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ABSTRACT

Genetic variability was estimated in the rainbow trout population
in the Firehole River in Yellowstone National Park by means of gel
electrophoresis. The heterozygosity of 25 loci was used to estimate
total heterozygosity, which was found to be typical of other rainbow
trout populations. A deficit of heterozygotes exists at one locus
(EST-1); possible reasons. for this are discussed.




INTRODUCTION

One of the keystones of evolutionary thedfy is the existence of
heritable Variapioﬁ within and among popuiations. In Darwin's day,
careful and often exhaustive anatomical comparisons documented vari-
ation, but the inheritability of such variation was gnpredictable.
This made absolute measurements of genetic variability impossible, and
no mathematical treatmenfs-df éeieétioh and.population structure could
be devised. |

The gene theory led to a more'quaﬁtitative waf of describing popu-
- lations and the selective forces brought to bear upon them. It was
seen that two of more allélgs may exist in a popuiation for several
reasons:

1. When an allele is in £he process of being replaced by

‘another because of selection pressures, both can be
found in the population. This is a transient polymorphism.
2. Two alleles that confer comparable fitness upon their
: carriers (neﬁtral allelés) may coexist awhile. Random
fluctuations in allele frequency will eventually cause
one allele to be lost, so ‘this is also a transient
polymorphism.
3. When heterozygotes are more fit than homozygo;es (over-

dominance), a stable polymorphism will be maintained.
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4. Migration can maintain polymorphisms when selection

pressures vary throughout the range of é population.

The modern recognition that proteins are the specific products of
one or a few:genes apiece has allowed direct and absolute measurements
of genetic variation. Theoretically, any protein separation technique
can be used to discern allelic variation, but gel electrophoresis has
become the method of chéice (Shaw, 1965; Selander, 1976; Gottlieb,
1971). It has the advantages of being sensitiye to sméll differences
in primary structure (amino acid substitutions), achieving separétions
from crude homogenates; and being inexpensive.

Electrophoresis exploits the fact that wheﬁ charged particles.or‘
bodies are put into an electric field, they experience a férce which
is proportional to their charge. Proteins in solution aré no excep-
tion. Several amino acids have ionizable groups which may be cﬁarged;
at physiologic;1 pH's (6~8.6) most proteins carry a negative charge.
The important point is that allelic products of &ifferent charge will
experience different forces in an electric field, will thus.migrate
at different rates, and will separate. To minimize diffusion, the
proteins are made to migrate through a gel slab or other matrix. A
variety of polymeric materials can be used as matrixes. Starch gels,
which are cheap and effective, were used in this study.

Protein—specific stains are used to visualize the position of

individual gene products in a gel (Hunter and Markert, 1957).
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Generally; conversion of an enzymic substrate to a product is coupled
chemically to production of an insoluble dyé. ‘The location of the
enzyme is revealed by spots of color in the gel.

There are limitations to both electrophoresis and staining pro-
cedures. Foremost among these is the inability to detect amino acid
substitutions Which do not altér electrophoretic mobility (Shaw, -1965).
Also, the choice of proteins surveyed may not represent a random

sampling of the genome. Protéins amenable to electrophoresis are

soluble enzymes of high activity, and staining methods are most easily .

devised for dehydrogenases and ehzymés which produce reduced products.
To measure accurafely electrophoretic variability, care must be taken
to survey as wide a variety of enzymes,'and as many, as possible

(Nei and Roychoudhury, 1974). If these precautions are taken,
observed electrophoretic variation will bé'indicative of the overall

heterogeneity within a population (Lewontin and Hubby, 1966).

Electrophoretic studies have been done on many types of organisms.

The most common way of expressing variability is ﬁ; the average pro-
portion of heterozygétes at all loci surveyed. A.review By Powell
(lé75)_1ist; estimates of H for 38 species of fish which range from
0.005 to 0.18. Among salmbnids, A;lendorf and Utter (1977) have

estimated the following average values of H: 0 corhynchus gorbusha,

0.039; keta, 0.045; O kisutch, 0.015; O. nerka, 0.018; Qntschawytscha,




4

0.035; Salmo apache, 0.0; S. clarki, 0.063 (coastal) and 0.023

(interior); S. gairdneri, 0.060; S. salar, 0.024.
Many of these studies had one of two goals. Some investigators
(for example; Lynch, 1977) have clarified relationships within a group
of related species or subspecies. Others attempted to correlate |
habitat or selection with alleie freduencies or'ﬁ'(Christiansen, e; al.,
1975; Frydeberg, et al., 1973; Merritt,'l972); Cause—and-effect is
not easily demonstrated, though; this is the goal of many population
geneticists. Toward this ena, knowledgé of the genetic structure of
marginal or peripheral populafions will be useful (Prakgsh; et al.,
1969). The variability maintained in unusual environments, either
measurably dynamic or &emoﬁstrably stétic, will also be interesting.
One such marginal population living in a well defined enviromment

is the Salmo gairdneri (rainbow frout),population in the upper

stretches of the Firehole River in Yellowstore National Park (Fig. 1).
A fifteen kilometer section of the river, isolated from the lower -
river by the large Firehole Falls, receives large amounts of geotherm-
ally heated watér which raises the water temperature about 10c®. As
documented by Kaya (1977) and Kaeding'and Kaya (1978) this is marginal
habitat for rainbow trout; No fish wére endemic to éhe river above
Firehole Falls. Planting began in 1889 and continued sporadically
until 1955. Rainbow trout were recruited. into a breeding population

during that time. The feproductive schedule of this pppuiation is
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collection area below the Midway Geyser
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unusual (Kaya, 1977) because, unlike other rainbows which are spring
spawners, these fish spawn in November and December. This behavior
not only avoids the unfavorable water temperatures of the normal
spawning season;.it allows rapild growth of the youné all winter,
equivalent to a full year's growth in a colder regime.

The purpose of this study was to estimate yariability in this
population of raipbow trout by means of an electrophoretic survey.
Numerous similar studies of rainbowé and other salmonids provided
gqidelines apd methodology for the survey. The genetic interpretation
of electrophoretic patterns was made on the basis of previously pub-
lished reports. It is hoped that this preliminary genetic survey may
aid in understanding the genetic basis of the unique biology of thié

population.




MATERIALS AND METHODS

Rainbow trout were collected By eiectrofishing or angling. After
weighing and measuring the fish,'tissue samples_(liver, muscle, heart,
and eye) were frozen on dry ice. Samples weré later transferred to a
freezer and stored at -50° until used.

Pieces of liver or heart approximately 0.5 g wére'ground in a
glass tissue homogenizer with an approximately equal amount of grinding
solution (0.1 M Tris, 0.001 M EDTA, 10_5 M NADP, pH 7.0). Muscle and
eye tissue were ground with about 0.5 ml grinding solution per gram
of tissue. Homogenates ﬁere spun in a blood ceﬁtrifuge at top speed
(4000 rpm) for 15 minutes. The supernatants were pipetted to clean
2 ml tubes and kept at -50° when not in use.

Gels were made by cooking and stirring 75 g starch (Electro-
starch) and 500 ml buffer (Appendix) in a sidearm flask. Affer the
solution boiled, it was evacuated for 1 minute, then poured into a
17 x 23 cm form made by clamping plexiglass border strips to a thick
glass plate. When the gel cooled to room temperature, it was covered
with plastic wrap and stored at least 8 hours in a refrigeratér. Gels
were used withinv2 days.

A slit was cut the length of .the aged gel about 5 cm from one
edge. Thick (1 mm) filterpaper wicks (1/2 x 2 cm) were soaked in the
sample supernatants and plaéed in the slit. Two wicks soaked in

Bromophenol Blue, a dark dye, flanked the samples.
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Gels were set on electrode trays containing buffer (Appendix).
The gaps between the electrodes and the gel edges were bridged by
several layers of soaked cloth towels, énd the proper voltage was
applied écross the gel with a Heathkit IP-17 power supply. After
eiectrophoresing for 15 minutes, when the dye had moved about 0.5 cm,
all wicks were'removed and the slit was held tightly closed .with
rubberbands. A pan with 3-4 kg ice was set on top of the gel, and
electrophoresis was éontinued for 3% ; 4 hours or until the marker dye
approached the anodal edge.of the gel.

One-sixteenth inch thick plexiglass strips were used to guide a
metal blade through the gels to obtain three or four flat slices per
gel. Each slice was stained for a different enzymatic activity. (The
staining solutions used are given in the Appendix). When the zymograms
were visible (15 minutes to overnight, but usually 3 fo 4 hours) the
slices were rinsed with water, then fixed in a methanol/water/acetic
acid (5:5:1) solution. The fixed gel was usually photographed, after

written notes were made of the electrophoretic pattern of each sample.




RESULTS

I have used the terminology of Prakésh, et al. (1969) to feport
my results. A gene is named for its product by using an italicized
abbreviation. Thus, LDH codes iactaté dehydrogenase, PEP. codes
peptidase, etc. If éeveral genes produce proteins of similar function
they are numbered starting with the mosficathodal protein. Thus,
LDH-1 codes for a more cathodal protein than LDH-2 does. Finally,
when multiple alleles are found at a locus, they are named paren-
thetically with numbers denoting their.cbmparative mobility. One
hundred is assigned to be the mobility of the most common allele.
Thus, LDH-1 (100) is the most-common allele at the LDH-1 locus;
LDH-1 (50) would be a less common allele whose product migrates only

half as fast.

Monomorphic .Proteins

Alcohol Dehydrogenase, 1.1.1.1, ADH): ADH, a dimer, is one of the few

proteins commonly studied which migrates cathodally. It is thought to
be controlled by a single locus (Allendorf, et al., 1975). The enzyme
was expressed by a single invariant band in 31 samples from the

Firehole Riverf

a-Glycerol-phosphate dehydrogenase, E.C. 1.1.1.8, (AGPD): AGPD is re-

ported to be coded By.two loci, AGPD-1 and AGPD-2 (Allendorf, et al.,

1975, Engle, et al., 1971) because an invariant three-banded (fixed
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heterozygote) patterﬁ can be observed on Gel F. Using this buffer
system, and buffers A and D, I was unable to éonsisfently visualize
products of more than one locus. AGPD—l:waS'feprésgnted by a singie

invariant band in 33 fish saﬁples.

Fumarase, E.C. 4.2.1.2., FUM: Two fumarase loci are reported in Salmo
trutta (Allendorf, et al., 1977) and the results of this study are

also best interpreted as evidence of two loci. Two invariant bands

of activity were visible in gels of 40 samples. . Both FUM-1 and FUM-2
are expressed in muscle Eissue; in cbntrast';o‘the'repérted éxpression

in S. trutta.

Glucuronidase, E.C. 2.3.1.31, GUS: TFifty-two liver samples had

glucuronidase activity. Allendorf, et al. (1977) reported that two
loci are expressed in liver tissue of 8. trutta, one of which is also
expressed in muscle tissue. Ilwas not able to detect glucuronidase
activity in muscle, and found only single invariant bénds from liver,

indicative of a single monomorphic locus.

Leucine aminopeptidase, E.C. 3.4.1.1, LAP: In the 20 muscle samples

tested, this enzyme was expressed as three invariant bands. This
fixed heterozygosity is caused by fixation at two individual loci.
Allendorf, et al. (1977) report the_expfession of a single locus in

muscle and a separate locus in liver.)
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Peptidase, E.C. 3.4.1.2, PEP: A‘single_invariant'band of peptidase
activity was found from 57 muscle samplés. Evidence of a second locus
(Allendorf, et al., 1977) was not found in muscle, liveér, or éye

extracts.

Phosphoglucose isomerase, E.C. 5.3.1.9, PGI: PBGI, a dimer, is coded

by three genes whose products interact to produce six bands of activity

from samples of triply homozygous rainbow trout muscle (Avise and

Kitto, 1973). This pattern (Fig. 2) was observed in 44 muscle sémples;
PGI-1 is not active in 1iver‘tiSSue} 35 samples each gave’rise

to three invariant bands of activity.

Xanthine dehydrogenase, E.C. 1.2.3.2, XDH: This enzyme is invariant

in most if not all salmonoid populations (Kristiansson and McIntyre,
1976; Allendorf, et al., 1975). The Firehole population is not
exceptional. Twenty samples each produced a single_invarianf band of

activity.

Polymérphic Proteins

Esterase, E.C. 3.1.1.1, EST: Three zones of esterase activity were

found on most gels, caused by EST-1, EST-2 and EST-3 (Allendorf, et al.

1977). 0Of the three esterases EST-1 was the most active. Of 99
samples scored, 65 were homozygous for the common allele, EST-1(100).
Zymograms from 10 fish had a more cathodal band of EST-1(85). Twenty-

four samples produced both bands and were scored as heterozygotes.
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Figure 2. Products of PGI-1, PGI-2 and PGI-3,
interacting to form dimers, cause
six-banded zymograms.
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The middle bands, products'of'ggzzg,.were invariant in 65 fish.
Only one gel retained EST-3 activity. Of the 27 liver homogenates
- scored, 21 had a single common band of activity. One fish, hoﬁever,
produced a siﬁgle‘mbre cathodal band, designated EST-3(90). Five

zymograms had the two—banded'pattefn expected‘of heterozygotes.

Lactate dehydrogenase, E.C. 1.1.1.27, LDH: LDH-1 and LDH-2, also
called LDH~A and LDH-A', are 5oth expreésed in muscle tissue (Wright,
et al., 1975). Their products interact to forﬁ tefréﬁeric LDH
moleculés, givinglriée to five bands of activity in doubly homozygous
muscle zymograms. This was -the pattern seen in all 52 muscle samples
surveyed. No variant alleles were detected.

LDH-4 is the only LDH gene expressed in liver tissue. Of thé
78 livers sampled, 71 had a single band of activity, from LDH—4(1QO!.
Another allele, LDH-4(70), is also ﬁresent in the Firehole population.
Six animals were shown to be heterozygous.by their five—ﬁanded liver
zymograms. One fish wés homozygous for LDH-4(70).

Heart tissue expresses both LDH-3 and LDH-4. Since the mobility
of LDH-3(100) is nearly the same as the mobility of LDH-4(70), the
zymograms of double homozygous (Egﬂ:i and LDH-4) hearts are very like

the zymograms of liver from LDH-4(70/100) heterozygotes (Fig. 3). The .

heart zymograms of LDH~4(70/100) fish were five-banded as well, but
the bands were not equally intense. The heart of the LDH—4(702 ]

homozygote produced only a single band of activity. Ten-banded
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Figure 3. LDH zymograms of liver tissue (lanes 1-4)
and heart tissue (lanes 5-7). Liver ex-
presses LDH-4 only; heart expresses LDH-3
and LDH-4. The genotypes of the samples
are:

Lanes 1 and 4: LDH-4(100(/LDH-4(100),
Lane 2: LDH-4(70)/LDH-4(70),
Lane 3: LDH-4(100)/LDH-4(70),
Lane 5: LDH-3, LDH-4(100)/LDH-4(100),
Lane 6: LDH-3, LDH-4(70)/LDH-4(70),
Lane 7: LDH-3, LDH-4(100)/LDH-4(70).
Notice the unequal intensity of the bands in lane 7.
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patterns, which would be expected of fish hetérozygous at LDH-3,
were not found. Thus, LDH-3 is monomeorphic. .
LDH-5 is expressed in eye tissue (Horowitz and Whitt, 1972; Whitt‘
and Horowitz, 1970). its ﬁr&duct'ﬁas.expressed.as a single'inﬁariant

band in all 37 e&e samples tested.

Malate dehydrogenase, E.C. 1.1.1.37, MDHf' There are at least three

genes that produce cytoplasmic MDH in rainbow trout. MDH42 and MDHjS

(also called MPH-B and MDﬁ—B'j are expressed in muscle tissue (Bgiley

et al., 1970). However, since the»produgts of the‘coﬁmon alleles 6f

the genes have identical electrpphoretic‘behaQiqr (and may be identi-

cal) doubly homozygous fish samples produce. a single band of activity.

This was the pattern seen in muscle samples from the Firehold River.
MDH-1 is most strongly expressed in liver tissue, where its

products interact with thgse of MDH-2 and MDH-3. Three-banded zymo-

grams are produced by‘friply homozygous fish livers. MDH-1 hetero-

zygotes are recognized by the three—béﬁded patterﬁ which is found in

the MDH-1 homodimeric region of a gel (Fig. 4). Nine such heterozygotes

were found among 45 liver samples.

Phosphoglucomutase, E.C. 2.7.5.1, PGM: Three genes code monomeric

PGM enzymes in rainbow trout (Roberfs,'eﬁ al, 1969) and other salmonids
(Utter and Hodgins, 1970; Kristiansson and McIntyre, 1976) producing

three zones of activity on some gels.’ The*mostlénodal form, PGM-3,
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Figure 4. MDH zymograms of liver tissue. Lanes 1
and 8 are from MDH-1(100/50) heterozy-

gotes; the rest are from MDH-1(100/100).
MDH-2 and MDH-3 are expressed more

strongly in some samples than others.
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often has low activity and is not detected. This was the case in ﬁy
samples. Of the two gene products detected, PGM-2 was invariant in
51 fish and produced a single band. PGM-1 was polymorphic: 19 samples
produced the two-banded zymogram expécted of heterozygotes. Thirty
fish wére homozygous for the common allele PGM-1(100) and twé fish
expressed only the less common allele PGM%1(652.

Both genes are expressed in muscle and 1i§é¥, but activity is

greatest in muscle.

Superoxide dismutase, E.C. 1.15.1.1; SOD: Enzymatic oxidations which

are accompanied by the reduction of NAD+ or NADP+ are most‘commonly
detected by adding one of several tetrazolium dyes to the staining
solution. These dyes not only turn dark blue at the site of NADH and
NADPH evolution, but nonépécifically stain the entire gelha light
blue, especially in the presence of light.

The reduced (blue) tetrazolium is a substrate for the dimeric
enzyme S0D. This enzyme bleaches out spots in the blue-cast gel
(Fig. 5). It is polymorphic in rainbow trout (Cederbaum and Yoshida,
1972) including the Firehole popﬁlatioﬁ. Oof 50.fish genotyped, 20 ﬁere
heterozygouslon the basis of their three~banded zymograms. Twenty‘
other fish were homozygous fér SOD(lOO}, the cathodal product. Tén

fish produced only the anodal product;-SOD(140).




Figure 5.
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A gel stained for G6PD activity (dark
spots) has light, bleached spots at
the sites of SOD activity. Lanes 1-3
are from SOD(100/100) homozygotes.
Lane 4 and lanes 11-14 are from
SOD(100/140) heterozygotes. Lane 9 is

from a SOD(140/140) homozygote.
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Other Protein'SXstems

Several enzyme systems were not included in the estimate of vari-

ation in the Firehole population.

Esterase: As can be seen from Table 1, the observed EST-1 phenotypes
are not in a Hardy-Weinberg ratio. Esterases are notorious for ex-
pressing nongenetic variability (Utter, et al., 1974) so this system

was not included in the computation of H.

Glucose-6-phosphate dehydrogenase, E.C. 1.1.1.49, G6PD: G6PD zymo-—

grams have recently been shown to express nongenetic differences
between molecules (Cederbaum and Yoshida, 1976). G6PD mobility is
influenced by NADP binding and possibly other factors. Copvérsion
between different states during electrophoresis may account for the
poor resolution of the various forms.

My gels had three zones of G6PD activity. The most anodal zone '
was a large diffuse region. No &ariability was detected in this region
of the gels. The two cathodai forms were more distinctly resolved.
Forms with differing mobility were evident, but though the protein is
thought to be a dimmer only one- or twé—banded patterns were seen,
characteristic of monomeric proteins when the patterns are representa-

tive of genetic variability.
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Table 1. Tablée of results..

Monomorphic systems:

ADH N = 31 ' PEP N = 57
AGPD N = 33 PGI-1 N = 44
FUM-1 N = 40 - ' PGI-2 N = 44 (muscle) -
FUM-2 N = 40 : . N = 35 (liver)
GUS N = 52 PGI-3 N = 44 (muscle)
LAP-1 N =20 , N = 35 (liver)
LAP-2 N = 20 | XDH N=20 -
Polymorphic systems:
Observed genotype _  Expected genotype dist.

Locus dist. (homo/hetero/ h  (assuming Hardy-Weinberg P*

homo) ' equilibrium)
EST-1 65/24/10 0.242 60/34/5 0.015
EST-2 N =65 0o .
EST-3 21/5/1 . 0.185 20.5/6/0.5 0.75
LDH-1 N = 52 .0
LDH-2 N - 52 ' 0
LDH-3 N=37 . 0
LDH-4 71/6.1 0.077 70.25/7/54/.21  0.20
LDH-5 N = 37 0
MDH-1 36/9/0 0.200 36:45/8.1/.45 - 0.80
MDH-2 N = 45 .0 '
MDH-3 N = 45 . 0
PGM-1 - 30/19/2 0.373 30.63/17.79/2/59 0.90
PGM-2 N = 51 0
SOD 20/20/10 0.400 18/24/8 .0.55

*P is the probability of exceeding the deviation of the observed
dist. from the expected.

= 0,049
25 loci total (excluding EST-1)

=
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in 15 of 36 fish scored, G6PD-1 was expressed as two bands.
Fourteen fish expressed only the cathodal band: the other f expressed
only the anodal band. Assuming the two—banded.patterns iﬁdicate
heterozygosity, these numbers are in a Hardy-Weinberg ratio (X2 < 0.65,
P = 75%).

. G6PD-2 expression is qualitatively similar but'uqlinked to G6PD-1
expression. Ten fish expfessed two bands, 12 fish only had the
cathodél band, aﬁd 10 fi;h only had thé anodal band. These numbers
are not in a Hardy-Weinberg ratio (X2 = 4.6, P = 10%).

Since there is confusion regarding the number of genes coding
G6PD and their relatiomn to pbserved‘zymograﬁs, and since some data
does not represent a‘Hardy—Weinberg ratio, .this system was not included

in the commutation of H.

Isocitrate dehydrogenase, E.C. 1.1.1.42, IDH: There are two tissue-

specific IDH's in trout, IDH-A in liver and IDH~B in muscle (Allendorf
and Utter, 1973; Reinitz, 1977; Engel, et al., 1975). IDH-A has-been
shown to be coded by two geneé. The interpretation of zymograms of
this system is difficult for two reasons. First, one locus is evi-~-
dently monomorphic; the other is highly polymorphic, with multiple
alleles in many populations, but the_tﬁo loci share an identical
allele. Thus, discrimination between the gendtypeé AAAA' and AAA'A'

is difficult.
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Also, though the protein is known to be a dimer, some investiga-
tors have observed only two—bénded zymograms from fish known to be
heterozygous (Allendorf and,Utter,.1973;,Reini£z, 1977). Other in—
vestigators have reported five- and six-banded patterns. Since I
observed only 1 five~banded. pattern .in 88 samples (the reét had one,
two or three bands) it is not clear wha; genotype sﬁould be aséigned
the £hree—banded‘ge1s.

The primary dra%back to measuring heterozygosity at these loci
was the feeble activity of this enzyme. I could find no conditions
which allowed satisfactor& visualization of this system.

IDE~B, expressed in muscle, 1s_also reportedly controlled by two
loci which are not ;inked to the IDH-A loci (Reinitz, 1977). The IDH
zymogramé obtained from muscle are also not typical of dimeric enzymes.
Since the activity of’this enzyme was as weak as that of IDH-A, no

measuremenf of heterozygosity was poséible.

_Calculation-of'ﬁ

In Table 1, observed phenotypic distributions are compared with
Hardy~Weinberg expectations, and the fraction of heterozygotes,'ﬁ, is

listed for each locus. The average of all h's (with the exclusions

noted above) is H. H for the Firehole population is 0.049.




DISCUSSION

The Salmo gairdneri population in the Firehole River is poly-

morphic at 20% of the 25 loci surveyed. These 25 loci are a fairly
even mix of multiple substrate (7), regulatory (8), and nonregulatory
(10) enzymes. It is important to include enzymes of all these types
in poﬁﬁlation sur?eys beéaﬁse nonregula;ory enzymes are reiatively
less variable in many organisms; including fiéh_(Powéll, 1975).
Enzymes which act on a variety of substrates, and regulatory enzymes
whose activities are modulated by nonsubstrate materials, must méin—

tain proper activity through a range of conditions. The mixture of

two, three, five or more forms of enzymes present only in heterozygotes

ma& confer higher fitness than the homozygous proteins (Koehn, 1969).
Stable polymorphisms maintained by.heterbéygote advantages would not
be as common among nonregulatory enzymes, whose activities are usually
simply related to substrate concentrations (Johnson, 1974).

The most commonly studied enzyme, though, is LDH, a nonregulatory
enzyme. Many species ‘are polymorphic afione of the LDH loci. Allele
frequencies ‘vary from one population to another, and from one location
to another in large populations. When they vary with latitude,
selection By the tempefature of the climate is often suspected.
Johnson (1971) raised lérval_crested blennies (Anoplarchus) ét differ—-
ent temperatures and found differential sgrvival dependent upon

genotype and temperature. To study the functional basis of selection
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on LDH, Merritt (1972) collected Pimephales from several latitudes.
Two LDH alleles were present in his samples. The allele common in the
north is rare in the south, and above 25° it's homogeneous product has
a much higher Km for pyruvate than proteins containing the commén.
southern subunit, as expected 1f temperature plays a selective role.

A similar enzymatic study concerning temperature was done with
serum esterase of Catastomid fishes (Koehn, 1969). Agéin, there
appear to be "northern" an& "southern" alleles. Sera from fish homo-
zygous for the common southern allele were inactive at OO,‘but activity
increased at higher temperatures. The northern protein is active at
0° but nearly inactive at 37°. At intermediate temperatures sera from
heterozygous fish are more active tﬁan sera from either homozygote.

Enzyme Km's do not just vary with respect to température. Dif-
ferent substrates have different Kp's, and allosteric modulators affect
substrate binding. Heterosis could be favored throughout ranges of °
substrate composition and allosteric modulator concentrations just as
it is throughout ranges of temperature in the case of Pimephales LDH.

Polymorphisms were found in' all three groups of enzymes. The
multiple-substrate SOD and EST enzymes are highly variable in trout
and aléo other fish (Powell, 1975). Multiple alleles coding PGM, a
regulatory enzyme whose activity is increased by small amounts of

glucose-1, 6—diphosphaté,'wére described By Roberts (1969).  The
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nonregulatory liver isozymes MDH-1 and LDH-4 are polymorphic in otﬁer
rainbow populations (Allendorf, et al., 1975; Utter and Hodgins, 1972).

H = 0.049 (SE =.0.023) in this population, a value similaf to
those of other rainbow populations.. Allendorf and Utter (1975) have
listed H for 41 populations of native and hatéhery rainbows, mostly
steelhead. H = 0.060 in the resident populations, with an éxceptional
value of 0.020 at the University of Washington hatchery. An earlier
study (Utter, et al., 1973) of three populations reared at that
hatchery measured H values of 0.034, 0.636, and 0.038.

The sampling variance of H is called V(ﬁ) (Nei and Roychoudhury,
1974): V(ﬁ) =.Y§hl
where r.is the number of loci examined‘and V(h) is the variance of

h, estimated by

’ r ,., - 2
V(h) = (i ~H)° _ 0133
k=1 r -1
in the Firehole population. V(H) is thus:
v@ = 22933 _ 4 gos3.

25
The étandard error (SE)‘of'ﬁ is the square root of V(ﬁ):
0.0053 = .023, which is about 47% of H. This large standard error is
caused By tﬁe uneven distribution of h values used to calculate V(h).
Eighty percent of\the loci surﬁeyed are monoﬁorﬁhic with h = 0.0;

20% have scattered h values much greater than H. This causes V(h) to
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be large in spite of the large number of loci examined. To reduce the
standard error to 20% of H at leaét 60 loci wouid have to be examined.

Figuré 6 depicts the values of H. Allendorf and Utter (1977)
measured in the 41 populations of rainbow trout they surveyed, grouped
into 0.5% classes. The variability of the heterozygosity of the
14 loci examined is evident. The.disfribution of H's is not caused by
sampling variance because the same 14 loci were surveyed in each popu-
lation. The different H values may or may not be randomly distributed
within this small section of the genoﬁe; H values of the total genomes
cannot be presumed to have the same distribution. This is why esti-
mates of heterozygosities of total genomes have such large standard
errors, and comparisons of populations are not usually significant.
In pafticular, the Firehole River value of H is shown above Allendo&f
and Utter's data, with its standard error. Most of the other popula-
tions are within one SE of the ?irehole value, and all but two are
within two SE. The standard error that would arise from computing
total H from just 14 loci is certainly larger than the Firehole’
standard error, though it is not calculagle,from the published data.
No significant differenceslin'ﬁ among these p0pu1atiops can be
measured on the basis of 14 or 24 loci,.so no general conclusions can
be reached about the effects of pdpuiation size, isolation, and heat

on total geneEiC'variability.
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Variability at individual loci is well documented, but it's main-
.tenance will have to be explained on a case-by-case basis. The énzy&
mology of allelic proteins, as well as their distribution, was uéed to
explain LDH aﬁd EST polymorphisms, as previously mentioﬁed. Geo—
graphical variation on a continental scale was éhown éo be caused by
temperature. Temperature is the most commonly studied selective force
because it is easily manipulated in the lab, and easily altefed by
man's damming, irrigating, and power generéting activitieé. The
effects of heated discharges from power generators have become particu-
larly important recently. Allele frequencies in some species are

.evidently unchanged by heated waters. Bass (Micropterus salmoides),

mosquito fish (Gambusia affinis)? and biuegill'(Lepomis macrochirus)
in heated Savannah River waters are no different than nearly popula-
tions in unheated waters (Yardley, et al., 1974). Some species have
definitely been affected by thermél effluents, though. A population

of Fundulus heroclitus living in heated portions of Long Island Sound

hHas assumed genetic and morphological characteristics of populations
living a thousand miles south of.it (Mitten and Koehn, 1975). H has
increased in this pqpulation, and comparisons between age classes
showed that muitilocus heterozygoteé have increased survival, so the
polymorphisms are maintained by selection.

Esterases, which are among the most'variable enzymes in the

" animal kingdom (Powell, 1975), ﬁéve particularly been implicated in




29
. thermal adaptation. Geographical clineé of allele frequéncies have

been related to temperature in catostomid fishes (Koehn, 1969),

Notropus stramineus (Koehn, et al., 1971),. salmonids (Nyman and Shaw,

1971), and Zoarces viviparus (FrydeBerg, et al., 1973). Stable
polymorphisms are maintained by selection‘favoring heterozygotés;
allele frequéncy clines are’ caused by clines of éelection pressure
(Which are in turn caused by temperature clines). |

Selection favoring heterozygotes is not the'only way temperature
can affect EST allele frequencies. Nyman (1975) measured ;he fre~
quencies of serum esterase alleles in populations of ruff

(Gymnocephalus cernua) where a nuclear generator discharges heated

water, and at unaffected sites nearﬁy. Ruff migrate from brackish
coastal water to spawping sites in the adjacent fresh waters. The
heated discharge enters along one of these migration routes. The
common EST allele was present at a frequency of 0.6 in control popu-
lations, but at'0.9 in fish migrating into heated waters. Sometimeé.
the generating station did not‘éperate, and then the-allele - -frequency
returned to 0.6. |

The Firehole rainbow trout popu;ation has a significant deficit
of EST-1 heterozygotes.. One explanation for this could Be thatvthese
trout behave somewhat like ruff. Spawning beds at different sites in
the Firehole have different water temperatures,and allele frequencies

of fish on these beds may be influenced. _When two or more
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subpopulations with different allele frequencies are sampled together,
as one population, an apparent deficiepcy of heterozygotes is found.

Other explanations of the EST-1 heterczygote deficiency are
possible. Utter, et al. (1973) excluded esterases from calculations
of H in salmonids because they were unable to get repeatable results
with these systems., It is possible that some Firehole rainbows were
incorrectly genotyped, but thelr zymograms were repeatable. The
genetic basis of esterase variation has been shown for Zoarces aﬁd

Gymnocephalus (Christiansen, et al., 1973; Nyman, 1969) but.the

assumption 6f a single diallelic EST-1 locus in trout may be incorrect.

A third explanation for the EST-1 heterozygote deficieﬁcy may be
the simplest:. heterozygotes die. This possibility has a precedent
in the Kaloe Cove popﬁlations of Zoarces (Christiansen, et al., 1974).
‘The two EST-3 alleles in this population are evidently incompatable.

At birth, a deficiency of heterozygoées exists, and tﬁis deficit
becomes more pronounced in older age classes. No age class differences
are found in the FH trout, but selection against zygotes could account
for this.

More extensive sampling is needed to determine which of these
explanations is correct. Since none of the other polymorphisms appear
to be involved in the thermal adapéation of these trout, and their
overall variability is not significantly different than that of other
populations, EST-1 would bé a good candidate for further, more inten-

sive -study.
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Buffer Systems

pH Voltage.

. Reference

A.

Ridgeway

Electrode:

Gel:

Poulik

Electrode:

Gel:

0.06 M LiOH 8.3 250V
0.3 M Borate
0.Q3 Tris 8.0

0.005 M Citrate

0.3 M Borate 8.2 250V

- 0.076 M Tris 8.7

0.005 M Citrate

Lithium Hydroxide

Stock Sol'm A: 0.03 M LiOh 8.1 350V

Electrode:

Gel:

0.19 M Borate

"Stock Sol'n B: 0.05 M Tris 8.4

0.008 M Citrate
Stock Sol'n A

1:9 mixture Stock Sol'n A and B

Ridgeway, et al.
1970

;Selander,ief al.

1971

‘Selander, et al.

1971
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Buffer Systems pH Voltage. Reference
D. Tris~Borate~EDTA
Electrode: 0.5 M Tris 8.0 200V

0.65 M Borate

Selander, et al.
1971 '

0.02 M EDTA (disodium ethylendiamine tetraacetate)

Gel: Dilute electrode~buffer 1:9 Wifh water.

Continuous Tris—Citrate
Electrode: 0.223 M Tris
0.086 M Citrate
Gel: 0.008 M Tris
0.003 M Citrate
Wolf Acidic Phosphate

Electrode: 0.04 M Na,HPO

2774

0.06 M NaH,PO,

6.3

6.7

) 6.5

170 v

250 v

Selander, et al.
1971

Wolf, et al.
1970

Gel: Dilute electrade buffer 1:9 with water.
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Tissues and buffers used to resolve the examined enzyme systems

Enzyme ' . Tissues Buffers
Liver Muscle . Eye Hggrt
ADH X : A.,‘B
AGPD Cx - A,D,F
EST x ’_ A,C
FUM .' X - o A,B
G6PD o X X A,B,E,F
GUS _ X ‘ A
IDH X X . - C,E,F
IDH | x ' X X - X A,B,C
MDH X X X A,B,E,F
PEP ' X - A
PGI X A,B
PGM X X : . A,B,C

SOD X . . ‘B,D

XDH X : B
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Staining Solutions

Abbreviations: NAD = B-nicotinamide adenine dinucleotide
NADP = BR-nicotinamide adeniné dinucleotide phosphate
NBT = p-nitro blue tetrazolium
Enzyme Stain
ADH 50 ml Ridgeway Gel Buffer (see above)
10 mg NAD
10 mg NBT
5 mg : PMS
10 ml 907 ethanol
AGPD 50 ml Ridgeway Gel Buffer
10 mg' NAD
10 mg _NBT
5 mg .PMS
1lg LD-a~glycerophosphate
EST 50 ml Ridgeway Gel Buffer
5 ml 17 a—naphtyl—acetate in 1:1 acetone/water
150 mg Fast Blue BB salt
FUM 10 ml 0.2 M Tris, pH 8.0
40 ml water.
10 mg NAD
10 mg NBT
5 mg PMS
400 mg Fumaric acid
300 units  Malate Dehydfogenasé
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Enzyme Stain
G6PD 10 ml 0.2 M Tris, pH 8.0
— 40 ml " water
10 mg NADP
10 mg MgCl2
10 mg NBT
5 mg PMS
200 mg Glucose~6~phosphate
GUsS 50 ml Wolf ‘Acidic Phosphate Electrode Bufféf
10 mg Naphtol-A~B~glucoronide
10 mg GBC Fast Garnet salt
IDH 10 ml 0.2 M Tris, pH 8.0
40 ml water
10 mg NADP
10 mg MgCl2
10 mg NBT'
10 mg MIT tetrazolium
5 mg PMS
200 mg Dl-isocitric acid
LAP 50 ml 0.13 M Tris, 0.043 M citrate, pH 7
10 mg L-leucyl-B-naphtylamide .
10 mg MgCl2
20 mg Black K salt
LDH 50 mt Ridgeway Gel Buffer
10 mg NAD s '
lO.mg NBT
5 mg PMS
25 mi

0.5 M DL-lactic acid
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Enzyme
MDH 50 ml Ridgeway Gel Buffer
10 mg  NAD
10 mg NBT
5 mg  PMS
25 ml 0.5 M DL-Na-Malate, pH 7
PEP 10 ml 0.2 M Tris, pH 8.0 ‘
40 ml water
50 mg O-dianisidine’
80 mg  L~leucyl-L-alanine’
10 mg snake venom -
50 mg MgCl2
500 units Peroxidase
PGI 50 ml Ridgeway Gel Buffer -
10 mg NADP '
ld mg MgCl2
10 mg NBT
5 mg PMS
25 mg Na-fructose-6-phosphate
.10 units Glucose~6-phosphate Dehydrogenase
PCM 10 ml 0.2 M Tris, pH 8.0 '
40 ml water
10 mg NADP |
10 mg MgCl2
10 mg NBT
5 mg PMS
300 mg ' K~glucose-1-phosphate
0.5 mg a-D-glucose~1,6-diphosphate
50 units

Glucose—6-phosphaté Dehydrogenase.
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Enzyme
SOD 50 ml Ridgeway Gel Buffer
20 mg NBT
5 mg PMS
expose to light o
XDH 50 ml Ridgeway Gel Buffer
10 mg NAD
10 mg NBT -
5 mg PMS _
" Hypoxanthine

20 mg
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