spreads

penetrated the yolk membrane. The injectate thus did not
distend the yolk membrane but did transiently change the

immediately after injection and the time

required for fluorescein to diffuse around the egg, we injected 1.5-2.0 nl of 50 /xA/ fluorescein (sodium salt, dis-

mM

.

tervals thereafter for

up

We

injected

fluid

had been

of experiments:

I

Movement offluorescein around

injected.

dibromo-BAPTA

(winter 1990, in which

we

successfully

ooplasm of 45 eggs from 12
(winter 1992, 27 eggs from 4 females), and
1992, 20 eggs from 4 females). In addition,

fe-

males),

III

(summer

injected solutions of

dimethyl-BAPTA

dibromo-BAPTA

KiSOj

or

KC1

we

into 15 eggs; injected

from two females; injected
into the yolk vacuole of 4 eggs; and

into 10 eggs

monitored the development of 44 uninjected control

eggs.

min after injection, fluorescein was present
within
50 arc (or 530 /um. assuming an egg
ooplasm
diameter of 190 /um) in all directions from the injection
Within

5

in

1

site (Fig.

1);

this

effects

tively,

equivalent to the molecule having
3% of the total sur1

and thus into a volume equal to 13% of
the total volume of the ooplasm. The molecule spread as
far as 90 arc in less than 5 min and reached the antipode
face of the egg

1

site in

about 75 min.

of buffer injection

Ooplasmic movements in at least one egg in each batch
were recorded by time-lapse video microscopy (Abraham
et al., 1993a), while other eggs were observed at regular
intervals with a stereomicroscope. Room temperature was
18-19C for Series I and II and 23-24C for Series III;
at these

is

spread initially into an area equal to

of the injection

Observation of the

the egg

into eggs in three series

injected butter into the
II

to 3 h.

Results

optical properties of the yolk near the tip of the pipette,

confirming that

mM

K : SO 4 5
HEPES, pH 7.2; Sigma
Chemical Co.) into eggs. Using epi-illumination and a
SIT camera (Dage/MTI. model 66DX), we examined
these eggs within 5 min after injection and at regular insolved in 100

Dibromo-BAPTA was injected into the yolk vacuole
of four eggs. Such eggs were penetrated with a micropipette
in the usual manner, except that the tip of the pipette also

represents the time at which cytokinesis

begins.

yolk vacuole. As the pipette was slowly withdrawn, the
yolk membrane returned to its normal position, causing
the injectate to be spread quickly over a large area of the
ooplasm. Fluid was injected either equatorially (within

tn

temperatures, the

first

cleavage begins, respec-

130-140 min and 85-95 min

after fertilization. In

order to compare data from experiments at different temperatures, we have reported our results not only as "minutes after fertilization" but also as t n or normalized time.
.

Immediate localized

effects

of dibromo-BAPTA

An immediate reaction of the eggs to injection of dibromo-BAPTA was an apparent expansion of the yolk
membrane near the injection site, which caused the yolk
vacuole to bulge into the ooplasm (Fig. 2A). This bulge
usually subsided within 10 min in eggs receiving low
cytosolic concentration
these eggs and in most eggs
receiving higher concentrations of buffer, the bulge persisted and the yolk membrane over the bulge lysed (Table

concentrations of buffer

< 4 mM}. But

in

(final

some of

CALCIUM AND OOPLASM1C SEGREGATION
I), releasing yolk into the ooplasm or, more often, into
the perivitelline space. To determine whether [dibromo-

>

2.6

mM inhibited the movement of

significantly affected egg lysis, the

was analyzed using a generalized
model with [Ca 2+ trec as a factor variable and a

aggregates of ooplasm often formed outside the blastodisc
proper and on the side of the egg into which buffer had

[Ca

2+
]

free

probability of egg lysis

]

slightly nonlinear,

nonparametric relationship, with

1.5

been injected

movement

on

and the probability of lysis (function gam of the S-PLUS
statistical package, S-PLUS Reference Manual, Version

movement throughout

3.0, Statistical Services, Inc., Seattle,

P

analysis of variance indicated that
2+
]

rrcc

Washington).

values for the effect

and [dibromo-BAPTA] on

and 3.4 X 10~ 7 respectively.
Another immediate response

An

were 0.012

lysis

to the injection of di-

bromo-BAPTA (final cytosolic concentration > mM).
which made a convenient marker of the injection site,
was the movement of nearby oil droplets away from the
1

and toward the top of the egg

(Figs. IB, C);

the droplets appeared simply to float to the top of the egg.
This movement began immediately upon injection of the

and was essentially over within 5 min. For comparison, the normal movement of oil droplets toward the
buffer

1

vegetal pole during ooplasmic segregation continues for

more than 140 min

23-24C

at

18-19C and more
Abraham

than 95 min

1993a). These
immediate localized responses were not due to the mechanical effects of injection because we saw no such reat

(Sakai, 1965;

et al.,

sponses in control eggs receiving either

Moreover, they were

KC1

or

K SO 4
2

in eggs into

.

which

prominent
we injected dimethyl-BAPTA. Instead, these early responses were likely a response to the initially high concentration of

less

dibromo-BAPTA

near the injection site.
buffer
injected
initially spread as far as
injected fluorescein and (2) the accessible volume of the

Assuming

that

ooplasm

27.6 nl (Fluck et al., 1992b), we can estimate
concentration of buffer in the ooplasm soon

the

is

initial

after injection.

(

1

)

For example,

in eggs receiving

enough

mM dibromo-BAPTA to achieve an estimated
concentration of 2.7 mM throughout the ooplasm,
50

initial

concentration within 50

would be about 2

1

mM

droplet

specific effects

of the buffer

varied with the site of injection.

Injection near the equator strongly inhibited oil droplet
the contralateral half of the embryo

and caused the retention of

oil droplets within the blastodisc at the animal pole (Fig. 2C, E, G). Injection near
the vegetal pole resulted in the accumulation of oil droplets

near the equator of the egg

(Fig.

2F

),

the result of droplets

in the vegetal

,

injection site

oil

The

(Fig. 2E, G).

degrees of freedom (intermediate between a linear and a
quadratic relationship) between final buffer concentration

of [Ca

oil

droplets toward the vegetal pole and slowed the growth
of the blastodisc (Table I; Fig. 2C, E-G). In addition, small

BAPTA] and
additive

concentrations

257

hemisphere having floated to the top of the
egg and those in the animal hemisphere having moved
normally toward the equator.

of dibromo-BAPTA on cytokinesis and
embryonic axis formation

Effects

Dibromo-BAPTA delayed or blocked cytokinesis in a
concentration-dependent manner. For example, when one
group of eggs from the same female and injected with
amounts of buffer within a few minutes of each
were examined 170 min after fertilization (1819C), the eggs had developed to the following stages:
uninjected control, had completed first cleavage: 0.64

differing

other

mM
mM

dibromo-BAPTA. was similar to control; 1.1
dibromo-BAPTA, was forming two unequal blastomeres;
2.0
dibromo-BAPTA, had not begun cytokinesis. The

mM

last

egg in this group formed two incomplete furrows by

4.5 h after fertilization but did not go

arc of the injection site

to

form an em-

axis,

hibition of cytokinesis was more pronounced in eggs receiving buffer concentrations > 2.6 mM. For example, of
24 eggs (Series I and II) receiving 2.6-3.6
dibromo-

mM

BAPTA,

9 did not divide

40 min to more than

final

the

on

whereas the two eggs that received lower
amounts of buffer did form an embryonic axis. The inbryonic

of eggs receiving

>4

and the other 12 divided from

3 h after the controls did;

mM buffer,

whereas

none underwent

2E-G). Embryos receiving >2.6
dibromo-BAPTA did not form an embryonic axis.
kinesis (Table

I;

Fig.

cyto-

mM

Controls
Effects of dibromo-BAPTA

on ooplasmic segregation

Dibromo-BAPTA

inhibited ooplasmic segregation and
the subsequent development of the embryos in a concen-

tration-dependent

manner (Table

I

and

Fig.

2B-G), and

these effects were independent of [Ca 2+ ] free in the injectate.
Except for causing the early movement of oil droplets

(described above)

and a

slight

delay in the onset of cy-

tokinesis (see below), low concentrations of

BAPTA

(<2.0

mM)

had no substantial

the formation of the blastodisc or the

effect

dibromoon either

movement

of

oil

droplets toward the vegetal pole (Fig. 2H). However, buffer

Eggs injected with KC1 (125 mM, 6 embryos) or K 2 SO 4
mM, 6 embryos; 100 mM. 3 embryos) near either the
equator (12 embryos) or the vegetal pole (3 embryos) de(50

veloped normally. There was neither an immediate response to the injectate nor an apparent effect on ooplasmic
segregation, cell division, or formation of the embryonic

Moreover, injecting dibromo-BAPTA into the yolk
vacuole had no apparent effect on the embryos.
In contrast to the pronounced effects of >2.6
axis.

dibromo-BAPTA on
dimethyl-BAPTA

mM
mM

segregation, the effects of 2.6
were slight or apparently absent.

As

R. A.
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Figure

2.

Effect of

dibromo-BAPTA on

FLUCK

/;/'

II.

segregation and cytokinesis in the

medaka

egg. Abbreviations:

VP. vegetal pole. (A) Immediate local response to injection of 2.6 m.l/ dibromo-BAPTA
:
= 0.2 nM). This photograph was taken 7 min after injecting enough dibromo-BAPTA to achieve
(free[Ca *]
a final concentration of 2.6 m\l in the ooplasm. The egg is still in the injection chamber, the channels of
which can be seen at the lower left and upper right (*). Note the bulge (white arrowhead) in the egg near
the injection she. The dark mass near the center of the image is an accumulation of oil droplets on the top
of the egg. that is. toward the viewer. The bulge eventually subsided, but after 177 min, when an uninjected
was at the four-cell
this egg had not yet divided. Scale bar, 250 pM. (B) Segregation in an
control
AP. animal

egg

pole;

stage,

CALCIUM AND OOPLASMIC SEGREGATION
Table
Inhibition ofooplasmic segregation

and cytokinesis

in the

medaka egg by

I

the injection of

5, 5'

-dibromo-BAPTA

Number
[Free

Ca 2+

M A/

a

]
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of embryos

260
to

R. A.

form an embryonic axis and appeared

to

FLUCK ET AL

develop

the range 0.14-0.30

creasing with [Ca

normally.

:+

^M, with the probability of lysis inOur choice of [Ca 2 + ] in the injectate
on a study of the medaka egg in which

].

was based primarily
2
cytosolic [Ca *] was measured with a calcium microelec-

Discussion

The occurrence of
we should set
in the injectate lower, perhaps to 50 nvl/or 100 nM,
[Ca
to reduce the probability of embryo lysis.
trode (Schantz, 1985; see his Table

ooplasmic concentration of dibromo-BAPTA
required to block ooplasmic segregation and cell division

The

final

medaka embryo

in the

(ca. 2.6

mA/) was comparable

to

that required to inhibit cell division in fucoid eggs (Spek-

snijder el ai, 1989), inhibit cell cycle contraction

waves

and cytokinesis

1992a;

Miller

et ai,

in

1993;

laevis eggs (Miller cl ai,

A",

Snow and

Nuccitelli, 1993),

sipate cytosolic calcium gradients near the

vegetal poles of the

medaka egg (Fluck

et at..

and

dis-

1983;Ivanenkovf/rv/.. 1987;

Ca 2+ away from zones of elThus, when high calcium regions

and

vegetal poles of the

cell,

do at the animal
medaka egg, buffer mol-

as they

fertilized

Ca :f there and diffuse to low calcium re2
where the bound Ca is then released. The results

ecules pick up

'

gions,

of the present study suggest that these polar zones are
necessary for the normal segregation of ooplasm and its
inclusions in this egg. However, it
that the inhibition of segregation
:

is

theoretically possible

caused by either an

is

'

at sites away from the poles or the dis]
of
the
sipation
cytosolic calcium gradients.

increase in [Ca

Facilitated diffusion theory predicts that the

Ca :+

buffer

be relatively ineffective as a shuttle buffer if its affinity
2+
for Ca
is too high. Such a buffer, for example 5,5'-diwill

methyl-BAPTA (K D = 0.15 n.M), will become saturated
2+
2+
with Ca
at the high end of the Ca
gradient but will
2 +
not release Ca
when it diffuses away from this region.
The results of three studies, which have reported dimethylBAPTA to be from 2.7- to 18-fold less effective than dibromo-BAPTA (Speksnijder et ai. 1989: Snow and Nuccitelli,

1993; Sullivan

prediction.

BAPTA

The

had

et ai.

results

1993), are consistent with this

of the present study, that dimethyl-

on ooplasmic segregation and
medaka than did dibromo-BAPTA, are

far less effect

cytokinesis in the

consistent with these three previous studies
prediction of the theory.

and with

this

Facilitated diffusion theory also predicts that the effect
2+
of a shuttle buffer should be independent of [Ca
in the
]

injectate (Speksnijder et ai,
effect

of the buffer

is

1989). In other words, the

not to clamp cytosolic [Ca

2+
]

at

any

particular value, but rather to facilitate calcium diffusion

and thus

dissipate calcium gradients in the cytoplasm.

Our data

are also consistent with this aspect of theory, at

).

Two cytoskeletal systems one involving microfilaments and another involving microtubules are involved
in ooplasmic segregation in the medaka egg. Formation
of the blastodisc at the animal pole of the medaka and
other teleost embryos

of

1

in the future

]

1992b). Ac-

*

evated cytosolic [Ca ].
begin to emerge within a

our study suggests that

animal and

cording to facilitated diffusion theory, the primary effect
2
of such buffers is to dissipate cytosolic Ca
gradients by
facilitating the diffusion
:+

lysis in
2+

DNase

is

inhibited by cytochalasins (Katow,

Webb and

Fluck, 1993) and

(Ivanenkov et ai, 1987) and thus presumably
involves the action of microfilaments, whereas the moveI

droplets and the saltatory movement of other
inclusions toward the animal and vegetal poles of the me-

ment of oil

daka egg are both inhibited by microtubule poisons
and thus presumably
colchicine, colcemid, nocodazole
involve microtubules (Abraham et ai. 1993a; Webb and
Fluck, 1993). Moreover, a microtubule-organizing center
(MTOC) is present in the animal pole region of the me-

daka egg by

=

t r,

0.24,

and the convergent array of mi-

crotubules near this center

is disrupted by the injection
of dibromo-BAPTA (Abraham el ai, I993b). The assembly/disassembly and the function of both microfilaments

and microtubules are controlled by a number of calciumbinding regulatory proteins (Weisenberg, 1972; Schliwa
et ai, 1981; Keith el ai. 1983; Mooseker, 1985; Stossel
et

til-.

1985; Bray. 1992. pp. 147-148. 342). Facilitated

diffusion theory predicts that calcium buffer concentra-

tions similar to those found effective in the present study
act by dissipating zones of cytosolic [Ca

cromolar range (Speksnijder
a protein that

is

et ai.

2+

in the

]frec

1989).

mi-

An example

responsive to changes in [Ca

2+
] free

of

in this

calmodulin (Cheung, 1980), a protein that regulates the activity of proteins that interact with both microfilaments (Wolenski et ai, 1993) and microtubules
range

is

(Ishikawa

et ai.

Oil droplet

1992).

movement

in the

animal hemisphere of the

egg was more strongly inhibited when buffer was

injected

near the equator versus near the vegetal pole. One interpretation of these results is that structures/events in the

animal pole region, for example the

MTOC.

are essential

movement and that these are disrupted by
dibromo-BAPTA. Given the circumference of the medaka
for oil droplet

egg (about 3700 /urn), buffer injected near the equator
would reach the animal pole of the egg sooner than buffer

To

injected near the vegetal pole.

estimate the time

re-

on ooplasmic segregation and cytokinesis are concerned. However, we did find that immediate localized responses to the injectate
herniation and

quired for dibromo-BAPTA to diffuse around the medaka
egg, we used published values for the diffusion coefficients

subsequent lysis, the movement of oil droplets to the top
24
of the egg were a function of [Ca
in the injectate over

skeletal muscle. 3.6

least as far as effects

]

of molecules

similar

to

dibromo-BAPTA

x 10~ 7 cm 2

worth, 1988) and fluorescein

s~',

(fura-2

in

Baylor and Holling-

(BCECF

in fibroblasts. 2

CALCIUM AND OOPLASMIC SEGREGATION

X

6

10

cm 2

1

s"

,

Kao

et a/.,

1993).

Assuming

that the cy-

toplasm of the medaka egg is more similar to the cytoplasm of a fibroblast than to that of a skeletal muscle, we

published) suggest that

upward to 5.9
(Kushmerick and Podolsky, 1969; Kao et
nl.. 1993) and then estimated the times required for molecules with these diffusion coefficients to diffuse around
1(T

7

cm 2

it

be successful

will
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If a fate

map exists during early cleavage

medaka embryo as it does in Braclmlanio rerio
embryo (Strehlow and Gilbert, 1993), this would suggest
of the

that particular cytoplasmic determinants

might be found
If these determinants

along particular meridians of the egg.
streamed into specific regions of the blastodisc during ooplasmic segregation, they would eventually segregate into
particular blastomeres during cleavage. The geometry of

by

medaka egg makes

it

possible to pursue this

problem

selectively interfering with segregation along particular

meridians. Such interference could perhaps be achieved
by the localized photolysis of caged calcium or caged cal-

cium

buffers that have

been injected into the ooplasm
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enough

Because the time of injection was not proximal

to specific events

accompanying cytokinesis
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the effect
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on cytokinesis could be indirect, caused by the inhibition
of earlier events that are accompanied by a calcium pulse
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(Steinhardt and Alderton, 1988; Tombes et ai. 1992;
Browne et ai. 1992) and the metaphase/anaphase transition (reviewed in Hepler, 1989). To determine whether
dibromo-BAPTA specifically affects cytokinesis in the
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and preliminary experiments (Abraham and Fluck, unto cytokinesis.
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Hesterberg for his help in statistical analysis, Jane McLaughlin for technical assistance, George Rosenstein for
his aid in geometry,

The medaka egg appears to be a particularly good system in which to investigate the importance of cytosolic
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and by grants from Franklin and Marshall College's
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In other words, buffer injected near the equator of an egg

the

medaka

s"

were consistent with the rate of movement of fluorescein
around the egg (Fig. ), suggesting that our assumptions
are valid. We estimate that the times required for dibromoBAPTA to diffuse 90 and 180 arc from the injection
site would thus be about 35 min and >3 h,
respectively.

teleost

in the

as well.

corrected the diffusion constant of fura-2

X
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The Endocrine Pathway Responsible
Maturation

in the Inarticulate

for

Oocyte

Brachiopod Glottidia

GARY FREEMAN*
Turkey Point Marine Laboratory of Florida State University at Tallahassee and Center for
Developmental Biology, Department of Zoology, University of Texas, Austin, Texas 787 J 2

An aqueous extract of lophophore from Glotpyramidata induces oocyte maturation and follicle
cell retraction in pieces of ovary and
spawning in intact
animals. The extract does not act directly on large oocytes
Abstract.
tidia

animals in their natural habitat (Yatsu, 1902; Paine.
1963). Chuang (1959) has challenged this interpretation;
however, his plankton tows were taken so far apart in
time that his data do not meaningfully address this issue.

but indirectly, through some other cell type in the ovary.
The activity of the extract is insensitive to boiling or pro-

Animals

and passes through a filter with a molecular weight cutoff of 2000. Bromoadenosine 3'5' cyclic

1959;

monophosphate and dibutyryl 3'5' cyclic monophosphate
have the same oocyte-maturing and spawning-inducing
properties as lophophore extract. The active component

inarticulate

tease treatment

in

lophophore extract presumably

affects

somatic

mental

also appear to

stress

Kume,

spawn in response to environduring transfer to the laboratory (Chuang,
1956; Paine, 1963).

work with embryos and young
brachiopods has been done on

All previous

larvae of
naturally

spawned eggs. It is possible to obtain fertilizable oocytes
from articulate brachiopods outside their normal spawning season by removing the ovary and macerating it to
1987). As the oocytes stand in
seawater, the follicle cell layer around each oocyte is re-

cells in

the ovary, stimulating a rise in cyclic monophosphate levels in these cells, which then secrete a factor that causes

free the oocytes (Reed,

oocyte maturation.

tracted, the oocyte germinal vesicle breaks

taneously,

down

spon-

and the chromosomes condense on the meiotic

apparatus in preparation for the first meiotic reduction
When the ovary of the inarticulate brachiopod

Introduction

division.

Living inarticulate brachiopods consist of three families:
the Lingulacea, the Discinacea, and the Craniacea. The
Lingulacea is the only group for which our knowledge of

Glottidia pyramidata

reproductive biology can be considered more than rudimentary. During the breeding season, in the two genera

ration

around

full

Specimens of G. pyramidata were collected during minus tides at Alligator Harbor, Florida, by digging them

moon,

out of their burrows. Animals and their sediment were

suggests that spawning normally occurs at this time in

transported to the laboratory where they were maintained
in a tray with sediment about 4 cm deep, with seawater
flowing over it. Most animals oriented themselves in the
sediment with their anterior end perpendicular to the sed-

Received
*

and spawning.

Animals

larvae in plankton tows, a few

tidal fluctuations

the follicle

Materials and Methods

laboratory (Chuang, 1959) and inferred from studies on
the ovaries of females in a cohort collected at different
times during the breeding season (Paine, 1963). The pe-

days after the large

same way,

a possible endocrine pathway that leads to oocyte matu-

days between spawnings. This has been directly observed
in individuals followed daily for several months in the

young

treated in the

the addition of sperm. This paper presents a method for
inducing oocyte maturation in G. pyramidata and outlines

(Lingula and Glottidia) that make up this family, each
female spawns more than once, with intervals of several

riodic presence of

is

shed; however, the germinal vesicle does not
break down, and the oocyte will not develop following
cell layer is

5 October 1993; accepted 14 March 1994.
Mailing address. University of Texas.
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iment-seawater boundary and formed a three-hole
typical of the entrance to their burrows.

Animals

fed

FREEMAN

slit

and

remained healthy under these conditions for at least a
month. The valve lengths of the animals collected varied
between
and 24 mm; all of these animals were sexually
1

1

mature. Sexual maturity was assayed by noting the relative
size of the gonad.

had undergone maturation to see if they could be
A small piece of testis was dissected out, macml of PSW, and diluted in about 100ml of
erated in
PSW. Most Glottidia sperm prepared in this way are nonmotile or move very slowly. Rapid sperm motility was
induced by adding one drop of A/ NH 4 OH to the diluted
sperm. One drop of the diluted sperm was added to ooml of PSW.
cytes or eggs in
that

fertilized.

1

1

1

Tissue extracts

The

effects

of various tissue extracts on oocyte matunumber of experiments. Aqueous

Histology

ration were tested in a
extracts were

made from

amount of adult
more than
obtain tissues for some ex-

a standard

Pieces of ovary were fixed in

Glottidia tissue. Because of their small size,

3C

one animal had to be used to

through an alcohol

periments. After dissection, the tissue was blotted on a
lint-free wipe, weighed, and broken up into small pieces

with a watchmaker's forceps. One hundred microliters of
distilled water was added to each 10 mg of tissue, and the

was homogenized with a

tissue

tight-fitting pestle for 5

in a 1.6-ml microcentrifuge tube. After

min

homogenization.

the tube was centrifuged or allowed to stand until the
tissue debris had settled on the bottom; the supernatant

was decanted and saved. In many experiments, all or
of the supernatant was boiled for 15 min prior to

part

1

mm

1

(PSW) and incubating
in this solution

)

pieces of

gonad

PSW.

or in 1/2 serial dilutions of this

PSW

Culture procedures, ovary dissociation, and oocyte

were carried out

at

room temperature

(21-24C). Pieces of gonad were dissociated into single
large oocytes and clusters of somatic cells by washing them
three times and incubating them in calcium-free seawater
for 90- 120 min. (Calcium-free seawater consists of
425 mA/NaCl, 9.4

MgSO 4
8.0.)

,

2.1

m.M KC1,

22.1

m.M NaHCO 3 and

10

m,\/MgCl :

m.M TES

,

at

1% osmium in PSW at 170% ethanol, dehydrated

series, transferred to

propylene oxide,

and embedded in Epon equivalent. Sections were cut at
2 fiM and stained with methylene blue and azure II. Pieces
of ovary, isolated immature oocytes, and mature oocytes
in 5% paraformaldehyde in PSW at 1-3C for
10-30 min, transferred to PSW, and stained with the blue

were fixed

fluorescing

DNA

stain

DAPI

to visualize nuclei.

solution of DAPI
in

was prepared by dissolving
10 ml of distilled water and diluted 1/25 in
1

mg

A

stock

of stain

PSW

prior

to the addition of fixed pieces of ovarian tissue or oocytes.

Results

Ovarian structure

The

structure of the Lingida ovary has been described
the light microscope level and by Sa( 1934) at

by Senn

wada (1973)

at the electron

microscope

level

of resolution.

During the breeding season, the ovaries of a sexually mature G. pyramidata consist mostly, on a volume basis, of
full-grown oocytes; however, intermingled with the

marking
All experiments

in

(ca.

was made by filtering seawater
a
through
0.45-jum Millipore filter and heating the seawater for 15 min above 80C. but below boiling.
solution in

one hour, stored

use.

Tissue extracts were tested for biological activity by adding
one part of a tissue extract to three parts of pasteurized

seawater

for

25.6

m.M

pH

7.8-

At the end of this period, the gonad fragments were
PSW and dissociated by pipetting the pieces

full-

grown oocytes are a number of previtellogenic oocytes
and oocytes that are engaged in vitellogenesis but are not
A shows a whole mount of a
yet fully grown. Figure
piece of fixed ovary viewed with transmitted light. The
1

full-grown oocytes, each with its large germinal vesicle,
B the same piece of ovary is shown,

are obvious. In Figure

1

DNA

stain is
using fluorescence to visualize DNA. The
evident in the nuclei of follicle cells that surround each

oocyte.

The chromatin

in

germinal vesicles of large oocytes
too diffuse. Figure 2 presents

transferred to

does not stain because

up and down through a small-bore pipette. A 1% solution
of the dye neutral red was prepared in distilled water. Five
microliters of dye was added to
ml of PSW. Full-grown

a cross-section through a piece of ovary at low and high
magnification, showing various details of ovarian struc-

oocytes were incubated in this stain dilution for 5 min
and washed in PSW. Stained oocytes can be distinguished

cellular

from unstained oocytes for several hours because of their

dition to follicle cells, the interstices between oocytes

red coloration.

contain at least one other kind of somatic

1

is surrounded by an extraenvelope with oocyte microvilli extending into
the envelope. The follicle cells cover this envelope. In ad-

ture.

Each full-grown oocyte

In
see

if

some experiments, sperm were added
the treatment

cell

to oocytes to

would induce maturation and

to eggs

cell

that

may
may

type that Sawada refers to as a nutritive
and that Senn refers to as a nurse cell. According to

be similar to a
Preparation oj motile sperm and fertilization

it is

cell

Sawada and Senn.

this cell type

is

prominent during

early-

stages of oogenesis prior to the reproductive season but

OOCYTE MATURATION

BRACHIOPODS

IN

265

(A) Whole mount of ovarian lobe viewed with transmitted light showing full-grown oocytes.
Figure 1.
The translucent region in the oocyte on the extreme left indicates the position of its germinal vesicle. (B)
View of the same ovarian lobe using fluorescence to visualize the nuclei of somatic cells in the ovary. Each
oocyte is surrounded by a number of follicle cells. Because of the thickness of this preparation, not all
somatic cell nuclei are in focus. For this reason, many of them give a diffuse fluorescence image. Both
= 50 jim.
photographs are at the same magnification. Scale bar

disappears in mature gonads;

I

have not seen

this cell

The

full-grown oocytes form a polarized epithelium
within the ovary. The germinal vesicle is located in the

type.

undamaged oocytes can be obtained by washing and
incubating pieces of ovary in several changes of calciumfree seawater (see Materials and Methods). Under these

tact,

region of each oocyte that faces the coelomic space of the
gonad, and the envelope that surrounds the oocytes is
always thinnest on the opposite side of the oocyte facing
the interior of the gonad (see a in Fig. 2B).

conditions, the follicular epithelium around the oocyte
retracts, and the oocytes can be dissociated from the ovary.

one attempts to obtain oocytes by mechanically ma-

oocytes with DAPI. These follicle-cell-free oocytes still
have an extracellular envelope with microvilli extending

If

cerating the ovary, virtually

all

the oocytes are physically

damaged: the envelope that surrounds the oocyte tears at
the site where it is thinnest, and cytoplasm leaks out. In-

Oocytes obtained

on

in this

manner do not have

their surface; this point

into the envelope. If these oocytes are cultured in
for

up

to 8 h, the germinal vesicle remains intact.

(A) Cross-section through two ovarian lobes at low magnification. The germinal vesicle of
Figure 2.
each oocyte has one nucleolus. (B) Cross-section through a region of a lobe at higher magnification. The
envelope around each large oocyte and the follicle cells (arrows) covering the envelopes can be seen: (a) full

grown oocyte.

(b) previtellogenic oocyte,

and

follicle cells

was checked by staining

(c) vitellogenic

oocyte. Scale bars

= 50 nm.

fixed

PSW
When
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sperm are added to these oocytes, the germinal vesicle
down and development is not initiated.
However, studies of fixed oocytes, stained with DAPI fol-

does not break

lowing exposure to sperm, indicate that sperm-egg fusion
does occur in some cases.

The lophophore contains a factor that induces oocyte
maturation
In a

number of

oocyte maturation

invertebrate
in the

secreted by other organs

ovary

is

and vertebrate animals,
controlled by hormones

Meijer, 1979a, b, for polychaetes and Shirai and Walker, 1988, for asteroids). Organ
(e.g.,

from sexually mature Glottidia were tested for
induce oocyte maturation. Organ extracts
were prepared from gut, liver, lophophore (including the
mouth and the first part of esophagus), mantle, ovary,
and testis (see Hyman, 1959, for a description of these
organs). A piece of ovary was incubated in extract for up
to 3 h and examined during this period for germinal vesicle breakdown of its oocytes. At the end of the incubation
period, the piece of ovary was treated with calcium-free
seawater to obtain free oocytes, and individual full-grown
oocytes were examined for germinal vesicle breakdown
by compressing them slightly under a coverslip and examining them with a compound microscope. At least three
experiments were done for each organ, testing extracts of
that organ from three animals. In the case of the gut, liver,
lophophore, and mantle, extracts from both sexes were
extracts

Figure

their capacity to

tested.

phophore extract, the follicle cells around the oocyte retracted and the ovary dissociated into a pile of mature,
full-grown oocytes and a residue composed of growing
oocytes and follicle cells (Fig. 3). The germinal vesicles of
these shed oocytes had broken down. DAPI staining of
fixed oocytes showed that the chromosomes were condensed at metaphase and were located just under the cell
surface in preparation for the

first

meiotic reduction di-

vision; there were no follicle cells around the oocytes.
These matured oocytes were somewhat flattened, with a
convex and concave side. When sperm are added to oo-

matured

manner, the meiotic reduction

in this

di-

visions are completed and normal embryogenesis occurs.
In most experiments, an extract of 10 mg of lophophore
in

100 n\ of distilled water

cyte maturation

when
of a

it is

(A)

A

piece of ovary viewed with transmitted light just

The same

(B)

min

later

showing

Both photographs are

large oocytes.

=

piece 95

at the

its

of lophophore extract.

dissociation into a pile of

same magnification. Scale bar

mm.

I

nerve

cells, the subenteric ganglion, around the esophagus
below
the mouth; nerve cell processes extend into the
just
tentacular arms of the lophophore. To find out if a special

region of the lophophore produces oocyte-maturing factor,
the lophophore of a large animal was divided into two

around the mouth, which included the

regions: the area

subenteric ganglion, and the two arms of the lophophore.
which lack the subenteric ganglion. Extracts from both
regions had the

same oocyte-maturing

activity (two ex-

periments).

The only organ exhibiting oocyte-maturing activity was
the lophophore. After 70-90 min of incubation in lo-

cytes

3.

after being placed in a well with a 1/128 dilution

when

is still

capable of inducing ooPSW, but not

diluted 1/128 with

summarizes the results
periments in which the last one-half
that induced maturation is recorded.

diluted to 1/256. Figure 4

number of

e

dilution in a series

Characterization

<>/

Three procedures were used to characterize the

phophore

extract. In the

boiled to see

if this

its

activity.

The

re-

pernatant was boiled for 5 min and the other half was
on ice. A small amount of flocculent precipitate,
1

presumably denatured protein, forms on boiling. Immeand unboiled extracts were
serially diluted by 1/2 and the liter of the lowest dilution
that would promote oocyte maturation was determined
to be 1/128 for both boiled and unboiled extract. The
remainder of the undiluted boiled and unboiled extract
was frozen and retested for oocyte-maturing activity 24 h
diately after boiling, the boiled

later.

The

would

in-

although

lo-

lowest dilution of either extract that

duce maturation was

phophore extract

is

1/8, indicating that

not heat

labile,

it

loses activity in so-

were obtained using lophophore
from either male or female animals in three sep-

lution. Similar results

arate experiments.

complex structure (Hyman, 1959;
Storch and Welsch, 1976). There is a concentration of

treatment altered

stored

of oocyte-maturing activity in the lophophore.
a

lo-

procedure, the extract was

of a typical experiment are presented here. Lophophore extract was obtained from a male. Half of the su-

extract

is

first

sults

There was no sex-based difference in the concentration

The lophophore

ihc /opltoplum- extract

The second procedure examined the effect of protease
treatment on the activity of lophophore extract. Extract
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way, 1989). This compound was tested here to see if it
would induce oocyte maturation in brachiopods. When
animal cells are incubated in cAMP, they normally do
not respond because this

1/16

3

not diffuse

1/64

no cAMP receptors on cell surfaces. For this reason, 8-bromoadenosine
3'V cyclic monophosphate (bromo cAMP) and dibutyryl-

1/128

adenosine 3'5' cyclic monophosphate (dibutyryl cAMP)
were also tested: these cAMP derivatives can diffuse across

1/32

cell

1/256

Cases

Histogram indicating the lowest 1/2 dilution of lophophore
extract from a population of animals that induces oocyte maturation
piece of ovary.

Each unit

in

PSW. The response of pieces of ovary

brane-permeable

Figure 4.

follicle cell retraction in a

In these experiments, summarized in
a small piece of ovary was added to these com-

I,

pounds
of

is

one individual.

there are

membranes.

Table

Number

and

compound does

membrane, and

across the cell

to

cAMP derivatives was identical

mem-

to their

response to lophophore extract. Oocytes matured in this
manner could be fertilized, and they developed into normal embryos. High concentrations of cAMP elicited only
a marginal oocyte maturation response, but concentra-

and dibutyryl cAMP that were 20-50 times
lower were maximally effective in inducing maturation.
The brominated derivative of 5' adenosine monophostions of bromo

was boiled and diluted 1/32 with PSW. Then protease
bound to agarose beads (Type VIII-A, 2-3 units per ml.
Sigma) was slowly added to part of the diluted extract
under a dissecting microscope until the solution could
not accept any more. After 60

min of incubation

at

room

was centrifuged and the treated
was
collected.
The last 1/2 dilution that would
supernatant
induce oocyte maturation in pieces of gonad was then
compared for protease-treated and untreated extracts. In
one experiment, this dilution was 1/128 for both extracts.
In another experiment, it was 1/128 for the untreated
extract and 1/64 for the protease-treated extract.
The third procedure characterized the lophophore extemperature, the solution

by determining whether it would pass through a filter
(Amicon) with a molecular weight cutoff of ca. 2000. Extract

PSW prior to fillowest dilution of unfiltered solution that in-

was boiled and diluted 1/32 with

tract

tration.

The

duced maturation

in gonad pieces was 1/128, whereas the
lowest dilution of filtered solution that induced matura-

was 1/64. Because a large number of lophophores
had to be dissected out and homogenized, this experiment
was done only once.
These experiments indicate that the oocyte-maturing

phate (bromo

had no

effect

AMP), the breakdown product of cAMP,
on oocyte maturation. These experiments

that cAMP derivatives induce oocyte maturation;
however, they do not demonstrate that the oocyte-ma-

show

turing activity in lophophore extract

Cyclic

is

a

cAMP derivative.

AMP derivatives and lophophore extract do not

act directly on large oocytes to induce maturation

In a number of vertebrates and invertebrates, the neuroendocrine pathway that mediates oocyte maturation is
made up of a number of components. For example, in

from the radial nerve acts on the follicle
surround oocytes, causing them to secrete 1methyl adenine, which then acts on the oocyte (Shirai
and Walker, 1988). To find out if cAMP derivatives and
asteroids, a factor
cells that

tion

activity of the

ecule

and

lophophore

is

due

to a relatively small mol-

probably not a peptide. The last part
of the conclusion should be viewed with caution, however,
because some small peptides can show marked resistance
to boiling

The
In

role

that

it is

and protease

ofcAMP

in

many animals

activity.

inducing oocyte maturation

the levels of second messengers such

as adenosine 3'5' cyclic monophosphate (cAMP)
changed
markedly in oocytes or their follicle cells during oocyte

maturation. In hydrozoans, an increase in
in oocytes induces their

cAMP

levels

maturation (Freeman and Ridg-

Table

The

effect

I

of different concentrations of cyclic

AMP and cvclic AMP

derivatives on oocyle maturation in pieces of gonad*

Compound
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lophophore extract that cause maturation
lated

of iso-

cause isolated oocytes devoid of folto mature, pieces of gonad were incubated in

gonad

licle cells

in pieces

FREEMAN

will also

calcium-free seawater (see Materials and Methods) to obtain isolated oocytes.

treated with 5-10

These isolated oocytes were then

mM of bromo or dibutyryl cAMP, or

with 1/8 or 1/4 dilutions of lophophore extract in PSW;
at the same time, pieces of ovary from the same animal

were treated with the same concentrations of these agents.
In every case oocyte maturation occurred in the intact
piece of gonad, but in no case did it occur in oocytes
devoid of follicle cells (117 from 7 animals). At the end

of the experiment, the oocytes looked healthy and their

were intact.
The lack of maturation by isolated oocytes in the presence of cAMP derivatives or lophophore extract could
germinal vesicles

form of damage that the oocytes incurred
A reconstitution experiment was done
isolation.
during
to rule out this possibility. Isolated oocytes were stained
lightly with neutral red so that they could be identified.
reflect a subtle

These marked oocytes were placed either on or close to
a piece of intact ovary that was then treated with 5-10
bromo cAMP, or with 1/4 or 1/64 dilutions of lophophore

mM

extract. This

experiment was done three times. Of 46

stained oocytes, 28 underwent maturation as indicated
by germinal vesicle breakdown; most of the 28 were in

contact with the ovary. Maturation was first evident about
30 min after the ovary began to dissociate into oocytes.

which stained oocytes were
placed on or close to a piece of ovary in the absence of
bromo cAMP or lophophore extract, none of the 30
marked oocytes tested matured. These experiments suggest that cAMP derivatives or lophophore extract act in.
or on, a somatic cell in the ovary, which then produces a
factor that acts on large oocytes to mediate their matuIn control experiments, in

experiments, the pieces of ovary used in the assay did not
come from the females that had just spawned. The lowest

and 1/16 for
two females. These results should be compared with
the data on the lowest dilutions that normally induce
dilutions that induced maturation were 1/8

these

maturation

come from

two females that spawned during the night. These
two females did not spawn during the night. Lophophore
extract from these females was prepared and tested at the
same time the tests were done on the extracts from the
two females that had spawned. The same set of ovarian
as the

fragments were used for all four tests. The lowest lophophore dilutions that induced maturation in these two cases

were 1/64 and 1/128. This
a spawning there

is

the lophophore.

It

The oocyte-maiuring
part of an endocrine

activity in lop/iop/i/n'e extract

mechanism

The oocyte-maturing

that mediates

activity in the

is

spawning

lophophore could

be a pharmacological fluke that has nothing to do with
normal oocyte maturation. It could also be produced by
that

is

released into the

body

cavity,

where

it

functions as part of the normal endocrine pathway that

mediates oocyte maturation and spawning.
During the night after animals are collected, they
sometimes spawn (Paine, 1963). Spawning is obvious in
females isolated individually in dishes without sediment,
because one can see the eggs. The titer of oocyte-maturing

lophophore of two females that spawned
under these circumstances was tested the next morning
by determining the lowest dilution by 1/2 in a series that
induced oocyte maturation in pieces of ovary. In these
activity in the

result indicates that just after

less

oocyte-maturing activity in

suggests that the

lophophore plays a
normal spawning.
The breakdown of the germinal vesicle in oocytes and
the dissociation of oocytes from a piece of isolated ovary
do not constitute spawning. When spawning occurs in
Glottiilia. gametes are shed into the coelom, where they
are expelled from the animal through its nephridiopores
and pumped out of the shell. Spawning can be induced
in these animals by injecting them with 25 n\ of boiled
role in

lophophore extract diluted 1:3 with PSW or 25 /ul of
20
dibutyryl cAMP in PSW. Large females with a
or more were used for these exvalve length of 20

mM

mm

periments.

A

100-jul

Hamilton syringe with a small-di-

ameter hypodermic needle was used for the injections,
which were made into the fluid-filled space that runs down
the center of the pedicle. The pedicle, which is already
partially contracted, contracts

even more as a consequence

of the injection, forcing the fluid in the center of the pedicle
into the part of the animal covered by the valves. After
with

hormone

much

the injection, each animal

ration.

a

(Fig. 4). Two of the data points in Figure 4
females that were collected at the same time

PSW

and checked

was placed

in a separate dish

at intervals for eggs.

Three of five

animals injected with lophophore extract and two out of
four animals injected with dibutyryl cAMP spawned.

None

of the

five control

animals injected with 25

n\ of

PSW spawned.

Spawning began 2 to 3 h after the injection
and lasted from 30 to 60 min. In each positive case, between 1000 and 5000 eggs were spawned. This experiment
shows that lophophore extract and cAMP derivatives can
elicit the entire maturation and spawning response in an
intact animal.

Discussion

The fact that G/ottidia spawns several times during its
reproductive season and the observation that spawning is
associated with the lunar cycle suggest that these animals

may have an

mechanism for controlling the timThe experiments reported here suggest

intrinsic

ing of spawning.
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Tentacle
Coelom

Lophophore
tentacles

Nerve

cell

process

Arms

of

lophophore

Mouth

Esophagus

Liver

Release

Body wall enclosing
body coelom

Ovary

of

Gonad

Stimulating Factor

AMP - cAMP
adenylate
cyclase

Pedicle
Follicle cell

Release

of

Oocyle

Germinal vesicle

Maturing Factor

Oocyte
Figure 5.

(Left)

Diagram of the anterior region

ofGloititlia with

in

Ovary

one of its valves removed, showing the

of the lophophore and ovary. They are in communication via the animal's coelomic space.
(Upper right) Enlarged diagram of lophophore tentacle showing the release of gonad-stimulating factor. In
this diagram, the factor is shown being released from a nerve cell process. (Lower right) Enlarged view of
relative positions

oocyte in ovary. The gonad-stimulating factor from the lophophore is shown stimulating cAMP synthesis
in follicle cells. These cells then produce an oocyte-maturing factor that acts on oocytes, causing germinal
vesicle

breakdown.

normal spawning is triggered when a cell type in the
lophophore secretes a hormone with oocyte-maturing activity into the body cavity. Storch and Welsch (1976) describe the ultrastructure of the lophophore and tentacles
that

of the related genus Lingula, and Hay-Schmidt (1992)
describes the larval lophophore, with special reference to
the nervous system, in Lingula

and

Glottidia.

At present,

not clear what cell types in the lophophore produce
the oocyte-maturing activity. The lophophore is well innervated, and a neurosecretory product is certainly a posit is

sibility. In

polychaetes and asteroids nerve cells produce

hormones

that play a role in oocyte maturation.

phophore hormone then

acts

on a somatic

The

cell in

lo-

the

ovary, presumably the follicle cell, perhaps increasing its
cAMP levels. This leads to the release of another hormone

much smaller distance on large oocytes
to trigger their maturation. Figure 5 outlines this hypothat acts over a

thetical

endocrine pathway. The oocyte-maturing hor-

mone from
cells,

the lophophore may also act on the follicle
causing them to retract, thereby facilitating oocyte

shedding from the ovary. The presence of oocytes in the
coelomic cavity may provide an impetus for spawning.
Even though no experiments are reported here on spawning in males, the oocyte-maturing hormone is also found
in the male lophophore. raising the possibility that this

hormone also functions to cause sperm shedding into the
coelom and spermiation.
At present, there is no operational way of distinguishing
between the oocyte-maturing component of lophophore
extract and the biologically active cAMP derivatives.

G.
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AMP

is not degraded by boiling (Sutherland. 1972)
Cyclic
or by protease digestion, and its molecular weight is below
2000. Even though the possibility exists that the oocyte-

maturing substance produced by the lophophore is identical to cAMP, our knowledge of the context in which
cAMP functions in animal cells indicates that this is

this paper.
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The

Abstract.

ovaries of female Fundulus heteroclitus

period,

January and the

fish initially spawn heavily during the
subsequent full moons (a lunar pattern); they later spawn
with less intensity during both the new and full moons (a

semilunar pattern), and then regress in
In the laboratory, fish

late

spawning against a

1C;

photoperiod 14 h

light to

may

de-

Stacey, 1984; Taylor, 1984). Ultimately, mature follicles

September.

ovulate and

vertical screen

fish

spawn

at a specific time, a particular site,

or both to maximize the immediate survival of eggs and
hatchlings (Stacey, 1984; Taylor, 1984). Afterwards, a re-

10 h dark; excess

food). Regardless of collection times (January, April,

follicles

temperature, illumination, spawning substrate availability,
rainfall, moon phase, and tide, etc. (Lam, 1983; Bye, 1984;

showed only semilunar periodicities, as observed for seven
spawning groups under constant conditions (temperature
26

one or more clutches of ovarian

velop progressively (Wallace and Selman, 198 la), often
in synchrony with a combination of transient changes in

living in the northeastern Florida saltmarsh recrudesce in

productive regression sets in to ensure that no hatchlings
emerge and subsequently face a harsh environment in-

Au-

September), these seven groups exhibited similar

imical to their survival: follicles cease their growth and

patterns of semilunar spawning for five to eight consecutive cycles whose periods (14.4 to 16.0 days) and phases

the ovary remains regressed until the next seasonal recrudescence. The seemingly direct responses of reproductive

to +8.4 days) were variable compared with concurrent full/new moon and spring tide cycles. These
semilunar cycles, which occurred over the entire year in

cycles to environmental influences

gust, or

(1.7

represent endogenous circasemilunar rhythms.
and lunar/semilunar cycles, a tidal

In addition to annual

spawning cycle was also observed in the habitat. Fish apparently select the higher of the two semidiurnal tides for

(Elliot

spawning, regardless of the daily light-dark cycle. This
tidal cycle has not yet been tested in the laboratory.

a combination of both

vitellogenesis)

field

physiology and its correlation to surmised environmental
cues pose a difficulty for laboratory research. It is not
surprising that most of the studies to date have been conin the field, but recent laboratory progress is encouraging. The endogenous nature of the annual cycle
and the environmental cues that can phase-shift the cycle

ducted

and ends with ovarian

have been revealed

The recrudescence (which primarily involves
is

1982).

observations and laboratory
testing. However, the obvious complexity of reproductive

Most reproductively competent female fish exhibit annual cycles of ovarian development (Lam, 1983; Bye,
1984). The cycle begins with ovarian recrudescence, conregression.

and Goldman,

Definitive studies of these reproductive cycles require

Introduction

tinues through a breeding period,

ex-

(Lam, 1983; Bye, 1984; Stacey, 1984). Such self-sustained
rhythms schedule reproductive preparation, time receptivities for external cues, and, most important of all, can
be entrained to follow repetitive environmental parallels

the laboratory, were thus free-running without entrain-

ment and

do not necessarily

clude the involvement of endogenous organismal rhythms

(Bye. 1984;

mostly under the influences of seasonal

in

Bromage

long-term laboratory observations

et al..

1990), as exemplified by stud-

on rainbow trout, Salmo gairdneri (Scott and Sumpter,
1983; Duston and Bromage, 1991). stickleback, Gasterosteus aculeatits (Baggerman, 1980). and catfish, Heter-

temperature and photoperiod. Later, during the breeding

ies

Received 14 September 1993; accepted 30 March 1994.
Present address: Environmental Sciences Division. Oak Ridge National Laboratory. P. O. Box 2008, Oak Ridge. Tennessee 37831-6038.

opneitstes fossilis (Sundararaj et

*

al.,

1982). In these

fish,

ovarian development beyond recrudescence has been as271

272
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sumed to proceed spontaneously under the sole regulation
of a circannual timer. However, the involvement of additional timers has never been excluded. For that matter,
specific timers for

been identified

in

follicle

other

maturation and ovulation have

fish.

For example,

in the

medaka,

Ory:i(is talipes, a circadian timer apparently schedules

the daily ovarian maturation for spawning at light onset

(Iwamatsu, 1978;
ler,

1987),

and

Ueda and

in the

Gulf

Oishi, 1982;

Weber and

Spie-

killifish, l-'niuliilus gniiulis. a

temperature-compensated circasemilunar timer is involved in ovarian maturation for spawning during spring
tides (Hsiao and Meier. 1988, 1992). Although the circadian timer in medaka further regulates the timing of
ovulation and spawning, in goldfish, Carassius aiiratns.
the two processes, ovarian maturation

and ovulation and

spawning, are separately regulated. A gravid female goldfish with fully grown follicles does not spawn until warm

micity,
1

and external entraining cues (Bradford and Taylor,
(</<//., 1988; Hsiao and Meier. 1989; Tay-

987; Cochrane

lor,

1

99

1

Developmental aspects of the reproductive cythe relationship between follicle growth
spawning, have also been examined (Taylor

).

cles, particularly

and cyclic
and DiMichele,

1980).

and laboratory
observations on reproductive cycling in female F. keteroelitus were extended at a northeast Florida site. Fish were
In the present investigation, the field

sampled at intervals of about 2 days during a breeding
season from January through October. Fish were also
moved from their habitat into the laboratory several times
during the year and their spawning patterns observed.
Comparisons between field and laboratory data reveal

mechanisms underlying the annual and semilunar reproductive cycles and indicate further research possibilities.

temperature and a suitable spawning substrate become
it then ovulates, under a circadian control, at

Materials and Methods

available;

midnight and spawns

Of all

at first light (Stacey el

at..

1979).

employed in the above-mentioned studies,
xnimli.'i spawns with an important lunar/semilunar

only F.

FicUl studies

the fish

/'/s/;

Specimens

off", heteroclitus living in the

saltmarsh

pattern related to semilunar tidal or moonlight cycles.
Through the breeding season, this species and many other

along the Intracoastal Waterway near the Whitney Lab-

cyprinodonts exhibit lunar or semilunar spawning cycles
that coincide with spring tides associated with synodic

longitude) were collected with unbaited

moonlight (29.6 days) on the Atlantic coast or with lunar

[46

declinational cycles (27.3 days) on the Gulf coast (Taylor,
1984). Depending on available habitat, they deposit their

incoming tides at intervals varyto 4 days from early January through miding from
September. Afterward, sampling was continued less frequently through mid-October. During spawning episodes
in March and May 1985, females were also collected and
examined at 3- to 4-h intervals over two consecutive

eggs during the daily high tides into empty mussel shells,
marsh grass, or sand near or on the Hooded surface of the

marsh

above the mean high waterline (Taylor, 1984).
the high tides recede, the eggs are left to incubate

at or

When

in a protected

and humid environment

until

subsequent

spring tides again flood the spawning site and the eggs
hatch. One apparent advantage to such a reproductive
strategy is that it ensures a predator-free and oxygen-rich
location for developing

embryos (Taylor and DiMichele,

1983). This strategy, however,

demands an

extraordinary

organismal coordination with tidal/lunar environments.
Laboratory examination of semilunar/lunar reproduc-

cyprinodonts has been initiated only recently (Taylor, 1986; Hsiao and Meier, 1986). Gradually,
Fundulus heteroclitus has emerged as a promising labotive activities in

ratory

model (Hsiao and Meier, 1989; Lin

Taylor, 1991

).

Although

this fish

ct al.,

1989;

has been used in phys-

and environmental

oratory

(St.

Augustine,

2940'

1984, samples containing five

N

latitude

medium

and

81

minnow

13'

W

traps. In

or large females

mm SL and larger, as classified by Kneib

(

1

986)] were

collected during daytime
1

spawning days to observe ovarian preparations
mediate spawning.

for

im-

Adjusted tide tables (Reed's Nautical Almanac & Coast
Pilot) were used to predict spring tides and semidiurnal
high tides at the collection

sites.

In addition, tide

mea-

surements were taken by a mechanical recorder at the
Whitney Laboratory dock on the Intracoastal Waterway
to accurately predict daily high tides.

Fish were anesthetized with a solution of 3-aminoben-

h after capzoic acid ethyl ester (MS-222; Sigma) within
0. 1 g and
to
the
nearest
The
fish
were
then
ture.
weighed
1

sacrificed

by cervical

of two lobes) of each

incision.
fish

The

single ovary (a fusion

was removed, blotted

to the nearest milligram.

dry.

and

A gonadal-somatic index

iological, embryological, genetic,
studies for decades (Huver. 1973; Atz, 1986), only in the

weighed
(GSI = gonad weight X 100/total body weight) was then

past few years has it been shown to exhibit annual, lunar,
semilunar, and tidal spawning cycles in the habitat (Day

calculated.

and Taylor, 1984; Taylor, 1984, 1986) and semilunar cycles in the laboratory (Hsiao and Meier, 1989; Taylor,
1991). Attention has recently been given to the interplay

among

internal

hormonal rhythms, endogenous rhyth-

Ovaries containing ovulated eggs were often difficult to
handle without losing the eggs. To minimize error, we
Hushed ovaries before weighing: each ovary was opened
laterally

with sharp scissors and

a petri dish

and counted

its

eggs were shaken into

as total eggs for a particular fish.

REPRODUCTIVE CYCLING
The

final

weight of each ovary was

amended by

the ad-

dition of egg weight estimated from the egg number and
the average weight of a single egg [3.7 mg (Greeley ct a/.,
1991)].
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narrow isolated compartment. Fish tend to spawn
against the screen and eggs fall into the protected compartment. All tanks were aerated and filled with flowing
seawater at 26.5
.5C and 35 ppt salinity throughout
the year. The lighting was fluorescent with a photoperiod
of 14 h light to 10 h dark (LD 14:10). Twice daily, fish
were fed to satiety with flakes (Wardley) that were left
a

1

Follicular development.

and

indicated by stages

development was

Follicular

size distribution

of follicles in each

A

small wedge-shaped sample of fresh ovary (minus
ovary.
ovulated eggs) was carefully cut with sharp scissors from
the midportion of an ovarian lobe.

Each sample was then

placed individually in a petri dish containing a culture
medium, FO solution (Wallace and Selman, 1978). Re-

maining ovarian tissue was reweighed to determine the
proportion of the total ovary represented by the sample.
Follicles in the sample were teased apart and those with

mm

diameters equal to or larger than 0.5
were measured
to the nearest 0.1
(generally about 200 follicles per

mm

ovary piece). The apparent developmental stage of each

was categorized according to morpho(Selman and Wallace. 1986), and the presence and quantity of atretic follicles were noted (atretic
follicles appeared somewhat opaque with irregular and
flattened surfaces). Because follicle development is essentially uniform throughout the F. heteroditus ovary (Taylor
and DiMichele, 1980), measurements from each sample
were proportionally converted to the total number of eggs

in the

tank for

The

at least 10

min

after the initial vigorous

were supplemented with cooked egg
feeding.
and crushed shrimp twice a month.
In each spawning tank, a fish group with a sex ratio
of one male to three to eight females was maintained.
flakes

The spawning was monitored by siphoning eggs out of
the isolated compartment every 24 h. This technique
was developed

in studies

of F. grandis and F. hetero-

ditus conducted in 38-1 aquaria Hsiao and Meier, 986,
1989). To test whether our 550-1 spawning tanks re1

(

we equipped

the 550-1 tank

follicle size-class

quired extra spawning

logical criteria

containing our first fish group A (250 females and 50
males) with an additional plastic screen folded as a cone

follicles per ovary. Finally, the data were standardized
to a total egg or follicle number per gram of total body

sites,

and suspended in the middle of the tank. The cone was
30-cm long with a pointed top and an open bottom
connected to a removable cup. Through daily removal
of eggs from the cup, we monitored spawning at this
extra site, which was found to be unnecessary (see Rethe remaining spawning tanks were equipped

or

sults);

weight.

with vertical screens only.
Data analysis. Daily counts of eggs collected from the

Data

analysis.

Due

to the lack of a consistent daily

or hourly continuity, the field data collected

over

months and over days were not analyzed through

spec-

tral time-series calculations. Instead, cycles

were

dis-

played graphically. In addition, the ovarian cycles were
compared with concurrent environmental

graphically

cycles of high tide, moonlight,

and

daily photoperiod

various

fish

groups were analyzed through

time-series calculations

(SAS

Institute,

olina) to detect the presence of repeating cycles and their
approximate periods. Nonlinear regression was used to
fit sine curves to data series in which cycles had been
identified. For each data series, ranges of sine curve amplitudes, phases, periods, and means were tested in ex-

tensive trials to produce the best

(Figs. 1-4).

SPECTRA

Gary, North Car-

fit

for all or part of the

portion of a data series was
divided into individual cycles at the lowest points of the
series.

Laboratory studies

Afterward, the

fitted

matching sine curve with the original data bracketed in
A mean spawning date (95% confidence limits) in each cycle was then calculated. This calculation
often gave a peak spawning date slightly different from

the cycles.

Fish and spawning observations. Specimens of F. heieroclitus living in the saltmarsh surrounding the Intracoastal Waterway near the Whitney Laboratory were also

mm

collected for laboratory studies. Large fish
56
SL
and larger, as classified by Kneib ( 1 986) were collected

marked by the fitting sine curve. The mean
spawning date was subtracted from the nearest new or
full moon, thus providing the phase relation between the
actual spawning peak and the concurrent moonlight cycle.
Negative and positive phases respectively indicate that
the date

and September 1991. Unwere
traps
placed in the saltmarsh for as
24
h
as
to
obtain
a
long
large quantity of fish in one
collection. In the laboratory, fish were kept in 550-1 plain

the spawning peak occurred before and after the new/full
moon (Table I). The phases of successive cycles were an-

tanks or grouped in 550-1, 66-1, or 10-1 partitioned
spawning tanks. The concentrations were 188-300 fish

alyzed by linear correlations to see if the variable spawning
cycles of a data series have advanced or delayed sequen-

in January, April, August,

baited

minnow

per 550-1 tank, 27

fish

per 66-1 tank, and 19

fish

per 10-

tank. Each spawning tank was partitioned by a vertical
black plastic screen with quarter-inch mesh to provide
1

tially in relation to

the constant concurrent moonlight

cycles (Table I). The phase relations were also graphed
with parallel displays of daily egg counts for the various

ooooo

Lunar Phase

Maturing
Follicles

and Eggs

10

20
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20 29
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fish

groups, concurrent cycles of moonlight, and predicted

local tides (Figs. 5, 6).

Results

Field studies

Annual reproductive
cycle, containing lunar

of females of F.

An

annual reproductive
cycles,

inhabiting the northeastern
illustrated by their variations in GSI

lieteroclitits

Florida saltmarsh

and ovarian

cycle.

and semilunar spawning

is

profile (Fig.

1 ).

In

January and early February,

vitellogenic follicles gradually increased to the baseline of
their cyclic

appearance from February to September. In
each cycle of vitellogenic follicles grew

this later period,

into a cycle of maturing follicles and ovulated eggs which,
because of their relatively large size, contributed to high
GSIs. The coexistence of high GSIs and maturing follicles

plus eggs was transient, indicating a periodic discharge of
ovarian products due to spawning. Thus, the first

spawning episode

in

1984 was identified to be during the
with the full moon in mid-

spring tides associated

spawning episodes appeared
successively at approximately lunar (29.6-day) or
semilunar (14.8-day) intervals throughout the lengthy
February.

Subsequently,

breeding season extending through September.
During the breeding season, in addition to exhibiting

successive

moon

spring tides (i.e.. 15 February, 15
March, and 12 April), clutches of these follicles could not
full

be easily distinguished from one another by size alone.
As the season advanced, however, follicle clutches became

more
tides

of

distinct. Later,
(i.e..

during successive

9 July, 10 August, and

follicles,

particularly

1

maturing

1

full

moon

spring

September), clutches
follicles,

rarely over-

lapped with smaller vitellogenic follicles. The size of the
largest maturing follicles also tended to decrease during
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Lunar and semilunar spawning cycles. After the first
GSI peak at mid-February full moon, the next GSI peak
occurred at the mid-March full moon and was followed
by another GSI peak at the April full moon (Fig. 1). Between these early major GSI peaks were two minor GSI
peaks associated with the new moon spring tides, but these
minor peaks appeared to merge with the following full

moon major peaks. Thus, there were three distinct large
lunar spawning cycles during the early breeding season.
It was not until late April that a well-defined new moon
GSI peak appeared. Through time, size of the new moon
GSI peaks increa^d while that of the full moon GSI peaks
decreased until they were approximately equal after late
June. Most GSI peaks began their decline right before or
at

new moon

or full moon in coincidence with spring
indicating that spawning (discharge of ovarian

tides,

products)

was

strictly

occurred at spring

tides.

The coincidence

September; the last GSI peak, a minor one,
occurred between the full and the following new moon.
lost in

Overall, the breeding season

was

initially

by a lunar pattern of heavy spawning and

characterized

later

by a semi-

lunar pattern of lighter spawning (Fig. ). In addition, all
lunar/semilunar spawning except the last cycle was con1

sistently in

synchrony with new/full

corresponding spring

moon

cycles

and the

tides.

Throughout the study, the total number of maturing
and eggs (reflecting ovarian products that will soon

cyclic support for the

spawning cycles, ovaries also revealed a discrete change in the size-frequency distribution
of vitellogenic and maturing follicles (Fig. 2). At early

FUNDVLVS
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follicles

be spawned) corresponded well with the GSI values

To

a lesser extent, this

Taken

alone, however, the

(Fig.

was also true for vitellogenic
follicles, although their numbers tended to peak a few
days earlier than those of maturing follicles plus eggs.
1

).

number of eggs in the ovary
with
the
corresponded poorly
cyclic fluctuation of GSI
values and was not a good indication of spawning activity.
This was probably because animals were collected only
during the day, so females that spawned during the early

morning hours were devoid of eggs when captured, unlike
females that spawned in the late afternoon or early evening

the breeding season. The formation of follicle clutches
did not continue into the fall when the production of

(see below).

vitellogenic follicles suddenly ceased, resulting in a decrease in both maturing follicles and ovulated eggs and a

Follicular growth cycles. A series of ovarian activities
underlay each lunar or semilunar spawning cycle: vitel-

subsequent increase in atretic follicles
point, the breeding season ended.

(Fig.

1).

At

this

logenic follicles grew and accumulated and then passed
to form a peak of maturing follicles and ovulated eggs

on

1.
Variations in gonadal-somatic index, (GSI. mean
SD), the combined count of maturing
and eggs, vitellogenic follicles, atretic follicles, and ovulated eggs in Fimdiilm helerochlits females
collected from a northeastern Florida saltmarsh over the course of a breeding season. Each point represents
a value derived from five fish. The predicted maximum height of daily high tide appears as a solid curve

Figure

follicles

near the top of the figure, and the actual measurements of the maximum daily high tide are represented as
small unfilled circles (discrepancies are due primarily to marsh structures and prevailing winds). Lunar
phases are indicated at the top as new moons (large filled circles) and full moons (large unfilled circles).
Vertical dotted bars

mark

the dates of

new and

full

moons.
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S-M.

Jun

12

2.0 Eggs

1.6

Follicle

Figure

2.

moon

I

2

1.6

II

2.0 Eggs

Diameter {mm)

Subtle variations in the ovarian profiles (follicle size/fre-

quency distributions) of Fundulus
full

0.8

HSIAO ET AL.

Iwtcroclini'i

spring tides in successive

profile provides the

mean number

females collected during

months of a breeding season. Each
of various size

follicles (filled bars)

on each sample date.
In each histogram, the left dashed vertical line marks the transition from
the cortical alveoli stage of development into vitellogenesis, and the right
dashed vertical line marks the transition from vitellogenesis into maturation, as defined by Selman and Wallace (1986). Note the increased
formation of distinct follicle clutches as the months progressed.
and ovulated eggs

(unfilled bars)

found

for five fish

failures in this process would result in atretic
hut these did not occur regularly during our observations (Fig. 1). Details of the vitellogenesis-matura-

(Fig.

1 ).

Any

follicles,

over a 23-day period (Fig. 3). After a minor new-moon
spawn (29 April), the ovaries examined had few early vi-

no maturing follicles, and only a few
ovulated eggs. During the next several days, however, midto late-vitellogenic follicles appeared and then accumu-

tellogenic follicles,

lated in the ovary,

and

after the quarter

moon on

7

May,

a distinct clutch of maturing follicles also appeared. Af-

terward, vitellogenic follicles entered maturation, resulting

and ovulated eggs during days of
spring tides (i.e.. 11. 13, 15 and 17 May) that occurred
on and immediately preceded and followed the full moon
in

maturing

follicles

Follicle

provides the

mean number

dashed

vertical line

late

follicles (filled bars)

and ovu-

five fish

transition from vitellogenesis into matSelman and Wallace (1986). Note the gradual

accumulation of vitellogenic

follicles,

followed by recruitment of follicle

clutches into maturation in preparation for spawning, and finally depletion of

as

most

new moon

larger follicles
(filled circle),

pool of vitellogenic

13

of various size

found for

marks the

uration, as defined by

May), as one clutch began to mature,
maturation, and the leading clutch
had ovulated. This vigorous egg production exhausted the
(e.g..

Diameter (mm)

on each sample date. In each
histogram, the left dashed vertical line marks the transition from the
cortical alveoli stage of development into vitellogenesis, and the right
lated eggs (unfilled bars)

moon

At times

2.0 Eggs

Variations in the ovarian profiles of Funduliis heteroclitus
Figure 3.
females collected during a 23-day interval encompassing a semilunar
spawning period associated with the full moon (15 May). Each profile

(15 May). In these spawning days, follicles appeared to
mature and ovulate in waves, one clutch after the other.

another was in

6

2.0 Eggs

tion-ovulation transition during a lunar cycle were revealed by the ovarian profiles collected at 2-day intervals

(unfilled circle).

series

genic

from the ovary. Lunar phases are indicated
quarter moon (half unfilled circle), and full

on 19 May.
follicles

by the end of the spring tide
days later (21 May), mid-vitello-

follicles

Two

appeared again, thus initiating another cycle
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Figure 4.

Ovarian

profiles

20:00

24:00

4:00

8:00

12:00

16:00

(h)

of Fun ditlitx heteroclitus individuals collected over two-day periods of spring

tides indicating preparations for selective tidal spawning.

Samples were collected

in either

March

or

May

(with time and photoperiod marked). Data for each time point represent the numerical averages for five

(March) or six (May) females. Solid lines trace the successive development of three discernible follicle clutches
during each two-day period. Arrows branching out from lines indicate the occurrence of ovulation. Semidiurnal
tides at the time are presented as actual recorded tidal fluctuations from the mean water-line. Dashed lines
through the tides reveal the approximate surface

level

of ovarian preparation for the next spawning episode.
During this 23-day observation period, the numbers of

(0.5-mm diameter) and
and 0.7-mm diameter) in

of the upper saltmarsh.

steps are apparently not the semilunar moon phase or
the semilunar tidal change, but the local semidiurnal

An

spawning was observed immoon of March and May
and examined at 3- to 4-h

late cortical alveolus-stage follicles

tides.

early vitellogenic follicles (0.6-

mediately preceding the full
1985. with ovaries collected

each ovary remained relatively constant
ently, the recruitment of follicle clutches

(Fig. 3).

Appar-

in the

ovary occurs instantly in early vitellogenesis, thus providing constant support for lunar/semilunar spawning by the repetitive and timely production of fully vitellogenic and
maturational

follicles.

Tidal ovulation

and spawning. During days with

spring tides, the ovary proceeds to
for spawning.

The environmental

its final

preparation

correlates for the final

apparent

tidal

two consecutive spawning days in each
During the two days in March, a clutch
of maturing follicles began to ovulate about 16-20h
before the spawning high tide. Ovulated eggs then accumulated and were spawned during the daytime high
tide (note the disappearance of eggs from the ovary after
intervals over

month

(Fig. 4).

the high tide). During the next 24 h, additional eggs
were ovulated from another clutch of maturing follicles.
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Figure 5.
Cyclic variations in daily egg counts offish groups A, B, and C. These groups were respectively
obtained on 23 January, 24 April, and 26 April (marked by arrows). Spawning tanks holding each group
were equipped with vertical screens as spawning substrates, with the exception of the tank for group A,

which had a suspended screen cone as an extra
suspended screens are indicated as Aa and Ab,

substrate. Eggs collected
respectively.

A

from group A

part of each data series

at the vertical
is

by sine curves through nonlinear regressions with a calculated mean cycle period (MP)
confidence limits provided. Concurrent cycles of moonlight (full moon: unfilled circle; new moon:

<

0.01

)

fitted

and the predicted maximal daily high tide are indicated
Vertical dotted lines mark the dates of full moons.

circle)

and spawning again occurred at the following daytime
high tide. During the two days in May, a similar pattern
was observed, but spawning occurred at the nighttime
high tide. In both the March and May observations,
two or three developing follicle clutches could be discerned over each two-day period. However, spawning
occurred only at the higher of the two daily semi-

at

and

significantly

(P

95%
filled

the top of the figure for comparison.

diurnal tides, regardless of

its

daytime or nighttime

appearance.

Laboratory studies
Scnuluiuir spawning Because the
distinct

annual reproductive

field

data revealed a

cycle, fish collected

from the
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Table

habitat at different seasons were expected to display var-

ious reproductive patterns

if

any

in the laboratory.

Surprisingly, regardless of their collection time, they

all

exhibited a similar reproductive progression containing
five to eight semilunar spawning cycles (Figs. 5, 6).

group

and the suspended screen cone (Ab)
0.3 days for Aa and
The
mean
5).
periods (14.4
0.4 days for Ab) and phases (Fig. 5 and Table I)

vertical screen (Aa)
(Fig.

14.4

of eight consecutive cycles were similar for eggs collected
at both sites and could be significantly correlated (P

<

0.01

)

to sine curves. Accordingly,

single egg collection site

was

we concluded

that a

cycles revealed by egg collections of Aa

similar to concurrent moonlight

and

and Ab appeared

tidal cycles, the dis-

them was revealed by the differences
in cycle periods and phases. The shorter mean cycle periods of Aa and Ab (as compared to a 14.8-day semilunar

sociation between

cycle) resulted in sequential reductions in their phases (r

P <

0.05 in Aa;

r =

-0.88,

P <

0.01 in

Ab)

concurrent moonlight cycles: the mean spawning peaks in successive cycles occurred first at six days
relative to

and

drifted to

two days

moonlight cycles

Phase

shift (days)"

Cycle:

MP

Group

Fish collected

1

on 23 January. 1991

Aa

14.4

0.3

5.6

2.9

3.9

3.4

3.0

2.1

2.6

-0.77*

Ab

14.4

0.4

6.2

4.0

4.4

3.6

3.8

1.7

2.5

-0.88**

Fish collected on 24 (B)

and 26 (C) April 1991

B

16.0

0.5

1.0

4.1

3.8

5.5

5.4

8.4

+0.93**

C

15.4

0.9

0.9

2.5

2.7

3.9

3.7

3.8

+0.90**

sufficient to reveal the cyclic

spawning of a captive group in the 550-1 tank, and we
used the vertical screen as the only collection site for eggs
from fish collected subsequently. Although the semilunar

-0.77,

period (MP) of semilunar spawning in laboratory fish groups A
confidence limits) and phase shift against concurrent

(95%

In (i

A

(250 females and 50 males
was
collected on 23 January
in a 550-1 spawning tank)
three
weeks
later. The spawning conand began spawning
from
tinued
February through July, with equivalent
semilunar cycles observed at two egg collection sites, the
In the winter, fish

Menu

I

after respective new/full

Fish collected on 20 August 1991

D

14.4

E

14.5

+

0.4

3.7

6.4

3.3

4.7

1.5

-1.7

1.1

-0.79*

0.3

4.0

3.6

4.0

2.4

2.5

1.3

2.2

-0.86*

Fish collected on 20 and 21 September 1991

F

15.1

0.7

2.4

2.3

0.5

2.6

3.9

+0.60 ns

G

14.9

0.5

1.9

3.6

1.1

1.9

4.0

+0.36

a

In

each defined cycle

mean spawning peak

fitted

relation to the concurrent

and

positive

numbers

by sine curves (Figs. 5. 6), the date of the
was calculated and its phase

(egg collection peak)

moonlight cycle was determined. Negative

respectively indicate the days that the peak occurred

before and after the nearest new/full
"*

moons

P<

0.05; **/>

<

0.01;

"s

moon.

not significant.

(Table I).
In the spring,

fish groups B (2 10 females and 25 males
spawning tank) and C (163 females and 25
males also in a 550-1 spawning tank) were collected four
and two days, respectively, before the full moon on 28
April. On 28 and 29 April, both groups simultaneously

in a 550-1

spawned heavily in their separate tanks (Fig. 5). Afterward, there was a four-week pause before groups B and
C spawned again, on another full moon (28 May). The
semilunar spawning then lasted until August, and each
group exhibited at least five consecutive cycles significantly matched by sine curves (P < 0.01). The mean
0.5 days for B and 15.4
0.9 days
periods were 16.0
for C. The longer periods of groups B and C (compared
to 14.8 days) resulted in sequential phase delay (/ =
0.93. P < 0.01 in B; r = 0.90, P < 0.01 in C) relative
to concurrent moonlight cycles (Table I). The
spawning peaks in successive cycles drifted from
in

B and

moons

(Table

days

1

to 4 days in

C

mean
1

to 8

after respective new/full

I).

summer, fish groups D and E (each containing
15 females and 4 males in a 10-1 spawning tank) were
collected on 20 August. They began spawning in the laboratory about three weeks later and continued spawning
In the

from September to December (Fig. 6). Although they were
both groups also exhibited distinct semi-

in small tanks,

lunar cycles significantly (P < 0.01) fitted by sine curves
0.4 days
for seven cycles. The mean periods were 14.4
for

D and

14.5

0.3 days for

E (Table

I).

These

relatively

(compared to 14.8 days) resulted in sequen= -0.79, P < 0.05 in D; r = -0.86,
tial phase advance (r
P < 0.05 in E) relative to concurrent moonlight cycles.
The phases of successive cycles in D first went up from
3.7 days to 6.4 days and then dropped to -1.7 days and
1.1 days for the last two cycles. The phase progression in
E indicated a smoother advance with a drift from four to
about two days (Table I).
In the fall, a batch offish was collected on 20 and 21
September and kept in a 550-1 stocking tank without a
vertical screen. A month later, on 26 October, the batch
was divided into two groups, F and G (each containing
20 females and 7 males in a 66-1 spawning tank). Thereafter, these groups spawned actively for three months from
short periods

November through January, with
significantly

mean

(P <

0.01

)

fitted

cycle periods were

by

15.1

distinct

semilunar cycles

sine curves (Fig. 6).

The

F and

14.9

0.7 days in
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Cyclic variations in daily egg counts of spawning groups D. E, F, and G.

Figure 6.

G were obtained from the habitat on 20 August and 20 and 2
Groups F and G were initially held in a stocking tank for a

groups F and

by arrows).

1

Groups

D and

E and

September, respectively marked
(

month

before being divided into

two spawning groups on 26 October (arrowhead). A part of each data series is significantly (P < 0.01)
95%
matched by a sine curve through nonlinear regressions with a calculated mean cycle period (MP)
confidence limits provided. Concurrent cycles of moonlight
circle)

and the predicted maximal

Vertical dotted lines

mark

the dates of

full

in

little difference from the 14.8-day
Consequently, the spawning cycles stayed
phase and actually in synchrony with the concurrent

cycle.

moonlight cycle (Table

I).

Overall, in addition to the indifference of laboratory
spawning to season, the independence of semilunar

spawning cycles from the concurrent moonlight cycle
apparent. Mean semilunar periods of the seven
groups examined ranged from 14.4 to 16.0 days, and
is

moon:

unfilled circle;

new moon:

filled

moons.

0.5 days in G, with

moonlight

(full

daily high tide are indicated at the top of the figure for comparison.

their cycle phases in relation to concurrent moonlight
were not consistent. In contrast to the synchrony be-

tween lunar/semilunar GSI variations and moonlight
). there was no evidence that
cycles in wild fish (Fig.
the laboratory spawning cycle was entrained or driven
1

common cycle of moonlight or spring tide.
Thus, the laboratory cycling was endogenously timed,
free-running, and independent of environmental
to follow a

cues.
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seven laboratory groups, after about
three to four months of spawning, appeared to enter a
nonreproductive state, even though laboratory' conditions

a mixture of lunar and semilunar ovarian maturation cy-

(temperature, photoperiod, and feeding) remained the
same. Although the spawning groups were monitored for

population living

one to two months after cyclic spawning ceased, the length
and reversibility of the nonreproductive state were not

early

further investigated.

andSelman, 1981b). It appears that this species, in general,
spawns heavily when the temperature begins to rise and
may extend its spawning opportunistically in the southern
locations at summer high tides. Such an annual pattern
was also observed in Fwuluhts grandis individuals living
on the Alabama Gulf coast (Greeley and MacGregor,

Furthermore,

all

Discussion

The extended

field

studies revealed the existence

and

interplay of annual, lunar/semilunar, and tidal reproductive activities. Parts of these activities persisted in the lab-

oratory and are thus amenable to investigations of their

underlying physiological mechanisms, particularly neu-

rohormonal signaling along the hypothalamic-hypophyseal-ovarian axis. However, until the coexistence of anand tidal reproductive activities
can be more completely demonstrated in the laboratory,

and DiMichele, 1980;
Day and Taylor. 1984; Taylor, 1986). The Massachusetts

cles

more

mechanisms among these

cyclic activities

cannot be well addressed.

Annual reproductive

enlarged in late winter
follicles

when

gradually increased.

genic
season in spring and

the

number of

vitello-

their breeding

During
summer, ovarian preparation

for

spawning occurred in cycles, with a peak of vitellogenic
follicles preceding a peak of maturing follicles and ovulated eggs, leading to a
(Fig.

1

).

at spring tides

spawning episode
to April, spawning peaks were

From February

and took place

restricted

summer

Woods Hole

in the

area has an even

spawning season from
and the ovaries of these

1983;

Greeley

et

1988).

a/..

By

May
fish

through

constantly

May

(Wallace

exerting

greater

beginning of the season, a
maximize
its
offspring's survival by ensuring
species may
a long growing season for most of the young (Greeley
reproductive

et al.,

at

effort at the

1988).

Ovarian recrudescence in Florida F. heteroditus began
a time [late January /early February (Fig.
)] of short
1

~

11:13) but increasing photoperiod. despite the
lowest water temperatures of the year (13-15C; pers.

(LD

The increasing photoperiod and the cold temperature perhaps initiated the recrudescence. Possible environmental correlates of ovarian recrudescence have been
obs.).

cycle

During our 10-month sampling period, females of F.
heteroditus inhabiting the northeastern Florida saltmarsh
exhibited a distinct annual reproductive cycle. Their ovaries

1979; Taylor

et al.,

contain maturational oocytes and eggs in

nual, semilunar/lunar,

the interactive

(Taylor

at full

moon

tides, indicating

spring
large
a lunar pattern for the three cycles observed in 1984. From
April to September, smaller spawning peaks occurred

during both full and new
semilunar pattern for the

1

moon

spring tides, showing a
cycles observed in 1 984. Ter-

in late September was
marked by a quick decline in vitellogenic and maturing
follicles and a short period of irregular spawning. The fish

mination of the breeding season

then entered a reproductively quiescent phase. A similar
annual cycle, including a breeding season during February

through September with a transition from a lunar to a
semilunar spawning pattern, has also been reported for
F. heteroditus in Georgia (Kneib, 1986). A less-detailed
description of the annual cycle for F. heteroditus on a
north Carolina marsh reveals high GSIs from March
May and lower GSIs from June to August in

through

reproductive females (Kneib and Stiven, 1978). The annual cycle for a Delaware population of F. heteroditus,
described in segments through several studies, has a restricted breeding season between April and August with

fish collected from a Delaware population in
October/December. Ovarian recrudescence of these
fish was enhanced by their previous exposure to short
days and low temperatures and occurred during long days

explored in
late

(LD

13:1

1

warm

or 15:9) at a

temperature of

20C

a period of 6 to 8 weeks (Day and Taylor, 1984).

over

Long

days and warm temperature were no longer necessary for
recrudescence in females collected in March, and could
not sustain reproductive activities offish collected in late

June beyond the normal breeding season. However, when
females from the Florida habitat were collected in July
and August and from October to February, they were
maintained in reproductive condition beyond their
breeding season under long photoperiod (LD 14:10) and
warm temperature (25C) without preconditioning (Lin
1989). These females retained high levels of gonadotropin activities in their pituitaries and carried gonadotropin-responsive follicles outside of the breeding season.
et al.,

An

in seasonality in F. heteroditus may
variable ovarian responses to laboratory regi-

annual variation

dictate

its

mens of photoperiod and temperature (Day and

Taylor.

1984; Taylor, 1986).
Nevertheless, the long breeding season in the field,
punctuated by lunar and semilunar spawning cycles, collapsed at a time [late September (Fig. 1)] when temperature was still warm (28-30C) and a uniform photoperiod

(LD

=

12:12) had

begun

was probably not linked
gonadotropin content

(as

to decline. This collapse

directly to a lack of pituitary

measured by a homologous

S-M.

bioassay),

which does not collapse

in late
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September but

198

la).

The recruitment of

cortical alveolus-stage

and

only declines slowly later (Lin ct al.. 1987). Instead, the
steep decrease in vitellogenic and maturing follicles may
have been due to a sudden termination of gonadotropin

early vitellogenic follicles into fully vitellogenic follicles

be linked to starvation. For example,
of
previous studies on F. hetcroelitus have shown the loss
follicular competence for maturation in starved females,

diameter of 1.3-1.4

release,

which

may

can be reversed by either feeding or injection
of gonadotropin [Wallace and Selman, 1978, 1980; see
Holland and Dumont (1975) for similar effects of star-

an

effect that

began

after

new moon

each spawning period associated with full/
(Fig. 3). Vitellogenic follicles then grew to a

mm,

entered maturation (when oo-

and eventually released
their eggs for the next spawning period two weeks later.
This organismal synchronization is indeed scheduled by
an endogenously timed process as indicated by the lab-

cytes hydrate

and become

oratory results.

eggs),

The seven spawning groups observed

in

Xenopnx
vation and gonadotropin on
at the end of
laevis]. The collapse of ovarian activities

cycles with periods

summer

might, therefore, have been a result of seasonal
food shortage (Kneib. 1986; Taylor, 1986; Lin ct al.. 1989).

constant concurrent tidal and moonlight cycles (Figs. 5,
6; Table I). The same result has been found for F. grandis

The

(Hsiao and Meier, 1992). The possibility of subtle tidal/
lunar factors that sustain corresponding activity cycles in
laboratory animals (Brown, 1983) thus does not appear

vitellogenesis in

decline in size of the largest maturing follicles through
the breeding season (Fig. 2) perhaps hinted at a decrease

For

F. grandis. fat storhas
also been linked
age (an indication of food availability)
in resources for follicular growth.

(MacGregor ct al.. 1983). However, because semilunar spawning of F. heteroditus kept
in the laboratory and fed also collapsed after five to eight
to reproductive potential

cescycles (Figs. 5, 6), the correlation of starvation to the

sation of ovarian activities of wild fish in

September

is

laboratory aquaria of different sizes exhibited free-running
and phases that varied compared to

to be a serious consideration, either for F. grandis or F.

heteroditus.

An endogenous timer establishes an organizational basis
for cyclic activities (see Introduction)

and

is

generally

temperature-compensated, as demonstrated for F. grandis
992). to protect its schedule from being
( Hsiao and Meier.
1

of reproducnot
an
as
be
tive activities can
expression of an
explained

destabilized by temperature fluctuations. Although temperature-compensation for the endogenous timer in F.

endogenous seasonality progression.
Whether the seasonal transition in the annual cycle

Iwtcroclitns has not been tested,

conclusive. Alternatively, this cessation

rectly reflects

di-

environmental changes or expresses an un-

derlying endogenous cycle, the transition was interrupted
when the fish were collected and moved to the laboratory.

During collection and early adaptation in the laboratory,
fish usually stop eating and undergo some degree of ovarian regression (Wallace and Selman, 1978, 1980). Regardless of the season (January, April, August, or late September), laboratory fish nevertheless spawned within a

few weeks of collection, and

all

exhibited only semilunar

cycles instead of the lunar and semilunar cycles observed
in wild fish (Fig. 1). The laboratory semilunar spawning

then usually persisted for five to eight regular cycles and
generally ended with a short irregular period leading to
reproductive regression. The dissimilarity between wild

and laboratory
groups

may

fish

and the

suggest that the

among

laboratory

stress fish

experience

similarity

common

during collection may have set their physiological state
conducive for semilunar spawning.

1

mation of

turing follicles (Figs.

1,3). Cyclic ovarian activity thus

appears restricted to gonadotropin-sensitive processes, i.e.,
vitellogenesis and maturation (Wallace and Selman,

1

5C

summer

can be interpreted as demonstrating temperature-sensitive

growth (Wallace and Selman, 1978) confined by
a temperature-compensated format for semilunar spawning. As temperature increases, each follicle clutch proceeds
follicle

through maturation (and probably vitellogenesis) more
band
rapidly and appears as a narrower and thus distinct
in its size-frequency chart (Fig. 2).

The environmental cues

that entrain the

endogenous

lunar and semilunar cycles of the cyprinodonts are unknown. Because spring tides coincide with the new and
full

moons on

the Atlantic coast, our field data

do not

have the resolution to discriminate between the involvement of tide and moonlight in spawning entrainment of

However,

199

1

).

The

a recent laboratory study reveals

of moonlight on this fish (Taylor,
involvement of a semilunar high-tide cycle on

an entrainment

Throughout the breeding season, spawning activities of
wild northeastern Florida F. heteroditus were supported
by successive development cycles of vitellogenic and ma-

existence would be

distinct follicle clutches during the

F. heteroditus.

Semilunar nr/o

its

necessary under natural conditions. The Florida F. heteroditus pace their spawning cycles in synchrony with
constant new/full moons and spring tides throughout a
in the late winter
temperature range from lows of 3enhanced forThe
summer.
in
the
of
28-30C
to highs

effect

the reproductive cycle of F. grandis living along the Gulf
coast has also been shown. Spawning of this species follows
the local tidal cycle instead of the moonlight cycle (Greeley
and MacGregor. 1983; Hsiao and Meier. 1989). Along

the Gulf, tidal changes reflect the declinational cycle of

REPRODUCTIVE CYCLING
the

moon

(27.3 days) rather than the synodic cycle of

moonlight (29.6 days).
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Endogenous Substrates for Energy Metabolism in
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Abstract.
Energy metabolism was examined in the
spermatozoa of the sea urchins Arbacia lixuln and Paracentrotus lividus, which belong to the orders Arbacioida
and Echinoida respectively. P. lividus spermatozoa con-

tained various phospholipids

endogenous

triglyceride

dilution of dry

sperm

and

cholesterol,

and

gellar

ogenous substrate

swim

of

those of P. lividus, the spermatozoa of A. lixula contained

and cholesterol. Following
spermatozoa in artificial seawater,
TG decreased, but there were no concomitant changes in
the levels of phospholipids. Trace amounts of glycogen
were present in both species. High lipase activity was
demonstrated in A. lixula spermatozoa, but in P. lividus
spermatozoa lipase activity was low and phospholipase
A : activity was high. It is thus concluded that A. lixula
.

1.

lixula

and Ueta, 1988,

1990). H. pulcherrimus spermatozoa
various
contain
phospholipids and cholesterol
generally

and their endogenous triglyceride (TG) and glycogen
contents are extremely low (Mita and Yasumasu, 1983;
Mita and Ueta, 1988, 1989). The decrease in the phospholipid content of H. pulcherrimus spermatozoa during
(Ch),

spermatozoa obtain energy for swimming through oxiTG, whereas P. lividus spermatozoa

dation of endogenous

use PC as a substrate for energy metabolism. This suggests
that the system of energy metabolism in spermatozoa is
different in the orders

in seawater,

endogenous phospholipid content of spermatozoa decreases following the initiation of flagellar movement. It
has also been reported that //. pulcherrimus spermatozoa
possess fatty acid oxidizing activity (Mohri, 1957b; Mita

as well as phospholipids

incubation of

from reactions catalyzed

for energy metabolism because they
which contains hardly any nutrients.
Previous studies in Echinus esculentus (Rothschild and
Cleland, 1952) and Hemicentrotus piilc/terrimus (Mohri.
1957a; Mita and Yasumasu, 1983) have shown that the

(TG) content was quite low. After

phosphatidylcholine (PC) decreased rapidly, but other
phospholipids remained at constant levels. In contrast to

TG

results partly

ergy metabolism to produce ATP is indispensable for
swimming. Sea urchin spermatozoa could not use an ex-

their

in artificial seawater, the level

movement

by dynein ATPase (Gibbons and Gibbons, 1972; Christen
et at., 1982, 1983; Evans and Gibbons, 1986). Thus, en-

swimming has

recently been reported to be caused solely

by a change in the level of phosphatidylcholine (PC) (Mita
and Ueta, 1988). Similar findings for other sea urchins of

Arbacioida and Echinoida.

the order Echinoida (Mita and

Introduction

Sea urchin spermatozoa

immediately

after

start their flagellar

being spawned

that

movement
The fla-

these

the

and Nakamura,
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Correspondence: Dr. M. Mita, Teikyo Junior College, 6-31-1, Hon-

Tokyo

is

other available phospholipids is related to the properties
of phospholipase A : (Mita and Ueta, 1988, 1990; Mita

into seawater.

In

*

cho, Shibuya-ku,

Nakamura, 1993) indicate
main substrate for energy metabolism in
spermatozoa. The hydrolysis of PC in preference to

PC

1993).

Arbacia lixula and Paracentrotus

long to the orders Arbacioida

151, Japan.
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lividus,

and Echinoida

which be-

respectively.
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the phospholipid content in the spermatozoa decreases
following incubation in seawater (Mohri, 1964). On the

high-performance thin-layer chromatography (HPTLC),
according to the method of Macala et al. (1983) with some

other hand, the spermatozoa of Glyptocidaris crenu/aris,
member of the suborder Phymosomatoida of the order

modification, as previously described (Mita and Ueta,
1988, 1989). The amounts of PC, phosphatidylserine (PS),

TG as well as phospholipids and Ch,
TG to produce energy for swim-

phosphatidylethanolamine (PE), cardiolipin (DPG), TG,
Ch. and free fatty acid (FFA) in the sea urchin spermatozoa were determined densitometrically from the stan-

a

Arbacioida. contain

and use

this

endogenous

ming (Mita, 1991

).

This suggests that the spermatozoa of

sea urchins in the order Arbacioida have an energy met-

from that in the order Echinoida.
Thus, it is still unclear whether the endogenous substrate
used for energy metabolism by A. lixitla spermatozoa is
PC, TG, or a combination of the two. To clarify energy
metabolism in sea urchin spermatozoa, the present study

dard curves of the respective authentic

lipids.

abolic system different

the energy production systems in spermatozoa

compared
of A.

I i \iiln

and

Estimation of/ipase and phospholipase activity

Dry sperm were washed twice with

0.21 A/ mannitol,

m.M Tris-HCl at pH 7.5 before
10 mA/CaCl : 10 mA/ MgCl :
with
being homogenized
m.M dithiothreitol. and 50 m.M Tris-HCl at pH 7.5. The

0.07 A/ sucrose, and 10

,

,

1

P. lividus.

homogenate was incubated with 4.6 kBq
l4

Materials and Methods

l4

Materials

and P. lividus. were collected in
the Gulf of Napoli, Italy, and induced to spawn by intracoelomic injection of 0.5 A/ KC1. Semen was always
freshly collected as "dry sperm" and kept undiluted on
ice. The number of spermatozoa was calculated from the
protein concentration, which was determined using a Mi.-1.

BCA protein

content per 10

y

lixitla

assay kit (Pierce, IL). The average protein
0.1 mg in both
spermatozoa was 0.5

Incubation of spermatozoa

Dry sperm were diluted 100-fold
consisting of 458

in artificial

seawater

NaCl, 9.6 m.M KCI. 10 mA/
and 10 m.M Tris-HCl at pH 8.2.

m.M

CaCl : 49 m.M MgSO 4
After dilution and incubation for
h at 20C, the sperm
suspension was centrifuged at 3000 X # for 5 min at 0C.
In a cell-free system, dry sperm were homogenized with
10mA/CaCl : 10m/\/MgCl :
mA/dithiothreitol. and
50 mA/ Tris-HCl at pH 7.5. The homogenate was incu,

.

1

,

bated for

1

h at

.

1

kBq

[carboxyl-

l-palmitoyl-2-[lor 2.3 kBq l-pal-

GBq/mmol)
C]arachidonyl-PE (1.9 GBq/mmol)

for

mitoyl-2-[l-'
in a total

1

h

20C

volume of 0.4 ml. The lipids were extracted according to Bligh and Dyer (1959). The radioactivity in the FFA fraction was separated by thin-layer
chromatography (TLC) and measured by liquid scintilat

lation spectrometry.

Oxygen consumption

20C.

9
1-2 X 10 sperm) was incubated in 1.8 ml
in the closed vessel of the oximeter at 20C. The

of dry sperm

ASW

(

concentration of saturated oxygen in

ASW

at

20C

was

O

: /ml (Mita and Yasumasu, 1983). The diluted
spermatozoa were left exposed to air until their oxygen
consumption was determined. Total oxygen consumption
was calculated from the respiratory rate and incubation

234 nmol

period, as described previously (Mita

and Yasumasu,

1983).

Assay ofglycogen ami glucose content
Before and after incubation of dry sperm in ASW. samples of spermatozoa were homogenized with 0.6 A/ per-

The glycogen content of the homogenate was
determined by an enzymatic method (Keppler and
Decker, 1984). The acidified homogenate was centrifuged
at 10,000 X g for 10 min at 4C, and the supernatant was
chloric acid.

used for the estimation of glucose after neutralization to

pH

2.3

Oxygen consumption in a sperm suspension was measured polarographically with an oxygen consumption recorder (Gilson 5/6H oxygraph. WI). Eighteen microliters

species.

(ASW)

GBq/mmol),

C]arachidonyl-PC (1.9
4

Sea urchins,

cro

C]triolein (4.1

Reagents

The

lipid

ical (St.

standards were purchased from Sigma

Louis.

MO). [Carboxyl-

Chem-

l4

C]triolein. 1-palmitoyl4

4

C]arachidonyl-PC and l-palmitoyl-2-[l-' C]arachidonyl-PE were obtained from Du Pont-New England
Nuclear (Wilmington, DE). All reagents and solvents were
2-[l-'

of analytical grade.

HPTLC and TLC plates (silica gel

were obtained from

E.

6.5-7.0 with K.OH. Glucose was measured enzymataccording to the method of Kunst et al. (1984).

60)

Merck (Germany).

ically

Statistical analysis

Analysis oj lipids

All data are expressed as

The total lipid content of the spermatozoa was extracted
by the method of Bligh and Dyer 1959) and analyzed by
(

periments. Data were
dent's

/

test.

means

statistically

SEM

for several ex-

analyzed by the Stu-

ENERGY METABOLISM

IN

287

SEA URCHIN SPERM

(a)

30

TG

20
V)
OS

O 10

Ch

"X

^3,

DPG

(b)

30

c
4)

PE
PS

C

O 20
10

^^K,

PC

O

O

a.

O

a

Q.

Changes in lipid levels after incubation of Arbacia lixula
Figure 2.
and Paracentrolus lividus (b) spermatozoa. Before (clear) and after
h at
(dotted) dilution and incubation of dry sperm in seawater for

(a)

I

A

P

High-performance thin-layer chromatogram of sea urchin
Total lipids were extracted from dry sperm of Arbacia
lixula (A) and Paracentrotus lividus (P) and 10 Mg of each were applied
to the HPTLC plate. Arrow shows origin.
1.

Figure

sperm

lipids.

were extracted and analyzed by

lipids

mean

of four separate experiments. Vertical bars show

analyzed

statistically

dry sperm values (P

by Student's

<

Lipid metabolism

When

Results

0.

1

in

t

test.

Changes

The

lipids in the

incubation with seawater

spermatozoa of P. lividus comprised

several kinds of phospholipid

and Ch

(Fig.

1

).

Among

DPG

were identified in
phospholipids, PC, PS, PE, and
the spermatozoa. Similar phospholipids and Ch were de-

TG

was also prestected in A. lixula spermatozoa (Fig. 1 ).
ent at high concentrations in the A. lixula spermatozoa,

*P values

are

value

a

comparisons with

system

cell-free

homogenate obtained from the dry sperm of
was incubated for h at 20C, the TG content
decreased and the FFA content increased (Table II). Essentially the same situation was found when intact spermatozoa were used (Fig. 2a). However, the levels of PC,
PS, PE, DPG, and Ch showed no statistically significant
change. On incubating the homogenate from the dry
sperm of

1

P. lividus for

creased (Table
(Fig. 2b).

A

III),

slight

as

h at

1

20C,

the

PC

did in the intact

it

decrease in

content de-

spermatozoa
0.05) was

PE content (P <

9

cubated with

ASW

for

1

h at
9

creased from 8

20C,

TG

content de9

1
Mg/10 sperm
Mg/10 sperm to 5
movement
(Fig. 2a).
following the initiation of flagellar
The levels of phospholipids and Ch did not change sig1

nificantly. In contrast, following incubation of P. lividus
9
Mg/10
spermatozoa in ASW, PC decreased from 23
4
^g/K) sperm, with no concomitant
sperm to 18
1

1

change

in the levels of other phospholipids (Fig. 2b).

Glycogen was present in the spermatozoa of both species, but at extremely low levels (Table I), and only a trace
amount of glucose was present (Table I). There were no
statistically significant

changes during incubation.

the

the

whereas only a trace amount (<1 jig/10 sperm) was detectable in those of P. lividus.
When the dry sperm of A. lixula were diluted and inthe

is

SEM. Data were

).

A. lixula
in lipid levels after

HPTLC. Each

20C,

Table

Change

in the /ere'/ ol

I

glycogen and glucose in Arbacia lixula and

Paracentrotus lividus spermaloioa

Glycogen
9

(/ig/10

sperm)
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and 0.41

0.02

number of P.

^mol

O

was consumed by the same

:

lividus spermatozoa.

Discussion

This study showed that the spermatozoa of A. lixula,
which is a sea urchin of the order Arbacioida (suborder
Arbacina), contained a high concentration of
h at 20C, the
for
After incubation in

ASW

1

TG (Fig.
TG content
1 ).

of A. lixula spermatozoa decreased significantly, with no
concomitant change in the levels of phospholipids (Fig.
2a).

However, these findings are inconsistent with obser-

vations from a previous study (Mohri, 1964), which found
that the phospholipid content of A. lixula spermatozoa

20C. The

decreased after incubation for 8 h at

reason

IN
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The oxidation of 15 nmol fatty acid requires
4
about 0.45 nmo\ Oi per 10 spermatozoa, and this is consistent with the actual amount of O 2 (about 0.41 ^mol)
4
consumed during the 1-h incubation of 10 P. lividus
spermatozoa at 20C (Fig. 3). Similarly, about 4 jug TG

cubation.

was consumed by
incubation for

1

10

h at

y

spermatozoa of A. lixula during

20C

(Fig. 2a).

The amount of O :

TG

was calrequired to oxidize the fatty acid from this
culated by basically the same procedure used to calculate
in P. lividus spermatozoa. The theoret9
about 0.25 /umol O 2 in 10 spermatozoa,

PC consumption
value

ical

is

which correlates well with the actual

consumption

(Fig. 3).

In

mammalian

species, carbohydrate in the seminal

plasma and female reproductive

tract has

been postulated

for this discrepancy is unclear, but it is possible that the
decrease Mohri observed in phospholipid levels was due

to be responsible for the motility of spermatozoa (Peterson
and Freund, 1976). Without seminal plasma, however,

contamination with dead spermatozoa during longterm incubation. Our data also showed lipase activity in

motility under
194
and
la). During
aerobic conditions (Lardy
Phillips,
incubation, the amount of endogenous phospholipid diminishes (Lardy and Phillips, 1941b). Thus, mammalian

to

spermatozoa (Table IV). In the cell-free system,
amount of TG was consumed during in-

A. lixula

a considerable

20C (Table

TG

is hydroindicating that
lyzed by lipase. This accords with the results obtained
from G. crenularis spermatozoa of the order Arbacioida

cubation

at

II),

We also found trace amounts of glycogen
and glucose in A. lixula spermatozoa (Table I). Thus, A.
lixula spermatozoa may obtain energy through oxidation
of fatty acids derived from endogenous TG.
In contrast, the spermatozoa of P. lividus. which belongs
(Mita, 1991).

to the order Echinoida. contained only a trace

TG

(Fig.

The

TG

amount

of

and showed low lipase activity (Table IV).
9
level is also low (<1 Mg/10 sperm) in the sper1)

matozoa of other sea urchins of the order Echinoida (Mita
andUeta. 1988, 1989; Mita and Nakamura, 1993). Thus,
it

seems unlikely that these spermatozoa use

TG as a sub-

strate for energy metabolism. After incubation of P. lividus
spermatozoa in seawater, PC was shown to decrease sig-

whereas there were no significant changes in
of other phospholipids (Fig. 2b). These findings

mammalian spermatozoa can maintain

spermatozoa

may

confirm previous reports that the spermatozoa of sea urchins of the order Echinoida use PC as a source of energy
(Mita and Ueta, 1988: Mita and Nakamura, 1993). Although we found high concentrations of PC in A. lixula

spermatozoa

change

(Fig. 2a), there

differs in the orders

phospholipase

Our
by 10
1 h at
the

g

results

A

:

of

in A. lixula

showed

appears
activity of
It

spermatozoa (Table IV).
PC was consumed

that about 5 j/g

spermatozoa of P. lividus during incubation for
20C (Fig. 2b). Most of the fatty acid moieties in

PC

of sea urchin spermatozoa consist of 20 carbons

(Mita and Ueta, 1988, 1989; Mita and Nakamura, 1993).
On this basis, we calculate that about 1 5 nmol of fatty
acid per 10

4

spermatozoa

is

Arbacioida and Echinoida.

On mor-

generally considered that sea urphological grounds,
chins of the order Echinoida have diverged further than
it is

Durham

those of the order Arbacioida (Mortensen, 1943;

and Melville, 1957; Shigei, 1974). Accordingly, replacement of TG by PC as the substrate may reflect differentiation or specialization of spermatozoa in the Echinoida.

Presumably sea urchins of the order Echinoida, which
have lost TG as a source of energy in their spermatozoa,
are provided with a metabolic system that uses phospholipids, particularly PC.
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Functional Consequences of Phenotypic Plasticity
in Echinoid Larvae
MICHAEL W. HART AND RICHARD
1
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haviors requires knowledge of the natural history of
species and their interactions with mates, food, preda-

Abstract.
Phenotypic plasticity in feeding structures has
been described for several larvae of marine invertebrates,
including four species of echinoids. In these echinoids,

and the environment (e.g.. Dodson, 1989).
Marine invertebrate larvae exhibit a phenotypic plasticity modulated by the abundance of planktonic food
(e.g.. Strathmann el ai, 1993). The echinopluteus larvae
of sea urchins and sand dollars develop as two compartments that are partly independent physiological and developmental units. The larval feeding structure is a band
of ciliated epithelial cells borne on long larval arms
tors,

grown with scarce food grow a longer ciliated band
than larvae grown with abundant food. Such phenotypic
larvae

plasticity

may

be functionally significant

if

longer ciliated

bands permit higher feeding rates when food is scarce.
We replicate an earlier result showing that larvae of a
sand dollar. Dendraster excentricm, grow longer ciliated
bands in culture with scarce food. We show that these
larvae can capture suspended food particles at the tips
of longer arms, and that longer ciliated bands result in
higher

maximum

ance rate

and

is

clearance rates.

enhanced by

this

The maximum

phenotypic

(Strathmann, 1971). The beat of these cilia is responsible
for swimming and feeding by larvae (Strathmann, 1971).
In contrast, the postlarval structures develop as a disc-

clear-

plasticity

shaped rudiment on the

both

However, longer ciliated
bands did not completely compensate for reduced food
supply: larvae grown with scarce food needed more time
to complete larval development and metamorphosed

early

late in larval life.

into smaller juvenile sand dollars relative to larvae

(Okazaki, 1975).

The two

ciliated band is dismantled during metamorphosis
(Okazaki, 1975). In at least four species of echinoids, larvae respond to low food levels in laboratory culture

1988; Hart

(Boidron-Metairon,

Phenotypic plasticity of form and development can

and the

et al..

is scarce, larvae grow longer arms and ciliated
bands, and development of the rudiment is delayed.
Phenotypic plasticity of ciliated band growth may be a

when food

life

(Newman, 1988; Stearns, 1989; West-Eberhard, 1989). Mechanisms that produce plasticity should
evolve when an advantageous alternative phenotype is
reliably signaled, the demand for the alternative form
histories

unpredictable,
native phenotype

and Scheibling, 1988;

1992) and in the plankton (Fenaux et
ai. 1994) by altering the allocation of scarce materials to
the growth of the ciliated band and the juvenile rudiment:

Strathmann

Introduction

is

stomach
and

and the

grown

evolution of structures, behaviors, and

side of the larval

structures are functionally

developmentally independent of each other: the juvenile
rudiment is not functional until very late in larval life,

with abundant food.

affect the

left

common

adaptation

among

larvae of echinoids:

it

is

members of the Clypeasteroida and Echinoida,
which diverged more than 200 million years ago (Wray,
shared by

cost of expressing the alter-

high (Harvell, 1990). Demonstratthe
functional
ing
significance of induced forms or be-

1992). This type of plasticity of growth

is

may have evolved
may be a shared

more than once within

the class, or

ancestral feature of

extant echinoids. This plasticity

all

it

has been assumed to be adaptive because it results in a
larger feeding structure when food is scarce (Strathmann
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A

measure of capacity

for capturing food

is

M. W.
the

maximum

clearance rate; clearance rate

is

HART AND
the

volume

of water cleared of food per time. Ciliated band length is
correlated with maximum clearance rate in comparisons

among developmental
mann, 1971; Hart,

stages of echinoid larvae (Strath-

R. R.

STRATHMANN
mean temperatures 17.7-17.9C) were
and the range of temperatures (16.5-19C) was

experiments, the
similar,

(

the same.

Water was changed every 2 days by removing more
1.3
from the jars and replacing it with water that
had been filtered the day before and held at room temperature. Antibiotics were added at each water change for
a concentration of 30 /jg penicillin ml
and 50 /ug streptomycin sulfate ml
At every water change, cells of the alga Rhodomonas sp. were added to achieve a total concentration of

However, the effect of phenotypic plasticity of ciliated band growth on maximum
clearance rates of plutei has not been measured.
We present an experimental test of the functional significance of phenotypic plasticity of ciliated band growth
We show that larvae of the sand
in echinoid larvae.
dollar Dcndnisicr cxccntricm grow ciliated bands that are
in absolute length and in proportion to the size
longer
of the juvenile rudiment
when food is scarce (this effect
of food on allometric growth of larvae was previously

than

demonstrated for Dcndrastcr by Boidron-Metairon, 1988).
(2) The arms of plutei grow at the tips, and larvae with

Three replicate

longer ciliated bands have grown longer arms by extending
the arm tips. If particles cannot be caught near the arm

dimensions in the first experiment, the remaining larvae
were reared to maturity for a test of competence for meta-

1991).

(

tips,

1

then variation in

)

maximum

clearance rates of larvae

1

'

'.

5.0

'

cells

yul
1

0.3 cells

0.25 cells n\
After the

last

high food in both experiments,
low food in the first experiment, and
for low food in the second experiment.
for

for

//I"
'

jars

were used

for

each food treatment.

observations on clearance rates and larval

morphosis (food concentrations

were not mea-

in the jars

may

be unrelated to or indirectly related to phenotypic
plasticity of arm and band length. We show that larvae

sured precisely during this period, but were approximately
5.0 or 0.3 cells n\ '). Experimental rearing for the first

with longer arms and ciliated bands can capture particles
of these longer arms. (3) Finally, we show that

maximum

experiment was discontinued after testing for metamorphosis at 3 days of age (high food treatment) and 40 days
(low food treatment). The second experiment was ter-

ment (during most of the larval period) than feeding
rates for larvae grown with abundant food.

minated when the animals were 9 days old.
The algal species and concentrations were selected on
the basis of previous studies of echinoderm larvae. Rho(ioinoiuts has been determined to be a superior food for

Materials and Methods

echinoplutei (Hinegardner. 1969; Leahy, 1986). With algae of similar size, echinoderm larvae reduced their clear-

at the tips

clearance rates of larvae grown with scarce food
are higher
in absolute units (early and late in development) and in relation to the growth of the juvenile rudi-

1

ance rates with more than 5.0
Adult sand dollars were collected

Sound near Olga, Orcas

Island.

at a site north of Puget

Washington

State.

Ga-

arms and

were

ron. 1988).

obtained from eggs of a single female
and sperm of a single male. In the first experiment, eggs
were 128 /jm in diameter (mean of 10 measurements, with
full siblings,

4 ^m, the unit of measurement). In
the second experiment, eggs were
30 ^m in diameter
(mean of 10 measurements, with variation not detectable
all

variation within

1

within the 4-^im units of measurement).
larvae were nearly ready to begin feeding (near
of the second day), they were divided among rep-

licate jars,

with an estimated 300 larvae per jar.

The

first

experiment had three replicate jars per treatment; the second experiment had two replicate jars per treatment. Each
jar contained 1.51 of seawater that had been filtered

OA5-nm membrane

1988);

larvae

of

D.

larger rudiments

6.0 cells ^1

'

developed shorter
days of age when fed

cxcentriciis
at

1

5

in contrast to 0.5 cells ^1

'

(Boidron-Metai-

We made videorecordings (30 frames s~
swimming

'

)

of single,

free-

larvae as they captured 15-^m-diameter poly-

styrene spheres from suspension in 0.45-^m membranefiltered seawater. For most larvae, the concentration of

spheres was 3 ^r '; for some very large larvae, we reduced
or 2 //1~'. Larvae were
the concentration of spheres to
1

When
the end

(Strathmann.

'

metes were obtained for two experiments by injecting
adults with 0.5
KC1 on 12 and 20 April 1993. Within
an experiment, all embryos and larvae for the experiment

M

'

cells n\

). and grew at maximum rates at concentrations between 2 and 10 cells /ul
(Lucas, 1982; Fenaux el ai,

1971

observed in a 63-ml chamber surrounded by a water-filled
jacket that helped to buffer temperature changes during
observation. Mean temperature
standard deviation
1

0.7C) and

the range of temperatures (20-23C)
for these observations were several degrees higher than

(21.4

those for larval rearing.

The water was mechanically stirred by paddles pulled at 10 strokes min^
(Strathmann. 1987). Jars were maintained at room tem-

From these videotapes, we chose intervals of continuous
swimming and feeding by each larva, and from these intervals we counted particle captures. We converted the

which varied with the weather; but for the inexperiments and for food treatments within

counts of particle captures to clearance rates by dividing
the time rate of capture by the concentration of spheres

through a

filter.

1

perature,

tervals of both

PLASTICITY
in suspension.

Because these intervals do not include pe-

feeding was slow or ceased, our method
mates maximum clearance rate for these larvae.
riods

AND FEEDING

when

esti-

measured the following morphological features of
each larva after removing it from the observation chamber: posterior body length (from the posterior end to the
postoral transverse ciliated band), stomach length (anterior to posterior), juvenile rudiment diameter, and ciliated
band length (see Strathmann el a/.. 1992). Body and
stomach lengths were used as measures of the growth and
development of larval parts that are not involved in particle capture. All of these features were measured from
camera lucida drawings. Ciliated band length was measional reconstruction.

Our

method

for three-dimen-

criterion for

rudiment

for-

mation was contact between the invaginating epidermal
surface (the amnion) and the left coelom.
Differences among jars and between the two experiments but within treatments (only high or only low food)
were tested by Model analysis of covariance ( ANCOVA).
Measures of larval dimensions or clearance rates were deI

pendent variables, larval age was the independent variable,
and effects of jars and the two experiments were combined
into a single covariate. These tests are therefore equivalent
to comparisons of growth or increase in feeding rate during
development among five different groups of larvae treated

similarly (though reared in different containers or at different times).

Because we assessed

five

293

by a Student's test (Clarke, 1980; McArdle, 1988). Elevations were not considered different if one elevation fell
/

within the asymmetrical

We

sured by McEdward's (1985)

LARVAE

IN

simultaneous

95%

confidence limits of the

other.

Analyses of variance and covariance assume linear reand independent variables.
In some cases, these bivariate relationships appeared non-

lationships between dependent

We tested linearity in these plots by fitting quadratic

linear.

regressions to each curve

and estimating the value of the

second-order coefficient

in these regressions.

multaneous

tests (Figs. 1,2,4, 5),

For 18

we discounted

si-

the usual

alpha value by the Bonferroni correction. We found four
cases of significant nonlinear relationships: between cil-

band length or stomach length and larval age for
larvae fed the smaller ration (Fig. 1A, B), and between
iated

maximum
of larvae

clearance rate and larval age for both groups
(Fig. 4A). In the first two cases, we restricted our

analysis of covariance to one portion of the data set (for

<10 days

old) in which band length and stomach
increase
linearly with age. In the other cases (Fig.
length
we
could
not
find an appropriate solution because
4A),

larvae

both bivariate relationships were nonlinear but the curves
differed in shape: that for larvae fed the larger ration

was

concave up (the second-order coefficient was significant

and >0), and

that for larvae fed the smaller ration

was

concave down (the second-order coefficient was significant
and <0). We do not know of a single transformation that
render both relationships linear. We present the analyof covariance of the untransformed data, acknowledg-

will

comparisons within each food treatment (four morphological variables and clearance rate), we discounted the

sis

usual alpha value for these tests by the sequential Bonferroni correction for multiple contrasts (Rice, 1989).

of the

ing that this particular comparison violates an assumption
test.

periments (estimated as the interaction between larval age
and the jar covariate) at either high or low concentrations

Metamorphosis of larvae from the first experiment was
induced by exposure of larvae to materials associated with
adult sand dollars. Sand from an aquarium with adult
sand dollars was mixed with a small amount of water.

of food. Plots of data for larval dimensions and clearance

Water and

There were no significant differences

rates indicated

no differences among

among

jars or ex-

jars or between ex-

periments. Because effects of jars or experimental runs
in statistical tests and inspection of plots,

were not evident

from

plutei

replicate jars

and from the two experiments

Effects of food

and

first

on

larval

fine debris

were then passed through a IQ-nmEach bowl received larvae from a

sieve into bowls.

an estimated 120 larvae per
bowl. Larvae were exposed to water from adult sand at
13 days of age (high food treatment) or at 40 days (low

different jar, with initially

of effects

food treatment). Remaining larvae and metamorphosed
juveniles were counted the next day. We also measured

dimensions and clearance rates

the lengths of the tests of juveniles.
compared test
diameters of juveniles in a nested analysis of variance,

were lumped within treatments
of high and low food.
were

mesh

in the analysis

between food

tested with the interaction

larval age included in a

Model

I

ANCOVA.

level

In these

of the interaction were not significant (P
> 0.063) and the F ratio for the interaction was less than
twice the value of /",> .50 (Paull, 1950), we tested for effects

We

with jars nested within food treatments.

tests, if effects

of food level and age without including the interaction
term in the
model.

ANCOVA

The

relationships

length, ciliated

band

among rudiment
length,

diameter, stomach

and clearance

rate

were com-

ANCOVA

pared for the two food treatments in a Model II
using the method of Hess (1993). Slopes were compared

Results

Growth and development

The

effects

growth of the

of algal food concentration on relative
band of Dendraster larvae have been

ciliated

described previously by Boidron-Metairon (1988). Our
measurements of larval growth and development in re-

sponse to algal food are similar to hers. Though our mor-
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phological results are not new, we present them in detail
show the basis for the observed differences in feeding
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Growth of the ciliated band with respect to food ration
slightly more complex than growth of the other mor-

to

was

capabilities of larvae.

phological measures. For older larvae (>7 days old), those
fed the larger ration grew faster and therefore had longer

Each of the four morphological measurements increased during larval development, and growth rate for
each measurement varied significantly with food ration.
Ciliated band length, stomach length, midline body length,
and juvenile rudiment diameter increased more rapidly

ciliated bands,

and there was a

significant

main

effect

of

food ration on band length ( F\ 41 = 18.268, P < 0.001)
(the interaction between food ration and larval age was
not significant; F,

42

= 3.616, P = 0.064). However,

for

with larval age for larvae fed the larger food ration (Fig.
). In the last case, the age of onset of rudiment formation

younger larvae (<7 days old), there was no significant
interaction between food ration and larval age ( /", 5:

was

= 3.071, P = 0.086). The main effect of food ration on
band length in the ANCOVA was not significant F, 5
=
that larvae fed
1.864, P = 0.178). This result

1

also delayed

by several days

for larvae fed the smaller

ration. In each case, the statistical interaction

between

and food ration was highly significant /', d
> 51.90, P < 0.001), where the denominator degrees of
freedom (d) was 97 for larval dimensions (77 when only
larvae <10 days old were considered; see Materials and
Methods above) and 50 for rudiment diameters (the analysis of rudiment diameters included only those larvae in
which rudiment formation had begun).
larval age

(

14

-i

(

,

suggests

very small rations are initially capable of developing feeding structures as large as those of larvae fed larger rations.

A

is hidden in the apparent simiband
of
ciliated
lengths for larvae <7 days old from
larity
the two food treatments. If only the youngest larvae (3

surprising difference

days old) are considered, ciliated bands were significantly

PLASTICITY
Table
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I

'

Ciluitcil

hand

lengths uiul

maximum

clearance rales of 3-day-old

Dendraster excentricus larvae fed different concentrations of algal

(Rhodomonas
Food

ration

(cells

ml

'

)

sp)

looil
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30

26

51

Figure

3.

Capture of a polystyrene sphere by an 8-day-old Dcihlnnlci c\i\'niricn.t larva fed 250 cells
is shown in anterior ventral view (swimming up toward the video camera).

Rhodomonas sp. The larva
Video frame number (30 frames
ml

to
is

'

is shown in the upper nght of each panel. Each video frame was edited
enhance contrast and reduce background pixel values to near zero. An unintended result of this editing
an increase in the apparent size of the polystyrene sphere (by about 2
The sphere (arrow) came into
'

s

)

I.

focus at frame 26, was captured with a localized change in direction of the ciliary current at the tip of the

nght postoral arm (30-35), moved toward the larval midline (39), was captured again midway along the
length of the arm (41 -47). and was ingested (51). Inset (lower right): interpolated path of the captured sphere
begins at the arrow; dots show the location of the sphere in frames 26-47. For scale, the right postoral arm
is

about 700-fim long (actual scale

is

not known). Abbreviations:

al.

anterolateral arm: pd. posterodorsal

arm; po, postoral arm.

Clearance rates

Maximum

clearance rates of echinoderm larvae are

highly correlated with ciliated

hand lengths (Strathmann.

1971; Hart, 99 1 ). Developmental changes in feeding rates
of Dendraster larvae were associated with changes in band
length (Fig. 4 A). For larvae >7 days old, there was a sig1

nificant interaction
larval age

=

on

between the

maximum

0.004). Clearance rates increased

for larvae fed the l.i;uc

grew

ciliated

bands

;

at

of food ration and

effects

clearance rate

ration,

(

F, A2

=

9.497,

P

more

rapidly with age
because these larvae rapidly

an early age. However, larvae fed

the smaller ration eventually grew longer bands, and their
clearance rates surpassed those of the largest larvae fed
the larger ration.

Mean maximum

day-old larvae (12.46

1.63

,ul

smaller ration were significantly greater than clearance
rates of 9-day-old larvae fed the larger ration (10.28

= ?)(/ = 2.687. P = 0.017). For larvae
<7 days old, there was no significant interaction between
the effects of food ration and larval age on maximum
2.80^1 min

clearance rate

main

effect

l

,

(

/", 5:

=

0.3

1

of food ration

P = 0.577) and no significant
= 3.603, P = 0.063).
F,

5,
(

5

,

functional significance of increased ciliated band
length for larvae developing with scarce food is most evident from two comparisons: ( 1 ) maximum clearance rates

The

of 3-day-old larvae with different band lengths, and (2)
maximum clearance rates of larvae as a function of de-

clearance rates of 23-

velopment of the postlarval structures. First, for 3-dayold larvae, clearance rates of larvae fed the smaller ration

n = 10) fed the

were significantly higher than those of larvae fed the larger

min

',
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15-1

15

10-

10
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low food
o
o

_

high food

5-

5-

"u

o

I
X
a

r~

1

15

10

Age
Maximum

Figure 4.

or a large (5000 cells ml

50

25

20

100

150

200

clearance rates ofDendraster excentricus larvae fed a small (250 or 300 cells ml
ration of

300

Juvenile rudiment diameter (urn)

(days)

')

250

Rhodomonas

sp.

')

Bars show larvae fed the small ration: circles show

larvae fed the large ration. A. Clearance rates for larvae of different age. B. Clearance rates relative to juvenile

rudiment diameter.

ration (Table

I) (/

= 2.543, P = 0.019). This difference

demonstrates that the

earliest

plasticity in these larvae

manifestation of phenotypic

accompanied by a measurable

is

increase in feeding rate for larvae with scarce food. Second,

any stage of development of the juvenile rudiment,
clearance rates of larvae fed the smaller ration were subat

stantially higher

than those of larvae fed the larger ration

and there was a significant interaction between
the effects of food ration and rudiment diameter on feed-

the two rations are that larvae fed the smaller ration

al-

more

material to the growth of the ciliated band,
develop higher clearance rates at any stage of the development of postlarval structures, and eventually grow very
locate

long ciliated bands and develop very high feeding

Sun'ival

rates.

and metamorphosis

(Fig. 4B),

ing rate

((

=

4.927,

P <

0.001).

A

qualitatively similar

stomach length or posterior body
index
of growth and allocation to the
is
used
as
the
length
of
development
postlarval structures. This difference
result

is

obtained

if

demonstrates the functional consequences of altered rules
for allocation of scarce materials within the larva later in

development.

Growth with

clearance rate than an increase in ciliated

length, but

we have no evidence of such

Maximum

on
band

scarce food might have other effects

maximum

additional effects.

clearance rates increased with ciliated band

(Fig. 5), and the relabetween
rate
and
band length was not
tionship
feeding
two
different
between
the
groups. There was
significantly
no significant interaction between the effects of band
= 0.208, P > 0.50) and no siglength and food ration (t
nificant main effect of food ration (the 95% confidence
intervals around the estimated regression intercepts overlapped broadly, and the confidence intervals of each es-

length for larvae fed

both rations

timate included the estimated intercept of the other). This
result suggests that maximum clearance rates per length

of ciliated band are similar for larvae following different
allocation rules for the growth of larval and postlarval
parts.

The only

functional differences between larvae fed

The high survival rate in the cultures indicated that the
observed differences in growth, allocation, and feeding
rate were the result of developmental plasticity, not selective mortality of different genotypes at different concentrations of food. In the first experiment, survival

was
adjusted for larvae removed for observation
100% at day 13 with both high and low concentrations of food. (Errors in the initial count resulted in a

when

close to

5% apparent

increase in larvae.) Survival remained high

during continued observations of larvae in the three jars
at the low concentration of food, with 78 to 81% survival
over the next 23 days. In the second experiment, survival
in the four jars was 88 to 98% on day 9, at the termination
of the experiment.
Larvae from the

first experiment were tested for commetamorphosis. More larvae proved competent at 13 to 14 days with abundant food than were
competent at 40 to 4 days with scarce food, though the

petence for

1

stimulus from the adult sand could also have differed (Table

II).

This result confirmed that the larvae on the smaller

more slowly toward competence for
metamorphosis and did attain competence eventually.
Larvae with abundant food formed larger juvenile tests
than did larvae with scarce food (Table II). There were
ration did develop

significant differences in test diameter

among

replicate

HART AND
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may depend on

egg size, whereas the scope for plasticity
development may depend on factors such as the
efficiency of food digestion and assimilation.
later in

Under

the conditions of our experiment, increased
of
the
ciliated band did not completely compensate
growth
for differences in amount of food: larvae feeding on the
smaller ration took longer to complete larval development

10-

through metamorphosis and became smaller juveniles.
Phenotypic plasticity of ciliated band length increased

5-

clearance rates of larvae feeding on the smaller ration,

but

Ciliated

14

12

10

band length (mm)

Maximum clearance rates relative to ciliated band length
Figure 5.
of Dendraster excenlricus larvae fed a small (250 or 300 cells
) or a

mr

large

(5000

ml"

cells

1

)

ration of

the small ration; circles

show

Rhodomonas

'

Bars show larvae fed

sp.

=

among jars,

6.051,
tests

0.001). In spite of this variation

of individuals from the high food ration

= 15.943, P =

3

0.028).

The

times and postmetamorphic sizes for larvae following two
growth rules under the same conditions of scarce

different

food:

one

rule favoring

growth of the

ciliated

band

(the

bars in Fig. 2B), and another rule favoring growth of the

difference in test

juvenile rudiment (the circles in Fig. 2B). Unfortunately,
larvae cannot yet be induced to follow the second allo-

petent period, because percent metamorphosing was not

mean

significance of this phenotypic plasticity

echinoplutei could be tested by comparing development

ra-

diameter appears to have resulted from differences in food
for larvae rather than from different stages in the comrelated to

plasticity results in faster

Olson and Olson, 1989).

The adaptive

were significantly larger than those from the low food
tion (F,

know whether this

in the wild (see

larvae fed the large ration.

P<

not

such compensation might account for some of the observed insensitivity of larval growth to food abundance

in

jars (F,9 5

we do

development than could occur with a fixed pattern of ciliated band growth when food is scarce. If so, then phenotypic plasticity of ciliated band growth might be adaptively (as well as functionally) significant. For example,

test length.

Discussion

cation rule

when they

are

grown with scarce

food.

We

suggest, however, that this may be accomplished by manipulation of thyroid hormones (THs). Chino el al. (1994)
recently described effects of TH supplements on devel-

clear-

opment of the juvenile rudiment of three echinoid species.
They show that late-stage plutei can be induced to form

ance rates of Dendraster larvae demonstrate that pheno-

the juvenile rudiment in a dose-dependent response to

Our observations on form,
typic plasticity of arm growth
plutei

is

particle captures,

and

functionally significant:

when food

is

scarce. Plutei

it

ciliated

and

band

length in

increases feeding rate

grow longer arms and

ciliated

exogenous
algal

TH

in the

much

gest that

absence of algal food, and they sugTH found in larvae originates in

of the

food (larvae appear to synthesize

bands, while the growth of the postlarval parts
delayed.
The lengthened portions of the arms can capture particles,
and thus clearance rates are increased absolutely and in

little

TH).

is

relation to the

development of postlarval

Table

parts.

We found phenotypic plasticity of larval growth at two

Metamorphosis
rations offood

stages of development.

Early in development, larvae
with
scarce
food
were
able to grow longer ciliated
growing
bands than were larvae of the same age with abundant

one day of feeding. Late in development,
larvae with scarce food also grew longer ciliated bands
than did larvae with abundant food, but this difference
did not appear until after larvae with abundant food had
completed development and metamorphosis. This late
difference in size must result from altered allocation of
food, after only

materials acquired during larval feeding.

tween

results for early

and

The

contrast be-

late larval stages suggests that

the scope for phenotypic plasticity early in development

Food

ration

(cells

ml"

1

)

oj

II

Dendraster excentricus larvae fed high and low
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Laboratory Studies on Molting and Growth of the
Shore Crab, Hemigrapsus sanguineus de Haan,
Parasitized by a Rhizocephalan Barnacle
TOHRU TAKAHASHI AND SHUHEI MATSUURA
Department of Fisheries, Faculty ofAgriculture, Kyushu University, Hakozaki, Fukuoka 812, Japan

abdomen, acting as a saccular reproductive organ (externa). Male cypris larvae migrate through the mantle
cavity of the externa into a receptacle where the male
larva metamorphoses into a mass of sperm cells (Ichikawa and Yanagimachi, 1958, 1960; Yanagimachi,
196 la, b; Ritchie and H0eg, 1981; Liitzen, 1984; H0eg,

Molting of shore crabs (Hemigrapsus sangui-

Abstract.

neus) parasitized by rhizocephalans (Sacculina senla) was
observed in the laboratory, and the growth of the molted
crabs was

compared with

that of unparasitized animals.

Molting of the host was obstructed by the infestation, but
was still possible. After the release of several broods of
larvae, the externa (the external reproductive

system of

1982, 1985a, b. 1987).

The

the parasite) detached from the host. Subsequent molting
occurred within 40 days in about 80% of the animals, but
in the

Soon

after

and thus penetrates various parts of the
body of the crustacean host, taking nourishment from its
tissues. The effects on the host include difficulty in molting, changes in secondary sexual characteristics, and de-

most 4 months.
molting, a new externa protruded from the

remainder,

abdomen of every

it

was delayed

for at

crab. Thus, the life-span of the externa

and the molting of the host would seem

to be closely

generation of the sexual organs (Reinhard, 1956; Hartnoll,
1967). In particular, sacculinized brachyuran crabs usually

connected. In the female, the molt frequency was reduced,
but the molt increment of the parasitized crabs was not
different

from that

in the unparasitized ones. In the

internal part of the rhizocephalan parasite (the in-

terna) branches

cease to molt after the parasite appears external to the

male,

host (Veillet,

however, both the molt frequency and the molt increment
were reduced. Thus, the annual growth of parasitized

1945;

crabs.

Introduction

localities in

Rhizocephala (Crustacea, Cirripedia) are exclusively

on crustaceans, mainly Decapoda. The

part of the parasite protrudes

first

from the

fact,

Japan, the prevalence exceeds

large size classes,

70% and

host's

and many of the infected male crabs are

The observed feminization of male crabs

the modifications of male hosts

Abbreviations: U, unparasitized crabs; P. parasitized crabs displaying

CW,

presents us

Reinhard (1956) and Hartnoll (1967) mentioned that

812, Japan.
internally infected crabs;

pos-

with an apparent contradiction, for crustaceans cannot
change their external form without molting. Indeed,

May 199J accepted 25 February 1994.
Address for correspondence: Department of Fisheries. Faculty of
Agriculture, Kyushu University. 6-10-1, Hakozaki. Higashi-ku, Fukuoka

and

is

feminized in their external form, having a wider abdomen
and smaller chelipeds than unparasitized males.

Received 24

the externa(e) of Sacculina,

1967;

itively correlated with size (Fig. 1, preliminary survey in
April 1988). Sacculinized crabs are common among the

larva of a rhizocephalan hatches from the egg as a nauplius. Females of the subsequent larva (cypris) infect the

and

Hartnoll,

heavily infected by Sacculina senta
(Cirripedia: Rhizocephala). In Amakusa and some other

Grapsidae) are, in

host,

1956:

Although such pervasive effects might be expected to
decrease host survivorship or host reproduction, many
local populations of Hemigrapsus sanguineus (Decapoda:

males and females was about half that of unparasitized

parasitic

Reinhard,

Liitzen. 1984).

all

must appear before the

externa erupts, since the presence of the externa prevents
any further molting of the host.

carapace

width.
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Jul.
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Aug.
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Sep.
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externae, which
succession
showed
similar
could not be drawn
between
two
interval
spawnings varied acpatterns. The
For instance,
of
the
seawater.
the
temperature
cording to
when
the average
2
in
was
about
the interval
days
August
in
November
was
26.7C;
seawater temperature
(
8.3C)
was 24 days. There was considerable individual
it
several spawnings of nauplii.

1

1

variation.

While the eggs of a sacculinid were being incubated, its
next brood was already being prepared. After the release
of several broods of larvae, the externa detached, leaving

abdomen of

a scar on the

the host.

Only then was the

host able to molt (Fig. 2).
Table I shows the number of days required for the host
crab to molt after the externa had fallen off, and the num-

ber of days from the time of molting to the appearance
of a new externa during the year from May 1989 to April
1990. The temporal distribution of the molt with respect

detachment of the externae is shown in Table II.
unparasitized control crabs most frequently molted
July, whereas the parasitized animals had a broader

to the

The
in

from July to September. Although the
larvae throughout the year, most of the
released
parasites
molting period

detachment of externae occurred between June and October. Following detachment, most parasitized crabs
month. For instance, of the eight
molted within about
sacculinized crabs that lost their externae in June 1989,
one specimen molted in June and the other seven molted
1

before the end of July. In 21 of the 31 examples (67.7%),

molting resumed within 30 days; in 25 examples (80.6%),
it occurred within 40 days (Tables I and II).
The new externae sometimes appeared within 1-2 days
after molting,

when

the carapace of the host was still soft;
later, after the host's new shell had

but others appeared
become hard (Table

I).

new externa appeared
quently,
in all

ble

among

3

1

One

crab molted twice, and the

after the

second molting. Conse-

parasitized hosts, externae reappeared

but one host, which failed in molting and died (Ta-

I).

Effects on growth

The growth

of the host

rate of crustaceans generally varies with

the water temperature and is also affected by reproductive
conditions. Because the temperature of the seawater is

not stable and molting is seasonal, growth rates in different
months could not be compared. Furthermore, because
adult crabs (CW > 15 mm) molt only two or three times
a year, only the relative growths of crabs that lived through
a certain half or one-year period were compared (Table

compared were beand
30
tween
September 1989 (Section I),
April 1989
1989
and 31 March 1990 (Section
between
October
and
was
denned as extending from
The
II).
one-year period
III).

The

half-year periods that were

1

1

Table

The other

in Figure 2,

Time between

I

the detachment of the externa

and

the next moll,

between that moll and the appearance of a new exlerna

Date of

detachment
of externa

and
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Table

Distribution of the detachment of external-

Months when

Number ot

crabs lost

crabs that

externae

May
June
July

Aug
Sep
Oct

Nov
Dec
Jan

Feb

Mar
Apr

Total molls

per month

lost

extemae

and subsequent

Month when

May

June

July

mult.', in

MATSUURA

II

each month (May 19X9- April 1990)

parasitized crabs next molted

Aug

S.

Sept

[number of crabs (Days,
Oct

Nov

or range, between loss of externa and moll)

Dec

Jan

Feh

Mar

Apr

MOLT OF SACCULINIZED Hl-MlGRM'SUS
Table
Mo/I

tmitii'iia: relative growth,

and

relative

III

molt increments of crabs thai lived through two half-Year period* or that lived longer than one year

Number
Period
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-

25

o

either sex.

20

-

15

-

10

-

5

-

1
w

MATSUURA

S.

o- U
p
x- Kurata (1962)

The molt increment of parasitized males was

significantly smaller than that of unparasitized males,

that of parasitized females

was

and

also smaller than that of

unparasitized females, although not significantly.

Positive size-prevalence pattern

Inverse size-prevalence patterns are found in Pugettia
product a parasitized by the sacculinid Heterosaccus cali-

ra

fornicus and in the

"5
<r

15

10

25

20

30

35

mud

crab Rhithropanopeus harrisii
parasitized by Loxothylacus panopei (O'Brien, 1984;
O'Brien and Van Wyk, 1985; O'Brien and Skinner, 1990).

The authors of

these reports describe the inverse sizeprevalence pattern as typical of sacculinid-host associa-

35

-

E

30

-

Contrary to these reports, we observed that the

tions.

E

prevalence of//, sanguineus increased with the size of the
host (Fig. 1). This pattern is rather similar to that of the

and
These
authors
that
enhanced
1985).
suggested
growth of parasitized hosts might be one factor determining the positive size-prevalence pattern, but such enhanced
growth has not been documented in laboratory studies.
In the present study, H. sanguineus showed a positive
peltogastrid rhizocephalan-host relationship (O'Brien

TJ

-

25

Van Wyk,

i
4)

U

20

CO

15

U

H

c

o
10
10

O

15

20

30

25

Q.

Pre-molt carapace width

(mm)

3.

parasitized

gram

for

male

1
H. sanguineus does not stop molting after the molt
of puberty, whereas the molt of P. producta is a terminal
.

Premolt and postmolt relationships of parasitized and unmale Hemigrapstis sanguineus. A: relationship between premolt carapace width and relative molt increment. B: Hiatt's growth diaFigure

size-prevalence pattern with suppressed host growth. The
mechanisms that cause the size-prevalence pattern are not
very clear, but we can suggest three reasonable factors.

hosts.

molt.
Parasitized H. sanguineus can molt and
of the host have emerged.

2.

grow even

after the externae
3.

The

parasite does not have a lethal effect

on the

host.

discrepancy did not have the same basis in the two sexes.
In the male, both the molt frequency and the molt increment of parasitized crabs were smaller than in the un-

Consequently, the parasite probably lives on after the
detachment of the externa and then regenerates a new

parasitized crabs; but in the female, the discrepancy was
mainly due to a difference in the molt frequency. During

externa. Therefore, the high prevalence of parasitism
among the large size classes may simply reflect the fact

Section

that the large host has

II

(October-March)

parasitized females molted.

in particular,

During Section

none of the
I,

all

seven

tions, as suggested

been repeatedly exposed to

infec-

by Day (1935).

unparasitized females recorded in Table III were ovigerous
once, and this might have been a handicap to molting.

The molting

state

of sacculinized crabs

is

Acknowledgments

similar to that

of ovigerous females.

No

study on the growth of sacculinized brachyuran

comparable to the present study. But even if we
examine the studies on the effects of rhizocephalans from
hosts

is

a different family, the results are similar to those obtained
in the present study. Hawkes et al. (1987) examined the

growth of Alaskan blue king crabs, Paralithodes platypus
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quency between parasitized and unparasitized
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Female larvae

infect

other hosts

Detachment
of externa

Release of nauplii
(several times)

Invasion by male
cypris larvae

New

externa

Scar

J

Resumption
Regeneration
of externa

Figure 4.

r

of molting

Relationship between the reproductive cycle of Sacculina scuta and the molting of the host.
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Excitatory Actions of FMRFamide-Related Peptides
(FaRPs) on the Neurogenic Limulus Heart
JAMES
1

Abstract.

R.

GROOME

1

2t
,

MARK

A.

TOWNLEY AND WINSOR
3

,

The

actions of

Greenberg, 1989; Greenberg and Price, 1992). The arthropod FaRPs occur as N-terminally extended variants

FMRFamide-related peptides

FMRFamide and FLRFamide. For
TNRNFLRFamide and SDRNFLRFamide

polyphemus. were investigated. Excitatory
chronotropic effects were produced by application of

of the tetrapeptides

example,
have been isolated from the lobster

TNRNFLRFamide, SDRNFLRFamide, GYNRSFLRFamide, or pQDPFLRFamide to the intact heart

el

less.

TNRNFLRFamide and SDRNFLRF-

amide increased the burst

rate of the isolated

(Krajniak, 199

Synthetic FaRPs produced inotropic excitation of the
heartbeat as well. GYNRSFLRFamide, TNRNFLRFam-

SDRNFLRFamide, and pQDPFLRFamide

dioregulatory

(Kravitzet

increased

in the

Groome, 1993; Duve

et al.,

However, the cellular sites of action targeted by
FaRPs on neurogenic arthropod hearts are unknown.
We have begun to examine the cellular and biochemical
mechanisms underlying the effects of neuromodulators
of the cardiac rhythm in the horseshoe crab, Limulus poly-

fibers.

FaRPs

role for N-terminally extended FaRPs
1987;Cuthbert and Evans, 1989; Krajniak,

1993).

amide enhanced electrically evoked contractions of the
Limulus myocardium, elicited contracture in some preparations, and increased the excitability of cardiac muscle
cardioactive

al.,

1

1991; Mercier el al, 1991b;

heart contraction strength at a threshold dose of approx8
imately 1(T A/. TNRNFLRFamide and SDRNFLRF-

The presence of

1987),

Homarus (Trimmer

DRNFLRFamide and NRNFLRFamide

studies with a number
). Pharmacological
of arthropod heart preparations have suggested a car-

Limulus

cardiac ganglion.

ide,

al,

from the crayfish Procambarus (Mercier el al, 199 la),
and GYNRSFLRFamide from the crab Callinecles

preparation. Effects were dose-dependent with a threshold

M or

HI 3

2

Limulus

9

WATSON

Marine Biological Laboratory, Woods Hole, Massachusetts, 02543, Biology Department,
3
Swarthmore College, Swarthmore. Pennsylvania 19081-1397. and Zoology Department,
New
University oj New Hampshire, Durham,
Hampshire 03824

(FaRPs) on the neurogenic heart of the horseshoe crab,

of 1(T

H.

phemus, an organism suitable for detailed cellular studies
(reviewed by Watson and Groome, 1989). Immunoreactivity to the neuropeptide FMRFamide has been detected

Limulus

was suggested by reverse phase
methanol extracts of Limulus nervous
tissue. Four peaks of FaRP-like bioactivity were detected
with the Busycon radula protractor muscle bioassay. These

central nervous system

HPLC of acidified

nervous system (CNS), cardiac ganglion,
peripheral nerves and muscles of the horseshoe crab
(Watson et al., 1984; Gaus et al., 1993; Groome, 1993).
in the central

peaks also contained FaRP-like immunoreactivity. Two
of these partially purified peaks produced excitatory

We decided

to determine the actions of synthetic

FaRPs

on the neurogenic Limulus heart, as well as to characterize
endogenous cardioactive FaRPs in Limulus. Our data indicate that several N-terminally extended FaRPs produce
chronotropic and inotropic excitation of the Limulus
heartbeat. These actions are a result of excitation of cardiac
ganglion neurons, and enhancement of cardiac muscle

chronotropic effects on the intact Limulus heart preparation similar to those produced by synthetic FaRPs.
Introduction

The FMRFamide-related

peptides (FaRPs) are widely
distributed in the Arthropoda (reviewed by Price and

fiber contractility

and

Limulus prosomal
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excitability. Partial purification

CNS

extracts with

HPLC

of

reveals sev-

peaks of FaRP-like bioactivity and immunoreactivity;
two of these peaks also excite the Limulus heartbeat. Preeral

f
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liminary accounts of portions of this work have appeared
in an earlier short report (Groome and Watson. 1991 ).

AL.

(1987).

The protocerebra and circumesophageal

(prosomal

containing
placed in ice-cold methanol/acetic acid (99:
dithiothreitol; the tissues were then stored in groups
1

-20C.

of 10 at
Preparations

Adult horseshoe crabs (Limulus polyphemus) were obtained from the Marine Resources Department at the

Marine Biological Laboratory

They were maintained

at

setts.

Woods
18 to

Hole, Massachu-

20C

in a flow-

through seawater tank until used. Hearts were dissected
as previously described (Watson ct til.. 1984). The isolated,
intact hearts were pinned in 10-ml resin-lined recording

chambers and superfused from a 500-ml reservoir

min
(20-23C)
with

filtered, natural seawater at

at 5

ml/

room temperature

rhythm had stabilized. Conmonitored with a force transducer (Grass
FT .03 C, Grass Instruments, Quincy, Massachusetts) and
polygraph (Grass Model 7D). Test solutions were added
at the same flow rate via a 20-ml reservoir, and prepauntil the cardiac

tractions were

rations were

washed

30 min or more prior to the ap-

for

)

0.05%

Materials and Methods

in

ganglia

100 Limulus were dissected and

CNS) from

Tissues were homogenized at

0C, and

centrifuged at 25,000 X g for 30 min at 4C. The supernatant was removed, combined with the supernatant re-

from one repetition of this process with the cenand dried on a rotary evaporator (Savant
Instruments, Hicksville. New York). This material was

sulting

trifugation pellet,

resuspended in 0.1% trifluoroacetic acid (TFA, Pierce
Chemical. Rockford, Illinois) and loaded onto Sep-Pak
CIH cartridges pre-activated with 5 ml methanol and

ml 0.1% TFA. The cartridges were washed with 0.1%
and peptides were eluted with 60%- methanol containing 0.1% TFA. This material was dried, resuspended
in 0.1%. TFA, and ultracentrifuged (Beckman TL-100,
5

TFA

Beckman Instruments, Palo Alto, California)
x for 60 min at 4C. The supernatants were
t>

the material stored at

phase

-80C

at

36,000

dried

and

until subjected to reverse

HPLC.

plication of the next test solution.

Cardiac ganglia were dissected free from Limulus myocardia. pinned by their adhering connective tissue to the
bottom of 5-ml recording chambers, and superfused at
5 ml/min. Neuronal activities were recorded extracellularly

and

with a suction electrode; the signals were amplified
with Grass P-15 preamplifiers and displayed

filtered

performance liquid chroinatography (HPLC)

///#//

Series 410 BIO LC pump (Norwalk,
and
Connecticut)
Rheodyne 7125 sample injector with
1-ml loop (Cotati, California) and a 1-nm spherical, 15
X 3.2 mm Polymeric RP guard column (Brownlee Labs,

A Perkin-Elmer

with a polygraph. Myocardial rings (3 cm) were stretched
over wire electrodes immersed in a 20-ml bath and stimulated with current pulses from a Grass S-88 stimulator.

Santa Clara, California) were used in the first three HPLC
runs. The extracts were reconstituted in 300 n\ 0. 1% TFA

For each evoked contraction, two 50-ms pulses separated
by an 80-ms delay were delivered; pulses were equal in
Stimulation
intensity (2-5 V) and of opposite polarities.

Massachusetts); 250

parameters were adjusted to obtain contraction strengths
of magnitude approximating those recorded from typical
intact heart preparations. In other experiments, deganglionated myocardial rings were pinned to the bottom of

and

filtered

(Millex

verse phase column.

HV4.
//I

0.45

^m.

Millipore, Milford,

was injected onto a

The mobile phase

C8

or C, s

re-

consisted of HPLC

grade acetonitrile (Fisher Scientific. Fair Lawn. New Jersey), Milli-Q water (Millipore), and TFA. Flow rate was

ml/min and 1.5-ml fractions were collected. The
was monitored with a LK.B 2140
Rapid Spectral detector. The fourth HPLC run was ac-

set at

1

O.D.204-:s5 of the eluate

10-ml recording chambers. Spontaneous contractions
were recorded, and test solutions were delivered as de-

complished by K. Doble (Whitney Laboratory, University
of Florida, St. Augustine, Florida) according to the pro-

scribed above.

tocol specified in Price et

Peptides were obtained as follows: FMRFamide was
obtained from Peninsula Laboratories (Belmont, Califor-

and protocols employed sequentially were

pQDPFLRFamide and TNRNFLRFamide were
obtained from Bachem (Torrence, California):
SDRNFLRFamide was a gift from Dr. Eve Marder
nia);

(Brandeis

Univc

t\.

Waltham.

Massachusetts):

GYNRSFLRFamick INFLRFamide and FLRFamide
were a

gift

from Dr. \

hael

J.

Greenberg (Whitney Lab-

oratory, St. Augustine, Florida).

Run

1

220 x 4.6

al.

(1990).

The

HPLC

columns

as follows:

C 8 column (Aquapore RP-300, 7-^m spherical,
mm. Brownlee); 5 min isocratic 2% acetonitrile

followed by a linear gradient to 60% acetonitrile over
55 min, with 0.1% TFA throughout.

Run 2: C s column (Aquapore RP-300); 5 min isocratic
5% acetonitrile followed by a linear gradient to 30% acetonitrile

Run

TFA throughout.
C, 8 column (RP-18 Spheri-5, 220 X 4.6

over 55 min, with 0.1%

3:

mm.
TFA

Peplide extraction

Brownlee)

The extraction procedure for FaRPs in Limulus nervous tissue followed the procedure of Trimmer et al.

followed by a linear gradient to 37% acetonitrile over
55 min, with 0.1% TFA throughout.

5

min

isocratic

10%

acetonitrile

and 0.1%

CARDIOACTIVE FARPs

Run
ical,

4:

C 8 column (Aquapore RP-300, 7 ^m spher2.1 mm, Brownlee) with a linear gradient

220 X

of 16-40% acetonitrile over 30 min, with 0.05%

IN

Table
Effects oj

FaRPs on

Peptide

Bioassay

HPLC runs were dried and resuspended
ml Milli-Q water, and aliquots were analyzed for
FaRP-like bioactivity with the Busycon radula protractor
muscle (RPM, Nagle and Greenberg, 1982). Left-handed
whelks (Busycon contrariuni) were obtained from Gulf
Specimens (Panacea, Florida) and maintained at room
1

temperature in aerated natural seawater until used. The
paired RPMs were tied at the odontophore and radula,
1-ml vertical chamber, and superfused
with aerated, filtered seawater. Peptides were added to the
in a

and contractures were recorded
and polygraph. FaRP-like bioacindividual fractions were calculated by com-

chamber with

a syringe,

with a force transducer
tivities in

the intact heart prcparalioif

paring the contracture force elicited by samples to that
produced by synthetic pQDPFLRFamide at a dose of
9
10~ A/, at regular intervals. This preparation was sensitive

to picomolar quantities of

FMRFamide, FLRFamide,

RNFLRFamide, GYNRSFLRFamide, TNRNFLRFamide, SDRNFLRFamide, and pQDPFLRFamide. Active
fractions were pooled

and dried

for further

acterization, for analysis of effects

HPLC

char-

on the Limulus heart

HPLC runs 2 and 3), or for radioimmunoassay (after
HPLC run 4).

(after

Radioimmunoassay

We used two FaRP antisera, Q2 and S-253, in the radioimmunoassay; the protocol employed has been described in detail (Price et ai, 1990). The Q2 antisera was
raised against pQDPFLRFamide and boosted with
pDDPFLRFamide; it was used in this study at a final
dilution of 1:625. The S-253 antiserum was raised against
YGGFMRFamide and used at a dilution of 1:25,000.
Results

Chronotropic
Synthetic

effects

of FaRPs

FaRPs were

tested for their effects

on the

rate

of contraction of the isolated Limulus heart. The peptides

TNRNFLRFamide, SDRNFLRFamide, GYNRSFLRFamide, and pQDPFLRFamide consistently increased heart rate in a dose-dependent manner; the
threshold dose for each of these peptides was approxi9
(Table I, Fig. 1). Chronotropic excitation
mately 10~

M

gradually diminished after the peptide was washed off the
preparation.

The

peptides

RNFLRFamide, FLRFamide,

and FMRFamide produced only
5
rate, at doses up to 10~ M.

slight increases in heart

SDRNFLRFa

C

Threshold"

EC 50

(n.U)

(nA/)

A. Chronotropic effects

Fractions from

suspended

I

TFA

throughout.

in
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Relative'
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SDRNFLRFa

TNRNFLRFa
I

pQDPFLRFa

GYNRSFLRFa

FLRFa

OJD

1

nun

7
(a = amide) on the intact l.iniuliu heart preparation. At (r M. N-terminally
Figure
extended FaRPs produced chronotropic and inotropic excitation of the heartbeat, whereas FLRFamide. at
6
10~ M. had little effect on this preparation.
1

.

Effect of

FaRPs

1

To determine the effect of synthetic FaRPs on cardiac
muscle contractility, deganglionated muscle rings were

preparation. This difference may be attributable to negative inotropic effects associated with increased burst rate

stimulated with current pulses at fixed intensities and
rates. At 3 X
10 M/. both TNRNFLRFamide and

andGroome,

SDRNFLRFamide

in the cardiac ganglia

of intact heart preparations (Watson

1989).

significantly greater

In a few experiments, these peptides increased the
baseline tension as well as the amplitude of evoked contractions (Fig. 3A). Small oscillations in muscle tension

than that observed with the same dose of TNRNFLRFamide, or SDRNFLRFamide, applied to the intact heart

during peptide administration. These observations sug-

produced a gradual and long-lasting
increase in the amplitude of evoked contractions (Fig. 3).

At

this dose, the inotropic effect

was

between stimulating pulses also occurred occasionally
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A. Cardiac Ganglion Bursts
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A. Evoked Contractions
7

3xl0 M
SDRNFLRFa
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SDRNFLRFa
\

j^^^j^j^jJJjOJ^jJJ^^^

TNRNFLRFa
I
OJD

1

min

= amide), each

at 3 X 10"' M,
The peptides TNRNFLRFamide and SDRNFLRFamide (a
Figure -4.
produced rhythmic contractions in unstimulated, deganglionated Limulus myocardia. This effect appeared
after several minutes of supervision of peptide and persisted for several minutes after the peptide was removed

from the bath.

column,
from which four peaks of FaRP-like bioactivity were detected (Fig. 5). The first three peaks had elution times
near those for FMRFamide, TNRNFLRFamide, and
pQDFLRFamide, while the fourth had an elution time
to 10 to

later

37%

Discussion

acetonitrile gradient with a C, s

than that for any

FaRP

standard tested.

This study shows that several FaRPs have pronounced
on the neurogenic heart of the chelicerate arthropod Limulus. The crustacean peptides

excitatory actions

TNRNFLRFamide. SDRNFLRFamide, and GYNRS-

Aliquots from each of the peaks generated by the third
HPLC run were subjected to a final characterization on

FLRFamide all increase the rate and strength of heart
contractions at low doses, as does the molluscan peptide
pQDPFLRFamide. Endogenous factors purified from the

HPLC system, with analysis by radioimmunoassay with the S253 and Q2 antisera (Fig. 6). Immunoreactivity to one or both antisera was detected in each

atory effects. These factors may play a cardioregulatory
role in the horseshoe crab, and they may, in fact, be FaRPs.

another

HPLC run displayed
strong immunoreactivity to both antisera in fractions
that had an elution time slightly longer than that of

Limulus nervous system produce FaRP-like cardioexcit-

peak. Peak three from the third

pQDPFLRFamide.
The

HPLC

four peaks of FaRP-like bioactivity from the third
run were also tested on the Limulus heart prepa-

ration (Fig.

somal

CNS

In each test, aliquots comprising 10 proequivalents, with respect to the original ex-

7).

were used. Excitatory chronotropic effects were
more consistently elicited than were increases in heart
contraction amplitude, especially with peaks one and two.
traction,

4.6% SEM
Peak one increased with heart rate by 42.2
=
8), and peak two produced even greater chronotropic
(/;
8.7% SEM increase, n = 9). Peak three
excitation
(61.4
3.9% SEM (n = 9), and the
increased heart rate by 5.8
2.7% SEM ineffect of peak four was negligible (7.5
1

crease, n

=

9).

Inotropic effects were slight, ranging from

3.3% SEM elicited by peak two, to
SEM increase elicited by peak one. Peaks

an increase of 9.3
the 13.0
three

3.0%

3.9%

and four
and

SEM

elicited increases in

12.1

4.5% SEM,

amplitude of 9.9

respectively.

Cellular actions of FaRPs on the neurogenic Limulus

heart
Several N-terminally extended FaRPs increase both the
and strength of Limulus heart contractions. In crus-

rate

FaRPs have been

taceans,

gans and have excitatory

detected in the pericardia! oron the heartbeat. These

effects

peptides are predominantly chronotropic in the blue crab
Callinectes (Krajniak,
1991), whereas the peptide
TNRNFLRFamide produces both chronotropic and inotropic excitation of the heartbeat in the lobster

Homarus

1987). Similar cardioexcitatory effects of
TNRNFLRFamide, SDRNFLRFamide, and native

(Kravitz

ct u/..

FaRPs are observed
etai. 199

in the crayfish

Proeambarus (Mercier

la, b).

The cardioexcitatory effects of FaRPs on the Limulus
heartbeat are mimicked by several biogenic amines (Au1982). These amines elicit chronotropic exby increasing the firing frequency of pacemaker
neurons and thus the burst rate of the Limulus cardiac

gustine

ct a/.,

citation

ganglion (Augustine and Fetterer, 1985). The peptides
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Peak One

Peak

Two

Peak Three

Peak Four

OJD

1 niin
Figure 7.
Cardioexcitatory effects of partially purified extracts of the Limulus prosomal CNS. Aliquots
from each of the four peaks from the third HPLC run were tested on the intact heart preparation. Peaks
one and two, which eluted near FMRFamide and TNRNFLRFamide respectively, promoted the greatest

chronotropic excitation.

tencies of these peptides on heart rate and contractile force
were quite similar, suggesting that Limulus cardiac
ganglion neurons and cardiac muscle fibers possess
similar,

FaRP-like

receptors.

Because

TNRNFLRF-

SDRNFLRFamide, GYNRSFLRFamide, and
pQDPFLRFamide all had excitatory effects, whereas
RNFLRFamide was a weak agonist, we suggest that the
FLRFamide sequence must be extended at the N terminus
by at least three amino acids for full activation of FaRP
amide,

potent than

FMRFamide on

we observed with

the heart of that species, as

the neurogenic heart of Limulus. These

findings suggest that the structure-activity characteristics

of the

FaRP

receptors in Limulus, crustaceans,

and mol-

lusks are similar.

Endogenous cardioactive FaRPs

in

Limulus

receptors in the cardiac ganglion and in cardiac muscle.
Similar N-terminal structural requirements for chrono-

Reverse phase HPLC indicates that several factors with
FaRP-like bioactivity and immunoreactivity are present
in the Limulus nervous system. Peak one, which increases

tropic excitation of the neurogenic heart of the blue crab

heart contraction rate, has an elution time near that of

Callinectes have been reported (Krajniak, 1991),

and

in

both this species and Limulus, amino acid substitutions
at the N-terminus are less restrictive than are extensions.

Unlike Limulus, however, the Callinectes heart does not
respond to low doses of pQDPFLRFamide (Krajniak and
Greenberg, 1988). This heptapeptide,
the pulmonate mollusk Helix (Price el

first
til.,

isolated

1985),

is

from

more

synthetic
heart.

FMRFamide, which is
possibility of a FaRP

The

FMRFamide
FMRFamide

on the Limulus
Limulus which like

inactive
in

is
unlike
relatively
hydrophilic but
has marked cardioexcitatory effects on the

is an unexpected finding, and the seneurogenic heart
quences of peptides within this peak are of considerable
interest. Initial mass spectrometry data suggest the pres-
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ence of more than one peptide in peak one, as do the RIA
data. Peak two also markedly increases heart contraction
rate.

This material eluted with a time near that of
and SDRNFLRFamide, both of

TNRNFLRFamide

which have potent chronotropic effects. The third peak
with a time
slightly increased heart rate and eluted
cardioactive
FaRP,
another
near that exhibited by
raise
the
These
data
possibility that
pQDPFLRFamide.
peaks two and three contain peptides similar to the synthetic FaRPs that have potent chronotropic effects on the
Limulus heart. However, it will be necessary to sequence
these peptides to obtain valid estimates of their relative
and to establish their
abundances in the Limulus

CNS

The sequences of five Limulus neuropeptides

FMRFamide

that react

have been reported (Gaus

Of these peptides, only one has a sequence
(GGRSPSLRLRFamide) indicating that it is a FaRP. This
peptide is not active on the Limulus heart. Of the reet ai,

1993).

maining peptides, GHSLLHFamide has potent, inhibitory
effects on the cardiac rhythm. Our findings suggest the
presence of Limulus FaRPs distinct from these peptides.
In recent years the number of identified arthropod

FaRPs has grown considerably. The structurally related
FaRPs in crustaceans all share the C-terminal
sequence RXFLRFamide (see Krajniak, 1991). Our data
suggest that the Limulus CNS may contain one or more

cardioactive

peptides of similar structure. These peptides may have a
cardioregulatory function similar to that of N-terminally

extended FaRPs

in

crustaceans and mollusks.

Augustine, Florida) for HPLC and radioimmunoassay
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Cooling-Induced Activation of the Pericardial Organs
of the Spiny Lobster, Panulirus japonicus
TAKETERU KURAMOTO AND MASAKI TANI
Shimoda Marine Research

ofTsukuba

produce comof
the
during cooling
body, and

neurohemal organ of the spiny

pound action potentials
become silent with warming.

5-10-1,

Shinwda, S/uzitoka 415. Japan

These hormones are released by

Ligamental nerves, extensions of the pericar-

Abstract.
dial

Center, University

the organs (Cooke.

lobster,

electrical stimulation

1964; Sullivan,

of

1978; Berlind and

Cooke, 1970).

Heart-activators released

Serotonin activates the small cardiac neurons of deca-

from the pericardia! organs into perfusate were collected
from the antennule and leg stumps. The perfusate samples
were bioassayed using the isolated heart and cardioarterial

pods (Cooke and Hartline, 1975; Kuramoto and Ebara,
1988), whereas octopamine inhibits them (Benson, 1984)

and

enhances the cardiac muscle contraction
and
Ebara, 1991). Thus it has been suggested
(Kuramoto
that serotonin and octopamine exert antagonistic effects
on the first and second systolic contraction (FSC and SSC)
in P. japonicus (Kuramoto and Ebara, 1991). The pericardial peptides all may have excitatory actions on the
heartbeat (Sullivan and Miller, 1984; Wilkens and
McMahon, 1992; Yazawa and Kuwasawa, 1992). The flap

The

extent of heart activation was greatest in samobtained
ples
during the first phase of cooling and was
valves.

lowest during the initial phase of rewarming. The levels
of cardioexcitor substances were clearly related to the firing

behavior of the ligamental nerves. Moreover, one of the
active factors

a

known

produced responses identical to octopamine,

pericardial organ amine.

topamine

is

released

It is proposed that ocfrom the ligamental nerve terminals

directly

muscles of cardioarterial valves regulate the cardiac outputs in crustaceans (Kuramoto and Ebara, 1984b; 1989;
Kihara and Kuwasawa, 1984; Kihara et al., 1985; Fuji-

into the blood during cooling of the body.

wara-Tsukamoto et al., 1992). The pericardial hormones
modulate the flap muscle tension (Kuramoto and Ebara,

Introduction

Alexandrowicz (1953) found neurohemal structures in

1984b, 1989;

Kuramoto

ei al.,

1992).

Much evidence sug-

the crustacean pericardium and called them pericardial
organs. Since then, cardioactive substances of the organs

gests that the pericardial

have been examined using several decapod species (Welsh,

and locomotor systems (Kravitz,
1989; Kuramoto, 1991; Rajashekhar and Wilkens, 1992). However, no one has yet
shown that any natural stimuli result in activation of the
pericardial organs. Here we report that the ligamental

1961;

Cooke and

Sullivan, 1982).

Dopamine and

ratory, stomatogastric,

1988; Harris-Warrick

5-hy-

1970). Recently, proctolin. CCAP, and
FMRFamide-related peptides were identified in the decapod pericardial organs (Sullivan, 1979; Kobierski et a/.,

Goldstone,

1987; Slangier

el

1987;Timmer et al, 1987;Dircksen
The spiny lobster Panulirus internip-

tus has octopamine, serotonin,

dopamine

in the pericardial

and proctolin but

organs (Sullivan

et al..

propagated electrical activity during a drop in temperablood as a result

ture. If cardioactive factors increase in the

little

of the cooling-dependent neurosecretion, they can be de-

1977).

tected rapidly and simply by our bioassay methods using
the isolated heart and cardioarterial valves (Kuramoto

and Ebara, 1984b, 1988,

Received 27 August 1993; accepted 25 March 1994.
Abbreviations:
tolic contraction;

CCAP,

crustacean cardioactive peptide; FSC,

SSC, second

et ai.

nerves, extensions of the pericardial organ of the spiny
lobster, exhibit an increase in extracellularly recorded

ai,

Keller, 1988).

exert their actions not

only on the cardiovascular system but also on the respi-

droxytryptamine (serotonin) were identified first as pericardial amines (Florey and Florey, 1954; Cooke and

and

hormones

first

1991).

In this report, we describe the firing properties of pericardial neurosecretory cells in response to cooling, and

sys-

systolic contraction.
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demonstrate cooling-dependent increases of cardioactivators in body fluid. A preliminary account of this study
has been reported (Kuramoto and Tani, 1991
).

M. TANI

Results
Electrical activity of the ligamental nerves for
cooling

The

dorsal nerves of the thoracic ganglia (root 3) enter

the pericardium,

Materials and Methods

and their branches extend along the three
Each of these nerves branches exten-

pairs of ligaments.

on each ligament.
uted near the ostia (Fig.

sively

Japanese spiny lobsters (Panulirus japonicus, 200 g wt)
were used for obtaining body fluid (n = 10) and for bioassay

(//

=

An

10).

antennule and a

fifth leg

of the animal

The nerve terminals
la).

When

are distrib-

the pericardial cavity

was perfused with the cold saline, a train of impulses could
be recorded from the proximal part of the ligamental nerve

The impulses stopped upon rewarming. Delay
of the nerve responses from the start of pericardial cooling

were cut off. Body fluids emanating from the antennule
and leg stumps were collected in glass bottles ( 5 ml) while

(Fig. Ib).

the physiological saline maintained at

was about 20 s. The impulse frequency rose to over 5 Hz
with the cooling. Large impulses recorded from a ligamental nerve were usually compound. The example

1

room temperature

1C) was

(20

injected into the pericardium using a
catheter. Because the antennal artery extends
straight from

the heart to the antennule, the cut antennule provides a
direct sampling site for substances secreted into the heart

from ligamental nerve terminals. In contrast, the
pathway
from the heart to the legs is less direct, so perfusate samples

from the

might contain substances released from

legs

many
The

neurosecretory sites (Cooke and Sullivan. 1982).
duration sampled by each bottle was 2 or 3 min. To

cool the body, the perfusion line was switched
by a stopcock to the line for the cold saline (13-15C). The dead

time for flow of the perfusate through the tubing was about
10 s. The duration of cooling experienced
by the lobster

was 4 or 6 min, and each series of cooling and
rewarming
was repeated three or four times in each experiment.

Each sample of body

fluids (perfusate) was injected by
ml) into the posterior right ostium of an
isolated heart from another animal. The perfusate samples

micropipette

(

1

were also applied to the anterior and posterior valves ( AV,
PV) that had been isolated from the lobster heart. Con-

shown

Figure Ic was

in

composed of three kinds of imwaveform. Spontaneously generated
impulses of the ligamental nerves were often observed at
room temperature. However, they ceased with warming
of 0.5-2C (not shown in figure).
pulses as judged by

its

Cold stimulation also

few kinds of impulses
with a delay shorter than
5 s. Figure 2 shows the typical firing pattern of the coolsensitive neuron. With decreasing temperature (dT
in the

elicited a

proximal part of root

3

1

> 0.5C),

the cool-sensitive neurons either initiated im-

pulses (Fig. 2a) or raised the frequency of spontaneous

impulses

(Fig. 2b).

The magnitude of the

increase in im-

pulse frequency depended on the temperature decrease
over a range of 0.5-5. 5C, and impulse frequency in-

creased almost in inverse proportion to the cooling. For
this example (Fig. 2b), the maximum rate of
cooling was

4C/min.

indicating that the cool-sensitive neuron ap-

peared to adapt slowly to the stimulation.

However, the

istics

frequency did not always continue to increase with decreasing temperature. In Figure 2a, the response can be
seen to plateau
min after the onset of stimulation. In

1984a,

contrast, the impulses elicited by cooling stopped quickly
with either rewarming or slowing down of cooling rate.

tractions of the heart,

AV, and PV were recorded with

The recording methods and the characterof the heart and valves responding to the pericardia!
hormones have been reported (Kuramoto and Ebara,
strain gauges.

b,

1988. 1989, 1991).

To

record axonal impulses of the ligamental nerves,
the pericardium was opened by removing the dorsal
part
of the thorax (Fig. la). To record
impulses further from
the proximal part of the third segmental nerves (root 3),
the cephalic portion and the visceral organs in the thorax

were removed
with glass

=

1

Spontaneous impulses of the cool-sensitive neurons also
ceased with a small increase in temperature (0.5-2C).
These impulses that responded to cooling and rewarming
were usually large in amplitude: most of the small-amplitude impulses were not so sensitive to the cold stimulation.

Nerve impulses were recorded
suction electrodes. The pericardium and the
(//

10).

thoracic ventral floor were perfused with the warm or
cold saline using the perfusion lines described above. Fluid

temperature either in the pericardia! cavity or on the thoracic floor was monitored with an electronic thermometer
using a platinum sensor.

The

electrical signals

were

dis-

Bioassay of perfusate samples for cardioaclive
substances

When

were treated with samples of the
from cooled animals, the frequency

isolated hearts

perfusate collected

and amplitude of the contractions increased

100 Hz) or a thermal
played by either a pen recorder (dc
dot-array recorder (NEC Sanei Omniace RT2108; dc

tonically. In
contrast, stimulation with perfusate samples collected before and after cooling produced only small, phasic changes

50 kHz).

in cardiac activity.

These findings indicate that cardioac-
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SOjiV

1

1.

The hepatopancreas(HP)and

skeletal

mi

10ms

n

muscles (Ml surround the heart (H), which

Figure
suspended
by the anterior, median, and posterior ligaments (AL, ML. and PL). Three anterior and one posterior arteries
(A) leave from the heart. Three pairs of ligamental nerves (ALN. MLN, and PLN) branch and terminate
(a)

on the AL, ML. and PL,

respectively, near ostia (O).

is

The pencardial cavity was perfused with the physiological
was recorded with the suction electrode (SE). (h)

saline (PS) while impulse activity of the ligamental nerves

An extracellular recording of electrical activity in an ALN in response to pericardial cooling (dT = 3C).
The duration of cooling is indicated by the bar. (c) The impulse waveform, shown by a fast speed, exhibiting
three inflections

(

1-3).

T.
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5Hz

50pV

19'C

17

15

13

1

Figure

The

2.

min

electrical responses of cool-sensitive

A

min

1

neurons

in the

proximal part of root

3

of the lobster

The impulse
frequency (upper trace) rose to 2 Hz when the temperature (lower trace) dropped from 19 to 16C but
declined during the latter portion of the period of cooling. The spontaneous impulses of small and medium
thoracic ganglion, (a)

burst of large-amplitude impulses (middle record) triggered by cooling.

in temperature, (b) Another recording from the same preparation
The impulse frequency (upper trace) rose from 0.5 to 7 Hz in response to cooling (lower trace) from
to 13C. Note that the increase in impulse frequency is closely related to the decrease in temperature,

amplitude were unaffected by the change
as (a).
18.5

since the cooling rate

tivators are present in

body

(4C/min)

fluids

is

higher than the rate at which spike adaptation occurs.

during periods of

in-

first phase of cooling (Cl) and
phase of rewarming (Wl) (Fig. 4
a-d). The highest and lowest activities of these valves were

was

greatest during the

lowest during the

ternal cooling.

Since the pericardial hormones octopamine and seroFSC and the SSC,

tonin have differential effects on the

comparable
8

M or

to

initial

those generated

by

6

M

(Fig. 4e,

f).

KT

7

-10~

and

the cardiac responses to applied perfusate samples were
scrutinized to identify selective differences in FSC or SSC

10~

Figure 3 shows an example of the bioassays using
a heart whose beat is deficient in the SSC (Kuramoto and

examined using both the AV and PV. The largest responses were produced by body fluid sampled during the
first phase of cooling (Cl
Figure 5 shows an example of
the positive results (10 from 16 trials). Active factors in
the samples caused the AV to relax and the PV to contract.

activity.

Ebara, 1984a, 19X8).
fore

and

after cooling

The

perfusate samples obtained beslight action on the frequency

had a

of the SSC. In contrast, the perfusate samples collected
FSC over a 5-min period

during cooling enhanced the

and increased the SSC for 2 min. These
FSC and the SSC will be discussed later

effects
in

on the

connection

with identification of cardioactivitors contained in the
sample.

The

posterior cardioarterial valve (PV) contracted in

response to samples of perfusates.

The contractile

activity

The

less

octopamine, respectively

cardioactive factors in the perfusate were further

).

The

relaxation could be observed clearly in the spontaneously contracting anterior cardioarterial valves. One
component of the active fluid produced a rapid, short(a few minutes) relaxation of the AV, and another
component did so slowly over long durations (5-6 min).
The effect of octopamine on the AV is identical to the
5
rapid relaxation of AV. Phentolamine (10~ A/), an an-

term
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BF(C1)

BF(W1)

0.2mN
1min
Figure 4.
Bioassay of body fluid using the posterior cardioarteriai valve of the lobster. The body fluid
(BF) was collected from the leg. Each of the perfusate samples (BF, 2 ml) was applied to the valve (bars)
while tension of the flap muscle was measured, (a) A typical response of the valve to the BF before cooling

(W2).

(b)

The response

to the

BF

the late phase of cooling (C2). (d)
f)

Two

during the

first

The response

phase of cooling (CD.

to the

(not

shown

during the

(c)

initial

to the BF during
phase of rewarming (Wl). (e-

The response

examples of the valve response to octopamine (OA, 2 ml).

tagonist of octopamine, blocked the rapid relaxation of

AV

BF

in figure).

The

relaxing activity of the

samples obtained just after the onset of cooling was com7
parable to that of 10
octopamine (Fig. 5b, c).

M

than the corresponding delay recorded in the proximal
part of root 3 (<15 s). However, if the cold receptors were
in the ganglia. 5 s

time

might be

sufficient to

account for the

required for the cold saline perfusing the pericardium

and the time for neural
from
the
to
the
conduction
ganglia
ligaments under the
from
the
cardiac outflow, the
low temperature. Judging

to arrive in the thoracic ganglia,

Discussion

The anatomical features of the ligamental nerve plexuses (Fig. la) are almost identical with those of P. interniptus (Sullivan ci <;/., 1977). Axons in the ligamental
nerves come from the thoracic ganglia via root 3. The
firing pattern of the

and root 3 in religai
to
was
similar
Ib
and 2a). Similar
sponse
cooling
(Figs.
of
the
root
3
haw
also
been
observed in the
responses
isolated
from
the
thorax
of lobsters
ganglia
completely
and shrimps (unpub. data).
The response of the ligamental nerve to cold stimulation
occurred following a delay of 20 s. This is at least 5 s longer
ntal nerves

reasonable (Spaargaren, 1974). The cooling-dependent firing was observed even in the isolated
ganglia. Therefore, the impulse activity of the ligamental
latency of 5

s is

nerves might be driven by

some of the

cool-sensitive neu-

rons in the thoracic ganglia.

The amine-containing neurons on thoracic nerve trunks
of the lobster Homarus americanus extend their axons to
the pericardia! organs (Evans el ai, 1976a, b). However,
these neurons fire with increasing temperature (Konishi

and Kravitz, 1978). Therefore, they seem to be
from the neurosecretorv cells that we found.

different
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BF(W1)

PV

BF(C1)

OA(10- 7

M)

0.1mN

O.SmN

1

min

Bioassay of body fluid using the anterior and posterior cardioartenal valves (AV and PV). The
was obtained from the antennule. Each of the perfusate samples (BF.
ml) was applied to the

Figure 5.

body

fluid

I

AV

valves (bars) while alterations in their tension were recorded simultaneously, (a) Small responses of the
and PV to the BF before cooling (Wl ). (b) Differential responses of the
and PV to the BF during the

AV

first

phase of cooling (Cl

valve

(AV) was

).

(c)

The responses of AV and PV

useful to observe the relaxing effects.

to

octopamine (OA). The spontaneously contracting
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The presence of cool-sensitive neurons in the thoracic
and abdominal ganglia and the abdominal stretch receptors of the crayfish has been reported (Kerkut and Taylor,
1956, 1958; Winter, 1973). However, the transduction
mechanisms and the physiological role of the neural activity have thus far been unclear. The present study suggests that this cool-sensitivity

pericardial neurosecretion.

is

That

is,

and muscle

may

activity in the isolated

Biochrm. Physio/. 13:

353-366.

Cooke,
of

M., and

I.

M.

monoamines

\V. Goldstone. 1970.

in

Fluorescence localization

crab neurosecretory structures. J Exp. Bio/. 53:

651-668.
C'ooke,

M., and D. K.

I.

Neurohormonal

llartline. 1975.

alteration of

integrative properties of the cardiac ganglion of lobster

present in the perfusate samples.
Serotonin elicits and enhances the

SSC by

action on the small cardiac neurons

amcncanus J Exp. Bio/

its

specific

Hormones and neurosecretion.
The Biology <>J Crustacea. Vol. 3, H. L. Atwood and
D. C. Sandeman, eds. Academic Press. New York.

Cooke,

vide further insight into the identity of the substances
released during cold stimulation. The
showed rapid

PV showed

of

I

in

and R. Keller. 1988.

II.,

CCAP.

may

two active factors. Octopamine causes the
and the PV to contract, whereas serotonin relaxes both the AV and PV (Kuramoto and
Ebara, 1984b). Therefore, the rapid and slow inhibitory
factors may be octopamine and serotonin, respectively.
Taken together with the sampling conditions, the body
fluid sampled from the antennule during cooling probably
contains a large amount of octopamine and an undetermined but lesser amount of serotonin. Confirmation of

Tissue Res 254:

Kvans, P. D., R. K. Kravitz, and B. R. Talamo. I976a.

Association of

octopamine with
Pliysiol. 262:

release at

body temperature and release
hormones, one of which is likely to be octopamine.

tivated by a decrease in
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two points along

lobster nerve trunks.
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Abstract.

models, not only for neuroscience. but for physiology

ons

(cardiac, circulatory, sensory

Providing squids especially their giant axfor biomedical research has now been achieved in

well suited to the laboratory envi-

completed in 4-6 months;
for
rapid (12% and 5% wet body weight d

Orient and Southern Europe (Asian Development Bank/
Infofish, 1991 ). To date no commercial culture projects

10 mariculture trials extending through multiple generThe noteworthy biological characteristics of Se-

ations.

pioieiithis lessoniana are (1) this species

and morphologically
ronment;

is

behaviorally

(2) the life cycle is

'

(3)

growth

is

100 d and for the

have been

span, respectively), with adult size
ranging from 0.4-2.2 kg; (4) feeding rates are high (30%
wet body weight d" ), and a variety of live crustaceans
life

been

fishes are eaten; (5)

m~ 3

crowding

is

initiated,

investigated in

but limited stocking programs have
Japan (Sato and Tsuzaki, 1984; Ja-

pan Sea Farming Fisheries Association, 1985; Nagata
and Hirata, 1986).

1

and

and muscle), immunology,

molecular biochemistry, nutritional biochemistry, oncology, aging, and ethology (Gilbert et at.. 1990). Squids
also have commercial importance since they are eaten
regularly in many regions of the world, especially the

tolerated (about 4

in captivity allows culture

Attempts to culture squids during the last 50 years have
been unsuccessful due to the organism's small hatching

contributed to culture success: (1) physical design (i.e..
size, shape, and painted pattern) of the culture tanks; (2)

dietary habits, active behavior, and susskin
damage and disease resulting from capceptibility to
tivity (Hanlon. 1990: Hanlon et ai. 1991 ). Only the loli-

squids

);

of disease and cannibalism

(6) the incidence

low; and

(7) reproduction
through three successive generations. Engineering factors
is

patterns of water flow in the culture tanks; (3) water

size,

unknown

ginid species Loligo opalescens has ever been cultured
from field-collected eggs to the first laboratory-spawned

fil-

and (4) spawning substrates. Initial profew hundred squids per year) suggests that large-

tration systems;

scale culture will

generation, demonstrating the potential for mass culture
of squids ( Yang et al.. 1983, 1986).

tcuilus are appropriate for experimentation,

Compared to other loliginid squid species, Sepioteuthis
and 2) appears to be the
lessoniana Lesson. 1830 (Figs.
most adaptable to the laboratory environment (Hanlon

duction

(a

be able to supply the needs of the
biomedical research community. The size (>400 /um in
diameter) and characteristics of the giant axons ofSepio-

1

and other

studies indicate that the eye, oculomotor/equilibrium

a neritic species distributed throughout
the Indo-West Pacific (Okutani, 1980; Dotsu et al.. 1981;
et ul..

system, olfactory system, blood, and ink are equally suitable for research.

Lu and

giant axon is a valuable preparation in
biomedical research. Squids have been used as research

May 1993: accepted
ML. dorsal mantle

instantaneous growth rate;

Gp

.

I

March

length.

).

Tait,

It is

1983),
al..

and

parental generation; G,

.

valuable to the Japanese

Choe and Oshima

(1961),

Choe

estimated from fishery data (reviewed by Segawa, 1987).
Several of these culture trials spanned much of the life

weight; IGR.

first

is

(1966a,b),'lnoha and Sezoko (1968), Saso (1979), Tsuchiya (1982) and Segawa (1987), have described the early
life stages and life cycle and have verified growth rates

1'i'M

HW. wet body

it

1983). Laboratory studies ofS. les-

son/ana, conducted by

The squid

Received 19

1

fishery (Suzuki et

Introduction

Abbreviations:

199

laboratory

and demonstrated high growth rates
mantle length, ML. in 306 d; Tsuchiya, 1982).

generation; G,. second laboratory generation; G,. third laboratory gen-

cycle (200-300 d)

eration; scuba, self-contained underwater breathing apparatus.

(260
328

mm
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X 26 cm H,

329

with 3.5-cm-thick walls. Fresh filtered sea-

O 2 were added to the bags in equal
volume). Frozen chemical ice packs
wrapped in newspaper were added to each box for a ratio
of seawater. The number of egg strands
of 150g ice
volume
of shipping water per egg strand, and
the
per bag,

water and gaseous

volumes

(7

total

1

'

1

the developmental stages (Segawa. 1987) of the embryos
were varied among the bags so that changes in water quality

(pH and

NH

4 -N)

of packing densities.

could be evaluated through a range
the eggs arrived in Texas, they

When

were acclimated to the temperature,
Figure
after 194

mm ML and 2.2

Adult Sepioteuthis Icssoniana 280

1.

days of culture. Note the extensive

1

kg

BW

fin that is characteristic

of

Tokushima

LaRoe 197

Prefecture, Japan; the eggs were handled sim-

reared the smaller Caribbean species S. sepioidea to 77 g in 146 d. The consistency of successful
egg incubation and hatchling culture and the large size

ilarly to Trial

attained in the laboratory suggested that S. lessoniana

tanks. Artificial substrates

might possess developmental, physiological, and behav-

aquarium

(

1 )

ioral characteristics suited to laboratory culture.

We

have cultured this species continuously since September 1987 and have made 10 culture trials. S lessoniana
unique

and water

ature change to 0.5C h '. Eggs for Trial Two (G p ) were
collected, with the aid of scuba, from submerged trees in

the genus.

is

salinity,

conditions of the hatchery tanks; i.e., culture water was
added to the shipping bags at a rate that limited temper-

among the larger loliginid

species for

its

tolerance

to handling and confinement, and it thus has great potential both as a non-mammalian model for biomedical
research and as a commercial mariculture species. Our
principal objectives were to evaluate and quantify the

of the species for culture in terms of growth,
behavior, reproduction, and environmental tolerances.
This report describes in detail 2 of the 10 culture trials,

One.
Laboratory-spawned eggs (G,, G : and G,) were removed from the production tanks and placed in hatchery
,

mimicking sea

grass (plastic

grass) or reef structures (carbonate rock and
polyvinylchloride pipe) were provided for spawning. Fre-

quently, artificial egg strands (silicone strands; Yang el
a/.. 1986) were tied to these substrates to further induce

The temperature and salinity of the production
and hatchery tanks were matched prior to transfer, and
the eggs were kept submerged at all times.
egg laying.

Tank

characteristics,

egg

care,

and hatching

suitability

major features of this species in capwas evaluated concuraxon
for
use
as
a
preparation and for other
rently
giant
biomedical research studies. Trial One was the first suc-

as they represent the

Squid eggs, whether laboratory-spawned or field-collected, were incubated in 1.8-m circular hatchery tanks
(described in

Yang

el al,

1989;

Turk and Lee. 1991) con-

tivity. In addition, S. lessoniana

cessful attempt to culture squids
erations: the parental generation

collected in the field

(G 2 ),

and

through multiple genoriginated from eggs

(G p )

and was followed by

first

third (G,) laboratory generations

laboratory culture tanks. Trial

Two was

(G,),

second

spawned

in

a subsequent

production experiment in which larger numbers of parental generation (G p ) squids were cultured from fieldcollected eggs.

Materials and Methods

Egg

transport

Sepioteuthis lessoniana egg strands for Trial

One (G p

)

were collected by a scuba diver (R. T. Hanlon) from rock
and seagrass substrates and, prior to shipping, were held
flow-through aquaria at Kominato Laboratory, Tokyo
University of Fisheries, Chiba Prefecture, Japan. The egg
strands were shipped in 2-mil-thick plastic bags secured
in

in polystyrene boxes,

measuring 7

1

cm L X

39

cm

W

Figure 2.
Young Sepioteuthis lessoniana (ca. 60 days) showing a
response to disturbance that can be shown even by hatchlings. Note the
elaborate body patterning and posture.
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taining natural seawater collected in the

80

at least

km

LEE

Gulf of Mexico

offshore from Galveston, Texas. These

tanks were equipped with a screened central core where
the water was removed by siphon to the filter tank. The

bed included an undergravel bionlter
and protein skimmer. Filtered water was drawn from beneath the biofilter and pumped back to the culture tank
1.8-m circular

filter

through a particle filter (35-pm pore diameter), an
vated carbon filter, and two 30-W ultraviolet (UV)
ilizers;

was discharged

the filtered water

face through

cular (2.5

cm

at the

actister-

water sur-

2.5-cm spray bars. The flow pattern was cirs ', measured halfway between the core and

the tank wall).

eggs were incubated 10 to 15 cm from the surface
in groups of five to seven strands placed in plastic baskets

The

hung by threads from the spray bars. The eggs were
examined daily; spent strands (completely hatched) and

ET AL
Water quality

Water quality (temperature, salinity, dissolved oxygen,
pH, ammonia, nitrite, and nitrate) was monitored separately in each culture tank. Trace elements (Wimex brand)
were added biweekly to replace those removed by water
filtration and the squids. The pH and salinity were mea-

sured three times weekly. Ammonia-nitrogen levels (NH 4 N) were determined using the methods of Solorzano

and Parsons, 1972); nitrite (NO 2 -N) was determined by the Shinn method (as applied to seawater by
Bendschneider and Robinson in Strickland and Parsons,
1972); and nitrate (NO 3 -N) was determined with pre(Strickland

packaged reagents (Hach Nitro Ver). Ammonia and nitrite
were measured weekly, and nitrate was measured monthly
or as needed.

or

those with undeveloped embryos or with arrested development were removed. Care was taken to avoid disturbing
the embryos, either by sudden mechanical perturbations
or light intensity changes, or by extended exposure to light
greater than 10-20

Ix.

Some egg strands

in

each

trial

(

10-

100%) were exposed to an iodine bath (lOOppm for
10 min at 48-96 h intervals) to kill bacteria, protozoans,
and microinvertebrates that occurred on and in the egg

Foods and feeding

Food organisms were added to

the hatchery tanks soon
48 h. Estuarine-

after the squids hatched, usually within

TX) and hatchery-reared crustaceans and fishes were the primary food organisms during
the first 60 d. Larger shrimps and fishes were included as
collected (Galveston Bay,

the squids grew. All food organisms were quarantined in
filtered seawater for 24 h and were then rinsed with

hatchery tank water before being fed to the squids. Food
was added frequently, 6-8 times d at first (0-60 d), and
less frequently (3-5 times d ') thereafter. Food remains
and feces were siphoned out of the tanks daily (1-2 times

strand tunic.

'

Hatchling and production culture

Upon

hatching, the squids were reared in hatchery tanks

until they were > 3-4 cm dorsal mantle
The
incident lighting was increased with an
(ML).
length
overhead 400metal halide light (10-100 Ix). but the

for

4-6 weeks

W

center of the tank (about

45%

of the area) was darker due

to the addition of a small circular

opaque cover. Water

current was also variable due to the plastic egg baskets
that hung in the tank. The hatchlings were therefore given

d

'

).

During a

eration

tative

production tank (6.5

m circular by

The

1.75

m deep,

50,000

1

systems for the production tanks were similar to those used in the hatchery tanks
artificial seawater).

(Yang

el al..

1989;

filtration

Turk and Lee,

1991).

During

transfer,

squids were caught in plastic beakers (>2 1) or in soft nylon
nets, transferred immediately to 30-1 ice chests, and trans-

38-94) of the

rate

estimates of squid biomass and the

phoning twice a day.
Juvenile squids were moved from the hatchery tanks
x 2.4mW
to either a production raceway (6.1
X 0.9 m H, 5.000 artificial seawater) or a large circular

mL

One. feeding

gested daily (food offered

Survival

1

specific period (days

Trial

G p gen-

was quantified by

weighing the food offered to the squids at each feeding
and by weighing the amount of uneaten food siphoned
from the tank daily. Feeding rates were determined from

a choice of light levels and current patterns. Dead squids
and the remains of food organisms were removed by si-

1

in

amount of food

in-

minus uneaten remains).

and growth

Squid mortalities were counted daily, and a represensample of freshly dead squids (10-100%.) was
weighed to the nearest milligram wet body weight (BW)

and measured to the nearest millimeter ML. Necropsies
were performed when unexplained mortalities occurred.
Once the number of squids that died during a trial and

number of squids transferred to a production tank
were known, the number of hatchlings with which the
experiment began could then be calculated, and survival
the

rates could be estimated. Population

growth

rates are ex-

BW

ported quickly to the production tanks where the ice chests
were submerged and the squids released. The squids were

d~')
pressed as instantaneous growth rates (IGR; %
over a specific period of the life cycle. The IGR of cephalopods is typically calculated using an exponential func-

frequently, but not always, anaesthetized with 0.5-1.0%

tion (Forsythe

MgCl

:

senger

solution to reduce stress during transport
et al..

1985).

(

Mes-

and Van Heukelem. 1987) and the formula
1"
where a is the.r-intercept, e the natural
BW(g) = ae
1

is

'"'

1

',

logarithm, and b equals the

IGR

for the

time period

tj-t,

.
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Daily biomass was estimated from the number of squids
of the
surviving each day, and from the recorded live
estimated
or
from
the
that
on
per squid
day
squid

BW

BW

for that

day based on the IGR.
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there were approximately 475 ova shipped for Trial One.
Forty-nine percent (235/475) of the ova hatched normally.
Trial

Two was

average of 4.1

started with 355 egg strands having an
fertile

ova per strand for a total of 1456
rate of 37% (542/1466) was lower

embryos. The hatching

G

Behavior

Squid behavior was monitored mainly by observation

than that in Trial One. The hatching rates of the p eggs
were significantly higher (P < 0.01) than for the subse-

during initial hatching (1-4 times rT ) and at the onset
of reproductive activity (1-2 times hr') than during the
intermediate period of growth and maturation (6-10
1

times d

').

the surface of the egg tunic by 100- fold, from 10 to < 10
2
colonies cm"
More concentrated dips (300 ppm) killed

3

5

.

surface bacteria,

all

were uniformly

<10

colonies

cm" 2 The
.

iodine dips

effective against all bacteria, since 41 bac-

terial isolates were exposed to the iodine treatment
(100 ppm) and no resistant forms were identified. The egg
tunics appeared to deteriorate less when treated than when

Results

Egg

G

3 ).
quent laboratory-spawned eggs (G,, G 2
Egg strands from both trials were treated with iodine
dips (100 ppm); these dips reduced bacterial counts on
,

through the glass windows installed in every hatchery
and production tank; video and still photography were
used occasionally. Observations were more frequent

left

transport

untreated, but neither hatching rate nor hatchling surwere correlated with the iodine treatment (P > 0.0 1 ).

vival

G

arrived from Japan on 2 September
Trial One
p eggs
1987. Ninety-five strands of stage 19-20 (Segawa, 1987)
6.7, 4.2,
eggs were shipped in four bags at densities of 7.
1 ,

and

3.8 strands per liter of seawater. Transit time,

from

the beginning of packing to the beginning of unpacking,

was

The temperature on

31 h.

four bags, while the

and

was 21.5C in all
ranged from 7.50
the most densely packed
arrival

pH and ammonia

ppm, respectively, in
and 0.91 ppm, respectively, in the least
densely packed bag. Although the pH was lower and the
ammonia concentrations higher than desired (8.0 and
0.
ppm, respectively), no correlations between packing
1.55

bag, to 7.70

1

density, water quality, or hatching rate

Egg transport conditions for Trial
were similar to those of Trial One
perature,

were established.

Two

(24 July 1990)

(initial

packing tem-

20C).

Egg development and hatching
Field-collected eggs. All field-collected eggs (G p ) were
by visual inspection of

100% (Table

I).

fertility rate

of the eggs approached

At an average of five

fertile

ova per strand.

Table

Egg

fertility,

in Trial

One

Parental

hatching

rale,

and hatchling

At the beginning of the

in the laboratory.

)

mm

mm

We

cannot be sure that every one of these nine females

participated in egg laying, but 1857 G, egg strands were
laid, an average of 206 egg strands or 1030 total embryos

per female

(at 5

ova per strand).

In the two subsequent generations (that produced

G

2

and G 3 eggs), the spawning period started on days 182
and 230, respectively. The fecundity was 61 egg strands
(553 egg strands/9 females) or 305 embryos for each of
nine G, females, and 659 egg strands (1979 egg strands/

3294 embryos for each of three G : females.
and
G
The G!
2 females that participated in egg laying
260
mm
ML (range = 167-312 mm ML) and
averaged
ML
1073 gBW (range = 288-1518 g BW) and 214
=
=
mm
BW
57885-230
ML) and 682 g
(range
(range
3 females) or

mm

selected at the time of collection

the ova so that the

Spawning

spawning period (148 days post hatching), the Trial
One parental generation (G p comprised nine females.
ML (range = 215These females averaged 246
350
ML) and 953 g BW (range = 630-1866 g BW).

sitn-ival

1

787 g BW), respectively.
Egg fertility ranged from 49.8% to 73.8% (Table I), and
laboratory-spawned egg masses were often flawed mor-

I

(upon transfer from hatchery to production tanks) for laboratory-cultured Sepioteuthis lessoniana
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phologically; thus the hatching rates (0.8-5.6%) were significantly lower than those of the field-collected

G p eggs

Some

egg strands did not remain attached to the
substrate; others were not sealed at one or both ends,
causing the ova to slip out of the tunic sheath; still others
(49%).

mm

1

were misshapen and contained no ova. All egg strands
that appeared normal were incubated for more than 96 h
in the

production tanks, completing the most

critical pe-

riod of organogenesis. The egg strands were then treated
with iodine and transferred to hatchery tanks containing

temperature and salinity matched

fresh seawater of a

closely to that of the production tanks.

Survival

and growth
5.3 mm ML
(range 3.5-6.4
BW (range 4.3- 2.0 mg BW) during

averaged

Hatchlings

mm ML) and 8.2

mg

1

the three successive generations in Trial

G] and G: hatchlings survived
than the

G

were the

result of

p

hatchlings (Table

in a significant

One (Fig.

3).

Fig. 4).

Most

Sepioteuthis
lessoniana

Loligo
forbesi

opalescens

The

better in the hatchery tanks
I;

Loligo

Loligo
pealei

mortalities

Sizes of various loliginid squids at hatching.

Figure 3.

body

size

and

fin

Note the

large

of Sepioteuthis lessoniana.

premature hatching and starvation, but

number the cause could

not be determined.

When

the juveniles were transferred to the production
tanks, survival rates improved to >70% (Fig. 4). During

150-300 day production phase, the principal causes
of death were tank system design (i.e.. jumping from tank,
this

and being sucked into the plumbing), 7-18%;
cannibalism, 1-17%; starvation associated with cataracts,
2-1 1%; senescence or unidentified causes, 34-55%.; and
harvest for scientific experimentation. 22-32%. Cannibalism usually occurred after a squid was already moribund, so most mortalities attributed to cannibalism had
another cause initially. More squids could have been used
for experiments, but they were kept for broodstock, and
inking,

1

eventually died after a period of senescence.
Trial Two consisted of 42 culture days in two hatchery
tanks and 333 culture days in three production tanks (two

raceways and the large circular production tank). On the
night of day 206, the adult squids in the large circular
production tank (55,000 1) suddenly became excited and

The instantaneous growth

rate

(IGR)

for the entire

life

cycle declined with each generation in Trial One (5.3, 4.9,
adult
3.9%
', respectively), as did the maximum

BWd
2.21,

size,

301

1.92.

mm ML,

100 days of the
respectively.

and

1.49 kg

BW

life

cycle

was

One obvious

lengthening of the

life

8.2, 12.0,

effect

cycle.

and 360, 328. and

The IGR

respectively (Fig. 4).

for the

and 8.5%

first

BW d

',

of laboratory culture was

The G 2

generation's

life

span

was 100 d longer than those of the previous two generations. Trial Two produced an IGR of 3.9% BW d"' over
the entire
first

40 d

life

cycle, with a

maximum of 8.6%) during the
The maximum adult size

in the hatchery tank.

was 0.838

kg.

Water quality

by morning the entire tank was black

High standards for water quality were the goal for all
and the control of nitrogen waste products improved
with each generation. Ammonia levels were held below

with ink. The whole episode was captured on videotape
because an increase in irritability of the squids had been
noticed and a camera had been installed to monitor the

NH 4 -N ppm except during egg
when both hatchery
and
in
the
G
transport
p generation
and production tanks were repeatedly above this level.

began to

ink, so that

at night. Squid densities were the highest yet cultured
our tanks, 5.6 squids m~\ and the nitrates were the

tank
in

highest recorded

94.4 ppm. Therefore, nitrate was be-

lieved to be acting as an irritant, initiating the inking behavior that eventually caused the death of all but one

squid. In subsequent trials, additional protein

skimmers

and carbon filtration were added to all production tanks,
and nitrate levels have been controlled <50 ppm) by water exchanges. Deaths due to nitrate-induced inking have
(

thus been avoided.

trials,

the

recommended 0.10

Although the ammonia concentration in shipping bags
(1.5 ppm) was more than an order of magnitude greater
than our goal of 0.1 ppm, the hatching rate of the fieldcollected eggs was significantly better (P < 0.01; 49 and

37%

in Trials

One and Two) than

G

for the laboratory-

spawned eggs (G,, 5.6%; 2 0.8%; G,, 1.5%). The high
levels of ammonia present in the Trial One
p generation
,

G

were due to the acclimation of the

filter

bed bacteria to a

new temperature regime (21-26C compared
trials at

1

1-18C).

In addition, the

to earlier

biomass of squids

in
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.
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'
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Z
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200

300
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300

G Generation
T 25

2500

50

100

150

200

250

300

G 2 Generation
2500 T

T 100

,

150

200

250

300

Days
Figure 4.
in Trial

the production tanks

vious

trials

One

Survival and growth (4A. 4C, 4E) of squids, and water quality and biomass (4B. 4D, and 4F)
(three consecutive generations). See text.

was 10-50 times higher than

(1-5 kg irT

3

versus 0.10 kg

m^ 3

).

in pre-

The

in-

0.05

ppm

in the

NO

3 -N
production tanks. Nitrate levels
in the hatchery tanks because of

were never a problem

became a problem also in the production
tanks near the end of the G, and
2 generations, but no
mortalities could be associated with these increased levels.

the short duration of the culture period and the low biomass, but the levels in the production tanks eventually

(recommended <0. 10 ppm) were held below
0.02 NO 2 -N ppm in the hatchery tanks and below

G

creased biomass

G

Nitrite levels

exceeded our goal of <50

G

ppm in the p (84 ppm) and
generations (Fig. 4). Note the similarities in
the respective slopes of the biomass and nitrate curves
2

(62

ppm)
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G

during the p and G : generations, confirming the direct
effects of squid biomass on nitrate accumulation.
0.09 in Trial One,
The pH was maintained at 8.0

and 7.80

for the

Gp

Unspeciated
Mixed species
ocellata larvae
Sciaenops
Sciaenids

OT
0)

Gambusia

and the lowest levels were 7.70, 7.75,
G, and G : generations, respectively. When the pH began
to drop, sodium bicarbonate was added to readjust the

pH

_^_

Cyprinodon variegotus

salinity of all tanks
quired to reestablish a pH
32
held
above
in all generations was
ppt, with the mean

Similar patterns of fluctuation in pH (8.1
0.03 ppm;
metabolite levels (NH>N, 0.02

0.03

ppm) were observed

in Trial

trate levels increased to 94.4

ppm

all

CL

Palaemonjd
Palaemonid larvae

genera-

Mysid
200

100

0.16)

NO

and

Two, except

300

Days

: -N, 0.02

Figure

that ni-

Food timeliness throughout the culture

5.

in Trial

One. See

text.

in the large circular

production system immediately before the inking episode
described above. Temperature and salinity were held

0.9C and

within narrow limits, 23.2

Atnerinids
PenaeTcf

in

The

0.8. Temperature was steady in
being 33.2
0.6C.
tions, with a mean of 23.2

cephnlus

Fun'dulus spp.
Adinin xanicn

to 8.0; usually several additions over 72 h were re-

of 8.0.

affinis

,

34.2

fish would
molly, P. lalipinnea). except when an individual
leave the school. By two months of age, squids had been

1.0 ppt.

conditioned to the opening of the tank top, and their reno prefsponse to food was enhanced. The squids showed
erence for either species of shrimp or for any species of
fish that was offered during a 56-d period (days 38-94) of

Foods and feeding behavior
Live food was added to the hatchery tanks within 48 h
of a major hatch (>100 hatchlings) and 6-10 times per
day thereafter. Field-collected mysid shrimp (Mysidopsis

the Trial
rate

parental generation (G p ) in which feeding
for individual food species.

One

was quantified

almvra), hatchery-reared penaeid (Penaeus vannamei)

and palaemonid (Palaeomonetes

sp.)

shrimp larvae and

hatchery-reared guppies (Poccilia reticulata) were the primary food organisms during the first 60 d of each trial

Effects

(Fig. 5). Field-collected penaeid shrimps (Penaeus setifents
and Penaeus aztecus), palaemonid shrimp, and several

the

estuarine fish species were included

appropriate

size

when

available in the

cycle.

Young

in

and darkest parts of the tank. Thus, a round

of the circular
piece of black plastic placed over the center
in contrast to
area
central
a
shaded
created
tank
hatchery
lit walls. Squids spent more time in the
the more

'

brightly

middle of the tank, resulting in less wall contact and thus
less fin damage. However, for the G, generation of Trial
was used to manipulate the behavior of both
One,
lighting

the squids

and

their food

organisms during the hatchery

were placed
phase of culture. Four incandescent lamps
around the perimeter of the circular hatchery tank, and

weeks, squids could be seen grasping three fishes at once.
Food preferences were not clear squids tried to capture
of the prey that were offered (Fig. 5). As with
a

min on/30 min off throughout the
the mysid shrimp to move
caused
on/off cycle
column,
water
in
the
enhancing feeding
down
and
up
the
light levels in the
Typical
squids.
opportunities by
areas and 5 Ix in
Ix
in
the
were
85
tanks
bright
hatchery

the light

variety

that were more
Loligo. there seemed to be some squids
successful in capturing prey organisms, and the number
of unsuccessful attacks decreased gradually during the first

few weeks.

production tanks, the squids

BW) were fed progressively larger shrimp and

life

brightest

d
during
Feeding rates varied from 26 to 33%
this 60-d hatchery period. Within the first day of hatching,
larvae
squids would follow mysids or palaemonid shrimp
to the bottom and would even prey successfully upon
shrimps and fishes equaling their own size. Within a few

After transfer to the

constant low light for most of
squids generally avoided both the

Squids were reared

(<1 cm).

BW

of light on behavior

fishes

(>5 g
3-6 times per day (Fig. 5). The predominant species were
the penaeid shrimps (P. setiferus and P. a:tecus) and es-

was cycled

1

5

day; this

the shaded portions; in the production tanks the levels
were between 10 and 20 Ix.

Schooling behavior

tuarine fishes (Cyprinodon vuriegatus, Poecilia latipinnea.

and Mugil cephalus}. Other fishes (both field-collected and
rates
laboratory-cultured) were added as available. Feeding
during the entire production phase (days 60-300) varied
from 20 to 35% BW d" with a mean of 27.8% BW d"
We noticed that squids several months old would not acM. cephalus. and
tively pursue schooling fishes (mullet,
1

1

.

,

The large, robust
swimmers from the

hatchlings (5

mm ML)

were strong

and schooling was evident
These
schools comprised up
trial.
in
2
weeks
within
every
most
often when human
formed
and
40
individuals,
to
disturbance in and around the tank was strong. Squids
schooled tightly

when

outset,

first

transferred into the production
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tanks, but within a day or

two they acclimated
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to the tank

and dispersed.

Body patterning

A

noteworthy feature of the

5.

lessoniana hatchlings

was the well-developed ability to produce complex body
patterns from the moment of hatching. Figure 2 illustrates
one such complex pattern that includes a postural component (Upward V curl of the arms) as well as various
chromatic components, most notably the transverse
mantle bars. Comparable patterning in other loliginid
squid species does not occur before 4 months of age. A
list of body
patterning components does not
this publication, but the repertoire of S. lessoniana is moderately less diverse than that of S
sepioidea
in the Caribbean (Moynihan and Rodaniche,
1982) and

complete
appear in

1

.

far

more diverse than those of the other
we have cultured.

species of Loligo

that

Reproductive behavior

Reproductive behavior occurred throughout the
quarter of the

Figure 6.
last

Spawning was sometimes accompanied by sudden profuse inking (which in this case was
not due to high levels of nitrate). Males became aggressive
and engaged in agonistic contests that involved mainly
posturing and body pattern displays, but the details have
never been documented well. Invariably, when the ink
was filtered out of the water within several hours, eggs
life

cycle.

were found to have been

laid in the tank.

Mating occurred
by two methods: the "head-head" position (seen only
twice) and the "male-parallel" position in which the male
grasped the female from slightly underneath and inserted
the hectocotylus into the mantle cavity of the female
(illustrated by Segawa, 1987; Segawa e/a/., 1993). This latter
approach was variable because the male also grasped the
female from above, and in one odd observation a male

approached a female from underneath by swimming upside

down, but no copulation actually occurred. Only

temporary mating pairs were seen. On occasion, males
were seen to accompany females as they laid eggs; this

"mate guarding" has been observed in nature, too (Segawa
etai, 1993).
Females required
egg strands:

(

1

)

tall,

specific substrates

on which

to lay
thin artificial plants similar to the

Japanese seaweed Sargassum ringgoldianum (Segawa,
1987), or (2) arches constructed of polyvinyl chloride pipe,
with

artificial

plants

and rocks attached

to them.

arches were highly successful
squids laid nearly
egg strands on these structures.

These

The

Giant axon of Sepioteuthis lessoniana (560 urn diameter).

axon (=t cm distal of cell body) was fixed with a gluteraldehyde and osmium solution, sectioned, and photographed by light
= 100 ^m.
microscopy. Bar
dissected

1

diameters of fresh preparations of giant third-order axons
(Fig. 7) were measured under a dissecting microscope after
fine dissection and before use in membrane
biophysics
and axon injury experiments. The measurements were
made distal (=
cm) to the cell body. In addition to the
axon measurements made in the two trials described
herein. Figure 7 includes the axon diameters from squids
grown in six other culture trials (TV = 137). The average
diameter of the axons from adult 5. lessoniana (>400 g)
was 434
68 ^m.
General features of the axon include a large diameter
(>400 ^m), enabling internal perfusion, internal dialysis,
1

axonal-wire voltage clamp techniques, and video
light
microscopy of structural changes induced by injury; one
giant axon per stellate ganglion (two total per squid); a
useful length of giant axon preparation ( = 5 cm); a mantle
thickness and opacity greater than for other Loligo, neimproved contrast for quick dissection; cellular

cessitating

injury responses similar to those of Lo/igo pealei: channel
types identical to those in L. pealei, as verified by similar

pharmacological effects of ion channel blockers (tetrodotoxin and 4-amino-pyridine); and electrical impedance
similar to those for L. pealei (Krause et
:

all

their

a/.,

1

992; Krause,

1993). Finally, S. lessoniana have been anesthetized re-

peatedly with

MgCl : during transport from one culture
system to another with no mortality. The ability to anes-

Giant axons

thetize a squid raises

The

giant

morphology

axon of 5. lessoniana

is

very similar in gross

to that of other loliginid squids (Fig. 6).

The

new

possibilities for

both surgical

procedures and long-term investigations of chronic injury
to the nervous system.

G.

P.
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addition to advances in culture technology, the proper
selection of a species with behavior amenable to laboratory
culture was a key element responsible for the success of
this culture

program. In nature,

S.

lessoniana occurs in-

shore, near temperate rock reefs or coral reefs, and this
may partially explain its adaptability to tanks (Segawa,

1987; Jackson, 1990). Throughout all life stages, S. lessoniana often hovers near vertical structures, and this be-

which helps it adapt to the confines
different from other loliginid squids.
The large fins of 5. lessoniana in both hatchlings and
allow it to maneuver in and around objects better
adults
havioral attribute

of the laboratory
200

2000

1500

1000

500

Body Weight

than other squids. This improved control results in less
contact with tank walls, reducing skin damage that has

(g)

Axon diameters of laboratory-cultured Sepioteuthis lesFigure 7.
soniana (N = 137). Note the large variation relative to body weight.

frequently been described for other squids (Summers.
1974;LeibowitztYd/., 1977; Hulet et ai. 1979). We found,

LaRoe

as did

Discussion

We

have successfully cultured Sepioteuthis lessoniana

G

: ),
through multiple laboratory generations (G p G, and
been
cultured
has
that
and this is the first time
any squid
,

,

through more than one generation (Hanlon et ai. 1991).
The squid Loligo opalescens had been cultured through
one generation twice in our facilities, but the G, generation
was reared for only 10 days (Yang et ai. 1986). Other
life
investigators have reared squids through most of one
et
1983;
ai,
1980,
1971;
Yang
cycle(Choe, 1966a; LaRoe,

Hanlon

et ai.

is

1987, 1989; Segawa, 1987) or successfully

field-collected adults in the laboratory (Ikeda,

spawned
1933; Larcombe and Russell, 1971), but none have cultured squids from egg to egg. Most of the early failures
were due to the selection of a species with physiological
and behavioral characteristics not amenable to culture,
to inadequate tank system design (both engineering and

(

197

1

),

that Sepioteuthis appears to orient

above dark substrates such as it might encounter in nature
tanks had dark
(e.g., seagrass beds); thus, our production
bottoms to calm the squids and keep them away from the
Furthermore, possibly as part of the adaptation of
genus to reef structures, the skin appears to be thicker

walls.
this

and stronger (although

this deserves future

examination),

resulting in less skin damage when the squids strike the
walls or bottom of the tank. As a result, Sepioteuthis seems

prone to chronic mantle infections than Loligo. The
gladius of many S. lessoniana adults is broken internally
2-3 cm from the tail due to wall collisions during agonistic
contests and courtship behavior. These breaks heal and
less

but do not become infected secondarily
Hanlon and Forsythe, 1990). All of these
features contribute to the ease with which this species can
be caught, handled, and even shipped to potential users

form scar

tissue,

as in Loligo

at

(cf.

remote locations.

The

hatchlings (5

mm ML;

Fig. 3) are

unique

among

poor water

squids because of their relatively large size and advanced
development. Hatchling squids are robust, and the fins

high growth
100 d) are important bioleslogical characteristics for the laboratory culture of S.
soniana because less time is spent in the hatchling and
juvenile stages. The fact that 5. lessoniana is a warm-

are already large and strong, enabling them to capture a
wide array of foods. The larger fins and overall size enable

behavioral), to lack of appropriate foods, or to
quality.

The

rate

large hatchling size (5

(> 12%

BW d

'

mm ML) and

in the first

water squid largely explains its higher growth rate when
compared to that of other laboratory-reared squids, which

were generally cold-water species (Yang

Hanlon

et ai.

1980, 1986;

The behavior

Turk

el

of

lessoniana in laboratory tanks was also pivotal to

5.

ai. 1986;

et ai.

1987, 1989).

growth and reproduction in captivity.
These laborator -cultured S. lessoniana fill a significant
gap in the temp* .ral availability of squids for biomedical

their successful

research.

them

to school within 2 weeks,

S.

lessoniana

The outstanding

is

5

near the interface of

feature of S. lessoniana

is

behavioral

than Loligo

Hatchling squids stayed

and dark areas, and thus light
keep them away from the walls,

light

could be manipulated to

avoiding skin damage. By maintaining constant low light,
we prevented the strong reaction of squids (jetting and
hitting the tank walls) to

adaptability to the confines of the laboratory tanks. In

earlier

mm ML at hatching.

Lighting affects squid behavior.

described by

Behavioral attributes

much

are large
spp. that must grow for 20-60 days before they
of
currents
(Yang et ai,
enough to swim independently
thus far
studied
All
1986; Hanlon et ai. 1989).
loliginids
410
mm
sizes
of
ML;
attained
when
they
began schooling

sudden changes

in light intensity

LaRoe (1971)

for S. sepioulea: yet sexual
not inhibited, as had been reported in

maturation was
species under constant bright light (Mangold. 1987).
Maturation and successful reproduction in all of our cul-

some

SQUID CULTURE AND BIOMEDICAL USES
seemed to be accelerated
compared with 1- to 13-month cycle

ture trials were not inhibited, but
(i.e..

6-month

in nature;

cycle

1

many loliginid
and we also have

Segawa, 1987), they were rectangular so that hatchlings
were concentrated in the corners. For this reason, a cir-

m

Segawa, 1987).

Mating behavior of S. lessoniana was described by Segawa (1987) and Segawa el al. (1993), who observed males
positioning themselves underneath females (the "maleparallel" position) for 3-4 s while they transferred spermatophores. Our laboratory observations differ somewhat.
We observed the "head-head" position, which is common
in

337

squids (<.;/. Hurley, 1978; Arnold. 1984),
the curious observation of the male ap-

proaching the female by swimming upside
below the female. Segawa (1987) and Segawa

down

while

in dicular hatchery tank that is between 1.5 and 2.5
ameter and that includes some vertical and horizontal

structure (usually the baskets that held unhatched eggs)

recommended. Water depth should be between 75 and
cm so that the squids can choose their position. The
color and reflectance of the tank walls were important
is

125

factors in the feeding of hatchlings in earlier squid rearing
trials (e.g.,

LaRoe, 1971; Yang

1983, 1989). Uni-

et al.,

formly dark walls are recommended because they reflect
less incident light and highlight translucent food organ-

noted:

"The male remained above the spawning substratum and escorted the female." Our observations corrob-

isms. In production tanks, however, a high-contrast
speckled wall pattern was used so that the juvenile squids
could detect the wall easily, and they very rarely bumped

orate this temporary mate-guarding behavior of males, a

into the walls in these tanks.

has been observed in other squids (e.g., Loligo
pea/ei; Griswold and Prezioso, 198 1 ) and that is common
in polygynous animal species. This behavior ensures that

highest standards: <0. 10

et al.

(1993)

Water

tactic that

other males mate with the

fertilized eggs are laid before

N, <50

Water quality was maintained

quality.

ppm

NO

3

ppm

NH

<0.05

4 -N,

-N, and >8.0 pH.

at the

ppm NO 2 -

The only exceptions
when pH

to these standards were during egg transport

the natural spawning activity of this genus (Tsuchiya,

was low (7.5) and ammonia high .5 ppm), and near the
end of the production cycle when nitrates exceeded
50 ppm. The production of dissolved and suspended organic matter from partially eaten food and squid inking
were the major challenges to the maintenance of water
quality. Improvements in filtration and water quality have

1981; Segawa, 1987; Segawa

been identified as the reason

females (Smith, 1984).

The

life

cycle

(

was accelerated

in the laboratory,

and

this may have caused the time-limited episodes of reproduction and death. Confining squids at high densities may
exaggerate this aspect of their life cycle in comparison to

et al.,

1993).

squids maintained

of the

haviorally acceptable culture tanks

melanin pigment of the

(i.e., size,

shape, color,

and water flow), (2) water quality management to accommodate high metabolic rate and ink removal, (3) feeding
regimen, (4) spawning methodology, and (5) egg handling
methodology. The first three of these were particularly
important to early hatchling survival and growth, whereas
the latter two led to higher fecundity and reduced egg
tunic deterioration. These improvements were gradually

G

implemented, beginning with the p generation, so that
the accrued benefits are evident in Trial One, but es-

Two

which high numbers of
were
cultured.
The
hatchlings
greatest density and biomass
of squids were attained in Trial Two, using the large 6.5m circular production tank. To compare the above improvements with current and previous reports of squid
pecially evident in Trial

in

improvement will be discussed sequentially.
The shape, size, color, and water flow pattern of the

culture, each

culture tanks. These were important factors determining

swim gently
the edge of shadowed areas and occasion-

fractionators)

essary, a dose of

to rear Sepioteuthis spp. (19001,

LaRoe, 1971; 12001,

nitrate concentrations

by water exchanges, so that
50 ppm (d and G : ).

levels

et al., 1989).

were corrected

were usually

Feeding regimen. Individuals of

sumed 20-30% of their body weight

S.

less

than

lessoniana con-

food organisms
each day, placing extraordinary pressure on the available
food resources. This high feeding rate equaled estimates
in live

from field work (LaRoe, 1971; Segawa, 1990), but was
about 2-3 times that for other loliginid squids that have
been reared
forbesi:

in captivity (L. opalescens, L. pealei

Yang

et al.,

1986;

Food was occasionally

when

at

sodium bicarbonate (Yang

The ever increasing

near objects

the circumference of the circular hatchery tank.
Although tanks of similar volume (1500 1) had been used

ink, as well as other dissolved

water quality parameter, but buffering was provided by
the large, submerged oyster shell biofi Iters and, when nec-

ticularly

swam

and activated carbon

organic matter; mortality due to heavy inking has been
avoided. Declining pH then became the most important

early hatchling survival. Hatchlings tended to

ally

(Matsu-

Yang el al.. 1989; Hanlon et
The most effective components

system were the protein skimmers (or foam
that removed the black

culture of S. lessoniana required significant improvements in five areas of husbandry: ( 1 ) design of be-

filtration

improved survival of

1980;

1989; Hanlon, 1990).

al.,

The

for

in recirculating seawater tanks

moto and Shimada,

Culture methods and comparisons

1

d"

1

).

and

Hanlon

et al..

limiting in Trial

and

L.

1987, 1989).

Two. Food

is

par-

important during the juvenile stage (<100g)

the squids are growing rapidly

Food

(IGR > 10%

BW

supplies were identified by both LaRoe (1971)
Segawa (1987) as the major factor limiting mass

culture.

P.

338

G.

LEE ET AL.
Table

II

Rccen! biomedical uses for squids

Research topics

Membrane

biophysics

Ion channel

Species'

References
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and axon diameter. Neurophysiologists who have used
both the cultured squid S. lessoniana and the Woods Hole

the Marine Medicine General Budget AcBiomedical Institute.
Marine
count of the

squid Loligo pealei confirm the biophysical similarities
of the axon preparations (Krause, 1993; Krause et ai. in
press; Dr. John Russell, Medical College of Pennsylvania,

Literature Cited

size

comm.). Thus, supplemental cultured squid stocks

pers.

could
at

fulfill

Woods

research needs

when

squids are not available

Hole.

The

large variation in

for differently sized squids (Fig. 7) raises

the consideration of selective breeding to produce larger
giant axons in smaller squids. The cost savings would be
substantial, and recent research indicates that loliginid

make

squids have ample genetic variability to

selective

breeding possible. The pelagic squids (i.e.. Ommastrephidae) possess low levels of genetic variability (Romero

and Amaratunga, 1981; Carvalho et ai. 1992) compared
to neritic squids (i.e., Myopsida; Carvalho and Loney,
1989; Brierley

lessoniana

et al.

1993; Suzuki

1993). Since S.

el al..

falls into the latter category,

it

may be

possible

axon size. No genetic inwith S. lessoniana. but
conducted
vestigations have been

to select for specific traits like

a topic of current research in our laboratory.
In summary, squid culture is now a reality, and S. lessoniana is the species of choice. Laboratory culture is la-

this

is

bor-intensive, but S. lessoniana has a rapid growth rate

minimizes the life span. The environmental requirements have been described, and 5". lessoniana has repro-

that

duced repeatedly

The primary obstasupply of food and the

in laboratory tanks.

cles to large-scale culture are the

low hatching

rate associated with frequent egg tunic de-

terioration. Finally, S. lessoniana has suitable axons, and
its tolerance to anaesthesia and handling raises the possibility that

research areas requiring surgical procedures

followed by long-term maintenance can be developed
successfully.
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High Ammonia and Low pH in the Urine
of the Ghost Crab, Ocypode quadrat a
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Cameron and

Batterton, 1978: Harris and Andrews, 1985;
and
Graszynski
Bigalke, 1987; Greenaway and Morris,
1989; Greenaway and Nakamura, 1991; Wolcott, 1991).
The renal organ of decapods is important for water balance
(review. Mantel and Farmer, 1983) and acid-base balance
(Wheatly, 1985), and has been thought to be unimportant

Nitrogen excreted into the urine (< 1 mA/) has
been
considered a negligible component of total
generally
nitrogen output of crustaceans. But concentrations of
Abstract.

ammonia >100 mA/ were found
tory-held Ocypode
might not be applicable to

quadrat a.

issue,

C.

hemolymph and

all

in the urine of labora-

suggesting that this notion
crustaceans. To address this

urine were

removed from

in nitrogen excretion.

freshly

Urine contained nitrogen concen-

captured O. quadrata and analyzed for nitrogenous ca-

trations generally totaling less than

Hemolymph composition was
similar to that of other crustaceans, but the urine was
acidic (X pH = 5.50) and contained ammonia, often at
> 100mA/. Other nitrogenous catabolites in the urine
(urea, amino acids, and uric acid) were much less concentrated: totaling <12 mA/ on average. The ionic composition of the urine was similar to that of other crustaceans, with the exception that Na was much less concentrated than Cr. Total osmolality of hemolymph and urine
was similar. The Na + /K + ATPase activity was greater in

studied

tabolites

and major

ions.

Most

terrestrial

Present address:

Duke

March

and

Wolcott,

1

;

ammonia

employ the

at the

gills for nitro-

1

99

1 ).

1 ;

Terrestrial crabs that are carnivorous

must

eliminate greater amounts of nitrogen, but because the
amount of fluid into which ammonia can be excreted is

ammonia

toxicity

is

increased.

brachyuran Ocypode quadrata. which
inhabits exposed beaches on the Atlantic coast of the
Americas, is primarily carnivorous (Wolcott, 1978) and

The

1994.

University Marine Laboratory. Beaufort,

crabs also

1

limited, the risk of
1993; accepted 10

1

1

salts are resorbed, typically in association with ammonia excretion (Greenaway and Nakamura. 99 Wolcott and Wolcott, 1984, 1985. 1991; Wolcott, 1991). The
nitrogen content and acid-base status of urine before and
after reprocessing by the gills have been measured only
in herbivorous (low nitrogen input) species. The relatively
small volume of urine passed to the branchial chambers
can apparently accommodate the amounts of ammonia
excreted by herbivores (Greenaway and Nakamura. 1991;

major organs of nitrogen excretion
decapod crustaceans (Home, 1968; Gifford, 1968;

May

Cameron

where

digestive tract are the

1

in the species

1976;

gen excretion; however, in this case the fluid bathing the
Urine
gills is not water from the environment, but urine.
is passed from the nephropores to the branchial chambers,

Introduction

Received 3

mA/

Aquatic decapods primarily excrete
gills.

tionary significance of high ammonia concentrations in
the urine of ghost crabs is unclear.

in

1

el at.,

1991).

enzyme activity was not present in two terrestrial brachyurans whose urine contains little ammonia. The evolu-

gills

Mangum

1

1

resorption. This pattern of

Previous research has demonstrated that the

1968;

and Batterton, 1978; Harris and Andrews, 1985; Greenaway and Morris, 989; Greenaway and Nakamura, 99
Wolcott. 99 ), and was neutral or of slightly alkaline pH
(Cameron and Batterton. 1978; Truchot, 1979; Wolcott,

the antennal glands than in the posterior gills of O. quadrata. suggesting that this enzyme is important for am-

monia concentration and Na

(Home.

NC

28516.

342

terrestrial

NITROGENOUS EXCRETION
reprocesses urine (Wolcott

and Wolcott,

1985).

Our

pre-

liminary data from laboratory-held Ocypode quadraia
showed high concentrations (>100 mAI) of ammonia in
acidic

(pH <

6) urine, a pattern atypical of crustaceans

but typical of vertebrates. Deamination of dietary protein
in the liver of vertebrates decreases urinary pH and increases urinary

1972;

Pitts,

ammonia

1974;

output (Minnich, 1972; Scott,

Long and Skadhauge,

1983; Halperin

and
omnivorous mammals have more acidic urine than herbivores (Long and Giebisch, 1979). Comparable data are
el al.,

1985; Dantzler, 1989). Moreover, carnivorous

and nitrogenous
composition of urine and hemolymph from O. quadraia
freshly captured from the field. Results suggested possible
mechanisms of ammonia concentration in the renal organ. Consequently, we also measured the activities of the
Na + /K ATPases in the antennal glands and other iontransporting tissues of O. quadraia, and compared them
to the activities in two species of herbivorous terrestrial
crabs, Cardisoma giianhumi and Gecarcinus lateralis.
for which previous research had demonstrated low urinary

343

period (Hall, 1982; Wolcott and Wolcott, 1985), although
the average change is considerably less. For this reason,

we considered the 8 h elapsed time between urine and
hemolymph collection to be unimportant for urine to he-

molymph comparisons.
Chloride concentration, osmolality, and

pH

were mea-

sured immediately on whole blood. After a clot had
formed in the remaining sample, it was disrupted and the
sample was centrifuged (10 min at 10,000 rpm, 4C); the

serum was drawn off and frozen for later analyses. Urine
and serum for atomic absorption spectrophotometry were

therefore characterized the ionic

4

+

nitrogen concentrations (Wolcott, 1991). Na /K
+
across
ases are important in excretion of
4

NH

aquatic crabs and fishes (Towle

et al.,

+

ATP-

gills

of

1976; review, Evans

and Cameron, 1986; Towle and H011eland, 1987), and
may play a role in ammonia transport by other organs.

Collection of animals

and samples

crabs,

the nephropore. Urine flow usually began immediately
upon nephropore deflection; when this did not occur,

was applied by mouth tube. To minimize
of
the sample and possible pH change, the
air exposure
was
pH
immediately measured with a Microelectrodes,

gentle suction

Model 710

electrode.

pH

measurements

(of blood

samples) obtained using a completely anaerobic procedure
for sample withdrawal agreed to within 1% of values from
the minimal air exposure method described above.
remaining urine was frozen for later analyses.

The

The

crabs were kept overnight in plastic containers with

a small

amount of moist sand from

their habitat.

The

was inserted into
the arthrodial membrane of a leg and hemolymph was
withdrawn. According to previous research on O. quadfollowing morning, a fire-drawn pipette

rata, the

hemolymph

ion concentrations for an individual

can increase or decrease by as

much

Osmolality was measured with a Wescor osmometer
(Model 5 100B). Cl concentrations were measured on 2-

samples with a Buchler-Cotlove direct readout automatic titrator. For blood we first placed the sample into
0.5 ml of deionized water to free any Cl" that might be
^1

trapped within the

clot.

Ammonia was measured by

the

Berthelot method (Sigma Technical Bulletin No. 640).

Urea was hydrolyzed by urease (Sigma Chemical Co.),
and the urea concentration estimated by difference in
ammonia between hydrolyzed and unhydrolyzed samples
of urine and hemolymph. Amino acids were measured in
urine (only) as ninhydrin positive substances (method of
Lee and Takahashi, 1966) after precipitation of the pro-

was measured

by the difference in absorbance (292 nm) of samples hydrolyzed and unhydrolyzed by uricase (Sigma Kit No.

Ocypode quadrat a (Fabricius), were captured after dusk on Bogue Bank, North Carolina, and
immediately brought back to the laboratory where the
urine was collected. Animals were restrained by being
strapped to a board; the nephropore cover was deflected,
and the tip of a fire-drawn pipette was inserted just inside
Ghost

Analytical methods

teins with trichloroacetic acid. Uric acid

Materials and Methods

Inc.,

TERRESTRIAL CRABS

frozen in sealed hematocrit tubes.

scant for invertebrates.

We

IN

as

15% over an 8-h

292). Total nitrogen

Nesslerization

was measured on urine (only) by

(Fisher Scientific) after micro-Kjeldahl

digestion and distillation. Concentrations of Na, Mg, K,
and Ca were measured by atomic absorption spectrophotometry (AAS; Perkin Elmer Model 2400). AAS measures
the concentrations of both the ionized and elemental
forms of these species, but most of these elements exist
as ions in blood and urine.

The amount of water absorbed or secreted

into the pri-

urine during modification was not estimated with

mary

marker

studies.

Thus urine/hemolymph

ratios

may

not

simple reabsorption or secretion of a molecule.
Rather, they may be considered estimates of relative ab-

reflect

sorption or secretion.

To be certain that the high ammonia concentrations
we measured with the Berthelot assay were not due to an
interfering substance in the urine of 0. quadrata, we used
suppressed ion chromatography (CS3 columns) to analyze
urine from laboratory-held crabs for ammonium. The

eluantwasO.5 mA/DL-2,3-diamino-propionicacidmonoHC1, and the regenerant was
hydrochloride in 12

mM

M tetrabutylammonium

hydroxide. The retention
time of ammonium was 3.38 min with a precision of 3.5%

0.05

M.
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from six standard runs. These laboratory-held animals
had urinary ammonia concentrations similar to those of
the freshly captured animals (measured by the Berthelot
assay).

For the purposes of this paper, ammonia refers to a
combination of ionized (NH 4 *) and unionized (NH,)
forms of

this

molecule.

Na + /K + ATPase

PO 4

into the media,

mg

liberated

'

protein

and

expressed as /umoles

is

h~'. Protein concentrations

homogenates were measured colorimetrically with
the Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA); bovine serum albumin was the standard.
in the

Statistical analyses

mean concentrations of each varihemolymph and urine were tested

Differences between

assays

able measured in the

Cardisoma guanhumi were collected at Fort Pierce,
and maintained in the laboratory in individual
habitats that included a pool of dilute (<50%) seawater
at the bottom of an artificial burrow. Gecarcinus laterally
were collected at Spittal Pond, Bermuda, and maintained
Florida,

mouse cages

in the laboratory in individual plastic

(8.5-

containing a petri dish of dilute seawater. Water
renewed twice weekly, and crabs were fed leaf litter
1)

lettuce

homogenate

ad libitum. Holding conditions

was
and

for the herbivorous

(>4 years) and multiple
guanhumi and G. lateralis had

species support long-term survival

successful moltings. C.

been in the laboratory

for

by paired / tests. Exceptions were pH and ammonia, which
deviated from normality and so did not fit the assumptions
of parametric

statistics.

A Wilcoxon

test

was used

to test

between these variables. For simplicity,
nonparametric Spearman correlations were used for all
associations between variables tested. Measurements are
for differences

95% confidence intervals unless
expressed as means
+
otherwise stated. For specific activity of Na*/K ATPases,
differences among the means for each tissue were tested

ANOVA

followed by multiple comparison
(Bonferroni) tests within each species.

by one-way

about 10 months, overwintering

on a seasonally varying light-dark

cycle, before sacrifice

Results

for

enzyme assays.
Ocypode quadrat a used

for

enzyme

assays were col-

lected as described previously for this species. O.

quadrata

in plastic mouse cages (8.5-1) containing
acid-washed sand dampened (10% water by weight) with
dilute seawater. This species was fed dried squid 2-3 times

were maintained

per week for at least 10 days before

sacrifice. All species

were given access to dilute medium to stimulate reclamation of ions by the gills through the induction of gill
Na + /K + ATPases, thus precluding the underestimation
of enzyme activity.
Detailed procedures for measuring specific enzyme ac+
+
tivity of Na /K ATPases appear in Holliday (1985). but
are briefly as follows.

Animals were

killed

the ventral nerve cord. Three tissues

by disrupting
antennal gland,

The pH of urine from freshly caught Ocypode quadrata
was significantly lower and more variable (X = 5.50; range
= 4.68-7.56) than that of hemolymph (X = 7.58; range
= 7.42-7.68; Wilcoxon Z = 4.78, P < 0.000
In addition
1

to being

more

ammonia

acidic, urine

than

phy confirmed

hemolymph

).

contained

>100 times more

(Table

Ion chromatograconcentra-

that the high urine

I).

ammonia

tions observed with the Berthelot assay were

due

to

am-

monia, rather than to a potentially interfering substance
such as an amine. Ion chromatography yielded concentrations 23.7% higher on average than the Berthelot assay
= 4). Urea concentrations in urine and hemolymph
(n
were similar and were low compared with urine ammonia
(Table

When

I).

concentrations of ammonia-, urea-, and

in cold

amino-nitrogen are summed, they account for an average
of 88% of the total Kjeldahl-nitrogen measured, when
comparing individuals for which all of the nitrogenous

posterior

variables were measured.

and claw muscle were removed from each crab, rinsed, and homogenized by hand

the basal portion of

gill

7,

homogenizing medium. The basal portions of
gills were selected for assay because they have
been implicated in sodium transport in several species of
osmoregulating crabs (reviewed by Towle, 1984). Claw
muscle was included as a 'reference.' Though ions are
transported within it, muscle is unimportant for the overall
ion balance of the organism.
Enzyme activity was measured as the phosphate liberated from

ATP

by each homogenate

in

two reaction

media, one containing optimum concentrations of all ions
and the other lacking potassium and containing ouabain.
5 min at 30C, the reaction was stopped and phosmeasured
colorimetrically. Enzyme activity was
phate
calculated as the difference in phosphate liberated by each

After

1

Thus

in

Table

I,

we

are ac-

counting for a majority of the nitrogenous catabolites in
the urine. Of the accountable nitrogen in the urine, am-

monia-N = 90.9%, urea-N = 5.8%, amino-N = 3.3%, and
uricacid-N = 0.1%.

Na and

major ionic constituents of both
hemolymph of O. quadrata (Table II). For all
elements
measured, and for total osmolality.
inorganic
there was a significant difference in concentration between
the urine and the hemolymph (Table II). For total osCl

are the

urine and

this difference is fairly small but conmolality and Cl
sistent. The concentrations of these elements in the urine
,

appear to be strongly regulated.

Mg

and

K

appear to be

NITROGENOUS EXCRETION
Table
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I

Nitrogenous components of urine and hemolymph from freshly captured Ocypode quadrata
Nitrogen concentration (m,U)

Ammonia-N

Fluid

Urea-N

Urine

P

value

is

for

Wilcoxon Test (ammonia) and paired

/

test (urea).

Amino-N

Uric Acid-N

Kjeldahl-N

M. C. DEVRIES
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Table

Ocypode albicans (= quadrata}, though the
magnitude of the modification for each ion measured was
less. The renal organs of other terrestrial and semiterres-

enzyme activities of No?/K* ATPase (itmol PO 4 mg~'
') from various tissues <>l hnniiyiiniiis on dilute media

protein- h

decapods also appear capable of modifying the

trial

Tissue

Claw

Antennal

Taxon

3.93

F

= 897.4

P<

0.0001

Gecarcinus lateralis
(n

=

8.83

6)

F= 10.59
P< 0.0016
(d=14)
F=75.2

29.60

P<

ABC
ABC
0.48

13.25

0.0001

Activity values are

0.51

3.34

1.84

2.

16

3. 21

17.01

5.2

1.25

in-

organic content of the urine to some degree. The urine
and hemolymph of those species have concentrations of
the major ions (except Na) that are similar to the concentrations found in
quadrata (review. Mantel and

O

Farmer, 1983; present study).
0.58

The sodium

quadrata

is

about

.

exception

+ 0.49

the urine of O.

Low urinary Na concentrations have been previously described for O. quadrata (Gifford, 1962) and U.
pugilator (Green cl LI/.. 1959), though this pattern is the
the Cl

0.73

in

mM lower than both the Na in the hemolymph and

150

B

A/B

95%

means

+

4.80

3.56

A

Ocvpode miailrala

muscle

Gill 7

gland

Cardisoma giianhiimi

.11

collected

III

'

Specific

ET

among crustaceans (review, Mantel and Farmer,

1983). Nevertheless, for O. quadrata, like other crustagills are the major organ of salt balance (review.
Mantel and Farmer, 1983). Gills of 0. quadrata can resorb
90% of the salt in the urine during reprocessing (Wolcott

ceans, the

confidence intervals. Results of analy-

of variance and groupings by Bonferroni tests (experimentwise a
= 0.05
appear below each species. Means with different letter designations

sis

and Wolcott, 1985).

)

are significantly different from

one another (within each

species).

Low concentrations
ammonia in the urine

K

+

of

Na and

high concentrations of

could result from action of

ATPases, with substitution of

NH/ for K

+
.

Na + /

This ionic

pH

organism. The rate of release of urine after reprocessing
by the gills of O. quadrat a (about 2% body weight/day;
De Vries and Wolcott, 1993) can serve as a conservative

substitution has been demonstrated at physiological

estimate of the rate of urine production. This estimate
falls within the range of urine production rates observed

the antenna! gland is higher than that in the posterior gills
of 0. quadrata. Terrestrial crabs with little urinary nitro-

Kormanik and
Use of this value

gen do not show this increased activity, suggesting that
the enzyme is important for the transport of ammonia
by the renal organ of O. quadrata. Similar ratios (gill:

for other terrestrial crabs (Harris,

Harris, 1981;

Greenaway

ct a/.,

and the data from Table
of 2500 jumol N kg '-day

I

yields
'

1977;

1990).

an output of ammonia
which is 1-2 orders

via urine,

of magnitude greater than the urinary nitrogen output
rate of every crab studied, whether aquatic or terrestrial
(Binns. 1969;

Cameron and

Batterton. 1978; Harris

and

Andrews, 1985; Greenaway and Nakamura, 1991 ). In addition, this estimate approximates the combined rates for

membrane

in isolated gill

vesicles

(Towle and H011eland,

1987). Moreover, specific activity of

Na + /K ATPases
f

antennal gland) and absolute values of

in

Na + /K + ATPase

were found in Cardisoma carnifex and Gecarcinus lalandii. congeners of the low urinary nitrogen species that we assayed (Towle, 1981 ).
activities

The low
urine

urine

pH and

pH and the negative correlation

urine

ammonia

between

suggest acid-trapping as

nitrogen output routes in Geograpsus grayi (also a carnivore), the species with the highest nitrogen output rate
yet measured for terrestrial crabs (Wood and Boutilier,

another possible mechanism of ammonia concentration
within the urine. This mechanism entails the diffusion of

1985; Wolcott and Wolcott, 1987;

Greenaway and Morris,
1989; Greenaway and Nakamura, 1991; Wolcott, 1991).

sure gradient, and into the acidic urine; there it would
+
which would maintain
4
immediately be ionized to

Other routes of nitrogen excretion in O. quadrata were
insignificant (De Vries and Wolcott, 1993; Wolcott and
DeVries, unpub. data). Urine production rates (before reprocessing by the gills) must be measured and a rigorous

the gradient. Action of Na /H antiporters may contribute
to the lowering of urine pH by the renal organ, as well as

all

nitrogen budget must be constructed under controlled

conditions in the laboratory if we are to better our understanding of this phenomenon.

The

urine of O. quadrata

lymph, but not
to be secreted,

is

isosmotic with the

isoionic. In this study,

and Ca and

especially

hemo-

Mg and K appeared

Na resorbed.

Gifford

(1962) found similar patterns of secretion and reabsorption of the

major cations during urine formation by

freshly

NH

3

dissolved in the

hemolymph, down

NH

+

its

partial pres-

,

+

to the reduction of Na concentration.

Na + /H + antiporters

in gills of crabs (Towle, 1985), but have
not been studied in their renal organs. Other mechanisms
of ammonia transport across membranes are also possible

have been found

Kormanik and Cameron, 1981; Evans and
Cameron, 1986; Regnault, 1987).
Although O. quadrata was initially selected for study
(reviews in

because of its high-nitrogen diet, the vertebrate-like pattern
of low pH and high ammonia in the urine appears to have
a taxonomic

component within

the

Decapoda

as well.

NITROGENOUS EXCRETION
Every species within the family Ocypodidae that has been
studied has a high-ammonia urine of acidic or neutral

pH, despite gross differences in dietary nitrogen inputs.
The ocypodid Uca initiator is probably omnivorous
(Miller, 1961; Robertson and Newell, 1982) and produces
= 75
[Green ct a!.. 1959];
high-ammonia urine (X
De
and
Vries,
X = 92
unpub. data]) of
[Wolcott
neutral pH (X = 7.1, [Wolcott and De Vries. unpub.

mM

mM

Vddes cordatm. another ocypodid. also produces
= 80 mM; X
high-ammonia, acidic urine (X ammonia
=
and
De
Vries,
6.0
unpub. data]), although
[Wolcott
pH

data]).

this species

is

primarily herbivorous (Garcia and Bonnelly

de Calventi, 1983). One might speculate that ancestral
Ocypodidae were carnivorous, and that the mechanisms
for forming a high-ammonia, acidic urine were retained

when herbivory evolved

in

some members of the

Like urinary composition, the primary

mode

family.

waste nitrogen into the branchial fluid primarily as ammonia (Greenaway and Nakamura, 1991; Wolcott, 1991);

NH

3

gas at the

gills

ocypodids (three species) excrete ammonia directly into
the urine (Green ct a!., 1959; De Vries and Wolcott, 1993;
present study). This plasticity in chemistry and mode of
nitrogen excretion among terrestrial crabs may be related

that the crustacean renal organ

is

excretion must be reconsidered.

unimportant

for nitrogen

Whether the

special uri-

nary characteristics of this group serve functions in addition to the elimination of nitrogen

is

open

coupled to reprocessing of unne
Zoo/ 267:97-103.
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The Adhesive Protein

cDNA

of Mytilus

galloprovincialis Encodes Decapeptide Repeats

but

No Hexapeptide Motif

KOJI INOUE
Kamaishi

Abstract.

A

mussel

is
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AND SATOSHI ODO
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attached to hard surfaces by

Kamaishi, Iwate 026. Japan

Institute, Heita,

The

its

components of the byssus have been extenM. edulis (Waite, 1987, 1992, for re-

protein

byssus, which consists of a bundle of threads, each with
a fibrous collagenous core coated with adhesive proteins.

sively studied in

We constructed a cDNA library from RNA isolated from

containing a high proportion of 3,4-dihydroxyphenylalanine (DOPA) residues (Waite and Tanzer, 1981; Waite.

views).

the foot of the mussel Mytilus galloprovincialis sampled
in Japan. The library was probed with a nucleotide se-

acids.

The

kDa

protein

is

3-

or4-hydroxy-

1986; Waite el al.. 1989; Rzepecki et al., 1991). Partial
encoding the adsequences of cDNA and genomic
hesive protein were reported in M. edulis (Strausberg et

DNA

1989; Filpula et al, 1990). The complete amino acid
sequence of the adhesive protein from M. edulis has been
deduced from its cDNA (Laursen, 1992). These studies
showed that this adhesive protein contains more than 80
al.,

repetitive

region included a tetradecapeptide sequence and 62 repeats of the same decapeptide motif as in M. edulis, but

hexapeptide sequences present in M. edulis were absent
in the protein of M. galloprovincialis. In the decapeptide

tandem repeats, of which more than 70 are decapeptides
and others are hexapeptides.
In this study, we isolated a cDNA clone containing the

two tyrosine residues, two lysine residues, and one
of the two proline residues were highly conserved, but
other residues were frequently substituted. In some residues in the decapeptide motif, specific codon usages were
motif,

observed, suggesting that the nucleotide sequence
has a function.

a 130

Hyp-Hyp-Thr-DOPA-Lys, where Hyp

edulis, despite several substitu-

amino

is

proline (Waite et al. 1985). Other mussel species have
similar proteins, each with a unique repeat motif (Waite,

region of the same adhesive protein of M. galloprovincialis
was isolated. The sequences of the signal and nonrepetitive
regions of the protein of M. galloprovincialis were ho18

major adhesive protein

1983). The protein is reported to be largely composed of
tandem repeats of the decapeptide Ala-Lys-Pro-Ser-Tyr-

quence corresponding to a part of the decapeptide repeat
motif in the major adhesive protein of the closely related
species M. edulis. and a clone including the whole coding

mologous to those of M.
tions and a deletion of

A

whole coding region of the adhesive protein from another
major species of mussel, M. galloprovincialis, which is
closely related to

itself

Geller

et al..

M.

1993).

edulis (Gosling, 1984; Gardner, 1992;

We have found that the cDNA encodes

a polypeptide containing 62 repeats of the decapeptide

found in M.

Introduction

edulis, as well as a tetradecapeptide, but

no

hexapeptide repeat.

Mussels

in the

genus Mytilus are distributed globally
in temperate marine intertidal zones. They attach themselves to solid intertidal surfaces by means of the byssus.

The byssus

Materials and Methods
Isolation

a bundle of threads each consisting mainly
of a fibrous collagenous core coated by adhesive proteins.
is

ofmRNA

Mussels (M. galloprovincialis) about 4 cm in shell length
at Miyako Bay, Iwate prefecture, Japan.

were sampled

The

Received 10 January 1994; accepted 28 March 1994.
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foot

was

isolated

from 12 mussels and the

total

RNA

K.

350
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with Apal/Hindlll or Sacl/Xbal, and deletion derivatives
were produced using the Kilo-Deletion Sequence Kit
(Takara, Kyoto, Japan).
////;dIII-generated

The

original subclone, 28

clones, and

clones were sequenced using a

(Applied Biosystems

Apal/

17 Sad/.Y/wI-generated

373A

DNA

sequencer

Inc.).

Results

Figure

1

.

Northern blot analysis of

RNA

extracted from the foot of

RNA

was electrophoresed
Mvtilis galloprovindalis One microgram of
on a 1% agarose gel. transferred onto a nylon membrane, and hybridized
with the oligonucleotide probe corresponding to a part of the decapeptide
sequence. Allowheads indicate the position of 18S and 28S rRNA.

was extracted using the Total

RNA

tech Laboratories, Palo Alto, CA).
lated using the

Separator Kit (Clon-

PolyfA^RNA was iso-

mRNA separator (Clontech

Laboratories,

Northern blot hybridization
the efficiency of the probe and to obtain
information about the length of the target, northern blot

To examine

an
hybridization was carried out. As shown in Figure
a
at
intense signal was detected
position slightly higher
than 18S rRNA. This result indicates that the probe is
1

applicable to the screening of the adhesive protein of
galloprovinc/a/is. It also indicates that the target
is

expressed in the foot and

2.4 kb.

Northern blot hybridization

Outline

Poly(A)'RNA was electrophoresed on a 1% agarose gel,
membrane, and hybridized with

a

3:
[

P]ATP-labeled oligonucleotide probe.

ATA(T,A)GTTGGAGGATAA(C,G)TTGGCTT,
that corresponds to a part of the antisense sequence of
the decapeptide repeats of M. edulis (Strausberg
ci ul.,

1^89).

Screening of the

cDNA

library

M.

mRNA

Palo Alto, CA).

transferred onto a nylon

,

o/'tlie

About

5

X

its

is

length

more than

structure oj the adhesive protein

10

4

clones were screened, and

cDNA

more than

50 positive plaques were detected. Of 10 randomly selected
clones. 2 were found to have inserts of about 2.5 kb. The
longer clone was chosen for further analysis because the
shorter one lacked the

first

several nucleotides (data not

shown). Because no restriction site for 16 different enzymes could be found on the insert, deletion derivatives
were generated for nucleotide sequence determination.

The determined sequence was 2/520 bp, as shown in Figure 2. The coding region determines 75 amino acids,
1

was synthesized using the cDNA Synthesis Kit
Plus Amersham). A cDNA library was constructed using
the cDNA cloning system lambda gtlO (Amersham). The
library was screened using the same probe used for the
northern blotting. Ten positive clones were picked up and

cDNA
(

the size of inserts was determined by excising with EcoRl.
The longest insert was subcloned into a plasmid vector,

BluescriptIISK+ (Stratagene). Restriction analysis of the
BluescriptIlSK+ subclone was performed using Apal,

BamHl, EcoRl, Hindi,
Sad,

Hindlll,

Sail, Seal. Sinai, Spel,

Kpnl Not

Xbal and

I,

Pvull, Pstl.

A'/;oI.

Sequencing

To determine

the whole sequences of both strands of

the insert, the plasmid containing the insert

Kigure

2.

The amino

acid sequence of the
adhesive
signal peptide was similar to that of the M. edulis
the
between
protein: 22 of 24 residues were conserved

long repetitive region.

two

species.

The amino

acid sequence of the nonrepetitive

region was also conserved, but several substitutions and
a deletion of 18 amino acids were observed (Fig. 3). The
repetitive region included 62 repeats of the same deca-

M.

Although the hexapepwas not observed in
tide motif characteristic
the repeats, an irregular tetradecapeptide was seen between
the 55th and 56th repeats (Fig. 2, Table I). The sequence
of the 3'-untranslated region was also conserved between
peptide motif found in

edulis.

of M.

.17

xalloprovim'itilis

and M.

edulis

edulis.

although the termi-

Niulcotide and deduced amino acid sequences of the adhesive protein of Mytilis gallo-

Uiuleilmiv: sequence indicates the signal peptide. Also underlined is the polyadenylation signal.
under the amino acid sequence indicate numbers of decapeptide repeats. The asterisks represent

provinciiili-i

Numbers

was digested

which consist of three distinct parts: the signal peptide of
24 residues, a nonrepetitive region of 76 residues, and a

the termination codon.

10

20

130

140

30

40

50

60

70

80

90

100

110

120

MEGIKLNLCLLCIFTCDILGFSNG NIYNAHGSAYAGAS
AGAYKTLPNAYPYGTKHGPVYKPVKTSYHPTNSYPPTYGS
KTNYLPLAKKLSSY PIKTTYNAKTNYPPVYKPKMTYPPT
260
250
AAACTATCTGCCACT

150

160

170

1BO

190

200

210

220

230

240

270

280

290

300

310

320

330

340

350

360

470

480

2

1

370

380

390

400

410

420

430

440

450

460

YKPKPSYPPTYKPKPSYPATYKSKSSYPEEYKPKKTYPPT
YKPKLTYPPTYKPKPSYPPTYKPKPSYPATYKSKSSYPPS
YKTKKTYPSSYKPKKTYPSTYKPKVSYPPTYKSKKSYPPI

YKTKASYPSSYKPKKTYPSTYKPKISYPPTYKAKPSYPTS

YRAKPSYPSTYKAKPSYPPTYKAKPSYPPTYKAKPTYPST
YKAKPSYPPTYKAKPSYPPTYKAKPSYPPSYKPKTTYPPS
YKPKISYPPTYKAKPSYPPIYKAKPSYPPTYKAKPSYLPT

YKAKPSYPPTYKAKPRYPTTYKAKPSYPPTYKAKPSYPPT
YKAKLSYPPTYKAKPSYPPTYKAKPSYPPTYKAKPSYPPT
YKTKPSYPRTYKAKPSYSSTYKAKPSYPPTYKAKPSYPPT

YKAKPSYPPTYKAKPSYPPTYKAKPSYPPTYKAKPSYPQT
YKAKSSYPPTYKAKPSYPPTYKAKPSYPPTYKAKPSYPPT
YKAKPSYPPTYKAKPSYPPTYKAKPSYPPTYKAKPSYPPT
YKAKPSYPPTY
55

AKPSYPATYPSTYKAKPSYPPTYKAKPS
tetradecapeptlde

YPPTYKPKPSYPPTYKSKSSYPSSYKPKKTYPPTYKPKLT
2170

2230

2190

YPPIYKPKPSYPPTYKSSYPPRY

2240

2250

2260

2270

2280

&AAGATCAGCTATCCATCACAATA

KKISYPSQY

62

2340
2350
2290
2320
2330
2300
2310
CCJU^GCATATGAACCAACJLAACAGCTATTAATCTCAATATTAAAAGTArrAATTAAAATATTCATATTACT

2420

2430

2440

2450

2460
TGG1
351

2470

2360

2370

2380

2390

2400

2490

2500

2510

2520

352
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Non-repetitive
Signal
MEGIKLNLCLLCIFTCDILGFSNG NIYNAHGSAYAGASAGAYKTLPNAYPYGTKHGPVYK

1

***

+ +

*

+

*** + ****'

*

+

****-*

-A:**-***

+

*******-*-**'

*-**-***

MEGIKLNLCLLCIFTFDVLGFSNG NIYNAHVSSYAGASAGAYKKLPNAYPYGTKPEPVYK

Me

1

Mg

61

PVKTSY--

Me

61

PVKTSYSAPYKPPTYQPLKKKVDYRPTKSYPPTYGSKTNYLPLAKKLSSYKPIKTTYN

Mg

101

Repetitive
AKTNYPPVYKPKMTYPPTYKPKPSYPPTYKPKPSYPATYKSKSSYPSSYKPKKTYPPTYK

Me

119

AKTNYPPVYKPKMTYPPTYKPKPSYPPTYKSKP

--HPTNSYPPTYGSKTNYLPLAKKLSSYKPIKTTYN

123456

TYKPKITYPPTYKAKPSYPPTYK

Comparison of the peptide sequences of the signal region, the nonrepetitive region, and the
Figure 3.
part of the repetitive region of adhesive protein from Mytilis galloprovincialis with those of Af. edulis
described by Laursen (1992). Asterisks indicate the homology between the corresponding sequences. Me
first

and

Mg

represent sequences of

M

edulis

and Af

gallopr\-in<.iali\. respectively.

nator codons were in different positions and several base
substitutions were observed (Fig. 4).
Variation

ofamino

As observed

in

acids in the decapeptide motif

M.

edulis,

some amino acids in the deca-

peptide motif were sometimes substituted. Substitutions
were frequent in the first 7 and last 5 repeats, but they
were less common in the middle of the repetitive region.
1

The

variation

ofamino acids in the first three repeats was
M. edulis (Fig. 3) (Filpula et ai.

identical with that of

1990; Laursen, 1992), whereas the fourth repeat differed
between the two species; i.e.. it was a decapeptide in M.
galloprovincialis but a hexapeptide in M. edulis. Figure
5 lists the frequency of substitutions of each amino acid
in the

decapeptide motif in the whole repetitive region.

two tyrosine resiwhich were perfectly
conserved. The lysine at position 10 and the proline at
position 6 were also highly conserved. Other residues suf-

The most conserved

residues were the

dues and the lysine

at position 2.

fered considerable variation.

The

Table

first

alanine, the fourth

1

Number of decapeptide.
adhesive proteins of

Motif
Decapeptide

hexapeptide. and tctradeeapeplide motifs
Mytilus galloprovincialis and M. edulis

M

galloprovincialis

At edulis

1

in

2

Af. edulis

MUSSEL ADHESIVE PROTEIN cDNA

353

Mg 2234 AAAAAGATCAGCTATCCATCACAATATTAAGTGAAGACAAGTTATCCCCAAGCATATGAA

AAAAAGATCAGCTATCCATCATCATATAAAGCTAAGACAAGTTATCCCCCAGCATATAAA

Me

Mg 2294 CCAACAAACAGCTATTAATCTCAATATTAAAAGTATTAATTAAAATATTCATATTACTGT

CCAACAAACAGATATTAATCTCAATATTAAAAGTATTAACTAAAATATTCACATTACTGT

Me

Mg 2354 ACTACACATTTTAACGTTTGTGTTGATGAGGAACAGATGAACATTTGAAAGTAATACATA
ACTAC AC ATTTTAAC GTTTGTATTGATGAGGAAC AGATGAAC ATTTGAAAGTAATAC ATA

Me

Mg 2414 ATCGGGGTTAATGATTTGTTATATTCAATCTT--TATGTTTGTGATTGGTTATGTTCTTG

ATCGGGGTTAATGATTTGTTATATTCAATCTTAATATGTTTGTGATTTGTTATGTTCTTG

Me

Mg 2474 AAATATTGTTTAAAATAAATGTTTATTTTTT Poly
(

Me

A)

AAGTATTGTTTCAAATAAAAGTTTATTCTTTTCTGGTfPoly

A)

Figure 4.
Comparison of the nucleotide sequence from the last part of the repetitive region to the poly(A)
of Mytilis galloprovincialis with the same region of M. edulis reported by Strausberg el al. (1989).

tail

homology between the corresponding sequences. The underlined sequence indicates
and Mg represent sequences of M. edulis and M- galloprovincialis, respectively.

Asterisks indicate the
the stop codon.

1

A

(

3 8

)

P(17)

GCA (38)
CCT(IO)
CCA 6
CCC
1
TCC 3
1
TCT
ACA 2
ACT 1
(

S

(

4

)

T

(

3

)

)

(

)

(

)

(

)

(

)

(

)

Me
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INOUE AND

and present studies, three motifs dewere obcapeptide, hexapeptide, and tetradecapeptide
In the previous

We

served.

noticed that these motifs can be divided into

two submotifs,
(submotif

B),

(Y)KAKPSY (submotif A) and (Y)PPTY
according to the position of the tyrosine

The hexapeptide, decapeptide, and tetradecamotifs
corresponded to A, A + B, and A + B
peptide
+ B, respectively, though minor variations were observed
in the positions of Ala, Pro, Ser, and Thr residues. The
residues.

S.

M.

ODD

galloprovincialis had

amino

acid sequences similar to

but not identical with those of M.
ported that two M.

has been re-

ediilis. It

sequences in the repetitive region
were identical in the first nine and last five repeats and
ediilis

only the distribution pattern of hexapeptides in the middle
of the repetitive region was different. The hexapeptides
that exist in the repetitive region of M. eduli.s were not

found

sequence of M. galloprovincialis: a tetrade-

in the

obviously the basic motif of the ad-

capeptide was found instead. We determined partial sequences of other cDNA clones of Al. galloprovincialis,

hesive protein. The hexapeptide motif is apparently also
a functional unit, or at least it does not prevent the func-

but also failed to find any hexapeptides (data not shown).
However, more information is required before we can

it is not rare in the repetitive region of M.
tetradecapeptide may also be a functional unit
is composed of the same submotifs.

discuss the correlation of sequence differences with di-

decapeptide motif

is

because

tion,

ediilis.

The

because

it

In the nucleotide sequence of the repetitive region, spe-

codon usage was observed. It is interesting that the
codon usage in one of the two lysine residues was highly
specific but the other was not. In addition, the alanine
cific

residues were often replaced with proline or other

amino

acids, but all the alanine residues at this position

coded only by

GCA. The

substituted by various

was

third proline

amino

was

intrapopulation variation in adhesive protein sequences.
protein may offer a key to

The sequence of the adhesive

understanding not only the function of this protein but
also the genetic diversity

among

different populations

and

species of mussels.

were
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