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Summary

Twenty-one microsatellite loci in 11 popula-
tions of Asian water buffalo (eight swamp, three
river type) were analysed and, within and
among populations, genetic variability was
compared with results from 25 polymorphic
protein-coding loci. Within-population mean
heterozygosity ranged from 0-380-0-615,
approximately twice that estimated from the
protein-coding loci (0-184-0-346). Only eight
significant departures from Hardy—Weinberg
equilibrium (involving four loci) were detected;
global tests showed significant heterozygote
deficiencies for these four loci. Non-amplifying
alleles are likely to be segregating in some or all
populations for one of these loci, and probably
for the other three. There was significant differ-
entiation between the swamp and river types of
water buffalo, and among populations within
each buffalo type. Estimates of 6 (measure of
population differentiation) for each locus for
the eight swamp populations were all highly
significant (mean 6 = 0-168 + 0-018). Mean 6 for
protein-coding loci was not significantly differ-
ent (0-182 + 0-041). The variance among pro-
tein-coding loci was significantly higher than
among microsatellite loci, suggesting balancing
selection affecting allele frequencies at some
protein-coding loci. Genetic distances show
clear separation of the swamp and river types,
which were estimated to have diverged at least
10 000-15 000 years ago. The topology of the
swamp populations’ microsatellite tree is con-
sistent with their geographical distribution and
their presumed spread through south-east Asia.
By contrast, the tree based on the protein-cod-
ing loci distances is quite different, being
clearly distorted by a bottleneck effect in one
population, and possibly in at least two others.
As many domestic livestock breeds are possibly
descended from small numbers of founders,
microsatellite-based trees are to be preferred in
assessing breed genetic relationships.
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Introduction

In domestic livestock species, subdivision or
structuring is generally more obvious than in
wild species, in that separate breeds are recog-
nized. In the broadest sense, the term breed
includes strains and populations, the members
of which are distinguished from other such
groups in local, national or regional usage; i.e. a
breed is a cultural entity, recognized as such by
the community where it is found. Early studies
of livestock breeds (Rendel 1967; Kidd 1974)
emphasized breed relationships, not just the
magnitude of differentiation, and the objectives
of these and later studies have been to aid in
understanding domestication, breed origins and
their history and evolution, to identify geneti-
cally unique breeds, to provide an objective
basis for conservation decisions and to aid the
formulation of breeding plans (Barker 1994).

Until very recently, the many studies of
genetic structure have used allele frequency
data at protein coding (primarily allozyme) loci
(e.g. Ward et al. 1992 summarize results for
more than 300 animal species). Since the late
1970s, molecular methods have provided new
markers for the study of genetic variation, even
to the level of analysis at the DNA sequence
itself (Hillis & Moritz 1990; Avise 1994).

Among these molecular markers, simple-
sequence repeat (microsatellite) loci have been
found to be common in all eukaryotic genomes
so far examined, with frequencies as high as one
every 6 kb (Beckmann & Weber 1992). As
microsatellites are also highly polymorphic,
they provide extremely useful markers for com-
parative studies of genetic variation, parentage
assessment and studies of gene flow and
hybridization (Bruford & Wayne 1993; Roy et al.
1994), and could well be the markers of choice
for analyses of population structure in both wild
(Scribner et al. 1994) and domesticated species
(MacHugh et al. 1994; van Zeveren et al. 1995).

In the study of livestock breeds where the pri-
mary focus is on estimating breed relationships,
it is assumed that the markers are neutral to
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selection and the populations are in equilibrium
under drift and migration, so that the breed sim-
ilarities reflect common ancestry. This may not
be true for all classes of markers, or for particu-
lar markers within a class, so our understanding
of population structure and breed relationships
will benefit from comparative studies utilizing
different classes of markers. Where results are
concordant, support for the estimated relation-
ships will be increased, where they are not,
investigating reasons for the difference will
increase our understanding of factors affecting
structure and relationships.

Barker et al. (1996) presented an analysis of 17
water buffalo populations of south-east Asia,
using data on 53 protein-coding (primarily
allozyme) loci (25 polymorphic). We present
here the results from an analysis of 21
microsatellite loci, assayed in a subset of the
same animals in 11 of these populations.
Relationships between the swamp and river
types and among geographically distinct swamp
populations are considered, and measures of
genetic structure and relationships, derived
from the allozyme and microsatellite data, are
compared.

Materials and methods
Sample collection

Blood collection and treatment was as described
by Barker et al. (1996). DNA from the white
blood cell samples was extracted by an organic
solvent method. The white cells were washed in

0.5 1

Frequency

0.4 1

162

0.3 1

02 i

0 : L : - h -I : I
164 166 168 170

phosphate-buffered saline by alternate centrifu-
gation and resuspension, then lysed with SDS
detergent in the present of 10 mM Tris buffer
(pH 7-8), 25 mM EDTA and 100 pg/ml pro-
teinase-K. The samples were then incubated at
55°C for 60 min, following which incubation
was continued overnight in a shaking waterbath
at 37°C. The sample was then extracted with an
equal volume mix of saturated NaCl and chloro-
form. The aqueous phase of this extraction was
combined with twice its volume of ethanol to
precipitate the DNA, which was washed in 70%
ethanol and, finally, resuspended in 10 mM
Tris/25 mM EDTA buffer.

The populations and numbers of animals (in
brackets) studied were as follows. Swamp buf-
falo: Thailand - Surin (25); Malaysia -Trengganu
(25), Sabah (25), Sarawak (25); Indonesia - Bogor
(25), Sulawesi (25); Philippines - Musuan (26);
and Australia (23). Lankan buffalo: South Sri
Lanka (23). River buffalo: Sri Lanka - Murrah
(25); and Malaysia - Murrah (14). For each popu-
lation, the animals assayed were a subset of
those used by Barker et al. (1996) (see their
Fig. 1 for the location of each population).

Microsatellite isolation and genotype assay

Forty-six of a panel of 80 bovine microsatellites
were polymorphic in a sample of five swamp
buffalo; 21 of these microsatellites were chosen
for this study based solely on the ‘robustness’
(yvield and reproducibility) of the amplification
(Moore et al. 1995). Fifty micrograms of buffalo
DNA was used as template for polymerase chain
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Fig. 1. Allele frequency distribution for microsatellite locus CSSM036, where the same allele was at the highest
frequency in both swamp and river buffalo. Open bars, swamp populations; filled bars, river populations.
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reaction (PCR) as described by Moore et al.
(1995). Visualization was achieved by incorpo-
ration of [*?P-dCTP] during the PCR cycles and
subsequent autoradiography of dried gels.
Allele sizes were determined by comparison
with pUC19 sequencing ladders. The number
of animals genotyped per population-locus
combination was generally less than the num-
ber sampled per population. For 11 animals,
the amount of DNA available enabled genotyp-
ing of only 3-13 loci. A further 24 animals
failed to amplify for three or more (up to 10)
loci, presumably because of poor quality DNA.
All cases, where amplification failed, were
rerun at least once.

Statistical analyses

Allele frequencies and mean heterozygosity esti-
mates for each population were obtained using
the BIOSYS-1 computer program (Swofford &
Selander 1989). Tests of genotype frequencies
for deviations from Hardy—Weinberg equilib-
rium were carried out using the exact tests of the
computer program GENEPOP (Raymond & Rousset
1995). Significance levels for each test were
determined by applying, to the probability esti-
mates calculated by GENEpop, the sequential
Bonferroni procedure (Hochberg 1988; Lessios
1992) over loci within each population.

The number of alleles expected under the infi-
nite alleles neutral mutation model for each
locus in each population was computed (Ewens
1972; Ely et al. 1992 — correcting equation 5 in
the latter paper by replacing unity in the numer-
ators with 6). Means of observed and expected
numbers of alleles were calculated for each
locus, separately for swamp and river types, and
paired t-tests were performed to determine if
there were significant differences.

Hierarchical F-statistics were computed by
using the methods of Weir & Cockerham (1984),
as implemented in the computer program Gpa
(P. Lewis, personal communication), and the
significance of F-statistics estimates was deter-
mined using the permutation tests in the FSTAT
program (Goudet 1995). The sequential
Bonferroni procedure was applied over loci in
deriving significance levels. Mean gene diver-
sity for each locus and genetic distances among
populations (standard genetic distance of Nei
(1978) and the D, distance of Nei et al. (1983))
were obtained using the DISPAN computer pro-
gram (T. Ota, personal communication). The
(dw)? distances (Goldstein et al. 1995) among
populations were obtained using the MICROSAT
computer program (Minch et al. 1995) and
Reynold’s distances (Reynolds et al. 1983) using
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pPHYLIP 3-5¢ (Felsenstein 1993). The method of
Slatkin (1993), as implemented in GENEPOP, was
used to assess the genetically effective migration
rate (M= Nm, the number of migrants exchanged
per generation), and to test for isolation by dis-
tance. Pairwise values of Nm were calculated
from 8 (Weir & Cockerham 1984). The pairwise
log (Nm) values were then correlated with log
(geographic distance) between each pair of pop-
ulations, and the significance of the association
estimated using Mantel’s (1967) permutation
test. A significant association indicates genetic
structuring, and limited dispersal.

Estimates of Nei’s standard genetic distance
(D) and assumed mutation rates of microsatellite
loci (o) were used to estimate the time of diver-
gence (£, in generations) between the swamp and
river buffalo types, between swamp and the
Lankan buffalo, and among swamp populations,
where D = 2at (Nei 1976).

Results

In all presentation of results, the Lankan buffalo
(South Sri Lanka population) is grouped with the
two Murrah breed populations as river buffalo,
although morphologically it resembles the
swamp type. This classification is based on cyto-
logical evidence — both Lankan and river buffalo
have the same chromosome number (2n = 50), as
compared with swamp buffalo (2n = 48)
(Scheurmann et al. 1974; Bongso et al. 1977),
and on the phylogenetic relationships derived
using protein-coding loci (Barker et al. 1996).

Genetic variability

A table of allele frequencies for each of the 21
microsatellite loci in each of the 11 populations
is available from the senior author of this article
(J S F Barker). The number of alleles observed at
each locus in the swamp and river types, and the
numbers shared between the two types, are
given in Table 1. The number of alleles per locus
varied from two (CSSMO015) to 20 (CSSMO047),
but only for locus CSSM015 were all detected
alleles found in both swamp and river types.
The mean number of alleles per locus is similar
in the two types, but there are marked differ-
ences for some loci, e.g. CSSM019 with 14 alle-
les in swamp buffalo and only five in river buf-
falo; CSSM047 with nine alleles in swamp
buffalo and 18 in river buffalo. Other loci show
similar numbers of alleles in the two buffalo
types, but with very few common to both (e.g.
CSSMO041 and CSRM060). Representative allele
frequency distributions (Figs 1 & 2) give exam-
ples where (1) the same allele is at the highest
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frequency in both types and distributions are
similar (CSSM036), and (2) alleles at the highest
frequency in one type are absent from the other,
and the overall distribution is bimodal
(CSSMO019). Average gene diversity (Nei 1973)
over all loci is 0-514 (Table 1) while, for individ-
ual loci, average gene diversities range from
0-104 (HMHIR) to 0.711 (CSSM047). Across
loci, average gene diversity increases with
increasing number of alleles (regression coeffi-
cient = 0-021 =0-006, P<0-01). Two loci, HMH1R
and CSSMO045, appear to be outliers with the
lowest diversity estimates but, even when these
are excluded, the regression coefficient of gene
diversity on number of alleles remains signifi-
cant (b =0-013 +0-004, P<0-01).

Seventeen loci were polymorphic in all popu-
lations, while four were monomorphic in one to
three populations (namely CSSM038 in Sabah
and Sarawak; CSSM045 in Sabah, Sarawak and
Surin; BRN in Sarawak; and HMH1R in Sabah
and Sarawak). Measures of genetic variation for
each population (mean number of alleles per
locus and observed and expected heterozygos-
ity) are given in Table 2. Observed heterozygos-

Table 1. Number of microsatellite alleles at each locus in swamp and river

buffalo, number shared between the two types and average gene diversity within

populations

Numbers of alleles

Average gene

Locus Total Swamp River Shared diversity
CSSMO008 7 5 7 5 0-555
CSSMO013* 5 5 2 2 0-499
CSSMO015 2 2 2 2 0-406
CSSMo019 15 14 5 4 0-640
CSSMo022 6 5 6 5 0-431
CSSM029 11 10 5 4 0-532
CSSMo032 9 7 6 4 0-549
CSSM033 11 9 7 5 0-601
CSSMO036* 7 5 7 5 0-583
CSSMo038 13 8 9 4 0-486
CSSMo041 11 7 5 1 0-514
CSSMo043 12 9 9 6 0-683
CSSMO045 7 6 4 3 0-249
CSSM046* 6 5 4 3 0-506
CSSMo047 20 9 18 7 0-711
CSSMo057 11 10 7 6 0-652
CSRMO060 15 8 9 2 0-508
CSSMo061 12 9 10 7 0-594
CSSMO062 8 5 6 3 0-541
BRN 10 9 5 0-443
HMH1R* 3 2 2 1 0-104
Mean/locus 9-57 7-10 6-48 4-00 0-514
(SE) (0-94) (0-62) (0-76) (0-39)

*Same allele is at highest frequency in both types.
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ity is, on average, less than expected in both
types, and heterozygosity is lower in swamp
buffalo than in the river type. Among popula-
tions, heterozygosity is lower in Sabah, Sarawak
and Australia.

Of the 231 locus—population combinations,
only eight showed significant deviations of
observed genotypic proportions from Hardy-
Weinberg equilibrium. Six populations had a
significant test for only one locus, and one pop-
ulation (Surin) had two, with all eight showing a
deficiency of heterozygotes. These significant
deviations involved four loci (CSSMO022,
Trengganu; CSSM033, Sarawak and Sri Lanka
South; CSSM046, Australia, Philippines, Sabah
and Surin; and CSRMO060, Surin); the global
tests across populations were significant only
for these four loci. For locus CSSM0486, all popu-
lations except Murrah Sri Lanka showed an
observed deficiency of heterozygotes.

Expected numbers of alleles

The number of alleles expected, under the infi-
nite alleles model of neutral mutation, was cal-
culated separately for the swamp and river types
and compared with the numbers observed
(Table 3). In paired t-tests for each of the 21 loci,
15 were significant for swamp, and four for
river, with the observed number less than
expected in every case. With only three popula-
tions of the river type, the test is not sensitive.
There is no statistical test yet available of the
number of alleles expected under the stepwise
mutation model, but the high proportion of sig-
nificant differences from the infinite alleles
model indicate a likely closer fit to the stepwise
mutation than to the infinite alleles model.

Analyses of F-statistics

Although our data suggest a closer fit to the step-
wise mutation model, Weir & Cockerham’s
(1984) 6 statistic is used here, rather than the
Rgr statistic of Slatkin (1995), which was
derived specifically under the assumptions of
the generalized stepwise model. Rgr and 6 are
not expected to be greatly different for short-
term differentiation of populations within a
species (Slatkin 1995), and we wish to compare
these microsatellite results with those from pro-
tein-coding loci (Barker et al. 1996). Mean esti-
mates from jackknifing over loci for 68 (differen-
tiation between types, i.e. swamp vs. river) and
65 (differentiation between populations within
types) were 0-178 + 0-037 and 0-295 =+ 0-030,
respectively. However, separate analyses of
swamp and river populations showed that dif-
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Fig. 2. Allele frequency distribution for microsatellite locus CSSM019, where the distributions are partially

overlapping in swamp and river buffalo. Open bars, swamp populations; filled bars, river populations.

Table 2. Sample size, number of alleles per locus and heterozygosity (standard

errors in parenthesis) averaged over 21 microsatellite loci in 11 water buffalo

populations
Mean Mean no. Mean heterozygosity

Buffalo type sample of alleles

and population size per locus Observed Expected*

Swamp
Surin 23-1(0-5) 5-2(0-5) 0-589 (0-057)  0-615 (0-050)
Trengganu 23-4(0-3) 4-5(04) 0-500 (0-053)  0-578 (0-050)
Sabah 22.9(0-4) 2.7 (0-3) 0-400 (0-056)  0-380 (0-049)
Sarawak 23-9(0-3) 26 (0-3) 0-417 (0-055)  0-405 (0-052)
Bogor 21-5(0-4) 4-0(0-3) 0-516 (0-052)  0-540 (0-048)
Sulawesi 22-9(0-6) 3-9(0-3) 0-537 (0-047) 0-564 (0-041)
Philippines 24-7 (0-4) 4-7(0-4) 0-499 (0-045) 0-543 (0-042)
Australia 21-6 (0-4) 3-0(0-2) 0-409 (0-047) 0-425 (0-038)
Average 0-483 0-506

River
Sri Lanka South 21-3 (0-4) 5-3(0-5) 0-531 (0-040) 0-565 (0-045)
Murrah - Sri Lanka 24-1(0-3) 5-0(0-4) 0-613 (0-040) 0-607 (0-033)
Murrah - Malaysia 13-7(0-1) 4-2(0-5) 0-531 (0-046)  0-564 (0-047)

Average

0-558 0-579

*Unbiased estimate (Nei 1978).

ferentiation among swamp populations was
much greater than that among river populations
(Table 4). For the swamp populations, estimates
of 6 for each locus all show significant popula-
tion differentiation. None of the within-popula-
tion inbreeding estimates (f) for each locus are
significantly different from zero, except for
CSSM046, but the mean f estimate over all the
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loci is significantly greater than zero. When
CSSMO046 is excluded, the mean estimate of fis
reduced to 0-024, but is still significant
(P = 0-024). In the river populations, none of the
festimates is significantly greater than zero, and
the mean is barely significant (P = 0-048). In the
river populations, only six loci found only in the
river populations had 6 estimates significantly
greater than zero (CSSM008, GCSSMO045,
CSSMo046, CSSM047, CSSM060 and CSSM061).

For the swamp populations, the regression of
Slatkin’s log M on log (geographic distance)
was negative but not significant. Although iso-
lation by distance was not detected, the esti-
mated M values (Table 5) show substantial vari-
ation (average = 1-96 + 1-59). Average M among
the three river populations was 6-42, and the
average for all swamp-river pairs of popula-
tions was 0-51.

Genetic distances

All correlation coefficients among the four mea-
sures of genetic distance that were computed
were highly significant (P < 0-001), with the (dp)?
distance showing the lowest correlation with
other measures. Correlations between microsatel-
lite based and protein-coding loci-based dis-
tances were lower than those among different dis-
tance measures within each type of data, but
again were highly significant (P < 0-001).
Takezaki & Nei (1996) showed that the D, dis-
tance is generally best for inferring the correct
topology for both the infinite allele model (pro-
tein-coding loci) and for the stepwise mutation
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model (microsatellites). Therefore, to allow
direct comparison with results from protein-
coding loci (Barker et al. 1996), the D, distance
has been used for detailed presentation of
genetic distances (Table 6), and a dendrogram of
genetic relationships among the populations
(Fig. 3A) has been constructed as a neighbour-
joining tree (Saitou & Nei 1987). Most nodes are
strongly supported, and the overall topology of
the swamp populations is consistent with their
geography. The low bootstrap value (34%) and
short branch length for the Bogor/Australia node
is as expected, as the Australian population
descends from some 80 animals imported from
Timor (and possibly Java) between 1826 and
1843 (Letts 1962; Tulloch 1974). Neighbour-
joining trees, using (3W)? and Reynold’s dis-
tances showed some differences in topology
from each other, and from the D, distance tree,
while the tree based on Nei’s standard genetic
distance (D) had the same topology as that using
the Reynold’s distance. All microsatellite-based
trees have a clear separation of the swamp and
river (including the Lankan buffalo) types, fully
supporting the cytological and protein-coding
loci differentiation.

Table 3. Number of microsatellite alleles observed and expected in swamp and

river buffalo
Swamp River

Mean no. Mean no. Mean no. Mean no.

observed per  expected per observed per  expected per
Locus population populationt population populationt
CSSMO008 3-6 5.5% 4.7 6-8
CSSMo013 3-4 5.7%%% 2-0 27
CSSMo015 20 3-8%* 2-0 3-4
CSSM019 6-5 8:3* 4-7 6-2
CSSMo022 2-9 3-2 5-0 7-1
CSSMo029 3-9 5.1%* 3-3 4.5*
CSSMo032 4-8 5-6* 4.7 41
CSSM033 4-8 6-1% 5.7 6-8
CSSMO036 3-5 5.5%* 5.7 7-0
CSSM038 3-6 5-0 6-3 6-0
CSSMo041 3-6 5.5%* 3.7 3.7
CSSM043 5-3 7 7F** 6-3 7-4%*
CSSMo045 21 1-6 4-0 6-4
CSSM046 3-8 5.5% 3-7 4-6
CSSMo047 5-0 7-7%% 10-7 13-2%*
CSSMO057 5-9 7-9% 4-7 6-0
CSRMO060 2-9 3-8 6-7 8-1
CSSMo061 4-6 5.9% 7-3 8-0
CSSM062 3-3 4.7%* 5-3 7-6*
BRN 3-8 5-3 3-7 3-3
HMH1R 1-8 1-5 20 1-6

tSignificance of difference between observed and expected numbers, *P < 0-05,

**P<0-01, ***P

<0-001.
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However, the D, distance tree derived from
protein-coding loci (Fig. 3B) shows major differ-
ences in branch lengths and in the topology for
the swamp populations, as compared with the
D, distance microsatellite tree (Fig. 3A). Mean
genetic distances among swamp populations
were 0-228 from microsatellites and 0-098 from
protein-coding loci and, between the swamp
and river types, 0-897 and 0-173, respectively
(using Nei’s standard genetic distance, as this
measure has been used most commonly in pre-
vious allozyme studies of population differenti-
ation and relationships).

Estimation of divergence times

Rates of mutation will vary at different
microsatellite loci, and we have used the aver-
age for 28 human loci (1-2 x 107°) from Weber &
Wong (1993) in calculating divergence times
(Table 7). As noted earlier, historical evidence is
available for the time of origin of the Australian
population (1826—1843) and for its source popu-
lation (Timor and possibly Java). Assuming a
generation interval of 8—10 years, the Australian
population separated 16—20 generations ago. If
we take the Bogor (Java) population as repre-
senting the ancestral population, the estimate of
this separation time is too long at 72 genera-
tions. However, the Australian population
descends from only about 80 animals and,
allowing for this bottleneck (Nei 1987;
equation 9-64), the corrected D is 0-0602 and the
estimated divergence time is 25 generations — in
very good agreement with the actual time.

Discussion

Swamp and river buffalo are recognized as two
types of a single species that are differentiated
on morphological, behavioural and cytological
criteria, and whose endemic distributions are
parapatric. The swamp type exists throughout
south-east Asia, from Assam and Nepal in the
west to the Yangtze Valley of China, while the
river type is native to the Indian subcontinent,
but has spread west to the Balkans, Italy and
Egypt within historical times (Cockrill 1974).
Furthermore, the two types are interfertile.
Although Garza et al. (1995) and Moore et al.
(1995) have cautioned that alleles of the same
size in different species may be non-identical by
descent, we assume that the swamp and river
types are sufficiently closely related that such
non-identity by descent would be, at least, very
unlikely. More alleles were detected in the
swamp type for most loci (see Table 1; CSSM047
was exceptional, with twice as many alleles in
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river buffalo as in swamp buffalo), and an aver-

Genetic diversity of age of 42% of the alleles detected were shared
Asian water buffalo between the two types. As only 62 river-type

animals in three populations were assayed, with
two of these populations being the same breed,
the numbers of alleles in the river type and the

proportion of shared alleles are minimal esti-
mates. Even so, marked differences in the allele
frequency distributions (e.g. CSSMO019; see
Fig. 2) are common. For eight loci, the most fre-
quent allele in one type is absent or at low fre-
quency in the other type. Three further loci

Table 4. F-statistics analyses for (1) each of 21 microsatellite loci in eight swamp buffalo and three river buffalo populations, and (2) mean

estimates for these populations

Swamp

River

Locus®
CSSM008
CSSMo013
CSSMo015
CSSMo019
CSSMo022
CSSM029
CSSM032
CSSM033
CSSM036
CSSM038
CSSMo041
CSSM043
CSSMo045
CSSMo046
CSSMo047
CSSM057
CSRMO060
CSSMo061
CSSM062
BRN
HMH1R

Mean estimates ”

—0-034 (0-073) 0-251 (0-130)***  0-223 (0-134)**
—0-011 (0-085) 0-033 (0-018)** 0-023 (0-098)
—0-040 (0-087) 0-133 (0-082)***  0-097 (0-098)
0-082 (0-046) 0-197 (0-080)***  0-262 (0-069)**
0-162 (0-158) 0-189 (0-068)***  0-314 (0-104)**
—0-039 (0-062) 0-239 (0-066)***  0-208 (0-070)**
—0-001 (0-073) 0-030 (0-011)***  0-029 (0-067)
0-120 (0-078) 0-179 (0-086)***  0-273 (0-058)**
—0-001 (0-068) 0-105 (0-034)***  0-104 (0-068)
—0-003 (0-069) 0-201 (0-069)***  0-199 (0-085)**
—0-037 (0-068) 0-061 (0-020)***  0-027 (0-075)
0-029 (0-054) 0-064 (0-023)***  0-090 (0-036)
0-063 (0-057) 0-222 (0-138)***  0-281 (0-189)
0-487 (0-069)** 0-283 (0-085)***  0-631 (0-059)**
0-024 (0-049) 0-113 (0-042)***  0-133 (0-051)**
—0-065 (0-043) 0-195 (0-055)***  0-141 (0-050)**
0-146 (0-119) 0-199 (0-041)***  0-313 (0-081)**
0-073 (0-057) 0-217 (0-074)***  0-273 (0-077)**
0-007 (0-044) 0-202 (0-081)***  0-206 (0-083)**
0-063 (0-049) 0-273 (0-083)***  0-319 (0-087)**
0-130 (0-189) 0-101 (0-075)***  0-204 (0-126)*

0-047 (0-027)***  0-168 (0-018)***  0-207 (0-034)***

0-033 (0-084)  0-117 (0-081)** 0-150 (0-140)
0-001 (0-098)  0-028 (0-033) 0-032 (0-132)
—-0-192 (0-117)  0-078 (0-125) —0-105 (0-150)
—0-055 (0-049) —0-012 (0-016) —0-069 (0-032)
—0-077 (0-132)  0-040 (0-032) —0-035 (0-126)
—0-294 (0-100)  —0-007 (0-006) -0-301 (0-108)
—0-008 (0-051)  0-032 (0-040) 0-026 (0-089)
0-206 (0-035)  0-047 (0-006) 0-243 (0-035)**
0-095 (0-181)  0-012 (0-030) 0-111 (0-201)
0-010 (0-009)  0-011 (0-028) 0-021 (0-028)
0-048 (0-101)  0-028 (0-060) 0-074 (0-118)
0-177 (0-051)  —0-002 (0-007) 0-175 (0-047)
0-177 (0-063)  0-078 (0-082)* 0-237 (0-042)
0-016 (0-041)  0-146 (0-095)* 0-155 (0-052)
0-087 (0-062)  0-045 (0-021)* 0-129 (0-078)
—0-089 (0-083)  0-008 (0-013) —0-081 (0-071)
—0-083 (0-084)  0-060 (0-073)* —0-012 (0-151)
0-041 (0-090)  0-071 (0-059)* 0-104 (0-042)
0-147 (0-084)  0-037 (0-045) 0-181 (0-106)
0-195 (0-147)  0-010 (0-029) 0-201 (0-135)
0-234 (0-149)  0-022 (0-026) 0-256 (0-173)

0-031 (0-028)*  0-038 (0-008)***  0-068 (0-028)***

f, Within-population inbreeding estimate; F, total inbreeding estimate; 8, measure of population differentiation.
tStandard deviations in parentheses — estimate from jackknife over populations.
#Standard deviations in parentheses — estimate from jackknife over loci.
*P<0-05, **P<0-01, ***P<0-001, from permutation tests in FSTAT program.

Table 5. Gene flow between pairs of swamp populations (Slatkin’s (1993) M*= Nm") estimated from
microsatellite data (below the diagonal) and from 18 polymorphic protein-coding loci (above the diagonal)

Surin  Trengganu  Sabah Sarawak Bogor Sulawesi  Philippines  Australia

Surin - 6-64 1-27 3-15
Trengganu 6-39 - 1-17 1.75
Sabah 0-93 0-79 - 0-87
Sarawak 1-00 0-81 5-10 -

Bogor 3-54 2-72 0-80 0-80
Sulawesi 2-68 2-27 0-65 0-69
Philippines 3-19 1.97 2-41 2-60
Australia 1-07 0-89 0-44 0-45

3-02 6-32 2-24 1-21
2:27 3-10 1-41 0-70
0-56 0-79 0-65 0-38
0-97 1-22 0-99 0-83
- 9-59 1-06 0-65
5-64 - 1-75 0-94
1-93 1-52 - 0-57
1-41 1-35 0-79 -

*M, genetically effective migration rate.
+Nm, number of migrants exchanged per generation.
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(A) Microsatellites
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(B) Protein coding loci
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Fig. 3. Dendrograms of relationships among 11 water buffalo populations, using D, genetic distances and the
neighbour-joining method of clustering, which were based on (A) 21 polymorphic microsatellite loci, and (B) 25

polymorphic protein-coding loci. Numbers on the nodes are percentage bootstrap values from 1000 replications

of resampled loci, and a scale bar for branch lengths is shown.
Table 6. Matrix of D, genetic distances among 11 water buffalo populations
River
Swamp
Sri Lanka Murrah ~ Murrah
Trengganu Sulawesi Bogor  Australia  Philippines Sabah  Sarawak South SL* Mt

Surin 0-075 0-153 0-138 0-242 0-112 0-244 0-262 0-517 0-516 0-540
Trengganu 0-139 0-148 0-243 0-149 0-259 0-283 0-520 0-540 0-566
Sulawesi 0-061 0-148 0-178 0-278 0-285 0-545 0-580 0-565
Bogor 0-129 0-150 0-229 0-249 0-553 0-586 0-576
Australia 0-245 0-330 0-342 0-585 0-582 0-570
Philippines 0-111 0-112 0-511 0-515 0-543
Sabah 0-034 0-601 0-641 0-665
Sarawak 0-608 0-646 0-672
Sri Lanka South 0-102 0-101
Murrah SL 0-088

*Murrah — Sri Lanka.
tMurrah — Malaysia.

show the most common allele or alleles in the
river type as rare in the swamp, and present only
in the Philippines population. One animal was
heterozygous for a ‘river’ allele at two loci, and
four others were heterozygous for a ‘river’ allele

© 1997 International Society for Animal Genetics, Animal Genetics 28, 103—115

at one locus. These five animals are certainly not
F, crossbreds, as all animals sampled were
clearly swamp type. However, river buffalo were
first imported into the Philippines in 1917
(Villegas 1958) and, as crossbreeding has been
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Table 7. Estimated divergence times among buffalo
types and populations

Divergence
times
Types/population D* (generations)
Swamp vs. Murrah 0-9182 383
Swamp vs. Lankan 0-8532 356
Among swamp
Maximum D 0-4918 205
Average D 0-2276 95
Australia/Bogor 0-1717 72
Corrected D 0-0602 25

*D, standard genetic distance, (Nei 1978).

practised extensively, these five animals must
have some crossbred ancestry.

As expected, the microsatellite loci show very
high levels of genetic diversity, with an average
within-population gene diversity of 0-514 (per
locus values ranging from 0-104-0-711), and
expected heterozygosity for each population
ranging from 0-380-0-615. These estimates are
all approximately twice those derived from
assay of 25 polymorphic protein-coding loci in
the same 11 populations, which show an aver-
age within-population gene diversity of 0-287
(range 0-033-0-482), and expected heterozygos-
ity for each population ranging from
0-184—0-346. Only six of the microsatellite loci
had average within-population gene diversities
less than the maximum estimate observed for
the protein-coding loci.

There was a significant positive relationship
between average within-population gene diver-
sity for each locus and the number of alleles
detected (regression coefficient = 0-021 + 0-006,
P < 0-01). However, the number of alleles
detected increases with sample size, and the
sample size for the river type was much less
than that for swamp type (62 vs. 174). The aver-
age number of alleles per locus was less for the
river type, and the proportion of shared alleles
was only 0-42 (Table 1), so that averaging results
over both types may bias the relationship
between gene diversity and number of alleles.
The regression of gene diversity on number of
alleles therefore was calculated for the swamp
populations only, resulting in a stronger rela-
tionship than for the pooled data (regression
coefficient = 0-032 + 0-010, P < 0-01). This posi-
tive relationship is expected under both the
stepwise mutation and infinite allele models
(Shriver et al. 1993). Our limited testing of the
expected numbers of alleles under both models
suggested a closer fit to the former model, but
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we cannot exclude the hypothesis of Shriver et
al. (1993) that the mutational mechanism of
microsatellite loci is close to, but not exactly,
the one-step stepwise mutation model.

Hardy-Weinberg

Eight significant departures from Hardy—
Weinberg were detected but, with 231
locus—population combinations, this number
could be expected by chance. However, locus
CSSMO046 appears exceptional, with significant
deviations in four populations, an observed
deficiency of heterozygotes in all but one popu-
lation and a high and significant f estimate in
the swamp populations (Table 4, 0-487,
P < 0-01). The three other loci (CSSMO022,
CSSMO033 and CSSM060), for which global tests
of departures from Hardy—Weinberg equilib-
rium were significant, also had observed defi-
ciencies of heterozygotes in the majority of pop-
ulations (seven, eight and six, respectively),
with some high but not significant f estimates
(Table 4). For these four loci then, it is possible
that non-amplifying alleles are segregating in at
least some populations (Pemberton et al. 1995).
However, as noted earlier, samples from a num-
ber of animals failed to amplify for up to 10 loci.
As only 12 samples failed to amplify for
CSSM046, while, for the 17 loci other than the
above four, an average of 8—9 samples failed to
amplify, it was not feasible to specify any sam-
ple as homozygous for a non-amplifying allele.
Given this possibility of non-amplifying alleles,
however, the significant mean f estimates for
both the swamp and river types (Table 4) are
likely to be overestimates. Therefore, the
microsatellite data show little or no evidence of
inbreeding in these populations, in agreement
with results for the protein-coding loci, where
mean f estimates for swamp and river popula-
tions did not differ significantly from zero. By
contrast to the microsatellites, the protein-cod-
ing loci showed many significant deviations
from Hardy—Weinberg expectations (Barker et
al. 1996). However, these deviations for each
locus across populations were consistently
either positive or negative, indicating locus-spe-
cific effects that suggest selection affecting some
of these loci (Barker et al. 1996).

Population differentiation

All microsatellite loci show significant differen-
tiation among the swamp populations, but only
six loci are significant for the river populations
and the mean 0 estimate for the river popula-
tions is only about one-quarter of that for the
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swamp (Table 4). However, with only three river
populations, two of which are different popula-
tions of the one breed, the estimated 8 is probably
an underestimate of between-population diver-
sity in the river type. The mean 6 estimate for 12
swamp populations, based on 25 protein-coding
loci, was 0-157 + 0-034 (Barker et al. 1996) while,
for the eight populations considered here, mean 6
was 0-182 + 0-041. Therefore, the differentiation
among these eight swamp populations was
greater when estimated from protein-coding loci
than from microsatellites (0-168 + 0-018), but the
former also showed much greater variation,
among loci, in estimates of 8. For microsatellites,
the highest 6 estimate was 0-283 for CSSM046,
but five protein-coding loci had higher estimates
with a maximum of 0-939 for catalase.

Detecting natural selection

Comparisons of geographic variation in allele fre-
quencies for different classes of polymorphic loci
is a powerful method for detecting effects of natu-
ral selection (McDonald 1994). As the effects of
drift and migration are the same for all alleles at
all neutral polymorphic loci, all such alleles have
the same expected Fgr, and there should be no
significant heterogeneity of Fgp estimates.
Lewontin & Krakauer (1973) derived the sam-
pling distribution of Fsy, and proposed a test of
heterogeneity by a comparison of the observed
variance with the theoretical expected variance.
Problems with estimating the expected variance
(Robertson 1975) preclude general application of
this test, but if we assume the microsatellite loci
to be neutral to selection, the observed variance
of Fgp estimates from these loci can be used
instead of an expected theoretical variance.

An alternative modified Lewontin—Krakauer
test, used by Pogson et al. (1995), was to com-
pare the mean Fgr estimates from two classes of
loci, calculating:

X’ (1) = (1-1)(Fsr(RFLPs)/Fgr (allozymes)

where n = number of populations and the Fgy for
each of the two classes are weighted means.

In fact, both tests may be necessary, as the
mean Fgp estimates may not differ, while vari-
ances do, or vice versa. McDonald (1994) has
pointed out that comparing Fgp estimates for
two classes of loci that differ in the number of
alleles could be quite misleading and recom-
mended treating all polymorphisms as two-
allele polymorphisms, by using the frequencies
of the overall most common allele and pooling
the others. Therefore, for the eight swamp popu-
lations, unweighted Fgt (as computed by BiOSYs-
1) were estimated from the collapsed two-allele
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data for each of the microsatellite and protein-
coding loci. Mean Fgr and variance were 0-1714
and 0-011043 for microsatellites and 0-1481 and
0-023780 for protein-coding loci. Applying the
modified Lewontin—Krakauer tests (as above),
the means are not significantly different, but the
variances are (X*(7) = 15-074, P < 0-05). Thus, the
25 protein-coding loci are more heterogeneous
than expected from the variation shown by the
microsatellite loci, indicating (assuming the
microsatellite loci are neutral) selection affect-
ing some of the protein-coding loci. A general
test for this selection is to treat the ratio of the
Fgr for each protein-coding locus to the mean
Fgr for microsatellites as a variance ratio F-test,
and to perform a two-tailed test of significance
(d.f. = 7,7). On this test, six protein-coding loci
show a significantly lower Fgr estimate [Alanine
aminotransferase (Aat), Alkaline phosphatase
(Alp), NADPH diaphorase (Dia-2), Glucose 6-
phosphate dehydrogenase (G6pd), Leucine
aminopeptidase (Lap), Purine nucleoside phos-
phorylase (Np)], suggesting some form of bal-
ancing selection affecting genetic variation at
these loci.

Gene flow and population history

Estimates of gene flow between the swamp pop-
ulations (Table 5) show reasonable agreement
between those derived from microsatellite and
protein-coding loci (correlation coefficient
= 0-71, P < 0-01) although, because of possible
selection effects on the latter, the microsatellite
estimates would be preferred. Nevertheless,
even the microsatellite-based estimates should
be interpreted with caution, as these popula-
tions are unlikely to be in equilibrium and the
estimates reflect both past and current gene
flow. The swamp buffalo was domesticated in
China about 7000 years ago (Chen & Li 1989),
probably following the development of rice cul-
tivation in the lower Yangtze region about 8000
years ago (Bellwood 1992). The spread of this
agricultural system, and with it presumably the
swamp buffalo, from southern China to main-
land south-east Asia dates from some 5000 years
ago, and to Sumatra and Java some 3000—4000
years ago. Taking Surin as the nearest (geo-
graphically) to the ancestral population, the
high M estimates for Surin/Philippines and
Philippines/Sabah, Philippines/Sarawak sug-
gest that the buffalo may also have spread from
China to the Philippines and then to Sabah and
Sarawak. The highest estimates probably repre-
sent current gene flow between geographically-
near populations (Surin/Trengganu and Sabah/
Sarawak) or between populations in the same
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country (Bogor/Sulawesi). The generally low
estimates for Australia with other populations,
but highest with Bogor and Sulawesi, are in
accordance with its known history.

Although the estimated divergence time
between Australia and Bogor, using the corrected
Nei distance (Table 7), accords well with its
known history, this is probably fortuitous as the
estimation method is not likely to be accurate over
such short periods. Taking the average Nei dis-
tance among the swamp populations and an aver-
age divergence time of 3000-4000 years (say
300—400 generations), the mutation rate would be
3 x 10 — 4 x 107 If this mutation rate range is
then used, the swamp-river divergence is esti-
mated as 1000—1500 generations or 10 000—15 000
years ago, possibly still a minimum estimate.

Phylogenetic relationships

A primary motivation for this study was the
comparison of between-population diversity
and phylogenetic relationships estimated using
different classes of markers, namely protein-
coding and microsatellite loci. Scribner et al.
(1994) compared allozymes and three classes of
variable number of tandem repeat (VNTR) mark-
ers (single-locus microsatellite, minisatellite
and multilocus minisatellite) in Bufo bufo popu-
lations. The Fgr estimate from allozymes was
3—6 times greater than from the VNTR loci, but
genetic distances were concordant across all
four marker classes. However, only three popu-
lations, six polymorphic allozyme loci, three
single-locus minisatellites, one multilocus min-
isatellite and one microsatellite were analysed.
By contrast, Pogson et al. (1995), comparing 10
allozyme and 17 nuclear RFLP loci in Gadus
morhua, found significantly higher mean Fgr
and much larger genetic distances for RFLPs
than for allozymes. However, the topology of the
phylogenetic relationships among the popula-
tions was very similar for the two marker
classes. As noted previously, we found no dif-
ference in mean Fgr estimates for microsatellites
and allozymes, yet genetic distances among
populations were much greater when estimated
from microsatellites (Fig. 3).

More significantly, there were marked differ-
ences in the topologies of the swamp population
trees derived from the two classes of markers.
The topology of the microsatellite tree for the
swamp populations is consistent with their
geography and their presumed spread through
south-east Asia and it is concordant with the
gene flow estimates. By contrast, the protein-
coding tree  separates  Australia  and
Sabah/Sarawak from the other five populations.
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These differences between the two trees could
be quite enigmatic, but we are fortunate in that
the history of the Australian population is
known, and the protein-coding loci show a
strong bottleneck effect owing to a small effec-
tive size of the founding population (Barker et
al. 1996) and a consequent increase in its
genetic distance from ancestral populations
(Chakraborty & Nei 1977). For microsatellites,
the bottleneck effect is apparent in the lower
mean number of alleles per locus (Table 2), but
as this is primarily loss of low frequency alleles,
there is less effect on heterozygosity and on
genetic distance estimates. While the protein-
coding loci did not show a clear bottleneck
effect for Sabah and Sarawak, this is apparent
from the microsatellite results, with mean num-
ber of alleles per locus and expected heterozy-
gosity even less than for Australia (Table 2).
Whereas these bottleneck effects show as long
branch lengths for Australia and for Sabah/
Sarawak in the microsatellite tree, they com-
pletely distort the protein-coding tree. As many
domestic  livestock breeds are possibly
descended from small founding populations,
microsatellite-based trees are clearly to be pre-
ferred in assessing genetic relationships among
breeds. Furthermore, in natural populations
where founding sizes will not be known, these
results should serve as a caution in interpreting
population structure from genetic distance esti-
mates based on allozymes or other markers with
relatively low levels of heterozygosity.
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