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ABSTRACT 

Collections of 60 or 22 rainbow smelt, Osmerus mordax, 

were obtained from each of six spawning sites in Green Bay 

and western Lake Michigan during the spawning season, April, 

1991 and April, 1992. Smelt were also collected from 

Crystal Lake, Michigan in June, 1990, and Lake Erie and 

Green Bay in summer, 1992. The smelt were assessed with 

isozyme electrophoresis and restriction fragment length 

polymorphisims (RFLP) of mitochondrial DNA (mtDNA) to 

determine the degree of genetic differentiation among the 

collection sites. Evidence of discrete stocks among 

locations was inconsistent and inconclusive 

Analysis of the products.of 4 isozyme loci from the 

1990 and 1991 sites provided some evidence of genetic 

differentiation. Evidence consistent with the existence of 

different stocks among sites was: 1) contingency chi-square 

tests of allele frequency heterogeneity among all loci 

indicated that the IDH-2 locus was significantly different; 

2) subsequent contingency chi-square tests of allele 

frequency heterogeneity at the IDH-2 locus revealed 

significant differences among·several collections; 3) the 

Little Bay de Noc sample was different at the IDH-2 locus 

from three other Green Bay sites, Days River, Turtle Creek 

and Green Island; 4) the Green Island collection was 

different from one other sample, Little Bay de Noc; 5) the 
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Green Island collection had low genetic identity and high 

genetic distance when compared to each of the other 

collections; and 6) consequently, the Green Island 

collection was not clustered on a dendrogram with any of the 

other five sites. 

Evidence that did not indicate different stocks among 

sites was: 1) the mean number of alleles and average 

heterozygosity per locus were similar among all collections; 

2) the highest F(ST) value (IDH-2 locus) indicated only 2.5% 

of the total genetic variation was due to differences among 

sites; 3) coefficients of genetic similarity and distance 

did not indicate existence of discrete genetic stocks among 

collections; and 4) unweighted pair group method (UPGM) 

clustering of genetic distances revealed no geographic 

relation among collections. 

Restriction fragment length polymorphisims (RFLP) 

analyses of mtDNA from the 1992 samples also provided 

inconsistent and inconclusive evidence of genetic 

differentiation among the collections. Some evidence for 

differentiation at the Green Island site was found. Green 

Island clonal line frequencies differed significantly from 

those of Turtle Creek and Little Bay de Noc; however, 

generally low levels of genetic variation were found both 

within and among collections. Unweighted pair group method 

clustering of mitochondrial DNA genotypes revealed two major 

clonal lines separated by a mean sequence divergence of only 

1.405%. Nucleon diversity index values were low 
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both among collections and for pooled data from all 

collections, suggesting that levels of genetic 

differentiation among collections were low. With the 

exception of Green Island, contingency chi-square tests of 

clonal line frequency heterogeneity also indicated no 

genetic difference among collections. No geographical 

relation among clonal line frequencies was evident among 

collections. 

Analyses of pooled data did not indicate genetic 

difference between Green Bay and Lake Michigan. Green Bay 

and Lake Michigan allele frequencies did not differ 

significantly, nor did Green Bay and Lake Michigan clonal 

line frequencies. Percentage of loci polymorphic and 

average heterozygosity at all loci were similar between 

Green Bay and Lake Michigan. Coefficients of genetic 

identity and distance between Green Bay and Lake Michigan 

indicated little difference. The mean F(ST) value indicated 

that ot the total variation observed at all loci, only 0.2% 

was due to differences between Green Bay and Lake Michigan. 
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INTRODUCTION 

In 1912 rainbow smelt Osmerus mordax were introduced 

into Crystal Lake in Benzie County, MI, from a population in 

Green Lake, ME. From Crystal Lake smelt spread to Lake 

Michigan becoming well established throughout the whole of 

Lake Michigan by the early 1930s (Van Costen 1937). 

Since then smelt have become an important component of 

the commercial and sport fishery in Lake Michigan and as a 

forage fish. The Lake Michigan commercial smelt fishery 

began in 1949 when 35,537 kg were taken. The commercial 

harvest fluctuated over the years, and by 1985 a trend 

towards increased catch each year was reported (Peeters 

1992). After 1985 the commercial harvest has averaged about 

651,000 kg per year (Peeters 1992). Within a short time 

after smelt were established in Lake Michigan, a smelt sport 

fishery began. Schnebeger (1937) described smelt carnivals 

held in Oconto and Marinette, WI, in the 1930s. Hawley and 

Bruch (1978) reported that 25,530 kg of smelt were taken 

from the Menominee River, WI, by sport fishermen in 1977. 

Jude et al. (1987), among others, found that smelt were an 

important food item in the diet of salmonids in Lake 

Michigan. 

In recent years harvest of smelt has declined, e.g., 

Hawley (1990) reported a sport catch of only 66 kg in 1990 

from the Menominee River, WI, and Red Arrow Park, WI. 
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Local declines such as that in the Menominee River suggest 

that the smelt population is composed of discrete genetic 

stocks. 

Bailey and Smith (1981) defined genetic stocks as local 

populations of a species that maintain recognizable genetic 

differentiation by separation of their spawning place or 

time. The existence and degree of genetic differentiation 

in the western Lake Michigan and Green Bay smelt population 

is unclear. Schreiner et al. (1984) found significant 

differences in allele frequencies at the serum transferrin 

(TFN) locus of smelt from several locations in western Lake 

Superior. Because smelt in Lake superior and Lake Michigan 

are believed to have originated from the same population 

(Van Costen 1937), and because of the findings, of Schreiner 

et al. (1984), it is possible that genetic differentiation 

exists in the western Lake Michigan and Green Bay smelt 

population. 

Objectives of this study were to: 1) assess the extent 

of genetic differences among spawning groups of smelt in 

Green Bay, and 2) assess the extent of genetic differences 

between smelt from western Lake Michigan and Green Bay. 

Managing the Green Bay and western Lake Michigan smelt 

population as a single stock if genetically discrete stocks 

exist could result in unequal exploitation of individual 

stocks. Larkin (1981) suggested that harvest regulations 

and management practices should be based on the population 
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dynamics of individual stocks. Preserving individual 

genetic stocks is also important in maintaining genetic 

diversity. Genetic diversity is recognized as a desirable 

component of natural populations (Kapuscinski and Philipp 

1988). 

Protein electrophoresis has been used to differentiate 

genetic stocks of fish because it is a relatively simple 

procedure, and it can provide data on a large sample at 

relatively low cost (Buth 1990). Electrophoretic studies of 

a number of species including chum salmon Oncorhynchus keta, 

(Beacham et al. 1985) cutthroat trout Salmo clarki clarki, 

(Campton and Utter 1987) sockeye salmon Oncorhynchus nerka, 

(Grant et al. 1980) and arctic char Salvelinus alpinus, 

(Kornfield et al. 1981) have identified genetic 

differentiation. Protein electrophoresis separates 

different forms of the same functional enzyme (isozymes) by 

electrically induced migration, usually in a starch gel 

medium. Histochemical staining of gels reveals banding 

patterns. From the banding patterns, alleles and allele 

frequencies can be inferred and used to distinguish genetic 

differences. 

More recently the analysis of variation in 

mitochondrial DNA fragments after digestion with restriction 

enzymes has gained widespread use. The use of mitochondrial 

DNA to characterize genetic variation offers several 

advantages over protein electrophoresis. Restriction 
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enzymes allow examination of variation at the nucleotide 

level. Grewe and Hebert (1988) estimated that two thirds of 

nucleotide variation is unidentifiable by protein 

electrophoresis because nucleotide substitutions do not 

always produce isozymes or isozymes, when produced, do not 

differ in electrophoretic mobility. The possibility of 

detecting even small variations in mitochondrial DNA is 

enhanced by the fact that mitochondrial DNA evolves at 

approximately 10 times the rate of nuclear DNA (Brown et al. 

1979). 

Restriction enzymes recognize and cut the DNA molecule 

at specific five or six base pair sequences. Fragments are 

separated according to size via electrophoresis on agarose 

gels. Genetic variation in the mitochondrial DNA is 

reflected by different fragment patterns. 

MATERIALS and METHODS 

smelt Collections 

Sixty smelt were collected from each of six sites in 

western Lake Michigan and Green Bay in 1991, and 22 smelt 

were collected from each of seven sites in 1992 (Figure 1). 

Smelt collected in 1991 were used for isozyme 

electrophoresis; smelt collected in 1992 were used for 

mitochondrial DNA analysis. Personnel of the Wisconsin 
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) designates smelt collected for isozyme electrophoresis 
designates·smelt collected for mitochondrial DNA analysis 

(Days River). 

(Little Bay DuNoc).__,.--

Green 

(Red Arrow Park--~ 

(Turtle 

(Green Island),~---

(Whitefish Bay Creek) 

Lake Michigan 
GREEN. BAY 

Point Beach state Forest . 
TWO RIVERS 

Figure 1. Smelt collection sites in western Lake Michigan and 
Green Bay in 1991 and ~992. 



6 

Department of Natural Resources, commercial fishermen, and 

students of the University of Wisconsin-Stevens Point 

collected smelt using several kinds of gear (Appendix 1). 

In addition, 23 smelt were collected in June, 1990 from 

Crystal Lake in Benzie County, MI, by personnel of the 

Michigan Department of Natural Resources, and 22 smelt were 

collected in September, 1992, (Appendix 1) from Lake Erie by 

personnel of the Ohio Department of Natural Resources. 

Twenty two smelt were collected in Green Bay in August of 

1992 by commercial fishermen. 

Smelt were collected in western Lake Michigan and Green 

Bay during the spring smelt spawning run. Collections from 

these sites may represent smelt segregated into discrete 

genetic stocks. Ihssen et al. (1981) recommended collecting 

during a fish's reproductive period for studies to 

distinguish discrete genetic stocks. The Crystal Lake and 

Lake Erie collections allowed comparison of genetic 

variation of Lake Michigan and Green Bay samples to genetic 

variation of smelt from geographically different 

populations. The collection from Green Bay in August 1992 

may have been composed of mixed genetic stocks. 

J:sozyme Methods 

Immediately after collection, smelt were placed in 

plastic bags and the bags placed in ice for transportation 

I 
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to the Stevens Point campus. Smelt were stored at -60 C for 

2 to 11 months. They were partially thawed on ice, and 

about 3 g of white muscle was removed from each fish. Each 

tissue sample was divided in half and placed in a 5 ml 

polyproplyne tube with 0.1 M Tris-HCL buffer in a 3:1 

buffer:tissue ratio. One tissue sample was either 

homogenized immediately or refrozen at -60 c until 

homogenization 2 to 6 months later. 

Frozen tissue samples were thawed on ice and 

homogenized with a motor driven teflon pestle in an iced 15 

ml Wheaton tube. Then 1.0 ml of 0.1 M Tris-HCL buffer was 

added and the homogenates were centrifuged at 9,000 rpm for 

30 minutes in a 4 c centrifuge. The lipid layer was removed 

with a pipette attached to a suction pump. The supernatant 

was decanted, divided into 2 aliquots, placed in 5 ml 

polyproplyne tubes, and refrozen at -60 c. An aliquot and a 

tissue sample from each smelt and the remainder of each 

smelt were stored at -60 Casa repository for replicative 

electrophoresis. 

Electrophoretic assay of three enzyme systems, 

glucose phosphate isomerase (GPI), isocitrate dehydrogenase 

(IDH), and glycerol-3-phosphate dehydrogenase (G3PDH) (Table 

1), was completed within 20 months of sample homogenization. 

Enzyme systems were chosen for assay on the basis of optimal 

electrophoretic resolution of bands on the gel after 

preliminary tests in our laboratory. 
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Table 1. Enzyme systems studied in smelt by isozyme 
electrophoresis. 

Enzyme system 

glucose phosphate 
isomerase 
(GPI) 

isocitrate 
dehydrogenase 
(IDH) 

glycerol-3-
phosphate 
dehydrogenase 
(GJPDH) 

Enzyme council Structure 
number 

5.3.1.9. dimeric 

1.1.1.42. dimeric 

1.1.1.8. dimeric 

Locus 

GPI-1 
GPI-2 

IDH-2 

GJPDH 
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Enzymes were separated by electrophoresis on vertical 

17.4% potato starch gels by the methods of Whitmore (1990). 

Gel and tray buffers for each enzyme system were prepared 

according to Siciliano and Shaw (1976; Appendix 2). 

Duration, voltage, and amperage of electrophoresis runs were 

determined by preliminary tests in our laboratory. Stains 

were prepared according to methods developed by Siciliano 

and Shaw (1976), and Whitmore (1990). Color photographic 

slides were taken of each gel. Gels were scored from these 

slides according to models for various vertebrates (Avise 

and Kitto, 1974; Fisher et al., 1980; Schreiner et al., 

1984; Siciliano and Wright, 1973) based on each enzyme 

system's known molecular structure and tissue source. Any 

bands exhibiting poor, incomplete, or questionable staining 

were considered unscoreable. Locus designation was assigned 

to each enzyme system based on conventional isozyme 

nomenclature (Allendorf and Utter 1979). Direct counts of 

genotypes were determined for each locus and analyzed. 

Allele frequencies (Appendix 3) were used to compare 

genetic variation among samples and to generate other 

measures of genetic variation. The Biosys computer program 

(Swofford and Selander 1981) was used to: generate various 

measures of genetic variation, test for conformance to 

Hardy-Weinberg equilibrium, compute F-statistics, perform a 

Chi-square test of allele frequency heterogeneity on a 

contingency table, generate coefficients of genetic 
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similarity and identity, and construct dendrograms. 

Significance for any measures of genetic variation involving 

probability was accepted at probabilities< 0.05. 

Three measures of genetic variability were obtained for 

each collection to compare genetic variation among 

collections. The first measure was a direct count of the 

average heterozygosity for each locus. Average 

heterozygosity values were also used for testing for 

conformance to Hardy-Weinberg equilibrium. Second, the 

average number of alleles per locus was determined as a 

measure of the relative fixation of each allele in a sample. 

Values of average number of alleles per locus range from 1.0 

(fixation of one allele at each locus) to values greater 

than 1.0 indicating the presence of multiple alleles at each 

locus. The third measure of genetic variability was the 

percentage of loci that were polymorphic at the 0.95 

criterion level. (At the 0.95 criterion level a locus is 

considered polymorphic if the frequency of the most common 

allele does not exceed 0.95). Percentage of polymorphic 

loci range from 0 (all loci monomorphic) to 100 (all loci 

polymorphic). 

A Chi-square, goodness of fit test was performed for 

each polymorphic locus in a collection to test for 

conformance to Hardy-Weinberg equilibrium. The Chi-square 

test employed the correction of Levene (1949) for small 

sample size. A Chi-square value was determined from the 
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observed genotype frequencies compared to the genotype 

frequencies expected under Hardy-Weinberg equilibrium. At 

each locus tested, a Chi-square value with a probability< 

0.05 was considered to indicate a significant deviation from 

Hardy-Weinberg equilibrium. 

F statistics, coefficients of inbreeding, were computed 

for each polymorphic locus to relate changes in levels of 

heterozygosity among individuals relative to subpopulations, 

to the total population, and subpopulations relative to the 

total population (Wright 1978). 

F(IS) is a coefficient that measures effects of 

nonrandom breeding in a subpopulation relative to an 

individual (Hartl 1981). Values of F(IS) range from -1.0 to 

1.0. The degree of nonrandom breeding in subpopulations 

increases as F(IS) values approach 1.0, indicating reduction 

of heterozygosity in individuals. Values of F(IS) are 

usually positive although negative values can occur. 

Negative F(IS) values indicate disassortive mating in 

subpopulations and consequent heterozygote excess (Wright 

1978). 

F(IT) is the inbreeding coefficient of an individual 

relative to all subpopulations (Hartl 1981). Values of 

F(IT) also range from -1.0 to 1.0. Although usually 

positive, values of F(IT) can be negative, indicating little 

or no systematic subdivision (Wright 1978). Positive values 

of F(IT), which are equal to F(ST), indicate systematic 
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subdivision of the total population (Wright 1978). 

F(ST) measures the proportion of genetic variation in 

the total population that is caused by genetic 

differentiation among subpopulations (Hartl 1981). Hartl 

(1981) suggested that F(ST) values could be used to measure 

the degree of subpopulation division in the total population 

and provided an assessment of F(ST) values. F(ST) values of 

0.05 to 0.15 indicate moderate differentiation, 0.15 to 0~25 

indicate great differentiation, and F(ST) values larger than 

0.25 indicate very great differentiation (Hartl 1981). 

A Chi-square test of allele frequency heterogeneity was 

performed on a contingency table to detect significant 

differences among loci. Loci exhibiting significant 

differences in allele frequency heterogeneity were then 

tested, collection against collection, with a Chi-square 

test on a contingency table to determine significant 

differences in allele frequency among collections. 

One coefficient of genetic identity and two 

coefficients of genetic distance were computed for each 

sample. Coefficients are often difficult to interpret, 

because their values are relative. Two coefficients of 

genetic distance were computed to aid interpretation. 

Genetic identity is the probability that an allele chosen at 

random from two populations will be identical relative to 

the probability that two alleles chosen at random from one 

population will be identical (Hartl 1981). Values of the 
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genetic identity (I) coefficient Nei (1972) range from zero 

to l; zero indicates the collections have no alleles in 

common, and 1 indicates the same allele frequencies between 

collections. Nei's (1972) genetic distance (D) coefficient 

is computed as -ln (I). The second coefficient of genetic 

distance, Cavalli-Sforza and Edwards (1967) chord distance, 

was computed to identify subtle differences undetected by 

Nei's genetic distance and for use in constructing 

dendrograms. Cavalli-Sforza and Edwards chord distance 

differs from Nei's distance in that it takes the square 

roots of allele frequencies and locates them in a 

hypersphere with the genetic distance being the chord 

measurement between these points (Wright 1978). Genetic 

distance values range from zero to 1, zero indicating no 

genetic distance between collections, and 1 indicating great 

genetic distance between collections. 

A dendrogram of Cavalli-Sforza and Edwards chord 

distance coefficients was constructed by the unweighted 

pair-group method (UPGM) (Sneath and Sokal 1973). The UPGM 

method removes and joins the two collections with the lowest 

distance from a matrix of genetic distances of all 

collections, reforms the matrix minus one row and one 

column, and then repeats the process until the dendrogram is 

complete. 
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Mitochondrial DNA Methods 

Immediately after capture, smelt were wrapped in 

aluminum foil and either frozen in liquid nitrogen or put on 

ice for transport to the Stevens Point campus. They were 

then stored at -soc until mitochondrial DNA isolation, 1 to 

2 months later. 

Mature eggs were the tissue used for mitochondrial DNA 

analysis from smelt collected during their spawning run. 

Eggs are considered the best tissue to use as a source of 

mitochondrial DNA (Chapman and Powers 1984). Liver tissue 

was used as a source of mitochondrial DNA from smelt 

collected when eggs were not present. 

Mitochondrial DNA was isolated from smelt with the 

phenol chloroform method developed by Chapman and Powers 

(1984; Appendix 4). The phenol chloroform method does not 

yield DNA in as high a quantity or quality as the cesium 

chloride method, but the phenol chloroform method is faster 

since it does not require ultra-centrifugation. 

Smelt were partially thawed on ice and either a maximum 

of about 5 g of mature eggs or entire livers were removed. 

Then the tissue was homogenized with a motor driven teflon 

pestle in 2 ml of cold TEK buffer in an iced 15 ml Wheaton 

tube. Homogenization was limited to two or three passes of 

the teflon pestle at low speed to minimize nuclear membrane 
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rupture and consequent contamination of the homogenate with 

nuclear DNA. The remainder of each smelt was refrozen at 

-60 c as a source of tissue for replicative mitochondrial 

DNA analysis. Homogenates were placed in a 38 ml 

polycarbonate centrifuge tub~, and an additional 13 ml of 

ice cold TEK was added to the homogenate. Homogenates were 

underlaid with 7 ml of 15% sucrose with a long stem pasteur 

pipette passed through the homogenate and slow release of 

sucrose at the bottom of the tube. Homogenates were then 

centrifuged twice at 1,000 x g for 20 minutes at 4 C to 

pellet cell membranes, nuclei, and cellular debris while 

leaving intact mitochondria suspended in the supernatant. 

The supernatant was decanted and centrifuged twice at 18,000 

x g for 30 minutes at 4 C to pellet mitochondria. 

Mitochondrial membranes were lysed to release DNA by 

addition of 0.5 ml of a 10% non-idet-TEK solution. After 

lysis the non-idet-TEK solution was transferred to a 1.5 ml 

microcentrifuge tube and 0.5 ml of buffered phenol was added 

to precipitate proteins. The microcentrifuge tube was 

centrifuged at 11,750 x g for 5 minutes. The upper aqueous 

phase, containing the mitochondrial DNA, was drawn off. If 

the upper phase was cloudy (indicating unprecipitated 

proteins) a second or third addition of phenol was repeated 

until all proteins had been precipitated. To remove traces 

of phenol, 0.5 ml of chloroform was added before 

centrifugation at 11,750 x g for 5 minutes. The upper 
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aqueous phase containing mitochondrial DNA was transferred 

to a 1.5 ml microcentrifuge tube. Then 1.0 ml of 95% 

ethanol was added, and the mitochondrial DNA was allowed to 

precipitate overnight at -20 c. Mitochondrial DNA was 

pelleted by centrifuging at 11,750 x g for 15 minutes, 

washed with cold 70% ethanol, repelleted, the ethanol 

decanted, and the pellet allowed to dry. The pellet was 

resuspended in 0.25 ml of sterile TE buffer, divided into 18 

ul aliquots, and refrozen at -60 c. 

Mitochondrial DNA was restricted with 1 multi-hexameric 

(BstE II) and 9 hexameric restriction enzymes (Appendix 5) 

following the recommendations of the supplier, Promega of 

Madison WI. Mitochondrial DNA fragments were separated on 

0.8% agarose gels by the methods of Maniatis et al. (1982). 

Voltage and duration of electrophoresis for optimal 

separation of mitochondrial DNA fragments were determined 

from preliminary tests with molecular weight standards in 

our laboratory. Mitochondrial DNA fragments were stained 

with ethidium bromide, and each gel was photographed in 

black and white under UV light. 

When DNA was insufficient in quantity or quality to see 

under UV light; DNA was transferred to nylon membranes 

(magnagraph, Fisher Scientific) via Southern blotting in 

preparation for detection by a non-radioactive labeled 

probe. 

A nonradioactive chemiluminescence method (Genius 
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provided by Borheinger Manheim) was used to detect 

mitochondrial DNA on nylon membranes. The mitochondrial DNA 

was labeled with DIG-dUTP via a random primed labeling 

reaction. The labeled mitochondrial DNA probe was 

hybridized to mitochondrial DNA fragments present on the 

nylon membrane by incubation overnight at 65 c. The 

hybridized DNA was then immune-detected with an alkaline 

phosphatase-conjugated anti-digoxigen antibody (Hoover et 

al. 1990). Detection was accomplished by addition of a 

chemiluminescent compound, Lumi-phos 530. Five or six drops 

of Lumi-phos 530 (Borheinger Manheim) were distributed 

across each side of the nylon membrane. Lumi-phos reacted 

with the immune-detected mitochondrial DNA producing a light 

signal. Mitochondrial DNA fragments were observed by 

exposing X-ray film (Kodak X-omat RP) to the Lumi-phos light 

signal. 

Hind III digest as well as Hind III, EcoR I double 

digests of Lambda DNA were included in the gels as molecular 

weight standards. A semi-log curve of migration distance of 

Lambda DNA fragments was used to estimate molecular weight, 

and therefore base pair length of the mitochondrial DNA 

fragments. Each fragment pattern discovered with a 

restriction enzyme was assigned a letter (Appendix 5). 

Letters were assigned in alphabetical order according to the 

order in which unique fragment patterns were discovered. 

Composite, 10 letter, genotypes for the 10 restriction 
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enzymes were then compiled (Bentzen et al., 1989; Bernatchez 

et al., 1988). 

Statistical measures of genetic variation were computed 

within and among collections. Measures of genetic variation 

were computed from frequencies of genotypes in collections 

and occurrence of sha~ed fragments among genotypes. 

Significance for any measure of genetic variation involving 

probability was accepted at probabilities< o.os. 

A nucleon diversity index was calculated for each 

sample and the total of all collections pooled. The nucleon 

diversity index of Nei and Tajima (1981) was calculated as: 

l: 
h = n (1 - i=l x/)I (n - 1), 

where: 

h = nucleon diversity 

n = sample size 

x = sample frequency of the i th genotype 

Nucleon diversity values range from zero to 1.0. An index 

of zero indicates the occurrence of only one genotype in the 

sample. Nucleon diversity values greater than zero indicate 

more than one genotype in a collection. 

Sequence divergence among genotypes was calculated 

according to the methods of Nei and Li (1979). Sequence 

divergence, expressed as a percentage, measures the 
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percentage of base substitutions among genotypes. 

First the proportion of shared fragments {Nei and Li 

1979) is determined as: 

s = 2nxy / {nx + ny), 

where: 

S = proportion of shared fragments 

nxy = number of fragments shared by genotypes 

nx = number of fragments in the x genotype 

ny = number of fragments in they genotype 

The proportion of shared fragments is then used in the 

equation of Nei and Li {1979) to determine sequence 

divergence: 

p = [-(ln S)] / r 

where: 

p = sequence divergence 

S = proportion of shared fragments 

r = number of base pairs in the restriction enzyme 

recognition site 

Percent sequence divergence= l00p 

Values of percent sequence divergence range from zero to 

100; zero indicating no difference in base sequence between 
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genotypes and higher values indicating differences in base 

sequence between genotypes. 

Percent sequence divergence values were then tabulated 

in a matrix, and the matrix clustered to construct a 

dendrogram by the unweighted pair group method (Sneath and 

Sokal 1973). The purpose of the dendrogram is to group 

similar genotypes in clonal lines. 

A pie chart of clonal line frequencies for each 

collection was constructed. To detect possible relations 

among the clonal line frequencies and geographic locations, 

the pie charts were superimposed on a map of Green Bay and 

western Lake Michigan 

A contingency Chi-square test was performed to detect 

significant differences in genotype frequencies among sites. 

The Monte Carlo method of Roff and Bentzen (1989) was used . 

to compensate for small sample size, particularly the Green 

Bay and Lake Erie collections with 5 and 6 individuals, 

respectively. Roff and Bentzen (1989) suggested that Chi

square values resulting from contingency tables with small 

samples may be inflated. The common solution to this 

problem is to pool data, but this may obscure heterogeneity, 

reducing the power of the statistical test (Roff and Bentzen 

1989). The Monte Carlo method generates the distribution of 

chi-square expected if the null hypothesis were true for the 

data set being considered (Roff and Bentzen 1989). The 

method performs a large number of randomizations of cell 
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values in the contingency table. A restriction placed on 

these randomizations is that the row and column totals must 

remain the same as those of the original contingency table. 

The probability of obtaining a value of chi-square as large, 

or larger, than that observed is determined by considering 

all possible arrangements of the data (Roff and Bentzen 

1989). The associated probability is the number of times 

the randomized Chi-square value exceeds the observed Chi

square value divided by the number of randomizations. One 

thousand randomizations were performed for each pair wise 

comparison. 

Pooling of Data 

Data were pooled to assess the degree of genetic 

differentiation between samples from Lake Michigan and Green 

Bay; data from Green Bay sites were pooled as were those 

from Lake Michigan. Data from isozyme electrophoresis 

(Appendix 6) and mitochondrial DNA analysis (Appendix 7) 

were pooled separately. Statistical analysis and measures 

of genetic variation were determined from allele frequencies 

and mitochondrial DNA genotype frequencies to assess the 

degree of genetic differentiation between Lake Michigan and 

. Green Bay. Statistical analysis and measures of genetic 

variation were the same as those for the unpooied data with 

the exceptions of clustering for dendrograms, construction 
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of a pie chart map of mitochondrial DNA clonal line 

frequencies, and computed percent sequence divergence. With 

only two samples, a dendrogram and a pie chart map of clonal 

line frequencies would provide little information. Percent 

sequence divergence was not computed because it is 

calculated among mitochondrial genotypes, which re~ain 

unchanged when data are pooled. 

RESULTS AND DISCUSSION 

Results were insufficient to identify discrete genetic 

stocks among the collections studied although both isozyme 

electrophoresis and mitochondrial DNA analysis provided some 

evidence of significant differences of several measures of 

genetic variation among collections. The Green Island 

collection had significant differences with several other 

collections, but the majority of evidence indicated little 

or no genetic differentiation because of lack of significant 

differences in genetic characteristics among collections. 

Isozyme Electrophoresis 

In all collections an average of 47.75 smelt were 

scoreable for each locus. All loci had scoreable bands for 

all collections. Electrophoresis of three enzyme systems 

(Table 1) revealed four loci. The IDH and G3PDH systems 



23 

each possessed a single locus. The GPI system had two loci, 

a slower migrating form, designated GPI-2 and a faster 

migrating form designated GPI-1. Frequently the two GPI 

loci formed a heterodimer, a third form intermediate in 

migration between GPI-2 and GPI-1 (Whitmore 1990). There 

were no alleles unique to the Crystal Lake collection. 

Because it was similar to all other collections, the Crystal 

Lake collection was not useful for interpreting isozyme 

data. 

Genetic Variation 

Measures of genetic variation (average number of 

alleles per locus, percent loci polymorphic, and average 

heterozygosity per locus) varied among the collections 

(Table 2). The mean number of alleles, similar among sites, 

exceeded 1.0 for all collections, indicating the presence of 

an average of more than one allele among all loci in all 

collections. Four collections were monomorphic indicating 

that none of the loci were polymorphic at the 0.95 

criterion. The three remaining collections ranged from 25-

50% loci polymorphic. Green Island had a greater level of 

polymorphism than the other sites. Average heterozygosity 

ranged from 0.021 to 0.044. The Green Island sample had the 

greatest heterozygosity. 
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Table 2. Genetic variability at all loci, standard errors 
in parentheses 

isozyme, smelt collected in 1991 

------------------------------------------------------------Mean sample Mean no. Percentage Mean 
size per of alleles of loci hetero-

Collection locus per locus polymorphic8 zygosityb 
------------------------------------------------------------
Little Bay 58.3 1.8 o.o 
de Noc (0.5) (0.5) 

Red Arrow 56.5 2.3 o.o 
Park (0.9) (0.5) 

Days 55.8 2.0 25.0 
River (2. 5) (0. 0) 

Turtle 46.3 2.3 25.0 
Creek (4.3) (0.3) 

Green 58.0 2.3 50.0 
Island (0.4) (0.5) 

Whitefish 28.8 1.5 0.0 
Bay Creek ( 5 .1) (0.3) 

Crystal 16.8 1.5 0.0 
Lake ( 3 .1) (0.3} 

a 
a locus is considered polymorphic if the frequency 
of the most common allele does not exceed 0.95 

b 
direct count of heterozygotes 

0.021 
(0.013) 

0.027 
(0.011) 

0.033 
(0.023) 

0.038 
(0.006) 

0.044 
(0.027) 

0.040 
(0.023) 

0.025 
(0.015} 
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Conformance to Hardy-Weinberg Equilibrium 

Significant Chi-square values from the test of 

conformance to Hardy-Weinberg equilibrium were observed at 

the GPI-1 and IDH-2 loci (Table 3 and Appendix 8). IDH-2 

allele frequencies deviated significantly from those 

expected under Hardy-Weinberg equilibrium at Red Arrow Park, 

Days River, Turtle Creek and Green Island. The Red Arrow 

Park collection also deviated significantly from Hardy

Weinberg equilibrium at the GPI-1 locus. Deviation from 

Hardy-Weinberg equilibrium indicates one or more of the 

assumptions underlying Hardy-Weinberg equilibrium are not 

met, or genetic subdivision exists in the collection tested. 

Assumptions are, little or no migration among populations, 

random mating, large population size, little or no mutation, 

and natural selection does not affect the locus being 

considered. Data from this study did not suggest that 

natural selection of isozymes was occurring among the smelt 

studied although other studies have provided evidence of 

natural selection for isozymes. suzumoto et al. (1977) 

documented a relation between TFN phenotypes and resistance 

to kidney disease in coho salmon, Oncorhynchus kisutch, and 

Reinitz (1977) found differential weight gain in rainbow 

trout, Salmo gairdneri, associated with TFN phenotypes. 
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Table 3. Summary of chi-square tests for conformance to 
Hardy-Weinberg equilibrium. 

isozyme, smelt collected in 1991 

Collection 

Little Bay de Noc 

Chi-square 

p 

Red Arrow Park 

Chi-square 

p 

Days River 

Chi-square 

p 

Turtle Creek 

Chi-square 

p 

Green Island 

Chi-Square 

p 

White Fish 
Bay Creek 

Chi-square 

p 

Crystal Lake 

Chi-square 

p 

G3PDH 

0.027 

0.999 

0.028 

0.868 

0.110 

0.740 

0.009 

0.926 

0.207 

0.649 

0.042 

0.837 

0.000 

1.000 

GPI-2 

**** 

**** 

**** 

**** 

0.000 

1.000 

0.000 

1.000 

**** 

**** 

**** 

**** 

**** 

**** 

**** indicates monomorphic loci 

GPI-1 

0.009 

0.926 

115.009 

0.000 

0.000 

1.000 

0.013 

0.910 

0.009 

1.000 

**** 

**** 

0.000 

1.000 

IDH-2 

**** 

**** 

107.019 

0.000 

70.020 

0.000 

52.251 

0.000 

108.521 

0.000 

0.043 

0.835 

**** 

**** 
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F Statistics 

F statistics (Table 4) indicated little genetic 

difference among collections. F(IS) values, a measure of 

inbreeding in a collection ranged from -0.011 to 0.662, 

among loci. The negative F(IS) values for G3PDH and GPI-2 

indicate random mating in populations (Wright 1978). F(IT) 

values, a measure of the inbreeding in the total population 

were similar to F(IS) values. The negative values of F(IT), 

also for G3PDH and GPI-2, indicate little division in the 

total group of collections (Wright 1978). The large values 

of F(IS) and F(IT), observed at the IDH-2 locus suggest 

genetic differentiation at the IDH-2 locus. However, the 

F(IT) and F(ST) values at the IDH-2 locus, 0.671 and 0.025, 

respectively, were unequal, indicating little genetic 

subdivision of the total population. F(ST) values offered 

no evidence of high or even moderate levels of genetic 

differentiation among collections. F(ST) values indicated 

that of the total variation observed at the IDH-2 locus, 

only 2.5% was due to variation among locations, and F(ST) 

values were lower for the other loci. Both mean and 

individual locus F(ST) values for all loci were below 0.05. 

Hartl (1981) defined F(ST) values in the range 0.05-0.15, as 

indicating only moderate differentiation. 
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Table 4. summary of F-statistics at all loci. 

isozyme, smelt collected in 1991 

Locus 

G3PDH 
GPI-2 
GPI-1 
IDH-2 

Mean 

F(IS) 

-0.042 
-0.011 

0.125 
0.662 

0.285 

F(IT) 

-0.033 
-0.003 

0.132 
0.671 

0.296 

F(ST) 

0.009 
0.008 
0.008 
0.025 

0.015 



29 

Chi-square test of allele frequency heterogeneity 

Significant differences in allele frequency among all 

loci were observed only at the IDH-2 locus (Table 5). 

Although several sites had significantly different 

allele frequencies at the IDH-2 locus (Table 6), evidence of 

genetic stocks was inconclusive because no site had 

significantly different allele frequencies with all other 

sites. The Little Bay de Noc collection was significantly 

different from three other collections: Days River, Turtle 

Creek and Green Island. At the IDH-2 locus Little Bay de 

Noc was monomorphic, the other sites, with the exception of 

Crystal Lake, were polymorphic (Appendix 3). Turtle Creek 

was significantly different from Days River and Green 

Island. Turtle Creek possessed an allele (A) that did not 

occur in the Days River and Green Island collections 

(Appendix 3). Conversely the Green Island sample possessed 

an allele (D) that was not found at Turtle Creek or at any 

other site. However, the unique allele at Green Island 

occurred at low (0.025) frequency; that allele may have 

occurred at the other sites, but in such low frequency that 

it was not found in samples in this study. 
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Table 5. contingency chi-square analysis at all loci 

isozyme, smelt collected in 1991 

Chi-square values with a probability <0.05 were considered 
significant 

Locus 

G3PDH 
GPI-2 
GPI-1 
IDH-2 

(Totals) 

No. of 
alleles 

3 
2 
3 
4 

Chi-square 

17.238 
4.440 
9.345 

47.499 

78.521 

D.F. 

12 
6 

12 
18 

48 

p 

0.14086 
0.61741 
0.67323 
0.00018 

0.00356 
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Table 6. Matrix of contingency chi-square values from tests 
of allele frequency heterogeneity at the IDH-2 locus. 

isozyme, smelt collected in 1991 

Collection LBDN RAP DR TC GI WBC CL 

Little Bay 4.24 4 .42* 10. 7* a. a1* 3.92 0.00 
de Noc 

Red Arrow 2.68 3.12 6.69 2.11 0.60 
Park 

Days River 7. 7* 3.00 0.03 0.62 

Turtle Creek 11. 21* 5.57 1.59 

Green Island 2.04 1.29 

Whitefish Bay 0.66 
Creek 

crystal Lake 

* indicates significantly different chi-square values at the 
0.05 probability level. 
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Coefficients of genetic similarity and distance 

Nei's (1972) genetic distance (D) and genetic identity 

(I) (Table 7) indicated little genetic distance and large 

genetic identity among collections. The largest genetic 

distance was 0.002, found both between Turtle Creek and 

Little Bay de Noc and between Turtle Creek and crystal Lake. 

Genetic distance values can range from o.o to 1.0; genetic 

distances of 0.001 or 0.002 indicate very little genetic 

difference. The smallest genetic identity was 0.998 between 

Turtle Creek and Little Bay de Noc and between Turtle Creek 

and Crystal Lake. Genetic identity values range from o.o to 

1.0; those approaching 1.0 indicate genetic similarity. 

Cavalli-Sforza & Edwards (1967) chord distances (Table 

8) indicated greater levels of genetic distance than Nei's 

genetic distance. Again the largest distances were between 

Turtle Creek and Little Bay de Noc and between Turtle Creek 

and Crystal Lake. A distance value of 1.0 indicates high 

levels of genetic differentiation, the low values associated 

with Turtle Creek, maximum of 0.129, suggest little genetic 

differences between the collections. 
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Table 7. Matrix of genetic identity and distance 
coefficients. 

isozyme, smelt collected in 1991 

Below diagonal: Nei (1972) genetic distance 

Above diagonal: Nei (1972) genetic identity 

------------------------------------------------------------
Collection LBDN RAP DR TC GI WBC CL 

------------------------------------------------------------
Little ***** 1.000 0.999 0.998 0.999 0.999 1.000 
Bay de Noc 

Red Arrow 0.000 ***** 1.000 0.999 0.999 1.000 1.000 
Park 

Days 0.001 0.000 ***** 0.999 1.000 1.000 0.999 
River 

Turtle 0.002 0.001 0.001 ***** 0.999 0.999 0.998 
Creek 

Green 0.001 0.001 0.000 0.001 ***** 1.000 0.999 
Island 

Whitefish 0.001 0.000 0.000 0.001 0.000 ***** 0.999 
Bay Creek 

crystal 0.000 0.000 0.001 0.002 0.001 0.001 ***** 
Lake 

------------------------------------------------------------
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Table 8. Matrix of Cavalli-Sforza & Edwards (1967) chord 
distance 

isozyme, smelt collected in 1991 

Collection LBDN RAP DR TC GI WBC 

Little ***** 
Bay de Noc 

Red 0.083 ***** 
Arrow Park 

Days 0.104 0.072 ***** 
River 

Turtle 0.129 0.072 0.093 ***** 
Creek 

Green 0.114 0.079 0.067 0.118 ***** 
Island 

Whitefish 0.094 0.071 0.042 0.107 0.068 ***** 
Bay Creek 

Crystal 0.047 0.069 0.095 0.126 0.102 0.085 
Lake 

CL 
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Dendrogram of Cavalli-Sforza and Edwards chord distance. 

Clustering of genetic distances (Figure 2) did not 

reveal any geographic stock structuring among sites. The 

Little Bay de Noc collection clustered closer to Crystal 

Lake than to any other Green Bay or Lake Michigan 

collection. Days River, a tributary of Little Bay de Noc, 

clustered closer to Whitefish Bay Creek, a Lake Michigan 

tributary, than to Little Bay de Noc. Green Island, in the 

middle of Green Bay, did not cluster with any other site. 

Mitochondrial DNA Analysis 

Three genotypes were revealed by mitochondrial DNA 

analysis. Eight of the 10 restriction enzymes produced a 

single fragment pattern. The restriction enzymes Apa I and 

BstE II each produced polymorphic fragment patterns. Three 

mitochondrial DNA genotypes were observed, which I 

designated AA, BA and BB (Table 9). These capital letters 

correspond to different fragment patterns produced by the 

Apa I and BstE II restriction enzymes. The AA genotype 

possessed the A fragment pattern generated by the Apa I 

restriction enzyme and the A fragment pattern generated by 

the BstE II restriction enzyme. The BA genotype possessed 

the B fragment pattern generated by the Apa I restriction 
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************************ LBDN 
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**************************** 
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* 
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* ************************************* RAP 
* * 
* ********** 
* * * 
* 
* 

* 
* 

************************************* TC 

****** 
* 
* 
* 
* 
* 

********************** DR 
* ************** 

* * 
************ 

* 
********************** WBC 

* 
* *********************************** GI 

-+----+----+----+----+----+----+----+----+----+----+ 
.10 .08 .06 .04 .02 .oo 

isozyme, smelt collected in 1991 

Figure 2. Dendrogram of Cavalli-Sforza and Edwards chord 
distances clustered by the unweighted pair group method. 
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Table 9. Numbers of mitochondrial DNA genotypes in each 
collection. 

eggs, 1992 

Location 

Genotypes• PBSF WBC TC GI LBDN DR GB LE total 
------------------------------------------------------------AAAAAAAAAAAA 7 9 5 12 5 6 3 2 49 

BAAAAAAAAABA 9 11 15 8 14 12 2 4 75 

BABAAAAAAA88 1 1 

a 
letters in composite genotypes represent fragment patterns 
generated by restriction enzymes in the following order; 
Apa I, BamH I, BstE II, Ora I, EcoR I, EcoR V, Hind III, 
Kpn I, Pst I, Xba I. 
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enzyme and the A fragment pattern generated by the BstE II 

restriction enzyme. The BB genotype possessed the B 

fragment pattern generated by the Apa I restriction enzyme 

and the B fragment pattern generated by the BstE II 

restriction enzyme. Only one smelt possessed the B fragment 

pattern (Table 9) generated by the BstE II restriction 

enzyme. 

Patterns produced by digestion of mitochondrial DNA 

varied among restriction enzymes used. The restriction 

enzyme Apa I generated two fragment patterns that occurred 

in various frequencies in all collections. Uncut 

mitochondrial DNA typically forms three bands on the agarose 

gels. Hauswirth et al. (1987) described uncut mitochondrial 

DNA as forming three conformations, supercoiled, nicked 

circular, and linear. Three of the restriction enzymes Xba 

I, EcoR I and BamH I, had a single recognition site in the 

mitochondrial DNA molecule. They, therefore, each cut the 

mitochondrial DNA molecule once resulting in a single 

fragment of about 16.8 kilobases. One restriction enzyme 

Kpn I had no recognition site with the mitochondrial .DNA 

molecule; agarose gels of Kpn I digests showed the three 

bands typical of uncut mitochondrial DNA.· The restriction 

enzymes Ora I, EcoR V, Hind III, and Pst I all produced 

monomorphic fragment patterns. 

The Lake Erie collection was of limited value in the 

analysis because it had no unique fragment patterns and had 
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genotype frequencies similar to all other collections (Table 

9) • 

Nucleon Diversity Index 

The nucleon diversity index for all samples pooled 

(0.49) indicated polymorphism among the sites (Table 10). 

Only two collections, Turtle Creek and Little Bay de Noc, 

had a nucleon diversity index less than the pooled nucleon 

diversity index. Larger nucleon diversity indexes than the 

pooled value suggests that more diversity existed within 

collections than among collections. The pooled nucleon 

diversity index was within the range of values of other 

studies. Lower nucleon diversity indexes of 0.31 and 0.47 

were found for lake whitefish Coregonus clupeaformis, 

(Bernatchez et al. 1989) and hardhead catfish Arius felis, 

(Avise 1987). Higher nucleon diversity indexes 0.97 and 

0.77 were found for warmouth Lepomis gulosus, (Bermingham 

and Avise 1986) and lake trout Salvelinus namaycush, (Grewe 

and Hebert 1988). 

Nucleon diversity indexes did not suggest occurrence of 

discrete genetic stocks. The Green Bay collection, with the 

largest nucleon diversity index (0.600), was within 0.095 of 

the nucleon diversity index of all other collections except 

Turtle Creek and Little Bay de Noc. Similar nucleon 

diversity indexes suggest genetic similarity among samples 
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(Nei and Tajima 1981). 

Percent Sequence Divergence 

Percent sequence divergence from genotype to genotype 

indicated low amounts of genetic differences among genotypes 

(Table 11). Percent sequence divergence, range 0% to 100%, 

measures the percentage difference of base pair sequences 

among genotypes. The greatest percent sequence divergence 

was between genotypes AA and BB; however, the BB genotype 

occurred only in one smelt from Days River. The lowest 

percent sequence divergence, 0.90, between genotypes BA and 

BB was only slightly lower than divergence between AA and 

BA, 0.93. The single smelt with the BB genotype may account 

for the higher percent sequence divergence between the AA 

and BB genotypes. 
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Table 10. Nucleon diversity index for rainbow smelt from 
eight locations. 

Collection Nucleon diversity index 

Days River 0.526 

Little Bay 0.409 
de Noc 

Green Island 0.505 

Turtle Creek 0.395 

Whitefish Bay 0.521 
Creek 

Point Beach 0.525 
State Forest 

Green Bay 0.600 

Lake Eire 0.533 

Pooled sites 0.490 
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Table 11. Percent sequence divergence between mitochondrial 
DNA genotypes. 

Genotype AA BA BB 

AA 0.93 1.88 

BA 0.90 
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UPGM Clustering 

Clustering of the percent sequence divergence matrix 

revealed two clonal lines separated by a mean sequence 

divergence of only 1.405% suggesting low levels of genetic 

difference between clonal lines (Figure 3). One clonal line 

was composed of all AA genotype individuals, the other was 

composed of all BA and BB individuals. The BA and BB 

genotypes may be considered members of one clonal line 

because of the low mean sequence divergence between the two 

(0.901%), and because the occurrence of a genotype possessed 

by a single individual, frequently documented, does not 

warrant a separate clonal line. A genotype possessed by a 

single individual has been documented in many mitochondrial 

DNA analysis studies (Wilson et al., 1987; Billington and 

Hebert, 1988; Grewe and Hebert, 1988; Bernatchez and Dodson, 

1990; Baby et al., 1991; Arnason et al., 1992) 
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2.0 1.6 1.2 0.8 0.4 o.o 
+----+----+----+----+----+----+----+----+----+----+----+ 

********************** BA 
* 

*************** 
* * 
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Figure 3. UPGM dendrogram clustering percent sequence 
divergence of mitochondrial DNA genotypes. 
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Pie chart map of clonal line frequencies 

Patterns evident between locality and clonal line 

frequencies (Figure 4), were not supported by the chi-square 

test of clonal line frequency heterogeneity. Clonal line 

frequency pie charts of the Lake Michigan sites are similar 

yet appear different from those of Green Bay sites. 

However, a chi-square test of clonal line frequency of 

pooled Green Bay data and pooled Lake Michigan data 

indicated nonsignificant differences. 

Chi-square test of clonal line frequency 
heterogeneity 

A chi-square contingency test of heterogeneity in 

frequencies of the two major clonal lines provided 

inconclusive evidence of genetic stocks. Only the Green 

Island collection had significantly different clonal line 

frequencies with more than one other site (Table 12). Green 

Island was significantly different from Turtle Creek and 

Little Bay de Noc. Green Island was significantly different 

from the Turtle Creek and Little Bay de Noc collection with 

the observed chi-square value and with the probability 

generated from the monte carlo randomization technique. 
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TWO RIVERS 

Figure 4. Distribution of mitochondrial DNA clonal line 
frequencies for smelt collected in 1992 from western Lake 
Michigan and Green Bay. 
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Table 12. Matrix of contingency chi-square values {upper 
row) and Monte Carlo randomization probabilities (lower 
row). 

Collection PBSF WBC TC GI LBDN DR GB LE 

Point 
Beach State 
Forest 

Whitefish 
Bay Creek 

Turtle 
Creek 

Green 
Island 

Little Bay 
de Noc 

Days 
River 

Green 
Bay 

Lake Eire 

* 

0.006 1.406 0.942 1.172 0.551 0.403 0.196 
0.723 0.130 0.238 0.158 0.270 0.302 0.605 

1.758 0.902 1.478 0.742 0.361 0.257 
0.094 0.195 0.233 0.347 0.311 0.350 

5.013 0.009 0.208 2.252 0.163 
*0.000 o.997 o.551 0.131 o.634 

4.496 3.167 0.000 1.321 
*0.022 0.051 0.626 0.155 

0.128 2.021 0.111 
0.463 0.119 0.650 

1.364 0.006 
0.117 0.633 

0.782 
0.292 

indicates significant different chi-square values between 
collections. 
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Pooled Data for Green Bay and Lake Michigan 

Analysis of pooled isozyme data and pooled 

mitochondrial DNA data provided little evidence of genetic 

difference between Lake Michigan and Green Bay. Isozyme 

electrophoretic measures of genetic difference between Green 

Bay and Lake Michigan were low or not significant. 

Mitochondrial DNA analysis indicated similar genetic 

characteristics for Green Bay and Lake Michigan and no 

significant difference of clonal line frequencies between 

Green Bay and Lake Michigan. 

Genetic variation 

Measures of genetic va~iation (average number of 

alleles per locus, percent loci polymorphic, and average 

heterozygosity per locus) were similar for Lake Michigan and 

Green Bay. Although samples from Green Bay had a higher 

mean number of alleles per locus than those from Lake 

Michigan, neither Green Bay nor Lake Michigan had loci 

polymorphic at the 0.95 criterion, and the mean 

heterozygosity was similar for each pooled sample (Table 

13). 
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Table 13. Genetic variability at all loci for pooled data, 
standard error in parentheses. 

Green 
Bay 

Lake 
Michigan 

a 

Mean sample 
size per 
locus 

274.8 
(2.9) 

28.8 
(5 .1) 

Mean no. 
of alleles 
per locus 

3.0 
(0.4) 

1.5 
(0.3) 

Percentage Mean 
of loci hetero-

polymorphic8 zygosityb 

0.0 

o.o 

0.032 
(0.014) 

0.040 
(0.023) 

a locus is considered polymorphic if the frequency 
of the most common allele does not exceed 0.95 

b 
direct count of heterozygotes 
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Conformance to Hardy-Weinberg Equilibrium 

Evidence of genetic subdivision in pooled samples was 

inconclusive. Significant Chi-square values for the test of 

conformance to Hardy-Weinberg equilibrium were found only at 

the GPI-1 and IDH-2 loci of the Green Bay pooled sample 

(Appendix 9). Lack of conformance to Hardy-Weinberg 

equilibrium for the Green Bay pooled sample is consistent 

with results of unpooled data which indicated significant 

differences of allele frequencies (Table 6) and clonal line 

frequencies (Table 12) among several Green Bay sites. 

However, the preponderance of evidence, genetic variability 

at all loci, F statistics, genetic identity and distance 

coefficients, nucl~on diversity indexes and, dendrograms did 

not suggest genetic differences among Green Bay sites. 

F Statistics 

F statistics (Table 14) indicated little genetic 

difference between Green Bay and Lake Michigan. The largest 

F(IS) and F(IT) values were at the IDH-2 locus, but, at that 

locus F(IT) and F(ST) differed substantially. F(IT) and 

F(ST) values of such a difference indicate little division 

between collections (Hartl 1981). The mean F(ST) value 

indicated that of the total variation, only o .• 2% was due to 
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variation between the Green Bay and Lake Michigan samples. 

Both mean and individual locus F{ST) values fell well below 

0.05. Hartl {1981) defined F{ST) values in the range 0.05-

0.15 as indicating only very moderate differentiation. 

Chi-square test of allele frequency heterogeneity 

A contingency chi-square test of allele frequencies 

among all loci indicated no genetic difference between Green 

Bay and Lake Michigan {Table 15). No significant 

differences in allele frequencies at any locus were found. 

Coefficients of genetic similarity and distance 

Coefficients of genetic similarity and distance 

indicated little genetic distance and large genetic 

similarity between Green Bay and Lake Michigan. Nei's 

{1972) genetic identity was 1.000 indicating complete 

genetic identity (similarity), and Nei's {1972) genetic 

distance was 0.000 indicating no genetic distance between 

Green Bay and Lake Michigan. Cavalli-Sforza & Edwards 

(1967) chord distances {0.070) indicated low genetic 

distance between Green Bay and Lake Michigan. 
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Table 14. Summary of F-statistics at all loci for pooled 
data. 

Locus 

G3PDH 
GPI-2 
GPI-1 
IDH-2 

Mean 

F(IS) 

-0.037 
-0.004 

0.189 
0.407 

0.196 

F(IT) 

-0.037 
-0.002 

0.195 
0.408 

0.197 

F(ST) 

0.000 
0.002 
0.007 
0.001 

0.002 
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Table 15. Contingency chi-square analysis at all loci for 
pooled data. 

--------------------------------------------------
Locus 

G3PDH 
GPI-2 
GPI-1 
IDH-2 

(Totals) 

No. of 
alleles 

3 
2 
3 
4 

Chi-square 

0.384 
0.146 
0.737 
2.004 

3.271 

D.F. 

2 
1 
2 
3 

8 

p 

0.82521 
0.70245 
0.69174 
0.57159 

0.91621 
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Nucleon diversity index 

The nucleon diversity index was similar for Green Bay 

(0.491) and Lake Michigan (0.507) and similar to the total 

nucleon diversity index for pooled collections (0.492), 

suggesting little genetic difference between Green Bay and 

Lake Michigan. 

Chi-square test of clonal line frequency 
heterogeneity 

A chi-square contingency test of heterogeneity of 

frequencies of the two major clonal lines indicated no 

significant difference between Green Bay and Lake Michigan. 

The observed chi-square value was 0.529 and th~ associated 

probability from 1,000 Monte Carlo randomizations of the 

contingency table was 0.420. 

Results of another study of smelt in Green Bay 

suggested little genetic diversity. Shields1 (personal 

communication) sequenced the growth hormone genes of genomic 

DNA from a pooled sample of about 25 smelt from a commercial 

trawl in Green Bay in February, 1993. All the growth 

hormone genes were identical in sequence. If discrete 

1shields, Barbara, Fishery Geneticist, University of 

Michigan, Ann Arbor 
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stocks occupied Green Bay, it seems unlikely they would be 

spatially isolated in February, about two months before 

spawning. Rather, if discrete stocks occupied Green Bay, it 

seems likely that a February trawl would harvest smelt from 

several stocks. The lack of genetic diversity among growth 

hormone genes of these smelt suggests low levels of genetic 

variation in the Green Bay smelt population. 

Gebhardt (1993), on the basis of vital statistics: 

natural and fishing mortality rates, sex ratios, growth, age 

and size composition, year class variation and, 

length/weight relations, of smelt from the same spawning 

sites as this study found little evidence to suggest 

different stocks with the exception of Turtle Creek. Smelt 

from Turtle creek grew faster than smelt from the other 

spawning sites but did not differ in other vital statistics. 

Data from this study also provided inconclusive 

evidence that smelt from Turtle Creek were a discrete stock. 

Although, Turtle Creek allele frequencies differed 

significantly with those from Little Bay de Noc, Days River, 

and Green Island, Turtle Creek mitochondrial DNA clonal line 

frequencies differed significantly only with those from 

Green Island. Moreover, other measures of genetic 

variation: variability of genetic characteristics at all 

loci, coefficients of genetic distance and identity, and a 

dendrogram of genetic distances, did not suggest that Turtle 

Creek was a different stock. 
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I believe that the low levels of genetic 

differentiation observed are due to two factors. The first 

is insufficient fidelity to spawning areas, and the second, 

small founding population and drastic reduction of the smelt 

population in Lake Michigan which resulted in a loss of 

genetic variation. 

Fidelity by reproducing adults to natal areas is 

believed to be important for the formation of discrete 

genetic stocks (Grant et al., 1980; Horall 1981; Beacham et 

al., 1985; Avise 1987). studies of rainbow smelt have not 

indicated strong spawning fidelity. Rupp and Redmond (1966) 

found that smelt in Little Concord Pond, Maine, did not home 

to natal rivers. Frechet et al. (1983) found that smelt in 

the St. Lawrence Estuary, Quebec, did not home to natal 

rivers. McKenzie (1964) found that smelt in the Miramichi 

River drainage, New Brunswick, returned to natal rivers or 

to ones within 12 km to spawn. Schreiner et al. (1984) 

believed that smelt in the Minnesota waters of western Lake 

Superior, may return to the vicinity of natal rivers but did 

not exhibit precise homing. 

Also the amount of time that smelt occupy their natal 

area may be insufficient to allow imprinting. Imprinting 

requires occupancy of natal waters for some period of time. 

Salmon, Oncorhynchus sp., are believed to imprint on the 

unique odor of their natal streams at an age of around 15 to 

16 months (Horall 1981). Smelt fry spend a short time at 

their hatching site. Kendall (1927) and Rupp (1968) found 
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that smelt fry dispersed shortly after hatching. Spangler 

et al. (1981) suggested that dispersal of fry by currents 

mixes fish of geographically near stocks. The short time 

that smelt fry occupy their natal areas, and their dispersal 

by currents, may reduce genetic differentiation of smelt. 

The small number of smelt in the founding population 

may have reduced genetic differentiation. Van Costen (1937) 

reported that 16,400,000 smelt eggs, from Green Lake, Maine 

were stocked in Crystal Lake, Michigan on April 6, 1912. 

Bailey (1964) reported the average fecundity of 10 Lake 

superior smelt to be 31,338. If fecundity was the same for 

the smelt from Green Lake, Maine the 16 million eggs would 

have come from only 550 females. Because Lake Superior 

smelt are descended from the Green Lake smelt (Van Costen 

1937), it seems likely that fecundity would be similar. 

Creaser (1925) stated the smelt eggs collected from Green 

Lake were from natural spawning. The easiest way to take 

the eggs would have been to collect from a single spawning 

group of fish. Considering the lack of knowledge regarding 

genetic diversity and importance to fisheries management in 

1912, it seems unlikely that effort would have been made to 

collect eggs from different spawning groups in an effort to 

insure genetic diversity of the founding population. 

Van Costen (1947) reported drastic mortality of smelt 

in Lakes Michigan and Huron caused by some form of 

communicable disease during the fall and winter of 1942-

1943. The harvest of smelt from the Wisconsin waters of 
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Lake Michigan in 1943 was 502,000 pounds; in 1944 it dropped 

to 4,344 pounds (Van Oosten 1947). The 1945 levels of 

abundance were believed to be only 10% of those before 1943 

(Van Oosten 1947). A severe reduction of the smelt 

population in Lake Michigan in the 1940s may also have 

reduced genetic diversity of the smelt population. 

These factors that would tend to discourage genetic 

differentiation apparently did not prevent formation of 

separate stocks of smelt in Lake Superior. Schreiner et al. 

(1984) found 3 stocks of smelt in Lake Superior based on 

study of 26 proteins. The smelt in Lake Superior also 

originated from those stocked in Crystal Lake, Michigan, but 

I know of no report of a drastic reduction of smelt in Lake 

Superior as was documented for Lakes Michigan and Huron. 

CONCLUSION 

This study did not provide convincing evidence of 

discrete stocks of smelt in Green Bay and Lake Michigan. 

Some of the data indicated that smelt from Green Island 

differed from smelt from other locations, but the evidence 

was not consistent or conclusive. Evidence that the Green 

Island collection may have come from a different stock was: 

1) Green Island allele frequencies and mitochondrial DNA 

clonal line frequencies differed significantly from those at 

several other sites; 2) Green Island had the greatest 

variability in genetic characteristics at all loci and; 3) 
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Green Island was the only collection clustered by itself on 

a dendrogram of genetic distance coefficients. 

The preponderance of evidence, which indicated low 

genetic differentiation and few significant differences to 

suggest separate stocks of smelt, was: 1) no site had allele 

frequencies and mitochondrial DNA clonal line frequencies 

significantly different from all other sites; 2) except for 

Green Island, genetic characteristics (average number of 

alleles per locus, percentage of loci polymorphic, and 

average heterozygosity) were similar among collections; 3) F 

statistics indicated that of the total variation observed, 

only 1.5% was due to differences among collections; 4) 

genetic identity was high and genetic distance coefficients 

were low among collections; 5) the nucleon diversity index 

was similar among collections, and all collection nucleon 

diversity indexes were similar to the pooled nucleon 

diversity index. 

No evidence from the pooled data suggested genetic 

difference between Green Bay and Lake Michigan. Allele 

frequencies did not differ between Green Bay and Lake 

Michigan. Mitochondrial DNA clonal line frequencies did not 

differ between Green Bay and Lake Michigan. Genetic 

characteristics, (average number of alleles per locus, 

percentage of loci polymorphic, and average heterozygosity) 

and genetic identity and distances coefficients were similar 

between Green Bay and Lake Michigan. F statistics indicated 

that of the total variation observed, only 0.2% was due to 
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differences between Green Bay and Lake Michigan. The 

nucleon diversity index for Green Bay was similar to the 

Lake Michigan index, and both the Green Bay and Lake 

Michigan nucleon diversity indexes were similar to the 

pooled collection nucleon diversity index. 
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Appendix 1. Collection sites of smelt for isozyme and 
mitochondrial DNA analysis. 

Isozyme 

Site Symbol Date Gear Collector 

Little Bay LBDN Apr 4, 1991 pound commercial 
de Noc net fishermen 

Red Arrow RAP Apr 16, 1991 seine UWSP 
Park students 

Days DR Apr 25, 1991 dipnet UWSP 
River students 

Turtle TC Apr 22, 1991 dipnet UWSP 
Creek students 

Green GI Apr 18, 1991 gill net Wisconsin 
Island . Department 
of 

Natural 
Resources 

Whitefish WBC Apr 16, 1991 seine UWSP 
Bay Creek· students 

Crystal CL Jun 24, 1990 angling Michigan 
Lake Department 

of Natural 
Resources 

------------------------------------------------------------
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Appendix 1. continued. 

Mitochondrial DNA 

---------------------------------------------------------
Site Symbol Date Gear Collector 

---------------------------------------------------------
Point Beach PBSF Apr 21, 1992 seine UWSP 
State Forest students 

Whitefish WBC Apr 25, 1992 dipnet UWSP 
Bay Creek students 

Turtle TC Apr 23, 1992 dipnet UWSP 
Creek students 

Green GI Apr 29, 1992 gillnet Wisconsin 
Island Department of 

Natural 
Resources 

Little Bay LBDN Apr 26, 1992 pound commercial 
de Noc net fishermen 

Days DR Apr 26, 1992 dipnet UWSP 
River students 

Green GB Aug 17, 1992 commercial commercial 
Bay trawler fishermen 

Lake Erie LE Sep 13, 1992 research Ohio 
trawler Department of 

Natural 
Resources 

------------------------------------------------------------
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Appendix 2. Solutions used in isozyme electrophoresis. 

Enzyme 
system 

Gel 
buffer 

IDH 1:14 dilution 
of electrode 
buffer 

G3PDH 1:14 dilution 
of electrode 
buffer 

GPI 1:9 dilution 
of electrode 
buffer 

Electrode 
buffer 

0.135 M Tris 
0.043 M Citric acid 
pH 7.0 

0.135 M Tris 
0.043 M Citric acid 
pH 7.0 

0.5 M Tris 
0.016 M EDTA 
0.65 M Borate 

Stain 

100.0 ml .25 M 
Tris/Hcl 
10.0 mg NADP 
40.0 mg MgC12 
10.0 mg NBT 
10.0 mg PMS 
300.0 mg of 
2-Isocitric
Acid 

10.0 ml 1.0 M 
DL-Glycerophos 
50.0 mg NAO 
30.0 mg NBT 
2.0 mg PMS 
20.0 ml 0.2 M 

Tris/Hcl pH 8.0 
70.0 ml H2O 

50.0 mg Fruc
tose-6-phos
phate 
9.0 mg NADP 
1.0 mg PMS 
10.0 mg MTT 
40.0 mg MgC12 
10.0 ml 0.2 M 
Tris/HCL pH 
8.0 
40.0 ml H2O 
80 units G6PD 
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Appendix 3. Allele frequencies for all collections. 

Site 

Locus 
Sample 
size 
Allele LBDN RAP DR TC GI WBC CL 

------------------------------------------------------------
G3PDH 

(N) 58 57 50 59 57 38 23 
A 0.017 0.000 0.000 0.000 0.000 0.000 0.000 
B 0.974 0.974 0.950 0.983 0.939 0.961 0.978 
C 0.009 0.026 0.050 0.017 0.061 0.039 0.022 

GPI-2 
(N) 59 57 60 41 58 20 18 
A 0.000 0.000 0.008 0.012 0.000 0.000 0.000 
B 1.000 1.000 0.992 0.988 1.000 1. 000 1.000 

GPI-1 
(N) 59 58 60 41 58 20 18 
A 0.983 0.974 0.992 0.976 0.983 1.000 0.972 
B 0.017 0.017 0.000 0.000 0.009 0.000 0.028 
C 0.000 0.009 0.008 0.024 0.009 0.000 0.000 

IDH-2 
(N) 57 54 53 44 59 37 8 
A 0.000 0.019 0.000 0.068 0.000 0.000 0.000 
B 1.000 0.963 0.962 0.909 0.924 0.959 1. 000 
C 0.000 0.019 0.038 0.023 0.051 0.041 0.000 
D 0.000 0.000 0.000 0.000 0.025 0.000 0.000 

------------------------------------------------------------
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Appendix 4. Solutions used in mitochondrial DNA isolation 
and agarose gel electrophoresis. 

Solution 

TEK Buffer 

15% Sucrose 

10% Non-idet-TEK 

Buffered Phenol 

TE Buffer 

0.8% Agarose Gels 

TBE Buffer 

Ethidium Bromide Stain 

Components 

50 mM Tris-Cl, 10 mM EDTA, 1.5% 
KCL 

15% weight/volume sucrose/TEK 

10% volume/volume Non-idet/TEK 

Redistilled phenol buffered with 
an equal volume of 1.0 M TRIS pH 
8.0, followed by adding an equal 
volume of 0.1 M TRIS pH 8.0 

10 mM Tris-Cl pH 8.0, 1 mM EDTA 
pH 8.0 

0.8% weight/volume agarose/TBE 
buffer 

0.089 M Tris-borate, 0.089 M 
boric acid, 0.002 M EDTA 

10.0 mg/ml H2O 
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Appendix 5. Restriction enzyme recognition sites and 
fragment patterns of digested smelt mitochondrial DNA. 

Restriction 
Enzyme 

Recognition8 

Site 
Fragmentb,c 
Patterns 

Apa I G G G C C/C 
C/C C G G G 

7.7,3.8,2.0,l.125,0.775,0.725,0.7 A 
6.2,3.8,2.0,l.5,l.125,0.775,0.725,0.7 B 

BamH I G/G ATC C 
CC TA G/G 

BstE II G/G TN AC C 
CC AN T G/G 

Dra I TT T/A A A 
AA A/T T T 

EcoR I G/A AT TC 
CT TA A/G 

EcoR V G AT/A T C 
C T A/T A G 

Hind III A/AG CT T 
TT C GA/A 

Kpn I G GT A C/C 
C/C AT G G 

Pst I CT G C A/G 
G/A C G TC 

Xba I T/C TA GA 
AG AT C/T 

a 

16.8 A 

6.925,5.6,4.35 A 
6.925,5.0,4.35,.6 B 

9.1,3.425,2.15,1.075,0.625 A 

16.8 A 

14.0,2.85 A 

6.8,4.25,4.0,1.225 A 

recognition site did not occur A 

"9.5,5.75,1.55 A 

16.8 A 

capital letters represent nucleic 
T=thymine, C=cytosine, G=guanine. 
at which the DNA molecule is cut. 

acid bases, A=adenine, 
The/ indicates points 

b 
fragment sizes are in kilo bases 

C 
capital letters designate genotypes 
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Appendix 6. Allele frequencies for pooled collections. 

Locus 
Sample size Green 
Allele Bay 

G3PDH 
(N) 281 
A 0.004 
B 0.964 
C 0.032 

GPI-2 
(N) 275 
A 0.004 
B 0.996 

GPI-1 
(N) 276 
A 0.982 
B 0.009 
C 0.009 

IDH-2 
(N) 267 
A 0.015 
B 0.953 
C 0.026 
D 0.006 

Collection 

Lake 
Michigan 

38 
0.000 
0.961 
0.039 

20 
0.000 
1.000 

20 
1.000 
0.000 
0.000 

37 
0.000 
0.959 
0.041 
0.000 
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Appendix 7. Mitochondrial DNA genotypes for pooled data. 

Genotypes8 

AAAAAAAAAAAA 

BAAAAAAAAABA 

BABAAAAAAABB 

a 

Green Bay 

31 

51 

Lake Michigan 

16 

20 

1 

total 

47 

71 

1 

letters in composite genotypes represent fragment patterns 
generated by restriction enzymes in the following order: 
Apa I, BamH I, BstE II, Ora I, EcoR I, EcoR V, Hind III, 
Kpn I, Pst I, Xba I. 
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Appendix 8. Chi-square test for deviation from 
Hardy-Weinberg equilibrium. 

Locus 

G3PDH 

GPI-1 

Little Bay de Noc Collection. 

Observed 
Allele frequency 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

A-A 
A-B 
B-B 

0 
2 
0 

55 
1 
0 

57 
2 
0 

Expected 
frequency 

0.009 
1.965 
0.017 
55.026 
0.983 
0.000 

57.009 
1.983 
0.009 

Chi
square 

0.027 

0.009 

OF p 

3 0.999 

1 0.926 
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Appendix 8. continued. 

Red Arrow Park Collection. 

Locus 

G3PDH 

GPI-1 

IDH-2 

Allele 

B-B 
B-C 
c-c 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

Observed 
frequency 

54 
3 
0 

56 
0 
1 
1 
0 
0 

1 
0 
0 

51 
2 
0 

Expected 
frequency 

54.027 
2.947 
0.027 

55.026 
1.965 
0.983 
0.009 
0.017 
0.000 

0.009 
1.944 
0.037 

50.056 
1.944 
0.009 

Chi
square OF p 

0.028 1 0.868 

115.009 3 0.000 

107.019 3 0.000 
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Appendix 8. continued. 

Days River Collection. 

Observed 
Locus Allele frequency 

G3PDH 

GPI-2 

GPI-1 

IDH-2 

B-B 
B-C 
c-c 

A-A 
A-B 
B-B 

A-A 
A-C 
c-c 

B-B 
B-C 
c-c 

45 
5 
0 

0 
1 

59 

59 
1 
0 

51 
0 
2 

Expected 
frequency 

45.101 
4.798 
0.101 

0.000 
1.000 

59.000 

59.000 
1. 000 
0.000 

49.057 
3.886 
0.057 

Chi
square 

0.110 

0.000 

0.000 

70.020 

OF p 

1 0.740 

1 1.000 

1 1.000 

1 0.000 
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Appendix 8. continued. 

Turtle Creek Collection. 

Observed 
Locus Allele frequency 

G3PDH 

GPI-2 

GPI-1 

IDH-2 

B-B 
B-C 
c-c 

A-A 
A-B 
B-B 

A-A 
A-C 
c-c 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

57 
2 
0 

0 
1 

40 

39 
2 
0 

3 
0 
0 

39 
2 
0 

Expected 
frequency 

57.009 
1.983 
0.009 

0.000 
1.000 

40.000 

39.012 
1.975 
0.012 

0.172 
5.517 
0.138 

36.322 
1.839 
0.011 

Chi
square 

0.009 

0.000 

0.013 

52.251 

OF p 

1 0.926 

1 1.000 

1 0.910 

3 0.000 
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Appendix a. continued. 

Green Island Collection. 

Observed 
Locus Allele frequency 

G3PDH 

GPI-1 

IDH-2 

B-B 
B-C 
c-c 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

B-B 
B-C 
B-D 
c-c 
C-D 
D-D 

50 
7 
0 

56 
1 
1 
0 
0 
0 

54 
0 
1 
3 
0 
1 

Expected 
frequency 

50.186 
6.628 
0.186 

56.009 
0.991 
0.991 
0.000 
0.009 
0.000 

50.308 
5.590 
2.795 
0.128 
0.154 
0.026 

Chi
square 

0.207 

0.009 

108.521 

DF p 

1 0.649 

3 1.000 

3 0.000 
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Appendix 8. continued. 

Whitefish Bay Creek Collection. 

Observed 
Locus Allele frequency 

G3PDH 

IDH-2 

B-B 
B-C 
c-c 

B-B 
B-C 
c-c 

35 
3 
0 

34 
3 
0 

Expected 
frequency 

35.040 
2.920 
0.040 

34.041 
2.918 
0.041 

Chi
square 

0.042 

0.043 

1 

1 

DF p 

0.837 

0.835 
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Appendix 8. continued. 

Crystal Lake Collection. 

Observed 
Locus Allele frequency 

GJPDH 

GPI-1 

B-B 
B-C 
c-c 

A-A 
A-B 
B-B 

22 
1 
0 

17 
1 
0 

Expected 
frequency 

22.000 
1. 000 
0.000 

17.000 
1.000 
0.000 

Chi
square 

0.000 

0.000 

DF p 

1 1.000 

1 1.000 
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Appendix 9. Chi-square test for deviation from Hardy
Weinberg equilibrium of pooled data. 

Locus 

G3PDH 

GPI-2 

GPI-1 

IDH-2 

Green Bay 

Observed 
Allele frequency 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

A-A 
A-B 
B-B 

A-A 
A-B 
A-C 
B-B 
B-C 
c-c 

A-A 
A-B 
A-C 
A-D 
B-B 
B-C 
B-D 
c-c 
c-o 
D-D 

0 
2 
0 

261 
18 

0 

0 
2 

273 

267 
3 
5 
1 
0 
0 

4 
0 
0 
0 

252 
4 
1 
5 
0 
1 

Expected 
frequency 

0.002 
1.932 
0.064 

261. 339 
17.390 

0.273 

0.002 
1.996 

273.002 

266.082 
4.918 
4.918 
0.018 
0.045 
0.018 

0.053 
7.640 
0.210 
0.045 

242.563 
13.370 

2.865 
0.171 
0.079 
0.006 

Chi
square 

0.363 

0.002 

53.934 

625.017 

OF 

3 

1 

3 

p 

0.948 

0.966 

0.000 

0.000 
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Appendix 9. continued. 

Lake Michigan. 

Locus 

G3PDH 

IDH-2 

Observed 
Class frequency 

B-B 
B-C 
c-c 

B-B 
B-C 
c-c 

35 
3 
0 

34 
3 
0 

Expected 
frequency 

35.040 
2.920 
0.040 

34.041 
2.918 
0.041 

Chi
square 

0.042 

0.043 

1 

1 

DF p 

0.837 

0.835 


