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Genetic Distance Measures: Review

Genetik Uzaklik Olgiileri

ABSTRACT The major unsolved problem of descriptive population genetics is an adequate specification of
the genetic difference between two closely related species as compared to the genetic difference between
two populations of the same species. Traditional population genetic analyses deal with the distribution of
allele frequencies between and within populations. From these frequencies several measures of population
structure can be estimated, one of the most widely used being the genetic distance measures. Genetic dis-
tance is the degree of gene difference (genomic difference) between species or populations that is measured
by some numerical method. Genetic distance measures have already been established as one of the major
tools for analyzing data on gene differentiation between populations. Many genetic distances have been
developed, of which a few remain in regular use. Each of these genetic distances has unique evolutionary
and statistical properties, and evolutionary relationships inferred from each genetic distance can be quite
different. Quantification of the genetic distance between populations is instrumental in many genetic re-
search initiatives, and a large number of formulas for this purpose have been proposed. However, selection
of an appropriate measure for assessing genetic distance between real-world human populations that di-
verged as a result of mechanisms that are not fully known can be a challenging task. In this study twenty six
distance measures were investigated. For macroevolutionary comparisons, Nei’s measures are probably the
best. In microevolutionary studies, when sample sizes are approximately equal and the differences in gene
frequency are great, Edward’s E? is preferable. If sample sizes are quite variable and gene frequencies do not
differ greatly, Sanghvi’s G? would be most appropriate.
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OZET Tanimlayic1 popiilasyon genetiginde heniiz ¢dziimlenememis en 6nemli sorunlardan biri de aymu tiire ait
iki popiilasyon arasindaki veya birbiri ile yakin iligkili iki tiir arasindaki genetik farkhiligin yeteri kadar belirle-
nememesidir. Popiilasyon genetiginde kullamilan geleneksel analizler, gogunlukla popiilasyonlar ici veya popii-
lasyonlar aras alel frekanslarin dagilim ile ilgilenmektedir. Alel frekanslar kullanilarak popiilasyon yapust ile
ilgili gesitli olgiilere ait degerler tahmin edilebilmektedir. Degeri tahmin edilmek istenen en yaygin ol¢iilerden
birisi de genetik uzaklik ol¢iileridir. Genetik uzaklik, tiirler veya popiilasyonlar arasindaki gen farklihigimn
(genomik farklilik) bazi sayisal yontemlerle dlciilen derecesidir. Genetik uzaklik 6lgiileri popiilasyonlar arasmn-
daki gen farkhlig ile ilgili verilerin analizi i¢in gelistirilmis en 6nemli araglardan biridir. Diizenli olarak kullam-
lan az sayida genetik uzaklik 6lgiisii olmasina ragmen, gelistirilmis ¢ok sayida uzakhk olgiisii bulunmaktadir.
Literatiirde yer alan genetik uzaklik 6lgiilerinin her biri kendine ait istatistiksel ve gelisimsel 6zelliklere sahip-
tir. Gelisimsel 6zellikler bakimindan genetik uzakliklar, birbirlerinden oldukga farklilik gostermektedir. Gene-
tik aragtirmalarm ¢ogunda popiilasyonlar arasindaki genetik uzaklik bir gésterge olarak hesaplanmaktadir. Ge-
netik uzakhigin hesaplanmasinda kullamlan ¢ok sayida formiil énerilmistir. Ancak, tam olarak bilinmeyen me-
kanizmalardan dolay1 ayrisan gergek diinyadaki insan popiilasyonlar: arasindaki genetik uzakhgmn degerlendi-
rilmesi i¢in uygun Gl¢iiniin secilmesi oldukga zor bir gérevdir. Bu ¢alismada yirmi alti farkli uzakhik dl¢isii in-
celenmistir. Makro evrimsel karsilastirmalar icin Nei tarafindan 6nerilen 6lgiilerin, 6rneklem genisliklerinin
birbirine yakin ve gen frekanslarindaki farklihklarin biiyiik oldugu mikro evrimsel ¢alismalarda Edward tara-
findan 6nerilen E? 6l¢iisiiniin, 6rneklem genisliklerinin degisken ve gen frekanslarindaki farkliliklarn bityiik
olmadigy mikro evrimsel ¢alismalarda ise Sanghvi tarafindan 6nerilen G? dl¢iisiiniin kullanilmas: 6nerilmekte-
dir.

Anahtar Kelimeler: Genetik uzaklik; alel frekans, gen frekans:
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continuing problem in population bi-

ology is to estimate and explain genet-

ic differences among the populations
constituting a species. Such differences are
generally measured as genetic distances.! Ge-
netic distances have frequently been used in
assessments of species status of closely related
taxa and in a diversity of evolutionary studies.
The objective measurement of the similarity
between populations has concerned geneti-
cists, taxonomists, anthropologists, and plant
and animal breeders for a long time. Initially
comparisons between populations were made
on the basis of morphological measurements.
More recently immunological and electropho-
retic data, gene frequencies, and amino acid
and DNA sequences have been used for such
purposes.? Many questions of evolutionary in-
terest require that genetic differences between
populations be expressed as a single statistic,
often called “genetic distance”. Genetic dis-
tances are used, for example, to evaluate the
degree of genetic differentiation achieved
during the speciation process or at other stag-
es of evolutionary divergence. Genetic dis-
tances also are used in the construction of
phenograms or cladograms and have indeed
provided valuable information for the recon-
struction of phylogenetic history on the basis
of extant species.? Studies of phylogenetic re-
lationships among very closely related species
are often hampered by a lack of variation. The
estimation of relationships among such closely
related taxa, or the estimation of relationships
within a species, would be easier if faster
evolving characters were used.* Traditional
population genetic analyses deal with the dis-
tribution of allele frequencies between and
within populations. From these frequencies
several measures of population structure can
be estimated, one of the most widely used be-
ing the genetic distance measures. Genetic
distance is the degree of gene difference (ge-
nomic difference) between species or popula-
tions that is measured by some numerical
method. Genetic distance measures have al-

ready been established as one of the major
tools for analyzing data on gene differentia-
tion between populations.’

The genetic composition of a population
can often be described in terms of the fre-
quencies, or relative abundances, in which al-
ternative alleles are found. Usually, it is more
convenient to analyze the data in terms of rel-
ative frequency than in terms of the observed
numbers. For genotypes, the genotype fre-
quency in a population is the proportion of
organisms that have the particular genoype.
For each allele, the allele frequency is the
proportion of all alleles that are of the speci-
fied type. The concepts will be illustrated by
using the human MN blood groups because
this genetic systems is exceptionally simple.
There are three possible phenotypes M, MN
and N corresponding to the combination of M
and N antigens that can be present on the sur-
face of red blood cells. These antigens are un-
related to ABO and other red-cell antigens.
The M, MN and N phenotypes correspond to
three genotypes of one gene: MM, MN and
NN, respectively. In a study of a British popu-
lation, a sample of 1000 people yielded 298 M,
489 MN and 213 N phenotypes. From the one
to one correspondence between genotype and
phenotype in this system, the genotypes can
be directly inferred to be 298 MM, 489 MN
and 213 NN. M and N alleles break down in
the following way:

298 MM persons = 596 M alleles,
489 MN persons = 489 M alleles + 489 N alleles,
213 NN persons = 426 N alleles,
Totals = 1085 M alleles + 915 N alleles

In the MN example, the genotype frequen-
cies are obtained by dividing the observed
numbers by the total sample size, in this
case 1000. Therefore, the genotype frequencies
are 0.298 MM, 0.489 MN and 0.213 NN. Simi-

larly, the allele frequencies are obtained by di-
viding the observed number of each allele by
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the total number of alleles, in this case 2000,

s0;
Allele Frequency of M = 1085/2000 = 0.5425
Allele Frequency of N =915/2000 = 0.4575

Allele and genotype frequencies must al-
ways be between 0 and 1. Allele frequencies
are often more useful than genotype frequen-
cies because genes, not genotypes, form the
bridge between generations. ¢ A large number
of formulas for quantifying genetic distance
that consider allele frequency differences be-
tween two populations have been proposed.
These formulas are derived from and are based
on a variety of assumptions, which may assist
researchers in their choice of a measure as well
as in the interpretation of results from analyses
that use a specific measure.”

Gene frequencies and hence genetic variabil-
ity tend to remain unchanged in such a popula-
tion, generation after generation, because of the
persistence of genes and the symmetry of the
Mendelian mechanism.® Analysis of genotypic
data from neutral loci is an important method for
describing the patterns of genetic variation with-
in species and inferring the evolutionary process-
es that give rise to those patterns. Genotypic data
are notoriously multivariate: the frequency of
each allele at each locus is usually different in
each population. Genetic distances are metrics
that summarize these differences in an overall
measure of differentiation for a pair of popula-
tions.’

The general genetic distance between two
taxa is a distance between the sets of DNA-
related data chosen to represent them. Many
genetic distances have been developed to sum-
marize allele frequency differences between
populations. This paper is intended to be a re-
view of the genetic distance literature that
population geneticists frequently use. For this
purpose twenty six distance measures were in-
vestigated.

A number of proposed measures of genetic
similarity and distance measures can be estimated

as follows: a population is represented by a dou-
ble-indexed vector x = (x;;) with ¥, m; com-
ponents, where x;; is the frequency of the 7th
allele (the label for a state of a gene) at the jth
gene locus (the position of a gene on a chromo-
some), m; is the number of alleles at the ;j-th lo-
cus, and 7 is the number of considered loci. Since
x;j is the frequency, we have x;; >0 and
szl x;j = 1. Denote by J summation over all 7

and J.
NEI STANDART GENETIC DISTANCE'™

2 Xi XijYij ]
(ZjZixizj ZjZiyizj)l/z
NEI STANDART GENETIC DISTANCE WITH
BIAS CORRECTION"™

N, = —ln[

@rn—1)X; X %y
Nb = —lTl ~ 5 _ 2 1/2
[Zj(znZixij -1) Zj(znZiyij -1)]

2

- _Zn i
COaim

i=1

7 is the average number of individuals.

NEI MINIMUM DISTANCE'™

1 2
Ny, = ZZ(xij - yij)
NEI GEOMETRIC DISTANCE" "

D1 and py,, are the number of individuals that
carry allele u at locus [ in populations 1 and 2 re-

spectively.
LATTER'S DISTANCE""

1
La = ijZixij XNV — X XiXijYij
B 1= X5 X xijyij
CAVALLI-SFORZA-EDWARDS CHORD DISTANCE™™

2 r mj 1/2
CE=— ) {2[1- 1/2
TL'TZ{ Z(plulpluz) ]}
=1 u=1

D1 and py, are the number of individuals that

carry allele u at locus [ in populations 1 and 2 re-
spectively.
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EDWARDS DISTANCE ®

£ = 8[1 - XL, /XY,
[1+ 2, V&)L + 2, V/B)]

X; and Y; are the gene frequencies of the ith al-

lele at a k-allelic locus in each of two popula-

tions.

SANGHVI DISTANCE '

2 2
7 z:s,-+1 (P1jk - ij) + (szk - ij)
G2 =100 S o o

7:1 Sj
_ (pljk + P2jk)
jk — 2
P1jk and pyji are the proportions in the kth class
for the jth character in populations P; and P, re-
spectively and s; + 1 is the number of classes for

the jth character.

BALAKRISHNAN-SANGHVI DISTANCES"

The proportions p;j; are the maximum likelihood
estimates of the proportions of the kth class,
k=12,..,s+1, of the jth character S;, j=
1,2,..,7, in the ith population P;, i =1,2,...,q.

The dispersion matrix of the estimates p;j is giv-

en by Ajj, where
Aijr = pije(L—pije) /mij, k=1,
= —pijkDiji/Nij k+1,

l=1,2,.,5+1,

and n;; = sample size for S; from P;. Since
sj+1

Y1 Pijk = 1, the rows and columns of 4;; add

up to zero. The common dispersion matrix of the

variables Xj; over q populations is estimated by

G, where
—v4q 2 q
Cikg = Xy nfiAijia/ 21 1
The distance between two populations P, and P,

r Sj

Sj
B.rznn = Z Z Z Cjkldjkdjl

j=1k=11=1
djk = Pmjkx — Pnjk

kl _ -1
G =g

Another measure for the distance,

r Sji Sj
GC? == Z Z Z Cjkldjkdjl
j=1k=11=1
Ci =pi(L—pj), k=1
= —DPjkPji k#1,

l=1,2,..,s +1

q q
Pjk = Znijpijk/z n;j
i=1 i=1

STEINBERG DISTANCE"

djk = P1jk — P2jk

A = (44a) "

A =pix(l-pjx), k=1,
= —DPjkPji k#1,

k,1=1,2,.. )

1
Pjk = E(pljk + szk)
CAVALLI-SFORZA-BODMER DISTANCE™
1/2
;e 4% [1 = 2i(xivis) ]
%,(m;—1)
Distance = —In(1 — f)
ROGERS' DISTANCE"

11 V2
2
D :52 [52(’%' ~ij) l
j i

REYNOLDS-WEIR-COCKERHAM DISTANCE"*
Re
X {%Zi(xij - yij)z - —Z(Zﬁl_ ) [2 - Xixf + Ziyizj]}
(1 = Zexyjyy)
GOLDSTEIN-LINARES-CAVALLI-SFORZA-
FELDMAN DISTANCE*

(w7 = 22 (”Xi =]

Hx; =Zixij

i
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#Yj:ziyij

FELDMAN-BERGMAN-POLLOCK-GOLDSTEIN DISTANCE®'
_ Y
Dl = lOg (1 - T)

M is the average value of the distance at
maximal divergence.

SHRIVER-JIN-BOERWINKLE-DEKA-FERRELL-
CHAKRABORTY DISTANCE?

,
1 .
Dgy = ;Z Z i = j1(2xu Yk — XX

k=1 l<i,jsmy
— YVieVji)
HEDRICK SIMILARITY COEFFICIENT %
Z?il PjxPjy
5 (Pl + 2 p2)

n; is the number of genotypes at the locus.

Ly =

pjx and p;, are the frequencies of the
jth genotype in populations X and Y respec-
tively.

PREVOSTI-OCANA-ALONSO DISTANCE*

leu
2r

NEI-TAJIMA-TATENO DISTANCE®

1 T mj
D, =;Z 1—2\/951'1'3’1'1'
i=1

j=1

Dy = yl]|

BHATTACHARYYA DISTANCE®

2
0% = {arccos Zin]-yij]}
ij

TOMIUK-LOESCHCKE DISTANCE?
Dy, = —In (I7)

Zl]xljylj Zl]ylj
ITL -

T T
where x]

allele at the jth locus in the populations X and Y,

and y;; are the frequencies of the ith

respectively, that are also present in their sister
population. Distance can also be calculated using
the following formula,?®

1
Dry, = —ln; fz xijZYij
CAVALLI-SFORZA ARC DISTANCE %
2
D= ;arccos (Z 1/xi]-yij)
THORPE (DPS) DISTANCE **

Z min(xij, y’-])
Yimy

AVERAGE SQUARE DISTANCE?*®

ASD =~ Z Z ()] xlky,k‘

=1 1<L<]<m]

Dps = —=In

SHARED ALLELE DISTANCE?®

e m;
Dgy = ]21, !
FUZZY SET DISTANCE?
_ ) 1Xij==3’ij
Fuzzy — Z;=1 mj
I CONCLUSION

Several analogous measures have been devel-
oped to describe differentiation between popu-
lations. These measures have different mathe-
matical foundations and represent distinct but
related concepts. The relative merits of each
measure have not been resolved, but, in prac-
tice, estimates of these statistics are generally
similar.’

Using genetic distances as yardsticks for spe-
cies limits is not only a problematic issue regard-
ing cut-off values. A more basic question con-
cerns the correction of distances to account for
multiple substitutions at certain sites. In phylo-
genetic analyses, model selection is considered
important as the substitution model always influ-
ences branch lengths and may consequently af-
fect the tree topology. The improper use of un-
corrected as well as under-corrected distances
will lead to underestimation of the actual differ-
ences between long separated taxa. Another basic
issue concerns the comparability of genetic dis-
tances. It is well known that different loci have
different mean rates of evolution, and according-
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ly levels of divergence between taxa depend on
the loci being compared. However, this is often
neglected, as studies based on different loci are
frequently indiscriminately compared. Also dif-
ferent parts of the same gene are known to have
different evolutionary rates this may confound
comparisons based on different gene fragments,
or overlapping fragments of unequal lengths even
when they are from the same locus.?

No study, however, has conclusively shown
that all genetic distance measures lead to the
same conclusion about, for example, the ordering
of populations based on their genetic similarity.
In any event, most measures of genetic distance
are highly correlated under most conditions. A
large number of studies have reported high cor-

relations among different distance measures used
on the same set of data.®

With regard to the “best” genetic distance
measure, it should be apparent that selection of
an appropriate measure depends upon the char-
acteristics of the data and upon one's theoretical
perspective. For macroevolutionary compari-
sons, Nei’s measures are probably the best, since
they give the best estimates of divergence time
and are related to a well-defined biological pro-
cess-codon substitution. In microevolutionary
studies, when sample sizes are approximately
equal and the differences in gene frequency are
great, Edward’s E? is preferable. If sample sizes
are quite variable and gene frequencies do not
differ greatly, Sanghvi’s G? would be most ap-
propriate.30
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