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ABSTRACT

The anaerobic metabolism of the intertidal ribbed muasel, Geukensia
demissa (= Modiolus demissus}, 1s reported in this diggertation. This
malluec was selected because anaerobic metabolism 1e believed to be of
vital significance to its survival during the air exposure pericd of the
tidal cycle,

Ribbed mussels, Geukensis demissa, were maintalned in either aerated
or hypoxic water for uwp to four days. Hajor metabelites and polysaccharide
of each mugpel were then analyzed and compared. Succinate, propionate and
alanine were found to accumulate hypoxically, but not malate, c-keto-glu-
tarate, cis-aconitare, citrate, Llso-butyrate, butyrate, ilmo-valerate, lac-
tate and pyruvate. The polysaccharide content of each mipsel was gquite
different and did net ghow a clear indication of decrease under the hypoxic
condition,

Proplonate production followed puccinate acewmlation, which corroba-
rates an earlier report for Mytilus edulis. The linear increage of alanine
concentration with hypoxic period observed in this study, hae not been re-
ported previoualy,

The resulta of this gtudy are consistent with those of Mytilus edulis,
Cardium edule, and Ancdonta cygnea, bivalves which have recently been
studied in Furope, Thieg agreement suggests thet bivalvee have a gimilar
anaeroble metabolfc scheme.

A hypothetical gcheme of apaerobic metaboliem of biwvalves 1Is propoeed
in which redox balance 15 achievad in hHoth cytosol and mitochondria. This
scheme incorporates parts of the Embden-Meverhof-Parnae glycolytic path-
ways, carbon dioxide fixation, the Krebs cycle, trangamination, and path-
ways for propicnate formation., To date, this is the anly bivalve anaerobic
scheme which containsg all thepe espential considerations.

vitgf



ANAEROBIC METABOCLISM OF THE

RTBBED MUSSEL, GEUKENSTIA DEMISSA



INTRODUCTTION

The ability of mollusce, such as Sydopmya &lta, to live in deoxy-

genated water and survive for more than three daye has long been recog-
nized (Moore, 1%31). Thfs capabllity for many mollusce tro survive under

a condition of low oxygen availability not only allowa them to withstand

a temporary anoxiec condition but algo enables them to function In the oxy-
gen deficient habitats for at least part of their 1ife cycle (Theede et al,,
1969), 1t is probably important for the Intertidal bivalves because they

may not ke able to extract encugh oxygen from the air to austailn aerobic

metaboliam, The ribbed wussel, Caukenpia demissa (= Modiolus demiggua)
which dwella in the high intertidal zone and ie abundant along the Atlantic
coaat of the Unilced States 1s a good example of such an organism. Geukensis
demisga are usually found in clumpe among roots of cordgrass, Spartina ap.,
half embedded in the mud of salt marahes (Lent, 1967). During air expoaure,
thelr rate of oxygen consumption is reduced {Kuemzler, 1961; Widdows et al.,
1979) and the primary pathways of metabolism in the deep timsue are believed
to be apaerobic hecause their oxygen transport eystem is inefficient (Booth
and Mangum, 1978},

The recent progreas of understanding moliuscan ansercbic metabhelism
im briefly presented in Table 1, In the freahwater gastropods studied by
Von Brand et al. (1950) and Mehlman and Von Brand (1951), lactate and vola-

tile fatty acidas were found to accumilate anaerobically. Bivalve anaerobic

metabolism was not lnveatigated in detail until De Zwaan and his collaborator)



TABLE 1

A CHRONOLOGY OF MOLLUSCAN ANAEROEIC METAROLISM

I. Fresh Water Gastrepods

A,

Metabolite analysis

Anoxle condition
Lactate accumulation

Lymnaea stagnalis
Lymnaes natalenais

Von Brand et al.
1950

Anoxie copndirion Auvetralorbis Mehlman and Yon Braond
Proplonate and acetate glabratus 1951

accigmilation

I1. Blvalves

Helisoms duryi

A. Carbon-14 labelling studies
Succinate fixes L4C at Mantle of oyster Hammen, 1966
the higheat rate among Crassogtrea
Krebs cycle intevmedi- virginica
ates
Succinate and alanine Mantle of clam Stokes and Awapara
ag end producte of Rangla cuneata 1968
14g.glucone (U)
degradaticn
B. Enzyme activity studies
Ancxic condition Oyater Wegener et al,
Fumarate reductase > Cragaocatrea 1969
Succlinate dehydro- virginica
Eenage
Anoxfiec condition Adductor muscle of Heehachka and
oyater Mugtafa, 1972
PEP carboxykinase > Crassostrea glgas
Pyruvate kiname
. Metsbolite analysis

Anoxic condition
Succinate and alanine
accunmilation

Anoxic conditien
Volatile fatty acids
aceumulation

Muamel
Mytilug edylip

Museel
Mytilus edulis

De Zwaan and
Zandee, 1972b

Kluytmans et al,
1975
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employed the methods of metabolite analysis, They found that succinate,
alanine (De Zwaan and Zandee, 1%72b) and volatile fatty acida (Kluytmans

1., 1975) accumulated when gea mussela, Mytilus edulis, were held under

et

a controlled anaerobic condition., Some earlier studies alsc auggested the
accumulation of succinate and mlenine, aa well aa a reveraal of part af the
Krebs cycle which incorporates carbon dioxide during bivalve anaeroblc me-
taboliam:

phospheenolpyruvate + C0; + oxalpacetate + malate + fumarate » succipate
(Hamen, 1%66; Stokes and Awapdara, 1968; Wegener et al., 1969; Hochachka
and Mustafa, 1972), The most recent work on anaerchbic metabolism utilfzed

Mytilus edulis (De Zwaan and Zandee, 1972b; De Zwaan and Marrewi]k, 1973a,

b; De Zwaan et sl., 1973; Loxton and Chaplin, 1973; Kluytmans et al,, 1975;
De Zwaan et al,, 1975; Kluytmans and De Zwaan, 1976; Kluytmans et al., 1977;

Widdowe et al., 1979}, Cardlum edule (Gﬂde, 1975}, and Anodonta cygnea

(Gade et al., 1975), Reactions conafstent with a similar anaercbic me-
tabolic scheme have slso been found in such other invertebrate organisms
ad the gea anemone, Diadimene leucelens (Ellington, 1977), the oligochaete,
Tubifex sp. (Enhattler, 1975, 1977a, b, 1978: Schottler and Schroff, 1976),
the poclychaetea, Arenicola marina {(Zebe, 1975; Surholt, 1977) and Lumbricua
ap. (Gruner and Zebe, 1978}, and the insect, Chironomus sp. (Augenfeld,
1966; Wilps and Zebe, 1976).

Four major schemes of ansercbic metabolism have been observed and sre
herein designated (Figure 1) am

{AY lactate fermentation: mammals and eome parasitic worma

(Schistosoma mansonl):

(B) ethanol fermentation: yeasts:



FIGURE 1. FOUR MAJOR AWAEROBIC METABROLIC SCHEMES,
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(C + D} pgucclnate-proplonate-acetate fermentation: parasitic

helminthe {the pig roundworm, Ascaris lumbhyicoides
[review: Saxz, 1969, 1970, 19711); and
(D + E} succinate-proplonate-alanine fermentation: bivalves
[review: De Zwawn et al,, 1976; De Zwaan and Wijsman,
1976; De Zwaan, 19771,
0f the three major metabolites which accumulate during bivalve anaero-
bic metabaliam {puccinate, propionate, and alanine), the formaticn of suc-
cinate through a reveraal of part of the Krebs cycle
oxalcacetate + malate + fumarate > succlnate
is accepted; proplonate ia prebably generated by the decarboxylation of suc-
cinate (Tkachuck et al., 19¥7; Saz et al,, 1978); and the origin of alanine
lse still controverelal. Stokea and Awapara (1968) auggested that in Rangia
cuneata, the alanine accumulated during anaerobic metabolism was formed by
transamination of pyruvate with amino acida. Such transamination reactions

were algo ghown for Ceukensla demigea and Mytilus edulis by Read (1962),

Later, Hochachka and his collaboratcrs further postulated that during mol-
luacan anaerobiecsts, amino acide were simultaneously mobillized with carbo-
hydrates in order tc generate energy and maintain redox balance (Hochachka
and Mustafa, 1972; Hochachka and Somora, 1973; Hochachks et al., 1973;
Hochachka, 1976; Ccllicutt and Hochachka, 1977)., However, De Zwaan and hie
coworkere found that alanine probably only accumulated initially; they dia-
puted both the transamination origin of alanine and the simultaneous mobil-
ization of amino acids during bivalve mnaercbivais {De Zwaan and Van Marrewiik,
1973a; Gade et al., 1975; De Zwaan et al., 1975; De Zwesan et al., 1976;

De Zwaan and Wijeman, 1976; De Zwean, 1977; Kluytmans et al,, 1977). They
presented no glternative explanation, and transamination waa still propoaed

ag the gsource of alenine in their metabolic pathwaye (De Zwaan et al., 1976).



As menticned previausly, the present concept of molluacan anaerobic

metaboliem waeg established by De Zwaan and his collaboratars with atudies

predominately undertaken with Mytiluas edulias. Although these interpreta-

tions are impreasive, 1k ia still very useful to have the results cenfirmed

independently by nther investigators with different analytical methods and

cn different bivalve specles. Thus, the major objectives of thig dissercs-

tion are:

{1)

(2)

{3)

{4)

To extend the apecific obeervatione on the Furopean

bivalve, Mytilus edulis, to another species. The

ribbed migael, Geukengfa demissa, 1s chasen for this

atudy because it 1e ecologically and phyesiclogically
interesting and it fa taxonoomlically related to

Mytilus edulis;

To compare the resulte of Geukernala demiaaa to thoae

derived by De Zwaan and his asscoclates in order to
generalize observations on the anaerobic metaboliem

of bivalven;

To atudy the Lunctlons of the Krebs cycle intermediates
{including muccinate) in bivalve anaerobic metaboliam
with the sensitive gas-liquid chromatographic method
which analyzes geven intermediares afmultsnecusly; and
To clarify the argument about the role of alanfne in

hivalve agzerable metabolliam.

To achieve these goals, missels were maintained under cantrolled high

and low oxygen tensions. Each muassel was then extracted, asesayed and com-

pared for concentrations of pelysaccharide, Krebs cycle intermediates,
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volatile fatty acids, alanine, lactate and pyruvate. To date, this ig the
firat study of bivalve anacrobic metaboliem in which all such intermedlates
wetre meéagured In individual organisme insgtead of pooled tipsuee. Defined
terms and time courge ptudier were conducred using mussels under both win-
ter and gumser condicione.

The results of metabolite accumilationa deteymined in this atndy were
Integrated with exigting knowledge of enzyme localizatlion, kinetics, and
regulation and a hypothetical metabolic echeme is propoeed. This echeme
takes into account cytoscl-mitochondrial compartmentation, a modified Embdan-
Meyerhof-Parnas glycolytic pathway, carbon dioxide fixation, the Krebe cycle,
pathways for proplonate and alanine formation, and it attains redox balance
overall, Thie acheme of blvalve anaerobic metaboliem may apsiet in the de-

afign of further refinements in the understanding of the metabolic control of

bivealves,



MATERTALS AND METHOQDS

In order to quantlfy the mmerous intermediates potentially involved
in Intermediary metabolism, several analytical technlques were necegsary,
These Included derivatization, gas-liquid chromatography and ultraviolet
spectrophotometry for enzyme analysia, Initfal testing of some of these
procedures in order to develop technigue and verify the method was accom-
plished using ancther molluge, the oygter, as a teat organism For extrac-

tions,.

Oypkers

Oyaters {Cragecettea virginica} uaed in thie study were three yeaxs
old, 11.0 + 0.5 cm, approximately 20 g {(tissue wet weight) and were pre-
determined to be healthy and superficially free of parasfites, They were
cultured from larval stage at Virginia Instftute of Maripe Science, Glou-

ceater Point, Virginia and malntained on a tray in the adjacent York River

with salinity from 16-21 o/oo,

Muagela
Ribbed mugeels (Goukensia demiegsa} with shell lengthe of 11.5 + 1,0 em
were collected on the baak of York River near Mumford Island, Virginia. The
average wet weight {including enclosed sea water) was 89.6 g and the dry
weight was 2,95 g. Before each experiment was started, the bivalves vere
placed {n glass desiccators with serated York River water and acclimated at

159C for two days, The temperature was maintained with circulating water
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held constant with a Lo-Temptrcl 154 water circulator (Precialon Scientific

Co., Chicago, Illinois).

Experiments

Twoe experimental regimes were carrled out: (1) TFixed term study:
After acclimation, elght mussels were randcemly divided intc normoxic and
anoxic sets and fncubated for 51 hours. Incubation wae carried out in
December 1978. (2) Time course study: 23 musaele were randomly chosen
for the following treatments: eight were sacrificed immediately after field
collection; three after two daye scclimation; and the remaining nuasels were
incubgted anoxically for periode up to four dayas, with groups of three mis-

sele each gacrificed daily, This experiment waa started in June 1979,

Incubation

For the enoxic condition, the river water medium contalning musselp
was flushed with ritrogen gas (Union Carbide Co., Linde Divipfon, W.Y.).
The alr trapped under desfccater tope was algo replaced with nitreogen gaas
befere gealing. The concentrations of disaclved oxygen for normoxic water
was at least 4.2 ppm for the fixed term study, and 7.0 ppm for time course
study; diesolved oxygen was bhelow 0,4 ppm for anox{ic water ae determined by
both, peolarographic measurement with an oxygen meter {Model 51A, Yellow
Springe Instrument Co., Yellow Springs, Ohic) and Winkler titration. The
salinity of the river water medium was determined to be 17.1 o/ro with a
Beckman RS-78 induction salinocmeter for the mixed term study and 14.4 ofoa
for the time course astudy. The Lncubation temperature wes 15°C and the
organisms were not fed during the experimenta, Afker incubation, the iis=
aele were quickly removed from the degiccatar, their aizes and total weights

were measured and then the organlsms were either frozen (for fixed term
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study) or opened under a stream of nitrogen gas and quickly frozen 1in dry

ice~acetone (for time course study) before further treatments.

Preparation of Homogenates

The froren muissels were opened and thelr contents collected; the whole
procees was rapld and the tismsves were maipntained cold with fce water.
Those preparaticns which were either maintained cold or frozen with dry ice-
acetone were minced with scissors and homogenized with a cold buffer of 2-
amino-2-methyl-1l-propanol (0.1 M, pH 10, Sigma Chemical Ce,) using elther a
hand homogenizer or a ¥irTie 45 homogenizer (Cardiper, N.¥.). Preparaticns
from each mueael were adjusted to 60 ml with buffer and then divided into
aets for varioug determinaticna (Figure 2}, Homogenized fractions were
premptly deproceinized or treated according to the appropriate procedure
for each analyails and stored. The analytical methods are summarized in

Table 2.

Dry Weight Determination

Aliquots {10 ml) of mussel tisgue homogenate were transferred to
tared aluminum containers, dried at 60°C for 24 hours and then mafntained
in vacuum desiccator over phoaphorus pentoxide for three days, Samples

were weighed with an analytical balance.

Polypaccharide Detetrmination

Polysaccharide weg igolated according to the method cof De Zwaan and
Zandee (1%72a) and assayed usfng the anthrone-H3504 method. One ml of nmus-
gel homogenate desfgnated for polyeaccharide determination wam saponified
In one ml of S50 KCOH for one hour at 350°C, neutralized with RC1l, deprotein-

ized with 0,06 g of trichlorcacetic acid acd centrifuged for 20 mimites
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METHODRS POR THE AMALYSIS OF

KEY METABOLITES AND POLYSACCHARIDE (GLYCOGEN)

COMPOUNDS

ANALYSTS

Kreba Cycle Intermediates
De Silva (1071}

Volatile Fatty Aclde
Gibbs et al. (1973)

Alanine
Schutgens et al., (1977)

Lactate
Stpma 826 W (1977)

Fyruvate
Sigma 726 UV (1977)

Polysaccharide
De Zwaan and Zandee {1972)

CeliteR and Basic Alumina
Columyy Purification
BF3~Methanol Derivatization
Solvent Extraction
Gaa-liquid Chromatography

Perchlorate Deproteinization
KOH Precipitation

Solvent Extraction
Gas-liquid Chromatography

Alanine Dehydrogenase
RADY +  NADH
Spectrophotometry

Lactate Dehydrogenase
NAD* -+ NADH
Spectrophotometry

Lactate Dehydrogenase
NADH + mNADY
Spectrophotometry

Anthrone Reaction
Spectrophotomecty
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with a clinlcal centrifuge {(International Equipment Co,, Mass.). The volume
of superngtant was meagured and diluted 10 and 100 fold; one ml of each
dilution was uvsed for polysaccharide determinaticn.

Preparations frowm previcus treatments were stirrved with 0.05 ml of
saturated NapS804 melution, followed by three ml of ethancl, Samples were
heated in & boiling water bath for three minntes, cooled 1in an ice bath for
at least one heour, and centrifuged; the ethancl was carefully decanted. The
pelysaccharide pelleta obtained sfter drying with nitrogen pas were dissolved
with 0,05 ml of Hz0 and 4,0 wl of freshly prepared anthrone reagent was then
added; the mixture was vortexed, heated at 90°% for 20 minutes, cooled in ice
water and measured at 620 nm with the Cary Model 15 epectrophotometer. An-
throne reagent was prepared by dissolving 0.25 g anthreone in 100 ol of con-

centrated aulfuric acid.

Krebe Cycle Intermediates Determination

The Xrebas cycle intermediates were laclated (Figure 3) and weasured
according to the mathod of de Silva ({1971},

a4. HReagents

The Krebs cycle intermediates, adipic acid and basic slumina (activity
grade I} were obtained from Sigma Chemical Co. (St. Louis, Mo,}, Celite 545K
from Fiaher Scientific Co. and boren triflucride-methancl (BPj-MeCH, 14% W/V)
from Applied Science Laboratorieas {(State College, Pa.). All organic solventa
were analytical grade and redistilled in glaps before usme. EF3-MeOH (7%} was
prepared by dilutlon of a 14% solution with dry methanol. The internal stan-
dard, dimethyl adipate, waas prepared by reacting 25 mg of adipic acid with 10
wl of 7% BF3-MeOH at 60°C for two hours, cocling to room téemperature and then

adding an equal volume of water. After extracting the reaction mixture twice



FIGURE 3. PREPARATION OF KREBES CYCLE INTERMEDIATES FOR GAS-LIQUID

CHROMATOGRAPHTIC ANALYSIS.



15

PREPARATION OF KREBS CYCLE INTERMEDIATES FOR GLC ANALYSIS
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with 50 wl of chloroform each time, the combined extracts were dried over
anhydrous Ha250; and then the velume reconstituted to 100.0 ml with chlere-
form.

b, Extraction

Ten ml each of muaael tigaue homogenate, glase dimtilled water (blank
control), and standard acid mixture were used, The standard acid mixture
was prepared by dlasolving the weighed compounds {Table 3) in 200 ml of
5N H7S504:water:methancl (1:3:16 viv/v).

c. Purification of Tissue Extracts

The crude acid extract was mixed thoroughly with 10 g of ether-washed
Celite 565R, The molat Celite was mixed with 10 g of anhydrous Nay50s4 and
stored overnight in a desiccater containing PpOg5. The tesulting powdered
mixture was transferred to a 1 om (1.d.) x 50 cm glags chromatography column
in approximately 2 g portions and packed tightly. The crgranic acids were
eluted from the column with ether (approximztely 100 ml}., The eluant was
then passed through a one g column of activated basic alumina oxfde {acti-
vated by heating in an oven at 10090 for twe hours and cooling fc toom
temperature}. The alumlna was dried under a stresam of oltrogen gas, and
tepeatedly waghed with acetone five times and ether twice to completely re-
move the molstute. The free acids vetained by the 5lumina were converted
te thelr methyl esters by heating with 5 ml of 7% BF3-MeUH to 609C for two
hourg in a screw-capped tube.

Followling methylation, the mixture was cocled to room temperature,
filtered, and an equal volime of water was added to the filtrate., The fil-
trate contained methyl esters of fatty acide and Krebs cycle intermedigtes;

the fatty acid wethyl esters were removed by washing the methancl-BFj-werer



TABLE 3

STANDARD MIXTURE OF KREBS CYCLE INTERMEDIATES

INTERMEDIATES AMOUNT {mg)
Fumarate 5.0
Succinate 5.0
Malate 30,0
a=keto-Glutarate 15.0
cig-Aconitate 5.0
Citrate 20.0
fac-Citrate (tri-sedium salt) 50.0

All samples were homagenized with

methanol (1:1% v+/v) 1in an ice bath and

20 ml of 3 N HpS04:

then centrifuped,

The reaidue was again homegeniged with 10 ml of 5 N Hz504:

Hp0: methanol (1:3:16 v/v/v), centrifuged and then super-

natants were combined and reduced by a atream of nitrogen

g48 to approximately 10 ml and saved for subsequent puri-

fication.

17
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solution three times with 1 ml of n=heptane each time; the methyl estere of
Krebs cycle intermediatea were then extracted with two 10 gl portione of
chloroferm; the chlorcform extract was washed with a 1 M NapCOg golution,
fellowed by water until nectral, and then dried over anhydrous Naz50;. Cme
hundred ul of internal standard, dimethyl-adipate, wae added and the chloro-
form extract was reduced to 10-50 yl; a convenient volume (1 pl) was then in-
Jected into the column of gae-liquid chromatograph for separation and meas-
urement.

d. Gas-Liquid Chromatagraphy

A gas=~liquid chromatograph equipped with a flame lonization detector
{Hewlett-Packard 7626A) wae used in this atudy. The column {glaasa, 1/8"
i.d. x 6 ft) was packed with 100-120 meeh GagChrom P coated with 10% EGS5-X
(Applied Science Laboratories). Temperature programming was from 100-2109C
at 6°C/minute and then mafntained igsothermally for 15 minutea; the carrier
gas flow (Helium, ultra high purity grade, Unilon Carbide Corp.) was 41 ml/
minute,

Before & new column was used, It was cenditioned for two days at 220°0C
and periodically infected with 511y1-8 columm conditioner (Plerce Chemical
Co.).

e, {uantitation

Peak areas were calculated aa peak hefght x retention time., The vol-
ume varfatfona of samples were corrected by adding 25 pg of dimethyl-adipate
ag internal standard before concentrating the sample, The detector response
for dimethyl-adipate was linear up to 2 pg, Retentlon times and peak areas
were then compared with those of both individual pure acids and their stan-

dard mfxtures which wers methylated directly with BFj-methanol and extracted
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inte chloroform. The recovery from the extraction and purification prace-
dyres waa calculated and the tisaue concentration levels were measurad

{Table 4).

Yolatile Fatty Acida (VYFA) Determination

The analysis for volatile fatty aclds followed that deacribed by
Gibbes st al, (1973},

&, Deproteinfration of Tiesue Homogenate

Ten pl of diluted n-valeric acid solution (50 pl dissolved In 1 ml of
ethyl acetate) wae added to 10 ml of mugsel tissue homogenate and 10 m]l of
glase distilled water (blank control} as Internal standard (preliminary
studies indicated that the ribbed muesel does not contein a4 meagurable
amount of n-valeric acid)., After one wl of cold 70% perchleric acid waa
added, the mixture was shaken vigorously for sbout 30 meconds, maintained
cold for an additicnal 10 minutes to assure complete protein precipitaciaon,
and then centrifuged, This deproteinfzation procedure wam repeated with 1
ml of cold 70% perchloric acid. After the supernatent was neutralized with
a solution of 50% KOB untfl cessation of further crymtal formation, 1t was
then maintalned in a refrigerator cvernight. The XClUy; crystals which had
formed were removed by centrifugation and the clear supernatant was saved
for further preparation.

b, Purification

After deproteinizaticon, the sample was then saturated with Nall, ad-
Juated to pH 11-12 with 50% XKOH, and centrifuged agafin te remove any remain-
ing KQ10, precipitate; 10.0 ml of ether was then added and the tube capped,
shaken on a vortex agitator at high speed, and centrifuged to promote msepara-

tion; the ether phase was then vemoved and discarded, The remaining aguecus
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RECOVERY OF A STANDARD MIXTURE OF KREBS CYCLE THNTERMEDIATES

(EXTRACTION AND PURIFICATION PROCEDURE)

A 8
Standard Recovery of
Mixture Deteckor Stsndard
Intermediate (mg) Responsa* Mixture (%)

Fumarate 5.0 105.0 6.9
Succinate 5.0 135.%9 87.1
Adipate 5.0 191.5 -
Malate 0.0 81.5 31.2
x~keto~Glutarate 15,0 168.6 9.8
cis=-Aconitate 5.0 69.2 59.1
Citrate 20,0 113.3 56.3

*Detector Repponae =

pesk helght x reiention time

pg acid

A. Dry standard acid mixturc was methylated with 7% BFg-
methanocl and the methyl estersa were extracted directly

A one pl aliquot from a total volume

of 10 ml was injected into the chromategraphic column.

into chlorcform,

B, Standard acid mixeure (Table 3) wap taken through the
extraction and purification procedure,
(%) wvas caleulated by comparing the detecteor regponsesa
found with the data shown in column A,
dard of methyl esters of adipate was used to correct
for variation 1n the final volume cof the sample,

The recovery

Internal stan-
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phage was brought to pH 2-3 with & N HCl, ethyl acetate (10 ml} wag added
and the tube was vortexed for a few minutes and then centrifuged again, The
scidic aqueoug phase was extracted twice with 5 ml of ethyl acetate each
time; the ethyl acetate fractions were combined and dried over anhydrous
sodlum sulphate fo remove traces of water. The dried extract wag then care-
fully concentrated with a alew stream of dry nitrogen gae to approximately
50-100 p! for pas-liquid chromatographic analysis.

c, Gas-Ligquid Chromatography

A convenlent aliguot {(~1 pl) of concentrated VFA sample was then In-
Jected into the gas-liquid chromateograph (Hewlett-Packard 76264) equipped
with a flame fonization detecter. The column (glass, 1/B" 1.d. x 6 ft) was
packed with B0O-100 mesh Chromosorb WAW coated with 107 SP 1200 supplemented
with 1% phosphoric acid (Supelco, Inc,}., Temperature programming was from
70=-1400C at 4°C/minute and the carrier gas flow (Helium, ultra high purity
grade, Union Carbide Corporation, New York, N.Y.) was 6% ml/minute,

Peak areas were Integrated as peak hefght x retention time and cor-
rected for detector responses. Detector reaponse factore were determined
from gas-liquid chromatograma obtained after injection of a standard vola-
tile fatty acid mixture (Table 5). The mixture was prepared by dissolving
10 pl esch of propfonic, ilso-butyric, butyric, isoc~valeric and valeric
acide {Sigma Chemical Co,) 1in 500 pl of IN acetic acld.

4,38 p mole of n-valeric acid was added to the tissue homogenate aa
internal standard at the start of aample preparation and the fraction of
n-valeric acid was determined from the sample injected; this ratio was

uped to convert the amount of volatlle fatty acid fn the pample to that

in oumael tissue,
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TABLE 5
DETECTOR RESPONSE FACTORS OF FREE VOLATILE

ACIDS AS DETERMINED IN A STANDARD MIXTURE

Yelarile Fatty Acid Detector Responae Factor®
Propionic {C3) 3,952
iso=Butyric {is0o-Cj) 10,5389
Butyric {Cz) 11,905
iso-Valeric (lse-Cs) 21,739
Valeric (Cg) 23,810

peak height x retention time
p mole of acid

*Detector Responae FACtor =
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Before & new column could be uged succeasfully, it wap stabilized by
conditloning for 24 hours at 1509C and then by periodically fnjecting Silyl-

8 column conditioner (Pierce Chemical Co.) to restore coltmn efficiency.

Alanine, Lactate and Pyruvate Determipations

These procedures were modified from Kluytmans et al. (1975) and the
Sigma Bulletins 726 UV and 826 UV (Sigma Chemfcal Co.). The homogenate
{10 ml} wae deproteinized by addition of 1 wl cold 70% perchloric acid and
shaken vigorcusly for approxfimately 30 seconds, The mixture was kept <old
for an additional 1¢ minuteg fo assure complete protein precipitation and
then centrifuged for 10 minutesn, This procedure was repeated with 1 wl of
cald 0% perchlorlc ecid; the supernarant was neutralized with 50% KOH and
stored in the refrigerartor overnight. The KC1dy crystals Eormed were then
removed by centrifugation and the cleer supetnatant was used for the deter-
minations of l1-alanine, l-lactate and pyruvate,
g. 1(#1=Alanine Determinstion
The rapid alanine dehydrogenase {EC 1.4.1.1) microwmethod of Schutgena
ot al. (1977) waas adopted for this determination:
Alanine dehydrogenase
1{+)-Alanine + NADT + Hp0 -+ Pyruvate + NH3 + NADH + Bt ., {1}
(Low Anqp) (High Ajsp)

Aliquote of 0.405 ml muesel tisaue prepataticn were pilpetted into
gcrew-capped tubes, lebelled for reference and experiment, and then 0,05
ml water and 1.0 ml! etandard incubation mixture were added., The atandard
incubation mixture was prepared by dissoiving 0.5 g hydrazine sulfate into
25 ml of Tris base (200 mM, Sigma Chemfcal Ca.}, the solution adjusted ta

pH 2.0 with 1 M KCH and then diluted to 30 ml with diatilled water, 0.1 wl
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RADY golution was added to the experimental tube (10 mg # -NADY dimaolved in
0.55 ml standard incubation mixture), while 0,1 ml of the standard incuba-
tion mixture waa added to the reference mixture. The initial abaorbance at
340 nm was meapured fn the recording apectrophotometer (Cary Model 15)
againet reference and the enzymic reaction wap started by the addition of
1¢ pl of alanine dehydrogenase (ADH) containing 2.2 unita isclated from

Bacillus gubeilis (Sigma Chemical Co,), The reaction temperature was 370C

and the reactfon time was 30 minutes. The standard curve wae prepared and
the guantity cof alanine in the sample was calculated from the increment of
abaorbatce and the gtandard curve.

b. 1l{(+)-Lactate Determination

1{+)-Lactate waa determined using lactate dehydrogenase (EC 1.3.%9.1)
according to Sigma Bulletin 826 IIV:

Lactate dehydrogenase
1{+) -Lactic Acid + RADY -+ Pyruvic Acid + NADE + RV . {2}
(Low Agpn) (High Agsqg)

0.5 ml of tissue preparation was diluted with 0.5 ml of diacilled
water and then 0.3 ml grandard incubation mixture was added., The standard
incubatfon mixture was prepared by gently mixing 2.0 ml glycine buffer
{pH 9.2, containg glycine and hydrazine) with 10 mg NAD' and D.1 ml lactic
dehydrogensee. The reference melution waa prepared by deleting WADY: in-
cubation was at 379 for 50 minutes, and meaasured st 340 rm with the re-
cording spectrophotometer (Cary Medel 15). The quantity of lactate was
interpreted from the standard curve.

c, Pyruvate Determination

Pyruvate waa determined with lactate dehydrogenase {EC 1.3.99.1) ac-
cording to Sigma Bulletin 726 UV using the reverae reaction for the lactate

AEEAY:
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Lactate dehydrogenaese
Pyruvic Acid + WADH + HY + L(+)-Lactic Acid + map*t , (3)
{High Aq349) {Low Aqgq)

0.5 ml of TeiemaR base soluticn {tri~ (hydroxymethyl)-amlnomethane, 1.5
mal/liter) was added to 2.0 ml of tieaue preparastion, mixed by gentle in-
version, adjusted to pH 9, and 0.5 wl WADH selution was added. The NADH
golution was prepared by pipetting 2.2 ml Trizma® base solution Intc 1 mg
NADH, After two minutes, the absorbance at 340 nm waa measured against a
reference solution using the Cary Model 15 recording spectrophotometer;
the reference was prepared by deleting MADH. The enzymic reaction was
started subsaquently by the gddition of (.05 m! ef lactic dehydrogenase,
After two to five minutes, the final abacrbance at 340 nm wam measured and
the quantity of pyruvate in the sanple caleulated frem the increment of

absorbance at 340 nm and the standard curve.



RESULTS

Preliminary Analysle of the Oyeter, Craascatrea virginica

A preliminzry analyails of adult oysters was undertaken prior to the
more detalled study of the ribbed mussel. In order to investigate anaerocbic
metaboligm, varicus tissue preparations and procedureg were tried. 1In con=-
trast to the previous reports on bivalve anaercbic metabolism which employed
eneymatic methods and analyzed only for succinate, a gas-liquid chromato-
graphic method which aneslyzes aeven Krebs cycle Eotermediates simultaneously
was adopted for this study after modifications (de Silva, 1971),

Setiesfactory extraction, purification and quantification of methyl
eatere of Krebs cycle intermediates from oyaters have been obtained and ia
shewvn 1n Figure 4 and Table 6. Sipgle resolved peaks were chserved for the
dimethyl esterg of fumarate, succlpnate, malate and the trimethyl esters of
clp-aconitate, citrate and iag-citrate; two adjacent peaks were cbeerved
for trimethyl estera of d-keto-glutarate. The moat abundant intermediate
in the oyater tissue wees malate which wae followed by citrate, succinate
and then fumarste, Q-keto-glutarate; cie-accnitate and isc-ciltrate were
pregent in trace amounte. The total concentrations in oyater tlssue ranged
from 752 to 4,092 mmocle/g wet weight. These reaults were reported in part

(He and Zubkoff, 1978).

Detailed Study of the Ribbed Mussel, Qeukensisa demizaa

Analyais of the ribbed mussels maintained hypoxically for Al houras at

159C revealed that auccinate, propionate and alanine accumulated in these

26



FIGURE 4.

GAS-LIGUID CHROMATOGRAPHY OF METHYL ESTERS OF KREES CYCLE

INTERMEDIATES OF CYSTER, CRASSOSTREA VIRGTINICA,

¢A) Standard intermediare mixture

{B) Standard intermediate mixture + oyater mantle timsue

(C) Oyster mantle tissue

#

b

Fumarate

Succinate

Adipate (internal etandard}
Malate

a~keto-Glutarate
cle-Aconitate

citrate

iso-Citrate
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animale. The game experiment showed only small changes which wete signifi-
cant in the quantitiea of the othet metabolites.

A gaa-liquid chromatogram of the Krebs cycle Intermediatee obtained
from tissue extracts of control and experimental Gewkensia demissa is de-
picted in Figure 5. The same quantity of dimethyl adipate (peak ¢} wasg
added ap an internsl atandard to both control and experiment extracts. It
18 clear that under hypoxic conditlons, the asuccinate peak area (peak b) In-
creased {(Figure 5B and 5C). Gas-liguid chromatograme of the volatile fatty
acids are shown in Figure 6. Froplonate {Ca) i clearly demonatrated to ac-
cunulate hypoxically. Acetic acid (C2} i1p also detected bhut is deleted from
further consilderation because a similar peak with same retention time ap-
pedared fn blank controls.

Numerical data depicting and cowmparing concentraticns of polysac-
charidea and key intetrmedistes in contrel and experimental wussels is pre-
gented in Tables 7, 8, and 9. It can be seen that succinate increased about
four-fold from 4,66 pmole/g dry weight in contrel animalas to 19,63 pmole/g
dry weight in musgels kept under N2 for 51 hourg at 159¢, There 1a also a
concomitant amall increape in the level of malate (1.29 pmolefg dry weight),
but whether this ie significant remaing questionable at this time, Concen-
tratlons of n-keto-glutarate, cig-aconitate and cltrate are low znd do not
appear to change hypoxically,

The average proplonate concentration in the control group 1s 3.45
umole/g dry weighe, and 14,16 ymole/g dry weight in musaels maintained
hypoxically. Thip represente a four-fold lncremsge, It {n also evident
that there 1s virtually no change in Lgo-butyrate, butyrate and iso-

valerate during 51 heurs of hypoxia.



FIGURE 5.

GAS-LIQUTD CHROMATOCRAPHY OF METHYL ESTERS OF KREBS CYCLE

INTERMEDIATES OF MUSSEL, GEUKENSIA DEMISSA,

{4) Standard¢ intermediate mixture

(B) Gevkensla demigpa after maintaining 51 houras with

aerated water

(C) Ceukensla demigga after 51 houre of hypoxia
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Succinate

Adipate {internal atandard)
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cla-Aconitate

Citrate
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FIGURE 6. GAS=LIGUID CHROMATOCGRAPHY OF VOLATILE FATTY ACIDS,

(A} BStandard acid mixture

(BY Caukensla demissa after malntaining 51 hours with

aerated water

{C) Geukensin demisea after 51 hours of hypoxia

C2 = Acetate

€3
iso-~-Cy
Cqy
lao=-Cq

Cs

Propionate
lao-Butyrate
Butyrate
lgo-Walerate

Valerate (internml standard)

{n-Valerate is virtually abgent 1in

extracts of mugael tissue)
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TABLE 7
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METAROLITES OF

GEUKENSIA DEMISSA AFTER MAINTAINIRNG AT 15°C FOR 51 HOURS

WITH AERATED RIVER WATFR (DECFMBER 19%78)

Mussels
X + 8.D
1 2 3 & fn = 4)
A. Mussela (polyvsaccharide in mg/g dry weight)
Slze (cm) 12.00 11,00 10,50 11,50 11.25 + 0.65
Dry weight (g) 2.86 4,15 2.14 2,27 2.86 + 0,92
Folyaaccharide 86.00 267,20 123,70 185.20 lap.78 + 78,31
B. Metabolites (pmole/g dry welght)
mlﬂte ﬂ.?? ulB‘:l' 1iﬂ3 3!'31 liﬁ'g i' 1122
n=ketp-Glutarate 0,67 0,28 0.65 0.55 0.5 + 0,18
cis-Aconitate *n,d, n,d, n.d, n.d. -
ﬂitrﬂ.te I'I.ﬂ. I'I-d- ﬂl 15 umll -
Propionate 2.19 1.50 4.73 5.28 3.45 + 1,89
lro-Butyrate 0,89 0.74 1.75 1.28 1,17 + 0,28
Rutyrate .96 0,72 1,31 1.29 1.07 + 0.28
Alanine 537.58 &0,73 76,78 65.66 65.19 + 8.41
Lactate 5.01 3.94 6.05 - 5.00 + 1.05
Pyruvare 0.25 0,35 0.48 0.43 0.38 + ©.10
C. Sum of metabolites {(ymcle/p dry weight)
6%.248 59,97 95.79 92,56 B3.10
. 5um of succinate, propionate end alanine (pmole/g dry weight)
£0.61 63.01 B4,17 85.39 73.30

*n.d. = not detectable



TABLE 8
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METAROLITES OF

GEUEENSTA DEMISSA AFTER 51 HOURE OF HYPOXTA (DECEMBER 1978)

33

Museels
¥ + 5.D,
1 i 3 &4 {n = &}
A. Museels (polysaccharide in mg/g dry welght}
S5ize (cm) 11.00 11.50 11.00 11,00 11.13 + 0,25
Dry weight (g) 2.22 2.95 2,19 2,711 2,52 + 0,37
Polyasaccharide 58,10 124 .40 54.20 101,30 B4.50 + 34,10
B. Metabolites (pmolefg dry weight)
Succinate 9,60 8.86 26,23 23.81 19.63 + 13.03
Malate 2.45 2,48 4.43 1.76 2.78 + 1,15
=keto-Glutarate 0.35 0.23 .14 {.80 0.38 + 0.29
cta~-Aconitate 0,39 *n.d, n.d, n.d. -
Citrace 0,20 0.10 0.11 0.18 ¢.15 + 0.05
Froplonate 15.56 16.79 4.77 19,52 14,16 + 6.48
imo-Butyrate 1.18 0.69 1.14 1,71 1,18 + 0,42
Butyrate 1,18 0.80 1.26 1.16 1.08 + 0.20
iso-Valerate o.1% 0,11 0,22 0.24 0.19 + ©,086
Alanine bl,d85 79.47 71.3% 71.61 71.08 + 7.21
Lactate a.37 4,63 7.30 5.43 6.43 + 1.71
Pyruvate 1,05 0.37 0,57 0,30 0,57 + 0,34
C. Sum of merabolites (pmele/g dry weight)
102.29 114,53 127.56 126.52 117,63
D, 5um of succinate, proplonate and alanine (pmole/g dry weight)
87.01 105,12 112.3% 114.94 104 .87

*n,.d, = not detectable



TABLE %

CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF

GEUFENSTA DEMISSA AFTER MAINTAINING UNDER OXYGEN AND NITROGEN

AT 159C FCR 51 HOURS (DECEMBER 1974)

Exposed to Oy Exposed to Np

34

X + 5.D. X + S.D. Difference  Accumulation
(B = 4) (n = &) (Rw, - op) (%)
A, Mugpaele {polysaccharide in mg/g dry weight)
Size (cm) 11.25 + 0.65 11,13 + 0,25 = 0,12 -
Dry weight (g} 2.86 + 0.92 2,52 + 0.37 - 0,34 -
Polysaccharide 166,78 + 78,31  84.50 + 34,10 -82.28 -
B. Metabolites (pmole/g dry weight)
Succinate 4.66 + 6,52 19.63 + 13.03 14,97 43,34
Malate 1.49 + 1.22 2.78 + 1,15 1.29 3.73
a-keto=Glutarate 0.5 + 0.18 0.3 + 0,29 - 0.16 -
Preplonate 3.45 + 1.89 14.16 + 6.48 10,71 31.00
lac~-Butyrate 1.17 + 0.28 1.18 + 0.42 0.01 0.03
Butyrate .67 ¥ 0.28  1.08 ¥ 0,20 0.01 .03
leo-Valerate 0.15 + 0.06 0.1% + 0,06 .04 0.12
Alanine 65.19 + B.41 71,08 + 7.21 5.89 17.05
Lactate 5.00 + 1.05 6.43 + 1.71 1,43 4,14
Pyruvate 0.38 + 0,18 0.37 + 0.34 0,19 0.55
C. Sum of Metabolites {pmalefg dry weighr)
83,10 117.48 34,54 99.99
D, Sum of succinate, propfonate and alanine (pmole/g dry weight)
73.30 104,87 31,57 91.40




a5

Under hypoxlc conditions, alanine levels Increased from 65.19 ko 71,08
pmolefg dry weight. Together, alanine, succinate and proplonate account for
51.407% of the accumulation of metabolites (Table 9). There are only small
changea of lactate and pyruvate concentrations from 5.00 eo 6.43 and from
0.38 to 0.57 ymole/g dry welght, respectively,

Because of the wide range of values weasured, the amounts of polyaac-
charide do not provide a clear Indication for changes due to hypoexia {Tables
7 and 8). However, they indicate an increased race of polysaccharide con-
sumption under the hypoxic condition hkecause the average concentrations
dropped from 166.78 to 84.50 mg/g dry weight (Table 93,

The average valueg and atandard deviaticns durlng the time couree
atudy (-2 to & daysa) are presented in Tables 10 to 15 and summarized in
Tables 16 &nd 17 and Figure 7, The size, dry weight of each muasel, and
concentrations of polymaccharidea and some metabolites are shown in theae
tables. These muesels were either assayed immediately after field collec-
tion (Table 10}, after two days acclimation at 15°C with serated water
{Table 11), or after ong to four days of hypoxia (Tables 12-15). The
average values of the concentrations of key metabolitea (euccinate, propi-
opate and alanine) after four days of hypoxla are compared and surmarired
in Table 17 and plotted in Figure 7.

Thera 18 little or no change in concentration of any of the three
major metabolites during the two daya of acclimation at 159°C. However,
succinate increased from 0.95 to 3.47 pmelefg dry welght after the first
two days of hypoxia and then leveled off, The concentration of propionate
did not change during the firat day of hypoxia (2.65 to 2.33 pmolefg dry

weight). Howewver, propionate did increase slightly to 7.02 ymole/g dry
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TABLE 11

CONCENTRATIONS OF PCOLYSACCHARIDE AND SOME METABOLITES OF

CEUKENSTA DEMISSA AFTER TWO DAYS ACCLIMATION AT

150C WITH AERATED RIVER WATER {JUNE 1979)

Mussels
% + §,D,
1 2 3 (n = 3}
A. Mussels {polysaccharide in mg/g dry weight)
Eize {(cm) 12,00 11,50 12,00 11.83 + D.29
Dry weight (g) 3.70 .58 1.40 2.89 + 1,29
Polyeaccharide 63.63 190.16 37.03 96,94 + 81.82
B. Metabolites (ymole/g dry weight)
Succinate 0.7 0.50 1.59 0,95 + 0,57
Malate Z2.42 1.62 1,35 1.79 + 0,55
a-keto-Glutarate 0.04 0.25 0,57 0.29 + 0,27
cig=Aconitate *n,d. n.d. n.d. -
Citrate 0114 ﬂ'- lﬁ n.d- =
Propionate 3.36 1.93 - 2,65 + 1,01
ilao-Butyrate 0.56 0,48 - 0.52 + 0.06
Butyrate 0,77 0,46 - 0.62 + 0.22
isu=-Valerate n.d. n.d. - -
Alanine 15.39 32.04 13,20 26.85 + 11.96
Lactate 5.93 3.74 10,67 6.78 + 3.54
Pyruvate .01 0.62 0.24 0.29 + 0.31
C, B5um of metabolites (pmole/g dry welght)
49-38 'fll.Sﬂ - ‘lﬂ.??

D. Sum of succinate, propionate and alanine (pmole/g dry weight)

39,52

34,47

30,48

*n,d. = not detectable
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TABLE 12
CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF

GEUKENSIA DEMISSA AFTER ONE DAY OF WYPOXIA {JUNE 1979)

B

Mussels
¥ + 5.D.
1 2 3 (n = 1)
A. Mussels {polysaccharide in mgfg dry weight)
Size {em) 11.00 11,50 11.50 11.33 + 0.29
Dry welght (g) 3.56 3.20 4.03 3,60 + 0,42
Polyasaccharide 149.18 133.09 159,43 147,25 + 13,30
B, #etebolites {ymele/g dry weight}
Succinace 3.20 3.53 1.17 2.67 + 1.31
Halate 1.50 1,26 1,21 1.32 + 0.16
a-¥eto-Glutarate 0,06 0.04 0.04 0.05 + 0.01
clas-Aconitate *nad. n,d. n.d, -
Citrate .03 0,03 0,03 0,03 + 0,00
Propicnate 1.99 2.62 2,09 2.23 + 0.34
f{so-Butyrate Q.44 0.51 0.34% 0.43 + 0.09
Butyrate .65 0.72 0.50 Q.62 + 0.11
lso=-Valerate n.d. n.d, n.d. -
Alanine 46.37 25,93 46,43 35,58 + 11,82
Lactate 4,33 6,70 5.35 5.46 + 1.19
Pyruvate 0.11 0.14 0.14 0,12 + 9.02
C, Sum of metabolives (pmole/g dry weight)
58,68 41,54 57.2% 52.51

D. Sum of succinate, propionate and alanine {pmolefg dry welght)

51.56 32.18 49,69 44,48

*n.2, = not detectable
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TABLE 13

CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF

GEKENSIA DEMISSA AFTER TWO DAYS OF HYPOXIA (JUNE 1979)
Museele
X + 5.D.
1 2 3 in =13)
A, Mugsels (polysaccheride in mg/g dry weight)
5ize (cm) 10,50 12.50 12 .00 11.67 + 1.04
Dry weight (g) 3.36 1.29 3.28 3.31 + 0.04
Polysaccharide 166,10 134,12 157,72 152.65 + 16,58
B. Metabolites {jpmole/g dry weight)
Succinate 1.66 2,72 6,03 3.47 + 2,28
Malate 1,33 2,31 1.47 1.70 + 0.53
o-keto=Glutarate .05 D.D5 0.06 0.5 + 0,01
cig-Aconitate .04 *n.d. n.d. -
Citrate a.14 .09 n.d, -
Propicnata b.54 9.91 4,62 7.02 + 2.68
fgo-Butyrate 0,33 0.53 0.64 0.50 + 0.16
Butyrate 0.51 J.80 0.51 0,71 + 0,17
fgo-Valerate 0.08 n.d, n.d. -
Alanine 41,72 39,49 47.53 42.91 + 4.15
Lactate .47 5.51 5.62 4.86 + 1.21
Pyruvate .52 0,06 n.d. -
C, Sum of metabolites {pmole/g dry weight)
56.39 6l.47 66.78 61,22

D. Sum of succinate, propionate and alanipe (pmole/g dry weight)
49,92 52.12 58.18 53.40

*n,d, = not detectable



TABLE 14

CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF

GEQKENSIA DEMISSA AFTER THREE DAYS OF HYPUXIA (JUNE 1979)

40

Muegels
% + 58,D.
1 2 a {n = 3)
A. Wussels (polysaccharide in mg/g dry weight)
Size (cm) 11.50 11,50 12.00 11.67 + 0.29
Dry weight {g) 2.50 3.84 3,60 3.31 + 0.7
Polysaccharide B6,70 267.72 207,11 187.18 + 92,14
B. Metabolites (pmole/g dry weight)
Succinate 3.51 2.13 - 2.82 + 0,98
Malate 1.69 0.88 1,28 ¥ 0.57
nu-keto-Glutarate Q.04 0.01 0.03 + 0.02
cia-Aconitate *n,d. n,d. - -
Citrate 0.11 0.01 - 0.06 + 0,07
Propionate 22.35 20.69 16,44 19,83 + 3.05
iso-Butyrate 0,73 0.57 0,52 0,61 + 0.11
Butyrate 1.10 074 0.71 ¢.85 + 0,22
igo-Valerate n.d. r.d. n,d., -
Alanine 53,52 53.65 34.95 47,37 + 10,76
Lectate 7.95 5.2V 5.56 6.26 + 1,47
Pyruvate Q.42 0.11 0.04 0.19 + 0.20
C. S5Sum of metabolites (pmole/g dry weight)
91.&'2 B"“Il'.uﬁ - ?giaﬂ
D. Sum of succinate, proplonate and slanine (ymole/g dry weight)

79,38

76.47

70,02

*n.d. = not detectable



TABLE 15

CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES OF

GEOKENSIA DEMISSA AFTER FOUR DAYS OF HYPOXIA {JUNE 1979)

Muagels

2

41

A, Mumselsg (palysaccharide in mgig dry welght)

Size (cm) 12.00
Dry weight (g} 4.19
Polysaccharide 123.03

11,50
3.09
84.98

B. Metabolitea fymole/g dry weight)

Succinate 3.95
Malate 0,72
g-keto=Glutarate by,
cle~Aconitate n.d.
Cltrate 0.07
Proplconate 21,25
iso-Butyrate 0,61
Butyrace 0,81
lao-Valerate n.d.
Alanine ii5.14
Lactate 4.21
Pyruvate 0,07

C. Sum of metabolites (ymole/g dry weight)

76.85

D. Sum of succlpate, propileonate and algnine (pmole/g dry weight)

70.34

1,65
1,20
0.03
n.d.
0.03
50.61
0,64
1.08
n.d »
51.42
6.55
.14

113.35

103. 68

11,50
2.80
126,31

3.75
0.71
0,05
n,d,
0,086
58.29
0.71
D.94
0,22
61,52
7.45
G.15

103,87

93.56

11.67 + 0,29

3.36
111,44

3.2
0.88
G.04

0.05
13,38
0,65
0.95

52.69
6.08
.12

1
*

(TS ) PO R T B Y O B B

0.73
22,97

97.96

89,19

*n.d, = pot detectable



TABLE 16

AVERAGE CONCENTRATIONS OF POLYSACCHARIDE AND KEY METABOLITES

OF GETKENSIA DEMISSA AFTER ¥IELD COLLECTION (-2 DAYS),

Daya of Wypoxia

TWO DAYS ACCLIMATION (0 DAY) AND ONE TO FOUR DAYS OF HYPOXTA

42

-2 0 1 2 3 4
A. Mussel (polysaccharide in mg/g dry welght)
Size {cm) 11,75 11,83 11,33 11.67 11.67 1i.67
Dry welight (g) 3.04 2.8%9 .60 3.3 1.3 3.34
Polysaccharide 181.48 96,94 147,25 152.65 187,18 111.44
B. Metabolites {pmolefg dry weight)
Succinate 1.61 0,95 2.67 3.47 2.82 i.12
Malate i.76 1.79 1,32 1,70 1,28 0,88
n-keto-Glutarate - 0.29 0.05 0.05 0.03 D.04
Proplonate 1,34 2,65 2,23 7.02 19,83 33.38
iao-Butyrate 0.58 0,52 J.43 0,50 0,61 .65
Butyrate D.79 0.62 0.62 0.71 0.85 0.95
Alanine 25.11 26,88 13,58 42.91 47.37 52.69
Lactate 5.17 6.78 5.46 h.86 6,26 6,08
Pyruvate 0.25 0.29 0.12 0.29 (.19 0.12
C. Sum of metsbolites (pmole/g dry weight)
36.89 40,77 52.4B 61.51 79.24 97.91
I'. Sum of succinate, prepionate and alanine (pmole/g dry weight)
30,06 30.48 44,68 53.40 70,02 89.19




TABLE 7
AVERAGE CONCENTRATIONS OF SUCCTHATE, PROPIORATE AND ALANTNE OF
MUSSELS, GRUKENSIA DEMISSA AFTER FIELD COLLECTION (-2 DAYS),

TWO DAYS OF ACCLIMATICN {0 DAY) AND ONE TC FOUR DAYS OF HYPOXIA

Metabolites (pmole/g dry weight)

Dayas of Hypoxia Succinate Propionate Alanine Sum
-2 1.61 3.34 25,11 30.06

0 0,95 2,65 26.88 30.486

1 2,67 2.23 39,58 44 48

2 3.47 7.02 42,91 53.40

3 z2,82 19,813 47,37 70,02

& 3.12 33,38 32,69 89,19

Accumulation during four daye of hypoxia
2.17 an.73 25,81 58.71

% Accumulation

3.70 52.34 43,96 100,00
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FIGURE 7,

THE TIME DEPENDENT ACCIMULATION OF SUCCINATE, PROPIONATE
AND ALANINE IN GEYMENSIA DEMISEA.

Tmeediately after field ccellection (-2 days), two days
dcclimation with aerated water {0 day), one to four

days of hypoxia (1 to 4 days, respectively)
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welght after the asecand day and further Increased sharply and linearly with
time of hypoxia. After four daye of hypoxia, a concentratfon of 33,38 yg
molefp dry weight of proplonate wam noted. This repreeents a ten=-fold fn-
crease in propionate concentration (Table 17, Figure 7).

The initial concentration of alanine waa high (26,88 ymolefg dry
welght), After the firet day under hypoxic conditione, alanine levelas
increased to 39.58 ymole/g dry weight, From the second day on, a slower
but linear accumulation with time was cbserved (to 52.6% ymole/g dry weight)
which wag 1.96 timeg the original concentraticn (Table 17, Figure 7).

After four daye of hypoxia, the ymolar accumulation of propionate and
alanine was similar and much higher than succinate, but no increaee was ob-
gerved in malate, a-keto-glutarate, leo-butyrate, butyrate, lactate and
pyruvate (Table 16}.

The size and dry weight of the muasels vsed 1in this atudy were con-
alstent. However, since the concentratione of polysaccharlde were so
variable, pelygaccharide content wae not useful as a further fndicator

of the effect of hypoxtia.



DISCUSSION

Accumulgtion of Intermediates

This study demonetrates that timsue levels of succinate, propicnate,

and slanine increase in Gaukensia demissa held under hypoxic conditions. 1In

contrast to the vertebratea, lactate s found not to incresse in Geukengla
demissa under hypoxilec copnditifona. These obaervaticns extend and confirm the
work of cther investigatorz whe have found that other lamellibranch melluacs,
including Myeilus edulis (Kluytmans et al., 1975), Anodonta cygned {Gade et

L., 1975}, and Cardium edule {(Gade, 1975), respond to hypoxic conditions in

b

much the same manner {Table 18). Therefore, it would szem apparent that the
accumilatien of succinate, proplonate, and alanine under hypoxic conditiona
i characteristic of many, if not all, iamellibranch mollusca,

With reepect to alanine accumulation, a wide range 1s reported in thie
atudy (3.40 to 25,8 pmole/g dry weight) which representa 7.87 te 43,96% of
total accumilation (Table 18). Kluytmane et al. (1977) reported that alanine

only tranatently increased durfng the fivet hour of anoxia In Mytilus edulia

and then eventually diminished to near its original level. De Zwaan and hia
aggoclates also suggested that alanine was only the infrial end product of
bivalve anaercbic metabolfem (de Zwaan and van Marrewijk, 1973a; de Zwaan

et al., 1975; Gdde et al,, 1975; de Zwaan and Wijsman, 1976; de Zwaan et al.,
1976; Xluytmane et al., 1977). However, this study shows a subatantial in-

crease in the concentration of alanine from 16,88 to 29.58 ymolefg dry welght

46
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during the firet day of hypoxia, followed by a linear accupulation with time
to 52,69 ymolefg dry weight after four days of hypoxia (Figure 7, Table 17),

Some evidence indicates that the production of succindate and proplonate
are correlated and that the accumulation of proplonate followe that of ala-
nine (Kluytmanse et al., 1977). 'This zelstionehip is clearly {llustrated in
Figure 7.

Total accumulation of sucecinatre, proplonate and alanine ranged from
33.00 to 75.20 pmole/g dry welght i{n the five arudiez and is shown in Table
18, Because no glgnificant lactate accumulation waeg obeerved in any of
thege studien, lactate fermentation is believed to have only limited impor-
tance (Gide &t al., 1975).

In order te clearly obaserve these varilations {o metsbollte concentra-
tions, the experimental syatems used in this and other stoudies were somewhat

extreme because a submersiovn of Geukenaia demissa in oxygen deficient water

for two or more days would probably rarely occur in nature. Since some vari-
ability occurred in all studies, there are some likely sourcee of uncertainty.
Among thesas uncertaintiea, it {g atill unkpowmn te what extent animalas in
aerated water are actually reaplring, or whether they have tlesues in a hy-
poxic state. Other peoaglble reapone for the variation cf the succinate,
proplonate and alanine production are temperature (Widdows et al., 1979},
tissue (Chaplin and Loxton, 1976; Kluytmans and De Zwaan, 1976; Kluytmana

and De Zwaan, 1977; Ahmad and Chaplin, 1977; Livipngatone and Payne, 1977,
scagon (Ahmed and Chaplin, 1977), period of hypoxia, species and habitat.

This study of anaerobic metabalism cf Geukensla demtssn was conducted

during both winter (December 1978) and summer {June 1979), and the resules

af two days of hypoxia at 150C are compared in Table 19. Although no clear
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TAELE 19

CONCENTRATIONS OF POLYSACCHARIDE AND SOME METABOLITES

OF WINTER (DECEMBER 1978) AND SUMMER {JUNE 1979)

MUSSELS, GEUKENSIA DEMISSA, AFLER TWO DAYS OF HYPOXIA

December 1978 Juna 1979
% + 8.0, % ¥ 5.0,
fn = 4) {n = 1)
A, Condicicns
Sallnity 17.1 o/foc 14.4 ofoc
Disaclved oxygen <0.04 ppm <0.04 ppm
E. Mupgels (pelyaaccharide in mgfg dry weight}
Size (cm) 11.13 + 0.25 11.67 + 1,04
Dry weight (g) 2.52 + 0.37 3.31 + 0.04
Pelysaccharide 84,.5¢ + 34,10 152,65 + 16.58
€. Metabelites (ymcle/g dry weight)
Suecinate 13,63 + 13.03 3.47 + 2.18B
Malate 2.78 + 1.15 1.70 + 0.53
a=keto-Glutarate 0.38 + 0.29 0.05 + 0,01
Proplonate l4.18 + 6,48 7.02 + 2.68
tao-Butyrate 1.18 + 0,42 0.30 + .16
Butyrate 1.08 + 0.20 ¢.71 + 0,17
iao~Velerate 0.19 + 0,06 -
Alanine 71,08 + 7,21 42,91 + 4.15
Lactate 6.43 ¥ 1.1 4.86 + 1,21
FyTuvate 0,57 + 0,34 -
D. Sum of metabolites {pmole/g dry weight)
117.48 £1.22
E, B5Sum of succinate, propionate and alanine {(pmole/g dry weighe)

104,67

33.40
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conclusion can be derived concerning temperature and seasonal effecta, con-
centrations of all metabolites were higher in winter than in pummer mimsele.
This difference may be partially attributed to palinity (17.1 ¢foc {in Decem=
ber 1378 and 14.4 ofoc in June 1979) or, more likely, the changing physiolog-

lcal state of the organiems during the warmer period.

Concentratlons of Krebs Cycle Intermediates

The abundance of Xrebs cycle intermedfates in various tilmsues of

Crassostrea virginica and whole Geukensia demlgsa determined in this atudy

i3 shown in Table &, those of Crassoetrea vipginica mantle and other organ-
Lame are compiled £n Table 20, Although precise comparison may be inappro-
priate because of variatione in experimental conditicns and analytieal
methods, aowe tendencles are notewerthy, Suceinate concentraticon in nmole/g

wet welght varled from 38 to 510 in Geukensis demlssa and from 13% to 479 in

Crageostrea virginica as determined in thies etudy (Table 6). Succinate was
much lower than the 29,661 nmole/g wet wefghe in oyeter mantle reported by
Hammen and Wilbur (19592) but waa similar to 240 in Mytilus edulis {(De Zwaan
and Zandee, 1972b). Concentrationa of Krebs cycle intermediates in Crae-

Bostrea virginice and Mytilus edulie determined from this study are also

comparable to those of rat (Kuksis and Prioreachi, 1967) and guinea pig (de

Silva, 1971%.

Metabolic Scheme for Molluacan Anaerchbiogia

As a conceptual tool for focusing on further experimentation in anaerc-
biopls with lamellibranch meillusca, the following hypothetical scheme (Figure
4) which buflda on that of other workers (Glllea, 1972; Hochachka and Mustafa,
1972; Hochachka et al., 1973; De Zwaan et al., 1973; De Zwaan et al., 1976;

Hochachka, 1976; Collicutt and Hochachka, 1977} ia proposed, The salient
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FIGURE 8., A HYPOTHETICAL SCHEME OF GREUKENSIA DEMISSA ANAEROBIC
METABOLISH.

Double lined box i3 mitechondrion.
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features of this gcheme arae:

(1) the Embden-Meyerhof-Parnas echeme of glycolvels,

{2y carbon dioxide Fixatian,

{3} the Kreba cycle,

{4 transaminatfon,

{5) part of the electren transpore chafin for fumarate reduction, and

{6) methyl malonyl-Co A ar an intermediate in the formation of

prapionate.
This information 1s advanced one atep further with reapect to ¢cytoenl-
mitochodrial compartmentation and redex balance, To date, this is the only
bivalve anaercbhbic metabolic scheme which contains all thege essential con-
flderations and differs from othere by achleving redox balance,

Aa a point of reference, thie propogsed scheme gtarts from glycogen.
Glycogen, known to be the wost frportant carbohydrate reserve for bivalve
metabolism, f{e broken down to pyruvate via the Embden-Meyerhof-Parnas path-
waya. At this point, the major branchpoint of aerobic and anaerobic metab-
o0liepm in the cytoeol 18 reached. This branchpeint is contrclled by pyruvate
kinage for pyruvate formation and by phosphoenolpyruvate carboxykinage for
oxaloacetate formation, a component of the Kreba cycle.

The Krebs ¢ycle could also be entered by the formation of malate,
catalyzed by the action of malic enzyme on phosphoenclpyruvate and carbon
dioxide. Walate may be able to cross the mitochondrial membrane, as in
higher organfsma (Lehninger, 1970) and thus, the reacticne of the cytoaonl
may be coupled through this substrate. HMalate dehydrogenase has been local-

ized in both the cytosol and the mitochondrion of the glant acallop,

Flacapecten magellanicus {0'Doherty and Feltham, 1971),
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The further conversfon of malate to succinate by reversal of the stepa
of the Krebs cycle has been extenaively studied. These stepe are catalyzed
by fumarase and fumarate reductase. Both enzymes have been localized in the

mitochondrion of the clam, Rangia cuneata {Chen and Awapara, 196%) and the

scallop, Placopecten magellanicus {U'Doherty and Feltham, 1971), amd Mytilus
edulls (Addink and Veenhof, 1975). In thie pathway, high energy pheaephate
ie generated and NADPH is produced by several reductive steps in the
mitochondrion.

In coneidering the pivital role that malate may agsume fn egnaerobioais,
the partial sequence of the Krebs cycle
{(malate * oxaloacetate + cltrate + f{so-cltrate »g-keto-glutarate)
haa been incorporated in this bypothetical anaerobfc ascheme. This interpre-
tation differs from that of Hochachka and his assoclates who argued that al-
though citrate aynthetase hag normal activity fin molluacan tigsue, these re-
actions were undesirable under anoxic conditiona because an increase in the
reductive state of the cell would yesult (Hochachka gt al., 1975; Fielda,
1976; Fields et al,, 1976; Fielda and Hochachka, 1976; Baldwin, 1978). 1In
the schems propased here (Figure 8, inside beox), redox balance is maintalned
with these forward reactiong and ATF can be generated by reoxidizing NADH.
Other enzymes which catalyze theee reactionas malate dehydrogenase (O'Doherty
and Feltham, 1971); malate enryme {de Zwaan and van Marrewllk, 1973b); iso-
citrate dehydrogensase (Addink and Veenhof, 1973) heve been detected in the
molluscan mitechondrion.

In contrast to the central position of malate in anhaerobiceis, all
atudies on bivalve anaerobic metabolism have detected a certain degree of

alanine sccumulation (Table t8Y. The source of the alanine is gtill
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questicnable but, at present, the transaminaticn of pyruvate with amine acida
e the most widely accepted scheme. The enzyme, alanine amino-transferase,
localized in wolluscan mitechondria {Addink and Veenhof, 1975), {s indirect
evidence In support of tranmamipaticn as the source of alanine formation,
However, alternative achemes, such aes the alanine dehydrogendse reaction,
have not been carefully examined. Alanine plays an Important role Ln regu-
lation of aeroblec and anaerchbic metabolism because it is 4 strong inhibitor
of pyruvate kinaze activity and ie a positive modulator to phosphoenolpyruvate
carboxykinase (Mustafa and Hochachka, 1973a, b).

Ag in the came of alanine, ptroplonate acetnmilates but with a different
time course, The mechanism of proplonate formation in angerobic tisgue has
been recently studied in parasitic helminths (Tkachuck et al., 1977; Saz

et al., 1978). Avallable evidence is consistent with the following echeme:

Succinyl-Coa + Methylmalonyl-CoA (4}
Methylmalonyl-CoA + E + C0s - E + Propionyl-CoA (%)
Propfonyl-CodA + Succinate + Proplonate + Methylmalonyl-Cold (6}
CO; - E + ADP + Pi + €0z + ATP +E . N
Hum
Succinyl-CoA + Succinate o+ Proplonate + Methylmalonyl-CoA {8)
+ ADF + P1 + COy + ATP

Although the metabolic formaticn of proplonate in molluscs haa not bean

examined, it is not unreasonable to postulate & eimilar pathway.



56

In additlon to the sccum:lation of Intermedlary metabolites and the
enzymes asgociated with them, redox balance 1e a&leo an fmportant consldera=
tilon. To facilitate the discussfon of redox balance, energy-rich phosphate
generation, metabolite accumulation and cowpartmentation, numbers are as-
gigned to these compounds Iin the model (Figure 8)., In keeping with carbon
balance, it is agpumed that one mole of glutamate Is mobillized gimultaneounaly
with every five molea of glucoalides consumed. A bBalance sheet ia preaented
in Table 21 where tedox balance ia malntalned separately in the cytosol and

the mitochondrion. The overall reaction may be written as:

5 Glucoaideg + 1 Glutamate + 2 C0O2 + 2 CoASH + 24 ADP + 24 PL —~

5 Bucclinate + 1 Alanine + 2 Proplonate + 2 Succinyl-CoA + 24 ATP , (%)

It the above gecheme (9}, glutamate may be in an internal pool or de-
rived from protein decompositien, Carben dioxide may be abecrbed from water

ot generated by decalcificaclon of the shell under the anoxic condition, as

propoaed by Crenghaw and Neff {1969) and Wijesman (1975} for Mytilus edulis.
Of the 24 ATP generated, seven are obtained through oxidative phosphoryla-
tion as a result of the flavin-linked fumarate reductase reaction (Saz, 1971),
whereas the othera are all through subatrate phosphorylation. The energy
efficiency 18 4.5 molea of ATP from the simultaneoua consumption of one mole
of zlucose and one-~-f1fth mole of glutamate; a comparable efficlency was
eatimated as aix moleg of ATP from each mole of gluccse by De Zwaan et al,
(1%76).

Furthermore, the twe males of aueccinyl-CoA may be converted to proplon-

ate; thus, the overall reaction for the next five moles of glucosides ig:



37

TABLE 21
BALANCE SHEET OF AMAEROBIC METABOLISH OF

GEUKENSTA DEMISSA ACCORDING TO THE HYPOTHETICAL SCHEME

NADH Energy Rich cOg
Reactiona FADH, Pheaphate Production
A. Cytoplaam
:lucogide (5} (in Glycogzen)
F-6-P(5) ~ FOP(5) =5
GC=3-F(10% - 1,3=-dPCA(10) 10
1,3-dPGAC10) -+ 3=-PGA(1Q) 10
PEP (10} -+ OAA (1) 1a =10
0AA (1) -+ HMalate (1D) =10
B. Mitochondrion
Glutamate {1) mobilized
Malate (1) -+ OAA (1) 1
Malate {2} -+ Pyruvate (2) 2 2
Pytuvate (1} -+ Acetyl=CoA (1) | 1
lao«Citrate (1) -+ o-kGA (1} 1 1
e-kGh (23} -+ Succinyl-CoaA {2) 2 b
Methyilmaleonyl-CoA {(2) -+ Proplonyl-CoA (2) Z 2
Fumarate (7)Y =+ Succinate ({7} -7 7
Sum 0 24 -2

5 Glucosidea + 1 Glutamate + 2 {02 + 24 ADP + 24 PL + 26 CoASH -+

5 Succinate + 1 Alanine + 2 Propionate + 2 Succinyl-CodA + 24 ATP
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5 Glucoaides + ! Glutamate + 2 Succinyl-Cod + ? CoASH + 26 ADP + 26 P1
3 Succlnate + 1 Alanine + 4 Proplonate + & Succinyl-CoA + 26 ATP . {10}

Propionate fermation la cowpled with suceinate s8 shown in this model
(Figure 8). Thus, thias coupling may explain the lag of proplonate accumula-
tion and the non-accum:lation of guccinate under the hypoxic condition (Fig-
ure 7}. In contraat to anaerobic mollumcen metabolism, the pathways of
aercblc metaboligm in mollusca would be similar to that of higher organigma,
The net reaction may be wriltten aas:

1 Glucoside + 6 09 + 6 COy + 6 H2Q + 37 ATP . (11)

Of the 37 meles of ATP generated aercbically (Lehninger, 19703, 32
molea are through axidacive phosphorylation with oxygen as final electran
scceptor, the primary reaacn for the greater efficiency of aerobic metabolism.
Thue, bivalve anaerobic metzboliam is somewhere between the highly efficient
acrobic metabolism and the lega efficient production of ethanol by fermenta-
tion or accummlation of lactate by anaercbic ouscle glycolyais,

Although anaerobic metabolism as presented here Ia only 13% as efficient
as aerobic metaboliam in energy production, there was no clear indication of
increased glucose consumption under the hypoxic condition. A possible ex-
planation 1s that bivalves may decreape their energy utilization under oxygen
deficiency, as suggested by McCarthy (1969), Bayne (1971, 1973, 19215},

De Zwaan and Wijsman (1976), De Zwean et al. (1976) and Philley (1978).

In conclueion, this study determined that succinate, propionate and

alanine accumlated when the ribbed muggals, Geukensia demiaga wers held

hypoxically. This result i{s consistent with those cbtained for Mytilue edulias,

Ancdonta cygnea and Cardium edule by other investigators. Thus, the evidence

prepented from this study and that of the literature indicatea that most bi-

valve molluges have aimilsr metabolic pathwaya,
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SINMMARY

Angserchbic metaboliem has been investigated in the intertidal biwvalve,

Ceukenaia demisaa, In order to generalize and elaborate on earlier

studiesg, using other bivalves. Geukensis demispa is taxonomically

and ecologically mimilar to Mytilus edulig and anaerohic metabolism

ie belleved to be essential for survival during air exposure periods.

Specimens of Geukensia demigsa were maintained in either aerated or
hypoxic water for up to four daye. Major metabolites and polysac-

charide of each muasel were then analyzed and compared,

To date, thla 1a the firet atudy of bilvalve anaerobic metabol{sm Iin
which a1l those compounds were measured in each individual organism

inatead of pocled tlssues.

Both defined term and time courae studies were conducted using megsels

under winter and summer conditfons.

A sengitive gas-liquid chromatographic method which analyzeg seven
Krebs eycle Intermediates slmultanecusly was adopted for this frmvesti-

gation after sparisfactory teats with oysters, Crassostrea virginica,

Within the group of Krebs cycle intermediatea, only puccinate haa been

analyred by other inwvestigators of bivalve a&naerobic metaboliam,

59
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In Geukensie demigsa, succinate, proplonate and alanine accurulated
hypoxically but not malate, a =-keto=-glutarate, cls-acenitate, citrate,
iso-butyrate, butyrate, iso-valerate, lactate or pyruvate. The poly-
gaccharide content of each musael was quite different and did not show

a clear indication of decresse under the hypoxic conditlion,

Propicnate production was ghown to follow succinate accumulation,

which corrcborates an earlier report for Mytilue edulis. The linear

increase of alanine concentration with increaaing duration of the

hypoxic period obaerved in thies study has not been reported previously.

Repultg obtained from this study are conaslstent with those derived for
Mytilus edulis, Anodonta cyghes and Cardium edule by other irvesatiga-

tora. Thus, these data euggeat that aimilar snaerobic metabolic path-

ways exist among bivalves.

A hypothatfcal acheme pf bivalve anaerobic metabolism is proposed in
which redox balance im achieved Iin both cytesol and mitechondria., Thie
scheme incorporatee parte of the Embden-Meyerhof-Parnas glycolytic
pathwaya, carbon dioxide fixation, the Krebs cycle, transamination and
pathwaya for proplonate formation. To date, this i1s the only bivalve

anaerobic motabolic scheme whieh containa all these essential conaldera-

tions.
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B, METABOLITES

Abbreviarions Full Name
0 ~kGA a-keto-glutarate
1,3-dPGA 1,3-diphosphoglycerate
FDP D-fructoge-1,b-diphogphate
F-6-P D=-fructose-b-phesphate
G=1-P D=glucose-1-phosphate
G=-3«P glyceraldehyde-3-phosphate
G=6-P D-glucose-6-phosphate
DAA oxaloacetgte
PEP phosphoenolpyruvate
2=PGA 2=phosphoglycerate
3-PGA 3-phoephoglycerate
VFA volatile fatty acid
Ca acetlc acld=ethanoic acid, acetate
Cy propionic acidepropancic acid, proplonate
{eo-C4 imo-butyric acid=2-methyl-propancic acid,
Lsa-butyrate
4 n-butyric acid=n-butanoic acid, n-butyrate
iao-Cg igo-valeric acid=3-methyl-butanoic acid,

€5

iso=valerate

n-valeric acld=n-pentancic acid, n-valerate




TG

C. COENZYMES

Abbreviatione Full NHame
ADP sdenonsine diphosphate
ATP adencaine triphogphate
CoASH CoOBNZYmMe A
FAD flavine adenine dinucleotide {oxldized}
FADHZ flavine adenine dimucleotide (reduced)
GDFP guanogine diphosphate
GTIF guanosaine triphosphate
1np fnoaine diphcaphate
ITP inoaine rriphogphate
HAD nicotinamide sdenine dinucleotide (oxidized)
NADH nlcotingmide adepine dinucleotide {(reduced)
NADP nicotinemide=-adenine dinucleotide phaosphate
{oxidized)
NADPH nizotinamide-adenine dinugleoride phogphate

{reduced)
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