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PREFACE

The United States and Japanese counterpart panels on aquaculture were formed in 1969 under
the United States-Japan Cooperative Program in Natural Resources (UJNR). The panels
currently include specialists drawn from the federal departments most concerned with
aquaculture. Charged with exploring and developing bilateral cooperation, the panels have
focused their efforts on exchanging information related to aquaculture which could be of benefit
to both countries.

The UJNR was begun during the Third Cabinet-Level Meeting of the Joint United
States-]Japan Committee on Trade and Economic Affairs in January 1964. In addition to aqua-
culture, current subjects in the program include desalination of seawater, toxic microorganisms,
air pollution, energy, forage crops, national park management, mycoplasmosis, wind and
seismic effects, protein resources, forestry, and several joint panels and committees in marine
resources research, development, and utilization.

Accomplishments include: Increased communication and cooperation among technical
specialists; exchanges of information, data, and research findings; annual meetings of the panels,
a policy-coordinative body; administrative staff meetings; exchanges of equipment, materials,
and samples; several major technical conferences; and beneficial effects on international
relations.

Conrad Mahnken - United States
Takeshi Nose - Japan

The National Marine Fisheries Service (NMFS) does not approve, recom-
mend or endorse any proprietary product or proprietary material mentioned
in this publication. No reference shall be made to NMFS, or to this publica-
tion furnished by NMFS; in any advertising or sales promotion which would
indicate or imply that NMFS approves, recommends or endorses any pro-
prietary product or proprietary material mentioned herein, or which has
as its purpose an intent to cause directly or indirectly the advertised pro-
duct to be used or purchased because of this NMFS publication.

Text printed on recycled paper
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Assessment of Inbreeding and Its Implications for
Salmon Broodstock Development*

WILLIAM K. HERSHBERGER and JAMES M. MYERS

School of Fisheries WH-10
University of Washington
Seattle, WA 98195

R.N. IWAMOTO** and W.C. McAULEY

Domsea Farms, Inc.
5500 180th S. W.
Rochester, WA 98579

ABSTRACT

Inbreeding is an important part of any selection and breeding program designed to improve
aquacultural broodstock. A decrease in freshwater and saltwater growth rate was noted in a strain
of coho salmon, Oncorhynchus kisutch, undergoing selection to improve these traits for commercial
production. Thus, an investigation was undertaken to estimate the level of inbreeding in this
strain and to assess different approaches to alleviate problematic levels of inbreeding. Estimation
of inbreeding level was conducted via pedigree analysis and change in heterozygosity of
elctrophoretically detected serum proteins variants of odd- and even-year lines of coho salmon.
The two methods of analysis indicated vastly different inbreeding levels. However, pedigree
analysis, the more accurate of the two methods, estimated inbreeding levels not anticipated to
cause the observed depression in growth traits. Two approaches, interstock crosses and crosses
between parallel-selected lines, were assessed for alleviation of inbreeding problems. Both types
of crosses decrease the level of inbreeding, but the performance of the two types of crosses dif-
fered greatly. Crosses between unrelated year classes of the selected stock showed positive heterotic
effects, while the outcrosses with unrelated lines yielded negative heterotic effects. These results
indicate that careful attention should be given to the selection of the founding populations from
which broodstocks are developed and that subsequent breeding information be collected to pro-
duce pedigrees for population maintenance. Furthermore, the production of parallel ‘‘in-house’’
lines, may provide the best method of minimizing inbreeding without diluting selection gains.

Introduction

Inbreeding is integral to any selection and breeding pro-
gram designed for the development of broodstock. Such
programs generally deal with a “‘closed’’ population (i.e.,
migration into the population is eliminated) having a re-
stricted breeding population size. Both of these factors

* Contribution No. 760, School of Fisheries WH-10, University of Wash-
ington, Seattle, WA 98195. The Project was supported by U.S. NOAA
Grant NA86AA-D-SG044 A09 to the Washington Sea Grant Program
Project No. R/A-47.

** Current Address: Ocean Farms of Hawaii, P.O. Box A, Kailua-Kona,
HI 96745

result in increased inbreeding levels (Falconer 1981), where
the magnitude will depend on the genetic characteristics
of the population and the severity of the constraints im-
posed. Consequently, the factors that influence inbreeding
must be integrated into the design of any program to
develop genetically improved aquacultural stocks.
There has been a large amount of research concerning
inbreeding and its effects on various traits in fish. For
example, work with rainbow trout, Oncorhynchus mykiss
(formerly Salmo gairdnerr), has revealed that increased levels
of inbreeding result in increased egg and fry mortality,
increased numbers of abnormal fry, decreased early
growth, and decreased fishery recovery (Kincaid 1976,
1983; Aulstad and Kittlesen 1971). Research with brook
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trout, Salvelinus fontinalis, has demonstrated a negative im-
pact on weight owing to inbreeding (Cooper 1961). Ryman
(1970) reported a decrease in recapture frequency in Atlan-
tic salmon, Salmo salar, with increased levels of inbreeding.
In general, the results of these studies suggest a negative
impact on a variety of biological traits in the populations
studied and, consequently, on production.

No studies have been published on the effects of inbreed-
ing on Pacific salmon, Oncorhynchus spp., nor have any
published reports dealt with the effects of inbreeding in con-
junction with a selection and breeding program designed
to develop a genetically improved stock for aquacultural
purposes. To some degree, both of these deficiencies in in-
formation are being eliminated as Pacific salmon are used
for captive culture. It is imperative that data be obtained
on inbreeding in these species under defined programs to
determine their response to selection.

Research Rationale

The University of Washington, Domsea Farms, Inc., and
the Washington Sea Grant Program have been conduct-
ing a selection and breeding program with coho salmon,
O. kisutch, to develop a broodstock for the marine net-pen
industry in the State of Washington. The major objective
of this nine year cooperative program has been to develop

a broodstock with traits that are beneficial to the produc-
tion of 300-350 g coho salmon for the ‘‘plate-size’’ salmon
market.

The traits that have been emphasized for selective im-
provement are 1) freshwater growth, 2) smoltification, and
3) saltwater growth to harvest size. Genetic analyses of
these traits in the stock employed by Domsea Farms re-
vealed adequate variability to expect progress from selec-
tion (Iwamoto et al. 1982; Hershberger and Iwamoto 1984;
Saxton et al. 1984).

Using estimated genetic values and considering that
the facilities available to the program would only allow
raising 40 families of 600 individuals or less, a selection
scheme was designed to yield maximum response and to
be useful in a commercial operation (Fig. 1). This scheme
involved several different types of concurrent selection
(e.g., family and individual) and used a selection index that
incorporated heritability estimates, relative economic
values, genetic correlations, and mean values on all the
traits of interest. It was recognized early in the develop-
ment of this scheme that potential inbreeding problems
could arise from the rather severe limitation in breeding
population size (only twenty individuals contribute to
each generation). Consequently, breeding was conducted
by a rotational line-crossing procedure (Fig. 2) to minimize
the possibility of crossing within lines. On a theoretical
basis, these steps should limit the change in inbreeding
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SAMPLING

SALTWATER
PHASE Il

SALTWATER
PHASE |
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FRESHWATER
REARING

SALTWATER
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INCUBATION MATURATION IN
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INCUBATION

PERFORMANCE 10 Families
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SPAWNING

8
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SALTWATER
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14 MONTH
SALTWATER
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. Figure 1
kanles Diagram of the selection scheme used to
develop coho salmon stocks for marine pen-
culture. The entire cycle represents a two-
year generation interval.
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to about 1% per generation (Hershberger and Iwamoto
1984).

In 1983 (for the odd-year line) and 1984 (for the even-
year line) a decrease in the growth of selected fish in
saltwater was observed (Fig. 3). One possible explanation

700

600

500

GRAMS

400

300

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986
BROODYEAR

[ EVEN-VEAR LINE

| ++ [l ODD-YEAR LINE -O— WILD CONTROLS —I

Figure 3
Average weight (grams) of selected broodstock and wild controls
after 8 months rearing in marine net-pens. Weights for 1986 are
given as unadjusted (1) and adjusted (2) for density differences
that year. N = 1200-2200 for selected broodstock and N =
15-35 for wild controls.

for this growth depression would be the accumulation of
deleterious alleles through inbreeding. Even with the pre-
cautions taken in the design of the selection and breeding
program, there were two potential sources of inbreeding
that could not be quantitated. First, an unknown amount
of inbreeding may have been introduced by selection and
breeding that had occurred prior to use of this designed
program. Second, because of some unexpected husbandry
problems with raising fish to maturity there was a strong
probability that a few families contributed disporpor-
tionately to the subsequent generations. Prior to the defi-
nition of pedigrees for the two lines, the importance of these
factors was undeterminable.

As a result of these indications, studies were initiated
to 1) determine the actual levels of inbreeding in the two
lines and 2) define the best approach to eliminate inbreed-
ing in the selected stocks.

Determination of Inbreeding Level

The level of inbreeding in each of the two selected lines
(i.e., odd- and even-year) was determined by two differ-
ent methods. First, pedigree analyses were employed to
determine the coefficient of inbreeding (¥) (Falconer 1981).
Computation of this value is accomplished by tracing the
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Figure 4
Pedigree of matings between se-
lected families for the odd-year
broodstock line (1978-1986).
Families enclosed by a striped
box are double first cousins.

pedigree back to common ancestors and determining the
probability that a pair of alleles are identical by descent.
Second, the change in genotype frequencies of electro-
phoretically analyzed protein differences were determined
and the difference in heterozygote frequencies equated to
an apparent inbreeding coefficient (Hartl 1980). Electro-
phoretic analyses were conducted on serum samples from
100-120 adult fish in each of four years (1977, 1978, 1985,
and 1986). The electrophoretic procedures employed were
those reported in Utter et al. (1970) for analysis of serum
transferrins in coho salmon.

Construction of the pedigrees for the two lines of coho
salmon revealed more closely related families than was
originally anticipated (Fig. 4). Calculation of an inbreed-

ing coefficient from these pedigrees (Table 1) indicates that
the current level of inbreeding is not too severe, although
the estimate for the next generation (1987 broodyear) will
approach 8-10%. These levels of inbreeding would not be
anticipated to cause the level of change found in the re-
sponse of growth to selection. It has been estimated that
in domesticated animals selection can balance an increase
in inbreeding of approximately 2% per generation (Pirch-
ner 1969). The estimated levels of inbreeding in coho
salmon lines, to the point where apparent inbreeding
depression was noted (1983 and 1984), are below this value.
However, the coefficients reflect only the inbreeding since
the program was initiated and do not provide a measure
of prior inbreeding. Further, it is difficult to determine what
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Table 1
Inbreeding estimates based on pedigree analysis for both odd- and even-year lines, and
based solely on effective population size (Ne). The estimates are calculated assuming the
initial inbreeding coefficient (F) is equal to 0.

Pedigree estimates

AF = (1/2N + 4y

Odd-year Control Even-year Control Odd Even
1977 0.00 — 1978 0.00 — 0.00 0.00
1979 0.00 2.50 1980 0.00 2.50 2.27 220
1981 0.32 4.71 1982 0.63 5.75 4.49 4.41
1983 2.34 8.68 1984 4.22 9.11 8.78 6.58
1985 4.86 11.00 1986 5.90 12.20 10.86 8.52
1987 8.34 13.79 12.88

“Theoretical AF excluding sib-matings.

the effects of an incremental change in inbreeding may be
in a species that has been recently developed from naturally
reproducing populations (Soule 1980).

The second type of inbreeding assessment employed elec-
trophoretic analysis of the transferrin locus, which has been
shown to have three variant alleles (Utter et al. 1970) and
is one of the few genetically variable protein loci found in
coho salmon (Utter et al. 1980). Comparison of the geno-
type and gene frequency values in the original adult pop-
ulation with those from the fourth generation of selected
stock (Table 2) revealed changes that would be anticipated
in an inbred population (Falconer 1981); that is, there was
a decrease in the frequency of heterozygotes and, with one
exception, there was little change in the gene frequencies.
Calculation of apparent inbreeding coefficients based on
the frequency change in heterozygotes (Fig. 5) yields a

much larger value than was obtained from the pedigree
analyses (Table 1).

It is possible to rationalize the discrepancy in these values
on two bases. First, there is evidence suggesting selective
differences among the various alleles of the transferrin locus
(Suzumoto et al. 1977; Pratschner 1977). The results of
Pratschner’s research indicated that fish with the ““A’” and
““C’’ alleles were more resistant to challenges by Vibrio
bacteria than those with the ‘‘B’’ allele, and Suzumoto et
al (1977) found that the ‘A’ allele imparted higher sur-
vival to BKD (bacterial kidney disease) challenge. If such
selective pressures were applied to the selected coho salmon
lines, analyses based on the genotype frequencies would
tend to overestimate the inbreeding coefficient. The data
from the current study support the hypothesis that fish with
the ““A’” and “‘C’’ alleles have a selective advantage, and

Table 2
Observed transferrin gene and genotype frequencies in the odd- and even-year lines of
coho salmon and their changes over four generations of selection (N = 100-120).
Odd-year broodstock line
Genotype Gene frequency
Year AA AB AC BB BC ce fA fB fC
1977 0.00 0.08 0.33 0.00 0.13 0.48 0.20  0.10 0.70
1985 0.05 0.03 0.08 0.00 0.18 0.68 0.10  0.10 0.80
Change +0.05 -0.05 -0.25 +0.00 +0.05 +0.20 -0.10  0.00 +0.10
Even-year broodstock line
Genotype Gene frequency
Year AA AB AC BB BC cc fA fB fC
1978 0.10 0.05 0.45 0.05 0.25 0.10 0.35 0.20 0.45
1986 0.12 0.00 0.42 0.00 0.04 0.42 0.33 0.02 0.65
Change +0.01 -0.05 -0.02 -0.05 -0.21 +0.32 -0.02 +0.18 +0.20
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ODD-YEAR

ACTUAL HETEROZYGOSITY VS. EXPECTED

Figure 5
Estimates of the apprent inbreeding coefficients for the odd- and
even-year lines based on the changes in observed and expected
genotype frequencies of the coho transferrin alleles.

1977 .525-.46/.46 =+141 %
1985 275 -.525 / 525 =-47.6 %
CHANGE IN OBSERVED HETEROZYGOSITY

CHANGE 1977 to 1985: .275 - .525/.525 = - 47.6 %
ESTIMATED AF= 41.9%

EVEN-YEAR
ACTUAL HETEROZYGOSITY VS. EXPECTED

1978 .75-.635/.635=+18.1%
1986 .461-.465/.465= -0.8 %
CHANGE IN OBSERVED HETEROZYGOSITY

CHANGE 1978 to 1986: .461-.75/.75=-38.5 %
ESTIMATED AF =  29.3%

vibriosis is a common problem in the marine net-pen
culture of salmon. The directed selection practiced on the
stock may also have an epistatic effect on the transferrin
locus. A tacit assumption made in the use of the genotype
frequency relationship used to calculate an inbreeding coef-
ficient is the absence of selection. Such an assumption is
clearly not valid in this situation and may result in the
inflation of the calculated value.

To summarize, it appears that pedigree analysis is the
best approach to determine inbreeding levels in coho
salmon. Thus, it would seem wise to assure that a selec-
tion and breeding program incorporates the mechanisms
that define accurate pedigrees of the breeding population.
Further, caution should be exercised in the use of geno-
type frequency changes to determine absolute values for
inbreeding coefficients. The potential effects of direct and
indirect selection must be determined for these values to
be considered as valid measurements of inbreeding.

Elimination of Inbreeding

Although the apparent levels of inbreeding in the selected
stocks of coho salmon were not large, two approaches to
elimination of accumulated inbreeding were investigated:
outcrossing between stocks and outcrossing between lines
within stocks. Test crosses were made between the Domsea

Table 3

The relative growth and survival of interstrain (Domsea
x Univ. of WA) and intrastrain (Domsea odd- x even-
year) crosses after 8 months rearing in marine net-pens.
The weights and survivals have been standardized against
the Domsea x Domsea (2 x 2) cross = 100. The index
value is the cross-product of weight and survival/100. N
= 8-45 for each cross.

Outcrossing schemes

Relative Relative

weight survival Index
DOMSEA (D) 100 100 100
D x UW (@ x 0O) 147 25 36.8
UW x D (@ x O) 141 25 35:3
University of Wash. (UW) 55.1 21.4 11.7

DOMSEA line crosses

Relative Relative

weight survival Index
DOMSEA (2 x 2) 100 100 100
DOMSEA (2 x 3) 116.1 150 174.5
DOMSEA (3 x 2) 101.4 225 174.1
DOMSEA (3 x 3) 128.7 100 128.7

coho salmon stock and the hatchery stock of the Univer-
sity of Washington, and between the Domsea odd- and
even-year parallel-selected lines. Progeny from these crosses
were reared in conjunction with the broodstock line.

It is apparent from the data (Table 3) that the progeny
from the crosses derived from the Domsea intrastock crosses
were superior to the interstock cross at the time of harvest.
Although both of the University of Washington x Domsea
hybrids were larger after eight months of saltwater rear-
ing, relative to the Domsea controls, the overall survival
of both the hybrids and the University of Washington fish
was extremely poor under net-pen conditions. The high
values reported reflect the survival of a few large hybrids
which biased the weight measurements. The University of
Washington x Domsea hybrids may not necessarily be
indicative of all interstock crosses, but the results suggest
that extensive hybrid testing may be necessary to identify
a complementary stock. The Domsea intrastock hybrids,
however, showed both good growth and greatly improved
survival relative to controls. Maintaining ‘‘in-house’’
parallel selection lines may be a more efficient expenditure
of effort relative to testing outcrosses. The ‘‘odd x even’’



crosses would appear to be the method-of-choice for allevi-
ating the inbreeding ‘‘load’” while preserving selection
gains.

Implications for
Broodstock Development

The coho salmon stocks that have been developed as a
result of this research program have, apparently, not yet
reached a level of inbreeding which would result in a strong
negative impact on their performance. The depression in
growth observed in both lines appears to have been envi-
ronmentally generated and subsequent generations have
performed well (Fig. 3). However, analyses of inbreeding
in these lines have demonstrated several areas requiring
special consideration in the development of aquaculture
broodstocks. Where possible, a selection and breeding pro-
gram should be initiated with a large enough population
size to completely address the combined needs of a reason-
able selection differential and elimination of close familial
relationships. Otherwise, definitive steps must be taken in
the formulation of the selection and breeding program to
minimize the accumulation of inbreeding from these
factors.

Further, a broodstock program should be initiated from
either an outbred population with an inbreeding coeffici-
ent (F) equal, or close to 0, or from a stock with a defined
and well maintained pedigree. This would insure that the
inbreeding level could be unquestionably determined and
the effects of any increases could be well defined. In addi-
tion, research is needed to determine the response of aqua-
cultural species recently derived from wild populations to
an increase in inbreeding level. While the response of
domesticated animals to increases in inbreeding has been
quantitated to some degree (Pirchner 1969), there is no
a priort method by which to predict the magnitude of
responses in natural populations. As indicated by Gall
(1987), the best information will be obtained from induc-
ing high levels of inbreeding in such stocks and quantify-
ing the effects. However, inbreeding effects observed in
the progeny of sib-matings are indicative of, but not highly
correlated with the performance of individuals with equal
inbreeding levels produced through generations of matings.

Finally, it appears that using parallel selection in at least
two separate lines of broodstock would be a valuable ap-
proach to incorporate into a selection and breeding pro-
gram. This provides an additional data set with which to
evaluate a selection program and also incorporates a
mechanism that has the potential to eliminate inbreeding
effects without the loss of advances made in the traits that
are beneficial to aquaculture production.
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ABSTRACT

Techniques to manipulate chromosome sets and produce polyploid fishes or fishes with all the
inheritance from the female or male parent have been exploited in aquaculture in recent years.
Some of the principal applications of this work have been to produce sterile fish or to produce
monosex populations. Three additional applications of chromosome set manipulation that we
have explored in salmonids in our laboratory and in collaboration with other laboratories have
been 1) increased survival in triploid hybrids; 2) the potential for gene transfer by ‘‘incomplete
gynogenesis’’; and 3) the generation of homozygous diploids and ultimately homozygous clones
through androgenesis (all-paternal inheritance).

A number of researchers have demonstrated that interspecific triploid fish hybrids survive better
than the corresponding diploid hybrids. Notable examples of this phenomenon include the tiger
trout (brown trout x brook trout) hybrid, the rainbow trout x coho salmon hybrid, and the
chum salmon X chinook salmon hybrid. The tiger trout has considerable potential as a sport
fish and may be advantageous because both the diploid and triploid hybrids are essentially sterile.
The rainbow trout x coho salmon hybrid has increased resistance to IHN (infectious hematopoietic
necrosis) virus characteristic of the coho salmon parent. The chum salmon x chinook salmon
hybrid has early seawater tolerance characteristic of the chum salmon parent.

Gynogenesis (all-maternal inheritance) experiments have normally involved complete inactiva-
tion of the paternal genome by radiation or chemical treatment of the sperm. However, we have
demonstrated that if a lower than normal radiation treatment is applied to the sperm, some paternal
genes may still be active in the progeny. This has been demonstrated for both pigmentation and
isozyme loci. It appears that the paternal genes in this situation are located on chromosomal
fragments which are lost during development. If the paternal genes can be stably inherited and

if desirable paternal traits can be selected for, this ‘‘incomplete gyogenesis’” might potentially

»
be used to transfer desirable traits between species.

Androgenesis is induced by fertilizing radiation-inactivated eggs with normal sperm and by
applying a pressure or heat treatment to block the first cleavage division and produce homo-
zygous diploids. We have successfully induced androgenesis in rainbow trout and have also pro-
duced androgenetic progeny from homozygous androgenetic males. Androgenesis has a number
of distinctive applications for aquaculture, including generation of homozygous clones and recovery

of strains from cryogenically preserved sperm.
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ABSTRACT

A large-scale breeding program has been initiated in South Carolina to achieve improved growth
and survival of the hard clams, M. mercenaria. This interdisciplinary, multi-institutional program
uses the facilities and personnel of the South Carolina Wildlife and Marine Resources Research
Institute, the College of Charleston, the University of South Carolina, and Clemson University.

Nursery stocks of hard clams that had been selected for fast growth were obtained from
Aquaculture Research Corporation (‘“‘ARC’’ - Dennis, MA) and the Virginia Institute of Marine
Science (‘““VIMS’’ - Wachapreague, VA). These stocks were compared to corresponding wild
populations for allele frequencies at seven polymorphic enzyme loci. Although as few as 30-60
parents were spawned at each of four generations to produce these two broodstocks, neither line
exhibited any reduction in heterozygosity. Both lines, however, showed evidence of genetic drift
and loss of rare alleles, suggesting that crosses between them could result in genetically distinct lines.

ARC and VIMS stocks were spawned on three occasions at different times of the year for pro-
duction of both reciprocal outbred and pure control lines. Growth and survival were monitored
regularly over two years. Early growth was strongly influenced by time of spawning, and as such
was not a reliable indicator of subsequent growth. Most significant disparities between trials
decreased as the lines aged. At 24 months, outbred and purebred lines were not consistently
different in their heterozygosity, mean size, or size variance.

Within crosses, little relationship was detected between shell length and heterozygosity aver-
aged over the seven enzyme loci. However, significant differences between the largest and smallest
clams were detected at individual loci in 10 of 42 tests. Results were consistent neither with the
hypothesis that the alleles themselves were affecting growth, nor with the hypothesis that these
enzyme loci were tightly linked to other loci affecting growth. Rather, it appears that alleles are
marking the entire genomes of their parents, and that variation in the growth rates of the off-
spring from individual clams may be obscuring any relationship with overall heterozygosity.
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ABSTRACT

The domesticated rotifer Brachionus plicatilis can be divided roughly into two types, called
L and S, using morphological differences in the shape of anterior spines on the lorica (obtuse
angled and pointed, respectively). However, differences in growth responses with respect to
environmental factors make this method unreliable. We have, therefore, tried to clarify differ-
ences at the genetic level between types, using starch gel electrophoresis of enzymes.

Thirty-four collected strains were separated by three methods into the two types. Initially, strains
were qualitatively judged with respect to differences in the shape of anterior spines. Afterwards
pure strains were cultured parthenogenetically and re-evaluated using the second method (quan-
titative). To accomplish this, morphological features were measured, the ratios of which created
an index for comparison of the strains (cluster analysis). Both the anterior spine and cluster analysis
indicated that the 34 strains were composed of two large clusters consisting of 15 L. and 19 S strains.

Allozyme variations of the 34 strains were then detected by horizontal starch gel electrophoresis.
Nine isozyme loci were recognized. Of the 42 alleles observed, 15 alleles over 6 loci showed great
differences between L- and S-types. Using genetic distances according to the allele frequencies
of 42 alleles, a dendrogram was drawn. The strains separated into two groups. One group con-
sisted of only S-type strains, the other group was subdivided again into 3 clusters. One of these
three clusters consisted only of the S-type strains, while the other two contained only L-type strains.

This result indicates the great genetic differences between L and S strains.

Introduction

Since the introduction of the rotifer Brachionus plicatilis to
nourish larval fish, aquaculturists have increased scientific
attention on this organism. In Japan a significant achieve-
ment in rotifer biology was the discovery that the domes-
ticated rotifers can be divided roughly into two so-called
S and L types as shown in Figure 1 (Fukusho 1983). The
main morphological differences between the two types are
lorica size, lorica shape, and the shape of the anterior spines
on the lorica. They also exhibit differences in growth with
respect to temperature. The morphological and physio-
logical differences in the two types were summarized in a
previous review (Hirayama 1987). The rotifer, especially
the domesticated rotifer, exhibits cyclomorphosis (seasonal
variation in size) and also polymorphosis (change in size
influenced by variations in diet) (Fukusho and Iwamoto
1980, 1981). So, there 1s a probability that observed dif-
ferences could be attributed to cyclo- or poly-morphosis,

not to genetic differences. However, Fukusho and Okauchi
(1982, 1983, 1984) have provided evidence that differences
may be genetic and that the two types can be isolated from
each other. In countries outside Japan, many scientists
recognize the variation of rotifers which is due to poly-
morphosis. Scientific approaches concerning analysis of
allozyme variation have therefore been investigated (Serra
and Miracle 1983, 1985, 1987; Snell and Carrillo 1984;
Snell and Winkler 1984; Suzuki 1983, 1987; King and
Zhao 1987), while in Japan there have been no studies to
detect allozyme variation in the two types by means of elec-
trophoretic procedures.

Using strains collected from many locations, we at-
tempted to distinguish L and S types using morphological
comparisons. In order to confirm the genetic differences
between strains, allozyme variations were detected by
horizontal starch gel electrophoresis. Then, the genetic
distances among collected strains were compared for mor-
phological similarities.
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Figure 1
The two types of rotifer Brachionus plicatilis, L. and S (provided by K. Fukusho).

Materials and Methods

We collected many strains from all over the world. On the
map (Fig. 2), the localities of 34 strains used in this study
are shown. Table 1 shows the abbreviated names and
origins of the strains. In the tables and figures, L- and
S-type strains are shown by abbreviation with capitai and
small letters, respectively.

Morphological Analysis

We first observed the antcrior spines of each of the 34
strains and qualitatively divided them into the two types,
L and S, according to whether they had obtuse angled or
pointed spines, respectively. We classified 15 strains into
the L type and 19 strains into the S type. After the initial
screening, one individual from each strain was selected for
culturing parthenogenetically and was regarded as one
genetic strain for further study. Each strain was cultured
with marine Chlorella (Nannochloropsis oculata). We collected
eggs and recultured each strain in marine Chlorella suspen-
sions in 23°C. The first eggs were laid after 48 hours. We

collected those eggs into test tubes reculturing them again
with marine Chlorella. After the offspring hatching from
those eggs grew and laid their first eggs, we performed mor-
phological measurements. We removed 20 individuals per
sample and measured seven morphological features (Fig.
3, A through G). The ratios of these measurements were
used to create indices for a cluster analysis.

Allozyme Analysis

The same 34 strains were used both for electrophoretic and
morphological analysis. Allozyme analysis for each strain
was conducted with a population grown from one in-
dividual and cultured with marine Chlorella and baker’s
yeast. The population was harvested with a net, washed
with clean seawater several times, blotted dry using filter
paper and frozen at — 30°C until analyzed. Before har-
vesting, the group was starved for one day to remove the
influences of food. Immediately prior to electrophoretic
analysis, we thawed the sample and used a small amount
of the drip absorbed by fiiter paper as a crude extract of
enzyme for allozyme alayisis. Electrophoresis were carried
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Figure 2
Map of collection localities. Capital and small letters mean L- and S-type strains, respectively.

out in 11% starch gel with three buffer systems reported
by Clayton and Tretiak (1972) with minor modifications
(Table 2). Staining procedures were from Shaw and Prasad
(1970) and Siciliano and Shaw (1976). The following 18
enzymes were tested: a-Glycerophosphate dehydrogenase
(aGPD, EC 1.1.1.8); D-Sorbitol dehydrogenase (SDH, EC
1.1.1.14); Lactate dehydrogenase (LDH, EC 1.1.1.27,;
3-Hydrooxybutyrate dehydrogenase (HBDH, EC
1.1.1.30); Malate dehydrogenase (MDH, EC 1.1.1.37);
Malic enzyme (ME, EC 1.1.1.40); Isocitrate dehydro-
genase (IDH, EC 1.1.1.42); 6-Phosphogluconate
dehydrogenase (6PGD, EC 1.1.1.44); Glucose-6-phosphate
dehydrogenase (G6PD, EC 1.1.1.49); Superoxide
dismutase (SOD, EC 1.15.1.1); Aspartate aminotrans-
ferase (AAT, EC 2.6.1.1); Adenylate kinase (AK, EC
2.7.4.3); Phosphoglucomutase (PGM, EC 2.7.5.1);
Esterase (EST, EC 3.1.1.1); Alkaline phosphatase (ALP,
EC 3.1.3.1); Acid phosphatase (ACP, EC 3.1.3-2);

b [ rete

Leucine aminopeptidase (LAP, EC 3.4.11.1); and Glucose
phosphaste isomerase (GPI, EC 5.3.1.9). e

g2l ff
Results

L v{//«,"{, #
Morphological Analysis

In Figure 3, are shown the average morphological mea-
surements and standard deviations of the 15 L and 19 S
strains. The results indicate that the strains of the rotifer
could be divided clearly into the two types by quantitating
the shape of the anterior spine (E/D, G/F). The results of
the cluster analysis (Fig. 4A) are identical to the classifica-
tion judging by the anterior spine shape (15 L types, 19
S types). Each cluster can be divided again into 2 small
clusters. These results indicate that with statistical treat-
ment of the morphologica charcteristics, the varieties of the

\ i ol Pt
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Table 1
Abbreviated names and origins of 34 strains of Brachionus plicatilis tested for morphological and genetic differences. PE: Prefec-
tural Experimental Station or Hatchery; SFC: Japan Sea Farming Center; AQD SEAFDEC: Aquaculture Division of South
East Asian Fisheries Development Center; NICA: National Institute of Coastal Aquaculture; and CE: City Hatchery. Capital

and small letters mean that the strain belongs to L and S type respectively.

Abbreviated

Station or Year of Wild (w) or
name Country Locality hatchery collection domesticated (d)
j-amp Japan Aomori PE '87 d
j-kay Japan Kagawa PE '87 d
j-ehp Japan Ehime PE '87 d
j-otk Japan Oita SFC 87 d
j-nsz Japan Nagasaki PE ’86 d
j-kgko Japan Kagoshima (Kai Lake) 78 w
j-kgko- 86 Japan Kagoshima (Kai Lake) '86 w
j-kgs Japan Kagoshima (Shibushi SFC '87 d
a-sal USA California (Salton Sea) '78 w
a-mk USA Florida (Makay Bay) ’80 w
c-Xxm China Fujian Fish. Res. Inst. '87 d
p-ilo Philippines Panay Island AQD SEAFDEC "84 d
p-le Philippines Panay Island Leganes Stn. '84 d
AQD SEAFDEC
p-ot Philippines Oton River (Panay Island) '84 w
i-ja Indonesia Java ’86 d
s-sin Singapore Natl. Inst. of Aquaculture "86 d
t-son Thailand Sonkia NICA 87 d
t-pu Thailand Puket Marine Inst. 87 d
is-eil Israel Eilat '87 d
J-SOI Japan Shizuoka PE 78 d
J-TKU Japan Univ. Tokyo 78 d
J-OTK Japan Oita (kamiura) SFC '87 d
J-SAP Japan Saga PE "84 d
J-SAP-86 Japan Saga PE ’86 d
J-NSU Japan Nagasaki Univ. 69 d
J-NSzZ Japan Nagasaki PE "86 d
J-NSC Japan Nagasaki CE ’86 d
J-NSGT Japan Nagasaki (Goto Island) SFC "87 d
J-NSGT-I1 Japan Nagasaki (Goto Island) SFC 87 d
J-KAU Japan Kagoshima Univ. '86 d
F-PA France Palavas-les-Flots 87 d
F-PA-II France Palavas-les-Flots ’87 d
F-PA-III France Palavas-les-Flots ’87 d
F-PA-1V France Palavas-les-Flots '87 d
Table 2
Buffer systems used for electrophoresis of enzymes.
Electrode buffer Gel buffer
Abbreviated
name Components pH Components pH References
C-A 0.04 m Citric acid, 6.1 Dilute 50 mL of electrode buffer 6.1 Clayton and Tretiak (1972)
adjust pH up to 6.1 with to 1 liter (Citric acid, 0.002 M).
N-(3-aminopropyl)-morpholine.
C-A 0.04 m Citric acid, 6.9 Dilute 50 mL of electrode buffer 6.9 Clay and Tretiak (1972)
adjust pH up to 6.1 with to 1 liter (Citric acid, 0.002 M).
N-(3-aminopropyl)-morpholine,
then to 6.9 with NaOH.
C-T 0.04 m Citric acid, 8.0 Dilute 50 mL of electrode buffer 8.0 Clayton and Tretiak (1972)

adjust pH up to 8.0 with

Tris-(hydroxymethyl)-methylamine.

to 1 liter (Citric acid, 0.002 M).
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Figure 3

Averages and standard deviations of 5 varieties of measurements
considered for differentiating L- and S-type strains.
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rotifer can be divided into two groups, and that the strains
within the same type display further variation.

Allozyme Analysis

Among 18 enzymes tested, 10 enzymes showed clear band-
ing patterns (Table 3). However, bandings for 3 enzymes
(AK, EST, and IDH) were not genetically interpretable.
The number of alleles of each locus are summarized in
Table 4. On MDH, 3 isozyme loci were recognized, al-
though no alleles were detected at 2 loci. In Table 5 are
shown the number of L- and S-type strains and the alleles
they posses at each locus. The L and S strains differ con-
siderably in allele profiles. For instance, at Ldh where 8
alleles were observed, 9 of 15 L strains possessed the A
allele whereas none of S strains possessed the A allele. In
contrast, B allele appeared only in the S strains. There were
con