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Introduction

- -One of the main goals in conservation is the preservation of genetic diversity.
Traditionally, the study of genetic diversity has fallen within population genetics,
which has focussed on measuring its extent in natural populations, in comparing levels
of genetic diversity within and among populations and in making inferences on the
nature and intensity of evolutionary processes from the observed patterns of genetic
diversity. Hence, there is a long tradition as well as a wealth of conceptual tools in
population genetics for analyzing, measuring and partitioning genetic diversity.
- Thisreview on methods for analyzing variation using molecular markers will start
with a brief outline of the main population genetic conceptsinvolved. These ideas were

developed for simple situations, such as the one-locus two-alleles case, and were -
refined and generalized later. However, the main features are best understood by taking

‘the simplest case which, in terms of a molecular marker, can be understood as an
allozyme locus with only two alleles. In this situation, we are dealing with codominant
markers, for which all possible genotypes (both homozygotes and the heterozygote)
can be easily ascertained.
~ Wewill thenmove to the case of the richest p0551b1e markers in terms of theamount
and quality of the information provided, DNA sequences. For these markers, it is
possible to establish measurements of their evolutionary distance, which can further
be used to refine the measurements of genetic diversity. Once the direct analysis of

- nucleotide sequences has been developed, we will consider other markers which-
provide indirect estimates of nucleotide divergence between alternative alleles, such
as RFLPs and restriction site data. After that, we shall consider the complicating effects
of using dominant markers, such as RAPDs and multilocus DNA-fingerprinting, for
which the “presence” allele is dominant over the “absence” allele. Furthermore, use
of these markers usually results in an unknown number of loci being analyzed

simultaneously which introduces further complications. Finally, microsatellite

-markers will be considered, as these can be interpreted with or without reference to
the evolutionary relatedness among alleles. Some computer programmes available

for use in population genetics and analysis of molecular variation are listed in the

Appendix to this paper.

The population genetics description of diversity

‘Genetic diversity can be measured, as can any other measurement of diversity, in
different ways. One of the most commonly used ways defines diversity in a single

locus as
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where pj; represents the frequency of the i-th allele at locus I. An average diversity for
several (L) loci is given by ; D ‘
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This defihition of diversity is closely related to the expected heterozygosity in a single
locus for diploid organisms when populations are in Hardy-Weinberg equilibrium.
Under these circumstances, |the expected heterozygosity in a locus is given by:

H1=ZZP11P11=1"ZPI§
‘ ; p

b . - Eq.3 .‘
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. This relationship provides an interesting solution to the problem of comparing levels z
of diversity between haploidiorganisms, where genetic diversity is readily defined but B B
heterozygosity is not, and diploid organisms.

- Following Weir (1990), it is possible to obtain a partition of the distribution of
genetic diversity estimated directly from heterozygosity values in terms of an analysis’ -

_of variance (ANOVA), taking into account the several levels at which héteroZygosity e B
can be defined. So the effects fsubpopulations, of individuals within subpopulations, '
of the different loci and their interactions on the heterozygosity observed in a
population can be easily obtained and tested for the significance of their relative -

*_ contributions to the observed variability. ' o ,
Deviations from Hardy-Weinberg equilibrium reflect on differences between
observed and expected values of heterozygosity. These deviations, which can be due
to many different causes, can be formulated in terms of inbreeding coefficients. So the
genotypic frequencies in a two-allele locus, P and @ for homozygotes ‘and H for
heterozygotes, can be expressed (Wright 1931) as:

Vo e

P=’p2+qu ' | 4 Eq.4
H=2pq-2fpq | _ g Eq.5 ;
0=¢"+foq : o . - Eqé z

where fis the inbreeding coefficient. Its sign and value reflect deviations from Hardy-
Weinberg proportions. When f takes a positive value, there will be an excess of
homozygotes and a lack of heterozygotes, as when endogamic reproduction occurs.
Conversely, negative values of fiare an indication of exogamy. An indirect estimate of ' X
the amount of inbreeding for a given locus is obtained from the observed proportion
. of heterozygotes, H,, as o : : ‘
FoiHo | . - Ea7

2p4

~ where ﬁ‘and g are the estimated gene frequencies of each allele. The corresponding .
sampling variance for a sample of size n is given by (Rasmussen 1964) '

‘ . I Eq.8
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- It immediately follows that the amount of genetic diversity in a glven locus is related
to the level of mbreedmg in that population.

- The two major, non-selective causes that move natural populahons of diploid

organisms away from Hardy-Weinberg equilibrium are drift and inbreeding. Both

“factors act on reducing the amount of heterozygotes and increasing homozygosity,and
this effect is further enhanced whenever populations become structured i.e. mating
and dispersal take place only in the close neighbourhood of each individual. Wright
(1951) introduced a method of describing genetic population structures of diploid
organisms in terms of three F-statistics or allelic correlations. =

In every subdivided population, there are at least three levels of complexity:
individual organisms (I), subpopulations (S) and the whole population (P). These three
levels are associated with three different measurements of heterozygosity:

H,, which can be interpreted as the average heterozygosity of all the genes ina single
individual or the probability of heterozygosity in any gene. H;is the observed
heterozygosity averaged over populations. If H; represents the heterozygosity in a
single locus in subpopulation i (Eq. 9) and k subpopulations and L loci are considered,

then

Il=~2H B Hl=%2Hll ‘ ﬁq.9
= E

r:l

: Hj represents. the heterozygosity level expected in a panmictic subpopulation.

. Hence, for adiallelic locus with gene frequencies p;and g; in subpopulation i, Hs always
‘equals 2pg;. Fork subpopulatxons, the average value of the Hy for each subpopulatxon

is represented by H;.

, Hrrepresents the expected heterozygosity of all subpopulations when pooled and
- mating is random in the pooled population. In this case, Hr is given by 2p,, bemg Po

the average gene frequency across subpopulations.

Wright developed these ideas for the diallelic case, grouping all but the most
frequent allele into a single class. An explicit multiallelic form was presented by Nei
(1987), although the notation employed was slightly different. Nei uses Gy to refer to
themultiallelic form of Fsr developed by Wright which, accordingly should be reserved
only for the diallelic case (Nei 1987). So, if p;x is the frequency of the i-th allele in
subpopulat1on X, then:

Hs =1‘2Pi§c ’ Eq.10
= , :

and if p; is the average frequency of the i-th allele over subpopulations, then
= l—z | ; o - Eql1
=] k '

The inbreeding coefficient measures the reduction in individual heterozygosity due to
‘deviations from random matmg in the local populatlons This inbreeding coefficient

s represented by Fjs and is given by:

Hs- H; | - ‘ Eq.12
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_ Eq.15
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 where Dyym=1-Jxy, Dxem=1-Jx and Dyuy=1-Jy, and Jxy, Jx and Jy are the averages ;
‘of jxy, jx and jy over all loci. The main disadvantage of using the minimum genetic
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populations diverge. Many g‘enetié distance measures have been proposed (Reynolds |
1981; Nei 1987) since Cavalli-Sforzaand Edward’s (1967) attempt to relate their distance .

measure to the evolutionary changes of gene frequencies among populations. Some of

the distance measures used in genetic studies are geometric distances that do not
consider special features of evolutionary processes. This is the case of Mahalanobis’ .
(1936), Bhattacharyya’s (1946) and Rogers’ (1972) distances, to name a few. More

appropriate measures when dealing with genetic data have been developed by Nei '
(1972, 1973). Two of them are especially relevant for this review, the minimum genetic |

distance (D,,) and the standard genetic distance (D).

Let p;x and pjy represent the frequency of allele 7 in a given locus in population X

and the frequency of allelej in the same locus in population Y. Suppose we takerandom
allele from each population and compare them. The probablhty that both alleles are

1dent1<:al is given by:

xyzzpsz:y k o ~ - Eq.16

‘and they will be different with probability 1-jX§. When the alleles are different, there |
is at least one codon or nucleotide, depending on what marker is being used, difference

between them. Therefore d’yy=1-/xy gives the minimum number of differences between

both populations. However, when there is a polymorphism, two alleles randomly |

sampled from one population will not always be identical. Hence, we need to correct
for these intrapopulational differences. For each population, the intrapopulation
measure of differentiation is given by: ,

dy=1-2,p% | | - Eq17

which equals the expected heterozygosity (and the gene diversity) for that locusinthat -

population. Therefore the net minimum number of differences between two
populations is given by:

dyy =d’yy —

xr =dxy 2 2
In practice, d varies from one locus to another, and in order to estimate the dlfference
between two popu]ahons, the average of d over all loci must be taken. This average

is known as minimum genetic distance and is given by:

DM = DXY(M) - 2

distance is that it can seriously underestimate the difference between pairs of
populations. However, it can be used for the study of the maintenance of polymorphism

among populations (Chakraborty 1974).

59

dx"'dr:Z(Pix‘Pir)z ‘ ' ' Eq18"
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When changes occur inde

pendently at every position in the génome, the mean

number of net substitutions is given by:
D=-logl, ’ Eq20 -
~ where -
I xr I
I= Eq.21

- ,/J‘x.l,, :

This is known as the standard genetic distance. I takes value 1 when the two populations

have identical gene frequencie

s in all loci and 0 when they share no alleles. Because of

this property, I itself has been used as a measure of the genetic sinfilarity between
populations, and it is known as the genetic identity. Nei (1987) discusses the estimation
- procedure and sampling properties of several estimators of genetic distances. o

‘Generally, more than two

populations of any species are being analyzed, and all )

~ possible pairwise genetic distances (or identities) have been estimated. In these cases,

~ the information provided in

the corresponding distance matrix can be used to

simultaneously analyze the relationships among all the populations. This is usually
accomplished by means of different multivariate techniques (Manly 1986), of which

clustering methods are most p

methods are UPGMA (Sokal a

opular. The two most commonly used clustering
nd Michener 1958; Sneath 1973) and neighbour-joining

(Saitou and Nei 1987). UPGMA is an ultrametric method and should provide accurate
clusters when distances are linearly proportional to thé amount of divergence, for

instance under constancy of e

volutionary rates, whereas neighbour-joining is a very.

robust method which is gaining widespread use because of its relative independence

of assumptions (Swofford and

Olsen 1990; Nei 1991).

Using nucleotide sequence data

" There are two different quantit
DNA level: the average numbx
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- The number of segregatin

_ at least two different nucle

differences among DNA sequs

22,4,
d= i<f
; n(n-1)
whete d;; is the number of nug
the number of DNA sequences

sequences studied is large, it i
i, heterozygosity is defined as

2
H, =1‘§:Pj

ies for measuring the amount of genetic variation at the
er of pairwise nucleotide differences and the number of
s among a sample of sequences. o
g sites, S, is the number of sites which are occupied by
stides. The average number of pairwise nucleotide
ences is defined as:

| Eq.22

Jleotide differences between sequences i and j, and n is

sampled froma population. When the number of DNA

s advisable to use heterozygosity instead of d. Atasite

Eq23
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~ where p; is the relative frequency of nucleotide j (j = 1, 2, 3,4 corresponding to
- nucleotides A, T, C and G) and an unbiased estimate is given by (Tajima 1993):

~ - N * ’ . E .24
: n-1 j-i o '

where p; is the observed frequency of nucleotide j at site i and 7 is the number of
nucleotide sequences. The following relationship can -be shown between
“heterozygosity and the average number of nucleotide differences among the n

sequences studied

d=2Hi ’ | | P Eq.25

where m is the number of nucleotide sites in the DNA sequence.

Both S and d depend on the length of the nucleotide sequence (m) and the amount
of DNA polymorphism per site can be used instead, simply by dividing any of those
measurements by m. The new measures correspond to the average number of
nucleotide differences per site (S/m) and to the average heterozygosity per site (H/m).
Tajima (1963) provides an excellent review of both measures under dlfferent
evolutionary scenarios.

In order to compare the amount of variation at several levels using sequence data,
it is necessary to define the average number of nucleotide differences per site between
two sequences, an amount also known as nucleotide diversity. It can be defined as:

T= Zx X7 ' | Eq.26
Lj ‘ ‘

It can immediately be shown that & can be estimated by:

227, g . Eq27
PYLIN o T B | -
n-177 At n(n-1) m

which is equivalent to the average heterozygosity per site.
The average proportion of nucleotide differences between ny sequences from

population X and ny sequences from population Y can be calculated as:

ﬁ'hm | | I Eq.29
vk | |

m
i

xr =

S - | | | " Eq28
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" where hyy;, the proportion of nuclectide differences at site i, is given by:

hyy, =1 ‘ﬁ PxijPri
e v

- An approximate value|of d’xy can de obtained as:

N 3 4
Foy ===In| 1-=F 4 ||
"’_‘4“(‘3”’”l

Eq.30

CEq3l

and the interpopulah on component of the nucleoude dlfferen’aanon between

populations X and fY is then glven by

3 R .’in"-d‘y

Eq.32

whose expected value ﬁor a pair of populanons that diverged ¢ years ago is 2A¢, being

A the rate of nucleotide|substitution per site per year.

Whenseveral populationsareanalyzed, Lynchand Crease (1990) devised a method

for partitioning nucleotidediversity into intra-

and interpopulation components which

is analogous to Fsr at the DNA level. Their method is based on the average number of
nucleotide substitutions per site between pairs of sequences sampled both from each
population and from all possible pairs of populations. The intrapopulation component

is ‘gs‘timated as:

=D
Vg == 2nxnyx

"’x("x ‘1) ij

[ WY

if

Eq.33

- where nyis the total number of individuals sampled in population X, nix and n ix are
« the number of those individuals with haplotypes i and j, respectively, and d; is the
estimated nucleotide distance between those haplotypes. The combined estlmate of

-intrapopulation differen
n
2
ow = im]
n

tiation is given by:

 Eq34

‘ ;being n, the number of populauons studied. The combined estimate of mterpopulanon

differentiation is obtaine

d as:

Eq.35
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The analogue to the indices of population structure (anht’ s Psr) proposed by Lynch
and Crease (1990) at the nucleotide level i is:

i ;b+aw / : A | : | Eq.36

which is the ratlo between the average genetic distance between genes from different
populations and theaverage global genetic distance. The extreme values of N, 0 and 1,
are indication of null and complete population subdivision, respecnvely

The approximate sampling variance of Ngr is given by

Varltiyy) ( fa J'[[ - IVar(v,, {_} ) Var( )J | EaY

If weassume, as a firstapproximation, that N; srisnormally distributed then the statistic:

S a2 ‘
p=—Ts _ | | . Eq.38

Va’(N.s'r)

will be chl-square distributed with 1 degree of freedom under the null hypothesm of

_no population subdivision.

The analysis of restriction data

In order to analyze genetic diversity using restriction data, it is necessary to introduce,

a few previous ideas. In the first place, it is important to distinguish between restriction
fragment data, for which only the size of the generated fragments is available, and
restriction site data, for which the precise location of a recognition sequence for a
restriction enzyme is known. These types of data are not adequate for comparing

sequences which have diverged considerably, but both are usually acceptable for

studying intraspecific variation. In order to compare levels of genetic diversity within
- and among populations from restriction data, it is necessary to previously estimate the
number of nucleotide substitutions between any pair of sequences. Several methods,
both for restriction fragment and restriction site data are reviewed in Nei (1987).

For restriction site data, let S denote the probability that two sequences, X and Y,
share the same recogmnon sequence at a given site. This value can be described by:

s=(1-p) - o '\ Eq39

where p is the probability that the sequences do not share a nucleotide in a given
position and r represents the length of the recognition sequence. The probability p 1s
- related to the expected number of substitutions per site, d, according to:

p=j1_e[‘§") : | o | | | . Eq.40




64 MOLECULAR GENETIC TECHNIQUES ‘ ‘

If the rate of nucleotide substitution per site and per year is A, then 4 is also given by

- d =2\t Consequently, it is possible to estimate d if the value of S is known. Whenever
nucleotide divergenceis relatively small (d <0.25), as is certainly the case for sequences
~ from the same and very closely related species, S is usually approximated by (Nei and '
Li1979; Kaplan and Risko 1981; Li 1981): . : |

 =2rie X e ,' ».k ' ’ »
§=e™ o Eq.41

The maximum likelihood estimator of S (Nei and Tajima 1983) is given by:

§£ erixr .
g+ my Eq.42
- with variance given by: -
PP ) o B Eqd3

my +my

where my and my are the number of restriction sites in sequence X and Y, respectively, .
and myy is the number of restriction sites shared by both sequences. -

' Once an estimate of S|is available, it is possible to estimate the proportion of
nucleotide differences, p, by: ‘ : ; :

et LR SEPESH = TP N s TN MY

Cp=1-¥5 S - | Eq.44
and the estimate of d follows immediately:
. 3 4 _ i o : .
d=-=—Inj1—-—5 ) Eq.45
T "( 3F ) S .

When d < 0.25,’ it is possible to use the above approximation (Nei and Li 1979) which

leads to the estimate: ‘ , o

5=-25 o ~ | . Eq.46
T, , |

In the preceding derivation, it has been assumed that a single enzyme has been
used. If several enzymes with the same length of the corresponding recognition
sequences are used, it is possible to use the above expression simply by taking

_ summations over all the enzymes. However, if several enzymes with different lengths
in their recognition sequences are employed, then it is convenient to follow the method
~ proposed by Nei and Miller (1990) in order to weigh the data obtained with each
enzyme class. When values of d have been estimated for each class of restriction enzyme-
according to Egs.45 or 46.above, thena combined estimate of d for all the enzymes is -

. given by: .
| Zv'akrkgk g ~ - , R T Eq.47

mry

B
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- where 1 is the average number of bands for the k-th class of enzymes, 7, is the length
of the sequence recognized by the class of enzymes and dk is the corresponding
estimated nucleotide divergence.

- This estimate of nucleotide divergence can be extended to be an estimate of
interpopulation nucleotide divergence for all possible pairs of populations X and Y
simply by considering the nucleotide divergence estimated for all possible pairs of
sequences one from each subpopulation. Tlus leads to: .

‘ 22’”):,10' k Eq.48
3 W ; : ‘
8y =~— |
Z’mx,(}',) * x,)y, .

where my;y; represents the number of restriction sites shared by the i-th sequence from
population X and the j-th sequence from populatlon Y, whereas ; my;ry; and my;y; are
‘the number of restriction sites in sequences 7 and j form subpopulations X and Y,
respectively. This estimate can be obtained for each different class of restriction
- enzymes, and these estimates can be combined, similarly as above, into the estimate:

) ;’"k’kdxy, _ ‘ , , Eq.49
i . ;
: k ;
where:
o ' . N o v E - - l . .e)
= Mx, T My, : ‘ Eq.50
N 2 . . R ! .

This estimate of interpopulation divergence includes both an interpopulation
component, due to differences in the frequency of the different sequences in both
subpopulations, as well as an intrapopulation component due to variation within each
subpopulation. If we are interested merely in interpopulation divergence, then the
interpopulation component of the above estimate of nucleotide divergence between
both subpopulations can be estimated according to: :

- e de+d, | | :

" Unfortunately, themethod developed by NeiandLi (1979) to estimate thevsa'mphng
variance of dyy cannot be applied in this situation (Nei and Miller 1990) and resamphng
+ estimates, by jackknifing or bootstrapping, must be obtained.

When only restriction fragment length dataare available, the estimate of nudeohde
divergence, as the average number of nucleotide substitutions per 51te, between a pair
of sequences can be obtained as: ‘ :

d=-tné | . | |

=—==In . . s
R L | | - Eq.52
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-

where G = e™ is the probability that no nucleotide substitution has occxined at a
restriction sité and is related to the proportion of shared fragments (F) by means of:

4

F=S_ i A Rq53
T3-26 o B | &
and F can be estimated from:
- 2m : : o
P | S Eq.54

Nei (1987) has proposed an iteration pro'ced'ure,to estimate G, once an estimate for F

has been obtained from Eq. 54. . .
Similar expressions for the estimates of intra- and interpopulation nucleotide

divergence can be obtained. Gonzalez-Candelas et al. (1995) have recently derivedan ‘

' approximate expression for the sampling variance of d in this situation.
There are two main ways of measuring the amount of pOIymorpHsm in a given
population. The haplotype diversity, i, was defined by Nei and Tajima (1981) as:

T | | | | g
R .Z,P" | : | Eq55

where p; is the fréquent:y of the i-th haplotype. An estimate of H can be obtained as:
A=— (I—Zﬁ?]. . SR o Ba96

This definition is equivalenf to that of heterozygosity or genic diversity described
~above. - IR N - : .

- A second way to measure the amount of polymorphism is by the average number |
of differences in the restriction sites between pairs of randomly chosen haplotypes.
This number is given by: ( ! ‘ o

» V#ZP:P/VU . Eq57
i
and an unbiased estimate is obtained as:
‘»; - n P .
—_—,,..1 . p‘.p}.v‘.j Eq58

ij

However, these tw measures of polymorphism depend on the length of the DNA"
fragment studied by restriction analysis. This can be avoided by using a measure of
variation at the nucleotide level. As most polymorphisms in restriction sites are due.
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“to nucleotide subsntutlons, this canbe used to estimate nucleotide dlversﬂ:y, defmedas
d= ZPIP, d; S | : B , S : Eq.59

‘where dj; is the proportion of nucleotide differences between haplotypes iand jand p;
and p; are their respective population frequencies. We have already seen how d can be
estlmated from restriction site or restriction fragment data. An unbiased estimate of

nucleotide diversity is then g1ven by:

-~ n ) .
- n—l%p P14y » | Eq.60

Once an estimate of d for any given population is available, it is p0551b1e to extend
the procedure in order to analyze the amount of divergence among populations. Let
- dy represent the average number of nucleotide substitutions between a pair of

haplotypes randomly chosen in population X. This number can be estimated as:

ﬁii’j4y ' . , o Eq.61

. where ny represents the sample size in population X. The average number of
substitutions between pairs of haplotypes randomly chosen one from each population

X and Y can be estimated from:

dxy = ” P:ibd; ' | . Eq.62

when the i-th and j-th haplotypes have been sampled from populations X and Y,
respectively. As before, in this measure both an intra- and an interpopulation
component of variability are included. The net amount of nucleotide substitutions

between these two populatxons is then estimated by:

dyy=diyy - dy+dy ; ., Eq.63

xy =axy
2

If therate of'nucléotide substitution per site and per year between two populations
that diverged ¢ years ago is given by A, then the expected value of dyy is:

dor =24 | | | . Eqéd

Hence, in order to compute the time since divergence between two populations (t),
it is necessary to subtract from dy, the average nucleotide difference between
polymorpmc alleles at the instant of separation. The sampling variance of d,is glven by:

Var(d“xy) = Var(é;y) 1 [Var( )+Var(d [Cov(akr-d‘x )‘*‘ Co"(d‘:\’r"iy)]. Eq.65
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Sizes of the bands
told apart from e
Different bands re
this is one of thel
Populations are p

6. Hardy-Weinberg

As above, let P be th
since the divergence fror
proportion of fragments
and Li (1979) showed th

4.

5.

Pt
3-2p

F

ions for the corresponding variances and covariances in the

ons, it has been assumed that changes in recognition sites occur
provision has been made for superposition of substitutions.
ation as long as divergence between sequences is rather small,
f changes increases, the approximation no longer holds. Then
rorrect for the probability of several substitutions on the same
responding expression was derived by Nei and Tajima (1983): -

Eq.66

lations are analyzed, the method proposed by Lynch and
»ning nucleotide diversity the into intra- and interpopulation
| the preceding section can bereadily applied tobothrestriction
nt data. :

The analysis of RAPD data

jata has been hampered by the failure of usual methods to
detecting genotypes with dominant markers. This can result
ion of the actual level of genetic diversity (Clark and Lanigan
hods for overcoming this difficulty and thus enabling the use
proposed (Clark and Lanigan 1993; Lynch and Milligan 1994).
d by Clark and Lanigan (1993) uses the frequency of the absence
Jation sample as an estimate of the population frequency of
12) and then uses this value to correct for the relative detectability
one versus two copies of a fragment. Once this correction has
data are treated in a very similar way to that already described
lata. This is feasible if the following assumptions are met:

a fragment is dependent on the primer hybridizing to the
es. In other words, if one single substitution is present in the
smentary to the primer this will not hybridize and the
agment will not be amplified. ; .
analyzed should diverge in less than 0.10, because the model
r multiple hits. This assumption is usually met in population

s can be determined accurately and all different bands can be
ach other. '
present independent loci in linkage equilibrium
ess realistic assumptions in this model.
anmictic and samples are taken randomly.
equilibrium can be assumed for genotypic proportions.

e probability that no mutation has occurred at a primer site
n the common ancestor. of two sequences. If F is the expected
that remain unchanged then, as for restriction fragments, Nei
e approximate relationship:

. Incidentally, '

Eq.67
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* From the number of bands shared by two individuals (mxy), and those present in

individuals X (my) and Y (m,), the following estimate of F can be obtained:
. 2my, R ' o »
F=—-Xr_ ; ' ’ ' © Eq.68

The expected nucleotide divergéncé between two sequences is d = 2At if A is the

rate of nucleotide substitution per siteand per year, and since P= exp (-rAt), it is possible

to estimate d from the relation:

- 2 . -
d=——InP ,
. n N ‘ Eq.69

" The preceding estimate of d is the nucleotide divergence for a pair of haploid
individuals. If several individuals from each of two populations are examined, it is

- possible to estimate the interpopulational nucleotide divergence following Nei and

Miller (1990): ,

2 myy S o Eq.70

where my,y; is the number of bands shared by individual i from population X and
individual j from population Y, my; is the number of bands scored in individual i from
population X and ny and ny are the number of individuals sampled in the
- corresponding populations. Samplesizes are used to weigh the number of bands scored
in each population in order to make the number of within and between-population
. comparisons the same. ' o

The correction for dominance is based on the assumption of Hardy-Weinberg
equilibrium. The expected heterozygosity under Hardy-Weinberg equilibrium is 2pg.
The conditional heterozygosity of band i in an individual from population X, given
that band is observed, is defined as: ‘ ‘

2pq :
- : : Eq.71

H =
X(i) 2
P +2pq

The numbers my, my and myy can be tallied by summing over thei =1 - k bands for a
pair of individuals from within and between populations X and Y: '

X ;‘iz[“(l‘ﬂxm)z+4”¥(:)(“{”x(n)+”;m]' o o Eq.72
”f?’zi:[“(l"’rm)z+"'”m)(“”m;)+”y2(.-)}

My = ;I“(l- Hyp )(1— HY(:‘)) + 2(1;" HX(i))HY(i) "'ZHx(i)(l" Hm)) * Hx(i)ﬁl’(i)]
. - \
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After the weighted values of myy, myx and my are talhed for all bands and pairs of

N 7 '

individuals, F and d can be calculated from Equations 67 - 70.

Nei and Takezaki (1

1994) proposed a modified estimate of F values based on the

frequencies of each band instead of their direct count, and on taking a geometric rather

than an arithmetic aver

age for comparing the shared bands with the bans present in

the common ancestor. This leads to:

sz, Py,

2
Px Py,

[
i i

N
]

where py; represents the frequency of the i-th DNA fragment in population X. Thls

frequency, for diploid o1
can be estimated from:

Px, =1- Qx:

where Qy; is the frequen

ganisms and in populations in Hardy-Weinberg equilibrium,

Eq.74

cy of individuals lackmg the i-th fragment in population X..

From the estimate of nucleotide divergence, d, obtained using Eq. 69 itis possible
* to evaluate the interpopulational component of the total dwer51ty as: .

E d, +d
dyp = digy =2 E

' toanother and/or prime
- data into one single estiz

znftdxr,
dyy = —

: nr
k

- Eq.75

rs have different lengths, it is possible to combine the different
nate by using an approach similar to Nei and Miller’s (1990):

Eq.76

where 7i is the average number of 1nd1v1duals assayed in.each populanon Xand Y, n
is thelength of the k-th primerand d;m is the corresponding estimate of interpopulation
divergence for that primer. .

Lynch and Milligan (1994) have adopted a different approach for analyzing
- population structure using RAPDs. They simply assume that alleles from different loci

do not comigrate to the same position in the- .gel, that the researcher is capable of |

matching bands from different lanes within and among gels, and that each locus can

* be treated as a two-allele system, with'a presence and an absence allele. They adopt ‘

the following estimate for the gene frequency, q, of the null allele at one locus:

i

T Var(z)

1- =2 _
8x°

)

Eq.77

Eq73

" When several different primers are used and sample sizes differ from one primer

b .
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where x is the frequency of null homozygotes This is an asymptotically unblased
estimator of 4 and has lower blas than the correction proposed by Clark and Lanigan

(1993).
Once gene frequencies have been esnmated itis possibleto estimate gene d1vers1ty u

within a populatlon The usual measure of gene diversity:

‘which is the probability that two genes randomly chosen from populanon X dlffer at
the i-th locus, is equivalent to the expected herterozygosity under Hardy-Wemberg
equilibrium. An estimator oé this quantity is given by

Hy = 2Px19xi =1- ZP)G Eq78

ﬁx, =2yPy +2V“"(‘im ' o o Eq.79

whose sample variance is apﬁrinmately: \ |
Va'{H ) 41- qu,) Var(qx.)' N ‘ Eq.80

If L loci have been sampbed in population X, the average gene diversity in this
~ population is:

'A 1 . = l . ‘ .
Hy=—2H o o Eq.81
"’l . . .

andifn pdpulations havebeen sampled, the average within-population gene diveréity '
can be estimated by: . : : g

-~ ’ 1 ~ N . B . '
Hw ==2H ' . ’ Eq82

X
7 xa1

~ Expressions for the correspondmg sample variances can be found in Lynch and B

Milligan (1994).
The heterozygosity between populat1ons XandY at the i-th locus can be estzmated

‘_by:

-

Hep =Gu+dn=2ndn . Eq.83

If there isno pppulat}'on subd1v1510n the gene frequencxes in all populahons are the' :
same, so H'yy, = Hy; = Hy; , and the interpopulational component of diversity can be
~ estimated as usual by: . ‘

-

x'+h'yi
2.

Hyy, = Higy, -  Eq.84
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Y is:
 ag=i3a
xx= XY,
. th !

and the mean between p

Averaging overall lod, th

e estimated mean gene di\}érsity between populations X and
Eq.85

opulation gene diversity can be obtained by averaging over

all possible pairs of populations:

E)N: 'Eq.86
5 __xer .
57 n(n-1)

Lyrich'and Milligan (1994) propose an asymptotically unbiased estimate of Fsyby using:
T l ' - 'Eq.87
iy A Var| iy ) - By Varl )+ (B, ~ By )Co{ . B ) o

=

The expression for the va
. in Lynch and Milligan (19
analysis of RAPD data, R

; Analternativeappro
by Hulff et al. (1993) and

analysis of molecular va
WINAMOVA in order to est
especially useful when 1t

~ One of the potential

" the relatedness among i
expectation that related ir
and hence the fraction of
with the degree of relatec
a and b using data at the

-~

Su,~6 1-Sa,

-

Ay(Ay+ Ay )
riances and covariances in the above equation can be found

)94). There aretwo packages of freeware programmes for the

APDISTANCE (Armstrong et al. 1995) and RaPDIS (Dopazo 1995). .
ach for estimating F-statistics from RAPDs data has been used

Peakall et al. (1995). They have used the already described

riance (Excoffier et al. 1992) implemented in'the programme

imate population differentiation statistics. This procedure is

wore than two population levels have to be considered.

uses of RAPDs is their capability for providing estimates of

ndividuals in the population. This measure is based on the

\dividuals will have more similar genotypes than nonrelatives,

loci for which two individuals are identical should increase

iness. An estimate for the relatedness, r, between individuals -
i-th locus is given by (Lynch and Milligan 1994): ‘

AN

* .where S,; =1 or 0 denote

or not, 6; is the probabili

‘locus, and:

e“‘.=1-zQ,(1-Q;{1—;‘

V‘”‘( 61 )

Eq.88

s whether individuals a and b have the band at thei-th locus
ty that two nonrelatives have matching phenotypes at the

Eq.89

2; _‘1)2 ; Eq90

40,(1-¢, )(2

Var( é,. ) = ”
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A more accurate estimate is ¢

Such an analysis is only'

. overlap between the distribt
* relatedness, the utility of rela
and Milligan 1994).

Analy

' Hypervariable minisatellite -

- following restriction digestio:
~correspond to several loci wt
a single gel. These loci usuall
occasions will individuals fr
exactly the same DNA finger)
In order to develop simil

~ of population homozygosity
researcher have to be made (L

_ that the DNAs of individual

adequate controls so that errq
minimized. Second, it is assun
population. Third, it is assun
resolved either by differences|i
loci are assumed unlinked and

7,

btained by averaging over all L loci:

- Eq.91

‘applied to polymorphic loci. Nevertheless, due to the
ations of similarity for RAPDs for different degrees of
tedness estimation using RAPDs is rather limited (Lynch

rzing DNA ﬁngerpﬁntin§ data

DNA, when analyzed by Southern hybndlzatlon

n, produce DNA fingerprints. These fingerprints usually -

lich share a core sequence, hence showing all at once in
y exhibit large allelic diversity, and hence only on a few
om exogamous populations sampled at random show
print pattern.

arity estimates, potential mdlcators of the relative level

, a few assumptions on the technical ability of the
ynch 1990; Lynch and Crease 1990). First, it is assumed
s to be compared are run in close lanes and/or with
rs on the assignment of identity to pairs of fragments are
ned that all individuals are sampled at random from the
ned that all comigration of non-allelic markers can be
n band intensity or by some other means. Fourth, marker
| in Hardy-Weinberg equilibrium within and among loci.

And last, the same set of ho

Similarity is usually de
x and y, it can be defined as
estimate of the number of fra

G o Ny
Y n.+n,

ologous lodi is tested in all individuals.

ined as the fraction of shared bands. For two individuals,

the number of common fragments (n,, ) divided by an
ents in any individual:

Eq.92

It is necessary to relate this index with a populatioh genetic parameter such as the
identity by state . between pairs of individuals and population homozygosity. The
identity in state for two individuals can be defined as 100% for pairs of individuals

AA-AA or Aa-Aa and as 50
genotyplc identity in state for

) ): P + P2, (1—Pk,)2

CE(D=4

% for pairs such as AA-Aa or Aa-Aa’. The expected
a pammchc population is:

Eq.93 -.

L.
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where py, is the frequency of the i-th allele at the k-th locus and L is the number of loci.

Alternatively, the identity in state can be defined from the standpoint of gametes taken
at random from two individuals. Under panmictic mating, the expected gametic
identity in state is equivalent to population homozygosity: C :

225

E(H)=-4t—L—
L

Jeffreys et al. (1985)

22 pi(2-py)

 Eq.94

and Lynch (1988) showed that:

Eq.95

E»(S)-—- ki

* Hence, the similarity index is always a biased estimator by excess both of 'and H.
" Lynch (1988) developed the sampling theory for the similarity index. When large

numbers of polymorphic loci are sampled, the sampling variance of the average -

population similarity can be directly estimated from the observed data as:

NV“'(ISW)"'

v covs,,.S,) | | 5 -

Var(S‘. ) =

where N is the total nur
of those measures shar
populations are being @

-sampled in all populations or we are interested in making inferences on properties of
m the sampled lodi, it is convenient to use the following .
to account both the effect of sampling on the studied loci and

the whole genome frq
expression that takes in

NZ

ed by an individual. When average similarities from different
ompared and there is no certainty that the same loci have been

the error due to sampling a finite number of loci:

_25(1-3)

vorlsa) = 5-5)

i

[

|

_.S) Co ’ v ; Eq97

where 7 is the average number of bands present in any individual. - \
* A measure of interpopulation similarity corrected for intrapopulation similarity

 isgivenby:

— - §+5;
Sy =71+Slf]—

Eq.98

where 5; is the average similarity for individuals belonging to the i-th populations and
~'S’; is the average similarity between pairs of individuals randomly sampled from
populations i and j. As the similarity index is notan unbiased estimator of population
homozygosity, caution should be taken when using it for estimating the usual measure
of population subdivision, Wright's F-statistics. Nevertheless, if the biases

nber of similarity measures used and N" is the number of pairs -

sabiihbaibadabs

PUTOVT
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correspondmg to 5;,5;and 5; areapproximately equal then they cancel out in theabove
expression for 5. Conseq ently, D; = 1 - S; is an unbiased estimator of the -

interpopulation genetic diversity. /

Let D, denote the average of D for alli,j aqql let D, denote the average value of | N ‘

1-S;. Then:

D,
D,+D,

F=

Eq99

provides a downwards biased estimate of pdpulaﬁon subdivision.
An unbiased estimate of the average heterozygosity for a system with L lociis
given by (Stephens ef al. 1992): :

2n & (o : - Eq.100
1- p; 2 q L
2"‘?%{ = I]_ 2n (1 %pk :

- where A, is the number of alleles in the i-th locus and p,, is the estlmated frequency of
the j-th allele in the i-th locus. The second equality represents the lack of importance
for the estimation of heterozygosity of the specific distribution of alleles throughout
loci.
As every band or alleleina fingerprint is effectively dominant, it is necessary to
estimate the allele frequency (p;) from the frequency with which the k-th band appears
‘ (Sk) Assummg Hardy-Weinberg equilibrium for the genotypes, then:

pk=l—,/1—s,‘

The individual p; estimates can be summed up to provide an estimate of L (Gilbert
et al. 1990). An improved estimate of heterozygosity is obtained when monomorphic
and polymorphic bands are considered separately. Let Ly represent the number of
monomorphic loci and Ap that of polymorphic bands, such that Ap = A - Ly, being A
the total amount of bands. Heterozygosity will be at a maximum when all allele
frequencies in polymorphic loci are uniform, i.e. when for each allele frequency p; = -
1/A;=Lp / Ap. Then the estimate of the maximum heterozyg031ty will be:

Eq.101 |

Eq.102

and the value of Lp is given b

Lp=JL, A-L,.

Eq.103
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Microsatellites and SSR loci

_ Themain difficulty posed by microsatellite loci for their use in the evaluation of genetic
distance is their relatively high mutation rate. This makes it difficult to adopt any of
the two main mutation models used in population genetics, the infinite alleles or the

stepwise mutation model. There is still uncertainty as to whether allele sizes are
unconstrained or whether there are certain limits to the number of repeats present

(Estoup et al. 1995; Garza e

model, Slatkin (1995) and
measure for microsatelli
transformation of the n
distance is obtained as
repeats between alleles:

al. 1995; Meyer et al. 1995). Assuming a stepwise mutation
| Goldstein et al. (1995) have recently proposed a distance

te alleles. The distance between two alleles is a simple

mber of repeat units. The within population measure of
e average sum of squares of the differences in number of

T, S B 104

i<i®

Soy =-
Y an(2n-1)

where a; is the allele size of the i-th copy (i=1,...,2n) in the j-th population ¢ =1,...,4,).
The average within population distance S, from Slatkin is equivalent to D, from

Goldstein et al. (1995):

S = 2

1 jal

_Eq.l(SS

In order to estimate the average distance between all possible pairs of alleles, it is
necessary to define the between population component, Sy as:

e

S, = —s—
? (2n)2dx(d:.—l)}<j'

i<l

which is equivalént to D; ’
a weighted average of the intra- and interpopulation components:
- 2n-1 _ 2n(d,+1 | SR
§=—TT5,+ {4, )s, ' Eq.107
2nd,-1 " . 2nd, -1 \ -

where the coefficients rep:
locus from thesameand fr
tocompute S, and S. direc
of the variances of allele
variance of allele sizein the
that can be used for comp
Given that S, and Sar
the fraction: B

5-5.,
R = ‘_w

resent the probability of choosing two different copies of the
om different populations, respectively. In practice, itis easier
tly from the variances of allele sizes, as S is twice theaverage

» collection of populations together. MICROSAT isaprogramme

uting these distances. .
e proportional to the within-population and total variances,

Eq.108

Z(ﬁv-a.--r)z o - o ’ Eq.ms

of Goldstein et al. (1995). The'global distance,ié obtained by

size within each population and S is twice the estimated

'/"t‘u}t,‘ishwa.‘og@gw: it

o4 pe A b o]
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has the same properties for mid
as Fgr has for allozyme lodi. Rgp
~ that is due to interpopulation ¢
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rosatellite loci that follow the stepwise mutation model
is simply the fraction of the total variance in allele size

.

lifferences.

An extension of this method, incorporating the analysis of microsatellite data into an
ANOVA framework, has been recently proposed by Michalakis and Excoffier (1995). In
this method, the partition of genetic variance at different levels is achieved by means of
ananalysis of molecular variance, as described above, by using the programme WINAMOVA.

- Analternative distance measure, the shared allele distances D 4 (Chakraborty and

Jin 1993) has been advocated b

y Estoup et al. (1995) for use with microsatellite data.

This distance is computed by ayeraging the values over all loci at pairs of individuals.

For each locus, the distance is 1
‘have no allele in common and
distance, itis possible to group iz
(see above). The programme M1

if both individuals have the same genotype, 0 if they
0.5 if they share only one allele. With the use of this
ndividualsbyany of the different methods of clustering
CROSAT can also be used to compute D¢ distances.

Shriver et al. (1995) have proposed the use of a stepwise weighted genetic distance
measure (Dsw), which is an extension of Nei’s minimum genetic distance. This measure
has several advantages over minimum and standard genetic distances when applied
to loci evolving via a stepwise mutation mechanism. Let Px: represent the allele
frequency of the i-th allele in population X. The proposed distance weighs the

probability that two alleles are

different when randomly sampled from one or two

- populations by the absolute value of the difference in steps (number of repeats for
tandem repeat loci) between the two alleles. That is: | :

Cdyy = ZPJGPX]J:‘]

2 .

oy Eq.109
dyy = D Pypy; Eq.110
inj, .
B Eq.111
dyyw = sz:'l’nai/
: inj
where:
& =li-4 Eq.112
- Dy can then be defined as:
4 ,
Dy =d gy — 2% * 1w Eq.113

As in the case of Nei’s distance measures, Dy, can be estimated by means of the

unbiased estimates of dyy, dyw and dyyw, given by:

S | |
dyw = X Zﬁxlﬁx §;
| nx _1 oy G~ ij i Eq.114
- Ry N L _ Eq.115
dYW= lzphpyl(slj )
T ey Eq.116

dyyw =Z‘5Xi13}f]5i]
LY
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where ny and ny are the number of chromosomes sampled from populations X and Y,

respectively. For the
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Appendix

' COmputer P
and

BIOSYS-1 (Swofford and S
Programme for the analysx.
DnaSP (Rozas and Rozas 1
This is interactive progran
DNA sequence data.
http:/ /www.ebi.ac.uk
ftp:/ / ftp.ebi.ac.uk
GENEPOP (Raymond and

YSIS. MANAGEMENT & EXCHANGE OF MOLECULAR DATA 81

grammes for use in populatnon genetlcs
analysis of molecular variation

elander 1981, 1989) |
5 of allelic variation in populahon genetics.

995)
1me for estimating population genetics parameters from

Rousset 1995)

GENEPOFP is a population genetic software package, able to perform two major tasks:

1) It computes exact tests: for Hardy-Weinberg equilibrium, for population
differentiation and for genotypic disequilibrium among pairs of loci. ,

2) It converts the input GENEPOP file to formats used by other programmes, like

and Dillman 1992) and

~ last three programmes
- of their authors).
- ftp:// ftp.cefe.cnrs-mop.fr/
MICROSAT (Goldstein et a

M. Slatkin’s (1993) isolation-by-distance programme (the

pﬁb/ msdos/genepop
1. 1995)

Programme for computing (listance measures with microsatellite data. -

http:/ /lotka.stanford.edu/r

ftp:/ /lotka.stanford.edu/pt
" NEIGHBOR (Jin and Fergu
NJTREE, UPGMA and TD}
joining trees or UPGMA tre

esearch/microsat.html

1b/Programs /microsat.c

son 1990)

RAW is a group of software used for creating neighbour-
es. -

NTSYS (Rolfe and Slyce 1992)
General package for multivariate analysis in populatlon and evolut1onary biology.

RAPDIS (Dopazo 1995) .

Programme for the analysis
http:/ /www.tdi.es/

of RAPD data.

RAPDISTANCE (Armstrong et al. 1995)
RAPDistance Programmes; Version 1.03 for the Analysis of Patterns of RAPD

Fragments.
ftp:/ /life.anu.edu.au/pub/
http:/ /life.anu.edu.au/mol

RESTSITE (Miller 1990)

RAPDistance
ecular/ software/ rapd.html

-Programme for computing distances between phylogenetic groups. based on
restriction-site or fragment data. '

WINAMOVA (Excoffier et al. 1992)

Programme for the analysis

of molecular variance.

ftp:/ /acasunl.unige.ch/pub/comp/win/amova
http:/ /acasunl.unige.ch/LGB/Software/ Wmdoze/ amova

- Biosys (Swofford and Selander 1981), Diploid (Weir 1990), Linkdos (Garnier-Gere

are also provided with GENEPOF, with the authorization |




