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by 
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INTRODUCTION 

Yellowfin sole is one of the major demersal fishery resources of the 

eastern Bering Sea. Following World War II it was the primary target of 

Japanese and Soviet distant water fisheries. During the period of 1959 

to 1962 total catches ranged from 185,000 to 554,000 mt annually (Wakabayashi 

et al., 1977), but have since declined to range from 42,000 to 167,000 mt. 

In 1975 the biomass of yellowfin sole was estimated to be 23% (1,000,000 mt) 

of all demersal fishes sampled by a trawl survey covering the Continental 

Shelf region of the eastern Bering Sea (Kaimmer et al., 1976). 

An important consideration in the management of yellowfin sole in the 

eastern Bering Sea is that of stock identity. Early tagging, distribution, 

and morphometric data suggested the possible existence of northern and 

southern stocks. More recent data, however, do not support the two-stock 

concept. To help resolve the stock question, samples of yellowfin sole 

from the proposed northern and southern stock areas were surveyed for 

genetic variation using electrophoretic techniques to determine if genetic 

differences could be detected between populations of the two areas. Results 

of these analyses, as well as a review of other evidence bearing on the stock 

question, are presented in this paper. 



PRIOR STUDIES OF STOCK STRUCTURE 

Yellowfin sole of the eastern Bering Sea migrate from wintering areas 

on the outer continental shelf to shallower waters of the inner shelf in 

summer where they feed and spawn. There are two major winter concentrations 

(Fadeev, 1970; Wakabayashi, 1974); the largest is located in the vicinity of 

Unimak Island and the second largest west of St. Paul Island (see Figure 4 

for location of islands). Other concentrations have been recognized by 

Fadeev (1970) and by Wakabayashi et al. (1977), but the results of tagging 

studies (Wakabayashi et al., 1977) indicate that these concentrations are 

part of the Unimak Island group. The locations of these concentrations as 

observed during a trawl survey i~ April, May, and June 1976, are illustrated 

in Figure 1 and in the upper panel of Figure 2. Inshore movements of yellowfin 

sole appeared to be in progress during the 1976 survey as indicated by the 

apparent shifting of major concentrations of fish from month to month. The 

inshore summer distribution of yellowfin sole is illustrated in the lower panel 

of Figure 2 from results of a trawl survey in August-October, 1975. 

Tagging studies by Japan through 1973 indicated that the west St. Paul 

Island and Unimak Island groups largely remained separate throughout the 

year (Wakabayashi, 1974). These tagging data, coupled with distribution 

patterns and morphological differences between populations of the two main 

wintering groups, suggested that these groups may constitute independent 

northern and southern spawning stocks. The other evidence supporting the 

two-stock concept was: (1) apparent differences in growth rate and length-wei~ 

relationships between samples from the two areas (Wakabayashi, 1974); (2) diffE 

rences in egg diameter between samples from north and south of Nunivak Island, 

where independent spawning areas for the two stocks might exist (Kashkina, 1965) 

(3) distribution patterns shown by research vessel surveys in spring and late 
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summer (Figures 1 and 2; Chikuni, 1971~ Yamaguchi, 1972), which indicated 
, 

independent concentrations of fish in the northern and southern stock areas~ 

Results of other st~§,ies do not support the two-stock concept, however. 

Fadeev (1970) found no significant differences in growth rates, length-weight 

relationships, body proportions, and meristic characters for samples from 

the two principal wintering groups near Unimak Island and west of St.Paul 

Island, and Wakabayashi (1974) found no significant differences in the 

relationship between total body length and radius of the otolith for samples 

from the two areas. Moreover, winter concentrations of small yellowfin sole 

have only been found in Bristol Bay (Fadeev, 1970), and tag recoveries since 

1974 have shown more intermixing of fish between the proposed northern and 

southern stock areas than had earlier tagging data (Wakabayashi, et. al., 

1977). Results of research vessel tagging studies for all years are shown in 

Figure 3. 

These conflicting data regarding the stock structure of yellowfin sole 

of the eastern Bering Sea indicated that an alternate method of examining 

this question would be useful. Because of its proven value for identifying 

genetically distinct populations of fishes (Allendorf and Utter, 1978), 

biochemical genetic (i.e., electrophoretic) analyses were used in an attempt 

to resolve the stock question. 

GENETIC STUDIES OF STOCK STRUCTUR'.E 

Samples of yellowfin sole for electrophoretic analysis were collected 

at six locations within the regions of the eastern Bering Sea defined from 

tagging data as possible northern and southern stock areas (Figure 4). The 

three samples from the southern stock area were taken in August and September 

in areas of the southeastern Bering Sea where yellowfin sole form concen-



taken from near Nunivak Island in October where concentrations form in 

this region in summer, from west of St. Paul Island in February where 

concentrations form in winter, and north of the Pribilof Islands in July, 

an area occupied by the proposed northern stock in summer. 

Methods and Materials 

The samples collected for electrophoretic analysis were frozen in the 

round soon after capture and held in frozen storage until ready for use. 

A segment of muscle was removed from the dorsal side of each fish for 

analysis. Horizontal starch gel electrophoresis was used to detect protein 

variation, using methods described by Utter et al. (1974). We used three 

buffer systems to achieve maximum resolution of the protein bands on the gels: 

(1) a discontinuous tris-citric acid (gel pH 8.5), lithium hydroxide-boric 

acid (tray pH 8.5) buffer system described by Ridgway et al. (1970); (2) an 

amine citrate buffer (pH 6.5) described by Clayton and Tretiak (1972); and 

(3) a tris-boric acid-EDTA buffer (pH 8.5) described by Markert and Faulhaber 

(1965). Gels were made using 13% starch(Electrostarch: Madison, Wisconsin). 

The system of allele nomenclature used in this paper is as follows. An 

abbreviation is used to designate a protein and when, italicized, represents 

the locus coding for the protein product. In cases where more than one 

locus code for the same functional protein occurs, the locus with the least 

anodal migration is designated "1". The bands reflecting allelic products 

are designated according to their electrophoretic mobility relative to the 

mobility of the band reflecting the most common allele. The common allele 

is arbitrarily designated "100". Thus, an allele of phosphoglucose isomerase 

migrating 10% farther than the connnon allele is designated PGI-1(110). 
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Results 

Variation in Banding Patterns 

A total of 23 loci were clearly resolved from 18 enzymatic proteins 

having positive staining (Table 1). Three additional loci malic enzyme, 

aspartate amino-transferase, and esterase -- had variation in their banding 

patterns, but further use of these loci was precluded by technical problems 

in resolving the bands clearly, or by difficulties in formulating a genetic 

model to account for the banding patterns. Five of the 23 loci were poly

morphic and therefore useful for study of regional genetic variation. These 

were phosphoglucose isomerase (PGI), phosphoglucose mutase (PGM), 6-phospho

gluconate dehydrogenase (6-PGDH), malate dehydrogenase (MDH), and isocitrate 

dehydrogenase (IDH). 

The common form of phosphoglucose isomerase (PGI) had three bands that 

were interpreted to represent the gene products of two loci (Figure 5, PGI 

phenotype 1). The central band represented the heterodimeric product between 

the two loci. Six-banded phenotypes were interpreted to represent hetero

zygotes of fast or slow variants (Figure 5, PGI phenotypes 2 and 4, 

respectively); 3-banded phenotypes other than the common type were inter

preted to represent homozygotes of the variants (Figure 5, PGI phenotypes 

3 and 6); and 6-banded phenotypes were interpreted to represent the hetero- · 

zygote between the two variant alleles (Figure 5, PGI phenotype 5). Two 

other rare variants were observed in very low frequencies but are not illustrated. 

The common form of phosphoglucose mutase (PGM) had two bands that were 

interpreted to be homozygo~es of two loci (Figure 5, PGM-1 phenotype 1). 

Variant forms of PGM-1 had one or two bands and were interpreted to be 

homozygotes or heterozygotes, respectively. An additional rare variant was 

observed but not diagrammed. 
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The collDllon form of 6-phosphogluconate dehydrogenase (6-PGDH) consisted 

of a single band. Variant forms had one or three bands and were interpreted 

to represent homozygotes or heterozygotes, respectively (Figure 5). 

The banding patterns observed on gels stained for malate dehydrogenase 

(MDH) were complex. The common form had four bands that were interpreted to 

result from the product~ of three loci. The molecular products of the second 

and third loci interact to form a heterodimeric band having a mobility inter

mediate to those of the bands representing the homodimers. MDH-1 is probably 

a form of mitochondrial MDH which does not have a molecular structure that 

is homologous to the structure of the products of the other two loci and 

therefore does not form heterodimers with MDH-2 and MDH-3. 

One three-banded variant was observed for isocitrate dehydrogenase (IDH) 

and was interpreted to represent a heterozygote for a slow allele (Figure 5). 
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REGIONAL DISTRIBUTION OF PROTEIN VARIANTS 

Gene (allele) frequencies of five polymorphic proteins found in yellowfin 

sole of the eastern Bering Sea are given in Table 2. Frequencies of the common 

allele of PGI-1 ranged from 0.772-0.848 for samples from the northern stock 

area and 0.740-0.876 for samples from the southern stock area. In order to 

detect significant differences in the frequencies of the common allele between 

sample pairs we used a chi-square test for independence (2 X 2 contingency 

chi-square test). Among 15 possible comparisons at this locus there were four 

significant differences (Table 3). Sample 3 (the winter sample from west of 

the St. Paul Island) had frequencies that differed significantly from frequencies 

of two of the samples from the southern stock area but not from the third sample 

from the southern stock area. The other significant differences occurred between 

samples within the southern stock area. 

The allelic frequencies of 6-PGDH(lOO)ranged from 0.908-0.969 for samples 

from the northern stock area and0.920-0.990 for s~moles from the southern 

stock area (Table 2). There were five significant differences among 15 com

parisons (Table 3). Most of the significant differences occurred between 

samples within the same stock area. The only exception was the significant 

difference in frequencies between sample 3 (winter sample from west of St. 

Paul Island) and sample 4 (summer sample from the Unimak Island area). 

Allelic frequencies of PGM(lOO) ranged from 0.964-0.971 in samples from 

the northern stock area and 0.940-0.976 in samples from the southern stock area. 

There were no significant differences in frequencies among the six samples. 

Rare variants appeared at both the MDH-3 and IDH loci at frequencies 

of 0.02 or less. There were no significant differences between northern 
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and southern samples in the frequencies of the common alleles at either 

of these loci. 

DISCUSSION 

The regional distribution of biochemical genetic variation can be a 

useful means of detecting genetically discrete population units. In general, 

the geographic distribution of biochemical genetic variants is determined 

by the degree of intermixing of fish between spawning areas and by the effects 

of environmental and biological events which influence population size and 

mating within populations. Fish having considerable migration between populations 

tend to have few genetic differences between populations over large areas (e.g. 

herring; Utter et al, 1974). On the other hand, fish having restricted migration, 

or fish returning to the same spawning area each generation, tend to show con

siderable genetic differences between populations (e.g., sockeye salmon; Grant 

et al., In press). In fish species having restricted migration, the degree 

of genetic differentiation among populations depends upon the amount of time 

since the populations were isolated. Recently isolated populations may not 

show differences in gene frequencies because insufficient time has elapsed 

for genetic drift to affect gene frequencies. With time and with the con-

tinued absence of migration, more and more loci will show differences 

between populations. 

In electrophoretic studies only one point in evolutionary time can be sam-

pled and only a fraction of the total number of proteins can be assayed with 

the present staining technology. In view of these constraints, the results of 

a study must be interpreted in the context of the biology of the species. When 

major differences in gene frequencies are found between populations, these 
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a~rrerences canoe caKen as positive evidence that the populations are 

genetically isolated. A large number of loci showing differences suggests 

strong genetic divergence between populations. On the other hand, the presence 

of similar gene frequencies among populations is not positive evidence that 

differentiation has not occurred, because the inclusion of more loci in the 

survey may reveal genetic differences. Such may be the case in a species 

where populations have only recently become isolated from one another. 

There was no evidence of major genetic difference among populations of 

yellowfin sole of the eastern Bering Sea based on the samples tested. Sample 

numbers 1, 2, and 3 were taken from areas occupied by the proposed northern 

stock and sample numbers 4, 5, and 6 from areas occupied by the proposed 

southern stock. However, not all of the samples were taken during the spawning 

season or in spawning areas at a time when yellowfin sole would be segregated 

into discrete stocks, if they existed. Nonetheless, our samples still might 

allow us to detect major differences between fish from northern and southern 

regions if fish migration were confined to each region. At the PGI-1 locus 

the allelic frequencies of sample 3 of the northern stock area were significantly 

different from those of samples 5 and 6 of the southern stock area, but other 

samples of the northern stock area did not differ from samples of the southern 

stock area. Two of the significant differences occurred between samples within 

the same stock area. This apparently unstructured distribution of significant 

chi-square values suggests that there is no strong genetic differentiation 

between the sampled fish of the two areas. The five significant differences 

seen at 6-PGDH were also randomly distributed geographically and did not fit 

a pattern which would confirm the north-south stock concept. 

If the significant differences at PGI-1 and 6-PGDH do not represent 

regional genetic differences as their random distributions suggest, then the 

differences are hard to explain. Some of the differences may have resulted 
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from sampling error. Another possibility is that the differences reflect natural 

selection by environmental differences between regions. However, in view of 

the apparent geographic randomness of the significant differences and in view 

of the potential for gene flow among the areas, this possibility seems unlikely. 

The results of tagging experiments show that, although yellowfin sole 

of the northern and southern regions of the eastern Bering Sea tend to remain 

separate, there is some north-south migration between the two areas (Wakabayashi 

et al., 1977). The genetic data presented here do not indicate that there 

are major regional stocks. Intermixing between regional spawning areas may 

prevent the formation of distinct stocks. However, we can not rule out the 

possibility that our sampling procedure was inadequate to detect differences. 
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Table 1. List of proteins assayed in yellowfin sole collected from the 

eastern :Bering Sea. 

:Buffer No. of 

Protein systerr/¥ loci 

Alcohol dehydrogenase 1 1 

Alpha-glycerophosphate 
dehydrogenase 2 1 

Aspartate aminotransferase 1 1 

Esterase 1 3 

General protein 1 3 

Isocitrate dehydrogenase £_/ 2 1 

Lactate dehydrogenase 1 1 

Leucine amino peptidase 2 1 

Malate dehydrogenase £.I 2 3 

Malic enzyme 2 1 

Peptidase 2 1 

6-Phosphogluconate dehydrogenase s;,_/ 2 1 

Phosphoglucose isomerase £.I 1 2 

Phosphoglucose mutase £_/ 1 2 

Phosphomannose isomerase 3 1 

Sorbitol dehydrogenase 1 1 

Superoxide dismutase 1 1 

Xanthine dehydrogenase 3 1 

.3'see materials and methods 

Staining 

referencJ/ 

1 

2 

1 

1 

2 

1 

1 

2 

1 

1 

2 

1 

1 

1 

1 

2 

1 

1 

J/1 = Siciliano and Shaw ( 1976); 2 = Shaw and Prasad ( 1970) 

£_/Proteins having at least one polymorphic locus 
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Table 2.--Gene (allele) frequencies of enzymatic proteins found in yellowfin 
sole collected in northern and southern stock areas of the eastern 
Bering Sea. Alleles are designated by their electrophoretic 
mobility relative to the common (100) allele. 

Enzymatic NoT-thern stock area Southern stock area 
protein Allele Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

PGI-1 100 0.796 0.848 o. 772 0.870 0.740 0.764 
300 0.107 0.112 0.157 0.110 0.193 0.185 

-100 0.082 0.022 0.071 0.020 0.065 0.034 
- 50 0.015 0.008 0.000 0.000 0.000 0.011 

400 0.000 0.006 0.000 0.000 0.000 0.006 

PGM 100 0.964 0.964 0.971 0.940 0.947 0.976 
110 0.026 0.024 0.014 0.020 0.012 0.006 

95 0.005 0.006 0.000 0.030 0.029 0.000 
85 0.005 0.006 0.015 0.010 0.012 0.018 

6-PGDH 100 0.908 0.969 0.957 0.920 0.990 0.944 
90 0.056 0.014 0.029 0.070 0.010 0.037 

115 0.036 0.017 0.014 0.010 0.000 0.019 

MDH-3 100 0.980 1.000 0.971 0.990 0.982 0.960 
115 0.015 0.000 0.014 0.010 0.012 0.020 

60 0.005 0.000 0.015 0.000 0.006 0.000 
130 0.000 0.000 0.000 0.000 0.000 0.020 

IDH 100 1.000 1.000 0.986 1.000 1.000 1.000 
80 0.000 0.000 0.014 0.000 0.000 0.000 
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Table 3.--Contingency chi-square values of pairwise comparisons of allele 
frequencies from samples of yellowfin sole originating from proposed north 
(samples 1, 2, and 3) and south (samples 4, 5, and 6) stock areas of the 
eastern Bering Sea. Values significant at P • .05 are starred. 

Sample 
No. 

1 

1 

2 0.19 

3 

4 

5 

6 

Sample 
No. 

1 

2 

3 

4 

5 

6 

2.48 

2.47 

1.50 

0.59 

l 

1.72 

9.77* 

0.12 

12.00* 

1.88 

PGI-1 (100).!.I 

2 

2.52 

2.82 

0.23 

0.02 

3 

0.31 

8.74* 

6.22* 

6-PGDH (100)!!./ 

2 3 

0.26 

0.94 4.80* 

2.78 2.17 

0.18 2.15 

4 

6.21* 

4.67* 

4 

8.91* 

0.64 

5 

0.24 

5 

5.78* 

!!_/ d.f. = l chi-square values are significant (P =.OS) at 3.84. 

16 



62"N 

61"N 

60"N 

59"N 

58"N 

57'N 

56°N 

55"N 

YELLOWFIN SOLE 
APIIIL 1976 

54"~e~o=-• -'--:,::::78"!::w-::--'-:,::::76~"W:'.'""'"._rr=4~"W~..__1=12-w~--'--1""1o-w..__.__,se_._•_w_._....:....,66..JJ·~wll!!:!-,64--'-.w--'-,-'62-•w---''--,"""so'-•w--''--,"""5e'--w__J 

63"N,---r-r--,--r---r--,-----.--,--,--..,.,-,---r--,----r---,-r-.......,.--,r---r--r----r--....--.----. 

= 
62"N 

. ,.,. 
I , 
' \ / 

61"N ( '(, 

,~- .-..::;•· ,, 

~ ' -~ 

60"N 

~;, 

\ 
/ 

'---.. / 
/ 

' 
59"N 

4N 

58"N 

57"N YELLOWFIN SOLE 
MAY 1976 

56°N 

55°N 

!CATCH ::::m 
(25 

25-IOO 

100 - 250 

)250 

54°N,___,___.,,___.__.,,___.__..,_____,__ _ _.____,_ _ _.___,__..,__,_..==:i<---'--L---'--.L--':---..___.___, 
180° 178"W 176°W 174°W 172°W 170°W 168°W 166°W 164°W 162"W 160"W 158°W 

Figure 1. Distribution and relative abundance of yellowfin sole 
in April and May as shown by.a National Marine Fisheries 
Service trawl survey in 1976 (after Bakkala and Smith, 1978). 
As indicated in the text, major concentrations of yellowfin 
sole can be noted in the vicinity of Unimak Island and west 
of St. Paul Island. (See Figure 4 for location of islands.) 
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Figure 2. Distribution and relative abundance of yellowfin sole 
in June 1976 and August-October 1975 as shown by 
National Marine Fisheries Service trawl surveys (after 
Bakkala and Smith, 1978). 
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indicated by dashed lines) were released by commercial vessels. 
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Figure 4. Locations of samples collected for electrophoretic studies of genetic variation in yellow
fin sole. 
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Figure 5. Schematic diagrams of protein variants found in yellowfin sole of the eastern Bering Sea. 




