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ABSTRACT
TRIAL HEAT SHOCKING TO INDUCE TRIPLOIDY

IN COHO SALMON, CHINOOK SALMON,
AND COHO X CHINOOK SALMON RECIPROCAL HYBRIDS

By

Douglas J. Sweet

The life span and growth capabilities of Pacific salmonids
may be increased by sterilization via triploid induction. A heat
shock, at 36°C, applied for one minute starting ten minutes after
fertilization induced triploidy in 21% to 42% of the chinook
salmon and between 0% and 147% chinook female x coho male salmon
hybrids. No triploids were found in coho salmon or coho female x
chinook male salmon hybrids.

Heat shocking significantly (P < .001) decreased survival by
an average of 32% at swim up.

Chinook female x coho male salmon hybrids exhibited severe
malformations in 30% of the individuals. Survival of this hybrid
was 11% to 12% lower than pure chinook crosses.

Survival of coho female x chinook male hybrids was not
significantly different from coho pure crosses.

This heat shock treatment was not optimal because triploid

induction rates near 100% are desirable.
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INTRODUCTION

Salmonid aquaculture has benefitted from developments in
nutrition, husbandry, and genetics. However, a major unsolved
problem affecting production of Pacific salmonids is the reduced
growth rate, flesh degradation, and increased mortality that
occurs during maturation and spawning (Gjedrem, 1976; Lemoine and
Smith, 1980; McBride and van Overbeeke, 1971; Refstie et al.,
1977). An increase in production is expected if a method could
be developed to inhibit the physiological changes associated with
maturation. One potential solution is sterilization of fish
intended for food or sport-fishery purposes.

Sterilization was previously tested on Pacific salmon in
order to increase their life span. Kokanee salmon (Oncorhynchus

nerka kennerlyi) were surgically castrated resulting in a longer

life span (Robertson, 1961). Gonadectomy performed on sockeye

salmon (Oncorhynchus nerka) also resulted in prolongation of life

with cessation of the tissue degeneration that occurs during
sexual maturation (van Overbeeke and McBride, 1971). The gonadal
steroids, ll-ketotestosterone, 17d-methy1testosterone, and
estradiol, are directly responsible for tissue degeneration
during spawning and they also initiate hyperadrenocorticism
causing further degeneration (Schreck and Fowler, 1982; van

Overbeeke and McBride, 1971). Therefore, an effective






sterilization technique should prevent degeneration of tissue and
mortalities associated with maturation in Pacific salmonids.
Since fish have indeterminant growth, (Beverton and Holt, 1957)
older sterile fish should continue growing without putting energy
into reproduction.

Since surgical castration of large numbers of hatchery
produced salmonids is not economical, other methods of steriliza-
tion have been tested. Steroid hormones were used to sterilize
and alter the sex ratios of salmonids. This technique requires
the eggs to be immersed in and the swim up fry fed on steroid
hormones (Goetz, et al., 1979).

Another, more simplified method of sterilizing salmonids is
the induction of triploidy. Triploidy, the condition of having
three haploid chromosome sets (3N) instead of two haploid chromo-
some sets (2N), can be easily induced in various fish and
amphibians. Triploidy was induced in various urodeles and
anurans with a heat shock of 35.0°C - 37.0°C, applied to newly
fertilized eggs for 4 to 7.5 minutes (Briggs, 1947). Briggs
found the optimal time to administer the heat shock was 20
minutes post ferilization. This time corresponds to metaphase of
the second meiotic division of the egg nucleus, which suggests
that heat shock causes triploidy by preventing shortening of
spindle fibers during anaphase. The spindle fibers are probably
partially denatured by the heat (Briggs, 1947). Other
researchers agree that triploid induction occurs through

prevention of the second meiotic division. For example, marker



chromosomes were used to determine the origins of triploidy in

the newt (Pleurodeles waltlii), and these observations proved

that the two sets of maternal chromosomes and one set of paternal
chromosomes that occured in a triploid individual arise from
suppression of the second meiotic division of the egg (Ferrier
and Jaylet, 1978).

Triploidy causes sterility in the adult organism because
gametogenesis has been arrested in the gonial stages. Gameto-
genesis is probably arrested due to the odd chromosome number and
resulting aneuploidy that occurs in the sex cells of triploids
(Cassoni et al., 1984). 1In addition to possessing non-functiomal
gametocytes, the gonads of triploids are often severely retarded
in development. Gonads of triploid Atlantic salmon (Salmo salar)
were reduced in size by 48% for males and 92.3% for females
(Benfey and Sutterlin, 1984a). Gonad formation was also markedly
reduced in triploids of carp, catfish, plaice, and plaice x
flounder hybrids (Gervai, et al., 1980; Lincoln, 1981; Wolters et
al., 1981b 1982d). Triploid salmonids, such as the rainbow trout

(Ssalmo gairdneri), also show reduced gonad size and function but

not to the degree as other species. The testes of male triploid
rainbow trout develop normally except for nominal production of
milt. Also steroid levels in triploid male rainbow trout did
not differ significantly from diploids. However, female triploid
rainbow trout had markedly reduced gonad size with low levels of

gonadal steroids as compared to diploids (Lincoln and Scott,






1984; Thorgaard and Gall, 1979). By most indicators, triploid
individuals are typically sterile.

There are exceptions to the rule of sterility in triploids
because reproducing populations of triploid gynogenetic
amphibians and fish have been discovered. All of these are
specialized cases which frequently have unusual mechanisms for
reproduction. For example, the silvery salamander (Ambystoma

platineum) and the Tremblays salamander (Ambystoma tremblayi) are

naturally occuring, all-female, triploid hybrids. These hybrids
were the result of Jefferson salamanders (Ambystoma

jeffersonianum) mating with blue-spotted salamanders (Ambystoma

laterale). The silvery and Tremblays salamanders have no
reductional meiotic divisions and sperm from one of the hybrid
parental species males only activates the egg to develop (Behler

and King, 1979). Triploid axolotl (Ambystoma mexicanum) females

also produce offspring. No special meiotic mechanism to conserve
normal chromosome numbers is involved because surviving offspring
have variable chromosome numbers. Obviously the development of
axolotls has some tolerance to aneuploidy (Frankhauser and

Humphrey, 1950). A triploid fish species (Poeciliopsis sp.) also

reproduces gynogenetically. In this case the triploid number of
chromosomes is believed to be increased to hexaploid by an
endomitotic division. The triploid number is then maintained by
a meiotic division (Schultz, 1967). Due to the exceptions of
sterility in these triploids, care must be taken when claiming

any man-made triploids to be completely sterile.






Triploids usually do not differ from diploids morpho-
logically. Triploid carp (Cyprinus carpio) were phenotypically
identical to diploids except for a minor disturbance in scale
pattern in the triploids (Gervai, et al., 1980). Comparisons of
multiple morphological measurements, fin ray numbers and
pharyngeal-teeth arrangement yielded no significant differences
between diploid and triploid hybrid grass carp (Cassani et al.
1984). Triploid frog embryos and larvae develop normally and are
identical to diploid larvae except for larger cell size and fewer
cells in triploids (Briggs, 1947).

Cytologically, triploids can be distinguished from diploids.
Karyological examination reveals triploids have an additional
haploid set of chromosomes over the normal diploid set. The cell
nuclei and cell size is usually larger for triploids than
diploids. This occurs because triploids have 1/3 more DNA than
diploids (Briggs, 1947).

Since triploids contain more DNA and have larger cells, it
has been hypothesized that triploids also should grow faster and
obtain larger sizes than diploids (Purdom, 1973). Growth in
triploids of various species seems to be highly variable. The
reported variation in triploid growth probably arises not only
from actual differences between species but also the variation
and inadequacies of experimental design. For example, triploid
rainbow trout had slower growth than diploids as reported by
Solar, et al., (1984), whereas Atlantic salmon had no significant

differences in growth between diploids and triploids (Benfey and






Sutterlin, 1984a). Benfey and Sutterlin stated that although
triploid Atlantic salmon may not grow faster than diploids in
early growth stages, the triploids may outgrow the diploids
during sexual maturation. Neither of the above studies included
sexual maturation in their growth measurements. In other
species, triploids were considered to grow faster and reach
heavier weights compared to diploids. Triploid channel catfish
(Ictalurus punctatus) were significantly heavier than diploids at
8 months old and older (Wolters et al., 1982d). This age and
growth period corresponds with sexual maturity of the catfish.

Grass carp x bighead carp hybrid triploids (Ctenogharzngodon

idella i x Hypothalmichthys nobilis d) grew faster than diploid
hybrids (Cassani et al., 1984). Finally, triploid Tilapia aurea
were larger than diploids at 14 weeks old (Valenti, 1975). The
results of Valenti's study should be taken cautiously because of
limited sample size. Only one to six polyploid fish per
experimental group survived to the end of 14 weeks.

Another potential advantage of triploid induction is
enhanced survival of triploid hybrids. Triploidy may increase
survival of inter-generic or intra-generic hybrids by providing
one complete maternal set of chromosomes. In an ordinary diploid
hybrid, some vital hereditary material may be absent because only
a haploid set of chromosomes originates from each parental
species. In a triploid the extra set of maternal chromosomes
gives the hybrid at least one complete diploid set of genes from

one species. This compensates for any deficiencies caused by the






hybrid. For example Elinson and Briedis (1981) observed that

diploid hybrids of bullfrog (Rana catesbiana) x green frog (Rana

clamitans) died during gastrulation while the triploid hybrids
flourished. Scheerer and Thorgaard (1983) induced triploidy in

brown trout (Salmo trutta), brook trout (Salvelinus fontinalis),

and rainbow trout hybrids. The triploid hybrids had higher
survival rates than the diploid hybrids. In some cases the
triploid hybrids had lower survival to the eyed stage of develop-
ment but had better survival to the initiation of feeding. This
reduced survival was probably due to effects of heat shock rather
than triploidy.

Having discussed the advantages that inducing triploidy has
in fish, the management implications for this process become
clear. Triploid salmon and triploid hybrid salmon may benefit
sport fisheries as well as aquaculture. Benefits for anglers
include a potentially larger and different fish to capture, less
flesh degradation during the spawning season, and in the case of
hybrids, a combination of good traits such as faster growth with
good fighting capability. Having combined characteristics, these
triploid salmon hybrids may occupy a different ecological niche
than their purebred parents. This offers the advantage of
potentially increasing the carrying capacity and stability of the
aquatic ecosystem involved. A good example of a successful
hybrid occupying a new niche is the splake, a hybrid between lake

trout (Salvelinus namaycush) and brook trout, that occupied a

different niche than the lake trout and successfully avoided






heavy predation by the sea lamprey (Pillay and Dill, 1976).
Triploid salmon can offer easy management of the number of fish
stocked since no natural reproduction of these individuals should
occur., Finally, sterile triploids may be introduced as exotic
species to assess environmental impact before fertile fish are
stocked.

Triploids and various polyploids have been produced and
found to spontaneously occur in many salmonid species.
Spontaneous triploids were discovered by Thorgaard and Gall,
(1979), in the McCloud River rainbow trout strain. Utter et al.
(1983) also found spontaneous triploids in pink salmon

(Oncorhynchus gorbuscha).

Other polyploids have been induced by a variety of treat-
ments with different species of salmonids. For example, the use
of mitotic-inhibiting chemicals, such as cytochalasin B and
colchicine, induced a variety of polyploids and chimeras (having
a combination of diploid and polyploid cells) in rainbow trout
(Refstie et al., 1977), atlantic salmon (Allen and Stanley,
1979), and brook trout (Smith and Lemoine, 1979). These chemical
treatments, which were usually applied to the early embryo, did
not lead to consistent results. Some individuals were diploid,
triploid, tetraploid or mosaics combinations.

Cold shocking eggs and early embryos of salmonids have also
been found to induce various polyploids and tetraploids. This
technique has been used on brook trout, producing mosaic poly-

ploids (Lemoine and Smith, 1980), and on Atlantic salmon



(Lincoln, et al., 1974). Tetraploids, which are theoretically
fertile, are only desirable if they are crossed to diploids to
produce all triploid offspring (Chourrout, 1984; Gjedrem, 1976).
The most effective means of inducing triploidy in salmonids
was by heat shock. Using this method, triploids or tetraploids
have been produced, with the specific result depending on the
time after fertilization the eggs are shocked. Eggs shocked
within the first hour of fertilization typically produce
triploids, whereas eggs shocked about the time of the first
mitotic division (about 5 hours post fertilization) typically
produce tetraploids (Thorgaard et al., 1981). Heat shocks
ranging from 26°C to 36°C, and lasting from 1 to 20 minutes, have
been attributed to successful triploid induction (Benfey and
Sutterlin, 1984b; Chourrout, 1980; Johnstone, 1985; Lincoln and
Scott, 1983; Solar et al., 1984; Utter et al., 1983). Higher
temperatures and longer heat shock periods increased the per-
centage of triploids but also decreased the number of survivors.
The lower temperatures and shorter shocking periods increased
fish survival but resulted in lower percentage of triploids. A
review of the literature suggests the optimal temperature, time,
and length of heat shock was between 26°c - 28°C, for 10-20
minutes, 20-25 minutes post fertilization (Solar et al., 1984).
A heat shock of these parameters typically produced nearly 100%
triploids and minimized heat shock mortalities. Utter et al.
(1983) has previously induced triploidy in 58% to 84% of chinook

salmon, pink salmon, and pink x chinook salmon reciprocal
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hybrids. They used a ten minute heat shock, at 28°-30°C, applied
ten minutes post fertilization.

The main objective of this research was to determine the
feasability of inducing triploidy in coho salmon (Oncorhynchus
kisutch), chinook salmon (0. tchawytscha), and coho salmon x
chinook salmon reciprocal hybrids. Coho and chinook salmon were
chosen because they are popular sport fish and are easily
obtained from the Great Lakes. Hybridization is feasible because
these species have overlapping spawning runs. The secondary
objective of this research was to determine the viabililty of the
hybrids, triploid hybrids, and triploid purebreds in relation to
the pure breds, by recording survivorship to swim up. Previous
reports of hybridization between these two species indicated poor
survival of offspring from chinook females crossed to coho males
and variable survival of offspring from coho females crossed to
chinook males (Blanc and Chevassus, 1979, 1982; Chevassus 1979).
Induction of triploidy in these hybrids was hoped to correct this
situation and create a viable sport fish. The triploid hybrid
would contain two haploid maternal sets of chromosomes (2N) and
one haploid paternal set of chromosomes (IN). Hopefully this
double set of maternal chromosomes, which is a complete chromo-
some set from the maternal species could compensate for any
deficiencies of hereditary material caused by hybridization.

Although the most optimal heat-shocking technique seems to
be at 26-28°C, for 10-20 minutes, at 20 to 25 minutes post

fertilization, this technique was not used in this trial. The






11

majority of salmonids on which the optimal heat shocking
technique was developed were smaller species, with smaller eggs,
than the coho and chinook salmon. A hotter heat shock was
thought necessary for adequate heating of the larger coho and
chinook salmon eggs. Thorgaard et al. (1981) produced triploid
rainbow trout at optimal numbers and survival with a heat shock
of 36°C for one minute, ten-minutes post fertilization. This

hotter heat-shock regiment was chosen for this trial.






MATERIALS AND METHODS

Specific Crosses Tested

Eight different crosses, run in triplicate, were used to

assess induction of triploidy in coho and chinook salmon. The

crosses were:

D)
2)
3)
4)
5)
6)
7

8)

Crosses 1 and 5 were used as references for egg and sperm quality

coho g x coho J

coho g x coho d'-l» triploid induction
coho g x chinook Oa

coho g x chinook °’+ triploid induction
chinookg x chinook O’

chinook gx chinook O’-f- triploid induction
chinook $ x coho 0'

chinook g.x coho @+ triploid induction

for the coho salmon and chinook salmon, respectively in the

experiment.

coho salmon and chinook salmon, respectively, while crosses 3 and

Crosses 2 and 6 were to test triploid induction in

7 were designed to test diploid reciprocal hybrids of coho and

chinook salmon.

triploid induction in reciprocal hybrids between coho and chinook

salmon.

Finally, crosses 4 and 8 were designed to test

12
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Spawning Procedures

Eggs and milt of coho and chinook salmon were obtained from
Michigan Department of Natural Resources, Fish Division, at the
Little Manistee Weir on October 15, 1984. Complete hatchery
procedures are outlined in Appendix A. It was estimated that
approximately 500 eggs per test group would be needed to supply
enough fish for karyotype samples (based on expected survival of
chinook salmon in our fish laboratory, Garling and Masterson,
1985). To obtain 500 coho eggs per test group, the eggs of three
females were pooled and mixed prior to separation into test
groups and fertilization. The eggs of three chinook females were
similarly treated. Milt from six coho males was pooled together
because fully ripe coho males with adequate quantities of milt
were difficult to obtain. Milt from only three chinook males was
needed to supply adequate quantities for fertilization. Pooling
of gametes would also minimize the effects of any sterile gamete

donors.

Triploid Induction

To induce triploidy, the eggs were heat shocked in a 17-
gallon fiberglass rectangular tank at ten minutes post fertiliza-
tion. Water was circulated through this tank by an Autoflow
external box filter. The water was heated to 36°C by two Fisher
Automerse thermostatic immersion heaters. The eggs were sus-
pended in this tank during heat shock in 2 mm-mesh floating

screen boxes measuring 8'" x 8" x 5". After application of the
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heat treatment, eggs were immediately transferred to water at
ambient temperature. All non-heat-shocked eggs were sham-heat
shocked by moving and immersing the eggs for a similar period of

time in water at ambient incubation temperature.

Egg Incubation Conditions

After all treatments, the eggs were allowed to water harden
for 1 hour at ambient water temperature before tranmsporting. The
eggs were transported in plastic rectangular buckets, on ice,
inside of coolers.

Upon arrival at MSU Fisheries Research Laboratory, the eggs
were unpacked and numbers were estimated by the California
Volumetric method (Leitritz and Lewis, 1980). Each test group
was split into three equal replicates. Each replicate was
randomly assigned a position in one of 24 vertical flow incubator
trays. Each stack of eight trays was supplied with one gallon of
aerated well water per minute at approximately 12°C.

To assess the various treatments, survival of eggs and fry
was recorded weekly from fertilization to swim-up. Time within
this developmental period was recorded as thermal units in
degrees Celsius. Thermal units were calculated by summing the
degrees Celsius that the incubation water was at for every suc-
cessive 24 hour period. For example, if the water temperature
was a constant 10°C for five days, then 50 thermal units would be
accumulated. Eggs were considered dead when they turned white or

fungused. Anti-fungal treatments were not used because frequent
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egg picking prevented the spread of fungal infections. Care was
also taken to prevent physical disruption of the eggs during the
sensitive period between 48 hours post fertilization and eyeing

approximately 25 days later (Leitritz and Lewis, 1980).

Statistical Analysis of Survival

Survival was compared statistically at two independent times
during development. These times are considered crucial for sal-
mon development and included the stages of (1) eyeing and (2)
swim up. A three-way analysis of variance with orthogonal con-

trasts was used for these comparisons. The model is as follows:

Yijer=u+ %3 +By+(aB)yy+ ¥+ (a¥)yy + (BY)
+ (aBY); 53 + B3 5101
where u = mean survival
a ; = average effects of heat shock
Bj = average effects of maternal side of cross

( aB)(ij) = interaction of o and B

Y, = average effects of paternal side of cross

(BY)jk interaction of B and Y

( OLBY)ijk interaction of &, B, and Y
E(ijk)l = random effect of unspecified variables
(Gill, 1978).
Initial tests for homogeneous variance (f-max test) on

survival for these times revealed heterogeneous variances. Three

transformations were attempted on both time periods of data.
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These transformations were:
1) y = Arcsin (P)

where P is proportion surviving at that time
2) y = log, P
1

3y

1
-

ol
o

(Gill, personal communication).

None of these transformations resulted in homogeneous variance

(P < .25) for time (2) swim up and only transformation No. 2,
above, achieved homogeneous variance for time (1) eyeing. Due to
this heterogeneous variance, survival at time (1) eyeing was com-
pared statistically after the data was transformed using trans-
formation No. 2). Interactions and main effects were considered
significant if a type I probability of error was .05 or less

(P < .05).

Since time (2) swim-up data could not be successfully trans-
formed to a homogeneous variance (P < .25), the transformation
which most closely achieved this was used. Transformation No. 2
was used for this purpose but since it was not as complete as in
time (1) eyeing the interactions and main effects were considered
significant only if a type I error was .0l or less (P < .01)

(Gill, personal communication).
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Solid Tissue Karyotyping

To verify if heat treatment induced triploidy, karyotypes
were performed on samples from each test group. Initially,
karyotyping was attempted on swim up fry using Kligerman and
Bloom's (1977) solid-tissue technique. Failure of this technique
led to alternate trials with modifications on solid tissue karyo-
typing and some use of tissue culture. Modifications on the
Kligerman and Bloom methods eventually resulted in moderately
good results (See Appendix B). However, due to the amount of
time the procedure required, the moderate success rate, and the
age of the fish when sampling became possible, only twenty fish
from each non-hybrid cross and ten fish from each hybrid group
could be analyzed. These chromosome counts were completed when
the fish were between four and six months old.

Metaphase chromosome spreads were examined with a Microstar
American Optical Series One-Ten Laboratory Microscope. Slides
made by the modified Kligerman and Bloom (1977) solid-tissue
karyotyping technique were initially scanned at 100 power.
Special attention was paid to the circumference of the dried-cell
suspension rings. In this region the most acceptable metaphase
spreads were found. Once a suspected spread was located at 100
power (a very small scattering of dots), a 1,000 power oil
immersion lens was used while enumerating chromosomes. Chromo-
some contrast was optimal when stained with Giemsa and ammonium
hydroxide intensifier; and when viewed with near maximum light

power with diaphragms wide open. An eyepiece micrometer grid was
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used as a position reference when counting chromosomes. This
grid was centered over the metaphase spread while chromosome
centromeres were counted in each grid square. The chromosomes
within each grid square were counted in order starting with the
upper left hand corner square, moving to each square to the
immediate right, then down one row and back to the left. This
pattern was followed as if each grid was counted as words that
are read in this sentence. The actual count was performed on a
Lion tally counter to minimize counting error and possible bias
from prior knowledge of expected chromosome counts. Only three
of the largest and most intact appearing metaphase spreads were

counted per slide.

Graphs of Chromosome Counts

All metaphase spreads counted per test group were bar
graphed according to chromosome count. These graphs essentially
show the distribution of chromosome counts in the population of
cells in that test group. Each individual fish is usually repre-
sented by three cells, or counts, on that graph. Expected
diploid chromosome counts for chinook and coho salmon were taken
from Simon (1963) and are indicated on the graphs. Calculated
expected chromosome counts for diploid hybrids, triploid hybrids,
and triploids are also indicated. The purpose of these graphs
was to indicate if triploid cells are in the population. Hypo-

thetically, if some triploids are present a bimodel distribution
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peak is expected on the graph peaking at the expected diploid

(dotted line) and triploid (dashed line) chromosome numbers.

Determination of Percentage of Triploid Individuals

Various parameters were set in order to determine the per-
centage of triploid individuals in each test group. This was
deemed necessary because of the variable chromosome counts
obtained and the likelihood that two overlapping partial diploid
metaphase spreads may have appeared as a triploid. An individual
fish was determined triploid if at least two of the three largest
metaphase spreads had a chromosome count exceeding the median
number between the expected diploid and triploid counts. This
arbitrary limit was set in hopes of eliminating any artificially
high diploid counts (due to counting error) but was low enough to
include triploid spreads missing some chromosomes. Standard
error for percent triploids was calculated for each test group by
the binomial formula:

S.E. = _wl(l - wl)
n

where wl = percent triploid individuals
n = total number of fish examined per test group

(Gill, personal communication).

Karyograms
Photomicrographs of the best metaphase spreads in each test
group were taken. An Olympus Photomicrographic System Camera,

model PM-10-M with accompanying exposure meter, model EMM-7, was
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used. Karyograms were made by projecting negatives with a
Beseler enlarger onto a piece of paper. Chromosomes were traced,
blackened in, and later cut out. The chromosome images were then
arranged into karyograms according to a Denver type arrangement
(Al-sabti, 1985; Blaxhall, 1983a). This technique has the meta-
centric chromosomes arranged in order of decreasing size followed
by acrocentric chromosomes also arranged in order of decreasing
size. Due to similiarity in size and shape of many chromosomes
exact homologous pairs might not have been placed together.
Initially chromosomes were classified into four categories as
described by Levan, et al., (1965). These four categories were
determined by chromosome arm ratios and consisted of metacentric,
submetacentric, subtelocentric and acrocentric chromosomes. This
system was abandoned due to high variability of chromosome con-
densation and relatively poor resolution from the film (ASA 64)
used for karyograms. A simplified two category technique for
chromosome classification was used instead. Using this technique
chromosomes were categorized as having the centromere position
either near the center of the chromosome (metacentric-submeta-
centric) or near the ends of the chromosome (acrocentric-telocen-

tric).

Erythrocyte Nuclear Preparations

In addition to karyotyping, erythrocyte preparations were
made for each fish karyotyped. These preparations were taken as

an alternate system for determining triploidy if karyotyping
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proved inadequate. Erythrocyte cell and nuclear size can be used
as an indicator of triploidy (Beck and Biggers, 1983; Benfey et
al., 1984; Benfey and Sutterlin, 1984c; Cimino, 1973; Wolters et
al., 1982c¢). Blood was taken in a heparinized capillary tube
from the severed anterior dorsal aorta of fish being prepared for
karyotyping. The blood was then expelled onto a clean slide,
smeared with the edge of another slide, and allowed to air dry.
Dried blood smears were fixed in methanol for two minutes,
allowed to air dry again, and stained in buffered Giemsa as
described in step 10 of Appendix B (Beck and Biggers, 1983).

Stained blood smears were observed under 1,000 X (using the
same microscope for viewing metaphase spreads). Individual ery-
throcytes were randomly selected and nuclei width and length were
measured using a micrometer scale. Any erythrocytes which
appeared malformed, ruptured, or otherwise disrupted were not
included in the measurements. Area and volume of the erythrocyte
nuclei were calculated using formulae taken from Lou and Purdom,
(1984). Area was calculated by the ellipse formula:

Area = (a)(b) /4
where a is the diameter of the short axis

b is the diameter of the long axis.

Volume was calculated by the formula:

Volume = azb
1.91
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Since karyotyping provided sufficient data, only a limited
number of erythrocyte slides were measured. Erythrocytes from
six chinook salmon determined by karyotyping to be triploid, and
six chinook salmon determined by karyotyping to be diploid were
fully analyzed. This small test sample was analyzed to check the
validity of using erythrocyte dimensions as triploidy indicators
for future work. Bar graphs were made displaying the distri-
bution of triploid and diploid erythrocytes vs. length of long
nuclear axis, length of short nuclear axis, area and volume of
erythrocytic nuclei.

Disembryogenesis associated with the hybrid salmon was
examined histopathologically and described by the Animal Health

Diagnostic Laboratory at Michigan State University.







RESULTS AND DISCUSSION

Survival of Crosses

Incubation conditions for the eight different crosses can be
considered favorable for optimal survival since survival of
chinook salmon controls at time of swim-up was 91%. Garling and
Masterson (1985), reported only 50% survival at swim up for
chinook salmon incubated at the same facilities under similar
conditions. Since survival of chinook salmon controls in this
study was exceptional, it can be assumed that conditions were
favorable for development of hybrid and triploid-induced (heat-
shocked) crosses.

Three-way analysis of variance with orthogonal contrasts
indicated that heat shocking was the main factor decreasing
survival between fertilization to eyeing. Heat shocking
decreased survival by an average of 24% (Figures 1 and 2). This
difference is significant with a type I probability of error of
.001 or less (P < .001). The majority of this decrease occurred
in the few days post fertilization reflecting immediate effects
from the heat shock.

All eggs originating from chinook salmon had better survival

than eggs originating from coho salmon by time of eyeing. Mean
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survival of chinook eggs was 7% higher than coho eggs and this
maternal-effect was highly significant (P < .001).

At time of swim-up, heat shock was also found to signifi-
cantly (P < .001) decrease survival by an average of 32%. A
large proportion of these mortalities originated in the period
prior to eyeing. This is evident from the similarity of sur-
vival curves after eyeing. The only difference between heat-
shocked and non-heat-shocked curves is the displaced position of
heat-shocked curves due to high mortalities prior to eyeing
(Figures 1 and 2). This indicates, as would be expected, that
heat shock was most damaging to development during the heat shock
or in the stages immediately thereafter.

In contrast to significant maternal effects occurring
between fertilization to eyeing, the period from fertilization to
swim-up had significant main effects caused by the paternal
source of the cross. During this period survival averaged 10%
lower for eggs fertilized by coho males than for eggs fertilized
by chinook males. This difference was significant with a type I
probability of error of .001 or less (P < .001).

Hybrids between brown trout females and brook trout males
were shown to have a similar pattern of maternal dominance of
survival characteristics occurring before the eyeing stage (Blanc
and Poisson, 1983). Paternal effects only become important after
yolk sac absorption and in the case of many hybrids seems to be
the source of blue sac disease (Blanc and Poisson, 1983). One

potential explanation of the decreased survival of coho maternal
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and paternal sides of the crosses is the observation that coho
salmon were not at peak ripeness and peak of the spawning run
when eggs and milt were taken. Ripe female and male cohos were
difficult to obtain at egg-taking time, indicating a possible
condition of underripe or overripe eggs. This could easily
explain the lower survival of coho maternal-side crosses.

Further evidence for the low quality of eggs obtained from coho
salmon is seen in the sudden drop of survival of coho eggs within
the first few days post fertilization (Figure 1).

Survival of all hybrid groups, except coho female x chinook
male plus heat shock, was lower than their respective control
groups at time of swim up. Survival of chinook female x coho
male hybrids was 12-13% lower for both heat-shocked and non-heat-
shocked groups as compared to pure chinook crosses. Survival of
coho female x chinook male hybrids (84%) was lower but similar to
survival of coho pure matings (87%). The exception to this trend
was the higher survival of heat-shocked coho female x chinook
male hybrids (61%) than heat-shocked coho pure matings (43%).
This extremely low survival of heat-shocked coho pure matings may
be explained by the compounded effects of low survival character-
istics of coho eggs, the low survival characteristics occurring
from coho paternal side crosses, and low survival caused by the
heat-shocked treatment. Lower survival of hybrids is expected.
Lower survival of heat-shocked hybrids over diploid hybrids con-
tradicts what other researchers have found and what is expected

of triploids. Using female brook trout x male brown trout and
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female rainbow trout x male brown trout Scheerer and Thorgaard
(1983) listed a hierarchy of survival. Diploids of either
species had the highest survival, followed by triploids, triploid
hybrids, and diploid hybrids having the lowest survival. In this
case triploid hybrids had lower survival to eyeing (probably from
detrimental effects of heat shock) but better survival to initia-
tion of feeding. Induced triploidy also increased the survival

of Tilapia nilotica x Tilapia aurea hybrids (Chourrout and

Itskovich, 1982). Heat shocked hybrids may not have better
survival in this research because of relatively low triploid
induction rates of this specific heat-shock treatment. Coho
female x chinook male hybrid heat-shocked groups contained no
triploids. Heat-shocked chinook female x coho male hybrid groups
contained 0 to 14.3% triploids (Table 1). This low number of
triploids may not have been adequate to overcome the negative
survival stress of hybridization and heat shocking. If triploid
induction was more successful and in the range of at least 80-907%

of the individuals, survival might have been considerably higher.

Disembryogenesis of Hybrid Offspring

Interesting cases of disembryogenesis were observed in
hybrid offspring of chinook and coho salmon. Marked malforma-
tions of chinook female x coho male hybrids was noted shortly
after hatching. These malformations were present in as many as
30% of the hybrid individuals at any given time. The gross

appearance of these fish suggested a degeneration of the cervical
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and caudal areas (Figures 3 and 4). Scoliosis, lordosis, and
sometimes both were present. Fish continued to developed these
traits over a four month period of time, with cervical degenera-
tion appearing first, followed by caudal degeneration and dis-
coloration. The degeneration made swimming and feeding difficult
for the fish, eventually causing death.

A very small percentage (less than 1%) of fish in the other
types of crosses also developed these problems. Specifically,
coho female x chinook male hybrids had a few individuals with
slight degeneration located only in the cervical area and no
degeneration in the caudal areas. Some of these fish also had
shortened gill opercula.

Normal and malformed individuals at four weeks post hatching
were sacrificed, preserved, and sent to the Animal Health
Diagnostic Laboratory at Michigan State University for diagnosis.
Radiographic and histopathological examinations revealed the
following results. Vertebrae were poorly ossified and malformed
into triangular shapes. Areas of deformed vertebrae coincided
with scoliosis and lordosis. In areas where degeneration
occurred there was unequal development of segmental myotomes with
muscle tissue missing in certain areas and loosely organized in
other areas. Epithelium in the degenerated areas was lacking
scales but was pigmented and contained mucus glands. No inflam-
matory cells were located in these areas indicating a non-infec-
tious etiology. The final diagnosis from the Animal Health

Laboratory was musculo-skeletal disembryogenesis of unknown
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Figure 3.

Varying degrees of disembryogenesis occurring in
swim-up chinook female x coho male hybrid salmon.

Most severe on bottom with decreasing disembryogenesis
toward top. A normal hybrid is in each photo (top)
for comparison.
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Figure 4. Four month old chinook female x coho male hybrid salmon
showing moderate disembryogenesis (Above - side view,
below, top view).
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origin (Figures 3 through 7 for comparisons of normal and
abnormal individuals). A genetic cause may be suggested since
only chinook female x coho male hybrids had disembryogenesis in
large percentages.

Other workers have found various forms of disembryogenesis
or "cripples" associated with hybrids. Hybrids between Atlantic
salmon and pink salmon produced non-viable fry with severe
morphological anomalies. Some of these fry apparently had only
one eye directed forward on the head and were described as
"cyclops like" (Loginova and Krasnoperova, 1982). Simon and
Noble, (1968) also reported variable survival of reciprocal

crosses of pink salmon and chum salmon (Oncorhynchus keta). Chum

salmon males x pink salmon females produced relatively normal
appearing offspring with few mortalities. The reciprocal cross,
with chum salmon females x pink salmon males suffered total
mortalities from weak deformed offspring. All hybrids between
chum and pink salmon had less robust caudal peduncles similar to
the results in chinook female x coho male hybrids from this
study. In brown trout female x brook trout male hybrids, the
percentage of cripples depended on which individual female brown
trout was used in the cross (Buss and Wright, 1956). This
occurrence may also hold true for this study. There is the
possibility that one of the three chinook females used in the
chinook female x coho male cross was genetically responsible for
the 30% disembryogenesis observed. Buss and Wright, (1956) also

reported high variation in viability of fry in splake x brook
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Figure 5. Six month old coho female x chinook male hybrid
salmon.

Figure 6. Six month old chinook female x coho male hybrid
salmon.
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Figure 7. Six month old coho salmon.
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trout hybrids and high percentages of ''caudal cripples'" in brook
trout females x lake trout males.

Previous trials of chinook salmon x coho salmon hybrids had
mixed results. Coho females x chinook males were rated as a
potentially useful hybrid (Chevassus, 1979 and Refstie et al.,
1982). This hybrid was shown to have a hatching rate of 40-88%
of control. (Chevassus, 1979 and Refstie et al., 1982), and the
growth rate of this hybrid was reported to be five times the
control rate at 230 days of age (Refstie et al., 1982). My study
agrees with these findings since coho female x chinook males had
minimal disembryogenesis with survival slightly less then control
at time of swim up (84% compared to 87%). Chevassus (1979)
reported lower success for chinook females x coho males because
only a few individuals survived to one year old. My study again
agrees with these findings since this cross contained severe
disembryogenesis and lower survival compared to control (12-13%
lower). Blanc and Chevassus (1979 and 1982) also reported good
survival of coho female x chinook male hybrids. Their study
reported survival as high as 50% of control up to the fourth
month post hatching. These hybrids were noted to have slower
growth and achieved a smaller size compared to coho controls. In
contrast, using Foerster's (1935) work as an example, Chevassus
(1979), stated that hybrids using coho salmon were typically non-
viable. Specifically, coho females x chinook males did not even

survive to the eyed stage.
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The cause of non-viability in hybrids is often difficult to
ascertain. Blue sac disease (i.e. the inability to absorb the
yolk sac properly), has been implicated in many hybrid problems
(Blanc and Poisson, 1983; Buss and Wright, 1956). Other
potential explanations for hybrid mortalities include failure at
fertilization or embryogenesis, failure at hatching, differences
in incubation times, egg sizes, or chromosome counts causing
incompatibilities between the two species (Buss and Wright,
1956). Crippling and disembryogenesis is obviously responsible
for many mortalities and is probably caused by some genetic
inbalance of the hybrid genome during hybrid development. In the
present study the majority of hybrid mortality occurred between
eyeing and hatching (Figure 1 and 2). In fact, many chinook
female x coho male hybrid alevins were observed to have died in
the process of hatching. Disembryogenesis definitely contributed
to mortalities of the hybrids, especially after the period of
swim up when these individuals were not able to swim normally and
compete for feed. In Atlantic salmon, high mortalities at time
of hatching have been associated with defective enzymes (Battle,
1944), Hybrids with defective hatching enzymes would have
problems during hatching, whereas hybrids with severe disembryo-
genesis may not have the physical capability to hatch. It would
be interesting to discern what genetic and developmental
mechanism is disrupted to cause the disembryogenesis in hybrid

salmonids.
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Maternal-Dominance in Hybrids

Another interesting phenomenon observed in coho x chinook
salmon hybrids was maternal dominance in the characteristics of
the dorsal and anal fin. All hybrids originating from coho eggs
retained the coho salmon's elongated and white colored leading
fin rays of the anal and dorsal fin. In contrast, all hybrids
originating from chinook eggs lacked this white leading edge and
retained the appearance of chinook salmon. Other authors have
reported various forms of maternal and paternal dominance in fish
species. Hybrids between chum salmon males and pink salmon
females may show characteristics of one parent, the other parent,
unlike both parents, or a combination from both parents (Simon
and Noble, 1968). The F, generation of chum salmon females x
pink salmon males developed a dorsal hump which was intermediate
in size to the large hump observed on pink salmon males. Tail
spots, which are very evident on pink salmon, are present but are
reduced in size on the hybrid. Another characteristic which is
expressed in the hybrid in an intermediate manner is tooth size.
Pink salmon have small teeth while chum salmon have large teeth.
The hybrids have intermediate sized teeth. In four different
characteristics the hybrid chum x pink salmon resembles either
one parent species or the other. The pink salmon's white belly
and white background coloration is retained over the dark belly
and yellow background coloration of the chum salmon. Parr marks
of the chum salmon, which are absent in pink salmon, remain

evident in the hybrid. Gill raker counts in the hybrid are
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closer to pink salmon counts than to chum salmon counts.
Finally, scale counts of the first row of scales above the
lateral line resembles chum salmon scale counts more closely than
pink salmon scale counts. Simon and Noble, (1968) explain the
parr mark characteristics as a simple Mendelian recessive. The
other characteristics are considered to be inherited in a
multiple gene system.

Reciprocal hybrids between channel catfish (Ictalurus

punctatus) and blue catfish (Ictalurus furcatus) exhibited

paternal predominance (Dunham, et al., 1982). The male parent of
these two hybrids was more responsible for determining the
external appearance, swim bladder shape, and fin ray number of
the hybrid offspring. In addition, growth and morphometric
uniformity also exhibited paternal predominance. Finally, even
behavior was effected by paternal predominance. Susceptibility
to capture by seine was influenced by the male parent more than

the female parent (Dunham, et al., 1982).

Gynogenesis Versus Hybrid Production

Maternal dominance seen in the coho salmon x chinook salmon
hybrids actually may be an indicator of gynogenetic production of
the maternal species. Gynogenesis has been induced in various
salmonids with several treatments. Gynogenetic rainbow trout
were produced by fertilization with irradiated sperm coupled with
heat shock (Chourout and Quillet, 1982; Purdom et al., 1985).

Gynogenesis has also occurred in rainbow trout through the use of
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pressure shocks of 7,000 psi applied for 4 minutes, 40 minutes
post fertilization in conjunction with irradiated sperm
(Chourrout, 1984). Finally, cold shock was also used to induce
gynogenesis in coho salmon (Refstie et al., 1982). In my study,
gynogenetic production may have occurred in the hybrids by
activation of the maternal genome by sperm from the paternal
species. The sperm would contribute no genetic material to the
zygote. Most offspring activated in this matter would be haploid
and probably would be inviable (Refstie et al., 1982). However,
if fertilization via a hybrid sperm was associated with a
disruption of the second meiotic division of the egg, then a
diploid gynogenetic may have been produced. A diploid gyno-
genetic is produced if the sperm pro-nucleus is excluded from
fusion, while a triploid hybrid is produced if the sperm pro-
nucleus is included (Chevassus, 1983). Spontaneous prevention of
the second meiotic division by fertilization with another species
sperm has occurred in grass carp females crossed to big head carp
males. In this case retention of the sperm pronucleus creates a
triploid hybrid (Allen and Stanley, 1983; Cassani, et al., 1984).
If gynogenesis occurred with the coho salmon x chinook
salmon hybrids then the similar appearance of the offspring to
the maternal species could not be contributed to maternal
dominance. These offspring would appear identical to the
maternal side of the cross because they are gynogenetics of the
maternal side. The possibility of such an occurrence is

increased dramatically in the heat shocked hybrid groups because
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the heat shock applied to induce triploidy may also induce
diploid gynogenesis if the sperm pro-nucleus fails to unite with
the egg pro-nucleus. Care must be taken when a hybrid is claimed
to be produced because of the above mentioned possibilities.
These pseudo-hybrids (gynogenetics) may be differentiated from
true hybrids by morphological characteristics, physiological
characteristics, biochemical characteristics, or karyological
characteristics (Chevassus, 1983). Since hybrids do not always
have intermediate characteristics of the two species involved,
morphological, physiological, and biochemical characteristics are
not always reliable at determining validity of a hybrid's
genomes. The study of karyotypes is the only reliable means of
determining the validity of an individual's genetic structure
(Chevassus, 1983). Gynogenesis was not found in my study but
before I discuss the evidence for this the various character-
istics of karyograms from coho and chinook salmon must be

discussed.

Karyograms of Coho Salmon

Chromosome counts of all metaphase spreads from coho salmon
indicated a peak occurrance and probable diploid number of 60
(Figure 8). This number agrees with the findings of Gold et al.
(1980) and Simon (1963). Karyograms of coho salmon indicate a
range of 44 to 46 metacentrics-submetacentrics and 14 to 16 acro-
centric-telocentric chromosomes (Figures 9 and 10). Simon (1963)

describes coho salmon having 52 metacentrics-submetacentrics and
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Figure 9. Metaphase spread (above) and karyogram (below)
of coho salmon diploid with 60 chromosomes
(44 metacentric-submetacentrics and 16 acro-
centric-telocentrics).
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Figure 10.

Metaphase spread (above) and karyogram (below)
of coho salmon diploid with 60 chromosomes
(46 metacentric-submetacentrics, and 14 acro-
centric-telocentrics).






44

eight acrocentrics. This dissimiliarity reflects differing
nomenclature systems rather than differences in chromosome
morphology. He observed and made drawings from chromosomes in
anaphase in contrast to my use of metaphase chromosomes. Simon's
drawings, made from camera lucida and direct microscope observa-
tions, appear to have much more detail than my own, hence, his
nomenclature system is different. Simon breaks up the chromosome
morphology into two groups. The first group consists of V-shaped
(metacentric) and J-shaped (submetacentric) chromosomes grouped
together. The second group consists of only rod shaped
(acrocentric) chromosomes. Chromosomes in my study were grouped
into the acrocentric-telocentric category when the centromeres
were at the end, or nearer to the end of than the middle of the
chromosome. In contrast, because of finer resolution, Simon
(1963) only categorized chromosomes as acrocentric when the
centromere was located at the end of the chromosome. When the
nomenclature system employed in this study is used on Simon's
coho salmon karyogram, 46 meta-centric-submetacentrics with 14
acrocentric-telocentric chromosomes is observed. This completely

agrees with the findings from karyograms in my study.

Karyograms of Chinook Salmon

Chromosome counts for chinook salmon metaphase spreads
peaked at and indicate a probable diploid number of 68 (Figure
11). A diploid number of 68 chromosomes for chinook salmon

agrees with the findings of Gold et al., (1980) and Simon (1963).






‘uowWyES OOUTIYDd
woiy pardues spesids aseydejsu jo uorjrsodwod lsaqunu awosowoiy) 11 2an31g

45

JOquINN aWosSowoyd

oLt oot 06 o8 oL 09 os oy ot

L 1 1 ] " i_ Q %

“ : 80 z

_ Sisk 56 g

“ . —ot m.

_ n . @

| So°clt o

| : 3

! : toz 8

cOl =ug - ”.

- k-]

= [

- -

: —o¢ m

“ m

m G8'te w

. o

- —or 3

mm.-.s-.—n_mu_ .-.—( mm.N‘v m

] m 5

: (]

P yooulyd X § oouryd dos 2
89 =ug







46

Simon (1963) also classified the chinook's chromosomes as 36
metacentric-submetacentric with 32 acrocentrics. This is similar
to the findings of my study where 34 to 36 metacentric-submeta-
centrics and 32 to 34 acrocentric-telocentrics were observed

(Figures 12 and 13).

Verification of Hybridization: Karyograms of Reciprocal Hybrids

Between Coho and Chinook Salmon

Since standard chromosome complements of chinook and coho
salmon are known, the expected hybrid complement may be deter-
mined. This expected complement may then be compared with the
actual hybrid karyograms to determine if true hybridization or if
gynogenetic production has occurred. Taking the haploid chromo-
some number for chinook salmon (34) and adding it to the haploid
chromosome number of coho salmon (30) results in an expected
diploid hybrid number of 64. The peak chromosome number found in
chinook female x coho male and coho female x chinook male bar
graphs was 64 (Figure 14 and 15). This indicates that true
hybridization, rather than gynogenetic production, occurred. The
peak chromosome number would have been equal to the maternal
diploid number if gynogenetic production had occurred. Further
evidence for true hybridization can be found upon examination of
hybrid karyograms. Since chinook salmon have 34 to 36 metacen-
tric-submetacentrics and 32 to 34 acrocentric-telocentrics, then
a haploid number of 17 to 18 metacentric-submetacentrics and 16

to 17 acrocentric-telocentrics would be expected to be
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Figure 12.
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Metaphase spread (above) and karyograms (below)
of chinook salmon diploid with 68 chromosomes
(34 metacentric-submetacentrics and 34 acro-
centric-telocentrics).
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Figure 13. Metaphase spread (above) and karyogram (below)
of chinook salmon diploid with 68 chromosomes
(36 metacentric-submetacentrics and 32 acro-
centric-telocentrics).
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contributed to the hybrid. Likewise, coho salmon were determined
to have 44 to 46 metacentric-submetacentrics and 14 to 16
acrocentric-telocentrics. The coho salmon's haploid contribution
to the hybrid would be 22 to 23 metacentric-submetacentrics and 7
to 8 acrocentric-telocentrics. Combining the chinook and coho
haploid chromosome complements gives an expected hybrid with 39
to 41 metacentric-submetacentric and 23 to 25 acrocentric-
telocentric chromosomes which was observed in hybrid karyograms
shown in Figures 16 through 19. Figures 16 and 18 show karyo-
grams of individuals with 40 metacentric-submetacentric and 24
acrocentric-telocentric chromosomes. Figure 17 shows the karyo-
gram of an individual with 40 metacentric-submetacentric and 23
acrocentric-telocentric chromosomes. Figure 19 shows an
individual with 40 metacentric-submetacentric and 25 acrocentric-
telocentric chromosomes. Figure 20 shows the karyogram of an
individual that deviates the furthest from the expected hybrid
number with 38 metacentric-submetacentric and 27 acrocentric-
telocentric chromosomes. This last example is much closer to an
expected hybrid karyogram than either parental species karyogram
indicating it is a true hybrid. This is true because when the
differences in chromosome number between the deviant hybrid and
coho salmon, the deviant hybrid and chinook salmon, and the
deviant hybrid and expected hybrid are compared; the difference
is least between the deviant hybrid and the expected hybrid
chromosome counts. Specifically, the deviant hybrid has two to

four extra metacentric-submetacentric chromosomes and five to






Figure 16.

Metaphase spread (above) and karyogram (below)
of coho female x chinook male hybrid diploid
salmon with 64 chromosomes (40 metacentric-
submetacentrics and 24 acrocentric-telocentrics).



Figure 17. Metaphase spread (above) and karyogram (below)
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