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Fish Population Genetics and Applications of Molecular Markers to 

Fisheries and Aquaculture: I- Basic Principles of Fish Population Genetics 

Abstract 

Fisheries management is getting difficult due to over utilization of fish stocks, pollution and various human activities 
resulting reduction of genetic resources and variations. Therefore, molecular genetic studies of natural population is 
dependent on the polymorphic neutral markers and offer the possibility of investigation of population structure and provide 
scientific data for regulation of harvest to protect weaker populations and finally long term management of fisheries 
resources. The study of the genetic variation in populations and its change, the following of allele frequencies in populations
through time and space, is the main subject of population genetics.  

This paper emphasizes the importance and development in population genetics and contains a description of procedures 
used in population genetic studies together with references. 
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Introduction

Of all the animals and plants in the aquatic 
environment fish is the most important source of 
human food. They are the major source of protein for 
many people and constitute the main part of the diet 
in many cultures. Fish and fisheries not only provide a 
significant portion of the protein available for human 
consumption, but they are also an economically 
significant activity, providing jobs and investment 
opportunities and, for many countries, a means of 
improving the balance of international trade. 

Most of the fish used for human consumption is 
obtained through exploitation of wild populations. 
The management of the wild populations comprising 
commercial or sport fisheries presents genetic 
problems that are unique to fisheries management. 
Reduction in the genetic resources of natural fish 
populations has become an important fisheries 
management problem. Much of the reduction is due to 
various human activities. Not only has the genetic 
diversity of many fish populations been altered, but 
many thousands of populations and species have been 
extirpated by pollution, over fishing exploitation, 
destruction of habitat, blockage of migration routes 
and other human developments (Ferguson, 1995). In 
nearly all cases, fishery management has largely been 
concerned with the immediate resource of interest; 
that is, the abundance and size of fish available for 
harvesting (Ward and Grewe, 1995). This short-term 
focus may be economically advantageous in the short 
run, but in the long term may cause extinction of the
population. Concern with reduction of genetic 
resources in fish is part of a larger global concern for 
the genetic resources of the biosphere. For this reason, 
molecular genetic research should be strongly 
supported, for it is vital to the long-term management 
of fisheries resources (Park and Moran, 1995). This 
approach addresses two slightly different aspects of 
genetic resources: conservation of gene pools and 
conservation of genetic diversity. 

The study of the genetic variation in populations 
and its change, the following of allele frequencies in 
populations through time and space, is the main 
subject of population genetics. Genetic variation is the 
raw material in a species and populations, which 
enables them to adapt to changes in their 
environment. New genetic variation arises in a 
population from either spontaneous mutation of a 
gene or by immigration from a population of 
genetically different individuals. The number and 
relative abundance of alleles in a population is a 
measure of genetic variation. 

This fisheries genetics review series attempt to 
revise current knowledge and practices in fish 
population genetics and molecular markers and 
applications of the molecular genetics in fisheries 
management, conservation and aquaculture. The 
review is divided into two sections and is going to be 
published in successive issues of this Journal. Section 

one covers basic concepts of population genetics from 
fisheries management point of view, while sections 
two will focus on recent developments in molecular 
markers and their role in the management and 
conservation of natural fish populations and 
applications to aquaculture. 

In this first section, principles of fish population 
genetics, testing the basic assumptions for population 
genetic analysis, departures from Hardy-Weinberg 
expectation, linkage disequilibrium between the loci, 
estimation of the genetic differentiation within and 
among populations, using genetic distance, FST and 
gene flow analyses, determination of frequencies of 
genes and genotypes, estimation of effective 
population sizes and null alleles have been outlined. 

The Stock Concept 

A fundamental problem for fisheries is the 
identification of populations of a species and this idea 
has been brought together with the definition of stock 
for management (Carvalho and Hauser, 1995). The 
term stock has been used in various management 
contexts with little or no genetic content. Several 
approaches have been advocated to solve this 
problem. Ihssen et al. (1981) defines a stock as “an 
intraspecific group of randomly mating individuals 
with temporal or spatial integrity”. Larkin (1981) 
defined a stock as "a population of organisms which 
share a common gene pool, is sufficiently discrete to 
warrant consideration as a self-perpetuating system 
which can be managed." In fishery management, a 
unit of stock is normally regarded as a group of fish 
exploited in a specific area or by a specific method 
(Carvalho and Hauser, 1995). 

The stock concept has two central arguments: 
that fish species are subdivided into local populations 
and that there may be genetic differences between 
local populations which are adaptive. If managers are 
to include genetic considerations in their decisions, 
they will need information on the biological 
differences between discrete local groups of a species 
and they will need to understand the genetic and 
ecological processes that influence discreteness 
(Palumbi, 1996; Ward and Grewe, 1995). 

Genetics and Fisheries Management 

Genetics and fishery management can interact in 
several ways. When the genetic population structure 
of a species is known, the distribution of 
subpopulations in mixed fisheries can be estimated 
(Utter, 1991). Regulation of harvest to protect weaker 
populations can be made based on these distributions. 
It is important to identify and regulate for genetic 
changes within a population because of differential 
harvests because of the drastic and long-term effects 
they may have on a population. 

The genetic study of natural populations is 
dependent on the availability of polymorphic neutral 
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markers. Although electrophoresis of proteins has 
been widely used for the direct study of genetic 
variation in fish populations, DNA markers are 
becoming more popular in order to obtain information 
about gene flow, allele frequencies and other 
parameters that are crucial in population biology 
(Neigel, 1997). 

Biologically important characteristics of 
populations, including their size and productive 
efficiency, are determined by the historically 
established gene pools (Altukhov and Salmenkova, 
1987). Therefore, the population genetic analysis of 
species in nature is of primary importance in 
developing an optimal strategy for their effective 
management. Such a strategy should provide not only 
for maximum economic benefits but also for 
continuous maintenance of natural populations. 
Fisheries biologists must emphasize the importance of 
elucidating the factors and conditions that permit 
populations and species to be maintained (Allendorf 
et al., 1987).  

Population Genetics 

The general goals of population genetic studies 
are to characterize the extent of genetic variation 
within species and account for this variation (Weir, 
1996). The amount of genetic variation within and 
between populations can be determined by the 
frequency of genes and the forces that affect their 
frequencies, such as migration, mutation, selection 
and genetic drift (Gall, 1987). 

During the last two decades, a large amount of 
genotype and allele frequency data have been 
obtained from a large number of species, including 
many fish species, primarily through the means of 
protein and DNA base molecular genetic techniques. 
These studies have shown that most species are 
subdivided into more or less distinct units that differ 
genetically from each other (Chakraborty and Leimar, 
1987). At this point intraspecific groups of fish have 
to be described to prevent confusion by terms such as 
race, tribe, population, subpopulation, stock and 
subspecies and are intended to reflect the magnitude 
of differences among such subdivisions (Ihssen et al., 
1981). 

Genetic differences between subpopulations will 
evolve in the course of time if there is little or no gene 
flow between them (Chakraborty and Leimar, 1987). 
Gene flow rates of 10% or less may justify treatment 
as separate stocks. That means restriction on gene 
flow may lead to genetic subdivision. In particular, 
marine species show lower levels of genetic 
population differentiation than fresh water or 
anadromous species, probably because there are 
potentially fewer barriers to migration and gene flow 
(Carvalho and Hauser, 1995). 

Most indirect estimates of gene flow have been 
based on demographic models in which migration 
occurs between discrete subpopulations (Neigel, 

1997). There are essentially three principle models of 
population structure, which can result in 
differentiation of genetic patterns within and between 
geographic localities (May and Kruger, 1990; 
Baverstock and Moritz, 1996). These are, first, the 
“panmictic model”: the entire population may consist 
of single panmictic unit (free exchange); second, 
“stepping-stone” or “island model”, may consist of a 
series of small subpopulations each largely isolated 
from other subpopulations (no interchange between 
subpopulation); Third, the “isolation-by-distance” 
model: a continuous population, but with organisms 
exchanging genes only with geographically close 
areas (local interchange only). 

Gene flow among subpopulations is a 
characteristic attribute of population genetic studies. 
With high levels of migration and gene flow between 
populations, the similarity of populations increases 
(Neigel, 1997). Thus, the first step in understanding 
the population genetics of a specific species is to 
consider which model best describes the population 
structure (Baverstock and Moritz, 1996). 

In fact, in some cases, movement between areas 
will not always result in gene flow for the reason of 
spatial and temporal isolation (Carvalho and Hauser, 
1995). Spatial isolation mechanisms restrict the gene 
flow among populations because of natal homing and 
distance. Natal homing can be distinguished by the 
tendency for adults to return to the same spawning 
sites in successive years such as in salmonids. 
Temporal isolation affects gene flow by differences in 
spawning time that range from days to years. 

Fluctuations in environmental conditions and 
population density may cause considerable variability. 
Important factors in genetic variability, like selection, 
migration and genetic drift are affected by human 
activities. For example, selection, in general, is a 
process by which the future contribution of some 
genotypes to the next generation is limited and it is 
the dominant mode of human interaction with fish 
population (Nelson and Soule, 1987). Size selective 
fishing gear, destruction of habitat, alteration of prey 
availability, pollution stress and other such activities 
can impose new selection pressures on a stock or may 
alter the existing selection forces. Also human 
activities that affect movements of fish (either directly 
through erection or removal of barriers or indirectly 
through changes in population density or 
environmental conditioning) have the potential to 
alter the genetic diversity of a population (Nelson and 
Soule, 1987). Human activities related to those 
changes are habitat alteration, transplantation of 
exotic stocks, introduction of hatchery-reared strains 
and over exploitation (Ferguson, 1995).  

The importance of genetic variation to 
population adaptability in changing environments or 
under stressful conditions has long been recognized 
(Allendorf et al., 1987). The loss of genetic variation, 
due to prolonged selection, loss of heterozygosity due 
to (random) inbreeding or isolation may result in a 
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decrease of the potential adaptability of a population 
(Ferguson et al., 1995). 

The dangers inherent in subdivision of fish 
populations are that inbreeding and genetic drift will 
lead to fixation of genes, loss of fitness (vigour, 
viability, fecundity, resistance to disease) and 
ultimately extinction of local populations (Ferguson et

al., 1995). Stress such as exploitation may augment 
these dangers through effects on effective population 
size (Nelson and Soule, 1987). 

A logical conclusion for the above argument 
might be that each discrete group of fish should be 
identified as a stock and managed separately, with the 
goal of harvesting it in such a way as to preserve all 
genetic variation (Allendorf et al., 1987). Maintaining 
the maximum level of genetic variation both in wild 
and cultured stocks is vital for the preservation of 
genetic resources (Nelson and Soule, 1987). 
Therefore, excessive loss of genetic variability, 
especially through inbreeding, should be avoided. For 
long term preservation of genetic diversity, large 
population sizes are required so that the loss of 
genetic variability due to genetic drift and selection 
and gain of genetic variability by mutation can be 
maintained in equilibrium (FAO, 1981). 

Testing the Basic Assumptions for Population 

Genetic Analysis 

Frequencies of Genes and Genotypes 

To describe the genetic constitution of a group 
of individuals it is necessary to specify their 
genotypes and enumerate each genotype. Suppose for 
simplicity that a certain autosomal locus, A with two 
different alleles, A1 and A2, was studied among the (N)
individuals. There would be three possible genotypes, 
A1A1, A1A2 and A2A2. The genetic constitution of the 
group would be fully described by the proportion or 
percentage of individuals that belonged to each 
genotype. These proportions or frequencies are called 
genotype frequencies (P) and would be formulated as 
follows (Crow and Kimura, 1970): 

PA1A1= N(A1A1) / N;

PA2A2= N(A2A2) /N;

PA1A2= N(A1A2) /N 

The genetic constitution of a population, 
referring to the genes it carries, is described by the 
array of gene frequencies; that is, by specification of 
the alleles present at every locus and the number and 
proportions of the different alleles at each locus. Thus 
frequencies (P) for alleles A1 and A2 are determined as 
follows (Crow and Kimura, 1970):  

PA1= (N(A1A1) + ½ N(A1A2)) / N PA1= PA1A1 + ½ PA1A2

PA2= (N(A2A2) + ½ N(A1A2)) / N PA2 = PA2A2 + ½ PA1A2

Heterozygosity and Polymorphic Loci 

One useful measure of genetic diversity is 
population heterozygosity (H), defined as the mean 
percentage of loci heterozygous per individual (or 
equivalently, the mean percentage of individuals 
heterozygous per locus). 

Estimation of heterozygosity for a locus (Hobs)
can be obtained from raw data that consists of 
observed diploid genotypes and is formulated as the 
proportion of observed heterozygotes (h) at a given 
locus: Hobs= h/N, where N is the total individuals 
scored for that locus. Heterozygosities may also be 
estimated from observed frequencies of alleles (rather 
than genotypes), assuming the population is in Hardy-
Weinberg equilibrium. Thus; 

Hexp= 1- 
k

i 1

Pi
2,

where Pi is the frequency of the ith allele and k the 
number of alleles at a locus (Nei, 1978). 

Other common measures of population 
variability for genetic marker data are the mean 
number of alleles per locus and the percentage of 
polymorphic loci (L). To avoid an expected positive 
correlation between L and sample size, a locus is 
usually considered polymorphic only if the frequency 
of the most common allele falls below an arbitrary 
cut-off, typically 0.99 or 0.95 (Avise, 1994). 
Polymorphism corresponds then to the proportion of 
polymorphic loci: L= x/l, where x is the number of 
polymorphic loci and l the total number of loci 
studied and is commonly expressed as a percentage. 

Hardy-Weinberg Equilibrium  

If analyses are to be made using allele 
frequencies, rather than genotypic frequencies, it is 
necessary to ensure the populations are in Hardy-
Weinberg equilibrium. This law states that in a large 
random mating population with no selection, mutation 
or migration, the allele frequencies and the genotype 
frequencies are constant from generation to 
generation and that, furthermore, there is a simple 
relationship between the gene frequencies and the 
genotype frequencies (Hardy, 1908; Weinberg, 1908; 
in Wright, 1969). The relationship is this: if the gene 
frequencies of two alleles among the parents are p and 
q, then the genotype frequencies among the progeny 
are p2, 2pq and q2, thus;  

 Genes in 
parents

Genotypes in 
progeny 

A1  A2 A1A1  A1A2  A2A2

Frequencies p    q   p2     2pq     q2

Where p is the allelic frequency of A1 and q is 
the allelic frequency of A2 (Falconer, 1989). A 
population with these genotype frequencies is said to 
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be in Hardy-Weinberg equilibrium (HWE) at the locus 
under investigation (Guo and Thompson, 1992). 

A deviation from Hardy-Weinberg proportions 
indicates selection, population mixing or non-random 
mating and its detection is one of the first steps in the 
study of population structure (Rousset and Raymond, 
1995). Such deviations are usually tested using 
various methods, which can be divided into two 
separate groups. In the first are the traditional 
goodness of fit tests like x2 tests and the likelihood 
ratio G statistics (Sokal and Rohlf, 1981; Hernandez 
and Weir, 1989). Such tests usually involve a simple 
comparison between the observed and expected 
frequencies of each distinct genotype in a sample 
from the population. The major limitation of the 
goodness of fit tests, however, is that they are usually 
unsuitable when the observed frequencies of some of 
the classes i.e. genotypes, are small (<5) or absent 
(Sokal and Rohlf, 1981; Koray, 1993). 

The second group of tests, called “exact tests”, 
were developed from Fisher's exact test for 
contingency tables (Haldane, 1954: in Hernandez and 
Weir, 1989). Exact tests are very useful even when 
many rare alleles are present (Rousset and Raymond, 
1995) and they, therefore, have been used for 
population genetic analysis of hypervariable markers 
such as microsatellite loci (Estoup et al., 1993; Di 
Rienzo et al., 1994). The disadvantage of exact tests, 
however, is that they generally require the 
enumeration of all possible samples which keep the 
same allelic frequencies and sample sizes as in the 
observed sample. As such, this test usually demands 
prohibitive computing time. The problem is even 
more obvious as the number of alleles or sample size 
increase.

Guo and Thompson (1992) described two 
methods to estimate the exact significance levels (P-
values) for a test of HWE, which are relatively simple, 
computationally fast and easily applicable to multi-
allelic loci. One is based on a conventional Monte 
Carlo method and the other on the Markov Chain 
method. The great power of these approaches has 
been demonstrated from both simulated and real data 
(see Guo and Thompson, 1992, for more details). The 
GENEPOP package of computer programs (Raymond 
and Rousset, 1995) uses the Markov Chain method of 
Guo and Thompson (1992). This is the only generally 
available program usable with the number of alleles. 
It can be used throughout the study with default 
values of 1000 dememorisations, 50 batches and 1000 
iterations, due to limitation of computing time. The 
program gives the probability of rejection of Ho (i.e. 
HWE) and the standard error of this value. These 
values per locus are combined using Fisher’s 
combination of P values (Sokal and Rohlf, 1981). The 
exact probability test used in GENEPOP represents an 
alternative to bootstrapping and jack-knifing. Exact 
test estimates the probability value of departure from 
the null hypothesis, whereas bootstrapping and jack-
knifing provide an estimate of the confidence interval 

around the observed value. 
The program also calculates values of FIS (Weir 

and Cockerham, 1984). This parameter measures the 
reduction in heterozygosity due to non-random 
mating within the subpopulation and thus helps to 
detect departures from Hardy-Weinberg by measuring 
the amount of heterozygote deficiency or excess 
observed in the sample. Values significantly greater 
than zero indicate an excess of homozygotes possibly 
resulting from inbreeding, population admixture or 
failure to detect heterozygotes. Conversely negative 
FIS indicates an excess of heterozygotes and 
outbreeding. 

Linkage Disequilibrium  

Looking for relationships between alleles is a 
reasonable step after observing the HWE. Two 
populations brought into contingence may have 
genotype frequencies in HWE after a single 
generation of random mating. 

The linkage (or gametic) disequilibrium, D,
measures the lack of fit of observed two-locus 
gametic frequencies to those anticipated based on the 
product of the single locus allelic frequencies. That is, 
the frequency of an A1B2 gamete (loci A and B) in the 
population should be equal to frequency of the A1

allele multiplied by the frequency of the B2 allele
(May and Kruger, 1990). 

There are two major phenomena responsible for 
linkage disequilibrium or non-random association of 
alleles between two loci on a chromosome. They are 
epistatic natural selection and random genetic drift. 
The former increases the frequencies of favourable 
combinations of alleles in a population and stable 
linkage disequilibrium is expected; the latter causes 
random fluctuation of gamete frequencies in the 
population and, hence, increases the variance of the 
linkage disequilibrium coefficient. Such random 
fluctuation would be enhanced if the population were 
divided into subpopulations or if mating were not 
random in the population (Ohta, 1982). 

Furthermore, if the population at issue went 
through a bottleneck which reduced the effective 
population size (Ne) to a small number of breeding 
adults, it might be expected to see a significant 
linkage disequilibrium value for several generations 
(May and Kruger, 1990). 

Previously, a computer programme described by 
Weir (1990), which calculates gametic disequilibrium 
when HWE is assumed, was employed. As this 
programme is limited to a situation of two loci each 
with two alleles, for multiallelic loci, the 2 alleles 
represent the common allele and all other alleles are 
pooled. Thus, an alternative statistical test described 
by Chakraborty et al. (1991) was used to test the non-
random association of genes at different loci. 
GENEPOP (Raymond and Rousset, 1995) tests for 
compound genotypic disequilibria using the Markov 
Chain method to predict exact probability. This is 
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analogous to Fisher’s exact test on a 2x2 contingency 
table which is extended to a “rxk” contingency table. 
The hypothesis is the test of a random distribution of 
k different alleles among r population. 

Population Differentiation 

Wright’s (1951; 1969) F-statistics have proved 
to be an extremely useful tool for illuminating the 
pattern and extent of genetic variation residing within 
and among natural populations of animal and plant 
species. For a total population that is subdivided into 
many subpopulations, Wright (1951) defined three F-
statistics (correlation between uniting gametes), to 
relate the deviation from Hardy-Weinberg in the total 
population (FIT), to the genetic divergence among 
subdivisions (FST) and to averaged deviation from 
Hardy-Weinberg within subdivisions (FIS) (Yang, 
1998). 

)1)(1()1( STISIT FFF

The following F-statistics are taken from Wright 
(1951) and Nei (1978) as reviewed by May and 
Kruger (1990) and Chakraborty and Leimar (1987). 

FIT = 1 – H I / H T

FIT values are seldom used since any type of 
departure from a single panmictic population will 
lead to a significant FIT value.  

FIS = 1 – H I / H S

FIS values help us to detect departures from 
Hardy-Weinberg by measuring the amount of 
heterozygote deficiency or excess observed in the 
sample.  

FST = 1 – H S / H T

FST values help us to understand the degree of 
population differentiation within species.  

H S, average expected heterozygosity within 
populations; H I, average observed heterozygosity 
within populations; H T, average expected 
heterozygosity in total population. 

For a given locus, let Pix be the frequency of ith

allele in population x; k the total number of alleles; s
the number of populations; and Pjk, the frequency of 
jth  allele in population y and define the components 
of the above averages as follows; 

k

j

k

ji

jxixT PPH
1 1

2     Where 
S

x

ixix P
s

P
1

1

k

j

k

i

jxixS PPH
1 1

2  or  
k

i

ixP
1

21   per locus 

HI = Frequency of observed heterozygotes. 

These tools are often used by population 
biologists because they can easily be associated with 

the inbreeding coefficient, which show the rate of the 
homozygosity in a population. 

To date, there are two ways of estimating the F-
statistics, one that computes unbiased estimators of 
gene diversity components (Nei, 1973) and the other 
with variance components (Weir and Cockerham, 
1984). Chakraborty and Leimar (1987) commented 
that both groups of estimators give the same result for 
FIS when sample sizes are equal, but Weir and 
Cockerham’s FIS deals with the problem of unequal 
sample sizes by weighing the FIS obtained from each 
sample by its sample size. 

When handling real populations, it is the Weir 
and Cockerham (1984) approach that should be used, 
because this gives non-biased estimates of the original 
Wright’s statistics and they showed that these 
parameters are related to Wright’s statistics as; 

ITFF ,
STF ,

ISFf

The following approach adapted by Weir and 
Cockerham (1984) is analysis of variance of the 
frequencies for the allele A under consideration. The 
observed components of variance (a for between 
populations; b for between individuals within 
populations; and c for between gametes within 
individuals) have the following expectations: 

)1( ppa  , 

))(1( Fppb ,

)1)(1( Fppc ,

Where p is the expected frequency of the allele
and is equal to its frequency in the ancestral 
population. The following estimators for the three 
parameters are suggested: 

cba

c
F̂1  , 

cba

aˆ ,

cb

c
f̂1

These calculations are detailed in Weir and 
Cockerham (1984). 

An estimation of F-statistics based on the 
analysis of variance (ANOVA) approach described by 
Weir and Cockerham (1984) can be calculated with 
the computer program GENEPOP (Raymond and 
Rousset, 1995) either for each pair of samples 
(GENEPOP, option 6, sub-option 2 and 4) or a single 
measure for all samples (GENEPOP, option 6, sub-
option 1 and 3). 

Estimates of Gene Flow 

Gene flow is defined as the movement of genes 
within and between populations and thus it includes 
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all movement of gametes and individuals that are 
effective in changing the spatial distributions of 
genes (Slatkin, 1985). 

Basically, gene flow is interpreted as a 
migration rate (m) illustrating the allele frequencies 
in a population each generation which are of migrant 
origin. It is notoriously difficult to monitor gene flow 
directly so it has to be inferred indirectly from the 
spatial distributions of genetic markers by statistical 
approaches (Avise, 1994). In order to measure the 
rate of migration (m), knowledge of the effective 
population size (Ne) is required; however, the 
absolute number of migrants into a population (Nem)
is related to the level of genetic differentiation 
between the source and the native populations. 

Analyses of gene flow of natural populations 
are often based on the ‘island’ or ‘stepping stone’ 
models (Rousset, 1997). Developed by Wright 
(1951), the ‘island model’ describes a population 
divided into several groups with only limited levels 
of gene flow among them. Using this model, the 
relationship between genetic differentiation (FST), 
local population size and migration was 
approximately, 

mN
F

e

ST
41

1 .

This relationship has been widely used to estimate 
gene flow in various species, or more specifically, the 
effective number of migrants among populations 
(Nem values). 

In ‘stepping-stone’ model (Kimura and Weiss, 
1964) populations are organised in discrete colonies 
or demes with migration between them. The 
fundamental difference from Wright’s isolation by 
distance model is the assumption that only migration 
into adjacent demes is allowed (Neigel, 1997). 

An additional way of estimating gene flow is by 
using “private” or rare alleles (Slatkin, 1985). Slatkin 
(1993; 1995) showed by simulations that the two 
methods yield rather similar results. Additionally, the 
methods have been shown to give rather good 
estimates of the overall levels of gene flow, even if 
the assumptions of the island model are violated, 
such as in a stepping stone model of migration (Olsen 
et al., 1998). 

Isolation by Distance 

Pair-wise measurements of FST and genetic 
distance produce matrices of values. It is possible to 
compare these matrices against geographical distance 
or against each other by means of the Mantel test 
(Mantel, 1967). The Mantel test can be performed 
using the program ISOLDE of the GENEPOP 
package (Raymond and Rousset, 1995) with 10,000 
bootstraps, in order to test for isolation by distance. 
The program uses randomization to create a 
distribution of test values and a correlation 
coefficient between distances. 

Genetic Distance 

To demonstrate levels of genetic relatedness 
(similarity) or genetic distance (D) between pairs of 
populations within group of populations, a large 
number of different algorithms are available. In 
essence the algorithms measure the similarity of 
allelic frequencies over all loci among populations. 
The commonly used measures reviewed and 
demonstrated by May and Kruger (1990) and 
Swofford et al. (1996) are those of Nei (1978), Rogers 
(1972), Cavalli-Sforza and Edwards (1967) and 
additionally Reynolds et al. (1983).  

Nei’s distance has been one of the most 
frequently used measures of genetic distance for 
molecular data (Nei, 1976; 1987), because D is
intended to estimate the average number of gene 
differences, which is the most basic process of 
evolution, per locus. Weir (1990) also stated that 
Nei’s distance is appropriate for long-term evolution 
when populations diverge because of drift and 
mutation. This genetic distance can be estimated by D
= -loge l, where l is the normalized identity of genes 
(Nei, 1972; 1976). The l value is computed as 
reviewed in May and Kruger (1990) by 
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where xi and yi are the frequencies of the ith allele at a 
given locus in populations x and y; L, number of loci,
xi

2, yi
2 and xiyi are summed across alleles and loci. 
The use of Reynolds’ distance measure is 

dependent on the drift model, just as Nei’s D is
dependent on the mutation model assuming mutation 
drift equilibrium. For this reason, Reynolds’ D is
considered to be an appropriate distance for short-
term evolution in the absence of mutation. This 
method generates a genetic distance coefficient that 
reflects allele frequency differences. For Reynolds’ 
genetic distance the better approximation is  
D = -ln(1 - )
where, is the coancestry coefficient and estimated 
as,

t

N2

1
11

where N, sample size and t, is generation. 
Enhancement treatments of these two different 
measures are discussed by Nei (1987) and Reynolds 
et al. (1983). 

A genetic similarity value allows an examination 
of which pairs of populations are the most related and 
which are the least related. In order to examine the 
population as a whole, a series of “tree” methods have 
been described. There are now several cases in which 
the study of the same or similar sets of individuals, or 
at least similar sets of populations, gives the same or a 
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very similar topological tree using different types of 
markers (Cavalli-Sforza, 1998). Two popular sets of 
tree methods tend to give consistently different 
results and, in some cases, even gross differences in 
topology. Typical representatives of the first set are 
maximum likelihood (ML) or the numerically 
convenient short cut called the Unweighted Pair 
Group method using Arithmetic Averages (UPGMA)
and the second set is represented by Neighbor Joining 
(NJ) methods (Swofford et al., 1996).  

The first set ordinarily assumes independent 
evolution in all branches of the tree, as would be 
expected for mutation, drift and certain models of 
variable selection. The second set assumes that the 
number of mutations has been the minimum possible 
or if the variable studied is a gene frequency, that it 
has followed the fastest path from the gene 
frequencies of one population to those in another 
(Cavalli-Sforza, 1998). NJ typically produces trees 
with segments of different length and cannot suggest 
the position of the tree root, unlike ML or UPGMA. 
The difference in the length of segments might be 
due to differences in drift because of different 
population sizes. This is an advantage of NJ, but the 
disadvantage is that if there are admixtures of 
populations that had previously diverged, branches of 
admixed populations become short and move towards 
the centre of the tree. 

The best test of the validity of a tree uses a 
statistical method of re-sampling the genes tested, 
called the bootstrap (Felsenstein, 1985). It usually 
shows that it would take many more markers than 
normally employed to generate trees that are highly 
reproducible in all details of their topology. It can 
also be applied to estimating the standard errors of 
branch lengths. For tree reliability, allele frequencies 
are bootstrapped 1000 times using the SEQBOOT 
programme of the PHYLIP computer package 
(Felsenstein, 1993). The resultant bootstrapped 
frequencies are used to calculate 100 sets of Nei’s 
(Nei, 1972) and Reynolds’ (Reynolds et al., 1983) 
distances (using the GENDIST programme), which 
are then used to generate 100 UPGMA dendrograms 
with the NEIGHBOR programme. A consensus 
dendrogram is constructed using the CONSENSE 
programme from the different dendrograms to assess 
the reliability of the different nodes. 

Estimation of Effective Population Sizes 

Using the theory of population genetics, it is 
possible to derive the effective size of population 
from the observed heterozygosity under both the 
Infinite Alleles Model (IAM) and the Stepwise 
Mutation Model (SMM) (Jarne and Lagoda, 1996). 

The IAM and the SMM both have credibility 
when one considers the likely mechanisms of tandem 
repeat number change. The models differ in that the 
SMM predicts that mutation occurs through the gain 
or loss of single repeat unit, e.g., GT. This means that 

some mutations will generate alleles already present 
in the population. Empirical evidence suggests that 
changes in array length due to slipped-strand 
mispairing are usually of one repeat unit (Shriver et 

al., 1993). In contrast, the IAM predicts that mutation 
gives rise to a new allele not previously found in the 
population, resulting in an infinite number of allelic 
states (O’Connell et al., 1997; Shriver et al., 1993). 
Unequal exchange between long tandem repeat 
arrays can result in a very large number of different 
sized alleles as assumed in the IAM. 

In spite of the mechanism of repeat number of 
change, the IAM and SMM provide the upper and 
lower limit, respectively, of the extent of the 
variation expected. It is, therefore, fair to test 
hypotheses about the mutational mechanisms and 
population dynamics of Variable Number of Tandem 
Repeat (VNTR) loci by estimating the number of 
alleles from the observed heterozygosity for both 
models and comparing the predicted with the 
observed number of alleles. Both models usually give 
similar results when heterozygosity is below 0.5, but 
when heterozygosity is greater than 0.5 the number of 
alleles in the infinite allele model can be much higher 
than in the stepwise model for a given heterozygosity 
(Shriver et al, 1993). This means then in certain cases 
the two models may give different results 

In the case of the infinite allele model (IAM), 
Ewens (1972) found the equilibrium occurrence of 
the number of alleles is a function of the sample size 
and the parameter   = 4 Ne  where Ne is the 
effective size and the mutation rate per locus per 
generation. Accepting the sample size and the 
number of alleles, can be estimated for a given 
mutation rate. It can also be showed that, at 
equilibrium, the heterozygosity under the infinite 
allele model is expressed as; 
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(Crow, 1986). This formula provides estimates of Ne

based on heterozygosities, not on the number of 
alleles.

In the stepwise mutation model, Ohta and 
Kimura (1973) have shown that the equilibrium 
heterozygosity can be written as,
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Unfortunately, in this model, no analytical theory has 
been developed in order to use the number of alleles 
to estimate Ne (Shriver et al., 1993). 

Following the two mutation models, there were 
two ranges of estimates of effective population size 
(Ne), which are directly functions of mutation rate 
estimates. Microsatellites show widely variable rates 
of instability, with reported recent studies ranging 
from 10-2-10-5 per generation (Weber, 1990; Bruford 
and Wayne, 1993; Shriver et al., 1993; Schlotterer 
and Pemberton, 1994).  
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Null Alleles 

Null alleles have long been known in protein 
electrophoresis with reduced or absent expression of a 
protein product (Utter et al., 1987; Murphy et al.,
1996) and more recently have been observed for 
microsatellite loci (Callen et al., 1993). A null allele 
can be defined as any allele at a microsatellite locus 
that is only weakly amplified or not visible after 
amplification and separation (O'Connell and Wright, 
1997) and is recognized, together with population 
subdivision, as a major factor in depression of 
observed heterozygosity, compared with that expected 
on the basis of Hardy-Weinberg equilibrium. Even 
though the prime reason for null alleles is thought to 
be deletion and insertion within the priming site of 
microsatellite DNA, poor DNA preparation and/or 
mutation within the array may also be responsible 
(Allen et al., 1995; O'Connell and Wright, 1997). For 
example, Callen et al. (1993) demonstrated one null 
allele was the result of an 8 bp deletion in the DNA 
flanking the microsatellite coincident with the 
priming site. Heterozygous individuals, therefore, 
may be being mistyped as homozygotes. If null alleles 
are common in the population, mistyping of 
heterozygous individuals might explain some of the 
heterozygote deficiencies observed in populations and 
suggests that caution should be used in comparing 
levels of heterozygosity among populations differing 
in the composition of alleles (Bruford and Wayne, 
1993). 

If it is assumed that null alleles are responsible 
for the entire heterozygote deficiency, it is a simple 
matter to calculate the frequency of a null allele (r) by 
means of an equation developed by Brookfield 

(1996), 

exp

exp

1 H

HH
r

obs .

Conclusions 

Allelic frequency differences among populations 
enable the application of genetic stock identification 
models to determine the contribution of individual 
stocks. For example, allele distribution at the 
microsatellite loci can be explained by DNA slippage, 
which generates different repeat length classes, within 
the simple sequence. Thus, these different size modes 
could indicate some sort of genetic heterogeneity 
within the population. Furthermore such 
heterogeneity can produce significant departure from 
HWE (Chakraborty et al., 1991). 

Genetic heterogenity is revealed by the 
multilocus FST value. In fact, genetic differences 
among populations will evolve in the course of time if 
there is little or no gene flow between them. A low 
level of gene flow can serve to prevent genetic 
differentiation. Marine fish stocks exchange between 
one and two orders of magnitude more migrants per 
generation than fresh water species (Ward et al.,

1994). Gene flow rates of a few individuals per 
generation would mean that populations cannot be 
distinguished genetically and would appear to be 
panmictic, yet for fisheries management an exchange 
of up to 10% between populations may justify their 
treatment as separate stocks (Hauser and Ward, 1998).

Finally, it can be said that exploitation of marine 
resources may well be related to underlying genetic 
differences. Genetic studies can show the fundamental 
reproductive units of species and require fisheries 
management policies to take this population structure 
into account. The complex problem requires 
agreement between intergovernmental organisations 
to define and implement policies on the conservation 
of these natural resources. The management of fish 
stocks should be based on each population and 
therefore should be harvested and treated separately in 
research as well as management policy. Maintaining 
the maximum level of genetic variations in stocks is 
vital for the preservation of genetic resources. 
Therefore, excessive loss of genetic variability should 
be avoided. 
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