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Statistical Measures for
Genetic Differentiation: Review

Genetik Farklilasma Icin Istatistiksel Olciiler

ABSTRACT A primary goal of empirical population genetic studies is the identification, quantifi-
cation and comparison of genetic differentiation among loci, individuals, populations, species and
studies. Determining the genetic structure of natural populations forms an important part of pop-
ulation genetics and has many applications in evolutionary biology, conservation, forensics and
plant and animal breeding. Population differentiation is a fundamental process of evolution, and
many evolutionary studies, such as population genetics, phylogeography and conservation biolo-
gy, all require the inference of population differentiation. Estimates of the fixation index have
been used as measures of population differentiation for many decades. The method most fre-
quently used to assess population structure is the calculation of Fg, a summary statistic first in-
troduced by Wright. Fixation measurements of the genetic differentiation among subpopulations
are fundamental parameters in population genetics, with many valuable applications in molecular
biology, evolutionary biology, conservation and forensic. A number of related indices of genetic
differentiation have been subsequently derived in link with the natures of the diagnostic genetic
markers such as G, @y, Rgr. This paper is intended to be a review of the genetic differentiation
indices that population geneticists frequently use. For this purpose seven fixation indices were
investigated. In the literature, different indices are commonly used to quantify population differ-
entiation, and none of them can be considered beter than others in all respects.

Key Words: Population structure; genetic differentiation; fixation indices; allele frequency

OZET Deneysel populasyon genetik ¢aligmalarinin temel amaci, lokuslar, kisiler, popiilasyonlar,
tiirler ve caligmalar arasindaki genetik farklilagmay1 kargilagtirmak, tanimlamak ve rakamsal ola-
rak ifade etmektir. Dogal popiilasyonlarin genetik yapisinin belirlenmesi, popiilasyon genetiginin
onemli bir pargasini olusturmaktadir ve konu ile ilgili evrimsel biyoloji, adli tip, genlerin korun-
masi, bitki ve hayvan islahi alanlarinda ¢ok sayida uygulama bulunmaktadir. Popiilasyon farkli-

lagmas1 evrimin temel siirecidir ve popiilasyon genetigi, filocografya ve koruma biyolojisi gibi

alanlarda yapilan birgok evrimsel ¢aligma popiilasyon farklilagmasinin belirlenmesini gerektir-
mektedir. Sabitleme indekslerine ait tahminler, popiilasyon farklilasmasinin bir 6lgiisii olarak
uzun yillardan beri kullanilmaktadir. Popiilasyon yapisinin belirlenmesi amaciyla en sik kullani-
lan yontem, ilk kez Wright tarafindan ileri siiriilen Fg; istatistiginin hesaplanmasidir. Sabitleme
indekslerine ait tahminler, popiilasyon farklilasmasinin bir 6lgiisii olarak uzun yillardan beri kul-
lanilmaktadir. Alt popiilasyonlar arasindaki genetik farklilagmaya ait sabitleme 6l¢iimleri molekii-
ler biyoloji, evrimsel biyoloji genlerin korunmas: ve adli tip alanlarindaki bir ¢ok degerli uygula-
malar ile popiilasyon genetiginde temel parametrelerdir. Tan1 koymada kullanilan genetik goster-
gelerin dogasi ile baglantili olarak Ggr, @sr, Rgr. vb. bir dizi genetik farklilagma indeksi sonradan
tiiretilmistir. Bu ¢aliymada popiilasyon genetikgilerinin siklikla kullandiklari genetik farklilagma
indekslerinin gézden gegirilmesi amag¢lanmigtir. Bu amagla yedi farkl sabitleme indeksi incelen-
migtir. Literatiirde, popiilasyon farklilagmasim 6l¢mek icin genel olarak farkli indeksler kullanil-
maktadir ve bunlardan hi¢ biri, biitlin acilardan digerlerinden daha iyi olarak kabul edilebilir de-
gildir.

Anahtar Kelimeler: Genetik varyasyon; genetik farklilagma; sabitlesme indeksleri; allel frekans:
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he knowledge of how genetic variation is

partitioned among populations may have

important implications not only in evo-

lutionary biology and ecology, but also
in conservation biology. Hence, reliable estimates
of population differentiation are crucial to under-
stand the connectivity among populations and
represent important tools to develop conserva-
tion strategies.! One important goal of population
genetic studies is to estimate the amount of ge-
netic differentiation among populations in order
to draw conclusions on the demographic history.
A common measure for the degree of genetic dif-
ferentiation is the fixation index Fgr, first defined
by Wright (1951). It has become a fundamental
parameter in population genetics, with numerous
valuable applications in molecular ecology, evo-
lutionary biology and conservation biology. Since
Wright, many more differentiation statistics con-
ceptually similar to Fgr have been proposed to
deal with highly polymorphic markers such as
microsatellites (e.g. Ggr and Rgr) and DNA se-
quences (e.g. @sr and Rgy).2

A number of workers have used or proposed
measures to compare different populations using
gene frequency data for a number of loci. To test
the amount of difference between two popula-
tions one can use a F statistic which gives the
correlation between random gametes within the
two populations, relative to that of the gametes in
the two populations combined. For a locus with
two alleles, Fgr is equal to the ratio of the actual
variance of the gene frequencies between the two
populations.?

In population genetics it is common to ana-
lyze population structure to test hypotheses con-
cerning gene flow and isolation within species.
The most frequently used method consists of es-
timating Fsr, a measure of population differentia-
tion first developed by Wright. Since the original
work of Wright, several authors have proposed
methods to estimate Fsr, leading to a number of
Fgr analogues such as Gy, Rgr, @sr, Gsp, D and
@sr. One thing that these Fg; analogues have in
common is that their values are dependent on the
amount of within-population genetic variation;

high levels of genetic variation therefore general-
ly lead to lower Fgr estimates than low levels of
variation. This dependency makes it difficult to
compare genetic markers with different mutation
rates or species with different effective popula-
tion sizes.*

Despite the development of alternative ap-
proaches such as methods assigning individuals to
populations, differentiation estimators remain the
most commonly used tools to describe population
structuring. The main reason behind this popu-
larity stems from their direct link to the biologi-
cally relevant number of effective migrants.!

This paper is intended to be a review of the
genetic differentiation measures that population
geneticists frequently use. For this purpose seven
fixation indices were investigated.

WRIGHT'S Fg

Wright's (1951) fixation indice, Fgr, is the pa-
rameter most widely used to describe population
structure. Wright defined the fixation indice as a
correlation between uniting gametes. His treat-
ment is restricted to neutral diallelic loci; it is
somewhat artificial (because numerical values are
assigned to gametes) and not entirely clear.> Two
of the most commonly used definitions for Fgr at
a given locus are based on the variance of allele
frequencies between populations, and on the
probability of identity by descent. While p is the
average frequency of an allele, gZ denotes the
weighted variance in the frequency. These
weights are determined by the size of the sub-
populations (S). And o7 stands for the variance
of the allelic state in the total population (T). Fgy
is defined as®

_0d_ of

of p(1-p)
Wright (1951) showed that the amount of
genetic differentiation among populations has a

FST

predictable relationship to the rates of important
evolutionary processes (migration, mutation and
drift). Fgr is a convenient measure of genetic dif-
ferentiation, and as a result Fg; and related statis-
tics are among the most widely used descriptive
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statistics in population and evolutionary genetics.
But Fsr is more than a descriptive statistic and a
measure of genetic differentiation. Fsr is directly
related to the variance in allele frequency among
populations and, conversely, to the degree of re-
semblance among individuals within populations.
Wright's Fgr ranges from 0.0 to 1.0. If Fgr is
small, it means that the allele frequencies within
each population are similar; if it is large, it means
that the allele frequencies are different. Estimates
of Fsr are also important in association mapping
of human disease genes and in forensic science.”

Fgr is a measure of population divergence. It
measures variation between populations vs. within
populations. One can calculate a global measure,
assuming that all populations are equally diverged
from an ancestral population, or one can calculate
Fgr for specific populations or for pairs of popula-
tions while utilizing data from all populations. Fgr
may be calculated for single genetic markers. For
multiallelic markers, such as microsatellites, this is
useful, but single-nucleotide polymorphisms
(SNPs) contain much less information when taken
one at a time, and thus it is advantageous to calcu-
late averages over windows of markers or even
over the whole genome. The advantage of win-
dowed Fgr is that it can be used to find regions of
the genome that show different patterns of diver-
gence, indicative of selective forces at work during
human history. Another measure of human evolu-
tionary history is haplotype diversity.®

NEI'S Ggp

Gsr can quantify differentiation fairly well when
heterozygosity is low whatever the causes (e.g.
low mutation rate, low initial heterozygosity of
the ancestral population or short split time);
however, when heterozygosity is high (whatever
the causes, e.g. high mutation rate, high initial
heterozygosity) and gene flow is moderate to
strong Ggr often fails to measure differentiation.’
Consider a diploid population which is subdivid-
ed into s subpopulations, and assume that there
are r alleles (44,4,,...,4,) segregating in the
population. Let p;;, be the frequency of allele 4,
in the ith subpopulation, and P;; be the frequen-

cy of genotype Ap4; in this subpopulation. Nei
(1977) has defined fixation indice Ggp in the fol-
lowing way.!©

Gsr = 1— Hg/Hr
where,

He=1 _Z£=1p_1% Hr=1- £=1l71% (1)

here,

2 _ VS 2 = _ S
Dic = Xi=1WiDik Pk = Xi=1 WiPik

in which w; is the relative size of the ith subpop-
ulation with Y;7_; w; = 1. In most instances w; is
not known, but w; = 1/s may be assumed, be-
cause population size is quite transitory and ge-
neticists are interested in gene frequency differ-
ences disregarding the effect of population size.
Hg Hr  represent the  expected
heterozygosities under Hardy-Weinberg equilib-

and

rium or gene diversities within subpopulations
and in the total population, respectively.!!

SLATKIN'S Ry

Microsatellite loci are often highly polymorphic
and relatively easy to survey and hence offer the
hope of greater understanding of population
structure. The question is how to make the best
use of allele frequencies at microsatellite loci.
Slatkin (1995), introduce a statistic (Rgr), analo-
gous to Wright’s Fsr that can be used to estimate
effective migration rates or times since popula-
tion divergence.!?

S - SW
Rer = =
ST S
_  2n-1 2n(ds — 1)
§= w B
ans - 1 ans - 1

1< 2
LS Yo
v ds £~ 2n(2n — 1) i<i’(a” @)

2
Sp =~ E E a;i—a; 2
5 (Zn)zds(ds — 1) j<j’ i<i,( J l.])

a;j: allele size of the ith copy (i =1,2,...,2n) in
the jth population (j = 1, 2, ..., ds)
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WEIR AND COCKERHAM'S &g

Weir and Cockerham (1984) based their study of
population structure on the analysis of the vari-
ance and covariances of indicator variables for
allelic state, and they related their parameters to
fixation indices and measures of identity by de-
scent.!® Although Weir and Cockerham’s analysis
is more lucid and general than Wright’s, it is dis-
turbing that negative variance components may
occur if mates are less closely related than the av-
erage within subpopulations.®> If p; is the fre-
quency of allele A in the sample of size n; from
r) and h; is the ob-
served proportion of individuals heterozygous for
allele A, then

population i(i=1,2,...,

Do — a
ST a+b+c
a= _{s ——[p(l— p) —— 52——h]};vari—
ance for between populations,
b= ﬁL:i [ﬁ(l -p)— us2 - Zn; i_l] variance

for between individuals within populations,

c

13 . Lo
Eh ; variance for between gametes within

individuals,

nn = ),;n;/r, the average sample size,

A-Y 12 /rii
nC=W:ﬁ(1—c2/r); with ¢? the

squared coefficient of variation of sample sizes
p= Zi% ; the average sample frequency of al-

lele A,
n(i—p)*

Zl (r-1n >

frequenaes over populations,

the sample variance of allele A

h= Zinri—:_lli; the average heterozygote frequency
for allele A.

HEDRICK'S G

Hedrick pointed out that Ggr does not vary be-
tween zero and one, but rather between zero and
GsT(max)> @ maximum value that depends on Hg
and the number of demes that were sampled.!*
Hedrick (2005) used the original Nei’s definition
of Ggr and that its maximum value (Gsr(max)) is @

function of the expected heterozygosity, Hg, and
the number of sampled populations k
(k= 1)(1 — Hy)

k - 1 + HS
Hedrick then defined the standardized Ggr,
which he called Gy as'®
_ Ggr(k—1+Hy)

(k=11 - Hy)

GST(max) =

GS T

Ger =
ST GST(max)

JOST'SD

Jost (2008) developed a new framework for esti-
mating genetic differentiation.!® Instead of using
heterozygosity, Jost based his statistic D on the
effective number of alleles. Jost’s D does not de-
pend on the effective population size. This can be
regarded as an advantage when absolute levels of
population differentiation are compared among
species with very different sizes, but also as a dis-
advantage since the different divergence dynam-
ics in small and large populations is not consid-
ered. Jost’s D for a locus can be written as!?

>~ (=) ()

k is the number of subpopulations,Hs and Hyp

were given in equation (1).

EXCOFFIER, SMOUSE AND QUATTRO’S ¢gr

The AMOVA (Analysis of MOlecular VAriance -
as designated by Excoffier et al. (1992)) framework
draws from a rich literature on genetic differentia-
tion. The focus of the original seminal work on
AMOVA was to derive a framework for partition-
ing total variance in allele frequencies (across mul-
tiple loci) within and among different strata (with-
in populations, among populations, within sub-
populations, and among subpopulations) by defin-
ing genetic distances between haplotypic data.!®
AMOVA is a method for studying molecular var-
iation within a species. This technique treats ge-
netic distances as deviations from a group mean
position, and uses the squared deviations as vari-
ances. The resulting test statistic @¢r is analogous
to Wright’s Fgy AMOVA is a particular approach
that partitions genetic variation among individuals
within populations and among populations. It can
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also be used to partition variation at higher levels
of structure in nested analyses (e.g., by geographic
region or species). The AMOVA approach gener-
ates squared Euclidean distances, (6j2,c), between
pairs of individuals and then partitions this varia-
tion at different levels of structure — within and
among populations, among regions, among species,
etc. — depending on the hierarchy that is available
for testing.!® The analysis of molecular variance
was initially introduced as an extension of the
analysis of gene frequencies for molecular haplo-
types in an essentially haploid system. The typical
input for AMOVA consisted of a matrix of pair-
wise Euclidean distances, between all multisite
haplotypes and files containing the frequency of
those haplotypes within each population.? To un-
derstand the working principle of AMOVA, a lin-
ear

model can be defined in the form:

Pjig =P+ ag + big + Cjig

where pj;; indexes the jth individual (j =
1,2,.., 11g)
in the gth group (g = 1,2, ...,G) and p is the un-
known expectation of pj;, averaged over the

N;g) in the ith population (i = 1,2, ...

whole study. The effects are a for group, b for
populations and ¢ for individuals within popula-
tions. The effects have the associated variance
components o2, of and o2 respectively.?! The
corresponding sums of squares are,

19 ng ng
SSD(WP) = zz
g=1i=
G N;
Z 12 ng Z
SSD(APWG)=Z il 19
g=1 Zi 2Nig
I Nl Nl
Zg:z ng g1 Jk
2N,

i=1

ZNLQ Zng
SSD(AG) = | ————
(46) TP
G N;
_ZZ Z gzl 1Zk 1 Jk
1
g=1 ZiilzNig

The mean squared deviations (MSD) are
then obtained by dividing such sum of squared
deviations (SSD) by the appropriate degrees of
freedom as reported in Table 1.

The n coefficients in Table 1 represent the
average sample sizes of particular hierarchical
levels, allowing for unequal sample sizes,

I
! »9 NZ
22:12{111‘11 g=1 ;g;tg
_ 21‘:1Nig
n= T ]
g=1'g
2
G L 2; 1NJg z:g 121 1 Jg
g=
. Zii1Nig g=12i=1
n= G—1
2
¢ vyl Zg 1(2 N/g)
g=12i:1
n' — g=1 21‘:1
G—-1

The variance components (62 5) of each hi-
erarchical level are extracted by equating the
mean squares (MSDs) to their expectations. Us-
ing variance components, @sy value is obtained
from the following formula,

__gi+o} _ odli+of
Psr = 02 g2+oi+o?
I RESULTS

Fgris among the most widely used measures for
genetic differentiation and plays a central role in
ecological and evolutionary genetic studies. It is
commonly thought that large sample sizes are re-
quired in order to precisely infer Fgr and that

TABLE 1: General design for hierarchical analysis of molecular variance (AMOVA).2!

Source of Variation Degrees of Freedom Mean Squared Deviation Expected Mean Squared Deviation
Among Groups/ Regions G—-1 MSD(AG) o2 +n'of +n'"o?
Among Populations within Groups/Regions Yol —G MSD(APWG) 02 + no

Among Individuals within Populations N-Y5 11, MSD(WP) a?

Total N-1

IAG: Among Groups; APW G : Among Populations Within Groups; W P: Within Populations; I, : The number of individuals in gth group.
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small sample sizes lead to overestimation of ge-
Wright’s
measures the differentiation due to demographic
factors only (migration and subpopulation size),

netic differentiation.?? Fsr, truly

and can be interpreted as such and compared
across studies. However, it is difficult to calculate
from marker data when mutations are im-
portant.?

The most widely applied statistic is Ggr, pro-
posed by Nei for measuring differentiation from
multiallelic markers. The development and wide
application of microsatellites have made Ggr ever
more popular, but also its weakness more promi-
nent. The high mutation rate and thus high pol-
ymorphism of microsatellites lead to a high with-
in subpopulation heterozygosity, and thus a low
Ggr because it is upper bounded by the average
within subpopulation homozygosity. This is not a
problem as long as the differentiation at the focal
microsatellite loci is concerned; Ggr provides an
unbiased measurement of the actual level of dif-
ferentiation in allele frequency at these particular
loci due to all evolutionary forces, including mi-
gration, drift, mutation and selection. Nei’s Ggr
measures the differentiation at a locus due to all
evolutionary forces, including genetic drift, mi-
gration, selection and mutation. As a result, Ggr
should be interpreted in terms of demographic
factors only when mutation and selection are un-
important.?

Weir and Cockerham’s method is based on
1) Conceptually,
there are infinitely many populations which are

the following assumptions.

derived from the same ancestral population at the
same time, and s populations are sampled from
this ensemble population. All fixation indices are
defined in terms of the ensemble population, and
the fixation indices are estimated from genotype
frequency data from the s populations sampled.
2) All populations are statistically independent,
and no mutation, no migration, and no selection
are assumed. However, certain types of migration
and selection can be incorporated as long as the
statistical independence is maintened. 3) The
same population size is maintened for all popula-
tions and for all generations. Under this assump-

tions Weir and Cockerham’s statistical method
seems to be correct. However, the problem lies
with the validity of the assumptions. Obviously,
most natural populations do not satisfy any of
these assumptions.?

Jost argued that the additive partitioning
that is used for Ggr, where the total diversity is
the sum of the within-population and among-
population diversity, is inadequate to describe
the among-population diversity. The second
problem recognized by Jost is that the expected
heterozygosity is an unsuitable metric for de-
scribing the diversity, leading to unintuitive
results. A disadvantage of this diversity index
(D) is that it depends on the sample size, so
rarefaction to a standard sample size is needed
before estimates can be compared.?* Jost’s D is
not a proper measure of genetic differentiation.
It is highly dependent on the initial gene di-
versity of the marker loci, is highly sensitive to
how alleles and loci are defined and how data
are analysed, does not always increase mono-
tonically with divergence time and with drift,
is highly dependent on the unknown parame-
ter of the number of subpopulations. Rather,
the extent of differentiation depends on the
magnitude of difference in allele frequency,
which is measured by Fsr and Ggr but not D.?
When many alleles are found within popula-
tions, but few of them are shared among popu-
lations, Fgr and related indices greatly underes-
timate the level of population differentiation.
D and Gg metrics have been proposed to over-
come this problem.?

Hedrick’s standardized genetic differentia-
tion measure, based on Ggr, that is independent
of the amount of genetic variation and therefore
suitable for comparisons between studies that
employ different genetic markers. However,
Hedrick’s standardized Ggy, GS/T, is based on Nei’s
original definition of Gsr, which has no bias cor-
rection for sample size or number of populations
sampled. Therefore, estimates of Hedrick’s Ggr
may also have a bias when calculated for small
sample sizes or a small number of populations
sizes.*
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The AMOVA is a powerful statistical meth-
od for the description of factors influencing the
structure of populations. AMOVA differs from
analysis of variance in that it can accommodate
different evolutionary assuptions without modi-
fying the basic structure of the analysis, and in
that hypotheses are tested using permutational
methods so that normal distribution assumption
is not required.?® AMOVA is currently the most
commonly reported analysis of genetic differenti-
ation in the literature, because it incorporates

more genetic information into the analysis and is

viewed as superior to allele/haplotype based
methods.?”

Gsr» Rsr» @57, Gsp, D and @gy are the primary
metrics utilized for empirically estimating and test-
ing the magnitude of genetic divergence among
populations. There is currently active discussion in
the literature about which of these metrics are most
appropriate for empirical surveys of genetic differ-
entiation. All of these measures are highly sensitive
to the diversity of alleles shared between popula-
tions. Overall, there is no single metric that best
captures population genetic differentiation.?”
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