Genetic Improvement of
Wild Fish Populations

Harvested wild organisms can be preserved by

hybridization with ‘‘tailor-made’’ selected breeds.

Rom Moav, Thomas Brody, Gideon Hulata

In this article we present a plan for the
genetic improvement of commercially
exploited natural populations. It is based
on the creation, on breeding farms, of
“‘tailor-made’’ domestic breeds for the
specific objective of crossing them with
indigenous populations in order to pro-
duce, in uncontrolled environments, hy-
brids of improved economic value. The
plan is potentially applicable to any wild
organisms—fish, beneficial insects, wild
grazing animals, or even pasture plants.

lective advantage, resulting in genetic
changes with effects unfavorable to hu-
mans—that is, a gradual decrease of eco-
nomic quality in fisheries throughout the
world. Changes have also been observed
in migratory behavior, spawning site and
time, habitat preference, food prefer-
ence, and feeding behavior (2).

A dramatic example of this process
was provided by Gwahaba (3), who
showed that since the intensification of
commercial fishing for Tilapia nilotica in

Summary. A plan for the genetic improvement of commercially exploited wild ani-
mals is presented. It consists of crossing wild with domesticated breeds to produce
heterotic hybrids and to upgrade the wild stocks. Empirical evidence is presented
from experiments with the carp. Procedures for monitoring the manipulated popu-
lations are outlined. The suggested plan is ecologically reasonable and would coun-
teract the negative genetic changes caused by excessive commercial exploitation of

many species.

It is discussed here in terms of fish, since
this application is most important in view
of the long-term needs for research and
development in world food production
@).

More than 90 percent of all fish used
for human consumption are harvested
from natural bodies of water, where con-
ventional methods of selective breeding
are not applicable and where intensive
fishing for many generations has caused
a continuous selective removal of indi-
viduals that are larger and easier to
catch. Under these circumstances, fish
that grow slowly, mature early, and
evade nets are likely to have a strong se-
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Lake George, Africa, in 1950, the mean
size of the landed catch decreased from
900 to 400 grams, while the length range
at maturity decreased from 29 to 18 cen-
timeters ).

Most fisheries harvest simultaneously
a number of sympatric species. Fre-
quently, these fisheries have progressed
from large to small mesh sizes as the
composition of the catch has shifted
from large- to small-sized species (2, 5,
6). Two recent conferences (6) docu-
mented the drastic reduction in the abun-
dance of commercial salmon and percid
fisheries. In many cases there was no re-
covery after fishing had virtually ceased,
which suggested that negative selective
genetic changes or environmental deteri-
oration, or both, had occurred. Attempts
to remedy the situation by restocking
and placing restrictions on fishing often
seemed to be ineffective. We believe that
genetic deterioration is a major factor
that is neglected in considerations of
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these failures. Also, solutions to prob-
lems posed by the pollution of natural
waters, another major cause of fishery
collapse, should have a genetic com-
ponent, namely, the breeding of pollu-
tion-resistant genotypes.

Expected large genetic changes in
size, sexual maturation, and behavioral
patterns due to intensive fishing prob-
ably have further disturbing effects on
whole ecological systems. All these neg-
ative processes create a strong incentive
for genetic ‘‘correction’ of the damage
done by fishing. Furthermore, it should
be possible to improve the overall eco-
nomic value of harvested fish in their
natural (wild) environments (7).

Releasing hatchery-raised fry of do-
mesticated breeds is widely practiced
with trout and common carp, but their
performance in the wild has usually been
inferior, in spite of the fact that they
were superior to their wild relatives in
the protected environments for which
they were selected (8, 9). This short-
coming of domesticated breeds can prob-
ably be partially overcome by selecting
under harsh conditions that simulate
those in the wild. However, we prefer
the alternative of selecting fast-growing
breeds (henceforth designated D) under
protected environments with high feed
inputs, and hybridizing them with wild
indigenous relatives (henceforth W) to
produce F; hybrids combining the high
productivity of the D parents with the
adaptability to wild conditions of the
W parents. This alternative approach,
namely, specific selection of compen-
satory traits in a domesticated breed
followed by its mating to a wild in-
digenous population, is the essence of
our proposition.

The heterosis (hybrid vigor) of DXW
hybrids in wild environments has been
demonstrated by several investigators
working with trout and carp. In one ex-
periment (9), 2-year-old DX W trout had
superior viability and had an average
weight of 572 g, compared to the parental
weights of 349 and 358 g. On the basis of
this difference, the yield of the hybrid
was approximately 1.5 times higher than
that of either parent.

The DXW hybrids may be produced
either by releasing D spawners of a
single sex into the wild populations or by
introducing W individuals into breeding
farms, hybridizing them with D, and re-
leasing DX W into the wild. The choice
of method depends on specific circum-
stances related to each species and the
environment.

When a commercially valuable species
is being harvested simultaneously with a
related smaller and hence less valuable
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species (2, 5), a reverse strategy may be
used to preserve the larger species. That
is, a recessive dwarf mutant may be in-
troduced and established in the natural
environment to serve as W stock while
the original large stock is maintained and
protected in breeding farms to serve as D
stock.

We note that the pest control method
of releasing sterile individuals of a single
sex (males) specifically treated to inter-
fere with the pest’s reproduction (10) is
essentially identical to our proposed pro-
cedure; however, in our plan the animals
released are selected to produce hybrids
with superior performance in wild envi-
ronments.

Homing fish are a very important
group that can be bred by conventional
methods. Saltwater salmonids, for ex-
ample, are selected and bred in hatch-
eries, and the juveniles are sent to pas-
ture the rich oceans and return for breed-
ing to their home farms. It has been dem-
onstrated that selective breeding can
modify economic characteristics that ex-
press themselves during the grow-out
phase in the ocean—that is, the rate of
growth and time of return (/1, 12).

Genetic Differences Between Wild and

Domesticated Breeds of Fish

To determine which traits should be
incorporated into a hybrid to upgrade
wild populations, a comparative assess-
ment of selective adaptation under the
conditions of wild and protected habitats
is necessary. We have done this, taking
the common carp (Cyprinus carpio L.) as
a model (/3).

Natural environments, as a rule, offer
fish relatively little protection, low feed
inputs, a continuous strong pressure of
selective harvesting, and strong intra-
and intergroup competition. These fea-
tures dictate evolution toward overall
hardiness, competitiveness, efficient uti-
lization of limited amounts of natural
feed resources (/4), and the ability to
evade the fisherman’s nets by jumping
over them, digging into the mud, and so
on. For example, in one experiment
where Chinese carp (W), European carp
(D), and their hybrids were stocked to-
gether in the same ponds, the percent-
ages of fish caught by seines were 1.5,
25.7, and 7.7 percent, respectively (I5).
Another way in which some W fish, such
as carp and tilapias, evade harvesting is
to reach sexual maturity at a smaller
body weight—preferably below minimal
fishing weight—and to attain high fecun-
dity 3, 16).

Typically, the environment of domes-
22 SEPTEMBER 1978

ticated fish (as well as most other farm
livestock) offers protection from preda-
tors, adequate feeding regimes, veteri-
nary care, and artificial selection for rap-
id growth. A typical D fish responds to
this environment with an increased
growth rate and efficient utilization of the
inputs. At the same time it is expected to
lose (as correlative genetic changes) its
specific adaptation to the wild environ-
ment—that is, its hardiness and ability to

Fig. 1. Differences in
growth  characteris-
tics of European do-
mesticated carp (D),
the Chinese big-belly
carp (W), and their F,
hybrid, when all were
raised together in the
same crowded pond.
Curves labeled D, and
D, represent two
European inbreds
marked, respectively,
by the gold (gg) and
blue (bb) recessive
body coloration genes.
Both  were also

escape the fisherman’s nets (/4, 16, 17).

An evolutionary adaptation of some
commercially exploited wild fish in the
struggle with their major predator—
man—is to start with fast larval growth,
which improves juvenile viability, to sus-
tain it until a size just below minimum
fishing weight is reached, and then to
stop somatic growth in favor of gonadal
growth, which ensures maximum fecun-
dity (3). Figure 1 shows growth curves of
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Table 1. Expected genetic differences between W and D breeds of fish and their F; (DX W)
hybrids, following the carp model, and additional characteristics desired in D breeds selected
for upgrading wild populations and in their offspring.

Group
Characteristic
D w F,
Expected differences between D and W

Viability under wild conditions Low High High
Seine catchability High Low Intermediate
Sexual maturity* Late Early Intermediate to late
Carcass quality High Low Intermediate to very hight
Growth characteristics

In wild environments Low High High to very high

In cultivation High Low Intermediate

Additional characteristics desired

Seine catchability Increased
Sexual maturity Later
Time of spawning in season Earlier
Egg size of a typical mother Larger
Morphological distinction Conspicuous
Electrophoretic genetic markers ~ AgA4ByBqy ALA BB, ALA;B,B4

Fecundity

Sterile or one sexf

*When D breeds are selected specifically for earlier sexual maturity, these relations may be reversed.
1Sterile interspecific hybrids may have meatier carcasses and superior growth characteristics (24).
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Table. 2. Expected segregation ratios of genotypes of two independent electrophoretic markers
in hybrid derivatives between D and W fish breeds. The subscripts w and d designate, respec-
tively, the origin of the alleles at the A and B loci. See Fig. 2 for designations of the six groups of

fish.
Group of fish
Genotype
\" BCy, F, F, BCp, D
AyAyB, B, 1.00 0.25 1/16 = 0.0625
A.ByByBy + AjAB,B 0.50 4/16 = 0.25
AL AqBWBg 0.25 4/16 = 0.25 1.00 0.25
AyABBs + AjA B By 4/16 = 0.25 0.50
AgAB4B, 1/16 = 0.625 0.25 1.00
AWAWB(IB( + AdAdBWBW 2/16 = 01250

the Chinese big-belly carp (W), two ge-
netically marked European inbreds (D,
and D,), their hybrid (D, xD,), and an in-
terrace hybrid (WxD,). All five groups
were raised in a single crowded pond and
were distinguishable by morphological
mutations in body coloration and scale
pattern. The big-belly started faster than
the three European groups (D types). Af-
ter the third sampling date, at the age of
84 days, it began to fall behind, and 100
days later even the two poor European
inbreds surpassed it. The most striking
feature of Fig. 1 is the strong heterosis of
the Wx D, hybrid, whose superiority re-
sults from its ability to surpass its W par-
ent during the first 3 months and then
switch to resembling its D, parent as per-
formance drops in W, probably triggered
by the earlier sexual maturation.

Expected genetic differences between
typical D and W breeds of fish based on
the carp model are summarized in Table
1. Also shown are a set of characteristics
to be selected into a D fish bred specifi-
cally to produce superior DX W hybrids
in the wild.

Population Dynamics

When DXW hybrids reach minimum
fishing weight before sexual maturation,
higher seine catchability and faster
growth are expected to result in the re-
moval of most of them before they repro-
duce. Hybrids that escape fishing may
join the spawning population, adding
three groups of fish that contribute to the
yield and gametes of subsequent genera-
tions, as shown in Fig. 2. To estimate the
overall economic value of the resulting
mixed fish population, the relative value
of each group and its proportion in the
harvested population have to be eval-
uated. The F, hybrids, being hetero-
zygous at all loci differentiating between
their D and W parents, benefit from max-
imum heterosis (H max in Fig. 3A). The
three second-generation hybrids, F,,
BCw,, and BCp,, lose half the hetero-
zygosity of F;, and in each subsequent

1092

generation heterozygosity is further
reudced by half. This is shown in Fig.
3A, where the hypothetical heterotic
component of overall economic value is
plotted as a function of the relative de-
gree of heterozygosity. The mean per-
formance of each hybrid generation is
the sum of its mean heterotic and mean
additive genetic components. To clarify
this point, Fig. 3B shows the effect on
the curve in Fig. 3A of adding an additive
component that is a hypothetical func-
tion of the proportion of D genes in the
mean genotype (/8). A stepwise degrada-
tion of performance is expected in con-
secutive hybrid generations (F;, F,,
F;, . . .), and crosses of successive BCy
generations with D rapidly approach the
level of performance of the F, genera-
tion.

We obtained some empirical support
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Fig. 2. Flow chart showing the components of
the total yield (¥) and total reproduction
(R = proportion of all fish fry in a season) af-
ter the first participation of DXW hybrids
(F,) in reproduction. Heavy arrows pointing
up represent contributions to the harvest (out-
put of the system). Lighter arrows pointing
down represent recruitment of new fish into
the population. Backcross of F; with the W
parent results in BCy, and with the D parent
results in BC,,,. In this model, relatively large
D breeders of a single sex are released into the
natural environment. When captured, they
may be returned to the water if they are under
a predetermined size. The dark areas corre-
spond to the proportion of W genes in each
group.

of these relations when we tested the
growth rates of several groups of the do-
mesticated European carp, the Chinese
big-belly carp, their F, hybrids, the first
backcross with the European parent
(BCp,), and the offspring of a mating be-
tween the first backcross and the Chi-
nese parent (BCy,). All these groups
were stocked together in polyculture
ponds that received different manage-
ment (/9). Figure 4A shows the average
weight gains, plotted against the propor-
tion of D genes, of two selected Euro-
pean lines (D, and Dy;,), the big-belly (W),
and their various hybrids when grown in
duplicate ponds receiving daily rations of
liquid manure without any extra feeding.
The heterosis of the WxD hybrids is
conspicuous (20). In contrast, in a simi-
lar experiment where the fish were given
a high feed input, the D breeds were de-
cidedly superior (Fig. 4B). These results
show the importance of genotype-hus-
bandry interactions, and should serve as
a warning against ranking genotypes in
wild environments on the basis of data
obtained under conditions of domes-
tication.

Cost Considerations

Cost considerations dictate that each
unit of released D parents should pro-
duce a relatively large weight of har-
vested offspring. Because of the great fe-
cundity of most fish species, a small
number of parents are able to produce
vast numbers of offspring. For example,
a single 5-kilogram female carp may pro-
duce about a half-million eggs. Most fish
larvae die during a relatively short period
after hatching, when mortality is strong-
ly density-dependent since a limited
number of growing fish can be supported
by a particular niche. Therefore, a gen-
otype with greater competitive ability
may have a greatly increased chance of
survival. We found that when a spawn of
carp fry hatched a single day earlier in a
crowded pond, their relative survival
was increased as much as tenfold. Simi-
lar increased survival was found among
offspring of 2-year-old carp mothers
compared to offspring hatched in the
same ponds from the much smaller eggs
of 1-year-old mothers 21).

These and similar findings point to a
general method of increasing the propor-
tion of F, hybrids while maintaining a
low biomass of the released D mothers.
That is, larger and older D mothers (or
fathers, when paternal size is the major
determinant of the relative reproduction
rate) may ensure high fecundity and fry
survival. Also, the use of hormone injec-
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Fig. 3. Hypothetical distribution of overall ec-
onomic value of W and D breeds of fish and
various hybrid generations grown in a wild en-
vironment. The symbol BCy, denotes the first
backcross with the W parent (W X F,), and
BCy, denotes the second backcross with the
"W parent (W X BCy,). Similarly, BCp, and
BCp, represent the first and second back-
crosses with the D parent. The second (F; x
F)) and third (F, X F,) hybrid generations are
F, and F;, respectively. (A) Heterotic com-
ponent (H) of overall economic value, pre-
sented as a function of relative degree of het-
erozygosity. (B) Total overall economic value
(additive and heterotic components) present-
ed as a function of the proportion of D genes
in a WxD hybrid. The heterotic component
is that of (A). Small arrows indicate con-
secutive generations.

tions, maintenance in hothouses before
stocking, and other artificial methods
may force D mothers to spawn some-
what earlier than their W competitors,
and thus ensure relatively high survival
of the F; hybrids.

For species that require vast numbers
of breeders—too many for economic
production in breeding farms—we
should consider release of the grand-
parent generation. This is common prac-
tice with farm livestock, particularly
chickens. In this case the F, hybrids
should produce (by F; X F, or F; X W
matings) the majority of the harvested in-
dividuals. Thus, the scheme is feasible
when the weight of recruits into the fish-
ery is higher than the weight at onset of
reproduction, and it requires fertile and
reproductively competitive F, hybrids.

Ecological Considerations

A prime consideration in planning ge-
netic manipulations of wild populations
is the potential danger of damaging the
populations themselves or their environ-
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ment. In this respect, an attractive fea-
ture of the present plan is its ecological
safety. When single-sex D breeders that
produce only sterile WXD hybrids are
released, the natural gene pool cannot be
contaminated or harmed. Interference
with other organisms sharing the same
environment can be easily corrected by
discontinuing the release of D parents.
But even with fertile DXW hybrids, the
number of gene substitutions that can
take place is very limited and con-
sequently the likelihood of damage ap-
pears to be extremely low. The higher
catchability and lower viability in wild
environments of qualified D genotypes
should lead to strong natural selection
against hybrids having a high proportion
of D genes, and therefore they should be
relatively rare. On the other hand, back-
crosses in the W direction may lead to a
slow introgression of D genes into W.
This process would upgrade the econom-
ic value of W and counteract the dam-
aging effects of fishing. For maximum
safety, the manipulated populations
should be monitored by genetic markers,
as outlined in the following section.

Monitoring with Genetic Markers

The D stocks can be made distinguish-
able from W by genetic marking with
morphological mutations that affect body
coloration or scale pattern or produce
minor fin abnormalities (7). However,
most morphological mutants have reces-
sive expressions that make them in-
adequate for monitoring the composition
of hybrid generations, a disadvantage
not shared by electrophoretic genetic
markers, which are, as a rule, codomi-
nant (22). Two properly chosen elec-
trophoretic loci can provide a sufficient
tool for estimating the proportion of each
group in the harvest at the second hybrid
generation stage. Table 2 shows the ex-
pected segregation ratios in the first and
second hybrid generations of two inde-
pendent electrophoretic loci, each hav-
ing alternative alleles in the D and W
populations. The two alleles of one locus
are designated A, and A4, while those of
the second are B,, and By. Hence, the
purebreds in W and D are A,A,ByB,
and A4A4B4Bq, respectively; the F, hy-
brids are A, A4B,Bs; and the second
generation hybrids, F,, BCy,, and BCp,,
segregate as shown in Table 2. The two
“‘mixed’’ homozygotes, A,A.BqBq4 and
A4A4By By, may be found only in the F,
generation (Table 2). Assuming that the
two loci are subjected to only very mild
selection and are uncorrelated with
catchability, the expected proportion of

2
<
>

o

@

b=}
T

F|£WXDG)
AT~ -
7 ~
% BCo, ® ~ <

/ _ O
7/ - F ~
(WxDy,)
d ~
W BCy, *BC > AN
Chinese Wi T

Finbred

o
=)
S
N\

~
/JODG
European line,
~ selected in Israel
~

»
3 &
=)
=
\

Corrected weight gains (g)
&
o

AN

\

N

European OD

. inbred , °

1/4 1/2 3/4 1
Proportion of D (European) genes

1200} B

—~ —Op,

_
_ O8cp,
-~

-~
~ © F(WxDg)

BCw, *BCw, o— -~ " ©
~ “%E wxpy)
-~

11004

10001

Dy,

Corrected weight gains (g)
o
8

0 1/4 1/2 3/4 1
Proportion of D (European) genes
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the fish were fed with abundant, protein-rich
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these mixed homozygotes among caught
F, individuals is 1/8 = 0.125, so that
eight times this value is an estimate of
the total frequency of F, in the caught
population, and the frequencies of the re-
maining five groups (W, D, F;, BCy,, and
BCp,) can be estimated easily by similar
computations (23).

By studying the segregation ratios in
seined samples at appropriate time inter-
vals, one would be able to estimate rela-
tive mortality as a function of age and
construct growth curves for each group
of fish (23).

Timetable for Application

To adopt this plan on a large scale
would require overcoming many con-
straints, primarily related to our inability
to control the complete life cycle of most
saltwater fish. Consequently, we foresee
gradual implementation in a stepwise
fashion. The plan could be applied with
freshwater cultivated species (carp,
trout, tilapia, and so on) in confined bod-
ies of fresh water such as undrainable
ponds, artificial reservoirs, and small
lakes almost immediately (7). It could
then be extended to larger lakes and riv-
ers with more species. Next, it might be
extended to coastal marine species that
reproduce in captivity. Application to
species of the open seas would be con-
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siderably more difficult, and some spe-
cies may never be amenable to such
breeding schemes.

This general breeding plan opens up
new opportunities for applied geneti-
cists. It can be modified in imaginative
and useful ways to contribute to world
food resources by means of the genetic
preservation and improvement of eco-
nomically important wild stocks. The im-
provement of breeding stocks for catch
fisheries is an important and as yet unful-
filled role of aquaculture. We believe
that the time lag to successful application
of the plan with many commercially im-
portant aquatic and marine species is pri-
marily a function of investment in prob-
Jem-oriented research and development.
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