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Abstract:

An investigation was made of the biochemical genetic variation within and among four populations of
the arctic grayling, Thymallus articus. Two populations surveyed were representative of the form found
in the main range of the species, northern Canada and Alaska, and two populations were representative
of the disjunct Montana form of Thymallus articus. Estimates of these parameters were obtained from a
starch gel electrophoretic survey of thirty-five enzyme loci and protein loci. The percent polymorphic
loci (12.5 percent) and average heterozygosity (2.7-3.1 percent) are intermediate in the range estimated
for salmonid species and may reflect the limited habitat diversity of grayling compared with other
salmonid species.

No relationship between genetic variability and enzyme function was identified for this species. Both a
rapidly evolving set and a slowly evolving set of proteins appeared to be present.

Comparisons among the four populations were based on allelic protein variation at eight loci. Results
of genetic similarity and genetic distance calculations indicate that genetic divergence has taken place
between the arctic form and Montana form of T. arcticus, which may warrent subspecific status for the
two forms.
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ABSTRACT

An investigation was made of the biochemical genetic variation
within and among four populations of the arctic grayling, Thymallus
arcticus. Two populations surveyed were representative of the form
found in the main range of the species, northern Canada and Alaska,
and two populations were representative of the disjunct Montana form
of Thymallus arcticus. Estimates of these parameters were obtained
from a starch gel electrophoretic survey of thirty-five enzyme Toci
and protein loci. The percent polymorphic loci (12.5 percent) and
average heterozygosity (2.7-3.1 percent) are intermediate in-the
range estimated for salmonid species and may reflect the limited
habitat diversity of grayling compared with other salmonid species.

No relationship between genetic variability and enzyme function
was identified for this species. Both a rapidly evolving set and a
slowly evolving set of proteins appeared to be present.

Comparisons among the four populations were based on allelic
protein variation at eight loci. Results of genetic similarity
and genetic distance calculations indicate that genetic divergence
has taken place between the arctic form and Montana form of T. -
areticus, which may warrent subspecific status for the ‘two forms.




INTRODUCTION

Distribution

Thymallus arcticus, the arctic grayling, is a freshwater fish
‘which inhabits cold or arctic regions. The native range of the species
is holarctic, occurring in northern drainages of North America and
Eurasia. In Eurasia, it is found from the Kara and Ob Rivers, in

the western U.S.S.R. to the eastern Siberian Coast (including all
streams draining into the Bering Sea, and the Penzhina River draining
into the seé of Okhotﬁsk), south to northern Mongolia and the Yalu
River (Walters 1955, Scott and Crossman 1973).

In Canada and Alaska, T. arcticus occurs from Vansittart Island
off the Melville Peninsula; south along the west coast of Hudson Bay
to the OW1 River, Manitoba; west throughout the{Northwest and Yukon
Territories to the Bering Sea drainages in Alaska; south in Saskatche-
wan to Reindeer Lake but absent in most of the Churchill River; south
to Central Alberta; in northern British Columbia from the Pease and
Stikine River north (Walters 1955, Slastenenko 1950, Scott and
Crossman 1973). Figuré 1 shows the distribution of Thymallus arcticus
in Canada and Alaska.

In the contiguous United States Thymallus arcticus was- indigenous
in Michigan and Montana. Isolated populations were present in

Michidan in the upper part’of the Lower Peninsula, and in the Otter




Figure 1. Map of Alaska and
Western Canada showing grayling
distribution.
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RiQer of-the‘Uppef Peninsula (Hubbs and Lagler 1949). The Miéhigan
form, however, has been extinct since 1936. (Scott and Crossman 1973,
U.S. Dept. of Interior 1966). Another population Qas found in Montana
in the headwaters of the Missouri River above the Great Falls
(Hénsha]T 1906). This southward extension and the subsequent estab-
lishment of these two populations was evidently the result of giacial
action. -

In Montana, the original range as described by Henshall (1906)
has been greatly reduced. The decline of the species has been repor-
ted and reaffirmed by various investigatorS'(ke11y 1931, Browh_1943;
Nelson 1954, 1956). The present distfibutian'in native rivers and
sfreams is described by Brown (1971) with the statement that "a few
are found in the Sun, Big Hole, Red Rock, and Madison Rivers.". Gray;
- ling are"enfire1y absent from the Missouri River, the Gallatin River
and the main stem of the Jefferson Rivér. Two small remnant pobu]a—
tions remain in the Jefferson Eributarieﬁ: one in the Big Hole River .
and the other in the Red Rock Lakes area (Nelson 1954). The range of
indigenous popu]atidns of ThymaZZus éréticus in Montana is shown in
Figure 2.

There has been widespread transplanting of.Canadian‘stocks into
Montana populations (McPhail and Lindsey 1971) and hatchery planting

from a single source (the Red Rock Lakes) into all but one of the
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natural populations (Kelly 1931). At this time reproducing grayling
populations are known to exist in 39 lakes and 14 streams in western
Montana on both sides of the Continental Divfde (Holten 1971). The
only indigenous Montana population known not to be contaminated by
plantings is the Red Rock Lakes population (Nelson 1954). '

In Yellowstone National Park the grayling occurred natura]lj in
the Madison River system and the Gallatin River. "It is no longer
- present in the Gallatin River and is rare in the Madison River (Dean
and Varley 1974). Transplanting of grayling to lakes in Yellowstone
National Park has been described by Kruse (1959). Successful self- -
propagating populations were established in Grebe Lake, Wolf Lake,
énd Ice Lake, above the Virginia Cascades on the Gibbon River, and

Cascade Lake in the Yellowstone drainage.

Taxonomy
The graylings are soft rayed teleost fish belonging to the order

Isospondyli, suborder Salmonoidei. Their further taxonomic classifica-
tion hashbeen one fraught with confusion. The genus Thymallus was
separated from the genus Salmo (Curvier 1829), but their family
classification was debated for some time by taxonomists and remains
unresolved today (Scott and Crossman 1973). Some authors have assigned
all three geographic groups (Arctic, Asian, and Montana-Michigan) to

the Salmonidae (Boulenger 1895, Regean 1914) while others (Jordan and
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Everman 1896, Berg 1940, 1955) have placed the grayTings in a separate

family, the Thymmallidae. The most recent classification, based on

osteological characteristics (Norden 1961), places the grayling in
thé_subefamily Thxha]]inae, of the family Salmonidae. Four species
are recognized: 7. brevirostris (Mongolia), T. thymallus (Europe),
T. nigrescens (Lake Kosogol, Mongolia) and 7. arcticus (eastern
Siberia and North America). | ‘

The status of the various forms of 7. arcticus has been debated
for some time. For decadesiit was considered that the North American -
graylings consisted of three species: 7. signifer (Richardson 1823)
found in northern Canada and Alaska, 7. tricolor (Cope 1865) found
in Michigan, and 7. montanus (Milner 1873) found in Montana. This
classification was principally based on geographic isolation, and
several morphological characteristics (size and shape of dorsal fin,
maxillary length, and color variation). More recently, 7. signifer
has been considered conspecific with 7. arcticus (Pa]]as), and the
other American forms relegated subspecific status (Walters 1955).
Walters showed that the Canadian aﬁd A]askaﬁ form was identical with
two Asiatic forms (7. a. pallasi and T. a. gruberi natio mertensi)
and suggested that they be designated as Thymallus arcticus signifer
(Richardson 1823). Walters (1955) further recognized the Montana-

Michigan form as another subspecies tricolor. The validity of the
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North American subspecies has not been adequately demonstrated (Scott
and Crossman 1973, Norden 1961). At the present time no subspecies
should be recognized within T. arcticus until further evidence

warrants such distinction (McPhail and Lindsey 1971).

Electrophoresis

Proteins are ampholytes and, therefore, may carry a net negative

or positive charge. The net charge depends on the ionization of 1)
free carboxyl groups (COOH™) of glutamic acid and aspartic acid
residues and 2) free amino groups (NH3+) of lysine and arginine (and
to a 1esser_extent histidine). The net charge of the protein depends.
on which group predominates. The deg(ee of jonization depends on the
pH of the protein solution. In a buffer of high pH the acidic groups
are progressive]y neutralized by the alkali component of the buffer,
thus allowing the basic groups to predominate. This results in the
protein molecule having a net negative charge. At a low pH the
reverse occurs, and the protein will have a net pogitive charge. At
a certain pH, the isoelectric point, the positive and negative charges
are balanced and there is no net charge.

| Electrophoresis manipulates the ampholytic behavior of proteins
by applying an electrical field to a solution of proteins, separating
them on the basis of their net charge. If the pH is Tless than the

isoelectric point of the protein, it will migrate toward the cathode
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and if the pH is greater than the isoelectric point of the ﬁrotein,
it will migrate toward the anode. The rate of migration depends on
the number of charges, the molecular size and on the voltage applied.
Therefore, by the selection of the appropriate buffer and electrical
current, protein differences can be determined.

Electrophoretic techniques vary as to the supporting media used.
Starch gel was employed in the present study. Isozyme separation
using starch gel depends not only on net ionic charge, but to a
lesser extent on differences of molecular size. Starch gel acts as
a molecular sieve, mechanically separating molecules of different

sizes by affecting their rate of migration (Smithies 1955).

Variation in Natural Populations

The deve]opmenf of starch gel electrophoresis (Smithies.]955),
and the introduction of simple staining techniques for the detection
of specific enzyme activity (Hunter and Markert 1957), has allowed
the visualization of individual proteins, hence, single gene products.
The combination of these techniques provided a means by which hetero-
geneity of proteins and enzymes could easily be detected. This
allowed the characterization at the molecular level of the amount
of genetic variability in populations and an estimate of the extent

.of genetic divergence among closely related species (Gottlieb 1971).
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Kimura and Crow (1964) hypothesized that the number of alleles

that can be maintained at a single Tocus in a finite population is

-1arge; Shaw (1965) pointed out that isozymes which vary within popu-

lations is the rule rather than the exception. Approximateiy 100
loci are known to have electrophoretic variants in populations of
many organisms, including man, Drosophila, ants, fish, mice, frogs
and many plant species (Gottlieb 1971). The amount of such genic
variation, measured by the proportion of polymorphic Tloci (common
allele frequency less than or equal to 0.99) can be determined
direct]y'from\e1ectrophoretic analysis.

In theory, a large number of structurally different alleles may

be generated by independent mutations within the confines of a single

gene (Harris 1976). A certain proportion of these mutations can be
expected to result in a substitution affecting the net charge of the
protein. Such a mutation would be reflected in the mobility of the
protein. The probability tﬁat such a mutation will occur is calcula-
ted to pe 25-30% (Shéw 1965, Nei 1975). This means that a large
number of amino acid substitutions go undetected since they do not
result in a charge change. The estimates of genetic variability based

on electrophoretically detectable differences may, therefore, be

conservative (Harris and Hopkinson 1976, Nei 1975).
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Data from a random sample of loci coding for proteins can be

extrapolated to estimate the amount of genetic variability in the

entire genome (Lewontin and Hubby 1966). The estimates of the amount
of po1ymorphi;m in the sample can be used,%o calculate the proportion ‘
of polymorphic loci and individual hetefozygosity in a species. - W
Thege'estimates can provide a basis for comparison between species ‘
(Utter et az. 1973) and -may also ﬁe used to compare populations |
within species. .

The Tevel of genetic pq]ymorphism has been estimated for a
variety of species: man - 25 percent of 12 Toci were polymorphic
‘(Harris 1966) and more recently man - 31 percent of-71 loci - (Harris
and Hopkinson 1972); Mus musculus - 30 percent polymorphic (Selander
“et al. 1969) and 40 percent polymorphic (Selander and Yang 1969);
Peromyscus polionotus - 23 pércent polymorphic (Selander et aZ. 1971);
quail, Cotwrmix coturniz - 54 to 58 percent'polymorphic (Baker and
Manwell 1967); pheasant, Phasianus colchicus - 43 percent pﬁiymorphic
(Baker et al. 1966); Drosophila (variety of species) - 30 to 67 per-
cent polymorphic (Lewontin and Hubby 1966, Prakash et aZ. 1969, Ayala
et al. 1970, Berger 1970, 0'Brien and MacIntyre 1969). In fish
specifically, estimates are: Astynax - 29 to 41 percent for inland
populations and 0 to 20 percent for cave dwellers (Avise and Selander

1972), herring - 45 percent polymorphic (Altukhov et aZ. 1972), brook
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trout, Salvelinus fbntinalis ~ 38 percent polymorphic (Wright and
Atherton 1970); chum salmon - 11 to 18 percent polymorphic (Altukhov
et al. 1972); rockfish, Sebastes (variety of species) - 4 to 8 percent
'polymorphic (Johnson et al. 1973), Racific salmon - 8 to 13 percent
(Utter et al. 1973); rainbow trout - 26 percent (Utter et al. 1973).
In surveying the Titerature as a wﬁo]e, approximately 30 percent of
the structural gene loci are polymorphic (Gottlieb 1971; Nei 1975).
Heterozygosity varies considerably with Tocus (King and Wilson 1975,
_ Nei and Roychoudhury 1974, Selander and Johnson 1973, Utter et al.
1973). The existence of Tocus dependent rates of change is well
illustrated by amino acid sequencing data in diverse organisms
(Dickerson 1972), which indicates that proteins evolve at different
rates.

Gene Toci are polymorphic when allele substitution is in transi- .
tion, when balancing selection stabilizes frequencies, or when a
mutant é]]e]e-becomes frequent by chance. Since each Tlocus may under-
go allele subst%tution independently, a high degree of‘inter1ocus
Qariation 1n-heterozygosity may result. Interlocus variation may
also be produéed if the mutatiqn réte or the type and intensity bf
natural selection varies among loci (Nei 1975). That loci variation
and, hence, protein heterogeneity is present in a wide variety of

vertebrate species was shown by Selander and Johnson (1973).
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Interlocus variation has also been found in many species of fish
(Utter et al. 1973).

This interlocus variation can be separated into two groups, a
_rapid]y evolving set-and a slowly evolving set. .The rapidly evolving
-set, including plasma proteins and esterases, accumulates electro-

-phoretica11y detectible substitutions at a rate tenfold greater than

— the slower set, wﬁich includes enzymes 1nv01véd‘in'metab011c pathways
(Sarich 1977). Correlations have been proposed between enzyme
function and heterozygﬁsity (Gi1lispie and Kojima 1968, Kojima et al.
1970, Johnson 1971, 1974, Powe11.1975), and more recently a relation-,
ship between heterozygo;ity and quaternary structure has been proposed
(Ward 1977). The basis for the aifference in heterozygosity between
loci is not adequately resolved, but estimates of average hetero-
zygosity or genetic distance would be overestimated or underestimated
if the proteins chosen did not include an adequate mixture of both
sets. In the present study a large number of loci have been examined
with no preference given to eitherlthe rapidly evolving or the slower -
evolving set of protéins.

Nei and Roychoudhury-(1974) have suggested that to estimate the
average heterozygosity per locus, a large number'of loci rather than
a large number of individuals should be used. Avise aﬁd Ayala (1975)

state that with respect to genetic similarity, the variance about




Aexamined for each polymorphic Tocus (Nei 1975). If both of these

Objectives

since before the Tast Wisconsin glaciation (Vincent 1962). Isolated

13
individuals is small relative to the variance about loci; therefore,
the precision of these estimates is much more dependent on the number
of Toci thah on the numbers of individuals sampled. If the intent is
to predict‘Hardy-Weinberg equilibrium as well as estimate average

heterozygosity, a relatively large number of individuals should be

estimated are within the scope of a study, a large number of individu-
als should be screened at a Targe number of ]qci'with,the hope of
minimizing any bias. |

A great deal of data has been collected as to the geneti; véria-
bility of fish proteins (delLigny 1969, Kirpichnikov 1973). Protein
heterogenéity appears to be present in nearly every species étudied.

A reliable set of proteins which have been studied in other fish
specieﬁ, and reported in the literature, were chosen for analysis so
that reliable estimates of average heterozygosity and Hardy-Weinberg
frequencies could be calculated.” In addition, comparisons can be .
made to the published results for other species. The availability of
substrate for staining and the clarity of resolution were the final

factors in determining what proteins were included.

7

The North American forms of Thymallus arcticus have been isolated
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populations were established in favorable habitats south of the main
range of Thymallus arcticus. For populations to become genetically
differentiated, evolutionists believe they must be completely
isolated from one another. This isolation may occur geographically
or reproductively (Dobzhansky 1951, 1970). Complete 1soiation has
occurred in the case of ThémaZZus arcticus, between the allopatric
populations, which at one time shared the same gene pool, but have
since become isolated from one another. Therefore, an opportunity
for evolutionary divergence of the various stocks has been present.
An estimation of the amount of divergence which has taken place could
be obtained by a survey of electrophoretic differences (discussed
previously). However, the comparison of the three american forms of
T. arcticus meets with some difficulty. The Michigan form has been
extinct since 1936 (Scott and Crossman 1973, U.S. Dept. of the
Interior 1966) and thus its divergence from the other two cannot be
determined. The Montana form as described by Henshall (1906) dealt
almost exclusively in rivers and streams, hence it was an adfluvial
form (§tream dwelling-stream spawning) and only secondari]y'a lacus-~
trine form (lake dwelling-stream spawning). From a genetic and
taxonomic point of view, the study of the adfluvial form may be
impossible due to the reduced numbers (Brown 1971), the contamination

of independent populations by the introduction of Canadian stocks
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(McPhail and Lindsey 1971), and the universal planting of lacustrine
forms from a single donor (Red Rock Lakes) into discrete adfluvial
populations. The Red Rock Lakes population is a pure deme of the
Montana form of Thymallus arcticus, with no transplants of any other
stocks having taken place (Nelson 1954). The Red Rock Lékes bopu]a—
tion, although known to be native, is a restricted headwaters popula-
tion and may have been genetica]]y distinct in its own right. The

use of it as a donor stock in widespread planting may have diluted

the enzootic populations in rivers and streams throughout the native
range. The validity of a genetic basis for the adfluvial and 1acu§-
trine behavioral differences has not been studied, hbwever, the innate
genefic control of migration in other salmonid species has been
suggested (Raleigh 1967, Brannon 1967, Northcotev1969, Ra]eigh_and
‘Chapman 1971). If there are distinct genetically controlled behav-
joral differénces befween the two forms, it may be suggésted that the
lacustrine form, historically rare in the Montana range of the species,
is now widespread while the historically common adfluvial type is -
threatened with extinction.

In the present study, the Grebe and Wolf Lakes populations,

which were established by transplanting from a sfock derived from the
Madisoﬁ River system (Kelly 1931, Kruse 1959), were used to represent

the Montana form. Grayling were not native to either of these 1akes,
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but both were stocked with grayling derived only from the Madison River

system. Eggs taken from grayling nétive to Meadow Creek in the Madison
River drainage were reared in the State Fish and Game's Anaconda
hatchery and the progeny were planted in Georgetown Lake (Kelly 1931).
Subsequent to this planting, eggs taken from these Georgetown grayling
were transplanted to these Takes in Yellowstone Park (Kruse 1958).

The data 6btained frbm these demes;is, therefore, presumed to be
of an adfluvial form which have since become adapted to a 1acustr1né‘
existence. The data obtained can be used to estimate the amount of
divergence which has taken piace between the Arctic form and the
Montana forms of Thymallus arcticus. This estimate of the amount of
genetic divergence can be based on the genetic characters of the
popu]ationé obtained through electrophoretic data. The use of the
" Madison ‘River population itself is a practical 1mpossibi]1fy due to -
the diminished numbers of individuals in this declining population
(Dean and Varley 1974).

In addition to the comparison of the Arctic form and the Montana
form, the study can also determine if genetic differentiation hés
occurred within two Montana populations, the Grebe Lake and Wolf
Lake populations. Salmonids have a tendency to evolve genetically
discrete, ecologically specialized populations with differentiation

based on Tlife history characters such as time and place of spawning
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(Behnke 1972). As previously mentioned, innate genetic contrd] of o
migration habits in salmonids has been suggested. The strong homing" |
behavior of most salmonids islan important factor in the generation ' |
and maintenance of this genetic diversify (Allendorf et aZ. 1971).
Such appears to be the case with these populations, the Wolf Lake
population sampled was an outlet spawning population while the Grebe
Lake population sampled was an inlet spawning popu1at?on. Thus, the
Grebe and Wolf Lakes populations have partially established ethologi-
cal reproduciive isolation, which may be the first step in genetic
isolation. The amount of genetic divergence between these two popu-
lations thus gives an estimate of the amount of genetic change, at
the structural gene level, that has accompanied this event. If the
magnitude of the divergence between these populations and the Canadian
populations is large, the evolutionary position of these forms could
be clarified.
The phenotypic frequencies revealed by patterns of proteins on
electrophoretic gels, can be {hterpreted in terms of genotypic fre-
quencies and the population allelic frequencies, which are the
parameters of evolutionary genetics. With these two parameters of
the demes -known, the inlet and outlet spawning popu]étions can be
compared with one another and with the Arctic form with regard to

the unique proportion of the genome that distinguishes these
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populations, and the level of heterozygosity under the different
environments. Both of these are important properties of diverging
genetic systems.

Electrophoretic techniques provide considerable information to

help elucidate evolutionary relationships among closely related

species (Avise 1974). Biochemical genetic variation among closely
related popu1étions can be used to examine systematic relationships
(Nei 1975, Sarich 1977). The use of such data to determine taxonémic
status has been successfully app]jed to salmonid speéies (Payne et al.
1971, Nyman 1972, Utter et al. 1973;'Re1n1tz 1974). The data obtainea
in the present study will contribute to the data needed to help
cTarif& the confused taxonomic position that presently exists through
the subspecies classification of Thymallus arcticus. The results

will hopefully provide some evidence as to whether subspeciation

has occurred between the Arctic and Montana forms of Thymallus

areticus.




MATERIALS AND METHODS

Sampling of Populations

Discrefe populations of either the -Canadian form or the Montana
form of Thymallus arcticus were chosen for analysis. Populations,
which according to Mdntana‘Fish and Game stocking records, were known
not to be a mixture of both forms were sampled as representative of
the Montana form. The Canadian arctic population wa§ assumed to be
native, but designation of any population as a Montana form had_to
be confirmed from transplant records. |

The populations used as representatives of the Canadian form were
taken from the Donnelly River, N.W.T.‘and Fuse Lake, Montana. The
Donnelly River lies in the MacKenzie River drainage and grayling are ‘
native to its waters (McPhail and Lindsey 1970). Fuse Lake in
Granite County, Montana, is an alpine lake which had no native fish
fauna. Fuse Lake was stocked in 1930 with grayling from the Saskatche-
wan River drainage (State Fish and Game Records) with no subsedueﬁt
plantings, thus it is a pure population of the Canadian form. The
Saskatchewan River population in turn was derived from a Canadian
Arctic grayling population (Lindsey 1956). |

The Montana.form was sampled from Grebe and Wolf Lakes populations
in Yellowstone National Park. Grebe and Wolf Lakes are connecfed by -

five hundred meters of the Gibbon River which f]ows‘frdmfGrebe Lake
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into Wolf Lake. Both lakes have inlet and outlet spawning adapted
populations of grayling. In sampling these populations, only the
outlet spawning Wolf Lake population and the inlet spawning Grebe
Lake population were sampled in order that any genetic differences
associated with this épawning behavior could be estimated in the
e]ectrophoretib survey.

The grayling were collected either by angling or by use of an
e}ectric backpack shocker. The number of individuals collected, the
date, the method, and the location site are listed in Table 1.

Upon capture the weight and length of the fish were recorded.
Blood samples were taken by making a longitudinal incision from the
isthmus to-the abdominal region of the fish, opening the pericardial
sac with an incision and removing approximately 1 ml of blood. The
blood was placed in a plastic tube and either centrifuged at 5000 g
for approximately 3 minutes when done in the fieid, or the tube of
blood was placed on ice and transported to the laboratory where
centrifuging Qas done. After centrifugation the serum was separated
from the blood cells, stored in a microfuge tube and both were
immediately frozen.

Tissue samples of the Tiver, muscle, heart and eye were taken
~and placed 1mmediate1y on dry ice and were transferred to a freezer

maintained at -50°C upon return to the laboratory. After removal




Table 1. Collection data for the four populations of Thymallus arcticus.

Number of
Population Date Individuals Ancestral Stock
Grebe Lake? Y.N.P. 6/25/75 30 Madison River System
6/11/76 30
6/17/76 18
6/7/77 22
Wolf Lakeb Y.N.P. 6/25/75 8 Madison River System
7/22/75 12
6/10/76 10
5/24/77 22
5/31/77 8
Donnelly River N.W.T. 9/1/76 44 Native
Fuse Lake Mont. 8/15/75 19 MacKenzie River

aInlet Creek
bOutlet Creek

Le
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of tissue samples the sex of the individual was noted when it could

be determined, otherwise it was classified as immature.

Sample Preparation

Tissue extracts were prepared by grinding the tissue in an equiva-
lent volume of buffer (.01 M Tris; .00T M EDTA; 5 x 10'5 M NADP;.pH
adjusted to 6.8), in a glass homogenizer. The homogenate was then
centrifuged at 15,000 g for 20 minutes in a refrigerated centrifuge
maintained at -10°C. The supernatant was then removed for electro-

phoresis or stored at -50°C for later use.

Electrophoresis

Horizontal starch gel e]ectréphoresis was used in the electro-
phoretic analysis of proteins. The starch gels were 11.2% hydro]yied
starch (Electrostarch C. Madison, Wiséonsin). The starch was mixed
thoroughly with the appropriate amount of buffer in a side arm flask-
and placed on a hot plate with a magnetic stirrer; with additional
hand shaking, until the solution boiled. The rate of stirring was
increased as the viscosity of the fluid increased to keep the fluid
homogeneous. A vacuum was then applied to the flask for appfoximate1y
60 seconds to remove air bubbles. The hot starch solution wés poured
on glass plates 25 cm by 18 cm. Plexiglass strips 1.5~cm wide and

1.cm thick, held in place by large paper clamps, were used to form
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the edges of the gel. After an initia] cooling (1 to 2 hours at room
temperature) the gels were covered with plastic wrap without trapping
any bubbles and stored in a refrigerator. Gels were used for electro-
phoresis any time up to 24 hours later.

| Prior to application of samples to the gel, 26 sample slots.
.5 x 1 cm were made across the gel by a slot formér. This allowed
each sample slot to be completely separated by .5 cm of gel. A
filter paper wick.(approximately 1 cm x .5 cm) was soaked in a sample
supernatant, blotted on filter paper to remove excess, and placed in
the sample slot by the use of sma11-forceps.

Plastic buffer trays (15 cm x 5 cm'x 3 cm) were filled with 250 ml
buffer. Disposable cloths (Handy Wipes) 25 cm wide, were used as the
electrode sponges. Thé‘sponges were placed 3 cm from the ends of the
gel, and the entire top of the apparatus was coveréd with p]astic'
wrap. A direct e]éctrital‘current, the voltage of which varied as
to buffer system used was applied to the gel. The gel was cooled by
a pan of ice suspended 2 mm over the entire gel surface by plexiglass
strips. ’

Electrophoresis was continued until a marker (Bromophenol Blue)
reached the anodal sponge. The buffer systems employed, voltage used,

and length of run are listed in the Appendix.




24

After electrophoresis was completed, the gels were sliced into
.20-.25 cm thick sTlices by a stain]éss steel blade. The top slice
was always discarded due fo distortion and the bottom 3 slices were
stained by the appropriate procedure for visualization of the proteins
desired. The staining procedures for different protein §ystems are
Iisted in the Appendix. After the appropriate time for adequate
development of the zymogram, the gels were washed three times in
distilled water and fixed in a methanol/water/acetic acid (5/5/1)
solution. | '

Permanent rebords of the zymograms were made by keeping a written
record o% the,résu]ts; énd;phdtographing'ea;h gel on 35 mm Kodak High
Contrast Copy or Panotomic X film. The latter type appeared to
produce better results. The fixed gels were covered with Saran Wrap

and refrigerated for later comparison with the photographs.

Qualitative Analysis

Isozymes are defined as multiple molecular forms of an enzyme
occurring in a single individual or in different members of the samé
species -(Markert 1968). Such isozymes may occur together in the same
cell, but there may also be marked differences in jsozyme patterns
between tissues (Harris 1975). Several authors (ManweTi and Baker
1970, Harvis 1976) have discussed the fact that isozyme systems may

be generated in a variety of ways. The various causes of isozymes may




25
be classified into 3 main categories (Harris 1969, 1975; Hopkinson and
Harris 1971): 1) occurrence of multiple gene loci coding for struc-
turally distinct polypeptide chains of the enzyme; 2) occurrence of
multiple allelism at a single Tocus determining structurally distinct
versions of a particular polypeptide chain; 3) occurrence of so-called
"secondary isozyme formation due to past translational modifications
of the enzyme structure. Furthermore, apparent variation observed
- on zymograms of starch gel electrophoresis may be artifacts due to
storage and‘preéervation of material (Eppenberger et qZ. 1971), or it
may be the result of differential activation of genes due to environ-
mental conditions (Hochachka and Somero 1971).

Stringent criteria must be used in analyzing biochemical varia-
tion of zymograms before one can assume that there is a genétic basis
for fhe variation. The strongest data for determining if the varia-
tion has a genetic basis comes from breeding experiments and.the
subsequent analysis of progeny fromparents having known biochemical
differences. In the absence of such data, as is the case in the
present study, other criteria must be imposed as suggested by various
authors (Utter et al. 1973, Avise and Smith 1974, Gall et aZ. 1976).
The criteria used in the present‘study to vefify the genetic basis of

observed variation were:
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1) The banding pattern observed was typical for the presumed
structure of the enzyme found in closely related species.

2) The pattern was interpretable on the basis of a éimp]e
genetic hypothesis; with typical homozygotes and heteroiygotes being
expressed.

3) The observed genotypié,c]ass proportions were in close agree-
ment wifh those expected on the basis of Hardy-Weinberg equilibrium;
any significant deviations from the predicted values must be explained.

4) Patterns must be repeatabTe upon subsequent sampling of the
same individual, with parallel expression in other tissues to confirm
any polymorphism.

Variation which did not conform to a]] of these criteria could
not be conclusively verified to be genetic. However, if the evidence
presented was strongly suggestive of a genetic basis, it was included
in the analysis.

Since isozymes may have differential tissue expression, several
different tissues were analyzed to determine the pattern of such
exﬁreséion. The tissues examined for a given enzyme system are
summarized in Table 2. This allowed the determination of an added
number of loci whose protein may be expressed in one tissue and not
another (eg. LDH-5 ﬁocus). A variety of buffer systems were employed

in early screening runs since variation may be expressed in one buffer




Table 2. Proteins surveyed, tissues examined, and buffer systems employed in electro-
phoretic analysis of Thymallus arcticus.
Abbre- Tissue Buffer
Protein E< €5 No. viation Liver Muscle Heart Eye Serum System
Alcohol Dehydrogenase ({1 e et ) ) (ADH) + C
Alpha-glycerophosphate .,
Dehydrogenase 6 0 8 - (AGPD) C,D,F
Esterase {3001 (EST) + I
Glucose-6-Phosphate
Dehydrogenase (1.1.1.49) (G-6-PD) + + 5 + A,F
Glutamate Oxaloacetate
Transaminase (2.6:1.1) (GOT) + + + + C.H
Hexose-6-Phosphate
Dehydrogenase (1.1.1.47) (H-6-PD) + + + ¥ A.F
Hexokinase {2711} (HK) + G
Isocitrate Dehydrogenase (1.1.1.42) (IDH) + h B,D
Lactate Dehydrogenase (V1.7.1.27) (LDH) + + - - + F,G,H
Malate Dehydrogenase (1.1.1.37) (MDH) + + + + + A,B,D
Malic Enzyme (1.1.%.40) (ME) + + A,B

Le




Table 2. (Continued)

Abbre- Tissue Buffer
Protein EZ G "ND- viation Liver Muscle Heart Eye Serum System
Phosphoglucomutase (2.7.5.1) (PGM) s 3 A,E
Transferrin (TFN) I
Tetrazolium Oxidase (T0) + + AF
Serum Proteins (SP) I
Sorbitol Dehydrogenase (1.1.1.14) (SDH) + H
Xanthine Dehydrogenase (1.2.3.2) (XDH) + r A,F

8¢




29

but not another (Utter et aZ. 1973). The different buffer éystems‘
employed for resolution of a given prbtein are listed fn Table 2.
Salmonid fish are believed to have undergone extensive gene

. duplication and, thérefore, may be tetraploid organisms (Ohno 1969).
Grayling are salmonids, hence in the genetic interpretation of
electrophoretic patterns, it is important to realize that there may
be two or more gene loci which determine the primary structure of
proteins. The presence of such duplicated loci has been found to
exist in many salmonids (Allendorf et al. 1975, Bailey et aZ. 1970,
Morrison and Wright 1966, Wolf et al. ]970).~ Therefore,_gray]ing
would be assumed to have similarly duplicated loci, complicating the.
analysis of zymogram patterns. Genetfc interpretation was fufther
classified by defermining if the Tloci were duplicated which explained
- observed branding patterns of these loci. This éTlowed variatidn to.
be attributed to either multiple loci or to multiple alleles at a
single Tocus.

A1l of the above possibilities were considered and the criteria

imposed before the genetic basis of variability was assumed.

Nomenclature

The system of nomenclature follows that of Richmond (1972) and
Prakash, Lewontin, and Hubb& (1969). Each Tocus was named using an

abbreviation of_the-protein name. When proteins of two or more Toci
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with identical substrate specificities were observed, the loci were
numbered according to the migration rate of the protein products from
the origin, i.e., the loci whose protein had the s]owest‘migration
was assigned numeral one, the next fastest the numeral two, and so on.
When allelic variation was found at a locus, the most common allele
was assigned a number 1.00 and all other alleles were assigned numbers
that represented their proteins migration distance relative to the
most common allele's protein, i.e., if a protein migrated a distance
half as far, its allele would be Tabeled 0.50 or if one migrated a
distance one and a half times as far, its allele would be designated

1.50.




RESULTS

Electrophoretic Phenotypes of Monomorphic Proteins

Lactate dehydrogenase - (LDH) is a tetramer-compdsed of subunits

of equal size (Appe]]a and Markert_1961). LDH 1sozymes have been
resolved e1ec£rophoretica11y 1n£o two main types designated A and
B (Markert 1962). In mammals thus far studied, five principal -
jsozymes are usually found which result from the random éombination
of these subunits A and B, into all possible tetrameric structures.
Shaw and Barto (1963) provided genetic confirmation of the hypothesis
_that the subunits were under distinct genetic control by sﬁowing
" that each was controlled by separate‘geﬁé Toci. _‘ _

An additional isozyme, designated C, has been observed»ih mature
testis extracts of mammals and birds (Blanco énd Zinkham 1963,
‘ Go]dberg 1963). It has subsequently been shown to be todéd‘by a
separate locus (B]ancb et al. 1964). Isozyme patterns of teleost
fish provide evidence of.an additional LDH Tocus, formef1y desig-
nated E, in these animals (Markert and Faulhaber 1965, Whitt-1969,
1970, Markert and Holmes 1969, Shaklee et aZ.'1973); This Tocus
is now considered to be homologous to the C Tocus of birds and |
mammals, with tissue expression varying with the fish studied
(Markert et aZ. 1975). Genetic studies of electrophoretic variants

have established the existence of this locus (Whitt et aZ. 1971).
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The isozyme is eXpresséd predominantly 1in nervous tiésue,‘especiaTiy
1ﬁ the retina of the e&e (Goldberg 1966, Whitt 1969, 1970, Whitt
and Horowitz 1970, ]97%).

In the case of salmonid fish, especially the trout, a complex

. pattern of more than fifteen isozymes 1is observable, with genetic

studies showing that trout LDH is determined by at least five dis-
tinct loci (Morrison and Wright 1966, Morrison 1970, Massaro and
Markert 1968, Utter et al. 1973). Relative to this observation is -

the hypothesis of Ohno et aZ. (1968), based on cytological evidence,

that salmonids are tetraploids. This indicates that there has been

duplication and subsequent divergence of A and B loci. Tﬁe validity
of the existence of duplicated loci is supported by the molecular
hybridization and immunochemical studies of Massaro and Markert
(1968). Therefore, the loci in salmonids are comprised of the
dup]icated‘A (A and A') and B (B and B') loci and an additional C
locus. The complex zymogram patterns of LDH isozymes are ekplained
by: five isoéymes containing A and A' subunits, five isoéymes éon-
taining B and B'-subunité and hybrid isoiymes containing B, B' and
C subunits. !

The various Tloci have differential tissue expression. The B
and B' are expressed in most tissues (see Massaro and Markert 1968),

except the Tiver where the B' predominates (Utter and Hodgins 1972).
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The A and A' loci are expressed primari]y.jn the skeletal muscle
(Massaro and Markert 1968, Uttgr et al. 1973). The C locus is
expressed in the eye and other neural tissue (Horowitz and Whitt
1972). |

The isozyme patterns found in 7. arcticus were typical of that
found in other salmonids (Fig. 3). "Five loci designated LDH-1,
LDH-2, LDH-3, LDH-4, and LDH-5 (equivalent to A, A', B, B' and C, -
respectively) in order of increasingfandda1 migration, were expkessed;
In muscle tissue, 5 isozymes resulting from the combination of LDH-1
and LDH-2 subunits and 5 fsozymes resulting from the combination of
LDH-3 and LDH-4 subunits were expressed.on LDH zymograms. The-A
group predominated as expected for sé]monids. In heért, serum and
eye, five 1sozymes‘resu1t1ng from the combination of LDH-3.and LDH-4
subunits (B group) were expressed. An additional locus LDH-5 was
expressed in eye tissue which is the C locus common to salmonids
(Horowitz and Whitt 1972). In liver, the LDH-3 locus predominated,
éxhibiting a single band in most Buffer systems. However, in buffer
system A five isozymes could be resolved, thus both the LDH-3 and
LDH-4 loci are expressed in the liver. The predominance of the
LDH-3 Tocus (B) is in contrast to the predominance oflthe LDH-4
(B*) 100&5 in the liver of other salmonids (Utter and Hodgins 1972,

Utter et aZ. 1973).
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— LDH-4

“LLDH-3

Figure 3. Lactate Dehydrogenase (LDH). Tissue distribution and the
effects of different buffers on resolution of the LDH

isozymes.

a. Liver, eye and muscle tissue of the same fish. Buffer
system H.

b. Muscle and liver tissue from the same fish. Buffer
system G.

¢. Liver tissue from three individuals. Buffer system A.
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No-allelic variation was found at any of the loci in any of the
-populations examined. Individuals were homozygous at all loci,
therefore, eleven isozyme types were expressed. The fewer number '
of isozymes resulted froﬁ the apparent 1§ck of heterotetramers being
formed between the LDH-5 and LDH-3 or LDH-4 Toci. The number of LDH
5soéymes in 7. arcticus is evidence that gené dup]icafibh has_taken
place at the A and B Toci of LDH. | |

Malate dehydrogenase (MDH) - Two major classes of malate dehy-

drogenase 1soiymes are found to exist in vertebrates, the mitochondrial
form ‘and the supernaiant (or cytoplasmic) form (Kitto and Kaplan
1966, Siegal and England 1961). Both have a dimeric structure and
are coded by distinct nuclear genes (Shows et aZ. 1970, Wheat et al.
1971). _ |

Three tyﬁes of supernatant MDH isozyﬁes AA; AB,'BB, coded by 2 -
gene loci A and B, are found in many species of fish (Wheat and Whitt
1971, Clayton et al. 1971). The investigatfons of Bailey et al.
(1970) indicated that this was the case in salmonids. 1In .the sal-
mﬁnids, not only is there evidence of genetic variation of.theJB form.
of supernatant MDH (Syln'ko 1972, Utter et al. 1973, Clayton et al.
1975, Bailey et al. 1970, Aspinwall 1974), but there is a]sb evidence
of duplication of the B locus (Bailey et aZ. 1970, Utter and Hodgins
1972, Allendorf 1973). Béi]ey et al. (1970) provided evidence from
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isozyme dosage studies wh1ch suggested that the A 1ocus is also
duplicated in the brown trout (Salmo trutta), while Aspinwall (1974)
suggested that this was also true for pink salmon (Oncorhynchus
gorbuscha). However, this has not been found in other salmonid
species (Syln'ko 1976, Clayton et aZ. 1975, Allendorf 1973).

" There is tissue specific expression of the A and B loci with
the B form predominating in skeletal muscle and the A forﬁ predom-
inating in the Tiver (Clayton et aZ. 1975, Allendorf et al. 1973,
Allendorf 1973, Utter and Hodgins 1972, Bailey et al. 1970).

Massaro (1973) studied the MDH isozymes of gray]iﬁg and reported
that they possess three major isozymes of supernatant MDH in skeletal
muscle and eye tissue, which may correspond to the AA, AB, and BB
isozyhes‘present in other salmonids as reported by Bai]éy et al. -
(1970). In the present study, tissue samples of 11ver,'ske1e£a1
muscle, heart muscle, eye and serum were surveyed for supernatant MDH
activity. The results are shoﬁn in Figure 4. A single band of strong
intensity was found in liver samples, whereas 3 bands were_expresﬁed
in all other tissues surveyed. It is postulated that there are two
lloci MDHs-l and MDHS—2, corresponding to the A and B loci, respec-
tively, of other salmonids, coding for supernatant MDH isozymes in 7.
arcticus. The A form, encoded by the MDHSF1 locus, is predominant

in the Tiver, while both forms A and B, (B encoded by the MDH_-2
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Figure 4. Tissue distribution of Malate Dehydrogenase (MDH) from the
same fish. Samples are of liver, muscle, heart, serum and
eye tissue. The MDH_ isozyme near the origin is common to
all tissues but stains weakly in muscle, heart and serum
samples. MDHg-1 predominates in liver tissue. Both MDH_-1
and MDHg-2 are more equally expressed in muscle, heart and
serum tissue.
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Tocus) are expressed in the other tissues surveyed. The three banded
phenotype seen for this dimeric enzyme is best explained by the ran- .
dom combination of subunit products from two loci with different
alleles. -This results in a fixed heterozygote effect with every
individual exhibiting the three banded phenotype.

‘No variation at either 1oéus was found in any of the popu]afions
studied. Since grayling possess no polymorphism at the loci coding
for both the A type and B type subunits, it was not possible to
determine if dup]ication has taken place at these twd loci.

A fourth band of activity was also found on zymograms stained
for MDH activity. This isozyme had a Shorter migration distance
and weaker staining intensity than the other forms. This isozyme
is believed to be the mitochondrial fofm of MDH (designated MDHm)
based on correlation with‘iymograms of other salmonids (Syln'ko 1976,
Aspinwall 1973, Bailey et aZ. 1970, Bailey etzzl.1969), and is con;
trolled by a séparate gene locus (discussed previously). No vériafion‘

was observed for this'isozyme in any of the populations studied.

G]utamate—oxa]oacetate transaminase (GOT) - There are two dis-
tinct forms of glutamate-oxaloacetate transaminase in vertebrate cells
(Moore and Lee 1960), both of which have a dimeric structure (Delorenzo
and Ruddle 1970). One of the forms of GOT is found in the mitochon-

drial fraction while the other one occurs in the supernatant (or
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cytoplasmic) fraction of the cell. The supernatant form migrates
anodally at a neutral pH, while the mitochondrial form migrates
cathodally (Schmidtké and‘Enge] 1972).. The supernatant form of
GOT has been shown to be coded for by two loci in several fish
species (Schmidtke and Engel 1972). 1In salmonids, GOT has been
reported tovbe coded by two disomic loci in. brown trout (Schmidtke
and Enge1 1972), chum salmon (Allendorf et aZ. 1975, May et al. |
1975) and cutthroat trout (Allendorf and Utter 1976).

In the present study, grayling were surveyed for GOT activity
in liver, skeletal muscle, heart muscle, and eye tissue. The results
are shown in Figure 5. The buffer system employed.in the separation
of GOT isozymes had a high pH (8.6), which results in the anodal
migration of both forms (mitochondrial and supernatant).

The results indicate that there are at least two 1oc1-(GOTs-1
and GOTS-Z) coding for the supernatant form of GOT and two loci
(GOTm-l and GOTm-Z) coding for the mitochondrjal form.

There are two bands of activity for the mitochondrial form with
no heterodimer formed between the two. This result is best exp]aiﬁed
by the presence of 2 loci (GOTmr] and GOTm-Z) coding for distinct
polypeptide subunits which do not interact with one another to form
a heterodimer éonsisting of a subunit from each locus. No variation

was observed at either locus in any of the populations surveyed.




Figure 5. Glutamate oxaloacetate transaminase (GOT) tissue distri-
bution.
a. Liver samples from three fish with expression of two
GOTg and two GOTy, loci.
b. Tissue distribution of GOT isozymes from one fish:
eye, muscle, liver. GOT, isozymes did not stain on
this gel.
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" The supernatant GOT exhibited different patterns in thé various
tissues examinad. In the liver a three banded phenotype with
asymmetrical staining intensity was found in all individua]sl This
pattern may be explained by the presence of two loci with different
alleles coding for subunits of different electrophoretic mobility.
This fixed‘heterozygote effect is evidence for the presence of a
duplicated locus (Allendorf et aZ. 1975). In eye tissue a similar
three banded pattern was the phenotype of all individuals, however,
the asymmetry of stainfng intensity waé in the opposite direction
(Figure 5b).. This pattern again suggests a duplicated locus. The
asymmetry of inténsity cannot be explained by the postulate that one
of the loci is monomorphic for the common allele while the other is
polymorphic since: 1) all individuals express the same pattern which
would not be expected if the locus was polymorphic (some would be
symmetrical), and 2) there is opposite asymmetry in a different tissue
of the same individual. The lack of parallel expression between eye
and liver suggests that the pattern is the result of differential
activation of the two Toci in these different tissues.

In muscle, only one band of supernatant GOT activity was

expressed. The band had the same electrophoretic mobility as .the
GOTS—1 homozygote in liver. There is evidence in 'some salmonids

that this band may represent a distinct locus (Allendorf personal
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comm. , Allendorf and Utter 1976). However, the lack of variation
at this locus does not allow the confirmation of this postulate in
grayling. Therefore, the conservative estimate of two supefnatént
GOT Toci and two mitochondrial GOT Toci was used in the present
study.

Alcohol dehydrogenase - (ADH) has been shown to have a dimeric

structure in vertebrates (Butler et aZ. 1969). It is believed to be
under the control of a single gene locus in sé]monids (A]]endoff

et ql. 1975). The enzyme in trout appears to be negatively charged,
migrating to the cathode. In most salmonids studied, ADH appears

as a single band with Tittle or no variation within the species
(Kristiansson and McIntyre 1965, Gall et al. 1977, Utter et al. 1973,
Allendorf et al. 1975).

In 7. arcticus liver §amp1es were examined for ADH activity. Iﬁ
all individuals ADH was expressed as an 1dentica1 single band of
activity, migrating cathodally. On the basis of these results it
was postulated thaf ADH is encoded by a single locus in grayling.

The ADH locus was monomorphic and identical in all ﬁopu]ations
surveyed with no variation between populations.

Xanthine dehydrogenase - (XDH) is represented in salmonids by a

single band of activity which migrates anodally (Kristiansson et al.

1976, Allendorf et al. 1975, Allendorf 1973). Since no variation
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~ exists at this locus in the species studied, no conclusions can be

made as to whether XDH is encoded by a single Tocus or duplicated
Tocus (Allendorf et al. 1975).

In 7. areticus a single band of XDH activity was found which
migrated anodaily. A1l populations were monomorphic with no varia-
tion detected between popu]ationé. It is assumed that the enzyme
is coded for by a single locus. However, the possibiiity of two '
10Ci with identical electrophoretic gene products cannot be excluded.

Sorbitol dehydrogenase - (SDH) is presumed to have a tetrameric

structure in vertebrates (Opt'Hof 1969, Opt'Hof et al. 1969, Engel
et al. 1970). Eﬁge] et al. (1970) proposed that this is also thg
structure of SDH found in rainbow trout, and has reported the
presence df a polymorphism. Invariant multi-banded phenotypes have
been reported in various other salmonid species (May et al. 1975,
Khanna et aZ. 1975, Allendorf et ql. 1975, Utter et al. 1973). The
patterns in these species is indicative of two disomic loci fixed
for alleles coding for subunits of different electrophoretic mobility
(Allendorf et al. 1975, Utter et al. 1973). This postuiate is in
contrast to that of Engel et aZ. (1970) which proposed a tetrasomic
mode of inheritance for a single locus based on the phenotypic dis-

tribution of isozyme patterns with no breeding experiments performed.

Allendorf et qZ. (1975) on the basis of preliminary inheritance
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data of a vériant in cutthroat trout, provide further evidence in
support of the former postulate.

In the.present study, grayling exhibited a distinct single band
phenotype of SDH activity, which migrafed anodally. No intropopu-
Tational or interpopulational variation was observed. This result
allows no conclusions to be drawn as to the presence of a duplicated
locus in 7. arcticus as proposed for rainbow trout (A]]endoff et al.
1975). For the purposes of this study the conservative estimate of
one locus coding for SDH was used.

Isocitrate dehydrogenase (mitochondrial form) - (IDH) exists

in distinct mitochondrial (here designated IDHm) and éupernatant
(IDHS) forms which are determined by distinct gene loci in vertebratés
(Henderson 1968). Wolf et aZ. (1970) showed that IDHm manifests a
dimeric‘structure in electrophoretic studies of rainbow trout (Saimo
gairdneri). Engel et ql. (1971) showed that in some diploid groups
of fish, a single gene locus presumably coded for IDHm,.whereas in
some tetraploid groups tﬂo different gene loci were responsible for
the fixed heterozygote pattern observed on zymograms. A]]endorf'

et al. (1975) reported that in rainbow trout (Salmo gairdneri) IDH
is also represented by.three nonvariant bands indicating the presence
of two monomorphic disomic Toci with common alleles coding for sub-
units of different electrophoretic mobilities. IDHm activity is

best visualized on zymograms of heart muscle extracts.
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In grayling, heart muscle extracts were surveyed for IDHm
activity. IDHm phenotypes were represented by three invariant bands
which indicate the presence of two monomorphic disomic loci, IDHm-1
and IDHm-2, with common alleles coding for subunits of different |
electrophoretic mobf]ities.‘ The pattern observed is eVidence that
the IDHm locus in 7. arcticus is dup}icated as presumed to. be the.
case in rainbow trout (Allendorf et al. 1975). A1l individuals
expressed the same phenotype in all populations studied.

Alpha-glycerophosphate dehydrogenase - (AGPDH) is a dimeric

molecule for which genetic variation has been described in various
spécies of fish (Aspinwall 1972, Utter and Hodgins 1972, Altendorf
et al. 1975, Engel ez aZ. 1971, Johnson et aZ. 1970, McCabe et al.
1970). Engel et al. (1971) proposed the existence of three different
gene Toci (A, B, and C) coding for AGPDH in the brown trout (Salmo
trutta) and the rainbow trout (Salmo gairdneri) with the random
combination of subunits from alleles at the various loci accounting
for the complex zymogram patterns. Other authors (Aspinwall 1972,
Utter and Hodgins 1972).have proposed the existencé of a single
Tocus, two codominaﬁt allele system in other salmonids on the basis
of electrophoretic results. Aspinwall (1972) suggested the presence
of a single locus in salmonids may be due to a "silencing" of

duplicated Toci in salmonids. However, Allendorf et al. (1975)
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provided evidence that the buffer system employed in the electro-
pﬁoresis of AGPDH determines the number of isozymes and hence, the
number of Toci which are detected. A Tow pH phosphate buffer allows
the detection of an added number of loci which are not detected with
the use of a high pH tris—borate system.
| In the present study; three loci (AGPDH-1, AGPDH-2 and AGPDH-3)

with alleles coding for proteins of different electrophoretic
mobilities are postulated to exist in 7. arceticus. The zymograms
obtained reflect the presence of these three loci with active dimers
formed from the subunits of the different Toci, resulting in six
isozymes being formed. Liver and muscle tissue extracts exhibited
parallel expression of the identical number of isozymes. Examination
of this isozyme system with the high pH buffer system resu]tgd in
the detection of only the AGPDH-T Tocus. Further studies using

the Tow pH buffer system resulted in the detection of the two
additional Toci. These findings are similar to those of Engel et al.
(1971) and reflect the differences which are observed depending on
the buffer system employed as suggested by Allendorf et aZ. (1975).

No allelic variation at any of the AGPDH Toci was detected in

any of the populations surveyed.

Esterase - The banding patterns observed in Tiver samples of

Thymallus arcticus were inconsistent in number and intensity. Due
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to the'inconsistency, the liver esterases were not dealt with in
any detail. '

The esterase of the serum was represented by a single invariant
band in all populations. It was assumed thevband‘was representative
of a single gene locus.

Hexokinase - (HK) has been reported to be represented by a
single band in rainbow trout (Allendorf 1973). Liver samples of
T. arcticus surveyed‘for hexokinase actijvely exhibited an identical
single band in all populations examined. It is assumed the band

is representative of a single gene locus.

Electrophoretic Phenotypes of Polymorphic Proteins -

Tetrazolium oxidase (Indophenol oxidase) - TO is the designation

for an enzyme first described by‘BreWer (1967) which oxidized reduced
tetrazolium dyes resulting in an achromatic region against the
colored background of reduced dye on electrophoretic zymograms.
Intraspecific variants of TO were found to exist in fifteen species
of Pacific rockfish (Sebastodes) (Johnson et al. 1970b). Inter-
species variation of TO has been reported to exist in the salmonids
(Utter 1971, Utter et al. 1973, May et al. 1975). The existence of
intraspecies TO polymorphisms have also been found in the rainbow
trout (Utter 1971, Utter et al. 1973, Cederbaum and Yoshida 1972,
Utter and Hodgins 1972, Allendorf 1973) and Chinook salmon (Utter




48

1971, Kristiansson and McIntrye 1976). The patterns observed appear
to reflect one locus with two alleles encoding a dimeric protein
(Utter 1971, Cederbaum and Yoshida 1972).

In T. arcticus individuals exhibited either one zone or three‘
zones of activity (Figure 6) similar to the patterns found in other\
sa]monids (discussed previously). Parallel tissue expression was
found in liver and,mu§c1e extracts of the same individual. No

interpopulational variation was found.

]'00), and a variant allele (10°°9), were

The common allele (TO
found in the Donnelly, Wolf and Grebe populations. Homozygotes
(1.00/1.00) for the common aT1e1é expfessed a single bénd of activity
which migrated the farthest anodally (Fig. 6), heterozygotes (1.00/
750) exhibited a 3 banded pattern with a heterodimeric zone of
greater intensity, and homozygotes (.50/.50) for the variant allele
exhibited a single band with the. slowest migration. It is assumed
that the patterns reflect a single 1ocﬁs, two codominant allele
system similar to that suggested for rainbow trout (Utter 1971,
Cederbaum and Yoshida 1972).

No variation was found in the Fuse Lake population with a]]i

individuals being homozygous for the common allele. The lack of

variation in this population is presumably attributable to a founder

effect.




Figure 6. Tetrazolium Oxidase (TO) polymorphism. Column 1 (0.50/0.50)
homozygote. Colum 2, 3, 4, (1.00/0.50) heterozygotes.
Column 5 (1.00/1.00) homozygote.
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Phosphoglucomutase - (PGM) isozyme variation was first studied
in human populations by Spencer et aZ.'(1964). Further genetic
studies in humans showed the PGM activity could be divided into
three zones, with each zone apparently controlled by an independent
Tocus (Parrington et aZ. 1968). Roberts et aZ. (1969) reported
finding three distinct zones of activity on PGM zymograms of Salmo
gairdneri, and postulated the existence of three loci, PGM-1, PGM-2
and PGM-3 (in order of increasing anodal migration of the coded
protein). Polymorphism of PGM have been found in rainbow trout
(Roberts et al. 1969, Utter et al. 1972, 1973) and in various species
of salmon (Kristiansson and McIntyre 1976, May et aZ. 1975, Utter
et al. 1973, Utter and Hodgins 1970). |

In the present study, liver and muscle tissue extracts were
surveyed for PGM activity. Three zones of activity were detected |
on PGM zymograms of Tiver samples, all of which migrate anodally
(Figure 7). Three loci (PGM-1, PGM-2 and PGM-3) were postulated to
be encoding PGM subunits in . arc#icuS; Only PGM-1 and PGM-2 were
expressed in muscle tissue. The faint staining of the PGM-3 in
liver tissue and its absence fn muscle tissue is consistent with
the findings of other authors (Roberts et al. 1969, Hopkinson and
Harris 1968).

PGM-1 and PGM-3 were monomorphic in all populations studied,

represented by single invariant bands. PGM-2 was polymorphic in the




Figure 7.
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Phosphoglucomutase (PGM). The products of three PGM
loci appear to be present in liver samples. PGM-1,

PGM-2 and PCM-3. PGM2 is polymorphic, PGM-1 and PGM3
are monomorphic.
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' Dbnne]]y River population, but was monomorphic in. the other popula-

1.00 _ 4 pey.pl-25

tions surveyed. Two alleles, PGM-2 » were present
in the Donnelly population. Homozygous individuals for either
allele were represented by a single band while heterozygous indi-
viduals exhibited two bands of actjvity (Figure 8) which is typical
of a monomeric protein. The patterns found are similar to those ‘
reported in other salmonids (noted above). The existence of the
polymorphism at the’PGM-Z Tocus clarifies the interpretation of
zymogram patterns and strengthens the validity of the three Tloci
postulate.

Isocitrate dehydrogenase'(supernatant form) - The supernatant

form of isocitrate dehydrogenase'(IDHz) behaves electrophoretically

as a dimeric molecule (Henderson 1968, Darnall and Klotz 1972).
Allelic variation of IDH2 isozymes has been described in a variety

of salmonid species (Allendorf et al. 1975, May et aZ. 1975, Allen-
dorf 1973, Ropers et al. 1973, Engel et al. 1975, Wolf et al. 1970)'
which confirm the dimeric structure in salmonid fish. The mode of
inheritance of IDHS was. initially proposed to be tetrasomic in
:réinbow trout (Wolf et aZ.'1970) on the basis of phenotypic expression
_a]one. A]Tendorf (1973) and Allendorf and ﬂtter (1973) described a
system of IDHs isozymes identical to that found by Wolf et aZ..(1970).

Based on the number of bands and relative dosage, a two locus, -‘four
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Figure 8. Phosphoglucomutase (PGM). PGM-1, cathodal, is mono-
morvhic. PGM, is polymorphic. Column 2 and 3 (1.00/1.00)
homozygotes. “Column 1 and 4 (1.00/1.25) heterozygotes.
Column 3 (1.25/1.25) homozygote.
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allele system was propdsed to be encoding IDHs in these individuals.
Breeding experiments verified that in the stock of rainbow trout
examined by these authors, IDHS followed a disomic mode of inheritance
with the locus having been duplicated. Subsequent to these findings,
breeding,experiments'were performed with the stock examined by Wolf
et al. (19f0) which conclusively verified that, indeed, IDHs followed
a disomic mode of inheritance (Engel et al. 1975).

Liver tissue extracts of T. arcticus were examined for IDHS
activity and‘reveéled the system depicted in Figure 9. The IDHé
patterns were polymorphic in three of the populations Surveyed. The
expression of only three phenotypes in any one population is indica-
tive of a single disomic locus with a common and a variant allele.
This hypothesis of a single disomic locus for T. arcticus is in
contrast tP the two disomic loci postulated for rainbow trout
(Allendorf and Utter 1973, Engel et al. 1975). The IDHS locus does
not appear to have undergone gene duplication as in rainbow trout
(A]]endbrf et al. 1975). A singie disomic locus encoding‘IDHS has
been reported in chum salmon (Oncorhynchﬁshketa) and confirmed
through breeding experiments (May et aZ. 1975).

Allelic variation was observed at the IDHs Tocus in the Donnelly
River,'wo1f Lake, and Grebe Lake populations. The common a]ieie

1.00

designated IDHS encoded subunits which were electrophoretically




Figure 9.
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Isocitrate Dehydrogenase (IDH) is polymorphic. Three
populations have an IDH variant and one allele common to
all populations. Colum 1 (1.25/1.00) heterozygote.

Colum 2 3, 4, 5, 7 (1.00/1.00) homozygotes. Column 6
(1.50/1.00) heterozygote. Column 8 (1.25/1.25) homozygote.
Column 9 (1.50/1.50) homozygote. Samples 1, 2, 3, 8 are
from the Donnelly river population. Samples 4, 5, 6, 7,

9 from the Grebe lake population.
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identical in all populations. A variant allele, designated IDHS]'ZS,
was unique to the Donnelly River population. A homozygous individual
for the variant a11e1e1(1.25/1;25) expressed a single band of ;ctivity
with a greater migration distance than a homozygous individual for
the common allele (1.00/1.00). A heterozygous individual (1.00/1.25)
exhibited‘a three banded pattern with symmetrical staining intensity,
characteristic of a dimeric molecule.

]’50, was unique to the two Yellow-

Another variant allele, IDHs
stone Park populations. The isozyme of an individual homozygous for
this allele had a characteristic migration distance greater than
either the 1.00/1.00 individuals or the 1.25/1.25 individuals. A
Beterozygous individual for this variant (1.00/1.50) again expresséd
a three banded phenotype. As noted in Figure 9 a 1.00/1.50 individual
has an asymmetrical staining intensity which may reflect a differ-
ential activation of the two alleles or differential activity of
these allele products.

Only 1.00/1.00 individuals were found in the Fuse Lake ﬁopu]a-
tion which may again reflect a founder effect.

Transferrin - (Tfn) is a monomeric B-globulin which exhibits a
high degree of polymorphism in most vertebrate species (Manwell and

Baker 1970). The existence of an extensive amount of genetic varia-

tion has been reported in teleosts, with more than thirty species
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being polymorphic (reviewed by Kirpichnikov 1973, Deligny 1969). The
majority of these polymorphisms reflect codominant inheritance of

alleles associated with a single locus (Kirpichnikov 1973). Inheri-

tance studies verified the interpretation of one polymorphic disomic

Tocus (Valenta et aZ. 1976, Utter et al. 1973). The large amount of
vari&bi]ity of transferrin is well documented in salmonid species
(Heréhberge%'1970,.Wright and Atherton 1970, Moller 1970, Utter

et al. 1970, Utter aﬁd Hodgins 1972, Eckro%t 1973, Allendorf 1973,

Utter et al. 1973). 1In all cases there is a simple additive pattern

in heteroiygotes for a transferrin polymorphism. The presence of
three or more alleles has been observed in rainbow trout and various
salmon speéies'(Utter et al. 1970, 1973, Utter and Hodgins 1972,
Reichenbach-Ktinke 1973)-and‘a1so in brook trout (Eckroat 1973).

Sérum samples of individual grayling were analyzed for trans-
ferrin phenotypes. The transferrin Bands (Figure 10) were identified'
as the bands having an electrophoretic mobility similar in position,
to those of rainbow trout and salmon (Utter et «Z. 1970, 1973,

Reichenbach-K]inke 1973). It is assumed that these bands in 7.

arcticus are also transferrins because of this electrophoretic

identity and the taxonomic reltationship of these species.
Transferrin wés found to be polymorphic in the Donnelly River,

Wolf Lake, and Grebe Lake populations. On the basis of observed




Figure 10.

Transferrin polymorphism (Tfn). Two alleles were found
in the Donnelly river population and three in the
Yellowstone Park populations. Columns 1, 2, 3, 4, 5

7, 8, 9, 11, 12 (1.00/1.00) homozygotes. Column 6
(1.20/1.20) homozygote. Column 10 (1.10/1.00) hetero-
zygote. Column 1, 3, 7 Donnelly river. All others from
Grebe lake.
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phenotypes and the monomeric structure of Tfn, three codominant

]'00, fn]']o 1.20 in order of increésing anodal

alleles (Tfn T » and Tfn
migration) at a single disomic Tocus were postulated to encode Tfn in
the two Yellowstone Park populations. Six phenotypes of either one
or two of three different bands are expected to result from the
codominant expression of three alleles. The six phenotypes accor-
dingly are designated 1.00/1.00, 1.00/1.10, 1.00/1.20, 1.10/1.10,
'1.10/1.20 and i.20/1.20. Four of these phenotypes are shown in

Figure ]0.‘ The only phenotype not found in the individuals sampled
was 1.10/{.20. The Tack of observation of this phenotype is most
likely the result of the small sample size resulting %n no detection
of 1.10/1.20 whose maximum expected value is .013.

1.00 1.10

Electrophoretically identical alleles to Tfn and Tfn

were expressed in the Donnelly River population, but the Tfn]'20
allele was absent. The three expected phenotypes (1.00/1.00, 1.00/
1.10 and 1.70/1.10) reflecting two codominant alleles were observed.

The common allele Tfn]’Oo

was the only one expressed in the Fuse
Lake population, thus only the common phenotype (1.00/1.00) was
observed. The lack of variation at the Tfn Tocus in this population
is presumably due to a founder effect.

Glucose and hexose 6-phosphate dehydrogenase - Two major electro-

phoretically distinct.cdmponents of glucose 6-phosphate dehydrogenase




60
activity are found in vertebrate organisms. One is\hjgh1y specific
for the'uti1izat16n of glucose 6-phosphate with NADP as substrate
"~ and coenzyﬁe, respectively (Nditman and Kuby 1963). The second form
is distinguishea by its ability to catalyze tﬁe‘oxidation of glucose
6-phosphate, galactose 6-phosphate, 2-deoxyglucose 6-phosphate and
glucose as substrates, with either NAD or NADP functioning as the
coenzyme (Shaw 1966, Ohno et al. 1966, Beutler and Morrison 1967,
Shaw and Koen 1968). The isozyme with glucose 6-phosphate specific
dehydrogenase activity is designated glucose 6-phosphate dehydrogen-
ase (G6PD), while the enzyme with the broader range -of substrate
specificity is designated hexose 6-phosphate dehydrogenase (H6PD)
for convenience of distinction (Shaw 1966, Ohno et aqZ. 1966, Shaw
and Koen 1968).

Vertebrate G6PD and H6PD isozymes have been shown to be encdded
by distinct gene loci. G6PD 1is sex linked in mammals (Kirkman and
Hendrickson 1963,,R1§hardsonwet al. i971) but is under autosomal
gene control in birds and fish (Manwell and Baker 1969, Yamauchi
and Goldberg 1973). G6PD is localized in the nuclear and cytoplasmic
fractions of the cell (Beutler and Morrison 1967). In contrast,
H6PD is autosomally 1nher1ted in mammals (Shaw 1966, Ohno et al.
1966, Shaw and Koen 1968) and is localized in the microsomal fraction

of the cell (Beutler and Morrison 1967, Metzger et al. 1965).
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. G6PD exists as two catalytically active forms, dimer and tetramer’
(Bonsignore et aZ. 1970), being most]y.tetrameric in some organisms
(Yamauchi aﬁd Goldberg 1973) but dimeric in others (Shaw and Koen
1968). In contrast H6PD exhibits a dfmeric structure as evidenced
in zymograms of allelic variants (Stegemén and Goldberg 1971).

The tissue distribution of G6PD appears ubiquitous in vertebrate
cells (Beutler and Morrison 1967). H6PD is most active in the Tliver
and kidney (Beutler and Morrison 1967) with activity in other tissues
only five to ten percent of that in Tiver extracts (Stegeman and
Goldberg 1971).

The occurrence of both G6PD and H6PD in the livers of salmonids
has been clearly demonstrated by various authors (Stegeman and
Goldberg 1971, Shatton et ai. 1971, Ohno et al. 1966). The exact
- number of isozymes in the multi-banded zymograms of rainbow trout
is, however, not known. Stegeman and Go]dberg (1971, 1972) demon-
strated that in the genus Salvelinus GQPD appears to be tetrameric
(exhibiting five bands) with H6PD existing as a dimeric molecule.

The existence of two codominant gene Toci with different alleles has
been postulated to be determining the G6PD bands in trout (Ohno‘]966,
Yamauchi and Goldberg 1973, Stegeman and Goldberg 1971). However,
Cederbaum and Yoshida (1975) recently proposed that'GéPD in rainbow

" trout liver may be encoded by a single gene 1ocus;'two allele system,
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with posttranslational modification of the enzyme accounting for the
complex banding patterns. .On the basis of allelic variation studies
by Stegeman and Goldberg (1971, 1972), H6PD is believed to be the |
product of a single autosomal gene locus.

Electrophoretic analysis of G6PD activity in liver tissue
extracts of T. arcticus revealed that this tissue contained four
distinct zones of activity when glucose 6-phosphate was used as sub-
strate in staining (Figures 11 and 13). The band appearing second
from the cathodal end (1iver samples) was identified as H6PD,
exhibiting broad substrate specificity. indicated by sfaining-with
galactose 6-phosphate and glucose with NAD or NADP as the coenzyme
(Figure 11). Therefore, both forms of G6PD are present in T.
arcticus as in other vertebrates. .

Three zones of G6PD activity, each represented by a single band,
is the common phenotype. The middle zone of G6PD activity is greafer
in staining intensity than either of the other two zones (Figure 11,
erythrocytes, and ngure 13). This phenotypic patfern is suggestive
.of two Toci with alleles encbding subunits of different electro-
phoretic mobility for a dimeric molecule. The two Toci are desfg-
nated G6PD-2 and GGPD-é in order of increasingzahodai migration. A
verification of this model of inheritance was obtained by finding

individuals in the Grebe and Wolf Lake populations possessing electro-

phoretic patterns as shown in.lane two and four of Figure 12. These .
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~=-G6PD-3

" —H6PD

OO PD-2
~—G6PD-1

Figure 11. Glucose-6-Phosphate Dehydrogenase (G6PD) and Hexose-6-
Phosphate Dehydrogenase (H6PD) expression in erythrocytes
and eye tissue. Liver tissue samples have the same
banding pattern as erythrocytes. Column 1, 2, 3, 6 and
7 are eye samples from individual fish. Column 4 and
5 erythrocytes from individual fish.




Figure 12.
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— G6PD-3 (1.10)
— G6PD-3 (1.00)

e
— (GOPD-2

Glucose-6-Phosphate Dehydrogenase-3 (G6PD-3) is poly-
morphic in the Yellowstone Park populations. Column
1 mixture of homogenates applied to column 2 and 4.
Colum 2 G6PD-3 (1.00/1.00) homozygote. Column 3
G6PD-3 (1.00/1.10) heterozygote. Column 4 G6PD-3
(1.10/1.10) homozygote. Liver samples.




Figure 13.

~— H6PD El.l()%
—-H6PD (1.00
— G6PD-2

3 4 Ty SO 8 9 10 11 12

Hexose-6-Phosphate Dehydrogenase (H6PD) polymorphism.
Donnelly River samples have a slightly faster anodal
migrating form than the Grebe Lake (YNP) samples.
Colums 1, 2, 3, 7, 8 and 9 (1.10/1.10) homozygotes
from Donnelly River. Columns 4, 5, 6, 10, 11 and 12
(1.00/1.00) homozygotes from Grebe Lake. Liver
homogenates.
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patterns indicate the presence of a variant allele at the G6PD-3
locus. A homozygous individual for the variant allele (designated
GGPD-3]']0) is represented by a single band with a greater electro-
phoretic mobility than an individual homozygous for the common

allele (G6PD-31'00).

Heterozygotes (1.00/1.10) exhibit a three
banded phenotype characteristic of the dimeric structure with a band
intermediate. between the two homozygote bands. The various isoéymé
patterns are depicted in Figure 12.

The breseﬁée‘of‘this polymorphism provides additional evidence
to support the two locus postulate. Since a heterodimer is formed
of subunits from the two loci, a band of greatér electrophoretic
mobility in the heterodimeric region would be expected in a homo-
zygous individual for -the variant allele at the GGPD-3 locus.
Furthermore, an indiQidua] heterozygous for the variant G6PD-3
allele would have two heterodimeric bands, formed between supunits.
of the G6PD-2 and the two G6PD-3 af]e]es. FiQure 12 clearly shows
this to be the case. These results are found whether NADP is used
in the grinding solution or not, although the presence of NADP does

enhance resolution. The data is in agreement with the two codominant

loci postulated by Ohno et aZ. (1966) for rainbow trout and Stegeman'-

and Goldberg (1971) for brook trout. The resolution obtained in .

these zymograms of T. arcticus is ‘much more convincing than those
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used by Cederbaum and Yoshida (1975) in postulating the presence of
a single locus. |

Ané]ysis of eye tissue and red blood cells resulted in the
parallel expression of the two G6PD, loci with the,heterddimeric_
region again evident (Figure 11). The lack of H6PD activity in the
eye tissue clarifies interpretation of liver zymoérams since one~..
can assume that none of the activity in this fegioh is due to .G6PD.

An additional band close to the origin was expressed iﬁ eye
tissue and red blood cells, zymograms (Figure 11). No distinctt
heterodimeric region was formed between this band and the subunits
of G6PD-2 or G6PD-3. The band may represent a d1550ciation ﬁroduct
of the G6PD-2 but its consistent presence in all samples in equal
intensity and absence in liver suggests an additional locus, desig-
nated G6PD-1, which is active in these tissues but not in the livert

In summary, the G6PD-1 and G6PD-2 Toci were monomorphic in ai1
popu]ations.. The G6PD-3 Tocus was monomorphic in'the Donnelly and
_ Fuse popu]étions, but was polymorphic inythg'Grebe and Wolf-Lake
populations.

A region of H6PD activity was expressed in all populations'j
surveyed. As noted in Figure 13, H6PD activity is represented by
an area of diffuse staining. It is postulated that a single locus

is represented by this H6PD activity, although it appears two bands
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are present at times. As shown in Figure 13, ‘the H6PD band in
Donnelly River‘and Fuse Lake ,individuals has a characteriétic migra-
tion distance greater than the individuals from the Yellowstone
populations. A mixture of an individual sample from each population
results in an area staining which is clearly additive of the areas
stained in individual samples. The results provide evidence that
the H6PD Tocus is fixed for alleles which code for subunits of
different e1gctrophoretic mobility. The allele in the Grebe and

1.00

Wolf Lake populations is'designated H6PD and that in the Donnelly

River and Fuse Lake populations is H6PD]'TO.

No intrapopulational
variation was found to exist.

Malic eniyme‘jNADP - MDH) - Malic enzyme otherwise known as

NADP dependent malate dehydrogenase exists in mammalian tissue in'
two forms, supernatant and mitochondrial (Henderson 1966,’Shows'et al.
1970). Evidence from electrophoretic studies of‘the house suggest
a tetrameric structure for both the supernatant (MES) and mitochon-
drial (MEm) form of this enzyme (Shows and Ruddlie 1968, Baker and
Mintz 1969, Povey et al. 1975). The mitochondrial form migrates less
anodally than the soluble form in some species (Cohen and Omen 1972)
but may move a greater distance 1n~others,(Henderson 1966).

Two autosomal gene loci (MES and MEm) determine the soluble and
mitochondrial forms, respectively (Cohen and Omen 1972, Povey et al.

1975).
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The ME systems héve not been as well studied in teleo§ts. The
lack of variation in. species studied has not allowed determination of
the molecular structure in teleost fish (Utter et aZ. 1973, Allendorf
1973, Kristiansson and McIntyre 1973). Frydenberg and Simonsen
(1973), on the basis of electrophoretic patterns, suggested that.a
simpler molecule existed in the teleost, Zoarces , than the tetramer
found in the house mouse (Shows and Ruddle 1968, Povey et al. 1975).
They considered the enzyme in Zoarcees to be controlled by a single
Tocus. Allendorf et atl. (1975) have reported a different band of
activity present in muscle than in Tijver inarainbow trout, but the
exact number of loci was not determined.

Liver and muscle tissué extracts were surveyed for ME acfivity
in T..arcticus. An identical phenotypic pattern (Figure 14) was.
expressed in both tissues. A group of five bands which migrates
further than any MDH isozymes wgs'identified as‘the supernatant form:
of ME (MEs)" A slower diffuse staining band<wifh a migration dis-
tance intermediate between MDHS and MDHm isozymes was identified as
the mitochondrial form of ME (MEm).

The presence of five bands in every individual indicates the
presence of-two loci wifha]]e]esencoding subunits of different
é1ectrophoretic mobility for a tetrameric molecule. The two Toci

were designated MES—1 and MES-Z. The intensity of the individual
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Malic enzyme (M.E.). The supernatant form of M.E.
appears to have a multimeric structure perhaps produced
by loci which are differentially active. Liver homo-
genates. The mitochordrial form appears to be mono-
morphic.
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bands varied with the individual sample suggesting that one of the
- loci may be polymorphic while the other is monomorphic. .A rare
variant was also jdentified in one Tndividﬁa1 in the Grebe Lake
population. Since variatipn 1s suspected but the number of alleles
is not known, these loci were excluded from the quantitative calcu-
lations. However, the presence of two loci coding for a tetramgric
molecule is suggested. The structure is similar to that reborted
in other vertebrates (discussed previously). The MES locus appears
to be duplicated in 7. aréticus.

The ME_ band was electrophoretically identical in all populations.

Since no variation is present, nothing can be deduced about the struc- _

ture of this molecule. One structural gene probably codes for fhis
enzyme. |

_ Serum_proteins - Teleost species have been shown to possess

intraspecies specificity of plasma protein patterns (Woods and'Engie :
1957, Tsuyki and Roberts 1966). A1though fish serum proteins are as
yet imperfectly studied from a genetic point of view (Kirpichnikov
1973), they have been used successfully in work on intraspecific .
systematicé (Lukjanenko and Popov 1969, Wright and Hasler 1967,
Reinitz 1973, Booke 1964, DelLigny 1969). In analyzing serum pfoteins
for genetic variation, it must be noted that serum protein patterns‘

resolved electrophoretically vary with physiological and environmental
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conditions (Booke 1964, Thurston 1967). A principal variation noted
is related to sex and maturity in females (reviewed by DeLigﬁy ,
1969, Feeney and Brown 1974). The non-genetic variatfoh of seruh
proteins appears to involve quantitative changés rather than the
presence or absence of bands (Booke 1964, Thurston 1967, Feeney and
Brown 1974, DeLigny 1969). As DelLigny (1969) suggésts,'in,any study
of variation in non-identified componenté of serum proteins, suffi-
cient population data and analysis of thelcompositfon of the samples
with regard to sex, maturity, and development stage appears an
abso1gte requirement.' Furthermore, a good reso]utﬁon Qf the pattern
which allows a sharp distinction between individual fractions is

needed in order to avoid wrong interpretation of the observed

variation.

The plasma proteins of fish as yet do not appear to have accurate -

classification. No conclusions as fo similarity to human plasma
fractions can be made (Feeney and Brown 1974). Recent attempts at

classification of the various fractions of plasma proteins of various

“salmonid species have been done (Perrier et al. 1973, Reichenbach-:

Klinke 1973). However, it was beyond the scope of the present study
to attempt to identify and biochemically-chéraCterize the various
fractions of serum proteins -observed on starch gels of Thymallus

arcticus.
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Serum samples of the four populations of Thymallus arcticus
under investigation were subjected to electrophoresis and stained
with a general protein stain. Electropherograms of the serum protein§
are shown in Figures 14 and 15. Samples were normally frozen before
electrophoresis but subsequent studies revealed that freezing and
thawing had no effect on the electrophoretic patterns of the serum |
proteins. Electropherograms of serum samples revealed 6 zones of
staining as shown diagrammatically in Figure 16. Zone 2 was identi-
fied as transferrin which has been dealt with previously. The on}y
other zone adequately resolved was Zone 5. The resolution of this
zone was excellent and the number of bands could be determined pre-
cisely. Indjviduals exhibited from three to five bands in this
region. A tdta]vof twelve different electropﬁbretic phenotypes were
observed as depicted in'Figure 17. Further analysis revealed that -
the zone could be further divided into two groups designated A (most
anodal), B (least anodal). Group A was found to be represented by
two intense-st&ining bands in all individua1s in both the Grebe Lake
and Wolf Lake populations whose expression appeared independent of
the B group (Figure 17). It was postu]éted fhat these bands repfe-
sented two gene loci, SP-2 and SP-3, in order of increasing anodal

migration, encoding proteins of different electrophoretic mobility.
~ Individuals from the Donnelly River population, however,

exhibited either two or three bands in this region. One band of
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Figure 15. Electropherograms of serum proténst

a.

Phenotypes of the Yellowstone Park populations. All
individuals are homozygous at the SP-2 (1.00/1.00)
locus and the SP-3 (1.00/1.00) locus. The individuals
are polymorphic at the SP-1 locus: Column 1 - homo-
zygote (1.10/1.10); column 2 and 4 - homozygote
(1.00/1.00); column 3, 5 and 6 - heteruzygotes '
(1.00/1.10). ’

Phenotypes of Donnelly River individuals. All
individuals are homozygous (1.00/1.00) at the SP-§
locus. Individuals-are polymorphic at the SP-1 and
SP-2 loci: Columns 1 and 3 - SP-1 (1.10/1.10), SP-2
(1.10/1.20); colum 2 - SP-1 (1.10/1.00), SP-2
(1.10/1.10); colum 5 - SP-1 (1.10/1.00), SP-2
(1.10/1.20); colum 4 - Yellowstone Park individual -
SP-1 (1.00/1.00), SP-2 (1.00/1.00), SP-3 (1.00/1.00).
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| A M B R

SP-2 (1.10)
SP-2 (1.00)
SP-1 (1.10)
SP-1 (1.00)
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Zone 1
Zone 2

Zone 3

=34—= Zone 4

Zone 5

Zone 6

Figure 16. Diagrammatic representation of electrophoretic pattern of
serum proteins of Thymallus areticus. Six zones, numbered
in order of decreasing anodal migration, are normally ob-
served. Relative intensities are depicted in the diagram.
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Figure 17.

The twelve observed phenotypic patterns of electropherograms
of grayling serum proteins in Zone 5. Columns 1-9, Donnelly
River; Columns10-12, Yellowstone Park populations. The
genotypes of the individuals are: 1- SP-1(1.00/1.00),SP-2
(1.10/1.10) ; 2- SP-1(1.00/1.10),SP-2(1.10/1.10) ; 3-SP-1
(1.10/1.10), SP-2(1.10/1.10) ; 4- SBP-1(1.00/1.00), SP-2
(1.20/1.20) ; 5- SP-1(1.00/1.10), SP-2 (1.20/1.20) ; 6-SP-1
(1.10/1.10), SP-2(1.20/1.20) ; 7- SP-1(1.00/1.00), SP-2
(1.10/1.20) ; 8- SP-1(1.00/1.10), SP-2(1.10/1.20) ; 9- SP-1
(1.10/1.10), SP-2(1.10/1.20) ; 10~ SP-1(1.00/1.00), SP-2
(1.00/1.00) ; 11- SP-1(1.00/1.10), SP-2(1.00/1.00) ; 12~
SP-1(1.10/1.10), SP-2(1.00/1.00). All individuals are homo-
zygous for the common allele (1.00/1.00) at the SP-3 locus.

Lt
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strong intensity was consistent in all samples, and was e]ectrb-n
phoretically identical to the SP-3 band of the Ye]]owstone poeulaa'
tions (Figure 17), and was designated as such. Two other bands were
also observed in this region, one which had a slightly fastef migra-
tion distance than the SP-3 band and one which had a s]jghtly sTower
migration distance, intermediate between the SP-3'end,the SP-2 band
of the Yellowstone individuals. These bands are considered to be |
the equivalent of the bands produced by the SP-2 locus in the Yellow-
stone populations, since no band equivalent in m1grat1on d1stance
to the SP-2 band of the Yellowstone popu]at1ons is found in the
Donnelly population. Individuals exhibited either an intense staining
fast band, an intense staining slow band, or had bothﬂbands present
in weaker intensity. These results lead to the interpretation of e'
ene locus, two allele system encoding a monomeric protein, with
heterezygous individuals exbressing two weaker staining bands, fhe
mobilities of which are identica] to the bands'exp?essed in both
types of homozygous individuals. The allele common to the Yellow-

1.00

stone populations was designated SP-2 , those in the Donne]]y.

2].10 1.20

River population SP- and SP-2 in order of increasing anodal

migration. On the basis of this hypothesis, allele frequencies were

determ1ned for the two alleles in the Donne]]y River popu]at1on
In the Group B reg1on, individuals in all populations, except

the Fuse Lake population, exhibited either one or two bands of
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activity (Figure 17). A siﬁg]e locus, two allele system encoding a
monomeric protein was postulated to be responsible for this pattern
of variation, with homozygous individuals exhibiting a single band
of strong intensity and heterozygous individuals having two bands
of weaker intensity. This locus was designated SP-1 with the th

alleles termed SP—]"00 and SP-11'10

in order of increasing anodal -
migration.

Evidence in support of this genetic interpretation Ties in the
expression of thé twelve expected phenotypes. Nine phenotypes would
be expected to result in the Donnelly River population, and three in
the Wolf and Grebe Lake populations, as is indeed the case.

Fuse Lake individuals expressed an identical SP-3 band as that
found in both thg Ye1]ontone Park and Donnelly River pobu]ations;
The Fuse Lake population was not polymorphic at the SP-2 Tocus, But

1.10 allele which was present in the

appeared fixed for the SP-2
Donnelly populations, exhibiting a band'electrophoretica11y~1déntica1
to that observed in the Donnely population. At the.SP—T 1ocqs the
Fuse Lake population was fixed for the 1.10 allele with no apparent
variation.

As previously noted, anyAstudy of variation of serum protein

patterns must have sufficient. population data to determine if the

variation has a basis other than genetic. In the present case,
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records were kept as to the sex, age and reproductive condition of
the individuals sampled. No correlation existed between these
factors and the pattern exhibited by the individual.
Since the variation observed for these serum proteins has not
been adequately studied in related species, fhe quantitative analysis

of these systems will be dealt with separately.

Quantitative Analysis of Genetic Variability

Allele frequencies of thirty-five enzyme and protein 1oci-are
presented in Table 3, for the four populations of Thymallus arcticus
surveygd. The table shows the number of alleles detected by electro-
phorésis at each Tocus. The heterozygosity at each Tocus is also
calculated. Homozygosity at a locus (j) 'is defined as E x2 where
x is the frequency of the i-th allele. Heterozygosity for the
locus (h) is defined as 1-E x2 (Nei 1975). The allele frequencies
used are those obtained directly from the observed data.

The enzymes and proteins surveyed in this study were divided
into three groups. Group I includes those enzymes involved in glu-
cose metabolism. Group II includes non-glucose metabo]iz{ng enzymes
and Group III includes non-enzymatic proteins;

The genetic basis of isozyme polymorphisms scored on the gels
were not verified directly by progeny studies. The genetic inter-

pretation of the observed variation in simple Medelian terms is
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Table 3. Allele frequencies and degree of heterozygosity in 35 loci
examined in four populations of Thymallus areticus. (h =
heterozygosity)

Locus Alleles Grebe Wolf Donnelly Fuse

Group I. Glucose Metabolizing Enzymes

AGPD-1 1.00 1.00 1.00 1.00 1.00
(h) e 0.0 0.0 0.0 0.0
AGPD-2 1.00 1.00 1.00 1.00 1.00
(h) ko 0.0 0.0 0.0 0.0
AGPD-3 1.00 1.00 1.00 1.00 1.00
(h) KA 0.0 0.0 0.0 0.0
Hexokinase-1 1.00 1.00 1.00 1.00 1.00
(h) 0.0 0.0 0.0 0.0
HEPD-1 1.00 1.00 1.00 s o
.05 2230 Ehm 1.00 1.00
(h) frearsy 0.0 0.0 0.0 0.0
IDH-1 1.00 0.98 0.98 0.97 1.00
1.10 TG DN 0.03 BB
1.20 0.02 0.02 Sk 2 kN
(h) N 0.04 0.04 0.06 0.0
IDH_-1 1.00 1.00 1.00 1.00 1.00
(h)™ v 0.0 0.0 0.0 0.0
IDH_-2 1.00 1.00 1.00 1.00 1.00
(h)™ AT 0.0 0.0 0.0 0.0
G6PD-1 1.00 1.00 1.00 1.00 1.00
(h) TG 0.0 0.0 0.0 0.0
G6PD-2 1.00 0.92 0.98 1.00 1.00
T.10 0.08 0.02 Vi i
(h) o 0.14 0.04 0.0 0.0
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Table 3. (Continued)

Locus Alleles Grebe Wolf Donnelly Fuse

Group II. Non-glucose Metabolizing Enzymes

ADH-1 1.00 1.00 1.00 1.00 1.00
(h) o 0.0 0.0 0.0 0.0
XDH-1 1.00 1.00 1.00 1.00 1.00
(h) AT 0.0 0.0 0.0 0.0
SDH-1 1.00 1.00 1.00 1.00 1.00
(h) i 0.0 0.0 0.0 0.0
GOT -1 1.00 1.00 1.00 1.00 1.00
(h) A 0.0 0.0 0.0 0.0
GOT ~2 1.00 1.00 1.00 1.00 1.00
(h)S s 0.0 0.0 0.0 0.0
GOT -1 1.00 1.00 1.00 1.00 1.00
(h) ~g s 0.0 0.0 0.0 0.0
GOT -2 1.00 1.00 1.00 1.00 1.00
(h) Ty, 0.0 0.0 0.0 0.0
EST-1 1.00 1.00 1.00 1.00 1.00
(h) R 0.0 0.0 0.0 0.0
TO-1 1.00 0.65 0.56 0.65 1.00
0.50 0.35 0.44 0.35 SR
(h) T 0.46 0.49 0.46 0.0
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Table 3. (Continued)

Locus Alleles Grebe Wolf Donnelly Fuse

Group III. Nonenzymatic Proteins

TFN-1 1.00 0.87 0.75 0.81 1.00
1.70 0.11 0.17 0.19 ————
1.20 0.02 0.08 -——— -———-
(h) 0,22 0.41 0.30 0.0
SP-1 1.00 0.60 0.51 0.65 ———-
1.10 0.40 0.49 0.35 1.00
(h) 0.48 0.50 0.45 0.0
SP-2 1.00 1.00 1.00 ——— ———-
1.10 ———- ———- 0.30 1.00
1.20 -——- -——- 0.70 ————
(h) 0.0 0.0 0.42 0.0
SP-3 1.00 1.00 1.00 1.00 1.00
(h) 0.0 0.0 0.0 0.0
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supported by agreement between .the observed and expected prdportions
of genotypes in the populations, assuming Hardy-Weinberg equilibrium.
Table 4 shows the correspondence of observed genotype frequencies to
those expected on the basis of Hardy—weinberg_equi]ibrium. The class
sizes in several systems were small and réquired groupfﬁg for adequaté
analysis (Sokal and Roh1f 1969). The'dffferences observed from Hardy;
" Weinberg equilibrium are not significant. The tetrazo]ium'oxidasei
polymorphism in the Donnelly River population exhibits a slight but
not statistically significant deficiency of heterozygotes. These
results and moreover the similarity of the protein patterns with
those exhibited in other fish species whose genetics have been
"~ thoroughly studied, appear to make the proposed genetic 1nterpnéta—-
'tions sound. ’

The serum proteins of Zone 5 on zymograms of T. arcticus are an
exception to the above criteria as pfevious]y noted. Thé serum pro-
teins of fish are as yet imperfectly studfed from q'genetic sténd—
point (Kirpichnikov 1975). However, in the present study the resolu-
tion of a number of these proteins exhibited such clarity that
postulates as to their genetic basis are reasonable. Since the
electrophoretic patterns allowed such interpretations, they were
included in a second set of quantitative data. The aTIe1e frequen;ies

at the proposed loci are, therefore, included in Table 3.
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Table 4. Correspondence of observed genotype frequencies to those
expected on the basis of Hardy-Weinberg equilibrium for
the polymorphic loci of Thymallus arcticus.@

Probability of

Locus Population Chi—Squareb (DF) Greater Chi-Square
TFN-1 Grebe .0013 1 P = .97
WolfC ——— - -—
Donnelly .2496 1 P= .62
TO-1 Grebe .1124 2 P=.95
Wolf JEELD 2 P= .95
Donnelly 3.4550 2 P=.18
SP-1 Grebe + 1817 1 P = .67
Wolf .0568 2 A
Donnelly .5958 2 P= .15
Sp-2 Donnelly .0854 1 P s i
PGM-2 Donnelly .0030 1 P=.96
G-6-PD-2 Grebe .0003 1 P=.99
WolfC© -—— - -——

aIDS—1 not included since class sizes were too small for adequate
analysis.

bContinuity correction factor used since number of classes less than
2

Locus not included for this population since class sizes too small
for adequate analysis.
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The genetic variation of a population is usually measured by'the
proportion of polymorphic Toci (P) and the average heterozygosity per,
Tocus (H). These two parameters were used to measure the. intrapopu-
lational genetic variation in the present study. A locus wa§ here
- defined as polymorphic in a population if the frequency of the
commonest allele is equal to or less than 0.99. Average hetefo-
zygosity is the mean of the heterozygosity over all loci éxamined.
Average heterozygosity (H) was estimated using the method of Nei
(1975):

H ='E=] hL/r

where gene frequencies for r loci are studied, and subscript L fefers .
to the Lth locus.‘ Sampling variance of H wasvalso‘ca1éu1a£ed fo?

each population. Several other measures of genetic‘variatioh’are

less satisfactory for most purposes (Nei 1975). These parameters for -
the four populations studied are summarized in Tab1e~5. Pércent

polymorphic loci and average heterozygos1t1es were calculated sepa-

rate]y for Group I and Group II enzymes. In addition these parameters - -

were ca]qulated for Group I and Group III enzymes.and proteins
treated as an entire set. Finally, these parameters were ca1cu1atéd:'
for the tota] number of loci surveyed in the study, one 1nc1ud1ng

the general serum prote1ns and one exc]ud1ng them.’




Table 5. Estimates of genetic variability in Thymallus areticus.
Number of Number of % Polymorphic Average

Population Individuals Loci Loci Heterozygosity
Grebe 102

Group I 22 9.1 .0081 (+.0065)

Group II 3 9 11.1 .0507 (+.0507)

Group Ié & III 13 23.1 .0893 (+.0998)

Tota]aI 32 2.5 .0268 (+.0161)

Total 35 14.3 .0382 (+.0197)
Wolf 58

Group I 22 9.1 .0039 (+.0024)

Group II * 9 .1 .0547 (+.0547)

GrouprI & III 13 23. 1 .1069 (+.0566)

Tota]a 32 12.5 .0303 (+.0195)

Total 35 14.3 .0418 (+.0223)
Donnelly 63

Group I 22 9.1 .0118 (+.0094)

Group II 5 9 1 .0508 (+.0508)

GrouprI & III 13 30.8 .1259 (+.0555)

Tota1a 32 1245 .0318 (+.0177)

Total 35 Tl .0542 (+.0230)
Fuse 20

Group I i 22 0.0 .0000

GrouprI 13 0.0 .0000

Tota1a 32 0.0 .0000

Total 35 0.0 .0000

q1ncluding SP-1, SP-2, SP-3.
PExcluding SP-1, SP-2, SP-3.
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DISCUSSION

Genetic Variability of Thymallus arcticus

Estimates of genetic variation in populations are based on the
amount of‘heterogeneity detected in structural Qéne:products,'main1y '
proteins and enzymes. Genetic variation hés beeﬁ studied in many‘
organisms although the number of loci is not always large. In the
present study, thirty-five enzyme and protein loci in ThymaZZué
arcticus were surveyed e]ectrophoretica]]y. The number of loci is
cdnsiderab]y large in comparisoﬁ with the number of loci surveyed in -
comparable studies (reviewed by Powell 1975). This heterozygosity
estimate is extrapolated to the entire genbme of T. areticus. Oﬁe'
must.keep in mind the 1imita£ions of e]ectrophoretfc surveys in
studying molecular variation in populations. These limitatioris are .
,repeated]y-discussed in current literature on the'subjéct and néed
not be discussed here. |

The percent polymorphic loci (common allele 0.99 or less) and
average heterozygosity for outbreeding‘organisms appears, usua]]y;
to be 25-50 percent and 5-15 percent, respectively (Selander 1976,
~ Nei 1975). These estimates vary considérab]y with the organism
studied. In general, vertebrates appear 1e§s variable than invérte-f'
brates, which may reflect the smaller ﬁopu1atioﬁ sizes of.vgrtébfates

(Nei 1975). 1In vertebrate species thevpercent polymorphic Toci
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ranges from 20-35 percent, and average heterozygosity 3—8‘bercent.
These estimates are taken from the averages of these paraﬁeters for
various vertebrate groups (Selander 1976, Nei 1975).

Estimates for fish are highly heterogeneous. In Table 6 the
variability estimates for 7. areticus .are compared witﬁ those of.
other fish specigs. The values obtained for gfay1ing are within
the range of those found in other fish sbecies'(with or without |
sp-1, SP-2, and SP-3), but at the lower end of this,range. The
standard errors for the average heterozygosity estimates are large,
which appear to be common in electrophoretic surveys (Nei 1975).

The comparisons of variability between T. arcticus and other
salmonid species become more reliable when.the‘genera1 serum
proteins are excluded since the loci sampled are more homologous.
The importance of comparing similar loci is evident in Table 5,
since the heterogeneity of loci surveyed can greatly biaé the-
estimétes of variability. Therefore, in any interspecies comparisons,
the groups of loci studied should be similar to e1iminateApotentia1
bias. The estimates of proportion of polymorphic loci (12.5 percent)
and proportion‘of the genome heterozygous (2.7-3.1 percent) for'
‘Thymallus arcticus are in the mid-range of esffmateS‘for all salmonid
species (Table 6). Thé variability estimate is higher than that
found in salmon species- (Utter et aZ. 1973, Altukhov et al. 1972),
but lower than that found in rainbow trout (Utter et aZ. 1973).

N
-/




Table 6.

Amount of polymorphism and the degree of heterozygosity in some fish species.

Number of % Polymorphic Average
Species Loci Loci Heterozygosity Reference
Thymallus arcticus e 12.5 2.9
Zoarces viviparus 32 28-31 8.9 Frydenberg and
Simonsen 1973

Astyanax mexicanus

surface dwelling 17 29-41 11.2 Avise and Selander

cave dwelling 17 0-29 3.6 1972
Sebastes alutus 25 8 3.8 Johnson et al. 1973
Sebastes caurinus 25 4 1.8 .
Sebastes elongatus 24 8 3.2 *
Pacific salmon
(variety of species)  19-23 8.7-13 0.6-1.8 Utter et al. 1973
Salmo gairdnert 19-23 26 3.7 Utter et al. 1973

L6
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Within the salmonidae, fhe higher genetic variability found in

rainbow trdut may be a reflection of the habitat’d%versity of this’
species when contrasted with the more specialized habitats.of‘Pacifiq‘
salmon (Utter et al. 1973).. In light of this possibility, the 1ower_'
variability estimates for grayling may reflect the less diverse
habitaf of this species, as compared to rainbow trout. This hypotﬁe—
sis is supported by the restriction of grayling to northern latitudes,
their failure to survive both in modified habitats and in transplants
~into new waters (Vincent 1962). This hypothesis .is suggestive of a.
selective advantage for the protein polymorphisms observed. ﬂowever; 
the results in no way rule out the possibility of the protein pb]y— '
morphisms being se]ective]& neutral. Othér possible reasons for ‘
the.low amount of genetié variability in 7. arcticus may be similar
to those suggested by Johnson et al. (1973) for Oncorhynchus,.tﬁat
either the species has evolved in an environment where survival
depends on a unique genotype, or that the genome becamg fixed for
~an optimal genotype and Qery little change is needed fdr survival
ih‘a slowly changing enviroﬁment. | ‘

‘The‘lack‘of variability observed in the Fuse Lake,pdpulétjoh is
apparently due to a founder effect, which reduces variabi]ity'throubh
sampling error (Nei 1975). Thé Grebe and Wolf Lake popu1atipn$,.

with a similar transplant origin, may have experienced a similar..
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"bottleneck" in their establishment. The variability found in tﬁese
populations is not significantly different from the variability
found in the Donhe]ly population in the mafn range of the species,
suggesting that this is not the .case. These populations have

maintained a level of variability common to the species.

In surveys estimating average heterozygosity, it becomes apparent

that heterozygosity varies considerably among loci, with enzymes
having different Tevels of genetic variation (Selander 1975, Powell
1975, Selander and Johnson 1973,-Aya1a 1974). This high degree of
interlocus variation is theéretica]]y expected if each Tocus under-
goes gene substitution independently at a Tow rate (Nei 1975). The
relative degrees of.variability of any particular enzyme tends to
6ut.across taxonomic lines, some proteins are almost universally
variable while others are rarely polymorphic. Gillispie and Kojima -
(1968) attembted to account for this degree of variation by spécu-
1atiﬁg that the degree of variation in enzymes varies according to
function. These authors divided enzymes into two groups, those
involved in glucose metabolism (Group I) and thése enzymes hoi
involved in g]ucosé metaboTlism (Grogp II). A great deal of data
from diverse organisms appears to support this idea as reviewed,by
Poweil (1975). Kojima et al. (1970) subsequent to ‘the above

hypothesis, suggested that the greater- variability of Group II'may
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be due to the fact that these enzymes act on a variety of substrates

of varying concentrations, many of which originate external td‘the
organism. The Group I enzymes, however, act on a single substrate
whose concentration ié relatively constant. The conclusion being
that enzymes in Group II sHou]d be more genetically variabie.

Johnson (1973) proposed a similar hypothesis to account for variation
in Drosophiia. The Hypothesis of Gillispie -and Kojima (1968) is
supported by data on gene diversity in some species (Kojima et al.
1970, Ayala and Powell 1972, Cohen et al. 1973), but nof in others
(Nair et aZ. 1971, Frydenberg and Simonsen 1973). |

In addition, primary structure (Zouros 1975) and the quaternary
structure (Ward 1977) of fhe protein have been proposed‘as‘impOrtant
factors determining the extent of po]ymorbhism. Selander (3976)
provides an excellent review concerning these proposed hypotheses
and the degree of polymorphism.

The most pragmatic.way to examine this problem, as-Nei (1975)'
suggests, js to use a wide variety of organisms. Since the pfesent
study preseﬁts data from Thymallus arcticus, which may serVe'to |
help elucidate the question by adding data to that a1ready collected
. for other organisms, the enzymes. studied were divided 1nt0'tWo.
groups as suggested by quima et ai. (1970). The énzymés.surveyed

were ciassified‘as Group I (glucose metatro]fzing enzyme) and.
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Group II (non glucose metabolizing) as shown in Table. 3. Non-
enzymatic proteins of serum were reported separately and classified
as Group III.

The percent polymorphic loci and average heterozygésities for
the Group I and Group‘II enzymes of T. arcticus are summarized in
Table 5. The percent polymorphic loci for the Group I (9.1) and
Group II (11.1) do not appeér to be significantly different.' The
average heterozygosities for the Group I and Group II enzymes appear
different, but, the.-large standard errors suggest that ihis differ-
ence is not significant. On the basis of the data obtained, it is
concluded that there is no significant difference in heterozygosify-
between the Group I and Grqﬁp IT enzymes in 7. areticus. The data
do not support tﬁe suggestion that levels of variability betwéen |
Group I and Group II are different.

In a few cases the enzyme c]assifiéation in the present study
may be challenged: XDH is genera]]y.éTassified in Group II since it
has variable substrates (Glassman 1965), but was classified in Group
I in Drosophila (Gil]iépie and Langley 1974); T0 is classified as-
‘Group II although it ha; an unknown funétibh. When acceptable |
reclassifications are-made, the coné]usion remains the same. There
" is no evidence that the glucose metabolizing enzymes are less variable

than other enzymes in Thymallus arcticus.
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An important coﬁsideration in any electrophoretic survey is the
set of loci used in estimating average heterozygosity of a popu]afion.
Since there is considerable interlocus variation, the set of pkoteins
examined may bias thé resu]ts. Sarich (1977) has shownuthét'there
appears to exist a rapidly evolving set of proteins (eg. esterases,
transferrin, plasma proteins and many of the class II and II enzymes)
(Gi1lispie and Kojimé 1968, Kojima et al. 1970, Johnson 1974), and
a set of slowly evolving loci (enzymes of complex metabolic pathways).
The data obtained in the present study allow a comparison of such
set; to bé made. The enzymes and proteins of Group II and Group III
were considered as one set while the Group I enzymes were considered
as another (those involved in complex metabolic pathways). The |
resu]ts.are shown in Table 5 for the populations df T. arcticus. The
percent polymorphic 1oci‘énd‘average heterozygosity for the former _
set, 23-31 percent and 9-12 percent, respectively, are significantly
higher than for the Group I proteins, 9 percent and 0.4-1 percent,
respectively. The existence of a rapidly evolving set of prote1n§
and a slowly evolving set is supported by the results in 7. aveticus.
These results emphasize the importance of surveying a wide var%ety of
Toci in any electrophoretic survey. If one set or the other was: |
consistently used in estimating heterozygosity, the resu]té would

be biased.
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Genetic Divergence Between Populations of Thymallus arcticus

Protein electrophoresis allows quantification of the amount pf
genetic differences between populations based on a sample of the’
genome. An inherent bias of e]ectrophoresis,‘howevef, is that bn]y
structural genes which code for soluble proteins are sampled. Thus
regulatory- genes and'other structural genes are not sampled, whicﬁ ,
means that‘bnly‘a minimal'estimate of genetic differentiation between
different taxa can be made.

vé]ecfrophoretic data consists of allele and genotype frequencies
detefmﬁned from ahsamp1e of a .population. A common index which
summarized tﬁis'fnformation into a common meter of genetic divergence
between population is genetic distancef Genetic distance is the
genetic difference between populations as expressed by a function
of gene frequenciésil The measure of genetic distance used in the
present study wa§ that proposed by Nei (1971, 1972, 1973), by which .
the averagé'numbér of éodon differences per locus can be estimated’
from the gene frequency dafaw The method can be appTied‘to‘ahy'pair.f '
of taxa whether they are loéal populations, species, orzgenera (Nei o
1975). The standard genetic distance as proposed by Nei (1972) was
the measure used in the present study, where the normé]iiéd-genetic
identity of genes between two populations at the j locus is defined as: '

. . :
I = 7==39;===-f
(2x%y?)
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where x, and y represent the frequencies of the ith allele in popula-.

tions x and y. For all loci in a sample the genetic identity is |

JX
I = 7 ?JnyS

defined as:

- where Jx, Jy, and Jxy are the arithmetic means over all loci of.xz,

y2, and x, ¥, réspective]y. The genetic distanée is defined as:

D = 1ogeI

vwhich estimates the accumulated number of codon differences per

locus since the time of divefgence-of two populations.
The genetic distances among the various populations of Thymallus
arcticus are summarized in Table 7.

Another index commonly employed is Rogers similarily coefficient

(S) (Rogers 1972). Estimates of I and S are calculated from the
same data and are fairly similar although S gives lower numeriéa1'
values than I. The values of S among the poﬁu]ations of Thymallus
arcticus are also summarized in Table 7. The Rogers similarity
coefficients were also calculated, so that comparisons.with va]ues‘
obtained in other:§pecies by authors employing this index, could
be made. | |

_In analyzjng thé significance of the éhounf of genetfc divergence.
between populations, the question of‘ﬁow mu;h genefic differentiafion

occurs during speéiation, which is the most important question in
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Table 7. Indices Bf simi]aritya (below diagonal) and genetic
distance® (above diagonal) for four populations of
Thymallus arcticus.

Total (without serum)

Grebe Wolf Donnelly Fuse
Grebe .0000 .0007 .0335 .0368
Wolf .9922 .0000 .0337 .0401
(.9993)
Donn. . 9597 . 9587 .0000 .0054
(.9670) (.9668)
Fuse .9511 .9470 .9786 .0000
(.9638) (.9606) (.9946)

Total (with serum)

Grebe Wolf Donnelly Fuse
Grebe .0000 .0007 .0359 .0406
Wolf .9917 .0000 .0359 .0405
(.9993)
Donn. .9363 .9343 .0000 .0183
(.9647) (.9647)
Fuse .9097 .9071 .9420 .0000
(.9602) (.9603) (.9818)

aRoger's Coefficient of Genetic Similarity (Nei's Coefficient
of Similarity)

bNei's Measure of Standard Genetic Distance
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evolutionary genetics, must be addressed. The most common mode of
speciation is geographic isolation, which is the usual prerequisite-
to genetic divergence and hence, speciation; Two stages may be
recognized in the brdcgss of geographic speciation (Ayala et al.
1974): 1) populations become isolated by geographic barriers and
accumulate genetic differences, 2) reproductive isolating mechanisms
are developed. The second stage begins when genetically differ-
entiated populations regain geograbhic cdntact. A strateqy émployed
to attempt to determine fhe proportion of gene loci altered during
the speciation process involves assaying populations which appear
to be in various stages of the speciation process (Avise 1976).

Ayala et al. (1974) have done the most extensive study of
genetic differentiation during geogréphic speciation using popula-
tions of Drosophila willistoni. Estimates were made of 1éve1s @f‘
genetic differentiation between popu]ations'at five levels. of
. evolutionary divergence: ‘1) geographic populations within a taxon
(I = 0.970 +-.006), 2) subspecies, in the first stage of geographic
speciation (I = 0.795 * 0.013), 3). semispecies, in the Second stage
of speciation (I = 0.798 + 0.026), 4) sibling.species (I = 0.517 *
0.024), 5) non-sibling species (I = 0.352). \

Many studies exist on genetic differentiation between vertebrate

pbpu]atfons in early stages of evolutionary divergence (reviewed by
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Ayala 1975). The resﬁ]ts of such studies in several species of
fish are summarized in Table 8. The degree of genetfc differentiation
between subspecies in fish species is comparable to that in Droscphila
wiZZiétbni,'representing an eightfold increase over the average dis-
tance between Tocal populations. However; génera1 conclusions about
genetic differentiation during speciation are not warranted due to
. the tremendous heterogeneity of the bio]dgica] world (Avise 1976)§
" Mayr (1963) stressed the point that species are not characterized by
a given.number of counted gene differences. It is highly un]ike]y
that all speciation events will 1nv01vé the same amount of genetic
change. Even‘when new species arise according to the general model-
of geographic speciation, the amoﬁnt of genetic change involved may
vary from one case to another. A casé in point are the estimates of
genetic divergence jn nine genera of California minnows (Avise and
Ayala 1976, Avise et ai. 1975). Little génetic differentiation
existed between Tocal populations (I = 0.99). The average genetic
identity between nine species is I = 0.592 =+ 0.023; However, the -
most genetically similar species are Hesperoleucus symmetricus and
Lavina ewilicavda with 1 = 0.946 and D = 0.055. The two species
" have virtually identical genetic constitutions at 23 out of 24 ioci,
but are highly differentiated at a single Tocus which is indeed

species diagnostic for most populations (Ayala 1975). Utter et al.-




Table 8. Genetic similarities between populations at different stages of evolutionary
divergence in several groups of fishes.

Local

Group Populations Subspecies Species Genera Source

Lepomis 0.972 0.85° 0.54 + .016 Avise and
Smith 1974

Cyprinodon -— -——— 0.89 + .016% -——— Turner 1974

Sciaenidae s 0.17 + .027%  Shaw 1970 3

California

minnows 0.99 ——— 0.59 + .029 ——— Avise and
Ayala 1975

Salmonidae —— e 0.46 = .032a ——— Utter et ql.
1973

8similarities calculated using methods other than Nei's (1972).
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(1973) have studied allozyme differentiation in two species of trout
(Satmo) and six species of salmon (Oncorhynchus). The average
similarity (index similar to methods of Nei and Rogers) between the
six salmon species is 0.422 + 0.04; that between the two trout species
is 0.90. The average genetic similarity between all eight species
is 0.456 + 0.032. | |

In general, little genetic differentiation exists between Tlocal
populations within a species. Subspecies, représenting populations
in the first stage of speciation, show moderate but substantial
degrees of genetic differentiation. These observations are pertinent
to the present study since local populations and geographically
isolated populations of 7. arcticus were surveyed for the amount of
genetic differentiation. It is assumed that since the Céngdian
popu]at%ons and Montana populations have been isolated for more than
7,000 years (Vincent 1962), that they represeht popu1affons in thé
first stage of speciatioﬁ. To determine what level. of eVpThtjonary ‘
divergence these two forms actually représeht, the best in@ication' t ]
of divergence would be the magnitude of the differeﬁtiatjon,bétWeép
Tocal popu]ations‘and,the geographically 1soTated‘popu1ations.* fwo
_ factors which support fhis Tine of feasoning are 1) the apbarent
' hetefdgenefty of the degree of genetic‘differentiation involved in

thefébe;iatjon process in diverse organisms (previously discussed)
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and 2) no comparable estimates of the amount of genetic differentia-
tion between local populations or subspécies in salmonid species
are presently available.

The Grebé and Wolf Lakes populations repreégnt 1006] populations
of T. arcticus. The results (Tab]é 7) indicaie that little genetic
divergence has occurred between these populations (I = .99 and D =
.0007). The populations are, however, reproductively isolated by
means of an ethological barrier. The populations studied at Grebe
Lake is inlet spawning while the Wolf Lake population studied is
outlet spawning adapted. A proposed genetic basis for such behavioral
. characteristics has been discussed previously. Apparent]y, repro-
ductive isolation through etho]ogica] mechanisms does not require
changes in a subétantia1 proportion of thé,genome, as suggested in
the case of Drosophila paulistorium‘(Ayé1a 1976). An alternative
explanation as offered by Ayala (1975) may be that the completion
of such reproductive isolation may require genetic changes, but. not
in the class of genes sfudied by electrophoretic techniques. The
changes required may involve other types of structural or regulatory
genes. |

Wilson et al. (1974 a,b) have sugge;ted.thgt there may be tﬁo
types of molecular evolution, one involving structural genes, Wh%ch

.goes on at a more or less constant rate, and a second for regulatory
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genes, which are primarily responsible fof reproductgve incompatabili~
‘ties‘and morphological evolution. They further point out thet evolu-
tionary divergence as measured by protein differentiation‘oﬁ one
side and by morphological divergence and reproductive incompatibility
on the‘ofher do not always go hand in hand. A great deal of morpho-
logical divergence and reproductive incompatibility with oe1y'
moderate protein differentiatioﬁ is observed among mammals, while
| the reverse is observed in some amphfbians and birds. |
The suggestion of chanées in regulatory genes controlling the
; reproductﬁve behavior of T. areticus is a plausible explanation.
This may help to explain wh& there is little genetic differentiation
at the structural gene feve] despife the pfobabTe etho1o§ica1
isolating mechanism present in the Grebe and WOlf Lakes popu]atioﬁs

A]though at present there are no good est1mates of the propor-
-tion of the genome encoding soluble gene products detected by
electrophores1s, prote1n differences within particular an1ma1.grodps
correspond closely to levels of morbho]ogical and other divergence
" described by classical systematists (Avise T974); To this'extent
structural genes provide information which is of‘evolutionary _r
signifigance. | |

The Fuse Leke and DonnelTy River populations were also eensidered
local populations since their origins were both in the'same.gebgraphe

ical range. The genetic divergence (0.032) between these‘populations_.
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is considerably larger than between the local Montana bopu]ations

(.0007). It is believed that this estimate of the divergence is not

\ entirely representative of the distance between local populations of

the Canadian form due to the "bottleneck" effect on the Fuse Lake

population. The possible Toss of alleles at some loci (PGM-21']0,

1.10 1.20

IDHs s SP-2 ) in the Fuse Lake population, which are present

'at‘relative1y high frequencies in the Donnelly River population,

results in the Fuse Lake population being fixed for the alleles
common to both forms. This results in afgreater genetic.distancé
between the Canadian populations than might normally be found. This
idea is supported by the observation that the Fuse Lake population
contains alleles common to thé Donnelly population at the H6PD and |
SP-2 loci. While there is complete separation of the Montana and
Arctic populations at these Toci.

| The genetic distance between the geographically isolated popula-.
tions of the Montana and Canadian forms (Table 7) is substéntﬁaT in
comparison to the divergence between local populations. " The genetic
distance between the géogfaphica]]y iso]afed populations (.056~.077)
and the local populations (.001) represents a magn%tudé.greater than
that between local popu]dtidns.and subspeciés in other organisms
(discussed previously). A substantial degree of genetic differentia- |

tion at the structural gene Tevel has accumulated between'the,Montana '
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and Arctic forms of .T. arcticus since their separation from a common
ancestor. The two forms appear to be well advanced into the first
stage of geographic speciation, representative of the subspecies
level. The genetic similarity between the two forms (0.91-0.94) is
not much greater than the similarity (0.90) between two sa]mdnids
at thelspecies level, Salmo gairdneri and Salmo chrkii (Utter et aZ.

1973).

Taxonomic Considerations

Phylogenetic relationships can be inferred to some extent by
‘studying morphological affinity, however, the‘morpholdgical affinity
of taxa does ﬁot necessarf1y represent the real phylbgeny (Nei 1975).
Sokal and Sneath (1963) stressed the sepakation of the phenetic
(similarity) and phyletic (phylogeny) relationships. Numerical
taxonomy applied to morphological characters gives only the phenetic.
relation of taxa (Nef 1975). Genetic distance may be used‘to study
the phylogeny of a grdup of taxa producing a more reliable and ‘
quantitative phy]ogenet%c tree. This method aliows.differentiétipnf.
to be.studied at the codon level. The‘probabi1ity‘of baék mutations |
or para11e1 mutations at a codon is negligibly small unless evolution-
ary time is very large (Nei 1975). This method, therefore, haé a ‘

great advantage over the method of comparatiVe‘morphoTogy,:in which
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divergence and convergence in morphological changes may make the
result uncertain (Sokal and Sneath 1963).

| A\dendrogram‘of.the four populations of Thymallus arcticus sur-
veyed in the present study is presented in Figure 18. Thé tree is
~constructed from thé genetic distances estimated in the prgseﬁt
study. The populations were grouped using the unweighted paiﬁ—groUp
method of clustering of Sokal and Sneath (1963). . ‘

The genetic distances estimated’in the present study allows the

phylogenetic position of the rtwo forms of Thymallus arcticus to be
estimated. At the present time no subspecies are recognized within’

T. arcticus (McPhai] and Lindsey 1970). The genetic distance found

in the present study suggests that such a distinction may be warranted.

The Montana form of 7. arcticus appeérs genetically distinct from the
Arctic form deserving subspecjfic.statusf Thesé findings appear
congruent with those previously proposed by various autho?s on ‘the .
basﬁs'of morphq]ogical'characferistics,(see 1ntkoduction). It ds .
proposed that the Montana form of T. arcticus be recognized as the
subspecies montanus (nomenclature of Milner i874) Furthek, the
Arctic form should be designated ‘as . the subspec1es signifer (nomen-

c1ature of Richardson 1823).




Figure 18.
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Buffer Systems

Power Time

Buffer System pH (V) (hr) Reference
A. Poulik
Electrode: 0.3 M Borate 8.2
Gel: 0.076 M Tris
0.005 M Citrate 8.7 250 3! Selander et al.
1971

B. Continuous Tris Citrate I

Electrode: 0.223 M Tris
0.086 M Citrate 6.3

Gel: 0.008 M Tris
0.003 M Citrate 627/ 170 3 Selander et al.
1971

C. Continuous Tris Citrate II

Electrode: 0.687 M Tris
0.157 M Citrate 8.0

Gel: 22.890 M Tris
5.220 M Citrate 8.0 100 4 Selander et al.
1971

D. Sodium Phosphate
Electrode: 0.04 M NaH,PO

0.06 M NaH3PO; 8.3
Gel: Dilute Elec 10:1 8.3 150 5 May et al. 1975
E. Potassium Phosphate
Electrode: 0.138 M KH,PO
0.062 M NaBH ¢ 6.
Gel: Dilute Elec 19:1 6. 120 5 Selander et al.

1971
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Power Time
Buffer System pH (V) (hr)  Reference
F. Tris-Borate EDTA
Electrode: 0.5 M Tris
0.65 M Borate 8.0
0.02 M EDTA
Gel: Dilute Elec 9:1 8.0 200 4 Selander et al.
1971
G. Tris-Borate EDTA
Stock: 0.9 M Tris 8.6
0.5 M Borate
0.02 M EDTA
Gel: Dilute 20:1 250 3 Markert and
Electrode: Dilute 4:1 FauThaber 1965
H. Ridgeway Buffer
Electrode: .06 M LiOH 8.3
0.3 M Borate
Gel: .03 M 7Tris
.005 M Citrate 8.0 250 3 Ridgeway et al.
1970
I. Lithium Hydroxide
Stock Sol. A: .03 M LiOH 8ii
.19 M Borate
Stock Sol. B: .05 M Tris 8.4
.008 M Citrate
Electrode: Stock Solution A
Gel: 1:9 Mixture Stock 350 3 Selander et al.

Solution A and B

1971
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Staining Procedures
(Selander et al. 1971, Shaw and Prasad 1965)

IDH
0.2 M tris-HC1 (pH 8.0) 50 ml
0.25 M manganese chloride 0.2ml
0.10 M tri-sodium DL-isocitric acid 3 ml
NADP 10 mg
NBT 5 mg
PMS 7 mg
Incubate 30-60 mintues (dark)
MDH
0.2 M tris-HC1 (pH 8.0) 30 ml
2.0 M malate 5 ml
H,0 20 ml
NKD 10 mg
NBT 20 mg
PMS 5 mg
Incubate 1-2 hours (dark)
GOT
0.2 M tris-HC1 (pH 8.0) 50 ml
Pyridoxial-5'-phosphate 0.5mg
-aspartic acid 200 mg
Fast blue BB 150 mg
-ketoglutarate 100 mg
Incubate 10-15 minutes
a=-GPD
0.2 M tris-HC1 (pH 8.0) 50 ml
0.1 M MgCl 1 ml
Disodium DE-g]ycerophosphate 50 mg
NAD 20 mg
NBT 13 mg
PMS 4 mg

Incubate 1-2 hours (dark)
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PGM

0.2 M tris-HC1 (pH 8.0)
H,0
0.05 M2disodium-D-glucose-1-phosphate
0.0005 M dipotassium-D-glucose-1,6-
diphosphate
0.1 M MgCl
10 units/m? H,0 glucose-6-phosphate
dehydrogenaSe
NADP
MTT
PMS

Incubate 1 hour (dark)

Lo
0.2 M tris-HC1 (pH 8.0)

H,0
1.0 M ?actate
NAD
NBT
PMS
Incubate 1-2 hours (dark)

ME

2 M tris-HCT (pH 8.0)
0 M malate

H,0

NADP

NBT

PMS
Incubate 5-6 hours (dark)

0.
2.

G6PD

0.2 M tris-HC1 (pH 8.0)
0.25 M disodium glucose-6-phosphate
NADP
NBT
PMS
Incubate 6 hours (dark)

(S8, ]

nNOYTOT D

20
30

ml
ml

ml
ml

ml
mg
mg
mg

ml
ml

4.5ml

20
4
8

45

15
10

mg
mg
mg

ml
ml
ml
mg
mg
mg

ml
ml
mg
mg
mg
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H6PD

Same as G6PD but substitute disodium galactose-
6-phosphate for glucose-6-phosphate

T0

0.2 M tris-HC1 (pH 8.0)
NBT (MTT)
PMS
Incubate 1-2 hours (light)

Esterase

0.1 M sodium phosphate
H20
Napthyl proprionate or
B Napthyl proprionate
(1 gm/100 m1 acetone)
Fast blue RR

XDH

0.2 tris-HC1 (pH 8.0)
Hypoxanthine
NAD
NBT
MTT
PMS
Incubate 3 hours (dark)

Serum Proteins

2% Buffalo Black NBT in fixing solution
Stain 20 minutes at 20°C. Wash gel several times

ADH

.5 M KPO, (pH 7.0)

H,0%
9%% ethanol
NAD
NBT
PMS 1
Incubate 3-5 hours (dark) (migrates cathodally)

50
15
10

in

40

30
20

ml
mg
mg

ml
ml
ml

mg

ml
mg
mg
mg
mg
mg

fixing solution.

ml
ml
ml
mg
mg
mg




SDH
0.2 M tris-HC1 (pH 8.0)
Sorbitol
NAD
MTT
PMS
Incubate 3 hours (dark)

Hexokinase
0.2 M tris-HC1 (pH 8.0)

H,0

G%ucose

.1 M MgCl

G6PD

NADP

ATP

NBT

PMS
Incubate 3 hours (dark)

2
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50
10
10

ml
mg
mg
mg
mg

ml
mi
mg
ml
units
mg
mg
mg
mg
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