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Summary — The linkage disequilibrium between pairs of 7 polymorphic loci in 27
natural populations of the smooth newt (Triturus vulgaris) was examined. Pairwise
linkage disequilibrium parameters were estimated from zygotic frequencies using Burrow’s
method. The average rate of significance of the linkage disequilibrium parameter in 27
populations was about 8%. The variation of linkage disequilibrium among populations
was studied by analysis of variance of the correlation coefficients between different loci in
zygotes. This analysis did not reveal systematic associations between alleles at different loci
over 27 populations. In only one case, Me (malic enzyme) x Pgm (phosphoglucomutase),
were correlation coeflicients of the same sign and magnitude in a number of populations.

linkage disequilibrium / multilocus association / allozyme / Triturus vulgaris

Résumé — Structure multilocus de populations naturelles de triton vulgaire (Triturus
vulgaris, Caudata). Dans 27 populations naturelles de triton vulgaire (Triturus vulgaris) on
a examin€ les déséquilibres de liaison entre 7 locus polymorphes pris 2 & 2. Les déséquilibres
de liaison entre locus ont été estimés a partir des fréquences zygotiques en utilisant la
méthode de Burrows. Le pourcentage moyen de déséquilibres de liaison significatifs dans
les 27 populations est proche de 8 %. La variation des déséquilibres de liaison entre les
populations a €té étudide par analyse de variance des coefficients de corrélation des génes
non alléliques dans les zygotes. Cette analyse ne montre pas d’associations systématiques
entre les génes non alléliqgues dans les 27 populations. Dans un seul cas, Me (enzyme
maliqgue) x Pgm (phosphoglucomutase), les coefficients de corrélation ont le méme signe
et la méme ampleur dans plusieurs populations.
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INTRODUCTION

It has been suggested that association between alleles at different loci (linkage
discquilibrium, LD) might be a useful indicator of the action of natural selection
(Lewontin, 1974). However, sceveral workers have pointed out that such associations
could arise by genctic drift, non-random matings, founder effects and hitchhiking
(sce Hedrick, 1982 for review). Thus, the mere presence of allozyme LD, for example,
doecs not appear to be critical in the evaluation of the adaptive significance of
allozyme variation.

Although it is an extremely difficult task to attribute any pattern of LD to
a particular cause, one approach has been to consider evidence from more than
one population. Lewontin (1974), for example, suggested that if significant LD is
observed which is consistent in the magnitude and sign in many populations, then
this pattern can be attributed to sclection.

There have been several experimental studies designed to detect LD among
allozymes in animal and plant populations (reviewed by Barker, 1979; Brown,
1979). Disequilibrium has been found in several animal species, such as salamanders
(Webster, 1973; Good, 1989), blue mussel (Mitton and Koechn, 1973), and the fish
(Mitton and Kochn, 1975). Most studies, however, have been with several species
of Drosophila, and particularly D melanogaster (eg Langley et al, 1978; Laurie-
Ahlberg and Weir, 1979 and references therein). Although Drosophila studies have
frequently shown LD between allozymes and inversions, there is little evidence for
stable LD among allozymes in Drosophila as in other animal populations.

We have previously (Kalezi¢ and Tucié, 1984 ; Gonzales-Candelas et al, in press)
described allele frequencies as well as different environmental and geographical
variables which influenced the genetic structure of Triturus vulgaris populations.
Here we report a survey of LD among 7 polymorphic allozymes in the same 27
natural populations of the common newt Triturus vulgaris. The main objective of
this study was to seek for consistency in the magnitude and direction of LD among
T vulgaris populations.

MATERIALS AND METHODS

The study of linkage discquilibrium was carried out on 16 populations of the
nominotypical subspecies, 5 populations of T v meridionalis, 3 populations of
T v dalmaticus, and 3 populations of T v graecus. For population localities,
number of individuals surveyed, and loci abbreviations see Kalezi¢ (1983). Among
the 22 loci studied, the following loct were moderately to highly polymorphic in
most of the analyzed populations: acid phosphatase (Acph-2), csterase (Est-4),
a-glycerophosphatase (a-Gpdh-), malate dehydrogenase (Mdh-2), malic enzyme
(Me), octanol dchydrogenase (Odh), and phosphoglucomutase (Pgm). Several loci
werce polymorphic for more than 2 electromorphs. In these cases, the least common
allcles were pooled so that there were just 2 allelic classes for the estimation of
L.D. The samples, with about 40 individuals, were assayed at each pair of loci. The
cstimates of LD were made from zygotic frequencies. The method of estimation,
proposced by PM Burrows (sce Cockerham and Weir, 1977 ; Weir, 1979), incorporates
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the departures from Hardy—Weinberg equilibrium for the sample frequencies at each
locus and does not require the assumption of random mating.

An unbiased estimate of Burrows’ coefficient of LD is:
D =1/2[4f(11/11) + 2f(11/01) + 2f(11/10) + f(11/00) + f(10/01)] — 2p1p2

where p; and po are the allele frequencies of the “1” alleles at 2 loci, respectively,
f(11/11) is the frequency of double homozygotes for the “1” alleles, and f(11/01)
is the frequency of zygotes heterozygous at the first locus and homozygous at the
second locus for the “1” allele.

The statistical significance of Burrows’ coeflicient can be tested as follows
(Langley et al, 1978):

ND?/pipo(1 = p1)(1 — pg) = ANR® = x*

where x? has an approximate chi-square distribution with one degree of freedom
(Cockerham and Weir, 1977), N is the number of individuals in the sample and R
a correlation coefficient defined by Langley et al (1978):

R = D/2[p1pa(1 ~ p1)(1 — p2)]*/2.

This coefficient corresponds to the total correlation between genes, including
within gametes as well as between uniting gametes correlations. R generally lies
between —1 and +1, but between —0.5 and +0.5 only when there is no correlation
between uniting gametes.

The variation of LD among populations was evaluated by analysis of variance of
the correlation coefficients of different genes in zygotes. To analyze variation of Ry, (k
indexes the kth population) attributable to the differences between populations of
different subspecies (d2%) or differences between populations of the same subspecies
(d%p), a weighted analysis of variance (where weights, 4N, are the reciprocals of
sampling variances) was performed (for the analysis of variance scheme and more
details see Langley et al, 1978, pp 217-220). A test of d% = 0 is the usual F ratio test
with (m2 — 1) and (m; —ms) degrees of freedom (mo is the number of subspecies).
But, if d% 5 = 0 then the weighted sum of squares at AB level is approximately
equal to a chi-square distribution with (m; — m2) degrees of freedom.

RESULTS

Burrows’ disequilibrium parameters were calculated for 318 combinations of pairs
of polymorphic loci in 27 smooth newt populations. Since pairwise values of D for
analyzed loci are too numerous to report here, the results are summarized. Table I
gives only these locus pairs in each population with significant D values. There
were 24 significant D values among polymorphic loci in these populations. If the
disequilibrium parameters were independent, then 16 (= 0.05 x 318) significant
values would be expected due to chance alone at the 0.05 probability level.
More importantly, the significant values of D were nonrandomly distributed over
populations. The percent significant pairs of loci per population varies from zero
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Table I. Locus pairs with significant D in 27 populations of 4 subspecies of T vulgaris.
Percent of significant D out of total combinations of loci pairs for each population is given

in parentheses.

Population Number of Locus pair with significant D
polymorphic  (in parentheses)
loci .

T v vulgaris
1 Jankovac 6 (6.67%) Mdh-2 x Me (0.0329)
2 Suljam 6 (6.67% Acph-2 x Me (—0.0817)
3 Zmijinje Lake 3 (33.33%) Est-4 x Me (0.0500)
4 Zminicko Lake 4 (16.67%)  Mdh-2 x Odh (0.043 3)
5 Tutin 6 (0.00) None
6 Radevo 4 (0.00) None
7 “Jezero” 4 (0.00) None
8 Belo Polje 5 (10.00%) Mdh-2 x Odh (0.030 8)
9 Rtanj 6 (20.00%) Acph-2 x Odh (0.0359), Est-4 x a-Gpdh (0.079 2)

a-Gpdh x Me (0.087 5)
10 Sisevac 7 (0.00) None
11 Smiléiéi 5 (20.00%) Mdh-2 x Me (0.044 8), Mdh-2 x Odh (0.012 1)
12 Orle 7 (9.52%) Acph-2 x Odh (0.101 8), Odh x Pgm (0.0305)
13 Jelah 7 (9.52%) Acph-2 x Me (—0.0814), a-Gpdh x Odh (0.0300)
14 Barn Pet Sel 7 (9.52%) Acph-2 x a-Gpdh (0.017 8), Acph-2 x Odh (0.016 2)
15 Ravenica 7 (4.76%) Est-4 x Me (—0.0650)
16 Bukovac 7 (4.76%) a-Gpdh x Odh (—0.057 5)

T v meridionalis
17 Podstrmec

18 Salakovac
19 Krk

20 Svica

21 Licki Osik

T v dalmaticus
22 Domanoviéi
23 Krusevica
24 Balj Lok

T v graecus

25 Strezevo

26 Visoka Cuka
27 Bitolj

7 (14.29%)

6 (0.00)
4 (0.00)
6 (0.00)
5 (0.00)

3 (0.00)
3 (33.33%)
1 (0.00)

1 (0.00)
5 (0.00)
4 (16.67%)

Est-4 x Mdh-2 (0.036 9), a-Gpdh x Pgm (0.053 9),
Mdh-2 x Me (—0.045 9)

None

None

None

None

None
a-Gpdh x Me (0.0104), Me x Odh (—0.0519)
None

None

None
Mdh-2 x Me (0.1006)

(in 12 populations) to 33.3% (in 2 populations). The average percent of significant
D values over all 27 populations is 7.99%.

In 2 populations, onc of T v vulgaris and onc of T v meridionalis, 3 combinations
of locus pairs exhibited significant D values (table I). Four populations of T v
vulgaris and 1 population of T v dalmaticus had statistically significant D values
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for 2 combinations of loci. The Mdh-2 x Me combination showed the most frequent
significant value of D (in 4 populations), and in 3 populations significant D’s for
Acph-2 x Odh, a-Gpdh x Odh and Mdh-2 x Odh were detected. The Odh locus
shows significant disequilibrium parameters with Acph-2, a-Gpdh and Mdh-2 in 3
populations, and with Pgm and Me loci in and 1 population (table I).

Table II shows the results of the analysis of variance of the correclation cocfficients
based on Burrows’ disequilibrium parameters over 27 populations divided into 4
smooth newt subspecies. In this table d4 and d4p are reported rather than their
squared values (variance component attributable to subspecies differentiation in Ry,
and variance component attributable to population variation in Ry, respectively),
so0 that the scale is the same as that for R. Often d4 and d 4 p have actual numerical
estimates which are negative, in which case 0.0 is reported.

Table II. Analyses of variance of the correlation coefficient between alleles at different
loci.

Locus x locus m; mz N R da daB Compared
subspecies
Acph-2 x Est-4 10 40.00 -0.009 3 0.0933 0.00 v,m
Acph-2 x a-Gpdh 9 39.56  0.0265 0.00 0.204 5™ vmg
Acph-2 x Mdh-2 12 39.08 0.0675**  0.00 0.3373*** v,m,g
Acph-2 x Me 11 39.00 —-0.0055 0.00 0.149 7" vm.g
Acph-2 x Odh 12 39.08  0.076 7*** 0.00 0.1223™* vmg
Acph-2 x Pgm 10 39.30 —0.0500 0.00 0.0860* v,m

Est-4 x a-Gpdh 13
Est-4 x Mdh-2 19

39.23 0.006 6 0.1086™*  0.078 1" v,m
38.37 —0.009 2 0.056 6**  0.0359 v,m

2

3

3

3

3

2

2

2
Est-4 x Me 18 2 3828 0.0437°  0.00 0.1029*** v,m
Est-4 x Odh 17 2 3912 -0.0122  0.00 0.0304  v,m
Est-4 x Pgm 13 2 3823  0.0162 0.00 0.0557  v,m
a-Gpdh x Mdh-2 14 3 39.29 —0.0159  0.00 0.006 1**  v,m,g
a-Gpdh x Me 18 4 3922 —0.0136  0.1192*  0.1429*** vmdg
a-Gpdh x Odh 17 4 3918  0.0100  0.00 0.0863**  v,m,d.g
o-Gpdh x Pgm 9 2 3845 0.0011 0.00 0.1225  v,m
Mdh-2 x Me 23 3 3817 00267  0.1623"* 0.1612*** v.mg
Mdh-2 x Odh 21 3 3876 00145 0.0407*  0.0475  v,mg
Mdh-2 x Pgm 14 2 37.86 —0.0502 0.0158  0.00 v,m
Me x Odh 24 4 3892 -0.0069  0.0258  0.0438  v.mdg
Me x Pgm 15 2 3800 —0.0466* 0.0293 00519  wvm
Odh x Pgm 13 2 3839 —0.0426 0.0924™*  0.0568  v.m

m1 : The number of populations, ma: the number of subspecies, N: the average number

of individuals per population, R: the weighted mean of the correlation coefficient, d 4 and
dap: square roots of the variance components attributable to subspecies and population
variation, respectively. Acronyms v, m, d, and g denote subspecies T v vulgaris, T v
meridionalis, T v dalmaticus and T v graecus, respectively. * P < 0.05; ** P < 0.01; ***
P < 0.001.

The most noteworthy comparison in table II is between the Me and Pgm loci
that show a significant weighted mean of the correlation cocfficient (R = —0.047,
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P < 0.05) and nonsignificant variance components at both levels. This indicates a
consistency in Ry over the whole set of 15 compared populations of T v vulgaris
and T v meridionalis. The average correlation coefficients were also significant for
Acph-2 x Mdh-2 (0.068, P < 0.01), Acph-2 x Odh (0.077, P < 0.001) and Est-4
x Me (0.044, P < 0.05). However, in all these cases the highly significant d? g

indicate great variation in Ry values among analyzed populations. Although R was
not significantly different from zero, the highly significant d% for Est-4 x Mdh-
2, Mdh-2 x Odh and Odh x Pgm indicate differences in Ry values between T v
vulgaris, T v meridionalis and T v graecus (second loci pair), and T v vulgarisand T
v meridionalis (first and third comparisons of loci pairs). There are 3 combinations
of loci pairs (Est-4 x a-Gpdh, a-Gpdh x Me and Mdh-2 x Me) that show significant
d 4 and significant d 4 g. The other comparisons were either insignificant individually
for all parameters or showed only significant d4p values.

DISCUSSION

Two studies of LD in natural and laboratory populations of Drosophila melanogaster
involve the use of genotypic data to calculate Burrows’ disequilibrium parameter
and are thus comparable to the data reported here. Langley et al (1978) studied
8 enzyme loci in some 100 samples from natural populations and in 2 laboratory
populations. The frequency of cases of significant LD between pairs of loci in natural
populations was 5.1% for linked genes and 6.7% for loci on different chromosomes. In
the 2 laboratory populations, the frequency of significant disequilibrium was much
greater: 37.5% for linked loci pairs and 10.3% for unlinked loci. Laurie-Ahlberg
and Weir (1979) studied 17 enzyme loci in 9 laboratory populations of Drosophila
melanogaster and found significant associations at frequencies fairly similar to those
of Langley and collaborators in laboratory populations: 34.5% and 8.9% for linked
and unlinked pairs of loci, respectively.

The frequency of significant cases of LD in the smooth newt populations is nearly
as large as in the laboratory populations of Drosophila for unlinked pairs of loci. The
average rate of significant D values in 27 populations of Triturus vulgaris amounted
to about 8% (table I). Since we have no genetic data on the positions of these loci on
chromosomes, it is reasonable to assume that we are dealing with unlinked pairs of
loci. It is also important to note that analyses of LD were based on relatively small
samples (about 40 individuals per population). But, as has been shown by Brown
(1975) and Marinkovié¢ et al (1987), the sample size necessary to detect significant
LD must often be quite large. Thus, it is to be expected that more instances of LD
would appear in studies of T vulgaris populations with larger sample size.

Analysis of variance of the correlation coefficients between alleles at different
loci over 27 populations of the 4 smooth newt subspecies did not reveal systematic
associations across the range of studied species. In only one case (Me x Pgm)
were the Ry values of the same sign and magnitude in a number of populations
(which gives rise to significant R and nonsignificant d4 and dap; table II). This
observation could be accounted for by epistatic selection. The lack of consistency
in the magnitude and direction of LD among populations in all other cases can be
consistent with both neutralist and selectionist hypotheses. In several cases, both
regionally consistent selection (within the subspecies range, as in the case of Est-4 x



Multilocus structure in the newt 391

Mdh-2, Mdh-2 x Odh and Odh x Pgm which show significant d 4 and nonsignificant
dap values) and genctic drift via founder cffects or population subdivision might
be causes of the observed associations. Evidence provided by Gonzales-Candelas et
al (in press), for the same populations of the smooth newt, that frequent extinction
and recolonization were responsible for genetic structure of these populations, also
indicate that founder effects might be a primary cause of the observed frequencies
of linkage disequilibrium.
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