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P RKFACE

T h i s Second International Conf ere nce on Aquacu lture Nutr i t i on
"Biochemica 1 and Physiological Approaches to Shellfish Nutrition" in
many respects can be considered a "nutri tionists" nutrition conference,
It was a gathering af highly respected scientists from around the world
to report on and discuss their work on "real" nutrition.

Characteristically, nutrition studies on aquatic invertebrates are
hampered by physical, chemical and biological instability of the feed.
Extraordinary measures are required to minimize leaching and associated
bacterial activi ty with the feed, prior to its ingestion by aquatic
i nve rtebra tes .

I t should be remembered that in the wor ld of commercial i ntens i ve
aquatic production systems, bacterial activi ties may play important
roles in invertebrate nutrition. For example, it has been suggested
that microbial popula tions in pond systems may serve as an "external"
ruminant stomach f or par tia 1 diges tion of feed and supplements.
Bacteria and algae may also enter the tood web and may interact to
maintain satis factory environmental condi tions ~
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I N TROD UCT I ON A ND WKI.COKE

Ellis T. Bolton

On beh a I f of th e Un i ve r s i ty of Delaware Sea Grant Program, in
cooperation wi th the U.S./japan Aquacu lture Panel and the World
Ma r i culture Society, my co 1 leagues and I a re pleased to welcome
de lega tes f rom many na ti ons, the s peaker s, and the participants to the
Second International. Conference on Aquaculture Nutrition. The First
Aquacu lture Nutri tion Conf erence was he ld here just six years ago. In
concluding tha t conference Harold Goodwi n commented, "In spi te of our
vas t ignorance, Iabout aquaculture nutri tion]we're obviously doing
something right" and suggested that we "continue to combine empiricism
with def i ni tive nutr i tiona 1 and physio logica 1 research". This second
conference results from the fact that many scientists have anticipated
and, indeed, followed Hal Goodwin's advice so that af ter six years it is
most timely to examine what we know and where we are along the
'Biochemical. and Physiological Approach to Shellfish Nutrition'.

The sub ject of aquacultur e is large and its practice extends
through millenia. Across the centuries empi ricism, arts and tradi ti on
have demonstrated that aquaculture has an astonishingly high, but mostly
unrealized, potential for supplementing the contribution of agriculture
to man's supply of food and to help meet his need for biochemicals and
energy. Yet it is only in mos t recent times, in about the past
twenty-five years, that we find a truly burgeoni ng i nterest in applying
the requi red scientif ic and technological methods towards revealing the
complex f r amework of interrelationships by which organisms maintain
themselves in aquatic environments. Today we stand poised to probe
deeply into the intimate molecular and functional bases of biology so
that we can better learn how organisms cope with aquatic environments
for their sustenance, how they manage to exist in harmony with other
forms in the aqueous continuum, and how we might take advantage of these
properties to increase the productivity of natural waters and intensify
cultivation under controlled conditions. The challenge is demanding.
Again Goodwin puts it aptly, "Culture of any living organism begins with
the environment and the aquatic environment is one of dismaying
complexity. The aquatic animals we want to culture are, to a
considerable extent, an extension of their environment. They are
immersed in it, it f lows through their gills, it. either supports or
stresses them, depending on its physi al and chemical characteristics
and their physiological response'. Zt. will take time to understand the
interrelationships adequately, as it has in the agriculture counterpart,
and it will take no less than the most dedicated men a.nd women, such as

those who will speak to us in this conf erence, to make the challenge
manageable.

The science of nourishment, including the study of the nutrients
that each organism must. obtain f rom its environment lies at the very
heart of the matter ~ Each particular kind of organism has its



distinctive needs and they can be studied separately, but there is also
a far-reaching biochemical. unity in nature which gives coherence to the
whale subject. As a result, the bivalve nutritionist does not work in
intellectual isolation from the fin-fish specialist, nor for that matter
f rom the human nutritionist. We recognize in this common plan at the
biochemical level the universal need of animals for a limited set of
chemi ca l s u be ta n ces i nc ludi ng minera ls, amino acids, carbohydrates,
li pids, vi tami ns and other organic materials of diverse structure.
Further, we recognize the commo~ physical basis why this condition
should be so ae a result of the momentous discovery in our own time that
genetic determination under lies both the nutritional needs and the
processes which satisfy them. It is most fitting therefore that this
conf erenoe br i ngs together scienti s ts at the leading edge of discovery
in the nutrition of animals and that we consider fresh knowledge from
phytoplankton to fishes, from chemical diffusion to process energetics,
from seat to skeletal architecture, from minerals to hormones . We take
pleasure in this opportunity for shari ng nutritional science and
inviting you to participate where the action is: in the presentations
that form this program.



AWAKENING THE PUBLIC TO AQUACULTURE

Special Address by the Honorable Spark bi. Hatsunaga

Thank you, Nr . Bi 1 1 Hougart, for your mos t gener ous introduction.
Dean Ga i ther, Ar . Prude. r, distinguished guests and delegates to the
S e co nd In t e r na t iona 1 Conf erence on Aquaculture . I am delighted and
honored to joi.n you this eveni ng and to be able to greet you i n the
manner and spirit of the state I represent in the United States
Congres s; that. i s, wi th � ALOHA! I notice that. your ranks inc 1ude an
i mportant contingent f rom the land of my ances tors, members of the UJNR
Aquaculture Panel.

You know, for the past 19 years, as a member of congress from our
nation's only island state, I have flown back and forth over 2,000 miles
of blue wate r, hundreds of ti mes . And each time, that vast and

seeming ly limitless expanse has i.nvi ted me, as i.t were, to
contemplation What an extraordinary resource, teeming wi th plant. li.f e
and animal life, rich with minerals, holding the potential for enough
powe r to make our pe troleum problems i rre le vant � and so poorly
understood, so unde rutilized. While we struggle to meet. the needs of a
global popula ti on expandi ng geometr ically, the largely overlooked
aquatic resources covering 70% of the earth's surface beckon to us. And
a s th i s conf e re nce i ndicates, growing numbers amongst us are fi.nally
beginni ng to bring the scientif ic knowhow that is a hallmark of
civilization to bear upon that part of our planet which originally gave
birth to life itself. We are coming full circle, so to speak, and it is
about time.

For me personally, the growing awareness of the potential of fe red
by the cultivation of aquatic li fe constitutes a vindication As some

of you may know, I am regarded by many of my colleagues in the Senate as
something of a visionary. As a member of the Senate Energy and Natural
Resour ces Commi t tee, 1 have cons is tent ly championed the cause of
r enewable energy, insisting that the United States Senate pay more
attention to such seemingly exoti c techno logi.es as solar photovoltaics,
ocean thermal energy conversion, biomass production, lowhead hydro and
geothermal energy. I have introduced bills with names like The Advanced
Storage Battery Act, The Hydrogen Economy Act, The Photovoltaic Research
Act, Development and Demonstration Act, that initially caused some of my
co 1 le agues to shake thei r hea ds i n puz z le men t. But no lounger.
Renewable resources are steadi ly, inexorably, movi.ng into the mains tream
of energy production; and as they do, the doubters are joining the
be 1 i. eve rs i n we l corn i ng an energy future openi.ng outward rather than
closing in upon itself. Such is becoming the case also, more slowly in
the United States but no less inexorably, I believe, for aquaculture.



It hasn' t been easy, Hy f i les are bu lgi ng wi.th testimony,
speeches, cor res pon ence, rad drafts of legislation, recording my efforts on
behalf of aquacultire during the past two decades. I especially recall
joining wi th my co e agueh ll ue from Hawaii Senator Daniel K. Inouye, and
Senator Lloyd Bentsen of Texas, in delivering the speeches on the Senate
f]aor that accompanied the i ntroduction of the National Aquaculture Act
of 1980. we had shephe rded a s imi la r piece of le gi s la tion through the
congress in 1978, only to have it pocket vetoed by the Presi.dent, due to
objections to certain financial incentives the bill contained.

Rut this time, we made it. The bi 1 1 signed into law by the
Prs sident in 1980 set in motion, among other things, an 1S-month ef fort
by an interagency task force to prepare the First National Aquaculture
Development Plan, under the able di rection of Bill Hougart, with a view
toward bringing cuhesion and direction to the government's fragmented
end all-too-limi ted activities in this f ield. Aquaculture entrepeneurs
and researchers had felt the need for some time ~ As made clear by a
study on regulatory constraints prepared in association with the task
force ef fort, and here I quote: "Serious regulatory constraints can
a ri se me rely f rom the absence of proper coordination and di recti on of.
axis t i ng, eve n we '. I -i nte nded legislati.ve programs for aquaculture."
Ee peri al I y, I mi ght add. when those programs involve thi.rteen federal
agencies directly and another dozen indirectly, as had been the case in
this instance .

But a new era is dawning, Only las t Fri.day, the National
Aquacu ltu re Deva lopment P lan was presented for public re view, prior to
i ts forma I submi ss ion to Congress next larch. It is an admirable
document. Now, at las t, an operating f ramework has been established for
a long ove rdue coordinated commi tment to aquaculture policy and
development in the United States.

I can tes ti fy to the significance of such a framework from the
pe rspecti ve of the f i rst state to develop one. The Hawaii State
Aquaculture Plan is a model of its kind. Out of it have grown these
state-sponsored activities: a low-interes t aquaculture loan program; a
disease diagnosis and preventi.on program; free marketing and site
selection assistance; a mapping project identif ying suitable lands f or
aquaculture, funding efforts in pond management, nutrition, engineering
sys terna, processing and hand li ng; a prawn promotion program; a program
of f e ring f ree prawn larvae to small businesses desi. ring to enter
aquaculture; an extreme ly s igni f icant streamlining of the state permit
proces s f rom two years to as li tt le as two months. As a result,
Hawaii 's nascent aquaculture industry now boasts 40 commer'cial
aq uacu lt ure f a rms, producing prawns, oysters, catfish, saltwater and
freshwater f infi sh, and marine shrimp. Zn addition, research centers
are working wi th mul let, mi lkfish and carp, among others . And on my
native island of Kauai, where, to give you some idea of how the wind is
blowi ng, the Chairman of the County Council is a marine biologi st/
another is a marine biologi st who is operating his own Tilapia research
faci li ty, with the announced intention of marketing commercially withi.n
two years. Even Japan Air Lines has gotten into the act, with the
announcement earlier this year of special commodity rates for freshwater
prawns and marine shrimp, on the Honolulu to Tokyo run. Nearly all thi.s
acti vi ty dates from the i ntroduction of the Hawaii State Plan three
years ago. Nov, with an infrastructure in place and serious inquiries
f rom prospecti ve aquaculture farmers running at an average of seven a



week, the state believes the industry is at the takeof f point. Revenues
are expected to jump from $2 million last year to $20 million in 1982.

Hawa i i, of eau rs e, i s a s pecial case. Its year round tropical
c lima te makes i.t especi a I ly suited for aquaculture. Its mid-ocean
location is by itself a lure to aquati c-mi. nded entrepreneurs .

Nonetheless, i t was not unti 1 a plan was de ve loped by the
government and its objectives pushed by the government that aquaculture
really began to take hold in Hawaii .

Hawai i thus of fers a case for a plan encompass i ng the nati.on as a
whole as a prerequisite to any mea ningf u l deve lopment of aquaculture on
a national scale.

Fif ty disconnected state plans can' t do it, no more for aquaculture
than for agriculture. Iowa, for instance, has an effective state
agri.cultural ef f ort capable of produci.ng results on its own. But it has
been in tandem with national agricultural policies and programs that the
Iowa ef f ort has reached i ts current level of international repute.
Indeed, in most instances, it has been national agricultural poli.cy that
has created the condi tions necessary f or success f u l s tate agri,cu ltura 1
programs. So it must also be for aquacu lture. Ny own state of Hawaii
has come a long way. But it will never realize its full potential
unless the federa 1 government makes a para l le 1 commitment.

But s ta ting tha t req uirement amounts also to stating the major
problem facing aquaculture in America today, wi th or without a national
plan ~ The key to the success of any such plan, as the case of Hawai i
demons trates, must be a percei ved need. Hawai.i ' s Aquacu lture Plan is
prerequisite to meani ngf u 1 de ve lopment, but it still would not bri ng a
sympatheti c public ~ A recent Department of Commerce Report an
Aquaculture s u mme d up one a s pe c t o f the problem neatly: "For the
foreseeable f uture, marine aquaculture will produce limited quantities
of high-priced seaf ood, and will become a ma jor source of inexpensive
anima 1 protei.n only if national poli cies so di ctate . Fede ra 1 f undi. ng
directly targeted at aquaculture during fiscal year 1982 probably won' t
exceed $10 mi. 1 lion, and i t may even be considerably less. Nati.onal
poli cymake rs do not pe rce i ve a need for a ma j or commi tment to
aquaculture � nor, for that matter, do the vast majority of the American
people � ye t.

Tha t ye t i s wh a t mak e s the dif ference between an aquaculture
pes simis t and an aquacu lture optimis t. Zt also su gge s ts a di s tincti on
that I believe is vital. to the f rui tful consideration of any Nati onal
Aquaculture Development Plan. There can be no doubt that the

coordination achieved as a resu lt of this plan, even with limited
f unding, wi 1 1 result in important ad vances in aquacu 1 ture research and
developme nt. Nothing is more important f or the pursui t of an interest
within the hal ls of government than an organized constituency. This
plan organizes the buddi ng aquaculture constituency. One of its f irst
d i vi de nd s, I wou l d hope, wou ld be f ur ther redirecti on of benefits
o b t a i n a b le f r om n u me r au s agricu ltura 1 programs towa rd aquacu lture
research, extension services, f inancial assistance. That could result

in obtai.ni ng ma jor appropria tions while avoidi.ng an as � yet

unsympathetic appropri a ti on process. It a iso wou 'l d serve to es tab lish
f ish farmers on a parity with other farmers in the eyes of the federal
government, which i s where they belong, and which wou ld set. the stage
for a steadi.ly expandi.ng federal commitment. Most agri cultural research



programs were conceivenceived for the purpose of encouragi.ng new technologies.
They have been succes sf u 1 to the point now of redundancy in many
instances. The introduction of aquaculture into the center of that
process would insure a pos ition in the top mos t ca tegory for research
funding. The benefits for aquaculture research would be considerable,
to put i t mi idly. Other Aquaculture De ve lopment P lan dividends would
come f rom a speed-up in information transfer for researchers and
permit clearance for entrepreneurs, Altogether, it constitutes a most
promising package and Bill Hougart and his colleagues on the Interagency
Task Force are to be congratulated for their superior efforts.

The distinction I want to make is between the preceding category of
di vidends and what I consider to be an overriding objective, namely
making Arne. ri can policyraakers and the American public aware of the need
for aquaculture deve lopment, to the poi nt where a major national
commi tment ensues.

Mow, here tof ore, among those of us who support aquaculture, that
overriding objective has been pursued by what I would call a process of

argument. while research and private enterprise advance incrementally,
we speak out on the larger issues that mi ght bring our cause to the
attention of policymakers and the public at large.

To li st a few.

� ! Indi cations are that the global harvest is approaching maximum
sustainable yields. It has leve' led off at 70 million metric tons, and
the bes t est i ma tes do not exceed 100 mi l lion metric tons. Important
shortages are predicted for within 3 to 10 years, worldwide.

�! Only last week, the World Food Council reported that the number
of people suf feri ng f rom malnutrition wi ll double during the 1980s to
one billion. The era of cheap food imports is ending for less-developed
countries. They riced inexpensive sources of protein, fast,

�! Although wild harvests are stagnating, tish farming is showing
important gains. worldwide output has doubled in the past f ive yearsyear~,
to 6 mi l lion metric tons, or 10% of world fisheries productio~ Some
countries, especi.ally in Southeast Asia, rely on aquaculture for 40% of
their total fisheries production.

�! ln 1979, the People's Republic of China obtained 1 ~ 2 million
me tr ic tons of f i sh and f ish products through aquaculture; Japan
480IOOOI the Soviet Union 190,000; the Uni.ted States, a mere 65,000.

�! ln order to expand production still. further, Japan has launched
a 7-year coastal f isheries development program which includes $333
mi l lion for a uaculture.q . exico has a $1 billion fisheries program. of
which $200 million is targeted for aquaculture. Canada wi.ll spend $300
mi l lion restoring salmon stocks in British Columbi.a. In the United
States, funds for a uacultur e are a comparably inconsequential fraction
of those accorded b our less financially endowed neighbors to the north
and south, not to mention Japan.

�! Ma! ri ne shrimp, the most valuable U.S . fisher
bl

Xn 1980 ht e dockside value of im rted s
e in arge measure to skyrocketing energy costs ~

4 bl hou e t e domestic catch.
por e shrimp was $7929 million nearlyr



�! Domestic oyster production is down while demand is up. Since
1 9 5 0, Ame ri ca n oys te r i mports have incr'eased f rom,5% to 25% of the
market.

 R ! The Aneri can lobs ter i s on the verge of a major decline,
During the pas t decade, domes tic landi.ngs have held steady, but fishing
ef forts have quadrupled. That means a ma jor intrusion into the
reproduction process that could bring catastrophic results.

 9! Although aquaculture accounts for less than 3% of domestic
seaf ood yields i.n the U.S., and is operating midst a host of constraints
a nd vi r tua 1 ly wi thou t federal f inancial support., it has nonetheless
recorded i.mpressive gains in key areas. Twenty-five percent of the
salmon consumed in the United States originates in hat heries. Private
aquaculture produces 43% of our oysters, 50% of our catfish and
crawfish, nearly 100'b of our trout.

�0! Catfish of fers a telling example of the potential. The
catfish aquaculture industry has captured half the domestic market in
barely 20 years.  In 1955. there were less than 50 hectares of catfish
ponds. By 1975, the figure was 18,809 hectares Domestic production
leaped from 9 million pounds in 1969 to 84 million in 1975. ! There are
now an estimated 3,000 catfish farmers i.n 42 states.

� 1 ! In li.ght of the above, i t. is worth keeping in mi nd that the
Uni ted Sta tes has ove r 2 ~ 5 million farm ponds, covering 2 ~ 7 million
acres. The potential of aquaculture as a supplementary income for
f arme rs is enormous ~ It could take the peaks and va 1 leys out of many
f armi ng operations, especially amongst small farmers ~ It. could thus
also become an important. stabilizing element for rural communities while
combating unemployment.

�2! The United States imports 60% of the fish products it consumes
thereby addi ng S 2 bi. lli on to our balance of payments def icit. Fish
imports account f or an astoni shi.ng 284 of our nonpetroleum-related
imports.

�3! Fish and fish products consumption is increasing in the United
States, up 30% from 1960, from 10 pounds per capita to 13 pounds.

�4! While demand has increased, the United States commercial
harves t has held steady f or more than a decade. It is es tima ted chat
demand will nearly double by the year 2000. Under present condi tions,
that demand will have to be met by imports in an increasingly

competitive globa 1 ma rke t, me ani ng dr as tically higher prices and
uncertain availabi li.ty.

�5! Although per capi ta cons umpti on of fi sh and f i sh products
increasing i n the Uni ted States, we stil 1 lag behind the res t of the
world. We consume 13 pounds per capita annually. The world average is
24 pounds. In Japan and Iceland, it is 79 pounds. Yet f ish are very
ef ficient converters of feed to f lesh; they of fer an excellent balance
of essential amino acids and are high in essential minerals and water

soluble vitami ns; and they are, on the average, lower than any other
meat in fat content - they are arguably the most comple te and healthiest
source of anima l protein avai lab le i.n the world today, at a time when
the cultivation of other animal protein products, notably beef, is bei ng
pushed to its limits and the cost and availabi lity of feed grain could
by itself trigger a global nutrition crisis.



Hy list of arguments could continue, but I believe it is enough
even at this point o cont t onvi.nce anyone of the mani. fold and vastly
underrated significance of aquaculture in the world today. Yet as one
who has put those arguments forward in Congress and other public forums,
in one form or another, for nearly two decades, I must report to you
that they are sti no enot ll t enough to establish the sense of national need
that would give real impetus to National Aquaculture Development Plan.
It's an old, famil.iar story. By their very size and complexity, i.ssues
of this scope invi te a sense of he lpl.ess ness among all but those
directly i,nvolved. Furthermore, the general public derives limited
inspiration f rom a largely incomprehensible research ef fort ~ That' s not
a judgment but a fact. Goals must therefore be translated into concrete
sharply-focused targets, dramatic in concept and capable of offering
h igh vi sibi li ty and wides oread appeal if a national commitment to
aquaculture is to be obtained. Before leaving you tonight, I would like
to offer two specific suggestions of that order.

F i r s t, I wou ld I i ke to suggest to you that the newlyorganized
National Aquaculture Constituency launch a concer ted ef fort, to integrate
aquaculture products into the nations's $2 billion school lunch program,
with emphasis on low-value products for which worldwide demand is
highes t and U.S. demand minimal due mainly to sociological factors.
Catfish or mullet offer as much protein as striped bass or shrimp and at
a f ract ion of the price. I do not doubt that their entry into the
school lunch program would mean a significant i.ncrease in protei.n intake
among those American children most likely to suffer from malnutri.tion,
the disadvantaged poor.  And it would come at ages when the si.de
ef fects of insufficient protiein can be most damagi.ng, as you well know.
And imagine the impact upon the fish farming industryl Et would prove
decisive, I believe, in catapulting the industry into the mainstream of

food production, where it belongs.!

Now I can guess what some of you may be thinking. How does one
induce American school kids to consume catfish and mullet'? Frozen fish

sticks, steamed fisn cakes, tempura and fish patties are possibilities
that should be investigated, They could be made quite tasty, certainly
tastier than a lot of the fare currently being of fered at taxpayer 's
expense, And once chi. ldren de ve loped a taste for such products, they
should carry i t forward into adulthood, to the considerable benef it of
their personal health, and the health of the aquaculture industry.

For those not fami liar with it, the USDA-Administered School Lunch
Program cons i s ts prima ri ly of block grants to states that are funnelled
down to school districts, to he spent as those districts see fit so long
a s they mee t nu t ri t i on a l regni re me n ts . I would suggest that the
aquaculture constituency, which now has a strong base in the Agriculture
Department, work to establish pi.lot projects in school districts, with a
goal of eventual, nationwide par ticipat ion. This is a project i.n which
researchers, extension workers, and entrepreneurs could all participate.

my second suggestion has to do with the nutritional requirements of
developing nations. Statistics indicate that aquaculture is catching on
f at more rapidly in the developing world than in the United States.
moreover, the American ef fort is targeted pretty much toward hi.gh-value
f ish and shellfish with relatively complex life cycles and needs, such
as shrimp and o s ters,y . The people of deve lopi.ng nations, on the otherhand, are looki ng more toward f reshwater f i h ' ths wi simple life cycles



c apab le of l i vi nq i n mud dy o r poor'! y oxygenated waters. The prime
example is tilapia ~ Others would be mullet and mi.lkfish. But ef f icient

ve Jopme nt of those re la t ive ly less complex species s ti 1 1 requi ros a
level of scienti.fic and technical sophistication that is sorely lacking
i n the de vleopi ng world, in the areas of geneti cs, nutri t ion, disease
p r e ve n t i o n, r e p r ad u c ti ve biology, eco logy, and tech nol ogy. Ti lapi a,
carp, mul let and milkf ish researchers in Hawaii tell me that the
unsolicited requests for technical assistance f rom the developing world
f ar exceed their limited capaci ties ~ The requests are not for handouts.
They are for expertise in the science of survival.

As a f irs t step to meeting that important global need, I will
submi tti ng a change in wording to an amendment to Public Law 89-808, the
USUA-Admini s tered Food f or Peace Program. The amendment is Section 406
and I am f ami liar wi th i t because I wrote it; in fact, it is of ten
referred to as the "Hatsunaga Amendment."

Section 406 was i.nspired by the need to strengthen food producti.on
capabilities in the so-ca lied "hunger-be lt" of f ood def icien t countries
post of those countries, as you know, are in tropical and subtropical
regions, which happen to be ideally suited for aquaculture ~ Secti.on 406
authorizes the Secretary of Agriculture, and here I quote, "to conduct
research in tropi.ca 1 and subtropi.cal agriculture for improvenent and
development of tropical and subtropical food products f or dissemination
and cultivation in f riendly countries." vy amendment to the Natsunaga
Amendment would make i.t clear that aquaculture research also qua lif ies
and that special attention should be given to technical training in that
field.

Ny suggestion to the aquaculture constituency, then, is that you
support me in insisting upon the need for such programs and in worki.ng
out various means to implement them, either through the establishment of
institutes i.n the United States or research and training missi.ons abroad

or both. By the same token, you might en li. st the support of
colleagues i.n Japan, Europe, Canada, and elsewhere in the industri.alized
world. This is to me an ideal, vitally-needed, de spa rate ly impor tant
North-South project. It would at once provide protein and production
knowhow, sur vi va 1 and se 1 f -su f f iciency.
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IS H NUTRITION � RELEVANCE TU I MVERTE BRATES

Colin 8 Cowey and Albert G.J. Tacon 2

A number of topics in nutr< ti on that have f mmedi ate relevance to
the cultivation of i n vertebrates and whi ch experi ence with f is h sugges ts
are susceptible to particular approaches are presented. First is
opti mal ami no aci. d balance, where the evi dence sugges ts that the pa tte rn
of essential amino acids in the product formed  usually muscle! forms a
reasonable bas is f or the requi rement pattern; addi ti anal methods   i .e.
we i gh t ga i n ! o f asses sing the requi reme nt f or i ndi, vidua l amino aci ds are
considered ~ A second topic is essential fatty acid requi rement, here
know ledge on the synthetic capac i ty of the anima I, r cad i ly obtai. ned by
tracer me thods, can provide data on some of the charac teri s ties of the
fatty acids required; modif ication of the fatty acid spectrum of live
foods to meet the requirements of the larvae for which they are intended
is another useful procedure and one which might be extended to the study
of other nutrients; various ways of assessing di.etary antioxidant status
based on tissue analysis and physiologi.cal tests with cells or
sub-cellular organelles are discussed. Finally factors involved in food
presentation are examined; the value of feedi.ng attractants is
emphasized and principles involved i.n resolution and 'dentif ica ti.on of
them in fish are stated.

KEY WORDS: Essential amino acids, optimal balance, essential fatty
acids, antioxidant nutritional status, diet presentation,
f eedi ng attractant, f ish.

INTRODUCTION

Oetai led s tudi es on the nutri tion of several domesticated

vertebra tes have been carried out over the last sixty years or so.
Duri ng the past twenty years similar studies have been applied to a
number of fish species. The over-riding picture from these studies is
that of a qua li tati ve uni formity of requirements among vertebrates.
Vari ations on this common theme do arise as in the requirement for
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s  e.. that of primates, the gui.neacertain species for certain vitamins  e.g.f' h f bic acid!; there are shades of emphasis aspig and various fish or ascor ic ac
between carni vores and er ivoresd h b' res and there are obvious and important

di f ferences e
b tween animals such as ruminants, with a vast microbial

input, and non-ruminants.
This qualitative uniformity appears also to extend to

i nvertebrates or nu ri iof t ' tional requirements of insects bear a d.' stinct
similari ty o t ose o vt th of vertebrates �add 1982!. Differences between
these p y a o occu
.h . h 1 d ccur - i nsects  and Crus tacea ! have an absolute
r equi rement for s te role while vertebra tes are able to synthes iz e them
f rom simple carbon sources � but the basic patt em persists. Fish and
aquatic invertebrates ha ve another common characteristic, namely, 1 if e
in water and this implies for marine fish a simplified mineral
requi rement  Sakamoto and yone 1979! . Ni nera l. requirements of aquatic
invertebrates may theref ore mirror those of fish especially in species
that possess a calcified exoskeleton ~

The nutrition of fish has been reviewed several times, the earlier
1 i tera tu re be ing covered by Ha iver �9721 and by Cowey and sargent
�972!. The latter authors have updated their review  Cowey and Sargent
1979! and in addition a statement of the requirements of cold water fish
has also recently appeared  Anon 1981 ! ~ It is not the intent of the
present authors to again review this literature. Those interested in
invertebrate nutrition and who see the relevance to it of fish nutrition
are likely already to be acquainted with the literature. Those who do
not are vnlikel.y to be stimulated by a further review. Instead, the
emphasis in this chapter is placed upon selected areas in which it is
sugges ted ad va nce s might. be made by the application of particular
approachese

Thea e a rea s a re qua n titation of the pattern of essential amino
acid requirement, assessment of essential fatty acid requirment using
tracer methods to assess the synthetic capacity of the animal with
regard to chain elongation and desaturation, modification of the fatty
acid spectrum of live food used to culture larvae so that it meets the
essentia l fat ty acid requi rements of the la rvae, possible extension of
the s approach to other nutri ents such as ca rotenoids and establishment
of the nature of taste and olfactory attractants. These areas were

selected because of thei r intrinsic importance and because the problems
conce rned seemed capable of resolution.

OPTIMAL BALANCE OF AMINO ACIDS IM THE DIET

The nutri tive value of a dietary prote in is governed by the extent
to which its content of essential amino acids simulate the needs of the

a ni ma ] in question, The c loser the compos i.tion of the protei n to the
pattern of requirement the greater will be its nutritive value.
Theoret,ica l ly even poor proteins  i.e. those in which there i s li t tie
co Y i es pande nce be tween am i no ac i d composition and pattern of
requirement ! should m eet the needs of an animal provided sufficient
amounts are eaten. In practice such proteins rarely seem able to
support high rates of g o th in mammals and birds ano there is some
evidence that this is also true of fish  cf. Rumsey and Ketola 1975!-
Perhaps the assimilation of e xcessive amounts of certain amino acids may
load to a derangement of amino acid metabolism.
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Relationships between pattern of amino acid requirements
f ound by feeding experiments for lys inc  Lys!, meth ionine
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ment and tissue patterns.  Published courtesy of Dr K N.
Boorman and But terworth & Co.  Publishers! Ltd. ! .

Figure I.
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In young growing anima's the qreatest proportion of body weight
is in he f orm of muscle. It zs reasonable to infer therefore that

pattern of dietary essential amino acid requirement wil! be closely
related to, or even governed by, the pattern of amino acids present i n
muse ' e pr ote i n . Thxs propos 1 tion has been examined for birds and
mammals by Boorman   1980! and Figure 1 shows the corre'ation he obtained

pa t tern of am>no acids i n muse le and requirements in the diet of
pj g and chick. The deviations from muscle pattern of lysine and su!phur
ami no acid requirements in the case of the chick were related to feather
gr Qwth whi le lys inc requx rement of the pig may be ove res timated and that
of isoleucine underestimated ~ Boorman concluded that, "in the absence
Qf more deta~ led inf orma tion the pattern of essentia I amino aci ds i n the
product ca n be used f or the pattern in the diet",



hown in Figure 2 for carp  Cyprinussimilar correlation is s oent for 10 essential amino acids arecar io! where the values of requiremen ob Nose �979! from dose/response curves using amino acid
test diets. Although there appears to be un er-es

timation of requirement f or twoand lysins requirement and some over-estimah lationship obtained between pattern ofor three other amino acids, t e re ad ' the mus c le or whole body tissue an theessential amino acids in
requirement pattern o e samef' th amino acids is surprisingly close. This
is especially so in ew o f �! the inexactness of measurements of amino
acid requirement an ed �! th fact that this approach to arriving at an
optimal pattern or ie aryf d' t y essential amino acids takes no accoun o

their metabolic fate in eth body other than for protein synthesis, l .e.
no allowance is made for maintenance.
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Whole body tLaeae pattern

Relationship between pattern of requirements found by feeding
experiments for ten essential amino acids as determined by
Nose �979! using amino acid test diets and the pattern of
the same amino acids in the whole body of growing carp  ~C~~ri-
nus ~car io! .

Figure 2

taCk of precut.Sion over meaeurement Of amino acid requirement stemS
from a number of causes ~ Growth rate of several species given a diet in
which the "protein component is composed of free amino acids is
f r equent ly inf erior to that of f i eh gi ven a diet of near ly identical
amino acid composition but composed of protein  e.g. Nurai et al. 1981 l
Walton et al. 1982! ~ Secondly, with substances that are readily soluble
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there is an obvious da nger that losses will occur as a
consequence of leach i ng . The extent of such 1 osses wi 1 1 vary
«nsiderably with feeding habits of the fish, the feeding procedures
employed and the water stabi li ty of the pe 1 lets. Thirdly,
i ntecpre t a ti onof thedose /responsecurve i tse lf i s frequently
subjective, in parti cu lar the point of intersection of the two portions
 plateau and s lope I of the curve cannot a lways be di sce rned exact ly .

l,i ttle inf ormation is available on the requirements of f ish f or
maintenance. Ogi no and Chen   'l 973 ! eva lua ted mai ntenance requi rements
of carp gi.ven dietary proteins of biologi.ca 1 values between 30 and 80 as
being a constant 12% of absorbed N, that is, a relatively small
proportion of utilized dietary protein. A much larger proportion of
absorbed N �9'L in the case of a protein of biological value 80! was
however categorized as "was te energy" . Presumably some of this 5 would

pr ope r ly as cri bed to mainte nance, as pathways of amino acid
me tabo li s m, i n addi tion to Protein synthesis, are stimulated during
rapid gr'owth. Neve cthe less it is un likely that any one amino acid wi 1 1

used very much more for maintenance purposes than are others ~ Fish
have no special requirement for amino aci.ds such as for feather growth
in chicks and it appears unlikely that maintenance needs will greatly
i nf luence the pattern of requirements.

As the amino acid composition of muscle for dif ferent species of
fish is si,milar  Connell and Howgate 19S7! it follows from the thesis
developed here that the pattern of requirement for different species
will also be similar. These patterns are shown from currently available
data for four species of fish in Figure 3. While apparent dif ferences
do occur between speci es f or one or two amino acids  arginine and
methionine in chinook salmon; lysine in channel catfish! there is a
genera 1 s imi lari ty of requi rement between all four species. Taken
together wi th the empi rica 1 manner in which amino acid requi rements are
i nves tiga ted and the di f f i.cu lties outlined above, inherent in accurate
measur erne nts of requi r erne nt, the use of a pattern based on that of
muscle protein provides a very useful first base for assessment. of
invert ebra te requirements. This is especially so as accurate
measurement of amino acid requirement. in invertebrates is likely to be
more hazardous than that of f ish. Wi th i i lter feeders, par t icles of
large sur f ace area to vo lume ratios may be exposed to leaching for
unacceptably long periods of time, besides which the filter feeders may
be se lecti ve of particles ingested. Wi.th car ni vorous crustaceans food
pellets may be tom apar t and only portions of them ingested, again
resulting in seri.ous leaching of nutrients from food not immediately
eaten.

Adoption of thi s me thod of arriving at a pattern of essential
ami no acids sti ll leaves the des irabi li ty of measuring the requi rement
for one or two amino aci ds in order to ascertai n the optimal intake Of a
dietary protei n component of the defined pattern. For this purpose
proteins ei ther entirely, or relatively, def icient in an essential amino
acid may be combined with high quality proteins in diets in such a way

to provide graded dietary concentrations of the amino acids. Thus
Kaushik �977 ! used combi nations of zein and f ishmea1 to measure the
ar gini ne requi rement of rainbow trout. Such mixtures may be
particularly apposite in studi.es on invertebrates. They may also be
combined with biochemical procedures aimed at establishing the limit of
response in a dose-response curve.

17



cur»m arrl retulrmnrrtuf total rmmenrza!.nrm!mzrt u!Z Of eer	 mn!!mm at!ri am m

0 su 0 6 a  h Im 0 0
I '

0 nz a o'

ImlI

Figure 3. Relative amounts of each of ten essential amino acids required
by four species of fish. The proportion of each amino acid
is represented as a fraction of the sum of all ten amino

from hertz �969!, for Japanese eel  An<nuilla jaaonica! and
for carp  ~C rinus ~car io! from Nose  !979!, and for channel
catfish  Ictalurus punctatus! from Wilson and his colleagues
 Wilson et al. l9'78; Robinson et al. l980! .

Onene such procedure is measurement of concentrations of free amino
acide rn whole blood, plasma or other tissues  liver, muscle! of animals
given a diet, such as that described above, in which although the amino
a c i d compone n t i s supp 1 i ed as protein, graded concentrations of the
amino acid under tes t are present in the different treatments ~ The
method, which has been applied to several species of fish {Kaushik 1979;
Plakas et al. 1980! relies on the fact that; as the concentration of the
amino acid i n the de d r e t i n c r ea s e s, a point is reached where supply
exceeds de ma nd   re uiq rement! and free amino acid concentrations in
tissue pools i ncrease  Wilson et al ~ 1978! N t 11

o a tissues and amino
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a< ids respond n the same way  Robinson et al. 1980! and as with any
method careful evaluation is necessary in applying i t to invertebrates

possible further development of this procedure j,s to examine the
px] da tion of the radi oa c ti ve ly labe I led ami no acid  adm1. nrs tered ei ther
pra] ly or by injection ! i n animals given diets containing graded leve ls

the ami n.o aci d unde r tes t. Agai n the method relies on a rapid
i n crease i n oxi da tion of the ami no acid once demand for protein
synthes is has been sati sf ied and again the method shou ld be care f u1ly
eva].ua ted f or the animal and amino acid in question. Thus Cowey   1975 !
was not able to detect any ef feet of level of protein intake on
oxidation Q CQ glutamate, leuci ne or phenylalanine in plaice
  pleuronectes platessa! . However, oxidati.on of either L COOH /or | CHg
methionine by rainbow trout increased with increasing concentrations of
dietary methionrne  <alton et al. 1982!.

ESSMTI.A! FATTY ACID REQUIREI48hlT AMD AHTIOXIDANT STATOS

To some extent the essential fatty acid {EFA! requirements of fish
a r e re la ted to th e i r f e e d ing habi t and position in the aquatic f ood
chain and upon the physical and chemical. nature of the environment they
inhabj t. In general, cold water f ish are likely to be more demanding in
their requi rement for MFA than warm water f ish if only because
cons trai.nts imposed in maintaining membrane f luidi ty are greater at l.ow
tempe ra tu res   Haze 1 1 9 79 ! . Th~s may also be true oi invertebrates.
Sj milar ly carnivorous f ish that obtain a surplus of polyunsaturated
fatty acids  PUFA! in their natural diet nay possess less ability to
j.nterconvert  mainly chain elongate and desaturate! fatty acids than do
he rbi vor ou s specs e s and thus be more demandang in EI'A requirements.
This again may hold true for invertebrates.

Speci f ac EFA def i ci ency diseases were demonstrated in rai.nbow
trout about 10 years ago by Castell and his co'leagues  see Castell 1979
f or review! . These di seases could be prevented by the addition of
linolenic acid, 18:3 n-3! to purified diets at a level of 1%. Ho other
f atty aci. ds when added to pur i f i ed f at-f ree diets possessed this
capabi li ty ~ Die ta r y 1 i no lenic acxd was chain elongated and further
desaturated by the rainbow rout to 20: 5 n-3! ard 22:6 n-3! acids which
were i.ncorporated 1.n membrane lipidS. !n the absenCe Of a dietary
source of 18: 3 n-3!, eicosatrienoic acid �0:3 n-9! ! accumulated in the
polar lipids of the tissues being a f atty acid w'hi,ch the trout could
i tself synthesize de novo f rom ordr nari ly avai lable materi@is.
Consequently Castel l et al. �972! suggested that the ratio >- .' ~ in
polar lipids f rom the li ver would serve as an index of the suuj:ic3ncy
or otherwise of d1. e ta ry li no le nic acid i ntake i n trou t ~ If thi s rati o
was less than 0. 4 then the diet contained an adequate supply of
linolenic acid  or higher acid of the  n-3! seri es ! .

Subsequently it was shown that not all spec' es of f ish were able
to des a tu rate and chai n e longa te 18: 3 n-3! to acids with full EFA
activity �0:5 n � 3! and 22:6 n-3! !. Covey et al. �976a! were first to
demons tra.te that turbot   Scophthalmus maximu. ! i . incapable of car rying
out thi s con ve rs i on. Thi s find' ng was fully conf irmed  Owen et al.
1975! by expe ri ments '' n which p ~CQ ole i c, li nolei c and li nolenic aci ds
were fed sepa ra te ly to turbot and to rainbow trout. In tur'bot
radioacti vi ty rema' ned almost wholly in the parent fatty acid fed with



little chain e onga onl ti and no deeaturation. In rainbow trout on the
othe r hand, ex tens ved, t i incorporation of radioactivity was found
22:6{n-3! from the radioactive linolenic acid fed. Experiments {Cowey
et al 1976b! in which purified d'ets containing specific fatty acids
were fed to turbot further confirmed the inabil'ty of these fish to
convert I no en c acli I nic acid to arachidoni c acid. Consequently for optimal
growth and freedom from pathology turbot must be given diets containing
preformed { n-3! series PUFAe Moreover the f atty aci d ratio suggested by
Caetel l et al. {1972! as an index of dietary EFA suf t iciency cannot be
applied to turbot as they do not synthe ize ei the r of the fatty aci ds
c once r ned .

Since these experiments were carried out, several other species
have been shown unable to chain elongate and desaturate eighteen carbon
fatty ac ds, thus red sea bream Ichrysophyrs ~ma or! must also be
supplied with preformed  n-3 } series PUPA f or normal growth   Yamada et

14a l. 1980! . The use of I CJ precursors to investigate fatty acid
biosynthe tie capaci ties serves to show whether eighteen carbon fatty
acids are Likely to meet the EFA requirements of the fish in question or
not and has been extended to other species {Kanazawa et al. 1980! . The
method may also provide a ready answer to this question, if applied to
i nvertebrates and indeed studies of this type on prawns have already
been reported {Kanazawa et al. 1979afb!.

KFA requi rement among f ish speci.es appears further compli cated in
that certain freshwater species including common carp  Cyprinus carpio!,
eel  ~hn ui 1 la ~monica !, channel catfish  lctalurus punctatus! and
t lapis  ~Tile ia rilli ! appear to have a requirement for both  n-3!
eeriee and  n-6! series fatty acids  Cowey and Sargent 1977; Kanazawa et
al ~ 1979c, 1980! .

The re le vane. of these f i ndi ngs to invert.ebrates is that a whole
spectrum of EFA requi rements rr!ay be present among species of interes t
rangi ng f rom an absolute requi rement for  n-3! or { n-6! PUFA to none .
If anythi ng, mari ne speci es may be more exacti ng in their requi reme nts
than those of freshwater spec'.es.

The la rva 1 s tages of a numbe r of mari ne {and perhaps some f res h
water ! f i eh are rea red, both in the laboratory and in commercial
practice, for a period of time on live food organi.sms, These live f ood
organisms must, of course, supply all the essential nutrients. Some
time ago I t became evident  Scot t and Middleton 1979 ! that two of the
most commonly used organisms, a rotifer {Brachionus plicatilis! and the
brine shr i mp {Ar tern i a salina !, did not always provide an adequate
complement of EFA.

Methods of modifying the fatty acid profiles of these organisms so
that they do supply a sufficiency of EFA to the fish larvae have been
developed by Matanabe {1981!. He was able to alter the pUFA content of
mrachionus plicati!is in either of two ways,  ! indirectly. by feadinq
the rotifers on baker's yeast {Saccharomyces cerevisiae! which had been
grown in a medium supplemented with f ish oil or cut tlef I eh li ver oi l
{both of which are rich in PVFA of the  n-3! series!, 2j by feeding the
roti fere di rectly on emulsions of lipid {of appropriate fatty acid
methods were
composition! raw egg yolk and water together with baker'

er s yeast. These

con i t t
me ode were equally effective in ensuring that the ra e rotifers served as acone etent and ade uate s ource of EFA so improving the growth and
survival of marine fish larvae to which they f d

were e . If, as seems
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probable, li ve f ood organisms are to be used for the early rearing
of ' a r va 1 n vertebrate sPeci es, at least until a satisfaotory

alternative is found, then the methods developed by Watanabe �981 ! are
highly relevant.

Highly unsaturated fatty acids of the type described above that
necessary to meet the EFA requi rements of the animal and that

f unc ti on wi thin the bx omembranes of the an i ma 1 are particularly
vulnerable to f ree radical attack, hydrogen abstraction and a free
rad ical chain reaction leading to the f ormation of unstable
hydr Q-peroxi des that break down to toxic ca rbonyl. Animals are
s uscepti b le to pe roxida ti ve attacks on membrane lipids because free
r adi ca ls do occur as par t and parcel of their own metabolism  e.g.
termi na 1 respiration ! and any uncontrolled release of free radicals
would have pathological consequences. Presumably as a result of this,
a~mals have evolved a multi leve 1 de f ense system against f ree radical
attack and the ultimate stage in this system is the free radical chain
terminator oC-tocopherol or vitamin

Fish under i ntens i ve cu lti va tion are at risk not only f rom free
radicals produced normally in the course of metabolism but also from the

gh 1 y uns atura ted mari ne oi ls   i f they are not protected by synthet ic
or natural anti-oxidants ! used as dietary sources of RFA and from
f ishmeal. T' he latter material is almost ubiquitous in commercial diets

if improperly prepared, the relatively high levels of unsaturated
lj.pid present in it may, as a result of the harsh preparative procedures
i nvo lved, lead to the occur rence of peroxides and their unbroken
products with deleterious results for fi.sh to which it is eventually
fed. Suffice it to say that mass mortalities, linked to the presence of
rancid fat in the diet, are known to have occurred in commercial
practice. Thus nutritional indi.ces of the status of the fish with
respect to vi.tamin E intake are of considerable value A number of such
i ndices are being applied to f ish and may have equal relevance to
invertebrates, they include:

1. Tissue le ve ls of ~ -tocopherol and especially its
concentration in liver or hepatopancreas. The concentration of

~-tocoperhol in the liver of rainbow trout give~ purif ied diets without
supplementary tocopherol for 16 weeks was 7.04~ g/g tissue and such a
level would certainly indicate a deficiency  Cowey et al. 1981 ! ~

2. Molar ratios of PUPA to tocopherol in lipids from microsomes
or mitochondria of liver as suggested by Rvarts and Bieri �974 j for
mammals ~ It wi 11 be clear f rom the opening paragraph of this section
that PUFA and tocopherol are related  see also Watanabe et al. 1977! and
that low tissue levels of the latter would diminish the protection
a f forded the former against peroxida ti ve attack. The molar ratio of
PUFA/tocopherol in the livers of trout given diets supplemented with 100
mg x -tocopherol/kg was 1 70 and values of this order would indicate a
sufficient intake  Cowey et al. 1981! .

3 Because of its functional role in preventing peroxidation of
unsaturated fatty acids, lipids and membranous organelles from tissues
of animals deficient in tocopherol will form many more hydroperoxides
whe n i n cuba t: ed unde r controlled condi tions in vitro than will lipids
«om healthy animals. Bieri and Anderson �960! first exploited this
relationship as a guide to tocopherol status when they measured ascorbic

-Fe stimulation of lipid peroxidation in rat livers. This method3+

now been successfully applied to ascertaining of dietary tocopherol
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recur reui.rements of rainbow trout   y Cowe et al. 1981 !.

4 ~ In mamma ls, measures o erf erythrocyte fragility  Draper
d a very reliable indication of tocopherolCsal lany 1969! have proved a very re
t also they are a sensitive indicatordef iciency. ln rainbow trout a sobe ed to assess tocopherol status  Cowey et al,this condition and may be use to asse

d' I available cells f rom invertebrates1981 !. Whether any rea i y a a'
ns to be seen and is an area worthy ofsimilar ly sensitive remains o

i nves tiga tion.

FACTORS RELATED TO DIET PRESENTATION

Exploi tation o nof knowledge on nutritional requirements, demands
some unde rs tandi ng od f feeding behavior. A complete, balanced diet loses
much of its value if not delivered nearly intact to the
ga stra-i ntestina1 system of the f ish The particular problem of
nutrient losses hy leaching has already been touched on and these may be
especi a 1 ly se ve re i n those f i sh or i nve rtebra te speci es which do not
immediately consume their feed but instead nibble or leave some of it in
the water for a considerable period of time before ingestion.

Wa ter so luble vitamins  Hurai and Andrews 1975; Hilton et al,
1977; Goldblatt et al, 1979; Slinger et al. 1979!, free amino acids, and
ce rta in mi nera ls  Goldblatt et al. 1979! are reported rapidly lost
through leaching f rom uncoa ted, conventional, compounded feeds�. Losses
of 5-20%, 1 7-27% and 55-67%, f or pantotheni c, f o li c and ascorbi c acids
respect i. ve ly occur red through leaching from 1.18 � 2.36 mm crumbled
trout pe 1 lets af ter being agi tated for only 10 seconds in water  Slinger
at al. 1979!; concentrations of pantothenic, folic and ascorbic acids at
the outset were 174, 9.6 and 441 mgjkg respectively.

By contrast little signif icant leaching of water sol.uble nutrients
occur red in ethyl eel lu lose encapsulated crustacean ratios  Goldblatt et
a 1 . 19 79 ! a nd t.he low losses of ascorbic acid recorded in these diets
  rare ly exceed i ng 20% ! contrasts with those found by Slinger et al.
  1 979 ! ~ The la t.te r au thor s po int out that measurement of leaching
losses should serve as a useful indicator of safety margins. They also
suggest that by using ingredients containing high levels of vitamins in
practica I diets, the e f f ects of leaching losses are likely to be
r educed . Those f ami I i ar wi th the levels of B vitamins present in
commercial "vi tami n f ree" casein  having used it for assessment of B
vi tami n requi rement ! wi ll echo this thought.

Nowhere is rutrient leaching more of a hazard than in diets for
la rva I f i eh where size of mouthparts necessitate the use of food
pa r t i c le s w i th a ve r y high su r f ace area/volume ratio  particles of
diameter 100' used in experiments with f irst feedi ng turbot! . These
problems have led to the use of numerous sophisticated artif icial diet
p r cpa r a t i one r a n 9 i ng f r om c r u mbs a n d f lakes to micro-encapsulated
preparation~  Jones et al. 1976; Beck and Poston, 1980; Seidel et al ~
1980!. No artificial dietS have yet been prOduCed, hOWeVer, WhiCh will
support. growth and survival. of larval fish comparable to that of live
f ood organi sms. Even so the consensus is that f ai lure of artif icial
d i et s to ma tch li ve f ood i s un like ly to be the result of nutrient
def iciency. The view has been expressed that the undeveloped digestive
system of the newly hatched larva and a need for exogenous enzymes that
might he provided from live food  Dabrowska et al. 1979! may explain the
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between live and artificial foods in supporting larval growth, ln
it is always likely that live food providing, for example, large

amounts of soluble protei n of high nutri tive va lue at re la tive 1y high
dj lut.ion wi 1 1 remain superior to insoluble proteins that have been

subject to a degree of processing

The manipu lation of the composition of live food organisms to
provide a sui table EFA complement for f ish has already been mentioned,
This general approach might, with prof i t, be extended to other nutrients
to test their essentiali ty. For example it has been suggested that the
carotenoid pigments, present naturally in significant concentrations in
Artemia salina and other li ve food, may be nutritionally important
during Larval development in fish  Tacan 1981 !. The possible nutritive
value of these substances in their active cis form might be tested by

cuj turing Artemia salina over successive generations in the dark so
producing strains f ree of carotenoids. Their food value for f ish larvae
could then be compared with normal strains Artemia salina.

Know ledge of the f eedi ng behavior of the fish species under
cultivation should be harnessed to the full to elicit a feeding response

and consequent ingestion of food. For example, the feeding behavior of
the Atlantic salmon  Salmo salar! differs from that of the brown trout

  Salmo tru t ta ! and rainbow trou t. i n tha t the fry after yolk sac
absorption do not acti ve ly swim and search for food but remain
stationar'y on the bottom of the tank and await food particles to drift

into their path. Ln view of the feeding behavior of Atlantic salmon fry
i t is essential that a s low sinking diet, of appropriate density and
particle size, be supplied directly into the path or feeding station of
the fry so as to elicit maximum feeding response and consumption. In
addi tion i t mus t be bor ne i n mi nd tha t the s ink i ng charac ter is ties of
particulate diets in wa ter will vary dependi ng on the water f low and
tank design employed.

Mos t of the artificial food presented to fish under cultivation is
ve ry obvious 1 y di f fe rent i n texture and taste from that which they
consume in the natural environment. As attempts are made to use greater
amounts of novel proteins and proteins of vegetable origin in practical
diets, the latter are likely to become even mare alien and the problem
of' accep tabi 1 i ty to the f is h becomes greater'. For visual f eeders the
food must be attractive enough that it is retai ned in the mouth and in

this sense internal tas te appears to control food intake. Several

groups of f ish also possess an external sense of taste, of ten on lips
and barbels, someti mes over the entire body surface, and in some
species,  e g. Dover sole, Solea solea ! the f ood is care f u1ly sensed
prior to ingestion. It may be noted pa rentheti cally that a 1 though the
terms olfaction and gustation are applied to aquatic organisms they have
rather di f ferent meani ngs than in the terres trial sense; vo Lat i 1 i ty is
not important but many fish do use chemical signals to detect food *t a
distance by means of olfactory and gustatory receptors. The various
activators involved in feeding behavior of f ish are defined by Mackie
�982! .

The s tar t ing pa i nt f or s tudi es on tas te a t.t.rac tant s has been the
pre f e r red na tu ra 1 f ood of the fish in question ~ This may be
fractionated by chemical procedures, and each fraction bioassayed for
attractant activity. The active fraction is analyzed chemically and the
active components in it may be identif ied by making a synthet.ic mixture
and runni ng omi s sion tes ts with the bioas say. The crucial requi rement
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in such studies is a quantitative bioass y.assa . If this is linked to

nti.tativs chemical analyses realistic co pacorn risons can be made between
quan food and that of the extractedhe ti latory capacity of the preferred food an a
fractions and final synthetic compound or mixture of compoounds.

Studies using this general approach have been applied to a limited
number of species o s yf f ish by Carr �982j, Hidaka �982! and Mackie

es nse in di f fe rent{1982 j a 1%see studies indicate that the feeding response in di erent
species of fis s s imuf ' h i t' lated by different chemical compounds. In
turbot the major s imu at' l nt was a single substance inosine  jackie and
hadron 19 j, n rou78 j, i t t i t vas a mixture of L-amino acids  hadron and
jackie 1978!, while a mixture of L-amino acids together with glycine and
betaine acted on Dover sole  Nackie et al. 1980!, puf fer Pugu pardalis
 H data 1282!, pinf isa  ~La odon th oshoid asl and the pig fish

as yet unidentif ied chemicals are also involved  Carr 1982 j. These
s tudi as pr ovide a measure of suppor t f or the viev Bardach and Vi liars
�974! that biologica lly meaningf ul scents" wi ll generally be due to
mixtures of compounds rather than single substances. Carr �982! noted
tha t subs tances so far i dent i f ied as f eedi ng s timu lan ts f or f i sh ar e
characterized by 1 j low molecular weight    1000!, 2! they are
non-volatile, 3! they all contain nitrogen, 4! they are amphoteric.

These studies have obvious relevance to the rearing of
i nvertebrates in captivi ty. It has already been shown, Carr �978 j,
that a mixture of amino acids and betaine elicit a feeding reponse in
the shrimp Palaemonetes quito and a number of earlier papers cited by
Car r �978! i ndicate a s igni f icant stimulatory role for betaine in
molluscs and other crustaceans.

CONCLUSIONS

There is a close relationship between the pattern of essential
ami no acids in the muse le or whole body tissue of a number of
f ish and their requi r'ement pattern. This shou ld be exploited for
inve rtebrates where measurement of requirements for individual
amino acids is likely to be inexact and difficult. Changes in
the concentration of an amino acid in tissues as the level of it

i n the diet is increased may be help fu 1 in a t tempting to measure
opti ma I i ntake of one or other of the amino acids within the
pattern.

The ability of animals to chain elongate and desaturate eighteen
carbon fatty aci ds i s readi ly assessed isotopically. This will
show whether certain eighteen carbon fatty acids can meet EFA
requi rements or whether more unsaturated longer chain acids with
full KFA activity must be provided pref ormed in the diet ~
Cer tai n li ve f ood organi sms can be cultured in such a way that
thei r content of unsaturated f atty acids will meet EFA
requ i remen ts of lar val fishes. This method of manipulating the
compos i tion of live f ood organisms may provide a use f ul tool in
larval nutritional studies with other nutrients.

Food should be presented in a f orm that elicits a feeding
response. This entai ls some knowledge of feeding behavior and an
a bi li ty to modi f y the physical characteristics of food pellets
 buoyancy char aeter is ties j . Food attractants have an obvious
role in stimulating feeding. They have been useful as a research
tool in fish nutrition and may yet be used in practical diets.
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QUESTIONS AND ANSWERS

QUESTION

CASTELL..  Halifax ! I'm interested in the carotenoids. If you
intend using brine shrimp and grow them in the dark, so that you produce
a brine shrimp that has no carotenoid, can you do that. without changing
any other nutrient in the animal?

TACON: I am not sure if Artemia grown for successive generations
i n the da rk, and on a substrate devoid of cartenoids, would undergo
biochemical changes other than that of carotenoid depletion.

CASTZI,L: You were talking before the meeting about the possible
nutri tional value of carotenoi ds to f ish and live food organisms
commonly used in aquaculture Would you like to mention some of these
functions to the rest of the audience?

TACON: Yes . The ca rot.eno ids ar e a complex group of plant
synthes ized po1 yene pigments . Evidence i ndica tes that carotenoide may
perform other biochemical functions in animal nutrit.ion apart from their
metabolic role as dietary sources of provi tamin A and their behavioral
a ssoci at i on wi th cour tsh ip and to sexual dichromatism in fish. In
particula r, carotenoids have been sho~n to be potent inhibitors of both
in vivo and in vitro photodynamic damage in plants, photosynthetic and
non-photosynthetic bacteria, and model lipid membrane systems, and have
been implicated in bovine fertility. In fish, carotenoids may perform a
specif ic biological role during egg and larval development, similar to
that of 4 -tocopherol  as a naturally occurring antioxidant! ~ However,
much f urther research is required hef are the true biologica I role of
carotenoids in animal nutrition can be assessed. The study of
carotenoide f unction is hampered to a large extent by their extreme
susceptibi li ty to oxidation, and their convers ion from the active ci s-
to the inactive trans-form.



SINPSOH:   Rho e s a n  d I I d: ! If you want to grow Artemia that are free
of carotenoids you wou ld have to grow them for generations on something
like rice bran. However,H w er I find your comments on possible carotenoid
function ve ry int.cree ing.t. res ting You mentioned the work of Lof thammer in
raga rd t.o ca rote noi s act ' ds acting as a vitamin in their own right, Very
interestingly a paper was presented at the last carotenoid symposium in
Liverpool in which a group from Israel questioned this data and showed
supporting data so I do not know where that situation lies.

QUESTION

COMKLZM:  Cali Eornia, Davis!: You indicated that
microencapsulation te chniques were readily available to prevent the
leaching of ~ater soluble nutrients. I'm not familiar with techniques
that form capsules that retain water soluble nutrients. Could you
elaborate on theme

TIKI%; ! 'm in no way an expert on microencapsulation. A person in
Scotland who is doing a lot of work on this is Dr. J. W. hadron in
Abe rdeen. He f ound that depending on the microencapsula tion technique
employed and on the properties of the capsule used to surround the food
par tic le { i ~ e ~ whe the r semi � pe rmab le or not! affected the loss by
leaching of water soluble vitamins.

CONKL IN; It is my contention that we don ' t have a readily
a va i lable mi c roencapsula t ion technique to uti lize. Maybe some people
do, but it's not widely available and I still have a great feeling than
any unknown live food factor that can't be reproduced in
microencapsulated diets may be related still to significant leaching of
these ~ater soluble nutrients. Thank you.

QUESTION

KITTREDGE:  Southern California!: You feel that the free amino
acid content of the tissue is a reflection of their concentration in the
diet. Work that's been done over the past 20 years has shown that the
f ree amino acid pattern in almost any tissue is very tightly
metabolically controlled. You can recognize the free amino acid pattern
in nervous tissue or any other tissue.

TACOH: To answer that, there are 3 people in the audience today
who have looked a t the le vels of f ree amino acids in various tissue
pools in relation to intake and their work which is very sound shows
that once the requirement of amino acid has been met that the free amino
acid level of that particular amino acid in a muscle or in whole blood
will. rise. It is at least partly a question of rate of input versus
rate of remova l by ca tabol.ic  oxidation ! and anabolic  protein
eynthes is ! processes. Changes in hepa tic portal concentration of free
amino acids relative to food intake have long been recognized ~
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INSECT NUTRITION: RELEvANCE TO MARINE INVERTEBRATES

R. H Dad d
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Recent studies covering all essential mosquito nutrients provide a
focus for this overview of insect nutrition. Essential nutrients for
insects and vertebrates are for the most part qualitatively uniform
wi thin and between the taxa, suggesting that substantial uniformity
probably embraces other invertebrates. Given qualitative nutrient
unif ormi ty, extreme di etetic di vers ity of insects may largely be
accounted f or by di f f erences in optimal nutrient proportionalities,
dependence on specific phagos timu lants, and dependence on symbiotes for
digestive assistance and scarce nutrients. This review will emphasize
aspects of nutri tion that set insects apart f rom vertebrates and are
probably of mos t inte res t to other i nve rtebra te nut«i tionists,
especially those studying the taxonomically close Crustacea. The trace
mi nera 1 status of sodium and ca lci um f or insects contrasts with ma j or
vertebrate requirements; for calcium, this clearly relates to
bonelessness, and in this context calcif ied crustaceans and molluscs
more likely para 1 le l vertebrates. One absolute nutritional dif fe «ence
between insects and vertebrates concerns the universal insect dietary
requi rement f or s tero 1, biosynthes ized by vertebrates but not by
insects. Sterol requirements are reported f or crustaceans and probably
characterize the enti re Arthropoda. Requirements for amino acids,
nu c le i c a c i ds a nd o th e r growth factors limi ted to particular insect
groups are noted, wi th emphasis on those such as nucleotides and
a s co « bi c ac i d of known i mpor t ance for crustaceans. Ascorbic acid,
essential for mos t phytophagous insects, is possibly a distinguishing
r equi «erne nt of anima l.s whose natural dietetics center on live plant
t i ssues . The currently mos t acti ve area of i nsect nu tri tion concerns
lipid growth factors. Recent work on sterol and essential fat.ty acid
metaboli sm and possible requirements f or vitamins A, E and K are
discussed.

Keywords: Insects, nutrition, synthetic diets, essential amino acids,
vi tamins, growth f actors, sterols, polyunsaturated fatty acids,
pros taglandi ns.
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INTRODUCTION

invertebrate nutr tion sit' is heavily indebted to prior work with
vertebrates, and most now e ge ok 1 dge of insect requirements has been accrued
f rom the applicat on o i f f 'ndings first obtained using mammals. For
example, the role o vi am n1 f ' ta ins in rats, humans and the like was
determi ned dur ngd i the ear ly decades of this century, and as pure
vitamins became commercially available by the late 40s, they were tested
as replacements for the essential but ill-defined yeast and liver
extracts of early artificial insect diets. At this time it was widely
thought that because many insects grow on seemingly unnutritious or
narrowly speci f ic foods, their requireme~ts might encompass unique
f actors not needed by vertebrates. By and large this proved not so;
although a few unique insect requirements indeed emerged, notably for
sterol, qualitative requirements for the two taxa are for the most part
s imi lar.

The oddi ty or narrow speci f i city of many insect natural diets is
thought to indicate one of two things. those having unlikely food, such
as wood, wax or wool, generally depend on the cryptic assistance of
symbiotic microorganisms for digestion or the provision of scarce
nutri ants > and fas tidious insects limi ted to a specif ic food, such as
the single plant speci es sui table for a monophage, are limited by
beha vi our a l rather than nu tri ti ona l cons trai nts, having evolved
dependence on specific and often non-nutritive chemical stimuli from the
food to trigger feeding behaviour or to determine oviposition sites for
mothers of the feeding larval stages. Once these matters were
appreciated by the mid-1950's, synthetic diets of more or less complete
definition became commonplace for a great variety of insects and opened
the way to our present extensive knowledge of the nutritional
requirements of the class ~

Because insects are largely terrestrial and their food a discrete
component of a basical ly dry environment, the physical stability of
arti.f icial foods is unproblematic, and their chemical stability, if
threatened wi th putref action, can be enhanced by simple aseptic
techniques. Furthermore, the various non-nutritional problems that may
arise from excessive bodily contact wi th osmotica l ly-active or
surface-active components in a dietary medium for an aquatic animal are
avoided or' mitigated. lt is largely these features of discreteness and
stability of food that determine the relative ease of nutritional study
of insect.s as compared wi th other, mostly aquatic, invertebrates.
Economical ly important aquatic molluscs and crustacea, when confined
with arti, f icial food, soon become immersed in a solution of rapidly
destabilizing diet, making precise data difficult to obtain.

Given that insect nutrition is now quali tatively well understood,
can i t i l lumi nate those problems that are of prime interest to the
shel if ish nutri. tionist7 Insect and vertebrate nutritional requirements
are basically similar, suggesting that requirements of metazoan animals
i n genera 1 sha re much i n common. Nevertheless, the needs of insects do
di f f e r in some signi f ica nt res pects f rom those of ve r tebra tes, and to
the extent that i nsects and c r ustaceans are phyletic cousins, such
di f ferences su s t a Ygge eas in which practitioners of crustacean nutrition
may look to insects rather than vertebrates for inspiration,

with the above in mind this review of insect nutrition will mainly
ski m the sur f ace of th e subject so as to concentrate on those features
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which a 1 1 or some i nsects depart f rom the vertebrate pattern. Also
emphasized wi 11 be topics in lipid nutri tion that are currently under
mos t i ntens i ve inves ti gati on, lt is perhaps also appropriate to
introduce insect nutri tion to dieticians and nutritionists dealing with
marine invertebrates by focusing on mosquitoes, a group of insects whose
larval growth stages are entirely aquatic ~ Among insects this is rather

and the study of which posed many of the same problems facing
who contemplate rigorous nutr i. tional work wi th an aquatic animal,

namely, how to ensure actual feeding on a manipulable ar.tif icial diet
provided to an ani mal imme rsed in wa ter .

PEED ING BEHAVIOUR AHD BYNTHETlC DXET DEVELOPMENT

Like mos t i nsects, mosqui toes obtain nutri.ents f or growth mainly
during their larva 1 stages, thei. r adult no tri ti on be i ng Limited to the
satisfaction of needs for water, sugar for energy, and, in the female
only, protei naceous blood meals for development of eggs. The four
morpho log i ca 1 l y s i mi la r la r va 1 stages are a 1 l. filter f eeders . Hence the
problem of de ve loping synthe ti c di. ets f or nu tr i tiona 1 work had much in
common wi th the problems of those concerned wi th nutrition of copepods,
the parti c le-feeding j uveni le stages of the larger crustacea, and
bi valves.

When feeding naturally, the rapidly beating mouthbrushes of
mosqui to la r vae f i lter ou t pa r ticu late ma ter ial of limited size
 optimal.ly 1 -1 0 p~! f rom the ambi.ent water and pass i t via pharynx and
short oesophagus into the s traight tubular midgut running mos t of the
length of the body ~ Solids in the midgut are normally moved rearwards
only by the ingestion anteriorly of fresh particulate solids, which push
back exis ti ng midgut contents I f part icu late material of appropriate
dimensions is avai lab le and f i lteri ng acti vi ty continuous, transit of
soli ds through the gut of the lar ges t �th stage ! larvae takes about an
hour. Particulate material is ingested indiscriminately, but maintenance
of f i lteri ng acti vi ty d.epe nds upon the presence of phagostimulant
so lutes in the ambient water i %os t soluble nutrients, such as sugars
and amino acids, have only a moderate ef feet on f i ltering and ingestion,
but nucleic acids and thei r component nucleoti.des, especi.all,y adenyl,ic
acid, are powerf ul phagostimulants ~ Thus, in the vicinity of any source
of phagos timu lants such as decaying organic tissues, f i ltering activity
a nd the consequent i ngestion of the associated microbes, the natural
food of mosquito larvae, tends to be enhanced  Dadd l970a, b!.

Given this mode of f eedi.ng, it seemed likely that a particulate
component would be needed in artif ici al diets; the best previous
mosquito diets, for Aedes aegypti, were based on protei.ns such as casein
sedimented in a di lute so lution of all other nutrients  Akov 1962!.

When diets with all nutrients in solution were f'rst tried, growth and
survi val were low and feeding studies indicated poor ingestion  Dadd
1972!. Microencapsulated diets  Jones et al. 1974! were considered but
the comple x problem of re tai ning wate r-so luble nutrients within
micr'ocapsu les in water was avoi.ded by f indi ng a means to enhance the
drinking by mosqui to larvae of the nutrient solution in which they
lived. lf water is texturized with very low concentrations of certain
colloids, it is ingested to the midgut as readily as particulate solids
 Dadd 1975!. A colloid-texturized medium � ~ 05't agar! was well-ingested
and development times and survival of larvae approached those reared in
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crude natural me ia ad' {D dd and KLeinjan 4976!. with such texturized,
fully defined asa mef ' d b l medra nutrient requirements were systematically
determined by suitable manipulations of individual dietary components.

Gal ERAL NUTRITIONAL RKQU I RKH EN TS

Tab le I shows the compos i tion of a synthetic dietary medium
which we have reared 14 sequential generations of Culex pipiens
axenically and are. thus fairly confident that it contains all required
nut ri ent s, though not. necessarily in optimal proportions . Except f or
fat, the mosquito recipe includes most of the major bulk components that
are to be anticipated in any animal diet: there is carbohydrate, as
sugar; a mixture of amino acids replaces the proteins of most natural
die tsr and there is a group of major minerals. Among the minor
components are several trace minerals; the lipid nutrients, cholesterol,
arachidonic acid and vitamins A and E; and several water-soluble growth
factors, i.ncluding most B vitamins and a group of nucleic acid
constituents. Three minor components of the diet fi ll non-nutritional
f unct ions: aga rose is the texturizer that facilitates ingesti.on;
ascorbyl pa lmi ate is an antioxidant included to protect arachidonic
acid, not to supply vi tamin C, which is not required dietarily by
mosqui toes though it is by many other insects; and synthetic leci thin
facilitating lipid dispersion.

This recipe also provides a convenient basis for an overview of
insect nutrient requi rements in general, reserving features of special
pertinence to other invertebrates for more detai led consideration later.

In what follows, many of the general statements made will be unsupported
by specific citations since they are based on results obtained with many
and diverse insects and now form part of the accepted cannon of insect
nutrition ~ The subject has been reviewed perhaps 20 times over the past
three decades and individual studies that provide the basis for
unreferenced generalizations can be traced by consulting the most recent
of these r'eviews  Dadd 1970c, 1973, 1977; House 1972, 1974; Friend and
Dadd 1982!.

CARBOHYDRATE AND OTHER ENERGY SOURCES

C. ~i~ns completes development with no dietary carbohydrate, but
at a reduced growth rate. Hany other insects, especially carnivores
such as the flesh flies, can dispense with carbohydrate entirely while
ma i ntai ni ng norma l la r va I growth. On the other hand, carbohydrate of
some sort   various sugars or polysacchar ides, depending upon the
i ns e c ts ' d i ge s t i ve e nz yme complement ! is needed in the diet of mos t
larval phytophagous insects, usually in substantial proportions: seed
and cereal feeders require carbohydrate at levels of 20 to 70% of their
di etary solids, and the p la ntsucking aphids, which feed on phl oem sap'
need a dret containing about Boa by weight of all nutrient solids as
sucrose. To corn licatep the issue, for many insects that require no
carbohydrate as larvae or may even find it detrimental, sugar is of ten
the only nutrient r uired feq ' or normal adult longevity, as is the case
for mosquitoes. Thusq ' . us, dietary carbohydrate needs may be highly variable
between species a nd also between the j uveni les and adult stages of the
same specres, ref 1.ectin the c
chan in at ' ' � n o c angeg chemistry of the insects' natural f od

g' g metamorphos is if life-style and food change o san
ange .
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Composition of Mosguito Synthetic dietary Medium  Dadd and
Kleinjar; 1978!

Component mg/100 ml

aAlanine, arginine~, asparagine*, aspartic acid, cycteine, glutamic acid,
glycine, histidine*, isoleucine", leucine*, methionine", phenylalaine~,
proline~, serine, threonine*, ryptophan", valine*, tyrosine- Asterisks
indicate essential fo r C. ~iiens.
b Ca gluconate 5, Na ChlOride 10, Fe SequeStrene 2, Zn Sequestrene 2, Ma
sequestrene 2 and Cu sequestrene 0.5; Geigy sequestrenes are chelates
with sodium EDTA.

cThiamine, riboflavine, nicotinic acid/amide, pyridoxine, pantothenate,
folic acid, biotin.

For methods of incorporation of lipids see Dadd and Kleinjan �978,
1979! .

Mosqui toes requi re no bulk lipid, nor is it essential for any of
the 100 or SO inaeCt SpeCieS that have been reared on def ined diets,
though if present in the food, many undoubtedly uti lize it ef ficiently
as an energy source. Even the waxmoth, whose natural diet, beescomb,
consists largely of beeswax, grows normally on an artificial diet with
carbohydrate completely replacing wax as the major energy source.
Insects i n genera 1 thus seem to have no need of lipid beyond the
quantitatively minor but very important growth factors discussed later.

Since many dipterous la r vae gr ow best with diets lacking both
carbohydr a te and bulk lipid they evidently sa ti s fy their energy needs
entirely by oxidation of protein-derived amino acids. Like the
mosqu i to, se ve ra 1 phy tophagou s la r val insects require substantial
carbohydrate for optimal growth but nevertheless complete development at
a reduced rate wi thou t i t  Harvey 1974!, and thus can facultatively
ope ra te a n am i no ac i d-ba sed ene rgy me tabolism. The hide beetle,
Dermestes macula tus, gr ows we 1 1 wi th the triglyceride completely
rePlacing the carbohydrate otherwise requi red  APPlebaum et ale s 1971 !,
and thus, like the waxworm, evident ly utilizes lipid and carbohydrate
i nterchangeably. probably most insects have some ability to induct
metabo li tes f rom carbohydrate, protein and fat into the pathways of

Sucrose/Glucose

19 L-Amino acidsa
Na and K Phosphates
Mg s ulph at e
Trace minerals

Choline chloride

Water-soluble 9 vitaminsc

5 Nucleotides  A,G,C,UfT!
Cho le s te ra 1

Arachidonic acidd
Vitamins A and Ed
Ascorbyl palmitated
Dipalmitoyl lecithind
Agarose

750

1390

60

20

21. 5
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7.1
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1

0.4

0.2
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energy production, though for most, such versatilr ty xs an adjunct
primary dependence on carbohydrate.

INORGANIC RENDU IRKMKNTB

Ma jor mine rais provided i n the C. pipiens diet are sodium and
potassium phosphates and magnesium sulpha e, but there is no ma~or

source of ca lcium, which for insects in general is a trace requi remnt.
Compared wi th the high vertebrate calcium requirement, its relative
unimportance for insects is of ten ascribed to their lack of bone. Quite
clearly, heavy calcif ication of many crustacean and molluscan
exoske le tons wou ld e ntai 1 high calcium needs, setting their mineral
me tabo li sm and nut ri tion apar t f rom that of i nsects. Providing
phospha tes on ly as potassium salts, ther eby reducing sodium to trace
leva ls, has no adverse ef feet on mosquito growth; in general it is
dif ficult to demonstrate a sodium requirement in insects above thc trace
con ta m i na n t le ve l s i. n vi r tua 1ly all dietary components. Except f or
sodium, al 1 trace metals listed in Table 1 have been shown necc ary for
optima 1 growth of mosqui to larvae  Dadd unpub1 i shed ! and simi la r tr.ace
requirements have been determined for a few other insects. Insect
mi nera1 nutrition is a somewhat neglected area. Most. synthetic diets
incorporate one or other of the standard mammalian salt mixtures, though
f or insects these have grossly excessive amounts of calcium, sodium and
chloride. The fact that such diets are nevertheless satisfactory for
near ly al l speci es s tudi ed says mare about the homeos tatic prowess of
insects than about thei r mineral needs.

HATER-SOLUBLE vITAMINS

all insects
All B v$ tamins except B lgcyanocobalamin! are probablo y requ ro yd b

a nsects, although these requirements are often masked in insects
arboring yeast or bacterial symbiotes. The status of B for insects

i a unce rtai n a f ew studies, including one f or another mosqui to, Aedes
~ . a us o lZ or nsec s

aei~~ti  Singh and Brown 1957 I, have claimed it is needed for optimal
growth, but. in mos t trials it had no ef f ect and generally is not
included in s nthetiyn e c diets ~ Cyanocoba lamin does not 'mprove the growth
of C. ~iiiens.

Two other water-soluble row
noa i to 1 and vi tami n C are cogrowth factors not needed by mosquitoes,

re common ly requi red by other insects. Both
have been shown necessar for sy or some crustaceans, and their status ini nsect nutri tion is theref ore e rgermane to this discussion, particularly
as they illustrate the ralle 1 c
wi th pa a e coevolution of speci f ic nutrient needs
w t particular natural types of food.

Several insects that feed on
a, requi re di star inositll on plant ma teri als, though by no mean~

y nositol, presumably for incorporation into the
phomphatidylinosi tol component of their
phoepholi ids. o ei r me mbr a ne and trans por t
dietary inosi t I d

o p s. However, a majorit of iy nsects studied require no
that d

o an must be able to bi
o not require it presumabl haveo bi osynthes ize i t. Plant f cede rs

be cause of the ample amounts of combiney ave lost the biosynthetic capabilit
o co ned inositol present in plants ~

nsec nutrition. It is essential for nearly all speci es
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whose natural food is living plant tf ssue, but f.s not required by any
insect so far studied with a df f ferent feedf ng habi t. For example, most
lea f -f eedi ng ca te rpi l la rs, bee ties and grasshoppers, and p la nt-sucki ng
aphids and leafhoppers need dietary ascorbf c ac$ d, wherea caterpi liars,
beetle larvae and cockroach pests of stored seed and cereal products and
am! vorous or saprophyt c f ly larvae do not requf re f t. Histological

and chemical methods have shown ascorbic acid to be present f n tissues
of many f. ns ects, includi nq some tha t do not r'equi re f. t i n thei r diet,

has been proposed  Dadd 1973!, though recently questioned f Kramer and
Se' b in pres s !, that an abi li ty to bi osynthesf ze ascorbi c acid was the
ori gi nal insect cond i tf on and that taxa which subsequently evolved
prima ri. ly as feede rs on li ve pl ant ti ssues los t the ascorbate
biosynthetic ability as a result of the very hf gh levels always present
i n their natural f ood ~ Thf.s is essentially the view of ascorbate need
in, vertebrates; most can synthesize vitamin C from sugar, but a few
taxa, thought to have a major frugivorous or vegetarian feeding habit in
their recent evolutionary history, have lost. certain steps of the
biosynthetic pathway  Chippendale 1975! ~ As more crustacean species
become amenable to nu tri tional study, it wf.ll be interesting to see
whether a s imi lar pa t tern of essentia li ty linked to the ascorbi. c acid
content of the natural diet will emerge.

f ew other water-soluble mater i.als  ~-1 ' poi c aci d, glutathi one,
spermf dine ! have been claimed as essentf al or at least benef ici al growth
f aC tor s tO One i nS ec t spe Ci eS or anOther  Dadd 1970a! . Carni tine,
chemica l ly re la ted to choline and bi ochemica 1 ly in vol ved i n the f atty
a ci d me ta bo 1 i s m o f i ~sects as in other animals is essential for all
specie of the bee tie f ami ly Te nebr ionidae that have been studied
nutritiora.1ly, but it is unnecessary for all other insects though it may
spare choli ne in some. The tenebrionid carnitine requirement xs of
interes t i n showing that in spi te of a general uni f ormi ty in qua li tati.ve
nutri tion, unique and speci f ic requi rements may sometimes characterize
certain narrowly def ined taxa.

AMINO ACIDS

All i nsects that ha ve been studied require the same 10 esse ntial
amino acids or igi nally found necessary for the rat, excluding from
consideration species such as aphids i n which symbiotes have been shown
to supply essential amino acids lacking from the diet. For several
insects additional amino acids are essential.. ?,arvae of the f lesh fly,
Phor mia regina, a nd the silkworm, Bombyx mori, require proline, and
these insects also cannot complete development unless their dietary
amino acid mixture includes either glutamic or aspartic acid. Although
a few insect species develop normally on synthetic diets containing onl.y
the 10 rat-essential amino acids, most require in addition some
non-essentials, which vary from species to species and may inc1ude
glutamic acid, alanine, serine and glycine. The latter was claimed as
essential f or some insects in early studies, but this was probably due
to imbalances in the proportions of other ami.no acids ~

The earlier insect literature presented occasional data suggesting
that a sulphur-containing amino acid, cystine, and a phenolic ami~o
acid, tyrosine, were required nutrients for some species. Tyrosine, of
great impot tance i n the sch le rotizatzon and melanization of insect
cuticle, is derived metaboli cally from phenylalanine, which is
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ht a pear necessary with suboptimal amountsessential; hence tyrosine mig appe
wh ' ch it spares . Cys ti ne or cys tei ne ca nof dietary phenylalanine, w ic i

sometimes spare the essen iat' 1 sulphur-containing amino acid, methionine,
b sential because it sometimes acts asand also may appear to e es

supplementary sulphur source in diets with inadequate sulphate.

C. i iens not only requiresires dietary proline, but is unique among
insects st~died thus ar in av'in ' . f ' h ving an absolu te requirement for
asparagine iDadd 1 , nee ei dd 1978! ded at much the same dietary concentration as
other ami no acids an'd d thus a major structural requirement rather than a
vi tamin-like growth factor, Another mosqui to, Aedes aegypti, requires
neither asparagine nor aspar icaspartic acid  Singh and Brown $957; Dadd 1978!,
and a pre i mi nary su1 ' survey of 6 other mosqui o species indicates
asparagine essentially for some but not others,

This unusua 1 asparagi ne requirement seems unique in the animal
literature, with two exceptions. Asparagine is essential. for growth of
certain mammalian leukemia cell lines, owing to their lack of asparagus ne
eynthetase, which in normal tissues converts aspartic acid to asparagine
 Wriaton and Yelli n l973! . Secondly, and very pertinent to the present
topic, a radioisotope study to i ndicate essential amino acids for the
cray f ish, As tacus le todact lus, found that although aspartic acid

bees me la be 1 led f o 1 1owi ng injection of labelled glucose, asparagine
remained un labe 1 led, indicating essentia li ty   Van Rar rewi j k and Zandee
197'! . As pointed out, these findings raised the question of asparagine
essentiali ty for this crayfish, and suggest the possibility it may be
requi red by other crustaceans. It is also noteworthy that recent
studies indicate a requirement for dietary asparagi ne in pregnant and
weanling rats  Newburg and Fillios 1979!.

NUCLEIC ACIDS AND DERIVATIVES

As nuc le ic acid components are needed in synthetic di ets developed
for brine shrimp, certain copepods and other crustaceans, their status
i.n insect nu tr i tion ca 1 ls f or special comment even though mos t insects
studi ed have no need for dietary nucleic acids and the class as a whole
i s evide nt ly capable of the i r bi osyn thesis ~ However, it is
characteristic of Diptera that an optimal larval diet must contain
nuc le ic acids or certain precursors thereof . For many of these Diptera,
nuc le ic acids are not essential for complete de ve lopment to the adult
s tage, but la rva I growth rate is se vere ly retarded without them,
i ndica ting ra te-limiting biosynthes is. A number of Dip tera, however,
including the screwworm, Cochlyomyia homi nivorax, certain strains of D.

~ � '' " '"
absolute requirement for dietary nucleic acid or certain nucleotides to
complete development, and in these cases one must presume the complete
loss of some hiosynthetic steps. Huch of the early work dealt only with
crude nucle ic acids, and an interes ting point to emerge from such
studies is that whereas yeast RNA is always ef fective, sperm or thymus
DQ, generally is not. These points are well illustrated by C. pipiens,
which de ve lope very poorly and dies before adulthood without nucleic
acid or wi th sperm DNA, but grows we 1 1 to the adult stage wi th yeast
RNA. Good de ve lopment also results i f sperm DNA is supplemented wi th
uridy lie acid; the supplement is a normal component of RNAs but not
DNAs, be I ng replaced in the latter by the de oxynuc leotide, thymidyli c
acid, and this would seem to account for the general finding that DNA is
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i nadequa te ~ Howe ve r, if one subs ti tutes for yeast RNA and the 4
ribonucleotides that are its main constituents  adenylic, guanylic,
cy t id y J i c and v r i d y li c ac i ds !, de ve lopment is incomple te, whereas
comp] etc deve lopmen is obtai ned with adenyli c, guanyli c, cytidyli c and
thymi dyli= acids, a mixture which provides al 1 DNA bases. These results

nuc leotide mixtures indicate a need fot' thymidylic acid, which
would seem to conf lict wi th the results obtained with yeast RNA
cons l de red to la c k thymi ne containing consti tutents . However, crude
yeas t RNA contai ns a proport ion of trans fer RNA, which has sma l l amounts
of thymine in i ts base composition, and this is presumably why i t is
e f f ect.i ve . The f ai lure of mos t previous attempts to replace crude
nucleic acids with nucleotides for other Diptera may be due to the fact

in no case 'was a thymine-containing component i nc luded.

wi th adequate a nd def ined nucleotide mixtures, it became possible
tp speci fy the mi nima l nucleic acid constituents essential for C.
pipiens, name ' y: t.he puri ne r i bonuc le otide ade ny lie acid   with inos inic

the corresponding nucleosides, adenosine and inosine, almost. as
effective ! plus a pyrimidi ne ribpnucleoside, ei ther uridine or cyti dine,

pyrimidi ne deoxyribonucleoside, thymidine. Except f or slight
uti li ration of thymine, bases are ineffective  Dadd and kleingan 1977;
Dadd >979! ~

when requi rements for nucleic acid components of C. pipiens and
other Dip tera are compared, no pattern covering all cases can be
di. see rn ed, thi s ma y be due in part to a lack of completely adequate
substitute mixtures for whole nucleic acid for all species except C.
pipiens, so that indi vidual nucleic acid components having some positive
e f f e ct a re neces sa ri l y acti ng against a very unbalanced nucleotide
backgr ound. Requi rements f or nucleic acid cons tituents have been most
extensively studied in numerous wild-type and auxotrophic mutants of D.
melanogaster, providing several points of special i.nterest  Sang 1978! ~
Fi rst, the primary requirement of various wi ld-type strains for
adenine-containing cons ti tuents of RNA can vary in magnitude with
dif f erent levels of certain dietary amino acids and the vitamin, folic
acid, which are, respecti ve ly, nuc leotide precursor subs trates and an
enzyme cof actor for crucial pathways in the biosynthesis of nucleic
acids; these f indi.ngs support the view that although the complete
biosynthetic apparatus may be present, synthesis may be reduced due to
an imbalance of other dietary factors ~ Secondly, in a number of
mutants, def iciencies of dietary nucleic acid cons tituents, or
imba lances between them, may result in the development of melanotic
tumors as well as growth reductions, Thirdly, a great number of
auxotrophic mutants have been selected with specific purine and/or
pyri midi ne requirements. The ease with which a diversity of
nuc leot ide-requiring mutants may be artificially obtained suggests an
especially high liability in genes for nucleotide biosynthesis which, in
nature, could have brought about the apparent diversity of requirements
among species of Diptera.

FAT SOLUBLE VITAMINS

Artif ici al diets for crustaceans of ten include vitami ns A and E.
Vitamin A or its carotene precursor is undoubtedly requi red f or visual
Pig"nt i n both cru s taceans and insects, and e vi dence f rom both taxa
implicates vitamin E in reproductive function  Dadd 1970a!.
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A D and E had no ef feet on deve lopment in ear lyS ince vi tami ns A, D an
studies, insects were ong e1 o ng he 1 i eved to need no diets ry f at-so lub le
vitamins However, su sequen sb uent studies that examined criteria of adult
performance revea e a require1 d ' rement for 6 -tocopherol  vitamin E! in a few
species to ensure fertility, of the male in one case, of the female in
others . Thus, ma eh . Th le house crickets reared without tocopherol produce
non-viab le spe rm, w e ewhereas in a parasitoid f ly, A ria affinis, a
def iciency mani f es ts i tse lf as developmental. s tas is o embryos in the
larviparous female, A role for tocopherol specifically as vitamin E is
general ly di f f icu lt to distinguish from its non-specific antioxidant
functio~, and it is usually the latter which dictates its inclusion in
die ts for insects requiring essential polyunsaturated fatty acids.
Xowever, even when external protection of polyunsaturates in diet is the
ostensible function of tocopherol, there is also recent evidence for
endogenous s tabi liza tion of f a tty acids in insect tissues  Turunen
1976! . Two physiological roles are ascri bed to the tocopherol
«ith the napthoquinone core of the tocopherol molecule, whereas a growth
promoting effect of the vitamin, supported equally by Vitamin K. 1  b7t
not K g or K ~!, is ascribed to the phytyl side chain common to both
vitamins E and K 1  NcKFarlane 1976! . This, incidentally, is the only
po s itive evidence for claiming a Vitamin K function in any insect,
though vitamins K have been examined with several species.

Whether vi tami n A is of import to i nSeCta Othe r than in Vi Si On je
still equivocal, despite reports of slight growth-promoting ef fects for
a few species ~ Provitamin A, carotene, is needed to maintain normal
coloration in phytophagous grasshoppers and caterpillars, but only in
locusts. and perhaps the tly, A. affinis, has shown that deprivation of
dietary carotene or vitamin A results in adverse effects on growth, in
the locusts only af ter two generations ~ Vitamins E and A are sometimes
included in our diets foc C. ~iiens. Omission has no effect in single
generation s tudi es, but wi th sequential generations the treatments
lacking either or both vitamins tend to die out sooner. Nevertheless, 6
sequential generations have been reared with neither vitamin present,
which argues against their essentiality. Because of the well
authenticated need for vitamin A in vision, small differences in growth
cannot readily be ascribed to strictly nutritional causes because
behavioral dys functions resulting from blindness might equally interfere
with growth. To decide the issue wil,l probably require a search for
retinoic acid or other vitamin A metabolites in organs other than eyes.

STEROLS

The essentiality of dietary sterol for insects absolutely
di s ti ngui shee the c lass nutr i tiona1ly f rom ver tebr at es This
di s tinction probably holds f or the whole arthropod phylum, though the
evidence for this is less secure. Zn a broader physiological context,
the i ns e ct s tero l. r equi rement assumed especial interest when insect
sou lt ing hormones, the ecdysones, we re f ound to be steroids ~ A
metabo lie function a 1 ready pos tula ted to unde r lie cholesterol
essentia 1 i ty   see be low ! was then readi ly i nterpreted as the provi si on
of ecdysone precursors. Ecdysone research received great impetus f rom
the h ope that insect pest control applications might. accrue from
interventions in hormone function, and sterol util. ization incidentally
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became on«f the better understood topics of insect nutritional
metabolism.

The importance of dietary sterol for insects was first recognized
in the mid � ~93O's when blowfly larvae were shown unable to complete
development with arti.ficial diets lacking cholesterol. Excluding some
symbiote-dependent insects, a need for dietary sterol has been found in
every study since, and. comPlementing this, metabolic studies of sterol
precur'sors known f rom vertebrate metabolism  acetate, mevalonatej
farnesoate, squalene, etc. ! indicated no incorporation into insect
tissue sterols  Clayton 1964I ~ In retrospect, it can be seen that until

essentiali ty of sterol had been appreciated, the development of
satj sf actory def ined diets for insects and the consequent ability to
car~y out various nutritional studies was not possible.

with two exceptions discussed below, cholesterol satisfies the
requirement in all species studied, whether for carnivorous

insects pr for plant-eating insects whose natural food contains various
phytos terols rather than cho les ter ol. Since choles tero 1 was thought,
erroneously as we now know, to be entirely absent from plant tissues,

usually the major sterol in plant eating insects, it seemed that
phytophagous insects must be able to convert dietary C29 and C2S
phytosterols to C27 sterols, principally cholesterol but also in some
cases 7-dehydrocholesterol; these, the principal sterols of vertebrates,
were thought of as the typical animal sterols ~

Early studies of the dietary adequacy for diverse insects of a wide
range of sterols and related steroids  Clayton 1964! showed that certain
dermstid beetles which feed on animal carcass materials could utilize
only the C27 animal sterols, cholesterol and 7-dehydrocholesterolg
whereas phytophagous, graminivorous, mycophagous and omnivorous insects
could utilize a wide array of phytosterols in addition to cholesterol.
These f indings, supported by bioassays for cholesterol based on
Oermestes growth with sterol provided solely as extracts from
phytophagous i ns e c ts   Levi n s on 1 962 !, pr ovi de d the bas is for a
hypothesis that all insects have a physiological need for cholesterol,
obtained directly from food by carnivores, but metabolized from dietary
phytos terole j. n insects which normally eat vegetable matter.
Subsequently, as more species were examined exceptions abounded and it
became evident that the initial hypothesis was an over-simplification.

Before canside"g our current understanding of the metabolism of
food sterols into tissue sterols and ecdysteroids, the phenomenon of
sterol sparing and its bearing on the physiological functions of sterols
must be mentioned ~ Early studies had shown that some insects which
deve loped optimal ly on cholesterol but poorly on other sterols could
develop well with a suboptimal sterol if it was supplemented with a
small amount of cholesterol that, on its own, failed to support.
significant growth ~ Zn such a case the suboptimal sterol was said to
spare all but a small fraction of the cholesterol requirement. This
Phenomenon led to the postulation of at least two distinct physiological
func'tions for sterol in insects, both of which could be compeletely met

cholesterol: a structural function, as a constituent of lipid
membranes ~ for which the bulk of dietary sterol was utj.lized and which

relatively unspecific with respect to the sterol needed and so could
met by sparing sterols; and a metabolic function, requiring

cholester'ol specif ica1ly in relatively small amounts. With the
discovery th a t e cd y s one mou lting hormones were steroids deri ved f rom



cho les ter o1, it se ernemed likely that the metabolic function represented
that portion ot' f the overa ] 1 sterol requirement needed for ecdysone
precursors.

The importance of the concept of sparing sterols is we] I
exemplified by the housefly, whose larvae develop in decaying matter of
both plant and animal origin. Housefly larvae grow to apparent]y normal
adults on diets containing cholesterol or either of the plant sterols,
s i tosterol and campesterol, and tissue analysis reveals their body
s ter o I to cons i s t a lmo s t en t i r ely of the unchanged dietary stero] .
However, adult females reared as larvae on diets containing only
phytosterol produce non-viable eggs unless they acquire cholesterol in
thei r adult f ood. Thus, i f the whole li f e-cycle is taken into
cons ide ra ti on, the house f ly requires cholesterol specifically, but
sitosterol or campesterol act as sparing sterols satisfying all bu]k
requirements f or the sterol structural functions of larval and pupa].
s t a ge s ~ P r e s u ma b l y t h e s ma I le r metabolic requirement for ecdysone
sythes is can be provi ded for by cholesterol reserves carried over f rom
the egg,

Although, like the housef ly, some phytophagous insects cannot
convert phytosterols to cholesterol, the majori ty of those studied do
so, and the metabolic pathways involved have been elucidated in
considerable detail  Robbins et al. 1971; Svoboda et al. 1975, 1978! .
Figure 1 summarizes the principal pathways whereby common phytos terols
are metabolized to cholesterol in the tobacco hornworm, Manduca sexta,

and many other insects, though alternate pathways  not shown! may be
mOre prOminent in Some SpeCieS. Figure 1 aleo indiCateS the pathway
lead i ng f rom cho les terol via 7-dehydrocholesterol to <-ecdysone, the
moulting hormone formed in the prothoracic gland, and thence to
20-hydroxyecdysone  /-ecdysone, ecdys terone, or crustecdysone as it was
cal led when f erst found in crayfish!, which is the form in which the
hormone acts at responsive tissue sites. whatever the dietary sterol,
the central role of cholesterol in relation to molting hormones is clear
froef this scheme .

That. s tero l requirements and metabolism in phytophagous i~sects
could be strikingly different first became evident when cholesterol was
found to be an inadequate dietary sterol for two species ~ First, larvae
of ~Droso hila ~ches, in nature found only in rotting senita cactus,
developed in artif icial pdia only if provided with the senita cactus
s tero1, schottenol � -stigmastenol! or related 0 sterols including7

7-dehydrocholes terol and ],a thosterol; the common plant sterols and
cho les terol were total ly inadequate   Heed and Ki rcher 1 965! ~ Secondly,

cholesterol in a synthetic diet, but failed to pupate unless provided
with ergosterol or 7-dehydrocholesteroL  Chu et al. 1970!. Ergosterol,
the sole sterol of the beet] e ' s symbiotic f ungal f ood, is complete ly
adequate, and cholesterol in this species acts only as a sparing sterol.
1n D. ~aches the principal tissue sterols are lathosterol  
4-cho les tenol ! and 7-dehydrocholesterol, and it is notable that al!
adequate dietary ste role f or both species are characterized by the 4
double bond which also characterizes the ecdysones.

Table II lists the principal host-plant and tissue sterols for a
number of phytophagous insects that do not seem to form cholesterol from
the~r dietary phytosterols, though usually at least trace amounts of
tissue cho les terol can be detected. In general, the preponderance of
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Metabolic pathways for conversion of phytasterols to choles-
terol and the ecdysones in many phytophagous insects. Simpli-
fied from Svoboda et al. �97', 1978! with various steps and
alternate pathways omitted.

Figure l.

This apart, one wonders how phytophagous insects that are unable
to synthesize cholesterol obtain precursors for ecdysone synthesis,
presumed to be cholesterol of + -sterols such as 7-dehydrocholesterol

perhaps la thos ter ol. Possibly a very low and di f ficult to detect
conversion of phytosterol to choles terol occurs in some. Also, it is
new known that traces of cholesterol occur in many plants and might be
Preferentially sequestered by the insect to provide the small quantity
needed f or ecdys one pr cour sors, as has indeed been demons tra ted zn the
beetle Trogoderma, and for the housef ly. Most intriguingly, the

necessarily of the ecdysone type derived from cholesterol. The
«dysteroi d, makis terone, has greater moulting hormone activity than
ecdysone f or Oncope ltus, and has been detected in Oncopeltus eggs;
makisterone is related to campesterol, a phytosterol preferentially
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s tera ls other' than cho les terol in these examples suggests that the
structural functio ns for which most. dietary sterol is required may of ten
be bet t e r se r ved by s t ero ls other than cholesterol; it is dif ficult
otherwise to account for the metabolism af hast-plant phytosterois
sarnly tc fullY saturated stanols in the beetle EPilachna <Svoboda and
Thompson ] 9 74 !, or the accumu3 ation and transfer of maj or quantities of
24 methylenecho les terai to developing larvae by worker honeybees
whateve r the dietary sterol supplied to the workers  Svododa et al.
]983 ! ~



by ~P�~~ ltus from its food Plant, raising the Possibility
that it may be the natural moulting hormone in this sucking
 Kaplanis et al. 4980!,

Table ZI. Food and Tissue Sterols of Insects that Do Hot Convert phy-
tosterols to Cholesterol. Sterols listed in order of de-
creasing proportions  Svoboda et al. 1975, 1978, 1981! .

Netabfolic
conversionsInsect sterolsFood sterolsInsect

z'hytosterols
stanols and
e 7-st erol s.
Cholesterol
sequestered.

Cholestanol
PhytOStanolb
Lathosterol
other A -sterols7

low Cholesterol

CamlyesterOl
Strgmasterol
Sitosterol
trace holesterol

~Ell chne vertveetls
Heyf Can bean beetle

No metabolism of
phytostero ls .
Cholesterol
increased.

Sitostcrol
CamI esterol
St ifImastero1
trace Cholesterol
If~kisterone

sit osterol
StifImasterol
Camfgesterol
trace holesterol

o~cttu f � t
milkweed bufI

In brood larvae:
24-methy ler e-

cholesterol
Sitosterol
Isofucosterol
low Cholesterol

Workers pass on
sequestered food
stcrols in the
special larval
food.

Workers obtain
phytosterols,
24-methylene-
cholesterol and
low cholesterol
from Ieolien ar,d
ot.her forage

~Aura rhella fera
Honeybee

fd -phytrsteno17

fl -C27-steno s7
~Draco hlle p ch schotteno 1

- st i rima steno 17
Lat hostero 1

-cholestenol7

7-dehydrochol es-
terol

Sf nita cactus f! y

For practitianers of crustacean nutrition the most suggestive paint
to emerge f rom the recently appreciated diversity of insect sterol
metabolism is that although dietary cholesterol is well utilized and
entirely adequate for most species, there are exceptions for which some
ot er sterol. is essential, Besides the two examples of cholesterolh

inadequacy mentioned above, other insects are known to grow better with
~ i toe terol than cholesterol. The differences in these cases may be
behavioral rather than metabolic, since sitosterol acts also as a
phagoe timulant for some insects. These findings advocate an open mind
about required sterols when concocting synthetic diets for arthropods.
Pertinent to th is, a cautionary example is provided by recent work on
the s terol re ui ri remen t of mosquitoes ~ Being omnivorous, one would
aspect C. ~i iens to utilize diverse phytosterols efficiently, as is the
case for another aosguito, a. aeqeyti. Table III illustrates
developmental indices  see Dadd and Kleinjan 1976! obtained with various
s ter o la tested as part of a basa 1 diet wi th or without the tiny amount

e 'spersion ofot synthetic lecithin incorporated primarily to aid in the di
~ amentia 1 fatty acids. Without lecithin, only cholesterol supported
good de ve lo mentp, while stigmssterol and ergosterol were inef fective ~
With lecithin in the diet tht, these and most other phytosterols proved as



good as cholesterol. I'hi-s probably indicates that, without an
emulsifier the qut differ's in its ahility to absorb the various sterols
dispersed in the diet. This possible action of lecithin is of potential
importance wi th respect to the absorption of alL lipid nutrients
dispersed in an aqueous dietary medium for' any aquatic animal.

Developmental Indices and Percentages of Adults  in paren-
theses! tor Culex ~i icos Reared with Various Sterols ll sg/
lGG ml! With or Without 99% Pure Synthetic Lecithin � mq/
LGG ml! in the Dietary Medium

Table II I.

Without lecithi.n With lecithinSterol

a/a].ue combining degree of development and rate of development: average
number of molts divided by average number of days to pupation multi. plied
by 10  see Dadd and Kleinjan [1976] for details!.

ESSENTIAL FATTY ACIDS

Polyunsaturated f atty acids are essential for the majority of
s ymbi ote-i ndepe nde n t s pe ci e s s tu dies . De f i ciencies are most
dramatically evident in Lepidoptera; moth larvae reared on fat-free diet
develop to the pupal stage normally, though usually at a slightly
retarded rate, but a t the pupal/adult molt, the emerging adult is
trapped or character istical ly malformed. Similar failure of adult
emergence occurs i n vari ous grasshoppers, wasps and mosqui toes, but in

other insects such as certain species of cock roach and bee tie it may
take more than one generation for fatty acid deprivation to become
apparent. Because most insect nutritional studies have been carried out
over only one generation, it is quite possible that some species with no
apparent need for fatty acids over one life span sught, nonetheless,
require it if dietary deprivation were extended.

In most early studies the requi rement was met equally well by the
C>S polyunsaturated, linoleic  928:2M! and linolenic �8.3au3! acids, all.
saturated and monoe noi c acids tes ted being i ne f f ecti ve. Of particular
interes t was the f indi ng, with lepidop ter ous larvae and acridid
gras shoppe rs, tha t the C20/22 polyunsaturates, arachidonic �0.M!,
eicos ape ntaeonic �0: 5~3! and docosahexaenoic �2:6~3! acids, were
inef fective; this would suggest that physiological functions of
essential fatty acids in insects might differ basically from those of
vertebrates, for which C20/22 polyunsaturates have a central
physiological role and if not present in food are derived from linoleic
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Cholesterol

Desmosterol

7-Dehydrocholesterol
Sitosterol

Campesterol
Stigmasterol
Ergosterol
Cholestanol

No sterol

�5!
2-9 �7!

2. 5 �7!

1. 6 �4!

0. 5 �!

0. 4 �!

0. 4 {0!

0. 9 �7!

0. 4 �!

3.8 �9!
3.4 �9!

3. 0 �0!

3. 5 �3!

3.4 �6!

3. 5 {57!

3- 7 �0!

Q. 8 �0!

�!



chain elongation and further desaturationor linolenic acids by car n c ain
 Mead 1970!.

The essentia i y o pof polyunsaturated fatty acid was cons ide red to
reside in the insects ina i inabi li ty to bi osynthes ize f a tty aci ds wi th more
than one dou e n .d bl bo d Nearly all metabolic studies seemed to conf irm
this  Gilbert 1967; Downer 1978!, though exceptions have recently
c la imed i omqui s e�1 st et al in press!, Since many insects with no
appa rent a y acit f tt acid requirement are also unable to synthesize
polyunsaturates, this would imply that such insects had no physiological
need for them, a surprising conclusion in view of the general importance
of polyunsaturates in the lipid membranes of animal cells.

Essential fatty acid nutrition in insects became more complicated
when i t was found that some Lepidoptera requi red linolenic aci.d
speci f ically to achieve normal adult emergence; a recent review  Dadd
1981! ~oted that of 18 species by then investigated, 3 required no fatty
acid, 6 uti lized linoleic or linolenic acids equally well, 3 utilized
both, but wi th linolenic the more potent, 5 required linolenic acid
speci f ica 1ly to ensure a normal pupal/adult moult, and one required both
]inolenic and linoleic acids. Zt should be emphasized that this summary
r ef e rs only to the requirement for normal adult emergence; linolenic
acid also af fects growth positively in many of these moths, and in
several, linoleic acid is needed in addition for optimal growth  Turunen
1974! .

Our cur rent studies with mosquitoes now add further complexity.
Originally the basal dietary medium, which lacked fatty acid, supported
normal growth to the adult stage, but emergent adults were unable to fly
and soon died entrapped at the medium surface. Flying adults were first
obtained using diet supplemented with mammalian serum lipoprotein,
cephalin, or leci thins of animal, but not vegetable, origin. Active
animal phospholipids were effectively replaced by pure arachidonic acid,
though not be linoleic acid  Dadd and Kleinjan 1978, 1979! ~ Subsequent
tests of many fatty acids  Dadd 19BO, 1981! gave results shown in Fi.gure
2, in which fatty acids are grouped as active, if they supported the
emergence of flying adults, semi-active, if adults stood or hopped on
the medium surface on emergence. From a comparison of the carbon chain
structure for active and semi,-active fatty acids it appears that full
activi ty depends upon a sequence of three cis double bonds in an
interrupted methylene pattern spanning carbons 6 to 13 from the methyl
termination. Additional, double bonds to both sides of this grouping do
not negate activity, so that full activity is found for members of both
the V3 & ~6 fatty acid families derived from linolenic and linoleic
acids, respectively. Semi-active fatty acids all contain two of the
triplet of three doubl.e bonds characterizing fully active acids, and can
also be ~3 or ~6.

Apa rt f rom i ts novelty in insect nutrition, the essentiality of
arachidonic acid and structurally related polyunsaturates for C, ~pi iens
 and for seve ra l. other' mosqui to species! is of special interest in
relation to the dietary requirements, metabolism and physiological
f unctions of essential f atty acids for vertebrates . For warm-blooded
ve r tebrats a rach idon ic acid �0: 4+6! is of central physiological
importance as a necessary constituent of cell membrane phospholipids and
as a precursor for prostaglandins and related hormone-like entities with
many localized regulatory functions in diverse tissues  Mead 1970; Lands
et al 1977!. Ara h'chidonic acid, and lower members of the ad6 fatty acid
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Figure 2

Compared with the relatively well understood nutritional,
metabolic. and physiological functions of the essential fatty acids in
vertebrates, knowledge of essential fatty acid function for insects as a

is fragmentary and presents certain contradictions. On the one
mosqui to dietary requirements indicate a physiological ly crucial

C20/22 polyunsaturates, as in vertebrates; on the other hand j
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family are the primary. fully effective essential fatt d,
linolenic acid     8 3w3! and higher members of the ~3 f am' y are not

pie tely ef f ective in averting all symptoms of deficiency. In
linolenic and the higher ~3 acids  e.g., eicosapentaenoic or

20. 9 ~3; docosahe xaenoic or 22: 6 e3 ! appear to be the pri mary essenti al
fatty acids formany f ish Tinocoet al.1979! ~ Invertebrates

whether A 6 or ~3 speCial~sts, the dietarily ef feCtxve and
phys i Q l og i ca l l y important fatty acids inc lude C20/22 polyunsaturates

are subs tantial ly pr esent in their fats, especially in
phosphp lipids, whereas unti 1 rece nt 1 y fatty acids higher than 1 8: 3 were
rarely detected i n the hundreds of ana l.yses per f ormed on insect lipids
 Fas t 1964, 1970! .



Table IV. Activity of Fatty Acids for Galleria rnellonella with Respect
to Averting Adult Malformation at the Pupal/Adult Moult

Inactive Semi-act ive

LB: 2u� linoleic18: 14!9

l8: 3'
20.2u6

20:~

20: 4'

20: 5u3

22:663

oleic
y-linolenic

18:3u3 0-linolenic

20:3 3

22:3 3

homo-y-linolenic
arachidonic

eicosapentaenoic
docosahexaenoic
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tilisability of C18 but no t. C20/22 polyunsaturated fatty acids
ects suaoests a somewhat

insect fatt d
emphasized by e c o tes to higher members. Further,OnVersiOn of C18 pOlyuneaturates o ifor any conve rs i ' t of C20 polyunsaturates in vertebrateswhe reae the essentiali ty of C2 po un
accoun tab le i pain rt to their unc if ction as precursors of pros taglandins

ces were unknown in insects.until 5 years ago these substances were u n
d in detail elsewhere  Dadd 19B] ! may goRecent f indi ngs, reviewed in e ai

h pr o b le m s ~ Arachidonic acid and othersome way to resolving these pro
be d tected in mosquito tissues, contrary to

Y1 unsaturates have now en e
h ' nOne   Stanley-Samuelscn a.nd Dadd 1981 ! .many previous analyses showing none

ent search for polyunsaturates in a dozenNore interestingly, a recen s
a and feeding habit revealed their presenceinsect species of diverse taxa an

in all cases, usuall.y in ow orl w or trace amounts, but of ten proportionally
greatly enhanced in p osp o id ' h pholipids and in specif ic t.issues such as the

On the basis of this and an i~creasing numbercentral nervous system.
of records of longe ain poh polyunsaturates in the more recent insect lipid
literature, I believe ongc ainha' n polyunsaturates are probably universally

Th concentration in particular tissues and lipidpresent in insects. eir conc
classes indicates a unc if ctional rather than adventitious role, a view
supported by e very recenb th y recent detection of prostaglandins in tissues from

en ting 4 orders  Stan Ley-Samue Lson and Loher in press!,5 speci es repres en i ng

I am currently examining the ability of various polyunsaturates to
avert the adult malformations of essential fatty acid def iciency in the
waxmoth, one of the species previously found unable to use arachidonic
acid in place of linoleic or linolenic acids. Results are summarized in
Table IV. Both linolenic  a3! and linoleic  ~6! acids support the
erne rgence of normal adults, but about 10 times the concentration of
linoleic is required, so I call it weakly active . Confirming an earlier
study, arachidonic acid proved completely ineffective, as did all other
6 fatty acids except linoleic. Of the ~3 acids, 20:3ar3 and 22: 3~3 are
fully as active as linolenic, whereas 20: 5m 3  eicosapentaenoic! and 22:6
~3   docosahexaenoi c ! are inacti ve ~ It thus appears that linolenic acid
and i ts longer-chained trienoic analogues share a fully active
s tructure, but activity is nega ted in other ~3 members containi ng the
same structure if there are too many additional double bonds toward the
carboxy1 end. These results show that certain C20/22 polyunsaturates
can indeed replace dietary C18 polyunsaturates, though the features

account ing f or activity are qui te di f f erent for the waxmoth than f or
mosqui toes .



The weak acti vi ty of linole i c acid and i nac ti vi ty of a 1 1 other 6
fatty acids is di f f icu lt to account for. Another lepidopteran for which
linolenic acid   ~ 3 ! is the primary essential, the s i lkworm, is among
those 6 species of insects in the pros taqlandins, especially pgE have
now bee n de te c ted, and, i n this insect, shown to have a function in
reproduction   Set ty and Ramaiah ~ 980!; this indi ca tes at 1eas t a 1ow
r eq u i r e me n t f o r a r ac h i d on ic acid, the precursor of PQE ~ presumab1y
derived ultimately from the linoleic acid of its food plant. Much other
e v i d e n c e s u g g e s t s L e p i d o p tera i n ge ne ra 1 r equi re both li nole ni c and
lino le ic aci ds, and a double requirement may be widespread among
i�sects. Perhaps the most compe1.ling evidence for this comes from

fatty acid analyses of retinal phospholipids of insects from
three orde rs, inc ludi ng a phytophagous lepidopteran; in all cases
arachidonic acid <c 6! was substantially present, while eicosapentaenoic

 ~3! was the major fatty acid  Kinkier 1975!. The possibility that
both ~3 and a 6 fatty acids may be essential for vertebrates has recently
been rai sed  Ti noco et al . 1 979 !, and i t would be of great interest to
know whether fish and crustacea that seem to require primarily linolenic
pr other c! 3 dietary fatty acids contain prostaglandins of the 2 series,
ag this would imply the essentiallity, in addition, of linoleic or other
Afatty acids.

CONCLUS TONS

So many species f rom the main insect orders have now been reared
and studied nutritionally through a complete cycle of growth and
development of holidic diets that the qualitative nutrient requirements
of the class as a whole are very well understood. Contrary to some
early speculations, these requirements are basically similar to those of
vertebrates, and hi ghly specie li zed or apparently unnutri tious natural
diets correlate with narrowly fastidious feeding behaviors or obligate
dependence on symbiote associations. A categorical and strictly
nutritional dif ference between the needs of insects and vertebrates is
the insect requirement for dietary sterol, and because of their
importance f or endocrinologica 1 regulation of development, sterol
requirements and metabolism are currently among the most active areas of
insect nutrition. A sterol requirement is probably general among
Arthropoda. and hence the extensive findings with insects have special
relevance for crustacean nutritionists.

Although mos t nutrient needs of insects are now known, novel
requirements nonetheless still come to light for particular groups of
insects ~ Notable among those more «e cent ly uncovered a re the
essentiali ty of as paragine f or some mosquitoes, and the apparently
general mosquito requirement, unique among insects, for certain
longchain polyunsaturated fatty acids. The recent surge of interest
among i nsect lipid physio logists in essential polyunsaturated fatty
acids and protag landins promises to link this area of insect physiology
closely to parallel interests among crustacean physiologists, and to tie
»th into the more extensi ve background of know1edge gained with
vertebra tes .



LITERATURE CITK!

Blomquis t, G ~ J ~, L ~ A. Dwyar, A. J. Chu, R O. Ryan, and N ~
Renoba les ~   In press !, Biosynthesis of linoleic acid ln
termi te, cockroach and cricket Science.

Chippendale, G. N. '1975. Ascorbic acid: an essential nutrient for a
p lant feeding insect, Diatraea grandiose lla. Journal of
Nutri t ion 105: 499-507.

Chu f H ~ N, D, N ~ Norris, and L ~ T ~ Kok. 1 9 70 ~ Pupa tion requirement
of the beetle, Xy leborus f errugineus: sterols other than
cholesterol ~ Journal of Insect Physiology 16: 1 379-1387.

Clayton, R. B. 1964. The utilization of sterols by insects. Journal
of I ipid Research 5: 3-19.

R. H ~ '1970a. Comparison of ingestion of particulate solids by
Culex ~pi iens larvae: phagostieulant effect of uater-soluhle
yeast extract. Rntomo logia Experimenta lis et Applicata
1 3: 407-419

Dadd,

R ~ H ~ 1970b. Relationship between filtering activity and
inges tion of solids by larvae of the mosquito Culex pipiens:
a me thods f or asses s ing phagostimulant factors. Journal of
Nedical Entomology 7: 708-712 ~

Dadd,

Dadd, R H 1970c. Arthropod nutrition. Pages 35-95 i.n N. Florkin and
B ~ T. Scheer { Eds. !, Chemical Zoology, Vol. 5, Academic Press,
London and New York.

Dadd, R ~ H ~ 1972 Ambiguities in the interpretation of growth
experiments wi th mosquito larvae in semi � synthetic dietary
media. Pages 199-209 in J. G. Rodgriguez  Ed. !, Insect and
Nite Nutrition, North-Holland, Amsterdam.

Dadd. R. H. 1973. Insect nutri tion: current developments and
metabolic implications. Annual Review of Entomology
1B:381-420.

Dadd, R. H. 1975e Ingestio~ of colloid sollutions by filter � feeding
mosg ui to la r vae. re la ti ons hip to viscosity. Journal. of
Experimental Biology 191: 395-406.

Dadd, R. H. 1977 ~ Quali tati ve requirements and utilization of
nu trients: insects. Pages 305-346, in N. Rechcigl  Ed. !.
Handbook Series in Nutrition and Food, Volume 1, CRC pressf
Ohio, U.S. A.

R. H. 197H ~ 978. Amino acid requireme~ts of the mosquito Culex
~i iens: asparagine essential. Journal of Insect phfsiologf
24: 25-30.

Dadd,

Akov, S. 1962. A qualita ive anl t t've and quantitative study of the nutritional
requiremen s o

t f Aedes aegypti larvae. Journal of Insect
Physiology 8: 319-335a

A N. Koni j n, and B. Nenco. 1971 ~ Growth andApplebaum, Se w., A.. o ijbio-chemi c l adaptation of larvae of the beetle Dermestes
maculatus to carbohydrate-free diets. Insect Biochemistry
1 f1 � 13.



padd R ~ H. 1979. Nuc leotide, nucleos ide and base nutritional
requirements of t'ne mosqui to Culex pipiens. Journal of
Insect Physiology 25:353:359.

padd, R. H. 1980. Essential fatty acids for the mosquito Culex
pipiens Journal of Nutri tion 1 10: 1 1 52-1 1 60 ~

1981 . Essential f atty acids for mosqui toes, other insects
vertebrates ~ Pages 189-214 in G. Bhaskaran, s. F.

F'I'iedman and J ~ G. Rodriquez   Eds ~ !, Current topics in insect
endocrinology and nutrition. Plenum Press, New York.

Dadd R ~ H ~ and J ~ E ~ Kleinjan. 1976. Chemically def ined dietary media
for larvae of the mosqui to, Culex pipiens: effects of
c ol 1oi d tex tu r i z e r s ~ Jou r na I o f Medi ca I Entomology
13: 285-291 ~

padd, R H. and J ~ E. Klei n jan. 1 977 Dietary nucleotide requirements
of the mosqui to Culex pipiens. Journal Insect Physiology
23; 333-341 ~

H, and J. E. Kleinjan. 1978. An essential nutrient for the
mo squi to Culex pipiens associated wi th certain animal-de ri ved
phospholipids. Annals of the Entomological Society of
America 71:794-800 '

padd, R. H. and J. E ~ Kleinjan. 1979. Essential fatty acid for the
mosqui to Culex pipiens: arachidoni.c acid. Journal of Insect
Physiology 25: 495-502.

Downer R. G. H. 1978 ~ Functional role of lipids in insects. Pages
57-92 in M. Rockstein  Ed. !, Biochemistry of Insects.
Academic Press, New York

Fas t, P . G. 1964. Insect lipids: a review ~ Memoirs of the
Entomological society of Canada No. 37.

Fast, P ~ G. 1970. Insect lipids. Progress in the Chemistry of Fats and
Lipids 11:181-242.

Friend, W. G ~ and R. H. Dadd. 1982 ' Insect nutrition: a perspective.
Pages 205-247 in H. H. Draper  Ed.!, Advances in Nutritional
Research, Volume 4. Plenum Press, New York.

Gi 1 bert, I, . I. 92 967. Lipid metabolism and function in insects.
Advances in Insect Physiology 4: 69-211.

Harvey, G. T. 1974. Nutritional studies of eastern spruce budworm
 Lepidop tera: Tortricidae!. I. Soluble sugars. Canadi.an
Entomologist 16: 353-365.

House, H. I.. 1972. Insect nutrition. Pages 51 3-573 in R. N, Fiennes
 Ed ~ !, Biology of Nutr i tion I.E.F ~ N. Volume 18, Pergamon
Pr es s, Oxf ord and New York-

House, H. L. 1974. Nutr.i tion. Pages 1-62 in M. Rocks tein  ed. !, The
Physiology of Insecta, Volume 5. Academic Press, New York.

W. 8 ~ and H. W. Kircher. 1965. Unique sterol in the ecology and
nutri tion of Drosophi la pachea. Science 147: 758-761.

Ai, J. G Munf ord, and P. A. Gabbott, 1974. Microcapsules as
artificial food particles for aquatic filter feeders. Nature
247: 233-235

53



J. A. Svoboda, M ~ J. Thompson and w. F..Ka lanis, J. N., G. F. Weiric9 8 0 Hou l t i ng hormones of the tobacco hor J worRobbins. 1980. Ou i
and mi lkwee d bug: their chemistry and biochemistry. Pageos
163-'1 86, J, A. Ho mannA H f fmann  Ed. !, PrpgreSs in Ecdysone Researc!J,
Elsevier j ort - ojN th-Holland Biomedical Press, Amsterdam,

d P A Seib.  In press!. Ascorbic acid and the growthKrame r, K. J. and P. A. e i
and deve opmennd d l 't of insects Pages 275-291, in P ~ A ~ Seib
B ~ Hs Tolbert  Eds. !, Ascorbic Acid: Chemistry, Metabolism
and Uses,d 0 Advances in Chemi s try Series No. 200y Amer
Chemical Society, Washington.

L d W E H E H Hartin and C, Gs Crawford. 1977 ~ Functions pfLands d W ~ E ~ ~ I ~ ~ 2
lyunsaturated fatty acids: biosynthesis of prostaglandins.po yunsa u Y

Pages 193-228 in W ~ H ~ Kunau and R. T. Holman  E s.!,
Po lyunsa tu ra ted Pa t ty Acids, American Oil Chemists Society,
I l li nois.

Levi neon, v ~ H ~ 1962 ~ The functions of dietary sterols in phytophagous
insects. Journal of Insect Physiology 8:191 � 198.

HcPar lane, J ~ E. 1976. Vitami n K: a growth factor for the cricket
 Orthoptera: Gryllidae! . Canadian Entomologist 108: 391-394.

Head, J. F. 1970. The metabolism of the polyunsaturated fat.ty acids,
Progress in the Chemistry of Pats and Lipids 9:161 � 192.

Newburg, D. S. and L. C. Pil!ios. 1979. A requirement for dietary
asparagine in pregna~t rats. Journal of Nutrition
1 09: 2190-2197 ~

RObbi ne, W, E ~, J . N ~ Kapla ni s, J. A. SvObpday and H. J. ThOmpsorJ.
1 9 11 . Steroid me taboli sm i n insect.s ~ Annual Review of

Entomology 16: 53-72e

Sang, J. H. 1978. The nutritional requirements of Drosophila. Pages
1 59-191 in M, Ashburner and T. R. F. Wright  Eds. !, The
Genetics and Biology of Drosophila, Volume 2a, Academic

Press, New York.

Singh, K. R. P. and A. W. A. Brown. 1957. Nutritional requirements of
Andes ~ae y ti L. Journal ot Insect physiolosy 1:199 � 220.

Stanley-Samuelson, D. W. and R. H. Dadd. 1981. Arachidonic acid and

other tissue fatty acids of Culex pipiens reared with various
concentrations of dietary arachidonic acid, Journal of
Insect Physiology 27: 571-578.

Stanley-Samuelson, D. W. and W. Loher. Arachidonic acid and other
long-chain polyunsaturated fatty acids in spermataphores and

pr os tag lan din-medi a ted re p r oductive behavior, Journal of
Insect Phys i o logy, i n pres s.

Svoboda, J. A. and H. J. Thompson ~ 1974 Unusual composition of
s te r o ls i n a phy toh agous insect, mexican bean beetle reared
on soybean plants. Lipids 92 752-755

Svoboda, J. A., E. W. Herbert, H. J. Thompson, and H. Shimanuki s 1981 ~
The fate of radiolabelled C >< and C29 phy toe terols in the ho-
neybee. Journal of Insect Physiology 27: 183-1BB.

54



$vobodaJ ~ A.,s.J.Thompson,W ~ E.Rohhi ns,and J ~ N ~ Kap lani s
1978. Insect steroid metabolism. Lipids 13:742-753.

T i n o c p J R . B a b c o c k, I ~ W i n c e n be r g s
and J. A. Wi 1liams. 1979.
Lipids 1 4 166-1 73 ~

B. MedwadOwSki, P. Nil j afliCh,
Li no le ni c aci d de f iciency.

$ l 9 74 ~ Po lyunsatutated fatty acids in the nutrition of
pi e r i s b r a s s i c a e   Le p i d op tera } . Anna les zoologici Fermi ci
1 1: 300-303.

Turunen, S. 1976. Vitamin E: ef feCt ofl lipid SyntheSiS and
a ccu mu la ti on of 1 i no le nate in Pier is brassicae. Annales
Zpologici Fermi ci '1 3. 148 � 152

Marrewijk, w J ~ A and D. I. Zandee ~ 1975. Amino acid metabolism
of Astacus leptodactylus  Esch.!. II. Biosynthesis of the
fi o n � e s s e n t i a l a m i n O a c i d s ~ C O m p a r a ti ve BiOchemi s try afld
Physiology 50B: 449-455.

J, C. and T ~ 0. Yellin. 1973. L-asparaginase: a reviewi
Advances in Enzymolgy 39.185-248.

g D ~ 1 9 7 5 ~ Zum 1 ipidmu ster de r PhO tore Z ep tOre n vofl lnS ek ten
verhand lungen der deutschen Zoologi schen Gesel lschaf t
67: 28-32

$ vo boda, J - A- J ~ I ~ Kap lani s, 1N- E. Robbins, and H. J. Thompson.
Recent dove lopmen s in iflsect steroid metabOliSm ~

Annual Review of Entomology 20: 205-220,





USTACEAN NUTRIT 0





F EED INC AND 6 ID EST ION IN DECAPOD CRUSTACEANS
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The feeding mechanisms and digestive physiology of decapod
crustaceans are reviewed. A variety of cephalic and thoracic appendages
are utilized for food capture, but feeding is essentially either setous
or raptorial. Ingestion is facilitated by mucoid secretions discharged
by the oesophaqeal tegumental glands. Food in the stomach is reduced to
a semi-fluid state through the concerted mechanical and chemical effects
of the gas tric mil 1, digestive enzymes and emulsifying agents. The

stomach contents are then sorted by setous filtration processes, fluid
a nd mi c r opa r t ic u la te ma te r i a 1 en t.e r ing the hepatopancreas for the
further stages of digestion, residual substances passing directly to the
midgut. Wi thin the hepatopancrea tie tubules embryonic cells
differentiate either into resorptive or into fibrillar cells, the latter
i n turn maturi ng to form secretory cells. Secretory cells release
enz ymes by ei ther ho locri ne or me rocr inc mechanisms for the
extrace! lular stages of digestion ~ Horocrine discharge is followed by

restitution process which replenishes secretory ce 1 ls. The absorpti,on
of luminar nutrients, and possible contact  membrane ! and i ntrace 1lular
digestion, in the hepatopancreas are discussed. Nutrient absorption is
a lao ef f ected in the midgut. and may involve enzymes secreted by the
midgut diverticula. Waste materials are compacted as they pass through
the mid- and hi ndqu t, tegumental gland secreti ons in the latter region
assisting in binding and eliminating the feces.

Keywords Decapoda; feeding; digestion; enzymes; emulsifiers;
oesophagus; stomach; he pa to pancreas; midgut; hindgut .

I HTRODUCT ION

The class Crustacea comprises a diverse group of archropods with a
wide range of feeding methods. Primitively all groups are filter
f ceder s, trapping sma 1 1 parti c les wi th setae borne on the body
appendages. This method is characteristic of larvae, branchiopods,
ci r ripedes, copepods, ostracods and shrimp-like farms in several
malacostracan groups i In many more advanced Halacostraca, however, the
anterior appendages are specialized for raptorial feeding, the food
being seized and mechanically fragmented bef ore it is ingested. Setous
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and raptor ial ee ing me1 f ed i ng me thods are the 1 wo basic types found within
Crustacea, alt oug1th h there are highly modif ied ecto- and endoparasi tie
f orms, sue as >eh t1 Branchiura with piercing and sucking mouthparts
the rhizooepha lan Ci r riped ia in which the gut is comple te ly Los t
nutrients are a sort bs rbed across the surface of ramifying outgrowths of
body wall  Cheng 1964!.

Studies of feeding and digestion in Crust.acea have principally been
concerned with Decapoda, a predominantly marine group which accounts for
some 30% of the known crustacean species and includes many iorms of
commercial value to man. The present paper reviews current thoughts
the digestive processes of decapod crustaceans.

FOOD AHD FEEDIHG MECHANISMS

The sca venged diet typica 1 of many de ca pod speci es, par ti cu la r l y
among s t the Rep ta n t i a, is well summarized by jackie ' s   1973 !
that "a wide va ri ety of materials, ranging f romsmoked cormorant to
canned cat food, can serve as bait" for catching lobsters and crabs.
Many scavenging Eorms are also broadly omnivorous and readi. ly feed upon

va rie ty of both plant and animal material. In other s, howe ver, the
diet is bi.ased towards f les h or vegetation. Primarily herbivorous
habits are in fact uncommon amongst the higher Crustacea, although found
in forms such as the crab ~Bir us, wh'ch feeds on coconuts  Barnes 1966!,
a nd a spe ci es of Se sar ma, which climbs marsh � grass to feed upon the
seeds  Day 1974!. Commonly scavengers are also opportunistic predators
a nd pr e d a c e ou s h a b i ts a r e ty pi ca 1 of many natantic decapods. Both
predatory and sca ve ngi ng for ms, whether omnivorous, carni vorous or.
herbivorous, largely rely upon raptoria.l feeding mechanisms to obtain
their f ood. The f i rs t three pairs of thoracic limbs  pereiopods ! in
deca pods a re typica 1 ly modi f i ed for food capture. In the Hatantia
{prawns and shrimps! any one of all of these pairs of pereiopods may be
che late or they may be slender and lack chelipeds, whereas in the
Reptantia  crabs and lobsters! the typical large crusting chela or claw
is de ve loped on the f irs t pe re iopod. Raptorial feeders either seize
their food directly with the mouth parts or first grasp it with their
chelae and then pass it to the oral region. The mouth parts comprise an
array of paired maxillae, eaxillipeds and mandibles which act together
to reduce larger food fragments to a size suitable for ingestion ~
Amongst natantic forms the food is apparently chewed to a finely
particula te size by the mandibles before i t is swallowed, but in the
Reptantia food is more coarsely shredded and large fragments are
ingested intact. Barker and Gibson [1977! showed that in Homarus the
mandibles do not actually possess a masticatory function but merely grip
food material as it is tom apart by the pulling action of the third
maxi 1 1ipeds. The remaining maxillipeds, together with the maxillae,
then direct food fragments to the mouth for swal.lowing.

f' Hot all decapods employ raptori al mechanisms and many spec' es are
ilter feeders. Particulate matter is collected and sif ted by chitinous

Betae and bris tl les borne on a variety of appendages before it is passed
to the mou th. F or example, hippid mole crabs and the hermit crab
~hio enas strairl particles from the water with their feathery antennae,
anomurans such as Pachycheles and Porcella trap plankton with their
maxi l 1ipeds, ga lathean and porcelain crabs scrape up and f ilter bottom
depos its with ion seg tae on their third maxillipeds, and ghost shrimps
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  Ca! j zanassa ! and m»d shr x mp  Upogebra ! use setae on thea r pe rexopods to
f liter sedi ment s and water respectively before further sif ting is
acco'mp li shed by the i r mouth pa rt s   Ba mes 1 968; Schaef e r 1 9 70; Keg li tsch
1972 ! . Fz ] ter f eedi ng is also likely to be the principal method
employed hy larva 1 st ages, as in Penaeus where the maxi mum f i lteri ng
e f f j cipncy i s reached a t the mys is s tage   Emme rs on 1 9 90 ! ~ Hos t f i 1 ter
f cede rs a re probably unse lecti ve microphagou s omni vores, but some degree
of food sP l ection may take Place as demonstrated f or certain sPecies of
copppods and branch i opods  Meg 1 i. tsch 1 9 72; Marshall 1 973 ! .

MORPXOL KY AND PHYSIOLOGY OF THE ALIMENTARY TRACT

The alimentary tract in decapod crustaceans is divisible into three
reg i ons; these are the f ore gut, or ectodermal origin and further
subdivided into an oesophagus and a two-chambered stomach, the
endode rma1 midgut with its vari ous caecal or d i ve rticu la r de ri va t ives,

the hindgut, which is also embryologically derived from ectoderm.

Oes o phag us

The oesophagus is essentia lly a short tubular structure whose
pr j ma ry f unct i on i s to conduc t food material from the mouth to the
stomach The oesophagea 1 wall. is folded and composed of a columnar
epithelium overlain by a thick chi tinous layer divided into outer
homo ge n e ou s ex ocu t i cu la r a nd i n n e r, of ten hor izonta1 ly laminated,
endocuticular zones. Erri Babu et all. �979a! showed that in the crab
Xantho these exo- and endocuticular layers are composed of elastin and
collagen respec ively, The thin outer epicuticle is in some species
developed into spines whose purpose remains uncertain.

Embedded in the connective tis sues surrounding the oesophagus are
large numbers of spher ica l tegumental glands. Each gland is composed of
conical cells arranged around a central collecting chamber, from which a
slender duct leads through the epithelial and cuticular layers to open
i nto the oesophagus. The glands have variously been described as
salivary, digesti ve, lubricatory, or responsible for the deposition and
subsequent maintenance of the oesophageal epicuticle. Studies by Barker
and Gibson �977, 1978!, Shyamasundari and Hanumantha Rao �978! and
Krri Babu et al. �979b !, among others, have shown that a considerable
a mount of ac i d mucopo 1ysacchari,de material is always present in the
glands, even in starved animals. Barker �976! suggested that during
f eedi ng compress ion of the glands, due to contractions of the
oesophagpal musculature and the labrum being raised as the mandibles are
opened to re ce i ve f ood, cou 1 d res u lt i n the gland contents being
e xpe 1 led in to the oe soph age a 1 lumen. In those Decapoda which only
coarsely shred their food before ingestion, such mucoid substances would
clearly facilitate both swallowing and the subsequent passage of larger
food fragments along the oesophagus. In forms where the food is
ingested in a finely particulate form the mucus could also entangle the
partic les and f orm a f ood s tr i ng. The abundance of tegumental glands
around the anterior portion of the oesophagus supports these
sugges tions.

Other subs tances identi f ied in the tegumental glands: acid
Phosphatase, adenos inc triphosphatase  Barker 1976!, sialic acid,
hyaluronic acid, and glycoproteins  Shyamasundari and Hanumantha Rao
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�978' arri Babu et al 1979b!, are probably in some way involved wi,th
the synthesis of the mucopolysacchari des. Sugges tions that the glands
may pr uce an secre e mod d secrete amylases  Vonk 1960! are not subs tantia ted and,
although Erri Babu et al. �979b! stated that "Due to the acidic nature
of the gland secretions, they may play a role in digestion", there is
certain evidence at present that the osesophageal tegumental glands
possess any di ges ti ve f unction. Whether or not this is true f or a 11
decapods, however, remains to be determined.

Stomach

The. decapod s to ma ch typi ca 1 1 y corn pr ises anterior cardiac and
posterior pyloric regions. Much of the cardiac portion forms a large,
thin-walled and flexible chamber, but its posterior half and the pyloric
region are reinforced by a complex of ca lcif ied chitinous os sic les and
plates, some of which bear teeth and constitute the trituratory gastric
mi 1 1, The f unctional morphology of both regions has been described on
many occasions te. gs f Schaef sr 1970; Powell 1974! and a detailed
account of the gastric ossicles, musculature and neural supply is gi ven
by Haynard and Dando �974!.

The degree of development of the gastric armature depends upon the
efficiency of the feeding mechanism  Reddy 1935! . Thus in forms which
i nges t. f i ne ly chewed f ood, the gas tri c mi l, 1 is not especially complex,
whereas in species swa 1 loving large food f ragme nts the mill is
c or responding l.y we 11 deve loped. Reddy concluded that the combined
ef ficiency of the internal and external masticatory str~ctures remained
more or less constant irrespective of the species concerned ~

Af ter trituration, the particulate food matter is then sorted and
f iltered. In simple forms, such as penaeids, this is performed in the
pyloric s t.omach and the two stomach regions are separated only by a
constriction. In the more advanced Reptantia, however, the process is
more complex and some provisional sorting is effected by setae and
grooves in the cardiac region. Larger food fragments are retained f or
further trituration, while smaller or intermediate sized material passes
through the cardio-pyloric valves into the pyloric chamber. Here the
food is further reduced in size and sor'ted Oltimately the smallest
particles < less than 100 nm diameter, Hopkin and Nott 1980!, together
wi th the the f lu id s toma ch cont ents, ar e di rec ted towards the
hepatopancreas, vhi 1st the remaining material is passed via other valves
into the midgut. Schaefer �970! found that adaptations to different
diets are ref lected in the type and distribution of stomach setae; a
finer filtration mechanism occurs in forms such ad ~Upo shia, which feed
on very small food particles, than in species which ingest larger food

The stomach thus possesses two main functions; it reduces inges ted
f ood to a s lurry, thereby increasing the surface area of material
a vai lab le for enzymic acti. on, and it sor ts the tr i tu ra ted contents so
that a I I but the s ma Iles t particles are prevented from entering the-'
hepatopancreas ~ As f ood is f ragmented in the stomach it becomes
intimately mixed wi th diges ti ve juices, secreted by the hepatopanct ease
which contain a vide range of digestive enzymes  Gibson and Barker 1979!
a nd thei r hydr olytic ef f ect supplements the mechanical breakdown
achieved b the asty gastric mi1 l. The juice also contains emulsifyingsubstances which la anp y n important part in the digestion and absorption



dietary f a ts ~ The s tomach is therefore also the center for the0-
e>trace 1] u lar. stages in diges tion. It is the hepatopancreas, howeve r,

is regarded as the digestive organ.

Hepatopanc rea s

Despl. te views to the contrary   Van Weel 1974 Dal 1 1 981 ! the term
hepa topa ncreas is here retained for the de capod diges ti ve organ. The
anatomy of the s tructure and i ts involvement in diges tion have recently
been extensively reviewed by Gibson and Harker �979!.

The hepatopancreas, occupying much of the cephalothoracic spacer
compr i ses a pa i r of extreme ly we 1 1 de ve loped midgut. appendages
elaborated to form a large but compact complex of ducts and blind-ending
tubu les . Each half of the organ, usually composed of two or three

va r i ous ly ope ns i nto the anterior part of the midgut, at the
7 un ct ion be twe en py 1 or i c s to mach and midgut, or i n to the py lori c s tomach
itself, depending upon the species. The tubules are lined by an
epithelium in which four cell types can be recognized; these are widely
!known as the E-  embryonic or undifferentiated!, F-  fibrillar!, R-
<resorptive or absorptive! and 8-  secretory! cells ~ The relationships
between these various ce l, 1 types have attracted much attention and not a
] i ttle disagreement. The cur rent unde rs tanding of cellular
di f ferentiation in the hepatopancrea tie tubu les of decapods is
summarized in Figure 1.

merocrine
eecretion

sormal stimulation

~ ~holocrine
secretion

I ate%st Stlmu4t ton

Figure l. Di agraxrmiatic representation of thc sequence of cellular di f-
ferentiation in the hepatopancreatic tubule epithelium of
decapod crustaceans. The various cell relationships are dis-
cussed in the text.

Ultrastructural and histochemica1 studies indicate that each cell
type possesses its own specific roles in the funcf unct ioni n of the

"epatopancreas . K-cells undergo cytoplasmic differentiation as they
migrate proximally down each tuble, giving rise either toher to F- or R-cells.

Fibri liar F-cells, so ca 1 led because they appear striated i n
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thee rze di ges ti ve enz ymes and seque s tQ rhistological preparati.ons, syn e i
l which enlarges by pinocytic intakethem in a supranuc lear vacua e w i

d f I ds" �oizzi 1971! ~ ft. is the F-cells whichluminal nutrients and ui s
thus become trans forme in of d nto secretory B-cells. These are the largest
of the cell types an c ara<d haracteristically contain a single enormous

vacuo le wh i ch may occupy
80-90'n of the total cell volume  Barker

Gibson 19 i. -ce77! B- ll secretion has variously been reported
ocrine or merocrine. Loizzi �966! concluded thatholocrine, apocrine or m

f the vacuolar contents occurred in either an apocrine or ali be ration o
merocrine as ionf h' on under normal circumstances, i ~e., when an animal is
f ed regular ly without inter vening periods of star va tion, but. that
intense stimulation of feeding subsequent to a prolonged fas t led tp
holocrine secretion ~ Barker and Gibson �977, 1978! found that the
f i r s t wave of B-ce 1 1 secre ti on was holocrine, but that subsequent
secretory phases in the di,ges tive cycle were accomplished by
mechanisms. Unless secretion involves the total liberation of the cell
  i,e,, holocr inc di schar ge !, pos t-secre tory B � cells must either
u 1tima tely degenerate and/or be voided from the epithelium or become
reconstituted. Gibson and Barker �979!, in commenting that the "l,oss
of the secretory vacuole via a me rocri ne mechanism should leave a
s tructure remi ni scent of a young F-ce 11", subscribed to earlier
hypotheses that B-ce 11 replacement occurs via a restitution process.
This process depends upon a mechanism directly analogous with the way in
which F-eel ls produce and sequester enzymes as they evolve into B-cells.
In recent studies on Carel nus, however, Hopki n and Not t �980!, whi 1s t
agreeing that B-eel ls are deri ved f rom F-cells, do not subscribe to the
B-cell res titution theory. Further, they do not agree that B-cell
va cuo les f orm a s tore of digestive enzymes, suggesting instead that
"these vacuoles are a means of packaging waste products of digestion for
removal from the hepatopancreas" since most of the vacuoles af ter being
l i be rated remai n intact until voided with the feces. Hopkin  pers.
comm, ! suggests that B-cells are involved in digestion during the first
12 hours of the digestive cycle in Carcinus, but that this is ef fected
in the apical channels of the cells. If Hopkin and Natt's inference is
correct, the ques ti on remai ns as to what is the source of the
ex trace 1 lular ly acting enzymes present in the gastric jui.ce It is
possible that the fate of B-cells may depend upon the stage in the
digestive cycle. Enzymes are released into the gas tric juice f rom the
hepatopancreas in three waves during the f irs t 12 hours af ter feeding
  Ba rke r and Gibson '1 977, 19 78 ! ~ B-cells extruded into the
hepatopancreati c lumen and supposedly containing waste material, as
sugges ted by Hopkin and Not t �980!, are found af ter this 12-hour
pe riod, i. e ~, when extracellular digestion has been accomplished and
there is no fur ther need for active enzymes in the digestive juice ~
B-eel le may theref ore possess a dual role. At first their vacuoles
contain enzymes, synthesized by their F-cell precursors, available f or
secretion and extracellular action if the presence of a meal so demands ~
Once extrace l lular diges tion has been completed, however, the synthesis
of additional enzymes for this purpose, whether directly by F-cells or
via the restitution mechanisms, becomes a superfluous process and the
cells, by some physiological switch as yet not demonstrated, alter their
r ole to that ot of was te e limi nation. That sequential cellular
dif ferentiation ccontinues in starved animals and apparently produces an
eXCeSS Of 8-Ce l ls wi thh intact secretory vacuoles appearing amongst the
hepatopancrea tie and gut. Lumen contents even when no food is presents
may support or negate this hypothes is depending upon the view of the
L ndi vldua 1 ~



The tour th type of hepa topancr eat i c ce 1 l, the R-eel 1, appears to be
understood and it is generally agreed that its function is to

nutr ients and stare and me taboli ze lipid and carbohydrate
materi ale. There is also evidence that the la ter, alkaline, phases of
diges tion are completed intracellularly within R-cells  Barker 1916;
Barker and Gibson 1 971, 1 9 78!, wh i ls t the various enzymes located at the
brush border may be involved i. n the uptake of nutrients f rom the tubule
lumen through contact  membrane! digestion  Ugolev and Lacy 1973! being
followed by molecular transport across the microvi liar membrane  Gibson

Barker 1979!. Acid mucopolysaccharides at the same location may act
su r f ace bi nd i ng age nts and i n some way be concerned with the

pi nocy t,i c or phag ocyti c uptake of intraluminar materiaL  &homin and
Rangneke r 19 74 ! ~ Hopki n and Nott   1 980 !, however, comment that because

h cpa ta pa n c r ea t i c tubu les in Carcinus are lined by a peri trophic
membr.a ne, on ly the molecular and soluble products of digestion could
come into contact with the absorpti ve surf ace of the epithelial cells.
zt may be, therefore, that some correlation exi.sts between the detailed
mechanism of nutrient uptake by the R-celLs and the presence or absence
of a peri trophic lining at the microvil ious cell surface.

Van den Oord �966! sugges ted that the emu ls if ying agents present
i n decapod ga s tri c j uice were of endogenous hepatopancreatic origin.
However, the cells responsible for the synthes is of these emulsifying
agents are not known. Gibson and Barker �979! considered two
possibi li ties; that they are produced by F-cells along with the
diqes ti ve enzymes and secreted by mature B-cells, or that they are
synthesized in the lipid-rich resorptive cells and released as the older
R-cells degenerate and rupture. They' concluded that the R-cell
e xplana ti on appeared a more plausible one. Certainly older R-cells,
e speci a 1 ly i n the pr oxima 1 tu bu le regions, do break down and rupture
and, if one accepts the premi se that biological processes have evolved
largely so as not to be materially wasteful, then released R-cells
remnants may be presumed to serve some purpose,

Dur ing diqes tion, there f ore, enzymes and emulsifying agents
synthes ized and secreted by hepatopancreatic cells pass into the
pyloric, and thence to the cardiac, stomach, where they act
extrace 1lular ly in con j unction with the mechanical processes of the
gastric mi 1 1  Figure 2 ! . The resultant semi-f luid mixture is
subset ue n t ly s i f ted by s tomach setae, soluble and microparticulate
cons ti tuents enter i ng the primary hepatopancreatic ducts through
addi tiona l f iltration devices located at their entrance. Within the
hepatopa ncreas, di. ges tion i s completed by a combi na tion of extra- and
intracel lular processes. The movement of material out of and into the
hepatopancreas is ef fected by contractions of the musculature
surrounding each tubule. These contractions are especially vigorous
when a previously starved animal is f irs t f ed, and at. such times the
movement of the muscles is also conducive to holocrine B-cell secretion
associated with this stage of the digestive cycle  Loizzi 1966!.



Schematic representation of the decapod alimentary tract and
its associated structures, summarizing the current concepts
of the digestive processes occurring within the various re-
gions. For convenience the hepatopancreatic B-cell restitu-
tion phase is shown as involving F-cells; see Figure l and
the text for an explanation of this staqe in the digestive
cycle.

Figure 2.
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The endoderma 1 midgut is short in mos t decapods and usually
accounts f or less than 50% of the post-gastric tract. In others,
howe ver, it i s extremely long and in Homarus, for example, comprises
nearly 851 of the intestinal length  Barker and Gibson 1977! ~
Essential ly this qut region forms a simple straight tube, enclosed by
ci rcu la r and long i tudi na1 muscles, lined with a columnar epithelium
which possesses a mi crovi llous border and ultrastructurally resembles
other transporting epithelia  Nykles 1979! ~ It usually bears unbranched
caeca or diverticula, arranged singly or in pairs  Smith 1978!, which
typica l ly open a t or near the j unctions be tween f ore- and midgut and
mid- and hind t.gu . The caeca, which may be as l.ong as or lonqer than themai n midgut regi on, resemble the main tract histologically although
the i r muacu la tu re i s normal 1 y reduced ~ His tochemica 1 inves tiga ti one
have identif ied a numbermbe of enzymes in the midgut and caecal e ithelia
particularl in thp ' a y in the distal cell cytoplasm  Barker 1976! . Since t ese
enzymes are generall not r . ince these

nera y not demonstrable in starved individuals Barker
conc luded that the werey were indicative of nutrient uptake from the gutlums n. Per f usion experiments b seve ay r 1 workers  e.g. Abeam and' ss > Brick and Ahearn 1978; Nykles and Ahearn 1978! supportis conc lusion. Int race l l u la r aci aar acid and alkaline phosphatases exhibitot a spatial and a tern oral se
1976! p a separation in the midgut wall  Barker6! and these enzymes in oother invertebrate grou s ar' echaracteristically associated with the earl a p e

e wi t e early acidic and late alkalinein race ular diqestion respectivel . It
ps

phosphat.ases k
c s o igestion are acccm lished bp ' e y the midgut wall ~ Alkalineare n own to be involved io ed in the active phosphorylati ve



of me tabo l i tes across epithelial membranes  e.g ~, see Saev
1 963 ! and f orm a n acti ve zone at the microvillous surface of
hepa topa ncreatic ce 1 ls; the i r abse nce f rom the midgut brush borde r may
the ref o re i nd i ca te tha t nu tr ient uptake f or i nt race 1 lula r di ges ti on here
is passi ve rather than active.

The midgut caeca presumably ser ve mainly to increase the ef f ective
absor'pti ve surf ace area of the midgut ~ Hol li day et al ~   1 980 !, however,

that f luid secre ted by the caeca in Cancer contains low levels of
amy] olytic and proteo lytic activi ty. since the rate of f luid production
is unaf fected by feedi ng> they conclude that any enzymic involvement in
 extracellular?! digestion is minimal.

Other f unctions of the midgut and i ts caeca i nclude the synthesis
secretion of the peri trophic membrane and the transport of ions and

water  e.g., see @hearn et al. 1977; Nykles 1979!.

Hindgut

The decapod hindgut has recei ved comparatively little attention and
mos t work on i t re la tes to the tegumental glands of its surrounding
connective tissues In general there appears to be an inverse
relationship between the lengths of the mid- and the hindgut.

The hindgut lining is composed of a columnar epithelium overlain by
thick ch i ti nous cuticle; in some species the cuticular surface is

studded wi th mic rot rich ia   Pugh 1 962!. Most of the genera so far
investigated possess longitudinal ridges in the cuticle which protrude!
to varyi ng degrees, into the gut lumen. These ridges house longi tudi na1
muscle bands. Circular muscles are also usually well developed around
the hindgut, particularly in its more posterior regions. The lack of an
anal sphincter is apparently compensated by the na tural elastici ty of
the chitin.

The hindgut apparently serves mainly as a region for the compaction
and transportation of fecal material, although water and ion movement
across its wall have been demonstrated, for example, by Bailey �977!.
The mucopo lysacchar ide contents of the hindgut tegumental glands are
presumed both to assist in the binding of fecal matter and to facilitate
its movement  Barker 1976! . Mucus discharge from the glands appears to
be caused by the peri s taltic contractions of the gut musculature,
Enzymes identif ied in the glands  Barker and Gibson 1977, 1978! are
believed to be conce rned with the proces ses of mucu s synthes is and are
not digestive in nature

CONCL US T PN

Figure 2 summarizes our current understanding of the digestive
processes occurring in decapod crustaceans. Certain aspects of these
processes are both wel I es. tab li shed and wide ly accepted r f or example,
there is no di sagreement as to the importance of the hepatopancreas  or
whatever one chooses to call it! in digestion, nor is there any doubt
that food material in the stomach is reduced to a semi-fluid state
through the combined ef fects of mechanical and enzymic activity, Other
aspects, however, are subject to much discussion and speculation, of ten
with conflicting data. In the hepatopancreas, for example, do B-cells
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CR [ JSTACRAN 8 I OENFRG ETICS:

THE ROLE OF ENVIRONNFNTAI. VARIABLFS AND

DIETARY LEVELS OF MACRONUTRIRNTS ON

ENERGETIC EFFICIENCIES

Judith N. Capuzzo
Woods Hole Oceanographic Insti.tution

Woods Hole, Nassachusetts 02543

Aquaculturi st.s have been interested in optimizing the growth of
various crustacean species in their' attempts to develop commercially
vi able methods for cult i vation. Crucial to optimization of crustacean
growth is an understanding of energy parti ti,oning and metabolic
utili.zation of various dietary constituents by crustaceans, as metabo'ic
responses are important determi.nants of the physiological processi.ng of
calories and nutrients ~ Studies deali.ng with the ef fects of diet on
gr owth and ene rge ti c e f f i cienci.es of various crustacean species are
reviewed, wi th particular emphasis on several species of Homarus,
Nacrobrachi.um and Penaeus ~

Utilization of a dietary component for energy ~eeds is af fected by
the dietary level, the crustacean's ahi lity to catabolize that substrate
and the availabi.lity of other dietary consti.tuents as sources of energy.
Protein uti.lization and the protein sparing action of dietary lipid and
carbohydrate have been investigated for several species of crustaceans.
Decreased rates of protein catabolism and increased protein efficiency
ratios were observed in Homarus and Nacrobrachium fed diets with lipid
and/or carbohydrate levels as energy supplements. In studies with
Penaeus, the rate of protein cataboli.sm and the dietary protei.n levels
that promoted optimum growth were af fected by the total energy content
of specific diets. Other dietary constituents that have been shown to
have a si.gnif icant impact on attempts to def inc energetic ef f iciencies
include essential fatty acids and f iber  cellulose! content. The
comparative bi.oenergetic aspects of crustacean nutrition are discussed.

Key words: Crus taceans, Bi.oenerge ties, Energeti.c Ef f iciencies, Homarus,
Nacrobrachium, Penaeus, Procambarus, Protein, Lipids, Carbohydrates.

INTRODUCTION

Aquaculturists have been interested in the nutrition and growth of
commercially important decapod crustaceans in their attempts to find
s ui tab le methods f or commercial cultivation. The use of f ormulated
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culture may minimize the cost of feeding inf eeds in cr us tacea n aquacu articular ly if diets were formulated fromcommercial operations, par icu
f f h' le expensive components such as protein werelow-cost feedstuff s, w i el. Cruci.al to the optimization of crustaceankept at a minimum le ve of energy par ti tioning and metaboli cgro»th is an understanding o en

utilization o various ief d tary constituents by crustaceans.

Metabolic responses o crus acf rustaceans to various components of their
diet are important e et de te rmi nants of the physiological processing of
calories and nutr ients annd t. ents and may provide an i ndex of the ef f Ici.ency o f
energy uti li zation an1 t n and the growth promoting potential of a speci f i c
diet. These responses maTh esponses may be f ur ther modi f ied by environmental
va r i ab le s such as empeh as temperature water quality, the daily ratio and

f f ed ng Studies dealing wi th the ef fects of envi,ronmentalfrequency o e ing.variables and dietary levels of macronutrient constituents on growth
energetic efficiencies are reviewed, with particular emphasi.s gi.ven to
several species of Homarus, Nacrobrachium and Penaeus and the
comparati ve aspects of crustacean bioenergetics.

GENERAL ASPECTS OF BIOEÃERGETJCS

The bioenerqetics and growth of an organi.sm can be defi.ned through
the construction of an energy budget, where the energetic fate of food
consumed is quant if ied in termS of calOriC equi Vale ntS ~ A Schemati c
diaqram of the energy budget devised by Warren and Davis �967! is
presented in F'ig. 1. Some of the enex'gy value of the food consumed  QC!
is lost through unassimilated materi.als  QU!, nitrogenous waste products
 Q ! the energy demands of metabolic mai ntenance  Q>+ Qg and

Ubehavioral activities  QA! y the net energy gain is channeled into growth
 QG! . In crustaceans, energy losses associated with molting  QQ must
a iso be cons ider ed and include both the losses of enerqy reserves
metaboliz,ed during molting and the shed exuvia. Although metabolic
costs of the actual moltinq proces may be high, values for Q< have been
found to be small components of the overall energy budget of crustaceans
 Logan and Epifanio 1978; capuzzo 1979! ~

The energy metabolically uti.li.zed or released  Q < + g +Q ! can be
summarized by the symbol QR, and the energy lost through waste products
 Q ! + Q U! by the symbol Q< Thus, the following simple equation can be
deri ved:

QC � QW QR + QG

Using various components of the energy budget to calculate
energeti.c ef ficiencies, the following parameters can be deri,ved  Ivlev
1945!:

Gross Conversion Ef f icienc Kl = QgQC

Net Conversion Efficienc K2 ~ Qg QC-QU! ~
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Figure 1. Schematic diagr~ of the energy budget devised by warren and
Davis �967!.

Es tima tes of K 2 are impor tant when the assimilation ef ficiencies of
crustaceans f ed various diets differ greatly, resulting in different
energy yields f or metabolic processes and growth; K values, however

2 Y
are not rOuti.nely meaSured in aquaculture Studiee.

The consumption of food by an organism results in an increase in
Oxygen cOnsumpti.On  g J and heat prOductiOn; thiS i.ncreaee is terllled the
specific dynamic action and is related to the cataboli.sm of biochemi.cal
substrates ~ Energy lost through catabolic processes may vary with the
util, ization of dif ferent diets by crustaceans, thus resulting in
s igni f i cant di f fe rences i.n the channeling of energy towards growth and
dif ferences in energeti.c ef ficiencies.

From a practical s tandpoi nt the energetic efficiencies of food
utilization in commercial aquaculture operations are not based on the
construction of energy budgets but on the amount of feed offered and the
resulting yield of new bi.omass. Food Conversion Rations are calculated
as follows:

Food Conversion Ratio FCR F

4W
whe~e, F = dry weight of feed offered and 8 = change in wet weight gain;

Normalized Food Conversion Ratio FCR' F

where food conversion ratios are normali.zed to include losses attributed
to mortality andf

F = dry weight of food offered  grams!,
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initial wet weight of population  gr
l

final wet weight of population  grams!, and
h t f anima ls los t f rom the population  grams.wet weight of anima

Venkataramiah et al. 1975!.
based on va luce for food conversion ratiosEnergetic ef ficiencies ase

rgy losses related not only to the metabolicinclude estimates of energy oss
nism but also losses related to uneaten food andexpendi tures of an organism u

leaching of nutri en s romts f rom uns table pelleted feeds, Although the
onversion ratio is technically more accurate,normalized f oo con ve rs i

aqua culturists are pri mariprimari ly interested in the overall ef fici ency of a
particular ee al f d nd general ly calculate food conversion ratios by the
simplified version of the equation ~

Va luce or l grf r rr.  gross conversion effficiency! may also be calculated
orl a we i. g ht basis where equiva lent values for calori.c content of
speci i e eef d f ed and the organism are assumed. These values are
calculated from the following equations:

QW
l

C
where, 4 W wet weight gain  grams! and

C ss dry weight food consumed  grams!,

or K  Palaheimo and Di.ckie 1966!,
R4T

where, W wet weight gain  grams!,

R food rations fed per uni.t time  grams per day! and

QT ~ ti.me  days! .

Food convera ion ratios and energetic efficiencies of decapod
crustaceans are presented in Table I ~ Although values for FCR and y
varied with temperature  Bartley et al. 1980!, ration size  Sedgewick, l

1979a; Bartley et al. 1980! and dietary cons ti tuents  Venkataramiah et
al. 1975; Balazs and Ross 1976; Colvin 1976a; Clifford and Brick 1979;
Nillikin et al. 't980; Read 1981!, the intraspecifi.c variation i.s greater
than the interspe ci f ic comparison. The low values of FCR �.3-0.5!
measured for penaeids fed a diet of Artemia nauplii  Brand and Colvin
19771 COlvin and Brand 1977! may reflect the lOw Wastage associ.ated with
this diet in compari son with formulated feeds, rather than improved
energet.ic ef f iciencies alone ~ Energetic efficiencies of lobsters
 Kommrus americanus! based on the calculation of energy budgets do not,
reflect great di f ferences between lobsters fed Artemis and those fed
formulated feeds  Logan and Epifanio 1978; Capuzzo 1979; Bartley et al ~
1980 ! ~

Ra r t ley et a 1 .   1 9BO! f ound that at a constant terrrperaturef
energetic ef f iciencims of H. ameri.canus decreased vi.th i.ncreased daily
rstron size and suggested that~arger ratios stimulated greater feedrng
activity and higher metabolic expendi tures. Lower ef f iciencies might
also result f rom greater wastage of larger ratios. Smaller rat~os
requi red less pos tabsorpti ve process i.ng, resulting in higher
ef f iciencias. Sedgwick �979a! found that growth rate and uti.lizati,on

frequency but values for FCR declined wi.th increased body size and ratio
s ized relative decreases in ef ficiency were at a minimum when rations
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Z. Food Conversion Ratios  FCR! and Energetic Efficiencies  K ! of
Decapod Crustaceans 1

Rat sonspecter Uze Reference

10
15
20
5

1.7-2.7
1.0-2.1
1,2-2.0
1.5-1.7

34- 38
44-89

Algznate bound
Artemze

1-4 43-79
55-63

Roearua amerzcenus MWley et al 1980

20-22 1. 9-1. 2
2.

38-42 F oreu 1 a e d Feed s
Art.essa

Capuzzo and Lancaster 1979;
Capuzzo 197939

Ad lib.no 1.8- 33 Aztesza Leger. and Kpzfanzo 1978

22-27.6 5tfacrobrachium 1, 3-1. 9 f ormula ted feeds
A19al supplement

Balazs and Ross 1976

Ad lib.
.-12

10-35

C

28
Fortzulated Feeds

Formula ed Feeds
Cltfford and Brick 1979

MIII>kin et al. 19SU

Sandrfer and JOSeph 1976

1. 5-2 5

I. 9-6. 426. u Supplemented Com-
mercial 'Pellet

30.0 1.8-3.2 Commerczal 'Pe' let
eupplemerted vzth
amino acids

Excess Farmanfarmatan and
Lauterzo 1979, 1980

5 0- IUUPenaeua aztecus Formula ed feeds Venkataramzah et el,. 1975

Colvzn and Brand 1977

2.8-39,0

2,6-6.7
0.4

P, cal Forniens s 2 60 Formulated Feeds
artenza nauplz t

2. 6-4. 0
0. 3-0. 4

22 FOrmuiated Feeds
Artarda nauplz f

60 Brand and colvtn 1977

2.4-5. 728-v0 colvzn 3976a

tread 1981

Desbzmarz and 5higueno 1972

Sedeei t k I 9 79a

10- 15 Fcrmulated feeds
f orntzlated Feeds

P. Ind zeus

Ad lib. 1.9-3.5

2.5-5,5 1,3

26

Formulated FeedsP. 23- 8

Cnmmarc el Pallet

Fo rmzla ted Feeds

0-2. 9

3.0-7e.8

5-14

ad Ifb.

28

Seda tck 1979b

Cclvzn and Brand ' 97.Yorezla ted Feeds
Artemis n ac p1 z t

2.0-6. 8
0.5

ac

Colvan end Brand 197Formulated FeedsP. vanname z 2-3. I22 60

Boner and flayers 1979Formulated FeedsProcambarus clarkiz 22 0, 7-1. 4

46 of body eeight fed daily,

Capuz zo   92 979! compared the energy budgets of pos tlarva l lobsters
 H americanus ! fed an Artemia diet �1 percent protein, 5.1 protein z
carbohydra te ra tio ! wi th the energy budge t 8 o f lobs te rs f ed f ormula ted
feeds   varying in protein leva I 16 7-23, 3 percent and protein;
«rbohydr ate rati.o 0. 5 � 1 .0! . The best growth was measured among
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were ma ntained near their maxi.mum level �2 percent we ig t perht
day! In add' t ion dietary energy content and Protein content may
nf ] ue nCe 1 ngeS tiOfl rateS and COnVersiOn ef f ICienCies, as Shown by

pa la tabi l.i ty, energy dens ity   kca l/gram ! and feeding stimulants ~
Qptimi7 atiOn of cOnvere 1 On ratioe f or crustaceans, theref ore requirest

unde re tanding of not only the nutritional quality of a speci f ic diet
also the feeding behavior and digestive efficiency of individual

speci es-



lobe ters fed the Artemis di.et and the 23.3 percent protei.n diet,
fo llowed by the two lower protein di.ets �6.7 percent and 20.0 Percent!.
hll diets were assimilat~ at the same level  90 p rcent! but there were
s ign i f jca nt di f f e re nces i n other components of the energy budgets among
the various groups. The greatest energy losses for all groups were due
to me tabo li c expend i tu res  Q ! and the highest metabolic rates were
measured among lobsters fed the Artemia diet due to a higher speci f ic
d tion associated with digestion of this diet. Food consumptiondynamic action associ a
ratest  Q P were reduced among lobsters fed the two lowest Protein diets
due to 'decreased pel. let. stability and resulted in the reduced growth
ra tes of these gr oops. No di f fer ence in energy Parti tioning was
observed among lobs ters fed the f ormulated feeds; hi.gh gross and
conver'sion ef ficiencies were observed among all groups. Thus, the poor
growth performance of some crustacean diets may be due as much to pellet
stability and palatabi.lity as nutri.ti.onal defici.encies

Although li t tie inf ormation is avai.lable on changes in
bioenergetics in relation to the crustacean mol.t cycle, several s tudies
have suggested an important role of nutr ition i n the molt cycle,
part icula rly with regards to the storage and mobi 1 i zation of reserves
during molting  Passano 1960; Dali 196S; Thomas 19651 Castel 1 and Hudson
1974! . Nutri tional def iciencies may be ref lected in i nadequate energy
stores, resulting in reduced growth i ncrements, molt i nh i bi ti on and poor
conversion ef ficiencies The relationshi.p of di.et and the bioenergetics
of molting warrants f urther investigation.

Fora ter �976! sugges ted that food conversion rati.os of at least
2.0 were mandatory i.f crustacean aquaculture is to be economi.cally
feasible. From the data presented in Table I, the outlook for
economically succes sf ul cultivation is quite favorable. The ef f ect of
various dietary constituents on enerqeti.c efficienci.es of crustacean
species is discussed in detail below.

EFFECTS OF HACRONUTRIEHTS ON CRUSTACEAN BIOENERGETXCS

protein

P r o t e i n i s a n e s s e n t i a I b u t e x pensive component of c rue tacean
diets. It is necessary for t.issue growth and maintenance but may also
be ca tabolized as a source of energy by crustaceans  Wolvekamp and
waterman 1960; Cowey and Sargent 1972! ~ Utilization of protein is
a f f ected by the nature of the dietary protein source, the level of
protein intake, and the ability of an organism to utilize other di.etar'y
components as sources of energy.

Several i nves t iga tars have tried to determine the sui tabi li ty of
va r ious protein sources and optimum protei.n levels for supporting
crustacean growth. The inadequacy of several commercially available
pro tei n sources and the requirement for high dietary protein levels
appeared to be the result of specific amino acid def icienci.es  Deshimaru
and Sh i gueno '1 9 72; Co 1vin 1 9 76b; Boghen and Castell 1981 !-
Farmanfarmaian and Lauteri,o �979, 1980! found that supplementation of
commercial pe 1 le ted ratio with essential amino acids def icient i.n
pelleted feed {arginine, phenylalanine, leucine and isoleucine! resulted
in improved growth and conversion ef ficiencies ~ In addi ti.on, f actors
other than aamino acid composition such as mineral content and
digestibility of various protein sources may also be important.
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Reported values of optimum protein levels for penaeid speci.es range
consi.derably f rom as low as 30-40 Percent   Andrews et a! . 1 972; Colvin

Colvin and Brand 1977; Sedgwi.ck 1979b! to >60 percent  Deshimaru
Sh i,gue no 19 72 ! ~ Other crustacean species, regardless of natural

feeding habits, appear to have requi.rements simi. lar to the lower values
f or pen ae id s: N . r ose n bergii, 35-40 percent  Balazs and Ross 1 976;
Ni l li k i n e t a l ~ 1 9 8 0 !; Procambarus clarkii, 20-30 percent  Huner and
meyers 1 979!; and B. americanus, 25-50 Percent  CaPuzzo and Lancaster
1 9 7 9 ! ~ l t i s c le a r f r om recent, work, however, that optimum dietary
pr pte 1 n le ve l s can on ly be established in relation to other dietary
<onstituents and the total energy content of the diet. Diets with low

o f n on -p r o t e i n e ne rgy sources may result i n erroneously high
protei.n "r equirements" as much of the protein may be cataboli.zed for
energy needs i

To maximize both growth and protein ef ficiency ratios in
crustaceans, energy sources in addition to proteron must be uti.lized.
Energy pr oducti on f rom protei.n oxi.dation is both nutritionally and
economically wasteful and the protein sparing action and utilization of
other dietary cons tituents must be optimi.zed. The ef f iciency of protein
utili.zation is def i,ned by the protein ef ficiency ratio and is calculated
as follows:

PER = b
P

where, QW = wet weight gain  grams! and

p = dry ~eight protein  grams! fed.

Tf changes in biochemical composition of experimental animals are known,
an index of protei.n utilization efficiency can be calculated as follows:

PUZ

QpW = ~here dry wei.ght protein  grams! deposi.ted in tissue and

P = dry weight protein  grams! fed.

The parti.tioni.ng of protein into catabolic and anabolic processes
may be further defined by calculation of nitrogen balance:

  8+ F!

where, 8 = nitrogen balance,
N

I = nitrogen i.ntake,
N

E = nitrogen excreted f rom protein catabolism  both � !

NX -N and �! amino-N as primary amines!
4

and F = unassimilated nitrogen  fecal N!;

B~ I � net protei.n utilization  NPU! ~

Protein efficiency ratios of decapod crustaceans are presente intd in
Table II ~ Values f or PER decreased with increasing dietary protein
levels for each of the crustacean species s tudied. Capuzza and
Lancaster �979! and clifford and Brick �979! attributed high values of
PER at low dicta,ry prot,ei,n le ve ls f or Homarus and Hacrobrachi um>
respe ct i ve ly, to the pr ate i. n spari.ng ef feet of non-protein di.etary
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Capuzzo and Lancaster �979! found that lobsters fedenergy sources. Capuzzo an' th h gh car bohydra te levels and low protei.n: carbohydrate
di ets with igh d reduced rates of protein catabo lism as measured by
ratios, ha
N-excretion;

t ' 0:8 ratios and values for PER and PUE increased
prOpOrtiOndte y wi ect ly with decreased protein level. S i m i la r me t a bo ]
responses were o erve yre bserved by Clifford and Brick �979! and Hillikin et al

but in the latter instance protei.n sparing at lour �3-32 percent!
dietary protein levels was not adequate to maintain optimum growth
rdteS. Farmdnfarmaian and LauteriO �980! fOund that ValueS far PER fOr

pel, leted f eed, especial ly with the addition of lysi.ne and to a lesser
extent with the addi tion of argi.nine, leucine and isoleucine, indicati.ng
that limiting amino acids may af feet PER values ~ Venkatarami.ah et
�975! found that growth rates of P. aztecus decreased with increased
protein leve 1, strongly suggesting that the channeling of protein into
catabolic processes may af feet energetic ef f ici encies. This is further
supported by increased values of PER and improved growth of crustaceans
f ed diets wi th low protein: energy ratios  Gallagher et al. 1979;
Sedgwick 1979b!,

Table II. Protein Efficiency Ratios  PER! of Decapod Crustaceans

Protein

Level Energy ratio
 ~ dry wt!  g protein/kcal!

Re ferencePERSpecies

2.7 Capuzzo and
2 . 3 Lar.ca s te r 1979

2.2

0.9

0.06
0.07

0.08

Q. 16

16. 7
20.0

23. 3

51. 0

Ho!Ad rue
amer i canus

Macrohrachium 22.7

31. 5

40. 2

48. 7

l. 8 Millikin et

1.6 al. 1980

1.7

1.2

0. G5

O. 07

0.08

0.10

Penaeus indicus 21. 3
33. 4

42. 8

53. 1

G.05

O.G7

0. G9

G. 11

1.6 Colvin 1976b

1.1

1.0

0.8

16.6

28. 0

39.5

50.9

28. 0

28.0

28.0

Q. 04

0. 06

0.09

Q.ll

0.07

0.07

0.11

0. 9 Scdgwick 1979b
0.8

0.8

0.4

0.9

0.8

0.5

As poi nted out by Sedgwi ck �979b!, pri.mary energy reserves of
crus taceans are in a const.ant state of flux, depleted by metabo»c
expenditures and replenished by di.etary inputs. In an actively growing
an isa 1 there should be an equi librium between the amOunt Of energy
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ssimi lated and channeled into growth and the amount of energy utili.zed
for' metaboli c maintenance . Optimum utilization of non-protein energy
sources would resu lt in diverting those sources preferentially to
reserves and di verting protei.n maximally to growth. When non-pr otei.n
energy sources are limiting in a speci f ic diet, some di etary protein

expended in energy production.

zn summary, much of the early work regardi.ng protein requi rements
pf prus taceans was probably in error i n suggesting that high di etary
protei-n eve ls were necessa ry to maintain optimum growth Recent
evi dence of the rela tions hip of protein catabolism wi th di etary protein
levels and protei.n sparing ef feet of non-protein energy sources would
suggest that protein levels of 25-30 percent are suf ficient for optimum
growth-

Carbohydrates

Zf the sparing action of dietary carbohydrates is to be optimized,
formula ted f e ed s mus t contain carbohydrate sources that are readi ly and
e f f iciently assimilated by an organism. Until recently little was known

the abi li ty of crustaceans to assimi late and utilize various
carbohydrate sources. Fors ter and Gabbott �971! found that wheat
s tarch, glycogen and dextrin were completely ass imi.lated by the prawns
palaemon serratus and panda lus platyceros, whereas assimilation of
pot a'to s tarch, both cooked and uncooked, was 93 ~ 1 percent and 86 ~ 2
percent respectively.

To compare the ass imi lation of di f fe rent carbohydrate sources by
the lobs ter H. amer i.canus, Capuzzo and Lancaster  unpublished data!
replaced corn starch in a formulated feed with equal amounts of either
dextrin, rice starch, sucrose or ~heat starch; the carbohydrate level in
each diet was 23 percent, Assimi lation ef ficiency and nitrogen balance
 NB ! we re de termi ned f or each group ot postlarval lobsters fed the
various f eeds. Al 1 di.ets were readi ly consumed and assimilation
efficiencies ranged from 94.2 percent to 96.8 percent. The relative
percentages of pr otei n and non-protein calories assimilated were
estimated f or each group and ranged f rom 93.6 percent to 96. 5 percent
for total N assimilated and 94 ~ 5 percent to 97.2 percent for non-protein
ca lo r i. es as s i mi la t ed. The h i ghe s t assimilation ef f iciencies were
measured among lobsters f ed a diet containing dextrin as the
carbohydrate source  ¹2!.

Nitrogen balance of lobsters fed the various feeds is presented in
Table IZX. Values of nitrogen inges tion  N ! f or the f i ve groups of
lobsters were not significantly different Rom one another ~ Ammonia
excretion rates  N ! however, were s ~ gnificantly higher  P<0.01! among

El '
lobsters fed diets ¹2  dextrin! and ¹4  sucrose!, suggesting that these
carbohydrate sour ces had only a limited sparing et feet on protein
catabolism. The excretion of primary amines  NE2 ! was var~able among
the five groups of lobsters, but was highest among lobsters fed diets ¹1
 corn starch! and ¹3  rice starch!; no excretion of pri.mary ami.nes was
me as ur ed among lobs te rs f ed di et ¹5  wheat starch! . Unassimilated
nitr'ogen  N ! was di,rectly related to the assimilation ef f iciency of

Feach diet. The highest values for N were found for diet group ¹1 and
B¹5 ~ As values f or N ref lect the catabolic and anabolic balance of

B
protein~ the positive values measured indicated that suf ficient protein
was being channeled into growth and anabolic processes in each of the
five dietary groups ~
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Table III. Nitrogen Balance in Post-Larval Lobsters Fed Diets with
Vari ous Carbohydrate Sources

Diet rou

¹1 ¹2 ¹3 ¹4
Parameter

Corn Dextrin h Sucrose
starch starch

Wheat

starch

14. 5

13. 8

5.6

0.7

8, 2

0. 57

15. 6

Nl ~ nitrogen intake. Ng = nitrogen assimilated.
+NE1 ~ ammonia excretion: measured as NH4-N and converted to pg M/hour

for stage VII and VIII lobsters, mean weight = 0.4 g.

NE2 ~ primary amine excretion: measured as glycine equivalents and con-
verted to pg N/hour for stage VII and VIXI lobsters, mean weight = 0.4 g.

NF ~ unassimilated nitrogen.

Np nitrogen balancei Nl �  N<�+2! + NF!.

Np/NI net protein utilization  NPU!.

OiN ~ oxygen to nitrogen ratio.

It is apparent f rom these f indi ngs that each of the carbohydrate
sources at the speci f ied dietary level was readily assimilated by
lobsters but. dif ferences in the protein sparing ef feet by the various
carbohydrate sources was evi.dent. as indicated by differences in both the
I /N r a tios and the
 fextri n and sucrose

e 0: N ra t.los ~ Metabolism of the simple sugars
  extrin and sucrose! presumably leads to synthesis of glycoge~ reserves
as a long term energy store; whereas metaboli,sm of the starches  corn
a nd wheat ! leads to u ti 1iza ti on of the carbohydrate subuni.ts for
immedi ate ener gy needs inducing a protein spari ng ef f ect.. No
exp la na tion can be i ven fg or the anomalous lack of a protei.n spari.ng
effect among lobsters fed the ri.ce starch diet.

Fair et al. �980! f! ound that the inclusi.on of cellulose f iber,
pres umably an undi. e' g s tible dietary component, up to a level of 20
pe rcent. in an i soni tro enogenous seri,es of diets stimulated growth and
res u lted in increased N assimilati

gr owth f
et el. �975! observed a similar si tiposi ive ef feet of fiber content on
gr ow o P ~ aztecus. Fair et al. �980! su
the increased rates of N assi

sugge s ted two me chani s ms f or

le ve ls:
e ra es o N assimilation of prawns fed hi.gher dicta f beIy i Z

  I ! s timula tion of microbial utgu flora at. higher f i.ber concentrations
resulting in pref erential protein utilization and the formation
microbial by-products that may be utilized by the prawn! and
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NEl
NE2
HF

HB

Hp/Nl
O.N

14. 7

13. 9
5.7

l.2

0.8

7.0

0. 48

13. 0

15. 1

14. 6

7.8

0.6

0.5

6.2

0. 41

10. 4

15. 3

14. 5

6.7

1.4

0.8

6.4

0.42

10.8

15. 7

14. 9

7.6

0.4

0.8

6.9

0.44

10.8



�! physiological f actors  such as increased gut retention times!
resulting in i.ncreased N assimilation.

The nutri.tional significance of dietary carbohydrate for ciust cean
species has rece i ved on lY li.mited attenti,on but it is apparent that
various ca rbohydrate sources may be used effectively in satisfying
energy needs and improving energetic efficiencies ~

Ltprds

The fatty acid comPosition of dietary lipi.ds is important not only
in providing the fatty acids essential for growth but also in the
maintenance and Proper f unct ioni.ng of metaboli.c processes and the
storage of lipids as energy reserves.

Crustaceans in general have only a limited capability for de novo
synthesis of certain lipids, as shown by the lack of sterol synthesis
 Zandee 1966a; Kanazawa et al 1971! and the lack of de novo synthesis of
polyunsaturated fatty aci.ds  PUl'Aj  Zandee 1966b; Kanazawa and Teshima
19 77 ! i n cr us tacea ns examined to date, Thus, the fatty acid
compos] tiofis of crustaceans maintained on f ormula ted feeds ref lect the
compos i'tion of dietary lipids   Colvin 1 976a; Sandi f er and Joseph 1 976;
Bott j no et al ~ 1980; O'Abramo et al ~ 1 980! and demonstrate a limited
capaci ty for biosynthe tie conversion of PUPA to longer polyunsatura tes
of the same typed series ~ Inclusion of oi ls hi.gh in a3 P'JFA resulted in
improved gr owth rates of H ~ amer i canus  D'Abramo et al. 1980!, P ~

~gge!. In the latter instance improved growth and conversion
sf ficienci. es as sociated wi th the addi tion of shrimp head oi l was not
solely attributable to the calori.genic ef feet of a higher lipid level
but to an essential requirement for < 3 f atty acids ~ Read   1981 ! also
found that incorporation of linolenic   w 3 ! or li nole i.c  ra 6! acids into
purif i.ed d~ets and incorporati.on of natural oi ls high in w 3 and ~6 f atty
acids i nto commercial rations impr oved growth and conversion
ef ficiencies in P. i.ndicus. Other penaeid speci.es have shown similar
requirements f or li nolenic and/or li.noleic type f atty acids  Shewbart
and Ries 1973; Sick and Andrews 1973; Guary et al ~ 1976; Kanazawa et al.
1977!.

Lipid metaboli sm and storage is af fected by both the quality and
quantity of dietary li.pids  Calvin 1976a; Sandifer and Joseph 1976;
Bottino et al. 1980; D'Abramo et. al 1980!. Understanding the effective
uti 1 iza ti on, depos ' ti.on, bi osynthes is a nd transport of li.pids in

crustacean species must awai,t further investigation.

CONC'- US XONS

Opt imiz a tion of gr owth and u ti liza tion of va r ious dietary
consti'tuents by crustaceans cannot be viewed as a static phenomenon but
as a seri es of dynamic processes, governed by the interrelationships of
energetic pa thways, To date the ma d'or achievements in crustacean
nutri. tion include:   1 ! the demonstration of economically feasible
energetic ef ficiencies using formulated feeds; �! the identif ication of
a protein sparing ef feet of dietary carbohydrates and lipids, leading to
considerably lower Protein requirements than origi.nally sugges ted; and

identif icati.on of specific lipid requirements that influence
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both gr owt ant h d con ve rs i on e f f iciencies ~ Estab lishing nutri ti onal
re uirements and def ini.ng adequate dietary formulations require an
understanding ond f the protein sparing effect of dietary constituents,
digestibility o ieib' 1 t f diet components and the biosynthetic capabi.li ties of
cu ltiva ted organisms. Our knowledge of crustacean nutrition
presently at a evetl t a level that enables us to address some of
i nterrelations hips of these processes and their importance in crustacean
bioenergetics. Future s tudies need to address how best to maximize the
sparing ef feet of dietary components while minimizing both protein
content and wastage resulting in inefficient utilization of feeds.
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QUE ST IOUS AND ANSWERS

BAYER,  University of Naine!: Judy, I was wondering how important
you feel the contribution of the gut flora is to the assimilati.on
process and how variable these flora are likely to be?

CAPUZZO: I'm sure that i.t's qui.te important' I don't know of any
cpmparati ve studies that have looked a t the ro le of the mu.c robi a 1 gut
flora on ass imilati.on, but have only looked at the effect of fiber
content> suggesting that microbialflora can indeed affect nutrient
utilization. I 'm sure thi.s is an important aspect f or the assimilati.on
and retention of many nutrients in the gut, but I do npt know of any'
comparative studies that have investigated dif ferences between species,
only describing the gut microbial flora and their activity in
assimilating some of the nutrients ~

PERSOONE  Ghent, Belgium!: Judy, I was interested in your comment
about f iber content ~ Of course, fiber co~tent of ten increases the
mortality and I was wondering if you think the ef feet might be due to
retenti.on times as you mentioned or due to increasing the absorptive
digestive surfaces of food particles?

CAPGZZO That is a possibility but it is really speculative at
»s po~nt as to 3ust what the effect of fiber content is. Some studies

shown increased mobi lity through the gut; other studies have shown
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increase t ion ti me . The increased surface area and increased
microbial activity may both be factors affecting this and i"st await
f ur ther inves tigation.

HILTON  Uni ve rs ity of Gue lph!: quay, you said there was rec}ucsd
ammo ni a excni a excretion in the corn and wheat starch fed ] obs ters
correct.7

CAPUZZO: Yes,

HILTON: and you assume then that there was to be a decreased
protein utilizati on in the sense of increased protein deposit
muse le. ls that correct?

CAP UZZO: Yes.

HILTON: Was this born out by the growth data or was it just
basis of decreased ammonia excretion rates, as I didn ' t see that on
slide?

cAPUZZO: Yes, that slide was just to show the nitrogen budget. of
the lobsters fed the various feeds. Growth rates were i.ndeed higher
among the corn starch and wheat starch fed animals ~ All of the diets
had an identica 1 protein to car bohydra te ratio. The corn s tarch and
wheat starch fed groups grew better than the other 3 groups.

HILTON: Have you done any work on the carbohydrate metabolism in
these animals Looking at why digestion of some carbohydrate sources
would be less effici.ent in terms of protein sparing?

CAPUZZO: No we haven't yet, but we do intend to in the future.
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ABSTRACT

outset of shel lf ' sh culture in Japan, the bas'c techniques
for the artif ' ci al rearing of the prawn   Penaeus japonicus Bate ! f rom
hatch- ng to commerc. al size were established. However, some problems

as the lack of adequate artificial diets and disease still remain.
Disease incidence is related in some cases to inadequate d'et. The lack
pf es sent-' al nutrients can result in specific deficiency diseases as
well as general mortal' ty and retardation of growth.

Th-' s pape r pr es e nts an ove r vi ew of the biochem' cal aspects of
crustacean nutri tion, spec' f ically, that of the prawn  P. japonicus!
Although the prawn requ-' res, as do other animals, adequate le vels of
pr otei ns, lip' ds, ca r bohydrates, m' nerals, and v' tarn' ns for growth,
studies with the prawn also have uncovered unique aspects of metabolism,
especially lipid metaboli sm. 3ased on this biochem'cal knowledge,
artif icia 1 di ets have been compounded and are used in the mass
production of prawns. Recently, ' nterest has turned to the nutritional
requirements of the larvae of P jap.onions. Little information is
available conce r ni nfJ the nu tr i ti on of these stages despite the' r
importance in prawn culture.

KEY WOROS: Nutr i t'' on, penaeid, prawn, larvae, essent' a 1 nutr i ents.

INTRODUCTION

S i nce Hud=' na g a   1 94 2 ! s uc cee d ed in rearing the praw~  Penaeus
japonicus! under artif icial condit'ons, techniques for rear'ng th s
species from hatch'ng to commercial size have been steadily improved
Japan and have been applied to other penaeid species in many countr. es.
Studies on the nutri tional requirements of P. j apon'cus juven' les were
begun about 1 3 years ago   Kanazawa et al. 1970; Kitabayashi et al.
>97~a! As a result, the specif ' c needs for prote'ns, 1'p'ds,
carbohydrates, minerals, and v' tamins for growth and surv' val of P
2aponf cue juven'' les have been identified  see New 1976m,b, 1980 for
references ! ~ On the bas s of this knowledge, compounded artificial
diets are present.l y be ' ng used for the commercial product'on of P
japonfcus as substitutes for l' ve food such as the short-necked clam

s phil' pp narum!'



In Japan, a ll the processes of commercial prawn culture are carried
out by the private armerst farmers themselves. The production of larvae depends
principally on ve ooll l' ve food such as diatoms and Artemia salina.
production o i ved t ' f 1' ve f cede requires extensive labor and facilities and
fluctuates with climatic cond' tions ~ As a consequence, the development
of artif icia1 diets for larval prawns is currently one of
important research areas in the field of prawn culture. Recently
have been attempting to prepare artificial diets for larval P ~ japonicus
for use both as substitutes for live food and for nutritional studies.

This pape r pr ese nts an ove r vi ew of the biochemical aspects
penaeid nutrition, especially, that of prawn !P. japonicus! larvae and
juveniles. As for general nutrition, reviews have been presented by
seve ra 1 other worker s  New 1 976b; Biddle 1977; Cecca ldi 1978; Conk li n
1990; Kanazawa 1980! .

MICR!DPARTICUMTE DIETS FOR LARVAL STAGES OF P JAPONICUS

Generally, live foods such as diatoms and Artemia salina L. have
been used for rearing the zoeal and mysid stages o p. japonicus. Jones
et al ~ �979a!, Villegas and Kanazawa �980! Kanazawa et al. �982!, and
Teshima et al ~   in press ! have deve loped several types of
microparticulate diets for use as live food substitutes for larval
prawns. Three approaches for presenting the test diet  Table I! have
been exami ned: ny ion-protein m'crocapsules, carrageenan-microbound
particles, and zein-microbound particles ~ The particulate size of these
three artificial diet particles could be adjusted at will to between 10
and 150' m. Slight aeratiOn Was used tO maintain the partiCleS 'n
suspension, The leaching of nutrients was less for the nylon-protein
capsules, although the capsules were digested poorly as compared with
the carrageen and zein-microbound diets. Although all thr'ee diets had a
faint wh' te-yellowish color and were readily ingested by larvae, larvae
fed more actively when the diets were stained with a red dye ~ All three
forms were f ound to sustain reasonable growth and survival of P ~

~a eicos from the zoeal to postlarval stage when compared to live foods
  Fi gur e 1 ! ~ The res u 1 t s e nab led us to study the nutritional
requ'resents of the larval stages of p. jaaonicus

PRQTEIHS AND ESSENTIAL PAINO ACIDS

Des hima ru and Yone �97Bc ! have shown that the optimum protein
ievel for juveniles <p. japonicus! is 52-57S in the diet on the basis of
weight gain and feed efficiency In general, juvenile or adult penaeids
have been shown to attain optimum growth on diets containing 30-60+
protein  Hew 1976b! . It is probable that the dif ference in the op"m
prote' n levels among species is likely to be due to both dif ferences in
food habit as well as the nature of the proteins used

Deshimar'u and Kuroki < '1975! prepared a diet with a crystalline
amino acid mixture instead of protein to study the essential amino acid
requirements of p. jaaonicus, and found that such a diet was unsuitable
for sustaining growth and survival. Their results indicated that the
prawn  p. ~a nicus! was incapable of efficiently utilizing free amino
acids .'n d' e ts. Kanazawa and Teshima   l 981 j, ther ef ore, investigated
the i,ncore incorporation of radioactive acetate into the individual amino acids
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essential amino acids. The prawn was shown to require 10 amino acids,
a r9 i ni ne, me th 1 oni ne, val: ne, threonine, isoleucine, leucine, lysine

phistidine, phenylalanine, and tryptophan. These ten amino acids have
also been demonstrated to be essent'al for Penaeus aztecus  Shewbart et
al ~ 19 !, Palaemon serratus  Cowey and Forster 1971!, Homarus
americanus  Gallagher 1976!, Astacus astecus  Zandee 1966!, and
macrohrach' um oh' one <n'yaj ' ma et a~lrgyh

Table I. Composition of Test Diet

Ingredient g/100 g dry diet

Total 100.0

apor composition of vitamin and mineral mixtures see Kanazawa et al.
�977!-

CARBOHYDRAT RS

The addi tion of glucose to diets has been shown to inhibit the
growth of Penaeus aztecus  Andrews et a 1. 1972 !, Penaeus duorarum  Sick

1='
Abde 1-Rahman et a l. � 979 ! also demonstrated that the addi tion of over
10'1 glucose to the diet markedly inh'h' ted the growth of p. japonicus.
However, in contrast to monosaccha rides such as glucose, galactose, and
f ructose, di s accha rides such as sucrose, maltose, and trehalose, and
Polysaccharides such as dextrin and starch have a high nutritive value
as carbohydrate source s. Especially, high we'ght gains have been
attained on diets contai ni ng d' saccharides  Abde 1-Rahman et a l. 1979 ! .

contrast to other animals, juvenile  P. japonicus! were found to
contain glucose, acetyl glucosami ne, and trehalose as the major
carbohydrates of the body ti ssues  unpublished data!. Also, P ~
japonicus converted glucose to trehalose 'n the hepatopancreas and
muscle but not in the stomach, intestine, and blood  unpublished data!

I 1 ! - As shown i n Figure 2, when the prawn diet contained
the blood glucose levels were increased after one hour and

remained at a high level for over 24 hours. However, when P. japonicus
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was fed a diet containing ma ot ning maltose as the sole carbohydrate source,
blood glucose eve s were i1 1 1 were increased af ter 1-3 hours and then decreased
to a low level af ter 12-24 hours  Abdel-Rahman et al. 1979! ~
presence of carbohydrases  Table 1 XI! in the diges ti ve tracts and
di ges ti bi li ty of ca r bohydrates  Table IV! has also been investigated
 unpublished data! . Based on the results of the above ' nvestigations,
it is possible that the addition of glucose to the diets may inhibit
grout o . 'a nith f p 'a nicus for the folloeing reason. Df etary glucose js not
converted to trehalose in the stomach, but it is quickly absorbed from
the s toma ch and then re leased a 1 1 at once i n to the blood. b1hen
large quantity of glucose is absorbed, the resulting h' gh glucose level
in the blood is above that normally maintained by hormonal control
~ s di f f i cult to ut i lize as an energy source. On the other hand, a
disaccharide such as maltose is not absorbed f rom the stomach, but is
conve rted to glucose in the mid-gut and then to trehalose in
hepatopancreas which is then released gradually into the blood. Dietarymaltose is thus readi ly utilized as an energy source. 100

80

MZ

f M]

f 3 40

Z2
20

6 P. 0 2
Feeding period  daysj

Figure l. Grojfrth and survival of the larvae of Penaeus ~aonicus fed on
microparticulate diets  Kanazawa et al. 1982; Teshima et al.
in press!, Growth stages: Zl, Zoeal stage e z2, Zoea2 stage;
Z3 Zoea3 stage; HL, Hysisl stage; M2, Hysis2 stage;
Mysis3 stage; P, Postlarvae stage. Experimental conditions:
No. of larvae--l00 larvae/beaker �000 ml!; Sea water--sea
~ater filtered through absorbent cotton; Amount of feed--0.16
mg/larva/day; Feed size at. zoeal stages, 60 !jm; at mysid
stages, 60-125 um; No. of feedings--2 times/day; Temperature--
27'C. F'ood type: o Chaetoceros-Artemiay ~ Nylon-protein
microcapsules; a Carrageenan microbound particles; > Zein
microbound particles; + No food.
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Zn vitro Conversion of Glucose- C to Trehalose by Slicedl4

Tissue of Adult p. ~ja onicus. The sliced tissue Iloc mg! uas
i.ncubated with 0.5 pCi of glucose-U- C for one hour at 25 C.
Nonra,dioactive glucose � mg! and trehalose <5 rjg! were added

carriers, and the sugars were extracted from the incuba-
tion mixture. For the hemolymph, labelled glucose �.2 pci.!
was added to one ml of serum.

Table 1~-

Distribution of
radioactivit  %! Conversiona

 ~!
Tissue

Glucose Trehalose

18. 0

72. 0

99 e6

99, l

99.4

82.0

28.0

0e4

0.9

0.6

56.6

17.8

Qe3
0.8

0.0

Muscle

Hepatopancreas
Stomach

Intestine

Hemolymph

padioactivity in trehalosejradioactivity in gluco~~ 14

~120
o 0

0� 100
8~ ~

cs
+ 80

fu 60

o 40

~ 20

0 1 3 6 12  Hours! 24
Time after administration of sugars

Table Ill. Carbohydrases in Stoma."h and Mid-gut of Adult p. ~ja onicus

St am ac h Mid-gut
extract extract

Enzyme

+++Maltase

Saccharase

Trehalase
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figure 2. variation in the serum glucose levels of juvenile p. ~anicus
after oral administration of 200 mg of either glucose, fruc-
tose, soluble starch, or maltose. o � Glucose, ~ � Pructose,
a � Soluble starch, a � -Maltose.



Zg, Pigestibility of Carbohydrates in Adult P. ~3a nicus

Stomach Mid-gut Hind-gut

Glucose

Maltose
Saccharose

Trehalose

+++

++

80

70

60

O Q

2
0

0 7

0
1.

p.

ct 0.

0 01 0" 0" ' 0 A 8 C
Molting stage

Figure 3. Radioactivit iny ' various fractions from the juvenile prawn,
Penaeus ~amicus, 24 hours after injection of glucose-U-34C
�.5 pCi! at vario
data!. , CO ; C ' ' ~

ious stages of the molting cycle  unpublished
Chitin; Bound glycogen; , Acid soluble

glycogen; , Protein; X, Lipid. Molt stages: A,B--Postmolt;
C--Intermolt; D D'D0 Dl, Di , Dl'', D2 � Premolt.
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Crustaceans have an exoskele ton composed of chitin and
n ece s sa ry pr oce s s of gr owth to shed and rep la ce the exoske le ton duriul 1. ng
so 1,ting. Recent experiments have shown that chitin, the ma jor component
of the crustacean exoskeleton, is synthesized from glucose via
glucosamine in P. jaPonicus  ungublished data!  Figure 3!. The addition
of 0.524 glucosam.'ne to the diet improved the growth of p. japonicus but
the inclusion of chitin inhibited growth  Kitabayashi et al. 1971a,!



LIP IDS

Fatty acids have been shown to play an important role not only as
energy sources but also as essent' a 1 nut ri ents in both fish and
crustaceans  Teshima 1978, Yone 1978! . It has also been demonstrated
that c rus tace ans have an unique requi reme nt for sterols and
phospholipids ' n cont ras t to other aquatic anima ls and mamma ls .

Sterol Requ' rements

Animals are generally capable of synthesizing sterols from acetate,
but crustaceans have been shown to be incapable of de novo sterol
synthesis f r om ace ta te  e.g. Teshima and Kanazawa 1971! moreover,

cholesterol is converted to sex hormones,  Kanazawa and Teshima
1971 !, and molting hormones  Spaziani and Kater 1973! and also utilized
as a constitutent of the hypodermis  Guary and Kanazawa 1973! 'n several
sp cies of crustaceans. it is thought to b an essential nutrient for
crustacean growth and survival. Opt'mum cholesterol levels in diets

been f ound to be about 0 5t for both juvenile  Kanazawa et al.
1971 ! and la r val   unpub li shed data! p. japonicus, and also for the

 Castell et al. 1975! Crustaceans are capable of converting
C !8 and C 29 s te rois to cholesterol  Teshima 1 971 ! and utilizing

ergosterol and fl -sitosterol to some extent for growth  Kanaqawa et al ~
1971 ! ~

ESSEblTIAL FATTY ACIOS

Essenti.al Fatty Acids

Feeding exper' ments have shown that crustaceans, as well as f ish,
have a requi rement for spe c"' f ic f atty aci ds  Teshima 1 97B ! . This has
a].so been conf irmed by metabolic studies using radioactive tracers, We
have shown that juven- le  Kanazawa et al. 1979c ! arid l~aval   Jones et
al. 1979n! p japoni.cus efficiently incorporates Q c 2 palmitic acid
into saturated and monounsaturated fatty acids but little ' s transformed
into linoleic �8: 2a 6!, linolenic �8: 3~3!, eicosapentaenoic �0: 58 3!,
and docosahexaenoic �2:6+3! acids  Table V! . This suggests that 18: 2
f 6,18: 3a23, 20: 5~3, and/or 22 6s3 are probably essential for the growth
of p. japonicus. The results of feed' ng trials indicate that juvenile
p. japarlicus requ' res 18: 2a 6, 18: 3r 3, 20: 6 3, and 22:6 3 as essential
f atty acids, and that the 3 series of f atty acids is more ef f ective
than the ay6 series of fatty acids  Kanazawa et al. 1977; 1978; 1979e!.
The optimum d'etary levels of 182 2~6, 18: 3<23, 203 5~3, and 22:6 3 for
j uveni le P 9 j aponicus were es timated to be 0.5-1%  Kanazawa et al.
1979a!. Recently, ' n feeding exper ments using carrageenan-m. crobound
test diets, it was found that the larva 1 stages of P e japonicus requi re
the >3 seri es of highly unsaturated fatty acids for their growth and
survival  unpublished data!  F'gure 4!.

The requirements for essential fat,ty ac' ds such as 18: 3+3, 20: 5>3,
222643 vary widely among d'fferent species of crustaceans and fish.

<anazawa et al. �979b! have 'nvestigated the capacity for conversion of
'to 20: 5~3 and 22: 6<>3 in various spec' es of aquat' c anima.ls, and

shown that mari ne f ish and prawn have a lower abi 1' ty for such a
b-'oconve rs i on than f reshwater f ish These results might explain the
findings that 20 ~ 5~3 and 22:6u3 are more effect' ve as essential fatty
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marine fish, such as the red sea bream than 18:3
aci ds in the prawn an~3. Xt is pro bable that the di f fe rences ' n the requ' rements fo
essentia a

1 f tty acids among aquatic animals are due pr marily
dif ferences n the capacity for bioconversion of exogenous
highly unsaturated fatty acids such as 20: 5da3 and 22:6fa3.

Table V. Radioactivity of the Principal Fatty Acids in the Tota] Lip
of zoeal penaeus ~a onicus Ped a Microencapsulated Diet Con-
tainin9 �- C] palmitic Acid  Jones et al. 1979b  and Juve-
nile p. ~a onicus Injected with Il- C  palmitic Acid  Kana-14

zava et al. 1979a!

Distribution of radioactivit  %!Fatty
acid JuvenilebZoeaa

16. 3

7.1

23. 9

3.0

l.o. 7

10.9

3.4

0.8

0.4

Experimental condit.ion of zoeal p ~a nicus; Lipids were isolated
from zoea 24 hours after feeding on a microencapsulated diet containing
10 ljCi of [1- C! palmitic acid at 25'C.

b Experimental condition of juvenile P. 'a nicus: five juvenile P. ja-
~nicus were injected with 2.5 pCi of [1- Cj palmitic acid and main-
tained in the aquaria at 22-234C. Lipids were isolated from the whole
body of P. ~s nicus 24 hours after injection. The recovery of radio-
activity in total lipids was 86.5%.

3
As part of the investi atiigation into the physiological roles of 20: 5

the fate of p U- c 20: a93- 5a93 ' njected into the muSCIe Of p. japonicus
has recently been examined  unpublished data! ~ Righty percent of
radioactivit in'ectey 'nj cted into the prawn was recovered either in the lipid
fraction, water- -sol.uble fraction or as expired CO . As shown ' n Table
vI, 86t of the radioacti vi t

Z s s own n Ta e
i ty incorporated into lipids were associated

with the phospholipid fraction.

12:0

14:0

1510

16;0
18:0

2020
14.-1

16 1>7

18: 1 zjg

20: ltij9

1822>6

20: 4uj6

18: 3 dj3

20: 5uj3

22:6' 3

1.9

0.9

73.8

7.4

1.8

Os9
2.7

3.5

0.3

0.1

1.5

0. 1.

0.6

0.9
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~3 polyunsaturated fatty acid requirements of prawn larvae
penaeus jaaonicus  unpublished data!. a � 9,0s 19:ilw9 + 3%.
soybean lecithin; o � -4. 3 L 18:l�!9 + 0.5% HUFA + 30 soybean
lecithin; > � 4.0% 18:1�!9 + 0.1% HUFA + 34 soybean lecithin;
a--3.0% 18:1�!9 + 2.0'h HUFA + 3% soybean lecithin, HUFA is
mixture of 49m 20:543 and 32% 22:6a3. Growth stages: Zl,
zoeal stage; Z2, Zoea2 stage; Z3, Zoea3 stage; Nl, Mysisl
stage; N2, Mysis2 stage; M3, Hysis3 stage; P, Postlarvae
stage. Experimental conditions: No. of larvae--100 larvae/
beaker �000 ml!; Sea water--sea water filtered through ab-
sorbent cotton.; Amoun of feed � 0.16 mg/larva/day; Feed size
at zoeal stages 60 !jm, at mysid stages 60-l25 ~; No. of
feedings--2 times/day; Temperature--27 C. Food type: Carra-
geenan microbound particles.

Figure 4

Table VI. Radioactivity Present in Each Lipid Class in the Ad~it Prawn
 Penaeus ~a onicus! 24 Hours after Injection with  U- "C]
Eicosapentaenoic Acid �.1 yCi! at 294C  unpublished data!

Distr ibut ion o f radioa ctivit  'h !

Whole body Hepatopancreas
Lipid class

95

Phospho1ipi ds
Nonoglycerides
Free sterols

Diglycerides
Free fatty acids
Triglycerides
Steryl esters
Hydrocarbons

86. 2

1 1

1.1

3.2

p.s

4.5
'.0

0.3

60.4

7.4

2.7

3.2

22. 5

2 5

0.7

0.6



Phoepholipid Requirement

the reason f or the super ior nutritive value ofTo determine t e reas
shortnecked clam oi1 ' 1  ~Ta !es oil! compared with pollack 1' ver oil for

p ' niece Kanazawa et al.  lgygd! examined the effects
several iipi rac i1 i ' ' d f actions of Tapes oil on the growth of p. japonicus
 Table VII j. uveni el VII j. J le p aponicus fed on a diet supplemented with
Ta es lecit in grew1 ' th' rew best. and a 1s Tapes cephal 'n was the next. best

C kl et al. �980! have shown that the survivalphospholipid source. on in
rate of juvmni e o s ef '1 1 bsters was remarkably improved by the addition of 8g
soybean leci thin to the diet. Recently, D'Abramo et al. �981 ! have
porn e' nted out the essentiality of phosphatidylcholine f or survival of
juvenile lobster Humerus americanus.

Table VI . Effect of phospholipids on Growth of Juvenile p. ~anicusa
 Kanamawa et al. l979d!

Weight gain  %!Dietary lipid

7% Pollack liver oil

7% Pollack liver oil

+ 1 L ~Ta es lecithin
7% Pollack liver oil

+ 192 ~ya es cephalin

100

160

l35

Twenty juvenile P. ~aculeus of 1.0 g in body weight were maintained in
a plastic aquarium �0 liters! for 45 days a5 22-25'C.
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The ef fects of phospholipids on the growth and survival of P.
~a nicus larvae has also been studied by using carrageenan-microbound
tes t diets  unpublis hed da ta ! . As shown in Fi gure 5 f the P, japonicus
larvae suf f e red ! 00% mor tali ty pri or to attaining the mysid s tate when
they were fed on the diet without lecithin. But, larvae fed on the diet
containing 3.0i soybean lecithi~ grew well, indicating the essentiality
of certain phospholipids for growth and survival of the larvae from the
nauplius to the post-larval stage. The effects of varius phospholipids
on the growth and survi va 1 of la rval prawn were f ur ther examined The
addi tion of either   0 soybean lecithin, bonito-egg leci, thin, or soybean
phosphatidylinos tol markedly improved both growth and survi.val, whereas
nei t he r 1  L di pa lm y toy 1-phospha tidy lcholine 0 chicken-egg lecithin,
phosphat: dylethanolamine  from bovine brain!, phosphat'dylethanolamine
 from boni to egg !, phosphatidylserine  from bovine brain!,
sphingomyeline  from bovine bra'n!, cytidine-5!-diphosphate choline, nor
taurocholic acid had a strong beneficial effect on growth and survival ~
I conclude the following: 1! phospholipids containing either choline or
inositol exerted a positive effect on larval growth and survival; 2!
phos pho l' pids con tai ning 18: 2ap6, 1813~3, 20;5dy3, and 22T6~3 in the
mo le cu le were the most ef f ective in promoting growth and sur vi va 1; 3!
the ef fectiveness of the phospholipids seemed to be dependent on the
nature of the fatty acids 'n the elf and ! pos itions of the phospholipid
mole cu le; 4! the requi rement for phosphol'pids for the larvae of

nicus was 0.5- s in the d.'set ti dry we-'ghtj.
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Lecithin requi.resents of larvae of the prawn Fenaeus ~aonicus
 unpublished data! . o, Lecithin free; 0, 1.5% soybean leci-
thin; >, 4. 5% soybean lecithin; <, 0. 5% soybean lecithin;

3.0% soybean lecithin. Growth stages: Zl, Zoeal stage;
Z2, Zoea2 stage; Z3, Zoea3 stage; Ml, Mysisl stage; M2, Mysis2
stage; M3, Mysis3 stage; P, Postlarvae stage. Experimental
conditions: No. of larvae � 100 larvae/beaker �000 ml!; Sea

water � sea water filtered through absorbent cotton; Amount of
feed--0.16 mg/larva/day; Feed size at zoeal stages 60 pn, at
mysid stages 60-125 pn; No. of feedings--2 times/day; Tempera-
ture--27 C. Food type: Carrageenan microbound particles.

Figure 5.

To clar' fy the role of phosphol'pids in crustacean nutrition
further, Tegima and Kanazawa �980! have shown that the orally

14 l
administrated~ C~ tripalmit'n was ' ncorporated into the phospholipids
of the lipopr otei ns, HDI ~   h igh density lipoprotein2 !, HDL 3  high
density lipoprotein g!, and VHDL  very high density lipoproteins in P.
~a nicus  Figure 6>. These results indicated that the transport of
d' etary lipids in P, j aponicus was ma' nly carried out by phospholipids
associated with high density l'poproteins, suggesting that the lipid
transport mechanism of P. japonicus and probably other crustacean
species is markedly different from that of mammals: in mammals, dietary
lipids are transported through the lymph duc ts as chy lomicrons. It is
proposed that the essentiality of dietary phosphol'pids for p. japoncius
is due to both a specif ic requi reme nt f or phospholipids for the
transpor t of f at ty acids ' n the hemolymph and a slow rate of
biosynthesis of these phosphol'pids ~

M I NERALs

is suspected that crustaceans, as well as other aquatic animals,
absorb minerals f rom the water to some extent. In the case of

crus taceans, however, it is assumed they also require a dietary source
certain minerals because the exoskeleton which is r' ch in m' nerals is
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Conk lin et al . { 1975! suggested that thelost during molting. Con in ell n juvenile lobsters was improved withmineralization of shell in juveni e
' f icant d' f ference in growth and survivalr ich diet.s, but no signi ican
et al. �978! has suggested thatocc u r red. Gallagher e t at.  o of 1;2 was optimum for juvenile lobsters.calcium/phosphorous rat' o o�973! has postulated that calci.um, potassium,Shewba r t et a 1, ts for peneaus astecus might be satisfied fromand chloride requirements or e

h phorus may be essential in the diet because itsea water, however, p osp orus
quantities in prawn but not. in sea water.is present in large quan i

et al.l.   1 978! has demons tr ated w' th tracer experiments that the prawn
 , ' ! w able to take up calcium from sea water. They have P a nicus ! was a

basis, phosphorus   2 ~ 0% !, potassium �. 04 !, and trace me tais �. 2a !
not ca lcium, magnes iums nor iron   Deshima ru and Yone 19 78a ! . The
growth ra te was achieved wi th d' ets for P. japonicus when supplementary
levels of 1.04' phosphorus and 1.244 calcium were added  Kitabayashi et
a l. 19 71 a ! . Results of recent exper' ments in my labor atory indica te
that the optimum levels of minerals in the diet, on a dry we'ght basis,
of !uven.'le p. ~an'cus are as follows: calcium  !.0%!, phosphorus
�.0%!, magnes 'um �. 3%!, POtaSSium  Oe9%!p and coPPer  Oe006%!. A
calcium/phosphorus ra t i o of 1: 1 gave superior growth, although no
s igni f icant dif ference was seen in the weight gains between the groups
on the ca lcium-supplemented and calcium-free diets The addition of
0.006% iron and 0.003% manganese to the diet inhibited growth of juvenie
p. ~anicus  unpublished data! ~

V ITAHIHS

The ef feet of vitamins on growth and survival of juvenile lobsters
has been demonstrated by Conklin et al. �9SO! using a purified diet.
Vitamin requirements of the juvenile Ps japonicus have been investigated
by kanazawa et al. <1976!, Guary et al. {1976! and Deshimaru and Kuroki
�979!  Table VIII! . Recently Kanazawa et al. have examined with the
use of carrageenan microbound test diets, the vitamin requirements of P.

' P
vi tami n-f r ee diets did not reach the pos tla rval s tage, su f fe ring 100%
mor tali ty ' n the mys id s tage, Also, the sur vi va 1 of prawn larvae was
extremely low when they were fed on diets lacking either -tocopherol,
calci ferol, chol' ne, or vitamin C. Addition of vitamin C to a

squid-based diet f or ! uve nile p. ~aonicus accelerated growth rate
howeve r, excess vi tami n C inhibi ted gr owth. Prawn grew best at
inclusion levels of Os 22%  Kitabayashi et al ~ 1971b! e twata and Shigeno
�980! reported the whitening of the side-abdominal muscle of P ~

nicus fed vitae n C def'cient diets. However, it is not clear as to
the reason of whitening induced by vitamin C def icient d' ets. Lightner
et al. �977! have found that Penaeus californiensis and Penaeus

with a character' stic blacken'ng of the esophagus wall, cut'cle, gastric
wa1 1, hind-gut wall, and gills. "Black death" has been recognized as a
symptom of vitamin C deficiency  Margarelli et al. 1979! and it has been
sugges ted that juveni le P. calif orniensis requi re dietary vitamin C to
Eorm adeq ua te amoun ts of collagen f rom the unhydroxylated precursor,
proCOl laf!en  Hunter et al. 1979!.
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Table VIII. Vitamin Requirements of Juvenile Prawn Penaeus }aaonfcus

Re uirement   !i!

Vitamin Guary et DeShimaru and
al. �976! Kuroki �979!

Kanazawa et

al. �976!

300

Dispensable
400
6-12

12

Ascorbic acid

Choline

Inositol

Thiamine

Pyridoxine

l000-2000

60

200

99

PC
e 1.0
K.'O

0.5

o 0
O

1 3 6 9 1 3 6 9 1 3 6

Time after administration of C tripa!mitin  Hours!14

Incorporation of radioactivity into the lipid classes of
serum lipoproteins, HDL2, HDL3, and VHDL of adult Penaeus ja-
~nicus, after oral administration of [I4C] tripalmitin
 Teshima and Kanazawa 1990!. Twenty-four pci of glycerol
[tri-l- C] palmitate was orally administered to 32 male P.
jaaonfcus at an intermolt periodand ,then 8 prawns were taken
after 1, 3, 6, and 9 hours, respectively, for radioactive
measurements of lipoproteins: HDL2 <high density lipopro-
tein2!, HDL3  high density lipoprotein3!, and VHDL  very high
density lipoproteins! . Lipid classes constituting lipopro-
teins are abbreviated as follows: PL, polar lipids; DG, di-
glycerides; TG, triglycerides; FFA, free fatty acids; OLC,
other lipid classes such as hydrocarbons, monoglycerides and
steryl esters.



CONCLUS ION

venile stages of t' he prawn  p. japonicus !,For the larval and juveni e
much work has been carrie ouout on their requirements for amino acj ds

phospholi pi ds, minerals, and vitamj ns.sterols, fatty aci s, p o10 amino acids, although the quantitativeCrustaceans require amirequi rements o f these amino acids have not yet been estimated.
optimum protein e ve it ' le ve l i n diet varies with penae' d species, dietary
habits, and culture conditions as well as with the type of protein used,
The author thinks that the use of plant proteins ins tead of expensive
animal proteins is desirable in future.

Th awn   P a onicus ! has been shown to require stero]s,The prawn . a
phOSp O >pi SP a Somho h I'p ds, and some fatty ac'ds as essential nutrients. Cholestero]
is the most capable of sustaining growth and surviva 1 to some extent.
ror p. ~a n'cus, 18-2 6, 16-3 3, 20-5 3, and 22-6 3 are effective as
essential fatty acids. With phospholipids, the relat'an between
gr ow -promoowth-promoting ef fects and chemical structure is still obscure.

In general, minerals and vitamins are added to artificial diets,
however, there is little data on the quantitative requirements for each
of the vi tamins and mineral,s for penaeid prawns. The quantitative
requi rements f or phosphorus, magnes ium, manganese, iron, copper,
thiamine, pyridoxi ne, inositol, choline, and ascorbic acid have been
studied but the necessity for other minerals and vitamins for penaeids
is unknown.

On the basis of knowledge from nutritional and biochem'cal studies,
juvenile prawns have been successfully reared on artificial diets by
private companies in Japan, the dietary value of artif icial diets being
almost comparable to live foods. On the other hand, the mass production

. nw.-*-
according to weather condi tions, e tc, One appr oach to ove r come th is
problem i,s to attempt the rearing of larval prawns on micro-particulate
diets. Another important problem will be the development of a diet for
broodstock females in order to achieve the culture of P. japonicus over
its entire life cycle on artificial diets. The author believes that
knowledge of the nutrition of p Iaao.nicus could be successfully applied
to other crustacean species as well as molluscs ~
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QUEST I ONE AND ANSwERS � KANAZAwA

I,ANGDOM  De! aware ! Dr. Kanazawa, did the microencapsulat'on
techniques you used alter the dietary lipid compositio~ of your diets'?

KANAZAWA: lt is possible in that we dO uSe OrganiC SOlVents in
making the nylon-protein microencapsu lated diet. HOwever, we haVe only
looked at the lipids i n terms of the response to the diets by the

larvae.

CONKLIN  Cal' f ornia !: Dr. Kanazawa, you had reported in a study
done with Dr. Jones that the nylon-protein capsule was not ef fic' ent in
holding in water-soluble nutrients, yet you appear to get a fairly good
growth response ~ Have you modified the nylon-protein capsule or are the
water-soluble nutrients coming from bacterial growth on the capsule?

KANAZAWA: The response to the nylon � protein microcapsules is not
always consistent. Some organic solvents are used in the preparat' on
and there may be a problem wi th toxic residuals. The best of the diet
ty pe s we h a ve u s e d f o r la r va l prawns -' s the carrageenan-m' crobound
diets ~

SICK  NNFS, Charleston!: I'd l'ke ask ~bout the data you presented
relating to mineral requirements. Dr. Kanazawa can you summarize in a
sentence or two your results with mineral determ' nations'

KANAZAWA: Ni nera 1 requirements are not particularly important.
Supp le men ti ng the di e ts wi th phosphorus, magnesium, potassium, and
copper improves growth somewhat while iron and manganese inhibited
growth slightly. Othe r minerals and their ef feet on growth have yet to
be examined'

SEW-WAH TAY  N.I.T.!: Zein which you used in the microbinding of
diets can be toxic or indigestible for some animals. Have you done any
studies on the possible toxicity of zein for the prawni

KANAZAWA: Mo, we are us ing Zein WhiCh haS been heat-dried and
~educed to a very f inc powder. The prawn larvae appear o consume it
readily and we ar'e assuming it is easily digested.
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PROTEIN AND AHINO ACID NUTRITION OF THE PRAWN

penaeus jaaonicus
0, Deshimaru

Kagoshima Prefecture Fisheries Experimental Station
1 1-40 Kinko-cho, Kagoshima 892, Japan

ABSTRACT

The nutritive value of the short-necked clam  ~veneru is

The sof t pa r t af f r es h c lam was chemi ca l ly f r acti ona ted and the
nutritive va lue of these f ractions, when incorporated into a purif ied
test diet, was assessed through feeding trials. A diet containing the
c 1am protein f rac tion produced superi or growth and f eed ef f iciency in
cultured prawns compared to a diet containing whole egg protein.

Whole egg protein or a casein-albumin m'xture when used as the
protein source for the purified diet was deficient in some essential
amino acids when compared with those of the clam protein fraction.
However, the addition of crystalline amino acid supplements to the diet
to compensate f or the def iciencies did not have any epact os prawn
growth. ln an experi ment using radioactive arg' nine+ C U!J, the
percentage incorporation of f ree arginine into prawn muscle protein was
estimated to be only 0.6a af ter a six-day feeding trial.

By mixing purified proteins having different amino acid profiles, a
diet was prepared so as to have an overall essential amino acid profile
simi 1 ar to that of the diet containing the clam protein fraction ~
Prawns which received this diet exhibited simi lar growth to the group
fed the diet with the clam protein. On the other hand, a diet of mixed
protein havi ng a prof i le dif f e ring f rom that of the clam protein
produced comparatively inferior growth in the prawn.

keywords; Amino acids, Nutrition, penaeus ~a onicus, Prawn Protein ,~

I NTROD UCT I ON

I
Japanese, is one of the most valuable aquatic animals cultured in Japan
On shr ' mp f arms, this spec' es ' s tradi tiona1 ly reared on the meat
fresh bivalves. However, the extensive use of this raw food results in
s eve ra l problems, in pa rticular the pollution of the culture
en vi. ronme nt. Ther e f ore, a compounded feed which can overcome the
d i sad va nt ages of raw f ood is needed. For this reason, a series
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nutri tional studies with the prawn were started in 1967 at the Kagoshima
prefecture Fisheries Experimental Station, Japan, in an attempt to
produce a practical artificial diet for prawn. Feeding experiments were

pscif ice!, trash shrimP meal, Petroleum yeast, fish meal, sha]e meal
 physeter macrocephalus and Balaenoptera physalus !, and soybean protein
s the major ingredients- The results obtained from these studies were

by Deshimaru and Shigeno �972! .

Cur rent ly, se veral f eed manufacturers produce compounded f eeds for
commercial Prawn culture, the formulation of which is based on those

die ts deve loped atthe Kagoshima Prefecture Fisheries
Expe ri me n ta l S t a t i on . Th ese f eeds, however, are still considerably
Inferior in pr omoti ng prawn growth when compared to a diet of fresh
short-necked clam  Venerupi s philippinarum!, which has been empirically

as the best of any of the raw foods used in prawn culture.
order' to improve the nutri tive value of compounded f eeds, a f ur ther

of experi ments was undertaken to c larif y specif ic aspects of the
prawn s nu tx' I tiona l requi rements . A review of this particular series of
experi ments is presented with the hope that it may be of value to other
investigators in the f ield of crustacean nutrition.

GENERAL METHODS

prawns, less than 4g in average body weight, we re obtained f rom a
loca] shr: mp farm in Kagoshima. They were ini tial ly fed a commercial
compounded f eed for one week. For each tes t diet, a group of
twenty-fi ve prawns were randomly selected and grown in a seventy-six
liter tank with a bed of sand. Fresh sea water was continuously
supplied to each tank at a rate of 700 I' ters per day. Each feeding
experiment was conducted over a period of four weeks, except for
Experiment 3 wh' ch lasted only six days. Mater temperature ranged f rom
21 to 29 C. Other rearing procedures have been described previously

0

 Deshimaru and Kuroki 1974a!.

All the tes t. diets were formulated based on the composition of the
modified diet in Table I ~ They were prepared as a dry pellet �mm in
diameter, approximately 10mm in length!, af ter adjusting the pH 6. 5 to
6e7 with 25% NaOH solution,

BASEL INE STUDIES

In previous studies by the author, the necessity of a number of
nutrients, i.e. cholesterol, glucosam' ne, amino acids, minerals,
carbohydrates, proteins, lipids, which were thought to be important in
formulating prawn diets, were investigated and the'r optsmum d'etary
levels determined  Deshimaru and Kuroki 1974b, 1974c; Delshimaru and

1978a, 1978b, 1978c; Deshimar u et al. 1979 j. Based on the results
obtained i n th es e s tudies, two modif ied diets consisting of purif ied
ingredi ents were proposed  Table I!. Both modified diets seemed to
~satisfy the prawn 's basic nutritional requirements in that mortality

of prawns fed the tvo diets were low. Thei r nutritive values,
however, in terms of growth were still lower than than of f resh clam

II! This result suggested that the modified d' ets were lacking
growth factors which existed in fresh clam.
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r~le f. Compoeition of the feodified Diet for penance ~ja .onicue

Percentage composition
b dr wei htIngredient

Diet A Diet B

55.0

4.0

2.0

10.0

60.0

3.0

3.0

Casein-albumin  9: 1! mi xture

Pollack liver oil

Soybean oil
Sucrose

Glycogen

NaH2P04 2H2O
KCl
Trace metalsa
Vitamin mixture

Cholesterol

Glycine
Carboxymethyl cellulose
Cellulose

10. 0

10. 0

2.0

0.2

4.0

2.0

1.4

10.0

2.0

0.2

4.0

1.4

2.0

5.0

4.4 4.4

100.0 100.0Total

EXPERIMENT

In order to identify these growth factors the lyophilized ft tso par
res s ort-necked clam was extracted with chloroform-methanol �:1!

by the method of Bl' gh and Dyer �959!, and separated into three
res idu
fractions, i,e ~ residual, methanol-soluble, and chloroform- 1 bl Th

al fraction was further extracted with hot 80% ethanol. The final
residue from these procedures was dried to less than 10' moisture at
0 C, and was des i gn a ted as the a lcohol-insoluble f raction. This

fraction contained 75 7.4 0 crude protein, 18.16' carbohydrates, and 5.82fL
ash   Table I I I! ~e . The me thano1-so luble f ract ion was combined wi th the
e tha nol-so lub le f r ac tionion and the solvents were evaporated of f at 40 C:
the residue was lyophilized to less than 10% moisture ~ The ~ is r'ac on

e as e alcohol-soluble f raction which contained 39 ~ 56>
crude protein, 0.88% cr
 Table III! ~ The chloroformcrude fat, 1.34% carbohydrates, and 43.134 ash
evaporati.ng off the chlor

oro orm-soluble fraction was concentrated by
loroform under reduced pressure at 40 C d

designated as the li id f ract a , an was
e ipid f raction ~ This fraction, while containingprimarily lipid, also included sterols at 16 ~ 2% f th

o e fractions

108

AlC13 ~ 6H20, 4.8; ZnSO4 ~ 7H20, ?; MnSO4.4-6H2O, 21.4; CuCl, 3.0; KI, 4.6;
cocl2 6H20, ?; and cellulose, 43.0 mg.
b  Modified from Halver 1956! . Thiamine-HC1, 5.0; riboflavin, 16.4; pyri-
doxine-HCl, 5.0r nicotinic acid, 65.8; Ca-pantothenate, 24.7; inositol,
328.8; biotin, 0,5y folic acid, 1.2; p-aminobenzoic acid, 32.9; choline
chloride, 657.7; ascorbic acid, 822; a-tocopherol, 32.9; menadione, 3.3;
S-carotene, 3. 3: calci ferol, 0. 5; cyanocobalamin, 0. 03; and cellulose,
700.0 mg  Deshimaru and Kuroki 1974a!.



Table II. Results of Feeding E'xperiments Comparing the survival and
growth of Penaeus -j~aonicus Fed With  +! or Without  -! Clam
protein

Diet

20

19
20

18
25

25
25
23

6.4
73. 9

30. 0

4.4

153.0

71.1

1.3

97.6

32. 1

3.4

172.9

89.4

a
X 100 = daily feed intake  o/oo! W+WoI  N+No!

2 2

 w-w ! r 100 = percent gain to/oo!
wo

 W Wo! I~]
X 100 = feed efficiency  o/oo!

F

F = total amount of feed. intake during the feeding trial  dry matter, g!
D ~ duration of the feeding trial  days!
'Wo = mean body weight of prawn at the beginning  g!
W mean body weight of prawn at the end  g!
No = number of prawn at the beginning
N = number of prawn at the end

Table III. Proximate Composition  % of dry rnatter! of Alcohol-Insoluble
and Soluble Fractions

Fraction

Alcohol-

soluble

Alcohol-

insoluble

75.47 39.56
b 0.88

l8.16 1.34

5.82 43.13
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Number of prawn
at beginning
after 4 weeks

Bean body weight  g!
at beginning

+SeD.

after 4 weeks

+S.D.

Daily feed intake �!
Percent gainb
Feed efficiency  %!c

Crude protein
Crude fat

Carbohydrates
Ash

Lyophilized matter.

Not found.
c
As glucose.

1. 38

+0 18

2. 40

+0. 45

l. 34

i0.21

3. 39
+0. 75

0. 85

+0.08

le68
+0.28

0. 85

+0. 08

2.32
+0.31



These extracted fract'ons were then used in the formulation of four
expe rime nta 1 diets, the composition of wh ' ch are li s ted in Table
Diet Ho. 1 with whole egg protein was used as the basal di et. In d: ets
Hos. 2, 3, and 4 the whole egg protein in the ba" al diet was substituted
with. e' ther the protein conta ' ning alcohol-insoluble clam f ract ion, or
the ~hole egg protein combined wi th the alcohol-soluble f raction, or the
alcohol-' nsoluble fraction combined w' th the alcohol-soluble f raction,
respect i ve ly. The amount of alcohol-soluble fraction added to d.'ets
Nos. 3 and 4 corresponded to the levels found in f resh clam,

Table IV. Composition of the Test Diets for Penaeus ~ja onicus I'ncorpora-
ing Clam F'ractions

'a Com sition b dr wei ht
? ng r'ed ie nt

Diet 1 Diet 2 Diet 3 Diet 4

38.651.1
48. 0

29e6

6.2

1.0

7.0

63,.6

6.2

0.2

3.0

5.0

100.0

5.0

l00.0

47.9 48.0 47.9 47.9

6.2 6.2 6. 2 6. 2

10.0 11.2 9.6 10.1
10.7 12.7 21.9 23.6

� 7! �- 7! �.7! <1 7!

�.1! �.1! �..1! �.1!

See Table I footnotes.

bProximate composition was calculated based on the analytical values for
respective ingredients.

In an earlier study with p. ~anicus, a superior weight ga'n of
the prawn was reported with a diet containing short-necked clam lipid
than with a diet containing pollack liver oil  Kanazawa et al. 1977! ~ A
series of nutrition studies with the prawn by the present author also
revea led that the clam lipid fraction was more effect' ve as a lipid
source than a mixture of pollack 1' ver oil and soybean oil in promoting
the growth of prawn  Deshimaru, 1981 ! . Therefore, in this experiment a
mixture of pollack liver oil and soybean o'1, which had been used as a
I pid source for the pur if ied tes t diet was subs ti.tuted with the clam
lipid fraction in diets 1 to 4. All the diets were formulated so as to
be of a simi lar proximate composition to that of the basal diet
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Whole egg protein
Alcohol-insoluble fraction

alcohol-soluble fraction

Lipid fraction
Sucrose

NaH2PO4-2H20
Kcl
Trace metalsa
Vitamin mixturea
Glycine
Cellulose

Agar-agar
Total

proximate composition  %!b
Crude protein

Lipid
Carbohydrate
Ash

 phosphorus!
 potassium!

6.2

10.0

8.4

2.1

0.2

3.0

1.5

12.5

5.0

100. 0

7.0

1.9

0.2

3.0

1.5

13.6

5.0

100. 0

29. 6

6.2

9.2

Beo

0.2

0.2

3.0



Comparison of aVutritive Value of Whole Egg Protein and Clam
protein  alcohol-soluble fraction! for penaeus ~a nicus

Without alcohol- soluble
fraction

With alcohol-soluble
fracti on

Clam protein
a 1 coho 1- in so 1ub1 e

fraction

whole Who le

egg
protein

Clam protein
alcohol-irsoluble

fraction
egg

protein
Diet 1 Diet 2 Diet 3 Diet 4

Mumber of prawn
at beginning
a f ter 4 weeks

25
23

25
24

25
25

2
24

Mean body weight  g!
at beginning
+s. D.
after 4 weeks
fS.D.

0. B6
fo. 07

2. 06
+0. 39

0. B5
t0 09

51
+0.25

0. B6
+0 OB

1.B2
+0.35

0. B4
+0. 09

1. 52
0. 27

nt" test  P<0. 01!

Daily feed intake �!"

percent gainb

Peed ef f iciency  a! b

8.63.54.0

139. 577.6111.6

33. 723 273.751. 5

aA student's "t" test was used to determine significant difference  s! between
the mean body weight of groups fed or, Diets Ho. 1 and 2, and Ho. 3 and 4, at the
end of four weeks of feeding.

See the footnote to Table a T.

These results suggested that the superior nutr i tive va lue of the
clam should be attributed primarily to ' ts prote'n content, and that the
low nutritive value of the pur f ied d'et was due to the type of protein
used.
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The nutr i tive value of the clam Protein   alcohol-insoluble
fraction! was comPared»th that of th«hole egg prote'n based on the
results Qf a f ceding experiment using di et Sos . 1 to 4  Table V ! ~ The
percent ga i n of P raw n f ed the di e t with clam prote n  diet No.
111.6g! was higher than that of the prawn ma' ntained on the diet wi th
vhp]e egg protein   die� "o. 1, 81 ~ 0% !, There was a significant
j f f e z e n c e i l 1 t h e g r o w t h o f t h e s e d i e t g r o u p s a t t h e e n d o f f o u r w e e k s

feeding, Vherl Compared us ng Student' S "t" t.eS t  p�,01 ! . The f eed
ef f jciency of d: et No. 2   73 ~ 7% ! was also superior to that of the diet
COnta' nirlg whale egg protein  Ho. 1, 51,5<! When the whole egg protein

clam protein was combined with the clam alcohol-soluble fraction
 diets gos ~ 3 «4!, feed ef f icienc'es were poor �3.2 or 33.7e!,
although the percent weight ga'ns �7.6 or 139e5%! were sim' lar to those
groups f ed the same d' e ts but without the addition of the clam
alcohol-soluble fraction-



EXP ERI HENT 2

The nutritive value of a dietary protein depends on its essential
ami no acid ba lance as we l 1 as the quanti ty present in the diet.
Phillips and Brockway �956! suggest that dietary protein most c]ospiy
approximating the amino acid profile of an animal's body protein has
highest Potential nutritive value. In this exPeriment, the amino acids
of clam protein were analyzed and its amino acid profile was compared
ri th that of a puri f ed diet  diet No, 5, Table VI! containinq
casein-albumin mixture as the protei.n source.

Table Vi. COmpariSOri Of ESSential Amino Acid PrOfiles of the Short

Ex ces s or de f i c ier.t
amount of amino acid
in Diet 5 as compared

with clam protein

Amino acid
cmspos it i on

� of dr matter!

Ratio
X

l. 61b

Ratio of emir,o
aci.d to methionine

in clams
Alnino acid

Clam Diet

48.56 59.69Total

Crude proteind 67. 87 59. 31

Lovel of each ami~o acid in clam protein/level of methionine in clam protein.

Msthionine level in Diet 5.

cPositive valves indicate the excess amount aa percent of amino acid in Diet 5.
tive values i ndicate the dsf icient amount as percent of amino acid in Diet 5.

Total nitrogen x 6. 25.

Nega-

Acid hydrolysis of protein was conducted under reduced pressure for
24 hours at 110 C with 6N HCl in a sealed glass tube. Tryptophan was
analyzed af ter hydrolysis for 6 hours at 120 C with 4N NaOH.
hydrolyzates were evaporated and diluted with citrate buffer solution
 pH 2n 2! f or thep e amino acid analysis. The analysis was performed using
a Hitacahi Liquid Chromatograph  model-034!. Cystine was analyzed
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Essential amino
acids:

f4ethionine
Threonine
Valins
I solsuc ine
Lsucina
Phenylalanine
Ly sine
81st idins
Arg inine

Non-esssnti al
amino acids:

ASpartic acid
Scsine
Glutamic acid
proline
Glycine
Alanine
Cystine
Tyrosine

1. 38
2. 3D
2.22
2. 15
3. 37
l. 85
3.51
0.89
3. 95

2. 56
2. 27
B. 64
2. 02
3. 25
3. 58
0. 20
1.72

1. 61
2. 22
3. 34
2.98
4.83
2.95
3. BI
1. 41
1. 94

3. 96
2.BS

13.07
6.63
3.12
2.02
0.10
2,85

1. 0
1.7
1.6
1.6
2.4
l. 3
2.5
0.6
2.9

3.61
2.74
2. 58
2. 58
3 ~ 86
2. 09
4. 03
D. 97
4. 67

0 00
-0. 52

0. 76
0. 40
0. 97
0. 86

-0. 22
0. 44

-2. 73



cysteic acid bY the method of Noore �963! The d'et was largely
deficient in arginine and some~hat deficient in threonine and lysine as
compared w' th the amino ac.'d profile of clam prote' n  Table VI!.

The composition of test diets for Exper'ment 2 are 1' sted in Table
VIZ ~ Diet No- 5 v' th a casein-albumin mixture  9:1 ! was used as the
basal diet. Diet Nos. 6, 7, and 8 vere fortified with crystalline amino
acids; ei ther L-a rgi nine, L-threonine, or L-arg'n'ne combined with

threonine, respectj-ve!Y. to make up for the deficient essential amino
a  i ds in the case' n-a lbum' n m' xture, as compared with those of the c 1am
protein ~ Al 1 the d ets were formulated to be i soni trogenous.

Istic VII. Composition of the Test Diets for penaeus ~ja nicus Incor-
porating Crystalline Amino Acid Supplements

% Com sation b dr wer ht

Diet 5 Diet 6 Diet 7 Diet 8
Ingredient

60. 0 59,5

100.0 100.0 100.G 100. 0Total

See Table I footnotes.

In the feed' ng trail the percent ~eight gain of prawn fed the
arginine supplemented diet  No, 6! was similar �32'! to that with diet
No 5 �27't!  Figure 1 !. However, groups fed either the threonine or
the combined argi nine and threonine supplemented diet {nos ~ 7 and 8!
grew less �07 and 9210%, respectively!. The highest feed ef ficiency was
obtained w' th diet No. 5  80%!, awhile all the d'ets fortified with amino
acids resulted ='n lower feed ef f icienc' es �2 to 55% ! . Thus,

supplementation of the diet with crystalline amino acids to make up for
amino ac'd def'c.'encies 'n the d'et did not improve its nutritive value.

EXPERIMENT 3

connection wi th Experiment 2, the extent to which a dietary
essential amino acid in the f ree f orm could be incorporated into muscle
protein of the prawn was es ti~ed in g feed' ng exper' ment using a diet
contai ni ng r ad ' oa c t i ve a r gi ni ne Q1 C   U ! $
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Casein-albumin  9:1! mixture
L-Arg ini ne
L-Threonine
Pollack liver oi '
Soybean oil
Glycogen
NaH2P04 2H20
Kcl
Trace metalsa
Vitamin mixturea
Cholesterol

Glycine
RNA

Cellulose

3.0

3.Q

5.0

10.0

2.0

0.2

4.0

2.Q

1.5

0.5

8.8

57. 3

2.7

3.0

3.0

5.0

10.0

2.0

0.2

4,Q

2.0

1.5

0.5

8.8

0.5

3.C

3.C

5.C

10.G

2.C

0.2

4.C

2.C
C

p e.8

56. 8

2.7

0.5

3.0

3.0

5.0

10. 0

2.0

0.2

4.0

2.0

1.5

0.5

Sa8



Diet No. 5 6 7 8

Amino acid! b >b
supplementation

Figure l. Effect of arru.no acxd supplementation on the growth and feed
ef iciency of Penaeus iaaonicus. a - basal diet; b - A = ar-
ginine, T = threonine.

A diet containing L-arginine- [ C U ! j  specific activity 10mCi/mmol14

arginine, Nev England Nuclear! at a total radioactivity level of Os 5 Ci
per gram of diet was prepared using a modif ication of diet No. 5. To
insure del: very, diet No. 5 vas fortified with a binder, 103L w/w mannan
 a type of hemicellulose!, to prevent, as far as poss' ble, leaching of
the label led argini ne, and with 2i v/v hot water-soluble oyster extract
as an attractant to st: mula te rapid feeding by the prawns. Each day,
ind' vidual prawns were fed 0.1g of the radioactive diet. Feeding took
place ' n the evening so as to ensure that the feed would be consumed
immediately. The ratio vas inges ted completely by the the prawn w' thin
one to two hours after presentation.

The prawn fed the diet containing radioactive arginine were sampled
after day one, three, and six. Immed' ately after sampling, the prawns
vere separated into three parts: muscle, hepatopancreas, and remaining
tissues. The muscle and hepatopancreas were treated with hot 80%
e tha no 1, and f rac tionated ' nto alcohol-soluble and alcohol-insoluble
 residua 1 ! fractions ~ The alcohol of the soluble fraction was
evaporated off and the residue redissolved in a citrate buffer solution
 pH 2. 2 ! . The alcohol.-insoluble f raction and remaining tissue por tion
ve re hydro 1yzed with 6N HC 1 according to the proced ure f or the ami no
acid analysis as described in Experiement 2. The hydrolyzates vet'e
evaporated to dryness and the residue redissolved i n a citrate buffer
solution  pH 2.2!. The samples with citrate buffer solution were used
f or the rad oact i vi ty an lys is Radioactivity measurements of
buf fe red samples vere made vi th a sci nti 1 lation counter  Beckman model
LS-230! ~ A toluene solution with 0.5% w/v diphenyloxazole and 0.03% v/v
di me thy lphenyloxazole was used as the scinti 1.lator ~ The results of the
exper ment are summarized: n Table VIIZ.
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T~le VIII. Radioactivity and Its Distribution in the whole Body of
Prawn Fed a Diet Supplemented with L-arginine [14C U~~a

Da s ela sed after initial feedin
3 6

dpmdpm

Dietary arg- C14

ingested by prawn

Arg-14C incorporated
in whole body of
prawn

Distribution of
arg-14C in muscle:
Alcoho 1-soluble

fraction
Alcohol-insoluble

fraction in hepato-
pancreas 20 �.1

A 1 coho 1- so 1ub le

fraction l.OBO 1. 0

Alcohol-insoluble
fraction in remaining 140 0. l
tissues 8720 7.7

113000 100. 0 339000 100. 0 678000 100. 0

12500 ll..l 15670 4.6 24410 3.6

2540 2.2 5970 1.8 7800 1 ~ 2

42G 01 3760 06

2C9G G. 6 2810

490

6700
0.1 320 �.1

2.0 9720 1.4

a~suits are based on the analysis of two prawns per sample period.
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The analysis of one gram of the radioactive diet revealed 1,130,000
dpm of the radioacti vity As each prawn consumed 0.1g of the
radioactive diet per day during the six day feeding experiment, the
radioactivity ingested by each individual prawn was assumed to be
113,000 dpm per day. The rad' oactivity incorporated in the prawn whole
body increased with feeding, from 12,500 dpm after one day to 15,670 dpm
and 24,410 dpm at three and six days. respectively. At one day after
feeding, the levels of activity distributed in the body of the prawn
were 2. 24 in the alcohol-soluble f raction of muscle, 1.0% in the
bepatopancreatic alcohol-soluble f raction. 0.1% in the hepatopancreatic
alcohol-insoluble f raction and 7 ~ 7% in the remaining tissues ~ At six
days af ter feeding, the rat'o in each region decreased to 1.2, 0.4.
<0.1%, and 1.4%, correspondingly. In contrast., the level of activity in
the muscle protein  alcohol-insoluble extraction ! was <0.1% after one
day of feeding, but increased slightly to 0.6% after six days of
feeding. The incorporation of arginine originating from dietary protein
vas calculated f rom the amount of dietary arginine ingested and the
increase in the arginine content of the prawn during the s'x-day feeding
trial and was thus estimated to be as high as 90.5%. The assimilation
« dietary free arginine ' nto muscle protein was extremely low compared
vith that of protein bound arginine. These facts indicate that the
prawn does not ef f ective ly utilize dietary free arginine in the
synthesis of muscle protein. Thus, ' t was concluded that supplements of
crystalline essential amino acids that are deficient in the diet will
not result in an improvement of prawn growth.



EXPERIHENT 4

Experiment > revealed the superior nutr' tive value of c]am prot
as a dietary Protein. However, attempts to improve the protein qu 1' t
of def icient diets wi th f ree amino acid supplements were found tp
almost completely inef fective ' n Experiments 2 and 3 ~ Theref ore, in
next experiment the nutri tive value of a mixed protein having a
essential. amino acid profile to that of the clam protein was tested.

Whole egg protein, casein, and three purified proteins from whole
P, ~anlcus, squid meal, and skiP-jack testes meal were used as the
protein sources of the test diets. The procedure outlined earlier in
the fractionation of clam tissue was used in the preparation of Proteins
!alcohol-insoluble extraction! from P ~ iaaonicus, squid meal, and
skip"jack testes meal s The amino acid compositions of the proteins are
summarized in Table zx.

Table IX. Amino Acid Compositions  % of dry matter! of Whole Egg Pro-
tein, casein, and Purified Proteins from prawn  P. ~a nicus!,
Squid, and Skip-jack Testes Meals

Whole Casein, Purified rotein
egg vitamin Prawn Squid Testes

protein free
Amino acids

Total

Crude proteina

81. 77 103. 79 89.97 86.65

94.36 92.87

73.33

95.21 92.50 96.47

Total nitrogen x 6.25 �!.

The compositio~s of the test diets for Exper' ment 4 are listed in
Table X. Diet No. 9 w' th the clam protein was used as the basal diet ~
Diet Mos. 10 and 11 were required so as to have an essential amino acid
profile similar to or differing from that of the clam protein, by mixing
the e several puri f ied proteins, each having different amino acid
prof iles. All the diets were isonitrogenous and isocaloric ~

116

Aspartic acid
Thre on inc

Seri.ne
Glutamic acid

Proline

Glycine
Alanine

Cystine
Valine
Methionine
Isoleucine
Leucine

Tyrosine
Phenylalanine
Lysine
Histidine
Ar'ginine
Tryptophan

8. 61
3. 73

7. 09

11. 88
3. 37

2. 71

4. 93

1. 94
3. 86

3. 01
3. 46
6. 47
3. 16

4. 15

5.45
l. 71

5.45
0.79

7. 17

4.09

5.96
24.32
10.57

1.86

2.81
0,43

5. 66
2.67

4.49
8.70

5.66
5. 18

7.15
2.73

3.42
0. 92

11.16

3. 62
4.23

17.19
2.84

4.09

5. 56

l. 16

2.87

2. 92

2. 89
7. 04

3.62

3.90

7.24

1.66
7.46

0.52

9.69

3.84

4.47

14.03

5.45

10.46

5.32

0.69

2.49

2. 61
2. 72
5.37

2.74

3. 01

4.29

1.45

6.99
1. 03

7.16

3.61

4. 28

10. 1.8
3. 62

3. 59

4. 92

0. 91

3. 09

2. 06

2. 56

5. 56
3.08

3. 12
5. 22
l. 72

7. 98
0.67



T>ie S, Composition of the Test Diets for penaeus ~aonicus Zncorpora-
ting Isolated Protein Fractions

Ingredient Diet 9 Diet 10 Diet 11

75. 3

6.1

6.1

6-1
6.1

36. 4

7.1

34. 5

17,9

6.2

6,9

1.9

0.2

3.0

1.5

5.0

100. 0 100 0 lOQ,O

All the proteins contained more than 92$ crude protein and 82',
amino acids, except for the tes tes prote' n which was slightly lov ' n
amino acid content   73't ! ~ The three purified proteins were rich in
arginine as compared with whole egg protein and casein. When the
essential ami.no acid profile of whole egg protein was compared with that
of the clam protein, the whole egg protein was found to be deficient in
lysine and argi nine, and to a les ser extent in threonine, leucine, and
histidine. The essential amino acid prof iles of diets Nos. 10 and 11,
which were made up wi th several proteins, are compared with the amino
acid profile of the clam prote' n in Table XI.

Diet No. 10 contained sufficient amounts of essential amino acids,
except for lysine which was present in slightly lower amounts than in
the clam protein. Diet No ~ 11 was def icient n threonine, lysine, and
Particularly arginine � a profile dif fering significantly fr'om that of
the c 1a m protei n.

The results of. the feeding exper' ment are shown in Table XII. Diet
10 produced the highes t percent gain in the weight of prawn

�10 ~ 6> ! ~ S tati s tice I ly, th is percentage gain was equal to that
Pro duced by di et No. 9, the basal diet containing the clam protein
�0o 0%!. On the other hand, prawns fed diet No. 11 exhibited 'nferior
growth   164. 6% ! . Diet Nos . 9 and 1 0, which produced supe r ior gr owth,
also resulted in higher feed efficiencies �7.4 and 38.0% respectively!
than that of diet Ho. 11 �1 ~ 92 0! .
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Protein source:

Clam protein fraction
Whole egg protein
P. ~a onicus Protein freer.ion
Squid protein fraction
Testes protein fraction
Casein

Clam lipid fraction
Glycogen
NaH2P04'2H20
KC1
Trace metalsb
Vitamin mixture
Glycine
Cellulose

Agar- agar

aAmino acid composition i s listed in Table IX.

gee Table I footnotes.

6.2
10. 0

8.4

2.1

0.2

3.0

1.5

4.1

5.0

6.2

10. 0

8.4

2.1
0.2

3,0

1.5

2.8

5.0
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le Xll- ReSult Of Feeding ExperinlentS Comparing the Survival
growth of penaeus ~ani.cus Fed Diets 9, 1D and 11

Diet 9 Diet 10 Diet 11

Number of prawn
at beginning
after 4 weeks

25

22
25

22
25

24

Mean body weight  g!
at beginning
+S.DE

after 4 weeks

+S. D.

0.64
+0 08

1.92
+0.65

0.66
+0.07

2.05
+0 48

0. 65
+0. 07

1.72
+0.3l

mt I< test  P<0 . 05! NS NS

9.6 15.3

200.0 210.6 164.6

67.4 38.0 21.1

Darly feed intake  %!

percent gain

Feed efficiency  a!

aStudenti s "t" test was used to determine significant differences  S!
between the mean body weight of groups fed the basal, diet  No. 9! and
test diets  No. 10 or ll! at the end of four weeks of feeding. No sig-
nificant difference was shown as NS.

bsee Table ZI footnotes.

CONCLUS TONS

The nutri t' ve value of prote ' n from the short-necked clam  V.

iaponicus was examined in relation to its amino acid compos'tion in a
series of feeding trials.
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The effect of a diet containing clam prote'n on the growth and feed
efficiency of prawn was far superior to that of a diet made up of either
whole egg pr ote ' n or a ca sein � albumin m' xture. Amino acid analysis
revealed that the whole egg protein and the casein-album' n m' xture were
deficient in some essenti a 1 amino acids as compared w' th the clam
protein. However, supplement ing the def ic' ent diets with crystalline
aminO aCidS did nOt enhanCe the groWth and feed efficiency Of the prawn.
ln earlier s tudies, the ef feet of crystall' ne amino acids on prawn
growth was examined by replaci ng the protein port ion of a purif ied test
diet  a casein-albumin mixture! with an amino ac d mixture. Regardless
« the ami.no acid composition, the amino acid test diet resulted in very

gr»th of prawn  Deshimaru and Kuroki, l974c !. Likewise, casein
hydrolyzates which were prepared by treatment with var'ous types of
P«tease were also ' nef feet' ve 'n promoting prawn growth  Deshimaru and

1975! . The results obtained from both the prev'ous and present
studies suggest that the nutritive values of free amino acids and/or
pePtides, as a dicta r y ni trogen source, are far 'nferior to that of
intact protein in susta ning prawn growth.

dete rmi ne the ' ncorporation of dietary free amirto acids, in'to
muse le protei n, a f eedi ng exper ' ment was conducted us' ng a diet



percentage i ncorporati on of freecontaining radioactive arginine.
nto the muscle protei~ was 0.6%, which wasradioacti ve a rgi nine in o

strikingly lower anth that of protein bound arginine  90.5a!.
was concluded f r om ethe two expe rime nts i n the present s tudy using

crystalline amino aci s'ds that essential amino acid deficiencies
ld t b compensated for by the use of supplementsdiet could not be corn ensa e

amino acids.

In earlier studies, the pravn's absorption efficiencies of dj etary
amino acids were e ermine'd d termined in feeding trials with either an amino acid
tes t di et or a casei n-acasein-albumin test d'et. The amino acids of both diets
were assimilated mainly ' n the hepatopancreatic region of the alimentary
tract and the total amino acid absorption was similar for the two groups
 Deshima ru, 1976a !, The changes in the concentr a tions of f ree amino
acids in the hepatopancreas, plasma, and muscle of prawns receiving the
ami no acid tes t diet were compared with those of prawns fed on the
casein-albumin test diet. All the free essential amino acids in
h t pancreas of prawns fed the case'n-albumin test diet attai,nedhepatopancreas o
maximum concentration levels 3 hours af ter feeding and then declined
significantly 6 hours af ter feeding to below pre-feeding levels. Thi s
may be at tributed to the use of essential amino acids from the
hepatopancreas in the synthesis of body protein ~ Twenty-four hours
af ter feeding, the levels of these amino acids had returned to
pre-f eedi ng leve ls ~ This pattern of change in essential amino acid
concentration af ter feeding was with the casein-albumin test diet. On
the other hand, levels of essential amino aci.ds in the hepatopancreas of
prawns vhich received the amino acid test diet reached peak
concentration lave ls after 6 hours, decreasing to pre-feeding levels
af ter 1 2 hours f rom f ceding without ever dropping below pre-feeding
leve ls ~ The concentrations of individual essential amino acids at their
maximum levels, however, did not show significant dif ference between the
two dietary groups  Deshimaru, 1976b! . These results suggest that the
inabi li ty of f ree amino acids to substitute for dietary proteins in
supporting normal prawn growth is probably due to dif ferences in the
rate of absorption.

In the present series of experiments, a diet was prepared so as to
have an essent'al amino acid profile similar to that of clam protein, by
compounding several proteins each having different amino acid profiles.
Prawns fed on the compounded protein diet exhibited growth rates that
were simil.ar to that of prawns fed on the diet containing clam protein.

diet prepared wi th mixed proteins having an essential amino acid
profile dif fering from that of the clam protein resul,ted in inferior
growth of prawn. This experiment indicates that the essential amino
acid composit'on of dietary protein is an important factor affecting the
nu tr i ti ve va 1ue of ar ti f i cial diets for prawn. Prawn growth rates,
equa 1 to that produced by using the diet with clam protein can be
obtained by using several proteins in combination so as to produce an
overall essential amino acid profile matching that of clam protein ~

These results indicate that when compounding a practical artif icial
diet for the prawn, an attempt should be made to simu1.ate, as closely as
possible, the amino acid profile of the best natural food. However, the
amino acids must be supplied in a prote' n bound form to maximize their
incorporation and thereby increase feed efficiency
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QUESTIOMS AHD AHSWERS " DKSHINARU

FARMANFARMIAN  Rutgers !: Dr ~ Deshimaru, what was
approxi ma te percentage of the three f ree amino acid supplements:
argi nine, threonine, and arginine plus threonine, compared to the amount
of those same amino acids contained in the protein portion of the diets
i n e xpe rime nt 22

DESHINARU: Free arginine was added at the level of about 2a of the
total diet which contained approximately 50% protein. As arginine
represents approximately 4a of the protein, the free and bound amounts
of arginine were roughly equal.

FARNANFARNIAN; In my own studies with Macrobrachium, when the
leve I of protein in the diet is 50% the unlimited availabil' ty of al I
amino aci ds obvi ates any positive growth increment or any additional
measure, such as PER  protein efficiency ratio!, that we might use to
see the ef feet of supplementation. We only see an ef feet on growth when
the total amount of dietary protein is limited and also the amino acid
which is deficient is limited. Such is the case with Macrobrachium,
where the total protein was 20% and arginine or lys inc were present at
5t of the prote ' n or 1% of the total diet. I sugges t the two species
could be compared and I believe that, if these studies were done at a
lower protein level. we would see an effect on both growth and PER with
d' rect supplementation of free amino acid. This assumes of course that
they are bound ' n the diet and are inges ted by the animal . I haven' t
worked wi th other bi nders but al gi nate is certainly excellent; it
retains 80% of the free amino acids in the. pelle t for 6 hours even when
the animal is feeding and thus removing some of the external surface.

DESHXMARU; True, I used a rather high level of protein and amino
ac' d su I i i ments. perhaps, if I conducted experiments at the lower
levels you suggest dif fe rent results might be obtained but with the data
present 1 y avai l,able no ef feet. of supplemental free amino acids 's
evident.

MAUGLK  Rhode Island !: Dr. Deshimaru, would you explain why you
used the amino acid profile of the clam rather than the shrimp's own
amino acid prof'le as your reference2

DESHII4ARU: The clam is an excellent food for the shr' mp, and the
essent' al amino acid profiles of the two are similar. This indicated
that the es sent ' al am' no ac ' d prof i le of the clam might be use f u l
satisfying the ami no acid requi rement of the shrimp.
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pne other th~nq. Could you explain the lack of response
h lcohol-soluble fraction?to the a co

DESHI The c 1am ex r act f r «-«on probably conta ns f ree am>no
types of ni tr oge nous components bu t these are alreadyacids

the di et. Thus, the extract had little effect on theavailable i n

prawnwn 's growth.

HKRNA NDpREMA t France ! Dr Deshj.maru what ~s the role of RNA
J c a c i d ! i n t h e p r a w n di e t s ? I n o ti c e d y o u i n c l u d e d R N A i n  ribonuc le i c

f youp' di et s but not othe rs .same o you

Dietary RNA seems to stimulate the feeding of the prawn
does not appear to be of benef it in terms of improv' nq feedbut

ef f ioiency.

HZRNANERNANppREMA: Dr. Desh' maru, '' n those diets where you used RNA it
be at a cons tant RNA: protein ratio. Have you triedappeared o

varying this ratio?

No, I haven't yet carried out any exper ments varyingDESHINARU-.

that rat'Q.
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FATTY ACID HETABOLISK ZN CRUSTACEANS

John 0, Cas tel l
Department of Fisheries and Oceans

Fisheries and Environmental Sciences

P,O. Box 550, Halifax Laboratory
Hal'fax, Nova Scotia B3J 2S7 Canada

The ability to synthesize saturated fatty acids from acetate was
sho~n to be present in the few species of marine crustaceans studied to
da te. The delta-9-desaturase system, which converts saturates to
monoenes, was also demons tra ted in several crustaceans ~ The de novo
synthesis of fatty acids of the 1' noleic and linolenic series was either
extremely limited or non-existent in crustaceans ~ Fatty acids of either
of these two series obtained f rom dietary sources could, however, be
chain elongated and further desaturated. Thus, the fatty acid pattern
of crustacean lipids could be expected to represent a combination of
those fatty acids synthesized de novo and those obtained f rom diets,

The fatty acid composition of crustacean lipids has been show~ to
be af fected by many factors. Variation between dif ferent species is
probably due to a combi nation of genetics, di et, environmental
temperature and other biotic and abiotic factors. Even within single
species, fatty acid patterns may be significantly altered by one or more
of these f actors. The fatty acids vary among d'fferent tissues and
organs and even among dif ferent lipid classes of any tissue or organ ~
In spi te of this complex fatty acid composition picture, there are a
number of consistent patterns that might be valuable in predicting
essential f atty acid  KFA! r equi remen ts of crustacean species of
interest to aquaculture,

hla r i ne crustaceans tend to have higher le ve ls of li nolenic series
fatty acids and higher amounts of 20 and 22 carbon polyunsaturated fatty
aci ds   PUPA ! than f res hwa ter crustaceans . The f reshwa ter speci es tend
to have h gher levels of linoleic type fatty acids. Thus, one might
predict that linolenic series fatty acids will have a greater EFA value
to marine crustaceans, while fresh water species might require more
linoleic ser'es fatty acids or a mixture of both. Dependinq on the rate
at which they are able to desaturate and elongate fatty acids, some
marine crustaceans might requi re eicosapentenoic or docosahexenoic acid
to e a t i s f y the i r EF A req u irement ~ Similarly, coldwater crustaceans
might be expected, based on differences 'n fatty acid patterns, to
require more linolenic series fatty acid than warmwater species

Re la t' ve1 y li t tie research on EFA requirements of crustaceans has
been done. Linolenic acid has been shown to have greater EFA value than

l24



linnleic acid for a few ma r ne crustaceans. The 20 and 22 carbon
li nolenic series at ty acids were superior to linoleic acid. Some
warmwater crustaceans were shown to do better with a mixture of linole'

]j.nolenic acids than e' ther alone. The experimental protoco] for
determining EFA requirements:s available. hlany 'mportant s f
crust ~an have yet to be examined and this should b a very fertile
area in the next few years of aquaculture nutrition research.

KEY 'WpRDS: Crustacean, lipid, essential fatty acid, met boils
1'nplenic, 1' noleic, temperature, salinity, diet.

INTRODUCTION

we] 1 known that lipids are the most energy r. ch of the
clas ses, providing approximately 9 Cal/g. compared with 4-S

1 yg f o r' ca r b oh y d r a tes and proteins . The ca taboli sm and subsequent.
of energy f r om f atty acids i n crus taceans wi 1 1 not, ho wever, be

-' n this re vi ew. Ins tead this review will focus on the
nutritional and anabol' c aspects of crustacean fatty ac' d metabolism.
The principal components of most lipids are fatty acids ~ Since the time

Burr and Burr �929, 1930! ' t has been known that animals have an
essential dietary requirement for speci f ic types of tatty acids. The

fatty acid  EFA! requirement of homeothermic animals was
general ly sati sf i ed by f atty acids of the li nole ' c acid series   Holman
196 !, Fi.sh, poik' lothermic an' mals, have been shown to have varying
requirements f or either li nole ic, li nole n' c or mixtures of f atty acids
from both series, depending on factors such as temperature, sal'nity,
genetic va Yiat' on and other environmental and b otic f actors   Cas tel l
1979; Cas tell et al. 1981! .

hypothesis that crustaceans also have varyi ng EFA. requirements
will be exam' ned i n this review. The ' nteractions between de novo
synthes's and fatty acids of dietary origin in the 1'pids of various
aquatic crustaceans will also be 'nvest'gated.

FATTY ACID GROUPS

To simplify understand' nq, fatty acids may be divi.ded into three
different groups as follows:

1I Fatty ac' ds that can be synthesized de novo from acetate.
This gr oup inc ludes all eve n carbon number, straight-cha' n,
saturated f a t ty acids up to 20, 22 or 24 carbons. The most
abundant is usually 16:0, w'th lesser amounts of 14:0, 18:0, and1

20; 0.

1
A shorthand des.' gnation f or identi fying fatty acids. The f ' rs t

aumbe r i s the nu mbe r of ca r b on s i n the molecule. The number
f o 1 lowi ng the co ion .' s the number of double bonds. The n-x
 »>ch is replacing the earl'er omega des' gnation in much of the

li terature ! ' nd ' cates the position of the last double
~here x 's the number of carbons from the methyl end to the
bond Subs tituting the total number of carbons in the fatty
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u s u a I 1 y ha ve a de I t a � 9 -desaturase enzyme sys tern which
ermi ts them to convert saturated fatty acids to monoenoic

fatty acids.

For example:
14: Ln-5

16: ln-7
18-ln-9

14.0

16 0
18:0

The mos t abundant crustacean monoene is 18:!n-9 foljowed
16: ln-7 ~ It is usually possible to chain elongate or
these monoenes . This retains the  n-x ! component and
of chai n le ng th va ri ations arising f rom a specific
possible, for example: 18: ln-9 to 16: ln-9 or 20: ln-g.

common for' animals to be able to add more double bonds
methylene interrupted configuration, toward the carboxy, but not
toward the methyl end of monoenoic fatty acids. Thus, a typical
symptom of EFA def iciency in rats is the production of 20:3n-9
f r om 18: ln-9   Holman 1 968 ! .

The amount of the~e unusual f atty acids in crustacean 1' pids ' s
usually small. There are exceptions: for instance, the

both odd and e ven chai ned fatty acids   Parad ' s and Ackman 1 976! .
A.lthough there is some di spute, it i s probable that a 1 1 of these
unusual fatty acids are of dietary origin in crustaceans, having
been generated earlier in the food web by microorganisms. Th's
group of f at ty acids wi ll not be discussed f urther in this
report, as they have not. been shown to have any nutri tiona1 value
beyond their ca loric content ~ The greatest interest in these
unusual fatty acids wou ld be in traci ng f eed i ng patterns through
the aquatic food web.

acid for n gives the position of this double bond from the
carboxy endi
For example: 1.' noleic acid or '!8-2n-6 is

HHHHHHHHHHHHHHHHH
1 l 1 l l l l 1 1 1 1 l 1 l 1 1 l.

H-C-C-C-C-C-C=C-C-C-C-C-C-C-C-C-C-C-C=O
ill ill ill ill ill 1 1
HHHHHHHHHHHHHOH
methyl end carboxy end
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l!nusual fatty ac' ds that exist in the 1' pids of many crustaceans,
These include:

a! Odd chain fatty acids such as 13 0, 150, 17 0,
19:0, 15:1 and 17:1,

b! Branched cha' n fatty acids of both the iso and the
anti-iso configuration.

c! Non-methylene interrupted fatty acids where two or
more double bonds are present but separated by more
than three carbons.

d! Cyclopropanoic and cyclopropeno' c fatty acids.





1979b! . The major portion of the labeled carbon was always found
in the saturated and monoenoic f atty acids The small amounts of
radioacti vi ty found in the n-6 and n-3 polyunsaturated fatty acids
 PUPA! probably resulted from the addition of acetate units to the
carboxy end of EPA of dietary origin.

The converaion Of C palmitiC and Steario dcida tp
corresponding monoenoic f atty acids has also been
prawn Penaeus ' a nicus  Kanazawa et al. 1979a !, the gammaridprawn, enae
roeselii  Herodek 1970! and the mysid, Gnathophausia
Sarge nt 1973! . Aga' n the sma l l amount of radioactivity fou d

-3 22: Sn-3 and 22 6n-3  Kanazawa et al. 1979a! was prob bly
14

result of incorporat'on of C acetate removed
used to elongate shorter n-3 fatty acids of dietary orgin. G

the label in 12:0 could not have come from simp]e
16-0 as the labeled carbon was in the one position and wou]d
upon shortening. The possibility that an acetate unit has been added
removed at the carboxy end of a fatty acid must always be cpnside~ed
when interpret ' ng radio tracer data on fatty acid metabolism. gorris
and Sargent �973! found that some ocean'c crustaceans were also able to
convert C labeled fatty acids into fatty alcohols for incorporation14

into wax eaters.

The abi lity to elongate and desaturate fatty acids of the linolei c
and linolenic series has been demons trated ' n a number of crustaceans,
Kayama et al ~ �963! found that brine shrimp  Artemia salina! were able
to synthesize considerable quantities of 20: 5n-3 when fed on a d' atom
 chactocetos ~sis les!, which conte'ised 18:3n-3 hot no 20:hn-3. Kanasawa
et al. �979f ! compared the rate of conversion of C label.ed linolenic14

acid to 20;5n-3 or 22:6n-3 by a number of fish and crustaceans. They
noted that the fish with a very slow rate of conversion were those which
required dietary 20:5n-3 or 22:6n-3 to sat'sfy their EFA requirement,
wh' le the faa t converters could be satisf: ed with dietary 18: 3n-3. It
would be logica l to expect that a sinu.lar range of relative ability to
elongate and desaturate might exist and affect nutritional requirements
of crustaceans.

FACTORS AFFECTING THE FATTY ACID COHPOSITIOH

There are a number of factors in addition to the de novo synthesis
a nd conversions of dietary f at ty acids that affect the fatty acid
p a t t e r n s o f c r u s ta ce a n l i p i d s . Cas te 1 1 �979 ! noted that va luab le
' nferences about EFA. requ' rements of dif ferent fish could be drawn from
the differences in the fatty acid patterns of their lip'ds. Some «
factors af fecting the fatty acid compositio~ of crustacean lipids and
the possibility that similar differences in EFA requirements exist among
the various species of crustaceans will now be examined ~

Salini ty

T' he fatty acid patterns among crustaceans in f reshwa ter and marine
environments tend to be similar to those for finfish  Castell 1979!
The s ums of satura ted and monoenoic fatty acids  those that carl be
synthes: zed de novo!, and of the n-6 and n-3 acids and of the
ma jor chain lengths, and the ratio of n-6/n-3 are presented in
for a number of freshwater and marine crustaceans as well as
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The 1 i n o le ic acid seri es tends to be thebrac ki sh wa te r speci es .
predomi nant EFA gr ou p inEFA group in f reshwater species while the linolenic series
predomi nates i n'n the marine crustaceans. The marine species also
definite trend to hi gher proportions of longer chain �0 a�d
f a t ty a c i d s ~ The pa t te r n for s a tu r ated and monoenoic fatty
appe ar s to va ry cons iry cons ide rably between species and does not show
apparent relat'onship to the salinity.

Lipid Class

Within any one species the fatty acid pattern associated with
lipid class may vary considerably. The triglyceride fatty acids tend to
ref lect the dietary lipids while the phospholipid or membrane lipid
tends to be a more s table characteristic of each species. Table ZI
presents a summary of fatty acid patterns for triglyceride, phospholi pid
and in some cases sterol or wax esters from several freshwater and
marine crustaceans. The same general patterns noted in Table 1 for
total lipid fatty acids with regard to n-6 and n-3 EFA and cha' n lengths
are st' ll observed 'n the phospholipids in Table XI.

the case of the Panda 1 us montagia males,  Clarke 1979!
location of capture appeared to affect the content of triglycer: des more
than phospholipid. It is probable that the diet of P. montagia at the
mouth of the Crouch River contained higher levels of both n-6 and n-3g
20 and 22 carbon fatty acids than at Lynn Wall, about 100 km further
north in England on the North Sea. Other factors such as temperature or
molt stage, also may have had an effect on the fatty acid composition of
this crustacean.

Even among t,he phospholipids it can be seen that fatty acid
composition varies between molecular species. Xn Orconectus limosus the
fatty acid pattern of phosphatidylcholine is not the same as that of
total phosphol'pid  Table II!. Similarly the sterol and wax esters have
their own distinct fatty acid pattern different from the other lipid
classes within each species of crustacean,

Tissues and Organs

Not only is the fatty acid composition of the various lipid classes
di f fe rent f or a gi ven spec'es but these patterns also vary from one
tissue or organ to another w' thin any given crustacean Table III gives
an example of the variation in fatty acid pattern of total lipid f rom
seve ra 1 ti.ssues and organs of the Horseshoe crab, Xiphosura polyphemus
I van der' Hor'st et al . 1973! . In addition to the variation in total
saturates   32-46% !, mon oenes �0-36%! total n-6 �. 3-15 ~ 5%! and n-3
  10-25% ! there are a f ew other interest' ng dif Eerences ~ The gonad
lipid, for example, has 4-5 times as much of both 20:3n-6 and 20:3n-3 as
any of the other tissues and the gil.l has much more 22.4n � 6 than most of
the other tissues except the egg and to a lesser extent the
hepatopancreas. The possible role of the gonada l ei cosa trieno: c acids
i n pros tag landin synthesis will be d' scussed later in this paper
connection with some C radio tracer work carried out with lobsters ~14
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Tabl e III. Fatty Acid Patterns of Total Lipids of Various Tissues of
the Horseshoe Crab, ~li hosura pool hemus ivan der Horst et
al. 1973!

Heoa o-
Fatty acid pancreas Gonad Heart Muscle Gill Carapace Egg

2 1

7.6

9.7

2.0

0.6

37. 1

2.6 1.6 1..2 2.1

806.7'7456

6.8 10,9 18.2 9.8

1.5 1,1 0.1 0.2

0.4 0.2 0.1 0.5

37.2 32.6 41.4 34.8

2.1 2.1

12. 3 10.4

11.8 8. 7

1. 6 0.6

0.3 0.3

46e8 36.0

14:0

16:0

18:0

20:0

22:0

SUM Sat

1.9 2.4 1.7 2.2

17.6 19.3 30.0 14.9

5.1 3.4 4.4 2.3

0. 5 0. 3 0.2 0. 3

25.9 26.5 36.9 20.7

2. 1 2.8

18. 9 17. 3

4. 3 3.6

0.3 0.3

26. 8 25. 2

3.0

15.4

5.2

0.9

25. 7

16:1

18:1

20:1

22:1
SUM Nonenes

1.3 0.9 1.0 1.1

0.9 0.8 le2 0.7
0.3 1.1 0.4 0.8

2 7 0 6 0 5 0 5

4.6 8.3 5.2 9.6

0.2 0.7 0.2 2.8

10,0 12.4 8.5 15.5

0.8

0.6

0.7

0.4

6.8
1.8

ll,. 1

1.5

0.4

0. 8

0.6

3.9

0.1
7.3

0.8

0.8

0.6

5.7

0.9

9.7

18:2n-6

18:3n-6

20:2n-6

20:3?1-6

20:4n-6

22:4n-6

SUM n-6

Season

The fatty acid pattern of panda lus ~ont~toia captvred at tvo
different locat'ons at the same t'me of year varied considerably  Table
II! ~ However, Bott' no et. al. �980! found that the fatty acid patterns
of 'three species of shrimp  penaeus acti ferus, p aztecus and p
duorarum! collected at the same t'me of year differed very little from
each other. There was a seasonal variation irrespective of the species.
Saturated fatty acids increased during the warm season and decreased in
the cold months, while the opposite occurred with the monoenoic and
polyenoic f atty acids. Guary et al. �975! showed a similar seasonal
variation in the fatty acid pattern of penaeus japonicus. They also
reported a seasonal. variation in the total lipid co~tent with pea k
values in October and november for female and male prawn, respectively m
The seasonal fluctuations in fatty acid patterns of crustacean lipids
are pr obably caused by a combi natin of several factors, including
temperature, diet, age, reproduction and molt cycle
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18:3n-3

18:4n-3

20.3n-3

20:5n-3

22T4n-3

22: 5n-3

22: 6n-3

SUM n-3

0.9

0. 1

0.2

15. 0

0.6

2.2

3.3

24. 7

04 07 12 08
0.1 0.1 0.2 0.2
0.9 0.3 0.3 0.2

12. 8 16.6 6. 4 13. 2
0,5 0.6 Oe5 3.9
1.9 1.3 0.4 1.1
4 7 2 5 0 4 1 4

24.0 25.1 1.0.0 25.4

0.9

0.2
0.3

7.1

3.6

0.7

1..2

16.3

1.6

O. 1

0.1

10. 5
4.7

1.0
2.0

25. 0



Temperature

hag been well documented for finfish that satura ted fatty acids
vary di rect l.y and some monoenoi c and polyunsaturated fatty acids
inversely with temperature  Kayama et al. 1963; Re ser et al. 1963-
Johns ton and Roots 1964; Knipprath and Head 1966; Kemp an Smith 1970,.
 ,es ]. i e a nd Buck le y 19 76; Lege r e t a l 1 977 ! ~ As one might have
predi cted crustacean lipids exhibit a similar response to changes in
environmental temperature  Farkas and Herodesk 1964; Mart'n and Ceccaldi
1977! ~ Both desaturation and chain elongation increase w'th decrease

tempe ra tu re   Tab le IV! .

Table IV. Effect of Culture Temperature on the Fatty Acid Composition
of Palaemon serratus  Martin and Ceccaldi 1977!

Ratio

22 n-6/n � 3
Sums

Temp.
Sat Mono n-6 n-3 18 20

25 34.3 36.7 5.2 21.6 45.0 15.0 4.1 0.24

35 37-2 37-1 6-7 17-6 39-9 10-8 5.4 0.38

9 26.7 31.8 11.4 28.5 39.5 20.4 8.5 0.40

Diet

Holt cycle

A crustacean must periodically molt or cast off the old shell and
grow a new one to permi t growth. This discontinuous growth pattern
results in fluctuations in the rate of de novo synthesis of 1' pids from
C -acetate  Patrois et al. 1978!. Haximum lipid synthesis in Penaeus

stages, respectively! with synthesis reaching a minimum at D prior to
the next molt' patrois et al. �978! also noted that the distribution
of radioactive lipids varied w' th tissue type and lipid class over the
molt cyc le. Kanazawa et al. �976! and Ando et al. �977! analyzed
lip d content of various tissues and found highest total 1' pid levels
pre-molt s taqe 0 in mos t tissues of Penaeus j aponicus . The fatty
patter~ of the several lipid classes was also found to vary over
molt oyole in palaemon paucidens 1Teshima and tanasaua 7976! and penaeus
~a nious {Teshima et al. 1977!. in palaemon paucidens the saturates
16:0 a nd 18: 0 i ncreased at molt stage 0 while 20 4n6P 20'5n 3
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%hen Penaeus setiferus were fed a diet high in 18 2n-6 and low i,n
20 and 22 ca rbon P UFa the influence of d.' etary lipids on fatty acid
compos ' tion of this shr imp was appa rent af ter one month  Table V
Botti no et a l.. 1980! . Fven af ter 3 months, however, the spec' fic
retention of n-3 fatty acids was clear as the shrimp n-6/n-3 rat' o was
1:4 compared with 4:5 in the dietary lipid. Although 20: 4n-6, 20 5n-3
and 22: 6n-3 were higher in P. seti fe rue at the beginn'ng of the
experiment, elongation and desatu ration acti vi ty was evident f rom the
relat' vely high levels of these fatty acids compared with dietary levels
even after three months of feeding.



22.6n 3 decreased in the phospholipid fraction. The triglyceride showed
marged variat on in fa tty acid compos ' tion during mo lt cycle ~ The

f at tf aoid Pattern of the PhosPho liPide of Penaeus jaPoni cue was more
with only a slight increase in 18:1 and a decrease in 20:5 and

gelt stage C. This prawn did display a s'gnificant fluctuation
tr ig lyceri de f atty acids ~ The triglyceride level of 22:6n-3 was

extremely high at molt s tage C whi le 20: 3n-3 was very high following
ecdysis, at molt stage A2' and showed a steady decrease to premolt, molt
g ta9e $ D > ~ No 1 t s t age a 1 s o resulted in changes in the fatty acid

of sterol esters, f ree fatty acids, mono- and diglycerides.

Table V. Effect of Diet on Fatty Acid Composition of Penaeus setiferus
 Bottino et al. 1980!

Com osition of' P. set i ferus li id a f ter
Fatty acid Diet

0 months 1 month 3 months

0.6

14. 8

11. 2

26. 6

1.6

15. 5

7.9

25.Q

0,5

15. 3

10. 0

25. 6

0.5

13.4

8.7

22.6

14:0

16:0

18:0

SUM

1.7

28. 4

3G. 1

2.3

22. 9

25. 2

2.2

20.0

22.2

5.1

13.1

18e2

16:1

18:1

SUM

32.3

0.7

33.0

14. 1

10a3

24.4

18. 1

9.4
27,5

2.3

11. 6

13.9

18:2n-6

20:4n-6

SUN

4.4

2.6

0.3

7.3

2.1

8.7

6.3

17. 1

1.3

9.7

6.9

17.9

2.8

loe4

11.3

24.5

18; 3n-3

20:5n-3

22.6n-3

SUM

4.5l. 36n-6/n-3 l. 61.57

Age, Reproduction and Sex

In the carp  Shimma et al. 1977!, it was found that decreased
levels of 22:6n-3 reduced hatchability. Castell �979! guoted several
reports of higher concentrations of n-3 fatty acids in fish roe than
those in the total adult fish lipids. The ovaries of three species of
crustaceans exhibited the same trend  Table VI ! . Middled tch et al.
 ~980! noted that shrimp Penaeus setiferus fed a diet low 'n 20 and 22
PUFA would not produce eggs. Feeding supplementr; of annelid worms rich

these fatty acids resulted in successful ovarian development and
s pawninqe

Morris �973! compared the fatty acid composition of 3uveniles and
feature males and females of several species of marine crustaceans. The
young genera 1 ly had higher le vels of pUFA than the adults ~ The males
tended to have higher levels of PUPA than the females, while the females
had higher levels of saturates or monoenes. It is possible that some of
the females sacrificed their PUFA to produce healthy eggs and larvae ~



Tg,lm vz. Comparisons of Fatty Acid Patterns of To al Adult Lipids with
Ovary l,ipids of Several Crustaceans  Hayashi 1976!

~ E
acid whole Ovary Whole Ovary

sp.

Whole Ovary

4.7

1.6

23.2

1.8

2.4

8.1

0.6

20.2

0.3

1.4

0.4

5.1

0.7

16. 2

1.0

0.6

0.5

3.9

1.0

16.9

j.5

l.. 5

4.8

0.6

33.7

1.1

1.8

O.9

25. 7

1.1

34. 8 31.0 24. 1

18:2n-6

20:4n-6

SUB

1.7

1.0

2.7

0.8
0.3

1.1

1.5

1.0

2.5

2.3

1.3

3.6

0 9 1.6

2.6 2. 7

3.5 4. 3

18: 3n-3

18: 4n-3

20; 5n-3

22: 5n-3

22:6n-3

SUN

tr

tr

5.5

tr

0.3

5.8

tr

0.9

8.4

0.1 0.2

1.6 0. 2

7.2 13. 4

tr

t.r

11,010.7

tr

1.5

12. 2
1.9 1.9

ll. 2 12. 9

2.4

11.3

3.2

17. 0

ESSENTIAI. FATTr ACIn REQUIREMENTS OF CRUSTACEANS

tt should be clear that the fatty acid picture in crustaceans 's
not simple ~ The fatty acid composition of each lipid class is affected
by de novo synthesis ability, by dietary lipid composition, by ability
to alter  lengthen, shorten, desaturate and saturate! dietary fatty
acids and by the relative rate of catabolism of each fatty acid group.
The fatty acid patterns change with season, probably due to a
combi na'tion of changes in diet, temperatures and reproduction and molt
cyc le. The salinity appears to exert an inf luence on the fatty acid
p s we 11. Moreover, the fatty acid patterns differ' betweenpatte rn as we l.

different ti 'ssues and organs of each species of crustacean, and each
lipid class of eao each tissue has its own dif ferent fatty acid composit'o ~
Neve r the le s s in spite of this, it may be possible to draw certain
inferences about i et.bou t di eta ry lipid requirements of crustaceans from the
foregoing discussions.

As the differences in fatty acid compositions of fish cultured
di f fe rent tern ratuperatures and salinities were correlated with differences
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14:0

15:0

16:0

17:0

18:0

19:0

20:0

SUP

14:1

16:1

17:1

18:1

19:1
20:1

22:1

SUN

0.9

12.3

.8

29. 1

0.5

3.8

2.0

51.0

1,1

16.7

2.1

31,0

1.5

4.1

2.2

59.5

2.1

10.0

2.2

28.2

1.3

3.9

2.1

50.3

4.0

1.0

17.8

1.4

2.0

0,4

26. 6

1.4

13.3

2,0

34.0

0.9

3.6

1.7

57. 8

0.5 O.2

19. 5 23. 6
1.0 1. 8

30 0 28.7

tr tr

2.5 0.2
0.5

54 1 54.6



di e ta r y f a t t y a c i d requirements  Cas tell 1979 and Cas te 1 1 et a l.
1981 !, it wou ' d be reasonable to expect that the w ' de range of fatty

pat terns of crustaceans is also indicative of differences in
dietary fatty acid requ' rements. Some indication of EFK requi.rements

gained from feeding trials using natural oils high in n-6 or n-3
f atty acids and observing e f f ects on growth, survi va 1 and other health
pa rame ters The on ly re 1 ' ab le proof of EFA requi rements, howe ve r, I s
that obtained with semi-purif ied or Purified diets with purified
saturates, or n-6, or n-3 unsaturated fatty acids.

Co]vin �976! fed groups of Peaneus indicus diets supplemented with
linseed, sunf lower, soy or peanut oil. It appeared that peanut oil, lov

18; 2n-6 and with no 18: 3n-3, gave best growth. In these test diets,
however, prawn and f is h meal contributed 3-4% l.i pid Individual growth
variance was so large that the dietary dif ferences were not s igni f icant ~
High le ve ls of either 18: 2n � 6 or 18: 3n-3 from these vegetable oils
appeared to depress growth of P. indicus. Shewbart and Nies �973!
found that supplements of 1'4 linolenic acid added to a commercial marine
chow resulted in increased growth of P. aztecus.

Guary et al ~ �976! found that vegetable oils, high in 18: 3n-3,
gave be t ter growth of Penaeus japonicus than those h gh in 18:2n-6.
Marine oi ls f rom sardine or clam, high in 20 and 22 carbon n 3 fatty
acids, resulted ' n better growth and survival than any of the vegetable
oi ls. Kanazawa et al. �977a ! reported s imi lar superior resu its with
po 1 lock res ' dual oi 1 and c 1am oi 1 compared to soybean oil in P.

1 vegetable o' ls in crus tacean d' ets was also demonstr'ated for crab,
Care' nus maenas  Ponat and Ade lung 1980!, freshwater shrimp,
Nacrobrachium rosenbergii  Joseph and Will'ams 1975; Sandifer and Joseph
1976! and lobster, Homarus americanus  Caste 1 1 and Covey 1976!.
Deshimaru et al ~   1979 ! f ound that a dietary m' xtu re of pollock li ver
oi 1 and li n.seed oi 1 gave supe rior growth and feed efficiency in P.
japonfcus than did diets with either oil alone. The natural oils used
in these feeding trials contained a mixture of many different fatty
ac' ds as well as other lipid components such as sterols, pigments,
phospholipids, vitamins, etc . Thus, i t is di f f icu lt to make def ini te
conclusions about EFA requirements based on such feedi ng trials. It has
been shown that crustaceans require cholesterol and also that dietary
lecithin supplementation enhanced growth and survival  Kanazawa 1976! ~

In a Seriee Of eXper' ments  Kanazawa et al. 1977a, 1977b, 1978,
1979c, 1979d, 1979e, Kayama et al. 1980!, it was whown that both 18:2n-6
and >8: 3n-3 improve growth of penaeus japontcus compared with diets
containing no fat or only oleic acid. The nutritive value of ffnolenic
was higher than that of linoleic acid. The prawn, although able to
elongate and desaturate these fatty acids, did not seem to be able to
Produce enough long chain n-3 fatty acids as both 20; 3n-3 and 22: 6n-3
pro ved to be superior to 18: 3n-3 as dietary supplements. Even af ter the
prawn were fed diets with n-3 as the only supplemented p0FA for about
two months they' retained signif icant leve ls of n-6 fatty acids,
especially in the polar or phospholipids.

Martin �980! found that 18:2n-6 and 18:3n-3 added together in the
of Pa3.aemon serratus gave better growth than e' ther acid added

alo ne ~ Mding cod liver oil resulted in better growth than any mixture
183 2n-6 or 18-3n-3, suggesting the p. serratus was also not able to

e»ngate and desatu rate these f atty acids f as t enough to sa t is f y the
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requirement for long chain pUFA. Read �981! found with penaeus indicus
that no mixture of 18: 2n-6 plus 18: 3n-3 tested was better than 18: 3n-3
al,one, but that supplementing 18: 3n-3 and 18: 2n-6 with dietary 20. 5n 3
and 22 f 6n-3 gave superior growth and survival compared with
supplementing a low f at diet with these long chain n-3 fatty acids
alone. Similarly he found that a mixture of sunflower oil and fish oil
was superior to either oil alone. Since the fatty acid patterns of
penaeus indicus and p. japonicus  Table 1! are similar, one is tempted
to speculate that P. ~anicus would also benefit from some level of
supplementation in addition to the 20:5n-3 and 22:6n-3. Ther~
clearly much research to be done in the field of EFA requirements of
c ru s tace ans ~ Even vi th penaeus 2a~>nicus, the speci es on which
work has been done, the question st' ll remains whether some level of
supplementation is essential for long term growth and survival.
f a t t y a c i d pa t t e r n s of crustaceans vary f rom seawater to f reshwa ter,
from cold temperatures to warm temperatures, from one tissue to another,
etc, It is very probably that these dif ferences reflect real
dif ferences in EFA requirements.

In expe riments with lobs ter, Homarus ameri canus, Cas tell and Boghen
  1979 ! f ound that dicta r y supplements of 18: 3n-3 or 22:6n-3P in
absence of dietary n-6 acids, reduced the desaturation of 16; 0 and 18; 0

to 16. 1n-7 and 18f1n-9 and resulted 'n unusually high levels of 16;1n-3
and 20: 3n-3. When 18 2n-6 vas added to the diet vi th 18: 3n-3 the

novo synthesis of 16 and 18 carbon monoenoic fatty acids was enhanced
a nd the levels of '1 6: 1 n-3 and 20 f 3n-3 were greatly reduced 'n the
lobster lipids. Surprisingly, the level of 20: 4n-6 in the lobster lipid
remained relatively unaffected by the presence or absence of either n-6
or n-3 fatty acids in the diet. At the t' me they publi shed thi.s work
the authors had no explanation for the production of unusually high
le vs ls of 16: 1n-3 and 20; 3n-3.

The relatively high levels of 20: 3n-6 and 20: 3n-3 in the gonad of
the Horseshoe crab, compared with other tissue lipids   table III, van
der Hors t et a 1. 1973 !, was mentioned earlier. lt s possible that
t he s e f a t ty ac i d s p la y a n important role in crustacean reproductive

1organ physiology. Cormier and Castell  unpublished results! found that
the rate of pros tag landin synthesis by lobster Hfq~arus americanus!
testicular tissue was five times greater when C -20:3n-6 was the

14precursor than when C labe lied 20: 4n-6 was used The production of
high levels of 20: 3n-3 ' n the absence of dietary n-6, as noted above for
H. arneameri canus, mi gh t be an at tempt to produce a substitute for an
essential precursor for prostaglandin synthesis, similar to the
production of 20. 3n-9 in EFA-def icient rats e

Although 16:1n-7 and 18:1n-9 can normally be synthesized by
crustaceans from 16:0 and 18:0 and are thus not essential in the dietf
they may play a very important physiological role. When dietary n-3
lipid somehow blocked the delta-9-desaturase enzyme sys tern, the lobs ters
appeared to be trying to satisfy their monoene requirement by saturating
and chain shortening dietary 18:3n-3 or 22:6n-3 to 16:1n-3 ~ These
conc lu sions are sub ject to some criticism especially since the

1
Research conducted bby Nr ~ R. Corm' er as part of his BSc- honors

thes is, Uni ve rsi ti y of Moncton, Moncton, New Brunswick. 1977 ~
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QUESTIONS AND ANSWERS - CASTKLL

CONKLIH  California, Davis!: Given that long chai~ polyunsaturated
f atty acids are important in the diet of many aquatic animals, are
always goi ng to be stuck with marine sources for these or do we
a l ternati ves?

CASTKLL: Wel l, I 'm nOt Sure that the lOng Chain unsaturateS
required for the lobster, at least. The lobsters seem pretty adept at
flippi ng up and down through desaturation and chain elongation. When we
fed 1B:3n-3 they were able to whip it up to 20: Sn-3 and down to 16:1n-3,
so that wi th the lobster ve may not have to have the long chain
polyunsaturated fat ty acids. There are lots of fi s h in the ocean so
that I don ' t think that we have to worry about 'the limitation of fish
oi ls a t this point.

COLVIN  Univ. of Arizona!: Some of the papers that I' ve read seem
to indicate that at least the peneaids don ' t have the ability for th ' s
elongation and desaturation.

CASTELL: ln regard to the peneaid shrimp and their abil' ty to
desaturate in chain elongate, I think Dr. Kanazawa has shown fa'rly
conclusively that penance ~ja nicus, does have the ahil'ty to chain
elongate and desaturate although not as great an ability as for ' nstance
rainbow trout.. Some of the other studies may be misleading, of ten the
author has used linolenic acid in the diet and said there is no evi.dence
of chain elongation or desaturation. What happens is you start out and
the animal ' n nature has relatively high levels of 20-. Sn-3 and 22:6n-7
Af ter about one month the levels of 20: 5n-3 and 22; 6n-3 have gone down
and the level of 1B: 3n-3 has gone up. After 3 or 4 months, however, you
f ind that the level of 20: 5n-3 and 22: 6n-3 may have leveled of f ~ The
animal is stil l growing. Either, they are cha' n elongat' ng or it  the
20:5n-3 and 22:6n-3! i.s coming by magic. If the animal has 'ncreased in
total weight and the total lipid 's increased and the percent of 20.-5n-3
and 22: 6n-3 has stayed the same then the total amount has increased ~
Shrimp may, as Dr. Kanazawa has shown, have a reduced abi lity to chain
e longa te and desaturate ~ However, in some of the papers where the
author concluded that there was no desaturation ab' l' ty, I think, if you
really look at the data, that there's fairly good evidence that they
chain elongating and desaturating.

COLVI I: I rea l ly should re vi, se my statement and say limited
abili ty is what I' ve seen. The question is not its abili ty but rather
i 8 the capa bi li ty at a high enough le vs l to support what we presume
be a requirement.
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think the evidence in terms of actual feeding is that

f ahoi lsor lipids with high levels of 20:5n-3 and 22:6n-3 give better
the linolen c acid. This agrees with what you' re saying

Qt on] y do they have a requirement for short chain n-3 fatty acids
but they also h nefit from the long chain polyunsaturated fatty acids.
They' r'e part ly sparing thei r 1: miting abi li ty to desaturate and chai ning
e longate ~

CpNKLZN: I was also wondering about contamination of fish oils
some o f the ch lor ' na ted hydr oca rbons ~

C~TELL- That fi ts in well with some of our current work. Dr.
Aokman of N S TU and I are shar ing a student who's looking at steam
stripping and pes ticides, pBC' s and those sort of things out of fish
o j]9 ~ I f it works we 1 1 these f ish oi ls can be used as a source of

tial fatty acids for fish feeds without concern for pollutants.

CpLV IN: In my work wi th pena e id s, we encountered a severe
contamination problem with PCB' s in some of our marine oi l. Host of the
samp]es of the f ish oi ls that ve vere using coming f rom the Atlantic

pretty heavi ly loaded with PCB's. We examined some fish oil
samples pz.oduced from Pac' f ic species and there ve found not PCS' s but
DDT deri vatives i So they' re everywhere. The DDT derivatives don't seem
to be as bad at least with the penaeid species that we' ve worked vith.

did go ahead and tr y some steam s tr ippi ng and our experience wou ld
suggest that it' s not worth the ef f ort. I ' d like to hear your comments
on that though.

CASTELL: I haven't seen any ev dence in the work I ' ve done with
lobsters of detrimental ef fects with the fish oils that we use. The
work that Dr. Ackman's student is do' ng may show us a little bi t more on
the effect of steam stripping. We may find the same result that you
have, that ' t didn't make any difference.

COLvIN: I ' d like to make one more comment about steam stripping
that you may want to guard aga'nst. We had a commercial firm do some
s team str ipping for us. While we s tar ted w' th menhaden oi 1, when it
cane back it looked more like soybean oi 1 in terms of its fatty acid
composition. They completely stripped all of the hi.ghly unsaturated
long chain fatty acids out of it.

145



THE ROLE OF HICRONUTRIENTS IN THE BIOSYNTHESIS
OF THE CRUSTACEAN EXOSKELETON

Douglas E. Conklin
Aquaculture Program

University of California, Davis
Bodega Marine Laboratory

Bodega Ray, CA 94923

Exoskele ton biosynthesis is reviewed f rom the standpo nt of
identif ying possible nutrient demands of this process in crustaceans;
specif ically examined are the possible roles of selected micronutrients

v' tamins C, A, D, E, and K ~ The functions of these in vertebrate
systems are discussed as well as the possibility that they function in
crustacean exoskeleton biosynthesis and molting.

Key words: Nutrition, Crustacea. exoske le ton, ascorbic ac' d, vitamin C,
f at-soluble vi tamins, vitamins A, D, E. K.

I NTRODUCT ION

The rigid body-covering of crustaceans provides them not only with
a name bu t a iso an ' n tegument and skeleton. Although this common
character is ti c of al 1 arthropods has been studied extensively  for
review see Richards 1951; Dennell 1960; Tra vis 1960a; Hackman 1971; and
Nelvi lie 1975!, one aspect not well examined is the relationship between
the exoskeleton and spec' fic nutrients in the diet. A primary reason
for this omission has been the lack of the required tools, i e.,
rel'able crustacean test diets. As suitable diets are being developed ~
a review of the available information on crustacean exoskeleton
bioeynthesis and promising research direct' ons i s appropr' ate.
Speci f ica l ly of inte res t, along with the major nutrient classes of
prote i ns, carbohydrates, and lipids, are vi tamin C, and vitamin D, as
well as the other fat-soluble vitamins A, E, and K ~

The examinat'on of this particular group of micronutrients reflects
the tendency of comparative animal nutritionists to view the nutritional
phys'o logy of a relatively small taxonomic group of animals, the white
rat and its vertebrate relatives, as representative of the norm-
h is to rica 1 ly vi tami n C and the fat-soluble vitamins were sometimes
cons ide red to be requi red only by vertebrates, the more usual approach
has been to also i nclude these vitamins in invertebrate test di«s ~
Th ' s assumption wi 1 1 be exami ned, with regard to the synthesi s of
crustacean integument, in an attempt to identify possible d' fferences
nutritional physioiogy between crustaceans and vertebrates-
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GEM ERAr STRUCTURE OF' THE lNTEGUNENT

crustacean integument.  see F'igure 's made up of two basic
parts a sing le layer of epide rma 1 ce 1 ls, and the 't ' 1n e cuticle, a non-1 ving
p p r t i p n t h a t h a s b e e n s e c r e t e d e x t e ma 1 1 y b th ' dy y e epidermis. This
cuticle is composed principally of layered h't ' ire c itin impregnated with
protein that has been various 1 y modi f ied wi th li d dwi ipids and mineral salts,
dependi ng on species, body locate on and d han epth. This range in
compos i tion of the cutie le layers has lead to a
classif ication schemes and terms, the most

a to a confusing assortment of
e mos t common of which are

summari zed by liken �980! . The follow'ng d'o ow' ng d ' scussi on wi 11 use the
terminology origina ted by Richards   1 9 51 ! i e ep ti .e. epicu tie le, exocutic le
endocuticle, and membranous layer ~

we ep t
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Figure l. The crustacean exoskeleton in cross section  adapted from
liken 198O! .
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the e ic

most crustaceans, the outer most coatponent of the integ me tu n

epi cutie le, consists of two layers: a lipid outer layer and a
lipoprotein inner layer. Some calcium is found in the epicuticler
typically in scattered aggregates   Digby 1968r Hegdah 1 et a 1 ~ 1 977b l
P«meabi li ty of the cuticle seems related to the composition and
presence or absence of this epicuticle  Yonge 1936; Nary and irishman
> 974! ~ Me! ~ ~e epicuticle may also protect the underlying ch' tinous regions
frrom bacterial attack  Fisher et ale 1978! ~



The bulk of the cuticle is often referred to as the procuticle and
h as th r e e zone s th e exocutic le, endocuticle, and membranous layer.
The exocuticle is composed of laminar sheets of chitin fibrils enveloped

matrix o f protei n that may be sc le roti zed or tanned. The
exocutic le is formed prior to ecdys s, but calcif ication of th s layer
doP s not occur un t i 1 la ter ~ Fo 1 lowing ecdysis, the exocut' cle is
ca lrif ied rapi d ly and serves as the only cutie le unti 1 the endocuticle

the membranous layer are formed medically ~ Like the exocut'cle, the
endocuticle consists of chitin and protein laid down in laminae parallel

sur face. As laminae are farmed, calcite crystals are deposited
generally parallel. to the chitin m' crof ibrils  Hegdahl et al, 1977a! .
The membranous layer is a similar chitin-protein layered complex but is
not calcified.

With the exception of the membranous layer, the cuticle of most
c ra s tace a ns is he a vi ly mineralized, primarily with calc'um carbonate
with minor amaunts af magnesium, phosphorus, and sulfur. The amount of
calcium  up to 99' of the total inorganic component of the exoskeleton!
can va ry tremendously depending on species, loca t ion on the body, and
s tage of the molt cyc le   for extensive reviews, see R chards 19g1;
Travis 1960a, 1 963, 1 965; Dali 1 965a, b; Greenaway 1 974a, b, c; Weil nder
1974, 1975a, b; Huner et al. 1976, 1979a, b!

Compared w'th other nutrient groups, mineral requirements of
crustaceans have received little attention. Early work with shrimp  for
review see New 1976! indicated a need for dietary calcium and phosphorus
for growth. A ratio close to 1:'1, calcium to phosphorus, was considered
appropriate, with the total amount of dietary minerals be: ng as high as
19.5%. Gallagher and co-workers �978! suggested a rat'o of 1:2 as
optimum for juvenile American lobsters. Sedgwick �9801 found that the
addition of a 7.0% mineral mix promoted growth if a vitamin mix was
included in the diet but that minerals were toxic in the absence of

vi tamins.

Passano �960! suggested dietary calcium would not be a requirement
for marine crustaceans because it is so abundant in sea water. Recently
Deshimaru and Yone �978! reported growth of the prawn, Penaeus
~anicus, was not inhibited by a lack of supplemental calcium, although
additions of phosphorus   2.0%, !, potassium �.04!, and trace metals
�.21! improved growth. Deshimaru et al ~ �978! later demonstrated the
prawn could obtain adequate calcium from the surrounding sea water in
the absence of a di etary source. Fresh ~ater, of course, has a lower
calcium content but should still provide adequate amounts n most cases
 Rawson 1939 ! . The work by Hills and Lake �976! and Hills et al ~
�976! suggests that exceptionally low calcium concentrations in fresh
wa te r ca n be compe nsa ted for by reduced exoskele ton mineralization,
although there must be a minimum requirement  Greenaway 1974c ! . Thus f
wh le the information available is still limited and much of the early
work on crustacean mineral requirements may have been flawed by the lack
of. adequate test diets, it ~ould appear that crustaceans meet most,
not al 1, of their demands f or calcium from the surrounding aqueous
medium, particularly in the marine environment. Crustacean requirements
f or other minerals, such as phosphorus, that are not readi ly avai labia
from the water, probably have to be satisfied by dietary intake ~
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Vitamin D, typically included ' n crustacean d' ets  see Table
and is of 1 nteres t be cause of its recognized importance i n vertebra te
bor e mineralization and its possible analogous role in the
mineralization of the crustacean exoskeleton. It is important to note,
however r that in higher vertebrates vi tamin 0 is of ten cons' dered more

hormone than a vitam' n. Rather than serving as a catalyst for
�zymatic activity, vitam'n 0 regulates cell function by interacting

directly with the genome ~ lt is, therefore, appropriate to brief ly
review the current mode 1 f or s teroid hormonal action.

T~le Z. Vitamin Requirements of the Chick and Dietary Vitamin Levels
for Trout and Crustaceans  mg or [IU]/100 g dry diet!

Vitamin

NR

10

25

2 rOOD

Chi ka
Troutc
Shrimp
Shrimpf

150 [ZU]
200 [!U]

200 [:U]

9.6

 8-carotene!
3.5

 8-carotene!
1.2

 g-carotene!
65,000 [1U]

20 [ZU] 1 [IU] 0. 05
100 [ZU] d 8
12.5 [IU] 1.25 0.12

12 20 4

0.5 35 3.5875Shrimpg

Cr abh

Lobster~

20 4
200

32,500 [1U] 100500

aNational Research Council 1977. NR � not required. cNational
ReSearCh CounCil 1973. Barnett et al. 1979. Deshimaru and Shi-
geno 1972. fKanazawa et al. 1977. gSedgewick 1980. "Ponat and
Adelung 1980. D'Abramo et al. 198l.

Although not every e f feet. of yi tamin D is explained through
hormonal action, the steroid model has been useful in examining vitamin

role in higher vertebrates. According to Deluca  E979! providing
there is an adequate exposure to sunl' ght or UV irradiation, the
epidermis of mammals can synthesize enough cholecalcif eral f rom dietary
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In vertebrates, steroi d hormones are synthesized in endocrine
tissues, released ' nto the blood stream, and transported bound to
specif ic proteins. Upon r caching the target tissues, the hormones ar e
concentrated within the cells by the act' on of intracellular receptor
proteins that selectively bind the hormone . The hormones then regulate
the functions of the target cells by affect'ng gene expression and the
subsequent synthesis of proteins . Regula tion of a hormona l system can
be complex, involving feedback 'nhibition of precursor synthesis and of
the active metabo1' te as well as interactions w' th other hormones.
Vitamin D metabolism and function 'n higher vertebrates clearly fits
thxs steroid hormone model. The only significant difference is that the
precursor molecule cannot. be synthes zed de novo.



f 7 � d h d cholesterol that dietary input is unnecessary. lnsources of 7 � e y roc o
icrferol either f rom the diet or from epmamma ls, c ho le ca ci e o

apid l.y cleared f rom the blood bysynthesi s, is rapi
' t to form 25-hydroxycholecalciferol,hydroxylates ' t to o m

se 1 f � regu la ti ngf 1 t.i n g by a ne g a t i ve f eedback process
25-hydroxycholecalciferol is transported by a spec: f ic ser'um prot
the kidney, where ' t is further hydroxylated to f
25-di hydr oxycho lecalciferol, Although the transpor.t me hanis f
25-di hydr oxycholeca lci ferol has yet to be identified,
to include a speci f ic transport. protein. The active metabo'-'
25-di hydr oxychole ca 1ci f e ro1, is concentra ted by
various target tissues, prznczpally the kidney, gut,
altering protei n synthes s so as to affect the calciu fl
cel Ls. Although the molecular mechanism is not always o l

derstood, the result is an increase or decrease in calciu
ge tissues so as to maintain physiologicall

m levels in the blood. In bone, for example, the t bol'
action obilizes calcium into the circulatory system when blood
levels are low. In ma'ntaining blood calcium levels,
25-di hydroxycholecalciferol also interacts with two other hormones,
parathyroid hormone and calcitonin. These two hornones also act
directly in regulating the production of the active metabol' te in
k' dney; the parathyroid hormone promotes the production of,
25-dihydroxycholecalciferol while calcitonin inh'b' ts the production.

Although limited evidence indicates a vitam' n D d' etary requirement
in crustaceans  Conk lin 19BO; Kanazawa this volume !, there is no real
i ndica t ion that cru s tacea ns regula te serum ca lcium levels in an
analagous fash'on to that. found in vertebrates. Injections of mammalian
parathyroi d extracts stimulate the movement of minerals from the
c rue tacean exoske le ton to the hemo lymph  NcWhinnie et al. 1969!,
However, under more normal physiological conditions, studies with
crustaceans ' ndicate hemolymph calcium concentrations are not ma' ntained
through use of the shell calcium. For example, no movement of shell
calcium was f ound i n the lobster Homarus americanus, af ter hemolymph
calcium levels were halved  Hayes et al. 1962!.

Although the mi neralized cutie le serves admirably as both a
skeleton and a protective integument, its rigid structure does present
problems with respect to the animals growth. Arthropods, of course,
have resolved this dif f iculty by mol.ting and the mos t dramatic movement
of c» 1cium f r om the crustacean exoskeleton occurs in preparation for
this Process. Both Travi s �955b! and Dali �965a ! have suggested that
the resorptive processes occurring in preparation for molting appear to
be primarily for the conservation of organic constituents, not. calcium-
Howeve r, the existence in many crustaceans of va ri ous mi nera 1 storage
mechanisms, such as gastroliths, seems to indicate regulation and thus a
pose ible regulatory role for vitami n D. Gas troliths are paired
mineralized structures formed between the epidermal and cuticular lining
of the stomach and have the typical cuticular structure  Travis 1963~ ~
ln species with gas troli the, minerals are deposited in these structure~
as the exoskeletal mineral content is decreased during premolt
1960b; NcWhinnie 1962! . At ecdysis, the gastroliths are shed with «
cut.icular lining into the storaach, and upon digestion the stores
available to the animal,



Several problems arise in attempts to assign gastrolith and mineral
regulation t«vitamin D system. First, gastrol ths are not found
all crustaceans, and their presence is not restricted to species
inhabiting a specif ic environment with respect to calcium avai labi lity.
Thus, gas troli ths appear superfluous particularly for marine species,
which presumably can meet their calcium requirements f rom the
surrounding medium. Second, most evidence indicates the molt and
formation of the gas troliths are both regulated by an ecdysteroid
hormone, probably 10-hydroxyecdysone  Kleinholz and Keller 1979! ~ To
further postulate the involvement of another hormonal regulatory agent
such as vitamin D appears unnecessary and thus unattractive, Third
while the involvement of a parathyroid-like hormone in gastrolith
calcium mobilization was postulated by Nc'Hhinnie and co-workers �969~,

further evidence has been reported. lt should also be noted that
gcWhinnie and co-workers, however, used parathyroid gland extracts and
not the pur' f ' ed hormone ~ Finally, gastrolith stores contain only a
small portion both of the calcium that is resorbed f rom the: ntegument.
be f ore molt.ing  blcWhinnie 1 962 ! and of the calcium requi red f ol lowing
the mo lt   Tra vi s, 19 60b ! . The calcium stored in the gastrol' ths is
probably advantageous only in reducing the time necessary to establish
minimum rigid' ty for consumption of the old exoskeleton and for
beg i nni ng f eedi ng ~ The gas troli ths, then, are considered highly
specialized adaptations, and their presence does not ind' cate ca lcium
conservation in a closely regulated hormonal system.

The actual mechanism by which calcium is transported to and from
the exoske le ton ha s always intrigued crustacean biologists. S. mkiss
�976!, i n revi ewing the mineral' zation of organic matrices in
invertebrates, points out the inadequacy of existing models and the
complexi ties . nvolving both the int race 1lu lar and extrace llular phases
of this process. Although the recent model proposed by Roer �980! does
not include the mechanism of calcium deposition in the organic matrix of
the exoskeleton, it is attractive 'n ' ts simplicity with regard to the
two-way transport requi red at di f f e rent stages of the molt cycle.
Roer 's mode 1 suggests the exoskele ton epidermis is continual ly actively
transporting calcium out of the cells and that it is the morphology of
the epidermal cells that dictates the direction of the net calcium
movement. As the model presumes the epidermal cells are connected by
intercellular junctions that restrict any parace1lular calcium movement,
molt-related changes in the morphology of these cells results in the
trans port of calci um. During postmolt the squamous cells of the
e pi de r mi s e lab o r a t e nu me r ou s p r ot op lasmic projections that extend
through the pore cana ls of the cuti cle. This comparatively large
s ur f ace a re a on the external side of the epidermis results in a net
calcium movement. to the exoske leton, At the onset of premolt, the cell
extensions are los t and the cells become more co lumnar ' n appea rance
when the old cut' cle and its pore canals are separated from the
ePidermis. These changes reverse the surface ratio on the two s'des of
the intercellular junctions, thus revers'ng the direction of net calcium
mo vement. Although structural changes occur ' n the intestinal
epithelium of higher vertebrates in response to vitamin 3  Bikle et al.
1981 ! ~ there is no evidence of vitamin D' s involvement '.n the changes in
the structure of crustacean ep' dermis. As stated earl. er, these molt
related cellular changes in crustaceans are presently assumed to be
regulated by the molt'ng hormone, 20-hydroxyecdysone.
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VITAMIN A

Morphological changes in epithelial cells of hi.gher vertebrates are
known t oCCur in respo nSe to vitamin A. Vitamxn A profoundly affeotS
cell division and differentiation of epithel'al cells. Deprivation of
this vitamin, therefore, leads first to retardation and ultimately to
cessation o f gr owth. As wi th vi tamin 0, vi tamin A in higher vertebrates
appears to act pri mari ly as a hormone rather than as an enzymatic
co-factor  for reveiw see Ganguly et al ~ 1980!. In arthropods no clear
evidence demons trates an analogous role f or vi tami n A in growth   see
Dad d thi s vo lume ! .

Based on work done with insects  for references see Dadd 1977a!
vitamin A probably has a role in the crustacean visual cycle  Fisher
Kon 1959! that is the same as that in the vertebrate visual cycle .
important difference between vertebrates and ' nvertebrates, however,
i n the vi tamin 's distribution. In crustaceans, vitamin
concentra ted in the eye  Fisher and Kon 1959!, but 'n higher
vertebra tes, "the amount of the vitamin involved ' n the visua l cycle is
only a very small f raction of the total amount of the vitamin in the
rest of t.he animal body"  Ganguly et al. $980!.

PROTEINS

The chemical composition of the cuticle is predominated by chitin
and protein, the relative amounts and ratios of which vary considerably
among species. The amount of protein present appears inversely related
to the degree of calcification  'Xravis 1960a! ~ Amino acid anal.ysis has
revealed dif ferent protein compositions of the cuticle depending on
species, regio~ of the cuticle, and solvent extractions  Travi s et al.
1967; Sameshima e t a 1. 1973 g Hackman 1974; Welinder '1974, 1975a! ~
Although the inf ormation available on cuticle protein composition is
still limited, it does not appear likely that modifications in the am'no
acid dietary ratios will be needed in order to satisfy a unique amino
acid requirement for cuticle formation.

VITAMIN K

One amino acid absent from the crustacean exoskeleton is
'Vcarboxyglutamic acid  King 1978! . This ami no acid. which was
discovered origi nally in the vertebrate blood clotting factor
prothrombin, appears to be an important. component of bone proteins and
is though t, to have a role in calcium binding work with vertebrate
sys tems indicates that the f ormation of g-carboxyglutamic ac'd is
vitamin K dependent  Stenf lo and Suttie 1977! . In a limited survey of
mineralized tissues in vertebrates and invertebrates, King �978! found
Vcarboxyglutamic acid onl,y in the vertebrates. The apparent absence of
this ami no aci d in i nve rtebrates and the f act that ve rtebra te plasma
coagu lation f actors do not af f ect arthropod hemolymph coagulation
 Dur liat and Vranckx 1981 ! suggeetS theee vitamin K dependent acti»t1eS
do not play a role in the physiology of crustaceans
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Penaeid shrimp have b en found to have a vitamin C or ascorbic
acid, requirement for growth  Kitabayaski et al. I 97> bl Deshimaru and
!ruroki 1976; Guary et al ~ 1976; Lightner et al. 1977! ~ Lack of ascorbic
acid in the diet of Penaeus californ'ensis and P. stylirostris results
in a high incidence of "black death, " a def iciency d' sease of shrimp
characterized by r educed growth rates, poor feed conversion ratio-ion ra ios,

decreased res is tance to s tress and reduced rates of wound repair
 Lightner et al ~ 1979! ~ In vertebrates, an ascorbic acid def icience iciency

results in impaired collagen formation  Barnes and Kodicek 1972!, and
r esu its r epo r ted f o r c r u s tace a ns by Lightner and co-workers  !979!
parallel the ef feet f ound in vez tebrates. In ascorbic acid-def icient
s hr i mp, I i gh tne r e t a I ~   1979! recorded a decrease in the amount of
hydroxyproline, which was assumed to ref lect a decrease in the collagen
Content. Collagen, or collagen-like proteins, depending on the
definition used  Adam 1 978 !, are prese nt in crus taceans and may be an

ppr tant e lement of integument structure and f unction, particular ly in
specialized case of wound repair ~

Ascorb: c acid may also be impor tant in other aspects of the
crustacean exoskeleton formation and function. In vertebrates, ascorbic
acid is invo lved with alkaline phosphatase activity; for example,
catf ish grown on diets without ascorbic acid supplementation were found
to have low serum alkaline phosphatase activity  Wilson and Poe 1973! .
Gould and Shwachman   1 942 ! f ound that morphologica 1 cha~ges in guinea
pig os teoblas ts, as a result of an ascorbic acid deficiency, were
correlated w' th decreased alkaline phosphatase levels ~ Although similar
studies have yet to be done on crustaceans, Travis �955a! found
extens ive changes in both the morphology and presumed alkaline
phosphatase acti vi ty in epide rma l cells of the spiny lobster lust
pr ecedi ng e cd ys i s .

Ascorbic acid may be involved i n the sclerotization or tanning of
the c r us tacea n ep icu tie le. The i nsect cuticle, which is not
par ticula r ly ca lci f ied, is ha rdened primarily by tanning  Melville
1975!, a cross-linking of cuticle proteins by quinones. The quinones
are formed through the oxidation of vari ous phenols; a reaction
catalyzed hy the enzyme tyrosinase. Dadd �960! first suggested that
ascorbic acid had a role in the regulation of the enzymes involved in
insect sclerotization, and recent work by Navon �978! with the Egyptian
cotton leaf worm clear ly supports Dadd ' s speculations, An ascorbic acid
de f ici ency in this insect leads to the premature hardening of the
cuticle, causing impaired ecdysis and mouth-part function and leading to
death by starvation. Navon 's studies and other studies with insects
 Chippendale 1975; Kramer et al. f978! 'ndicate that various derivatives
of vitamin C and related compounds, while not as ef fective as ascorbic
acid, do have a hi erarchy of ef fectiveness similar to that found 'n
ve rtebrates. In crustaceans, sclerotization  see Yamaoka and Sheer

of the ep' cuticle also is catalyzed by tyrosinase  Stevenson and
Schneider 1962! and most likely s also affected by ascorbic acid.

Another possib le vi tamin C function was suggested by Guar'y and
co-workers   1975 !, who f ound that the ascorbic acid leve ls of juveni le
shrimp Pa laemon serratus dimin' shed immediately before and after'
molting, when the animals were not feeding. These decreases were
suggested to be the result of vitamin c metabolism dur' ng the synthesis
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of chi tin. although ho di rect evidence supports this suggestion, Guary
ahd cO-wOrkerS cite eVidenCe Of AntchOWiCy and KOdiCek �968!
vitamin C has ah essential rOle in the analogcuS vertebrate Synthesis of
mu co pa 1ys accha r i de s .

glucose-6-phosphate + ADP
J 2

fructose-6-phosphate

glucose + ATP

amir!O dOnar NH2

glucosarnine -6- phosphateglucosamine + ATP

acetyl-CoA

CoA

9
N-acetytglucosamine + ATP ~N-ocetylglucosamine-6-phosphate

J 5
N-ace tylg lucosamine- l-phosphoteITTP]

UDP-N-ace tylg lucosarnine

UoP

chitin

Figure 2. Suggested metabolic pathway for the synthesis of chitin in
arthropods  adapted from pahlic and Stevenson 1978; Stevenson
and Hettick 19BO!. Individual enzymatic steps 1-6 have been
demonstrated in the locust  candy ahd Kilby 1962!; lg3r5e6r7<
8 and 9 in the crawfish  Lang 197l; Speck et al. 1972; Gwi»
ahd Stevenson 1973b; PahliC and StevenSOn 197B!, and step 7
ih brine Shrimp and a Crab  Carey 1965; Hohnke 1971!.
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B»ed oh a re latiohship be tween the CruStaCean mOlt cycl
glycogen levels of the hepatopancreas and epidermis,
postulated that the precursor of chitin is glucose derived from stor d
glycogen  passaho 1960; Travis 1960a, 1963!. Stevenson
 >980! have suggested the pathway shown 'h pig. 2 for the synthesis
chitin; idehti f ication of enrymeS fOr each Of theee Steps haS yet
demonstrated ih individual SpecieS, therefOre thiS pathway repreSeh
compos i te picture.



This scheme also provides a pathway for the d' rect utilization of
n«rmediate products, glucosamzne and N-acetylglucosamine, ari sing f rom

breakdown of the old cut'cle at molt. The findings of Hornung and
Stevenson �971 ! and Gw' nn and Stevenson   1973a ! compared the
I neo rpo rat ' on of N-acetylglucosamine with glucose in chitin synthesis
support this purposed recycl' ng ~ Gwinn and Stevenson   1 973a ! indicated

over half of the postmolt chitin in crayfish consisted of recycled
components of the f or mer cuti c le ~ The utilization of the chitin
breakdown product, I-ace ty lglucosamine, may partly explain the bene f its
of j nc] udi ng shrimP by-Product mea ls in crustacean diets  New 1 97b ! . A
stimulatory ef feet on growth also has been noted in shrimp with
j nclusion of glucosamine in the diet  Kitabayashi et a 1 ~ 1971a !, though
glucosamine is not an indispensable nutrient  Deshimaru and Kuroki 1976!
as indicated by the above pathway.

Lrprns

lipids have a central role in the b' ology of crustaceans, not only
energy sources but also as structural elements ~ Although information

on the lipid composition of the crustacean exoskeleton is not extens' ve,
j s known that the lipid content is low  approxi mately 1% or less!

 glle n 1 971; Ando et al ~ 1 977; van den Horst et al. 1 973! ~ Cut ' c le
lipj.ds, as mentioned earlier, are thought to help control water
permeability and perhaps help protect the chitinous regions from
bacterial attack,

Cholesterol and polyunsaturated fatty acids are critical structural
elements of cell membranes and are thus important for elaboration of th»
crustacean epidermis ~ In this respect, it is surpr sing that arthropods
seem to be generally incapable of synthesizing cholesterol or
polyunsaturated f atty acids   !3add 1977a, b!. Sterols, espec'ally
cholesterol, seem essential for membrane structure throughout the animal
kingdom  Nes 1974!. In crustaceans, the extensive morphological changes
in the epidermal cells associated with molting must require cholesterol
for membr ane synthesis Indeed, Guary and Kanazawa �973! f ound that
af ter being injected with labelled cholesterol, the epiderm: s of Penaeus
~anicus had a high radioactive count.

Recently, several groups of invest' gators have shown phospholipids
are a necessary crustacean dietary factor  Kanazawa et al. 1979; Conklin
et al. 1980!, and an phospho lipid ' nvolvement in exoskeleton f ormation
has been noted in juvenile lobsters  Homarus americanus!  Conklin et al.
1980!. In lobsters a lack of dietary phospholipids commonly resulted in
death due to the animal's inability to extricate itself at. molt from the
o ld exuvi um. A iso, lobs ters fed phospholipid-def icient diets had
abnormal calcium deposits embedded on the inner surf ace of. their shed
exoskele ton  Bowser and Rosemark 1981!. A.lthough the mechanisms of
these exoskeletal abnormalities remain unknown, recent work has led to
several poss ibi li ties. Phospho lipids may be directly involved in
membrane formation and there is also the possibi lity that they af f ect
other nutrient levels.

One of the roles phospholipids apparently play j.n crustaceans is in
transport of fat-soluble nutrients through the hemolymph. O' Abramo
al. �982! has shown that a dietary phospholip d deficiency in

homari d lobsters reduces cholesterol transport in the hemolymph ~ Since
crustaceans cannot synthesize this steroid, the drop in hemolymph
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cho lesterol cou]d either affect epidermal membrane synt es ' s directly or
indirect y y imitl b 1' miting the synthesis of the molting hormone f or which
cholesterol is a precursor. The phospholipid transport system may also
carry fat-soluble vitamins. A further complic'ation is the possibi lity
that phospholipids in the p lletized diet reduce the rapid ]caching of
water-soluble vitamins and thus increase the available level of these
vitamins in the diet  Castell personal communication!.

The e f f e cti ve ne s s of p hosp ho 1 i pids in preventing mo1't related
deaths ' s dependent on its specific cons tituents  D'Abramo et al. 1981 ! ~
for the Lobster, lecithin is the most ef f ective phosphol' pid, but both
ieci thins and cephalins promoted growth n the Prawn Penaeus japonicus
 Kanazawa et al. 1979!. In bath animals> however, the ef fectiveness of
the phospho lipi ds s eems also to depe nd on the cons ti tuent f at ty
in particular the presence of polyunsaturated fatty acids.

VITAMIN E

The i mpa r ta nce o f po 1yuns a tu r a ted f atty ac~de ' n the diet pf
crus taceans is well established and reflects these an'mals' Limited
biosynthetic abilities  see Cas tel 1 this volume ! ~ In vertebrates
amount of di etary v' tamin E required is related to the amount pf
polyunsaturated fatty acids present  Harris and Embree 1963!,
the primary function of vitamin 8 in animals is thought to be preventipn
oi the oxidation of fatty acids located within cellular membranes  Dam
'1 962 > . Crustaceans, with their apparent dependence on polyunsaturated
fatty acids, undoubtedly will be found also to require vitamin E ~ other
passibLe b' ological functions such as co-factor interaction in enzymatic
activi ties have yet to be clear ly demonstrated in vertebrates or
c rue tace ans .

CONCLUS XONS

lith the limi ted data presently available, the critical nutrient
requi rements for crustacean exoskeleton biosynthesis remain unknown.
Enough evidence suggest, however, that attempts to use the well-known
nutri tional requirements of higher vertebrates as a direct model for
unders tandi ng invertebrate nutrient physiology will be m' s leading�. A
better approach wi1,l be to look closely at the specif ic role that each
nutrient has in the physiology of these animals.

The apparent evolution of a hormonal function for some of the
fat-soluble vitamins such as vitamin D and perhaps vitamin A may reflect
high ly speci a limed adaptations unique to higher vertebrates ~ Dacke
  1979! has argued that the calcium-regula ti ng system of hig"er
vertebrates, which involves vitamin D and other hormones, is associated
with the specif ic needs of bony terres trial animals to cpmpensa«
the lack of a surrounding calcium-rich medium Limited evidence
suggests that utilization of vitamin K by vertebrates may have a»mi»r
association with calcium. Unfortunately, our knowledge of
nutri tional physiology of some of the lower vertebrates, such as
that remain in a calcium-rich environment is still rudimentary ~
interesting recent paper by George and co-workers �981! demonstrated a
vitamin D requirement for trout but found no involvement of vi'tamin
with the skeletal system. The researchers did, however, demonstrate
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change the cellular morphology of muscle ce!.ls, which they specu late

aree related to intracellular calcium movement-

other nutrient.s such as vitamin C and v tamin E that have more

geneneral cellular functions in vertebrates, the use of comparat.ive models

maya y be h e l p f u I . A I t ho u g h some e vidence sugges ts the involvement of
vi am' in crustacean exoskeleton synthesis, whether the majori ty of
c rusrustaceans require the vitamin in their diet or can synthesize it, is
unknown

Although caution is s tres sed in the ' nterpre tation of compara ti ve
��trit' onal data be tween w dely divergent groups, this should not be

to the extreme. Hos t vi tarn' ns are involved in a variety of ways
~ � the nutritional physiology of animals, even though some functions are

cri tica1 than others, depending on the species. Thus, a simi lar
o f nutrient requirements ultimate ly may be demons tra ted, even though

divergent animal groups may evolve unique systems for the utilization of
these nutrients.
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QUESTIONS AND ANSWERS - CONKLIN

FApHANFARNIAH  Rutgers University!: For what it might be worth let
give you a little inf ormation an work in my laboratory with

Hacro pbr QcQ I um and di etary supplementation with ca lcium. One ' s f kist
thoug observing a crustacean voraciously consuming its exuvia is that
there might be a Calcium deficiency ~ To examine this po ssibility
ca cialcium supplements of 1 ~ 2, and 34 were added to a repelletixed
comme r marine ratio we have used, In no case, over an approximately
~4 weeks growth tri.al, was growth stimulated signif icantly and there was
npp change in the appetite far the exuvia.

cpNKL IN: Undoubtedly, the vari ous minerals deposited in the
expskeleton matri x are important elements of this structure and, because
pf its abundance, ca 1cium is typica 1 ly the one examined� . Host of the
repororted work on crustaceans seems to support your results; a dietary

of calcium is not necessary for crustaceans. presumably, thesource
reguirement for calcium ' s being met by uptake f rom the ~ater. I do

however, that the focus on calcium has obscured the necessity of
examining the dietary need f or other important minerals such as
phosphorus and sulfur.
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ARTERY IA N JTRITION

A. Hernandorena
Laborato re du Museum National d'H stoire Naturelle

au Centre O'Etudes et de Recherches Scientifiques de Biarritz,
64200 Biarri tz, France

Using axen' c culture techniques and artificial media, ef forts have
been nade to unde rs tand the e f fects of the quality and quantity of
dietary pur' nes on Artemia growth and morphogenesis ~ An inabi lity
synthesize the pur' ne ring makes Artem' a  Utah strain! an ideal organism
for f undamenta 1 research on the sign' ficance of purine requ' rements.
Addi tional ly, the existence of dietari ly inducible morphological changes
' n artemis offers the unique advantage of be'ng able to visualize
metabol c relationships. Results of fundamental research on Artemis
nutrition can be of interest to aquaculture for several reasons. !!
Artemia strains dif fer not only in nutritional requirements but also in
their value as f ood for predators. Problems are sometimes encountered
in the use of live Artemia as a diet. for organisms of higher trophic
levels. Both unfed Artemia naupl i and larvae reared on various diets
have been used in the culture of marine animals without regard to the
role of nucleic aci ds and nucle' c acid components. As the nutri tional
value of brine shr ' mp cannot be divorced fr'om the fulfi 1lment of its
nutri tiona 1 requi rements, this sub j ect deser ves f urthe r inves tigation.
2! Appropriate use of dietary purines and pyrimidines could help in the
formulation of ideally balanced artificial diets promoting rapid growth
of invertebrate animals. 3! Findings related to morphogenesis in
Artemia may have practical application for the aquaculture of other
crustaceans and can precede the achievement of the ultimate goal of
fundamental research which is to understand development at the molecular
le ve 1 ~

KEY WQRDS: Ar temia, nutri tiOn, purine requirement, aquaculturef
artificial diets.

INTRODUCTION

As s t ressed by Or . Provasoli �975! at the First International
Conference on Aquaculture Nutrition, development of successful
techniques for invertebrate culture represent.s a severe challenge
the paucity of fundamental research on invertebrate nutrition.

Ny work with Artemza has been mainly concerned with understanding
the ' nf luence ot the dietary purine requirements on growth a"d
mo rphogenes is, Basic nutri tiona1 needs, inc luding the purine
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requir ement, of the Utah strain of Ar temia had previously been
est,blished through the Pioneering work of Provasoli and his co-workersl

de ve 1 oned the a xen' c cult~re techniques  Provaso li and Shiraishi
> 9r9> and later an art if icial media  Provasoli and O'Agostino 1969!

f ac j lj tated nut r ' ent, maniPu la tion . Thus, the Problem has not been
ide nti f y i nq a unique r equi reme nt but that of unde rs tandi ng how

di f fe rent qua 1 j. tative and quantitative supplies of dietary pur' nes
modi f y Ar temia ' s me taboli sm and speci f ically the response at, the
morpho 1 og i ca 1 l eve 1 to an unba lanced purine/pyri midi ne ratio. Some
corrrpa rat ive da ta sugge s t this re s pons e may represent fundamental.
processes in developmenta 1 bio logy, and whi le i t is s till beyond the
present ] eve 1 of know ledge to extrapo late f rom the resu Its with Ar temia
to genera lizations, a few specu la tions wi 1 1 be discussed ~

Utah strain of. Artemia offers a unique advantage for this work
va r: ou 9 nu tr i t- i o n a 1 c ond i ti ons res u lt in the induction of

mpI phpge net ic ef f ects wh ich a l lowe one to vi sua 1 ize me tabo 1 ' sm a t the
level of morphogenes is, thus demonstrating the existence of metabolic
relationships between nutrients. A summary of the relationships between
dietary f actors: the purine concentration, the pyrimidine
concentration the qua nti ty of protei n, the e f f ect of supplementation

lecith' n, and the morphological response of Artemia is presented in
Table I ~

Tab]e I. Surmrrary of the Relationships Between Dietary Factors and Induc-
tion of Abdominal Gonopodes of Artemia  Utah strain!

C"tidylic acic A lhrrm in ' ec. ihirr
APrendicular

responser,one hi!h
0 ma~ 4 mqa

nor.e norm h' gh
C ms% 0C ms%

lowPirrine
5 ms%

norm =

high =

Adenyl'c ac'l, 2! rrg%; irosirre acid,:0 mq%; grran;lic acid, 10 mg%; adenosine,
10 mg%r inosire, 10 mg% !or adenine, . ma% + qcaninE,: I,g%'..
Adeny1 c acid  a .. con cen rat ions sta ed!

spit-e of the effort to replace live diets such as Artemia with
««f icial diets, aquacu lture is still heavily dependent on this
organism. Kinne �977! states, "<lore than H5% of the marine animals
cultivated thus far have been of fered Artem' a as a food source ~" Now an
appropriate question is, "How do these f ' nd' ngs gathered with Artemia

on defined diets under axenic condit' ons apply to general shellfish
nutrition?" Since the nutritional. value of Artemia for predators cannot
be divorced from the fulfillment of its own nutritional requ. rements,
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understanding o emif Artemia nutrition has some possible implication f

aquaculture nutri ion at 't'on and this w'll be the primary focus of

paper.

THE PURINE REQUIREMENT

Fundmental research on the role of dietary purines
only for inver e ra esI f nvertebrates but for general animal nutri tion as well. Host
of ourf knowledge of conven'tional nutri tion comes f rom studies
rat mouse and chick however. a com~n feature of vertebrate nutrition
is the absence of a requirement for dietary purines and pyrimid
  "utne r and Provasoli 1965! . Thus, s tudies on puri ne
been mai ~ ly res tr ic ted to cells in culture. Additional] y
studies on the purine and pyrimidine requirements of anima] s
seri ous ly hampered by the unavailability of defined media for
culture. This is probably why these nutritional requirements
rece i ved li t tle attention a t the or gani smic le ve l ~ whi le information is
limited, i t does not appear that except f or a few mutant auxotr ophs
most, but not all organisms thus far studied, as well as most cells i.n
culture, have the abi lity to develop on defined media without purine
pyrimidine supplementation and hence mus t be capable of de novo
synthesis. However, for maximum growth i n many organisms'
utili.zation of dietary sources of pur ines and pyrimidines through known
re-cycling path~aye Iaay be of equal importance to those deri ved from
novo synthesis. This is related in par t to the relatively large
expenditure of energy, in terms of ATP consumption, required for de novo
synthesis of pur' nes  Kelley 1972! . For example, bacteria can grow on
minima l media but their generation time is much shorter when building
blocks such as pur ines and pyrimidines are suppli ed ~ Synthetic media
def ined for marine ci.li ates contain pur ines and pyrimidines  Provasoli

addition of RNA as was first sho~n by Schultz et al ~ �946!.

Artemia from Utah is incapable of synthesizing the purine ring
 Clegg et al. 1967; Marner and NOClean 1968! . This incapaci ty makes
Artemia an ideal organism for fundamental research on the significance
of the dietary requirement for purines and its interactions with folic
acid, pyri midi nes and amino acids. It is not known yet if this
incapacity is shared by other Artemia strains. However, as the ef feet
of salinity on Ar temia morphogenesis is strain dependent  Gilchrist
1960! and the ef feet of salinity is apparently mediated through the
metabolism of purines  Hernandorena 1974a !, it is likely that the other
Ar temia strains are capable of de novo purine synthesis. The media
defined for the parthenogenetic sete  France! strain of Artemia contains
puri nes and pyri midi nes  provasoli and pintner 1980! but this does not
necessarily mean that this strain is incapable of de novo synthes'si
since a requirement can arise because of a limited capacity «
synthesize nuc leotides . For example, the nauplii of a tetraplord
parthenogenetic strain, used for comparative stud' es, will survi ve b«
a re growth limi ted in a medium lacking a purine source  unpubli»«
data! .

It is not known if the incapacity to synthesize the purine ring is
shared by other crustaceans. The medium def ined by Conklin
Provasoli �977! for Noina macrocopa contains purines and pyrimidines
found to be essential for fertility although adults were obtai ned ««
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original inoculum cultured in a purine-free medium $t is prob ble
that even if crustaceans, like most organisms, are able to synthesize
the purine and py"dine rings, they will also utilize dietary sources
thus sparing precursors, cof actors and energy. Since the amount of DNA
per cell and the base ratios of DNA vary from species to species, it is
also likely that the opt' mal dietary levels will be different ~ For
example, in certain crabs 30% of total DNA is made of "dAT" DNA and in
cirriped DNA the to.al amount of the bases guanine and cytosine is
greater than 50'L   Smith 1964! . Ar temia has a usua' guanine plus
cytosine DNA content of 40%  Antonov et al. 1963; Smith 1964~.

RELEVANCE TO AQUACULTURE

Results of f undamenta1 research on Artemia nutrition can be of
1 n 5 0 1 vi n g s e v e r a 1 p r o b 1 e m s p r e s e n t 1 y e n co u n t e red by

aqua cu 1 tu r i s ts ~

r.ive»«a

Dif ferent Artemia strains � bisexual, parthenogenetic, diploid, or
polyPloid � unfed nauPlii, and larvae reared on natural or artificial
diets, are used in aquaculture. They have been fed to animals without
any assessment of the nutritional ef fects of nucleic acids and nucleic
acid components The subject deserves further investigation.

The nutri tional value of algae f or herbi vores can be altered by
changing their cu1.ture cond tions  O'Agostino and Provasoli 1968;
DfAqostino and Provasoli 1970; Provasoli et al, 1970; soal et al. 197';
Scott 1980! . Vari ous Artemia strains have different nutritional
requirements as revealed by the dif ferences observed in the abi lity of
algal species to satisfy their nutritional requi rements  D'Agostino and
Provasoli 1968; D'Agostino 1980!; for example, the tetraploid strain of
Camacchio   Xtaly ! cannot be grown on the artificial medium which
supports good gr owth of a d'ploid strain of Artemis  Utah strain!
 Provasoli and Pintner 1980! e As high nucleic acid synthetic rates
associated with polyploidy could be expected to impose a greater burden
on the biosynthetic systems, the influence of polyploidy on the purine
and pyrimidine requirements was examined using a tetraploid strain from
Spain kindly supplied by D ' Amat. The tetraploid strai n was f ound to
need the same quantitative relationships betwen the purine and
pyr' midi ne nucleotides as the Utah strain   Hernandorena 1979a !, but the
optimal ranges were much higher for the tetraploid than for the bisexual
diploid Utah s train of Ar temia  unpublished results! or for the
parthenogenetic diploid Sete strain of Ar temia   Provaso li and Pintner
1980! ~ Di f f e rences in the abi lity to satisfy these speci f 'c
requirements of Artemia could be an important factor in explaining the
observed vari ation in the nutri tiona1 val~e of di f f e rent a lgae species
for Artemia  Provasoli et al. 1959; Reeve 92963; Walne 1967; Sick 1976! ~

Fast growing organisms are engaged. in more protein synthesis than
growing organisms and co nseq ue nt ly probably differ in their

ribosomal RNA content The interdependence of nucleic ac'ds and prate' n
ay~thesis means that the protein content of live diets cannot be
divorced f r om thei r nucleic acid concentrations. Therefore, the
nutritional value of algal food for Artemia cannot be analyzed solely in

of protein: carbohydrate: lipid ratios. These rat' os measured
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for dif erent a gaf f t lgal species  Parsons et al. 1961! do not pro
useful guidelines in exp i1 'd l' e 'n explaining the observed nutritional values of
for Artemia  D ' A. os ti no 1 980! . Intriguingly, the DNA conte�t
percentage o ef the total. organic carbon, ranges from 0.6 to 2 5> i
1 b to cultured unicellular algae with higher levelslaboratory cu ure

for Dunaliella  Holm-Hansen et al. 1968!, which is a good a]gal fo
species for Artemia.

A si mi la r argument can be de ve loped to explai n
nutria.trona va ues o1 lues of Artemia strains for predators. This var' atj on
been well documented at the first International Symposium
Sh ' Attempts have been made to relate the food value of selectedShrimp.
s trai ns to indi vidual str'ain characteristics ~ However, with one
exception concerning the essential fatty acid content  Fujita et
1980!, no convinci ng explanation has been presented to correlat~
differences observed in the nutritional values of different strains with
either thei r amino acid composition  Seidel et al. 1980!, carptenoid
content  Soe jima et al, 1980!, chlorinated hydrocarbon and heavy metal
content  Olney et al ~ 1980!, or lipid content and gross fatty acid
composition  Schawer et al. 1980! ~ Certain fish are known to contain 25
times as much DNA per nucleus as any mammal. If synthesis of nuc leic
acids is rate limited in the predator species, the well known polyploidy
of par thenogene tie Ar temia s trai ns might be respons ble for their
dif fe rent nutri tional value. This hypothesis could be systematical].y
checked us'ng various polyp].oid strains,

The nauplii of the Utah strain of Artemis have been shown to be of
suspect. quality in supporting survival and growth of crustacean larvae
 Li t tie 1969; Reeve 1 969; Bookhout and Costlow 1970; Wickins 1972;
Roberts 1974; Johns et al. 1980! and of fish larvae  Shelbourne 1968;
Klein-HacPhee et a l. 1980! . Although this has been sugges ted to be due
to high pes ticide content, an alternative or addi tional cause could be
associated with the absolute requi rement of the Utah strain for a purine
source. Paralysis. lack of coordination and difficulties in the
wi thd r a wa 1 of e xos k e le ton, described i n crustacean larvae fed Utah
strain nauplii, are also symptoms described for Artemia larvae reared in
a medium lacking folic acid  Hernandorena 1970!. Since the synthesis of
purines is a primary factor in determining the quantitative folic acid
r equi rement   Hutner et a 1. 1 959 !, crus tacea fed pur i ne def ici ent Utah
strain nauplii could develop a folic acid deficiency. The fact that the
poor nut ri tiona1 value of Utah strain nauplii can be corrected by
feeding them on algae argues agains t the implication of pesti ci des and
in f avor of a nutritional def iciency  Wickins 1972!. It is also
interesting to note that problems such as high mortality and abnormal
de velopme nt encountered by animals fed Ar temia naupli i f rom Utah ari se
at specif ic developmental stages, as in the case in Ar temia where the
deletion of both f o lie aci,d and thymidine from the medium delays
metamorphosis  Hernandorena 1979b!. It should be interesting to compare
the ef feet of folic acid supplements with that of purines supplements in
relieving the detrimental effect on crustacean and fish culture<
Utah strain nauplii are used as a food.

The rate of ammoni a excretion which is also strain dependent
[8e!.lini and de Vi nci ntis 1960! ' s another point that should
cons ide red when ana1yzi ng the cu lture va lue of different Artemia
strains, since the ammonia excreted by Artemis can seriously contaminate
culture tanks  %of fet and Fisher 1978!. The determination of the
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re aelati.ve contribution to ammonia product.ion of anabolic and catabolic
amination reactions of the purine ring is an essential prerequisite todeami

an uunde r s tandi ng of the metabolic signif icance of ammonia excretion.
appears to offer unigue opportunities to unravel this problem.
Utah strain of Art.emia, the rate of ammonia excretion increases

the dietary adenylic acid supply is increased, but the excretion
i,s Jlluch h' gher when the purine requi rement is met by adenylrc acid

or by adenos inc rather than by inos inic acid, inosi ne or quany lic acid
! llernandorena and Kaushik 1981 and unpublished data� ! ~

Artifici.al Diets

j. f the proh le ms encountered with the di.f ferent nutriti.onal
of Artemis strains are solved by the controlled production of

thus providing aguaculturists with a ready supply of a
nutri ti onal iy valuable strain, the ultimate aim of aquacultur is ts wi 1 1

tp replace live diets such as Ar temia by artif i ci a] diets�.

ghen considering the formulae of the artificial diets available for
culture of marine animals, it appears that the protein requirements

of de capo s ads and f ishes are considerable. As stressed by Covey and
Sarqen �972! protein oxidat.ion is nutritionally and economically
wastef ul and ef forts should be made to direct metabolism towards
oxidation of lipids and carbohydrates ~ Dietary purines and pyrimidines
might e p xn the f ormulation of ideally balanced diets, because the
albumin requirement of Artemia is strictly related not only to the
starch concentration, as shown by provasoli and D'Agostino �969!, but
also to the purine to pyrimidine ratio of the diet ~

The relationship between the requirements for nucleic acids and
protein appears to be complex in Artemia. In the artificial medium
defined for Artemia the starch: albumin rat'o is 5 to 1. Starch is an
essential component of the diet. @hen starch is deleted from the diet,
Artemis larvae immed' ately show an increase in amylase activity.
mortality increases rapidly if the duration of the deletion period is
prolonged f or more than three days. On the other hand, larvae can
s urvi ve iong per o sd of albumin deletion !Samain and Hernandorena
unpublished data! ~ Similarly, when faced with a purine deletion,
Actemia nauplii and larvae survive for extended periods  Hernandorena
1974b ! . Inte res ting ly, the pr otein concentration of young adults
transferred f rom a standard medium to a medium lacking adeny lie acid
Continues to increase f or a while and then decreases sharply thereaf ter
 unpublished results! ~ This is probably related to the ability of cells
to maintain a normal ade ny la te ene r gy charge !! a me asur e of the tota l

metabolic energy stored in the adenine nucleot'de pool! in spite of
adenine nuc leotide le ve 1 decreasing to 330% of normal  Swedes et al.
197'! ~ The metaboli c abi li ty of the Utah s tr ai n lar vae to compens a te
for a decrease in the purine concentration of their diets depends on
ex'ternal te mpe r a tu re and salinity  Hernannandorena 1974a, 1976a ! but is
limited by an albumin-rich diet ! Hernandorena 1974a! or a lecithin-rich
diet  Hernandorena 1979a !. This metabolic adaptation is apparent at the
morpho logi, ca I le ve I by r educed abdomi na I le ng yth and b the irduction of

supernumerary gonopodes on abdominal segments.
the metabolic ability of Arteaia to compensate for an increase in

i e t b increased pyrimidinepurine concentration of its diet. y
The Utah strain can synthesizebio'Syntheeia alSO appearS tO be limited. The
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the pyrimidine ri ng  Warner a.nd Reclean 1968! but apparently at a
li~ting rate under our. experimental conditions since growth rate and
survival increase with increasing the Pyrimidine dietary supply. The
effect of pyrimidine deletion on survival depends not only on the
quantity  Hernandorena 1979a! but also on the quality' of dietary purines
 Nernandorena 1980a! ~ Further, it also dePends on both the quantity and
quality of dietary albumin  Hernandorena 1974a! ~ The factor limiting
pyr'i midi. ne bi. osyn thesis is apparently n«aspartic acid  unpublished
results! I found that when the equality of albumin is altered by
dif ferent heat processing, no morphogenetic act.ion is 'nduced by a
reduced purine ro pyrimidine ratio  unpublished result!. Spec' fic amino
acids may modif y the activity of xanthi.ne dehydrogenase by increasing
the sensit.ivi ty to allopurinol, a xanthine dehydrogenase inhj,bitor
  Her nando r e na '1 981a! ~ Additionally, since allopur inol administration
results in a melanogenetic ef feet  Hernandorena 1970! I suspect pterin
metabolism as well as purine catabolism to be involved.

Wi. th diets containing the same starch to albumin ratio Artemja
la rvae can be f orced to grow faster by increasing the adenylic acid
concentration of the di et. This faster growth r'esults in a reduced
protein synthesis if the cytidyli.c acid supply is limited or they can be
forced to increase protei~ synthesis by increasing the cytidylic acid
supply  Hernandorena 1981b!e So it appears that the metabolic fate of
nutri.eats at a given dietary starch to albumin ratio will depend on the
pur' ne to pyrimidine ratio, and this wi 1 l affect the biochemical
composition of Artemia.

In the artifi.cial medium defined for Artemia, the nucleotides are
supplied at high concentration levels in the liquid phase because of the
limited osmotrophy of Artemia. When supplied as particles, nutrients
are 60 times more e f f ecti ve than as solutes  Pr ovas o 1 i and D ' Agos tino
1969! . If corrected by this factor, the 602 20 adenylic acid to albumin
ratio of the arti f i.ci a 1 medi um becomes 1: 20 and is comparable to the
1:14 RNA to protein ratio defined for Drosophila. Attempts to introduce
RRA in the diet of penaens japonicns at the lower i:i 20 RNA to protein
ratio did not result in any apparent. benef icial effect  Kanazawa et al
1970! . This result shou ld not discourage f ur ther i.nves ti ga tion usi ng
different ratios,

Develo mental Control

The practical application to aquaculture of fi.ndings related to
Artemia morphogenesis could precede the achievement of the ultimate goal
of research which is to understand development at the molecular level.
Whi le the use of hormones ' n cultured animals leads to a number of
concerns about ef f ects on the consumer, dietary manipulations are
possible which would achieve the same production goa ls. When Ar tern ia
purine and pyrimidine requirements are met, folic acid deletion prevents
sexual ma turf ty. In teres ti ng ly, gi ant i ndi.viduals incapable of
reproduction Are induced in suctorian popultions by manipulations of
dietary gus nylic ac' d {Palincsar 1959!, It may be possible to take
ad vantage of this type of nutri tional e f feet to prevent the conversion
of nutrients into the production of gametes in cultured invertebrates ~
Sexual ma tu ration cou ld be res tricted at w ll to animals meant for
r epr oducti on whi le production animals wou ld continue to channe
nutrients only into growth processes.

Comme r ci a 1 ij al i n ter es t in shri mp, prawn and lobster aquacultu«r
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should also s timu late f undament a 1 res ea rch on the puri e ndpurine an pyr midine
requirements of crus tace ans, with the aim of producing at will the

1 o'nga t i on of ab do mi n a 1 length, which is easily achieved during the
anamorphic de ve lopme n t of Ar temia ~ and should be tried during the
etamorphic development. of decapod Crustacea.
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QUESI'IONS AND ANSWERS

S ICK  NNFS, Char 1eston !: I was interested in your comme
possible folic aci d def iciencies in crustaceans ~ In some
carri.ed out in my laboratory, low levels of folates have been
the prawn, apparently due to some nut:ri tional def iciency. Speci f icall y
do you know of any evidence for or agai.nst. the ability of crustaceans to
synthesize tetrahydrofolic acid7

HERNANDORKNA: Only that folic aci.d is an essential nutrient for
Artemis, at least based on work done 'n my laboratory. The nauplii
apparently recei.ve a bit from the mother and as a result can complete a
f ew mo its in a medium lacking f o lie acid. The maternal supplies,
however, are not enough for complete development ~ This is particular ly
true in a medium lacking the pyrimidine deoxyri.bonucle oside thymidi�e
which appears to spare folic acid in Artemia. In other organisms
usual ly purines whi.ch spare folic acid but this is not the case
Ar temi a

CONTE  Oregon S tate Uni vs re i ty !: Dr ~ Hernandorena, your work
nucleic acids is excellent. I was wondering what you feel is
control point for purine and pyrimidine metabolism. Drs ~ Clegg, Marner
and Finamore have done extensive work looking at the metabolism of
nuc le ic acids ' n the cys ts in conjunction with emergence. They,
however, have not gone beyond the naupliar stage as you have done. cwork
done i.n my laboratory indicates that a lot of nucleic acid metabolism is
very much dependent on ATP levels.

HERNANDORENA: Yes, the problem is although it has been
demons tra ted that the Utah strain of Artemia cannot synthesize the
purine ri ng they, apparently, based on radiolabelling experiments,
quickly incorporate precursors into pyrimidines. However, the present
medi.a I use seems to be lacking something, and it is not asparti.c acid,
so I have to add a pyrimidine in spite of the fact they can synthesize
f.t, That is something I have not solved. Perhaps the rate of synthesis
is not sufficient for growth.

CONTE: So you ' re thinki ng the control is at a point beyond
aspartame acid in the condensation step.

HERNAMDORENA: I ' ve tried to increase the aspartic acid
concentration of the medium but found no improvement in media where
there was no pyrimidine.

PERSOONK  Ghent, Belgium!. I was interested in your alternative
hypothesis for the poor growth and high mortality associated with the
Utah strain of Artemia. In recent research in my laboratory at Ghent,
the Utah strain seems to be growing faster than the California strain
f rom San Franci sco thus making i t a ] ikely candidate for use in
aquaculture. I was wondering, after hearing the data of Ken Simpson, if
there is a relationship between the pcs ticides and puri ne metaboli sm~

HERNANDORENA: You wi. I 1 have tO answer that queS tion, nOt me ~
haven' t done any work with pesticides

SIMPSON  Rhode Island!: It's my opinion from comparati ve studies
that the pesticide story has been over extended. I think with regard to
pes tie ides and the Utah strain of Ar temia, it is not as bad
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yet the others support better survival and growth. what has
others a

of fatty
not ~e < stent] y poor Than would be also corrected by feeds ng algae

the right f a t ty acids ~

H~ggmppaENA: The two ideas are certainly not exclusive.

SlypSUg: gust a point of information for Dr. Persoone ~ I was at
S 't L ke and talked to the p ople collecting cysts They are presently
Salt

co
l]ecting them f rom a di f f erent location than in 1975 when the

ca tastastrophic problems occurred wi th the Utah strain. Also the lake has
change in terms of salini ty and other things so the habitat is markedly
different. from what it was in '1975.
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ZOOPLANKTON AS A FOOD SOURCE

Kenneth L. Simpson Grace Klein-HacPhee1 1
I

2
and Allan D. Beck

whi le thousands of zooplankton species could potentially serve as
food for larval stages of cultured fish and crustaceans,
aquaculturi sts practical choice of a. reproducible live food ratio is
qui te li mi ted. In practi cs, roti fers and brine shrimp are the most
commonly used zooplankton for these cri tical larval stages. The reasons
for the populari ty of these organi sms lies in the fact that they are
eas i ly obta i ned or cu 1 tured, are of appropriate size, and have been
s how n to support a wi de spec t rum of larval f orms. Recently,
aquacu 1 turf s ts have turned thei r at tenti on to the quality of the
rot i f e rs and bri ne shri mp tha t are be i ng f ed. A numbe r of pape rs have
reported the success of rearing a larval fish or shellfish on one batch
of roti f er or br i ne shri mp, but not on another. It has been well
documented that the nutri ti on and envi ronment of the zooplankton has a
prof ound ef feet on the predatory organi sm. The bri ne shrimp has been
shown to have a limited capaci ty to biosynthesize long-chain fatty acids
and, thus, f ts nutri ti on takes on added signi f i cance. Also, Artemis
have been shown to readi ly bioaccumulate chlorinated hydrocarbons from
the water and pass these on to the predator.

An Artemia ref erence sample i s now available, so that one can
compa re the growth and sur vi va l of experimental animals fed the
reference bri ne shrimp versus those fed an acquired batch of Artemia.

KEY WORDS: Zoop lank ton, r Oti f ers, Ar temi a, cOpepOde, HraChiOnuS

I NTRODUCTI OH

The word, plankton, is derived from a Greek word meaning/ to
wander, Zooplankton, referring speci f ically to microscopic animal life
f loati ng or dri f ti nq in water, serves as the primary source of food
la r vs 1 s t age s of ma ny aqua ti c species of economic importance-
ususs 1 li st of zooplankton organisms includes protozoans, roti fers,

1

Depa rtment of Food Sci ence and Nutri tion, Un i versity of Rhode
I eland, Ki ngs ton, RX 02881

2
U,S. Envi ronmenta l protection Agency, Envi ronmental Research

Laboratory, South Ferry Road, Narragansett, RI 02882
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brach i oPods, copepods and i nve rtebrate larvae ~ Thus, thousands of
animals could serve as po tential food for cultured fish and shellfish.

S i nce the cu lture of laboratory ani ma 1 s retiu i res a stable,
reproduci ble ration, the number of zooplankton speci es of potential use
to culturi sts rapidly shri nks to a few standard organi sms. In actual
practice aquacu lturi sts depend heavi ly on roti f ers and brine shrimp to
support cri tical Phases of larval development, though nei ther of these
organisms i s found in signi f icant numbers in the sea. The reason for
the populari ty of these organi sms li es in the fact t'hat both are easi ly
cultured or obtained, and have b en shown to s ipport a very wide variety
of larval form . Comprehensive bibliographies are available on b th
artemis  sorgeloos er. al.  990a! and Brachionus  solanci and ogle 1977!.

tres ti se edi ted by Ki nne   1 9 77 ! should be consulted for the
cultivation of zooplankton in general.

present. paper will focus on the nutri ti onal aspects of
Zooplankton  protei ns, lipids, etc e !, and some non-nutri ti one 1 f actors
  size, contami nati on, etc ~ ! s The ulti mate goal of an aquacultura 1 f eed

provide f or rapi d growth and hi gh survival of the cultured
prgani s m, It i s also i mpor tant, for consumer acceptance, that the
aquacultural ly produced animals resemble the wild organism in such
characteristics as color, taste, texture, and size.

ghat has been "discovered" recently is that Artemia, roti fers, etc
are li ving organisms and can vary with environmental conditions. Thus,

describing the diet of an animal, to say, "Artemia was fed", is not
equivalent to saying, "casein was fed." Examples will be given in this
paper to show that some sources of roti f ers, Ar temi a, etc ~ support good
survival and growth whereas others cause 100% mortali ty of larvae. The
effect is obvious -- the cause is slowly being understood.

SI KE

The sui tabi li ty of zooplankton for ear ly life stages may be
directly re lated to size The live food may be of good nutri tional
value but not practi ca l because i t is too large to be ingested by
larvae. Sulkin and Epi fanio �975! compared roti fers, Artemia naupli i,
and sea ur chin gastrulae as food for the f i rst and second zoeal stages
of the blue crab  Ca 1 1 inectes sapidus!. The roti fers used in this
experi.ment ranged in size between 45 and 180~ m, whereas the "recently
hatched" Ar temi a naupli t. were 250~ m i n width. These authors stated
that 110~ m was the maxi mum size for the food of the early blue crab
la rvae

Brachionus rotifer strains vary in size. A Japanese strain ranges
in size from 74-124' m i Ito e 960!, and a California strain from 66-1B2
am  Theilacher and Ncmaster 1971!. The biometrics of artemis strains
from different geographic origins have been reported by Vanhaecte and
Sorgeloos �9SO! . It was found that there was a large variation between
s trains and li ttle dif ference wi thin strains. Beck and Bengtson � n
press ! reported the e f f ect of size in eight geographical strains of
brine shrimp ranging from 433 + 21 ~ m to 51'5 + 37~m in length. A
direct relationship was found between increased bri ne shrimp size and
m«tali ty of Atlantic s li vers i. de  Menidia menidia! larvae fed the
various strains  Figure 1 !
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Figure L. Natural logarithm of mortali.ty of Atlantic silversides during
the first f ive days of an experiment as a f unction o f mean
l.ength of eight strains of Artemia nauplii fed to the fish.
Bold, straight line is the regression line; thinner, curved
lines represent 95% confidence limits.

Data regardi ng size and sui tabi li ty of a li ve orqani.sm as a first
food are primarily from studies with fish. For example, several types
of Li. ve orqanisms have been cultured as first food for small larval
f ish. Trochophore larvae of oysters  Crassostrea virqinfca! were used

opistobranch molluscs  90-140 ~ m! have been used successfully to feed

larvae selected prey in the size range 50-90~ m when first feeding
Copepods we re f ed to f i rat feeding, scaled sardines, Harengula

rmnsacolse, and hay anchovy, anchoa edechilli. scaled sardines, which
began f eedi nq at 4. 5 mm total length, selected copepodi tes averaging 63
~rr width while bay anchovy, which began feedi ng at 3a4 mm total length,
selected copepodi tes averaging 58~m in width  Detwyler and Houde 1970/ ~
Houde  r973! stated that, according to his experience, most fish larvae,
i ncluding those with relati vely large mouths, began feedi ng on organi sms
in the 50-100~m width ranqe, Copepod nauplii and molluscan larvae fall

"' '"" r � '*
most important food organisms used fn culturing srrall-mouthed larval
f ish.

Host decapod crustacean larvae can be reared on Artemia nauplii «r
thei r complete development  Rice and Williamson 1970; Provenzano and Goy
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1 9 7 6 ! ~ S om e e x a mp l e s a " t he Ameri can lobs ter, Homarus arne ri canus
 Car berg and Van 01st 1975!, stone crab, ~menip mercenaria  Nootz and
E i f an o 1 9 7 4 !, g r a S S S br i mp, Pa laemoneteS pu uii o o ProVenzano and GOy
1976!, and Cancer irroratus  Sastry 1970!. The exceptions appear to be

crab, Callinectes sapi due, mentioned previously  Sulkin and
pi f ani o1 9 7 5! 9 and penae id shrimpwhich are fed various speci esof

 Hudi nga and Miyamura 1 962; Gri f f ith et al. 1973! ~ Mock et al.
�9B{!! used acti ve dry baker ' s yeas t as a replacement. for algae wi th
some success for feedi ng penaeus stylirostris. Nhen the shrimp
metamorphosed to mysis I stage, they were f ed f rozen Ar temia naupli i and
then swi tched to li ve Artemia naupl' I at. the end of mysis II stage,

Pe.O TRIM

Zt is general ly assumed that. a li ve f ood shou ld provi de pr ote i n
levels and amino acid prof iles similar to that found in the cultured or
wi j d Qrgani sme A second approach is to pat tern the ami no aci d prof i les
a f ter the f ood cons I de red bes t for that organism In a series of
e ] e gant expe r i me nts based on this concept, Deshimaru and Yone �978!
reported on an "artificial clam" diet for the prawn, penaeus ~aponicus.

optimum dietary level of protein was in the range of 52-57%. Other
penaeid 8 hri mp have been reported to requ' re a di et contai ni ng less than
40m total pr ote i n, e . g. Penaeus seti ferus  Andrews et al. 1972! . P.
aztecus  venkataramiah et al 9!W, .~and p. ndicus  colvi n 1976! .

potenti al. shri mp feed shown to contai n approximately 50a protei n
include rotifers cultured on algae  Scott, and Baynes 197B!, brine shrimp
nauplii  Schauer et al ~ 1979!, and brine shrimp adults  Deshi maru and
Shigeno 1972; Gallagher and Brown 1975!.

Although more is known about the amino acid requirements for fresh
water and mari ne f i sh than shel lf i sh  cf. Cowey 1979!, some basic work
has been accompli shed in prawn nutr i ti on. Deshi maru and Shigeno �972 !
found that diets simi lar to P. japonlcus in amino acid profiles, such as
Artemi a, squi d, and s bort neck c lams supported good qr owth. As part of
the same study, wh i te f i sh meal-based di ets were found to g'I ve poor
growth. These authors concluded that a protein source lacking
suff i ci ent levels of basic amino acids  e.g. lysi ne, arginine and
his tid.i ne ! supported i nef f f cient growth. They li s ted f ish mea l as a
poor source of the basic amino acids ~

Table I li s ts the am i no aci d pr of i les of several zooplankton
speci es . Bra chi onus, Aca r ti a, Ti gr i opus, Hoi na and pena eus show ve ry
similar amino acid profiles. Artemia naupli i amino acid patterns show
the greatest variation Seidel et al. �980a! compared the amino ac dcid

prof i les and also f ound some vari ati on between the naupli i f rom Shar k
Bay, Australia, Nacau, Brazil, San pablo Bay, Cali fornia, the Great Salt.
I ake, Utah and Mar gheri ta di SavOi a, Italy. These di f ferenCeS n
prof iles among strains were less, however, than those reported i n Table
i 9 poss ' bly showing variation in laboratory techniques�. Sei de 1 et a l ~
  1980a ! conc luded that al I five geographical strains could meet the
essential amino aci d requi rements as estahlished for Chinook salmon ~
Gallagher and Brown �975! concluded that "the brine shrimp values
compare favorably wi th those f or both casein and egg a lbumi n ~ On the
basis of PER and MPU values and protein diqestibi li ty, Watanabe et al ~
�97Ba I, conc luded that Brach i onus, Artemia, Tigriopus, Noina and
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~tm hnia are superior food protein sources for fish.
Diet appears to have little ef feet on the amino acid compositip

the li ve food  Watanabe et al ~ 1978a; Cla~s et al. 1979! p and i n tuurn,
amino acid composition of the predator  Seidel et al. 198pb!.

Table I. AminO ACid COmPOSitiOn Of Zcnplanktcn aS COmPared With Pensee
iaaonicus  g/100 g crude protein!

hxtefffia salina r~ dhxcartiad
clatfsi

eenaeus'd

spp-
Bxachiontfsd

Amino acid
41 42 43

fl' t'1'

Total 74. 1 74. 199.9 76. 4 75. 8 72.6 69. 9

Netply-hatched; Watanahe et al. 1978a.

Beidel et al. 1980b; Instax I stage, Hacali, srasil strain; expressed as 4 amino acids;
tryptophan destroyed.

Gallagher and srcfdn 1975.

Watanabe et al. 1978a.

eheehimarfA and Shigenf 1972.

LIP KDfh

The li idp content of a food is an important factor in the value of
the food. In practice th e term lipid denotes any materi.al extracted by
an organic solvent such as chlorof orm. Thus, crude lipid would i nclude
9 Lyce rides. etc roi.ds waxaxes, ca r ot en oi ds, phospholi pids, etc-
Tri glyceri des, waxes and hp osphoUpids consti tute the major source ofmetabolisable ener as we ll as a source of essential fatty acids.

Waxes are eaters of ionng chain alcohols and fatty acids, They have
been shown to be a common stora e
po ar envi ronments where lil mmon storage lipid for copepods in temperate and

Hi rota 1973! . As a reserve enerre lipid storage is more pronounced  Lee and
reserve energy source, the waxes may represent a

eve l of greater than 50% of t
Cope d fepo s rom tropical and so the total lipid present  Lee >97>! ~

n subtropical areas were characterised by
havi ng fewer storage lipids inc
represe nt a de novo synthesis b thp s. ncluding waxes ~ zt appears that the waxes
197'! . y es s by the arctic copepods  emergent and
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Isolescine
Muc|ne
Nethionine
Cysti,ne
Phenylalanine
Tyrosine
Thxeonins
Tryptophan
Valine
Lysirae
hxginine
His ti dine
hlahi ne
hspartic acid
Glutamic acid
Glyci ne
Proline
Serine

2.6 5 6
61 8.9
0.9 2. 2
0.4
3.2 5. 1
3. 7 10,5
1.7 S,2
1.0
3.2 5. 3
6.1 ll. 7
5.0 ll. 5
1.3 4. 9
4.1 4.6
7.S 11.0
8.8 13, 1
3-4 6. 0
4,7 5.7
4.6 4. 5

5.3
8.0
2.7
2.2
4.7
4. 5
4.6
1.0
5.4
7.6
6.5
1.8
6.9
9.2

1.4. 2
5. 3
5.2
4.8

3.4
6.1
0.8
0.6
3.9
3.1
3.2
l. 2
4.2
6.1
4 6
1.5
3.8
8.0
9.8
3.1
6.7
4.0

3.5
5. 5
1.5
0.8
3.7
3 6
4.2
1.1
4.5
5.4
4.3
1.9
5.4
9.0
9.5
4.6
4.6
3.3

2 5
5.Q
1.1
0. 7
3.5
4.Q
3.8
l. 1
3.3
5.7
5.2
1.6
4.9
9.0

10. B
4 5
4.8
4.3

2.5
6.0
1.0
0.6
3.6
3.3
3.8
1,2
3.2
5,8
5.1
1.6
4.9
8.3
9.8
3. '7
4.2
4.0

3.3
5.5
2,0
0. 8
3.3
2. 9
3.0

3.3
5.8
5.6
1 6
4.1
8,0

11. 7
3.4
2 6
3.0



Whi le wax-containing copepods are abundant, li ttle is kno~ about
t' he assimi.lation of the waxes by Predators. It has been reported that
trout and her ring me t.aboli ze di etary wax esters and deposit
triacylglycerols in their bodies  Sargent et al. 1979! Sargent et al ~
�979! and patton and Benson �975! conclude that "wax es ters are very
ef ficiently assimi lated in the marine food-chain."

protei ns, more i s known about the essential fatty acid
requirements of f i sh than shel lfish. Nevertheless, a very similar
picture i.s emergi.ng in regard to the need for these fatty acids in the

Unlike protein/ami no acid patterns, the fatty acid prof i les found
cultured organism often closely resemble the phytoplankton it

feeds upon . Thus, the f a tty acid prof i le of the roti f er. Artemi a 8 or
copepod may be si gnif icantly changed by diet and could be of good or
poor nutrl ti ona 1 va lue ~

Generally, Artemia cysts are purchased whereas rotifers are
cultured in the laboratory. The Artemia cysts would presumably resemble

adult Artemia in f atty acid composition while the rotifer would
resemb]e the culture diet. The need for essential f atty aci ds i n the

of roti f ers has become apparent and a simi lar picture f or Ar temia
has emerged.

scott. and Middleton 31979! cultured srachionus ~licatilfs on
several different unicellular algae at three dtfferent temperatures.
The rotifers generally had fatty acid profiles like their algal food.
The Dunaliella-fed rotifers were high in 18:3u3 and low in 20:sw3 and
22.6~3. The fsochrysis, and especially the pavlova and
phaeodactylum-fed rotifers contained less 1S: 3~3 and more 20:53 3 and
2 2: 6w3. The turbot larvae f ed the Ouna li ella- fed roti fere exhi bi. ted
stunted growth and high mortalities ~ Turbot larvae fed Dunaliella-fed
rotifers plus other algae-fed rotifers showed good survival and growth,
revealing an apparent nutritional problem rather than a toxic effect.

A very si mi lar picture has emerged f rom the work or} roti f ers in
Japan  c f . Fu ji ta 1979 ! . Because of the great demand f or roti f ers,
baker 's yeast was substi tuted for Chlorella as a roti fer feed and the
result was high mortalities in sea bream  Watanabe et al. 1979; Kitajima
et al ~ 1980a!, and ayu, Plecoglossus altivelis  Kitajima et al. 1980b>.
A number of experiments were reported wi th a so-ca lied a-yeast. The
u-yeast was preoared by culturing ba'ker's yeast in a medium supplemented
with f ish oi ls. The resulting rotifers were found to have a higher
level of 3 HUFA's  highly unsaturated fatty acid!, and to support good
sur vi va1 and growth of red sea bream  Ki ta jima et al. 1980a !, and Pe
altivelis  Ki tajima et al. 1980b!

Watanabe et al. �978b! analyzed the fatty aci d content of brine
shrimp from San Franci sco, South America and Canada. These authors
classified Artemia on the basis of their fatty acid profiles. They
gro uped those with high 18}3~3 levels as being sui table for f resh water
fish only, and those with high 20:5~3 as being most suitable for marine
f ish In a later report, Watanabe et al. �9BO! classified Artemia
cysts from San Francisco. China, Canada and Hest Germany into the same
two categori.es. The San Francisco strain was shown to fall into bothdepending on the year of harves t An Artemia with a high 18: 3
4and low 20: 5 3 content was consi stent]y found, by these authors, not
to support growth and survival of sea bream larvae ~
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Schauer et al. �980! reported on the fatty acid prof iles of three
S n F ranci sco Bay area Artemia col lecti ons, and on strains from
Australia, Brazil< Italy and Utah  Table II! ~ As can be seen, San Pablo
B  SPB 1628! and Utah �977! are high in 18: 3a 3 and l.ow in 20: 5rs3 ~
Baypne o f the San Franci sco co 1 lecti ans  SF 313 ! was found to be
1 ntermedi ate between the San Pablo Bay  SPB 1628! and Utah, and the

Si gn f j cant Va1 iatiOn Was in the Sul Vi Va],
growth of va ri ous f I s h and shellfish larvae on the various strains.
This <ill be discussed in detail belov.

Ta!lie II. Fatty Acid  as fatty acid methyl esters [FAMF] ! composition
of Newly Hatched Artemia  from Schauer et al. 1980!

California
italy utahSF sz 8'? 8

 lot 9313!  lot s321! ilor 41628,'
Australia Brazil

1. 57
0. 74
O. 58
0. 13

12.13
19 52

1.57
0.81
0.67
0,24

15,42
10.79

C. 93
l. 45
O. 1'
O. 37

11.7B
5. 64

2. 32
2. 90

31.20
3. 69
5.16
1.28
C.35

2.90
4.07

28.5B
4,6Q

31.46
3.10
0, 37
C.O9
C,4B2.23

2.69
12. 44 13,6310.50

0.26

indicates the fatty acid was not found.

Moreno et a l. �979a ! suggests that phytoplankton are able to
perf orm de novo synthes i s of all their fatty acids. These authors
shoved that the diatom, Phaeodactylum tricornutum, transformed
radioacti ve staturated and unsaturated precursors into 20:bw3 and 22:M3
fatty acids. Phytoplankton that have high concentrations of 20: 5 3 and
22: 6w3 f a tty aci ds would contribute them to the mari ne f OOd web. 34any
mari ne speci es have been shown to requi re these po lyunsatuz'a ted fatty
a ci ds i n the i r di e t ~ Th i 8 requi re ment i s largely based upon the
i nabi li ty of the organism to biosynthesize the c 3 20- and 22-carbon
fatty acids f rom 18-carbon ana logs.

The calanoid copepod, Paracalanus parva was shown by �oreno «al ~
  1979b ! tO be able tO f orm 44 9 f atty acidS and Synthes i Ze lOng chain
f atty acids. P. par va was shown to be incapable of synthesis of
li noleic or li nolenic acids ~ Schauer  personal communicati»!
i ncor o acorporated 1- C 18: 3~3 into a ri ce bran diet for Artemia.

14

Artemia were then fed to rainbow trout and wintez flound«
 Pseudopleuronectes americanus! . As noted in Table III, 1 � C 18-3~3
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14:0
14:1
15:0
15:1
16.0
16; 1
16: 24I7
16: 3'/17: lv8
18:0
18:1<9
lei2w6
18:3w3
18: W3
20,1a9
20:2w6/w9
20' 3~
20:3z3/20:4w6
20:5w3
22.6w3

1. 34
2. 23
0. 34
0.15

13. 45
9. 97

a
3.87
3. 07

28. 23
5. 78

14, 77
4. 37
0. 37
Q. 12
0. 79

3. 88
2. 79

35. Se
9.59
4,87
0.96
0.52
0.06
2,76

8.98
0.06

0.99
1.27
0.16
0.20

3.0. 33
13. 27

2,09
6. 83

26. 97
9. 35

17. 33
3. 26
0. 41
0. 06
1, 01
l. 48
4. Oe

C. 43
2,26
C.25
0.46
7 I3
5 24
l. 51
2. 44
3. 09

29.15
4 ' 60

33.59
4.88
0 ~ 35
0.24
0. 05
l. 49
1.68

l. R3
3,30
Q. 11
0.54

15. 23
10. 38

2. 94
3. 2B
3, 17

29.05
6. 79
6. 35
1. Q 1
0.42
Q. 20
1. 47



the only m3 fatty acid in the diet. Artemia were shown to form 20:5
22; 6a33 f atty acids f rom 18; 3w3 ~ Whi le 22:6~3 is not commonly

iso]ated f rom naupli i, we have found i t in adult Ar temia. These data
Artemis Can mat» S11FA'r fram 16: 3W3, PrObably in Suff iCi ant
satisfy their needs, The results shown in Table 11 reflect a

of fatty aci d prof i les resulting from bf osynthesis and the
artiCula r di e t avai la hie at the time to the Artemia in that
epgrap hi.ca 1 re gi on . The a bi li ty of some mar i ne crustaceans to

biosynthesi ze 20: 5+3 and 22:6dwt3 from palmi tate was also reported by
/orris and Sar gent   1 973 ! . Table I I I f ur ther shows that rai nbow trout
«re able to form 20:5~3 and 2236~3, whereas winter flounder contained
approximately the same amounts of these f atty aci ds at 24 hours as vere
in the Artemis.

percent Distribution of 1- C 18:3 d3 in a short Food Chain14

 from Schauer 1982!

Rarhbow

trout fed

labeled
Art.emi ac

Winter

f lounde r
fed la.be!.ed

Artemia

Artemia fed

labeled

Diet Kl

Labeled

rice bran

Diet. Q la

Humbe r

double

bonds

8. 29

19. 2

23.1

5,50

12. 5

31.4

8.80

3. 26

68. 2

2. 50

6.93

10e 30

0. 21

0. 04

98,5

8.07

24.2

20.5

30.4
7.02

9.80

0+ 1

2 3
4

5 6 l. 24

al-14C 18:3u� was the only a3 fatty acid in the diet.
bartemia were fed the labeled diet for 1 days.
Rainbow trout and winter flounder were fed the labeled Artemia for 3

days and starved for 3 days subsequent to the last feeding.

8orge loos et al. �980b! fed defatted rice bran to Artemia and
reported a good protei n recovery in the Artemia. However, the f atty

prof i le showed very low levels of HUFA's. Thus, if the adult
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Kanazava et al. �979! injected 1- C 18:3~3 fatty acids into14

serveral dif f erent marine species i n order to compare thei r abi li ty to
form 20:54v3 and 22:6~3 fatty acids ~ Table IV shows the conversion
relatiVe tO rainbOW trOut. A number of authprs have shO~n the ability
of the freshwater fish to convert 18:3~3 to HUFA's  cf Kanazawa et al.
1979, rainbOW trOut! . KanaZawa et al. �979! COnCluded that the mari ne
animaiS in 'their Study were i nCapable of syntheSi Zi ng enough 20. 5d33 and
22:6w3 from 1 6: 3o3 to satisfy their dietary requirements. Penaeus
~aemfcus was listed as moderate in this biosynthetic capacitY.

Table V shows the fatty acid profiles of San Pablo and Brazil
Artamia nauplii which vere cultured in ponds at SEAFDEC  South East Asia
p<sheries Oeve lopment Center !, Philippines. The harvested adult
Prof iles were simi lar to each other, very different from the parent
cystsf and probably resembled the phytoplankton in the pond.



artemis is to be fed to marine species, biomass is not as important a
COneideraticn ae fatty aCid PrOfileS, and the Warninge Of Watanabe et
al. �980! need to be heeded.

Percentage Incorporation of [1- C] Linolenic Acid14

4� Pentaenes and Hexaenes of Lipids from Aquatic Animals I�
jected with [1- C] Linolenic Acid  from Kanazawa
1979!

Table IV.

Radioactive u� pentaenes and hexaenes
formed from [1- C] linolenic acid

Relative
Radioactivity

 dpm x 10 ! Incorporation4
to rainbow trout

Animal

Rainbow trout

Ayu
Eel
Red sea bream

Rock f ish
Globefish
Prawn

Incorporation of injected [1-14C] linolenic acid to u,3 pentaenes and
hexaeres comprising 20:5<3, 22.5u�, and 22d6u�.

Table V. Fatty Acid  as fatty acid methyl esters [FME]! Profiles of
Artemia Nauplii and Adults Cultured in SEAFDEC Ponds  unpub-
lished data!

B-Adults SPB-Nauplii SPB -Adultsc
6/30/80 7/2/80d  lot ¹1628! 6/30/80 7/2/80d

3.07

18. 26

13. 04

aEggs from Nacau, Brazil.

Eggs from San Pablo Bay, California, USA.

Adults cultured from Brazi3. {B! or San Pablo Bay  SPB! cysts-
Collection date.
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14:0

16:0

16:1

18:0

18~lug

18: 2W
18: 3u�

20: 3'
20i5+3

2.04

16.35

12.88

2. 34
33. 50

9. 17

4. 39
2.30

B. 35

128.4

6.5
11. 3

5.0

19.6
25.8

18. 5

3.80

21. 39

12.80

9.00
32.68

9.01

9.23
0.69

l. 21

3.06

18. 19

11. 19
7.87

34.95

8.95

1.0. 99

1.15

3. 01

12. 7

4.5

2.5

1.9

0.9

1.6

2.6

0.65

9.80
6.49
2.38

27.43

5. 30
31. 85

0. 04

1.66

100

36

20

15
7

13

20

3.67

18.28

11. 08

8. 15

32.11

10.74

13.18

0.98

0.11

40. 70

9.24

14. 04

0.08

0 67



C AROTKHO I DS

Zooplankton such as the copepods and Artemia are pigmented with
rotenoids. These lipids may be deposi ted in the predator or, in some

aSSimi lated as vitamin A precurSOrS. Astaxarlthin iS the ma3Or
ru stacean Pig ment, a 1 though canthaxanth! n is the major carotenoi d

present in a va ri ety of geographi ca 1 s trai ns of Artemi a   Soe 3 i ma et al ~
i 980! ~ When i ncorpora ted into their diet, a number of carotenoids,

ly not isolated f rom Artemi a, were f ound  Soe j i ma et al ~ 1980! ~
VI shows t»«f f ect of feeding Artemia a diet of Spirulina,

containing 25m p -ca roti ne and 65+ zeaxanthin .

T~le VZ. The AxnOuntS of g-Carctene, EChineOne, Canthaxanthin and ZeaX-
anthin present in artemis after Feeding with ~s irulina pig-
ments  from Soejima et al. 1980!

Concentrations o f' carotenoids resent   / f resh wt!
g-Carotene Echinenor e Canthaxanth in Zeaxanthin

UnknownFeeding

program

5. 870. 11Group 1

Group 4

Group 4'

3. 160.71

0. 1.9

6. 97 2.71 0.13

6.581.48

Group 1: Rice bran only �2 days!.
Group 4: Rice bran + pigments of ~Sirulina � days!
Group 4': Same as Group 4, then rice bran only � days!

NINERAI S

Several authors have reported the mineral composition of
~»p»nkton  Gallagher and Brown 1975; Watanabe et al. 1978c; Olney et
al ~ 1980! ~ Watanabe et al. �978c! fed Tigriopus, Hoina and roti fers
several live diets and found no significant differences in the mineral

of the cultured organi.sms. Table VI I shows the mineral
composition of Artemia cysts and nauplii. taken from f i ve geographical
locations ~ The twelve metals were measured by atomic absorption and

aCtiVatiO~ analyeiS. While large variations were seen in the
metal content of the cys ts, the naup li i showed lower le ve ls and les s
variation between strains.
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Color less lobsters, crabs, prawn, and other crustaceans can be
produced by feedi ng a carotenoid-free diet. Nevertheless, consumer
acceptance is based partly on color of the marketed food product. For
example, when purchasing Penaeus japonfcus live, Japanese consumers
demand a red, not a blue-colored prawn ~ The feeding of pigmented
zooplankton has heen shown to be ef f ecti ve in providing proper
pigmentation  c. f. Sargent et al. 1979; Simpson et al. 1981! ~



TWle VII. Hetals  pg/g dry wt! in Artemia Cysts  C! and Nauplii  N!
from Five Locations  from Olney et al. 19BO!

Otah Caid. frdrriiaAustraliaaBrazzl
c N

62.
89.

804.
59.
8.9
4.7
0. 02

6,3
0.15
1.4
0 "9
0. 38

0. 23
0.35
0 02
G. 53
1.4
6. 5

1.2 1.0
7.5

l. 5
23.

Z.O
23.

2. 3 0.83
9.1 6,512.

aNauplii from Australis not analyzed  insuff'cient sample!

wa tanabe et al. �978c ! compared the mi nera 1 content of a sing]e
8 tr a i n of hr temi a hatched in three df f ferent. locations, and reported
s imf lar levels of the mi ner*ls tested ~ Watanabe et al ~ �978c ! reported
a slight se*sonai variation in the minaret content of itrcatia ciausi.
matanahe et ai. i1978c i concluded that "minerais are not the principal
f ac tors f n the d i e ta ry va lue of living feeds ~" Olney et al. �980!
f ur ther conc luded that the di f f e rences i. n sur vi va 1 and growth obtaf ned
by feedi ng cer ta i n geographi cal s tra i ns to s eve ra ' f i shes and
i nvertebrates was not related to the mi neral content analyzed.

VTTP34INS

Data on the vf tamf n content of zooplankton appears to be limi ted to
es sent i al ly a sf ngle report on brf ne shrimp by Gallagher and Brown
�9759. These data are represented i n Table VI I I.

CONTANf I BAHTS

Sf nce the publicatf on of Bookhout and Costlow �970!, attention has
been drawn to the fact that live food can carry adventitious materials
to the predator . Mos t commonly noted, perhaps, is the role of the
persistent chlorf nated hydrocarbons. less attention has been gf ven. to
heavy metals, bf otoxf ns of microorganisms that might be carried by the
zooplankton.

The paper by Bookhout and Cos tlow   1970! compa red the abi li t y ot
Artemia naupli i f rom Ut.ah and San Francf sco to support. growth and
survival of four crab speci es. It. was consf stently found that the Uta"
Ertemia were not as good as those from San Francf sco. It was reported
tha t the Utah Artemia had three times the level of
 df chlorodf phenyltrf choroethane! as that contaf ned in the san Francisco
8 tra 1 n > the higher leve l of DDT was sugges ted as the cause of larval
c r a b mo r t a 1 i t i es ~ A shor t t f me af ter these dat a appeared, Wf ckens
�972! reported lower levels of DDT in the Utah Artemia.

190

i'e
Zn
Pb
Cu
Cd
Cr
si
Co
sc
sb
se
Rb

820.
144.

2.1
4. 6
0.15
l. 8
0. 50
0. 20
0 Gl
0.53
l. 2

1860.
125,

17.
14,
0,09
3.7
4,0
1.6
0,41

70.
104.

3.0
9,2
0.12
0.66
0.09
0.14

800.
81.

5.l
42.

0. 28
2.0
2. 9
0 34
0. 03

47.
102.

6 2
8.2
0.14
1.1
0.70

1380. 46

6,6 3,8
10.2 10.8

0.26
4 4 0.48

0.»
1.3
0.31



8
Im VZZZ. Vitami.n Compositi.on of the Brine Shrimp Artemia as Compared

to Minimum Dietary Requirement  MDR! of Salmonids

Constituent Artemiaa Salmonid ND

2.5
0.050

aGallagher and Brown �975!.

Ketola �976!.

Gallagher, personal communication �982!

1980, Olney et al. analyzed the chlorinated hydrocarbon co~tent
pf f t ve geographical strains of Artemia ~ It can be seen from Tabl.e 1X
that there is much variation between sample si tes  Australia, Bras i 1,
Italy, Utah, Cali f ornia ! and some variation be tween San Franc i sco Bay
and San Pablo Bay. The five strains of Artemia were tested on winter
flounder  Klein-NacPhee et al. 1980! and Atlantic si lversides  Heni dia
menidia!  Beck et al ~ 1980!. In both cases, Utah and San Pablo Bay
Artemia gave poor results. Olney et al. �980! reported that these f i sh
aCCumu la ted s Ome ChlOrdane, dieldrin, DDT and PCB'S,  pOlyChlOr'i nated
bi phenyls ! a nd sug ges ted that these cou ld be the cause of poor res u its
f or San Pablo Ar temia . Roweve r, in Table IX the contamination and
accumulati on data for Utah are not high and would seem to offer no
explanation for the poor survi val with the Utah diets

In an attempt to delineate the possible causative role of chlordane
and dieldrin, HcLean �980! contaminated Artemia with these two
compounds at phys i o log i ca 1 levels. In a preliminary experiment,
de fatted rice bran was contami.nated with the pesticides and fed to
Ar' temi a. The Ar temi a produced by th i s pr ocedure showed a low
bioaccumulation factor. Rearing the naupli i in water contaminated wi th
the pesticides resulted in higher tissue residues in a shorter time,
thus provi ding sui tably � s ized nauplii for feedi ng. The treatments
included controls and various combinations of low contamination �.1
ppb! and high contaminati on � 0 ppb! of chlordane and dieldrin. Table

shows that Artemia readily bioconcentrate these two pest ici des. When
Artemia from Brazil, with various levels of contami nation, were fed to
~< nter flounder, significant changes in fish length were noted that were
directly related to the chlorinated hydrocarbon content. Although no
mortalities were noted, it. should be poi nteci out that due to the size of

contaminated Ar temia nauplii, pos t-metamprphi c wi nter f lounde r were
i n the e xpe r i me nt.
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Biotin
Choline chloride
Folic acid
Niacin
Pantothenic acid
pyridoxine HCI
Inositol

Riboflavine
Thiamine

Vitamin BI2
Vitamin A

Vxtamin C

0. OOI

6. 10

0. 001

0. 130

0. 068

0. 008

1. 20

0. 017

0,027c

0.003

14.6 IU/gc
0,049c

O. 00005

0.05

0. 001

O. OOI

0. Ol

O. 005

0. 25

0. 005

0. 001



T Lble ZX. ChlOrinated HydrOCarbons  ng/g "« 9/t! in Artemi< Nauplii

al. 1980!

Califarniat
SFB

A

 ! tah
A 8

Australra
A H

Sratil
A RHydrocarbons

4.4
5.2
5.0
2 2

0.2
0.6 5.2

1,6
1,3

0 I

1.3 6,1

!.5
2.4

10,0
29 ' 0
20.0

2,0
51.0

0.2
4.3
5.8
2.0
0.9

0%75%  R!'T 7 6 6144 Sur vrval

SO Crabs available for Italy.

Ssn Pablo Ssy i Calif. Usa.  spe!; San Francisco Bay, Calif, UsA  sFB!

indicates the hydrocarbon wae not found.

Johns et. al, �980!; 1st. crab stage.

Table X. Pesticide Concentrations  ng/g j, Bioconcentrat ion Factors  � 'F!
and Percent Uptake of the Pesticides in the Artemia  A! Treat-
ment Groups  from MCLean 1980!

Treatment rou
A-1,2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 A-!C

.Xeatment Cant. LC HC LD HD LC/LD LC/HD KC/LD HC/H-"

pesticide canc. in
water  nq/ml!

cia- chlordane
dial dxin

0.1 1.0 0 0 01 01 10 13
0 0 01 10 0.1 I 3 0.'

ng Exposure
ale- ch lardane
dieldrin

50
0

500 0 0 50 50 500 500
0 50 500 50 500 50 500

Pesticide conc, in
Artemis sp.  ng/gl

cia� -chlordane Bb
2. 45c
0

78. 2 79.6
7.47 11 9
9,7P 131,3
0.50 37 9

92.7
6.80
0

7.44
0.91

I' 5.0
52.l

9.65
1.72

13.4
1.99

dLeldrin 12,0 170.0
0.74 63 5

BCF of Artemis sp.
c 1 ~ -chlordane
dreldrin

76.2
96,9 131 3

106.0
0

92.7
0

74. 4
I'5.0

0
120,0

0 96.5
171.0 3.34.0

percent uptake
cis-chlordane
dieldrin

21. 7 15.9
26.2

18.5
0

0
24. I

!,5. 6
19.4

0
34. 2

19. 3
26.8

14. 9
23.1

aLow contamrnatron �.1 ppb! of cis-ch3,ordane  LC!; hrgh contamination �.0 ppb! o«is-
chlardans  HC! i low contaminati~n �.! ppb! of dieldrin  LD! ! hzgh contamination  I 0 Ppb!
dieldrin  HD!,

b�eane af the two analytical replicetss.
cStandard deviation of the twa means. 192

HCB
0-BHC
7 � BHC
c-chlardane
t-nonachlor
die 1 dr in
ap-DDE
pp-DDE
pp-DDD
op- DDT
pp- DDT
1 Dlrr
Pce �016!
Pre �254!
PCB �260!

PCB

0.1 0.7
1.1 I ~ 2
0.3 0.2
0.1 0.1

0 2
0.4
1,2 2.4
0 4
0,4
1.9
4.3 3,4
5.3 21 0
1.6 14.0

3.2
6.9 36.2

3.9
100.0
74.0
60.0

166.0
422.0

5.3
19.0
7.5

32.0

0.4 1.2 0. 5 0.6
5.9 2,3 3.1 1.3
1.9 0.6 3,2 0,3
0.6 0.9 14.0 3. 5
1 2 5.5
07 08 14 18
0.7 --- 5.3 6. 3
2. 2 4.0 18.0 19. 0
3.0 2 ~ 1 13.0 6 ~ 5
D 7. 1.0

4,6 1.8
7. 3 7.2 42.0 33. 6
3.2 30.0 14.0 16. 0
6. 5 20.0 29.0 33 0
4.9 6.1 22,0 25.0

15 0 56.1 66 0 74. 0

0. 5
2.8
1.0
l. 3
1,4
0.2
0.9
2.0
3.6

1.9
8.7
6.4
3.5
3.5

13,0

0.7
1,4
7.3
6.6
8,3
1.2
6.7

'0.0
22.0
2.3
2 ' 0

43.0
16.0
23.0
2.3

43.0



Schauer ct al ~ �980! suggested that a poor fatty acid prof i le
«h}gh" le ver of contami nation may gi ve the poor sur' vf va 1 and grpwth

noted in these studi es. The controlled feedf ng of a poor fatty aci d
profile and contami nated Artemia to either crab or winter flounder
larvae has not been reported.

It shpuld be noted that an analysis of the chlorinated hydrocarbons
1!tah Artemis �965 � 1976! has shown a steady improvement iseidel,

personal communication!  Tab!e Xl!, although !he 1977 and i976 lots oi'
Ar tern f a f rom Utah ga ve poor results wi th R. harri s i i larvae   Johns et

1980! .

Table Xl. Temporal Study of Chlorinated Hydrocarbons in Utah Artemia
Nauplii   from C. R. Seidel, personal communication!

1965 1.966 1970 1977 l978

0. 62 0. 73 0.49
29.8 19.6 7.25
27.3 22.9 11,6

0. 34 0. 65 0. 41
8.2 4.2 4 5

0. 32 0. 32

58. 1 44. 2

96. 8 51. 5

1. 51 0.68

4.1 4. 3

HCB
Z PCB

Z DDT
'f-BEiC

Z Chlordanes

The results of the various feeds ng trials of the five geographical
strains showed some variation as to the ranking of the Artemia cysts.
The resu its are tabu la ted in Table XII. Zt should be stressed that
these results apply to only the particular hatches tested, as ve. have
noted significant varfations between batches from the same source.

ENZYMES

i s a c ammo n e xpe r i ence a mong aquaculturi s ts that there are
crf thecal stages of larval fish growth which, to date, are supplied only
by live food. Artificial diets have been constructed which are similar
in nutrients and size  microcapsules ! yet seem to fall short of gi ving
the survival and growth of the live diet  cf. Seidel et al. 1980b! An
phvf ous problem with the artif icial diet is that of the leaching of

and subsequent uncontrolled bacteri a 1 growth ~ Thi s problem
be e ve n tua 1 ly addre ssed through improved microeacapsulati on

techniques - A second poss i ble ad vantage of the li ve di et i s that the
f opd conta i ns exogenous dfgestf ve enzymes which may supplement

a</or acti vat.e endogenous enzymes of the larval species  Dabrowski and
Glogowskf, 1977! .
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In a simi lar study   Johns et al ~ in press!, contaminated Artemia
vere fed to Rhf thropanopeus harrisii larvae. No adverse effect on
gr pwth oe sur vi va 1 i n the mud crabs was noted. These resu 1 ts suggest
that the con tamina ti on le ve ls repor ted by Olney et al, �980! and
Bopkhaut and Costlow �970! do not totally explain the adver'se ef feet
�oted with certain Artemia predators.



M le XII. Suzsaary of the Biological Response of Several Fish and Shell
fish to Five Geographical Strains of Artemia.  + = cjood
yival, - = poor survival ~ + = good survival but poor growth!

Brazil Australia Utah SPB Italy

cancer irroratus

harrisiia
~Nsido sis hahiah
Menidia menidiac

From Johns et al. �980! . bFrom Johns and Walton �979! .

cFrom Beck et al. �980! . dKlein-NacPhee et al. �980! .

Samain et al. �980! determined the levels of trypsin and amylase
in Artemia durf ng the first 24 days af ter hatching. The Artemia were
fed, on varfous phytoplankton in these studies. While the amylase and
trypsin levels were seen to rise between day 1 and day 2, these levels
were low f n compari son to the la ter spec if c activities of these
enzymes. Horeover, the activities were reported to be controlled by the
f ood levels and the f ood composition. Thus, the non-f eedi ng f ns tar
through Ar tern f a nauplius III stage was shown to be low in these two
enzymes.~sen ]ts et al. f1975! showed that the instat I stage of
Artemia was superior to later stages as a feed from a caloric point of
view and clauret al. �979! reported the same results from their growth
experf ments.

Seidel et al ~ �980b! compared the growth and survival of Atlantic
s i 1 vers i de larvae on a li ve 3-day-old brine shrimp diet, an ar ti f i of al
dfet, and a combf nation of the two di et s. While the artif icf al diet
a lone qave poor results, a combf natf on of Ar temf.a on one day and the
art.i f icial diet for the next 7 days gave nearly comparable results to a
100% Artemia diet. These results would tend to rule out the digestive
enz ymes of br i ne sh r i mp as f ts main advantage as food for Atlantic
sflverside larvae. In the same study, Seidel et al. �980b! observed
that freeze-dried Artemia dfd not support fish growth and survival as
well as lf ve Artemia. Grabner et al. �9B1 ! studi ed the suf tabi li ty of
freeze-dried and frozen zooplankton for larval. fish. The two processes
 freezing and freeze-drying! had little effect on the enzymes tested but
di d damage the eel ls, causing sfgnf f i cant leaching of enzymes f nto the
medium. ln addi tion, free amino acfds were found to be readf ly lost and
one would expect a simultaneous loss of water soluble vi tamins, had theY
been measured,

Studi es on the ro e ofe role of exogenous di.gesti.ve enzymes supplied from a
li ve food source, in the din the digestion processes of predators are underway
in our laboratory at this time.
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CONCLUSIONS

va lue of zooplankton in the nutrition of larval forms of

shellfish and finf ish has been well establi shed. In the last decade ~ we
become aware of the fact that there are significant physicial,

bio log i ca I variati ons be tween, and among strains of

zooplankton . These vari a ti ons ar'e of genetic and envi ronme ntal. ori gi n,
the pr ote in level is generously similar, large variations have

been found in the size fatty acid profiles and contamination of the
z oop lank ton ~ Ne ve r the less, the li terature sti ll contai ns

re f erences that state only that "a given zooplankton was f ed, ' as though
it were a defined diet.

ana lysi s of the a va i lab le Ar temi a s tra i ns for selected
chemical, bi ochemi ca 1, morpho logi ca I, and gene ti c character i s ti cs, and

~ultivation response of a predator is clear ly beyond the capabt li ty
pf a s i ng le laboratory. In 1 977, the Interna ti ona 1 S tudy of Artemi a
  ISA! group was f ormed wi th the pur pose of characterizing five
geographical strains of Artemia ~ Much of the research ci ted in this

has been drawn from approxima tely 30 ISA papers. The complete
a�alysis of a si ngle lot of Artemia has allowed compari sons of data to

which are not possible with much of the literature on
zopplankton ~ The ISA group' s ef f or t could serve as a model for a
multidiscipli.nary approach to aquaculture ~
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QUESTION AND ANSWERS

Editors Note; There was an exchange between Dr. Simpson, Dr. Conte and
Dr, Fersoone that was unclear from our transcripts.
CASTELD  Halifax!: I have a couple of thi.ngs I would like to poi nt out.
In the s lides you presented, the Fenaeus japonicus which received
carotenoi d pigments i n the i r diets appeared large r than others . Was
there a dif ference in growth7
SIMPSON: The prawns that were photographed were a random selection f rom
short term feedi ng trials. There should be no difference in growth.

I am pleased that you poi.nted out the importance of a standard
reference brine shr imp. I think that an awf u j . of nutr ition workreported in the li terature of aquaculture needs standard reference
diets ~ I would like to recommend the report of the working group on
standardization of methodology for f i sh nutrition that was published byis a joi nt work of the IUNS, ICES and IFAC with contributions
from the Nutrition Task Force of the World Mariculture Society.
SI>PSON: I have seen it and it is an excellent report.
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STEROL METABOLISM

Sh in-ichi Tes hi ma
Faculty of Fisheries, University of Kagoshima
4-50-20 Shimoarata, Kagoshima, 890 Japan

This paper presents an over view of sterol metabolism in both
crustaceans and molluscs ~ The author will survey information available
f r om bi ache mi ca l s tudi es and r elate this to the results of feeding
experiments, f ocusing, where possible, on important aquaculture species.
Crustacea generally do not have the capacity for de novo sterol
synthesis but are able to dealkylate dietary C and C s te r o 1 s to28, 29cholesterol. The inclusion of cholesterol in the diet is shown to
reprove the Hrcvth and survival of penaeus j~anxeus and Homarus
americanus juveniles. The addhtion of cholesterol to the diet is also
shovn to improve the survival of p. ~anicus larvae. Holluscan sterol
metabolism di.t fers f rom class to class. Gas tropods synthesize
cho les ter o l and dealk y la te some phy tos terols to cholesterol. In
contrast, a lthough pe lecypods possess the abi li. ty to dea lky late some  
g
and Czg sterols to cholesterol, they are capable of only limited sterol

synthesis and therefore presumably require sterols for growth. Howeverf
feeding experiments using defined, arti.f icial di.ets have yet to be
carried out with pelecypods.

Key Words Sterols; metaboli.sm; crustaceans; molluscs.

I HTRODUCT I ON

During the past decade, the sterol composition of various phyla of
marine invertebrates i nc luding shellfish has been re-exami ned using
improved separatio~ and analytical techniques. As a result, the sterol
composition of marine invertebrates has been shown to be mare complex

suspected  Goad 1978!, Howeve r, i nf or ma tion on the sterol
metaboli sm of she 1lf ash and other marine invertebrates is relatively
limi ted and f ragmentary. This paper gives an overview of sterol
metabolism in bath crustaceans and molluscs from the viewpoint of
nutr i tion s

CRUSTACEANS

Mammals synthesize cholesterol from acetate, mevalonate, squalene,
lanosterol, etc.  Nes and McKean 1977!. Cholesterol is the exclusively
major sterol in crustaceans  Goad 1978! as in mammals  Mes and NcKean
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1977!, but crus aceanstaceans are incapable of de novo sterol svnth
 Teshima 1978! . For example, no incorpora tion offf 4CQ ace t
ate rOle Of the PraWn  Penaeua ~ja untrue !, Crab  port��
tri tuba res larva 1 and sptnf lobster  panull rue 9 apol1z cue ! was found-
although fatty acids were labelled  Teshima and Kanazawa 1971 !.
results have been f ound in a variety of crus taceans   bee Tes hima 1978
for review! ~ It i.s therefore likely that crustaceans in general
incapable of de novo sterol synthesis.

Cholesterol

Since crustacean lack the ability for de novo sterol synthesis
are thought to require sterols as indi.spensable nutrients f

growth- This was conf irmed for the prawn  p, japonicus! by feed
trickle with a Purified diet  Kanazawa et al.. 1971!. The prawn f
sterol-free diet had poor growth and survival rates, but they grew
On a diet containi. ng 0. 5% choles ter ol. Othe r workers
demons tra ted the necessity of dietary choles terol f or good growth of p

lobsters   Humerus amerzcanus !  Caste 11 at al. 1975!, and t'ne
free-swimming crustaceans, Artemis salina, naphnta magna, and moins

have pointed out that a supplement of. cholesterol to the di ets di.d not
improve gr owth of adult lobster  H. americanus !, 300-600 g in body
weight, in contrast to the reported requirements of juveni les  Cas tel]
et a l. 1975! . Cas tell and Covey's �976! findings suggest that the
cholesterol requirement of lobsters is probably variable with age,

hn optimum dietary level of 0.5% cholesterol has been found for p.
~aonicus  Kanazawa et al, 1971! and B. americanus juveniles  Castell et
al, 1975! . This value is similar to the level of cholesterol required
for insects  Clayton 1964! . Other workers, however, have obtained the
best growth of p. iaaontcus with diets containing 0.2S  Shudo et al.
1971 ! and 2.0%  Deshimaru and Kuroki 1974! cholesterol. These
conflzcting results with p. japonicus could be due to dtfferences in the
compos i tion of the tes t di ets used and also to the probable
con. t a mi na t i on of di e t a r y ingredients with cholesterol  Shudo et al.
'I 971 !

Qui te recently, Teshima et al.  unpublished data! have shown by
ustng purr fied diets that the survzval of p. ~anxcus larvae was
improved by the addi tion of either 1.0% oi' 5 ~ 0% cholesterol to a
sterol-free diet  Figure 1 >. Interestingly, the addition of 5.01!
cholesterol showed an i.nferior survival rate compared to that with 1 04
cholesterol ~

A dietary supplement of phospholi.pid has been shown to improve the
zs'

  Kanazawa, these proceedings ! ~ D ' abramo et al. �981 ! have also
demonstrated that phosphatidylcholine was essential for the survi.val of
juveni le lobsters  H. americanus! ~ Since lipoproteins rich in
phospholipids have been found to be invo' ved in lipi.d transport
~aonicus  Teshima 1980!, i.t is possible that some phospholipids play»
important role in t.he transport of cholesterol.
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Ef fects of dietary cholestero' on the growth and survival of
penaeus jaaonicus larvae  unpublished data!. The developmen-
tal stages are as follows; Zl, zoeal- ,22, zoea2; Z3, zoea3;
Ml, mysis 1; M2, mysis2, M3, mysis3, Pl, postlarval. CH indi-
cates cholesterol. The test diets cortaired kappa-carrageenan
� g! and other ingredients �00 g}; casein 50 g, glucose 5. 5

sucrose 10.0 g, cf-starch 4.0 g, glucosamine HC1 0.8 g,
sodium citrate 0.3 g, sodium succinate 0.3 g, minerals 8.5 g,
vitamins 3.2 g, poll~ck liver oil  PLO! 6.0 g, soybean leci-
thin  SBL! 3. 0 g, cholesterol �, 1.0, or 5.0 gj, and cellu-
lose powder  8.4, 7.4, or 3e4 q!. Since mixture of PLO and
SBL contained 0 5% cholesterol, the basal diet �.0% CH! con-
tains 0 045%, cholesterol in the dietary ingredients  carra-
geenan not included! .

Figure 1.

Groups o f 100 larvae received a test diet �. 16 mg/larva jday f
and were cultured in one-liter beakers with aeration at 27-
2B'C. The sea water  specific gravity, 1.026! was filtered
through a column packed with cotton. The control group wasfed on Chaetoceros ~racilis �-10 x 100 cellsl/m'! duringzoeal stages and then Artemis salina nauplii �0 individuals/
ml! during mysid. stages The survival rates were signifi-
cantly  P   0.05! different between 5.0% CH group and 1.0'L CH
or 0% CH group.

Dretary Value af Phytosterol

207

Cholesterol rs of ten not the predominant sterol of the lxve foodor qa ni. s ms used f or c ru s ta cean culture. Kanazawa et al. �971 ! have
shown that survzval rates of the prawn  p. }aponicus! fed drets
contaznzng ergosterol, stigmasterol, or I!-sitosterol as substitutes for
cholesterol were good, but growth wi. th drets contar nr nq these s te role
was inferior to that with diets contarnr nq cholesterol. Thr s suggeststhat p. ~aponicus and probably other crustaceans can utrlrze some Cf gaud

s«rois by conversion of these sterols to cholesterol. The above
a~»ff ptiOn haS been SubStanti.ated With SeVeral CrustaCean species byeXPe rime ntS uS>ng radiOiSOtOPe labelled Sterole  See TeShiff!a



1972 1978 for references !, Xn these experiments, we have shown
ar temia sa gina converted radioactive ergosterol, 24-methylcholestr Os,s
and bras sicas terol to choles terol. Furthermore, we have revealed the
formation of cholesterol from ergosterol by the crab  p
trituberculatus>, from P -sitosterol bY P. jaPonrcus and Y
trituberCulatua, and fram deamnaterOl bY P. ~aPOnlCQ8 rbe
 Palaemon serratus! and the crab  Sesarm dehaani ! ~ From these results
I assume that dealkylation of C28 and C29 s ter o i s i n crustaceans
Probably Proceeds via desmos terol  Fi gure 2 ! in a similar sequence to

fo~nd in insects  Svoboda et al ~ 197B! ~ Thus, most cr
likely to dealkylate some phytosterols to cholesterol which
ef fective sterol for their growth and survival.

HO

24-Methyl ene- 24-Methyl�
chol es ter o 1 c ho les tern'I

Bras s i ca te ro124-Bthylidene-
cholesterol

Desmosterol Cholesterol

Figure 2. Proposed mechanism for C-24 alkylation of c2B and C sterols
in ccrustaceans  Teshima 1978! . C27 sterols = cholesterol and

n 29 s ero s

desmosterol. C28 sterols: ergosterol, brassicasterol, 24-
methylcholesterol, and 24-methylenecholesterol. C29 sterols:
8-sitosterol and 24-ethylidenecholesterol .

hbsor tion of Dietary Sterols

Since the alimentar ry tract of mammals absorbs only limited amounts
 about 5%! of dietar y phytosterols, such as p-sitosterol, and about half
of the dietary cholesterol from food  Sugano 1976, 1981!, the question
ari.ses as to whether d' ietary sterols, especially C and C sterol s,
ef f ective ly absor bed d and assimilated by crustaceans. The prawn  P ~

CD

~avnicus ! has been shoown to be capable of absorbi ng both cho les ter ol
 82 ~ 6% absor tion!p ' ! and phytosterols such as ergosterol,
24-me thy lenecho lesterol olm brassi.cas terol, fucos terol, and p -si tosterol
�7.3 to 98,8% absor tionp on!  Teshima et al. 1974! indicating crustaceans
can absorb both cholestrolestrol and phytosterols more effectively than
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For what is known to da e, the process pf absorption of dietary
sterols in crus-aceans also dif fers from that of mammals. The gastric
'uice of the crab  Cancer Pagurus! does not contain bile salts  Van der
 !crd et al !964! b~ulnnteaea raaty acylsarcosyltaurines  uan den nord
et al. 1965! which ac.t as emulsif ters and are formed endogenously from
acetate  Van den O«d 1966! . Holwerda and Vonk �973! have also

f a t ty acylsai cosy'!taurines from the digestive juices of the
yf 4 ah asta cue lentodactYlus!and the lobster domarus~vul ans!

Lester et al- �975! have demonstrated that the solubilization of
p l es t ero l w as enhanced byN- H-dodeca noylsarcosy 1 ! taurine, which is

repress ntat ive of the surf ace acti ve agents synthesized by the
crustacean hepatopancreas and secreted into the intestine.

physio logica 1 Role of Cholesterol

mentioned above, the sterol reguirement of crustaceans is gui te
unique However, li ttle is known of the physiological role of sterol.s

crus'tace ans . The i nf orma tion ava i lab le  Tes hima 1 978 ! indicates that
spme species of prawns, crabs, and lobsters convert exogenous
cholesterol to cholesteryl esters, steroid hormones  progesterone, 17
hydr ox y pr oge s terone, andros tenedione, and tes toe terone !, and molting

hormones   ecdysterone and ecdysone ! ~ However, we have shown that mos t
expgenous cholesterol remained unchanged as free sterol for 7-10 days
a f ter i nj ecti or Or f eedi.ng in the spi ny lobster  p. ~ahonrca !   Teshima
1972! and the crab  S dehaani. !  Teshi.ma et al. 1976! . The cholesterol
content has also been shown to remain rela tively constant duri.ng the
molting cycle of the shrimp  P ~ serratus!  Teshima et al. 1975! and
during the developmental process of the crab  caliinectes ~sa rdus!
 phitney 1969 ! . The re i s abundant evidence that f ree cho les te r ol is
necessary for r! aintenance of membranous str uctures in mammals  Mes 1974 !
and insects  Svoboda et al. 1978! ~ Cholesterol is assumed to be
important as a cons ti tuent of membranes of cellular and subcellular
structures i.n crustaceans too. However, further studies must be carried
out in order to clari.fy all the functions of cholesterol in crustaceans.

!!LOLLUSCS

The s te rol compos i ti o n of mo l luscs varies from class to class
 Idler and Wiseman 1972! . As a generalization, chito~s, the most
primitive molluscs belonging to class Amphineura, contai.n 0 -ste rois,
mainly 7-choles tenol in contrast to other classes of molluscs which
predominantly possess d -sterols. Gas tropods and cephalopods, except
for a few species such as the triton  Charonia tri.tonis!  Teshima et al ~
1979a!, contain primarily cholesterol with only small amounts of C28 and
C29 sterols. pelecypods contain complex mi.xtures of >6, 27d C28' CZ
and C3 ! sterols together with chOleeterol, and in Some SpecieS ~8 and Cd9
sterols are more predominant than cholesterol  Idler and Wiseman 1972! ~

As compared wi th our knowledge of Hol.luscan sterol composition, the
information on sterol metabolism in molluscs is still fragmentary and
sometimes contradictory  Goad 1978!, Figure 3 shows simplified pathways
for de novo sterol synthesis and for trans formation of dietary sources

sterols in molluscs on the basis of data available to date.
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Chi tons and gas tropods are generally considered
7-cholestenol and cholesterol, respectj.vely, from precursprs
aoetate, 1ne Va lanate etC .  Figure 3! ~ Teshima and Kanazawa �973a!
demonstrated that the chiton  LioloPhnra ~aonica! synthe.

c
Voogt and Van Rheenan �974! have observed a signi f j,cant incprpprat
of r'adioactivity into 7-choles teno 1 and to a lesser

of el.ther radioactive acetate or mvalonate. Cholesterol, however is
minOr S terOl in the tiesues of chitons  Teshima and Kanazawa
Voogt and van Rheenen 1974! and is likely to be mainly derj ved
dietary sources rather than from de novo synthesis ~ Teshima
zanazaea  sist! have demonstrated that L. japonica is able to convert
exogenuous L C J cholesterol to 7-cholestenpl in a similar way tpLl 4
found in starfish  Goad 1978!.

[8 i osyn thes i 5 j [7ransforrnatian of
dietary sterolsj

Acetate or
rsevalonate Cholesterol

Jch
Cholestenone

Cholestanol7-Cholestenol
ch

 ch!

Desmostero! ~' Cholestero!

I p!
24-Methylene-

cholesterol

J p!
g: Gastropods

p: Pelecypods

ch: Chitons

24-Ethyl i dene-
chalesterol

cr: Crustaceans

Figure 3. Simplified pathways for both de novo sterol synthesis and
transformation of dietary sterols in crustaceans and moi»s«.
Letters in parentheses imply that data available are con-
flicting.
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%any gastropod speci.es have been shown to possess the abi li ty for
de novo synthesis of cholesterol. Zn general, cholesterol biosynthesis
seems to Proceed at a raPid rate in gastropods  Goad 197'! except for in
the whelk  Buccinum undatum!  Voogt 1972! Gastropods are also probably
capable of dea.lkylati ng some phytosterols to cholesterol.
Collington-Thiennot et al. �973! +ve shown that the archaeo ast ~da cog as r opo
patella vulgata was able to convert 1 ngtw1itosterol and C, aIfucostero!
'totoeessmosterol and cholesterol. Later, xhalil and zdler �976! v

I-3
r av

shown the bi oconversion of < Ii J -sitosterol any
methy lene-choles terol to cholesterol in the whelk  B, undatuml.

Teshima et al. �979b! have also observed the dealkylation of@ izj
"' m"

Gas tropods pos sib ly meet their requirements of cholesterol by both de
novo syn the s i s and de a 1ky la ti on of exogenous phytosterols It is
pos sib I 'e t ha t mos t ga s tr opod s do n ot reg ui. re a dietary source of
holes ter o1 f or gr owth, although no feeding experiments have been

conducted to test this.

Sterol-Synthesizing Ability of Pelecy ds and Ce halo

In contras t to gas tropods and chi.tins, pelecypods and cephalopods
seem to poor ly incorporate radioisotope labe lied acetate and meva iona te

sterols. However, the information on the sterol-synthesizing
l,i ties of pe lecypods and cephalopods is contradictory even for

closely rela ted speci.es. For example, some workers have indicated de
novo sterol synthesis in the mussels, Mytilus calif ornianus  Fagerlund

Idler 1960! and Mytilus eduli.s  Teshima and Kanazawa 1973b!, the
octopus  Octopus ~vul aria !  Vooqt 1973!, and the squid  ~Se ia
officinalis!  Voogt 1973! ~ In contrast, other workers have failed to
show the incorporation of radioactive acetate and/or mevalonate i.nto the
sterols of M. edulis  Wa 1 ton and Pennock 1972! and the cephalopods, S.
of ficinalis  Zandee 1967! and Eledon aldovandi  Voogt 1973! .

It is not easy to give a satisfactory explanation for the
conf lie ting results on s terol bios ynthesis in pelecypods and
cephalopods . Both c lasses of mo 1luscs appear to have the capaci ty f or
limited st.ero1 synthes i.s. Under some conditions, however, de novo
s tero1 synthes i.s could be suppressed by regulatory enzymes sucK as
hydroxyme thyl glutaryl-CoA reductase, because the rate of sterol
synthesis in some mo1 luscs may be dependent on dietary sterol intake
 Goad 1978; Voogt 1973!.

C-24 Alk lats.on and Dealkylation of Sterols by Pelec ds

There is evidence to suggest that some pelecypods are capable of de
novo synthesis of C-24 alkylated sterols from precursors, We have shown
t.hat the mussel  M. edulis! incorporated radioactive mevalonate and
desmosterol into 24-methylenecholesterol in addition to C27 st.erols such
as cho les tero1, desmosterol, and 22-dehydrocholesterol ITeshima and
Kanazawa 1973b; Teshima et al. 1979b! ~ Recently, Teshima and Patterson
<19Bl ! have also demonstrated the formation of 24-methylenecholesterol

24-ethyli.denechol.estrol f rom radioactive mevalonate and lanosterol
in the oyster  crassostrea ~vir inica!. Further evidence for sterol c-24
alkylation has been found in the scallop  Saridomus ~gl anteus!
 Fagerlund and zdler 796! ! and in the eulamellibranchs, anodonta ~cy nea,
~crina islandica, Cardium edulis, and Nya arenaria  Voogt 1975!.
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  973! have demonstrated that the oyster   stree
b tedL!   gfucosterol to desmosterol and cholesterol .

found that the mussel  M. edulis ! synthesized
holesterol and some C2S and C29 ste rois d ovo but was i~capable of

ng ~ s l tos te r o 1 to choles «r» «d we c«eluded that thedea1ky a i ng v-
variety of sterols found in N. edulis was pro~bly a re~lection of its

l dietary habi t and i,ncapabi lity of sterol C-24 dealkylatior
 T,shim et al 1975b! Although the occurrence of both C-24 alkylatlon

deak] ylation in oysters i s puzz ling, the contribution of gu't f iora
t ther with other factors such as dietary status may b responsibletoge er wi
for the conflicting results.

Sterol R ui.rements of Pelecy s

As mentioned above, biochemical studies have suggested
sterol metabolism in pelecypods proceeds at a very slow rate.
al, �964! and Berenberg and patterson �981 ! have suggested th t th
Sterole Of the oySter  C. virginica! are Of dietary origin
of sterol analysis of cultured oysters. Recently,
�980! have studied the ef fects of dietary li.pids and cholesterol o th
growth of the oyster  C. vi.rginica ! using artif icial diets, and
suggested that the oyster requi.res low levels of cholesterol �.1-0.21,~
for growth. Interestingly, the addi.tion of 1.0% cholesterol to the diet
inhibited growth. However, Tri.der and Castell's work may be criticized
since the tested artifi.cial diets were inadequate and did not support an
i ncrease i n oys ter ti. s sue wei.ght. Furthermore, the contribution pf
ste rois f rom both the lipid portion of the artif icial diet and
contami.na ting microorganisms should be considered in eval.uating their
results, as sterol-free lipids were not used and the seawater was only
f i ltered down to 10 > m.

Wi th respect to the sterol requirements of molluscs, no other
feeding triale ueing artifi.cial d~ets have been repOrted.

COHCL US IOH

Crustaceans are incapable of synthesi zing sterols from either
acetate or mevalonate and requi.re a dietary source of sterol f or growth
and survrval, 'The prawn  p, ~anicus! sffrcrently absorbs cholesterol
and phytosterols from f ood in the gut and also dealkylates some
phy toe terole to cho les terol, the sterol with the highest nutritive
value. Available evidence suggests that the dealkylation of C 2g a n d
C 29 sterols to cholesterol in crustaceans takes place in a simi »r way
to that established for insects,

The Sterol metaboliSm of mOlluscs di.fferS between Classes. Chltons
can synthes i,ze 7-choles tenol from low molecular weight precursors
also t,rane f orm exogenous cholesterol to 7-cholestenol. Gastropods
synthesi.ze choles terol de novo and can also dealkylate phytosterols
choles terol. Pelecypods are capable of limited synthes is of cholesterol
and some C28 and C29 sterols. However, sterol metaboli.sm in pelecypods
seems to proceed at a slow rate, Accordingly, pelecypods are li.kely to
require di.etary sources of sterols for growth and survival ~
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THE POTEN Ti AL FOR HORHDNE RAN l PULAT IOH

IH S HELL F I S H AQUACULTURE

Ave re t t Tombe s

Department of Bi ology
George Hason Uni ve rs i ty

Fai r fax, VA, USA

Two pr ace dures i. n li mi ted use today in aquaculture involve the
alteration of an organism ' s hormonal balance to benefit the mass
culturing of the species. These are �! the unilateral removal of an
eyesta] k f rom mature female prawns which reduces the inhibitory hormone

al lows the s ti mu la tor y hormone to begi n or enhance ovarian
development and �! the treatment of mature male or female bivalves with
a weak solution of hydrogen peroxi de which mimi cs the af ferent signals
causing a neuromuscular response in the ovotes tee resulting in spawning.

There are other producers whi.ch could be of value in aquaculture i f
addi tiona1 research resources were a 1 located to their development: < 1 !
somatic growth stimulati on - the removal of one or both eyes talks wi th
the injection of a syntheti e mo lti ng hormone into late juvenile
crustaceans; �! ovarian growth stimulation � the characterization and
synthesis of the ovarian stimulating hormones from gastropods and
cephalopods;   3! sex rati o alteration - the characterization and
synthesi s of the androgenic hormone f rom crustaceans and the cerebral
ganglion hormone f rom gas tropods; �! induction of settling and
metamorphosis � the use of plant products such as the biologically
active 4 -aminobutyric acid  GABA!.

KEYWORDS; i nvertebr a te endocr i no logy, hormone therapy, eyestalk
remova I, a ndr oge ni c hormone, ova r i an stimulating hormone, molting
hormone.

TNTRODUCTIOH

There is a substantial body of knowledge in invertebrate
endocrinology  Go ldi ng 1974; Boer and Joosse 1975; Highnam and Hill

Barri ngton 1979; Goldsworthy et al. 1981! which may be of value 'n
re«l«ng problems i n the cultivation of selected shellfish species
 R«y 1979; Kinne 1980; Kutty 1980!. Host of these problems are
nutri tional and/or environmental but some may partially be solved by
altering the physiology of the organism through the manipulation of the
endocri ne sys tem.
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�lturi sts have only to look to agriculturists to see how
helpful hormoneh therapy or manipulations can be to the eco�omi
of f armi ng. n mai mal hormones are used in agr.i.culture

ovu la tion as we as gell as gestation in cattle, sheep, and
the rat o o pro ei f rotein to body weight in cattle; and to init;at
lactation process, thus bypassing pregnancy in cattle  McCann 1974
Bar ri ngton 1 procedures have shown a ~l~ar ad~~~t~g~ i
cost-benef it analyses of livestock operations.

In t e cu vah ltivation of fish hormones are playing an ever � '
role  St c ney Sti k 1979 ! The induction of spawning in carp foll
in3ection of a synthesized steroid  Jalabent et al. 1977! I
prote n syn es ssynthesis and improved food conversion in
b the adminis tration of oral steroids  Matty and Cheema 197B!

ys gn i f i cant bodY weight increase can follow the administr t'o
insu l.in  Able tt et al. 19B1 ! . Sex ratios i n salmon and trout
sign if icantly altered f rom the 1: 1 expected
androgens and/or estrogens  Goetz et al. 1979! .

These examples of hormone therapy are now possible because of year~
of bas ic bi o logical i nves ti gati ons F'rom these s tudi es has come
conf i rmation that certain endocrinological principles exist in the
animal kingdom  Barrington 1979!, and in specif ic cases intervention
the hormone balance has proven beneficial to agriculture and to the fish
hatchery industry  Stickney 1979!. There is every reason to susoect
tha t s i mi la r mani.pu la ti one ca n be employed i n the culturing of
invertebrate species�. Very few therapies are in use for shellfish;
others are the subject of intense research, but the potential for future
economic gain through hormone therapy is enormous.

In each physi ologica 1 process the endocrine system plays an
integrating role both in responding to the external environmental
condi tions and in programminq the organism's long-term response so that
growth wi 1 1 proceed and reproduction will be successfully completed
 Aiken 1969; Gi ese and Pearse 1974; Galdsworthy et a l. 1981 ! . A major
objective in aquaculture research is to control the entire life cycle in
order that a constant and predictable supply of eggs and larvae of the
chosen species will be avai.lable for cultivation. To accompli sh this,
the aquaculturalist must provide satisfactory condi tions in the rearing
area in or'der to ensure growth and reproduction. If such condi tions are
too difficult or expensive, the effect of the avai.lable environmental
reg i me may be modi f i ed by a hormone treatment appropriate for the
induction of growth or reproducti ve development. Such control over the
organism i s preci eely why agriculturalists raising cattle, swine, or
pou 1 try have, for many year s, been interested 'n the vertebrate's
endocrine system and why aquaculturalists have recently become simi larly
interested in endocrinology.

It is my purpose to examine briefly four physiological processes
both the Crus tacea and Ho 1 lusca: somatic growth and deve lopment i
di f fe renti ati on, gonada 1 de velopme nt, and spawning� . In each of
areas, I will review the generalized endocrine mechanisms and comment. on
how hormones are now being manipulated or possibly could be manipulated
to f aci li tate the culti vation of the organi sm. Many of the mechanisms
a re st i 11 hypotheti ca l. and their experimental proof has yet «be
recorded. The emphasis of thi.s paper is on the potenti al for
aq uacu ltura 1 uti li z at i on of chemi ca 1 regulators, not on the endocrine
mechani sms themselves.
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CKUSTACYA

Somatic Growth and D velopment There are two major hormones which
control growth, the postulated molt-i nhi bi ti ng hormone  MIH! blpresumabl.y

produced and released i n the eyes ta lk, and the molting hormone  NH!,
synthes i.zed and released to the blood f r om the thorac<. crac.c ec ysi al glands

1976; Aiken 1980! ~ The KH is believed to express its
the balance between the levels of the two hormones

favor. Unti 1 that occurs, the inhibi ti.ng hormone retards
the molt cycle. lf growth in body si ze and we i ght

f rom a se ri es of mo its when diet and environment are
satis factory, 1 t is only logi ca 1 to suggest that i f the f requency of

'.ncreased, then under simi lar condi ti ons the size of the
would increase more rapidly - a goal which i s compat.i ble wi th

those Q f aqua cu 1 tu re ~ Th is assumption has been tested di rectly and
i ndi rect] y wi th the injection of a synthetic molting hormone separately

conj uncti on wi th the surgi ca l removal of the eyes talks. Li mi ted
has been obtai ned wi th the Ameri can lobs ter, Homarus ameri canus

i Kao et. al. 1973; Aiken and 'Waddy 1976!. The reported heavy mortali ty
may have been the res u lt of a poor hormone de livery system, the inherent
toxicl ty of the hormone, or the ablation technique used ~ The removal of
eyes talks need not be an al 1-or-nothi ng procedure; un i lateral removal

tes ted i.n conjunction with hormone injections which vary in
concentration, time of injection, and frequency of injection,

The ablation technique may f i nd i ts greates t uti li ty i n producing
least one molt in commercially captured lobsters before they are sold
consume rs. Thi s f inal molt has been reported to produce a 50%

increase in weight which could be suf f i.cient to justi fy the cost of the
procedure  Cas tel 1 et a 1 . 1977 ! . However, the qua li. ty of the wei ght
gain must be determined since it could largely be due to i ncreased water
uptake and not to muscle growth.

Sex differentiation � Zt has been shown for f ish that when young
coho salmon are immersed in or fed solutions of an estradiol or a
testosterone, the developing young wi ll demonstrate altered sex
characteristics  Goetz et al. 1979; Hopkins et al. 1979!. This is of
interest to the cultured fish industry since a single sex population of
some species mi gh t have high aquacultural potential simply because of
better economi cs in nutrient conversion or in customer preference
Crustacea are simi lar to vertebrates in that the structural and
functional expression of sexual di. f ferentiation is under hormonal
control   Yamamoto 1975!, The androgenic gland and its product, the
androgenic hormone  AH!, is believed to determi ne male sexual
character i s ti cs  Char ni aux-Cot ton 1960!. In genetic females, the
a ndr ogeni c gland i s not eleve loped; i n genetic male, the gland deve lope.

f ema le ch a rac ter i sties wi 11 develop with the eventual production of
oocytes  Nagaml ne et al. 1980a] . If the gland f rom a young male i s
transplanted i r to a young f ema le, the ge rm ce 1 ls wi l 1 produce
spermatocytes rather than oocytes  Nagamine et al. 1980b!.

Concei vahly, if AH was ava'' lable commercially, it could be used in
cu lt i va ti on of a marketable species wi th the production of only

~ales or an intersexual population. The degree of maleness ~ould
possibly be a f uncti on of the hormone concentration and therapy
duration, and the degree of maleness or f emale ness would be chosen on

basis of its market appeal. The marketed mature organisms need not
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b fertile adults si nce they would not be part of t e brood-stock.
Gonada] deve]opment � In j uveni le Crustacea, cYclic somatic growth

development generally take precedence over gonada 1 deve lopment;
~ture individuals, the reverse i.s apparent. Rvidence for this comes

f rom experiments where eyes talks are removed; when this occurs
u~ ni leg, they prepare to molt and i n mature organi s ms they Prepare f or

s~~i ng  Adiyodi and Adf yodi 1970; webb 1977! . The results of such
experiments sugges t that there is a gonadal � i nhi bi ting hormone  GIH!

i nbibi ti ng hormone  HIH! released f rom the eyes talk
experiments also sugges t that there is an

ovarian-stimuiat}ng hormone  OSH! released into the blood af ter the GI8
i. s removed ~ These two  GIH, OSH ! are probably the major hormones
governing gonadal development  Aiken and Waddy 1980! .

Some of the mos t exci t i ng current research involves unilateral
eyes talk ablation of sexually mature female prawns. Arnstein and
�975! found that wi th Penaeus orientalis the removal of only
eyes talk vas suf f ici ent to i nduce gonadal development whereas high
mortality resulted from the removal of both eyestalks. Santiago �977!
reporti nq on his studies in the Philippi nes, and Aquacop �977!,
reporting on work in Polynesia, were among the first to successfully
obtai n viable eggs f rom Penaeus monodon through a uni lateral ablation
procedure. The Fl progeny in both latter studies appeared to be normal
and f ully capable of growi ng to maturi ty. These two reports are among
the f i rs t to record succes sf ul completion of the life cycle of F.
monodon in capti vi ty; this experiment has been repeated by Primavera
�978!, and Sea rd and Wickins �9SO! .

l.umare �979! used similar techniques wi th Penaeus kerathurus in
Italy and obtai ned spawning in 94'a of the females treated. The average
peri od of time be tween ablation and spawning for females treated in
November was 69 days but was only 10 days in females treated in Nay or
June. Si mi lar results have recently been obtai ned wi th P. seti f erus
!La renwce et al. 1980! and p. ~plebe'us !Kelemec and Smith 1980!.
Further research on penaeids must be pursued vigorously to determine the
optimal time and environmental condi tions for this procedure.

The procedure of un i lateral eyestalk removal or enucleation is
successful because apparent.ly the concentration in the blood of GIH
hormone is reduced to a level low enough to allow OSH to promote
maturation and the subsequent stage of spawning�. Zn compa ri son wi th
bi la terai surgery, the uni lateral procedure has less i mpact on f eedi ng
and social behavior of the animal, and there is also a reduced chance of
b lood loss and infecti on. The economi c benef its of thi s procedure whf ch
would provide an adequate and continuous supply of uni formly aged
spawners to an aquaculture industry are obvious.

~Sawn!n - At present, it is not possible to distinguish in
Crustacea between the hormonal control mechanisms f or gonadal
de ve lopment and those f or spawning. The control mechanism for the
release of the mature ova from the female may i.nvolve the presence «a
stimulatory hormone as in echinoderms and molluscs, or the absence of an
i nhi bi tory hormone as in echinoderms and polychaetes, or involve a
s i mple neu r omuacu la r re f lex wi. th a stretch receptor ini tiating the
acti on, a mechanism common in insects  Goldsworthy et al.
Thermal shocks have been used indi rect 1y to induce spawning in
Penaeus  Lumare 1976!. Such procedures do not support either a hormonal
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neuromuscular mechanism but simply show that an envi ronmental shock
can mimic or trig ge r a PhYs i o logi ca 1 a f fer'ent signal to the
neuroendocrine system which then init.iates the spawni.ng process.

Being able to Predict when spawning will occur and having control
over that reproductive process through the interplay of inhibi tory or
stimulatory synthetic hormones would be of great value to an aquaculture
ope ra ti on. Un ti 1 we identify, character i. ze, and synthesize the
crustacean hormones and descry be more completel y the physiology of
reproducti on i n these she Llfish, it, seems likely that the mechanism
contr ol.ling gonadal development in some way also controls spawning.

NOLLUSCA

growth and development � Experimentally verif iable data
r�ing the hormonal control of growth and development among molluscs
available but limited. Zn the commercially important bivalves

growth is a gradual, temperature-dependent, non-cyc li ca I process which
eliminates the necessity for hormonal regulation of a complex biological
cycle as in arthropods ~ An example of our limited knowledge is
fflnstrated bY the fresh-water snail Lymnaea ~sta nails where one or more
neurosecretions controlling somatic growth are believed to ori.ginte in
cel ls imbedded within the cerebral ganglion  Geraerts 1976!. That
location presents a difficult task to endocrinologists who would like to
remove the hormone source f or experimental s tudi es without sacr i f i c i ng
the animal as can be done so simply by cu tti ng off eyestalks in
c ru s tace d ns e

Recent studies of Norse et al. �979, 1980! have shown that,
4-aminobutyric aci.d  GABA!, produced by the crustose coralline red
algae, serves in nature as a very potent and specific inducer of
behavi oral and de ve lopmental metamorphosis in red abalone  Haliotis
rufescens ! larvae. Without this amino acid, or one of its homologs,
laboratory cu ltures the larvae do not settle nor do they enter
metamorphosis. This is an elegant example of the control of animal
behavior and subsequent morpho logi cal development, not by an
intrinsically produced hormone dif fusing through the bloodstream, but by
an extrins i.cally produced, biologically active compound diffusing
through the external envi ronment. There are i nte res ti ng evolutionary
facets to this finding since GABA is also a biologically active compound
i n animals, and a neurotransmi t ter in vertebrate and invertebrate
nervous systems. The potential of such a compound in the mass culturing

mari ne gas tropods is clearly evident ~
Speaking as in invertebrate physiologist familiar with the problems

facing aquaculturali sts, I do not believe that the unraveli ng of the
hormonal contr ok of gr owth i s where reseat'ch resources should be
directed. The development of adequate nutrition for the veligers and
juveni Le bi valves in a closed system i s vas-ly more important, and that
ef fort wi 1 1 bring greater returns. Endocrinology research wi 11 follow
where adequate nutri ti on i s avai lab le to support an experiment~i,
popu la ti on�.

Sex differentiation � In isolation, the gonads of many gastropods
the cerebral gan lion is requi red for tes tes formation <Choquet 1 6 ! et E9+5> e

gThis i s s i mi la r to the crus taceans where the androge ni c gland
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synthes zes an re eh. i d releases a masculini zing factor, and in
aries Very little work has been done on

sex di f ferentiation of bi valves. Possibly the only paper
Mori et a 1   >969! i n which they showed t.hat estradiol-i 7p was
reve rs i ng t e sex oth ex of a sign i f ican t number of oysters
f emale ~1 If this i s an ef f ective hormona I control. mechanism f
bivalves, t eni 1 ., th there may be the opportunity to inf luence
mo 1luscs unde r' closed culture conditions. The synthesized stero
h ld be i ncorporated into f ood or into the ci rculatinghormone cou

was stated in the d'-'scussion on crustaceans the questionAs was s
the n be come one o f e conomics. Would there be greater appeal tp
culturist for all males, all females, or for intersexed organisms,
wou ld the benef i ts outweigh the cost of production. I believe
there i s a good probabi li ty that the answer to the latter question would
be af f i rmati ve. This i s an ideal area for industry to support research
in molluscan reproductive endocrinology,

Gonadal deve lopement � Once sex has been de termined in
developi ng gastropods, the production of large numbers of oocyte
t he i r ma tu ra t i on i s unde r the control of a hormone produced by the
dorsal bodies� . When these bodi es of neurosecre tory ce 1 ls are removed,
vi. te 1 logens is is i nb i bi ted; when they are re implanted, yolk depos i ti pn
returns to normal   Joosse 1972 ! . A similar pattern exists in the
cephalopods where a hormone f rom the optic glands influences yolk
deposition by acting on the follicle cells ~hich surround the oocytes
 We 1 ls and We 1 ls 'f 975! . Unf or tuna tely, there is no information
c once r'n i ng the hormonal control of gonada 1 de ve lopme n t in the
e con om i c a 1 1 y i mpo r t a n t bi va 1 ve s; we must assume that the suggested
mechanisms for gas tropods and cephalopods are appropri ate a iso for the
bi va lve molluscs . If thi s vi te 1 logeni c hormone, whi ch is f unctiona 'l Ly
analogous to the ovari an-s timulati ng hormone of crustaceans, were
avai lable, i t could be tested for its effects in speeding the maturation
process of female bivalves of the brood-stock.

Spavning - In contrast, to the lack of i nformation on the
endocri no logy of spawning i n Cr us tacea, there has been some very
exciting work conducted on molluscs. A water extract of the bag � cells
of ~Alys1a calif ornlca, an opisrhohranch, will produce spawning when
injected into another sea hare. These cells are neurosecretory, located
in a peripheral ganglion, and the extracted hormone is almost certainly
a peptide  Arch et al. 1976; Dudek et al. 0980! . The primary function
of the hormone is to cause the contraction of muscles surroundi ng the

ovotestis, forcing the ripe oocytes and sperm to the outside. gtimulli
received during copulation are the signals which cause the hormone to be
released into the blood. In a similar study, Gwyther and Munro �98~ !
i nduced spawning i n the giant  Tri dacna maxima ! wi th water extracts of

freeze-dried gonads. Most likely, they preserved a biologically
peptide or protein which acted as a prostaglandin.

Morse et al. �977! reported on the use of a solutio~ of hydrogen
peroxide to initiate the intrinsic neurophysiological response necessary
to stimulate a number of cultured species to spawn successfullys
procedure seems to be simpler, less expensive, faster, and more reliable
than any other means for the induction of spawning in both males
females. In a simi lar vein, abalone can be made to spawn by bathing t"e
mature adults for an hour in U.V. irradiated sea water which produces H2
02  Kan-no 1976!. In such cases, the exact mechanism for tlie indu«i
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CONCLUSIONS

The re are many opportu ni ti es for i mproving the ef f iciency of
lf f sh aq uacu ltu re through the manf pulation of the organi sm's

+peri ne ba l an  e + In thf s paper, I have i nd i ca ted some procedu res that
use and ha ve f dentf f f ed others that need addi tional

summari zes the procedures for the f our physi ologi ca 1
ys terna and the two taxonomf c groups . The abi I i ty to a l ter a speci es

b ].ance and thereby f. ts growth, devs lopment and reproductf on
manipulations can provf de an advantage tc the

ulturist. As this meeting has shown, there will be a continuing
soci at i on Qe tween the culturi sts and the physiologi s ts in reachf'ng

common objectives.

Table l.. Examples of Hormonal Nanipulations in Shellfish Which Are in
Liraited Use or Are Being Studied

NollcscaCrvstacea

Zyeetalk RemOVal  HIP! + ttH
Injections Additional Molt

GASR + Sett' ing, RetamorphoSXS
Sama t ic g rowt h

Bstradiol + FeminraationAH ~ HalenessSex differentiation

Gonadal deve lopment.
Optic Gland Hcrmcne ~ vi ello-

genesis
unilateral Fyestalk Removal

  IH! ~ Vitellogenesis
Hyoid + Release
Sag-Cell HOrmone ReleaseSpawn ang
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QUESTIONS AND ANSWERS

El,f,IS  Ohio!: I was wondering if the removal of one eyestalk in a
crustacean mi. ght lead to compensatory hypertrophy of the other rema f ni ng
eyes ta] k as you mf ght f i nd f n a latera lf ovari ectomi zed rat?

TONBES-. Some increase fn gland sfze may occur, but I am not aware
of any da ta to support that idea ~ The expected response in crustaceans

rege ner at i on of the removed eyestalk and assocf ated endocrine
tf s sues ~

ARSANOFF  Hali f ax !: In response to the f i rs t ques tf on, I would
that hypertrophy would occur simply because there is a need f or

the various neural hormones that the x-organ and sinus gland produces.
TONBES: You may be correct.

ARSANOFF: I would like to make a comment in regard to control
mechanf sms f or the x-organ sinus gland complex. You just mentioned the
eyestalk but what controls the production of the molt-inhibiting hormone
and the other neural hormones? W i thin axons that extend from the
x-organ to the sinus gland are synaptic contacts contafnfng biogenic
amf.nes. These, f.n turn, control the release and possible production of
the neural hormones. Therefore, the control mechanisms which I think
are most important utilize biogenic amfnes extensively.

KITTREDGE � ~ of So. CA!: Steve Coon, a graduate student with the
Unf versf ty of Naryland, recently told me about using the biogenf c amfne
DOPA to i nduce a f ixed action potential in bivalve larvae to hasten
their settling, I think that is an example of what you just said.

ARSANOFF: All I wanted to mention was the connectf.on between the
neurotransmf tters of the nervous system and the endocri ne system.

TONBES: I could say a lot. about that. We used to ignore the
bfogenfc amines in a discussion of endocrine mechanisms but now we know
just how important they are to the various control mechanf sms.

ARSANOFF: That is exactly correct.
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ASPECTS OE SIVALVE FEEDING AND DIGESTIQN
REI,KVANT TU AQUACULTURE NUTRITION

R. G. B. Re id

siology Department, University of Victoria
Victoria, BC Canada V9W 2Y2

ABSTRACT

Bivalves have been reported to be conti nuous, rhythmi c, i r regular
or opportunistic in feedi ng behavior. Feeding stimuli may include tidal
f low, the presence of f ood and the condi ti on of the di ges ti ve system ~
gechanical stimuli appear to predominate over chemi ca 1 ones. A variety
of pa 1li al, ci li ary organs with putative mechanosensory function are
revealed by the scanni ng electron microscope. At present the f eedi ng
behavior of bivalves must be assessed species by species.

Wi thin the category of commercially signif icant suspension feeders
there is a range of discrimination of food particle size and density,
Ostreidae, Nyti lidae and Pect' nidae being more selective than burrowi ng
clams. Three f unctionally distinct stomach types occur in this
category. Consequent ly all such suspension feeders unde r arIuacu lture
nray have speci f ic requi rements of food particle quality as well as
f eed i ng r eg i me .

Studies of gastric digestive processes reveal in addition to style
ammylase, enzymes such as trypsin, cathepsin 8, exopeptidases, esterases
and phosphatases. These are secreted i n response to ingestion of food.
Gas tr ic enzyme le ve ls, whi ch are low in compa ri. son with i ntrace 1 lu la r
levels, are suf fi ci ent to lyse cell membranes, penetrate cell walls, and
Partially solubi li se the dietary organf.sms, but digestion is largely
completed i ntrace llularly. The bivalve mid-gut possesses
memb r a ne -assoc i a ted e s ter as es, pho s phatases and ami no-peptidases,
indicating a couplerl di gestive-absorptive process. Digestion may follow
a rhythmic tidal or diurnal cycle, though not all digestive tissues are
completely in phase. Some diverticular autophagy occurs during
starvation; cathepsin D increases and lipid depots are mobilized ~

Eacteri a associated with bi valves may contr i bute to nutr i ti on as
as providers of soluble nutritive molecules for absorption by thethe gut, or as contributors to digestion. Whi le the

Ys tal li ne s ty le has some ant ibi ot i c gua li ti es, some bacteria,
c- »ly Cr i stispira, abound in the bivalve gut, and intracellular

bacteria have been located

Two bi valve genera prove the rules fo«h«
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T idacna igas is nutritionally dependent on its symbioticSolemya ~ Tr
sooaantnel lee, nut also feeds on suspended phytoplardtton,
and coral erudates. ~gales a ref dl ls a gutless protoura
clarification of its nutritive economy sheds some light on
nutr i t.i ve pr oces sesi i cesses in bivalves with normal alimentary tracts.

KEY WORDS:DS: bi va lve feeding; digeStiOn; partiCle-retentiO�.
cavi ty; stomac; crysi; t ch ~ crystalline stylef digestive diverticula.
symbioses.

IlgTRODUCT ION

In the aquaculture of bivalves it is necessary to know th f
preference and feeding behavior of the organisms as well as kn wi
the a li mentary system uti lizes the f ood. Since the begi nni ng of
century our knowledge of bf valves in their natural environment has been
growing. However, in order to meet the requirements of aquaculture i�
controlled conditions, more detailed knowledge of how bivalves function
as individuals and as speci.es is required ~ The fundamental causes
rel a ti one hips wi thin the alimentary system need to be understood,
that sati sf action of basic needs can be planned, and the unexpected
dealt with before it becomes unmanageable. This paper will attempt to
describe the fundamental elements of alimentation in the Bivalvia, and
especially in those species whi.ch are commerci.ally important.

FEKDIHG BEHAVIOR

The original portrayal of bivalves as continuous feeders set forth
by C.N. Yonge in hi.s seminal work on Mya arenaria and Ostrea edulis was
based partly on. observation, and partly i.nferred f rom the
characteristics of the crystalline style  Yonge 1923, 1926!. It was, of
course, recognized that the continuity was interrupted in intertidal
a ni ma le by the ebb and f low of the tide, One extreme case, Lasaea
rubra, which i. s submer ged in seawater for only brief periods, and
pos sesses as a consequence a distinct diges ti ve cycle, was originally
thought to be exceptional  Ballantine and Morton 1956! ~ Subsequent work
by B.S. Morton �970! on Cardi.um edule suggested that a discontinuous,
rhythmic feeding behavior resulted in a distinctive four-phase di.gestive
cycle, and that this cyclic activity might be more typical than
exceptional, a view that was supported by Pur.chon �971 ! . Discontinuity
i n feedi ng behavior and var iabi li. ty in f ceding rate has now been
conf irmed for many species of bivalve, with differences of opinion
expressed with regard to the periodicity of the activity, whether
e ndogenous ly or exogenously rhythmic, or whether it be irregular and
opportuni s tie  Norton 1973; Langton and Gabbott 1974; Mathers 1976'
Mathers et al. 1979; Palmer 1980a; Robinson and Langton 1980! . Palmer
  1980b ! has sugges ted that the function of discontinuity in
behavi or i s the provi si on of a continuity in the digestive process ~
Robi nson and Langton �980! suggest that ef f ici.ency of digestion is
goa I of modi f icati one of feedi ng behavior . The only saf e conclusion is
that feedi ng i s not uni vers al ly conti nuous, nor of constant rate
Theref ore, i n the design of feeding regi mes for bi valves in aquaculturef
each species must be individually assessed in order to maximize food
uti li zati on, providi ng food when the ani mals are in a receptive

232



condition and mi ni mizi ng waste, particularly since the latter problem
can be compounded by contami nati on of the system with undesirable
microorganisms. Such reg' mes must also take the consequent digestive
processes into cons i de ration. These consequences are discussed

There are a numbe r of Possible condi tions f or the i ni tiati on of
feeding behavi or. The f i rs t and mos t obvi ous is a septi ved condi tion
due to ti da 1 exposure or to the lack of f ood. Commencement of
respiratory acti vi ty af ter a period of valve closure brings suspended
material to the f i lt rat i on organs. The material might provide a
mechanical or a chemical stimut.us detected by the gi 1 ls or labial p 1a ia pa ps,

resulting i»«e rapid feeding or rejection of the material as
pseudofeces. Despi te i solated reports concerning the abi lity of pal li al
pr organs to di seri mi nate on the bas i s of tas te  e,g., f oosanof f 1 949 ! ~
there is li ttle evi dence to support the argument that pallial
chemosensation is the pri mary factor in the acceptance or re  ection of
filtered partic.les. The osphradium, an organ present in many bivalves,

associ ated wi th chemoreception in Gas tropoda, has never been shown
to possess this f acu 1 ty in Bivalvi a   Bayne et a 1 . 1 976 ! . Kraemer   1 981 !
studying the osphradium of f resh water bi valves sugges ts the f uncti ons
of the organ may be related to exha lant current f low, adduction of the
valves, a nd i t may als o be li ght sensiti ve. A variety of pallial
responses to mechanical stimuli have been demonstrated. Bernard �974!
has s Ggge s ted that @i, s tas tef ul chemicals, such as hydrogen sulphide
associ.ated with the sulphur bacterium Chromatium warmingii., might result
in a generalized rejectory mucous secretion, but only if these are in
dense suspens ions ~ The carnivorous Cuspidari idae possess a number of
s iphona 1 mecha nore ceptors, ci liated organs which are responsive to
low-frequency vibrations, including the turbulence created by the
passage of large particles in their vicini ty  Reid and Reid 1974; Reid
and Crosby 1980! . Similar, though smaller organs have been found on the
mantle edges and siphonal tips of all bivalve species i nvestigated by
the author, using a scanning electron microscope. A vari.ety of ci Hated
organs are also found on the inner surfaces of the i.nhalant siphon of
many bi.valves. These may have the function of detecting potential food
or general turbidi.ty i.n the respiratory currents. The role of
parti.culate organic material in the diet and the relationship between
feeding rates and density of suspended material is discussed by Mewell
i.n these proceedings.

PAL% IAL ACTIVITY

Despite fif ty years of study, the function of the Pallial organs
bi valves is s ti 1 l not fully understood, especi a 1 ly wi th rega rd to the
mechanism and biochemistry of mucous secretion. Orton �912! originally
suggested that mucous secretion was a local response to particles coming
in contact with the gill filaments. MacGinltie   1941! postu'ated that a
general mucus sheet secreted by the gills and hypobranchial gland was

down the gill surface to form food strings at the marginal food
grooves. pas teels �968! suggested that mucocytes in the ctenidia
respond with a thick, local secretion to particles of unsuitable size

density resulting in their rejection as pseudofeces, while a thin
conti nuous mucous layer secreted by other epi thelial cells of the
f ilament surf aces constituted the food collecting layer. In Solemya
raidi a copious mucus secretion from the hypobranchial gland contributes
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fo ation of pseudofeces  Reid 1981!, Bernard �974! ~ studying
Crassostrea as agreed with pas tee 1 's hypothesis, not'ng that
physical contac t b tween dense particle and single gill filament was not
an effect ve st mu us,ff i timulus but contact wi.th two or more filaments
a heavy mucous secretion.

wi th regard to the size range of accepted particles
li mi ts can be de termi ned by an examination of gas tr i c
largest dense particles, 300 - 400~m in diameter, are found i
burrow ng in sand, e.g., yivela stultorum  Coe 1949!
 Raid and Raid 1969!. 1 have found that other eulamellibranchi t 1
 e.g ~ P Tresus ~ca x and Tridacna gigas ! accept
s upper size range. There i.s, however, a considerable ra
uPper size li mi ts of dense particles that will b

l area rarely accepts dense particles larger-
1969! ~ Bernard �924! calculated that in Crassostrea
preliminary rejection of dense particles more than 14
largely a consequence of their settlement in response to gill fil
stimulation.

The ef f iciency vith which smaller particles are retained by the
gi 1 ls di f fere f rom one species to another. Vahl �972a! found
~Mtilus edulis retained BOa of 2S m particles but below that sire there
was a rapid decrease in efficiency or retention. In Chlamys opercularis
70% of 7~ m particles were retained, but smaller particles were largely
lost  Vahl 1972b! ~ Hughes �969! found that Scrobicularia retained 100%
of 4f m particles ~ Haven and Norales-Almo �970! found that Crassostrea
vir inica retained 100% of 3p m par ticles but that there was also
s gn cant retention in the 1-3p m size range. Foster-Smith  92975a!
found that Cerastoderma edule, ~ueneru is pullastra, and Nytf los edulis
showed no size selection for graphite particles in the tested range of
ca 5 p m � 120 p m. He also found no di.seri.mination between alumina
particles  ca 7.5p m - 31.5 p m! and the alga Phaeodactylum tricornutum
 ca 29' m! despite the fact that the alumina particles and Phaeodactylum
cells were of di. f ferent densi ty and chemical composition. a more
comprehensive bibliography on particle size retention and selection has
been provided by Bayne et al.  92976!.

Once the food strings have been formed in the marginal and dorsal
food grooves of the gills they are passed anteriorly to the oral groove
which leads to the mouth and is bounded dorsally and ventrally by the
labi al palps  Fig. 1! ~ A sorting function is usually attributed to the
labial palps of bi valves, This may be correct wi th respectto
experimental conditions where the anima.l has been dissected, the labial
palps separated, and particles dropped onto the inner palp surfaces ~
The relevance of such observations to natural conditions is debatable ~
some bi valves, especial ly the nucleid protobranchs, are able 'to use
their palp lamellae as collecting and sorting organs under natural
condi ti ons  Stasek 1961 ! . However y in most bivalves the bulk of
ma teria 1 which comes into contact with the palps is in the form «
mucous-bound food s tri ngs f rom the cteni.di a, and a number of
have concluded that the most signi f leant function of the palps
di version of excess food strings f rom the mouth region to the
surface as pseudofeces  Gi lmour 1964; Bernard 1974; Reid
1 9B0! Bernard   1 974 ! observed, by means of a cystoscope insert~d
be twee n the va 1 ve s of an undi s sected Crassos trea, tha t the pa lps
always closely appressed, and has concluded that the major function
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the reregu] ati on of the amount of mucous-bound food entering the oral
gr pov ~ Fos ter-Smi th, who has re vi ved HacGi ni tie's valve-window

chnique   Ma cG i ni t i e 1 9 4 1; Foster-Smi.th 1975b and 1978! has addedtec

anoother dimension to studies of the functional morphology of the bivalve
pa

by obse r vi ng changes i n acti vi ty re lated to changes in
bi di ty, I n ve r y turbid condit.iona, where thick mucous-bound foodtur

str~i ngs are f ormed, there is a high degree of i ndi scr imi nate re ject f on
f om ctenidia and palps ~ Alternatively if turbidity is low all
parartie]es wi thin the acceptable size range are accepted. The re jectory
behavior of the labi al pa lps can become acceptance beha vior by muscu la r
a iteration of the di.sposi ti on of re jection and acceptance tracts
 Foster-Smith 1978! .

The bivalve alimentary system. The dim ensions of the diges-
tive tract have been exaggerated, an g'd the ill ciliary cur-

rents simplified, for the sake of cl y.arit . AA = anterior ad-

ductor muscle; AN = anus; C = crystalline style; CM = marginal
groove Of Ctenidium1 CT = ctenidium; = g t u e;D = di estive t u e;

DD = digestive diverticula; DH = dors al hood; F = foot; G
astric shield; I = intestinal. groove; L = labial palp; M =gastric s .ie; = i

mouth; MG = mid gut; 0 = oesophagus; � pPA = osterior adductor

muscle; PF = movement. of pseudofae ces on mantle; F. = rectum.

Figure l.
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The bivalve stomach. This generalized diagram displays a
stomach as if the dorsal wall had been removed and the dorsal

hood area spread out slightly. Arrows indicate dix'ect ciliary
currents; broken arxows indicate counter curren"s. A = appen-
dix; C = crystalline style; D = digestive tubule; DD = diges-
tive diverticula; DH = dorsal hood; FM = food-mass; G = gas-
tric shield; H = hood groove; I = intestinal groove; LP = left
pouch; HA = major typhlosole; K! = main duct; K' = minor typh-
losole; 0 = oesophagus; P = posterior sorting area; S = style
sac; SD = secondary duct.

Figure 2.

GASTRIC FUNCTIONAL MORPHOLOGY
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The gastric sorting functions of bivalves are the most complex
the animal kingdom. Purchon has described five basic stomach types of
which three are found in commercially significant bivalves, namely types
III, Iv and v  purchon 1957, 1958, 1960!. The softening of the mucous
f ood str f ngs due to the pH of the gas tric jufce, and
disi ntegration caused by mechanical contact with the head of
crystal li ne style which rotates agafnst the gastric shield, releases
srrra 1 1 pa rt ic les . These are kept f n suspension by a turbulent ci lf ar7
ci rculatf on of the gas tric juice  Figure 2! . Larger mucous masses
large dense particles come in contact wf th the stomach walls by gravf ty
of centri f ugal force and are subjected to a variety of sorting
rrrechanisms  Reid 1965!. The Ughtest masses are recycled back
dorsal hood.ood . In type I I I s toma chs  e.g., Wyti lidae, Ostrefdae !
sor tf ng ra ecum rerrroves srrra l 1 dense parti.c les The sorting function



the caecum i s th eref o re separate f rom the gas tr}c digestim and
absorptive f unct ions . In type IV s tomachs  e g ~ pectinidae !
recyc ling process retains all but the very small dense particles and
therefore increas~s the effect of gastric digestion on ingested fo&, to
the extent that la rge de nse indigestible particles cannot be easily
rejected, and are s tored in a gastric appendixe From this sac they are
possibly re jected peri odi cally by convuls i ve muscular movements of the
adjacent. adducto«use le . In the type V stomach  e.g. Mactridae,
1Iene r idae ! there i s a combi ned sorti ng and absorp ti ve caecum the ductma
CaeCumd Which remoVeS Smali. denSe partiCles and permits the uptake Of
gastric f luids by the ducts of the digestive di vert icula by a ci li ary
counter-current  Owen '1955; Reid 1965!. The large posterior sorting

of the type IV stomach has wi,de rejectory grooves and large dense
particles released from incoming food strings are immediately rejected.

that gastric function can continue the stomach must not become
clogged with food. Excess particulate material may be indiscriminately

by means of a muscular widening of the rejectory grooves and
peristaltic movement of the whole stomach. Several observers have

�oted that undigested and sometimes live algal cells may be found in the
f eces under such condi t i ons I Bayne et a l. 1976! ~ Consequently gas tri c
function must be considered in the planning of optimal feeding levels in
mari cultural systems .

The crys ta1 li ne sty le has dom'nated most discussions of gastric
digestion. The functi onal role of thi s unique structure is not.
a] together clear. Its role as a releaser of 4-amylase i.s well known.
The suggestion that the pH of the crystalline style buffers the gastric
pH at a stable level I Yonge 1925! has been shown to be in error by
others �974! who demonstrated that in Ostrea eduli.s gas tri c pH li es
between pH 5.8 and 7.2, and tn Ctassnsttea~g gas tetween pn 5.9 and 6.9.
Less wel,l known are the antibiotic and emulsif ication quali ti,es of the
crystal li ne sty le   Kri s tensen 1 972a ! . The digestive role of the
crystal li ne s tyle may have been exaggerated in some species  Kristensen
1972b ! ~ Low le ve ls of phosphatase, esterase and proteinase activity
have been f ound i n some cr ye tal line styles, probably or i gi nati ng f rom
the gastric juice  Reid 1966!. There is a correlation between style
c o ns i s te nc y and p r e s u ma b 1 y ultras tructure, and the type of materi al
f ound in the stomach ~ The crystalline s ty les of bi valves which i nges t
sand grai.ns are stif fer and harder than those of other bi valves. This
suggests that the phys ical integrity of the structure is important.
Therefore, the mechanical role of mi.xi.ng the stomach contents, or even
tri turation of incoming food strings as Yonge �923! originally
suggested may be more important than is generally appreciated The
crys'talline style is susceptible to digestion by proteinases, and the
more f lacci d cr ys ta1 line s ty les f ound i n oysters are more easily
diges ted than the harder crystalline styles of some clams  Reid and

digest style carbohydrate. The process is also inf luenced by pH ef fects
 feathers 1974! and the rate of secretion of the crystalline style.

The full range of digestive enzymes found in the stomachs of
bivalves is gi ven i n Table I. Leve ls of enzyme activity di f fer
according to the feedi ng type, but any generalization on thi s matter is
raught with exceptions, Amylolytic activity is lower i n the stomach

than in the di, ges tive diverticula in some species  Kri stensen 1972b ! and
higher in others  Wojtowicz 1972!. Proteolytic activity is generally

the stomach than i n the di ges i ve di verticula with the



except on o e ci f the carnivorous septi.branchs  Reid 1977 197'e ' e
gastr c enzymes,i ymes such as phosphatases, es terases,

hnd mbe of opeptidases, ay em nate f rom
the sty e sac al nd the diges ti.ve di verticula.
alkaline phosphatases are found in the A and 13 cells of
In the C cells alkali.ne phosphatase i.s f ound.
source of so me style enzymes  Reid 1966! . Gastric enzymes
in res ponse to the i nges ti on of f ood  Rather s 1973a - Re id 1978

l, ln Tresus caPax the secretion of Prote' ses
the rapid increase ln volume of the eau trtc jules,
hour of the comme ncement of feeding, af ter a hiatus

eightf old increase in total enzyme
uch a direct response to the i nges tion of fo~

the view that gas'tric enzymes originate from mature di ti
t& diges tive di vert icula by "leakage  Bal].antine and Mo to

1977! or as exocytotic by � p
9 cel ls   Palmer 1979! moreover, the compleme t

y s is different from the active enzymes of the di
ola both in terms of enzyme type and e] ectrophoreti

verti cular enzymes, such as chymotrypsin, and a mol ]
og~th« with some esterases, are not

e absence of tryps in f rom the digesti ve di ti
extr ac ts does not nega te I ts possible origin there. There is some
evi dence that try ps in or i gi.nates in the digestive diverticula
try psi noge n   Re id and Raucher t 1 976! . I have also circumstantia]
evidence that in Crassostrea gi gas the diverticular cells in the
disintegrating phase  type III!, which Palmer �979! and Robinson
Langton �980! have proposed as the source of gastric enzymes, are
characterized by high levels of low pH  ca pH 3 ! proteolyti c activity
whi ch wou ld be i nef f ecti ve at gastric pH le ve ls These di s i ntegrating
di ges ti ve eel ls are theref ore not good candidates as the genera ' source
of gastric enzymes. Owens �970! suggested that digestive tubule cells
in their earlier stage of development, i..e., as basophi lie cel ls were
actual ly secre tor y. Palmer �979!, noting that secretion from these
cells has never been positively demonstrated, concluded that these cells
are i mrna ture di ges ti ve cells which retai~ the primary lysosomes for
i ntr ace 1 lula r di ges ti on. Frankboner  pers. comm. !, on the basis of
transmission electron mi croscope studies of Tridacna gigas considers the
dt ve rtf cu la r duct epi the lia to be the most likely source of gastric
enzymes. These are certai nly hi.sto-enzymo logically active for
esterases, phosphatases, and leucine aminopeptidases  Reid 1966; Mathers
1973a; Palmer 1979!. The overall, picture is that the complement of
gastric enzymes is appropriate to the di.gestion of the carbohydrate and
pr'ote i nace ou s components of the ce l 1 wa 1 ls of di a toms, lys i s of cell
membr a nes of f ood ma ter i a 1 and so lubi li. za ti.on of ce 1 1 con ten t�-
smechani�c 1 acti on of the crystal li ne style and i. nor ganic particles aid
i n these proces see. Naked f lagel l.ates and bacteria are rendered
structurally unrecognizable within minutes of ingestion ~ »«iaily
di gested food remains in suspension as gastric juice flows into the
ducts of the digestive diverticula, and is pinocytosed by the digestive
cel ls. while particulate matter can be phagocytosed by the digestive
eel ls i t is doubtf ul that this occurs with many large particles «
intact food organisms  Owen 1970; Palmer 1979!.
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g L!Jive Z. DigestiVe EnzymeS EC!vnd in BivalVe StCrnachS

Origin selected references

5, 5-8. 0

4, 5- r.o as f or trypsinCathepean Bl
 anaopeptidase!

Distinteqrating digestive
cel s?

3 r
Cathepsin A

 exopeptidase!

as for trypsin

3.5-4.5 as for cathepsin hCathepsin C
 exopeptidase!

'or t r'yps in

as for trypeinCsrhoxypeptrdaae A
 exopeptidase!

as for trypsin

5-7, 5 as for trypainCarboxypeptrdase B
 exopeptrdase!

as for tryparn

Ciliated epathelia7-B �at.hers 19 ~ 3a; Palmer 1979:
Reid 1966; as for trypsrn

6-7. 5 Ciliated eprtheliap
Digestive cellsy

Yonge 19 6; �snsour-Bek 1944,
1944; deorge 1952; Reid 1966

6-7, 5 Crliated eprtheiraAryleaterase
'Bathers 1973a; palmer 1979;
Read 1966

Crlrated eprthelra;
C cel!s ot' style sac

Alkaline
Fhosphatase

as for arylesterase

5 � 6Acrd phosphatase B cell- of style sac,
Crystall',.e style

as for ary1 esre rase

C cells o f style sac;
,.rystall;ne style

d-Aey 1 a Se

True ce'lulase   1! 5. 5-6 Digestive drvertacu' a
Crystalline style

Poly-8-glucosrdese
Crosby and Read 1971
and as for true cellulase

Digestive divert'cula?
Crystalline style

e

As f or cel lulas e and po ly-
5-g lucoa idase

As for cellulase and
poly- !-glucosadase

Cellobiase

Kristensen l972b, Jeuniaux 1963;
Wo!tovicz 1972

Digestive divert cula?
Crystalline style

Chit.lease 5 6-7,6

Cnitobi ase

Daeinarinaa e

as for chitrnase as for chrtrnase

Digest.ive diverticula?
Crystal line style

4.3-7.6

Krrstenaen 1.972b,
Pranssen and Jeuniaux 1965Alginaae Drgestive diverticula?

Crystalline style
4.2-7.3

Yonge 1926, Krrs sneer, 1472b;
�ather* 19 3bo-g locus i dase

 maltese!

Digestive diverticula..4. 3-7.6

�athers 19 3b; wo7tovrcz 1972
n-galactoardase Digestive divert i cola
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Trypsin
 endopeptidase!

la!uci.ne
asrnopeptr des e
 exapep idase!

"True lipase"
 glycerol ester
hydrolaae!

Activity
reported

i n pH range

Divertrcular duct ep' thalia?
Digestive cells7
Centric epi.the1ia7

Reid and Rauchert 1970, 1976
Read 1977, 1978
Kozlovskaya and Vaskovsky 1970

as for trypsin

Yonge 19 3: Krrstensen '19. 2h
langton and Gabbot 1974
Woitovrcz 1972

Payne et al. 1972
Koopmans '970
Stone and Norton lo56
Oven ' 974  revree!

Krrstensen 1972b,
Wo! tovicr ' 97
!aathere 1973b



INTRACELLULAR DIGKSTIOH AHD DIGEST?OH

Intracellular- digestion fs one of a number of important fu
of the bf valve digestive df.verticula, whf ch also inc]ude food
excretion and acid/base co ntrol ~ A compl
digestive enzymes is given in Table II. Starch, disaccharides
algal sugar's can be digested. A true cellulase f s rare
po y-0 g u1 -p -g lucos f das es and ce 1 lobi ases are wf dely distributed,
subject has been reviewed by Owen �974! . Protef.ns are
'typf.cal range of lysosomal protef.nases toge ther
exopeptfdases and a chymotryptic enzyme in some species.

Table II. Digestive Enzymes in the Digestive Diverticula

Activity
zeported

in pH range
Selected referencesEnzyme

Reid 1966; Reid and Rauchert
1970, 1976

7-8Chymotrypsin
 endopeptidase!

Heid and Rauchert 1976

as for leucine aminopeptidase

7-8Leucine aminopeptidase

Carboxypeptidases A, B

Cathepsin Bl

5-7. 5

4-5. 7 Rosen 1949; Kamat 1957;

Reid and Rauchert 1976

Reid and Rauchert 19762"3Cathepsin D
 endopeptidase!

Reid and Rauchert l976Cathepsin A, C

True lipase

3.5-4.5

6-7. 5 Yonge 1926' Nansour-Bek 1946,
1948; George 1952

Arylesterase Reid 1966; feathers 1973a;

Palmer l979

6.5-7.5

Carboxylesterase

Alkaline phosphatase

6. 5-7. 5 Reid 1966

Reid 1966; Mathers 1973a;
Palmer 1979

Acid phosphatase 5-6 as for alkaline phosphatase;
Owen 1972

Carbohydrases
 all of those listed
in Table I

see Table I see Table I
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Studies of the putative df ges tive cycle in bivalves have generally
focused more on changes in pH and the crystalline style~ together with
the hi sto log f cal. condi ti on of the digestive cells than on
central ques t< on of enzyme act f vi ty, wf th the exception of Langton
Gabbot t ' s   1 9 74! and Langton's �977! studies of amylases in Ostre
edulf s and Nytf lus edulf s. Hfstochemfcal studf.es by feathers �973!



pa]mer �979! are also relevar t to thi s prob]em. I have ade
preliminary studies of protei n di gestion i n Tresus capaxcapax an rassostrea

gas r c proteo ysisgigas in relation to the t.idal cycle. In Tresus gastri t 1
levels increased with the volume of the gastric juice after exposure by
the ebb ti.de ~ Diverticular Proteolysi s began to rise wi thin three hours
o f the comme nce ment of f eed i ng and wi thi n s 1 x hours reached a P la teau of
acti vi ty that rema i ned cons tant whi 1st the anima l was covered by the

This study was carri ed out under diurnal tidal condi tions when
there was a single ebb i.n daylight.

Zn Crassostrea gigas, studied under semi-diurnal tidal condi tions,
samples of ten speci mens were taken at four hour intervals over
hours ~ Average gas tri c vo lumes were la rges t dur i. ng the day light 'g

and lowest during the ebb. At the nocturnal high t.ide there was
cons i de r able ind i vi dual variation resulting in a low average volume.
The range of gastric proteolytic act' vity at the gastric pH �.0 � 6.5!

the maximum values being found at the high tide. Highes t
digestive di.verticular proteolytic activity at pH 6.0 � 7.5 was found

1 hour after the daylight high tide and there was no discernable
peak as so ci. a ted wi th the nocturnal high tide. At pH 3 the highest
activity in the di ges ti ve diverticula was f ound at night, deve lopi ng 6
to 8 hours af ter the peak of pH 6.0 � 7.5 acti vity.

gy i~ter pre tati on of these obser vati ons is that under the
conditions of this study the oysters were feeding duri.ng both light and
darkness, and that the greater daylight feeding activity established the
overall pattern of i.ntrace 1 lular protein digestion, which commenced in

pH f! ~ 0 - 7 ~ 5 range in the day and was comple ted at pH 3 at night.
In addition, the individual variablility at any sampling time indicates
that not all of the digesti.ve cells were in the same physiological phase
at the same time.

Horton i!978! discovered that C. gigas had a diurnal 24 hour cyc-le,
with feeding activity greatest in daylight. He related this to the
inequality of the semi-diurnal tines during the time of his study, and
suggested that equal semi.-diurnal tides would establi.sh a 12-hour cycle
Morton also found that "in general" all of the digestive tubules behaved
synchronously. Ny observations indicate that a 24-hour cycle persists
even when the semi -di.urnal tides are of equal height. J would
hypothesize that nocturnal feeding establishes a secondary physiological
cycle which i n most indivi.dual,s 's masked by the dominant daylight
cycle; however in a few individuals the nocturnal cycle may be dominant ~
h study combi ni ng his to logi.ca 1 and enz ymological observations is
required to test this ~

The tridacnids show a typical daylight fi ltering rhythmici ty since
during the night they appear to go into a torpor  Morton 1978! which
can personally confirm for Trfdacna gigas. 3 have also found that pH 3
proteolysis is at its peak during the later part of the torpid period in

sPeci. es m However, my co 1 labor ator, P . Fankbone r, has been una b le
find any hi.sto logical homogeneity i n di vert icula r ti ssue, f rom the

same spe ci me ns, tha t wou ld suppor t the hypothesi.s that all of the
digestive cells were i n phase with one another. McQuiston �969! found

in Laseae rubra two histological phases could be found at any time
digestive diverticula. lathers �976! and lathers et al. �979!

~sported similar heterogeneity in pecten naximus, Chlamys varia and
~yeneru is decussate. Robinson and Langton  !980! have reviewed the
literature on thi s topic, and reported on a subtidal population of
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ercenaria. They have found considerable histologic lNercenaria mercenar g ca],
variation w t ni thi the diges ti.ve di vert f.cu la, regard less of

0
the tide ~ Although the cells were not in the

our
peaks o a sorpf b o ptive acti vi ty that corresponded
environmental levels of food orga~isms.

It is dif f icult to generalize on the topi~
signif icant, though it may be for aquaculture.
histological condition, and by inference the digestive condf tf
digestive diverticula, the weight of evi.dence suggest~ h t
subtidal populations at all states of
df gee ti ve acti vity correlated with food availability I f�
popu4tions tidal movements imPose a degree of diges tive rh thmi

ough conf li. cting opf.ni.ons have been expressed
og ty of the digestf ve cell condi tion resultf.

hythmicf ty. There is general agreement with Owen  ]@72!
exposure will bring the digestive cells inta a 'holdi h ~ .
authors admi t to the possibi li ty of cir'cadian h thmi

but the general opinion f.s veering back towards a difi
of the traditional vi.ew of continuous feeding and digestion in bf valves,
the modi.f ication being that feedi.ng may be variable to take best
advantage of food when available and to ensure a steady level of
ingestfon. It is df fficult, however, to abstract anything of practical
value f rom thi.s generalization. Dif ferent species have been shown
di f fer i n thei r behavior accordi ng to envi. ronmental cond' tions,
more, each speci. es in aquaculture must be characterized with these
cau t i one i n mi nd ~

In addi tion to thei r other functions, the bivalves' digestive
di ve rtf cula store energy i n the f orm of lipid, and this lipid is
mobi l' zed dur i ng times of low f ood avai.la bi li ty. The digestive
diverticula cells may also be partly mobilized by autophagy dur'ng times
of starvation, Cathepsin D levels remain high f n Tresus when the food
supply is poor i.n w'nter, suggesting autophagic lysosomal activity  Reid
and Rauchext $976!.

In the mid-gut of bi valves a number of gas tr ic enzymes are found,
indicating that d'gestion continues 'n this regf.on. Assoc' ated with the
intesti nal epithelia are esterases, phosphatases and leucine
aminopeptidases  Reid 1966; Nathers 1973a!. The distribution of
exopeptfdase is similar to that found in vertebrates, and indicates a
coupled di ges tf on/absorption mechanism, i..e., as terminal amino acids
are enzymatically released from the dietary protei.n they are transferred
to an amf no acid uptake site on the epi.thelial membrane ~ Digestion
absorption must therefore be added to the intestine 's other functio~ of
fecal consolidation.

Thompson and Bayne   $972! identified in the feces of Hyti lus edulis
two di. s ti nct components, one consisting of rejecta from the gastr
sorting processes, and the other consisting of exocytoti.c material from
the di gee tf ve di ver ticu la . The proportions of the two components
assumed to be car re la ted wi th the di ges ti ve capacf. ty of the di ges ti"
di ver tfcula and the concentration of food in the stomach ~
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BACTERIA AND BIVALVE NUTRITION

role of bacteria in the nutr'tive economy of bivalves has come
closer scrutiny in the last, decade. Previously bacteria had been

ecognized as i mportant di.e tary constituents for detritus feeders
 Braefield and Newell 1961!, and po ssibly in susp nsion-feeders  Zob ll
a~ Feltham 1938!. Braefield and Newell Postulated that down to certain
li its the more finely divided detrital material provided a b tter
phyS i ca l Sube t ra te f or ass oci a ted bacteria. HOweVerp Some bi Valve
sp,cies have modified their p llial b havior to take advantage of the
epiflora and epifauna of large substrate particles such as sand grai.ns.
Brae f ield and Neve l. 1 argued that the nutritive potential of bacteria
associated with detri tus was more important than that of the detrital
wterial itself ~ Detritus-feeders have been regarded as recipients of a
continuously avai. lable diet of low nutri ent leve I, in comparison to the
disconti,nuous food availability for suspension feeders  Levinton 1972!e

also be remembered that some detritus feeders are facultati ve

suspension feede rs, and even those that cannot alter their feeding
behavior to take advantage of suspended food must benefit from that food

it comes close to the substrate/water interface, or when it is
deposited at that interface ~ Bacteria are known to be the major dietary
c ons ti tue n t o f the Ga 1 a pa gos R i f t bi valves  Cor liss et al ~ 1 979 ! .
Furthermore, bacteri a associated wi th the ctenidia have been found in
two species of Solemya -. S. velum  Cavanaugh et al. 1981! and S.

namensis  pelbeck et al. 1991!. These bacteria possess enzymes of the
Calefn-Benson cycle together with sulphide oxidatioo enzymes, indicating
thei r abi li ty to f i x carbon di oxi de using the energy of hydrogen
su]phide. Masses of bacteria have been found to constitute the gland"
of Deshayes in the shipworm Bankia australis  Popham and Dickson 1973!

was suggested that these ctenidial bacteria make up for the
nutrient def ici encies of the shipworm's wood diet by fixing nitrogen
 Trytek and Al len 1980! . Another role f or bacteria in the
microenvi ronment of the burrow or mantle cavi ty might be the preliminary
extraorganismic digestion of organic material, the hydrolysates of which
could be used by the bivalve as food. A, number of bacterial species of
the spirochaete Cristispira from the bivalve gut have been described
 Berkeley 1959.- Tall and Mauman 1981!. The contribution of bacteria to
cellulose digestion in Scrobicularia plana has been assessed by Payne et
al. �972!, and they concluded that none of the isolated bacteria had
cellulolytic activity and therefore such an ability must be endogenous
to the bi.valve. There has been an active debate concerni.ng the role of
bacteria in shipworms, rev'ewed by Norton �978! and by Mann at the
SYmposium on Narine Biodeterioration �981!. There is a consensus that
in the wood-digesting caecum of teredinids, bacteria do not produce the
cellulases  Mann 1981 ! . However, Popham  pers. comm. ! has detected
intracellular bacteria in vesicles which arise from the digestive tubles
in Bankia rochi. These bacteri.a have not yet been characterized ~

EXCEPTIONS THAT PROVE THE RULE

The shipworms and the carni. vor ous bi va ives are of no direct
interest to aquaculturists, but they do demonstrate th pthe ada tationa 1

Plas tici ty of the Bi va I vi a, and i. ndi cate qualities that the more
' law-abidi ng ' bivalves may possess to a lesser gser de ree. Two other

"alve types of personal interest to the author prorove the ru les f or the
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rest. Solemya re idi  Bernard 1980! and possibly other members f1 sl t ly gutless  Reid and Bernard 198p!genus are comp e e y
ti they must depend on other sources ofnormal alimentat on, t ey m

of the genus have a reah lready been shown to possess chemosy�thet.
 Felbeck et ak t l 1981 ! . I have detected a rapid uptake of
organic molecu les by the mantle and gill epithelia of
there rema ns the possibi.l' ty of complex synergy
ma nt le ca v ty ani ty and burrow. Such s tudies may have relevanc to
nutrition of better know~ bivalves.

t tdaena gtgae tm partkattp dependent nnTridacna

rooxanthe e eh lla held tn the enlarged mantle edgee.
t'o al in the light of recent findings concerning biv lless except ona

symbiot c microorganti. microorganisms. Tridacna gigas also feeds on phytopla�kt � I

ree e trf d tritus and coral zooxanthe]. lae released
cora le, anI and Possibly di ssolved organi.c exudates from reef
 Fankboner and Re i d 19B1 ! . Since this organism has Pote�ti
a% ac lture or at least 'domestication' these environmental f to
should be taken into account.

In conclusion, the exceptional may inform us about the 'normal ~
bi va l ve biology ~ Indeed the 'normal ' may be so exceptional that every
speci es must be assessed individually for nutritive and digestive
characteri sties. The expans ion of our knowledge of these matters in the
recent years continues and each of the studies that I have discussed
provides us with new directi.ons of interest.
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QUESTIONS AND ANSWERS

PRUDER  Delaware j: Dx. Reid we ' ve been growing
part cu ar y ros1 1 Cr ossostrea virginica in a controlled-enviro�me�t

1 t t n yea rs. During that time we ' ve exper' mentedfor almost ten years.
dif f erent f eedi ng regimes. The engi neer ing
controlled-envi ronment would seem to prefer a system which
sequentially or pulse fed as compared to attempting
low on entration of algal cells in water, We' ve had co�sid
expe ri ence and success suppoz'ting very rapid gz.owth of
oys te r wi th pu ls e f eedi ng techniques. The ini tial. concentr tio
algae to which the animal is exPosed can be as high as 2 mi llio
per ml of a combination of Tahitian Isochzysis
seudonana. If the animal is continually exPosed to such hi

concentrations It will shut down and eventually Imrish.
nimal biomass to seawater volume ratio is such that the a�i

to the very high concentration can reduce the concentration dow
vela in a matter of 3, 4, or 5 hours by feeding, the process o k .

have in a pos ter presented in
exp riments with silt and algae where we demonstrate once agai
pulse feeding technique works. Do you see how pulse feeding fit
diges tive patterng There are other opti ons, not just hi h l
concentration or low algal concentration. Could you give some
explanat!on of why pulse feeding seems to be effecti.ve?

RETD: For one thing in nature Crassostrea vi rgi nica wi ll "pulse
f eed" by choice to some extent. It wi l 1 show 2 to 3 peaks of
Eeedi ng acti vi ty over 24 hours. This is on the basis of Robert Palmer's
1980 paper. Second ly, cultured bi.valves may to some extent be like
Cle ver Hans, the counti ng horse, in the sense that they' re be' ng trained
to a ce rtai n feedi ng regime that in a way that the culturists don' t
consciously realize. I thi.nk it may be possible to bring all bivalves
under culture into a feeding regime that suits both the bivalves and the
culturists. That would be highly desirable if it's true, but it's only
speculative.

HSWELL  ifiaryland !; Would Dr. Re id like to comment on the recent
work of Kiorboe et al. �960! which indicated that the mussel mytilus

edulis is capable of preferentially ingesting algae from a homogenous
suspension of algae and silt particles? The pseudofeces were observed
to have reduced algal content, on a dry we'ght basis, indicating
they may be used as a means of voi ding the silt, Ny recent research
also i nd'. ca tes that the oyster Cz assos trea vi.rgi ni ca can pz'e f erentia 1 ly
ingest the organic component of natural seston and reject inorganic or
non-nu t r i ti ve pa rt i c les as pseudo f e ces .

REID: Were the particles you were feeding the same size7

Ki orboe,, T. F, Nohlenberg and 0 ~ Nohr, 1980 ~ Feeding, particle
s e le cr i on a nd carbon absorption in Nytilus edulis in dif f ere"
mi xtures of algae and resuspended bottom material- Ophe»a
19; 193-205 ~
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>BwEI,I.: The Y appear f rom Coulter Counter analysis
s arne
~ size but we don't know ' f theY are of the same density wwe do not
nderstand the mechanism of this selection but the labial palps hav

frequently } en identified as an organ which may sort and select food
parti c les ~

REZD: ObviouslY this subject is complex and requires furthe
research Bernard's observation that Crassostrea gigas will "re ect
inorganic particles, because they settle out before reaching the sorting
mechanism may be relevant here. During the last ten years we have mved

- ~ Ins t

observations for a few species and generalizing we have the same species
being examined by two di f ferent sets of workers with contradictory

To what extent the wishes of the researcher enter into this I

do not know.

ecCORHICK  California!: Dr. Reid over the recent Years people have
been reth$ nking bivalve nutri.tion. Early work in the 30s from zobeli
] ooked at bact e ri a uptake, then in the 60s and 70s work from Winter
looked at si lt, and we see i t at this symposium here, the i. mportance of

Can you comment on what you feel the relati.ve importance of
di atoms vs. f lage 1. la tes vs . bacteria vs . silt are?

REID: I can try ~ For one thing the digestive enzyme component of
stomach is fairly sui table for getting into diatom cells. It's not

matte r of di ges ti ng the di atoms, i t.'s a matter of lysi ng the cell
wai],s suffici.ently by digesting the carbohydrate and protein components.
Raked f lagel la tes are also lysed. Although the enzyme levels in the
bi valve's stomach are generally qu< te low they are sufficient for lysis,
tp allow partial solubi1 zat ion. The presence of mineral particles of
the same sizes as the f ood may be s< gni f i cant. in mechanical terms in
helping break di atom f rustu les and in helping simply to reduce the
particle size. I would guess f rom the s i lt experi ments that have been
described in the pos ter sess i on there's no question of associated
bacteria with that si lt. There is no silicase in bivalves; silt cannot
be diges ted, so the re must be some other ro le f or it, i f you take the
causal vi ew that i s, and the mechanical role is the only one that' s
left. I find i.t very intriguing.
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An understanding of the energy and nutrient flow through the
indi vidual, populat.ion, or community is one of the cornerstones of
modern production ecology. Energy budgeting techniques are also being
increasingly used by marine physiologists to quantify the degree to
wh f ch vari ous phys i.ological adaptations and environmental per turbations
alter an animal's growth rate and fecundity. Although these techniques
have been extensively appli.ed to terrestrial animal husbandry, they have
not yet been widely adopted in mariculture.

This general review considers the appli.cation of bioenergetics to
bi valve molluscs. Emphasis is placed on some adaptations that require
f urther elucidati on or are important for mariculturists to consider,
such as optimum methods of providing the ration and methods for
assessi.ng growth.

INTRODUCTION

One of the ma j or emphases i n coas ta1 mari ne zoo logy, unti l
ten years ago, was the explanation of animal distributional patterns «
t erms of a species tolerance to an array of envi ronmental vari ables i
e.g. temperature, desiccation, etc. Numerous such studies  reviewed bY
Rewell 1979! demonstrated that the majori.ty of littoral animals
well wi.thin their zones of physiological tolerance. Recently<
been i ncreas I ng recogni ti on that l es s tangible factors than "a~
previous ly been studied, e.g. temporal and spatial variations in
ava i labi li ty, di f f erenti al parti ti on ing of energy to growth «d
reproduction, are of paramount importance in governing the di.stributio"
a nd abundance of species within its zone of physiological tolerance
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 Bayne et al 1976b; Newell 1979!. The complex interactions b tween
such variables My b elucidated by measuring all factors in te f
energy units and combin ng th«arious energy ga'ns and losses into an
overall index of energy balance ~

The pr"a ry components of an i ndi vidual' s energy budget are
identified in the following "balanced energy equation  Warren and Dav5.s
1967! written using IBP terminology  Crisp 1971 j.

P + G = C �  R + F + U!

wher'e P = Somatic growth
G = Germinal growth = "Scope for Growth  Warren and Davis 1967!

C = Energy value of food consumed

R = Energy metabolically utilized

F = Energy value of feces

U = Energy value of material that is absorbed but later excreted
as urine or other exudates

Uni.ts = Energy units  Joules!

The magnitude of a positive energy balance indicates the quantity
qf energy a va i lab le for assimilation into either somatic or germinal
tissue or to be sequestered in a nutri ent reserve. Conversely, i f there
is a negative energy balance the organi sm can only survive under such
condi tions whilst 5 t has a nutri ent rese rve to ut i li ze . Thus, the index
of energy balance, or "Scope for Growth"  Bayne et al ~ 1976c; 92979 !, is
one sens5 tive method for assessing and quantifying the adaptability of
an organism to a particular envi ronment, including maricultural
facilities.

In this paper I have not attempted to gi.ve an exhaustive review of
the very extens 5.ve literature cove r' ng al l aspects of molluscan
bioenergetics as the f ield has already been adequate ly reviewed  Bayne
et al. 1976a, b, c; Conover 1978; Widdows 1978a, b; Winter 1978; Hewell
1979, 1980a, b! . Instead, by concentrating on bivalve spec'' es which are
both well studied and commercially important, I 5 ntend to gi ve a broad
overview of how a bioenergetic approach may be used to direct and focus
research towards elucidating the key components of an organism's
biology. I also hope to show that the efficiency of mariculture
projects may be increased by the introduction of even a small number of
the techniques cur rently ava liable in bi oenergeti cs.

FOOD CONSUMPTION AND ABSORPTION

The majority of bivalve species are sessile suspension feeders, and
most can par ti ally adjust the5 r filtration rate in response to the
quantity and "food quality" of the seston. In general, however, there

rapid rise in pumping rate to a plateau level, with increases in
particle concentration, from a certain minimum level necessary to supply
oxygenated water to the gills. A point is reached, though, where any
further increase in particle concentration causes the pumping rate to

from this maximum plateau level  Winter 1978; Widdows et al ~
Super imposed on such shor t term variations i n f i ltrati on rat e

seasonal changes which may be a response to both changes in wa ter
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temperature and food availabili ty as well as cyclical changes I�
phys I ologi ca 1 condi ti on, associ ated wi th the ene rgy demands of
game togenes I s   Bayne and Widdows 1978; Newell and Bayne 1980! ~ The
consumed ration is, therefore, dependent both on the food concentration
and the animals' feeding behavior.

Xn bi valves, the diges ti ve process I s complex because
of consumption increases the digestive gland becomes full
f ood then by-passes the gla nd and I s voided
together wf. th feces from the diges tive gland  Thompson and Bayne 1972
Widdows et al, 1979 ! When ingestion ra tes are be low
results in intestinal fecal production, absorption e f f Iciency d f
as the energy uptake from the food I.n the digestf ve system  Crisp 197' !
I s at a maximum. Wi th increasing Inges ti on, and hence the e jecti on f
undigested food as intestinal feces, absorption ef ficiency dec lin
pof nt I s ultf mately reached above which excess materi al.
but f.s rejected as pseudofeces  Thompson and Bayne 1972; MInter 1976!
Any further increase in consumption above this level does not furth
reduce the absorption ef f I ci ency of the material in the diges
system. However, such a consideration of absorption ef f iciency neglects
the energy lost in pseudofecal production. Therefore, when construction
the energy budget of an animal, the energy absorbed should be expressed
as a percentage of the total energy consumed, not jus t Qf the energy
ingested. In practice this is achieved by pooling both pseudofeces and
f eces and analyzi ng them us i ng the ratio method of Conover  ]966!,
Widdows �978a! found that for H. edulis, absorption efficiency declined
wf th increasing food concentration and also with decreasing body size
for animals feeding at the same food concentration. Such a result was
to be expected as in both cases undigested food  both Intestinal feces
and pseudofeces! comprised an increasing proportion of the ejecta.

The production of pseudofeces assumes critical importance in closed
or semi -closed mariculture systems because frequently one of the largest
operatf ng cos ts is the provi sion of a unicellular algal f ood. There
have been nume raus s tudies designed to determine the most ef ficient
means of feeding algae to bi.valves i.n order to mf nimize wastage ~ Many
are based on the resu its of Norton �969, 1970, 1973! who found that for
Intertidal bi valves there is a cyclical relationship between feedi ng and
both ex trace 1lular and I ntracell.ular digestion. Epifani.o and Ewart
  19 77 ! f ound tha t f or conti nuou s ly submerged oysters  Crassostrea
~vir inica! there were also periods of feeding activi ty and quiescence,
although there was no apparent tidal or diurnal rhythm  Palmer 1980! ~
Epf f anf o and Ewart   1 977! concluded that when reari ng bi valves I t would
be advantageous to add food discontinuously. Thi.s would entrain the
E eed. ng and digestive acti vi ty of the animals to the feeding regime and
hence prevent excess food being lost duri ng periods of non-feeding ~

Similarly, Langton and NcKay �974, 1976! found higher growth rates
when the same total amount of algae was fed to the oys ter Crassos t«a

as di scontinuously, compared with a continuous feeding regime.
result f.s expected because the continuous addition of algae
resulted I n a low food concentrati.on that may not have fully stimulated
the oyster's feeding activity, wh'1st the discontinuous feeding reg"
would have resulted i.n much higher I ni ti.al concentrat'ons ~
conclusion is support.ed by the results of Winter and Langton �976!
found that for maximum growth in the mussel, H. edulis, food should
continuously replenished so that, a constant optimum level. Is maintained ~
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However, before di scont'nuou feedi.nq regimes are widely adopted, a
complex series of economic and energy budget factors must be considered.
In one scenar'.o, '' f optimum rat! on leve ls were continuously maintained
animals wou ld i nqe, t a ma ximltm ration with li ttle or no pseuQpfeca]
production. any synchrony between indi vidual's feeding and digestive
cycles i n the con t i nuo»s l y i mme rseli an i ma ls wou ld be los t wi thin
seeks of being placed i n such condi tions  Langton and Gabbott t974I
thu s pe ri ods when a l 1 ani mals were not feeding would be unlikely to
occur In such condi t i ons gr owth would be maximized. If it is
necessary to reduce the algal ration, energy budgeting can be used to
determi ne the le as t ha rmf ul way of achieving this. One alternative
sight be to adopt a discontinuous feeding regime where the daily feeding
periods are balanced between economic restraints and achievinq maximum
growth. However, a more ef fectivs solution might be the maintenance of
optdmuts ration levels during the seasonal periods of physiologically and
qenetica 1 ly entrained maximum growth and a reduction i n rat i on during
the gui es ce nt pe r i ods .

In addi ti on to an ani real ' s energy i ntake, ! t is also important to
cons ider i, ts requi rement f or speci f i c nutr ie nt s, e. g, essenti a l ami no
acids, lipids, etc, For example, Russell-Hunter I1970 I has shown that
the rep roduct i ve capa ci ty of the marsh s na i l, INe lampus b'. dentatus, is
ll el ted at ertal n tl me: hy lack of organlc~n.troqenous compounds.
fdnKor tuna tely, as yet, very little research effort has been directed
towards th i s type of s tudy i n bi valves, due to the technical
ccxmple xi ties of measur'ing the vari ous rate functions in terms of the
selected nutri ent. However, the development of artificial diets
sui table for f i l ter feedi ng bi valves   see Langdon � these proceedi ngs !,
wi i l al low expe ri menta 1 mani pulation of the rati on. Thi s should yi e ld
the sort of de tai led informat! on concerning nutri tional requi rements
that i s already avai lable for crustaceans   see Kanazawa - these
proceeds nqs ! .

INFLUENCE OF INORGANIC PARTICLES ON FEEDING AND f RUNTH

The negative i.nf luence of high levels of particulate inorganic
materi all  pI M! on the f i lt rat i on rate of bi val.ves has been extensive ly
Studied  FOster-Sm.' th !975; moore i 977; Widdows et. al ~ 1979!. However,
there is some evidence that low levels of pie added to an algal diet can
enhance feedi ng and growth  I,oosanoff i962; xiorboe et al. 'lg81!.<i nter �976! f ound tha! mussels con ti nuous ly f ed a mixture of
Dunaliella marina �0 x 10 cells g ! and 12.5 mg dry wt 5L af PIN
 produced by wet oxidixing natural sediment. with HZO2! had a 32% greater
dry weight af ter 26 days, compared wi th control mussels fed the same
c once ntr a ti on of a lga e a lone. winter �976 I demonstrated that this
e>chanced growth was due to the stimulatory effect <if low levels of pIM
on f i ltra ti or> ra te, and a reduct'ion ! n pseudofecal production, wh'-ch
resulted in an increased rate of ingestion. Experiments by Kl!  t980I
ccfnfirmed the stimulatory ef fects of pIH added to the algal food, on 'the
gro tn of the oyster, c. v rgfnlca.

Nurken �976! fed H. edulis a mixtur'e PIN, the di ssolved or<lani c
fraction  DOF! from Fish wasted and algae and found that growth was
i mproved compared wi th that of musse ls fed on a mi xture of !u st a lgae
and DOF ~ Further expet iments are requirefj to see i f the enhanced growth

mainly due to the stimulatory e f f ect of f ncreased particle
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ntration on ingeetiOn rate Or if the btvalveS Were utiliZing the
oOF, or both. The active absorption, bY aquatic molluscs, of dissolved

i no acids  see Stephens - these proceedings ! has clearly been
demons trated  Wri.ght and Stephens 1977, 1978; manahan et al. 1981!
Th}s may supply a proportion of the animal's energy requirements but
perhaps moreh ore importantly speci fic nutrient requirements at certain
critical periods in their life cycle.

The PIN filtered from suspension does not necessarily
organic material i nges ted, as postulated by Widdows et al �g79
instead, recent research fndfcates that both the eussel
 Sforboe et al.  980  and the Y cater, C. vfrufnfca  Newell, unPublfshsd
gapa! preferenti.ally ingest algae and reject the PIH in the pseudofeces
C ~ v i r g i. n i ca can a l s o pre ferenti ally ingest the organic matter from
natural seston which contains not only algae but bacteria, detritu~
etc.  Newel l, unpubli shed data! .

There are many possible explanations for the effects
supplement to the algal diet can have on bi valve growth,
addi tion of bacteria oz organic matter which enhances f ood levels.
provi. sion of a large sur f ace area, for either the absorption of D0F
which is thus made available to the di.ges ti ve processes  !iurken 1 9 76!
or the removal of inh'bitory metabolites  Moore 1977!; c! addition of an
unknown growth factor  s !  Winter 1976!; d! improvement of digestion
efficiency by the mechanical gr' nding action of the inorganic particles
in the gut.  Hurken 1976!; and e! a stimulatory ef fect on f iltration
and hence an increase in the amount of material ingested  winter 1976!.
Further i nvestigation is required to determine which of these mecha~isms
i. s responsible for the enhanced growth However, the last explanation
seems perhaps the most plausible and is vezy similar to the effect found
f or c rus t.aceans when a "bulking" fiber agent is added to their diet
 Capuzzo � these proceedi. ngs ! .

RESPIRATION

Bi valves under normoxic cond' tions  i.e. active animal, fr'eely

vent i lati ng I ts mantle cavi ty in f u1ly aerated seawater! use
approximately 65% of the energy of metabol' c subs trates to phosphorylate
ADP to ATP by the classi cal tri carboxylic acid cycle  Calow 1978!, with
the rema i nde r of the energy hei ng lost as heat. In order to de termi ne
the amount of energy respi red either the metaboli c and mechani ca 1 heat
output or the anima l ' s oxyge n demand must be measured. The latter
measurement can then be converted to energy units using standard
coe f f i ci ents   El li ot and Bavf son 1975! ~ Due to the re lati ve ease and
accuracy of measuri ng oxygen uptake, compared wi th heat output, i t
almost. exclusively used to quanti fy metabolic energy demands of
mol.luscs  Crisp 1971! ~

some c'i rcums tances, e . g. duri ng periods of shell closure, a
bivalve is deprived of oxygen. In such situations ZTp is generated by
perhaps as many as four anaerobic pathways, which may be differentially
uti li sed, both temporal.ly and spatial y, within the animal's tissue
  K luytmans et a l. 1 980; Zandee et al ~ 1980; yurburg and Ebbe ri nk 1 980 ! ~

pa thways rege ne ra te ATP by i n complete chemical. oxidation of
P«dominately glycogen, resulting i.n the accumulation of a succession of
f ermentation «d-products, includi ng succinate, amino acids and volatile
fatty acids.
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1 980a,b! . Conversely, in food limi ted si tuat: ons a
"conservationist strategy may be adapted in which activity
curtailed, thereby reducing metabolic energy demands to a "standard"

~Thompson and Bayne 1972!, absorption eff icienci.es may be
hence the energy gain from the reduced ration is maxim'ized.

many commerci al mariculture projects benef it from the s er
~opportunistic" growth rates associated with artificially e]evated
temperatures ~ However, prior to investment n such projects it is vital
to determine, using a regular sampling program, that the ambient
levels are high enough to maintain a positi ve annual scape for growth
 Nalouf and Breese 1977! .

GENETIC INFLPENCFS OH HETABOLISH

Xt has frequently been found in breeding experiments tha,t orga
which are heterozygous at a large number of gene loci grow fas ter
more homozygous 'ndividuals  Milkins 1981 ! . Zouros et al. �98p! fou
that for the oyster C. virginica, there was a positive re]ationshi
between the degree of heterozygosity at f our to seven gene loci
wei gh t of a one year old animal� . There was no clear explanation of
resu lt unti 1 Koehn and Shumway �982> demonstrated that the standard
metaboli sm of more heterozygous oysters consumed less energy, and they
suggested that this was possibly because metabolic pathways dependent on
heterozygous enzymes are, on average, more efficient than homozygaus
ones. Koehn and Shumway �982! postulated that reduced metabolic cost
resu its in more energy being avai lable for growth. This genetic
component of an animal 's metabolism and growth has f requent ly not been
gi ven suf f icient consideration by physiologists and requires further
s tudy.

EXCRETA

Excreta, a term properly applied to the loss of energy in the farm
of ni trogenous waste compounds, is one of the least studied aspects of
molluscan bioenergetica. I also i.nclude under this term exudates such
as mucous  but not germinal products!  Crisp 1971! .

The two main ni trogenous compounds excreted by bivalve molluscs are
ammonia ni trogen  NH .N! and ami.no nitrogen  amino-I! . Bayne et al ~
�976b! concluded in a review of data from 8 bivalve species that NH .I
accounted f or about 65t and amino-N f or about 28% of the total ni trogen
excreted and the balance was made up by either urea or uric acid.
Excretion of NH<.N may be variable due to increased reliance on protein
as a respiratory substrate during periods of stress, e ~ g
during and just after maximum reproductive condi.ti.on  Bayne 1973;
1978a ! .! ~ Amino-N loss may partly be due to 1! the passive d' f fusion af
amino acids frarom the body tissues  Hammen 1968!; 2! an active excretory
process associated wi.th protein catabolism; and 3! osmotic adjustment ta
a decline i n ambi ent salinity.

Amino-M excretixcretion has been found to increase from a. baseline value
of approxima tel 11ly 111 of the energy of routine metabolism to a value as
high as 63% when mus
1973!. This ma rh

en mus sels are placed unde r envi ronme ntal stress < 8ayn
y perhaps be due to increased protein catabolism
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decreased stabili ty of biological membranes. Amino acid excretion is a
acti vi ty of great comp lexis ty considering the ability of bivalves
absorb ami no aci ds acti ve ly from water  reviewd by Stephens - these
proceedings ! . >Core resea rch is requi red concerni.ng the envi ronmenta1
and physiological conditions that ef feet the absorption or excretion of
amino acids ' n cultured bi valves so that excretion of nitr~en is
minimized whi 1st absorption i s maximized.

The energy loss in the mucous voided with the feces and pseudofeces
is not ~orma 1 ly de termi ned separately in energetic studes, but is
included in the ~~ergy of the egesta. However, in species which produce
copious pseudo f eces under certain feeding condi tions, e.g. Crassostrea
yirginica, it may be a siqnificrnt loss.

PHYSIOLOGICAL IHTERGRATIONS

measurement of the physiological factors necessary to construct
complete energy budget for many molluscs may be made using standard

techniques  Bayne et al ~ 1977, 1 9 79 ! ~ Once the appropriate
interrelationships be tween the various f unct i ons, e.g. food
concentration and f eedi ng rate, variations in metabolic rate with
season, e tc . have been e luc i da ted f or a species, a computer based
simulation model, can then be used to predict "scope for growth" values.

typical applicati on could be the assessment of the maricultural
potential for a speci es in a variety of localities ~ The only additional

required for each loca li.ty would be detailed information over an
annual. cycle of environmental f actors, e.g. seston and total parti.culate
orga nic ma t te r le ve ls, temperature, salinity, etc. The accuracy of
using estimated "scope for growth" values based on simulation models to
predict the actual growth of a species in the field has been tested by
Newe 1 1 �977 ! and Bayne and Worr'a 1 1 �9BO I . The results obtained by
Bayne and Worrall �980!  Figure 1! indicate close agreement between the
predicted and measured growth of Hytilus edulis.

Such techniques may be too sophisticated for maricultural
f aci li ties but. at leas t f requent de termi nations of ambi ent food leve le
and absorption ef f iciencies should be made. The concentration of the
added ration can thus be routinely regulated so that high absorption
ef ficiencies are maintained. Widdows �978a! found that the absorption

0efficiency of 8 ~ edulis was unaffected by temperatures between 5 C and
25 C i. n the labor a tory . However, Bayne and Widdows 197B and Newell
 unpublished da ta ! f ound that in f leld populations of N. eduli s, the
absorption ef f iciency ranged from about 70% in the summer to a winter
mi nimum of about 5 � 1 0%, a result which may have been partly due to
seasonal variation in food di.gesti bi lity. However, it. seems that
absorption ef f iciency values between 60-704 can reasonably be expected
when feeding bivalves on cultured algae {Winter 197B I.

Information on the ef ficiency with which the cultured animals are
u'ti li zing the ration f or growth is frequently reuired both to allow
«nti nuous ad j ustment of the ration to an optimum level and also to
compare the perf ormance of di f ferent groups of animals Two use ul,Two usef ul

»n-dimensional ratios are the "Gross Growth Efficiency"  Kl! and "Net
with wh' chGrowth Efficiency"  K ! ~ These are defined as the efficiency with wh-ch

~nimal uses the energy in the consumed and assimila
2 ' i i lated ratio,

p «ively, for somatic and germinal growth  Klekowski and Duncan
1975!.
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o OP

3 a 5 6 j
Years

Comparison of the Growth of a population of ~Mtilus edulis as
calculated from age-class analysis  broken line! and from
physiological estimates of the scope for growth  solid line!
from Bayne and Worrall �980! .

Figure 1

Gross Growth Ef f icf.ency  Kl !

Met Granth Ef f icf ency  E
P+G

Where P = Somatic Growth; G = Germinal Growth; C = Ration Consumed; F =
Energy Lost in the Feces; 0 = Energy Excreted

Perhaps the mos t extensi ve use of Kl for the description of the
interrelationships between ration, metabolism and growth in bivalves has
been by Thompson and Bayne �974! and Widdows �978b ! . Thompson and
Bayne �974! found for M. edulis  Figure 2! a rapid increase in Kl from
a negati ve va lue occur ri ng at low f ood ra ti ons to a poi nt  C ! where K

1Zi s zero, which f s when the absorbed ration is equal to the metabolic
energy demands; thus C is a measure of the maintenance ration. Growth

m
ef fief ency increases further with ration size until a maximum point is
attained at the optimum ratfon level  C ! for that sized animal. Any

optfurther increase in ration results in h decline in growth ef fief ency.
Actual values for Kl for 14. edulf s range from about 454 for animals
between 0.1-0.2 q dry weight to below 10% fox animals over 1 g dry
weiqht  Jorgensen 1976; Bayne et al. 1976c; Widdows 1978b! ~

ENERGy PARTITIONING

The discussion so far has been mai.nly concerned with the energy
available for somatic and germinal growth and not how this energy is
parti ti oned between these two types of qrowth. The ma3orf ty of
bf oenerge tie studies have not been able to quantify the differential
allocati.on of energy because thf.s varies not only between species b«
also dependent on the indf.vidual 's age, sf.ze, history and environmental
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conditions ~ This is further complicated by the use of a nutrient
reserve in ma ny species to supply ene rgy for game togenesis and
~jntenance metabolism during periods of reduced food ingestion.

-- K,

Generalized curve for arosth efficiencY  KlI of hftilus edu
lis as related to ingested ration. The solid line represents
the control condition and the dashed line a decrease in growth
efficiency due to increased energy demands of respiration.
Where C and C 1 are the maintenance rations and Copt is the
optimum ration  from Thompson and Bayne l974!.

Figure 2.

was p.77 whereas that for feeding rate was o»y
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The somatic growth of a bivalve, above a certain species speci f ic
minimum size  e.g. approxi.mately 10 mm for Mytilus edulis  Theisen 1973!
can be described by a logs ri thule curve, th~at s, a continuously
decreasing weight speci f ic growth rate. This is due, in part, to a

me tabol'cdecreas i.ng ef f iciency of f eedi ng, and an increasing me tabol c
ma< ntenance cost, as the animal increases in size. This was
demons trated by vah 1 �973 ! f or the cockle, Cardium edule, where the
exponent   b ! re la ti ng me tabo li s m   R ! to body we ight  'I! in the
al lometri c equat ion



o f the s cope f or growth of la rger animals isi.ncreasi ng propor o
d i t reproduction such that at some maximum si<channeled into repro uc

growth virtually ceases'vi ll es This 's clearly illustrated  Figure 3!

energy budget o e ot f the oyster Ostrea edul' s  Rodhouse 1978!,
of energy a oca ell cated to somatic growth in oysters
 equivalent to an an mai l t to an animal of about 50 mm shell height! is

that allocate1 1 t d to germi na1 production but in older animals somatic
qrowth virtually ceases.

ic cost
SO

1.0
production

raduChorI

Ill cs

5 10 15 20

age  years!

Age dependent metabolic costs and annual production of germi-
nal tissue, somatic tissue, and shell organics in terms of
the energy expended for the oyster Ostrea edulis  after Rod-
house 1978!.

Figure 3.
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A significant proportion of the absorbed energy is not used for
either somatic or germinal growth but is incorporated into the matrix of
the shel, l. The mean shell energy content, expressed as a percentage of
the total tissue energy count, is 35.3% for a number of different
bi valve species  Table 1 ! . There i s wide variation in these percentages
because of di f ferent shell thi cknesses e.g. for the thin shelled
Scrobicularia plana the dry tissue weight i s equi valent to 28.1% of the
shel l wef ght whereas for the heavy shelled Crassostrea virginica the
tissue i s only 2,6% of the shell weight. Also, as the ti ssue weight
va ri es wi th the seasona 1 changes i.n reproducti ve condition the
rela ti onship between the energy content of the ti ssue and the shell i s
not constant, ~ These values do not indicate that a thi.rd of the absorbed
energy is incorporated into the shell matrix each year, as the shell h»
been gr adua l ly bui l t up ove r the an i ma 1 ' s enti re li f e, wher eas of the
body tissues, only the somatic portion accretes and the energy allocated
to germi nal production 's largely lost as qametes each year ~
known of the energetic cost to the animal of produci ng the shell
is simply considered part of the metabolic demand, However, there are
di fferences of up to 45% in the shell weight of simi lar sized musse»
or i gi natf ng f rom di f fe rent habitats  Meyers 1980! It would be



interest to know if a reduction in shel.l weight sdgni fi t]gn cant y improves
animal '8 scope f or growth ~ Furthermore, for

the mytilids, the production of byssus threads is also a drain 0 th
absorbed rati o hich can represent up to 8-15' of the tot 1 ti
en«gy content  Gri f f i ths and K.i ng 1979! .

Table I, The Erergy Cortent of Various Bivalve Shells, Expressed as a
percentage of Their Tissue Fnergy Content, Calculated Using
the In for.mat ion Suppli ed in Each Ref erence

Shell Tissue Energy content
of shell as 0

of tissue
energy content

Dry Er!argy
wt content
 g!  K0!

gry Energy
wt content
 g!  KJ!

Length
 mm !

Species
 Seference!

50 3.2 0.27 0.9 18.8 l.4Scrobicularia qiana
 Hughes 1970!

8 0 g 5 76Crassostrea ~vir inica l. 19 0.15 3.18 37e4

 game 1972!

4.3vb 0.2835-40 1.3 20. 0ilus edulis
[ddrcensen 197e!

5.4ab
6. O'L

43.6
50. 7

l. 1.5 NG
1.81

9.3
15.3

60
75

"eukensia demissa
 Jgrgensen 1976!

46.4 3.63 78 9 58.8l00Ost ea edul's
 Rodhouse 1979!

Hean 35. 3

Mole wet weight of an oyster.

Values are 0 weight loss on ignition at 450 C.

NG sr not given.

The majority of energy converted to germinal growth is liberated as
game tes and is theref ore not reflected as in increase in marketable
meat, unless the ani.mal I s harves ted when gravid, currently att empts
are being made to produce ster i le trip loid oysters  Hidu et al. 1981 !
which would possi.bly grow faster than normal diploid anima l.s ~ Nore of
such research ' s requi red on the breeding of special zed strains of
bi va ives, especi. a lly sui ted to mari culture, which incorporate both the
genetic advantages of heterzygosi.ty  Koehn and Shumway 1982! and
t ri p loi dy.

263

Tn certain situations, e.g. with lpw pollution levels or
environmental changes leadi ng to reduced food avai labi li ty, bivalves may
experience stress whi ch i s not severe enough to cause adult mar tali ty ~
Instead, it may have a subtle but deleter'ous effect on the animals'
energy budget  Rayne et a 1 . 1979! . Bi valves fed be low the maintenance
r~tion seem to produce fewer eggs, which weigh less than normal eggs
because of a reduction in their nutrient content  Sastry 1975; Bayne et

1978! ~ This means that when the eggs are spawned and fertilized the
resul'ting larvae with lowered nutrient reserves may have a reduced
Pr»bili ty of successfully attaining metamorphosis  Bayne et al. 1975!.

some species, starvation may also result in the absorption and



utili.sation of t e gona s Bf th gonads for metabolic maintenance  Bayne et al. 1978!
These f n ngsf i di indicate that. endogenous mechanisms
partition ngi i i between metabolic processes and somatic or germinal
are extreme y comp exI plex and incorporate feedback loops which
on the animal 's physiological and reproductive cond' tion. Zt i
only by stu y ng sucb tud i such control mechanisms that we can fui]y
Nrollusc's responses o cnses to changing environmental condi.tions.

COHCLUS ION S

> ! Energy budgets are usef ul techniques for integrating a number
measurements so as to provide a single index  the Scope for Growth! pf
an animal's ability to survive, grow and reproduce in a particujar
environmental regime,

2! Although the concept of energy flow is useful, there is a need
trace indi vi dual nutri ents through the animal both i n the laboratory
i n the envi ronment.

3! Bioenergetic techniques should be applied to mariculture so as
provide i~formation on optimum feeding levels and growth potentials.

4 ! Although a large number of bi oe ne rge t c techniques have
developed and applied effectively there are still areas of ignorance.
These ma i nly concern the loss of energy in the excreta and the
mechani sms, presumably hormonal or neurosectory, that govern
di f f e rent i al a 1 loca t ion of energy between growth and reproduction
bi valves.
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QL'ESTIQHS AND ANSWERS

WEINER  U. of Maryland!: Ava' lable energy is also a very important
ideration. Has anyone looked at adenylate energy charge, that is E.cons era

 ATp + 1 j 2ADP ! /   ATP + ADP + MP!, under, for example, variousC ~
tary regi mes, ox Yqen levels or stages in the life cycle of thedietar y

a ni ma 1?

NEWEZ,Z,- yes, a group pf scientists  Rainer et al ~ 1979! have used
the charge as a means pf assessing the severity of an

nmezta 1 s tres s pn mp l luscs. Alt.hough they obtained goode nvi r onme
p f a 1 l of the aden ne nucle oti des they conc luded that themeasuremen s

Provide a�buse o
s tress i n mo 1 1 u sc s I am not aware of any extens ve monitoring of
energy c gcharge on a seasonal basis but I agree that it could provide a
use f ul index of the ani mal ' s metabo1' sm.

RAIggR, S. F., A. H. Ivanovici., and B. A. Wadley. 1979. Effect of
reduce sa ind salini ty on adenylate energy charge in three estuarine molluscs.
Marine Biology ~4: » -94 ~
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P HYTOPI ANKTONPIANKTON AS A FOOD SOURCE FOR BIVALVE I,ARVAE

Kenneth I.. 'Webb

and
Fu-Lf n E. Chu

School of Harf ne Science

and

Virginia Institute of Marine Scf.ence
Gloucester Point, VA 23062

Although the nutrf tional requf rements of bivalves are not entirely
known, f t i s general ly acce pted that bi valve mo lluscs are dependent
phytoplanton as thei r prf ncipal f ood sour'ce. Suitability of a
p ytop an on spehyt Lankton species used 'n an algal diet for cultured bivalves may be
characterized by f ts digesti bi lity, chemical compos i tion, non-toxici, ty
and size In thf s paper, the results of our recent work and that of
other investigators on the amino acid, fatty acid and carbohydrate
compos f tions of algal species used as food for oyster larvae are
reviewed and df scussed.

The nutritional value of an algal spec'es has not been found to be
cor related wi th i ts total lipi d or ca rbohydrate content. Higher
concentrations of total protein within the algal cells appear related tc
good food qua li ty f n the algal species we studied. In general, the
ami no acid, fatty aci d and carbohydrate compositions of aIgae are
qua I i tati ve ly s imi la r but there are quantitative differences which
appear related in part to thefr suitabilf.ty as food. There is also
evidence indfcatfng that 20:5<3 and 22:6~ fatty acids are essential for
oysters and that the quantity of total w6 fatty acf ds in the diet may
af feet growth and metamorphosis of oyster larvae

KEYwORDs: Oyster larvae, nutri tion, carbohydrates, f atty acids i
aci ds, algal compos' tion.

INTRODUCTION

The search for algal diets that promote high survf.val and rapid
growth of cult i va ted bi valves has been a subject of f nves tigation for at
le as t the la s t f i ve decades. Currently, phytoplankton spec«s»fc"
have been successful.ly isolated, cultured and uti li zed as food sources
at va ri ous mar i ne laboratorfes and hatcheries include the following'
Pyramimonas virginica  Pennick!, Pseudoisochrysis paradoxa  F. ott.
nud.!, Pavlova  Honochrysis! lutheri  Droop! Green, Isochrysis galba»
 Parke!, Thalassiosira pseudonana  Hustedt! Hasle and Heimdal ~ ~
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Ounaltella spr e cyctotetta sp., Skeletonema costatum  Crev lie  Cleve
Phaeodactylum tricornutum  hohlin , Chaetoceros sPr i Chaetoceros
Chaetoceros ca lci trans   Pau lsen I Taka no, Tetraselmi s suec i ca i Butcher !
Chlorella sp- In general, bivalve molluscs fed on diets consisti fs cons s ng o

one species of these algae grow faster and are more vigorous
than those fed on single species diets.

cri ter i.a requi red f or a phy top lank torl speci es to be a potenti al
f op d source f or bi va 1 vesa re:1! thea 1 gal ce 1 1 mus t.bewi thi nan
acceptable size range, 2! non-toxicity, 3! possession of a digestible

wall, and 4! adequate nutri tonal value ~ These cri teria will be
discussed i n detai.l in this paper.

PHYSICAL AND TOXICITY KFPRCTS OF' ALGAE ON FOOD VALUE

It is widely accepted that phytoplankton consti tute the principal
food of bi va 1 ve larvae, but not al 1 phytop lankton speci es are equa l ly
suitable as di etary components. The "good" food value of some algae is
thought to be rela ted to the' r sma 1 1 ce 1 1 si ze, absence of a thick ce 1 1

and the production of little or no toxic metaboli tes  Uke les 1970;
1974! . Both fi ltration efficiency and ingestion are af fected by

cell si ze  Hughes 1969; Haven and Norales-Almo 1970!; e.g. adult
Crassostrea virginfca  Gmelin! have been reported to f i lter particles

3 to 12 ~m with the same relative efficiency and those from 1 to 3
gmwith efficiencies reduced by 1/3 to 1/2 <Haven and Norales-Almo 1970! .
Simi la r work has not been carried out with oyster larvae,' however,
veliger larvae of Hytilus edulis  IL.! are reported to clear particles in
the range from 1 to 9 < m, with those in the range of 2.5-3.5~m being
cleared at the fastest rate  Riisgard et al., 1980! . The lower limit
for c. ~vir inica larvae in the range of   to 2~m since mannochloris
oculata  Droop! ' s in th's s'ze range and has been used successfully as
a larval food  Dupuy 1975! . The sui table size range of food particles
may differ between species as well as between life history stages of the
same species.

The composition and/or thickness of the cell wall is regarded as
one of the most important factors af fecti ng digestibi li ty. Raine �974!
measured la r va1 growth of Ostrea edulis  L. j fed several species of
Chlore 1 la and Coccomyxa and reported that some species of these two
genera supported little or no growth. He suggested that the thick cell
walls of these speci es could not be di gested by the larvae. Babi nchak
and Ukeles �979! observed ingestion, lysis and digestion or rejection
of two algae, P. lutheri and Chlorella autotrophica  Shihara and Krauss !
by larvae of C. virginica using epifluorescence microscopy. They found
that larvae fed C. autotrophica did not grow. Although C. autotrophica
was readily i.nges ted by the larvae, no lysis or digestion was observed
in the gut. The di.atom p. tricornutum has also been found to be a poor
food for bi.valves  Epifanio and Nootz 1976; Epif'anio et al ~ 1981 ! . Ne
have found P, tricornutum to be unsatisfactory as a food supplement for
ripening adult oysters for spawning at the virginia Insti tute of marine
Science  Vll4S! ~ Epi fanio and his colleagues  Epifanio et al. 1981;
~p<fanio 1982 ! suggested that t'ne nu tri ti ona1 inadequacy of P.
tricornutum i s possibly due to ei ther i t ' s indi ges tibi li ty or to i ts
»c> of tryptophan  Tables VI and VIII!-
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Some ch orop y e ahl phyte species such as Chlorella sp., Chlamydo
Stichococcus sp. anand one chrysophyte Prymnesium parvum

been founf d to be toxic to oyster and clam larvae   Da vi s
1958!. The tox c y o!. Th t icity of these algal species may be
of toxic meta o es,i tab lites or to the presence of certain
bacter a ni i the algal culture. The poor food value af
as Chlorella sp has been suggested to be caused by their non mpt
which results i.n a reducti on in avai lable food
This hypothesis has been rejected by Babi nchak and Ukeies �979
above ! . However, some i nvestigators have reported
diet containing Chlorella sp. can serve as an adequate fpod
species of bivalve larvae  Davis 1953; Dupuy et al. 1977!.

ALGAL DIETS FOR CULTURED BIVAI VES

Martin �927, 1928! demons trated that oysters are capable of
gr owi ng on a di et cons ' sting solely of cultured algae. Cole  ]937
1938! first raised bivalve larvae on a diet of small naked flage] lates
and Bruce �940! cultured larvae of 0. edulis on a large scale using a�
algal diet. Later studies on the use of phytoplankton by C. virginica
larvae were carried out by Davis �950, 1953!.

Dean �957! compared the food value of the diatom, Ske]etonema
costatum to that of a mixture of algae consisting mainly of Cryptomonas

than Skeletonema alone. Si.nce then there have been many investigations
on the nutritional value of various algal diets for bivalves  e.g. Davis
and Gui l,lard 1958; Loosanof f and Davis 1963; Walne 1963!.

Walne �970! repor ted studies evaluating 25 species of algae as
f ood for several j uveni le bi.valve species. He found that the growth
rates of juveni le bi. valves depended on the species of algae and the
concentration of algal cells in the water. Furthermore, the
relationship between the quantity of algae fed and larval concentration
was cri.tical to the growth and survival of the larvae ~ The optimal food
concentr'ation also varies with the stage of the larvae's life history
 Schulte 1975; Dupuy et al. 1977!; thus optimal larval and food
concentrations must be ascertained for each species and life history
stage cultured.

Feeding experiments with larvae and juvenile bivalves indicate that
those fed on a diet consisting of more than one species of alga usually
grow fas ter and are more vigorous than those fed only one species
 Walne, 1970, 1974; Loosanoff and Murray 1974; Kpifanio and Mootz 1976;
Helm 1977; Mann and Ryther 1917; Epi f anio 1979 ! . The standard  CCP!
diet for oyster larval culture at VIMS is a combination of three algal
spec'.es, Chlorella sp., P. virginica and P. paradoxa  Dupuy et al-
1 977 ! o I t i s likely that a mixed alga 1 diet provides the bi va lve wi th a
better balance of nutri.ents such as amino acids, fatty acids and sugars
as we 1 1 as mi cronut.rients, e. g. vi tamins and minerals ~ Thus so me
nutrient component def icient in one species may be made up by i
presence in another species. This is illustrated i.n the section below
on amino acid composition and Table VIIZ.
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8 I OC 8 EN IC A.L CQNPOS I T ZOM OF ALGAE

id and f atty aci d compos i tion

fatty aci d composit' on of Chlorella sp P i i ia sp .. virginica and P ~
vary only to a small degree with the a e the age oi the algal culture

ondi tions of li ght, sali nity and tern temperature remain constant
These vari ati ons form no consist tcons s ent pattern and do not

food quali ty. When these data f VI S  a rom VINS  Chu and Dupuy
9 80 ! a re compa red to thos e f r om othe r I abo ra t or i sa or es, a greater variation

fatty aci d compos i ti on i s observed   see Tab le Y I ! i ea e, .e. there are
d if ferences in total saturated and polyethyleni f tt i de y en c atty acids for

algal species P. virginica, P lutheri and I. galba diga na according to
th source of the analysis . The ranges of variatio f t t lon or total saturated

f atty aci ds and total polyethylenic fatty acids for the above three
species are 26-45't and 51 46-S respectively for p. vir inica,

21-644 and 8-51e for p. Iutheri, and 19-61t and 12-534 for I, alba�a
iiable II!. These ranges of values are likely to be caused by different
culture condi tions, however, one should not exclude the possibi li t thty that

vari ation in analytical techniques may also be responsible. It i s also
interesting to note that the total polyethylenic fatty acid content was
comparatively lower for the algal species grown in our laboratory than
f o r a l ga e gr own i n ot h e r laboratories whi le the percentage of total
saturated fatty acid was higher  Table II!.

The nutri tional value of lipids and fatty acids for bivalves has
been exami ned by se rve ra 1 groups of investigators  Ni liar and Scott
1967; Helm et al. 1973; Holland and SPencer '1973; Hol land 1978; WaldOCk

gascf.mento 1979; Chu and Dupuy 1980; Swif t et al. 1980; Langdon and
Waldock 1981!. Researchers have demonstrated the importance of lipid in
larval growth and development of oysters . Creekman   1977j reported that
the lipid content of the egg and that of the resulting larvae of CD

s igni f i cantly i ncreased larval growth, vigor, set and successful
metamorphosi s. Similarly, Helm et al. �973! reported that the
vi abi li ty of O. edulis larvae was related to their lipid content,
particularly the neutral lipid at the time of liberation. Holland and
Spencer �973! also indicated that accumulation of neutral lipid, f rom
B.B to 23.2a occurred during development of 0. edulis larvae. Collyer
�957! indicated that initial larval glycogen content was not related to
larval. viabi li ty. These results support the findings that lipid
supplies mos t of the energy requirements of larvae duri. ng peri ods of
both growth and starvation  Ni liar and Scott 1967; Holland 1978!.

The grow th ra tes of oyster larvae and spat have not been f ound to
be directly related to the quantity of total lipid present in the algal
diet  Table Iv} but waldock and Mascimento �979! reported that the
growth rate of Crassostrea gigas  Thunberg! larvae was correlated with
the algae's neutral lipid content. Furthermore, they found that the
fatty acid composition of the neutral. lipid of the C. ~gi as larvae was
similar to the fatty acid composition of the algal food, but the fatty
acid composition of the phospholipid fraction was less dependent on diet
composi tion  Tab le I I I ! .

In mOSt Caeee, 14:0 and 1620 are the dominant saturated fatty aCidS
a I'ga I foods and the range of total saturated f atty acids is 1 5-64%

of 3S species f or which there are reported data!. Bivalve
adults and la r vae contai n 20-50m. saturated fatty acids  Gardner and
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Riley 1972; Ackman et al, 1974; Watanabe and Ackman 1974 Langdon a d
lHaldock > 98'; Chu and Webb, unpub li shed data ! . This i s also true f o
most other marine aIJimal lipids for which there are data  Ackman 1 980>P ~

T&le I. Changes of Weight Percentage of BonJe Fatty Acid Components in
Algae during Batch Culture  from "hu and Dupuy 1980!

A e of cultur e  da s!Algal species
Fatty acid component 5 10 15

2. 75

5.25 Q.p

1 ~ 20 15.0

30. 1 42

0.10 p, SG

0 60 O.p

20. 80 15. 2G

90 14. 2G

0.43 0,93

virriinica

Pseudoisoch sis ~aradoxa

Langdon and Maldock �981! have shown the essentiality of ~3 fatty
acids for the spat of C. gigas. They reported that a deficiency of both
the fatty acids 20: 5' and 22:6v3 in D. tertiolecta limited the growth
of c. ~gi as spat; supplementation of the D. tertiolecta algal diet with
encapsulted 22:6 ~ 3 improved growth. Growth was satisfactory on a di«
of T. suecica which contained 20:5~3 but not 22:6~3. These data
interpreted to indindicate essentiality for long chain polyunsaturated ~3
fatty acids buty but no speci f ic requirement for either 20: 5~3 or 22-'6'J3 «r

~ui as ~ ir shouid be noted, howeverthat p. , iutheri contained both
20;5~3 and 22;6~3 in~3 i n proportions similar to the oyster tissue
was a poo re r f ood tod than T ~ suecica  Langdon and waldock 198> !; this
rei nforces the idea th tdea that f actors other than f atty a ci d compo~ i ti on
also inf luence algal food quality  see Introduction!
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Chlorella sp.
12:0

16:1

18:1

Total C 1.8

20:Su3

22:6 d3

Total a3

Total z6

u6/ JJ3

12=0

16:1

18:1

Total C 18

20: SU�

22:6u3

Total z3

Total z6

dJ6/ d3

18:1

Total C 18

20: 5433

22:6M3

Total R3

Total

idJ6/4}3

7. 82

2. 70

9.19

33.18

0.17

trace

15. 49

8. 62

0. 56

2. 40

2. 60

3. 10

21. 30

l. 55

2. 60

23. 15

6. 85

0. 30

16. 90

24. 87

O. 20

1. 87

8. 18

3.94

0. 48

3. 23

3. 65

7,57

37.22

0.17

trace

23.89

1 l. 43

0. 48

3. 60

2. 00

3. 10

21. 05

0.0

3,05

27. 05

8. 6S

0. 32

1.8. 13

27. 59

0.40

3.10

8.80

5.13

0.59

3.45

2.50

3.90

22. 40

2.50

2,75

28.10

5. 65

0.20

18.20

26.35

0.05

2.20

7.85

3.35

0.43

8.7G

5. 15

15. 7G

26. 1G

0.0

l. 4G

13, 48

10. 10

0.75

21. 25

30.60

0.30

2.05

8.25

4.50

0.55
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The Percentage Fatty Acid Compos3-tiorl of the Neutral I,ipids
and phosphoiipids of Larvae of Crassostrea pi@as Cult.ureg Qn
Different Algal Diets and the Total Fatti Acid Composition
of the Alga] Diets  from Waldock and Nascimento 197g!

Table

7!.Leal 1'pidsof larvae fed on:ii ids
~Zo-h C.

calcit ars
~P. * P.

* 9 it
Chaetoceros
calcitrans ~!b .

Beur,ral

fatty acid
Phospbo-

lrpid
Total.neutral Total TotalNeutral

1.9
6.4

trace

trace
0.9
2.7

trace
trace

0.5
0.3
G.5
3.4
4.1

trace
0.6
1.4

trace
0. 9

trace
0.9

0.6 trace .race trace

trace
trace0.8

0.4
3.2

trace
trace
trace

0.5
t.race
trace
0.4
0 6
3.7
0.3

Q. 2
Q. 5
3.5

1,6
1.314. 3 15.4

22:L<13+ll
22:lm9
22: lul.
22: L d5
22: Z<ub
unknown
22:3ul
22:4+6
2 2 ' >APE
22: 5<3
22:6~3
24:L>9
unknown

trace
trace

0.15
0.4
0.4

t.r ace
1.4

0.3
0.3
0.3

trace
0. 7

0.4 0. 2trace
9. 5
1.6
0. 8
2. 2
G.5

Q.S
1.85
0,5

race
0.5
1.8
1.4

13. 7
Q. 5
2. 6

1.3
G,B
1.8

t race
4.3

t.race
18. 9
0,2
1.1

3.3

total g6
total g3
uk:uJ3

7.2
19,6
0,37

10. 05
28. 3

0. 3S

6 5
23. 5

0,2

6.2
24 21
0.27

10.3
43.3
0.23

16.5
32 1

0. 51

8,10
40.20
0. 20
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14:0
14:1
15. 0
16:0
16:lv9
16:lm7
16: 2uki
16. 3aj6
16: M3
16:4+3
17:0
18:0
18:lz9
IB:lu7
18: ltu5
18,2+6
LB:3+6
18: 3 u3
18:4g3
unknown
19:0
20:Lm9
20:i>7
20:1>5
20:2M
20;2a9a
20:3<6
20:W6
20:4v3
20:5M3

Q.H
trace

0.3
17. 1
trace

1.4
1.0
0.3
1.2
1.6

trace
4. 7
1. 2

11,1
trace

0.5
1.8
0.4

trace

3.9
trace

Q 2
8.1

trace
12.65

3.05
1 9c
3.85
Q.2

t.race
2.0
1.3

15.7
trace

Q.55
1.0G
2. 35
Q.B

2.0
Q.15
2.65

trace
0.2

t.r ace
Q.l
0.85
0.15

20.45

0.8
0.3
0.5

18.2
Q.B
1.1
1.1
0.6
0.9
1.9

trace
4.4
3.1
9.6

trace
'.5
0 5
7.5
3.9

3.9
0.3
0. 3

12. 1
0.3
0.7
n.4
0.3
0.4

t ace
trace

11.7
5.2

trace
6.5

trace
10. 6
8.9

1.3
1.9
0. 3
6.4

trace
15.4

5. 8
4.7
7.5
l. 9

trace
2.2
0,8

10. 6
trace

0. 2
1.4
3.0
0. 5

1.5
1.4
0.5

19,9
trace

1,5
1.0
0. 4
1.1
3.8

trace
3.6
2. 5
7,1

trace
2.6
0.9

10. 6
4.4

7,8
0.2
1 6
8,8
race
0.8
race
1.2

trace
trace
trace
0.7
7.2
3,2

trace
4.3
0.2

1] 0
9.2
8.7

trace



Table IV. Lipid and Fatty Acid Content of Algal Species Utilized as
r od f n d sp t *f c *st ~ o c
trea ~igas

Total ~fatt acids Total lipid
!jg x 10 y bg/mg
per cell dry et

Total
83 ta6

vt 4 vt
Presence of86:m3 fatt acidratio 22:ste3 22:6te3

Food
valueAlgal diet ad per cell

72.364moderatel 12.51 o.361 el
44

el
e4

I. ~albana

moderatel
good>
goodl'3

' goodS
good

moderate

4 21 o.lsl 15.222 al
+2

el
+2

l. uirciinica

9.71 0.211 41 alC. calcitrans
P. paradoxa
=hlorella sp.
P. lutheri

22.91
1.482

59.854

+2 +2
+2 +2

4
a3

e4
+3

61. 8
167'

goods
poor'

43T. SueciCa
0. tertiolecta 3
References: 1! waldock and Nascimento 1979; 2! Chu and Dupuy 1980; 3! Langdon and waldock 1981; 4! Chu

and Webb, unpublished data; 5! Dupuy et al. 1977.

Both ~6 and 4O3 fatty acids have been shown to be essential for many
animals ~ Some mammalian species such as the rat have a high requirement

Ifor 036 fatty acids and a low requirement for 633 fatty acids  Tinoco et
al. 1978!. For the rainbow trout, Salmo ~ai.rdneri  L.!, and the prawn,
Penaeus ~aponicus  Bate!, the situation is reversed and 403 fatty acids
are more important   Yu and Si nnhuber 1972; Watanabe et al. 1974;
Kanazawa et al. 1977!. German carp, Cyprinus carpio  L.!, apparently
require both n� and 673 fatty acids in the diet  Watanabe et al. 1975!.
Oyster larvae may also require both O23 and to a -lesser extent o06 fatty
acids; this possible dual requirement has been suggested for adult C.
virginica  Trider and Castell 1980!. Most algae  four of five species!
which Qdfe been reported to be "good" foods for oyster larvae have high
rations of 406 too3 fatty acids  approximately 1 
 to 113! compared to a
ratio of 115 in the other algal species regarded as "moderate" foods
 Table 1IV!. D. tertiolecta has a high ratio of O76 to oa3 but may be a
poor food as a result of deficiencies of 20403 and 22�403 fatty acids
 Langdon and Waldock 1981!.

Carbohydrate Composition

A summary of carbohydrate weight percent composition of 8 algal
species which are used as food for bivalves is shown in Table V.
Results of our investigation  Chu et al. 1982! agree with those of other
investigators  Parsons et al. 1961; Handa and Yanagi 1969!. The
principal sugars present are glucose, mannose, ribose, xylose, rhamnose
and galactose. Glucose and mannose are the major sugars in the 5 algal
species  P. virginica, P. ~aradoxa, Chlorella sp., I. 4!albana and P.
lutheri ! that we studied and in the 3 di atoms  Chaetoceros sp.,
Phaeodactylum tricornutum and Skeletonema costatum! examined by Handa
and Yanagi �969! . Parsons and his colleagues �961! reported that
glucose was the principal sugar in 11 species of phytoplankton analyzed,
but galactose was the next most abundant in 9 of the species. The
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43 31
10.524
40.21
26.22
32.11
8.382

22.352
6.444

25 903
33.23
45.83

lo.ll
1.314
8 11
7.152

16.sl
4 292

10.19
1.404
5.103

15.83

0.241
0. 124
0. 201
0.272
o.sll
0.512
0.462
O.224
0.203
o.o63
o.lsl



The Monosaccharide  including those hydrolyzed from polysac-
charide! Weight Percentage Composition of Several Algal Spe-
cies Used as Food for Bivalves. Only the principal sugars are
tm 1 ted. P. P r d = P * d ' o hry ' 8 do

Table V

~P ram monad P. Chlorella
Sugar ~vir inica imradoxa sp.

�! �! �!
Isochrysis Chaetoceros
galbana sp.

�! �! �!

Pavlova
lutheri

�! �!
Skeletonema Phaeodac~t lum
costatum tricornutum
�! �! �! �!

l. 76
1.41
5.27
3.81
0.60

Glycerol
Rhamnose
Ribose
Pucose
Pructose
arabinose
Xylose
Ribitol/xylitol
Bannose
Galactose
Glucose
Banitol
Sucrose

l. 01
4.38
4.28
4.91
1.15

trace
1.83
1.30
2.14

trace
1.43
5.00
5.42
2.24

0.27
1.39
1.77
2.48

1.90 5.10
0.60
5.80

6.70
2.80
2.30
3.10

10.90

0. 721.30 0.71 1.20
0.90

trace
3.30
4.303.5 0.40 4.60 0.4 0.705.70

30.19
48.93

4.18
18.32
63.50

2.08
15.20

0.80
13.87
0.59

77.40

11.05
2.19

80.37
2.60

27.2
9.10

54.50
0.79
l. 5
3.3

0.87 30.30
1.80 2.00

16.40 48.60
3.70
2.70

10.70
33.20
5.50

35.10
4.40

67.15 22.10
0.89

Bg x 10 /cell
pg x 10 /Bg wet

algae

5.03 0.722.45 6.08 9.23
19.71 20.66 24.61 26.71 61. 88

of total
carbohydrate 3.6 9.622. 80 2.5

�! Chu et al. 1982. The tabulated values are the means of individual monosaccharides hydrolyzed from polysaccharide
 percent weight composition!, total per cell  Bg x 10 /cell! and total per pg wet algae �9 x 10 > of 4, 10, 15and 21 day old algal cultures.

�! Parsons et al. 1961. The tabulated values at'e percentage dry weight of cells.
�> Banda and yanagi 1969. The tabulated values are monosaccharide weight percentage composition of the whole algalcells.

The widely used algal food species, P. lutheri and I. ~albanar both
have chirbohydrate concentrations  expressed in Table V as total
monosaccharide content! that are higher than that of either P.
virginica, P. paradoxa or Chlorella sp. which are currently used in the
standard diet  CCP diet! in our laboratory. However, a mixture of these
latter three species of algae results in faster growth, earlier setting
and a higher percentage of setting success for C. virginica larvae
 Windsor 1977! than with a mixture of P. lutheri and I. galbana.
Parsons et al. �961! suggested that the higher percentage of glucose in
the readily hydrolyzable fraction of P. lutheri was possibly responsible
for the high nutritional value of this alga but our results do not
support this interpretation in reference to oyster larval nutrition. In
our analyses  Chu et al. 1982!, the weight percent of glucose in both P.
virginica and Chlorella sp. were similar to those of P. lutheri and I'
galbana. Chaetoceros sp. has also been found to be "good" food for
larvae and spat of C. ~igas  Walne 1970, 1974; Waldock and Nascimento
1979; Langdon and WaTdock 1981 ! although the weight percent of glucose
in this diatom species was either one of the lowest or intermediate of
those algal species examined, depending upon the analysis  Table V!.
Only P ~ tricornutum, which was reported for other reasons to be an
inadequate food forth valves  Epifanio and Nootz 1976! had much lower
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patterns of algal carbohydrate composition among the five algal species
we studied were similar  Chu et al. 1982! and no major differences,
qualitative or quantitative, in composition were found. There was no
direct relationship between the nutritional value of an algal species
and its carbohydrate content.
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n of glucose  Table V! . Fur the rmore, i t I s possi ble thatconcentrations o g ucos
carbohydrates, w cboh d t hich have been reported to have high
for juven e an a u . 1il d adult. oysters  Haven 1965; Ingo]e 92967;
1969; Castell and Trider 1974; Flaak and Epifanio 1978! may
important as pt li id in determining food quality of algae for

 Mill and Scott 1967; Helm et al. 1973; Ho] land
1973; Holland '1978; Waldock and Nascimento 1979; Chu and Dupuy 1980!

Protein and Amino acid composition

The li tera ture sugges ts that the amino aci.d composition pf
p ytop an on proh t 1 kton protein is remarkabl.y s'mi.lar regardless
VI! and that di f ferences in nutritional quality of phytoplankton speci
are un 1.i kely to be due to variation in amino acid compositio
Parsons et al.. 1961; Cowey and Corner 1966; Chau et al., 1967!.
the amount of protein per unit volurae of algal cell dif fers considerabl�
amo ng the spe c'I es we a nalyz ed  Table VII! . P.
Hannochloris oculata  Oroop! contain more than the average protein
uni t cel.l volume whereas P. lutheri and X. galbana contain less
average ~ These data seem to be cor'related with
�977! who concluded P. virginica was the key component of the CCP diet
f or C. vi.rginica larvae whi le P. lutheri and I. galbana were less
satisfactory.

Table VII, Amino Acid Content per Unit Cell Volume for Algal Species
Used as Foods for Bivalves. Free amino acids = FAA; bound
amino acids = BAA. Mean BAA/tun3 is 0.283 fmol.

Deviation

from mean fmol

BAA/1 m3 for
all species

Cell
volume

 ~3!

FAA/cel L
  fmo1!

BAA/ce ll

 fmol!
fmol

BAA/Ijm3
Species

0.21

0.26

0.84

0.81

20.2

The conclusion that variations I n ami no aci d composition of algal
species is unimportant in nutritional quality is based on subjective
I as ect i onn pect I on of the data rather than rigorous quantitative evaluation.
One approach to such an evaluati on is to compare the amino acid
compos i ti on of the bi valve species to that of the same amino acids in
the f ood source  phi 1 lips and Brockway 1956! . The nonessential amino
aci ds need not be cons i.dered si nce they can be synthesized by the
b valve ~ Therefore, it is necessary to determine which amino acids arebi va ve

essential as well as the animal's overall. amino acid composi tion.
data are unavailable for most bivalve species but Harrison, �975!
determined them for the mussel, Nyti lus calif ornianus  Conrad !
VI II! .
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Chlorella sp. 4.87
N. oculata 5.58

P. ~vir inica 33 5
P. paradox@ 47.7
I. galbana 57.8
P. lutheri 73.5

T. suecica 390

1.71

2.77

18.3

9.88

4.48

2.80

96.7

0. 35

0 ~ 50

O. 55

0.21

0.08

0.04

0.25

+0.067

+0.22

+0.27

-0.073

-0.20

� 0.24

-0.033
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P rote' n uti li zation for growth is most ef ficient w'nen thee
protein cont.ai ns the essential amino acids i.n the same proportions aas n
the tissue being formed A specific essential amino acid may }
considered limiting when its proportional occurrence in the food is le
than the proportional amount needed for growt.h. When one essentia'
amino acid is limitinq, all other essential ami.no acids found in greate
amounts in the food will be under-utilized for growth and either used as
an energy source or not assi,milated. We calculated adequacy indices iL'<
composi.ti.on of the essential amino acid in algae / % composition of ~
same essential amino acid in animal ti.ssue Q x >GO; Table Vlil! for
number of algal species potentially utilized as food for
californianus, the bivalve for which the most complete tissue amino acid
and essential amino acid data are available. The adequacy indices of
the li mi ti ng essential ami. no aci ds for the algal speci es
fr~ zero for tryptophan in P. tricornutum to sixty-seven for tyrosine
in T. suecica ~ An index of 3 00 indicates the same proportion of
essential amino acid in the food as in the <. californianus tissue.
ranked these algal species in descending order of predicted protein
quality: T. suecica, ! P. lutheri, > I ~ galbana, > P. virginica, > p
paradoxa, > D. tertiolecta, > N. oculata > Chlore lla sp. > p,
tricornutum. This ranking agrees with some reported relative forxI
values f or the algal species; for example, Walne   19 ! 0! reported
Tetraselmis species, including T. sueci.ca are an outstandi.ng food source
fOr juVenileS Of O. eduliS and C. gigas and Langdon and WaldOCk �96! !
reported the same order in f ood value f or T. suecica, p ~ lutheri
ter ti olecta as suggested above on the basis of protein quality, p,
tricornutum i s also known to be a poor bivalve food  Walne 1970;
Epi fanio and Nootz $976! ~ The above rardcing, however, is at odds with
the recommended CPP diet of Windsor �977! and Dupuy et al ~ �977!, The
poor protein quality of this diet, according to the above adequacy index
cri teria, may be of fset. by having more protein per unit of algal
vo lume, e. g. P ~ virginica  Table VX!, than do higher ranking algal
s pe c i e s ~ Un de r th e s e c i r c u ms tances limiting amino acids may be in
adequa te supply and the excess amounts of the other amino acids may be
utilized for other purposes apart from growth.

Another approach to ranking ei ther single or mi xed species algal
diets is to calculate the number of essential amino acids with adequacy
indices below a predefined value; thus a small number indicates a better
amino acid balance. Por example, at the 90 level a combination of P,
lutheri and f ~ galbana results in an improved am'no acid balance
compared with either species alone  Table VIII!. With this means of
eva luation, the values f or the mi xed species CPP diet recommended bY
Dupuy et al. �977! are only equal or less than the various indi vi.dual
species of the diet and no 'mprovement in amino acid balance is evident.
However, it must be remembered that other factors apart from amino acid
composit.ion affect food quality.

CONCLUSIONS

phytoplankton are regarded as the princ' pal food source for bivalve
larvae i n natural condi tions. To date, no f ood other than unicellular
algae has been found to be entirely satisfactory for cultured bivalves
Some a lgae appear more nutriti ous than others. The nutritional
inadequacy of algae may be due to one or more of the following factors:



imprope r s ize, indigestibility. def iciency in essential nutrients and
toxici ty.

Animals fed on mixed algal diets usually grow better and are more
yigorou s than thos e f ed on single species diets. This is probably

ause a mixed diet provides a better balance
stature of P t lutheri and I. ~albana provides a better balanced protein
than does either algal species individually.

seems li k e ly that dietary lipid composi ti on is more critical
protei.n or carbohydrate compos i tion in determining the growth and

d ~lopment of bivalve larvae ~ Evidence indicates that 20:5 3 and 22:6
3 fatty aci ds may be essential for growth and Reve lopment of C. fLiI~as

and that these essential fatty acids may be deficient in some
foods. For oyster larvae, the w6 family of fatty acids may also

o f nutr i ti.ona1 importance ~ The protein content and amino acid
composition of the algal cells may also af feet larval growth,

more work is needed to determine the essentia 1 nutri ents f or
gr owth of bi valves and their avai labi lity in algal species ~ The
de ve lopment of a sa tis f actory arti f ici al di et will greatly f aci li, tate
these ob j e ct i ve s .
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QUESTIONS AND ANSWERS

WALSH  Aquaculture Research Corp. ! = At ARC we use only diatpms for
growing Hercenaria and the di atoms that we use are Tha lassi osi ra   3B~
and Skeletonemia sPecies. This Past summer we raised C. virgin'ca
entirely on these diatoms and were able to set clams in t' he normal
frame of 15 and 20 days. We put t' he spat into our recirculating system
which is also fed only Thalassi osi ra and Ske letonema, and were ab] e
produce 25 mm oys ters in less than 75 days. I was also interes ted i n
microencapsulation and I checked with Biogene, Inc. who have devel. oped a
patented technique for microencapsulation. The first question asked was
"what do you want to put in the capsule?" I said that I knew that 38 or
She le tonema was good and that ' s what I wanted to encapsu la te . From
commercial aquaculture point of view the amount of algae needed to raise
the larvae is insignificant compared to the amount of algae you need to
raise the post-set. So whereas microencapsulation may be of interest
for study wi th larvae it is of little consequence when it comes to
rai sing the larvae on commercial scale. Microencapsulated feed for
juveniles is not competitive with the mass algal culture facilities thajj.
we currently run.

WEBB l It seems to me i t might be comme rci al ly f eas ible f or the
ear ly stages of the la rvae where you would get a large yield for a
relati vely sma1 I amount of microcapsules, but there are other uses for
t hee e caps u le s . One, i t i s a go od research technique for getting
radioactive labelled substrates into the organism to trace pathways and
figure out which are essential amino acids and the like. It might also
be used to provide drugs if there is a health problem of the bivalve.
It might be commerciall.y feasible to do that ~

wALsH: Agreed, again if there was an organism that I'd l,ike to see
studi ed f or micr oencapsulation i.t would be 3H ~ I'd love to know in
detail what it is because apparently 3H comes as close to perfection has
larval and a post-set food for Mercenaria, and I would dare say for C ~
~vfr inica, that you can currently find among the species of algae that
are cu ltu red�. Another important aspect about 3H is that it can be mass
cu ltu r ed cons i.s t:ent by in reproducible manner on a commercial scale
whereas these f lagellates are notoriously diff icult to mass culture ~

WEBB: I don ' t know that I neces sari.ly agr ee with you that
f lage I lates are so di f f icult to culture compared to di atoms I
been arguing with John Ryther for a number of years about how important
diatoms are as food organisms ~ I think diatoms have been gr'eatly
overrated in the world's oceans as to how much of the primary p«u
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that ethey actually do. And that's no doubt because they were easy to
t h and look dt and p Qple thought they were doing 80 or 901 pf thecatch an

action w e doing
because a tures
dirty wpr nevpr got caugh t and never got. looked at and f or the large

still npt being looked at and somebody out there is eatingpart t ey
h 0 r own exp rience at V-I-M-S ~ was that diatoms did not Mke mrythem.

fppd fpr' our oyster larvae, but pf course genetics may enter intogood
yhere f s np doubt. that there is a great deal of di f ference inthis.
larvae and a grea t deal pf di f fe renee in diatoms that are used ~oyster arva

So I t try to ke
diatoms.
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PHYTOPLAN! TON AND YEAST As FOODS FOR JUvENII E BIVALVEs:

A REVIEW OP RESEARCH AT THE UNIVERSITY OF DELAWARE

C. E. Epi. fanio
College of Marine Studies

University of De laware
Lewes, DE 19959

This paper is a synthesis of results of recent nutritional studies
conducted i n support of engi neering work on the development of
controlled system for t.he cu 1ture of bivalves. Two lines
i n ves t i ga ti on a r e di s cu s s ed, the s e co n ce r n th e quanti tati ve and
qualitative aspects of an adequate ration for bivalves. Results of our
expe ri ments have shown that the ef f icienc Y of uti li z ation of a given
ration is a function of temperature; large rations can only be utilized
a t hi gh tempe r a tu re . Qua li ti a ti ve di f f e rences in diets are best
explained by differential digestibility of the food particles, and
i s li t tie corre lati on between chemical compositi.on  gross proximate,
amino acid, fatty acid! of a diet and its value as a food for bivalves,
Synergi stic nutritional ef fects of some dietary components may be due to
improved balance of micronutri ents or fatty acids,

KEY WORDS. Bivalves, di et, ration, nutrition.

INTRODUCTION

In the 19&Os and 60s with the development of simple techniques for
the culture of marine algae, significant work was undertaken on the
qualitative aspects of the nutrition of bivalve larvae  see Ukeles 1971
for review!, but it was not until 1970 that Walne published the first
major work on the relative value of discrete algal species as food for
post-larval bivalves. This was followed by work in my own laboratorY
wherein we investigated long-term growth of bivalves that were «d
va rious combina tions of algal species. These and other qualitative
s tudor es, together wi th some rather crude i nves t5 gations of
bi ochemi ca 1 and ene rge ti c bases f or the observed quali tative
dif ferences, were the subject of a review that was written for the Fir«
International Conference on Aquaculture Nutrition  Epifanio 1976! ~

ln the present paper I review the results pf studies conducted in
my laboratory since that time ~ This work has been mainly concerned wi "
the quanti f ication of adequate rations for bivalves and with the st«Y
of the qua li tati ve di f f er'ences in the food value of diets observed
our early experi ments ~
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DETKEU4IHATION Of' RATION SIZE

petermi nation of the amount of food that an organism requi res for
ximum growth is obviously fundamental to the development of any system

of animal husbandry. In the case of bi va l ves there have been numerous
of the rates a t which various species filter particles from

but l i t tie of. thi s has resulted i n an es ti mati on of ration
ice  see Winter 1978 for a revi ew! .

zn orde r to asses s maximum ration for Crassostrea vir inica

and quantified the amount of algae cleared from suspension during
24 hour. period  Epifanio and Ewart 1977!. The concentration of cells
suspension was monitored hourly and the number of cells cleared by
oysters was replaced, i .e. the concentration of algae In suspens ion

remained relatively constant over the 24 hour period ~ Sui table controls
maintained to account for algal growth and settling, and results

indicated that the total number of ce lls removed f rom suspension was
related to the s iz e of the algal ce 1 ls whi le the amount of algae
filtered p in terms of dry weight, was a characteristic of the particular
species of algae ~ In all cases, there appeared to be a maximum quantity
of material that could be f i ltered regardless of how concentrated the
suspens i on wa s . The oys ters achieved th I s by increasing their
f iltration rate at low algal concentrations and decreasing it at higher
concentrations . Based on this inf ormation, we were able to determine
the daily i ngestion  disregarding the small amounts of pseudofeces
produced! of algal cells, in terms of dry weight, and to fit this to an
equation that predicted dai.ly ingestion for an oyster of any weight, In
a later study using an automatic turbi dos tat, we ref i.ned our estimates
to show that under some condi tions oysters may ingest more f ood than
predicted by our 1977 work  Higgins 1980! . A particular case of this is
discussed in the next section.

TENPERATURF, EFFECTS ON UTILIZATIOM OF RATION

Tempera ture is pr obably the most important factor affecting the
magni tude of the opti mal ratio for poiki lothermic organi sms. In order
to tes t the ef feet of temp rature on the quantity of food required by
oysters, muller �978! measured growth and ingesti on i n groups of C ~
~vier inica at each of nine combinations of ration and temperature. The
desig~ of the experiment was based on the maximum weight-specific ration
that was determined in our earlier work  Epifanio and Ewart 1977! ~ The
ration def i ned by that s tudy was termed mid-level in Huller's
experiment, and this was compared to a low ration  Oa25 x mid-level! and
a high rati on � x mid-level!. Temperatures were 18, 23, and 28 C.

~ 1Algal concentrations varied from 1.8 mg dry ~eight 'g �  low ration ! to
30.2 mg g-  high ration !.

Results showed that the amount of food cleared f rom suspension was
a function of ration rather than temperature  Table I!. Oysters cleared
approximately 16 times more food from suspension at the highest. ratio
'than at the lowest, but there was virtually no difference in clearance
over a 10 C range in temperature for a given rations Growth, however,

highly dependent on both ration and temperature. At Icw ration and
temperature �8 C!, growth of meat was inhibited and that of shell
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favored. In contrast, growth of meat and shell appeared more highly
pled at t? e mid and high rations regardless of temperature. Wi th th

mid-ration there was little ef feet of temperature on growth of meat or
sh ll. But a high ration, both meat and shell increased with increasin
temperature. Growth at high temperature � high ration was by far the
greatest of any combination tested and this was largely attributable to
an accelerated growth of meat.

Craaaoetrea vair inica. tgnantity of algae removef. free
sion  R! and growth of meat  pm! and shell  ps! of juvenll

tions of temperature and ration for 28 days. g,il val�
in mg ash-free dry weight. Mid-level ration = 11
 total wet weight!. Man live weight of oysters at the b
ning of the experiment was 0.12 0.02 g. Data from yuller
�978! .

Table I.

Temp. Ration

  C! Low Kid High
parameter

407. 8

407.9

408.2

1635. 0

1634. 0

1629. C

6531.0

7484.0

6435.0

28

23

18

12.0

12. 3

23. 0

81. 5

70. 8

82. 2

254.1

81.7

38. 0

28

23

18

>m

28

23

18

15.1

15. 9

9.9

43. 0

44. 5

40. 3

50.1

26.5

11.1

>s

28

23

18

0.8

0.8

2.3

l. 9

1.6

2.0

5.1

3.1
3.4

pm:ps

Oys ters unde r condi ti ons of low ration removed all of the
materi al f rom suspension each day, and growth was limited by the amount
o f ood avai lab] e to them. The mid-ration was four times gr ea ter tha"f

the low ration, and predictably the oysters removed f our times as m«h
food from suspension resulting in approximately four times as m«h
gr owthe But results of our earlier work  Epifanio and Ewart.
s ugges ted that i ncreasing the ration beyond the mid-level should not
result in increased ingestion. Thi s was not the case, however
addi ti onal f ourf old increase in ration resulted 'n a commens"rat
increase i n the amount of food f i ltered from suspension ~
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It is not clear why shell growth was favored at higher temperature
when the oysters were offered the low ration, but the increased growth
of soft tissue at high temperature and high ration may have been due to
i nc reased gonadogenesis. In any event, this increased proportion of
meat growth appears to be a f~nction of ration as the ratio of meat to
she 11 growth was consistently hi.gher at high ration regardless of
temperature.



0temperature �8 c! this resulted in a substantial increncrease n growth of
sof t tissue, wh i le a't mid-temperature, growth was not very di f f t
from that in the groups of fered the mid-ration pt low tern t, how emperature, the

actual ly i nhibi ted growth, and total growth at that
only sl' ghtly greater than growth in groups of fer'ed the

that temperature. Clear ly, oys ters are able to remove
f r om suspension than predicted by our earlier work, but at

temperatures the materi al may be wasted as pseudof eces or
the gut without being digested  Winter and wngton 1976! ~
not c lear why growth was i nhibi ted when oys ters were f ed

high ration at low temperature. Such uncertainty aside, the
important conc lusi on f oraquaculture is that there isastrong

ractive ef feet of temperature and ration size on growth of bivalves ~

FOOD QUALITY

Theori e s expla i. ni ng the observed qualitative dif ferences in the
f ood va l ue o f a 1 ga 1 spec' es ' nclude hypothes ized alga 1 exudates that
inhibit feeding of bivalves, indigestibility of the algal cells, and the
lack of some chemical component necessary for the growth of bi.valves ~
Of course these theo r i es a re not mutually exclusive and there is
evidence in the li tera ture document.ing the incidence of each   Epi f anio
1976; Langdon and Waldock 1981 ! ~ In our laboratory we hiv,. main]y
concentrated on: 1 ! explai ni ng the poor f ood value of Phaeodac ty lum
tricornutum   Boh li n!; 2 ! i nves tigating the non-addi ti ve aspects of diets
cons i s ting o f s e ve ra 1 s pe cies of algae; and 3! determining the food
value of non-algal diets.

The nutritional value of Phaeodac ty lum

The ea r lies t studies at Delaware ' ndi cated that the diatom
Phaeodactylum tricornutum was an inadequate food for bi valves  Epi fanio
and Nootz 1 9 76 ! . Neve r the less, the f act tha t P. tricornutum is

extremely well adapted for culture in large outdoor impoundments  Mann
and Rythe r 19 77 ! led to the conti nuati on of i nves ti ga t< ons of the food
va lue of the speci es . One of our ini ti a l hypotheses was that P.
tricornu turn excreted some compound or compounds t.hat i nhibi ted
f iltration of bivalves. This hypothesi s was tested in two experiments.
In the first, Narinucci �975! investigated the ef fects of fi ltrates of
cultures of P. tricornutum on rates of f i. ltration and respiration of
hard clam  Hercenaira mercenaria  L. ! ! larvae. Results indicated that
f iltrates from standard laboratory cultures of P. tricornutum had
relatively little effect on respiration or filtration when compared with
f iltrates f rom the golden brown f la gel late, Isochrys is galbana  Parke !
which increased both respiration and f i ltrati on, or the green
flagellate, Dt1naliella tertioleCta Butcher, wh'iCh increased respi ratian
while greatly decreasing f iltration.

the second experiment Gorham �978! considered the ef fects of
f i 1 trates of a lga 1 cultures of different ages on feeding activities.
Speci f ica 1 ly ~ P ~ tri cornu turn, I . ga lbana, and the centric diatom,

0T"alassiosira pseudonana were cultured at either 20 or 25 C, and
f iltrates were taken f rom cultures in either the logarithmic or

ationary phase of growth. There was some i ndi cation in this
expe r i me nt that me tabo li tes pr oduced by P. tricornutum caused mi ld
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Crassostrea ~vir inica. Mean dry weight of food filtered each
week from suspension and dry weight of soft. tissues of juve-
nile oysters fed experimental diets for 5 weeks. Diet 1 =
Thalassiosira fssudonana. Diet 2 = 75s T. pseudonana + 25t

mp. tricornutum. Diet 4 = 25% T. ~seudonana + 75s p. tricor-
nutum. Diet 5 = P. tricornutum. Dry weight of oyster soft
tissue at initiation of the experiment was 30.4+ 5.0 mg  from
Epifanio et al. 198l! .

Table Il.

Pood filtered  mg/g Final dry tissue wt
Diet dry wt soft tissue! <mg! after 5 weeks

19. 9

18.6
21.2

20 ~ 9
23. 9

5.6

f 6.3
f 2.5

f 3 9

f 5.6

46s8 + 11.3

40e9 + 13.2

34.6 + 13.4

29.9 + 9.7

29.9 + 6.4
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inhibition of f i ltration in juvenile oysters, but Were appeared to be a
st onger inhibiting effect. of the algal culture medium  f/2, Guillard
and Ryther i962!, itself, and Gor ham was unable to draw definite
conclusions, In comination, the results of the two investigations do
not support the hypothesis that excretory Products of P. tricornutum are
th ~in causative factors of the poor food value of the species.

pther possible explanations involve problems in diges ti on of
cel ls, or> alternatively, a lack of speci f ic growth promoting factors in
the chemi ca I composi tion of the alga. In order to tes t the hypothesis
that the food value of P tricornutum is related to chemical composition
we conducted an experiment in which groups of oysters were f ed equal
rations of diets consisting of varying proportions of P tricornutum and
T. pseudonana  Epifanio et. al ~ 1981 ! . As anticipated f rom our ear lier
wcrk With ef feCtS Of metabaliteS Of P triCOrnutum on f I ltratiOnf
was li ttle di f ference in the weight-speci f ic ingestion among the groups
fed the di f ferent diets However, growth was inversely proportional
the amount of P tricornutum in the di.et  Table II! a We were unab] e
explain these results in terms of ei.ther the gross composition or fatty
acid composition of the diets, but we did show that. P. tricornutum is
lacking or a t least low in the amino acid tryptophan, however,
amino acid is absent or found in very small quantities in many diatoms
regard less of thei r value as foods for bi valves, so we were unable
attribute the poor food value of P. tricornutum to an amino acid
def iciency. Addi tional.ly, that fact that P ~ tricornutum appears to have
no nutritional value to oysters, even when T. pseudonana made up a large
portion of the diet, suggests that the poor food value of P. tricornutum
is not related to the absence of some micronutrient, e.g. a specific
vitamin or other growth-promoting factor. If a deficiency of such a
micronutrient were the culprit, I would expect that the micronutrient
present i n the T. pse udonana would have a 1 lowed at least some
uti li ra tion of P. tri cornutum i n growth.  This is based on the
assumption that the micronutrient is non-limiting in T. pseudonana.!



pur thi rd hypothes i s simply held that P tricornutum is
indiges tib le or at be s t Poorly di ges tib le by bi va1 ves . Va lenti ~ 19 78 !
tested this idea in an experiment ~here he measured absorption of
nitrogen by oysters fed i sonitrogeneous rations of either I, galbana or
f, tricornutum- <fficiency of auaimilation in the uroupa fen
was greater than 70 f while the oysters fed P. tricornutum were unable to
absorb any ni t roge n f rom that diet. This suggests that oysters are
unable to di gest P. tri cornutum; this hypothes is is f urther supported by
our pwn mi eros copi.c observations of feces of pys ters fed pa tricornutum

dynamic action in mussels fed P. tricornutum. But in contrast ~ngfoss
Haurer �976! i n a study employing bomb calorimetry found

oysters absorb p - tricornutum at an ef f i ciency in excess of 60% ~
Further' complicating the picture, is the study of Nann and Ryther �977!

reports relatively rapid growth of several species of bi valve f ed
fram large, outdoor cultures cons'sti.ng Primari ly of P. tr icornutum.

our unde rs tandi ng of the f ood value of Phaeodactylum
tricornutum is far from clear, we can conclude that the gross chemical
composition of this species is such that i t should support growth of
bi valves, but that at leas t. some bi va 1 ves appear unable to di ges t or
physical] y disrupt the ce 1ls to gain access to the nutrients inside ~
This is somewhat surprising as the cell wall of P tricornutum is not
heavily mi hera.lized nor does i t appear to be cons tructed of unusua 1 ly
ref ractory ma te rial  Parke and Dixon 1976! . Never theless, the
conclusion that P ~ tricornutum is relatively indigestible is consistent
with the results of each of the several lines of research conducted in

my laboratory over the past several years.

Multi-species diets

Earl.y work wi th la r vae and j uveni les i ndi ca ted that diets
consisting of more than one species of algae promoted superior gr owth
 see Epifanio 1976 for a review!. This was generally attributed to the
vague concept of a better balanced diet. However, it was not at all
certain whether this meant be t ter balance in terms of gross components
such as proteins, carbohydrates, and lipids or in terms of i ndi vidual
dietary components such as amino acids, fatty acids, and vitami.ns. Our
investigation of this concept began wi th an experiment in which groups
of juvenile oysters  C. virgini ca ! were fed diets composed of 15
combinat.'Pons of four species of algae  Epi fanio 1979a! . The experiment
was designed such that the relative propor tions of each alga I species
making up a given diet were always equal in terms of dry weight and the
oysters in each group were always offered the same weight-spe ci f ic
ration  Epifanio and Ewart 1977! .

In spite of the fact that the gross compositions of the diets
dif fered markedly, there was no correlation between the size of the
bi valves and ei the r the pr otei n, lipid, or ca rbohy dr a te con tent of the

af ter an experimental period of six weeks  Table !IX!. These
r'esults were in contrast to those of an earlier study whe gud where rowth at

juvenile oysters varied with the amount of carbohydrateate in the diet

~l'laak and Epi fanio 1978!; but in that investigation only one algal
species was involved and dif ferences in growth of the oysters were not
great ~ In compa r i sons of two or more algal spe cies, it seems that
characteristics other than gross compositian are more important.
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A � GrOSS proXimate COmpOSitiOn Of Algal Diets Fed Juvenile
oysters  crassostrea virciinicai poring a six-week Experiren
tal Period. C = Carteria chui, P = Pla~tmonas suecica, I =

s " . ""'-'" s """-
B � Correlation Between Gross Chemical Composition of Diets
and Growth of Hard and Soft Tissues  dry weight! .  From
Epifanio 1979a!

Table III-

CarbohydrateLipid AshProteinA Diet

Coef ficient ofNQ't rleht
correlation  r!

Growth

parameter
8 Species

C. vir«iinica
C. ~vir inica
C. virqinica
C. ~vir inica
C. ~vir inica
C. ~vir inica
C. ~vfr inica
C. ~vir inica

Dry weight
Dry weight
Dry weight
Dry weight
Shell weight
Shell weight
Shell weight
Shell weight

Another interesting result of the 1979 study was the non-additive
nutritional interactions observed among the algal species in a number of
the diets.he diets. For example, diets consisting of combinations of Platymon«
suec ca Kylfn or carteria chui pringsheim with either Isochrysis galbe»suecica K li

sale-component diets of I. galbana or T. pseudonana . This growth was
much greater than that with either C. chui or p ~ suecica alone ~
P ossible ee explanation of these results is that C. chui and p suecica «e
def ici ent i n osome gr owth-promoting micronutrient found in relativelyhigh uantities ng q ties in I. ~albana and T. pseudonana. If this f'actor acta
eo that a tha reshold quantity were necessary for growthsaddi tional ua iq nt ties df d not i ncrease growth, e.g, in the mannervitamins f then non-additive ef fects might be expected in diets «mbi "i "9
a deficient alga with a replete alga.
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C P I
CP

CT

CT

PI
PT

IT

CPI

PET

CIT

CPT

CPIT

50. 5

29.8

60.1

40. 7

40. 1

55. 3

45.6

45.0

35.3

50.4

46. 8

43. 5

50.4

40. 3

45. 3

I.2. 8

3.0
17. 2

ll. 7

7.4

15. 0

12. 2

9.6

6eB

14. 4

10. 7

10. 3

13.9

8.8

10eg

30.3

51.5

15.6

26.5

40.9

23.0

28. 4

33.5

39.0

21.1

32.4

31. 2

21.1

36.2

31.0

Protein

Lipid
Carbohydrate
Ash

Protein
Lipid
Carbohydr at e
Ash

0. 085

0. 102
-Q. 3B4

0. 353

0. 158

0.293

-0.372

0.162

6.4

16.7

7.1

21.1

11. 6

6.7

13.8

ll. 9

18. 9

14. I.

10. I.

15.0

11.6

14. 7

12. 8



An alternati ve explanation attributes the results to dif f
the diges tibi li ty of the algae. For example, if the cell wall of P.
suecica were relatively indigestible, it would reasonably t k 1e onger to
di gest a given quantity of cells of that species than a simi lar quantity
of a digestible sPecies such as I. Palbana, If the
p- suecica vere very slow, an oyster's st ~ch could quickly reach
mazfmum capacity with the associated shunting of partial]y digested f
to the midgut without it entering the digestive diverticul . Homer
if P. suecica were fed in combination with a more digestible alga, the
ef Eective ration of p ~ suecica would be reduced and the rate of
i nges tion might not exceed the rate of digestion. p- suecica cells
would then be totally digested and more food material would be available
for growth ~

the results of the study also showed that combinations of
~~~t~in species of algae, e.g. I. galbana and T. pseudonana, yielded

gr ea ter growth than diets consisting solely of either species.
syne rgi s tie ef f ect was not explained by our digestibi lity

hypothesis nor was it. explained by the gross compositions of the algae.
possibly the answer lies in a f ul ler knowledge of the micronutri ent or
fatty acid compositions of the algae i n ques tion.

a subsequent study we tested the digestibil.ity hypothesis by
measuring ef ficiencies of absorption and growth of juvenile oysters fed
eq ua 1 ra t i one o f thr e e spe ci es of algae, singly and in combination
 Romberger and Epifanio 1981! ~ Growth responses  Table IV! were similar
to those in the earlier study  Kpifanio 1979aj. The lack of growth of
oysters fed P. suecica was clearly a consequence of the poor digestion
and absorption of this alga  Table V! ~ The intermediate growth response
of oysters fed the drat consrsting of y. suecrca and I. ~alumna was less
easily explained on the basis of absorption as oysters absorbed the diet
at 45% e f f iciency which is approximately the average of the1

efficiencies of the two component algae when fed singly. It appeared,
then, that the absorption of this diet was additive while growth was
non-addi tive. This paradox was explained by the fact that inges tion of
the di.et was greater than that of either of the sole component diets, Pm
suecrca or I, ~albania  Table V!. uence, even though the P. suecrca rn
the two- c ompo ne n t d i et appeared to present diges tive problems to the
oysters, the increased ingestion of the diet resulted in non-additive
growth. It vas not clear why ingestion of the diet was enhanced, but
ingestion of every tvo-species diet used in the experiment was greater
than that of any single-species diet.

Zn contrast to the above, the efficiency of absorption of the diet
consisting of p. suecica and T. pseudonana was greater than the average
of the efficiencies of the component species fed singly and was only
slightly different from that of T. pseudonana. It appears, then, that

combination of an easily digestible algal species with a relatively
»diges tibia species does result in more effective digest~on of the
refractory species for at least some cofffbinations of species. However,
a combination of other species, e.g. T. pseudonana and I. gaibana,
yields synergistic growth responses that cannot be explained in terms of
absorption or inges tion, In thi.s experiment, the efficiency of

1 Absorption Efficiency =  Food Absorbed � Food Ingested! x 100
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absorption of t e ief h d t consrstrnp of l. /arcana ano r pseuoona
as that of either of the componentessential ly t.he same as

t high enough to account for theingestion was not i gh d' t But the ne't growth efficiency of oysters fedyielded by the diet. u,
h h i.ndica ting that a large pr opor t i on ofdiet was very hig, i.n ic

food matenal was conver eonverted to growth  Table IV!. This could only
explained in terms oof the compositional quality of the diets,

our earlier stu ies at d es had shown no correlation between growth
composition, t e syner i.th y ergi.s tic interaction of the algal components
mos t likely re a e1 k 1 lated to the availability and balance of fatty

h
 La ngdon and a od d Waldock 198! ! or mi.cronutrients suc
mi ne ra 1 s.

Crassostrea ~vir inica. Comparison of Mean Cry weights of
Juvenile Oysters Fed EaCh Of SiX EXperimental Ajgal DI etS foi
5 Weeks. Each grouP contained 2l oysters, Student-Noma>
Keuls test indicated no significant  a = 0. 05! dj f ference
mean size of oysters within a oarticular growth-response
deSig~ation. Grta<h reSpOnSe A is leaSt growth and  : I.S
g rowth. Sac = group sacrificed at initiation of experiment,
p = platfmonas suecica, i = «Tsochr sis galbana, T = Thalassio
sire pseudonana.  Modified from Momberper and Cpifanio lpsli,

Table IV

D wei ht  m !Growt.h
Diet

respon.se Shell organic
Soft tissue

material

56. l

53. 4
55. 0

62.6
P

Sac

68. 4

68. l

70. 0

66. 6

85. l

93. 9
97. 8

100. 8

Pl

PT

T

79. 5l23. 7

>ood filtered PSeudO- absorbed
Ingestian Feces GrowthDiat fram suspension feces f oocl

<g!  g!  g! fg!
 g!

 g! Cross Net

Negative
41. 9
76. 5
38. 7
39. 5
54. I

Negative
16, 9
21 2
28. I
29. 0
38. 2

P PI

T I
TI

4.09
5.54
5. 50
4. 18
4.89
6. 03

1.27
l. 57
I. 17
0. 51
1. 34
1. 48

Negative
0.75
D. 92
1.08
l. 09
1. 74

2.82 2.64 0.18
3.97 2. 18 l. i9
4. 33 1. 81 2. 52
3.67 I 01 2 66
3,55 0.94 2.61
4. 55 1. 37 3.' 8
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Table V. Crassostrea virciinica. Efficiency of Corwth of Juvenile Oy-
sters Fed Each of Six Experimental Algal Diets for 5 Weeks.
Each group contained 2l oysters. Diets are defined in Table
IIE.  Modified from Romberger and Epifanio 1981!



Non-al al diet.s

Our studies of non-algal diets have included various formulat&
feeded SeVe ral typeS of Starch, and ground WhOle CerealS  EpifaniO
unpublished data!. None of these has supported growth of bivalms, d
it Was Only recently that we teeted a promiSing nOn-algal foM,
torulan yeas t Candida utilis  Henneberg!, That experi~nt  E if
1979b! consisted of feeding diets containing varying prop rtions of
yeast and the alga ~alassiosira pseudanana to juveniles of four species

sercenaria sercenar1a  L. !, and sytilus edulis L. results shuued
unimpeded growth of three of the species on diets consisting of up to
50% yeast. but C virginica app ared unabl to utilize the yeast as
g o~ of eat sp cies was inversely proportional to the amunt of yeast
in the diet  Table vz!. This was not related to gross compositional
differences in the diets  see Kpifanio 1979b for gaga!, and it was
hypothesized that the oysters might be less able than the other species
to digest the yeast.

Table VI. Comparison of Mean Initial and Final Dr�Weight  m ! of t
Soft Tissue of Bivalves Fed Experimental Diets for 28 Days.
Variation is expressed as + one standard deviation. a LQOa
algae. B = 75% algae + 254 yeast. C = 50' algae + 50' yeast.
D = 25% algae + 75% yeast. K = 100% yeast.  From Kpifanio
1979b!

steel ~l. ht1yliti al
weiqht

54. 5= 9. 6 228. 9'51. 7 193. 9 Bl. 9 2'9. 5+44. 1 162. 2 44. 3 69. 1+ 9. 4

24.6+10 0 49.4+16 5 43.9+2".6 35,8el3.3 27,9+ 6.0 21.2 7.1

10.0" 1.7 23.2t 6a9 21.8 9.3 21.4e 4.2 17.5' 4,3 11.0+ 3.3

65 . 3 14. 6 168 . 1+39. 1 146. 1 ' 22. 3 144. 9+13. 1 87. 3'15. 5 55. 3' 15. 4

irrad ians
Crasscstrea

~ic iu' a
Mercerari a

mercena rig
illus

eduli s
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The f ac t tha t die ts containing more than 50% yeast resulted in
reduced growth of A,. irradians, N. edulis, and 14. mercenaria was
likewise not explained by compositional dif ferences. However, this

is possibly explai ned by the digestibi li ty hypothesis discussed
above  Epi f anio 1979a ! . F' or example, results of a study of Alatalo
 >980! indi.cated that juvenile H. mercenaria absorb very little organic
material from diets consisting solely of yeast, but show a gross growth
efficiency of nearly 20' when fed diets consisting of 50' yeast and 50't
~»a»iosira pseudonana. Conceivably the increased food value of the

algal-yeast diet is explained by the same argument presented in
the preceding section for the non-addi tive characteristics of the mixed
algal diets.



CONCLUSIONS

The results of our studies suggest that the differing nutritional
values of algal diets can of ten be explained by the relative
digestibility of the algal components. Oysters appear to be totally
incapable of utilizing certain algal species because they are unable to
digest the cell walls. There is good evidence, for example, that
oysters have great difficulty in digesting Phaeodactylum tricornutum.
Paradoxically, some algal species that are worthless to oysters when fed
as the sole component of a diet appear to support growth when combined
in a diet with another species of algae. This can be explained by an
argument that takes into account the time that it takes for
extracellular digestion of an algal cell wall, the rate of ingestion,
and the residence time of food in the stomach. However, with a wide
range of values, there appears to be little correlation between the
gross composition of algal or non-algal diets and their nutritional
worth to bivalves. But studies of efficiency of absorption and growth
do sugges t that the algal components of a diet may interact
synergistically due to an improved balance of fatty acids or
micronutrients.

The types of investigations conducted in my laboratory over the
past several years have allowed us to improve our understanding of
bivalve nutrition, but future advances will require a more biochemical
approach. A recent study by Langdon and Waldock �981! wherein they
rectified a fatty acid deficiency in a particular algal diet by addition
of encapsulated fatty acid is a good example of the type of work that
can be conducted at present. Nevertheless, it is difficult to conceive
of rapid development in the field in the absence of a defined dietary
formula that will support growth of bivalves. Without such an
experimental diet whose detailed composition can be easily manipulated,
I foresee slow progress in our understanding of bivalve nutrition at the
biochemical level.
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NFW TECHNIQUES AND THEIR APPLICATION

TO STUDIFS OF BIVALVE NUTRITION

Chri stopher J. Langdon
College of Marine Studies

Universi.ty of Delaware
Lewes, DE ' 9958

Little is known of the nutritional requirements of bivalve molluscs
mainly because there are great difficulties in the development and
testing of artif icial diets for these animals. Two newly developed
techniques are discussed which have helped to overcome some of these
dif ficulties. Firstly, it has been possible to obta'n axenic larvae of
Crassostrea for nutri tion studies, without the use of antibiotics. The
results of some preliminary feeding experiments with axenic larvae are
discussed. Secondly, microencapsulation techniques have been deve loped
that enable the nutritionist to encapsulate the major dietary components
such as proteins, carbohydrates, lipids and water soluble vitamins. The
results of expe ri men ts wi th oys ters f ed on encapsulated and
non-encapsulated nutrients are discussed.

KEY XORDS l Axenic culture, oyster larvae, Oya ter spa t, microCapsu leS,
artifici al diets, vitamins, fatty acids.

I NTRODUCTION

Des pi te the f act that mari ne bi. va 1 ves have been artif icially
cultured for many decades little is known of their nutritional
requirements or i.ndeed of the nutritional requirements of molluscs in
general. This is due to the failure to develop satisfactory artificial
diets f or bi va 1ve mo 1 1 uses and to the dif ficulties of controlling
culture conditions during feeding experiments. Bacterial activi ty i s
enhanced by the addition of organic nutrients to seawater and this has
been one of the main difficulties in the development of artificial diets

bivalves grown under non-axenic conditions  Loosanoff and Davis
i 963 ! ~ Bacteria may both be dire c t ly harmful to the animals. and may
alSO degrade and clump foOd partiCleS  maeson 1977!. Nillar and Scott
  l9 67! have successfully obtained axenic oatrea adults larvae using

Part of this work was carried out at the MAFF. Fisheries
Laboratory, Conwy, U.K. and at the N.E.R.C. Unit of Mar nei

In ve r tebrate Biology, Marine Science Laboratories, Henai Bridge,
UeK.
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antibiotic washes and have grown the axenic larvae to metamorphosis on
the alga Pavlova lutheri but their techniques have not been adoPted by
other workers. This may have been due to the increased di f f iculty
sterilizing bivalve larvae with antibiotics because of the developm �t
of resistant bacterial strains �ielm and Nillican 1977! ln
a simple and reliable method for obtaining axenic Crassostrea gigas
larvae is describ d together with some preliminary feeding and growth
experiments with axenic larvae fed on artificial diets.

In addi tion to the development of axenic

second ma jor step i n overcoming problems of diet presentation
pa r t i c le br eak down a nd le arh I ng, ha s been
mi c roe ncapsu la tion techniques. Various microcapsule types
discussed, together with the results of feeding experiments I
microencapsulated nutrients fed to juvenile oysters.

AXRNIC GROWTH EXPERIMENTS W?TH Ci GIGAS LARVAE FED ON ARTIFICIAL DIETS

Obtainin axenic C. Igas larvae

Ripe adult C. gigas were carefully opened by cutting through
adductor muscle, and their sex determined by removing a small piece pf
the gonad and examining it under a microscope. A ripe male and female
were then selected and the body tissue carefully excised from the
shel ls. Working inside a glass fronted glove box, the surf ace of
gonad was wiped with a sterile swab that had been dipped in 5000 ppm
hypochlorite solution and a small i.ncision was then made in the wall of
the gonad with a sterile pasteur pipette ~ The eggs and sperm were
collected separately in flasks containing 100 ml of autoclaved seawater
at 25 C and 28 /oo salinity,0 o

The concentration of the eggs was de termined by aseptically
removing 0.1 ml of the egg stock suspension and counting the number of
eggs present using a binocular microscope. Eggs were transferred
aseptically from the stock suspension to other flasks containing 100 mls
of steri le seawater, so that a final concentrati on of 50 eggs ml was
obtained. Several drops of sperm suspension were then added to each
f lask ~ I f more than 50% of the eggs appea red to be di vi di ng a f ter 3
hours, fertilization was regarded as having been successful and the
flasks vere placed in an incubator at 25 C and lef t for 18-24 hours.

Af ter I ncubation, the concentration of larvae in the flasks vas
assessed by removing 1 or 2 ml of the culture and counti.ng the number of
larvae present, under a binocular microscope. A few ml of the larval
suspension from each flask vere also added to a xl and x 10 dilution of
Droop's F6 sterility test medium  Droop 1969! and incubated at 25 C for

month. The larvae were either used Immediately or stored for 4 to 6odays at 15 C until required. During this storage period, most of the
contaminated cultures could be identified by means of the sterility
test Over a period of two years work more than 80% of over 100 batches
of larvae obtained in this way were found to be axenic,
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Results of pre li mi nary g~o~th exper iments wi th C. gigas larvae f ed on
azti ficial diets

gxenic C. gigas larvae were cultured on a wide range of arti f icial
diets for periods of 6 to 8 days in 100 ml fiat bottomed flasks which
were agi tated on an orbital shaker �5 to 100 revs. min 1! ~ The type of
diet used for the growth studies was similar to that of Provasol.i and
Oswgostino �969! who successfully cultured Axtemia salina on a biphasic

of dissolved nu tri ents and co-Preci Pi tated Particles unde r axenic
conditions . Conk li n and Provaso li �977, 1978! also succeeded in

�ltur i ng the f re shwa ter cladoceran Moina macrocopa using similar
echni gue s ~

compos i ti.on of the best artificial diet tested is given in
I. The co-precipitated particle was prepared by homogenizing the

precipi tated s ter i le nutrient mixture using a Tef ion coated tissue
gri nder parti.c le size ranged f rom 2 to 20 lr m, wi th a mean diameter of

The particles were therefore small enough to ingested by the
The composition of t he particulate phase was based on that of

pavlova lutheri as reported by parsons et al. �961! P. lutheri is a
mediocre algal food for C gigas  Walne 1910; Hillican and Helm 1973! ~

The composition of the water-soluble phase of the diet was based on
that of tissue culture medium {TCN! 199 and prepared according to !morgan
et al. <1955!. It was found, ho~ever, that an amino acid mixture based
on the composition of fsochrysis galbana  after Chan et al. t967!
supported be t ter larva 1 growth than the TCN 199 amino acid mixture.
Furthermore, the concentration of dissolved nutrients recommended for
the tissue cult~re medium proved too high for bivalve larvae and best
growth occurred at one hundreth of this concentration  Table I I! ~ The
dissolved nutrient concentrations of the artificial. diet were still much
higher, however, than those occurring naturally in seawater  Table IJ!-

Larval growth was further improved by adding a 1% v/v solution of
bovine amn i otic f lui d  Gibco Laboratories! to the defined artificial
diet of Table I . It is possible that the amniotic f luid supplied the
larvae wi.th vitamin Bl2 or other mi cronutrients that were absent from
the def ined diet. The gr owth of larvae fed on the artificial diet
enriched wi.th 10 v/v amniotic fluid is given in Table III. l4ost of the

h ZIartif icial ly fed l.arvae reached the umbone stage  prodissoconc
stage, Car ri.ker and Palmer 1979! within 6 days, but little further
growth occurred and af ter 8 days, tissue wastage became increasingly
apparent. Clearly the diet was either def icient in certain essential
micronutrients or the form of presentation was unsatisfaisfactar for the

efficient utilization of the diet by the larvae.

There is a poss ibi ii ty that bi va l ve larvae are ununable to meet all

their vi tamin requirements by absorption of vitamf vitamins from the freely

dissolved statep even though the concentration of vi to vi tami ns in the growth

was hi.gh compared with naturally occurri ngri n levels. There have

to my knowledge, no reported studies on pthe u take of freely

dissolved vitamins by bi valves. This would be an i ntbe an i nte res ti ng a rea of
in evidence to suggest thatsearch especial ly as there is increasing eviden
u ars and fatty acids fromb valves can readily absor'b amino acids, sugars,

SOlution  see Stewart 1979 Stephens, thi.S VOlume !.

301



T~le I. Composition of the Defined Components of the Artificial Diet
Tested with Axenic Crassostrea ~igas Larvae

Co � precipitated particle Fed at a concentration of lop parti

Composition, x atio b�
200

15o

50

10

1

1

of
mg 1

10 mg l !

Glucose lo
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Component
egg albumin �x crystallized, Sigma!
soluble starch
oyster lipid extract
phosphorus
RNA  yeast!
DNA  salmon sperm!

Dissolved Nutrients
Amino acids  based on composition

~lsoch sis galbana!
Alanine
2-amino-iso-butyric acid
2-emino-n-butyric acid
Arginine  Cl!
Aspartic acid
Cysteine  Cl!
Glutamic acid  H20!
Glycine
Hietidine  Cl!
iso-Leucine

Leucine

Lysine  Cl!
Hethionine
Ornithine

Phenylalanine

Proline

Se r inc

Thre onine

Tryptophan
Tyrosine  Na2 salt!
Valine

 Total amino acid concentration

Water-soluble vitamins  based on 1/100 concen-
tration TCM 199!

Thiamine  HCl!
Nicotinic acid

Nicotinamide

Ca pantothenate
Riboflavin

Pyridoxine �HCl!
Pyridoxal  HCl!
p-Aminobenzoic acid
Biotin

Choline chloride
Inositol

Folic acid

Ascorbic acid

 TOtal Water-SOluble vitamin conCentratiOn

0.97  r.!
0. 05  DL!
0. 13  DL!
0.57  L!
0.99  L!
0. 05  L!

0. 84  L!
0.63  L!
0. 19  L!
0.33  L!
1. 02  L!
0. 73  L!
0. 32  L!
0.04  DL!
0.44  L!
0. 67  L!

0.60  r !

O. 50  L!

0. 04  L!

0.21  r,!

0. 68  L!

0.10

0.25

0. 25

0. 10

0. 10

0.25

o.25

0.50

o.lO

5.00

0. 50

0.lo

0. 50

8 pg 1 l!



~1 I  continued!

!Iq l 1

Other components
Deoxyribose
Glutathione
Ribose

5. 00

0. 50

5. 00

 Total concentration of defined dissolved nutrients = 20.35 mg 1 !-1

The morphology of the digestive system of C. virginica larvae has
been described in some detail  see, for example, Elston 19SQ! . I i ttle
is known, however, of the ability of oyster larvae to digest non-living,
particulate, organic matter. It is possible that material such as the
co-precipita.ted particle used in the growth studies is not utilized
because of its poor digestibility. Feeding experiments using
co-precipi tated, radio-i.sotope labelled proteins or labelled starch
would be usef ul in examining this. Such studies would also help in
understanding the role of non-living, particulate, organic material in
the nu'tri tion of bivalves under natural conditions'

ICROENCAPSUIATIOK OF NUTRIENTS FED TO CRASSOSTREA
JUVEN lf ES IN NON-AXENIC CONDITIONS

Nylon- rotei.n walled capsules

Nylon-protein walled capsules are formed by interfacial
polymeri sation  see Chang 1966; Chang et al. 1972! . The aqueous diet,
«ntaining haemoglobin and diaminohexane, is emulsified in an organic
solution of sebacoyl chloride. The sebacoyl chloride reacts with both

diaminohexane to form nylon 6'1 0 and the f ree amino groupsrou s of the
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Fat � soluble vitamins and sterols   solubilized in
Tween 80, based on TCN 199!

Calci ferol
Nenadione
Vitamin A  acetate}
a-Tocopherol phosphate  Na salt!
Cholesterol
Tween 80
 Total concent.ration = 204.60 ]Jq 1 ] !

Purines and pyrimidines
Adenine sulphate
Adenosinetriphosphate  Na salt!
Adeny lie acid
Guanine  HCl!
Hypoxanthine
Thymine
Uracil

Xanthine
 Total concentration = 127.pp ~g 1-1!

l. 00

0. lp

l. 40

0- lp

2. 00

200.00

100.00

10.00

2. 00

3. 00

3. 00

3. 00

3.QQ
3. 00



haemog lob n o orm1 bi t form a nylon-protein, crosslinked wall
r aChang's me oth d has been modified in order to prepare capsule

to 20~ m s ze range wi nge which are ingestible by 3uvenile Mytil
Crassostrea ~i as seei as  see Gabbott et al. 1976; Langdon ]977!

abl IZ. C mparison of the Concentration of Nutrierrts in
Tested Artificial Diet for Arctic Crassostrea ~iqas far aa
with Those of Seawater and with Those Recommended for TCM lgg
 Langdon l980!

Artificial

diet
Seawater

TCM LggComponen.

Particulates  mg 1 !
none

48b 8c

1 x l04
1 x 104
1 x 10

1 x 10

1 x LP6
1 x lp6

lP

lp

Data for the Conwy estuary, Gwynedd, North Wales, Britain  M.A. F.F.
Conwy, 1978! . Particulate fraction defined as the fraction remaining qn
GF/C filters after filtration of the seawater sample. The DDM data
refer to the DON levels present in the filtrate.

Includes both the 1% v/v bovine amniotic fluid and the dissolved de-
fined nutrients.

Based on an estimate that 405 of the total organic weight of the dis-
solved nutrients is carbon.

Data from Wi.lliams  l975! refer to oceanic DOM levels � coastal values
will be higher and more variable.

Growth of Crassostrea gii as Larvae Fed on the Best Artifi-
cial Diet  Table I! with 1% v/v Bovine Amniotic Fluid Added
 Langdon 1980!. I.arvae were grown in 25 ppt, autoclaved
seawater at 26 to 28'C in l00 ml flat bottomed flasks agi-
tated on an orbital shaker �5 to 100 rev min ! - Algae
were fed at an initial concentration of 100 Chaetoceros cal-
citrans ceLls !rL under non-axenic conditions.

Table III

Mean shell length+ s.d. �am!
Starved Artificial diet Algal diet

After 6 days
 mean of lP trials! 79.9+ 0.8

I13 ~ 6+ 8.096 0+3 0
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Total dissolved organic matter
 mgCL 1!

Carbohydrates   pg 1 1!
Amino acids  pg 1 1!
Biotin  pg 1 1!
Thiamine  ug 1 !

l

 me ar

1

 mean

200

0.5

2-5 x

8-100 x

14a

3. 2!

10!
800d
10

10
10-3



Figure l. Haemoglobin cross-linked nylon-chains.  After Chang 1972.!

Gabbot t et. a 1. � 976! reported limited growth, in terms of wet
weight, of C. gi.gas juveniles fed on nylon-protein capsules containing a
di et of 10% w/v haemoglobin, 7.5% w/v rice starch, 2.5% w/v soluble
starch and O. 2t w/v chole sterol. This work was repeated by Langdon
�977! and s imi la r res u its were found  Table IV!. The fact that
juveni les fed on capsules grew more than the starved controls suggests
that they were able to digest and assimilate the encapsulated diet.
Furthermore, fecal examinations of juveniles fed on nylon-protein
encapsulated graphite particles i ndica ted that they were able to break
down the capsule walls, si.nce liberated graphite particles were observed
in the feces. No measurements of changes in the organic weight of the
oysters were made, however, and so it i.s not certain as to what extent
the increase in wet weight was due to tissue growth as opposed to shell
growth.

The nylon-protein encapsulated diet fed to the oyster juveni les was
def icient in micr onutr ients such as fatty acids and vitamins. JEn
attempt was made to supply these nutrients by supplementing the capsules
wi th partial rations of algae. The growth of oysters fed on the mixed
diets was largely de termi ned, however, by the le ve 1 of alqae present
 Table V! and the capsules had little benef icial ef feet � angdon 1977! .
The reason for this result is not certain, but i t is probable that the
n«rients supplied by the capsules were not growth limiting in the mixed
algal-capsule rations and that oyster growth was limited by the levels

other essential nutrients that were present only in the algae ~

Vitam-'Lns and other low molecular weight, water soluble nutr'ents
be readi ly encapsulated using the ny lon-protein walled capsules

capsule wall is semipermeable and the nutr' ents wi 1 1 rapi d 1 y
ou t Furthermore, lipids tend to be extracted from the diet

during the encapsulat.ion process ~ Jones et al �979!, for example,14
504 of the radioactive labelled palmitic aci d �- C! was
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t i f i ci a 1 diet during the nylon-protein encapsulationlos t from an art c a
proces s. In or e r o od r to overcome these problems capsu le types

d d tes ted wi th Cras sos trea spat, that aredeveloped an tes e
encapsulate etarydi t lipids and/or water-soluble vitami ns.

fable tu. Growth of Grassostrea gi9as Juveniles fed on a Nflon � prot
Encapsulated Diet.a  Langdon 1977!

Increase in

total wet wt

after 13 days
Treatment

cells !jl1! Tetraselmis suecica at 25

2! Starved

3! Nylon protein capsules at
4! Nylon protein capsules at
5! Nylon protein capsules at

5 pl 1
15 ul

Conditions: 20 3uvenrle oysters for each treatment  inc.tial wet weight
10.7 mg per spat! were grown in stirred, 3-liter beakers filled with
filtered seawater �5 ppt! at 18-20 C. Beaker water was changed every
other day. The encapsulated diet consisted of 10% haemoglobin, 7.5%
rice starch grains, 2.5% hydrolyzed potato starch and 0. 2% cholesterol.

Table V. The Growth of Crassostrea ~it~as Juveniles Fed on a Nylon-
Protein Encapsulated Diet With and without Supplements of the
Alga Tetraselmis suecicaa  Langdon l977!

a Increase in total. wei ht in 13 da s
No al.gae 1/6 Rat.ion 1/3 Ration Full ration

31. 7

aConditions: 20 juvenile oysters for each treatment  initial wet weight
10a6 mg per spat! were grown in stirred, 3-liter beakers filled with
filtered seawater �5 ppt! at 18-204C. Beaker water was changed every
other day. The full ration of Tetraselmis suecica was made up with 25
cells pl . The encapsulated diet consisted of 10% haemoglobin, 7.54
rice starch grains, 2.5% hydrolyzed potato starch and 0.2% cholesterol.

Gelatin-acacia walled capsules

Gelatin-acaci a capsules are suitable for the encapsulation of
lipids and lipid soluble dietary components. The method of preparat«n
iss based on that of Green and Schleicher �957! «th»ig"
modifications  see Langdon and waldock 1981!. The lipid is emulsified
i.n a mixture of gelatin and acacia. The pH of the mixture is
ad]usted, causing the gelatin and acacia to co � acervate and
capsule wal ls. Very small, capsules  mean diameter 2-3~ m!
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Na capsules
5 capsules gl
15 capsules pl
30 capsules pl

3.7

7 7

9.6
14.3

12.3
18.8

16.7

13.8

23.5
23.4

22. 5

12.2

31. 7

3.7

7.7

9.6

14. 3



inqes able hy larvae and juveni le oysters can eas'.ly be prepared ~

Ge la t! n � acaci a wa 1 led capsu le s have been used by Langdon and
Waldock  >981 ! to inves tigate the essential fatty acid requirements of
C e ~ ~~as - u ve ni les . Ceca 1 exam' na t ions, together with fatty acid
analys is of t he capsule -fed animals, have demonstrated that oysters can
breakdown the capsule wall and uti lize the capsule contents. The growth
of ju veni le c. g i gas f ed on Duna lie 1 1 a ter t f o lee ta, an algal speci e s
deficient i n the long chai.n polyunsaturatl d fatty acids 20: 5u3 and 22: 6
~3 was improved by supplementing the al ga wi th qela tin-acacia
encapsulated 22: 6~3  Table VI! . Simi lar levels of encapsulated triolei n
supplements di d not improve oyster growth. The pos i ti ve ef fect of the
22-6~3 supplement was therefore not simply due to an increase in the
calori f ic content of the di et, but was due to i ts specific nutri tiona l.
qua li ty.

Table V!. Growth and Level of the Fatty Acid 22.6+3 in Crassostrea
~ias Juveniles Grown for 14 Days on Dunaliella tertiolecta
With and Without Supplements of Gelatin-Acacia Encapsulated
22: 6>3a  Langdon and Wa Mock 1981!

Diet
P h os pho 1 i pi dincrease Triacylglycerol

7.7

nd

10. 7

4.5

nd

9.0
9,6

106.3

7.4

4.4

16.6

1.7

0 4

28. 1

58. 6

55.4
78.7

aConditions: 120 juvenile oysters for each treatment  initial wet weight
2 5 mg per spat! were grown in 3 liters of diatomaceous earth filtered
Seawater  particleS >1 elm rezOved! at 25 ppt and 24-1.'C. The cultureS
were aerated �00 ml min 1! and t.he water changed every other day.

Hatchery fed oyster spat were fed on a mixed algal diet of Tetraselmis
eseci.ca, tso~hrssis ~albana and chaetoceros calcitrans.

cLevel of lipid supplementation i.s expressed as a percentage of the dry
weight of the algal diet.

Li id walled ca sules

Hies tand et al. �970! have described the preparation of capsules
that have a lipid wall with an aqueous center  Figure 2!. This type of
capsule is of great. potential use in presenting f i lter-feeders with low
mole cula r we ight, water soluble substances such as vitamins, trace
metal.s, amino acids, sugars and nucleic acids.

Lipid w'a lied capsules have been used to supply water soluble
vi tami ns to j uveni le C. vi r inica in a series of growth experiments .
The method of preparation was as ollows; l volume of the vi tami n mix,
dissolved in an aqueous solution of 10t w/v gum acacia in 1N CaC12, was
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Initial spat
Starved

Hatchery fed

D. tertzolecta  D!
at. 25 cells l l

D + 20' trioleinc

D + 20% 22 t6u3

Wet wt t Level of 22;M3 in fatt acids



of me nhade n of 1 con ta f n I ng 1 0't w jv ethylemulsif fed in 4 parts o men
0f y emulsion was then cooled to 5 C to harden thecellulose. The pr mary emu s

vo lume of the emulsion was then emulsif ledmenhaden of l. One vo ume o

volumes of the aque ous 10t w/v acacf a/1 H CaC12 solution. The seconda
f droplets of the menhaden oi 1. wi th dropletsemu ls ion was made up o

the aqueous vi tarn n so u ovit i lution trapped inside  Figure 2! .
hed free of CaCl, and non-encapsulatedsuspension was then was e r

2
by dialysis at 5oC.

AQUEOUS PHASE

ID PHASE

0
Oo o

o
o

0
0

0
0

.0
0

oo
0 p

0

o
0

10 !Im

Figure 2. Lipid wa'led capsules.

Us i ng C-labe 1 led glyci ne, the leakage characteristf cs of the14

menhaden wa 1 led capsules have been determined  Table VI I! . Only slight
leakage �.5% of the encapsulated C-glycine! occurs over a 100 hour14

period at 5 C. Capsules used for feeding experiments were stored for a
maximum period of 72 hours at 5 C before use. It should be noted thatdialysis did not remove the acacia  molecular weight > 50,000 Daltons!
from the capsule suspension and that the acacia may help stabi li ze the
capsule walls during storage. There is no data presently available on
the ra tes of leakage of glycine f rom capsules suspended in the culturemedium, nor i s there da ta on the rates of leakage of vi tami ns f rom the
capsules. Fecal examinations of C. virginica spat fed on menhadenwalled capsules containing water soluble dyes tphenol red, alcian blue!
i nd' cate that the spat are able to break down the capsule wall in the
gut and liberate the contents.
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Table VII. Characteristics of Menhaden Oil walled Capsules Pr
l4 apsu es reparewrth Encapsulated C-labelled CIycxne

of 14C � glycine encaPsulated
28.2%

of trapped aqueous solution per

encapsulated C-glycine lost14

during storage for l00 hours --at
--at

3.1 x lQ 2 ulmg lj.pxdc

5'C

27aC

menhaden oil contained 10% w/v ethyl cellulose which acted as a
wa]L-stabilizing agent. Approximately 4.69 lrCi of l C-glycine  specific
activity ll7. 0 m Ci mmol 1! were added to an aqueous solution of 10% w/v
acacia and LM CaC12 and encapsulated as described

bThe capsules were successively dialyzed to remove non-encapsulated gly-
and the percentage lost and remaining ir. the capsules calculated.

cThe trapped volume was calculated assuming that the concentration of
14C-labelled glycine inside the capsule was equal to the concentration
of 14C-glycine in the solution used in the preparation of the capsules,
i.e., no dilution had occurred.

dAliquots o. the washed capsules were dialyzcd against seawater and the
percentage loss of C-glycine from the capsules calculated.

Us ing me nh ade n encapsulated vitamins, arti.f icial diets have been
developed f or j uveni le C, virginica   Table VZI!! which supported
sustained, modes t growth over experimental periods of three weeks  Table
Xx!. However, oysters fed on an algal ration had growth rates that were
about 5 times greater than those fed on the artificial diet.

CONCLUSIONS

i s now pos s i hie to ca r ry ou t controlled, axenic, nutri tion
s tudi es wi th oysters and ot.her bi va 1 ve mo l lu scs  which can be
a rti f i ci al ly f e rti li zed ! using the techniques described in this paper ~
»enic bivalve juveni les can be obtained by growing axenic la rvae to
metamorphosis on available bacteria-f ree cultures of alg e.l a Alternati ve

methods of obtaining axenic juveniles, such as using microencapsulated
antibiotics to eliminate the gut f lora, should be tested. Care should

taken, howeve r, that the antibiotics do not di rec lyt affect their

etabolism and/or nutritional rquirements.
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A further experiment was carried out to examine the effects of
adding vitamins in an encapsulated form as opposed to being added in the
f reely dissolved state  Table IX! . Spat fed on the diet with the
encapsulated vi tami ns grew better than spat fed on diets wi th f ree ly
dissolved vitamins, even though the concentrations of freely dissolved
vitamins were greater in some of the treatments. The dif ference in the
dry weights of spat fed on the diet with encapsulated vitamins was
signif i cantly grea ter  S tudents ' t-tes t, p  t! >0. 99! than that. of spa t
f ed on the di ets wi th f reely dissolved vitamins The encapsulation
technique i mpr oved the a bi li ty of C. vi rgini ca to u ti li re the vi tami ns
presented in the diet i



TIhg~ yzjg, C~ppsj gfoQ of all Artxtxcxal Duvet tor Crassostrea ~vir inica
Juveni 1.es

1! Particles � to 20 !lm diameter!
Fed at 2.65 mg, dry wt 1

Component

2! Menhaden-walled vitamin capsulesa � to 15 ~ diameter!

3! Kaolin at 20 mg 1 1

4! Guillard's f trace metal mixb dissolved in seawater

Menhaden oil contained l0% w/v ethylcellul,ose, plus a fat soluble vita-
min mix  per gram lipid!: vitamin A 60 ZU, vitamin D 36 IU, vitamin E
20 IU, vitamin K 48 pg, lipoic acid 30 pg. Weight of encapsulated vit,a-
mins in 25 capsules !ll 1 per liter  !lg!. Ascorbic acid 4.600, p-amino-
benzoic acid 0.162, biotin 0.065, Ca pantothenate 0. 065, choline chlor-
ide 3.237, folic acid 0.065, inositol 0.322, nicotinamide 0.162, nico-
tinic acid 0.162, pyridoxine �HCl! 0.065, pyridoxal  HCl! 0.162, ribo-
flavin 0.065, and thiamine  HCl.! 0.06S, plus phenol red O.S40. Weight
of encapsulated B12 in 5 capsules 1>1 per liter = 0. 0015 pg.
bFrom Guillard �975!: NaN03 75 m! 1, NaH2P04.H20 5 mg 1, Na2Si03'
9H20'30 mg 1, Na2EDTA 4.36 mg 1, FeC13'6H20 3.15 mg 1, CuS04 5H20
0.01 mg 1, ZnS04-7H20 0.022 mg 1, CoC12'6H20 0.01 mg 1, MnC12.4H20
0.18 mg 1, Na2Mo04-2H20 0.006 mg 1

Attempts to develop a defined artificial diet for axenic C. gigas
larvae have not been entirely successful in that the growth of larvae
was li mi ted. However, more is now known about the optimum
concentrations of some of the dissolved nutrients for bivalve larvae as
we 11 as the mos t su i table conditions and techniques for maintaining
axenici ty. One of the possible reasons for the failure of oyster larvae
to grow on the artificial diets is the i.nabili.ty of larvae to meet their
r equi rements for vi tamins by absorptio~ from the culture medium. The
use of newly de ve loped li pi d wal.led capsules, for the encapsula ti on of
the vitamins, may help overcome this problem,

It is now technica 1 1y pos sible to encapsulate a 11 the potentially
i mpor ta n t cons ti tuen ts of arti fici al diets, namely, high molecular
weight proteins and starches within nylon-protein walled capsules'
lipi ds and lipi d soluble components wi thin gelatin-acacia walled
capsu les and low molecu lar weight water soluble components such as amino
ac ds, minerals and vitamins within 1'pid walled capsules ~ S«h
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Carboxymethyl cellulose
Haemoglobin  crude preparation!
Soluble potato starch
Rice starch grains
RNA  yeast extract!
DNA  salmon sperm!
Phosphorus  as phosphate!
Water

4 Composition by

1 2

10. 0

10. 0

10.0

1.0

1.0

0.5

66. 3



capsules are especially useful for nutrition studi s with fil
ter-feederssince particle break-down and nut.rient leaching are blng are major problems withmicro-sized particles. Instabi li ty and leaching are

ng are a so problems withfeeds for la rge particle feeders such as shrimp and l b t
o stere andencapsulation technlgues may prove equalLy useful in this area.

Tahle TX. The Growth of Crassostrea ~vir inica cnveniies fed on asti fi
cial Diets With and Without Encapsulated Vitamins

Growth in a 21 da eriod
% Change in
dry organic

wt/spata

Change in % Change in
total dry total vet
vt/spat wt/spatb

Treatment

l. Diet given in Table VIII with
encapsulated vitamins
 vitamin content = 9.2 pg 1 1!

+ 89.3 + 189.5 + 138

2. Diet given in Table VIII, except
that water soluble vitamins were

freely dissolved in seawater
Vitamin concentration a.:

7 pg 1-1
35 LLg 1-1
71lLg 11

355 >g l-l

no data

no data

no data

no data

+ 112.6

+ 100.0

+ 118.2

+ 102.8

+ 82

+ 64
+ 78

+ 68

17 9

+ 494.6

3. Starved controls

4. Algal fed controlsc

+ 21

+ 651

+ 25.4

+ 784.6

Change in dry weight was calculated from the weight of a representa-
tive sample of l00 animals from the experimental population, which was
analyzed at the beginning of the experimentv

Wet weight changes were calculated from the wet weight of animals of
each treatment at the beginning and end of the experiment.

cThe algal ration was calculated on the basis of 100 Thalassiosira
pseodonana cells pl l, per 100 mg of spat wet weight, per liter, each
day  = 1.32 mg algal dry vt. 1 !.

are nov entering a new and exciting period of bivalve nutr t oni i
research ~ lt will take a great deal of ef fort and experience before
bi valve nutri tion is unders,tood as well as that of fish or crustacea but
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Using lipid wal led capsules, an artificial diet has been developed
«r C. virginica juveniles, fed unde r non-axenic conditions. The di.et
~supported sus tained, modest growth over an experimental period of 3

eks< but the grovth rate was only 1/5 that of spat fed on a full algal
ration. Attempts are presently bei ng made to improve the artif icial

so tha t I t supports be t ter gr owth rates, Attention wi 11 a iso be
given 'to def ining the essential nutrients in the diet under conditions

bacteria can be eliminated or at least where their effect on the
results of the nutrition studies can be controlled.



f use f ul techniques f or this research are nowat least a number o use

available.
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QUESTIONS AND ANSWERS

HAYWORTH  Edinburgh, Scotland!: I would like to comment on the
number of problems you' ve had with the nylon-protein walled capsules
that you found their walls highly permeable and you couldn't incorporate
polyunsaturated fatty acids very efficiently. Recent techniques have
been developed by Nars Ltd. which allow large amounts of polyunsaturated
fatty acids to be included in the nylon-protein walled capsules and the
loss of amino acids and vitamins has been greatly reduced by a secondary
coating on the outside wall of the capsule.

LANGDON: Dr. Dave Jones of Nenai Bridge, U.K. looked at the
encapsulation of fatty acids and lipids using the nylon-protein capsule.
He found that abo~t 50% of labelled palmitic acid was lost. I'm pleased
to hear that there are newly developed techniques in the manufacturing
of these capsules which overcome thi.s problem and I am very i.nterested
to learn about the improvements in reducing wall permeability ~

SICK  MHFS -Charleston/ S C ~ !: Chris, using your very generously
shared method for preparing the lipid walled capsules, Al Fortner and
have encapsulated some labelled glycine and found that leakage was very
high. We found that by using hydrogenated lipid as a wall materiali
together with cholesterol as a strengthening agent, the capsules
retained about 70% of the labelled glycine.

LAWGDOW: By using hydrogenated oils, you presumably lower the
melting point of the wall and it becomes hard at room temperature.
these capsules with hardened walls digesti.ble'?

SICK: Yes, we have fed clams on encapsulated labelled glycine a»
have traced the glyci ne into various tissues, including the epithel
of the digestive track, and it seems to be incorporated, although I
don't know what the absorption efficiency is.
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GASTROFOD &NUTRITION

Thomas H, Carefoot
Department of Zoology

IJni versity of Bri.tish Columbia
Vancouver, B.C. Canada V6T 2A9

Aspects of gastropod nutrition considered in this review are ths revew are t e
art f ici al diets in nutri tiona1 studies, phagostimulatory

propert ies of di e tar y components, and the role of intestinal
microorga ni s ms ' n supplying essential nu trients. Appl  cation of
art' f icial diets in nutri.tional studies or in rearing-enchancement
experiments wi th gastropod molluscs has progressed from early use of
chemically unde f ined diets f or culturing snai ls to later, more def i ned
diets, including some holidic diets. Diftusion of nutrients from
chemically def ined diets i.n seawater is discussed from the standpoint of
involvement in di stance perception and recogni ti on of foodstu f f s, and
phagostimulatory prope "ties of the soluble substances. Certain amino
acids, such as L-glutamic and L-aspartic acids, are implicated in
f ood- f i ndi ng and f ood-recognition by marine i.nvertebrate herbi vores,
Knowledge of phagostimulation is use f ul in preparing better diets and
necessary in interpreting effects in nutrient-deletion experiments ~ The
nutri tional roles of intes tinal bacteria are considered in the context
of cur rent approaches to the s tudy of gastropod nutrition. Use of
antibiotics to rid animals of gut microf lora may hamper interpretation
of the role that these mi.crof lora play in their host's nutrition,
through known de le terious ef fects of various commonly used antibiotics.
Future development in nutritional studies of gastropuds should emphasize
greate~ definition of diets, clearer identification of phagostimulantsj
and better understanding of the role that intestinal microorganisms play
in the nutri.tion of their hosts ~

arti f icial diets, nutrition, phagostimulation, intestinal
microorganisms, a ntibiotics, gas tropods, molluscs.

I NTROD UCT I ON

we de f t ne nu tr i t i on as the qua li tati ve and quantitative
determination of requi rements for chemical substances i.n the diet of an
animal necessary for its conti nues well-being, then of all the diverse
groups of molluscs only gastropod molluscs are well studied. In

of the non-bi valve classes of molluscs, only the Gas tropoda

any extensi ve mari culture potent i ta1 . Even so, I n terms of wor ld
mar«ulture potential, gastropod molluscs are economically less
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impOrtant than are other Shelltigh such as bivalves and CzugtaceanS. In
fact, of the commercially important. marine gastropods, only abalone are
cultured to any significant extent, and these usually to a size just
sufficiently large to be released into the sea  Shibui 1978!. The queen

nch Stroshus gfgas and o h"er conchs are harvested in several countri
horderZng the tarrhhean Sea, hut the fisheries are saa' l and apparently
dimi nishing, and prospects for extens' ve culture are slight. I�
same way, a cu1ture program ex' sts for Murex trunculus in Tunisia,
has little 'arge-scale potential  Bardach et al, 1972! . Escargot  He] ix
spp. ! are profitably harvested in France and other European countries
and can be cultured to marketable size, but the overa'1 harves t is
compared to various shellfish and is insignificant on a world scale,
numbe r of unre lat.ed marine species of gas tropods, including various
limpets and wi.nk les  Littorina spp. !, are locally eaten but
f i sheri es are comparative ly smal 1 and presumably also have
potentials for mariculture- As a consequence of all this, dietary
studi es on the nutri tion of gas tropods are few in number
confined to a few select taxonomic groups.

It will not be the purpose of this study to give a complete review
of work done on gastropod nutrition; this is beyond the scope of
enter pri se and i nteres t ~ Rather, I hope to discuss those dietary
s tudies carried out i n controlled laboratory si ruat ions, wi th speci a]
attention being paid to those using artificial diets. ""or reasons of
brevi ty I wi 1 l not be cons ideri. ng studi es on nutri tion o gas tropods
wher e natural f oods are i.nvo lved, unless these are correlated
speci f ically with phagostimulatory or other nutritional components pf
the diet. Other excluded topics are those s trictly related to
biochemical or physi o logical events unless these, in turn, are
correlated wi th physical or chemical manipulations of artif icial diets.
Of speci al i nteres t wi 11 be 1 ! the recogni tion by animals of pre- and
post-ingestive phagostimula tory cues, 2! the role played by intestinal
microorganisms in providing essential nutrients, and 3! the ef fects of
deletions and augmentations of dietary components ~

ARTI F ZC IAL D ILATS IN NUTRITIONAL STUDIES OF GASTROPODS

From the time when dietary studies on gastropod nutrition commenced
about 3S years ago, progress has been slow, and we are still a long way
f rom realizing what Doughe r ty   1959 ! de f ines as the ultimate goal in
nut r i ti ona1 s tudies: that of axe nic  or pure! culture of a snail
speci es thr ough many generations on a chemically defined diet. The
reasons for this are many, but it ultimately stems from our attention to
the preparation of fast, ef fective and inexpensive diets for application
to comme rci al mari cu lture, rather than to the more theoretical and more
di f f icu lt o labora tion of chemically defined diets for nutritional
studi es. For thi s reason, most artificial diets used in nutritional
s tud i es of gas tropods ha ve been compounded from mixtures of whole
protei ns. fats, and other natural materials, with augmentations of
selected chemicals such as vitamins and amino acids ~ Problems besetting
dietary studies of gastropods are no di f ferent f rom those conf ronted in
nutria tional studies of other aquatic animals using art,ificial diets.
r e la t: e ma i n 1 y to aspects of preparation, palatability, leach«g of
nutri eats, and determination of suitable nutritional components
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The f i rst use af artificial diets for lt ie s or cultur ng aquatic snailsappears to have been by Roland and Carrik  a Yr er �946! using Lymnaea
stagnali s appressa, and by Standen   ] 951 ! and 1an a ter by Chemi n �957a
9 6 9 ! a n d r h e r n i n a n d 5 c h o r k   1 9 5 9 ! u s n g A u s t 1 b ing us ra orb s glabratus  the

i ntermedi ate has t of schistosomiasis! e D t il
i s . etails on preparationQ m p o s t o n o f t h e s e d i e t s a nd o t h e r d i e t - d i
i i e

er e s used in the study oftropod nutri t on are gi ven i n Table I . Roland d c io an and Carr iker �946!
of who le le t tuce, whea t ce real k d icerea cooked with milk, and

i eral salts with no spec'.' al hi ndi ng agent to rear th f ho rear t e freshwater snail
success ve generations ~ Thestagna lis appressa through twenty successiv ti

stabi li ty of Standen's �951 ! diet was increased b ba hi.e was ncr eased by ba thi.ng the
prepa ra tion wi th 2a CaCL soluti hi h

provi ded a f lat, thi n shee t on which the young snai ls could
f e ed Cher n i n� 9 57a,1959!hatched Austra lorbisglabratus into

s a 1 t /a n t i b i o tie solution and used a compounded di t f d ' det of dried
utoc ia ved br ewe r ' s yeas t and Escheri ch i a co 1 i . The au thor ' s c 1 a i m f or
enic culture of Australorbis in these papers is ques'tionable as living

E, cali were provided as a food source and no tests for gut. microflora
reported; although in another study the li ving component of the

diet was changed to formalin-killed E. cali  Chemin and Rchork 1959!.
Streotomyci n sulphate was found to inhibit growth of Australorbis in all
these studies, a poi.nt. to be considered later in this paper.

In s tudi es on the abalone Ha lioti s discus, Ogi no and Dhta �963 !
ogino and Kata �964! used artificial diets compounded from white

f ish meal, starch, soybean oi 1, cel lulose, vi tamins, yeas t and mi nerals
bound in a ca lci um algi nate gel. Good growth of juveni le abcalone was
obtained on the arti f icial diets, in some cases surpassing that obtained
wi th dr y preparati ons of the animal 's natural food, the brown alga
Undaria pinnatifida. Fastest growth occurred at the highest levels of
crude orotei n tes ted �3-44% of the dry diet!, a result consistent wi th
tvo di f f eren t � s ized starting classes of the young abalone  Ogina and
Ka to 1 9 64 ! . Saga ra and S akai �974! had some success growing young
�.20-0. 26g ! Ha lioti s di scus and H. sieboldii on artificial diets
composed mainly of ei ther whi te fish meaL, marine yeast, or alcholic
active sludge", combi ned in a calcium alginate gel with starch and
brewer 's yeast, but growth was less on these than on a compounded di et
of Chlore lla, starch, and brewer's yeast. Good success in gro~ing
!uvenile Haliotis tuberculata was obtained by Koike et al. �979! with
an artlff~cfal d et compounded largely of natural or extracted vegetable
products  details of composition not provided!, but less so with a diet
modified f rom tha t of Ogi no and Kato   1964!, rep laci ng the f ish meal
with dried Tetraselmis suecica  Table I! . A common characteristic of
these studies on haliotids has been the use of compounded preparations

large ly untreated f oods to provide a transitional diet until the
animals are large enough to eat macroalgae.

<embe r s of the sea hare ge nu s Aplysia have been the principal
subjects in my own studies on growth, nutr' tion, and feed' ng preferences

marine invertebrate herbi vores. sea hares have voracious appetites,
relatively fast'-growi ng, and have broad feedi ng preferences. Three

major ques tions have di rected my work: 1! what constitutes a
nu«i tionally good seaweed for sea hares? 2! what factors govern choice

3! are the factors governing food choice the same as those
important i n nut r i ti on? Ear li. er studies on the nutrition of these

animals showed that the gr.owth-promoti ng qual' ties of various seaweeds
could not be convincingly correlated with such nutritional
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characteristics as absorption of calories, nitrogen, carbohydrates or
specific amino aci.ds, nor with texture of tNe seaweed or amounts eaten
 Care f oot 1 9 67, 1 970 ! . Temporal and geographical dif ferences in
nu tr i t i o na 1 c o n te n t o f s eawe ed s ma de long-term studies and other
comparisons dif ficult, and suggested that a better approach should b to
use arti f ic l al diets�. This, in theory, would permit deletion and
augmentation experiments to be carried out with full know]edge of all
other nutritional components. Zn practice, tests on several different
formula tions of chemi cally defined diets showed that leaching was a
major problem, even with coatings on the nutrients or wi.th precipitated
'skins" on the binding gels. A surface or gel that was too impermeable
was even less desirable, as some di f fusion was necessary for location,
recognition, and enhancement of food palatabili.ty for the animals. An
illustration of how quickly some nutrients, in this case a selection of
amino acids, dif fuse f'rom 4W dry weight agar gel is given in Figure 1 ~
Note that over 504 of the amino acids diffuse from the agar gels in !ust

few hours, and the ra tes are about the same whether an amino acid is
alone or whether all amino acids are tested together with other

nutrients. Sur f ace "skins' of calcium alginate or chitosan acetate
markedly reduced dif fusion rates but were found to be unsuitable in the
dietary studies as they repelled the sea hares . Notwithstanding the

that many of the amino acids chosen in the experiment shown in
Figure 1 are highly dif fusible  as compared with less soluble ones such

tyrosine and cystine! p the results do indicate the need for attention
to possible large dif fusion losses especially when working entirely with
chemical nutrients in an agar matrix.

$ ni tial ly in the de ve lopme nt of chemically defined diets for
Apiysia, palatabi. lity was of chief concern, and the sea hares were
stimulated to eat only by incorporating is dry weight of a
distilled-water extract of the green alga Viva fasciata in the diet
 Care f oot 1979, 1 980 !, This diet was eaten well and promoted good
growth of the tropical Aplysia dactylomela, but with the Ulva extract it
was not usef ul for def ined nutritional studies. By removing this
extract of Ulva from the diet and substituting carbohydrates of known
phagostimulatory properties such as starch and glucose {Carefoot 1982b!,
the chemi cally def ined art'ficial diet provided the means to assess
amino acid requirements in the Japanese Aplysia kurodai through deletion
techniques  Carefoot 1981 ! . Unexpectedl.y, animals maintained on diets
deficient in single amino acids showed no significant weight loss
  i ncludi. ng spawn producti.on as part of growth!, and indicated an
a parent lack of reliance on the normally recognised complement of ten
essential" amino acids, as determined for white rats, in the etc
p n a

the several ways in which deficiencies of "essential amino acids could
be met from non-dietary sources, assuming the requirements of sea hares
for amino acids to be si.milar to those of other animals, the most
i nte res ting and provocative was that of the possible contribution by
intestinal microorganisms. This subject will be consideri dered i n de tai 1

later.
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NUTRITION' SMDIKS ON LARVAL AND TERRESTRIAL GASTR AL GASTRQPOPS

Li tie is known about the nutritional require t f
larval stage of mar inc gastropods. I could find no evidenc i th
literature that microencapsulation techniqueses, as ave been used so
effectively by Jones and his co-workers wi th fil ter-feeding

tebrates including the larvae of the prawn Penaeusn enseus ~s nicus  Jones
1 9 7 9 ! have be e n applied to nutritional st dia s u es on gastropod

Clearly this i.s an area for further work Nor . apstone �970!
9r ow he la rvae of Nassarius reticula tus on three ar tif ici a l

f opds   corn f lour, dr i nki ng choco la te, and "Liquif ry"- the latter
mainly of dri.ed pulverized diatoms!, but even the best growth

Bacterial contamination was also a problem with the diet of drinking
chp co la te de s pi t e f r eq ue nt cha n ge s of the medium and addi t on of

antibiotics

Ter res tr i al sna i 1 s would seem to have been likely candidates f or
notr i t iona 1 s tudi es using artificial diets, based on the comparative

o f pr cpa ra ti on a nd pres entation of the diets in a non-aqueous
medium, but s uch s tu di es are f ew. Nutri.tional studies of escargot
 Helix spp. ! have l argel.y emphasized growth and reproducti ve rates of
an! mals fed on natural plant foods. Despi.te the obvi ous potential f or
mass cu lture i n control led si tuations, husbandry of escargot still
reli es heavi ly on f i eld enclosures with natural herbage as food ~
Terres tr i al s lugs have received some attention, largely through the
dietary studies of Wright �973!, and Ridgway and Wright �975! . These
authors used a partially defined diet to rear Arion ater to maturity,
but while growth and survi va 1 of slugs on the diet were adequate'
reproducti.ve perf ormance was poor. An assessment of B-vitamin
requirements of A. a ter using deletion techniques wi th the di et showed
that a def i.ci ency of pantothenic aci d rapidly reduced growth and
resulted in poor survival, whereas deficiencies of riboflavin, thiamine,
nicotinamide, folic acid, and pyridoxine caused reduced growth rate in
later stages but not in earlier stages  Ridgway and Wright 1975!. This
study is one of only a few which has used deletion methods with
a rt i f i c i a 1 di e ts to as ses s nu tritional requirements of a gastropod
mollusc.

PHAGOSTIHULATORY COMPONENTS OY UlhTS

As pointed out by Dadd �960! in his considerations of nutritional
studies of insects, it is important In dietary studies usi ng deletion
techniques with arti f ici.al diets to know whether a oarticular component

diet bei ng omitted is itself phagostimulatory. In such cases, poor
growth may result f rom diminished food intake rather than from the
omission of an essential nutrient. The absence, then, of good data on

of f ood cons umpti on makes Interpretation of e xper i me nta I resu its
dif f icult. We also know very little about chemosensory feeding
a t'trac t a n ts f or ga s tr opods and even less about phagosti mulants  see
Carefoot 1982b! ~

Some early work in this area has identified the natural
phagostimulatory properties of a crude water-extract of seaweed for the
herbi vorous Aplysia juliana  Frings and Frings 1965!, and this has b en
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confirmed f or other species of sea hares  laban-Parwar 1972.
Susswein et al. 1976; Carefoot 1980!, Additionally, it is known that
components of slime trails and water-borne metaboli c e<uda tes of snag ls
can impart information of a chemosensory or chemotacti le nature to other
snails about recently eaten foods. Hone of the active components Qf
these natural extracts, secret' ons, or excretions, has yet been
pos i ti ve ly identi f i ed.

On the other hand, there i. s an ex t e ns i ve
chemoreception in gas tropods and other marine invertebrates w} ~
indicates high sensi tivity to certain amino acids, sugars, and othe
materials  see Kohn 1961, Laverack 1968, and Hardach 1976 for reviews!,
and the question arises as to whether some of these chemi ca ls may
used as feeding cues by gas tropods. For example, certain ami no aci ds
particular ly L-glutamic and 1-aspartic acids, have been impli ca ted
long-distance location of foods for a number of mari ne invertebrates P
including the gastropods Buccinum undatum  Bailey and Laverack 1963
7966! and APlysia callyornlca  danae-Parwar 1972, 1979 l. Recent stud es
on ~alysta kurodal and A. dactyloeela have also shown that L-olutastc
and L-aspa rtf c acids are more hi ghl y phagos timu la tory than other aminp
acids or various sugars and fatty acids, and are equalled only by starch
 Caref oot 1982b ! . In addi ti on, tests of attractiveness of various
f ractions of lettuce homoge nates to Biomphalaria glabrata, a vector of
schistosomiasis, showed that f ree amino acids, speci f i cally L-glutamic
acid and L-proline, were the primary stimulants  Uhazy et al. 1978!.
may seem unlikely that one, or even a few substances, would act in
isolation from the host of chemical materials diffusing from an actively
growi ng plant, as a recogni tion cue for an invertebrate herbivore,
However, all of these studies point to possibly important food-locatory
ardi food-recognition roles for certain amino acids. Thus, if L-glutamic
and L-aspartfc acids were influential f irstly, in guiding sea hares to
their seaweed foods, and secondly, in stimulating them to eat, we might
predict high di f fusion rates of L-glutamic and L-aspartic acids from
marine algae as well as high levels of these amino acids in the
free-state form in the algal tissues. We might also predict the highest
levels of these amino acids in the most favored foods of sea hares.
While we know little about natural rates of di f f usion of amino aci.ds
f rom seaweeds, there are abundant data which indicate that the
concentrations of free amino aci.ds in marine algae are generally high
and it is probable that these amino acids are lost by diffusion. Table
II is a summary of data from the literature for concentrations and ranks
of concentration of f ree and bound forms of L-glutamic and L-aspartic
acids in several orders of seaweeds. mote that the concentration of

free I -glutamic acid ranks highest in several large orders of seaweeds,
i ncluding the Ulva les, Cladophorales, and Giga r ti.nales,
second-highest in the Ceramiales ~ These four orders i.nclude many of
preferred foods of sea hares and other marine invertebrate herbivoresy

notably the green algae Olva spp., Lpnteromorpha sppe y and Cladop»«
spp., and the red algae Plocamium spp. and Laurencia spp, L-aspart ic
acid ranks second-highest in the Gigartinales and Cladophorales. b«
eighth-highest in the Ulvales. Concentrations of bound L-glutamic

Clad h
are highes t in the Gigartinales, and second and thi.rd hi hes tg

ladophorales and Ulva les, respectively. Concentrations of
L-aspartic acid are highest in the Cladophorales, but fourth highest in
both Gigarti.nales and Ulvales. Levels of bound amino acids as opposed
to f ree ami no aci ds, would be unlike ].y to be i mpor tant as re cogn it i «
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cuueg f or di s ta no � location of suitable foods alth h thoug ey could be
important i n «n tact chemoreception,. Also ievp ] 9 fs o -g utamic or
L-agpartic acids, or for that matter, other "non-essentia]"
would not ! ice ly be as important i n post ingestive cueing of diet
s uitabi ] i ty as wou ld le ve ls of va rious "essential amino acids.
Recognition and subsequent memory of such po st-in egtive b
animals, particularly in di ets contai ni ng an imbalance of amino
are well known for vertebrates  Rogers and Leung 1977! Jut are less
well known for even well studied invertebrates such as insects, and to
the best of my knowledge have not been tested for except in a general
way in other invertebrates  Susswein and Kupferman 1 975,4 crol1 and chase
3 980! ~ Ce r tai n ly, a knowledge of phagos timulatory properties of
components of artif i.cial diets will be useful in preparing such diets
for nutr i tiOnal S tudi eS, and may be neceSSary in order ta unde rs tand
fully the ef fects of manipulating levels of various dietary components
on the nutritiOn Of arimalS.

Concentrations and Ra&s of. Concentrations  highest to lowest
for 18 amino acids! of Free and Bound L-Glutamic and L-Aspar-
tic Acids in Several Orders of Seaweeds. Data abstracted
from over 300 published amino acid analyses of species of
marine algae.

Table II.

Free
Gl t 'd ln tic c' d 1 't «d d~ttt dorderClass

Na Rank Rankmg mg 92
dry wth ' dry wt S Rank d Rank4

dry ddt dry tdt

21 2 233
13 ' 219
10 '- 123

Cerami a1es
Srgartinajes
Rhodymcniale-

102
112
9o

4 3 c 1,23
1,38

6 1.08
4 1.15

Rhodophyceae

10 1
2 ' 5

14 ' 21

2. 29
0,93
1.63

6 1.83
1 1.03
4 1.78

13
2

1'

Caulerpales
Cladophoral es
Ulvales

Chlorophyceae
4

25

6 1.5422 2 1 6122 3 3
2 122

e
50

Dictyotales
1.aminariajes

Phaeophyceae

a� indicates the numktcr of analyses done on species in a civen Order.

sg 4 dry»eight indicates numher of mg �00 g dry alga ! .

k dash  -! indicates no data available.

THE ROLE OF INTESTINAL MICROORGANISN S IN THE NUTRITION
OF GASTROPOD MOLLUSCS
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The presence of symbiotic microorganisms in the alimentary tracts
insects has long been recognized as a complication in interpreting
nutritional requi.rements of the host. animals. whether associated

microorganisms are always involved in an i.nsect s nutritiontrition or whether

"ey are mainly important «hen an insect feeds on a nutritionally



f oodstu f f is sti 1 1 under debate  see House 1 974 !, but it is
c lear t athat i n many ins tances they' do make important and necessary
contributions, and in view of this it is surprising that so little
att ntion has been paid to thi.s problem in nu ri.tional studies of other

rtebrates. This is especially true in nutritional studies usingnve rte ra es .
ichemically defined di ets, where the e f feet of man puiat

minor but pe rhaps indi spens able components
vitamins can be obscured or rendered meaningless i f i

ho thr ough axe ni c techniques that symbionts were
suf f icient quantities of these nutri.ents. Two recent example.
illustrate this. Firs tly, my own study on pplysia kurodai  C

981 !, in "hi ch animals maintai.ned on chemically def'ned di t
ere def ici nt in a single ami no acid showed an apparent 1 k o

r lianm on the normally recognized complement of ten essenti 1
d  as rqui red for the white rat!; and secondly, Stahl and

  ! study on juvenile Hacrobrachium rosenbergii. in which i 1
d ets that were each deficient in one of the four "esse ti 1"
ds argi nine, lysi ne, me thi.onine, and tryptophan, ' o ho

seeming lack of requirement for these amino acids. These later authors
suggested that gut bacteria may have been involved but could not ru]e
out cannibalism and bacterial coatings on exposed surfaces in the
aquaria as alternati.ve sources for the missing amino acids.

Se ve ra 1 s tu d i e s on ma r i ne invertebrates have demonstrated
symLbiotic intes tinal bacteria aid in the diges tion of food in the guts
of their host organisms. One of the earliest of these, by Lasker and
Giese �954!, showed that large numbers of bacteria in the gut of the
sea urchin Strongylocentrotus purpuratus could digest agar and a red
alga lridophycus f laccidum. Later, Gal li and Giese   1959 ! showed

H
funebralis could cause cellular breakdown of several seaweeds, and a few
bac te ri a 1 s trai ns could di ges t agar; however, these active str'ains
appeared to be present i n only low numbers and so the exact role of the
ma jor complement of gut bacteria in this snail was unclear. Terrestrial
snails also harbor their own special intestinal microflora, and these
symbi onts are known i n Helix pomatia and other snails and slugs to
provide use f ul eel lu lose- and chitin-digesting enzymes  Florkin and
Loze t 1949; Jeuni au x 1 9 50, 1 9 541 Evans and Jones 1962! . Prim and
Lawrence �975! f ur ther demonstrated that bacteria isolated from the
guts of echi noi ds cou ld phys i cally degrade a variety of marine plants
and that bacteria f rom the gut of the echinoi d I ytechi nus variegatus
could ut'i lize a number of carbohydrate storage products from plants.
i ncludi ng sugars, lami na ran, carrageenan, starch, and agar, but not
cellulose or chitin. These latter authors sugges ted that the bacterial
i so la tee were nutri tional ly "opportunistic", each able to utilize a
variety of polysaccharides, but proposed that their contribution to the
overall nutr'ition of their hosts may in fact be small because of lack of
a space i n the gut of the animals for harbor' ng large number~
microorganisms, and rapid turnover of gut contents when alga 1 food is
abundant. For these reasons such bacteria should not be considered ««
symbionts even though their metabolic activities, however transient, may
play important or even crucial roles in the nutrition of their hosts ~

That gut bacteri a in a marine invertebrate herbivore may provide
required amino acids for their host is strongly suggested by the
wo rk of Fong a nd Mann   1 9 80 ! . These authors fed sea urchins
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 Strong lyccentrotus droebachiensis! on small agar fis"s c t i
14homo@enate of kelp and finely powdered 0- -cellulose or J-l 0- 1

and found after analysis of gonadal protein that a] 1 amino
radioacti ve ly labe 1 led. Bacteria wer e f mpl'. ca ted by the f act that
animals treated for two days with antibiotics and then injected with
] abe

aci ds of the gonad inc ludi ng the ten recognized as be i ng esse nti al f or
the white rat, The assumption here is that the antibiotic  reatment �0
mg penici 1 li n G and 40 mg streptomycin sulphate. li ter of seawater
medium bathing the animals! affected denly  he gut microflora  numb rs of
gut bacteria decreased from 2,5 x 10 .ml of gut fluid to 1 x 10
after two days exposure! and not the sea urchins. This is an important
point and i ts implications in nutritional studies may be signi f icant,
espec'ally when antibiotics are used in in vivo studies,

I n c o n c 1 u s i o n, th e r e 1 s i n c r e a s i n g e v i d e nce to suggest that
symbi oti c i. ntes tf na 1 bacteria participate ' n the nutrition of their
marine invertebrate hosts, and marine gastropods are unlikely to be an
exception. Thi s partici pation may take two forms = indirect, in which

digesti ve action of bacterial enzymes breaks down structural
po l,ysaccharides of marine plants such as cellul.ose and alginfc acid,
thus re less i ng ce 1 1 contents for further bacterial or host-produced
enzymatic diges ti on; or di rect, in which hydrolytic bacterial enz ymes

on spec' f i c carbohydrate storage products in plants or a ni ma ls, such
starch, glycogen, laminaran, and various sugars, or on intercellular

polysaccharides such as agar and carrageenan. Hhi le it is unlikely that
intes tf na1 bacteri a wou ld play as f mpor tant a role i n the nutri ti on of
mari ne enai ls as do the chemotrophic 8 S-utilizing bacteria in the

2
pouch - like t r ophos ome s of de ep-sea, hydrothermal, vent-inhabiting
pogonophorans  which have not true gut!, or the bacteria associated with
certain gutless bivalves  Hochachka and Somero 19S2!, their potential in
this r ega r d s hou 1 d not be unde res ti ma ted.

USE OF ANTIBIOTICS IN NUTRITIONAL STUDIES

Hos t work on the nutritional irsportance of intestinal bacteria has
involved in vitro assays using bacterial isolates. Those few in vivo
studies using antibiotics to kill, or debil» tate gut bacteria  for
example, Allen and Kilgore 's 1975 i,nvestigat'on of the amino acid
requirements of Haliotis rufescens ! risk the 'Catch-22" cri ticism that
antibiotic treatment af fects not only the bacteria but also the health
of the hos t organis m i tself . Such a cri ticism is not without
foundation. Several studies on aquatic gastropods and crustaceans have
demonstrated the deleterious ef fects of certain commonly used
antibiotics, including streptomycin, in relatively small dosages.
Growth and reproduction in the snail australorhis ~lahratus, for
example were inhibited ei.ther partly or totally at streptomycin levels

mge liter and toxicity effects lingered for some ~eeks af ter
i ni tial exposure  Chemin 1 957b, 1959; Chemi and Schork 1959 ! . Thus,

cultures were not axen'c, it is not known whether these ef fects
due to a di rect i mpai rme n t of the health of the snai 1, or to

secondary causes res u lti ng f rom the e f f ects of the antibf otic on
acteri a in the gut ~ At higher concentrations, both pert i ci 1 1 in  at-92

10,000 units.ml ! and streptomycin  at 5 mg.ml ! cause death in A.
g»bratus, and the effects of these antibi.otics are mild compared to the



'S neca and gergendahl 1955! . Finally, at levels pfef fects of others  Seneca an
200 and 300 mg. 1 t.er, respe0 lit. especti ve ly, penici l li n and s treptomy

b r rant behavi. or, I nhi bi. t gr owth,shown to cause aberran
kill la e and adults of Artemia salina  Q Agostino ]975!eventually kill larvae an a

Given that an an otibiotic may be tox'c to an organism at so
it may therefo re be difficult in axenic studies

concentration,

antibiotics are app elied to separate the direct and indir~~t
the drugs. As an examp e,e ample in a study on the role of intestinal ba
in the nutrit on o eiti f the sea hare a 1 rafa juliana, vitalis �99~ ~
seawater m x ure otur'e of 10 mg.liter each of streptomycin

ni illi G t suppress the activities of gut mi.crof lora, and
siqnif icant r uc onsi if i t eductions in rates of growth of treated ani ma]s as compa
with untreat an ma s.ted imals Yet counts of gut bacteriaI

reduct on o on y a oed ti f only about one order of magnitude in numbers as a resu]t pf
antibiotic treatment ~ Unless activity of the bacteria werfa severely
curtailed this reduction would not seem suf f icient to expla i n
dif ferences in growth responses under the two treatments.

Incorporation of antibiotics directly into the food of an
suppress the acti vi ties of gut bacteria would seem to be
a ppr oa c h than s i mp l y bathing the animals in an antibiotic-containing
medium. This method has worked successfully for insects  see House
1974! and has been attempted f or various gas tropods, but in the latter
ins tances wi th ilues tionable success Wright <1973!, and Ridgway
Wright   1975!, f or example, added aureomycin to artificial diets for
Arion ater to suppress the activities of intestinal and skin microflora
10.099 dry weight of diet!, and found that deficiencies of sewers]
8-vitamins in the diets caused no apparent reductions in growth in the
young s tages - the sugges tion being that bacteria may have provided
sufficient of the missing vitamins. The authors reported no counts of
bacteria to support their interpretation of the data. A similar study
wi th Aplysia dactylomela, usi~g chemically de fined diets with a
deficiency of a single "essential" amino acid, also provided somewhat
conf licting results  Caref oot 1982a! . Thus, inclusion of 500~ g each of
s treptomyci n sulphate and penicillin G per ml of set agar in the
artificial diet �.7% dry weight of diet! did not signif icantly diminish
numbers of bactqria in the gizzard of A. dactylomela  bacterial numbers

-1were 1 ~ 5-6 x 10 .ml of gizzard f luid in antibiotic treated animals, 2
x 10 .ml in untreated animals !, yet animals treated with antibiotics
over a 20-day period steadi. ly los t weight on a diet deficient in
arginine ~ When this arginine-deficient diet was r.eplaced af ter 20 days
with a diet complete in all nutrients normal growth was restored This
sugges ts that. bee teri.a may have been involved in supplyi ng this anino
acid, and thus may have only been debilitated rather than killed by the
ant ibi otic treat. me nt. These studies on Aplysia are conti nuing ~

COHCLUS I OHS AND FUTURE DEVELOP MENTS

The present paper has dealt wi th several aspects of the study
gastropod nutrition which I consider not only I.nteresting but importants
namely the strict use of chemically de f I ned diets rather than partially
de f I ned di ets to s tudy nutr i tional requi reme nts, the I dentif I ca ti on «
phagos timula tory properties of chemi.ca 1 components of a diet, and
rol of b cteria in the nutrition of marine invertebrates. Research
le ad I ng to adeq ua t.e artif icial di ets for gastropod molluscs has been
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slow p Partly due to an interes t in culturing only a few gastropod
speci.es ~ However f pr blems of f ormulation, preparation, and stabi li ty
of diets, appear to M no di f fe rent f rom those encountered in studies of
other shel lf ish. Leaching problems could be overco e bovercome y
micr oencapsula ti on techniques, but this maY prove too expensive and
time-consuming. Chemi«l 1Y defined diets, al,though a requisite for
studies of nu tri ti ona1 requi rene nts, are unlikely to find general
acceptance f or husbandry Purposes. Such diets are too expensive, hard
to prepare, and uns table. Requirements for diets for mariculture or
other husba ndr Y pu rposes maY continue to be best met by basal diets
compounded f rom natural subs tances with suitable addi tions of essential
nutrients and/or Phagos ti mu lant s ~ Even so, our understanding of
gastropod nutri. tion is far behind that of crustacean nutrition.
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QUESTIONS AND ANSWERS

WEIN ER   Un i v. of Maryland!: Have you identi f ied any particu»r
species of bacteria or group pf karyotes typical of the gut of Hai o

caamyooT: ~a lysis is the animal we' ve been working on we' ve
concentrating mainly on bacteria and no other prokaryotes and the answer
i e no ~ It's extremely di f f icul.t to become a taxonomist of
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bacteria and the bes t we can say is that they are gare gram-negati ve. If
you ve ever seen a list of these you probably know that you can
catagorize in terms of external character.i. sties whethee er ey are fuzzy
or hairy, creamy or smooth. how fast they grows their color - those
kinds of characteris ties. I 'rn sure there wi I l be a numb r of
microbiologists here that will take me to task for that, but I thi.nk the
microbiologists "ould agree that it is a big task to attempt to identify
these bacteria.

gEIMER: I am a microbiologist by training and I concur it is a
large task, but an important onle.

KITTRMGE  Uni v. of so. calif ornia!: Aplysia is perhaps the mos t
heau tl f u 1 examPle of a marine or ye of mmstm aches develoPed a hfgh
tolerance for compounds that. normally are feeding i nhibi tors. They feed

i,aurencia and a numbe r of red algae that contain huge amounts of
high l.y ha loge na ted terpenoi ds, and thus they have available a food
source that other herbi vores don ' t feed on. These highly h*logena ted
compounds at the same t me are rather strong antibi otics and I wondered
i f you had a chance to look at the gut cofrtents of normally feeding
~A lysla dactylomelav

CAREFOOT: Only that one set of data that I showed you where I had
them feeding on a mixture of red algae. That's a very good poi nt, of
course, and for those of you who don't know hplysia I can mention that
they use some of these halogenated materials in their aplysiopurpurin-

secre tion which we don' t know the function of. Presumabl,y it is
defensive. That would be an excellent study. The whole topic i.s wi.de
open: Do numbers of bacteria change? oo numbers and types of bacteria
change on different dietsl These ant.mals undergo coprophagy . Is this
important in the nutrition of the animal, as we 1 L 8 It 's a point tha t
we' ve considered, but have not done,

SICK  NHFS-Charleston, S.C. ! .. I was interested in your dissolution

of primary amines from your formula feeds. I have just put out a paper
with Al Fortner on dissolution of primary amines from formula diets and
encapsula ted diets. The thing that intr igued me about thi s was that
i t's very di.f f icult to explain massive di ssolutions and I agree wi th
your results. In our case we went back and partitioned between bound
and free in the original source and found that most of the dissolution,
of course, came f rom the f ree. The problem is in most. feeds you
wouldn't expect that much free amino acids, Host of it is going to be
bound. The question is, what was the source of protein Ln your diet and
how do you explain the dissolution that you observed?

I had no protein source in the diets; I used aminoCAREFOOT

acids.

SICK- So these were in crystalline form?

C ARE FOOT: Yes .
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SICK: In our case, by mme way, j ust to f ' nish the comment, our
source was fish-meal. I wasn ~ t fami.liar with this, but it turns out

in the fish-meaL processing they put back a lot of solubles from
a~other par t of the processing of fish-meal. Apparently that's a
problem that you do have in dealing with fish meal protein source.
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INTRODUCTION

Table I. Organic Carbon in the Biosphere in Gigatons �0 g!

Dissolved in sea water
Total plant biomass
Total annual primary production
Marine plant biomass

1,596
828

78

1.7

Estimates from Woodwell et al. �978!

This paper will deal with one fraction of dissolved organic
material  DON!, namely the f ree amino acids  FV,! dissolved in
waters. Thi.s restriction takes cognizance of the fact that our
to identify and quanti tatively determi ne FAA in sea water is advanced
compa red to a vai lab le analytical procedures for other categories o
compounds. For this reason, it is possible to be more precise abou-
than any other category of DON Also, the turnover rates of
Very rapid compared to that of DCei aS a WhOle  WilliamS et al ~
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The organic material in solution in sea water represents a vast
resource of chemical potential energy. Its mass is exceeded only by
that of the organi c material found in the form of fossil fuels; it
outweighs all living things on earth  see Table I! . Our information
concerning the source, composition and fate of this material is very
i n comp le te. Wa nge rs ky �978! provides the most recent comprehensive
review of these topics ~



This suggests that FM may play a biologically import timpor ant role. Fjnallyg
amino nitrogen is a strict requirement for metazoan nut t hoan nu ri tion which also
makes the fa te of FA.A a matter of interest.

The concentration of DOM encountered in near-Shpreore marine waters is
low va ] ues i n the range of 2-6 mg C/g are typi ca 1 ly reported based on
wet combustion analyses ~ Concentrations of FAA are lowe t ' ll.ower s i ; current
reports and pe r so na 1 obs e rvations indicate a range of ap ' t Ig o approximately
2> 2DD gag  Mopper and Lindroth >982!. Thus FAR represent a small

rdction of the total DOM ~

attention should be drawn to the fact that. particulate sources of
organic carbon are also a sma 1 1 f raction of the total organi c material

seawa te r . Eve n i n relatively productive inshore waters, plankton
rarely exceeds a concentrati.on of 100 ~g C/1  Jorgensen 1966!. Thus the.
organ' c carbon content of FAA in near-shore marine water is broadly
cpmparable to that present as plankton,

The possibility that DOM night contribute to the nutrition of
animals was sugges ted more than a century aqo  see Jorqensen

19763. However, the hypothesis is usually associated with the name of
P�'tter �909 I . Krogh �93'I ! published a brilliant and influential
review of the f ield. He concluded that "... there is no convincing
e vi de n ce th a t any an i ma 1 takes up dissolved organi c substances f rom
natural water in any signif icant amount" i This settled the issue for
most mari ne biologi s ts at that time. However, this view must now be
revised. More recent investigators have had the tremendous advantage of

to analyt' ca 1 techniques of great power and sensi ti vi. ty ~ It is
now possible to demonstrate net entry of FAR into marine animals from
natural sources at rates which are signif icant when compared with their
metaholi c requi rements.

ENTRY OF FAR INTO KARINE BIVALVFS

Stephens and Schinske �957! demonstrated net entry of glycine from
ambient sea water into the slipper limpet, Crepidula fornicata, and the
mussel, Mytilus edulis. They later studied ten other phyla of marine
invertebrates  Stephens and Schinske 1961! and included data on net
entry of several amino acids  arqi nine, glutamate, methionine,
phenylalanine and tyrosine as well as glycine! in other bivalve genera
 Pecten, Mercenaria, Spisula, Yoldia!. Limited sensitivity of the
»nhydrin procedure employed in this work required the use of relatively
high concentrations of substrate. In S isula, the concentrations of
glycine employed ranged from 20~ M �.5 mg/ to 2 mM �50 mgjg !; for
comparison, Manahan et al. �982! report a naturally occurring glycine
conoentration of approximately 15 ~g/g, Stephens and Schinske �961!
also provided evidence that glycine was removed during passage ot water
through the mantle cavity of Spisula by analysis of samples drawn from
the excurrent siphon compared with samples from the incurrent margin of
the clam.

14
Subsequently Stephens �960, 1962! introduced the use of

C" la be l le d s u bs t r a tes and demons trated that the i nf lux of labe I led
substrate occurred directly across the body wall. The process showed
saturation kinetics indicatinq carrier-mediated transport was involved
ln ensui ng years the use of radioisotope-labe lied compounds was
exploited in several laboratories to study uptake processes in a variety
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of marine invertebrates ~ S tephens �968, 1981 ! provides a gene~~i
review while Stewart �979! reviews work on marine bivalves. pequi
�973! used autoradiography to demonstr'ate that the gill was the pri
sit of entry of lab lied glucose in bivalves. In the 1970's Bamford

F
Stewart, Wright and other inves tigators studi ed the kinetics o f entry
labelled substrates into isol ted gills or gill fragments of several
bivalve species  cf. Stewart 1979! ~ However, the use of isolated gi j]
preparations for the study of entry of labelled substrates into
was la ter found to be potentially misleading despite its apparent
simplici.ty and di rectness. Isolation of gills typically produces
cessation of lateral ciliary activity  Wright and Stephens 197'!.
result, water is held as an unstirred layer between the gill filaments
and gill lamellae. The presence of this layer inf luences the observed
kinetics of influx in ways which lead to gross errors in estimating
constants in the equation which describes substrate entry. This trapped
layer also introduced a non-saturable component into obser ved k' ne ties
of entry which has been improper ly inte rpre ted as evidence of pas si ve
di.f fusion. These matters have been recently reviewed  Stephens 1981!
but a brief discussion of transport kinetics is required at this po'is point
to explain these concerns further.

TRANSPORT KINET':S

Figure 1 is an idealized representation of typical results bt
h f f 14 o aine

when rate of entry of a C-labe lied substrate is measured and p lot ted
as a function of subs trate concentration. As shown in the figure,
investigators have typically separatd the observed total influx into two
components and proce eded to demons tra te a good f it between the
experimental data and the following equation:

J = KI S$ +  J $S!!/ K + QSj!  Equation 1!
ma t

where J is influx, I SJ is substrate concentration and the other symbols
represent cons t ants, Interpretation of KpSg in Equation 1 as an
i ndi cation of passi ve or di f f usiona l entry of substrate is almost
certain 1 i ncorry ' correct. The concentration of total FAA in the cells of
mari ne invertebratesbra tes, i nc ludi ng bi val ves, ranges from 0.2-0 ~ 5 H
 approxima tel 10-50y � g/g !. External concentrations of FAA are extremely
l.ow  c f . fore oi n di scug g scussion ! . Thus there is a large outwardl
di rected concentration rad'g ient of FAA aCrosS the epithelial membrane Of
the gills If KI ~~ i s int~<3 ' ' nterpreted as indicating diffusion, K has a
sufficiently high value that the loss of FAA to the environment would be
expected to be ver lar e.y ge. This hypothetical passive efflux of
would be incompatible with mainmaintenance of the concentrated intracellular
pool of FAA and has not been observed to occur in intact Hytilus edulis
 Hanahan et al. 1982!.

Wright and Stephens �977  77 ! showed that the appa rent passive glycinei nf lux ' nto the mussel 8 tiy ilus californianus, was an artifact due tothe presence of labe l led substsubstrate in the intercellular spaces of
i sola ted gill preparation em Iployed. The ef f ective intercellular spacewas increased as a result of ce
Th' o cessation of lateral ciliary activity.is space was measured se aseparately and raw data relating entry «
labe l led subs tr a te to substrate o substrate concentration was corrected to ta"e
account of the radioactivit asc i vi y as soci ated with the intercellular space ~
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or ma 1 ly ide nti ca 1 to the Mich aelis-lenten eouation describi ng
relation between reaction ve loci ty   v ! and subs tra te concentra r ion
for an enzyme-catalyzed reaction.

"Kt" in Equation 2 is the concentration at which the ~arri
mediating inf lux is half-saturated, i .e. the concentration
is equal to 1/2 J, Methods for determi ni ng K and J

1M X 1Da
experimental data are given in elementary text sources
interpretation of these constant.s is also discrissed  see for
Meame a nd Ri c ha rds 1 9 72 ! . Put i n non � ma thematical terms
r epres e nts the caps ci ty of the carrier to mediate i nf lux while»X n
represents the. apparent af finity of the carrier for the substrate. goth
characteristics of the transport system are functionally important.

fn the present context, I wish to draw attention to the
between observed ICt and the concentration ot substrate normally
a vai lab le to the tra nspor t sys tem. Stewa r t �9 79 ! summa ri zes the work
of se ve ra 1 i nves bi ga tor s studying the kinetics of influx of several
amino acid subs tr ates using isolated gills He tabu la tes the observed
Kt ' s and reports a range of 9 304 p M The lowes t value of
reported f or aspa r ta te and should be treated with caution since the
i nf lux of this subs trate is unusually low. We have previ ous l.y
tha t the nor ma 1 r a nge o f: AA in neat-shore waters is approximately
20-200 ~ g/g or a p pr o xi ma tely 0. 2-2 + Mi Therefore, indi vidual amino
a ci ds a r e no rma 1 ly a va i la b le i n submicromolar concentrations or
levels which are two orders of magnitude lower than the K ' s listed by
Stewart �979! .

At concentrations f ar be low the K« little transport can occur
because the sobs tra te concentration is low compared to the apparent
affinity of the carrier. Figure 2 presents the resulting difficulty
graphically. Two curves relating influx and substrate concentration are
presented. The upper curve is draw'n on the assumption that the I of
the transport system is 1,0 ~M; the lower curve assumes a Kt of 100~M.
I n both cases, J axis assumed to be 1.0 in arbitrary units. The level1

of avai.lable substrate is assumed to be 1.0 ~M  indicated in the figure
as the shaded area!. With a K of 1.0 ~ M, J, will be 0.5 units by
def i nit ion of K . Wi th a K t of 100 ~N, J wi ll be 0.0099 units
 calculated f rom Equation 2! or less than one f if tieth of that of the
h i gher *f f i ni ty sys tern Thus, i f the Kt ' s reported i n the work
emp loyi ng i so la ted gi 11 preparations are accepted as correct, no
s igni f icant. inf lux of FAA in the gi 1 1 of bi valves Can OCCu r tram the
concentrations available in natural waters ~

To state th e problem in another way, Nytilus californianus has been
shown to exhibit one of the highest rates of maxi mum influx of' FAA per
uni t wei ht of tig t ' ssue among marine invertebrates studied {wright and
Stephens 1977! . H wo ever, if the Kt for glycine influx determined from
isolated i ll re ag p p rations is accepted as correct, less than one pere< nt
of that trans rtpo capaci ty i s f unctional at concentrat i ons present i n
the natural habi tat a dnd the contribution of FAA as a result of influx
via such trans rt is negli.gibly small when compared with the metabol c
requi rements of the a nimals ~ Wright and Stephens �978! addressed this
problem b devisin ay g system for studying the kinetics of FAA Influx 'n
i n tact, rior mal l y pumpi.ng animals. They observed Kt's for entry «

C- labe l led glycine of 2-32-3 ~ M Thus, the transport sys tern as observed
i n norma 1 1 umoiny p g animals proved to be well adapted to provide
subs tant! al int lux of FAAof FAA at naturally occurring ambient substr'ate
consent.rations.
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SUBSTRATE CONCENTRATION  gM!
Curves drawn from the following kiretic assumptions: the
upper curve assumes a Kt of 1.0 gN ard a J ma�of 1.0  arbi-
trary units!; the lower curve assumes a Kt of 100 pN and the
same J~maz. Points are calculated from Equation 2 in the
text. Substrate concentration is 1.C pM as indicated by the

shaded area, Note that the transport system with the lower
Kt results in an influx at 1.0 ~ which is approximately 50
times greater than that of the system with the higher Kt.

Figure 2.
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Wright et. al. �980! resolved the issue of the apparent discrepancy
of estimates of kinetic parameters for FAR transport in N. californianus
studied wi th iso lated gi 11 preparations as compared to res u its obtained

normally pumping animals. These investigators showed that
isola'tion of the gill disrupts normal water circulation and results in a
thicker diffusional barrier or "unstirred layer" between the bulk medium

the transport surface This introduces a major error into kinetic
studies employ'ng isolated gills and leads to a gr ass overestimate of

Two conclusions follow from this di scussion of transpor t ki netics
appl es to bi valves. First, marine bivalves which have been

' ef»ly studied appear to have efficient transportsystems which are
adapted for the uptake of amino acids occurring at submicromolar

concentrations i n the na tura l. environment. Second, extreme caut i on is
n«essary in interpreting the values of kinet.ic constants tor uptake of
FM«hich are reported in the literatures



HET INDI JX OF

14Demons trati on of entry of a C � labe lied subs trate is not
equiva enl t to demonstration of net influx of that substrate. Exchange

speci f ic substrate medi ated by a membrane carrier shcwsdif f usion o

saturat onti kinetics in experi ments where labe Llefi
in the medium and entry is s tudied as a function
concentration. That is, data obtained by use of the radio }
techniques which mos t investigators have employed do not permi
di.s ti aguish between net influx and exchange di f f usion.
emphasized by Johannes et al a �969! . These i aves tiga tars showed th
ef flux of FAA from an ectocommensal flatworm, 8delioura
determi ned by di rect chemi ca 1 ana lysi s of the appea rance
medium, exceeded inf lux of radio labelled FAA in their experi
This led them to suggest that previous reports of influx of FAA

vi ewe d as exch ange di f fusion rather than net inf Lux of
pending further evidence.

As noted above, early work had to employ direct chemical analysis
of the disappearance of FAA to demonstrate influx of FAA into bivalves
 Stephens and Schinske 1961! . However, relati ve ly high concentrations
were neces sari ly employed because of the limi ted sensitivity of
colorimetric tech niq ues of analysi s avali able a In 1 972, Udenf r iend
al. introduced a fluorometric technique for analysis of primary amines
based on a new reagent, f luorescamine. This allowed rapid determination
of total primary ami nes at submicromo la r levels. S tephens   19 75! used
this procedure to study net flux of FAA in marine annelids. Inf lux of
14

C-labelled amino acid substrates proved to be closely para 1 le led by
net reduct i on of total primary ami ne in the medium as determined
f luorometrica 1 ly. This approach was used by wright and Stephens �977,

141978 ! to show tha t remo va 1 of C-glycine f rom the medium by intact
~m rilus calfornianus vas accompanied by removal of primary amines from
the medium as determined f luorometrically. These da ta clearly exclude
simple exchange di f f usion as a tenable hypothesis to account for the
observed influx of labelled FAA,

The removal of primary amines as determined fluorometrically
parallels disappearance of labelled substrated as stated above.
However, the rate of disappearance of primary amines is slightly s Lower
than the rate of di sappearance of labe lied substrate at all
concentrations; this divergence becomes quite apparent at micromolar
le ve ls of subs trate, As noted, fluorescamine reacts gene~all y with
primary amines. The data obtained by simultaneous monitoring «
disappearance by fluorometry and radiochemical techniques has therefore
been interpreted as evidence for leakage of unknown primary amine s~
accompanying the net influx of the ami no acid substrate supplied
 reviewed and discussed in Stephens 1981!.

Pluorescamine reacts generally with primary amines
products differ widely in their specific fluorescence. Thus it c' an only
be employed legiti mately as an analytical procedure in circumstances
where the natu re of the pri mary ami ne compounds present i n the medi «
can be speci f ied. This is possibl.e in experiments where
substrate is supplied in the medium as in the case of the work of wright
and Stephens �977, 1978! ~ However, as time passes, amines added to
medium by the animal react with fluorescamine and the composition of the
medium becomes increasingly undefined. The fact that fluorescamine
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reacts ge ne ra 1 ly wi th primary amines makes it unsuitabl fo
determination of net in f lux, of FAA from natural water samples sin
these contain a complex mixture of undefined compounds capable of
reacting wi th the reagent. Theref ore, conclusions about removal of FAA
from natural wa ters based on such an approach must b
tentative ~

HPLC ANALYSIS OF HRT INFLUX IN BIVALVES

Lindroth and Hopper �979 > and Gardner and Killer �980! have
reported sensi tive procedures for separation and quantitation of f ree
amino acids ' n sea water employing high per formance liquid
chromatography  HPLC! . Both procedures are based on the Preparation of
f ] up res ce n t de r i. va t i ves of FAA using the reagent, o-phthaldi aldehyde
~OPA!, These f luores cent amino acid derivatives are then separated

HPLC and detected in the ef fluent stream from the chromatograph
co] umn us i ng a f luo rome ter . Amino acids are identif ied by time of
elution and quantif ied by measurement of peak area.

Seve ral ma j or ad va ntages make the HPLC procedure attractive for
s tudi es of net entry of F'AA i nto ma ri ne i nve rtebrates. Deri vatiza ti on
with OPA is very simple. Desalting of samples is not required.
Fxtremely small volumes of sample can be used �-500 ~1!. The technique
i s suf f i ci ently sensi tive so that picomole quantities of individual
amino acids can be detected. This allows quantitative estimation of nN
concentrations of individual amino acids, i.e. at levels which are
comparable to those present in near-shore mari.ne waters.

Recent work in our laboratory  Nianahan et al. 19B2! was undertaken
using the isocra tie KPLC procedure described by Gardner and Mi lier  op.
cit,! for amino acid analysis ~ Kntry of amino acids into Mytilus edulis
from natural water samples and from sea water solutions of known amino
acids was examined. Intact animals were used and samples were taken
duri ng norma 1 pumping ac ti vi ty .

The following procedure was followed to check on the reliability of
the sampling technique for obtaining natural ~ster samples from the
hab'' tat. A liter of sea water was taken from Newport Bay, California,
about six inches from the site of a large population of musse le from
which a few animals had been removed and brought into the laboratory on
the preceding day. A small sample of sea water was also collected from
the same location at the same time and was immediately aseptically
f i ltered through a 0. 2 pm Nuc leopore f i lter to remove microorganisms.
The larger sample was filtered aseptically through a 0. 2 p m Nucleopore

promptly upon returning to the laboratory, about twenty minutes
after collection, No dif ference in concentration or qualitative
composition of the FAA in the two samples were obser ybserved b OPLC

chromatography. Thus, microbial activity had not signif icannificantl modified

the composition of water samples during the per'od which l. pwhich ela sed between

collection and filtration in the laboratory

A mussel, 6-8 cm in length, was placed in a conontainer with 400 ml

aseptically filtered sea water sample; the an' ganimal be an normal

pumping act' vity within a few m'nutes. Small � ml !ml water samples were

"en drawn periodically from the incurrent margin oof the animal. At the

time, small � ml! samples were taken from the excurrent siphon
sing a plas tic cannula inserted into the exche excurrent opening. Thi.s
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procedure allowed withdrawal of samples of water af ter passage through
the mantle cavity of the animal without mixing with the surrounding
ambient sea water and thus made possible the direct comparison of water
be f ore and af ter a single passage across the gill  see wright and
Stephens 1978 for a detailed account of this procedure!.

Figure 3 shows HPLC chroma tograms of sea water taken from
natural habitat of Hytilus edulis and filtered as descr bed.
samples were taken essentially simultaneously from the i ncur rent marg
of the animal  uppe r chromatogram ! and f rom the e xcur ren t s iphon   l~~er
chromatogram! . The &ree amino acids aspartate  Asp!, seri ne  Sez !
glyci ne  Gly! are labelled on the chroma tograms. In
quantitative estimation of the areas under the three designated peak- by
a digital electronic integrator ndicated that 63%, 84% and 72% of
Ser and G ly respect i ve ly were removed hy the animal during a
passage of water through the mantle cavity.

Ser

EXCURRENT

Figure 3. The upper HPX.C amiro acid chromatogram is of 0.2 ml of sea
eater taken from the immeidate environment of ~Mtilue eduli
The lower chromatogram is 0.2 ml of the same water taken from
the. excurrent siphon o f an actively pumping animal. Samples
were taken essentially simultaneously. The amino acids aspar-
tate  Asp!, serine  Ser! and glycine  Gly! are identified.
Other pe»s are unidentified components present in the natu-
ral sea water.
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We also address d the problem of the reported ef flux of "unk
primary am i neo" wh'ch apparently accompanies influx of FM in mussels.

solution o f A s p, Re r a nd G1y in artificial sea water was used to
simpli f y the o xpe r ' mental sys tern and to permit detection of small
amounts of OPA-react; ve material liberated into the medium, Each amino
acid was s<ppli d at a concentration of 0.25' M; 0~25+ M 9amma-amino
butyric a«d  GABA! wa»ncluded in this "artificial solution since
expe ri men ts had hown tha t GA8A is removed from solution by mussels
slowly compared «««r E~A- its presence thus served as a control fpt
any unpe r ce i ved experimental ef fects which may have been mistakenly
interpreted as i nf lux.

Asp

~HCURRENT

Ser

EXCURREH'r
Asp

ALIhl0%A

Figure 4. The top HPLC amino acid chromatogram isis of 0.2 ml of an arti-
in 0.25 gH Asp, Ser, Glyficial sea water solution containing

The center chromatogramand GABA  gamma-amino butyric acid!.
from the excurrentis of . m o0.2 ml of the same solution taken fro

animal. Peaks labelled A, Bhon of an actively pumping animal. Pe sp
of water through the mantleC appear during passage of water

ram i of 4.0 nmoles of HH4C1 in~~sty. The bottom chromatogram i o
0.2 ml of sea water.
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~togram in Figure 4 is of the "arti f icial soluti oneThe top c roma
in which a mussel was placed; beneath it is a chromatogram of
drawn romf the excurrent siphon of the animal
pump ng The two samples were taken essentially simultaneously
measurements were repeated several times.
in Figure 4 vere cons is tent features of samples from
spon. animals were pe rmi tted to reduce the concentra tip f
to very lov levels over a 45-minute period, chromatograms of th
medium showed a steady increase in height of

animals were placed in artif icial sea
bs rate and were permit.ted to pump for 45 minutes. Peaks A, 8

PP r d and were comParable to those found i n experiments with
FAA.

The bottom chromatogram in Figure 4 is of
g 4 nmoles of N+Cle As shown in the Figure, three k

obtained which had the same eluti.on times as peaks A, B
mmoni a w O A may produce se vera l
hus we conclude that. the ammonia liberated by

investigators using less specific procedures to study entry of FAA. pf
course this does not exclude the possibi li ty that other OPA or
f luorescamine-posi ti ve materials may be liberated into the medium by
other organisms or by Hytilus edulis under different conditions.

SIGNIFICANCE OF INFLUX OF FAA IN ADUL T BIVALVES

Wright and Stephens �978! showed that the ef ficiency of removal of
glyci.ne i n a single passage of water through the mantle cavity of
Kodiolus demissus and Nytilus californianus depended on the pumping rate
as well as the ambient substrate concentration ~ They es timated that
approximately 40% of the reduced carbon required to account for oxygen
consumption in H. californianus could be supplied by ambient FAA at 1.0
pN provided influx of the amino acid mixture was comparable to that of
gLyci ne. Jorgensen �976! estimated that 30% of the reduced carbon
requirement of Nyti lus edulis could be supplied by inf lux f rom 1 . 0 ~ 14
alanine.

These estimates suggest that the input of organic material via gill
transport of solutes from the medium is sufficiently large to qualify as
a signif icant nutri tional supplement. Qualitatively, a continuous
supply of amino ni trogen as a supplement to other food sources is of
biological significa.nce ~ It should be noted that there is evidence that
some bi valves possess a metaboli sm which is partly anaerobic, even in
well aerated water  Hammen 1979!. If this proves to be true for a wide
range of spec' es, the use of oxygen consumption as a measure of
metabolic energy requirements should be re-examined. We should also
draw attention to the uncertainty concern'ng levels of FAA present
the immediate habitat of bivalves. We do know that there are temporal
f luctua tions in concentrations of FAA  hlopper and Lindroth 1982!
marked dif ferences related to microhabitat  Stephens 1981 !

There is li tie inf ormation on which to base an estimate of
importance of the influx of amino acids to the total nitrogen input
bivalves However, using influx rates from Wright and Stephens �978>
and rate of ni trogen loss f or animals in March  Bayne and Sc»»rd
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1971 !, Hyti lus edulis would aequi re about 28
g f our bY amino aciduptake f r om 1 ~ te FAA in sea wa.ter while 1 osing approximately 32

g/hour as ammonia and amino nitrogen. Pg
ogen excretion is variableseasonally and depends on nutritional st t e, reproductive state and

temperature ~ H~w~~~ r, this approximate calcu l tiu a on suggests that thecontribution of influx of FAA to nitroge b logen a ance may be quite
significant at times .

Metaboli sm and incorporation of FAA in o more complex molecules
have been reported in bi valves. However the b'e su ject has received

ti ve ly 3 i tt] e attention so that a detai led review ' tai e review is not warranted.
enera l, i t aPPears that FAA removed from the mb' tom e a ient sea water

active amino acid pools first in the 'll d 1i n e gi and later
throughout the sof t tissues; af ter en'try i't participate f ll ' hicipa es u ly in the
metabolism of the animal.

UPTAKE OF FAA BY BIVALVE LARVAE

Until very recently, a little work concerning bivalve larvae has
been published ~ Crane et al ~ �957! report uptake of C-glucose by the14

larvae of Nactra  Spisula !; Fankboner and deBurgh �977! report uptake
of a chemical ly undef ined algal exudate by larvae of Crassostrea ~i. as.
Rice et al ~ {1980! studied the entry of glycine and alanine into larvae
and j uve ni les of the European f la t oyster, Os area edu lis, using both
radiochemica 1 and f luorescami ne procedures. They were able to
demonstrate net influx of these amino acids.

Major advances in our knowledge are provided by the work of Ranahan
and Crisp  i n press ! . This work is based on radiochemical techniques
and thus does not directly address the question of net entry of FAA from
solution. However, by extens i on from the work with adult bivalves
discussed in preceding sections of this paper as well as the work of
Rice et al ~ �980!, it is reasonable to assume that subsequent work «ith
fluorometric and HPLC techniques will produce a comparable pi.cture with
respect to net entry of FAA into bi valve larvae, The remainder of this
section will summarize the work of Ranahan and Crisp  op cit, I,

Autoradiography was carried out using larvae of Crassostrea ~ias,
Ostrea edulis and Mytilus edulis. The main site of amino acid uptake in
ve li gers is the ve lum ~ Fixation of larvae in glutaraldehyde to
cross-link f ree amino acids sho~ed substantial radioactivity in the
velum af ter a one-minute exposure to H-labelled glycine. Fixation in3

Carnoy's, which does not cross-link amino acids, did not show
r adioacti vi ty in the velum indicat.ing that incorporation into larger
molecules had not yet occurred, After a period of 10-100 minutesg
radioactivi ty began to appear in deeper tissues and in Carnoy-fixed
material indicating progressive assimilation of the labelled substrate.
"Ptake via the digestive tract was negligible. At settling, the velum

resor bed and the gi l l is not yet fully developed. However, the
developing gill buds become active sites for entry of amino acids during
early settlement stages.

xlanahan and Crisp also showed that the transport systems for uptake
are activated approxi mately one hour af ter fertilization Once

activated, they continue through all stages of the life cycle from early
c leavage through adulthood.
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These author s emphasize the potentia' importance of Fgg
ut ri ti ona I s upp leme mt i n la rva l a nd early settlement stages

general, ener gy reserves provided f or larva l de ve lopmen t by the parent
a du lt a re minima I   C ri sp 1 9 74 ! . In early development, all bivalve
]a r vae are i n cap able of uti iz i ng pa r t i cu la te f ood Typi  a] ]y
metamorphosis in bi valves involves shif t from the velum to
feeding organ; during this transition, particulate food is not utilized
These arguments for the potent i al importance of FAA as a
supplement are f ur ther supported by the very rapid rates of uptake
utilization of FAA by larvae. I'n C. gi gas, 100 mi nutes af ter exposure
to C-glyci ne, 47%. of the glyci ne taken up has been incorporated14

protein, 38% has been oxidi zed, 2+ i s present i n the lipid f ract ion
the remainder is in TCA-soluble compounds .

Rates of glycine entry are approximately an order of magnitude
greater per unit wet we' ght than those reported for adult bivalves
This may be a consequence of the large sur f ace presented by the lar vae
relative to its size ~ The rate of incorporation of FM into protein is
unusually high and indicates very rapid assimilation of substrate
compared to that found in adult bivalves  cf. Stewart 1977!.

In estimating the potential importance of uptake of F4n
contri.bution to the nutritional requirements of bivalve larvae, Manahan
and Crisp use their da ta on qlycine uptake to compare inf lux of
subs tra te to the total energy requirements of the larvae and to the
rates of protein synthesis during early larval growth. The contribution
to total energy requirements proves to be rather small for two reasons.
First, 70' of FH uptake has been shown to support growth so only 30m is
cons trued by Nanahan and Crisp as contributing to the support of oxygen
cons umption. Second, g lycine pr ovi des the s ma 1 les t amount of r educed
carbon per mole of any of the amino acids. For these reasons, their
calculation that influx of glycine for an ambient concentration of 6~M
contributes approximately only 3% of the energy requirements of C. gigas
pediveli.gers is not surprising. On the other hand, since glycine is
incorporated into protein so rapidly after entry, Manahan and Crisp
es ti ma te that g lyci ne i nf lux can contribute approximately 9. 5't to the
protein synthesis required for growth ~

COMPETITION OP BIVALVES WITH HICROORGAN ISNESS FOR FAA

Mari ne biologi sts of ten view microorganisms and particularly
bacteria as the principal heterotrophic agents in the turnover of DON in
the planktonic community  williams 1975! ~ Bacteria have also been
suggested as the agents responsible f or the apparent uptake of F4% by
marine invertebr ates  Sepers 1977; Siebers 1979! Several
characteri.sties of bacteria appear to support this hypothesis ~ They are
rapidly adaptable to changes in substrate availability and composition ~
Thei. r very high surf ace-volume ratio is favorable for any surface
li mi ted process such as nutrient uptake. They have very low K t ' s J
representative value !or amino acid transport taken f rom Seper 's review.
 opi cit.! is 3 x 10

Rece nt work onon uptake of amino acids by adult bivalves suggests
that they compete wi th bacteria very ef fecti ve ly. Wright and stephens
�978! demonstrated that removal of 30-95% of glycine from a 1gM
solution occurred durinring passage of water through the mantle cavi ty
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mussels This occurs during the few seconds re
s r equi re to replace theduri ng normal pumpi ng acti vi ty no subs trats ra e is removed if the

not pumping. Scanning electron microsc
scopy an transmissiond

microscopy do not provide any evidence for ba t
c eria associatedthe gills or h. eduiis tManahan et al. 19821 comparable to the

rntracellular bacteria rePorted to be Present in some bivalves  Pelbech
1981!. Thus microorganisms play no significant roLe in uptake of

F~ by adult Myti lus ~

and Cr i sp   op. ci t. ! di scu ss the relative ability of
larvae and bacteria to obtain glycine from solution. They point

put that whi le the K ' s of bacterial transport sys tems are very low s
1the J of these sys tees. Using the fata summarired by Sepers

�/77! they es timate a Q of 3 x 10 M and a J max of 1 0 moles/hour
for a mass of bacte ri a equa 1 to the wei ght. pf the ve 1um of one H. edu li s
larvae The larval velum has a measured 1I: t of 3 x 10 M and a J o f

max o10 mo les/hour ~ Figure 5 is a plot of the i nf lux of glyci ne i nto
equi valent wei gh ts of bacteria and larvae over the concentra ti on range-6
0-g x '0 M. Note that larvae outcpmqte bacteria from FAA resources
at concentrations greater than 0.3 x 10 M.

0,4

0.3
X

Z 0.2
H

0 I.O 20 5.0

SUBSTRATE CONCENTRATION  !jM!

Figure 5. These theoretical curves compare expected influx of FM into
a natural bacrerial populatio11 and into ~Ãtilus edulis. The
comparison is on an equal weight basis, l.p ml of sea water
assumed to contain bacteria approximately equal in weight to
one larval velum [redrawn from Manahan and Crisp, in press! .
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Hanahan and Crisp  op. ci t. ! also report observations in which
uptahe of labelled glycine into larvae of M edulis was directly
compare hy the natural population of carina bacter a in
seawa er oeawa ter of the Nenai Straits, Wales, U. K. After exposurer they

14separated larvae and bacteria and found the C-label mainly present in
the larvae. population levels of bacteria were estimated by direct
coun ti ng o f s amp les stained wi th acridine orange . Neither bacterial
growth nor a decrease i n the bai-teri al popu la ti on due to i nges tion of
bacteria by the larvae could be detected i n comparing samples taken
before and af ter exper iments were conducted. Thus en try of subs trate
into the larvae did not appear to occur by inges Cion of bacteria. They
also state that examination by scanning e lectran mi eros copy fai] ed tp
reveal any bacteria associated with the velum, whi ch is the ma !or sj te
of amino acid uptake in larvae.

We may conclude f rom the studies cited above that both adult
larval bi valves are able to compete very effectively with natura] ly
occurring microbial populations for available YAA in sea water e

Finally, mention should be made of a development which promises an
exci ting breakthrough in this area. Langdon �980, these proceedings!
has succeeded in producing axenic suspensions of C. gigas larvae. Oar
laboratory is currently working on the uptake of FAA using axenic
suspension of C. gigas larvae obtained following Langdon's procedur
The availability of this experimental materi~i permits, 1! investigation
of the compe ti ti on of la rvae and natura 1 bac ter i a 1 popu la ti ons f or FAA
under strictly controlled conditions, 2! observations on influx and net
entry of FAA. in the complete absence of bacteria, 3! precise
quatif ication of the contribution of FAA inputs to the energy
requirements and to protein synthesis in larvae, 4! precise
de termi nation of the metabolic f ate of known subs tra tes so that, for
example, essential amino aci d requirements can be determined. The
combination of modern analytical procedures such as HPLC and the
avai labi li ty of axenic material for experimentation should lead to a
dramatic i.mprovement in our understanding of the role of DON in larval
nutri tion in the near f uture.

INPLICTEONS FOR NARECULTURE

provasoli. and co-workers have suggested that the concept of
"biphasic diets applies to the culture of all metazoans fe.g. Conklin
and provasaoli 1978! . This phrase is intended to direct attention to
the importance of both the par ticula te and the dissolved phases of
culture medi ~m.

Crustaceans such as Artemia, Daphnia and Hoina which served as
expe ri mental mate rial f or much of the work of provasoli and his
collaborators are known to be incapable of transepi dermal uptake of FM
 Anderson and Stephens 1969!. Thus the dissolved components of the
bi phasic di ets de ve loped for the culture of these organisms must
supplied in high concentrations since they must enter via the gut ~

Work cited and di scussed in the preceding secti.ons of this paper
shows that marine bivalves readily remove dissolved substrates
eoluti on at low concentra tions, both as larvae and adults ~
present in the natural environment at significant concentrations-
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removed from solution apparently contributes both to energy requirements
and to protein sYnthesis. Zn Langdon's work studying growth of
suspensions of C ~ gig« larvae on artificial diets  op, cit !
grew better when supplied with both an artificial particulate diet and
tissue culture medium than larvae supplied with only one or the other of
these food sources, This suggests that the necessarily biphasic nature
of food resources available to bivalves may be significant for
commerciaL culture of these organisms.

Manahan and Stephens  i.n pres.s ! have shown that maj or changes
the concentrati on o FAA can be i.nadvertently produced in commercial
culture of OYster larvae by addition of algae intended to serve only as

par't icu late food source . lt seems quite likely that moni tori ng and
ad j usting the leve Ls of speci f ic FAA i n larval and j uveni le cultures may'
help to reduce mortality and improve growth by control li ng the supply of
speci f ic di etary compone nts . Preci se determination of nutritional needs

as essential amino acid requirements, should provide a basis for
the development of an adequate def ined artificial diet. Measurements of
natura] le ve ls and de termi nati on of the qua li tati ve compos it ion of DON

sea water may also assist in site se lect i on for mariculture
operations ~

CONC L US TONS

1, Rapid ne t in f Lux of FAA into adult bivalves from sources
present in the immediate natura l habi tat has been unambiguously
demons trated ~ As a corollary, one may conclude that adult bivalves
possess transport systems for FAA which are effectively adapted to their
habi tat.

2, Transport systems for FAA in marine bivalves are activated
shortly af ter fertilization and remain functional throughout thei r li fe
cycle. Radiochemical evidence strongly suggests that larvae also have
access to natural resources of FAA.

3 ~ Both adult and Larval marine bivalves are capable of competing
e f fecti ve ly wi th bacteria normal ly present in their habitat for
avai lab le FAA.

4. FAA removed f rom di lute solution in sea water appear to
contribute signif icantly to the energy requirements and to the amino
acid requirements for protein synthesis of adult and larval bivalves.

5. The natural diet of marine bivalves is hiphasic, including both
particulate and dissolved components. Further study of the role of
di.ssolved nutrients may contribute significantly to bivalve mariculture.
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QVZSTrONS AND ANSWEm

LOpEZ  St-ate Univ of R. Y ! . Dr. Stephens, would ypu comment on
inves tigations Mat have looked at the ef feet of Dw uptake on either
survival, growth or fecundity pf marine organisms

STSpgzNS: The only studies I know which deal with bi valves are
those of Dr La ngdpn which were presented at thi.s s ympos ium yes te rda y .

that la tvae of C ~ gigas did not survive when provided with
s club]e nut r ients . However, he did find that larvae provided with
dissolved nutrients survived longer He also found that supplementati.on
pf an art if i cia l par ticu late diet'. wi th dissolved nutrients had a
+sitive ef feet though, again, the larvae did not survive.

al lows me to re-emphasize Provaspli's concept of biphasic
Z am convinced of the correctness of his perception that both

partic'u la te and dissolved phases of f ppd resources are important ~
this is particularly the case for spf t-bodied marine organisms

as bivalves ~ Howevet, the current state of investigations in this
field dp npt allow us to speak pf immediate practical applications.
think we are now in a position to explore the contribution of DON much
sore effectively than has been the case in the past.
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FATTY ACID MKTABOLISN OF BIVALVES

R. G. Ackma n

Fisheries Research 6 Technology Laboratory
Technical University of Nova Scotia

P.O. Box 1000

Halifax, Nova Scotia 83J 2x4 Canada

ABSTRACT

well-fed, mature, marine bivalves in their normal mi lieu possess
20-25'a triglyceride in their lipids. This triglyceride serves as a
tempora ry store f or dietary and surplus fatty acids, although some
saturated and monoethylenic fatty acids may be modified to suit
tri glyceride structural needs ~ Thus 16: 1ci7. plentiful, in marine
phytoplankters, is of ten extended to 18: lu7 ~ The phospholipids are
formed from fatty acids of the triglyceride acid pool, which in the wild
usually includes ample preformed 20:5a3 and 22:6~3, but only minor
amounts of 18:2~6 and 18:3~3 are found i.n either of these lipid classes,
In f our out of f i ve a ve raged lots of mari. ne phytopla nkter fatty acids
the ratio of v6 to ~3 acids was very close to 1: 5. Phospholipids of two
out of three oyster species  Crassostrea virginica and Crassostrea
~ii~as! had similar ~6 to ~3 ratios of 1r4 and a third  Ostrea eduli.s had
a ratio of 1:1.5, whereas in three other bivalve species the ratios were
markedly dif ferent  Arctica islandica 1:16; Mytilus edulis 1:14; Pectan
maxi mus 1; 20! . Nore information on both individual phosphol' pids and
s pe ci es i s needed, espe ci ally to clari f y the role of
non-met hyle ne-interrupted di enoi c f atty aci ds in bi valve nu tr i tion and
lipi d biochemistry.

KEYWORDS: mollusc, bi valve, lipid, fatty acid, tri g lycerideg
phospholi pid,

I NTRODUCTIOK

The bi valves, wi th the exception of terrified scallops,
esse nt i al ly in one loca ti on and in this situation have had to adapttheir cellular functions to utilize the fatty acids available, pr»«ily
thos e de ri ved di rect ly from phytoplankters. The nutritional
bacteria and of their fatty acids is not included in this study ~
also been necessary to exc lude "dissolved" fatty acids   F evr i er 1 9 76i
Stewart 1979; Erhardt et al. 1980; Goutx and Saliot 1980! and those
"particulate" matter  Erhardt et al. 1980; Goutx and Saliot
i nc ludi ng those merely absorbed on i norga nic par ti c les   Bar ce Zona
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Atwood i 979 ! . The general functional dholes of lipids 5 n molluscs has
recently been reviewed by Hosk< n �978!.

shows that in terms of exogenous fatty acids, bivalves are
with a m' xture of about 20-40 percent saturated acids, ! 0-20

per ca nt mo n oe thylenic acids, and 20-40 percent polyunsaturated acids,
including C>0 and C22 highly uns a tu ra ted f a t ty acids which are more
common ly as soci a ted wi th mari ne ani ma ls ~ These ave rages approxi mate to

f at ty acid composition of some of the food mi xtures f ound to support
good growth Qf juveni les of the European oyster�   Os trea eduli s !   Helm
t9/7- Walne 1979!. A review of the literature strongly sugg sts that

importance of pre-f ormed long-chain, highly-unsaturated fatty acids
bivalve nutri tion has been underestimated.

Percentages  w/w! of Selected Fatty Acids Averaged from Indi-
vidual Analyses of Total Phytoplankter Lipids

Ackman Waldock and Chu and Volkman Langdon and
et al. Nascimento Dupuy et al. Waldock

�970! �979! �980! �981! �981!e

Fatty

acid

10.3

26.2

2.1

38.6

17.3

17.6

0.8

35.7

6.1
21.4

1.3

28.8

3.5

11.7

2.2

17.4

6.8

22.3

30.3

14:0

16:0

18:0

Total

10. 5

11. 8

1.0
23.3

2.2

10. 4

10. 4

13. 1

0.4

23.9

5.9

10-5

0.6

17.0

16.9

4.1

0.3

21.3

16:1

18:1

20:1

Total 12.6

5.7

6.1

13.6

0.5

0.2

1.6

18.9

0.4

0.1

9.7

39.8

2.6

31.5

5.2

26.3

5.7

34. 1

6 5

12. 4
5.8

32.5

6.0

30.1

Total M

Total u3

Twelve species selected from data of Ackman ett al. �968! for inclusion

in Ackman et al. �970! .

Three species.

Five species including data for «o «o« ~the ] aboratory o ~ - Joseph

 KMFS, 'MOAA, Charleston, S.C-!- was included at 10.1, 7.3 and
Fo ur coccolxthophorzds; xn three, 18:5v3 was

3.3W.

Three species.

3S9

18 -. 2 a�

1.8 3td3

18 ~ 4+3

20: 4'
20 ' 4u3

20:5+3

22:4~6

22: 5M

22: 5Q�

22: 6 d3

Total

3.4

7.9

6.4

2.4

0.1

10.7

ND

0.2

0.1

4.9

36. 1

2.4

8.3

4.7

0.1

0.7

6.8

0.2

3.1

0.5

11.5

38.3

4.0

3.5

2.3

2.0

0.2

4.6

4.3

13. 8

2.5

0.5
0.2

7.2



Growth studies involving fatty' acids and Juvenile bivalves have
tended to b simple and to ignore most pri.nciples of animal nutrition,
Al 1 species fed are usually selected, f rom those known to beAlgal spec es
assimilated by bivalves, on the basis of radical di f ferences in fatt
acid compos i tion  e.g. Watanabe and Ackman 1974; Langdon ard paid
19S1 ! ~ Unde r these ci rcums tances any gr owth di f f e r ence s
a ttributed to the presence or absence of one fat ty acid pr gr oup f
fatty acids, while the ef fects of proteins, carbohydrates, sterols et
are usually i gnored. Nevertheless, i t seems that ocr tai n f atty
could be important positive growth factors  Epifanio 1979! To put
role of the dietary fatty acids into perspective, one must consider th
availabi li ty assimilation, di s tribution, and bi ochem' ca 1 modi f i ti o
of phytoplankter fatty acids as food for bivalves.

ln this brief review an attempt will be made to cover these points,
but factors other than fatty acids must necessarily be lef t for other
authors .

INFLUENCE OP LIPID CLASSES

In bivalves, as in other animals, lipids serve as functional
components in cells and membranes, but an energy reserve function
less likely than in higher animals  Allen 1976!. Thus to appreciate the
fate of dietary fatty acids in the bivalve it is not suf ficient to just
look at total fatty acids, but it. is first necessary to consider the
lipid, recovery methods and the type of lipid recovered. Up to the
1960' s mos t fatty acid comparisons were based on total extracted
'lipid . This someti.mes i.ncluded extracts from dried samples in which
the polyunsaturated acids had oxidized. Simple extraction w'th diethyl
ether was also common, although this tended to extract mostly neutral
lipids and to result in poor recovery of the phospholipids, important in
cell membrane structure and functions. The biphasic solvent extraction
method described by Bligh and Dyer   '1 959 ! el imi nated lipid extraction
and recovery problems, but total lipid recovery did not necessarily
clarif y the f unction of fatty acids, For example Cerma et a 1. �970!
exami ned the fat.ty acids of total lipids of 12 shellfish from the
Adriatic Sea with considerable care but without contributing much to our
understanding of fatty acid metabilism in molluscs'

Also, despi te the f act that di fferences in the fatty acids of
neutral" lipids  i.e, triglycerides ! and "polar" lipids  i.e. mostly

phospholipids! were realized by progressive scientists, the lipid class
separations were laborious and little had been done by the time
thorough reviev of mollusc lipids by Voogt �972!, or even for the
review by Hoskin. Gardner and Riley �972! were, however, among
first to clarify the role of the two basic lipid classes in molluscs,
and to note that because of the varying proportions of triglyceride and
phospholipid, each with a different fatty acid composition, analyses of
bivalve total fatty acids can convey only a limi ted amount of
information on fatty acid assimilation and function. Before proceeding
to discuss the lipid class data of Tables II and III in detail
worth looking briefly at the role of these classes in bivalves ~

In most animals, depot fats  usually triglycerides!
morphologically recognizable entities, although small amounts
triglycerides are also found in cell membranes. ln bivalves obvious and
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discrete depot f a t deposits do not occur, although f at globules have
been repor ted i n mant le vescicu lar cells of Crassostrea vir inica

'" " "' 'r ' "
margi n and go~ad was pres.ent as trig lyceri de  Allen and Conley

1982! . Otherwise, i t is usually reported  Barber and Blake 1981 ! that
is stored, at least temporari ly, in the digestive di.verticula of

icr exampl in the euh-nntartic limpet. Nacelle  ~patent eral
uariensis  simpson 1982! . It is believed that in bivalves such as
Ice la nd sca 1 lop Chlamys is landica  Sundet and Vahl 1981! < the

A t 1 a n t i c tie ep � s e a s ca 1 l op Placopectan mage llanicus  Robinson et al.
1981!, or the scallop Chlamys hericia  Vassallo 1973!, as well as in C.

 Al len and Conley 1982!, modest reserves of lipid are transferred
the gonad at ma tu ra ti on  cf Barber and Blake 1 981 ! . In the Japanese

pri ck ly sca 1, lop Chlamys ni pponensi s the li pi d content  wet weight ! of
visceral organs was 4.6%, while that of the remai.ning sof t parts vas
on1 y 1 . 5th   Hayashi. and ramada 1 973! . It has been rePor ted f or a variety
pf other types of mari ne shel lf ish that viscera 1 lipids are invariably

least twice the percentage found in the remaining parts of the animal
body  Koch' 1975! ~

post questions on the proportions of different lipid classes in the
var ous or an.us organs of bi va 1 ves remain unanswered, but Allen and Conley
 ]982! showed that in contrast to the approximately 50:10:40 proportions
of piosp o pf h s holipid; sterol: triglyceride in C. gigas mantle, the gi.ll and
adductor muse le both had proportions of approximately 80:12:8 ~ The

di tive diverticula differed from both with proportions of 78l7:13,d gest ve
dLangdon a n ' a ocd W ldock �981 ! f ound that starved, hatchery-reared an

dextri n-fed C. gigas spat had high proportions of phospho lipid relative
to triglyceride  Table Il! . Ratios of up to 8 1 vere observed, and it
' s possible that the low le ve ls of tri 9 lyceride indicated a poor
nutr i tiona1 s tate w e Swif t et al. 1980!. With most of the other diets

ho li. i. d tod i th C. i as spat  Table I I ! the ratio of phosphol p d to
triglyceride approached the value of 1:1 which was also repor e n
but well � fed O. edu s an1 i d C virgini ca adults  Watanabe and Ackman
1974!, in w ld Arct ca si d ti i.s landi.ca  Ackman et ale 1974! and Hesodesma
mac troi des  De Horeno et a 1 1976! and also in several of the speci.es
studied by Gardner and Riley �972!.

I t can be ass ume ad that triglycerides have consistent fatty acid
patterns throughout . ethe bivalve body, but. the distribution o a y

the f uncti on associated withacids in the phospholipids may depend on the f uncti on associated w
the orga~, or on the re a

hos holi ids, respectively phosphatidylethanolamine and
bill ties, it is not surprising tophosphatidylcholine. Gi.ven these possibi es,

id corn sitions of organs. Thusfind conf l'cting reports on fatty acid compos
r t e d mi ni.ma 1 f atty aci d di f f erencesHayashi and yamada �973! r.epor ted m n ma

whereas Kochi �975! working with several species foun a v
tterns f rom those of muscle 1 p s.fatty acids differed in consistent pa e
e "vi ta1" membrane component, as sMoreover, if phospholipids are the v

1.curious to find a wide variation in the leve s
total saturated fatty acids in this class of l p s a

dif ferent species.

e of the lipi.d and fatty acidDespi te our incomplete knowledge o
icture can bet common bivalves, an overall picture canbiochemistry of even the mos c

i t s of fatty acids i.nobtained by considering the different basic types o a
detail.
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SATURATED ACIDS

The saturated fatty acids found in bivalves always include
branchedmhain fatty acids which can be classified i.nto two groups
group is made up of the three major isoprenoid fatty acids, especiaLLy
4,8,12-trimethyltri decanoic acid derived from the degradation of phytol
 Ackman et al. 1971! ~ The second group consists of the iso and anteiso
fatty acids, predominantly CL5 and CL7, with some iso Cl6 and Cl8 f atty
aci de. The branched-chain fatty acids of the second group can b
accumulated in marine invertebrates from bacterial lipids  Hayashi
Takagi 1977! but are also rormal minor metaboli tes i.n most animals a�d
can. be derived from amino acid precursors which are freely available i�
marine molluscs   Ivanovici et al ~ 1981!. Although of biochemical
interest and possibly key elements in understanding the role of bacteria
in bi valve nutri tion, branched-chain fatty acids are not reported by
many authors and therefore will not be discussed in this review.

Table I shows that 16: 0  palmitic acid! is freely available in
algal diets, and is usually accompanied by approximately half as
14;0  myristic acid! ~ Some workers also report 12;0  lauric
1 � 5% i but I t i. s obvious that it and 18:0  stearic acid! are minor
components of most algal lipids. Zt is probable that 14:0 and 16:0 are
equally well assimi. lated by bi valves, but they are also synthes' zed
novo, or e longa ted as required, by most animals  Sprecher and James
1979! ~ It is not surprising that bi.valve lipids  Table II! contain
20-50% saturated acids. since this is true of most marine animal li.pids
 Ackman 1980!, and 16r 0 is invariably the major saturated fatty acid at
all evolutionary and trophic levels.

Te t ra s e l mi s e u e c I ca and Dunalie lla ter tiolecta were employed by
l.angdon and Waldock �981 ! in a feeding study with juvenile C. gigas,
The total saturated fatty acids �4:0 + 16:0 + 18:0 only! i.n the algae
were respectively 32.4 and 18 ~ 6%. Despi. te this nearly two-fold
difference, the total saturated fatty acids in the phospholipid fract'on
from lipids of juveniles fed on T. suecica and D. tertiolecta were very
similar at 20.9 and 19.0% respectively  Table I I ! . The corresponding
triglycerides of the same juveniles had respective total saturated fatty
acids of 27.2 and 29,2%. Although the totals for saturated fatty acids
of phospholipid and triglyceride lipid classes dif fer, the similarity
within each lipi d class suppor ts the view that bivalve fatty acid
compositions tend to be species-oriented rather than diet-oriented
�4atanabe and Ackman 1974!.

UNSATURATED ACIDS

Both monoe thy lenic and saturated fatty acids may be assimilated
from the diet or biosynthesized de novo by most animals  Ackman et al ~
1980! The desaturation process in animals operates on the carbons
the 49,510 positions counted from the carboxyl group  Sprecher and ~ames
1979!. Accordingly, direct desaturation of readily avai.lable saturated
acids leads to the conversions 16: ~ 9, h10-16: 1  palmitolei c acid ! and
18:O~> 9 h1
takes a

, 810-18;1  oleic acid!, but if chain elongation from C:o C
es place then D9, 410-16;1~411, 412-18.1. It is preferable toL6 o 18

shorthand notation for describing unsaturated fatty acids based
number of carbon atoms from the ethylenic bond closest to the methylor~
end of the chai nchain  the ~ methyl group carbon counts as 1 ! Thus
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2C ~18: 1~7 clearly indicates the process of ch io c a n e ongation with
retention of > structure'

amount of 92 6:1 provided by the algae  Table I! in the wild
appears to be of the same or de r of magni tude as I n the mollusc
triglycerides  Table ZI! . Host algal 16: 1 is w 7 in structure, but algal

18: 1 hd9 or 18:1~7f or a mixture  hackman et al ~ 1968! . Table
that 16:1du7 in bivalves, which could be of either exogenous OY

endogenous origin, dominates the 1 6: 1 isomers except in tri g lycer ides
f rom C. gigas spat reared on T. suecica. In the sterol es ters of a.

the leve ls of 1 6: 1 ~7 are approx' mately equa 1 to the levels of
9. The latter appears to be associated with the higher proportions

pf 1 8: 1 dsf9 f ound i n S terOl eS terS than i n the f atty aci dS of other lipid
classes. Overall the data in Table II indicates that in bivalves total

is more important in the triglyceride f raction than in the
phospholipid fraction.

In feedi.ng experiments with juveni.le C. gigas, Langdon and Waldock
�981 ! found that the 16: 1n7 isomer, which was present in high levels
�5.8%,! i n Pavlova lutheri, appeared in the spat triglycerides at a

Of Only 4't Of the tOtal fatty acidS, with 16; ldd9 also present only
trace amounts   Table 1V! . However the level of 18:1~7 in the

triglyce rides of the Pavlova fed spat was conspicuously elevated to
14. 7w, indicating that alga 1 16: 1u7 had been partially deposited
unchanged in the. tri glyceri des and parti ally elongated to 18 f 1~7. With
ei ther T. sueci ca or D. tertiolecta as di etary sources of f at ty acids,
the 1 8 1 Q9 isomer was abundant in both the algae and in the C. fLiias
spat triglycerides. It is remarkable, as shown in Table IV, that. 1B:1c 7
was expectedly important in the phospholipids of the juveniles reared on
the latter two algae, as well as i n those reared on P. lutheri. It is
also apparent that in all. cases chain elongation of 18: 1~7 to 20: lm7
took place i.n the j uveni les. High levels of 20:1~7 have also been
reported for other hi valve species  Table II! .

Most animals synthesize triglycerides with a particular pattern of
fatty acids attached to the glycerol molecule  Brockerhoff 1966!, but it
is unknown whether this also occurs in bi valves. Brockerhof f �966! has
indicated that f or the monoethylenic f atty acids, the chain length may
be important in de termini ng the position on the glycerol molecule at
which a pa rticu lar f atty acid is attached. Bi va ives have considerable
flexibility in their biochemical pathways for lipid synthesis  Zandee et
al. 19BO!, and it may be more economical in terms of energy expenditure
to change exogenous 16;1 7 to 1S;1 7 than to synthesize 18 F 1 9 de novo.
There inay also be different fatty acid pools at different steps in the
lipid assembly process.

The fatty acids of phospholipids show approximatel.y the same 18:1
isomer ratios as the corresponding triglycerides  Tables II and IV!,
indicating that in most bivalves the 18:1 acids are probably drawn from

same fatty acid pool. Waldock and Nascimento �979! found that the
18'-1du9 to 18:1+7 ratio of 13:1 in Chaetoceros calcitrans was slightly
altered to fg:1 in the phospholipids of C. gigas larvae, and the ch~in
extension process then resulted in the radicallf dif eren proper

1 ~ 94 and 6.4% f or 20: 1fa9 and 20: 1~7  erroneously published as
percentages for' 19: 0 and 20: 1+9! . The emphasis on elongation of
monoethylenic ~7 isomers  Table IV!, especially for1 for the 1B: 1~20 f 1 step,

probably has implications in the forrmation of the non-
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me thy le ne � i nte r rup ted di enoic acids NNlDs  see below! because the
NIXDs are dominated by ~7 structures.

Comparison of Weight Percentages of the 1mportant
Monoethylenic Fatty Acids in Total Lipids of pavlova
Tetraselmis suecica and Dunaliella tertiolecta with Trig]ycer
ide and phosptolipid Fatty acids of Experimentally Fed crass
ostrea pic~as Spat  from Langdon and Waldock 1981!

Table ZV

P. lutheri T. suecica O. tertiolecta

1.8

2.0

0.4

0.6

0.3

0.7

16: I+9  algae!
spat triglyceride
spat pho sphol ip id

trace
tracea

22.7

24.6

3.8

3,3

2.4
2.2a

6.6

13. 1

3.2

18. Ia9  al gae!
spat triglyceride
spat phospholipid

�.85!b
5.6

3.7

20: 1>11/ld9  algae!

spat t r ig lyce ride
spat phospholipid

6.5

2.6
0.9

1.5

16:1>7  algae!
spat. triglyceride
spat phospholipid

25.8

4.0
2.2a

2.0

trace

1.0

3.6

2.2

1.2

18:Ia7  algae!
spat triglyceride
spat phospholipid

2a5

14.7

7

trace

trace
3.4

Oa4

0.3

10. 0

�.85!
6,9

4.5

20: 1>7  algae!
spat triglyceride
spat phospholipid

1.8

4.1

2.6

5.7

Total lipid �9iL triglyceride, 71'8 phospholipid! as phospholipid data
not given.

Total 20:l.

POLYUNSATURATED ACIDS
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Ter res rial. herbi vorous animals subsist almost exclusively on a
diet of plants rich in CI~ fatty aci ds. There has therefore been
i ntens i ve study i n animals of the chain elongation of 18: 2 6   li nolei =
acid! to 20:4a 6  arachidonic acid!, and of 18:3+3  linolenic acid! to
20: 5~3 and 22:6~3   Holman 1981!, Although many widely-studied gree~
algae, for example Chlorella sp., are commonly rich i.n C, f at ty
 Ackman 1981 ! biv!, bivalves are exposed in the wild to a wi.der spectrum ofl8

fatty acids from other typ s of phytoplankters including preformed 20:5
~and 22: 6~3  Table J ! . Unfor tuna tely the pioneering studies on
biochemi stry of polyunsaturated fatty acids i.n molluscs were cari.ed o«
wi th the land s~ail Cs~ail Cepea nemoralis by Van der Horst, Oudejans, Voogte
Zandee and others   loc. cite !; conveniently summarized by Hoskin �978!
and Zandee et al. 3980l.   3980! . This terrestrial snail feeds on vegetation



rich in C18 acids and necessarily the experime t I kn a wor on fatty acid
ba sed on radi oacti ve ly la bell d 18:2'e: and 1S: 3~3

the snails. It was found that a proport' f bo hropor ion o both these
f at ty acids was elongated to more highly unsaturated'

fatty acids ~ However, pa rt was depos i ted wi thout alteration
also catabolized for energy.

the f i rst decades of this century a distinguished scientist
that scientif ic research could cease, since everything which
discovered had been discovered. Something of the same attitude

r ept into mari ne invertebrate f at ty acid biochemistry in the 1 970' s .
< llowing the work with C. nemoralis scientists expected to explain all
nutri tiona1 studies wi -h f atty acids and molluscs sole ly in terms of

8 C>O C2> desaturation/chain elongation process. Recent
phytop lank ton f atty acids studies  Table I! suggest on the contrary,

natural bivalve populations can receive all necessary 20: 5M, 22! 5
22:6u3 from their normal diet. Since 18:2w6 and 16:3~3 do not

accumulate in proportion to availability the surplus may simply be
uti ] ized f or energy. As the evidence f or these views is largely
circumstantial i t must be gone into with some detai.l .

case in poi nt is the rearing hy Landon and Waldock �981! of
juveni le C. gi gas on D. tertiolecta, which had S ~ Bt 1S: 2 6 and 31.1%

. 3~3, but no 20 5~3 or 22: 6~3. Despi te a high lipid content in the
a lga, growth was poor unti 1 a supplement of 22 6~3 was fed.
Supplemental tri olein had no ef feet at similar levels. In a simi lar
f eedi ng wi th T. sueci.ca, which had 7 ~ 7% 20 5~3 but no 22: 6~3, greater
growth occurred than with D. tertiolecta plus 22:6D, and adding 22:6~3
to the T. suecica fed spat resulted in very little extra growth. These
experi ments sugges t that chain elongation of 92 8: 2 ~6 or 18: 3~3 is not
sufficient for maximum growth, and tha either 20:5s3 or 22:6e3 is
"essenti al" for growth. In higher animals some interconversion of these
two fatty acids occurs, and it is probable that mixtures of 20: 5>3 and
22:6~3 are optimal for bivalves.

The ten algal polyethylenic fatty acids of Table I do not include
some that are potential intermediates in elongation and desaturation of
fatty acids, Thus 1S;3<6, 20:2A and 20: 3~3 are omitted simply because
they do not f igure prominently in hi valve analyses� . Similar ly, of the
ten bivalve polyethyleni.c fatty acids shown in Table III, only two �0: S
u3 and 22: 64 3 ! are quanti tatively important, and the qualitative and
quanti ta tive sign if icance of the others seems to d pede nd on the

experiment and/or analytical group.

It is now recognized that in mammals there is often competition for
elongation/desaturation enzymes between 18: 2~6 an~6 and 18: 3~3 f at ty aci.ds

and the i.r homo logues  Ho lman 1979 ! . For example ae a ~6 and then a 45
1B: 2u6 ~ 20- .4w6 a nd 1S: 3<3desaturase are required for the conversions 1B:2+6

~2o: 5~3 ~ Probably the respective enzymes are identical. The f atty
acids of phospho lipi ds ca n presumably be de r i vedived if necessary, directly

and unchanged, from the pool of fatty acids store d as tri 1 cerides. Ing y
e is a virtual absence ofof the cases compared in Table I II t.here

1S-'4<3 in the phospholipids relative to the ~g yhe tri I ce rides. This may
enz s and phospholipds asf rom the se le ctive association of enzyme

ase is required to convert"ly one of these enzymes, the a 5 desaturase, is eq
commo~ a t the 2-pos i ti.on n20'- ~ ~3, a f atty acid perhaps mos t commo~ a

moderate �-6%! proportions ofphospholipids  Brockerhof f 1966! ~ The modera eble III! seem to be higher than' 4« i n the bi. va 1 vs phospho lipi ds   Tab le
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tho e of the algae  Table I! . Comparison of tne proporti~~s of 20:4dg6
in the p osp pholipids and triglycerides  Tab le I I I ! shows the converse of
thOSe for 1g: 4 ~ 3 prOpOrtiOnS, with 20: 4du6 being enriched in
4 spholipids relative to triglyceride levels ~ Although this acid could

also be formed in bivalve cells from triglyceride 18:2@6 if specifically
requi re, se ed seleCtiVe withdrawal Of 20:4dg6 fr'Om the trigly eride f
acid pool is a reasonable alternative.

The turnover of fatty acids in the phospholipids of the
C nemorali.s is rapi.d  Van der Horst et al. 1973!, and the same may
presumed for bi valves ~ This activity must be di r ected towards

degradation for energy, or for elongation of 18: 3~3 to 20: 5~3
fa3. > comparison of Tables I and III gives the f' rm impression
mixed diet preformed 20: 5 id 3 and 22: 6cs3 are f ree ly available . Zt
pr obable that the proportions of polyunsaturated f at ty acids in bi va Lve
triglyceri des are an integration of past exposures to dietary fatty
acids This would be less apparent in the land snail triglycerides  Van
der Horst and Oudejans 1916! where only Clg fatty acids are present in
the diet. Waldock and Nascimento �979! found that the proportions of
18: 2 dht6, 18: 3u3, 20:4eay6, 20;5m 3 and 22:6dd3 fatty acids in
tri.glyce rides of C. gi gas larvae were a lmos t. exactly similar in
proportions to the tatty acids of the respective algal diets  Table y!,
'Hatanabe and Ackman �974! found evidence for the retention of the
polyunsaturated fatty acid 1Si4d 3 in the triglycerides of wild adult C,
virginica, �.0a of fatty acids! but not in the triglyceride of wild 0.
edulis [0.6%! from the same habitat. With a single feeding of
~fsochr sis ~alhana containing gs of this fatty acid there t as no change
in the fatty acids of C. virginica triglycerides, although phospholipid
20: 5~3 increased slightly, from 8.1 to 9.8'4, but the O. edulis
triglyCerideS ShOWed a dOubling in 18;4du3 from 0.6 tO 1.2%, and mOre
importantly by a tripling in the percentage of 20:5~3 from 2 ~ 2 to 6.2%,
This suggests that wild adult C. virginica and G. edulis dispose of the
dietary fatty acid 18:4ca3 in qualitatively similar but quantitatively
di s si mi la r ways,

It is accepted that fatty aCidS Of the linOleiC  da6! series and
li noleic  ~3! series cannot be interconverted in animals. In Table III
the ratios of u6 to w3 fatty acids in the flesh and hepatopancreas
phospholipids of Arctica islandica are 1: 15 and 1: 1 7 respectively. For
the phospholipids of H. edulis and P. maximus the ratios of ~6 to w3
fatty acids are 1:14 and 1:20 respectively, which are similar to the A.
i slandi ca value of 1: 15 for flesh phospholipids. This similarity
indi ca tea a common pathway and conversion in phospho lipids . The ratio
of ay 6 to a 3 f atty aci ds i.n phospholipids of wild C ~ virginica and 0.
eduliS differ sOmewhat frOm eaCh other { 1 l4 and 1:15 reSpeCtiVely! but
the ratio present in wild Canadian C. ~vir inica is identical to that in
hatchery reared U.K. C. gigas spat which is 1:4  Table III! ~
oys ters thus form one group and the other three species fall into
another. There is a suggestion of evolutionary differences here, or of
di.etary factors whi ch equally may ref lect di f ferent ecological nich«
and functions for phospholipids in membrane physiology The ~6 to ~3
r atios in the phospho li pi ds of oys ters seem to resemble in magnitude
those of the dietary lipids averaged in Table I, It is not unreasonable
to assume that primitive multi-celled organisms would utilize the
readily available sources of fatty acids for membrane phospholip d
which would enable them to function in their special milieud bearing
~ ind that the membrane fatty acids of the algal cells of the

368



fu] filled many o f the same biochemical and physiological needs.

Comparisor. of Weight Percentages of Same C18, C2p, ard C22
patty acids i.n Total Lip'd of Chaetoceros calcitrans, ~prami-
mona virciinica and tsochrssfs galbana with Triglyceride Patty
Acids of Experimentally Fed Crassostrea ~gi as  from Waldock
and Hascimento 1979!

C. calcitrans P. ~vir 'nice l. gaibana

18;2W  algae!
 larvae!

0.2

0.7
2.6

l.5
4s3
6.5

18: 3<3  algae!
 larvae!

3.0

2.9
10.6

7 5
ll. 0

10.6

9.2

8.9

4.4

3e9

18: 4M3  algae!
 larvae!

0.5

1.2

0.2

0.8

20:4v6  alt ae!
 larvae!

trace

0.5

3.6

3.2

3..3

4.1

20:5<3  algae!
 larvae!

15. 4

22. 0

18.9

l8e4

13. 7

ll. 8

1.9

1.6
22: M3  algae!

  larvae!

In a complex study Pollero and Brenner �981 ! showed that the 6
f atty acids of the bivalve Diplodom patagonicus f rom a mountain lake
vere reduced by half when a sample of the populatio~ was transplanted to
the marine environment of the Rio de la Plata. In the latter milieu,
the total fatty acids were similar to those of ~Di lodom varrabilis, a
species occurring naturally in the Rio de la Plata. Th sThus the s>6 tow 3

ratios were 1: 0.4 � 1: 0 ~ 5 in the lake and 1; 0.9 in the Rio de la Plata
for D. patagonicus, and if:88 for D. variabilis. They concluded that
dretary fatty acids were more important rn affecting the fatty acid
composi tion of 0 ~ patagonicus than habitat. ThThe chan e in sal,inityg

could have been equally important

NON-14ETHYl EHE-INTERRUPT&3 2'ATTY ACIDS
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The original report on these unusual ac'  ac i ds   A.ck man and Hoope r 1 973 !
1975; 1977! showed that mostand la ter sur veys   Paradi s and Ackman

MNID and 22: 2 H14ID fatty acids.bivalve species possessed both 20:2 I a
he structures suggested that mostSeveral i SomerS were preSent but the S

t acid chain at carbons d.5 anddcommonly a des atu rase acted on a fatty ac
w u d ive a structure such as ~5,and with a h13 ethylenic bond present waul g

3 20 f 2. Possibly, the reason that the pod11 sition in 18f 1 isomers
in 20: 2 is a consequence of chain»re important and the d92 3 in 20:

d5di f fe rent structures or theelongation. Other isomers reported had di
tion. Zn the f reshwa ter mo 1luscethylenic bond became a7 by chain elongation. n



D tagonicus mentioned above, 22: 2 NNID but not 20 2 Nvi!! fatty ac~de
were present  po].le ro et al. 1981 ! ~ These shell f is h we re aspeci al ly
rich in ~6 acids and elongation of 18 2~6 to 20 4~6 and also to 22 4~6
could be quite active to Provide substitutes for 22:5~3 or 22.6~3 fatty
acids. This unusua l composition supports the theory that the pnzym
the mollusc which desaturated the ~6 acid d8, a.11, 414 2p.3
 dihomo-gamma-linolenic acid! to h 5, d8, 411, 814-20: 4  arachidoni c
by acting on the 45 and h 6 carbons did not discriminate strongly against
fatty acids of a� structure. The 20:1u7 thus became 85,4',3-2p-.2
then chain elongated to 8 79 b15-22:2 ~ This result was also observed
the transplanted D. patagonicus  Po3.lero and Brenner 1981!. The relatpd
marine species D, variabilis had lower levels of 22: 2 NHID and twice
content of w3 fatty acids such as 20: 5~3 and 22:64� ~ If these were
Supplied by the marine phytoplankterS and lese 20:4~6 or 2294~
required for membrane lipids then the desaturase acting on C f a t ty

20acids at the 45 and 46 carbons would be relatively inactive as less 20:4
>would be biosynthesized and less chain extension of C fatty acids
C22 fatty acids would be likely.

A de tai leii in ves ti ga tion of ma j or ti s sue s and organs of
hard shel l clam Hercenaria mercenaria iKlingensmith 1982! showed
largest concentration of VOID fatty acids in the gi l l and mantle . Thp
isomers of the 22:2 MMZD fatty acids were 47, 415 and 47,d13 which were
previ ou sly repor ted i n the oys ter C. virginica  Paradis and Ackman
1975! . The 2p:2 NMZO fatty acids were present at much lower levels and
the fatty acids identif ied were > 7, 811 as the major isomer with much
less d 7, 41 3 and 5, b11 . The 45, 41 3 isomer previously reported in C.
virginica and more recently in the sea urchin Stronglyocentrotus
droebachiensis  Takagi et al. 1980!, was not present. No 4.3, 41 1-20: 2
NMID, another isomer which has been reported by Kochi �976!, was found
in the study of S, droebachiensis.

At present there is little to add to previous speculation on the
role of these f atty acids. For example hackman and Hooper �973!
suggested an accidental or~gin due to lack of specif icity of fatty acid
bi och emi s try ~ The a lmos t ubiquitous occurrence of NNID in mol luscs
 Johns et al. 1980! indicates an unknown but def ined role in bivalves as
well as other molluscs. They were less evident in 0 ~ edulis than in C.

confirming that species to species variations are likely.

CONC LOS I ONS

The succes sf u I use of mixed f atty acids of animal origi n for
feedi ng oysters  Trider and castell 1980; Langdon and Waldock 1981!
supports the concept that a diet of mixed fatty acids of either plant or
animal ori gin is advantageous for growth. The optimum mixture may vary
somewhat f rom s peci es to species and there may be rare instances of an
a lga be i ng an ideal f ood e .g. Chae toceros armatum for the paci f ic razor
clam ~Sili ua patula tnewin et al. 1979!. However, in ueneral, bivalves
clearly tend to take a dietary fatty acid and break it down f or energy
or simply store it in triglyceride form, or transfer it to, or modify it
for, the phosphol'pids . Wi A the advantages of contemporary technology
f utu r e work on f at ty aci ds of a 1 l types should be directed to
analysis of both specific anatomical parts and to particular lipids9
i nc ludi ng indi vi dua l phospholipids. Unfortunately, the laboratorie
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with the bee t analytical techno loogy are u~u~lly 'those wi.th little
concern for environmental and dietary factac ors in thP samples Until
this situation is rectified we can expect li ttl~c i tt e real progress in the
study of fatty acids in the many bivalves pfves p comme rci al and scienti f ic
importance .
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QUESTIONS AND ANSWERS

LANGDON  Delaware!: Have you looked at the fatty acid composition
of deaf ferent organs of molluscs, say the adductor muscle in comparison
w th the hepatopancreas7

ACKMAN No, we I l. only that we took out the hepatopancreas and
called everythi.ng else "flesh". If you' ve been reading my manuscript
which was sent to you, you w ll f ind that the conclusion is we need more
detai led analyses on di f fe rent parts of the anatomy. I'm sorry to say
that the Fi s her ieS Research BOard and i tS sucCeesOr, the Federal
Government Lab, did not share my enthusiasm for this kind of work and it
was only done sporadically Certainly you are quite right, we need to
have analyses of di f fe rent organs and di f fez ent lipid classes for all
fatty acids, but it's a tremendous job even for one mollusc species.

CARRIKKR {Delaware !; I was f asci nated i n your commeomment about the

phagocytes, would you like to say a little bit more about that7
AC1CMAN: Well, I'm an organic chemist at this point, I think1 I

don't know how many of you know about dimethyl-beta-propiothitin. It' s
a common constituent of certain classeses of al ae, and also someg

macr ophytes ~ The un ice 1 lula r a lgae aree ea ten b certain smally

but terf ly" molluscs cal led pterapods, which inh in turn are eaten by =od

which then smell like an oi I refine yr from dimethyl sulfide
is wh I. was given the chancepr'oduced by the breakdown of thetin. That is w yhin that smells bad is a goodlook at the problem Af ter all, anything

mists were all too pure to look3ob f or an organic chemi s t, The bi ochemi.s ts
eall fascinating research. Onethese thi ngs and I went into some rea l y a

me u wi t.h was how does the stuf fthe sort of things you had to come up wi d fw b the terapods and dispose 0accumula te? It should be br oke n down by e p dnk that it also yields acrylic aciisn ' t. The reason is, I thi~k, a e theecu l.es are turned loose inside t esoon as the f irs t 2 or 3 molecu es a

375



yhagocyte 's eel l. I think everything j ust stops there because acrylic

acid is a very powerful biostat. This is ano her thing that spmebsomebody
should be taking a look at some time It did lead me to read upup a bit

on phagocytosis. If you have forgottenl you b sic body defenses de depe nd
heavily on phagocytosis. Therefore, it must be a very old evoiuti iona ry

thing that developed long, long ago and of course we may have modi f ied
i t as we vent along.
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pertinent literature relating ef fects of the ambient environment on
mantle tissue me tabo li sm of mari ne bi va 1 ves and the i r combi ned ef f ects
on bivalve shell biosynthesi s are discussed. Several previously
published mode ls f or shell synthes is are descr ibed and the i r possible
relation to mantle tissue metabolism are presented. Although there is
no experimental evidence directly relating nutritional factors to shell
f orma tion, several aspects of nutr i tion that may have an indirect
inf luence on rate and quality of shell synthesis in marine bivalve
mollusks are also discussed.

Resu its f rom original r esca rch directly r elating calcium
concentration and salinity in ambient culture media to amino acid fluxes
i.n mantle and extrapallial f luid are presented. Increases in both
ambient salinity and calcium concentrations resulted in increases in
~o~centrations of several selected free amino acids in mantle tissue and
excretion of glycine from mantle into ambient culture media. Results of
this i nve s tiga tion plus components of previously proposed models are
combined to formulate a new model ~ Through the proposed model, specific
mechanisms are invoked to explain how the chemistry o  the ambient
environment and the nitrogen metabolism of the mantle tissue  including
sf fee ts of nutr i tiona 1 f actor s ! may regulate molluscan shell
biosynthesis.

+EYgQRDS Shel 1 biosynthes is ~ mo 1 lusks, me Mbol i s
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I NTROD UCTI ON

Nolluscan shell biosynthesis, simply conceived, is Presently thought
t ur through mineralization of an organic matrix. While severalto occur
ode l.s have been proposed to explai n chemical, biochemical and

p ys10 ogiciologica l processes involved in such m' nera liza tion, the t~o mos.
plausib]e mechanisms are either, 1 ! the organic matri x serving as a
template for ca l.careous depos' tion  Glimcher 1960; Wilbur, 1964! or, 2 I
an organic matrix merely providing a compartment for the growth of
calcareous crystals  Bevelander and Nakahara 1969! . Regardless of the
exact mechanism involved in shell mineralization, certai.n elements
skeletal formation are common to most biological systems and therefore
probably occur in marine mollusks. For example, biosynthesis of
molluscan shell probably includes: 1 ! deposition of an organic matrix
2! sequestering of calcium and associated mineral element, 3!
scleroti zation of an organic matrix, 4! at least partial control of
chemica 1 processes by enzymatic, hormonal, and metabolic mechani sms
particular ly at the mantle edge, 5! expenditure of energy by the mantle
tissue and 6! a significant influence of the ambient environment.
there is substantial exper'imental evidence to provide details for many
components of these outline processes of skele tal f ormation, several of
these have not. been observed or inves tigated in marine, bivalve
mo1lusks.

The primary objective of this paper is to review current concepts of
molluscan shell synthesis, particularly relating effects of the
envi ronment and ma ntle tissue metabolism to shell formation. This
review does not include a thorough coverage of all literature pertaining
to shel 1 synthesis but has relied on several recent summaries  e.g.
Wilbur 1964, 1972; Wilbur and Simkiss, 1968; Watabe and Wilbur 1976! .
Conclusions from this view are supported with results from some original
research ~ In addition, a model of shell biosynthesis is formulated to
suggest concepts that wi LL requi re examination in future e xperimen ts.
Energetics, the role of organics other than proteinaceous matter,
minerals and trace metals other than calcium, and control by enzymatic
and hormonal processes have been excluded.

MODELS OP SHELL BXOSYMTHBSIS

Although too ex tens i ve to rei terate in this brief review, several
mode ls or partial models have been proposed to couple observed phenomena
associated wi th shel 1 synthesi s with probable bi ological and
physio-chemical processes. As summarized by Simkiss �976!, all models
of molluscan shell synthesis must consider certain postulates including-
1! a mineral saturated medium adjoining the surface to be calcified, 2!
a basic pH environment, 3! predeposition of an organic matrix, and 4! a
mechanism for producing a crystalline structure in the mineralized
subs tra te ~

Seve ra 1 theories and conceptual models have been developed
a t tempts to i ncorpora te the pos tu la tes discussed above, as re vi ewed by
Wi lbur   1 9 76 !, Beve lander and Nakahara �969! suggested
super-saturated mi nerali zed medium, such as the extrapa 1 li al
marine bivalve mollusks, a protein matrix could provide nucleation
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for cr ys ta 1 line growth�. Heve lander and Nakahara   19 69 ! l..
observedthat an organic matrix i.s deposited prior to hell mineralization in

mo llusks . Based on li mi ted expe r ' mentation Nadde 1 l. { 1972 ! ad voca ted
rhat nucleation for crystal growth could occur withj in pro ein matrices.
The formati.o" of «lcium carbonate crystal. line structur ' hu res as a iso been
observed to 'leve lop in the presence of acid mucopolysaccharides
 Abo li os-Kr ogi s 973 !, although Xobayas hi �971 ! could not verify this
association. Kitano et al. �969! reported the importance of specific
organic substances including citrate, malate and pyruvate in the crystal
f orma Cion Qf carbonates in supersaturated carbonate f luids simulative of
fluids in ma ri ne bivalves

Considering that a proteinaceaous matrix could serve as both a site
nuc leati on as we 1 1 as f or m compartments for calcium carbonate

crystal formation, Glimcher �960! proposed that an organic matrix acts
pre requisi e template for the orderly mi neralization of mo1.luscan

Subsequently, Weiner and Hood �975! observed that the digested
g lycoprotei n matr i x of oyster t Cras sos trea virginica! and clam
 Hercenari a mercenaria! shell consisted of a series of alternating units
of aspartic acid and e' ther glycine or serine, They further observed
that the distance between repeating aspartic acid residues averaged 6.95

and thereby c lose ly coincided wi th di stances between calcium
molecules in aragoni tie and calcitic crystals which average

oapproximately 6.0 A

several variations in the glycine-aspartic-seri ne model proposed by
Neine r and Hood [1975! have been reported by other investigators.
Although an arrangm nt of aspartic acid residues was recently reported
f rom the soluble shel 1 f rac ti on of Nautilus reper tus  Weine r and Traub
1981!, and in Nautilus sp., such residues may contain growing inorganic
crystals  Weiner and Traub 1981 ! rather than bound calcium i n a template
type of organization as found in other bivalves  Weiner and Hood 1975!.
although Crenshaw   1972a ! did not find aspartic acid-glycine-serine
residues i n an analysis of the isolated glycoprotein of Nercenaria
mercenaria shel 1, high concentrations of aspartic acid and glycine were
reported. This result was based on a dif ferent methodology from that
used by Wei ner and Hood   1975! . Since Wei ner and Hood   1975 ! used a
mi ld hydrolysis leavi ng protein on both sides of aspar tic acid, their
results would yield a more accurate description of total shell protein
than those of Cr nshaw �972a!. From an investigation of eleven species
of brachiopoda, Jope �973! found that the soluble protein of shell
ma tr i x contained relatively high concentrations of glycine, aspartic
acid and proline. Furthermore, the protein f raction consisted of one
principal. polypeptide chain with several. smaller chains, each having
histidine at the N-terminal end.

Weiner and Hood �975! and Weiner and Traub �981! concluded that
the negative ca rboxy1 sites of aspartic'c acid could serve for shell

mi ne ra 1 ization Since e xtrapa lli al flu' id normal l has a basic pH,y

«cep't during extended periods of shell closing   Crenshaw and Neff 1969;

and Rhoads 1977; Gordon and Carriker 1978!, a negative charge on
the carboxy1 end of amino acid moieties co uld exist. However, even
though ther e has been support for a carboxy11 calcium binding theory in
s"ell formation  Hilbur and Simkiss 1968!, ami no aci d res i dues i n the

'on ma be present in an amide,organic matrix prior to minera lization m y1 rou s of sulfur containingnon-charged, form  Hi lbur 1976!. Sulfhydry g p
t e eXtrapallial f luid. HOwever,acids may also bind calcium in the e p

379



of the very low concentrations of sulfur-containing amino acids
fomd in the soluble protein f taction of most molluscan bivalve shells'
relative to acidic amino acids  e,g. Jope 92 967; We>ner and Hood 1975!

negative carboxy] groups of acidic amino acids wou 1d probably
more ef fective in bi nding calcium during shell synthesxs than would
sulfhydryl groups

Inor an i c cons ti tue n ts

Regardless of which of the models proposed to date most accurat
depicts the organic and inorganic processes of
formation, both calcium and carbonate groups must

Simkiss �916! reported that the extrapallial solution must have
carbonate concentrations in excess of its solubility prod
mineralization to occur. Wheeler �975! has proposed a ] imited
account for bicarbonate availabi lity and function
organic environment of the extrapallial f Luid. The functioni.ng of
bi ochemi ca l bi ca r bona te pump  Keynes 1969 ! could adequately explain
suff icient bicarbonate concentrations in the extrapallial fluid to
account for mineralization. According to Wheeler �975!, the influx of
bicarbonate, from the ambient environment and mantle tissue, during
mineralization process, could react with protons to form carbon dioxide
followed by the removal of carbon dioxide by di f fusion into the mantle.
As proposed by Whee le r �975!, this di f f us i on of ca rbon dioxide wou Ld
allow carbonic anhydrase to continue to catalyze the conversion of
bicarbonate to carbon dioxide and thereby allow the mineralization of an
organic substrate to continue.

The hardening or sclerotization of any protein matrix involves
cross linking of various polymers and has been described by several
investigators  e.g Stevenson 1969; Welinder et al. 1976; Waite and
Ande re on 1980! . In general, the initial chemical process is the
syntheis of a protein matrix. Following protein synthesis, one of the
next steps is the conversion of aromatic amino acids and phenols to
quinone, the sclerotizating agent. Quinone is specif ically f ormed from
diphenol by phenol oxidase. Gordon and Carriker �980! reported that
phenol oxidase and tyrosyl hydroxyl groups were found in areas of active
shel l formation in the clam Nercenaria mercenaria. Furthermore,
pa lyphenols and acti ve phenol oxidase have recently been iden ti f ied in
shell proliferatio~ areas of the mussel, Nytilus edulis  Bubel 1973! and
the la rval s tages of the oys ter Crassostrea virginica  Tomaszewski
1981!, Sclerotizati on occurs when 0-quinone reacts, without. enzymatic
medi ation, with ei ther N-terminaL Lysyl groups, or sulfhydryl groups
attached to amino groups to f orm N-catechol polymers ~ These po Lymers
are subsequently oxidized to form N-qui none protei n Fur'ther reacti on
of the qui noid protei n wi th other lysyl, phenolic, or sulfhydryl
termi na1 groups res u its in a rela.tively inert and cross-linked rigid
protei n ma tri x.

An alternative mechanism for achieving sclerotized shell protein
may i nvo I ve a n au to-tanning process without the necessity of quinone
pre cursors <Cranf ield 1973, 1974! ~ DOPA  dihydroxy-phenylalanine!
residues are thought to be oxidized to DOPA quinone residues which
r ead i 1 y wi th nu c le ophilic groups of neighboring protein molecules
form a r'orm a rigid protein matrix  Waite and Anderson 19BO; Waite and Tan«r
1981 ! . Wai.te and Tanzer �981! further observed that in Salt sol«»n
protein bound 'DoPa residues were not as soluble as free DOPA residue~ ~
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gFFECTS OF MBI~T ~VIROKMENTLL CliEILISTRY QN SHEl,l, 81PS YgS YHTHKS lS

Whi le spe ci f i c me chan isms for incorporatinra ing raw materials into
shell and the signif icance of certain che ' 1c emica s may not be

the effect of concentration and ava 1 b'1 t fL 1 y of some
ch emi ca ls on the compos i tion of shel 1 h beas been observed

198Q ! . They reported a signifi 'tsigni icant increase in
trations of cadmium, copper iron magnesignes i u m, manganese,

z i nc in the she ll and sof t tissues s o oyste r's
os t re a v i r g i n i ca ! grown in seawater enriched in these atese cations.
the di s tri but i on of many of these e lements appeared to be

se1 ective vithi n the f oliated and prismatic layers of oys ter she 1 1 and
nce nt ra ti ons of these cat i ons inc reased in shell in response to

espe cti ve i ncreases in ambient concentra ti ons ~ quantities and
ilabili ty of speci f ic ions or complexes in the ambient environmen't

may have a sign if icant ef feet on she 1 1 structure  Carriker et a 1 ~ 1 980! ~
Hpweve r the bi pa va i labi li ty of mos t mine ra ls, part icu la i ly ca lc ium and

probably seldom, i.f ever, limits shell formation in marine
mp 1 1 u sk s i n the i r na tural environment  Greenaway 1971: Shumway 1977;
Conger' et al 1978; Sick et al ~ 1979!

although there is no direct evidence that, trace metals accumulated
f rpm the ambi ent environment are essential for shell synthesis, many
trace metals are accumulated at relatively high rates by bivalves  see
review by Fors tner and Wittmann 92 979 ! ~ Toxi ci. ty f rom sub le tha1, long
term exposures to certain metals, therefore, may inhibit shell synthesis
in certain environments. Such sublethal toxicity could af feet rate of

shell formation through general suppression of metabolic activity.
although the sites of toxicity that would af feet shell formation are not
known, inhibition of critical enzymes, such as carbonic anhydrase and
those involved in sclerotization such as phenol oxidase, are undoubtedly
susceptible to inhibition by pollutant concentrations of metals  e.g.
Albiston et al i 194G; Jackim et al. 1970; Baron 1991 ! ~

Changes in the composition of the ambient medium are known to also
a f feet the chemi ca l composition of the extrapallial fluid of marine
bivalve mollusks  Wada and Pujinuki 1974!. However, such ef fects are
not total1y passive since there is evidence for physiological regulation
of sodi.um, magnesium, potassium and chloride in the extrapallial fluid
of several species of marine bivalve mollusks  Wada and Fujinuki 1976! ~
Crenshaw �972b! reported that while the ionic compositions of seawater
and extrapallial fluid are similar, concentrations of all major cations
and total ca rbon dioxide were higher in extrapa1lial f luid. Since the
chemical compos i tion of the envi ronment can affect the chemical
compos ition of the ext.rapallial fluid, over and above physiological
regula tion, i t is probably that the environmental effects on the
chemical composition of the extrapallial fluid influence shell
formation.



NUTRITIONAL, PHYSIOLOGICAL, AND METABOLIC
RKGULATION OF SHELL BTOSYNTHESIS

Nutriti.onal Regulation

There have been no investigations designed specif1 a] ly
e luci da te cause and e f f ect re lations between nutrients inges ted by
bi va 1 ves and shel 1 formation. Mixtures of unicellular algal species
have been used in an at tempt to alter the nutritional quality  i
total protein, lipid, caloric, amino acid, or fatty aci.d concentrati ons !
of food available. Although significant variations in the growth rates
of several speci es of bi valves have resulted from feeding dif fere�t
algal species or mixtur'es of algal species !e.g. Epifanio 1975; Epi fanio
et a l ~ 1976; Epi f a nio and Ewart 1977; Flaak and Epi f anio 19 78 !,
vari.ations may have been largely due to differences in digestibi lity and
in the rate of passage of food through the bivalve digestive system. Zn
addition, growth rate may be dependent upon the availability of vitamins
or minerals  walne 1970, 1973; Epi f anio 1 979! ~ Berg   1 981 ! elimi nated
the possible effects of digestibility and was able to examine food value
per se by usi.ng one a lga1 speci es but altering its protein,
carbohydra te, and lipid composition. The di f f erences in gross
composition between cultures were created by varying the supply of given
nutrients in the algal culture medi um. He found that shell length i n
Cras sos trea virgi ni.ca larvae i ncreased most rapidly when dietary
concentrations of protein, carbohydrate, and lipid were present at 35,
24, and 39% of algal dry weight, respectively. Signif i.cantly less shell
growth occurred when these proportions were changed. Although these
resu le   i . e. Berg 19 8 1 ! i mplica ted assimilated nutrients in shell
growth, the exact mechanisms gove rni ng the involvement. of assi mi lated
nutri.ents in shell synthesis may be indirect ! i.e ~ via tissue growth! .
In addi tion, the ef feet of environmental conditions on shell growth are
di f f i c u lt to oa r t i t i on f r om e f fects of ass imi lated nutrients. For
example, Palmer �980! reported that differences in shell growth and
morpho log y among gr oups of seal loos  Argopecten irradians ! reared on
di. f f e rent mi xtu res of algal speci es could not be partitioned
statistically from influences of light periodicity, human handl ng of
individual animals, or temperature di.f ferences.

Although there is no strong evidence for a direct relation between
diet and synthes i s of shell materia 1, several aspects of cellular
metaboli sm in organisms other than mollusks suggest that diet would
af feet shel 1 synthesis. F' or example, the amino acid composi.tion of
i nges ted protein has been observed to af f ect the rate of synthesis of
cellular proteins in rate tissues  e.q. Cox and Mueller 1944!. Using in
vi tro experi ments wi th cultures of the bread mold, Neurospora sp ~,
Beadle and Tatum �941 ! demonstrated preci se relations between speci f ic
nutrients and metabolic pathways for the synthesis of selected amino
acids, Dagley et a 1. �963! in an investigation in rats also
demons tra ted an associ.ation between the assimilation of specific
nutrients and amino acid metaboli sm. Nutrient requi rements for cellular
me taboli sm i n ve rtebr a tes have been observed to af feet the cellular
excretion of amino acids  Arnstein and orant 1954!. Relative
i nvertebrates, Kating et al ~  '3962!, reported that insect tissue can
synthesize several amino acids from dietary glucose. Similarly, Huggi»
and Nunda !1968y ! 968! obser ved that crustaceans could also synthesize f ree
amino acids from glucose.
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Since the excretion of ni trogen
is probably an integral component of moll

ogenous material into extra aliirape ial f l,uid

|',obayashi 1964; Crenshaw 1972b- Y yn hesis  e.g,o mo luscan shell bi.os
Young et al. 1977!, i.t is re

�la te that nutritional fa i s re asonab le to
actors af f ecting eel.luis

would also affect shell e u ar nitrogen

of speci f ic nutrient requ
ec s e l growth. For exam le in v'

n requirements for cellular amino acid
using both vertebrates and i.nve t bn i.nvertebrates have indicated
tzansaminations and other metabolier me a o ic transformations can result

increased concentrat'
1960; Johnson and Strecker 1961 Za

e n rati.ons of selected amino a cids
r .; Zandee 1966; Sylvester and

1976! . These processes, as observedo serve in cells of mammalian and
tissues, could also be operative in th Ia ive in the columnar epi.thelial

of mo !. lu scan mante I ti ssue { Ref f 1 972! the !; the cells probably
pons ible f or secreting the nitrogenous tenous material, that presumably

becomes a component of the shell matrix  Young et al. 1977!.

Physiological regulatio~

The ch emi ca I compos i tion of the environmental maymen a may also regulate
shel I bi osynthesis indirectly through effects on cellula h ' ln ce u ar p ysiology.
Cal ci um and amino aci.d f luxes between the mantle and the extrapa llia 1
f lui d have been observed to change i n response to changes in ambient
sal.inity and concentrations of total calcium. Shumway �977!, for
example, re por ted that osmo lari. ty and concent rations of sodium
magnesium, and ca lcium in the extrapallial. fluid of the oyster
Crassostrea gigas were signif i cantly di f ferent f rom the respecti ve ion
concentrations in ambient seawater but nonetheless were affected by
seawater concentrations. Several other authors have observed ionic
regu la tion of mo l lusca n hemolymph and other body fluids such as the
extrapa 1 lial f luid and have assumed a closed shell was necessary for
such regulation  revi ewed by Hayes and pelluet 'l947; Robertsen 1949!.
In contras t, Sick et a l. �979! observed that concentrations of total
calcium in the mantle tissue of C. virginica changed curvilinearly in
response to ambient calcium concentration, both in whole animals and in
mantl.e tissue culture in vitro. The observation that changes in calcium
concentration o. mantle tissue were cur vili.near and not proportional to
ambient changes in calcium concentration, strongly suggested
physiological regulation {Sick et al. 1979!.

Physio log i ca 1 regulation of extrapa 1 l.ia l ionic concentrations can
be adequately explained by several mechanisms known to exist in
mo1 luscan mant le tissue. For example, DeWith �977! observed that
physiological mechanisms exist in mollusks for regulating concentrations
of sodium, potass ium, calcium, magnesium, and chloride. ALL cells
probably possess both calci um  Baker 1972; schatzmann 1973! and
bi.carbonate  Keynes 1 9 69 ! pumps allowing these ions to be secreted
extracellular ly. However, evidence for cellular ion pumps has yet to be
definitively demonstrated in marine mollusks.

<etabolic: Experimentation involving amino acid fluxes

ln order to evaluate portions of previously proposed models for
mol luscan shell biosynthes is  e.g. Weiner. and Hood 197$; Young et al,

amino acid concentrations of in vitro mantle cultures and ambient
p«f usi.on f lu id wer e exami ned .o llowi ng exposure to several
concentrations of ambient calcium and salinity. while it is not known

383



whether it is ree am'f e am>no acids or peptxdes that react

calcium in t e ex rapth trapallxal fluid, most investigators
ionic calcium asl as being bound by extrapa 1lial f l uid protei ns
and Makahara; einh 1969- Weiner and Hood 1975' Wheeler et a] . ]gS1 !

since amino ac i s are' ds are actively transpor ted across ti s sue
vertebra tes  e.g. ~rgen, 1969 ! and i.nve rtebra tes  e. g. S i ebe rs 1976
Siebe rs and Rosentha 1 1971 ! and readi ly bind calcium,
co~itions in the molluscan extrapallial fluid  Weiner and Hood 1975!
it. is logical to propose that it is free amino acids
proteins that bi nd calcium and thereby are prerequisite for
biosynthesis. The hypothesis proposed for this project,
that excretion of selected free amino acids from the mantle is
correlated with increases in ambient calcium concentration and sai,nity
and serves to facilitate shell synthesis ~

fluid,

Methods: Oysters, having an average net wei.ght of 117.p3~29 31g
obtained from Chesapeake Bay stocks during the fall season. During
acc limation period of 7 days, oysters were maintained i.n fi.ltered
8 cava ter a t 25 ppt salini ty. Cultures of the di.atom Thalassiosira
pseudonana  obtained from Dr. Charles Epifanio, University of De aware!
very batch fed daily to oysters at a concentration of 8.5 x 10 cells
ml . The tempera tu re of the cu ltur e medium was gr adua l ly increasedo 0
from 15 to 20 C during the acclimation period.

Following acclimation, mantles attached to the right valve of
f reshly opened oysters were exposed to vari ous calcium-sali.nity
treatments cons i s ting of a f actor ial arrangement of salinity
concentrations �5, 20, 25, 30, and 35 ppt! and total calcium
cyncentrations �.5, 5.0, 1.5 and 10.0 pmoles  g wet wt ~ culture medium

! The culture medium consisted of per f usion f luid   PE'!  Cole 1941 ! .
Salinity and total calcium concentrations were varied independently by
adjustmenting the amounts of salts added to the perf usion medium i Rester

2+et ali 1967! . Changes i.n osmolarity resulting f rom changes in Ca salt
leve Ls were less than 0.1 m Osm. Preparations were exposed to
calcium-salinity treatme nts for 4S hours. During the experimental
peri od, mantle ti ssue was examined for vitality by observing ci.liary
beating and its response to tactile stimulus.

In order to exami ne the possi.ble association between ambient
calcium concentration and the synthesis and excretion of sel.ected amino
acids f rom mantle ti ssue, changes in both ambient and mantle tissue
concentrations of total calcium were measured. An examination of
re la tionships between ambient calcium concentrations, tissue calcium
concentrations, and changes in tissue amino acid concentrations was
to be cr i ti ca 1 f or tes ting our hypothesis that the concentration «
ambient calcium may regulate shell synthesis vi.a amino acid metabolismi

Tissue and perfusion fluid were each frozen, af ter the experimental
peri.od, and f reeze dried. Amino acid concentrations in f rozen tissues
were compared to fresh ti.ssue and no leakage of amino acids was detected
as a result of freezi.ng Freeze-dried preparations were fi.rat L>p>d
extracted with 1:1 ch]oroform-ether and then the free amino acids
extracted three times, at 4 C with 70W ethanol. Extracts were frozen i"
citrate buffer until amino aci,d analyses could be performed ~ A@i» ac~d
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Results: Calcium concentrat>on in mantle tissue changed curvi linearly
with increases in bo th ambient calcium and salinity  Figure 1!. The
cur vi linear changes observed in excised mantle tissue mimicked changes
observed when whole oYsters were exposed to a range of similar ambient
conditions  Sick et al. 'l979! ~
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analyses of mantle tissue and perf usion fluid were conducted by forming
trif luoroacety1 methyl amino acid esters  pardner and L e 3973! and

analyzing these der i vatives by gas liquid chromatography using a f la
1 on 1 z a t i o n de te c to" . Calcium concentrations in mantle and perfusion
fluid were deter»ned bY flame atomic absorption spectrometry,



Concentrations of glycine, serine, and glutamic acid measured in
cu ltu res o tissue incubated at a salinitY of 25 ppt tended to
mirror t e concenthe concentrations measured in the ambient cult~r~
 perfusion ui  f ' f luid !  ~i gure 2 ! . Free serine and qlutamlc
c once ntra t ions i nt t' ons in mantle tissues initial ly increased with
ambient ca cium cb t alcium concentration and then decreased. Concentrations pf

1 ' e serine and glutamic acid ~asured in a&ient perfusion fluid
were general ly inve rse ly proportional to changes in concentration
observed in mantle tissue. In contrast, however, concentrations of
alanine in both mantle tissue and perfusion fluid decreased
increases in ambient calcium.
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Figure 2. Fluctuations in cancentrations of selected free amino acids
in mantle tissue  Crassustrea ~vir inica! and ambient culture
medium in response to cha~ges in concentration of ambient cal-
cium. Average standard deviations  based on four replicates!
were 1.B, 0.2, l.l, and 0.9 ~ales  mg dry wt mantle tissue!
x l0 2 for mantle tissue glycine, serine, glutamic acid, and
alanine, respectively. Similarly, average standard deviations
 based on four replicates! were 2.2, 1.2, 0.8, and 0.9 Vmoles
 g wet wt PF! 1 x 10 for free glycine, serine, glutamic
acid, and alanine, respectively, measured in perfusion fluid
 PF! .
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Expe rime n t B. F luxes of f ree mantle tissue 9lycine in response to
changes in ambient ca lci um concentration.

Oys te r s t ock s, pe r i od of acc limati.on, culture conditions
duri ng acclimation, and experimental. design were as described for
Expe r'ime n t A. Howe ve r, the exci.sed mantle tissues  attached i,n the
r ight valve > were incubated I.~ each calcium concentra ti og and sali nity
treatment in the presence of C U!-glyci ne. Ef flux of C-glycine f rom
mantle was monitored by removi ng the mantle preparatioq af ter the
initial incubation period and placing the tissues in non - C labelled
perf usion fluid of the same calcium-salinity concentration ~

. ollowing incubation in C U!-glycine, a 10 mg sample of14

f reeze-dried, lipi.d free, excised mantle tisue was digested in
protosol-Aquasol scintillation solution and the radioactivity determined
using liquid scinti.llation spectrophotometry. Counting efficiency for
each sample was de termined using the external standard technique ~
Radioactivity was convereted to concentrations of C-glycine < C was
assumed to remain associated with either free or complexed glycine,
young et al ~ 1977! measured in respective treatments using the specific
activity of the stock solution  90 mCi  mmole glycine !, New England
Nuclear, stock ¹276!. In addition, incubation medium, after incubation
with mantle tissue, was analyzed for C-q lycine by thin layerl4

chromatography  TLC! ~ Resulting spots from TLC analyses were removed
from Tf-C plates and analyzed for radioactivity in liquid scintillation
spectrophotome try.

14Results: Concentrations of C-glycine in the mantle ti.ssue increased
wi th i.n crea s es i n ambi en t s a li ni ty bu t we re generally inversely
propor tiona 1 to increases in ambi ent concentration of ca lci um   Figure
3A!. Changes in amounts of C-glycine incorporated into excised mantle14

tissue were in many cases curvilinearly related to ambient salinity.
The cur vi li near pa t tern of glycine incorporation was also similar to
that noted for rates of calcium incorporation in mantle tissue of whole
oysters  Sick et al. 1979! and was similar to the pattern observed for
the changes in glycine concentrations in mantle tissue i.n response to
increases in ambient calcium  Figure 2!.

Although not a lways pr opo r t iona 1 nor li nea r I y related, the
conce ntra tions o  C-9lyci ne in the per f us ion f lui d following14

i ncuba tion wi th C-glyc inc label led mantle tissue  Figure 3B!,4

sugges ted i.ncreased amounts of glycine loss in response to selected
chanpgs in ambient calcium concentration. For example, concentrations

C-glycine were higher at lO than 2.5 pmoles calcium  g wet wt.
PF! at all salinities studied, except 30 ppt. Furthermore, many of

14the changes in � C � glycine loss were curvili nearly related to changes
in calcium concentration.

Interpretation of Results: Results f rom experiments A and 8 concerning
ami no acid concentrations and fluxes in oyster mantle tissue can be
summarized and interpreted as follows;

Based on accumu la tion of calcium f rom the ambient environment by
excised mantle tissue  Figure 3 !, it is reasonable to implicate calcium
flux as a possible "trigger' for stimulating the synthesis and efflux of
selected amino acids from mantle tissue  Figures 2 and 3! ~ Furthermore,
i.n agreement with observations by Jodrey �953! it is plausible that
most of the ca lcium accumulated by mantle tissue is passed through the
tissue and made available for deposition into shell.
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3 f] uses c f 34c-eifcine in mantle tissue  Crasscstrea virciinicaI
in response to changes in ambient calcium concentration and
salinity. Zfflux of C-glyci,ne from the 4C-labelled mantle
tissue was measured by placing C-glycine l.abelled mantlel4

tissue in non-labelled PF  perfusion fluid! following a 48-
hour incubation in C-glycine labelled medium and monitoring
l4C-glycine concentration in the PF.

2. Concentrations of free glycine, serine, alanine, and glutamic acid
in mantle tissue changed in response to changes in ambient concentration
of calcium and salini ty. Such changes were assumed to occur th rough
normal cellular processes includinq ami.no acid synthetic pathways  e.g.
amino acids de ri ved f rom pyru vie acid !, and ami no aci d transamina tion
and deamination.

3. Based an the tendency to lase C-labelled glycine from mantle14

tissue to ambient f lui.d at some calci.um concentrations and salxnities,
it was assumed that the mantle is capable of secreting free glycinee
4. Excretion of glycine associated with an increase in ambient calcium
concentration adds further credibili.ty to the template theory of
calcification of a protein matrix as proposed by Weiner and Hood �975!
since glycine is one of the major components of their model ~
5. The excretion of glycine from the mantle tissue, in an apparent
associati.on with increased concentrations of calcium  Figure 3!, also
suggested that the origin of shell protein matrix may be from free
a ci d s exc r e ted f r om the mantle tissue Although the origin of
molluscan shell soluble protein matrix has not been determined  review«
by Wheeler et al. 1981 !, Young et al. �977! interpreted an excretion
radioi,sotopi cally labelled glycine from excised mantle tissue of
clam, Nercenaria mercenaria as i ndi cati ve of protein excretion by
mantle. This excreted protein presumably would somehow form theorganic matrix. Having iso]ated from C-glycine excreted from oyster
mantle, our results showed that qlycine can be excreted in the free form

388

e 4
C eV

tN

0
p

I

p 3

f ae
Pn 10 0+e, "pc, ck43~

Opj
J

4
O O
C

XQ

v-2

Ie

0 e

35
2.

C'a
jAl a /q

ore ea , Cp 10.O
> g "pe

er 'pp
gT'



and not neces sari ly as peptides. zt is theref
s ere ore possible that theshel l. orotei.n matrix is formed from free amino acid

i o aci s ~at are excretedQy the mant 1 e and subsequent ly synthes i zed into protei tn hin o pro eins ~rough enzymeaf ion e i ther in the extrapa 1 lia 1 f luid or at the shel l d
e ge.

PROPOSED MODEL QF SHELL CALClFICATKON

mode l of shell biosynthesis depicted in Figure 4 includes
r'ad j t i o na 1 con cep of mi ne ra lization of an organic t in' ma r x, qe.g.Glimcher 1960; wilbu 1964; Sl&iss 1976! but also includ s effects of

e Q v i r o n me n t on ma n t. 1 e phys io logy and metaboli sm. The mode 1 was
de~loped using published information on the role of calcium and calcium
carbonate in shel 1 formation  cog a Weiner and Hood 1975i Siakiss 1976!
plus resu its f rom pri ginal research by the authors concerning release of
amino acids f rom the mantle in response to changes in available calcium
in the oyster, Crassoatrea ~vir inice  see above!.

A labial I
[ n v I r c nre o n t Moilti ~ ries s ~

Cvivobossl PleH

nc

fC.

os 'Cav
e sn~ na

o

+Ifbas'r Cloooo

Proposed model describing effects of ambient calcium concen-
tration, salinity and mantle tissue metabolism on shell bio-

ynth sis in marine bivalves. Condition A assumes maximum
ambientrates of shell formation in response to increasing ambien

salinity and calcium concentration, condi 'tion B assumes rela-

tively slow rates of shell synthesis due to decreasing ambient
sa ini y an c1' ' t d alcium concentration, and condition C assumes
shell dissolution due to the acid pH of the extrapa ia
fluid during a prolonged period of shell closure.

Figure 4.
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Calcium fluxes through the mantle tissue as proposed in this model
 F 4' ere taken from a mode 1 proposed by Wilbur �964!. In Figure 4! were a e
addition, recenrecent information concerning the probable role of
calcium  e.g. Scha tzmann 19 73 ! and bica rbonate  Keynes 1 g 69 !
in mammalian tissue may also explain the saturated
bicarbonate concentrations in the extrapallial fiuid of oys
therefore have been included in the model. It was
that mos t of the calcium used by the mantle for shell synthesi
obtained f rom calcium dissolved in seawater rather than f rom

f ood,

Three environmental and physiol&ical conditions affecting shell
biosynthesis  i.e. A, B, and C, Pig. 4! were identified in the pro o d
mode 1 ~ In condi t i on A incr eas i ng or relati vely high salinit�
ambi.ent calcium concentration, and maximum rates of shell b
were assumed to be likely  e.g. sick et al. 19'7g ! - The role of h
nitroge n metaboli.sm of mantle tissue and i ts re lation to h
format on, as depicted in condition A, was based primarily on result f
Sick et al. �979! and others  see above! and the results of experiments
described above. Under condition A, it was assumed that the induct i on
in the mantle of glutamic acid and ammonia production occurs in response
to increased ambient ca lcium concentration and through well studied
osmoregula tory mechanisms associated wi th salini ty change and is
accomplished through transami nation or oxidative deami nati on processes ~
I t i s proposed that the mechani.sm of ami no acid induction is
s timula tion of glutamate transaminase activity by the chloride ion.
Chloride ion stimulation of glutama te transaminase has been previously
observed is osmoregula tory studies i.n crustaceans  Gi l les 1969 ! and if
operable in biva lve mollusks would explain simultaneous induction of
glutama te trans ami nase by increases in both calcium concentration
  ca 1cium ch lot'i de used for all experiments! and sali nity  Figure 2!,
The proposed transamination processes would generate ammonia, ~hi.ch can
readily pass through the mantle epi.thelium, become a proton acceptor for
the bi carbonate radi cal in the extrapallial fluid, and cause further
calcium carbonate formation  Campbell and Speeg 1969; Reddy and Campbell
1972 ! . The ammoni um ion formed from the acceptance of a proton by
ammonia is not readi ly removed by di f fusion through membranes. However,
Carter I'1972! has proposed that by carbonic anhydrase mediation, the
ammonium ion and the bica rbonate radi ca 1 could be cove rted to ammonia,
carbon dioxide, and water, thereby explaining ammonium ion removal from
the extrapa 1 lial fluid. Ammonia could subsequently be removed by
di f f usion into mantle tissue and excre ti on to the ambi.ent environment.
The temporary increase in ammonia concentration in the extrapallial
f lui d resulting f rom a conversion on ammonium  as proposed by Carter
1972! may inhibit transamination and oxidati ve deami nation reactions in
ma nt le ti. s s ue and e xplain the curvilinear changes observed in mantle
tissue amino acid concentrations  Figures 1-3! . The trigger mechanism
for the pr oduc t ion of ami no acids in mantle tissue in response to
increases in calcium concentration and salini.ty is not. known. However.
synthes is of glycine and seri.ne was assumed to be via citrate cycle
intermediates such as pyruvate and aspar'tic acid  as shown in Figu«4! ~

It was also assumed, in the proposed model, tha,t calcium will react
with the carboxyl end of selected amino acids  either free amino
or po 1ypepti des ! and then wi.l.l complex wi. th carbonate
Reaction of ca l ci um with the ca rboxyl component of amino acids
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pos sible i n condi.ti on A  Figure
conditions in the extrapallial. si nce at pH 7 typical of

e.g. Lut and Roads 1977,- G rdonand Carriker 197S!, amino acids of p,ptid
would have negatively charged carbox l es in the extra allial

groups ~ Furthermore, because th
concentra tions of mantle serine and glycine twycine two of the three repeatinp o ] y me r i c u n i t s o f t h e W e i n e r a n d H o o d   1 9 7 S ! ing

template hypothesis wasi neo rpora ted i. nto the present mode 1   Figure 4 !

Zn condition B,  Figure 4! it was assumed th t ha t e ambient calciumncentration and salinity are either decreas 'r ecreasing or are low relative to
thos e n ece s s ary f o r norma l biological a t t fac i.vi y of the mantle tissue

et al. 1979!. lt was hypothesized th t fat ree amino acid
ncentrations in the mantle tissue and the rate fe ra e o amino acid excretion

the ext rapa 1lial fluid decrease when bi vs 1 veen i vs ves are exposed to low
calcj.um concentrations and salinity  based on net r s lton ne results as summarized
in Figures 2 and 3!. Since amino acid concentrations dn ra ions ecreaseo zn the
mant le du r i ng cond i tions of low calcium concentration and salinity
{Figure 2, ! pathways accounting for serine, glycine, and aspartic acid
synthes is f rom acetyl CoA in condition A are probably shunted
predomi na te ly through g lyco lysis and oxidative phosphorylation in
condi tion R. By vi rtue of a decrease in the chloride ion concentration,

acti vi ty of glutamate trans aminase would probably decrease with a
correspondi ng de crease in ammonia production. While some ammonia
product i on may take place via oxidative deamination of eel lular f ree
amino aci ds, di f fusion gradients   Simki ss 1 976! would suggest absorption
of ammonia from the extrapallial fluid into the mantle and excretion to
the ambient medium from the mantle. Therefore, with the primary source
of proton accep tors decreased, i t is likely that the formation of
carbonate in the extrapallial f Iuid would also decrease. The net ef feet
of processes assumed to exist in condi tion 8 would be a slow rate of
shell formation relative to condition A.

Although the proposed mode 1 is appli.cable to marine mollusks,
metabolic and chemical phenomena proposed may also apply to f reshwater
mollusk s. In a f res hwa ter envi. r onmen t, stimulation of glutamate
transami.nase acti vi ty and eventual production of ammonia may still
result f rom the chloride ion as observed in marine crustaceans  Gi lies
1969! . However, the primary source of chloride ion and calcium for
she 1 1 f orma tion in freshwater mollusks, is probably largely from
metabolic producti.on rather than f rom the ambient environment.  Greenaway
1971 ! Shel 1 formation in f reshwa ter mollusks, there f ore, may proceed
through si.milar mechanisms as pr oposed here  Figure 4!, but. undoubtedly
r equi res grea ter amounts of ene r gy and may be more dependent. on f ood

on metabolic production f or organic components of the shell  Van
Der Borght and Van puymbroeck 1966; Greenaway 1971!.

In condition C, the environment would not directly affect metabolic
medi ation of shell f ormation due to complete shell closure. Shell
closur'e and eventual build up of metabolic CO 2 renders the extrapal.lial.
f1~id acidic  Gordon and Carriker 1978!. Under these conditions, the
metabolic status of the mantle tissue is presumed to be similar to that
«condition 8, This condition together with an aci,dic extrapallial
en»ronment wou ld result. in sorae dissolution of shel l. material  Gordon
and Carriker 1978!. Condition C undoubtedly exists intermittently with
conditions A or
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CONCLUSIONS

Verif ication of chemical and biological mechanisms responsible for
synthesis of molluscan shell, as proposed  Figure 4! can only be
achieved by experimental ly tes ting the many assumptions necessary for
cons tructing the mode I Speci f ic investiga tions that are necessary f or
assessing the validity of this model should include 1! verifyi.ng the
existence of ca lcium and bi carbonate ion pumps in molluscan mantle
tissue 2! determining the role that amino acids found
extrapallial f luid may have in complexing calcium, 3 ! determining
s our ces   i ncludi. ng metabolic sources ! of amino acids measured in
extrapallial fluid, 4! determining the mechanism of calcium carbonate
complexation in extrapa1li al f luid, including the possible role
metabolic ammonia as a proton acceptor and 5! examining the possibi lity
that the chloride ion can stimulate glutamate trans ami nase acti vi ty
molluscan mantle ti.ssue. Elucidation of these mechanisms would not on] y
contribute to a gene ra 1 unde rs tandi.ng of mo 1 lu sca n shel l bi osynthesi s,
but would further an understanding and appreciation for
i nterdependence between metabolic processes, chemistry of the amb
environment, and shell growth and maintenance.

Regardless of the speci f ic mechanisms regula ting shell f orma tion,
the fact that shell synthesis is integrally dependent on the chemical
caeposition of the ambient environment and probably influenced by the
nu tr i tional qua li ty of assimilated food, suggests that anthropogenic
mani pu la ti on of shel 1 f orma tion is possible. Such manipulation,
assuming tissue growth is commensurate with shell growth, may be
advantageous for bi.valve culture. Oyster spat may be seeded in natural
envi.ronments selected for speci f i c salini ty, mineral-metal
concentrations, and food availability suitable for rapid shell growth.
In intensive mariculture systems, the abi.lity to regulate some of the
physical and biological components included in the proposed model
 including quality and quantity of food!, may allow control of shell
formation in cultured mollusks
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Zandee,

QUESTIONS AND ANSWERS

ARSENAULT   Halifax !: I ' ve been working on an energy loss, high
resolution electromicroscope and I 'm f inding that during mineralization
of the exoske le ton in lobs ters, there ' s an i ntimate re la tionshi p be tween
calcium, phosphorus and sulphur. So when you refer to calcification can
you really neglect these other elements? Also, there 's probably a ~hole
gamut of other elements that haven't been looked at, but have you looked
at phosphorus for example, not only in exoskeleton, but also in bone
tissue culture'? Hy co-workers and myself have looked at this and could
give you some comments to add to your insights and observed relationship
between calcification involving calcium and other elements i
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SICK: Yes, that's an excellent question and something that is
great to bring up at this time. The only experimental evidence that I
can si,ght is the observa tion that concentrations of phosphorus hange
with observed calcium f luxes and therefore there seems to be a relation
between phosphorous concentration of the extrapallial fluid and the
story that I' ve tried to depict here this morning. Now what it actually
means and how directly it's related to calcification I really can't say ~
My thoughts would be that in bone material, the calcium phosphate
phosphorous ratios and. magnesi.um ratios are going to be very important
as we know from classic mammalian physiology. I think these ratios are
going to be less important in minerallsatiOn in a molluScan Shell which
is guite dif fer'ent in many respects from bone, bone being a tissue. You
can probably use such ratios for formulating specif ic questi.ons but
f or ge nera 1izi ng. My second point is that with regard to sulphur'



sulphur bi ndi ng, particularly in cross li& ages of protein, is very
important in exoskeleton or shell. Certainly sulphsu p "r is as important an
element in calcification as phosphorus and o er minerals, my point is
that it may be quite different in exoskeleton synthesis d t ' lesis an certainly it

di f fe rent roll in bone formation ~ I would also like to add tha't
1 ly need to consider trace metals too 5 ca~se thca~se ey are go i ng to

] y a large role in mineralization and certainly are readily s'tored in
the shell. I feel that. they probably have an active role over and above
s torage-

AULT: Some of my findings indicate that phosphorus and sulfur
precede the presence of calcium i.n minera li.z ation and with our
electromicroscope technique we can also quantitate how much of whatever

i,s present ~ At this point it seems that there is even more
phosphorus and sulphur relative to calcium,

SICK: This is an exoskeleton now, not molluscan shell?

ARSENAULT; Right. Would that be similar again or do you think it
would possibly be di f fe rent than the shell in the mo 1lusks?

LUWELLz Well, in the organic matrix of crustacean exoskeleton the
g]ucopolysacchar ides and glucosamines are cross linked at least
partial.ly by sulfhydryl cross linking within a protein matrix, We' ve
seen these i.n both vertebrate and invertebrate systems and certainly
they have been studied i n crustacean exoskeleton. We ' ve seen simila r
protein li. nked by sulf hydral terminal groups in molluscan shell, And so

obse r va ti on a t least that sulfur precedes calcium in exoskeleton
formation is probably consistent with out understanding of
sc]erotization in the invertebrates.

ARSE%AU LT: How comparable is the molluscan shell to mammalian

bone?

LOWELL: Well, as I said, I think i.f you ask specif ic questions
concerni.ng bone versus shell such as, kinetics of calcium flux and the
role of organic matter in mineralization, maybe there are some
a na log ues, bu t I think when you go beyond tha t there a re raore
dif ferences than simi lari ties. Bone i.s an acti ve specialized tissue,
and, unli.ke the biologica 1ly incr t mo 1luscan shell, live tissue.
Building an inert armorment, such as shell obviously is quite different
from the continuing life support process necessary for maintenance of
li vi ng tis sue.
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SUKHARY AHD PROSPECTS FOR THE FUTURE
C RUS TACE A

Douglas K. Conk li n
Aquaculture Program

Universi.ty of California, Devi.s
Bodega Marine Laboratory

Bodega Bay, CA 94923

Being f ortunate enough to be present at both the First and now the
Second International Aquaculture Nutrition Conf erence, it is impossible
not to feel a sense of pride in being associ ated with these two
mi les tones ~ In ref lect i ng on the two meetings I was also impressed by
how producti.ve the las t f ive years have been, particularly for those
work i ng w i th cru s tac e a ns I nde ed, as a generalization, i t can be
concluded that the nutri. tiona1 requirements of crustaceans are now

r a ther we 1 1 known. Based on this ge nera 1 unde rs tanding i t is probably
now possible to prepare diets which will meet the vital requirements of
most arthropods. Furthermore, as emphasized by Covey and Tacon, as well
as by Dadd, these vi tal requirements are not strikingly dif fer ent f rom
those of vertebrates, the apparent exception being the need for
chole s tero 1 by arthropods. This would i.ndica te the crustacean
nutri tionist may borrow rather f reely from the greater store of
knowledge relati.ng to vertebrates in order to rapidly refine our
understanding of crustacean dietary needs ~

While this progress i.n understanding crustacean nutrition haa bean
s igni f icant, it wi. 11 have little immediate impact on commercial
aquaculture outs i.de of f ur ther rei.nf orci ng the vi.sion of i.ts eventual
potential ~ Thi.s is because the commercial aquaculturist aust focus on

the st fivespeci.f i.cs rather than generalities. Consequently, while e pas
years have focused on general mechanisms, it can be antic ' pai. ted that

future efforts wi.ll be aimed at tinkering wi.th these mechani.sms to meet
producti,on needs for specific species. This has already obviously been,
done to a great extent f or shrimp  Penaeus ~sanious! production in
Japan, Indeed, as pointed out by Kanazawa, the growout diet of Penaeus

jaacinicus has been refi.ned to such an extent that nutritional studies on

other life stages now take precedent.
Xn focusing on the specifics, one of the most presai.ng needs is in

f feedin and digestion. Agai.n the information available on
thi s has i c subject area, aptly reviewed y i son,

i led i.nformation of feeding isnarrow in scope ~ The lack of detail
with the overall problem of tneparti.cularly troublesome in connecti.on wi

t for asoluble nutrients ~ The requi. remenaching of water-80 u e nu
appropriate dietary Levels of individual vater-so u e vi
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poorly defined for crustaceans. While many of these nutrients may be
suppli& complexed with feedst ffs, others such as ascorbic acid which
are highly labile must be added to the diet and are subject to sever~
leaching tones when the diet is not consumed immediately. Cer'tainly
these losses could be reduced if feeding was optimized ~ Intriguing]y,
i. t appears that mos t commercial culturists feed at dusk whil~
experi.mental culturists feed in the morning upon ariiving at
laboratory. Experimental culturists also tend to overfeed their animals
so as to exclude the possible impact of feed limitation.
consequence little attention has been paid to the imput cost of
increasi.ng growth and possi.ble was tages occurring in the processing of
food by the animal.

Such te ch n iq ue s as mi c r oenca ps ulation descri bed by z.angdon Qr
micr obi. ndi ng, wh i.ch Kanazawa spoke of, are promising
particularly important in larval nutrition studies where the particle
size must be reduced, greatly increasing the surface to volume ratio and
consequently leaching losses ~ The techniques are, however, still
experi.mental and their wides pr cad use in aquaculture should not
assumed in the near f uture. I ive f ood items such as Artemi a nau pli i
wi l l remain as an essential element for larval culture Extensive
i.nformati on, which was summar ized by Simpson and coauthors, is now
available on Artemi.a and should be used i.n reduci.ng the cos t of larval
cultur'e ~ Thi.s could be achieved by using the live food organisms
s trict ly as a supplement to formulated diets designed to provide the
bulk nutrients ~

The development of appropriate delivery techniques for
wa ter � so lub le nutri ents would also make the determinati.on of optimum
amino acid prof iles relatively easy. Although Deshimaru has
de mo ns tr a ted a pos s ib le approach to this problem thr ough the use of
various protein sources dif fering in their amino aci.d compos ition, the
abi li ty to reliably add to the diet single amino acids would be an
exceedingly useful tool for experimental aquaculture. Unti.l the optimum
balance of amino acids is known, li ttle progress can be made in sparing
expens ive protei.ns as discussed by Capuzzo.

There is no doubt of the impor tance of lipids to crustaceans ~
While again a brOad, general outline iS available, prOvided by Caatell
and Teshi.ma, the speci. f ics are missing. Xt is probably that these
specifics, both in terms of whether or not an animal can synthesize a
particular nutrient and, of equal importance, the rate at which the
nutrient is synthesized, wi.ll be important to the commerci.al culturist.
The bi os yn the tie ra te and needs of an animal combi. ned will de te rmi ne
whether or not the dietary source of thi.s nutri.ent will serve to spare
the requirements and therefore stimulate growth.

I personal ly am looking forward to the point in the near future
when various artificial fatty aci.d mixtures are readily available which
will al low the exploration of possible i.nteractions between fatty acids
and lipid soluble vi.tami.ns Whi le there is no doubt that animal
nutrition i.n general has a certain uni.formity it cannot be assumed
the highly speci ali zed regulatory systems, which have been develope"
around some of the f at-soluble vitamins in mammals, are present in
invertebrates. This research will provide nutritionists an oppor't«ity
to f ocus on and devleop an appreciation for the evolution of
hormonal-li.ke se systems as well as defining the primary role of
lipid-soluble vitamins in the physiology of animals. This particular
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aspect of comparative nutrition, however< may be of little interest to
the comme rci a 1 aquaculturi s ts as the extensive use of marine f i eh oi ls

crustacean diets generally will provide these factors in sufficient
While a hos t of specif ic answers are yet to be determined,

doer not impl y that the pas t f i ve years have been wasted.
~crt<inly the re is a correlati on with the nutr i tional data base of a

of animals and the success of animal production units. It is the
brodd out.line summarized at this conference which will provide the
j nterpreti.ve f ramework f or the details ~ It 18 g however, the details or

di f fe rences which are important to commercial interests as it is
these speci f ics whi ch will make the difference between success and
failure for an aquaculture production industry.
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SUGARY AND PROSPE TS FOR THE FUTURE

MOLLUSCS

Chri.stopher J. Langdon
College of Marine Studies

University of Delaware

Lewes, Delaware 19958

It is clear from the foregoing papers that marine molluscan
nutri tion lags f ar behind tha t of crustacean nutrition. With
exception of some gastropod species, here discussed by Care f oot., there
is a lack of satisfactory defined artificial diets for marine molluscs.
This is especially true for bi valves, where no art i. f i c ial diets have
been des cr ibed tha t will support growth that is comparable to that
obtai.ned with algal diets. The problems of food presentation and the
associated di.fficulties of diet stability and bacterial activity are the
principal reasons why marine bivalve nutrition is in such an early stage
of development.

Much is known about the gross proximate biochemical composition,
amino acid, carbohydrate, fatty acid, and sterol composi.tions of algae,
as has been reported here by Epifanio and by Webb and Chu. In general,
differences in the biochemical composition of algae do not explain why
some algal species are better foods than others; according to Epifanio,
the food quality of algal diets is best explained by the digestibility
of the algal cells. An exception to this generalization is the alga
Dunaliella tertiolecta which does not contain lonq chain polyunsaturated

fatty acids �0: 5w3 and 22:6w3! which appear to be essentral for
Crau sos tres ~pi as spat. Also, Teshiea has pointed out that it is
probable that the limited ability of bivalves to synthesize ster ols will
resu lt in some degree of dependence on a dietary supply of es senti.al
sterols for maximum growth. As yet, the sterol composition of algae has
not been linked to algal food quality.

The a 1 ga 1 ce 11 ca n be vi ewed as a capsule containing essential
dietary nut ri.ents. Techniques in developing satisfactory artificial
caps u les con tai ni ng al 1 the necessary dietary cons tituents are being
explored and Langdon has described some types that may be sui.table ~
an alternati ve method to mi croencapsulati.on, the technique of binding
high mo le cu la r weight., water soluble subs tances, such as proteins
carbohydrates i.n micro-gel particles has also been described by Kanaz»a
f or Penaeus japonicus larvae and by Langdon f or Crassostrea vi.rginica
spat. Such techni.ques not only enable the researcher to «»«r
nutrients to the animal, but also improve dietary stability and reduce
problems of bacterial contamination.
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Ultimately, the nutritional requirement f bmen s o bivalves for essentialnutri.ents will only be determi.ned by culturi uring t e animal under axenicconditions on def i.ned diets ~ Zt is now 'blis now possible to readily obtain
oys te r la r vae, and this representss a major step in the right

As Stephens has pointed out, this technique vill also be
seful i n the study of the role of dissolved organic material i,n the

of marine invertebrate larvae. In combi.nation with sensitive
high pres sure liqui.d chromatography, we can expect very significant
contributions to be made i.n our understanding of thi.s subject. This is
potent i a l ly one of the mos t exci. t,ing areas of mol.luscan research
discussed at the conference.

Another aspect of bivalve nutri.tion that has gr t t t Ias grea potential
importance i n the development of non-algal diets, i.s the i nf luence of
particulate i norgani c matter   PIN! on bi.valve feeding growth. hs Hewa l l

poi nted ou t, li t tie is unde re tood of the mechanism s ! whereby the
addi ti on of PIN to algal diets i mproves growth. Most commercial
operations i.nvolved in the r'earing of bivalves go to great lengths in
removi ng PIN f r om seawater, and so this practi.ce may well need to be
reassessed in the light of recent findings.

Whether the bivalves' food is algae or an artificial diet, it is
necessary to ensure that it is ef f iciently uti l ized for growth. Reid

Newell have discussed the value of studying the energy balance of
bivalves under cultivation so as to ensure that the calorif ic value of
the available food is suf fici ent to meet the requirements of the
cultured ani.mals f or maximum growth ~ of parti.cular relevance to this
s ub j set are the r epor ts that genetic heterozygosity of Crassostrea
~vir icica ts correlated wi.tb a lower basal metaboltc rate, whach results
in more energy being available for growth. The importance of genetics
in determing the growth of bivalves is only nov being fully appreciated
and future studi.es will lead to a better understanding.

Geneti.c expression may be modified by manipulation of the organism'
endocrine system. Tombes has indicated the potential usefulness of this
approach not only for improving somatic growth and development, but also
in determining expression of sex of the cultured animals ~ Tombes notes
our limi.ted knowledge of molluscan endocri.ne systems and the need for
more research i.f aquacul.turists are to benefit from this method of
control to the same extent as agri.culturists ~

This conf erence has underlined the importance of understanding the
biochemical and physiological basis of shel lf ish nutrition in order to
e va lu a te the r e su 1 t s of pres en t s tudi es and plan f uture research.
Molluscan nutrition lags far behind that of crustacea, insects and fish,
and yet many helpful lessons can be learned from studies with these
animals which, hopefully, will soon be applied to molluscs.
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CRU STACEANS

MINERAL DEPOSITION IN THE EXOSKELETON OF THE
LOBSTER, HOHARUS ANZRICANUS

A. L. Arsenault, J. D. Castell, and F. P, Ottensmeyer
Department of Fisheries and Oceans

Fisheries and Environmental Sciences

Hali. fax Laboratory, Halifax, Nova Scotia
Canada B3J 2S7

The exoskeleton of the lobster  Homarus ameri.canus! was the subject
for the detection of calci.um, phosphorus, and sulphur by high-resolution
microa na1 ye is  Adamson-Sharpe and Ottensmeyer, 1981!. This technique
utilizing electron energy loss spectroscopy and electron spectroscopic
imaging enables the visualization of these elements in their relative
die tributi on, one to the other, and in relation to the exoskeletal
matrix in which they occur, To date, the preaelt endocuticle of the
exoskeleton has been most extensively studied and is presented in s
digitized-computeri.zed format. In the premolt endocuticle, the relative
distribution of the three principal mineral elements were as follows;
1! phosphorus occurred pri mari ly i.n concentrated loci, 2! calcium was
present in a less concentrated manner ard was generally more randomly
dis tributed than phosphorus, 3! sulphur, on the other hand, presented
the most scattered di.stribution.

LITERATURE CITED
Adamson-Sharps, K. M ~ , and F. p ~ Ottensmeyer. 1981. Spacial resolution

and detection resensitivi.ty in microanaiysis by electronmnergy
loss selected imaging. Journal of Microscopy 309 ~
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HIS TOLOG ICAL CHANGES ASSOCIATED WITH DEVELOPMENT OF THE HEPATOPANCREAS
IN LARvAE OF THE AHKRICAN LOBSTER  HOKARUS ANERICAHUS!

Patricia Biesiot
Woods Hole Oceanographic Institution

Woods Hole, Nas sachusetts 02543, U.S.A.

This study provides details of morphological changes in the
h cpa to pa n c r ea s o f de ve l op ing lobster larvae usi.ng light micromcopyi
Labora tory hatched la rva e were rai. sed communally and f ed f ro! en adult
Ar temi.a ad lib - Repa topancreatic tis sue f rom embryos  obtained three
days before the siblings hatched! and from intarmolt larvae  molt state
C! was f ixed in Dietrich's fixative, embedded in paraf fin, sectioned at
6 pm, and stained wi.th hematoxylin and eosin.

Yolk was intercalated among the hepatopancreatic tubules of the
embryos and the first stage larvae but was not observed in the older
StageS. Duri ng de VelOpment, the COmpleXity Of the hepatOpanCreaS
increased. The lumen of the tubules was small in the embryo, large in
the fi.rst stage, and then gradually decreased in the oMer larval
stages. Fourth stage larvae had the smallest diameter lumen but the
thickest cells making up the tubule wall.

The hepatopancreas is composed of four cell typee: embryOniC
  E-ce 1 1 s !, f ibri 1 la r  F-cells!, secretOry  B-Celle!, and reSOrptiVe
 R-cells! . All cel l types were found in each of the four larval stages
but only E- and R-cel.ls were observed in the embryos examined F-cells
may in f act be present in late embryos, perhaps in low numbers so that
none were seen in this seri.es af sections or they may develop later on.
The absence of 8-cells Can be eXplained by aSSuming that they deVelOp
from F-cells after the stimulation of the feedi.ng process> embryos have
not yet fed. The R-cells of late embryos and of larval stages one, two,
and three contai.ned Only a few vaCuoleS rather than the typiCally large
number of lipid vacuoles. But these cells were morphologically distinct
from F-cells which had a larger nucleus and a fibrous appearance. Only
in stage f our, which represents the transition from a planktonic
exi s te nce to a benthic habi. t, were the R-cells filled with lipid
reserves. The brueh bOrder was Obeerved in the faur larVal Stagee
although i.t was not very di.sti.nct in stage one. The presence of
R-cells, generally cOnsidered tO be reSOrptive Or StOrage Cells, in the
late embryos is puzzling unless they perform some other function as
well.
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DO JUVENILF. LOBSTERS REQUIRE DIETARY ASCORBIC ACIO?

J. D. Cas tel l, J. C. Kean and D. J. Tr i de r
Department of Fisheries and Oceans

Fisheries and Environmental Sciences
P .0 Box 550, Halifax Laboratory

Halifax, Nova Scotia, Canada B3J 2S7

Feedi ng trials were carried out with juvenile lobster, Homarus
ameri canus, to de termi ne their di.etary ascorbic acid requi.rement,
Lobsters were fed on semi-purified diets containing 0, 0.6, 1.2 2 ~ 4,
and 12.0g of ascorbic acid per kg dry diet for a period of 12 weeks,
termination, hepatopancreatic ascorbic acid levels were determined.
 Zannoni et al. 1974!

The animals fed the ascorbi.c acid deficient diet showed no major
differences in growth and mortality compared wi.th those on supplemented
diets, nor did they exhibit any deficiency symptoms. No signi.ficant
di. f fere nces vere f ound in hepatopancreatic ascorbi c acid levels of
animals grown on the various diets although the level in lobsters fed
the ascorbic acid deficient diet was slightly reduced. The conclusion
is, therefore, that ascorbic acid is not essential in the diet of
juvenile lobster.

I ITKRATURE CITED

Zannoni, Z., 'l4 ~ Lynch, S. Goldstein, and P. Sato. 1974. Rapid
mi cromethod for the determination of ascorbi.c aci.d in plasma
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DIETARY COPPER REQUIREHENT AND THE POSSIBLK
ROLE OP SII VER IN LOBSTER  HOHARUS ANERICANUS!

C ~ L. Chou, J. D. Cas tell, J ~ F, Uthe, and J. C ~ Kean
Department of Pisheri,es and Oceans

Fisheries and Environmental Sciences

Halifax Laboratory, Halifax, Nova Scotia
Canada B3J 2S7

An earlier report  Chou and Uthe 197B! sho~ed that levels of si.iver
 Ag ! and copper  Cu! in tissues of America~ lobster  Homarus americanus !
and rock crab  Cancer irroratus! were highly intercorrelated. Since no
r ole for si.iver in nutri tion has been es tab lished, ve inves tiga ted the
interactive ef fects of di etary Ag and Cu upon growth, survival and
tissue levels of Cu and Ag in the juvenile American lobster.
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Juvenile lobs ters fed wi.th varying semi.-purif ied diet  T d d
Castell 1980! containing 4 levels of Cu � 18 2 40 5 & 81.and 81.0
and three le ve ls cf Ag   0 0 ~ 54, and 5.4 mg/kg! for 17
utilized for this study. Evaluation of the interactive ef feet was b d
on muscle tissue and hepatopancreatic metallic bioconcentrations of the
supplemented metals. In addition, rate of growth, survival a
hepatopancrea tie somatic index  HSI! were used for the evaluation of
di etary me ta 1 r equi r ement.

f o 1 1owi. ng conc lusions we re ba sed on the results and
observations of th iss tudy.1!Lobs ters under the present experi men"

do not appear to have an essential requirement for a dietary
supplement ~ 2! Lobs ters appear to be able to absorb sufficient

copper f rom sea water f or normal growth and survival�. 3 ! Addition of
16 2 mg/kg Cu to the diet results in a slight improvement in growth. 4!
Addi tion of hi.gher than 16 ~ 2 mq/kg Cu is probably toxic as indicated by
reduced growth, survival and HSI ~ 5! Inclusion of 0 ~ 54 mg/kg Ag in the
d i e t r ed uce s su r vi va l a nd growth in the absence of dietary Cu while
impr ovi ng survi.va 1, growth and HSI in the presence of 16.2 mg/kg or
hig'her lave ls of di.etary Cu. 6! A hi.gher level of Ag �.37 mg/kg ! in

di ets increases mortali ty and reduces growth sugges ting toxicity of
t he me ta I i on a t th i s le ve1 of supplement. 7! Si iver may be
physiologically involved in the detoxif ication of excess di.etary Cu as
there i. s a di. rect correlation between hepatopancreatic Ag levels and
excess di.etary Cu levels. 8! The physi.ological ratio of Ag to Cu is
approximately 1: 30.
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BIOENZRGETICS OF ELECTROLYTE METABOLISM IN LARVAL CRUSTACEANS:

SALINE DEPENDENT CO FIXATION PATHWAY UTILIZED IN
FORHATION OF A�INO ACIDS

Frank P. Conte and John F ~ Carpenter
Department of Zoology

Oregon S tate Uni ve rs i ty
Cor va l li s, Oregon 9 7330

The energetic requirements for electrolyte metaboli.sm i.n aquatic
animals is based upon the experimental findings that every known exampl~
of net extrusion or accumulation of any substance against
c once ntr a ti on gr adi e nt across the cell plasma membrane involves the
coupli ng of that movement to the electrochemical gradient of sodium
created by a sodium � and potassium � dependent ATPase  "a+
K -ATPase! ~ The brine shrimp  Artemia salina! is a crustacean that can
adapt' to sa li ni ties rang i ng f rom 1 0 ppt to crystallizing bri.ne.
Survival in these media is possible since in both adults and nauplii,
the so l u t es i. n the hemo lymph can be maintained a t much lower
concentrati.ons and different compositions than those of the external
environment. The hypo-osmotic state is maintained by active
transepithelial ion transport and is dependent upon the cationic enzyme,

+ +
Na + K -ATPase. When external salini.ties i.ncrease there is a greater
demand being placed upon the osmoregulatory mechani.sm, and there must be
a concomitant i.ncrease i.n demand for chemical energy.

Noti ng expe rime ntal evi.dence suggesti.ng that much of the needed
i. ncr'ease in chemi ca 1 energy does not come f rom acr obi c metabolism or
oxidati.ve phosphory lation, Conte �980! has proposed that a C-4
dicarboxylic acid pa thway serves as a facultative anaerobic shunt in
nauplii to help meet the energy demand created by enhanced levels of ion
transport at higher sali ni ties ~ The C-4 dicarboxylic acid pathway
involves the fixation of carbon dioxide with phosphenolypyruvate to form
oxa loace tate. The resulting oxaloacetate can be transferred into
aspa.rtate by transami,nation or malate by reduction.

The present s tudy was undertaken to determi.ne if the incorporation
of carbon dioxide into free ami.no aci.ds i.n nauplii is influenced by
environmental salinity. Both the specif ic acti,vi.ty of the amino acids
and the total concentrati.on of free amino acids were measured in nauplii
incubated at 0 ~ 25, 0 5, 1.0, 1 ~ 5, 2 0, and 2 5 hf sterilized NaCl. In
addition, the concentrations of free amino acids excreted into the
acclimati.on media were measured. Results from nauplii acclimated in
these different salines showed that incorporation of CO into free"2
ami.no acids was greatly sti.mulated in the higher salini ties. The C
label was found highest in aspartic acid, followed by serine, glutamic
acid, proline and alani.ne. Nypersalinity also caused an i.ncrease
concentrations of unlabeled free amino acids in the naupliar cytosolr
i ncrease in t,he amount of ammoni.a excreted into the medium and an
i ncrease i n aerobi c glycolys is I
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CALCIUM-PHOSPHORUS REQUIREHEHT OF PENAEID SHRI%'

Gerard Cuzon

Centre Oceanologique de Bretagne,
8 .P. 337, 29273 Brest Cedex, Prance

In France, a molt death syndrome has been f
i~tensive cultured sh as en r'equsnt ly obse rved in

shell of affected shrimps indicated a
ure s rimps. A high death rate at, molting and the soft

ec e s rimps indicated a possible inbalance in the mineral
content of the artificial diet used. A di estibilit
with an artificial diet ave a iges tibi lity tes t conducted

ia ie gave a negative value for calcium  -80%! Th
result indicated a possible lack of available calcium in the diet.e Ls

In addition to the mineral content of the constituent
mineral supplement., at 4 to 5% n o e constituent. materials, a

to 0, has been found to be necessary for the
artif icial diet in order to reduce shriuce s rimp mortality. The di.et has acalcium-phosphorus ratio of 4: I. When this ratio falls below 2, the
survival rate of the shrimp is reduced.

However, in another experiment wi.th an artif icial diet, where the
calci um-phosphorus ratio was raised f rom 2 5 t 4 4om ~ o . growth rate did not
i ncrease with the higher Ca to P ratio. Hi hest
obtained with a ratio of 2.5. a io ~ ig est growth rate was

Using a purified diet based on casein, a Ca:P ratio of 2: I and 6,!
were both found to be favorable for shrimp growth.

The source of calcium in the mineral supplement used in the above
diets, consisted mainly of CaCO3 and CaHPO . Better growth and survival

4rate could be obtained using calcium from organic sources, such as
calci.um lactate or even ground shell instead of calcium of mineral

PROTFIN COHPONENTS OF HOHARUS AHERICANUS HZMQI Yl4PH

H. I.. Gallagher
Department of Foods and Nutrition

East Carolina University
Greenvi 1 le, NC 21834

Hemolymph serum samples from ne~ly molted  stage A! and i.ntermolt
 stage Cl -C 3! adult lobsters were examined by standard polyacrylamide
gel electrophoresis methods for serum. Serum from stage Cl&3 lobsters
was characterized by the presence of three ma jor protein components as
compared to four major components found in serum from stage A lobsters.
The addi tional f our th protein component was found to decrease as a
percentage of total protein between 0-72 hours af ter molt. All protein
components were assumed to be hemocyanin, s ince the literature report
97% of serum protein in the American lobster to be hemocyanin. This
assumption was conf irmed by detecti,on of copper in each of the protein
bands f rom both s tage A and stage C I -C3 lobsters. The pi esence of an
addi tional hemocyani.n band in stage A lobsters may ref lect structural

2+
changes i n the hemocyanin as a result of fluctuations in serum Ca
concentration dur i ng ecdysi s.
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AN ASSESSMENT OF CHROMIC OXIDE AS A DIGESTIBILITY
MARKER IN THE AMERICAN LOBSTER

Dale F. Leavitt
University of Maine, Orono, ME 04469

and Woods Hole Oceanographic Institution,
Woods Hole, MA 02543

This research investigated the ef feet of varying dietary levels of
chromic oxide  Cr2+!, an inert marker for digestibility studies, on the

1 voluntary feed intake of the adult American lobster.

Cr2 0 was mixed into the basal ration at levels of 0.01, 0.05,
0. 1 0, ancf 1 . 00% and the voluntary intake of these feeds by adult
lobsters was compared to that of the basal ration without Cr2 0 3. A
replicated 5 X 5 Latin Square experimental design was used and the data
analyzed by ANOVA.

Although the highest �.00%! level of Cr2 0 3 in the feed slightly
depressed the voluntary intake, the difference between treatments was
insignificant. Cr2 0 ~ does not depress voluntary feed intake at levels
up to 1.00' in the dret. It was observed that with the highest levels
of Cr2 03, where the pigment was visible to the eye, the pigment was not
homogeneously mixed in the fecal strand. The Cr203 was selectively
moved through the stomach be f ore the more digestible food items ~
Therefore, the Cr203 was passed in the feces first, followed by the
waste products lef t from digestion. This would lead one to falsely
estimate digestibility based on the Cr203 concentration in the feces ~
On this basis, the user of Cr203 as in indirect digestibility marker is
not adequate in the American lobster and gravimetric techniques on total
fecal collections should be used.

AMPHIPODS AS A POTENTIAL DIET FOR
JUVENILE LOBSTERS, HOMARUS AMERICANUS

L. K. Good , RE C. Bayer , M. L. Gallagher1 1 2

and J. H. Rittenburg 1

Department of Animal and Veterinary Sciences 1

University of Maine, Orono, Maine 04469;
Department of Foods and Nutrition

East Carolina University, Greenville, NC 27834

Amphipods are suggested as an alternative to brine shrimp for
larval and post-larval lobster feeding. For the present feeding trial,
the amphipod Gammarus oceanicus  Segerstrale! was chosen since it is an
abundant microscopic animal found on sheltered and semi-exposed beaches
between the Gulf of Maine and Newfoundland  Steele 1976! ~ Amphipods
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were collected at low tide fr~
Maine and fed to po st-larval lob,t, al f~ts at Hancock a Lamoi ne,
Fisheries and 0 earn, St- A dre~ N 8rs, obtained from the De pa r t ment

I

Pos t l~ rval lobs ters, stages VI t V
one of three diets. In Experiment o VIII were randoml y assigned to

amphipods were f ed and in Eperi t 2n, iets of frozen brine shri.ms rimp and
-Peri. ment 2, a live am hi od

diet vere compared ~ Lobs ters were fed ad libitum and
oved daily. The tttel be~ ia s gan in late July and ran f

1 7 days respeCtlue1 ~ Th y ran for 96
e y ~ e lobsters were maintained at a field

s tation a t Hancock, Raine in ambient sea v tva er at 8 C - 13 C.0 0

There were no significant di.f ferenerences in mean weight gains inExperiment I for lobsters fed f r ozen brine hrine s rimp, 160 mg  n~13! andlive amphlpods, 210 mg  n~l5! or in Experime t II f 1rimen II or lobsters fed live
mph ipods 27 3 mg   n = 1 5 ! and a compound diet 206   8 !ie, mg  n 18! . Survival1ppg for all diets, except for the compou d d d 't whe compoun e diet where mortality

vas signif icantly higher at 33<  p,0.01! with all t I tvi a mor tel i ties occurring
in the 5th week of the trial. The di,f ference in therence in the mean score for
exoskeletal pi.gmentation of lobsters fed the 3 dietsie s, as judged by a
panel Qf 1 1 on a sca le of 1-5, vas signif icantly dif ferent at P,0 01.
using Duncan 's Multiple Range Test ~ Those lobsters f d th dere e e compound
diet had a grey colored exoskeleton, and scored 1.54 while those fed
1 i ve amph i pod s h ad a deep red, wild-type pigmentation, scori ng 4 ~ 51 ~
The Artemia fed lobsters vere intermediate in color and scored 2e64 ~

There are a ~umber of advantages in feeding a live, algal detritus
feeder, such as Gammarus oceanicus, to lobster. There is no leaching of
water soluble nutrients, and partiCulate OrganlC material and fOuling
organi.sms, whi.ch may normally accumulate in a holding container and
i.mpede wa te r f low, a re cone umed by the amphipcda. The amphlpOd's
exoskeleton may form an important source of calcium and phosphorus for
f reshly molted lobs ter and the amphipods provide a rich supply of
carotenoids, inc ludi.ng 8-CarOtene ln the form Of undigeated algal
material in their i.ntestine. As the feeding experiments indicate
amphipods are comparatively nutritious, they would appear to represent
an abundant untapped alternative feed source for the culture of juvenile
lobs te rs ~
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BIOCHEMICAL CHANGES ASSOCIATED WITH LARVAL

DEVELOPMENT XN THE LOBSTER, HOMARUS AMER ICANUS

Glenn CD Sasaki

Woods Hole Oceanographi.c Institution
Woods Hole, MA 02543

'Fhe aim of this study was to correlate changes in major biochemical
constituents with larval development. Lobsters, hatched in the lab from

0captured egg-beari.ng females, were held at 21 +1 C and fed frozen adult
Ar te mi a ~ The la r va e were molt-s taged by microscopic exami.nations of
vari ous spines of the tail region. Classif ication was based, wi.th
modi f ica tions, on the cri ter i.a of Aiken �980!; with the following

l ll 111stages being defined A B C Dp D j D l D ] D2 D~l
Dry weight was measured after rinsing wi.th distilled water and

lyophili.zation. Ash was weighed af ter a 475 C, 21 hour exposure.0

Protein and carbohydrate were colorimetrically determined with the
BioRad and phenol-sulf uric aci.d assays respectively. The BioRad assay
was modi.fied by prior sample treatment with 0.1 N NaOH at 80 C for 300

minutes followed by neutralization with HCl. Chi.tin was determi.ned from
the lipid extraction resi.due af ter successive 2% HCl and 1% NaOH
treatments. Lipid analyses are currently underway.

The dry weight., ash, and carbohydrate values were all correlated
with the molting cycle. minimum values f or percent dry wei.ght � 3-16% !
were observed immediately af ter hatching and molting, rising to a
maximum value �9-21%! prior to each molt.

sudden increases were noted in percent ash af ter hatching and at
each molt. Percent ash was maxi.mum �6-34%! during intermolt, declini.ng
to a minimum �5-20%! prior to each molt ~ Gross ash values also
reflected thi.s pattern, indicating an actual loss of ash pri.or to each
molt. Such a pattern may be homologous to calcium resorption pri.or to
molti.ng that occurs i.n juveniles and adults.

C a rbohyd r ate le ve ls,
intermolt, rase to a maximum
then decli.ned after the molt.
as an energy substrate duri.ng

which were mini.mal �% ashfree! during
�-7% ashfree! just prior to the molt and
This may i.ndicate the use of carbohydrate

the molt. recovery period,

Gross protei.n values showed a general rise through development
which di.d not correla te with the molt cycle, though the greates t rates
of i.ncrease appeared to occur during intermolt. On a percent basis the
protein levels dropped with development f rom a hi.gh of 72-77%  ashfree!
to a low of 40%  a ehf r ee ! . This latter value appears low and may
indicate an i.nterference with the assay method.

These preliminary results indicate that changes in biochemical
constituents of the larval stages of the American lobster are related to
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both molting and developmental se uen
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INSULIN-LIKE PEPTIDES IN THE
LOBSTER HONARUS Al4ERICANUS

Brenda Sanders

Duke Uni vers i.ty marine Laboratory
Beaufort, NC 28516

peptides in Homarus americanus bind specifically to bovine insulin
antibodies ~ Hepatopancreas, gut, and hemolymph extracts contained
insulin immunoreactivity concentrations of 67.5, 14.D and 11.0 nq,
respectively in one 700 g lobster. No i.nsulin immunoreactivity  IRI}
was de tected in whole eyes talk homogenates. The highest
i1SmunoreaCtiVity waS present in hepatOpanCreaa eluate in ChramatngraphiC
fracti.ons with the same elution volume as the bovine insulin standard.

14
Hepatopancreas extract significantly increased the incorporation of

C-glucose into labs ter muscle glycoqen in vi tro. Glycogen deposition
was signif i.cantly increased in the same chromatographic fractions of
hepatopancreas extract that. had the greatest insulin immunoreactivity.
Hemo lymph extract also increased the rate of glycoqenasis in muscle
tissue but no increase was observed from the addition of gut extracts to
the bi. oas say.

Starved lobs ters contained insulin immunoreacti.vity ranging from
3-4 + 0.6 to 7,2 + 0.5 pU ml hemolympn. Experimental results indicate
that the hemolymph insulin immunoreactive peptides have no glucostatic
function ~ An increase in exogenous glucose in the hemo lymph did not
stimulate secretion of IRI into the hemalymph and injection of
hepatopancreas extract did not increase the rate of glucose removal from
the hemolymph.
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SURVIVAL AND CHANGES EN THE FINE STRUCTURE
OF SELECTED TISSUES Of" PENAEUS HQNODQN FRABRICIUS

JUVENILES FED VARIOUS CARBOHYDRATES

F. P. Pascual, Re H. Coloso and C. T. Tamse

Aquaculture Department
Southeast Asian Fisheries Development Center

P .O. Box 256, I loi lo Ci ty

Phil ippi nes

Thi.s study was carri.ed out to dete rmine the qualitati ve
carbohydrate needs of P ~ monodon juvjeniles with a semi-purif ied diet and
to analyze the ef fects of these various carbohydrates on selected
trssues of the prawn: hepatopancreas, gi.ll and cutrcle. p, monodon
juuelliles j initial mean werght of 1,76 g j were reared rndlvldually
one-li.ter containers provided with a conti.nuous f low of seawater. The
j uveni. les were fed semi-purifi ed diets contai ning 1 0% or 40% maltose,
suer os e, dextr i n, mo lasses, cassava starch, corns tarch, or sago palm
starch. The basal diet was composed of vitamin-free casein �0%!, corn
oi.l �.5%!, fish li.ver oi.l � ~ 5%!, cholesterol �.0%!, a vitamin �%!
and mineral   2% ! mix  Deshi maru and Kuroki. 1 974!, sodium ca rboxymethyl
cellulose   3% !, and celluf il either at 7% or at 37% depending on the
amount of added carbohydrate.

signifi.cant differences were observed between the type, as well as
the level, of carbohydrate in the diet on the survival of juvenile
prawns. Highes t survi,val �2%! was obtained in juveniles f ed wi th a
di.et containing 10% sucrose ~ Within 10 days of beginning feeding,
complete mortality was observed in prawns fed with diets containing the
higher level of maltose and molasses. Among the starches, 10% sago palm
s tarch provided f or bes t survival. Growth of prawns was generally poor
on all di.etary treatments. Histopathological changes i.n hepatopancreas,
gi. lie and exoskele ton of juveniles fe~ with the various diets were
observed i.n all treatments ~
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THE RFLATIONS HIP BETWEEN NUTRITION
HOLTZNG AND HoRPHOGENEsIS IN DECAPoD LARvAE

John R . HcConaugha
Department of Oceanography
Old Dominion University

Norfolk, VA 23508

There is a complex relationship between larval nutrition, molting,

starvation occurred during the first 15-1S hours poetmolt, larvae failed
to comp le te the mo lt cyc le until f ood bee~me a vai lab le . However, if
f ood was ava i lab le duri ng the f irs t 24 hours postmolt, the larvae
comp] e ted ecdysi s even in the absence of additional food sources. If
these larvae were fed immediately after ecdysis, they progressed through
metamorphosis normally. If starvation was continued for an additional 3
days, 36% of the larvae underwent a supernumerary larval stage which wae
intermedi ate between a larval stage and a post.-larval stage ~ This
sugges ts that when energy levels are low, molting has priority over
morphogenesis ~ If penultimate stage larvae were allowed to feed for 48
hours, the larvae completed a larval-larval ecdysis and metamorphic
ecdysis despite starvation for 72 hours duri.ng the last larval stage.
This suggests that suf f icient energy reserves were accumulated to
sustain both molting and morphogenesis.

Larvae starved within 15 hours postmolt, later suspended the molt
cycle at Stage Do. The data suggests this i.s an adaptation to withstand
brief �-2 day! periods of starvation, since food at any time prior to
suspension of the molt cycle at oo allowed the animal to proceed through
ecdys i s. Larvae that had suspended the molt cycle underwent a time
dependent morphogenesis�. Some indi vidual animals, which had suspended
the molt cycle for 144 hours, completed metamorphosis thus eliminating a
larval stage. Regardless of the duration that the larvae were starved
�4-144 hours !, the subsequent molt cycle was significantly reduced.
These results sugges t that decapod larvae have evolved several.
mechanisms to compensate for periods of starvation.
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THE US E OF H ICROENCAPS ULAT ED D I KTS I N TH E S TU D Y
OF THE NUTRITIONAL REQUIREMENTS OF LARVAE OF THE

MUD CRABi EURYPANOPEUS DEPRESSUS  SNITH!

D ~ M. Levine ', L. Van Heukelem and S. D. Sulkin1 2 1 1,2

1
Universi.ty of Maryland, Horn Point Environmental

Laboratories, Box 715, Cambridge, MD 21613;
2Uni.versity of Maryland, Department of Zoology, college Park, ND 20]42

We have developed the use of calcium alginate mi.crocapsules as a
tool for the i.nvestigati.on of cri tical di etary requi rements of

consti tuents necessary in their di.ets. We began working with
nylon-protein microcapsu les, and found them to be i.nappropriate for
encapsulati.ng certai.n diets ~ Calci.um alginate microcapsu les are more
versatile because they can be used to encapsulate a wider range of
dietary materials. These microcapsu les are made by dispers i.ng dietary
ma ter i. a 1 i. n a sodium alginate-gelatin mixture, which is then sprayed
into a calcium chlori.de hardening bath. The resulting microcapsules are

solidified pieces of a calcium alginate~elatin matri.x that contain the
di.etary materi.el ~ We have used these mi.crocapsu les to demons tr ate tha t
speci f ic dietary components can be added to a natural di.et and that
their ef feet on development rate and survivorship can be determined
 Levine, Sulkin and Van Heuke lcm i.n press! . Our experiments have shown
that when the total lipid f raction of the brine shrimp is a»ed, vi.a a

' "*"'""' P � '*' ' "'
rate and survi.vorship are signi.ficantly better than on the roti.fer diet
a lone and approximate condi tions for larvae fed live bri ne shrimp
naupli i which were previously demonstrated to be an excellent diet.
Further experiments will determine the effects of fatty aci.ds belongi.ng
to the 3 linolenic pathway on development rate and survivorship.
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CHMOAUTOTROPHIC NUTRITION
BIVALVES

~ar l J. Berg, Jr, ~ philip Ala talol
Colleen N. Cavanaugh f2 Horst Felb ck3

Holger W ~ Jannasch, and George N Somero
1

Marine Biological Laboratory, Woods Hole, NA 02543.
Harvard University, Cambridge, NA 02138.

Scripps Institute of Oceanography, La Jolla CA 92093
cods Hole Oceanographic Knstitutionf Woods Hole, 1Q 02543.

Three species of bivalve molluscs inhabiting sulf i.de-rich
i nt crt ida l habj. tats in the Bahamas are thought to derive nutritional
benef i t f rom chemoautotrophi.c sulfj.de-oxidizing bacteria found within
their. gi ll tissue, All three species  Codakia orbicularim, Codakia
orbiculata, Linga pensylvantca! have thick~looby g~ils c aracteristic
of the f amily Lucinidae ~ Transmission electron microscopic examination
i ndica tes the presence of concentrations of membrane-bound procaryot ic

Activi ties of sulf ide-oxidizing enzymes  ATP-sulf urylase and rhodanese!
were high in C ~ orbicularis and activities of the Calvin-Benson cycle
enzyme ribu lose-1, 5-bisphosphate carboxylase were measured in C
or bi c u l a r i s, C e or bi. c ula ta, and L. pensylvanicae Specimens of C,
orbicularis remain alive and active f or four weeks in seawater-sulf ide
solutions prepared daily at initial concentrations of 1.5 n8 sodium
self ide. Non � lucine bivalves  ~asa his deflorate  froe the ease
locations ! did not show RuBPcase activi t ies. The sum af these
pr e limi nary f i ndings su�qests chemoautotrophy in these three Bahamian
bi.valves ~ Other lucininds f rom the same habitat  Divari cells dentata
and Coda3cia cos tata ! are also suspected of being chemoautotrophic,

The association of the bacteria with the bivalves, the nature of
reduced compounds supplied by the bacteria, and the relative
contribution of chemoautotrophi= metabolic act ivi ties to the nutri tion
of these bi valves s till need to be es tabli shed. However,
chemoautotrophy might have j.mportance in the commercial mariculture of
the large edible C. orbicularis ~
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GROWTH AND FATTY ACID COMPOSITION OF OYSTER LARVAE

Fu-Lin E. Chu, K. L. Webb, D. Hepworth,
B ~ Barrett, and M. Roberts

School of Mari ne Sci ence, and Vi rgi ni a
Institute of Marine Sci.ence

Glouces ter Poi nt, VA 23062

Previous investigators have suggested that lipids play
s i gn if i.cant ra le in the metamorphosis and development of the oyster
larvae  Holland 1978!. Lipid rather than carbohydrate is thought to be
the major metaboli.c energy reserve in most larvae of benthic
i nve rtebrates   Holland 1978! ~ In feeding experiments, gelatin-acacia
microcapsules  see Langdon, these proceedi.ngs! f illed with cod liver oil
were fed to Crassostrea virginica larvae ~ Cod liver oil i.s rich in long
chai n polyunsaturated f atty acids; the f atty acid composition is
similar to that found in an algal diet  a coebination of Chlorella sp.i

in this laboratory as a standard food source for larvae of C ~ ~vtr ihlca
Our results demonstrated that larvae f ed with gelatin-acacia
microcapsules containing cod liver oil grew  increase in size from 69 	m
to 152 pram! but not as much as larvae fed algae  increase in size from 69
pm to 173 pm! . Results also i.ndicated that microcapsule concentrati.on
affected growth rate.

In order to observe the changes of lipid and fatty acid composition
in larvae dur'i.ng development, the lipid and fat ty aci.d composi.tions of
strai.ght hi.nge, 3 day, 6 day, 8 day, and "eyed" larvae were determined
by thin layer chromatography and gas liquid chromatography,

Preliminary results f rom the analyses of lipi.d composition
indicated that no change in lipi.d class composi.tion occurred in larvae
during development. However, there were changes of fatty acid
COmpOS i tiOn1 the percentage of pc lyethy lenic f at ty aci.ds was lOwer in
younger larvae than in older larvae and the amount of total saturated
f atty acids decreased in both the neutral and the polar fractions ~
Changes in the proportion of C-12, C-14, C-16, and C-18 saturated fatty
aci.ds were also observed. The co~tent of monoethylenic fatty acids was
rather variable. One possible explanati.on is that larvae do not
synthesize highly unsaturated fatty acids unti 1 they are in the later
stages of development. A supplement of highly unsaturated fatty acids
 e,g. 20: 5Q3 and 22: 6g3! may be desirable for larvae cultured under
hatchery conditions.
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THE GROWTH OF JUVEb1ILE OYSTERS CRASSOSSOSTRKA VIRGINICh  GMELIN!
FED ALGAE SUPPLEMENTED WITH SILT OR KAOLIM

John W. Ewart
Center for Nariculture Research

University of Delaware
Lewes, DE 19958

An al ga 1 di et cOnai S ting o f egua l amountS Of ThalaaeiOaira
pseudonana, c lone 3H and Isochr si,s af f . albana 1 T ISOna, c one T-ISO was ed to
nine groups of 20 Juvenile oysters  initial live whole weight 0,50 g!
using batch or continuous f ceding f or periods of 6 to 7 ek Thwe s ~ The
quantl ty of algal cells fed/gram oyster Live weight/day was determined

the feeding ration equation developed by Pruder et al ~ 1978. Algal
controls vere tes ted agains t treatments supplemented with either natural
silt �0 mg dry veight! or kaolin �0, 50, 150 mg dry weight!

The most marked improvement in growth resulted from the treatment
j.n which the algal diet was supplemented wi th natural silt   50 mg/g !
whi.ch was 62.5% greater than the growth of the algal control. Batch vs.
conti.nuous feeding methods were compared and no significant ef fact on
Qys te r gr owth ra tea wa s f ound. Supplemental kaolin did not enhance
oyster growth.
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A PRELIMINARY STUDY OF GLUCOSE AND PROTEIN IW OYSTER HENOLYNPH

Nary L ~ Swi.ft and Mohammed Ahmed
Department of Biochemistry

College of Nedicine
Howard University

Washington, D.C. 20059

Oysters, Crassostrea virgini.ca  Gmelin!, obtained commercially were
maintained in the laboratory under controlled conditions of temperature

salinity. Several consti.tuents of the hemolymph serum were examined
h ters. Overall serum glucose concentrations 9avera ed B8.3 +

in t ese oys ers. e sl. Serum protein19-8 jug/ml  + SRN! and ranged from 19 to 234 pg/s
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levels  total Lowry posi.tive substances ! averaged 11 ~ 0 + 1.89 mg/ml and
ranged f rom 3 ~ 17 to 26.5 mg jml. No f ree fatty acids could be detected

serum triacy]g>ycerol values were quite low averaging 43.2 pg/ml ~

Oys ters s tarved f or up to twenty-seven days tended to maintain
their serum glucose and protein levels ~ However, extremes in external
condi tions appear to affect the concentrations of these metabolites.
Groups of unfed oysters mai.ntained in 24 ppt artif icial sea water at
temperatures of 4 and 20 C had significantly different  P = O pg~

0
levels of serum glucose and protei.n. Oysters held at 4 C had ser�m

0glucose values of 193 + 35 pg/ml while those kept at 20 C had serum
glucose values of 84.1 + 14 pg/ml. Similarly the average protein values
were 17 ~ 56 + 1.42 mg/ml, and 9 ~ 76 + 0.85 mg/ml for the animals at 4
20 C respectively.

o

At a low ambient salinity of 12 ppt  artif icial seawater!
glucose and protein concentrations were significantly  p = p.pg~
decreased when compared to those found in oys ters kept in water
ppt and 24 ppt. As oysters are known to be osmo-conformers this result
might be anticipated as water enters the hemolymph

Duri.ng f as ting, hemo lymph glucose vat.ues have been examined in
several other molluscan species ~ As in the present report they varied
ove r a wide range, Thus it may be inferred that these anima]s 
including the oys ter, C ~ virginica, are more tolerant to larger.
vari ations of hemolymph glucose concentrations than mammals ~ In the
cur rent report no de leterious effects of variations in serum glucose
levels could be detected, Groups of animals with ini.tial serum glucose
levels of 231 to 250 ug/ml survi.ved as well as those wi.th initial serum
glucose va.lues of 53 to 84 ug jml ~

Oys ters he ld at cons tant tempe ra tures and in seawa ter of cons tant
salinity tended to maintain their serum glucose and protein
conce nt rations over a twenty-seven day peri od of starvation. This was
observed in oysters kept a temperatures of 4o 1po 1$o and 2poC
1 2 ppt, 1 8 ppt, and 24 ppt saline. Also oysters stored in ai.r at 4 C
tended to maintain their hemolymph composition. Hence, there is some
type of homeos ta tie mechanism i.nvolved in controlling the levels af
these metabolites in oyster hemolymph.

YEAST AND VITAMINS AS SUPPLEMENTS IN THE DIET
OF CRASSOSTREA VIRGI MICA  GOBELIN!

Edward R. Urban, Jr.
College of Marine Studies

University of Delaware
Lewes, DE 19958

11
Xt is desirable to develoop non-algal food supplements for bi valvemo uses in order to reducece hatchery feeding costs ~ The follovi.ng

e xpe r i.me n t was desi.gned to determinee termi ne the sui. tabi l~ tymicroencapsulated vitami.ns and v ari.ous levels of yeast as supplements
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the d~ets of 3uvenile Crassostreaea virginica.
Oysters were individually we h

exp rimental diets over a p riod f thweighed before and after r receivingrlo o three weeks. At
week of the exper i ment ~e end of each

e treatment grou s were
ration was increased in p ere weighed, and the

p««on topreceding week  i.e., new ratio ig gain during thea ion = i.nitial ration X ne ou wei ht
Algal ratio~s were presented alone t
and/or yeas t, at levels of 1001 75a one or in combi.nation wit tamins
ration equalled 5.2 mg dry weight f f 501, 251, and 01, wheere a 1001ig o ood per treatment r da
a lga l di et was composed of 'I%alaa assiosira pseudonana �H! and TahitianZsochrysis af f. galbana present in gravimet ' ll ~ ein gravimetrically equal amounts. The

product Torutein-50  Pure Cultur P od
levels between 01 and 3001. A tissue cult

u ure roducts, Inc. ! was added at
i.ssue cu ture medium vitamin mixture

199! with 501 w/w ascorbic acid addeda e, was au.croencapsula'ted in
lipid-wa] led capsules using menhaden oil a th li 'das e pid source {see
I,angdon, these proceedi ngs ! . The capsu les were added t ' th

or 25,000 �X! caPsules/ml.
at ~ i.ther 5,000

following ranking of growth was observed for animals fed at the
751 algal ration level:

751 Algae+ 751 Algae+ 751 Algae 75 Algae+ 5 Algae

Alone251 Yeas t+

1 X Vitamins

251 Yeas t+

5X Vitami
251 Yeas SX Vitami

52016251* 5101 390% 3401

*percent increase in wet wei,ght in 3 weeks,

The oys ters f ed the 751 algae/25% yeast/1X vitamins grew better
than animals fed on 100% algae alone, which increased in weight by 5851
i. n thr e e we ek s . In compa r i ng gr oups without added vitamins,
i.ntermedi.ate yeast supplementati.on �5% to 1501! generally produced the
best growth at each algal level, while animals fed higher levels of
yeas t � 501 to 3001! did not grow as well. The addition of yeast
gene ra 1 ly improved growth compared with the equivalent algae-alone
treatment.

Si.nce the microcapsules used are presently expensive to produce, it
would probably not be economically feasible to use these as supplements
to bivalve diets, but the observed increases in growth indica'te the
potential of adding vitamins and lipids to bivalve diets in a more
e conomical manner. The i.ncrease in growth produced by yeast is
significant because of the low cost of yeast compared to mass-cultured
a lgae. However, the advantage gained by using less expensive
supplements must not be neutralized by decreases in the growth rates of
animals fed these supplements, if these supplements are to be useful for
commercial mariculture.
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INDUCTION OF SETTLEMENT AND METAMORPHOSI~ IN CRASSQSTREA

VIRGINICA BY A MELANIN-SYNTHFSIZIN ~ BACTERIA

Ronald M. Weiner and Ritz R. Calwell

Department of Microbi ology
Un versity of Maryland

College Park, Maryland 20742

We have repeated ly i solated a marine bacterium  designated LST!
that is readi ly and continuously f ound i. n close association
oysters . We beli eve this organism has a speci f ic benef icia 1 role
setttng and metamorphosis of Crassostrea ~var inic* larvae. LST is
aerobic, gram-negative rod, highly motile with a percent ratio guanosine
to cytosine of 45.64. It grows optimal ly in a 3. 5%,  w/v! mari.ne salt
mi.xture at 25 C and does not produce a sheath or spores. It has been0

observed to attach to a variety of surfaces, preferentially on glass and
oys ter shel l, but a lso on plas tic and aluminum. Biochemica]
characteristics have been determined and it is increasingly apparent
that LST, which becomes tightly coi led in one phase of growth, is a new
species.

oUnder optimum conditions   viz ~ 25 C; pH 7e3! in Marine Broth
�216!, LST has a generati.on time of 70 min, whereas in a synthetic
medi um, cons is ting of 3.5% mar i ne salts plus 1 25 mM as part ic acid and
g lutami c ac i d, i t has a maximum genera tion time of 400 mi n. In the
s tationary and dec li.ne phases of growth, which correlates with a
decrease in energy charge  ATP + 'f/2 ADP/ATP t ADP + AMP! from 0.86 to
0.72, LST synthesizes and releases a brown pigment. This pigment is
identifi.ed as melanin on the basis of its chemi.cal properti.es and UV
absorbance maxima. Pigment, purified i.n a column containing Sephadex
150, is compri.sed of polymers of various molecular weights ranging from
12,000 to 120,000 Daltons, which is typi.cal of melani.n pi.gments ~ Assays
for LST tyrosinases are weakly positive'

To pr elimi nari ly veri f y the hypothesis that LBT, and a
product/precursor of melanin synthesis, attracts oyster larvae,
microscope sli.des coated variously wi.th either a! bacteriological growth
media {control!, b! in situ mi.croorganisms  including LST!, c! a
non-pigmented marine bacterium  Hyphomicrobium neptunium!, d! gT, e!
LST pi.gment, f ! killed I ST, g! pigment]ess LST mutan s, or h! LST
hyperpigment producers, have been immersed in tanks containing 2-5 eyed
larvae/ml in sand f iltered estuarine water from the Indian River inletf
Delaware ~

Pref ouled, LST-coated, and pigment-coated slides attracted more
lar vae ove r a 24 hour i nter va1 than control slides, as measured by
attached and metamorphosi ng oys ters. Furthermore, the pigment
hyperproducing variant attracted more larvae than the prefouled or
LST-coated samples. Non-pigmented H neptunium and, significantly f
LST-pi,gmentless va riant attracted neither more nor less larvae
media-coated control slides. UV-killed LST of ten repelled larvaef
possibly due to alterations in moi. ties of melani.ns and jor precursors ~
I't 18 possible that. such altered compounds may be competi.ti.ve inhibi tars
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of larval settlement inducers.

One hypo thes is concerning the r e a ti on s h i p be tween LST and
Crassostrea vi.rginica larvae holds that LST vh h dh

cu j tch and some other hard sur f aces f v ich ad cree very strong ly
aces, orms micro-colonies on cultch,

s u f f i cient numbers, during the d 1g e ec ine phase of its growth, the
bacterial colonies may produce a higha ig conce nt ration of pigment,sufficient to attract oyster larvaes The 1e arvae could "ingest" long LSTf orms   ! 5 pm! and induce reproduction much as a 1 t odec in produced byHalachondrea panicea stimulates the bacterium Pse derium seu omonas insolita. The
larvae would also disseminate the bacteriu I tc erium n tur n, a bacterial
prod'Qct could have a hormone � like stimulatory f f t 1ory e ec on larval
development and metamorphosis.

MOLLUSCS

EFFECT OF NATURAL SILT ON OYSTER GROWTH

Sayed M ~ Ali
College of Marine Studies

University of Delaware
Leves, Delaware 19958

Seven silt concentrations in combination with three algal rations
we re f ed to oys te r s   Cr as sostrea virginica, Gmelin! in a twenty-one
treatmert matrix. Silt was added to achieve initial concentrations of

0, 12.5, 25, 50, 75, 100, and 150 mgl . The silt was collected from
the Broadki 1 1 River, Delaware, using continuous flow-through
sedimentation tanks, and then oxidized with 30' H 0 . Oxidation lowered
the organic content of silt from 11% to 0.2Bl. The algal rations vere
based on the weight-specific formula developed by Pruder et al. �977! ~
The rations offered vere either a! x2, b! x1, or c! x1/2 the calculated
ration.5 All rations vere offered at the same initial concentrations of

x 10 cells ml in a 1:1 mixture  by cell number! of Thalassiosira
pseudonana and Isochnysas ~albana, clone T-ISO. The feedfng espensent.
las ted f our weeks at 23 C. Water sali ni ty during the experiment
averaged 31s9 ppt and the pH averaged B.

The greatest oyster growth was obtained in treatments where silt
was added to the highest algal ratio~. With this ration, oyster growth
increased wi th i.ncreases in si lt concentrations of up gto 25m'

Further increase in silt concentration did not reot result in a further

i~crease in growth. At the medium ration, silt appeared to increase
growth to some extent, but the effect vas not statist~cally si.gnificant.

the lowest ration silt had no effect on gr'owwth. In all treatments it
g-1

appeared that silt at initial concentrations o pof u to 150 mg3K had no
silt was not added, the threeadverse e f feet on oys ter grovth. When si 1

food rations did not result in any statistical y gall si nificant di.f fer.ences

in oyster growth rates.
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LIPID SPECIFIC STAINING 2 A VISUAL TECHNIQUE
FOR MONITORING THE CONDITION OF BIVALVE LARVAE

Scott M. Gallager and Roger Mann
Woods Hole Oceanographi.c Insti.tution

Woods Ho le, MA 02543

Lipi d i s the ma j or biochemical energy subs tr ate i.n de ve loping and
me tamorphos i ng bivalve larvae. Adverse culture condi tions and di sease
disrupt normal pat ter ns of lipid accumulation and uti.li eat ion. Lipid
speci.f ic staining can be used to visually monitor lipid content and
localization in newly spawned and developing bivalve larvae in large
scale cultures.

Whole larvae are stai.ned wi.th Oil Red 0 {Gallager and Mann 1981!,
examined microscopically and compared with reference photographs of both
healthy and selectively stressed animals.

Newly formed straight hinge larvae of Crassostrea virginica Gmelin

lipid droplets wide ly dispersed throughout their ti.s sues. Dur i.ng the
f irst three days of active feeding these droplets are last as the
di.ges ti.ve gland and intesti ne became heavily laden with lipid. In
conditions of good food  Tahitian strain Isochysis glabana! and optimum

o ot pe enatr!e �5 C for C. ~vtr intca and 20 C for O. edolts! the digestive
g la nd and i ntes tine cont inue to accumu late lipid unti I me tamorphos i.s ~
At elevated temperature �0 C for C. virginica and 25 C for O. edulis!0 0

larval shell growth rate is i.ncreased; however the percentage of larvae
completing metamorphosis decreases markedly �-8% versus 70-80% in both
species ! and lipid accumulati.on occurs only in the intes tinat. wa1 l, not
in the digestive gland.

Similar observations of intestinal lipi.d localization and low spat
yi e ld are e vide nt when larva 1 cultures are fed on the diatom
Phaeodactylum tricornutum, a diatom of mediocre f ood value, i.rrespective
of tempe rature. Large decreases i.n lipid content are observed when
three day starvation periods are imposed on representative larval stages
i rrespective of culture conditions.

Successive spawns of single brood stocks of both oyster species
Produce both larvae of decreasing viabili ty and lower spat yield.
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ENVIROHHENTAL AND GENETIC INF'LUENCES ON OXYGEN
CONSUMPTION IN CRASSQSTREA VIRGINICA  GOBELIN!

Sandra E. Shumway and Richard K.. foehn
Department of Ecology and Evolution

State University of New York

Stony Brook, NY 11794

ABS TRACT

Growth is the conversion of energy to soma tic tissue, and growth
rate haS been pOsltiVely Correlated with genetiC heterOZygOSlty ln C.
virgi.niCa  ZOuros et al. 1980! . SinCe grOwth rate haS been pOSltiVely
correlated wi. th heterozygos ity of enzymes, i t follows that some
relati.onShip Can be expeCted between the energy required fOr grOWth ahd
heterozygosity, i.e. a greater ef flci.ency in the COnversion of COnSumed
energy to somatic tissue in more heterozygous individuals.

Ne have shown that the basal or standard rate of oxygen consumption
is temperature dependent at any given salinity in animals acclimated to
different temperature-salinity regi.mes for 3 weeks. In addition, oxygen
COheumptiOn WaS fOund tO inCreaSe with decreaSing salinity frcm 281 tO 7
ppt at 1 0 and 20 C. The acute ef fects of exposure to various
«mperature-Salinity COmbi.nationS On Oxygen canSumptiOn were determined

pre-acellmated Oyeters and multiple regression equations were
calcilla ted to relate oxyge n consumption rate to acclimation and
experimental temperatures and salinities. These equationS indiCated

1 ! aS aCcli mat i On Salinity decreaseS, the effeCt Of eXpOSure
temperature beCOmeS mOre pronounCed, 2! aS aCClimatlen Salinity
decreases, the effect of exposure salinity decreases, 3! as acclimation
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temperature increasee, the ef feet of exposure sali. ni. ty decreases and 4 ~
as acclimation temperature increases, the ef feet of exposure temperature
i.ncreases ~

The oxygen uptake by C ~vir inica rn deciinrng oxygen tensions was
de termi ned af ter acclimati.on to various temperature salj.ni.ty
ccabinations. C. ~vir inica shows remarkable caPabilr tres for regulation
of i ts rate of oxygen uptake over a wide range of oxygen tensions
 approximately 40-90' saturation! in animals acclimated to either 10 or
28 ppt; however, the capaci.ty for regulati.on decreases considerably
all temperatures in animals acclimated to 7 ppt, the lowest capabilities
being in animals at 7 ppt and 20 CD

The combined ef fects of temperature, salini.ty and oxygen tension on
oxygen consumption rate indicate that animals accli.mated at 28 ppt
the most suppressed response at all temperature-salinity-oxygen
combi na ti.ons tes ted, the magni tude of the response increasing with
decreasi ng sali nity.

There i.s a si.gni.f icant decline in the rate of oxygen consumption
wi.th i.ncreasing numbers of heterozygous loci. per i.ndivi.dual, the oxygen
consumpti on ra te of the mos t heter ozygou s individuals being
approximately one half that of the mos t homozygous animals. Stressed
animals showed a marked increase i.n oxygen uptake among all individuals;
however, the relati.onship between the rate of oxygen consumpti.on and the
number of heterozygous loci per indi, vidual was unchanged ~ In addition,
the line that descri,bes the relationship between oxygen uptake and
number of he terozygous loci. in s tressed ani.mals i. s a mult ip Le of the
regressi.on line describi.ng the same relationship under ambient
conditions. This means that the metabolic energy demand produced by the
e tress i.s more than twi.ce as grea t f or multiple locus homozygous
individuals than for the most heterozygous individuals  see Koehn and
Shumway 1982!.

These findings have direct implications for the mariculture of C.
vi r gi nica: a } animals should be maintained at temp-
era ture-sali ni.ty-oxygen combinati ons requiring the least energy
expendi ture and b ! parental s tock should be chosen so as to maximize
gene tic heteroz ygos i ty in of f spring. Implementation of both of the
above sugges tions would reduce the basal metabolic demands of the
individuals which in turn would reduce the necessary food rations needed
to achieve specific growth rates,
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