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Abstract 

The extent of genetic variability at enzyme gene loci is assesed in twelve species of marine 

bivalve molluscs of actual or potential commercial importance. Approximately one third of these 
loci are polymorphic, average heterozygosity is 0.14, and an average of 3.9 alleles are 

segregating per polymorphic locus. Hatchery-produced samples exhibit a lower proportion of 
polymorphic loci and a loss of some alleles at polymorphic loci. In two hatchery-produced 

families of Crassostrea gigas, phenotype frequencies at two loci depart from Mendelian ex

pectations in young individuals. The implications of these hatchery induced alterations are dis

cussed, together with some possible applications of biochemical genetics in molluscan 

mariculture. 

Introduction 

As for all other organisms the artificial production of any species of mollusc can be 
expected to result in reduced genetic variability in the cultivated offspring as compared 
with that observed in natural spatfalls in wild, outbreeding populations. The magnitude 
of this reduction in genetic variability and its significance depend, inter alia, on the ex
tent of genetic variability characteristic of the wild population, the degree of out
breeding in the wild, and the number and origin of spawning parents used in the ar
tificial production. Since most bivalve molluscs are highly fecund, outbreeding species, 
while laboratory and pilot scale hatchery procedures utilize only small numbers of 
parental individuals, it appears that a high degree of inbreeding and genetic im
poverishment is an inevitable outcome of hatchery production at pilot scale and less in
tensive levels. In order to understand what, if any, might be the consequences of such 
inbreeding and genetic impoverishment, Some indication of the extent of genetic 
v~riability in wild populations and the manner in which this relates to habitat and en
vlronrnental variability is necessary. The analysis of genetic polymorphisms at gene loci 



~ 

m ,; 
~ 0 
M " 0 0 

"-
W 

~ 
u 
ro 
0 

m ." ro 
ro u 
0 :0 

f' 
0. 
E 
>-

'0 
:;; "-

" .9 
b 
c 

~ 
0. 

t 

'" 
0. 
"-
0. 

"-
en 

551 550 N, P. Wilkins 

encoding various enzymes offers a relatively simple ana effective means of assessing 
minimum levels of genic variability at these loci in different species. Based on data 
derived from electrophoretic studies, this paper discusses the extent of genic variability 
in wild populations of cultivable molluscs, the patterns of this variability, the influence 
of hatchery production on its extent, and the possible applications of these results in 
laboratory and pilot scale programmes. 

Extent and patterns of genic variability 

As a result of extensive studies on enzyme polymorphisms in a variety of vertebrate 
and invertebrate species undertaken in recent years, estimates are now available of 
levels of genic variability in wild populations. Among invertebrate species (principally 
Arthropoda) between 20 % and 50 % of gene loci encoding enzyme proteins have more 
than a single wild-type allele, and the "average'" individual of a species is hetero
zygous at 15 % of its enzyme-gene loci (Selander and Kaufman, 1973). Since only ap
proximately one third of amino-acid substitutions re'sult in electrophoretically detec
table alterations in phenotype, it is likely that estimates of total genic variability based 
on electrophoretic data are too low, although to what extent is unknown. Nevertheless, 
it is quite clear that genic variability is considerably more prevalent in wild populations 
of invertebrates than was ever suspected until quite recently; so much so, indeed, that 
the concept of "wild-type allele" is not applicable with respect to many enzyme loci. 

In table I the data presently available on genic variability in marine bivalve molluscs 
of actual or potential commercial importance are summarised. One major feature of 
Table I is the relative paucity of information on these species, when compared with that 
available on, e.g. Drosophila sp., where more than 30 distinct loci are scored routinely 
(Ayala et al., 1974). Nevertheless, it is of value to present these data now since hatchery 
production and rtlSn-age;;;~nt of wild populations are increasing and few accessible 
populations are likely to remain unaffected by mariculture in one of its aspects for long 
more. 

Amongst the bivalves, Mytilus edulis L. is clearly the most studied organism (seven 
loci and approximately 12,000 tested individuals, Table III whereas in other species only 
a single enzyme locus has been adequately surveyed. Based on the actual loci surveyed, 
two or more alleles are segregating at almost 90 % of the enzyme-gene loci in the 
species listed. If, for every species in Table I, each untested enzyme is assumed to be 
encoded by a single homologous monomorphic locus, then 45 of the 120 possible loci 
(approximately 37 %) are definitely polymorphic. This figure is well within the wide 
range of values (20-50 %) reported for other invertebrate taxa (Selander and Kaufman, 
1973). In other words, these marine bivalves are just as variable genetically as other 
non-marine animal groups, in terms of the proportion of enzyme gene loci at which mu
tant alleles are segregating. 

Details of the variable loci summarised in Table I are presented in Table 11. These in
clude the number of individuals tested, the number of alleles at each locus and the 
proportion of individuals, of each species, heterozygous at each locus. In the different 
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TABLE I 

Monomorphic and polymorphic enzyme gene loci in commercially important bivalves 

Proportion of loci 

Enzyme-gene loci analysed Number polymorphic 

Species of loci 
AAT PGM AP Est PGI TO LAP LDH MDH tested A B 

\p Mytilus edu/is L. 1M 
1P 1P 1P 1P 1P 7 0.857 0.600 

Modiolus demissus Dillwyn 1P 1P 1P 1P 4 1.000 OA44 
1M • Ostrea lurida Carpenter 1P +- 2 0.500 0.100 

1M 
Ostrea edulis L. 1P 2P 1P 1M 1P 7 0.714 0.455 

Crassostrea angulata Lamarck 2P 2P 1P 1P 6 1.000 0.545 

Crassostrea gigas Thunberg 2P 2P 1P 1P 6 1.000 0.545 

Mercenaria mercenaria (L.) 1P 1P 1P 3 1.000 0.333 
1M 1M 

Tapes decussatu5 (L.) 1P 1P 1P 5 0.600 0.273 

Cerastoderma edu/e (L.) 1P 1P 2P 4 1.000 DADO 

Ensis ensis (L.) 1P 1.000 0.111 

Pecten maximus (L.) 2P 1P 1P 4 1.000 0.400 

Chlamys opercularis (L.) 1P 1P 2 1.000 0.222 

Total: 51 0.889 0.369 

M monomorphic locus (frequency of commonest allele >0.99), 

P polymorphic locus (frequency of commonest allele <0.991. 
Enzyme not tested. 

Proportion of loci polymorphic: A: proportion of actual loci tested which are polymorphic in each species. B: proportion of loci polymorphic in each species, if 

all untested enzymes in that species are assumed to be encoded at a single monomorphic locus. 

Abbreviations for enzymes in this and other tables: AAT: aspartate aminotransferase (E.C. 2.6.1.1); PGM: phosphoglucomutase (E.C. 2.7.5.1): AP: amino

peptidase (E.C. 3.4.1.3); Est: esterase (E.C. 3.1.1.2); PGI: phosphoglucose isomerase (E.C. 5.3.1.9); TO: tetrazolium oxidase; LAP: leucine aminopeptidase (E.C. 

3.4.1.1); LDH: lactate dehydrogenase (E.C. 1.1.1.28); MDH: malate dehydrogenase (E.C. 1.1.1.37). 
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TABLE II 

Genic variability In commercially important bivalves 

Species and locus N, N, H Source 

Mvtilus edulis 
AAT I 645 1 0.0 

AAT II 645 6 0.254 

PGM > 1,500 5 0.620 14 

PGI > 1,000 9 0.744 5, 14, 15 

AP > 1,000 7 0.626 9 

LAP > 10,000 5 0.596 2, 5, 7, 9, 13 

MDH 359 2 0.036 7 

Mean 5.0 0.411 

Modiolus demissus 

PGI 62 6 0.615 5 

TO > 2,500 2 0.335 8 

LAP 360 5 , 0.601 5 

MDH 294 2 0.086 

Mean 3.8 0.409 

Ostrea fur/da 

AAT I 108 0.0 3 

AAT II 108 3 0.526 3 

Mean 2.0 0.263 

Crassostrea angulata 

EsF 50 2' 0.020 1 11 

EsS 50 4 0.696 11 

PGM I (20 4 0.059 1 16 

PGM II <20 2' 0.020 1 16 

PGI ..- .~O 4 0.155 11 

LAP < 20 3 0.039 1 16 

Mean 3.2 0.158 

Crassostrea gigas 

EsF 43 2' 0.020 1 11 

EsS 43 4 0.581 11 

PGM I 250 3' 0.039 1 16 

PGM II 250 2' 0.020 1 16 

PGI 48 5 0.266 11 

LAP 200 2' 0.020 1 16 

Mean 3.0 0.158 

Mercenaria mercenaria 

PGI 55 6 0.600 5 

LAP 60 4 0.615 5 

LDH 211 5 0.524 6 

Mean 5.0 0.580 

Ostrea edulis 
EsF 346 2 0.106 10 

EsM 348 2 0.542 10 

PGM 50 3 0.529 16 
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Source 

14 
5, 14, 15 
9 
2. 5, 7, 9, 

7 

5 
8 

7 
7 

3 

3 

11 

11 
16 
16 
11 
16 

11 
11 
16 
16 
11 
16 

5 

6 

10 

10 
16 

5 

13 
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TABLE If (continued) 

Species and locus 

PGI 
LAP 
MDH 

MDH II 
Mean 

Cerastdderma edule 
PGM 
PGI 
LAP 
LAP II 

Mean 

Chlamvs opercularis 
PGM 
PGI 

Mean 

Tapes decussatus 
PGM 
PGM II 

PGI 
LAP 
LAP II 

Mean 

Ensis ensis 
PGI 

Pecten maximus 
PGM 
PGM 
PGI 
LAP 

Mean 

-

N, 

366 
50 
21 
21 

46 
124 
58 
57 

<20 
115 

192 
192 
279 
239 
239 

46 

--< 20 

< 20 
356 
20 

N\ total number of individuals analysed. 

N. 

2 

3 
2.0 

4 
7 
4 
3 
4.5 

3 
4 
3.5 

4 
6 

4 
3.2 

3 

3 
3 
9 
3 
4.5 

N, : number of electrophoretically distinct alleles detected. 

H 

0.046 

0.0 
0.0 
0.625 
0.264 

0.540 
0.694 

0.569 

0.456 

0.565 

0.039 1 

,,0.524 
0.282 

0.0 
0,416 
0.609 
0.0 
0.293 
0.264 

0.612 

0.039° 

0.039° 
0.815 
0.850 
0.436 

Source 

10, 16 

16 
16 
16 

16 
16 
16 
16 

16 
4 

16 
16 
12, 16 
16 
16 

12 

16 
16 
4 
16 
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H heterozygosity, the proportion of heterozygous individuals calculated from the Hardy Weinberg 

equilibrium, averaged over the populations tested. Mean heterozygosity for each species is the un

weighted mean of the heterozygosities at all loci examined in that species. 

minimum number of alleles. The true actual number cannot be determined because of scarcity of ap

propriate data, or hatchery origin of sample. 

I It is not possible to calculate accurately this value in natural populations from very small samples, or for hat

chery-bred material. The value given is a minimum value calculated on the premise that mutant alleles occur 

with maximum frequency of 0.01. 

Sources: 1) Johnson and Utter, 1973; 2) Boyer, 1974; 3) Johnson et al., 1972 ; 4) Wilkins, 1975; 5) Levinton, 

1973; 6) Pesch, 1972; 7) Koehn and Mitton, 1972 ; 8) Koehn et al., 1973; 9) Mitton and Koehn, 1973; 10) 

Wilkins and Mathers, 1973; 11) Mathers et al., 1974; 12) Wilkins and Mathers, 1974: 13} Milkman and Beaty, 

1970; 14) Gosling, unpublished; 15) Koehn, 1975; 16) new data presented here. 
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species, heterozygosity varies from 0.15-0,6·j ; the average heterozygosity over the 12 

species and the 51 ioci is 0.367, i.e. the "average" individual is heterozygous at over 

one third of its loci. Once again, if those loci which are scored in one species and not in 
others are assumed to be encoded at a singie monomorphic iocus in the untested cases, 
the average heterozygosity over aH 12 species and air 120 loci is 0.142., i.e. the average 

individual is heterozygous at approximately 'J 4 % of its JocL This compares with a 
value of 15 % for other invertebrate species (Selander and Kaufman, 1973). 

One further item of comparison is important: among invertebrate species, three 

alleles, on t.he average, are segregating at polymorphic iocl (Selander and Kaufman, 

1973); among the bivalves discussed here an average of 3.9 alleles per locus are 
segregating at the 45 polymorphic loci tested. This value reduces to 3.4 alleles per 
locus if the very highly polymorphic and extensively analysed PGI locus is excluded, 
although there is no valid reason for its exclusion. 

These values for heterozygosity and mean number of alleles per locus are minimum 
values. Some of the samples in Table Ii are hatchery-bred stock, or are numerically 
small samples, neither of which can be used with confidence to determine true allele 
numbers or heterozygosities. The !ollVer value (0.369) given in table I for the proportion 
of polymorphic loci is likely also to be an underestimate of the true value. These 

limitations are not unduly disadvantageous since for the purpose of this paper it is more 
important to indicate the minimum extent of genic variability rather than make more 
exact estimates of its precise level. Even as minimum values, the figures presented here 

are high. Ayala and Valentine (1974) have stated that species inhabiting shallow water 
in temperate latitudes have lower genic variabilities than those in the trophically stable 

tropics and the deep sea. [f their observations refer to marine invertebiates in general, 
as it appea~-s they do, then the variabilities presented here, which are similar to those of 
Ayala and Valentine 11974), do not accord with their hypothesis. 

Just as important as the extent of genetic variability is the pattern of its expression in 
wild populations inhabiting"dtffe~i;'g geographic and ecological areas. 

VVithin any species the commoner alleles occur in all populations, with differing rare 
arteies characterising geographically separated populations. The commoner alleles, 
hO\lvever, tend to exhibit differing frequencies in the different populations, e.g. AAT in 
populations of Ostrea lurida IJohnson el al., 1972), EsM in Ostrea edulis IWilkins and 
Mathers, 1973) and LAP in Mytilus edulis IMilkman and Beaty, 1970; Boyer, 1974; Koehn, 

1975). In some instances, e.g. PG! in Pecten maximus (Wilkins, 1975) and LAP in Mytilus 
edulis (Boyer, 1974; Koehn, 1975), an allele which is the most common in one population 

is not the most common in another, Changes in aHele frequencies or genotype propor
tions may vary c!inany over large geographic areas, e.g. LDH in Il.1ercenaria mercenaria 

IPesch, 1972) and PGI in Mytilus edulis IKoehn, 1975) or along ecological gradients 
within a single locality, e.g. LAP in Mvtilus edulis IBoyer, 1974; Koehn and Mitton, 1972), 

and TO in Modiolus demissus IKoehn et al., 1973). Levinta" (1973) and Wilkins 11975) 
have correlated variability at the LAP and PG! loci in a number of species with en

vironmental heterogeneity at different levels of the littoral zone. Thus, two patterns of 
genetic variation are evident namely variation between geographically separated 
populations and between populations in ecologically different habitats within a single 
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geographic locality. Taken together, these suggest that genetic variability is related to 
ecological heterogeneity occuring within and between areas. Similar examples of such 
complex patterns of genetic variability could be presented for other marine taxa. The 

examples cited here suffice to indicate that it is not possible to predict with any ac
curacy the pattern of variability to be expected at anyone locus in any given species by 
extrapolation from data for other species or loci. This very unpredictability has im

portant implications when considering the choice of suitable parent stock for hatchery 

breeding. 

Influence of hatchery production 

Genetic differences between hatchery stock and wild populations are induced in a 
number of different ways, viz. a) the choice of founder parent individuals, b) the larger 

proportion, in hatchery stocks, of full-sib and half-sib offspring, c) the differential sur
vival of zygotes due to their genetic constitution or to artificial hatchery conditions, and 

d) the extent of subsequent inbreeding. 
The genetic consequence of the choice of founder PQrents is illustrated in Table III. 

Because of the extensive genic variability characteristic of wild populations it is 
inevitable that a large number of genotypes present in wild populations will fail to be 

represented among those individuals chosen to constitute the founder stock of hatchery 

families. In Table 111, for example, of the nine alleles observed at the two loci EsS and 

PGI in wild C. gigas, only three are evident in hatchery produced individuals; of the 150 
distinct genotypes possible in wlld populations, only two are observed in the hatchery 

stock and unless new genotypes are introduced by appropriate outcrosses in sub
sequent generations, only three distinct genotypes can ever be generated between 

Gene 

locus 

EoF 

PGI 

PGI 

TABLE III 

Reduction in geni,ftAadabi1'rt)! in hatchery produced shellfish compared with wild populations 
(Data condensed from Wilkins and Mathers, 1974: Mathers et al., 1974 and unpublished data) 

Origin 
sample 

Wild 

Hatchery 

Wild 

Hatchery 

Wild 
Hatchery 

Number of 

alleles 

4 
2 

5 

6 

3 

Number of phenotypes 

possible 

Crassostrea gigas 
10 

3 

15 

Tapes decussatus 
21 

6 

Os/rea edulis 

Number of 

phenotypes 

observed 

10 
2 

5 
1 

14 
4 

Number of 

individuals 

43 
50 

48 
50 

279 
35 

MDH II Wild 

Hatchery 

3 
3 

6 5 21 
6 3 34 
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these two loci in the absence of new mutations. Similar reduction in variability will oc
cur at other loci with multiple alleles. Since approximately 37 % of all loci are poly

morphic in wild populations, hatchery stock will inevitably suffer considerable genetic 
impoverishment as a result of the random selection of small number of founder in
dividuals. 

Even in those cases where, through random but fortuitous choice of parents, alleles 
are not lost to the hatchery stock the maintenance of large numbers of sibs from re

latively small numbers of parental crosses may significantly alter phenotypic propor
tions from those characteristic of wild populations. Consider, for instance, the data in 

Table IVan certain enzymes in wild O. edu/;s and in two separate hatchery populations. 
At the PGI locus both hatchery stocks are quite similar in allele and phenotype 
distributions to wild oysters collected in West Ireland. At the PGM and MDH II loci 
however, the stock from hatchery A resembles the wild population more closely than 

does that from hatchery B. This result is hardly exceptional, since the parents of stock 

A were collected from a natural population in West Ireland, whereas stock B was 
produced elsewhere. The importance of the observation lies in the fact that if spat from 
both hatchery stocks are laid out in West Ireland, those fror"n hatchery A will more 

nearly resemble a natural, locally adapted, population than those from hatchery B. 
Whilst no alleles have been lost in either hatchery population, the phenotypic propor

tions in stock B differ considerably from those characteristic of natural oyster stocks in 
the growing locality. From the point of view of adaptation and response to local en-

TABLE IV 

Comparison of variability at three enzyme gene loci In two hatchery-produced 

and one wild stock of the European oyster. Ostrea edulis L. 

Phosphogiucose isomerase phenotypes Allele frequencies 

Origin of .. '"v Number of 

sample AA AB BB individuals A B 

Wild 143 7 0 150 0.977 0.023 

Hatchery A 32 4 0 36 0.944 0.056 

Hatchery B 68 0 69 0.993 0.007 

Phosphoglucomutase phenotypes 

AA AB BB AC BC A B C 

Wild 11 26 10 0 3 50 0.480 0.490 0.030 

Hatchery A 19 29 13 0 62 0.548 0.444 0.008 
Hatchery B 42 16 2 4 0 64 0.813 0.156 0.031 

Malate dehydrogenase II phenotypes 

AA AS BB AC BC CC A B C 

Wild 2 3 0 12 3 21 0.167 DADS 0.429 

Hatchery A 4 2 2 11 3 23 0.239 0.370 0.391 

Hatchery B 0 3 0 0 12 19 34 0.044 0.221 0.735 

.> 
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vironmental variability - factors which may effect the success of the laying out proc
cess - it is the proportions of phenotypes rather than allele frequency per se which is 
the important consideration for a single generation. 

In the offspring of a mating between a single pair of parents, genotype proportions at 
each locus will normally (i.e. in the absence of meiotic drive and gametic selection) be 
in Mendelian ratios at fertilization. Selection occuring subsequently may alter these 
ratios through differential mortality. It is not possible to analyse zygotes immediately 
on their formation, but juvenile individuals of some species can be analysed from about 
6 weeks post settlement. In Table V some data are presented on the offspring of two 
separate crosses of Crassostrea gigas performed contemporaneously and reared together 
under identical hatchery conditions. At the LAP locus, genotype proportions are in close 
Mendelian ratios in both families. However, at the PGM I locus, heterozygous in~ 

TABLE V 

Inheritance at three enzyme gene loci in two hatchery~bred families 

of the Japanese oyster, Crassostrea",gigas 

Genotypes of Phenotypes of offspring 

parentsa 

Phosphoglucomutase I 

N X' 
AA A8 BB AC 8e 

ABxAB Observed 25 81 19 125 
Expected 31.3 62.5 31.3 > 10b 

AB xAC Observed 13 37 50 27 127 
Expected 31.8 31.8 31.8 31.8 > 22b 

..- .-
Phosphogl ucomutase 

N X' 
AA AB B8 

IA8) x lAB) Observed 15 27 29 71 
Expected 17.8 35.5 17.8 9.59b 

lAB) xIAB) Observed 30 14 11 55 
Expected 13.8 27.5 13.8 > 25b 

Leucine aminopeptidase 

N 
AA AB 

ABxIAA) Observed 46 52 98 
Expected 49 49 

ABxAA Observed 46 54 100 
Expected 50 50 

Parental genotypes in brackets e.g. (AB), have not been determined by analysis. These genotypes will be con

firmed later as these parental individuals are still available. 

.h Distributions of the phenotypes at the two PGM loci in both families depart significantly from Mendelian ex
pectations. 
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dividuals are in excess in both families, involving the single AS heterozygote genotype 

in family 1 and two (genotypes AB and AC) of the three heterozygote genotypes in 
family 2, i.e. in both families, heterozygotes between the A allele and either of the 
mutant Band C alleles occur in significantly greater proportion than AA Or BB 
homozygotes, or the double mutant heterozygote Be. At the PGM II locus, there is an 

excess of BB homo zygotes in family 1 and of AA homozygotes in family 2. Comparison 

of the genotype distributions for pairs of loci in 2 X j tables indicates that segregation is 
independant at all three loci. 

The two families share one parent in ,common, and these parents are themselves hat

chery produced offspring from the original C. gigas introduced into Britain by Walne 
(Walne and Spencer, 1971). The differing results at the PGM II locus in the two can
sanquineous families which were reared side by side under identical hatchery con
ditions (i.e. under closely similar, relatively stable selective regimes) suggest that the 

observed genotype proportions do not indicate differential selection acting on this 
locus, but differential mortality due to selection at other loci on the same chromosome. 

Full details on these families will be presented elsewhere. It is sufficient to note here 
that phenotype proportions depart from Mendelian expectations at two loci in both 

families at the end of their hatchery-rearing phase and before they are laid out in the 
wild. The loss of allele C in family 1 (or, alternatively, its inclusion in family 2) by for

tiuous choice of parents is also notable. 
The extent of consanquineous matings, I.e, inbreeding, among hatchery stock at pilot 

scale level is likely to be higher than occurs either in the wild or in larger commercial 

hatcheries. In the wild, bivalve species are outbreeders and consanquineous matings are 
likely to be extremely rare: even where fertilization is common between nearest neigh

bours within an adult community, extended planktonic larval life and high larval mor
talities make it unlikely that nearest neighbours are descended from common or closely 

related parents in the ~prity ... -pr even a significant number of cases. The good 
agreement, in general, between observed genotype proportions and Hardy Weinberg 
expectations for many of the polymorphisms listed in Table II support this intuitive con
clusion. In large scale commercial hatchery operations, however, the number of indivi

dually derived families is likely to be large and the potential for avoiding inbreeding, or 
utilizing it constructively, is greater. At laboratory and pilot scale level where one, or at 
most a few, individually derived families are maintained, full-sib or half-sib matings 

may become relatively common unless particular care is taken to avoid them. The con
sequences of uncontrolled inbreeding are sufficiently well known not to require detailed 
treatment here: homozygosity increases in each generation leading ultimately to in
breeding depression which is manifest in reduced viability and vigour. Examples of the 
considerable deleterious effects of inbreeding in the American oyster, Crassostrea vlrgi
nica are given by Longwell (1973). These include up to 70% failure of fertilization, 97 % 
abnormal cleavage and 10 % parthenogenesis in full-sib cross.es. 

BmpiicatDons and app~ications 

Wild populations maintain mUltiple alleles at a significant proportion of their enzyme
gene loci and randomly chosen wild individuals are heterozygous for different alleles at 

many of these loci; hatchery produced stocks have a reduced number of alleles at 
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polymorphic loci, a greater proportion of loci may be monomorphic and phenotype 
proportions often differ from those characteristic of wild populations. Even the first 
hatchery bred generation of a species may differ quite considerably from the wild 
parental population from which it is derived. What then, are the implications of these 

induced genetic alterations? 
Firstly, the response, in terms of mortality, settlement and growth rate, of hatchery 

produced larvae to the particular physical holding and rearing conditions they ex
perience in the hatchery is likely to be influenced considerably by the genetic com
position of the individual family or families produced, and variation from family to 
family is likely to be extensive for this very reason. In addition, for naturally reproducing 
populations in the wild the planktonic larval life serves not only to spread sibling larvae 
over a wider area than would otherwise be the case, but it also exposes the zygotes in 
their most critical phase to selective regimes of considerable physical and biological 
heterogeneity, and which, moreover, differ from that of the settled adults. The 
significance of this selective filter on the overall fitness of the settled community can
not be quantified at this stage. It is, however, certain that the successful settlement and 
subsequent growth of a community depend on the genotypes which survive through 
the stresses prevailing in the planktonic phase. These stresses vary with temporal and 
spatial variations in physical and biological conditions in the water mass. Farnilies of 
larvae released at different times and in different localities enter different water 
columns and thereby experience different selective regimes. Thus for a wild out
breeding population as a whole, selective forces are highly variable at the larval stage 
and the spat settling in any area are survivors from many families which have passed 
through a complex of different selective regimes. Under standard hatchery conditions 
on the other hand, physical parameters are held constant at some level, their fluc
tuations are severely dampened and they are similar for all families, i.e. all the offspring 
experience the samvelatw.ely homogenous selective regime. Selection in such 
stabilized systems will be largely directional and may result in the differential survival 
of those genotypes best adapted to the particular hatchery conditions under which they 
were produced. 

Direct evidence for differential survival among different families reared under iden
tical hatchery conditions has been presented by Wain. and Wood (1975), These authors 
spawned and reared 24 families of the palourde, Tapes decussatus derived from crosses 
between six female and four male parents collected from a wild population. Survival 
varied from 5-20 % between families (average 12 %) with mortality occuring mainly 
during the larval stage and at metamorphosis, i.e. while all families were maintained un
der identical, standard, conditions and at identical initial densities. Mean live weights of 
spat in each family measured 119 days after fertilization also varied from 23,6-134,1 
mg, the performance of each family being attributable largely to the female parent, 
However, mean weights of spat in individual families derived from a single female 
crossed with four separate males varied by a factor up to four. Thus, the survival and 
growth response of hatchery produced larvae to the particular conditions under which 
they are maintained, is dependant to a significant extent on inherited factors and res
ponse data obtained from single or ~ small number of crosses may not be directly ap
plicable to more extensive mass-spawned stock Or to experiments carried out under 
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slightly differnt conditions. That the excess of heterozygous phenotypes at the PGM I 
locus in the two hatchery produced families of C. gigas reported here represents dif

ferential survival through heterotic selection at this locus under our particular hatchery 
conditions, is a possibility that cannot be discounted. 

The extent to which polymorphisms at enzyme-gene loci per se contribute to such 
observed variability in survival, growth, disease resistance etc. is unknown and this 
clearly is an important area for the application of biochemical genetics in molluscan 

mariculture. If genetic variants at any locus or loci 'can be linked with production 
characteristics then strain selection and improvement can be hastened considerably. 

That enzyme polymorphisms do exert a direct effect on survival and growth is obvious 
from experiments on other aquatic animal species. In the platyfish Xiphophorus macu
latus (Gunther), Siciliano et al. (1974) observed that a mutant allele at the glyceral
dehyde-3-phosphate dehydrogenase locus 11 was lethal in homozygous condition. 

In crosses between heterozygous parents, no mutant homozygotes were born. In 
heterozygotes, activity of the enzyme, which is important in glucose metabolism, was 
only half trat of wild type homozygotes. The two alleles at the,Est 1 locus in the fresh

water fish Catastomus clarkii' Baird and Girard encode proteins which differ not only in 
electrophoretic mobility but in their enzyme activity at different temperatures (Koehn, 

1969). Populations inhabiting areas with differing environmental temperature regimes 

have differing frequencies of the two alleles. 
There is, as yet, no direct evidence such as this for functional differences in enzyme 

phenotypes in molluscs but indirect evidence based on the occurrences of geographic 

clines and ecological variability suggest, that in man-y instances electrophoretically 
detectable allozymes do possess differing adaptive values in these species, and the 

response of selected individuals to extrinsic physical conditions is dependant on their 
genie complement. 

At the population level,...Jbe oboserved widespread occurrence of extensive genetic 
variability, and the observed patterns of this variability, argue strongly for an adaptive 

role for enzyme polymorphisms in nature (Ayala et al., 1974L i,e. most of the elec
torphoretical1y detectable enzyme polymorphisms are maintained in wild populations 

by natural selection. The response of a population to a given set of selective forces, and 
its potential to vary its response with temporal or spatial variations in these forces is 

linked intimately with the kinds and proportions of genotypes present. The adaptive 
response of a population with artificially reduced genotypic variability will be more 

homogeneous and while this could result in higher mean fitness under a given stable set 
of environmental conditions, it is unlikely to be advantageous when stock is transferrecl 

to differing growing-on areas in the wild, where environmental conditions differ both 

temporally and spatially. Until such time as the effects of different environmental condi
tions on mortality and growth in the wild are better documented it would appear des

irable that variability be maintained as far as possible in the stock being set out in 

natural waters. In this way, the Characteristic adaptive potential of the speCies under 
natural conditions is maintained and while mortality and growth under normal con
ditions may be more variable, the stock will be buffered against large scale mortality or 

overall poor performance occassioned by environmental unpredictability. In any case, in 
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non-commercial hatcheries it appears wise to conserve, or even increase, variability in 
experimental stock: positive heterosis, i.e. hybrid vigour, is associated with heterozy
gosity and the loss of alleles through intensive breeding (or lack of appropriate new in
troductions) without an understanding of their role in adaptation is short-sighted at 

very least. 
It is in this area that biochemical genetics can contribute most to molluscan mari

culture. Numbers and types of alleles at different loci in wild -populations can be 
documented and the approprate individual crosses necessary to conserve variability in 
hatchery stock can be indicated. As pointed out earlier, the presence and frequency of 
particular alleles in wild populations is unpredictable, and selection of parents from 
geographically separat_ed stocks is no guarantee of genetic uniqueness. Monitoring of 
wild populations can reveal those in which geographic separation is accompanied by 
genetic diff~rentiation, thus allowing more meaningful cross-breeding between indivi
duals from genetically as well as geographically distinct stocks. The analysis of the 
"performance" of different hatchery produced stocks, genetically typed at a number of 
gene loci, c~n contribute to a greater understanding ,of the significance of various 
polymorphisms as well as providing necessary genetic data for the ultimate establish
ment of selected breeds of shellfish with differing production characteristics. Finally, 
even those enzyme polymorph isms which prove to be selectively neutral may be useful 
as natural tags in a variety of small-scale studies involving tagJand recapture methodo
logy. For example, spat of migratory species like Pecten maximus or Ch/amys apercu/aris 

selectively bred from wild parents for homozygosity for rare alleles at one or a number 
of loci can be released in specific localities and their dispersal into the populations of 
adjacent areas can be monitored subsequently by screening local populations for rare 
allele homozygotes. Such experiments repeated over a number of years and utilizing 
different allelic tags may elucidate problems of year to year changes in migration, 
recruitment, growth~d mOrtality within small areas and under natural environmental 
conditions. 

Conclusions 

The data presented here, although they constitute probably the most comprehensive 
information available to date on these species, are only the beginning of the application 
of biochemical genetics to molluscan mariculture. The importance of chromosomal 
genetics in shellfish culture should also be considered along with the results presented 
here,. and longwell (1973) has recently presented a most comprehensive review of this 
topic. 

For the immediata future, the study of variability in wild populations is likely to re
main the most pressing aspect of this work, especially the determination of the manner 
and extent to which genetic variabillty is correlated with environmental and evo
lutionary diversity. It can be argued that beyond this, biochemical genetics will have lit
tle applicability in direct hatchery breeding because the correlation between single 
locus genotypes (or genotypes at a small number of loci) and performance will prove to 
he low. Robertson (1972) for example, having considered the data on domestic live-
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stock, believes that the probability of demonstrating an effect of the vast majority of 

protein variants on economic performance will prove illusory. There are a number of 
reasons why this may not be the case with marine invertebrates: 

1. Present day breeds of domestic livestock have already been considerably improved 

by a long history of artifical selection for domestication traits. Existing poly
morphisms in these breeds already confer significant selective advantage and natural 

selection is imposing a limit on further change by artificial selection (Mayr, 
1963; Manwell and Baker, 1970). In any case, any improvement resultting from 

fixation of a single allele, which might be significant under wild conditions, may be 
largely masked by the effects of good husbandry. 

2. Vertebrates, especially homeothermic ones, exhibit low levels of genetic variability 
in terms of heterozygosity (0.05-0.06) proportion of loci polymorphic (0.10-0.20) and 
numbers of alleles (approximately two) per polymorphic locus {Selander and John

son, 1973; Selander and Kaufman, 1973}. This suggests that adaptation in verte
brates does not depend substantially on exploiting multiple allelic substitutions 

(probably because of internal homeostasis), and alterations in single locus geno
types, unless they involve lethal or highly deleterious alleles, do not commonly result 

in significant alterations of phenotype. 

3. Poikilothermic invertebrates exhibit a high degree of genetic variability which is 

correlated with environmental heterogeneity to a greater extent than is the case with 

vertebrates i.e. ecological adaptation in invertebrates appears to rely to a greater ex
tent on the exploitation of multiple allelic variants, especially in variable en

vironments. The stabilization of environmental variation which accompanies hat
chery production (e.g. temperature and salinity control, 'substratum management, 
disease control etc.) adds a strongly directional element to natural selection and in 
the long term a narrower ranae of genotypes may suffice for optimum fitness under 
such stabilized condit1'6ns. ... 
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