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Electrophoretic variation in 12 proteins encoded by 16 loci was

analyzed to compare the genetic relationships of 18 natural populations

representing two species of stoneroller minnows, Campostoma anomalum

and C. oligolepis. Ten of the loci were monomorphic and fixed for the

same allele in all populations of both species. One locus, Mdh-2,

was found to separate both species. Mean heterozygosity for both

species was 0.072. Estimates of levels of inbreeding indicated this

phenomenon is operating in C. anomalum to structure the populations

genetically. Mean genic identity (I) between the two species was

high, 0.887, indicating the taxa are closely related. Nevertheless,

data accumulated point to the conclusion that the two species maintain

their genetic integrity throughout their ranges.
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Chapter I

Introduction

Recent improvements in electrophoretic techniques

have allowed the quantification of levels of genetic

similarity within and between species in natural populations

and have provided insight into the role of speciation in

converting intraspecific variation to interspecific

variation (e.g., Lewontin and Hubby, 1966; Selander and

Johnson, 1973; Avise and Smith, 1974). Genetic similarity

between species has been shown to be compatible with

taxonomic characters among groups that are relatively well

understood (Yang et al., 1974; Ayala et al., 1975;

Zimmerman et al., 1977). Mayr (1963) and Dobzhansky (1970)

referred to a "genetic revolution" which accompanies the

formation of species. This genetic revolution is con-

comitant to the basis for the biological species concept,

i.e., reproductive isolation, and such isolation is

generally initiated by geographical isolation of populations

(Lewontin, 1970).

Lewontin (1970) outlined three stages of speciation

which occur following some period of isolation. The

first stage is the appearance of genetic differences

that are sufficient to restrict severely the amount

of gene exchange that can take place between populations
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if they should again come in contact. There may also be

differences in ecological requirements which may be the

direct cause of reproductive isolation. During the second

stage, selection for ecological divergence occurs between

the incipient species, at least until they have minimum

niche overlap necessary for stable coexistence with each

other and with other species in the community. The third

stage in the evolution of a species, although not actually

a part of speciation, is the progressive divergence of

the species, each continuing to divaricate, but not in

response to each other.

According to Lewontin (1970), these stages give rise

to basic questions concerning speciation: 1) What is

the genetic differentiation that occurs during early

speciation (stage one)? 2) How much genetic divergence

accompanies the process that produces ecologically

differentiated, stable members of species in the community

(stage two)? 3) If two species are considered to be

closely related, how much similarity exists between them,

and what is the rate of independent divergence since

speciation occurred (stage three)?

Before levels of interspecific variation can be

understood, intraspecific variation among natural popu-

lations must be investigated. Electrophoretic data

indicate that genetic variation is high at loci controlling

regulatory enzymes and other proteins in populations

(e.g., Lewontin and Hubby, 1966; Selander and Johnson, 1973;
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Selander and Kaufman, 1973; Selander, 1976). Efforts to

explain the high degree of genetic polymorphism have led

to the development of two opposing views: 1) that allozymic

variation within a species is maintained by selection

(e.g., Johnson, 1971, 1972, 1973; Selander and Kaufman,

1973; Ayala, 1972; Ayala and Anderson, 1973), and 2) that

genetic variants of these loci are functionally identical

and are, therefore, not subject to selection, i.e., they

are selectively neutral (Kimura, 1968, 1969; King and

Jukes, 1969). While the question has not been resolved,

it can be shown that some sort of balancing selection is

responsible for a great deal of the variation observed

(Hedrick et al., 1976).

With some insight into the degree of variation, it

is also possible to look at the amount of genomic

modification involved in speciation. Assuming that the

sample of loci controlling proteins is representive

of the genome (Hubby and Throckmorton, 1965), populations

and species may be compared with respect to total genetic

similarity. With this in mind, a study was initiated

to investigate genetic variation within and between

two species of fish of the genus Campostoma.

Stoneroller minnows of the genus Campostoma,

family Cyprinidae, present an excellent group for deter-

mination of the amount of genetic differentiation

accompanying speciation. The genus Campostoma was first

described by Rafinesque in 1822, and Hubbs and Green (1935)
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and Blair et al., (1968) recognized two species, C.

anomalum and C. ornatum. C. ornatum, the Mexican stone-

roller, is found in the Rio Grand River in Texas and

occurs over much of northern Mexico. C. ornatum is

currently recognized as an endangered species in Texas,

and was not included in this study. C. anomalum is

polytypic and ranges from New York, west through the

Great Lakes to Wisconsin and Minnesota, and south through

the Mississippi Valley to Mexico (Ross, 1958). Baily

(1956) and Hubbs and Green (1958) suggested that one

subspecies C. a. oligolepis, deserved specific rank. This

taxon occupies a disjunct range, occurring commonly in

the Ozark Uplands and less commonly in the northern part

of the Mississippi River from central Illinois to northern

Wisconsin (Burr and Smith, 1976). Pflieger (1971)

indicated that in areas of sympatry between the subspecies

C. a. pullum and C. a. oligolepis, both behave as distinct

species. Burr and Smith (1976) clarified the taxonomic

status of the latter, and elevated C. ohigolepis to

specific rank.

Certain differences in ecological requirements

appear to exist between the two taxa also. C. anomalum

occurs in smaller, gravel-bottomed streams of medium

to high gradient and feeds primarily on diatomaceos

scum from the stream bottom (Krantz, 1924; Miller, 1964).

C. oligolepis occurs in similar habitats but is found
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generally in larger, faster, riffle areas than C.

anomalum. Breeding migrations of these fish are generally

of a local nature. Therefore these fish are somewhat

restricted within a small range of some small streams,

often isolating populations in areas of suitable habitat

(Miller, 1964). Although C. oligolepis and C. anomalum

are syntopic in some areas, they show little overt

competition (Burr and Smith, 1976). Apparently the

extensive gravelly bottoms of streams where these taxa

occur provide enough space for spawning and for growth

of algae for food (Pflieger, 1971). It may well be

that the ecological isolation of the two is maintained

throughout the spawning season, allowing C. oligolepis

to utilize the fast, deep, rocky riffles and C. anomalum

the quieter, shallow, headwater areas (Burr and Smith,

1976).

In this study, enzymes and nonregulatory proteins

controlled by 16 loci were examined from stonerollers,

C. oligolepis and C. anomalum , in order to assess the

degree of genetic variation among populations of the

two species, to elucidate the degree of genomic

modification accompanying speciation, and to determine

if ecological differences correlate to genetic variation

in stonerollers; and to assess the possible effects

of inbreeding within subpopulations of a river system.
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Materials and Methods

Samples

Stoneroller minnows (n=269) were collected from

18 naturally occuring populations (Table 1) (Fig. 1)

in Texas, Oklahoma, Arkansas, and Missouri using 6 mm

mesh seins of various lengths. The fish were either

transported to the lab and placed on aquaria until

processed or placed on dry ice in the field in buffer

(0.1 M Tris, 0.001 M EDTA, pH 7.0) and stored in a

freezer at -150 C until processed.

Preparation of Tissue Extract

Tissue extract was prepared by homogenizing the

entire fish, less the head and fins, in an equal volume

of the above buffer and centrifuging at 10OOg for 30 min.

The supernatant was either used immediately or stored at

-150 C until used for electrophoresis.

El ectrophoresi s

Apparatus and Techniques

Horizontal starch gel electrophoresis was used to

separate all protein samples (Smithies, 1955). Gel

molds were modified from those described by Kristjansson

(1963),as reported by Kilpatrick (1973). The mold

consisted of a glass plate (152 mm x 220 mm x 6 mm) and

6



Table 1. Collecting localities and sample sizes for 18
populations of two species of Campostoma. 7

Population Number of
number Locality individuals

Cmstoma anomalum pullum

1 Pilot Grove Creek, 6 mi. NE Blue 7
Ridge, Collin Co., Texas

2 White Rock Creek, 5 mi. S Frisco, 6
Collin Co., Texas

3 White Rock Creek, 10 mi. S Frisco, 15
Collin Co., Texas

4 West Rowlett Creek, 3 mi. E Frisco 19
Collin Co., Texas

5 West Rowlett, 5 mi. SE Frisco, 6
Collin Co., Texas

6 Honey Creek, 4 mi. E Celina, 9
Collin Co., Texas

7 Joe Creek, Walnut Hill Dr., Dallas, 14
Dallas Co., Texas

8 Mountain Fork Cr., 6 mi. NW Broken 14
Bow, McCurtain Co., Oklahoma

9 Wildcat Creek, 4 mi. N Hot Springs, 11
Garland Co., Arkansas

10 Gulpha Creek, 3 mi. SE Hot Springs, 10
Garland Co., Arkansas

11 Big Sugar Cr., 12 mi. E Jane, 16
McDonald Co., Missouri

12 Blacksnake Creek, 9 mi. NW Hot Springs 19
Garland Co., Arkansas

Campostoma oligolepis

13 Sylamore Creek, 3 mi. N Fifty Six, 15
Stone Co., Arkansas

14 Baity Creek, 5 mi. E Jay, 30
Delaware Co., Oklahoma
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Table I (cont)

Population
number

15

16

17

18

Locality,

Big Creek, 3 mi. E Harriet,
Searcy Co., Arkansas

Buffalo River, 2.5 mi. E Ponca,
Newton Co. , Arkansas

Big Sugar Creek, 3 mi. E Jane,
McDonald Co. , Missouri

Buffalo River, 2 mi. S Ponca,
Newton Co. , Arkansas

Number of
individuals

31

11

16

20
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Figure 1. Collecting localities for populations of
Campostoma anomalum (e) and C. oligolepis (o).
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four plexiglass strips; two (6 mm x 19 mm x 220 mm) and

two (6 mm x 19 mm x 114 mm), held in place by petroleum

jelly. The liquid gel was poured into the mold and

covered by a plexiglass plate (152 mm x 220 mm x 4 mm).

All gels were prepared from a 12 per cent suspension of

hydrolyzed starch (Sigma Chem. Co.). Buffer was heated

to boiling in a round bottom flask containing the heated

buffer, shaken vigorously for 1 min, and degassed with

an aspirator. After degassing, the clear liquid gel

was poured into the mold, covered with the plexiglass

plate, secured with lead weights, and allowed to cool

at room temperature for at least 2 h.

After the gel had cooled, the plexiglass plate and

long plexiglass strips were removed. The gels were cut

parallel to and 2.0 cm from one of the short sides of

the gel to form an insertion line for the samples. The

smaller portion of the gel was gently pushed 6 mm from

the large portion to allow insertion of the samples to

be analyzed. The samples were absorbed onto No. 3 filter

paper (4 mm x 6 mm), blotted, and placed 3 to 4 mm apart

against the exposed surface of the larger portion of the

gel. After samples were placed on the gel, the smaller

portion was gently pushed back in contact with the

larger portion. A piece of Saran Wrap (Dow Chem. Co.)

was used to cover the surface of the gel during

electophoresis (Kristjansson, 1963). The edges of the

Saran Wrap were folded back to expose approximately 1.5 cm



of the gel at each end, to allow contact with the

bridges from the electrode chambers of the electrophoresis

chambers.

The electrophoresis apparatus consisted of two trays

(350 mm x 80 mm x 80 mm), each containing a No. 22

platinum wire 300 mm in length, and filled with the

appropriate buffer. Gels were placed across the trays,

and sponge cloths were used as bridges between the gels

and the electrode buffer in the trays. A plexiglass

plate was placed on top of the gel and sponge cloth

bridges. Power was supplied by either a Gelman Model

138206 or a Heathkit 1p17 H. V. Power Supply. Electro-

phoresis was performed in a controlled temperature chamber

between 0 and 100 C.

Buffer System

Four buffer systems were used to separate proteins

encoded by 16 loci for each population in this study.

Glutamte oxalate transaminase (Got-1, Got-2) was

electrophoresed on Buffer System A (gel buffer: 76 mM

Tris HCl, 5 mM citric acid, pH 8.65; electrode buffer:

300 mM boric acid, 60 mM NaOH, pH 8.1) of Ayala et al.

(1972) as modified by Avise et al. (1975). Malate

dehyrogenase (Mdh-1, Mdh-2), and Lactate dehydrogenase

(Ldh-1, Ldh-2) were run on Buffer system B (gel bu-fer:

0.008 M Tris HCl, 0.003 M citric acid, pH 6.7; electrode

buffer: 0.223 M Tris HCl, 0.086 citric acid, pH 6.3)
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(Selander et al., 1971). Phosphoglucose isomerase

(Pgi-l), Phosphoglucomutase (Pgm-1, Pgm-2), 6-Phosphoglu-

conate dehydrogenase (6-Pgd-1), were electrophoresed on

Buffer system C (gel buffer: 9 mM Tris HCl, 3 mM citric

acid, 0.08 mM EDTA, pH 7.0; electrode buffer 135 mM Tris

HCl, 45 mM citric acid, 1.30 mM EDTA, pH 7.0) of Ayala

et al. (1972) as modified by Avise et al. (1974). Buffer

system D was used for electrophoresis of Leucine amino

peptidase (Lap-1, Lap-2), esterases (Es-1, Es-2), and

general proteins (Pr-1, Pr-2) (gel buffer: 1:9 ratio of

butters A and B. Buffer A: 0.003 M lithium hydroxide,

0.19 M boric acid, pH 8.1; Buffer B: 0.05 M Tris HCl,

0.008 M citric acid, pH 8.4. Electrode buffer: buffer

A) (Selander et al., 1971).

Stains for 6-Pgd-1, Pgi-l, Pgm-1, and Pgm-2 were

prepared according to Ayala et al., (1972), while all

other proteins were stained according to Selander et al.

(1971). Gels were fixed in 45 parts methanol and 55 parts

acetic acid solution consisting of a 1:5 ratio of acetic

acid and distilled water.

Treatment of Data

Direct calculation of allelic frequencies was possible

since heterozygous individuals could be identified. Gene

frequencies were calculated by summing the occurences of

a given allele for all loci at which it occurs and dividing

by the number of loci times two at which the alleles could

occur.
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The relationship of the two species of Campostoma were

analyzed on the basis of genetic similarity and differences

indicated by the 16 loci examined. Gentic similarity was

calculated using Rogers' (1972) coefficient of genetic

similarity (S). The genetic similarity between two

populations is calculated by summing the probabilities of

drawing identical genotypes from the two populations for

each genotype of the locus, divided by the sum of the

probabilities of drawing identical genotypes from the

same population on two successive independent draws from

each genotype of the locus as shown in the formula below:

L A

SR = -1 Li=l ( - P)ijy2
R L 1L J .a

Where L is the number of loci, Ai is the number of alleles

at the ith locus and P.. and Pijy are the frequencies of

the jth allel at the ith locus in populations x and y,

respectively.

Genic identity (I), distance (D), and divergence time

(t) were calculated for paired combinations of all

populations using Nei's (1971) coefficient. The normalized

identity of genes between two populations designated as

x and y with respect to each locus is defined as

I. =xy

where jx is the probability of identity of two randomly
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chosen genes in population x and jy is the probability

of identity of randomly chosen genes in population y.

From a matrix of coefficients of genetic similarity and

identity for species of Campostoma, cluster analysis was

performed by the weighted pair group method of Sokal

and Sneath (1963).

Nei's similarity measure also allows the calculation

of an expected divergence time for populations as defined

below:

t D
(2cntXa)

where D is Nei's distance measure, c is the proportion of

amino acid substitutions that can be detected by

electrophoresis used by Nei (0.40); nt is the total number

of potentially mutable codons allowing the synthesis of

a protein (80,367/110 = 731; where 80,367 is the mean

molecular weight obtained from several authors, of the

proteins used in this study, and 110 is the mean molecular

weight of an amino acid); Xa (2.1 x 10-10) is the average

rate of amino acid substitutions per year (Dayhoff and

Eck , 1972).

Levels of heterozygosity (H) provide estimates of

genetic variability within populations. Lewontin and

Hubby, (1966) proposed an index utilizing the proportion

of loci heterozygous per individual (H), calculated by

summing the observed frequencies of heterozygotes at each
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locus and then averaging over all loci for each popula-

tion separately. The effective number of alleles was

calculated as the reciprocal of the sum of squares of

allelic frequencies for a given locus for each population.

Wright's (1965) coefficient of inbreeding was determined

using the following equation:

st = S 2

p (1-P)

where Fst is the estimate of inbreeding, Sp2 is the

variance in- the frequency of one of two alternate alleles

from populations to population, and p is the mean frequency

of the allele over the ensemble of populations. Mean

Fst values represent estimates of actual effective

inbreeding as a measure of heterogeneity in allelic arrays.



Chapter III

Results

Sixteen loci were identified from 269 fish representing

18 populations of two species of Campostoma. Ten of the

16 loci were monomorphic with the same allele fixed in

both species. These were leucine aminopeptidase-2,

phosphoglucomutase-1, phosphoglucose isomerase-1, malate

dehydrogenase-2, glutamate oxalate transaminase-1, glutamate

oxalate transaminase-2, and general proteins 1 and 2. No

more than three alleles were found segregating at any of

the remaining six loci. Since most studies have not

indicated that a significant difference occurs between

sexes in samples greater than ten (Johnson and Selander, 1972;

Selander and Yang, 1969), no effort was made to determine

sexual differences in the allelic frequencies in this study.

Polymorphic Proteins

Esterase-1 (Es-1). This tissue esterase had two

alleles segregating from a single locus. Individuals

heterozygous at this locus demonstrated a double-banded

pattern, suggesting that this esterase is a monomer in

Campostoma. Polymorphism was found in both species.

The faster migrating allele, a, was predominant in both

species and was fixed in two populations of C. anomalum

and in all but one population of C. oligolepis (Table 2).

16
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Esterase-2 (Es-2). This tissue esterase demonstrated three

alleles. The a and b alleles were present in both species,

with the a allele being predominant in populations of C.

oligolepis, and the a and b alleles occurring in nearly

equal frequencies in populations of C. anomalum. The c

allele was found in low frequencies in populations of C.

anomalum (Table 2).

6-phosphogluconate dehydrogenase (6-Pgd). Individuals

heterozygous for this enzyme form a three-banded

electrophoretic pattern,indicating that this protein is a

dimer. Two alleles were found segregating at this locus;

the a allele was predominant in populations of both

species (Table 3).

Malate dehydrogenase-2 (Mdh-2). The isozymes comprising

malate dehydrogenase in fish exist in two forms, i.e., a

supernatant form found in the cytoplasm and encoded by

two loci (Mdh-1 and Mdh-2), and a mitochondrial form

encoded by a single locus (Mdh-3). It has been well

documented that both forms exist as dimers (Chilson et al.,

1966; Davidson and Cortner, 1967; Wheat et al., 1971;

hitt, 1970), and the two loci of the supernatant forms are

a result of gene duplication (Karig and Wilson, 1971).

When both supernatant forms are in the homozygous condi-

tion, random combining of the differently charged subunits

results in the formation of three isozymes. This three

banded pattern was observed in all individuals of C.

oligolepis, indicating that this species is homozygous
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at the Mdh-1 and Mdh-2 loci and is fixed for the b allele

at the Mdh-2 locus (Table 3). Individuals of C. anomalum

demonstrated a single heavy band, suggesting that the

alleles fixed at the Mdh-l and Mdh-2 loci encode proteins

which have the same electrophoretic mobility or that

duplication of this locus has been secondarily lost (Fig. 2).

The former seems more probable. The Mdh-2 locus is the

only locus in this study with which the two species could

be separated consistently.

Phosphoglucomutase-2 (Pgm-2). Individuals heterozygous

at the Pgm-2 locus demonstrated that this enzyme is a

monomer. Populations of both species were polymorphic at

this locus, except one population of C. anomalum from

McCurtain Co., Oklahoma. The a allele was predominant

in C. oligolepis, while C. anomalum had the a and b alleles

in nearly equal frequencies (Table 4).

Leucine aminopeptidase-1 (Lap-1). Individuals

heterozygous at the Lap-I locus demonstrated a two banded

pattern indicating that this enzyme is a monomer. Two

alleles were present in populations of both species, with

the a allele being predominant (Table 4).

Genetic Variability

Genic variation within populations may be expressed

in several ways: the proportion of loci heterozygous per

individual, the total number of alleles detected at each

locus, and the effective number of alleles segregating

for each polymorphic population. These indicies of genetic
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0

Figure 2. Electrophoretic variation in palate dehydrogenase
in Campostoma anomalum (single banded) and C.
oligolepis (triple banded).
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variability are presented in Tables 5 and 6 for the two

species of Campostoma. Five of the 16 loci investigated

were polymorphic in populations of both species.

Polymorphic Loci

The mean number of polymorphic loci per population

(P) of Campostoma was 0.026 (Table 5). P for populations

of C. anomalum was 0.26, and ranged from 0.13 to 0.32,

while P for C. oligolepis was 0.27, but had a much narrower

range (0.25-0.31).

The mean number of polymorphic loci per individual

(H) for both species was 0.072 (Table 5). Populations of

C. oligolepis were more variable (H = 0.087; range, 0.061-

0.097) than those of C. anomalum (H = 0.064; range,

0.020-0.111).

Effective Number of Alleles

The effective number of alleles at each locus (Table 6 )

measures the amount of variation that is contributed by

the various alleles at any polymorphic locus. Two of

the six polymorphic loci showed high values for the

effective number of alleles (Table 6). Esterase-2 had the

highest value for the effective number of alleles (1.896).

Three alleles were detected at this locus; however,

c allele occured at low frequency. Phosphoglucomutase-2

also had a high effective number of alleles (1.710),

indicating that the two alleles scored for this protein

occur at comparable frequencies.
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Proportion of loci polymorphic per population (P)
and proportion of loci polymorphic per individual
(H) in 18 populations of two species of Campostoma.

Population (P) (R)

Campostoma anomalum

1 Pilot Grove Cr., Collin Co., TX.
Trinity River system

2 White Rock Cr., Collin
Trinity River system

3 White Rock Cr., Collin
Trinity River system

4 W. Rowlett Cr., Collin
Trinity River system

5 W. Rowlett Cr., Collin
Trinity River system

6 Honey Cr., Collin Co.,
Trinity River system

7 Joe Creek, Dallas Co.,
Trinity River system

Co., Tx.

Co., Tx.

Co., Tx.

Co., Tx.

Tx.

Tx.

0.43

0.19

0.32

0 19

0.31

0.25

0.31

0 13

0. 25

0.25

0,31

0.31

0 26

8 Mountain Fork, McCurtain Co.,
Ok., Red River system

9 Wildcat Cr., Garland Co., Ar.
Ouachita River system

10 Gulpha Cr., Garland Co., Ar.
Ouachita River system

11 Big Sugar Cr., McDonald Co., Mo.
White River system

12 Blacksnake Cr., Garland Co., Ar.
Ouachita River system

0.111

0.062

0.071

0.20

0.21

0.067

0.078

0.064

0.028

0.068

0.086

0.102

X 0.064

Table 5.
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Table 5 (Continued)

Population (P) (I)

Campostoma oligolepis

13 Sylamore Cr., Stone Co., Ar. 0.25 0.061
White River system

14 Baity Cr., Delaware Co., Ok. 0.25 0.093
Arkansas River system

15 Big Creek, Searcy Co., Ar. 0.31 0.093
White River system

16 Buffalo River, Newton Co., Ar. 0.25 0.096
White River system

17 Big Sugar Cr., Delaware Co., Mo. 0.25 0.080
White River system

18 Buffalo River, Newton River, Ar. 0.31 0.097
White River system

X 0.27 X 0.087

X 0.26 X 0.072
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Coefficients of Inbreeding

The coefficients of inbreeding were determined for

the populations of C. anomalum in the Trinity River System

in Texas and for populations of C. oligolepis in the White

River system in Arkansas and Missouri. Fst values were

determined for both species at the following loci:

Lap-1, Pgm-2, Es-2, and 6-Pgd (Tables 7 and 8). Fst for

Es-1 was also calculated for C. anomalum. C. anomalum

had a much higher mean inbreeding coefficient (0.291)

than C. oligolepis (0.043).
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Chapter IV

Discussion

Genetic Similarity

Rogers' (1972) coefficient of genetic similarity (S)

was utilized for comparison of populations on the basis

of gene frequencies. Additionally, genetic identity (I)

was calculated for paired combinations of the two species

using Nei's (1971) coefficient. I values may range from

0 (when populations share no alleles) to 1 (when all

alleles are present in identical frequencies). Although

the values calculated using Nei's coefficient are somewhat

higher, they correlate well with the values obtained by

Rogers' method (Table 9). Similarity values for conspecific

vertebrates normally range from the high 0.080's to the

0.090's (Avise and Selander, 1972). Several fish species

have demonstrated a high level of biochemical similarity

including two species of California minnows (Avise et al.,

1975) and two species of Gambusia (Yardley and Hubbs, 1976).

Nei (1971) has defined genetic distance, D, as the

estimate of the accumulated number of codon substitutions

per locus since the time of divergence of the two populations.

In this comparison between C. anomalum and C. oligolepis,

D = 0.12, and based on this sample of 16 loci, populations

of C. anomalum and C. oligolepis demonstrate about 12 codon

substitutions per 100 loci since the species diverged.

33
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Table 9. Mean coefficients of genetic similarity S and I
for two species of Campostoma.

I S

Intraspecific C. a. pullum 0.961 0.925

Intraspecific C. oligolepis 0.995 0.971

Interspecific C. a. pullum/ 0.887 0.863
C. oligolepis
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The high genetic similarity between these two species

is consistent with the notion that these fish are indeed

closely related. Nonetheless, several lines of evidence

indicate that, despite their biochemical affinity, C.

anomalum and C. oligolepis represent separate gene pools.

Elaboration of these lines of evidence among the two

species of Campostoma is presented below.

Biochemical Evidence. Individuals collected at any

site in the study could be correctly identified as C.

anomalum or C. oligolepis on the basis of the genotype

of a single locus, Mdh-2. Individuals of C. anomalum

exhibited a single banded pattern, indicating the proteins

encoded by the supernatant malate dehydrogenase loci in

this species have similar charges. Individuals of C.

oligolepis exhibited the typical three banded pattern.

Intermediate patterns (heterozygotes) were not found where

both species were found in close proximity in the Big

Sugar Creek in southern Missouri.

Morphological Evidence. In clarifying the taxonomic

status of C. oligolepis, Burr and Smith (1976) expressed

the following morphological differences between C. oligolepis

and C. anomalum: circumferential scales: C. oliilepis

31-36, C. anomalum 39-46; predorsal scales: C. oligolepis

16-20, C. anomalum 21-25; sum of lateral line and circum-

ferential scales, C. oligolepis 74-82, C. anomalum 87-102.

C. oligolepis also differse in having a more globose snout
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and a relatively flat predorsal profile (in lateral view).

C. oligolepis also lacks a crescent-shaped row of one to

three tubercles along the inner margin of the snout of

mature, breeding males, while these are present in the

breeding males of C. anomalum.

Ecological Evidence. Pfleiger (1971) and Burr and

Smith (1976) have indicated that in areas of sympatry,

C. anomalum and C. oligolepis behave as separate species.

C. oligolepis typically inhabits faster moving deep riffles,

C. anomalum utilizes slower shallower pools. The difference

in habitat requirement also plays an important role in the

genomic structuring as will be pointed out later.

Reproductive Evidence. In drainages in the Ozark

Uplands where C. oligolepis and C. anomalum are sympatric,

morphologically intermediated forms between these species

are not know. The complete absence of heterozygotes at

the diagnostic Mdh-2 locus of the samples of this study

also indicates that hybridization does not occur. Burr

and Smith (1976) also reported no hybrids from localities

where both species may occur.

Reports of close biochemical similarity between species

are not unusual. Avise et al. (1975) outlined several

hypotheses that may be considered to explain the close

genic affinity of these two species, and these appear to

contribute to our understanding of genic divergence in

Campostoma.
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1) Close genetic similarity may be due to sampling

accident. Only a small number of loci are assayed in this

and similar surveys, and the errors involved in estimating

similarities may be large. However, similar studies of other

minnow species collected from the same areas have shown

similarity values much lower than those found between C.

oligolepis and C. anomalum. Nevertheless, there is no

reason to suppose that all species of a group have achieved

the same degree of genetic differentiation. Observed

biochemical similarities between a large variety of verte-

brate and invertebrate species do not appear to be randomly

distributed, but are invariably correlated with postulated

relationships based on independently derived data from

morphology, physiology, ecology, and zoogeography (review

in Avise, 1974).

2) Close genetic similarity derives from inability to

detect real differences. Because of the degeneracy of the

genetic code, many neucleotide substitutions do not alter

the amino acid sequence of polypeptides, and certain amino

acid substitutions do not alter net charge and hence are not

detected electrophoretically. These biases may tend to

underestimate the amount of genetic divergence between taxa.

However, the same biases apply to all studies of genetic

similarity based on electrophoreti data, and such studies

have generally shown that interspecific similarites are not

appreciably lower than that found between C. oligolepis and

C. anomalum.
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3) Close genetic similarity may reflect extensive

hybridization between C. oligolepis and C. anomalum, but

hybridization is not reflected by similar allelic distri-

butions. Based on both biochemical and morphological data,

there is no evidence that these species produce hybrids. I

would add, hybridization among species of fish is not neces-

sarily indicative of close genic similarity. Avise and Smith

(1974) reported that 11 species of sunfish (Lepomis) which

are known to hybridize freely are completely distinct in

allelic composition at an average of 47 per cent of their

loci. However only three loci (19 per cent) Mdh-2, Es-1, and

Es-2, have different allelic arrays in these two species

of Campos toma.

4) The close genetic similarity between C. oligolepis

and C. anomalum reflects their recent speciation, i.e., there

has been little time for accumulation of genetic change. Burr

and Smith (1976) suggest that these two species diverged

during a glacial maximum, probably the Illiinoian and redis-

persed northward in streams of the "recently glaciated slope."

Divergence time (Fig. 3), calculated from Nei's (1971) distance

measure (D), provides an estimate of the recency of this

event. Conservative estimates from this investigation indi-

cate that these two species diverged approximately 2.5 million

years B.P., which correlates well with the.time suggested

by Burr and Smith (1976).

Genetic Variation

Estimates of the proportion of heterozygous loci
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Fig. 3. Dendrogram of genic identities between populations
of Campostoma anomalum and C. oligolepis.
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per individual (H) for the 18 populations of two species

of Campostoma were based on enzymes and nonregulatory

proteins controlled by 16 loci. The average H for the

two species was 0.072 ranging from 0.020 to 0.111,

indicating that 7.2 percent of the 16 Toc are heterozygous in

the average individual. H ranged from 0.020 to 0.111 in

C. anomalum with an Hf of 0.064. C. oligolepis demonstrated

an H of 0.087 and a range of 0.061 to 0.097. Although

these values are well within the range of H reported for

other natural populations of fish, it is interesting that

populations of C. oligolepis appear to be more heterozygous

than those of C. anomalum. Two of the more compelling

explanations for this variation are the effects of inbreeding

and a correlation with environmental variation.

Inbreeding. A reduction in genetic variation within

populations can often be explained by the effects of

inbreeding (Wright, 1965; Lewontin and Krakauer, 1973;

Selander and Kaufman, 1975; Echelle et al., 1976). The

reduction of gene flow among contiguous populations,

along with interlocality differences, leads to strong

heterogeneity among populations, whereas homogeneity may

be maintained by gene flow (Echelle et al., 1976). Fst
values provide a measure of the standard variance of gene

frequencies across populations (Wright, 1965) and provide

an index of the probability that allelic frequencies at

a given locus in two populations are not drawn from one

panmictic population. Thus the higher the Fst, the greater
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the effect inbreeding may have on increasing heterogeneity

among populations. Fst values were calculated for popula-

tions of potentially interbreeding C. anomalum in the

Trinity River system in Texas, and for populations of C.

oligolepis in the White River system in Arkansas and Missou-

ri (Tables 7 and 8). The mean Fst value of 0.291 for C.

anomalum is comparable to values obtained for the darter,

Etheostoma spectabile (0.421), in areas where gene flow

is restricted by congeneric competition (Echelle et al.,

1976), and is somewhat higher than values reported for

human populations by Lewontin and Krakauer (1973). Popula-

tions of C. oligolepis in the White River have a much

lower F value of 0.043, indicating that inbreeding is

not as significant in the maintenance of heterogeneity

as in populations of C. anomalum in the Trinity River.

Environmental Variation. Many attempts have been made

to correlate genetic variability to environmental variation

(Merritt, 1972; Selander and Kaufman, 1973; Bryant, 1976;

Valentine, 1976; Gillespie and Langley, 1974). According

to Soule (1971), two components which arise from environ-

mental heterogeneity and effect genetic variability may

be distinguished. The first is the gene flow hypothesis

which emphasizes the role of migration between populations.

From Fst values obtained, it is unlikely that migration

plays an important role in the genomic structuring,

especially in C. anomalum. There is probably limited
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migration among populations of C. oljiolepis, as this

species occurs in continuous riverine habitat over much

of the sampling area.

A second, and more probable explanation, is the niche

width-variation hypothesis in which populations having

a broader niche should be relatively more polymorphic,

since different complexes of environmental factors will

be likely to contribute to selection for different pheno-

types. This may explain the higher H in C. oligolepis.

This species was found only in continuous habitats, i.e.,

long stretches of gravel-bottom, fast-running streams of

the Ozark uplands. However, populations of C. anomalum

were collected in isolated, less variable areas of suitable

habitat, i.e., small riffles and pools in the medium

gradient streams. Thus C. anomalum, being isolated into

a narrower niche and separated by less suitable habitats,

appear to be experiencing the effects of both inbreeding

and selection, and lower genic heterogeneity in C. .anomalum

is not surprising.
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