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ABSTRACT 

Electrophoretic analysis of five samples of the bloater, 

Coregonus hoyi, from five geographic areas in the Wisconsin 

waters of Lake Michigan in two successive years indicated 

that genetic differences among samples were too low to detect 

the presence of distinct stocks. Although significant 

heterogeneity among locations was found in 1982, it was in 

the form of a gradual south - north allele frequency cline at 

one polymorphic locus, PGM-C, in liver. Cluster analysis 

(UPGMA) of Cavalli-Sforza and Edwards chord distances 

between samples produced a dendrogram representative of a 

continuously distributed population. Absence of activity 

at the PGM ioci in the 1983 samples weakened comparison of 

diversity between years, and the remaining loci analyzed in 

1983 did not show differences among locations. 

Four samples from three areas in one year from Michigan 

waters indicated the presence of three stocks of bloaters. 

Significant differences in allele frequencies among samples 

from Frankfort, Ludington, and Saugatauk were found at the 

IDH-B liver loci. No such differences were found at the same 

loci in Wisconsin samples, indicating that fish from the east 

and west side of the lake are genetically different. 
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Introduction 

Objectives of this study were to determine if distinct 

stocks of the bloater, Coregonus hoyi, occur in Lake 

Michigan, and to characterize genetic relationships among 

stocks based on allele frequency differences at polymorphic 

loci. A stock is defined as a population or group of a 

species that maintains Castle-Hardy-Weinberg equilibrium 

(Booke 1981), sustained by random mating between individuals. 

In the following text the term population will be used to 

describe all bloaters in Lake Michigan, and subgroup to 

describe local aggregations of individuals. A stock would be 

any subgroup or collection of subgroups that distinquished 

itself by a significant difference in allele frequencies, 

heterozygosity, or polymorphism from all other subgroups, and 

whereby, the genetic distance from all other subgroups was 

sufficient to allow separation by clustering techniques. 

The chub fishery, comprised of coregonine species other 

than Coregonus clupeaformis and c. artedii, has been marked 

by extreme fluctuations in numbers throughout its history. 

The larger chub species were fished to extinction, or to 

levels no longer profitable for harvest according to Smith 

(1964), and the smaller bloater has dominated the fishery 

since the 1950's (Becker 1984). Large fluctuations mark the 

recent chub fishery, which has been composed of 98% bloaters 

since the mid-1960's (Brown 1978) (Figure 1). A steady 
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decline in abundance in the 1960's and 1970's culminated in 

the lowest catch in 30 years in 1974. In that year a Great 

Lakes Fishery Commission technical committee review resulted 

in a recommendation to close the fishery to allow for 

population recovery (Great Lakes Fishery Commission 1974). 

With the cooperation of Illinois, Michigan, and Wisconsin, a 

lakewide closure went into effect in 1976. Stock assessment 

programs were instituted by the individual states during the 

closure. Under a limited quota recommended by the technical 

committee, Wisconsin continued a monitoring program begun in 

1975, and the Michigan assessment program began in 1976. By 

1979 the chub population in the Wisconsin waters of Lake 

Michigan had recovered sufficiently to allow reopening the 

Wisconsin fishery with an annual quota of 408,240 kg. 

( 9 00, 000 lbs.) • Mi ch ig an waters remained closed because of 

high levels of dieldrin in the fish. 

From 1975 to 1983, the Wisconsin assessment fishery was 

conducted in four major areas: the Northern Area, the Middle 

Area, the Southern Area, and the Mid-lake Reef Area (Figure 

2). Graded mesh gill nets were fished at nine locations in 

the four areas each fall (Figure 2) • 

Attempts to explain the fluctuations in catches between 

years have focused on several catastrophic events in Lake 

Michigan's history. The first was the invasion of the 

predatory sea lamprey (Petromyzon marinus) to the Great Lakes 

in the 1940's. As its principle prey, the lake trout 
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(Salvelinus namaycush) and burbot (Lota lota} were 

eliminated, both the lamprey and fishermen switched their 

efforts to the larger chub species. Relieved from.predation 

by the lake trout and burbot, and from competition with the 

dwindling numbers of larger chub species, the bloater began 

to expand its range and increase in abundance until its 

harvest exceeded that of the earlier mixed chub fishery 

(Brown 1978). 

A second event, the establishment of an otter trawl 

fishery in 1959, combined with the traditional gill net 

fishery, led to record harvests of bloater in 1960-62. 

The third event was the dramatic increase in the exotic 

alewife (Alosa pseudoharengus) population that climaxed in 

1966, before a massive die-off in 1967 (Brown 1968). The 

increase immediately preceded a decline in bloaters that 

began in 1960 and continued through 1974. It has been 

documented that the bloater has undergone a feeding 

preference shift since the alewife increase, which suggests 

that competition between the two species occurs (Crowder and 

Crawford 1984). 

The chub population has been characterized by changes in 

sex ratios, year class strength, and growth rates. 

Female predominance was recognized as early as 1919, and in 

1961 the proportion of females reached 97% • This phenomenon 

has been attributed to population pressure exerted by the 

extreme increase in the alewife population (Brown 1970) • The 

latest information available to me was for the three year 
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period of 1975 - 1978 when females were found in proportions 

ranging from 34% in the Mid-lake Reef Area to 51 - 58 % in 

-the remaining three assessment areas (Annual Performance 

Report 1977-78, Lake Chub Assessment, Wisconsin Department of 

Natural Resources). Poor reproduction during periods of 

female predoritinance is thought to be responsible for weak 

recruitment. 

Differences in year class strength between northern and 

southern parts of the lake indicate that separate stocks may 

exist. Among the four assessment areas, differences in 

mortality rates, growth rates, and catch per unit effort 

(pounds per 1000 feet of graded mesh gill net) have been 

recorded by the Wisconsin Department of Natural Resources 

(Holey 1984). 

The morphological plasticity of the coregonines (Koelz 

1929; Svardson 1970) precludes stock identification based on 

morphometries. Starch gel electrophoresis has gained 

widespread acceptance as the method of choice for stock 

determination among salmonids (Clayton and Franzen 1970; 

Imhof et al. 1980). Different molecular forms of individual 

enzymes, called isozymes, are separated during 

electrophoresis, and after biochemical staining, the presence 

of various alleles at a locus may be inferred from the 

isozyme banding patterns. Stock identification is 

accomplished by comparisons of allele frequencies, degrees 

of polymorphism and heterozygosity, and measures of genetic 
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distance among the.samples. It is assumed that each of these 

are consistent within samples from a stock, and that they 

differ among stocks. 
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Methods 

Samples of 200 fish were collected from each of 5 

samples sites (grids 707, 1005, 1705, 1904, and 2003} in the 

Wisconsin waters of Lake Michigan in 1982 (Appendix 1} , and 

again in 1983 (Appendix 2} (Figure 3}. These samples were 

collected by personnel of the Wisconsin Department of Natural 

Resources, commercial fisherman, and Native American 

Fishermen. Four samples of approximately 150 fish were 

collected from 3 areas in the Michigan waters in 1982 by the 

u.s. Fish and Wildlife Service (Figure 4}. The first sample 

came from grids 1110 and 1111, the second from grid 1409, the 

third from grids 2110, 2111, and 2210, and the fourth from 

grids 2109, 2110, and 2111 (Appendix 3}. 

Wisconsin samples (Appendix 1,2} were collected during 

the spawning season, which is reported to be in January, 

February, and March (Emery and Brown 1978}. It is assumed 

that if discrete stocks exist, individuals aggregated at this 

time represent one stock. Conversely, Michigan samples 

(Appendix 3} were taken in October and were assumed to 

represent a sample of bloater inhabiting the Michigan waters. 

Immediately after capture, the fish were bagged in 

plastic, placed on ice, and transferred to storage at - 18 c. 

After storage times varying from 4 - 9 months, white muscle 

and liver samples of about 2 g. were excised from partially 

thawed individuals, placed in tubes with 1.5 ml. of 1M Tris 
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HCl buffer at pH 7.1 (Phillip, Childers and Whitt 1979), and· 

stored at - 60 c. 

Tissues ·were stored for 1 - 6 months before 

homogenization. Samples were partially thawed and, while 

iced, homogenized in an additional 1.5 ml. of the Tris HCl 

buffer. Homogenates were centrifuged at 10,000 rpm for 30 

minutes in a cooled (-2 C) centrifuge. The lipid layer that 

formed above the centrifugate was removed with a Pasteur 

pipette attached to a suction ptnnp. The supernate was 

decanted, frozen, stored, and later thawed for 

electrophoresis after storage periods of 1 - 6 months. 

Sample size ( n =tr 2/4) was determined from the mean 

variance of heterozygote frequencies (~ 2 = 81, so = 1.8) 

from DuVall's (1983) study of the bloater, which gave a 

sample size of 20. Under the 0.95 criterion for polymorphism 

applied in this study, 10% of individuals would be expected 

to be heterozygous, and a sample size of 60 would insure that 

at least 6 + 1.1 individuals, or 10% are heterozygotes. 

Because time did not permit analyzing a larger sample size, 

only thirty fish from each Michigan sample were analyzed for 

isocitrate dehydrogenase (IDH) and malate dehydrogenase 

(MDH). Wisconsin samples were assayed for eight enzyme 

systems by starch gel electrophoresis: aldolase (ALD), 

glucose phospha.te isomerase (GPI), glycerol-3-phosphate. 

dehydrogenase (G3PDH) , isoci trate d.ehyd rogenase (I DH) , 

lactate dehydrogenase (LDH) , malate dehydrogenase (MDH) , 
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phosphoglucomutase (PGM), and superoxide dismutase (SOD) 

{Appendix 4) • 

Gel suspensions were prepared from a 16.3% potato starch 

solution of 1 part Sigma starch to 4 parts Electrostarch in 

the appropriate buffer for each system~ Tray, gel, and stain 

buffers were prepared according to Clayton and Tretiak 

{1972), and my modifications of procedures of Phillip, 

Childers, and Whitt (1979) and Shaw and Prasad (1970) which 

I have described in Appendix 5. Voltage and amperage 

specifications, and durations of electrophoretic runs, were 

determined by preliminary tests in our laboratory (Appendix 

5). vertical gels were run for GPI, IDH, LDH, MDH, PGM, and 

SOD. Horizontal gels (Engel et al. 1971) provided better 

resolution for ALD and G3PDH. 

Stained gels were scored according to previously 

described genetic models for salmonids or other teleosts, 

and, in some cases, other vertebrates {Appendix 6), based on 

known molecular structure and tissue distribution. When gel 

patterns for a specific tissue enzyme were indistinct or not 

reproducible, those loci were not scored. Genotypic 

nomenclature for scoring isozyme banding patterns 

(phenotypes) on gels has not been standardized. I used 

the following system to designate loci and alleles in the 

description of my results. Bands coded for by a single locus 

are designated ·by the enzyme system abbreviation followed by 

a hyphen, and a one letter designation for the locus, e.g. 
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IDH-A. In the case of a duplicated locus, two letters 

follow the hyphen, e.g. IDH-BB. All loci are lettered 

alphabetically from the origin to the anode. The exception 

to this system is the reversal of the A and B loci to 

describe GPI, as i~ is consistently used in the literature 

(Avise and Kitt 1974). Alleles at a locus are numbered 

according to relative location on the gel, with 1 being 

closest to the origin, e.g. IDH-Al. Numbered subscripts are 

used to designate the number of subunits coded for by an 

allele found in each isozyme band (Appendix 7). Current 

models were consulted to determine if, in the case of a 

single band, other alleles not represented in the sample are 

known to exist in closely related species (Appendix 7, 

Example 2). Alleles at each locus coding for an enzyme were 

inferred from the isozyme patterns produced by the different 

molecular forms of each enzyme. The alleles present at each 

locus were recorded for individual fish in a sample. 

Statistical comparisons were made of allele frequencies, 

and further genetic variability measurements were calculated 

from the frequencies. The BIOSYS-I computer program of 

Swofford and Selander (1981) was used to generate percentages 

of heterozygosity and polymorphism for each sample. 

Heterozygosity, the presence of various alleles at a locus 

in an individual, was calculated as the mean biased 

heterozygosity as expected under Castle-Hardy-Weinberg 

equilibrium. The mean unbiased heterozygosity (Nei 1978) 
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which employs the conditional probability for small samples 

proposed by Levene (1949) was also calculated. Polymorphism 

was defined as the presence of two or more alleles at a locus 

with the most common allele found at a frequency of < 0.95 

( wr i g h t 19 7 8 ) • 

Allele frequencies at polymorphic loci within samples 

were tested for deviations from those expected under 

Castle-Hardy-Weinberg equilibrium by chi-square analysis. 

Significance was accepted at probabilities ~ 0.05. 

Heterogeneity chi-square analysis compared allele 

frequencies from the individual samples with the frequency 

of alleles in the pool of all samples, and was considered 

significant at P ~ 0.05. 

The genotypic fixation index, F, was calculated for each 

polymorphic locus within a sample, and as a measure of the 

net deviation of allele frequencies from those expected under 

Castle-Hardy-Weinberg equilibrium quantifies the fractional 

reduction in heterozygosity of a sample, as compared to the 

heterozygosity expected in a randomly mating population. 

Negative values indicate heterozygote excess, and positive 

values a loss of heterozygosity. 

F = 1 - Ho 

·He 

Ho = observed heterozygosity 

He = expected heterozygosity 

Nei (1973) proposed that this calculation of F is appropriate 
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for use when dealing with the frequencies of only one 

generation, and may even be applied to frequencies at one 

locus. 

Beside the fixation index, F values (Nei 1977) were 

calculated from the mean individual heterozygosity, HI, at 

polymorphic loci within a sample, and as the heterozygosity 

expected at Castle-Hardy-Weinberg equilibrium within a 

sample, H8 , or in a pool of all samples, HT, at the allele 

frequencies found in the samples and in the pool of all 

samples. F 18 quantifies the contribution of non-random 

mating or inbreeding within a ·Sample to the reduction in 

heterozygosity, and was calculated as: 

FIS = HS - HI 

Hs 

The effect of individual heterozygosity on diversity on the 

pool of all samples was given by: 

FIT = HT - HI 

H 
T 

FIS and FIT values may range from -1.0 to l.O, with negative 

values indicating heterozygote excess. F is a measure of 
ST 

the reduction in heterozygosity due to genetic drift, but may 

also be considered to be an estimate of the degree of genetic 

differentiation among samples (Hartl 1981). Values may range 

from 0 - 1.0 with: 0 - 0.05 = little differentiation, 0.05 -

0.15 = moderate differentiation, 0.15 - 0.25 = great 

differentiation, and > 0.25 = very great differentiation. 
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FST = HT - HS 

HT 

Three genetic distance measurements were calculated from 

allele frequency differences between pairs of samples. Nei's 

genetic distance measurement quantifies the accumulated 

number of allele differences per locus between sample pairs. 

Rogers genetic distance measurement uses the Pythagorean 

theorem to calculate the geometric distance between allelic 

frequency vectors for sample pairs. Cavalli-Sforza and 

Edwards chord distance takes the square roots of the allele 

frequencies as the coordinates of points on the surface of a 

hypersphere, and genetic distance is measured as the arc 

distance (chord distance) between points. 

Cluster analysis of Cavalli-Sforza and Edwards chord 

distances was performed by the unweighted pair group method 

(UPGMA) that clusters pairs of samples showing the least 

dissimilarity, or distance, by arithmetic averaging, and 

produces a dendrogram representative of population structure 

among the samples. Because this method may obscure distinct 

cluster groups when intermediate groups are present (Gordon 

1978), a second hierarchical clustering method, the Wagner 

procedure was performed, that groups samples by the triangle 

inequality, and also produces a dendrogram representation. 

Correlations between genetic distance measurements were 

tested to assess the appropriateness of the three for further 

application in isozyme studies in the bloater. The 

correlation between genetic distance and geographic distance 

was calculated to test for relationships between the two. 
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Results and Dis~ussion 

Wisconsin 1982 

Genetic differentiation among the five samples of 

bloaters from the Wisconsin waters of Lake Michigan, as 

estimated from allele frequency differences, was not great 

enough to distinguish separate stocks. Significant 

heterogeneity among samples was found for only one 

polymporphic locus, PGM-C, with allele frequency differences 

occurring along a gradual south - north cline. Significant 
-
departures from Castle-Hardy-Weinberg equilibrium 

expectations were found within all samples, indicating that 

individual samples did no·t represent static stocks, and may 

violate one or more of the assumptions of the Castle-Hardy-

Weinberg Principle. Both cluster analysis (UPGMA) and the 

Wagner procedure produced dendrograms representative of a 

continuous population structure. 

Allelic polymorphism at the 0.95 criterion (Wright 1978) 

was found at three of the nineteen loci assayed PGM-C, 

IDH-BA, and IDH-BB, (Table 1). PGM-C, a monomer found in 

liver, had two alleles whose products formed three phenotypes 

(Figure 5). White muscle enzyme extracts gave indistinct and 

inconsistent banding patterns for PGM loci and were not 

scored. 
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Table 1. Allele frequencies at all enzyme loci for·wisconsin 
samples, 1982. 

Sample 1BH 2AL JSR 4ER 5MI Tissue 

Loci with Allele frequencies 
alleles 

ALD-A 
1 1.000 1.000. 1.000 1.000 1.000 liver 

ALD-B 
1 1.000 1.000 1.000 1.000 1.000 liver 

GPI-B 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 
GPI-A 

1 1.000 1.000 1.000 1.000 1.000 white 
muscle 

G3PDH-A 
1 1.000 0.991 1.000 1.000 1.000 liver 
2 o.ooo 0.009 o.ooo 0.000 0.000 

G3PDH-B 
1 o.ooo o. 018 o.ooo 0.009 0.000 liver 
2 1.000 0.982 1.000 0.991 1.000 

IDH-AA 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 

IDH-AB 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 

IDH-BA 
1 0.866 0.942 0.861 0.892 0.878 liver 
2 0.134 0.058 0.139 0.108 0.122 

IDH-BB 
1 0.866 0.942 0.843 0.873 0.854 liver 
2 0.134 0.058 0.157 0.127 0.146 

LDH-AA 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 
LDH-AB 

1 1.000 1.000 1.000 1.000 1.000 white 
muscle 

MDH-A 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 
MDH-B 

1 0.975 1.000 0.975 0.983 o. 94.9 white 
2 0.017 o.ooo 0.025 0.017 0.051 muscle 

PGM-A 
1 1.000 1.000 1.000 1.000 1.000 liver 

PGM-B 
1 1.000 1.000 1.000 l. 000 1.000 liver 

PGM-C 
1 o. 571 0.434 0.458 0.431 0.308 liver 
2 0.429 0.566 0.542 0.569 0.692 

PGM-D 
1. 1.000 1.000 1.000 1.000 1.000 liver 

SOD-A 
1 o.ooo 0.000 0.000 0.015 o.ooo liver 
2 0.017 o. 011 o.ooo o.ooo 0.000 
3 0.983 0.989 1.000 0.985 l. 000 
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Loci 

c 

B 

D 

Monomer: 4 1 oc i· ..: locus A 1 illlele 
locus B 1 allele 
locus c 2 alleles 
locus D 1 allele 

.. 
PGM-C phenotypes: 

• cz 1 • CZ1 

• Cl1 • Cl1 

origin ----------·-------------------------------------
ClCl C2C2 Cl C 2 

Genotypes: 

Figure 5: PGM-C (liver) phenotypes for Wisconsin samples, 
1982 - 1983. 
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Allele frequencies within samples deviated 

significantly from those expected under Castle-Hardy

Weinberg equilibrium (Table 2), as tested by chi-square 

analysis, and indicated heterozygote excess. Assumptions of 

the Castle-Hardy-Weinberg Principle which samples may violate 

are: random mating among individuals, no migration between 

stocks, all ·members are of one generation and equivalent 

reproductive age, and gene frequencies in both sexes are 

equivalent. Heterosis and disequilibrium between the sexes 

may also cause heterozygote excess. It was not in the scope 

of this study to determine which of these phenomena may be 

producing the heterozygote excess. Large differences in sex 

ratio have been documented for the bloater (Brown 1970) '· but 

differences in allele frequencies between the sexes at 

specific loci have not. The differences in numbers between 

the sexes in the bloater have been of a magnitude sufficient 

to create heterozygote excess (Manwell and Baker 1970). 

Allele frequency differences at PGM-C among the samples 

were great enough that a recognizable cline was evident 

(Figure 6), ranging from 0.308 in the southernmost sample, 

SMI, to 0.571 in the northernmost sample, lBH. While the 

cline suggests that natural selection over an environmental 

gradient may play a role in diversity in the bloater, it does 

not explain the genetic distance found between samples lBH 

and 2AL. 
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Table 2. Chi-square analysis of observed and expected a11e17_ b . 
frequencies for goodness-of-fit to Castle-Hardy-We1n e. 
equilibrium expectations, Wisconsin, 1982. 

sample 1BH 2AL 3SR 4ER 5MI 

Mean sample 
size 54.4 55.6 56.7 55.6 52.4 

so· 1.6 0.9 1.0 1.4 2.0 

Observed and (expected) frequencies 

Locus: PGU-C 
Alleles: 1-1 7 1 0 1 .0 

(13.714) (9.981) (12.604) (10.776) (5.704) 

1-2 34 44 55 48 37 
(20.571) (26.038) (29.792) (28.448) (25.592) 

2-2 1 8 5 9 23 
(7.714) (16.981) (17.604) (18.776)· (28.704) 

x2 17. 897* 25.223* 42.959* 27.396. 11.923. 
p o.ooo o.ooo 0.000 o.ooo 0.001 
df 1 1 1 1 1 

r.ocus: IDU-BA 
Alleles: 1-1 41 46 39 40 31 

(42.004) (46.173) (40.042) (40.593) (31.6iO) 

1-2 15 6 15 11 10 
(12.991) (5.564) (12.917) (9.614) (8.780} 

2-2 0 0 0 0 0 
(1.004) (0.173) (1.042) (0.593) (0,610} 

x2 1. 339 0.195 1.405 0.745 0.791 
p 0.247 0.659' 0.236 0.388 o. 374 
df 1 1 1 1 1 

Locus: IDH-BB 
Alleles: 1-1 41 46 38 39 30 

(42.004} (46.173} (38.338) (38.828) (29.878) 

1-2 15 6 15 11' 10 
(12.991) (5.654) (14.324) (11.343) (10.244) 

2-2 0 0 1 1 1 
(1.004) (0.173) (1.338} (0.828) (0.878) 

x2 1. 339 0.195 0.120 0.047 0.023 
p 0.247 0.659 0.729 0,829 0,879 
df 1 1 1 1 1 

x2 = chi-square *significant at p<=O.OOl 
p "" probability 
·df - degrees of freedom 
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0.571 

2AL 

• 3SR 0.458 

__. 6ER 

l:r 
0.431 

0.308 

Figure 6. PGM-C allele frequency cline in Wisconsin, 1982. 
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Table 3. Chi-square contingency tab]" Rnalysis of observed and 
expected frequencies at polymorphic loci tC) test for 
heterogeneity among samples, Wisconsin, 1982. 

Sample 1811 2AL 3SR 4ER S·MI 

Observed and (expected) frequencies 

I,ocus: PGM-C 
Alleles: 1 48.000 

(36.308) 

2 36.000 
(47.69?) 

46.000 
(45.817) 

60.000 
(60.183) 

x2 - 14.473* 

Locus: IDH-BA 
Alleles: 1 91.000 

(99.433) 

2 15.000 
(12.567) 

x2 = 4.5o3 

Locus: IDII-BB 
Alleles: 1 97.000 

(98.110) 

2 15.000 
(13.890) 

x2 ... 5.808 

98.000 
(92.331) 

6.000 
(11."669) 

98.000 
(91.102) 

6.000 
(12.898) 

x2 ... chi-square 
P = probability 
df = degrees of freedom 

55.000 
(51.868) 

65.000 
(68.132) 

p - 0.006 

93.000 
(95.882) 

15.000 
(12.118) 

P a 0,342 

91.000 
(94.606) 

17.000 
(13.394) 

p .. 0.214 

50.000 
(50.134) 

66,000 
(65.861) 

91.000 
(90.555) 

11.000 
(11.445) 

89.000 
(89.350) 

13.000 
(12.650) 

3 7, o·oo 
(51.868) 

83.000 
(68.132) 

df .. 4 

72.000 
(72.794) 

.10.000 
(9.201) 

df = 4 

70. O(Jl1 

(71.831) 

12.000 
(10.169) 

df = 4 

*significant at P < 0.01 
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The other polymorphic liver enzyme loci were IDH-BA and 

IDH-BB. The IDH (NADP+ dependent) molecule is a dimer, and 

subunits coded by the two alleles found at each locus 

hybridized to form the four phenotypes found in all samples 

(Figure 7). In scoring the gels· for the IDH-BA and IDH-BB 

loci, I assumed that migration of the polypeptde chains 

encoded by BAl and BBl was equidistant, based on the likely 

presence of genotypes BAlBAl/BBlBBl and BA2BA2/BB2BB2. 

Although no individual of the phenotype BA2BA2/BB1BB1 was 

found, allele frequencies within samples conformed to 

equilibrium expectations when tested by chi-square analysis. 

Allele frequencies within samples conformed to Castle-Hardy

Weinberg equilibrium (Table 2), and differences among samples 

were not significant (Table 3). 

All other loci were monomorphic and banding patterns 

conformed to proposed models (Appendix 6). Similar 

frequencies were found for all alleles in all samples, 

although one rare allele, SOD-Al, was found in sample 

4ER, and another, G3PDH-A2, in 2AL (Table 1). 

Heterogeneity chi-square analysis of allele frequency 

differences among samples, averaged over all loci in a 

sample, was also highly significant (P < 0.01) (Table 3), 

indicating that samples came from more than one group, 

but attempts to identify sample clusters based on genetic 

distances calculated from the alleles frequency differences 

were unsuccessful. 
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! ! '!! 
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Dimer: 2 lo~i - locus 8A 2 alleles 

locus 88 2 alleles 

Ph~notypes: 

•. 8822 • 8822 

.BA2t882 1 • BA2 1 BB2 1 

.BBlz .8A2z 
.BA218811 

BA2 2 ,BBlz 

- BAi1BBll 
.8Al1BB2 1 

BA1 1 BB1 1 

• 8Alz -l.\Al2 

origin 

• 8822 

• 8Al 1 882 1 

• 8Alz 

-------------------------------------------------------oricin 
BA18Al/ bBllHH BA1BA2/BB1BB2 

Genotypes: 

Figure 7. 

8A2HA.!/bHLub2 BA1BA1/BB2BB2 

IDH-B phenotypes for Wisconsin samples, 1982 -
1983, and Michigan, 1982. 



26 

Genetic variability as measured by polymorphism values 

(Table 4) for all samples compared favorably with the 15 

cited by Nevo (1978) in a comparison of 51 fish studies, 

and with the exception of sample 5MI, all samples had a 

polymorphism value of 15.79. The presence of the MDH-B2 

allele at a frequency of 0.051 accounts for the higher 

polymorphism value of 21.05 for 5MI. 

Variability was compared among samples by the mean 

biased heterozygosity, that ranged from 0.041 to 0.055, and. 

compared well with the 0.05 reported by Nevo (1978). Mean 

unbiased (Nei 1978) and mean biased heterozygosity 

(Castle-Hardy-Weinberg expected) did not differ markedly for 

a sample (Table 4), and analysis of variance of mean unbiased 

heterozygosity among samples was not significant (F = 0.0178, 

P > 0.100), although 2AL distinguished itself from the other 

samples with lower mean values. Fewer heterozygotes were 

found at IDH-BA and IDH-BB in sample 2AL than in the other 

samples (Table 2) • 

Allelic variation as measured by the mean number of 

alleles per locus was low, and varied from 1.21 to 1.32 

(Table 5), wi t.h the lower number of alleles for samples 3SR 

and 5MI explained by the absence of the rare alleles found 

at locus SOD-A in the other 3 samples (Table 1). 

Nei's genetic distance, with a range of only 0.000 -

0.003, was not useful for differentiating among samples by 

cluster analysis. Epifanio (1986) found the same genetic 
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Table 4. Mean heterozyqosity and polymorphism for Wisconsin, 1982. 

Values in parentheses· are (standard errors) and 
((standard deviations)). 

Mean C-H-W Poly- Mean Mean 
unbiased expected· morphism number of sample 

H biased 0.95 alleles size 
H per locus 

Sample 

1BH 0.055 0.055 15.79 1.32 54.4 
(0.029) (0.030) (0.13) ((1.6)) 

2AL 0.041 0.042 15.79 1.32 55.6 
(0. 026) (0.026) (0.11) ((0.9)) 

3SR, 0.055 0.056 15.79 1.21 56.7 
(0.031) (0.031) (0.10) ((1.0)) 

4ER 0. 052. 0.052 15.79 1.32 55.6 
(0.029) (0.029) (0 .11) ({1.4)) 

5MI 0.052 0.052 21.05 1.21 52.4 
(0.027) (0.027) (0.10) ((2.0)) 
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Table 5. Genetic distance between samples, Wisconsin, 1982. 

Below diagonal: Nei's unbiased genatic distance 
Above diagonal: Cavalli-Sforza & Edwards chord distance 

and Rogers genetic distance 

Sample 1BH 2AL 3SR 4ER SMI 

lBH 0.048 0.029 0.039 0.048 
(0.018) (0.009) (0.011) (0;018) 

2AL 0.001 0. 04.9 0.041 0.055 
(0.014) (0.009) (0.019) 

3SR o.ooo 0.001 0.025 0.025 
(0.006) (0.011) 

4ER 0.001 o.ooo o.ooo 0.033 
(0.011) 

SMI 0.003 0.001 o.ooo o.ooo 

Rogers genetic distance in parentheses. 
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Table 6. Correlation coefficients for comparisons of genetic distance 
and geographic distances, Wisconsin, 1982. 

Value 

Cavalli-Sforza 
& Edwards 

chord distance 

Rogers 
genetic 
distance 

Geographic 
distance* 

Nei's 
genetic 
distance 

0.5195 

0. 7115 

0.2188 

Cavalli-Sforza 
& Edwards 

chord distance 

r values 

0. 84 77 

0.4666 

Rogers 
genetic 
distance 

0.3058 

Geographic 
distance 

Geographic distance was measured from the center of one 
sample grid to the center of another. 

• Geographic distances (kilometers) between samples, Wisconsin. 

Sample lBH 2AL 3SR 4ER 5MI 

lBH 59.6 178.7 220.2 238.3 

2AL 125.3 162.7 181.9 

3SR 41.5 61.7 

4ER 21.3 

SMI 
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distance ranqe between samples in a study of other enzyme 

systems in the same fish. Samples lBH and SMI, which were 

genetically the most distant by Nei's genetic distance, were 

also geographically most distant, but correlation between 

geographic and genetic distances (r=0.2188) was poor (Table 

6). Rogers genetic distance and Cavalli-Sforza and Edwards 

chord distance gave a wider range of distance values, but 

correlations with geographic distance were still weak (Table 

6), suggesting that the partial is.olation found among samples 

was the result of some factor other than geographic 

isolation. 

I chose Cavalli-Sforza and Edwards chord distance for 

cluster analysis and the Wagner procedure because the wider 

range of values made clustering easier. The two values were 

highly correlated (r=0.8477) (Table 6), and appeared more 

suitable for application to bloater allele frequency 

differences, which were low, than Nei's genetic distance. 

Cluster analysis of Cavalli-Sforza and Edwards chord 

distances between samples yielded a dendrogram with a 

continuously distributed population (Figure 8) with a maximum 

genetic distance between samples of 0.049. The Wagner 

' 
procedure performed on the Cavalli-Sforza and Edwards chord 

distances between samples yielded a similar dendrogram with 

one exception (Figure 9): sample 2AL occupied its own branch. 

I believe this representation is a more appropriate 

description of diversity within the population, because 
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Table 7. Fixation indices for polymorphic loci, Wisconsin, 1982. 

Sample Locus F 

IDH-BA -0.155 
lBH IDH-BB -0.155 

PGM-C -0.653 

IDH-BA -0.061 
2AL IDH-BB -0.061 

PGM-C -0.690 

IDH-BA -0.161 
3SR IDH-BB -0.047 

PGM-C -0.846 

IDH-BA -o .121 
4ER IDH-BB 0.030 

PGM-C -0.687 

IDH-BA -0.139 
5MI IDH-BB 0.024 

MDH-B -0.054 
PGM-C -0.446 
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Figure 8. UPGMA cluster analysis of Cavalli-Sforza and Edwards 
chord distances between samples, Wisconsin, 1982. 
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sample 2AL exhibited a mean heterozygosity distinguishable 

from all other samples (Table 4) • 

The genotypic fixation index calculated for each 

polymorphic locus by sample (Table 7) indicated that 

locus PGM-C, with indices ranging from -0.446 to -0.846, was 

subject to selection pressure. Negative values are 

indicative of heterozygote excess, which was found at that 

locus in all samples. Kirby (1975) found negative values in 

species where differences in gene frequencies between sexes 

existed, and Hartl (1981) found negative F values in cases of 

disassortative mating. F values calculated for the other 

polymorphic loci were close to zero, which is an indication 

of near panmixia, suggesting that either of the two phenomena 

mentioned may be at work at locus PGM. The latter is less 

likely, however, because no relationship has yet been found 

between single locus phenotypes and mating habits. 

F statistics, calculated for polymorphic loci for all 

samples combined (Table 8), showed little differentiation 

among samples. All FST values, were well within the 0 - 0.05 

range of little differentiation given by Hartl (1978). 

Deviations from Castle-Hardy-Weinberg proportions within each 

subgroup, or sample, as described by F18 , with a value of 

-0.671 for PGM-C, represented an almost 14-fold greater 

contribution to genetic diversity in the group than FST 

(0.009), or differentiation due to random genetic drift, 

suggesting that samples represent inbred subgroups. 
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Negative F15 values were found, which may be caused by 

disassortative mating or differences in allele frequencies 

between the sexes. FIT' which is a measure of the total 

inbreeding within the population, was large for locus PGM-C 

(-0.623), and measured the quantitative effects of non-random 

mating in the samples (F 15) and genetic drift among samples 

(FST), both which may cause deviations from Castle-Hardy

Weinberg equilibrium values, in this case heterozygote 

excess. 
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Table 8. F values (Nei 1977) for polymdrphic loci for all samples, 
Wisconsin, 1982. 

Locus 

IDH-BA -0.136 -0.126 0.009 

IDH-BB -0.039 -0.028 0.011 

PGM-C -0.671 -0.623 0.028 

Mean 0.016 
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Wisconsin 1983 

Absence of significant differences in allele frequencies 

among 1983 samples made identification of separate stocks 

impossible. No enzyme activity was detectable as isozyme 

banding patterns on gels at the PGM-C locus, which had 

exhibited significant heterogeneity the previous year. 

Although deviations from Castle-Hardy- Weinberg· equilibrium 

expectations were found within two samples at IDH-B loci, 

heterogeneity chi-square analysis of allele frequencies among 

samples was not significant. Polymorphism did not differ 

among samples, and heterozygosity varied in a narrow range, 

0.038-0.047. Small differences in allele frequencies between 

samples at the two polymorphic loci, IDH-BA and IDH-BB, were 

reflected in Nei's genetic distance which was found to be 

0.000 between all sample pairs. The ranges of Rogers genetic 

distances (0.005-0.010), and Cavalli-Sforza and Edwards chord 

distance (0.028-0.042) were smaller than the previous year. 

The UPGMA dendrogram produced from Cavalli-Sforza and 

Edwards chord distances between samples suggested a possible 

division of samples into two subgroups, but Gordon (1981) 

cautioned that single link clustering methods such as the 

UPGMA may obscure the identification of cluster groups when 

intermediate groups are present, and suggested employing more 
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than one method. The Wagner tree produced from the chord 

distances placed sample 2AL in an individual branch, and 

the remaining samples in different branch gro,upings than the 

UPGMA analysis. Gordon recommended that appraisal of cluster 

grouping should be accompanied by consideration of other 

data, and because differences among samples were low 

or nonexistent, acceptance of either dendrogram as 

representative of population structure of bloaters of 

western Lake Michigan seems ill advised. 

Two of the fifteen enzyme loci that showed activity 

proved to be polymorphic at the 0.95 criterion, IDH-BA and 

IDH-BB (Table 9). Each locus had two alleles, as in the 

previous year, and the same four phenotypes were found 

(Figure 7). Significant deviations from Castle-Hardy-

Weinberg equilibrium were found within samples at these two 

loci only in sample 2AL (Table 10) and were produced by 

heterozygote deficiency, which may be caused by inbreeding. 

No significant departure from homogeneity was found among 

samples when allele frequencies were tested by chi-square 

contingency table analysis (Table 11). 

No activity was found at four PGM loci which had 

exhibited activity in 1982. The PGM enzyme is known to 

retain activity after frozen storage times of over one year 

(Utter et al. 1974). I experienced trouble with the freezer 

used the night of capture for samples lBH and 2AL during 
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Table 9. Allele frequencies at all enzyme loci for Wisconsin 
samples, 1983. 

Sample 1BH 2AL. 3SR 4ER 5HI Tissue 

Loci with Allele frequencies 
alleles 

ALD-A 
1 1.000 1.000 1.000 1.000 1. 000 liver 

ALD-B 
2 1.000 1.000 1.000 1. 000 1.000 liver 

GPI-B 
1 1.000 1. 000 1. 000 1.000 1. 000 white 

muscle 
GPI-A 

A 1. 000 1.000 1.000 1. 000 1.000 white 
muscle 

G3PDH-A 
1 1.000 1.000 0.973 1. 000 1.000 liver 
2 o.ooo 0.000 0.027 o.ooo 0.000 

G3PDH-B 
1 0.000 0.000 0.000 0.000 o.ooo liver 
2 1.000 1.000 1.000 1. 000 1. 000 

IDH-AA 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 

IDH-AB 
1 1.000 1.000 1. 000 1.000 1.000 white 

muscle 

IDH-BA 
1 0.833 0.767 0.795 0.796 0.867 liver 
2 0.167 0.233 0.205 0.204 0.133 

IDH-BB 
1 0.833 0.837 0.818 0.796 0.833 liver 
2 0.167 0.163 0.182 0.204 0.167 

LDH-AA 
1 1.000 1.000 1.000 1.000 1.000 white 

muscle 
LDH-AB 

1 1.000 1.000 1.000 1.000 1.000 white 
muscle 

MDH-A 
1 l. 000 1.000 1.000 1.000 1.000 white 

muscle 
MDH-B 

1 0.989 0.990 0.992 1.000 o. 971 white 
2 o.ooo 0.010 0.008 0.000 0.029 muscle 
3 0.011 o.ooo o.ooo o. ooo· o.ooo 

SOD-A 
1 o.ooo 0.000 o.ooo 0.000 0.000 liver 
2 0.017 0.008 0.000 0.000 o.ooo 
3 0.983 0.992 1. 000 0.990 1.000 
4 o.ooo o.ooo 0.000 0.010 0.000 
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which freezer temperatures reached above 10 C. Other enzymes 

in these samples retained activity, however, and there were 

no problems with freezers when fish were collected from other 

locations. Although reagents that had been used for the 

previous year's PGM samples were replaced, still no activity 

was observed at PGM loci and gels could not be scored. 

Polymorphism values for all samples were identical 

(13.33) (Table 12). Mean biased heterozygosity and 

Castle-Hardy-Weinberg expected unbiased heterozygosity did 

not differ greatly, and varied within a smaller range than 

1982 samples (Table 12). Analysis of variance of mean biased 

heterozygosity values among samples was not significant 

(F = 0.0007, P > 0.100). 

The absence of activity at the PGM loci in 1983 as 

compared to 1982 explained the reduced polymorphism and 

heterozygosity values, and is an example of how comparisons 

of such values among studies may be complicated when 

different enzyme loci are assayed. 

Genetic variability as measured by the mean number of 

alleles per locus was low, with values being close to 1.00, 

or fixation, and ranged from 1. 20 - 1. 27 (Table 12) • The 

mean number of alleles for samples 4ER and SMI was less than 

in other samples because of the absence of multiple alleles 

at MDH-B in sample 4ER, and SOD-A in sample SMI (Table 9). 

Sample 3SR also had only a single allele at !ocus SOD-A, and 

showed variability at G3PDH-A whereas all other samples did 

not. 
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Table 10. Chi-square analysis of observed and expected allele 
frequencies for goodness-of-fit to Castle-Hardy-Weinberg 
equilibrium expectations, Wisconsin, 1983. 

Sample 1BH 2AL 3SR 4ER 5MI 

Mean sample 
size 47.5 51.7 48.9 53.4 51.4 

so 2.5 2.3 3.3 2.1 3,0 

Observed and (expected) frequencies 
Locus: IDH-BA 
Alleles: 1-1 27 29 28 34 47 

(27.083) (25. 326) (27.841) (34.241) (45.067) 

1-2 11 8 14 18 10 
(10.833) (15.349) (14.318) (17.519) (13.867) 

2-2 1 6 2 2 3 
(1.083) (2.326) ( 1. 841) (2.241) (1.067) 

x2 0.009 9.857** 0.022 0.041 4.665* 
p 0.923 0.002 0.883 0.840 0.031 

df 1 1 1 1 1 

Locus: IDH-BB 
Alleles: 1-1 27 32 29 34 45 

(27.083) (30.140) (29.455) (34. 241) (41.667) 

1-2 11 8 14 18 10 
(10.833) (11. 721) (13.091) (17.519) (16.667) 

2-2 1 3 1 2 5 
(1.083) (0.140) (1.455) (2.241) (1.667) 

x2 0.009 4.334* 0.212 0.041 9.6oo** 
p 0.923 0.037 0.645 0.840 0.002 
df 1 1 1 1 1 

x2 ::: chi-square :.significant at p < 0.05 
p = probability significant at p < 0.005 
df = degrees of freedom 
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Table 11. Chi-square contingency table analysis of observed and 
expected frequencies at polymorphic loci to test for 
heterogeneity among samples, Wisconsin, 1983. 

! 

Sample 1BH 2AL 3SR 4ER 

Observed and (expected) frequencies 
Locus: IDH-BA 
Alleles: 1 65 

(63.537) 

2 13 
(14.463) 

x2 - 4.054 

Locus: IDH-BB 
Allelesl 1 65 

(64.187) 

2 13 
( 13.813) 

x2 - o.8o7 

66 
(70.054) 

20 
(15.946) 

72 
(70.771) 

14 
(15.229) 

x2 = chi-square 
P = probability 
df = degrees of freedom 

70 
(71.683) 

18 
(16.317) 

p - 0.397 

72 
(72.417) 

16 
(15.583) 

p = 0.938 

86 
(87.975) 

22 
(20.025). 

86 
(88.875) 

22 
(19.125) 

5MI 

104 
(97.750) 

16 
(22.250) 

df = 4 

100 
(98.750). 

20 
(21.250) 

df = 4 
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Table 12. Mean heterozygosity and polymorphism for Wisconsin, 1983. 

Values in parentheses are (standard errors) and 
((standard deviations)). 

Mean C-H-W Poly- Mean Mean 
unbiased expected morphism number of sample 

H biased 0.95 alleles size 
H per locus 

Sample 

1BH 0.041 0.041 13.33 i. 27 47.5 
(0.025) (0.025) (0.12) (2. 5) 

2AL 0.044 0.045 13.33 1. 27 51.7 
(0.029) (0.029) (0.12) (2.3) 

3SR 0.046 0.047 13.33 1. 27 48.9 
(0.028) (0.028) ( 0 .. 12) (3.3) 

4ER 0.045 0.045 13.33 1. 20 53.4 
(0.029) (0.030) (0.11) ( 2. 1) 

5MI 0.038 0.038 13.33 1. 20 51.4 
(0.023) (0.023) (0.11) (3. 0) 
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The frequency of the G3PDH-A2 allele in sample 3SR at 0.027 

(Table 9) was much greater than that of a rare allele 

(0.005), but was not great enough to be considered 

polymorphic at the 0.95 criterion. 

Because genetic differences between samples were low, 

genetic distance between samples was also low. Nei's genetic 

distance provided no differentiation among samples, with all 

distances between samples being 0.000 (Table 13). The ranges 

of Rogers genetic distance (0.005-0.010) and Cavalli-Sforza 

and Edwards chord distance (0.028-0.042) were half those of 

the previous year. The UPGMA dendrogram (Figure 10) suggests 

one division separating samples 4ER and 5MI from the three 

more northern samples, but the Wagner tree (Figure 11) 

construction did not support such a division. Even in the 

absence of significant differentiation of allele frequencies 

at PGM-C in 1982, sample 2AL differed sufficiently at the 

remaining 15 loci to be separated from the other samples in 

the Wagner tree, as in the previous year. The remaining four 

samples appeared in different branch groupings each year. 

Homogeneity among samples, indicated by lack of significant 

differences among samples in comparisons of all genetic 

diversity measurements precludes acceptance of the Wagner 

tree, calculated from a single distance measurement, as 

representative of population structure. 
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Table 13. Genetic distance between samples, Wisconsin, 1983. 

sample 

lBH 

2AL 

3SR 

4ER 

5MI 

Below diaqonal: Nei's unbiased qenetic distance 
Above diaqonal: Cavalli-Sforza & Edwards chord distance 

and Roqers qenetic distance 

lBH 2AL 3SR 4ER 5MI 

0.028 0.042 0.034 0.040 
(0.006) (0.007) (0.007) (0.005) 

o.ooo 0.032 0.030 0.029 
(0.006) (0.006) (0.009) 

o.ooo o.ooo 0.035 0.034 
(0.005) (0.009) 

o.ooo 0.000 o.ooo 0.037 
(0.010) 

o.ooo o.ooo 0.000 o.ooo 

Roqers qenetic distance in parentheses. 
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Genetic distance measurements were of limited value for 

application to stock identification when allele frequencies 

differences among samples were small, and therefore genetic 

distances between samples were small. Correlation 

coefficients between all distance measurements in 1983 

ranged from negligible to popr (Table 14). 

The fixation indices (F) for loci IDH-BA and IDH-BB for 

each sample were large enough to suggest possible inbreeding 

in samples 2AL and 5MI (Table 15~, with values exceeding 

that found for full sib mating, F = 0.25 (Manwell and Baker 

1970). Deviations from Castle-Hardy-Weinberg equilibrium 

values were also found at these loci, but were accompanied by 

heterozygote deficiencies, rather than excesses as were found 

in the previous year. Heterozygote deficiency has been found 

in cases where a sample is composed of individuals from two 

populations with greatly different allele frequencies, but 

based on the data from 1982, I do not think that allele 

frequency differences among samples were great enough to 

support this conclusion, and I favor the inbreeding 

interpretation. 

Inbreeding 

almost equal to 

within the samples, as measured by F18 , was 

the total inbreeding, F , and because the 
c IT 

effect of random genetic drift, as measured by FST' was· not 

substantial (Table 16) , supports the interpretation of 

population structure in western Lake Michigan as being 

continuous, and not influenced by genetic drift. The degree 
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of differentiation among samples, also estimated by FST 

(0.005), was small (Table 16), as in the previous year. 



so 

Table 14. Correlation coefficients fo~ comparisons of genetic distance 
and geographic distances, Wisconsin, 1983. 

Value 

Cavalli-Sforza 
& Edwards 

chord distance 

Rogers 
genetic 
distance 

' 

Geographic 
distance 

Nei's 
genet-ic 
distance 

0 

0 

0 

Cavalli-Sforza 
& Edwards 

chord distance 

' r values 

-0.0410 

0.2052 

Rogers 
genetic 
distance 

-0.2864 

Geographic 
distance 

Geographic distance was calqulated from the center of one 
sample grid to the center of another. 
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Table 15. Fixation indices for polymorphic loci, Wisconsin, 1983 

sample Locus F 

1BH IDH-BA -0.015 
IDH-BB -0.015 

2AL IDH-BA 0.479 
IDH-BB 0.317 

3SR IDH-BA -0.028 
IDH-BB 0.022 

4ER IDH-BA -0.027 
IDH-BB -0.027 

5MI IDH-BA 0.279 
IDH-BB 0.400 
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Table 16. F values (Nei 1977) for polymorphic loci for all samples, 
Wisconsin, 1983. 

Locus · Frs 

IDH-BA 0.151 0.158 0.008 

IDH-BB 0.113 0.114 0.002 

Mean 0.005 
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Michigan 1982 

Three stocks of bloater were identified among 4 

sample's from the Michigan waters of Lake Michigan in 1982. 

Polymorphism was found at 2 of 6 loci assayed, and 

significant heterogeneity of allele frequencies was found 

among samples. The UPGMA dendrogram calculated from 

Caval! i-Sfor za and Edwards chord distances between samples 

clustered samples into 3 groups. Whereas the Wagner tree 

produced from the same distance values suggested a different 

grouping of the three southern samples, comparison with other 

genetic variables supported population structure described by 

the UPGMA dendrogram. The northern sample, Frankfort, 

appeared to be an isolated stock, and the Ludington sample 

appeared to be different from both the Frankfort sample, and 

the two Saugatauk samples, which did not differ from each 

other. 

variability was found at 2 of 4 IDH loci (Table 17). 

The duplicated liver loci, IDH-BA and IDH-BB, proved 

polymorphic with two alleles each, producing the same four 

phenotypes found in Wisconsin samples (Figur'e 7). Allele 

frequencies within samples conformed to Castle-Hardy-Weinberg 

distributions (Table 18), indicating that the bloater samples 

represented subgroups at equilibrium. Heterogeneity 

chi-square analysis of allele frequencies among samples was 
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Table 17. Allele frequencies at all enzyme loci for Michigan 
samples, 1982. 

Sample 1FK 2LD 3SG 4SK Tissue 

Loci with Allele frequencies 
alleles 

IDH-AA 
1 l. 000 1.000 1.000 1.000 white 

muscle 

IDH-AB 
1 l. 000 1.000 l. 000 1.000 white 

muscle 

IDH-BA 
1 0.423 0.826 0.690 0.778 liver 
2 0.577 0.174 0.310 0.222 

IDH-BB 
1 0.654 0.913 0.833 0.778 liver 

. 2 0.346 0.087 0.167 0.222 

MDH-A 
1 1.000 l. 000 1.000 1. o-oo white 

muscle 
MDH-B 

1 l. 000 1. 000 1.000 0.981 white 
2 0. 000 . 0.000 o.ooo 0.019 muscle 
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Table 18. Chi-square analysis of observed and expected allele 
frequencies for goodness-of-fit to Castle-Hardy-Weinberg 
equilibrium expectations, Michigan, 1982. 

Sample lFK 2LD 3SG 4·SK 

Mean sample 
size 13 23 21 27 

so 

Locus: . IDH-BA 
Observed and (expected) frequencies 

Alleles: 1-1 4 17 11 15 
(2.327) (15.696) (10.012) (16.333) 

1-2 3 4 7 12 
(6.346) (6.609) (8.976) (9.333) 

2-2 6 2 3 0 
(4.327)• (0.696) (2.012) (1.333) 

x2 3.614 3.584 1.018 2. 204 
p 0.057 0.058 0.313 0.138 

Locus: IDH-BB 
Alleles: 1-1 7 19 14 15 

(5.558) (19.174) (14.583) {16.333) 

1-2 3 4 7 12 
(5.885) (3.625) (5.833) {9.333) 

2-2 3 0 0 0 
{1.558) (0.174) (0.583) (1.333) 

x2 3.124 0.209 0.840 2.204 
p 0.077 0.648 0.359 0.138 

x2 = chi-square 
p = probability 
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significant in comparisons at both IDH-BA (P < 0.05) and 

IDH-BB (P = 0.05), which indicates that more than one stock 

was sampled at the four locations (Table 19) • 

No allele frequency cline was found at the IDH-B loci to 

suggest a continuous population distribution as was found in 

the Wisconsin waters of the lake. Whereas the IDH-BBl allele 

was found at the same or slightly higher frequencies than the 

IDH-BAl allele within samples, lFK had the lowest frequencies 

at both loci, and 2LD had the highest. Samples from 3SG and 

4SK were intermediate. 

White muscle IDH loci, IDH-AA and IDH-AB, were 

monomorphic, producing a single three-banded phenotype 

(Appendix 8, Figure 4), the result of hybridization of the 2 

polypeptide chains encoded by the two loci. 

Of the two MDH loci found in white muscle, MDH-A was 

monomorphic. A second allele, MDH-B2, was found at locus 

MDH-B in sample 4SK at a frequency of 0.019, too low to 

contribute to polymorphism in the sample (Appendix 8, 

Figure 7). B subunits did not appear to hybridize and only 

two phenotypes were found, with genotypes AlAl/BlBl and 

AlAl/BlB2. 

Polymorphism was constant among samples (33.33), 

but heterozygosity varied from 0.074 - 0.157 for the biased 

estimate, and 0.076 - 0.163 for the unbiased estimate (Table 

20). Comparisons between the two estimates were similar 

within samples, but differences among samples were suggestive 
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Table 19. Chi-square contingency table analysis of observed· and 
expected frequencies at polymorphic loci to test for 
heterogeneity among samples, Michigan, 1982. 

Sample 

Locus: IDH-BA 
Alleles: 1 

2 

Locus: IDH-BB 
Alleles: 1 

2 

1FK 2LD 3SG 4SK 

Observed and (expected) frequencies 

11 38 
(18.571) (32.857) 

15 8 
(7.429) (13.143) 

x 2 == 14.805* 

17 42 
(21. 048) (37.238) 

9 4 
(4.952) (8.762) 

.x2 == 7.791 ** 

29 
.(30.000) 

13 
(12.000) 

p = 0.002 

35 
(34.000) 

7 
(8.000) 

p = 0.051 

42 
(38.571) 

12 
(15.429) 

df = 3 

42 
(43.714) 

12 
(10.286) 

df = 3 

x 2 = chi-square :.significant at p = 0.002 
P • probability significant at p = o.n51 
df = degrees of freedom 
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Table 20. Mean heterozygosity and polymorphism for Michigan, 1982. 

Values in parentheses are (standard errors) and 
((standard deviations)). 

Mean C-H-W Poly- Mean Mean 
unbiased expected morphism number of sample 

H biased 0.95 alleles size. 
H per locus 

Sample 

1.FK 0.157 0.163 33.33 1. 33 19.0 
(0.099) (0.103) (0.21) (2.2) 

2LD 0.074 0.076 33.33 1. 33 27.7 
(0.050) (0.051) (0.21) ( 1. 5) 

3SG 0.118 0.120 33.33 1. 33 25.0 
(0.077) (0.079) (0.21) ( 1. 7) 

4SK 0.122 0.124 33.33 1.50 27.7 
(0.071) (0.074) (0.22) (0.8) 
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of the existence of three stocks. Although differences among 

mean biased heterozygosities were not significant (F = 0.017, 

P > 0.100), sample lFK, with the highest mean heterozygosity 

was easily distinguished from the nearest sample, 2LD, with 

the lowest mean heterozygosity. Mean heterozygosities for 

samples 3SG and 4SK differed no more than 0.004 by either 

estimate. 

Nei's genetic distance values (Table 21) suggested a 

population structure similar to that presented by the UPGMA 

dendrogram (Figure 12). No geneti.c distance was found 

between samples 3SG and 4SK, which were separated from 2LD by 

small, similar distances (0.002 and 0.001). The greatest 

distance was found between lFK and 2LD, which were also 

separated by the greatest branch lengths in both the UPGMA 

and Wagner constructions. The only contradiction was found 

between 2LD and the southern samples; the distance between 

2LD and 3SG was more than that between 2LD and 4SK by Rogers 

genetic distance, but the relationship was reversed by 

Cavalli-Sforza and Edwards chord distance. The differences 

were small, and if samples 3SG and 4SK were considered as one 

sample, distances then conformed to dendrogram 

representations. 

Comparison of the two dendrogram constructions revealed 

one differenc~ in cluster groups. The UPGMA dendrogram 

grouped samples 3SG and 4SK as one stock (Figure 12). Sample 

2LD was found in a separate branch, intermediate to the 

southern samples and lFK. The Wagner tree produced from the 
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Table 21. Genetic distance between samples 1 Michigan, 1982. 

Sample 

lFK 

2LD 

3SG 

4SK 

Below diagonal: NEd's unbiased genetic distance 
Above diagonal: Cavalli-Sforza & Edwards chord distance 

and Rogers genetic distance 

1FK 2LD 3SG 4SK 

0.141 0.089 0.109 
(0.110) (0.074) (0.083) 

0.039 0.052 0.064 
(0.036) (0.034) 

0.015 0.002 0.048 
(0.027) 

0.023 0.001 o.ooo 

Roqers genetic distance in parentheses. 



61 

same chord distances showed sample 2LD and 4SK to form one 

bifurcate branch, with 3SG as an auxiliary branch, and lFK 

maintaining its solitary position (Figure 13). My other 

analyses, especially the distribution of allele frequencies 

among samples at IDH-B loci, supports the UPGMA 

representation of stock structure in eastern Lake Michigan. 

A more cautious approach would be to identify just two 

stocks, with lFK taken as a single stock, and the remaining 3 

samples forming the second stock. Differences in allele 

frequencies, heterozygosity, and fixation indices among 

samples do not support identification o-f only two sto.c.ks. 

Fixation indices (F) for polymorphic loci differed 

markedly among samples (Table 22). Sample lFK showed the 

greatest deviations from Castle-Hardy-Weinberg expected 

values for hetero~ygotes, with F = 0.527 for IDH-BA. 

Heterozygote deficiency was found, and the corresponding 

chi-square analysis was nearly significant at P = 0.057, both 

indicative of inbreeding. Heterozygote deficiency was found 

to have decreased in sample 2LD (F = 0.395), and there was a 

tendency toward heterozygote excess in the two southern 

samples. Because chi-square analysis was not found to be 

significant in any sample, the F indices should only be 

considered as indicators of trends in differentiation. 

F values calculated for the polymorphic loci for all 

samples combined did not appear meaningful in describing the 

effects of inbreeding and random genetic drift on population 
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structure (Table 23). Genetic differentiation among samples 

was moderate (mean FST = 0.083). Slightly higher values of 

FST as compared to F15 suggest that random· genetic drift may 

contribute more to the reduction in heterozygosity within a 

stock than non-random mating within the stocks. The combined 

influences of non-random mating and random genetic drift on 

heterozygote reduction in the total population was low (mean 

FIT = 0.208), as would be expected in populations with low 

sib-mating. 
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T"ble 22. Fixation indices for polymorphic loci, Michigan, 1982. 

Sample Locus F 

lFK IDH-BA 0.527 
IDH-BB 0.490 

2LD IDH-BA 0.395 
IDH-BB -0.095 

3SG IDH-BA 0.220 
IDH-BB -o. 2 oo 

4SK IDH-BA -0.286 
IDH-BB -0.286 
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Table 23. F values (Nei 1977) for polymorphic loci for the bloater 
population, Michigan, 1982. 

Locus 

IDH-BA 0.236 0.321 0.111 

IDH-BB 0.042 0.095 o.oss 

Mean 0.083 
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Conclusion 

Genetic differentiation was greater in the Michigan 

waters than in the Wisconsin waters of Lake Michigan. Three 

stocks appeared to exist in the eastern waters in an area 

smaller than that sampled in Wisconsin waters, where separate 

stocks could not be identified. Bloaters in the Michigan 

waters showed significant diversity at a different enzyme 

system, IDH, than those in the Wisconsin waters where 

differentiation was found at PGM. The evidence that bloater 

from the east and west rarely interact (Jobes 1949) appears 

to be valid based on this difference. 

There are no physical barriers, such as deep troughs or 

shallow reefs, that might inhibit gene flow in the eastern 

waters (Figure 14). Favored bloater habitat is considered 

to be 20-60 fathoms (Becker 1983), and there is a contiguous 

area of this depth extending from Frankfort to Saugatauk, 

Michigan. All samples were taken from the western edges of 

1 the grids (Wells , personal communication), and depths taken 

from the bathymetric map appear to be similar, that is, 

approximately 40-60 fathoms for samples 2LD, 2SG, and 4SK, 

but were 60-80 fathoms for sample lFK. Selection for some 

environmental factor at different depths might account for 

1wells, LaRue, Fishery Biologist, Great Lakes Fishery 

Laboratory, Ann Arbor, Michigan 
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isopleths in fathoms 

Figure 14. Bathymetric map of Lake Michigan. 
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the difference between the northern sample and the others, 

but cannot account for the difference between sample 2LD and 

the Saugatauk samples. 

No allele frequency cline was apparent at the 

polymorphic loci in Michigan waters, and genetic distance 

did not correlate with geographic distance (Table 24), 

therefore some factor other than geographic distance may be 

acting upon the population to isolate stocks. Because the 

Michigan samples were not collected during the spawning 

season, my results suggest that stock integrity may be 

maintained throughout the year. 

Evidence for the existence of separate stocks in the 

Wisconsin waters was found by DuVall (1979) at white muscle 

IDH loci. His UPGMA cluster analysis of Nei similarity 

indices between samples showed a sample from the area near 

2AL (grid 905, rather than 1005) to be in a single branch 

subsidiary to a cluster of southern nearshore samples (grids 

2002 and 2203). My analysis suggests that sample 2AL is more 

similar to a reef sample (3SR, grid 1705) than to more 

southern nearshore samples. Because his sample from grid 905 

was taken a year later than the other samples he analyzed, 

and because both Epifanio (1986) and I found differences in 

allele frequencies between years in a sample to be as great 

as those between samples in a year, I would not conclude that 

his sample represented a different stock. Epifanio (1986) 
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Table 24. Correlation coefficients for comparisons bf genetic distance 
and geographic dista·nces, Michigan, 1982. 

Value 

Cavalli-Sforza 
& Edwards 

chord distance 

Rogers 
genetic 
distance 

Geographic 
distance* 

Nei's 
genetic 
distance 

0.9889 

0.9860 

0.0817 

Cavalli-Sforza· 
& Edwards 

chord distance 

r values 

0.9841 

0.1617 

Rogers 
·genetic 
distance 

0.2202 

Geographic 
distance 

Geographic distance was measured from the center of one 
sample grid to the center of another. 

* Geographic distances (kilometers) between samples, Michigan. 

Sample 1FK 2LO 3SG 4SK 

1FK 56.9 180.4 183.7 

2LO 125.7 131.1 

3SG 3.3 

4SK 
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did not find discrete bloater stocks in western Lake 

Michigan, but in both years of his study, sample AL 

was separated from BH, as 2AL was from 2BH in my study, 

suggesting that fish at that location may represent a 

distinct stock. 

An important issue which should be addressed in all 

further bloater studies is that of disequilibrium between the 

sexes. Brown ·(1970) found that females predominated in the 

fishery comprising 78 % of the population in 1961. 

The proportions had become more equal during the 1970's, 

with females comprising 34-58% of the po.pulation in the three 

year period of 1975-78 (Annual Performance Report, Lake Chub 

Assessment 1977-78, 3-245R-3). Because the proportions of 

females for the three year period did not reflect a clinal 

distribution, I have assumed that the same distribution could 

have existed during my study, and dismissed this as a 

possible factor influencing the allele frequency 

distribution. Manwell and Baker (1970) found that 

differences in allele frequencies between the sexes are 

accompanied by heterozygote excess, as was found in my study, 

but that the sex frequency difference must be at least 0.446 

to generate an allele frequency difference resulting in 

heterozygote excess. I found no distinct difference in sex 

ratios among areas in 1975-78, and assumed that even if the 

sex ratio had changed in the entire population between 1978 

and the years of my study, that the sex ratios within areas 
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would not have changed. However, because the bloater 

population had marked sexual disequilibrium over time, 

future electrophoretic studies should include data on sex 

ratios within samples, which could be compared to population 

data from the same time period. 

Migration may also affect allele frequency distributions 

among subgroups within a population. The allele frequency 

cline at locus- PGM-C in Wisconsin samples is suggestive of 

the stepping-stone model of population distribution 

(Stansfield 1977), where migration extends only into 

neighboring sample locations, rather than across the entire 

population range. The possibility that a similar cline 

exists at the PGM-C locus in Michigan samples should 

encourage assay of that system in fish from Michigan waters. 

Further study is needed to clearly differentiate among 

stocks throughout Lake Michigan. Arbitrary sampling areas 

are designated for assessment sampling in Wisconsin (Holey 

1984), and comparisons of catch data to electrophoretic data 

are difficult because samples are rarely from the same 

locations. Knowledge of possible migration between areas 

of the lake, of the degree of sexual disequilibrium between 

the sexes, and of differential selection throughout the range 

would oe an aid in discerning if allele frequency difference 

among samples describe stock structure. 



73 

LITERATURE CITED 

Allendorf, F.W., F.M. Utter, and B.P. May. 1975. Gene duplication 
within the family Salmonidae: II. Detection and 
determination of the genetic control of duplicated loci 
through inheritance studies and the examination of 
populations, p. 415-432. In C.L. Markert (ed.] Isozymes 
IV: Genetics and Evolution. Academic Press, New York. p. 
964. 

Allendorf, F.W., N. Mitchell, N. Ryman, and G. Stahl. 1977. 
Isozyme loci in brown trout (Salmo trutta L.): Detection and 
interpretation from population data. Hereditas. 86: 179-
190. 

Annual Performance Report. Wisconsin Department of Natural 
Resources. Lake chub assessment 3-245R-3. September 1, 1977 
- August 31, 1978. p. 22. 

Avise, J.C. and G.B. Kitto. 1974. Phosphoglucose isomerase gene 
duplication in the bony fishes: an evolutionary history, p. 
129-148. In Genetic Studies of Fish: I. MSS Information 
Corporation, New York. p. 172. 

Ayala, F.J. 1976. Protein evolution: Nonrandom patterns in 
related species, p. 177-205. In F.B. Christiansen and T.M. 
Fenchel (ed.] Measuring selection in natural populations. 
1977. Springer Verlag, New York. p. 564. 

Bailey, G.S., and A.C. Wilson. 1970. Multiple forms of 
supernatant malate dehydrogenase in salmonid fishes. Journal 
of Biological Chemistry 245(22): 5927-5940. 

Baldwin, N.S., R.W. Saalfeld, M.A. Ross, and H.J. Buettner. 1979. 
Commercial fish production in the Great takes, 1867-1977. 
Great Lakes Fishery Commission Technical Report No. 3. 

Becker, G. 1983. Fishes of Wisconsin. University of Wisconsin 
Press, Madison. p. 1052. 

Booke, H.E. 1981. The conundrum of the stock concept - are nature 
and nurture definable in fishery science? Canadian Journal 
of Fisheries and Aquatic Sciences 38: 1479-1480. 

Brown, E.H. Jr. 1968. Population characteristics and physical 
condition of alewives in massive dieoff in Lake Michigan, 
1967. Great Lakes Fishery Commission Technical Report No. 
13. p. 20. 

Brown, E.H. Jr. 1970. Extreme female predominance in the bloater 
(Coregonus Hoyi) in Lake Michigan in the 1960's. p. 501-514. 
In c.c. Lindsey and c.s. Woods (ed.] Biology of coregonid 
fishes. University of Manitoba Press, Winnipeg. p. 560. 



74 

Brown, E.H. Jr. 1978. Population dynamics and interagency 
management of chubs (Coregonus Spp.) in Lake Michigan 
(draft). Great Lakes Fishery Laboratory, u.s. Fish and 
Wildlife Service, Ann Arbor, Michigan. p. 15. 

Cavalli-Sforza, L.L. and A.W.F. Edwards. 1967.Phlyogenetic 
analysis: models and estimation procedures. Evolution 21: 
550-570. 

Champion, M.J., J.B. Shaklee, and G.S. Whitt. 1975. Developmental 
genetics of teleost isozymes.p. 413-437. In C.L. Markert 
[ed.] Isozymes III: Developmental Biology. Academic Press, 
New York. p. 1034. 

Clayton, J.W., and w. G. Franzin. 1970. Genetics of multiple 
lactate dehydrogenase isozymes in muscle tissue of lake 
whitefish (Coregonus clupeaformis). Journal of the Fisheries 
Research Board of Canada 27: 1115-1121. 

Clayton, J.W., and D.N. Tretiak. 1972. Amine buffers for pH 
control in starch gel electrophoresis. Journal of the 
Fisheries Research Board of Canada 29: 1169-1172. 

crowder, L.B. and H.L. Crawford. 1984. Ecological shifts in 
resource use by bloaters in Lake Michigan. transactions of 
The American Fisheries Society 113 (6): 694-700. 

Duvall, Brian. 1983. Biochemical genetic evidence for fish stocks 
in lake trout (Salvelinus namaycush), bloater (Coregonus 
hoyi), and brook trout (Salvilinus fontinalus) in the Great 
Lakes Region. M.S. thesis, University of Wisconsin - Stevens 
Point. p. 46. 

Emery, L., and E.H. Brown Jr. 1978. Fecundity of the bloater 
(Coregonus hoyi) in Lake Michigan. Transactions of the 
American Fisheries Society 107 (6): 785-789. 

Engel, w., J. Schmidtke, and u. Wolf. 1971. Genetic variation of 
glycerophosphate dehydrogenase isozymes in Clupeoid and 
Salmonid fish. Experentia 27 (12): 1489-1491. 

Epifanio, J.M. 1986. Genetic stock identification of the bloater 
(Coregonus hoyi) from western Lake Michigan. M.S. thesis, 
University of Wisconsin - Stevens Point. p. 69. 

Gordon, A.D. 1981. Classification - methods for the exploritory 
analysis of multivariate data. Chapman and Hall. p. 193. 

Harris, H. and D.A. Hopkinson. 1972. Average heterozygosity in 
man. Journal of Human Genetics 36: 9-20. 



75 

Hartl, Daniel L. 1981. A primer of population genetics. Sinauer 
Associates, Inc, Sunderland, MA. p. 191. 

Holey, M. 1978. Management proposals for the assessment of the 
chub fishery in Wisconsin Lake Michigan (draft). Wisconsin 
Department of Natural Resources, Milwaukee. p. 14._ 

Holey, M. 1984. Wisconsin's Lake Michigan Chub Fishery 
Assessment, 1975-1983 (draft). Wisconsin Department of 
Natural Resources, Milwaukee. p. 40. 

Horecker, B.L. 1975. Biochemistry of isozymes. p.l1-36. In 
C.L. Markert [ed.] Isozymes I. Academic Press, New York. p. 
856. 

Jobes, F.W. 1949. The age, growth and bathymetric distribution of 
the bloater (Leucicthys hoyi) (Gill) in Lake Michigan. Paper 
of the Michigan Academy of Science, Arts and Letters 33 
(1947): 135-172. 

Koelz, W. 1929. Coregonid fishes of the Great Lakes. Bulletin of 
the United States Bureau of Fisheries, 1927, 43 (2): 297-
643. 

Manwell, Clyde & C.M.A. Baker. 1970. Molecular biology and the 
origin of the species. University of Washington Press, 
Seattle. p. 394. 

Nei, M. 1976. Mathematical models of speciation and genetic 
distance. p. 723-756. Ins. Karlin and E. Nevo [ed.] 
Population Genetics and Ecology. Academic Press, New York. 
p. 832. 

Nei, M. 1977. F-statistics and analysis of gene diversity in 
subdivided populations. Annals of Human Genetics (London) 
41: 225-233. 

Nei, M. 1978. Estimation of average heterozygosity and genetic 
distance from a small number of individuals. Genetics 89: 
583-590. 

Nei, M. 1978. Genetic distance between populations. American 
Naturalist 106: 283-292. 

Nevo, E. 1978. Genetic variations in natural populations: 
patterms and theory. Theoretical Population Biology 13: 121-
177. 

Penhoet, E.E., U. Kochman, and W.J. Rutter. 1966. Isolation of 
fructose diphosphate aldolase A, B and c. Biochemistry 8: 
4391-4395. 



76 

Phillip, D.P., W.F. Childers, and G.S. Whitt. 1979. Evolutions of 
patterns of differential gene expression: A comparison of 
temporal and spatial patterns of isozyme locus expression in 
two closely related fish species (Northern largemouth bass, 
Micropterus salmoides salmoides, and smallmouth bass, 
Micropterus dolomieui). Experimental Zoology 210: 473-488. 

Rogers, J.S. 1972. Measures of genetic similarity and genetic 
distance. Studies in Genetics. University of Texas 
Publications 7213: 145-153. 

Selander, R.K. 1970. Behavior and genetic variation in natural 
populations. American Zoologist 10: 53-66. 

Shaw, C.R. and R. Prasad. 1970. Starch gel electrophoresis of 
enzymes - a compilation of recipes. Biochemical Genetics 4: 
297-320. 

Smith, S.H. 1964. Status of deepwater cisco populations of lake 
Michigan. Transactions of the American Fisheries Society 93: 
155-163. 

Stansfield, W.O. 1977. The Science of Evolution. MacMillan 
Publishing Company. New York. p. 614. 

svardson, G. 1970. Significance of introgression in Coregonid 
evolution. p. 33-59. In c.c. Lindsay and c.s. Woods [ed.] 
Biology of Coregonid fishes. University of Manitoba Press, 
Winnipeg. p. 560. 

Swofford. D.L. and R.B. Selander. 1981. BIOSYS-I: a FORTRAN 
program for the comprehensive analysis of electrophoretic 
data, population genetics and systematics. Journal of 
Heredity 72: 281-283. 

Swofford, D.L. and R.B. Selander. 1981. BIOSYS-I, Release 1: a 
computer program for the analysis of allele variation in 
genetics. Department of Genetics and Development, University 
of Illinois at Urbana-Champaign. p. 1-65. 

Todd, T.N., G.R. Smith, and L.E. Cable. 1981. Environmental and 
genetic contributions to morphological differentiation in 
ciscoes (Coregoninae) of the Great Lakes. Canadian Journal 
of Fisheries and Aquatic Sciences 38: 59-67. 

Utter, F.M., H.D. Hopkins, and F.W. Allendorf. 1974. Biochemical 
genetic studies of fishes: potentialities and limitations. 
p. 213-237. In o.c Malins and J.R. Sargent (ed.] Biochemical 
and biophysical perspectives in marine biology, vol. 1. 
Academic Press, New York. p. 343. 



77 

Workman, P.L. and J.D. Niswander. 1970. Population studies in 
southwestern Indian tribes II: Local genetic differentiation 
in the Papago. American Journal of Human Genetics 22: 24-49. 

Wright, s. 1969. Evolution and the genetics of populations, vol. 
II: The theory of gene frequencies. University of Chicago 
Press, Chicago. p. 511. 

Wright, s. 1978. Evolution and the genetics of populations, vol. 
IV: Variability within and among natural populations. 
University of Chicago Press, Chicago. p. 580. 



Appendix 1 

Wisconsin Samples: 1982 

Sample Sample site Grid Date sampled Agency/ Depth 
Fishermen 

lBH Baileys Harbor 707 23 February DNR/Hickeys 40-60 F --J 
(X) 

2AL Algoma 1005 17 February DNR/LaFond 60-70 F 

3SR Sheboygan Reef 1705 26 February DNR/Anderson 47-54 F 

4ER East Reef" 1904 18 February DNR/Anderson 45-53 F 

5MI Milwaukee Inshore 2003 15 February DNR/ Anderson 46-52 F 



Appendix 2 

Wisconsin Samples : 1983 

.Sample Sample site Grid Date sampled Agency/ Depth 
Fishermen 

lBH Ba i.leys Harbor 707 17 F~bruary WCFRU/Hickeys 40-60 F 

2AL Algoma 1005 18 February WCFRU/La Fond 60-70 F 

3SR Sheboygan Reef 1705 23 February DNR/Anderson 22-24 F --J 
'-0 

4ER East Reef 1904 19 February DNR/Anderson 47-53 F 

5MI Milwaukee Inshore 2003 16 February DNR/Anderson 37-40 F 



Appendix 3 

Michigan samples: 1982 

Sample Sample site Grids Date sampled Agency 

1FK Frankfort 1110,1111 19 October USFWS 

2LD Ludington 1409 17 October USFWS 

3SG Saugatauk 2110,2111,2210 2 & 3 October USFWS CD 
0 

4SK Saugatauk 2109,2110,2111 24 & 25 October USFWS 



Enzyme system 

Aldolase 
NAD+ dep. 

Glucose phosphate 
isomerase 
NADP+ dep. 
Glycerol-3-phosphate 
tlehyd rogenase 
Nl\lH dep. 
Isoci t"ra te 
dehydr-ogenase 
NADP+ dep. 

Lactate 
dehydrogenase 
NAD+ dep. 
Malate 
dehydrogenase 
Nl\D+ dep. 
Phosphoglucomutase 
NADP+ dep. 

Superoxide 
d ismutase 
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Appendix 4 

Table of enzyme nomenclature 

Enzyme commission· 
designation 

E.C. 4.1.2.13 

E.C. 5.3.1.9 

E.C. 1.1.1.8 

E.C. 1.1.1.42 

E.C. 1.1.1.27 

E.C. 1.1.1.37 

E.C. 2.7.5.1 

E.C. 1.15.1.1 

NAD+ = nico.tinamide adenine dinucleotide 
NADP+ = nicotinamide adenine dinucleotide phosphate 

Locus Allele 

ALD-A 1 

ALD-B 1 
GPI-A 1 

GPI-B 1 
G3PDH 1,2 

IDH-AA 1 

IDH-AB 1 

IDIJ-BA 1,2 

IDH-BD 1,2 
LDH-AA 1 

LDH-AB 1 
MDH-A 1 

MDH-B 1,2,3 
PGM-A 1 

PGM-B 1 

PGM-C 1,2 

PGM-D 1 
SOD-A 1, 2, 3 



Enzyme systems paired for Gels 
elec~rophore~ic runs 

aldolase 
horizon~al 

power: 
21!0-350VDc 
40-65ma 

glycerol-3-phosphate ti:ne: 
dehydrogenase 4-5hrs 

ver-:lcal 
glucose phosphate power: 

isomerase ZOO-Z40VDc 
55-aoma 

lactate dehydrogenase time: 
16-l8hrs 

isocitrate ver-:ical 

dehydrogenase power: 
Z60-280VDc 
100-lSlma 

malate dehydrogenase time: 
l6-i8hrs 

pho·sphoglucomutase ver-::..cal 
power: 

superoxide dismutase 
Z70-280VDc 
90-i.40ma 

f 
tir.~e: 

l6hrs 

Appendix 5 
Enzyme sys~em s~ains 

Stain buffers 

0.5 M TRIS HCl 
pH 7.1 

0.5 M TRIS HCl 
iiH 7.1 

0.:!5 !1 TRIS I!Cl 
pH 7.0 

O.Ol!5Z diethanol-
amine pll 9.0 

O.OZS M TRIS HCl 
pH 8.0 

0.:!5 ~ TRIS HCl 
pH 8.0 · 

0.:!5 M TRIS HCl 
pH 8.0 

O.l25i. diethanol-
amine pH 9.0 

Gel and tray buffers 

Gel: 0.045 Hu!RIS HCl 
0.0!5 ~ borate 
0.001 ~ EDTA pH 7.0 

Tray: both 8. 6 
upper: 0.180 ~ TRIS 

0.100 ~borate 
0.004 ~ EDTA 

lower: 0.129 M TRIS 
0.071 E borate 
0.003 ~ EDTA 

Gel: 0.002 tt citric acid 
pll 6.9 

Tray: 0.04 ~ citric acid 
pH 6.9 

Gel: 0.0175 TRIS 
0.0058 !1 citric acid 
pH 6.9 

Tray: 0.075 ~ TRIS 
0.025 O.OZS !! citric 
acid pH 6.9 

Gel: 0.004 M TR!S 
0.001 H cit=ic acid -

Tray: 0.155 ~:?.IS 
0.043 M c::ric acid 
pH LO 

References 

Shaw & Prasad 1970 
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Shaw & Prasad 1970 

Schrock 

Phillip, Childers, 
and Whitt 1979 

Shaw & Prasad 1970 

Schrock 

OJ 
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Appendix 6 

Enzyme system scoring references 

1. Aldolase 

2. Glucose phosphate isomerase 

3. Glycerol-3-phosphate 
dehydrogenase 

4. Isocitrate dehydrogenase 

5. Lactate dehydrogenase 

6. Malate dehydrogenase 

7. Phosphoglucomutase 

8. Superoxide dismutase 

Horecker 1975: Penhoet 1966 

Avise ~nd Kitto 1974 

Engel et al. 1975 

Allendorf et al. 1975 

Clayton and Franzin 1970 

Bailey and Wilson 1970 

Champion et a1. 1975: 
Allendorf et al. 1977: 
Phillip (personal communication 

Allendorf et al. 1977· 
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Appendix 7 

Examples of gel scoring systems. 

.Example 1. 

monomer: 1 locus 
A locus: 1 allele 

------------
Al 

Example 3. 

dimer: 2 alleles 
A locus: 1 allele 
B locus: 1 allele 
hybridization of 
subunits 

-
-

genotype 

E;Kample 2 . 

monomer: 2 loci 
B locus: 2 alleles 
A locus: known in literature 

but low activity, rna 
be seen inconsistent 

. - . 

-------------------------
BlB2 

Example 4. 

dimer: 2 loci 
A locus: 2 alleles 
B locus: 2 alleles 
hybridization of 
subunits 

- B22 - Bl 1 B22 ---- A21B21 - B22 
~- A21Bl1 - A22 - Al1Bl1 - Al1A21 - Al2 

Al2 • origin 
-~-------------------- -------------------------

AlAl/8181 r;enotype AlA2/BlB2· 
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band diagrams for 
83, and 'Michigan 

Figure 1. Aldolase (liver). 
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Figure 2. Glucose phosphate isomerase (white muscle). 
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Figure 3. ' Glycerol-3-phosphate dehydrogenase ( 1 i ver) . 
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Figure 4. Isocitrate dehydrogenase (white muscle). 
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Figure 5. Isocitrate dehydrogenase {liver). 
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Figure 6. Lactate dehydrogenase (white muscle). 
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Figure 7. Ma 1~ te dehydrogenase (white muse le) - • 
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Figure 8. 
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Phosphoglucomutase ( 1 iver) . 
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Figure 9. Superoxide dismutase 
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