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Genetic differentiation of water buffalo (Bubalus bubalis)
populations in China, Nepal and south-east Asia: inferences on the
region of domestication of the swamp buffalo

Y. Zhang*, D. Vankan†, Y. Zhang* and J. S. F. Barker‡

*Department of Animal Genetics and Breeding, College of Animal Science and Technology, China Agricultural University, Beijing 100193,

China. †The School of Veterinary Science, The University of Queensland, Gatton Campus QLD 4343, Australia. ‡School of Environmental

and Rural Science, University of New England, Armidale, NSW 2351, Australia

Summary Data from three published studies of genetic variation at 18 microsatellite loci in water

buffalo populations in China (18 swamp type, two river type), Nepal (one wild, one domestic

river, one hybrid) and south-east Asia (eight swamp, three river) were combined so as to

gain a broader understanding of genetic relationships among the populations and their

demographic history. Mean numbers of alleles and expected heterozygosities were signifi-

cantly different among populations. Estimates of h (a measure of population differentiation)

were significant among the swamp populations for all loci and among the river populations

for most loci. Differentiation among the Chinese swamp populations (which was due pri-

marily to just one population) was much less than among the south-east Asian. The Nepal

wild animals, phenotypically swamp type but genetically like river type, are significantly

different from all the domestic river populations and presumably represent the ancestral

Bubalus arnee (possibly with some river-type introgression). Relationships among the swamp

populations (DA genetic distances, principal component analysis and STRUCTURE analyses)

show the south-east Asian populations separated into two groups by the Chinese popula-

tions. Given these relationships and the patterns of genetic variability, we postulate that the

swamp buffalo was domesticated in the region of the far south of China, northern Thailand

and Indochina. Following domestication, it spread south through peninsular Malaysia to

Sumatra, Java and Sulawesi, and north through China, and then to Taiwan, the Philippines

and Borneo.

Keywords Bubalus arnee, domestication, microsatellite, population differentiation, river

buffalo, swamp buffalo.

Introduction

The world population of water buffalo in 2008 was reported

(http://faostat.fao.org, 26 May 2010) as 181 million, but

this did not distinguish between numbers of the two types –

river and swamp. The swamp and river buffalo are differ-

entiated on morphological and behavioural criteria and are

well known to be genetically distinct, based on chromosome

number and allozyme and microsatellite genotype frequen-

cies. Their endemic distributions are parapatric, with the

swamp type found throughout south-east Asia, from Assam

and Nepal in the west to the Yangtse 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). The water buffalo has been described

as under-utilized (NRC 1981), even though more people in

the world depend on this species than on any other domestic

animal species (FAO 2000). �Under-utilized� in this context

apparently means �not improved�, or not subject to breeding

programmes in the case of the swamp buffalo, and also

refers to opportunities for the wider use of both swamp and

river buffalo in regions outside south-east Asia and the

Indian subcontinent.

Breeding programmes and optimal utilization require

knowledge of genetic variability, that is, diversity within

and among breeds and populations. Furthermore, data on
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the magnitude of genetic differentiation and genetic rela-

tionships among breeds and populations are necessary for

defining the best approaches to the conservation of genetic

resources.

Our previous studies of genetic diversity have been pri-

marily of swamp buffalo populations in south-east Asia

(Barker et al. 1997a,b) and China (Zhang et al. 2007), and

Nepalese populations of wild buffalo and domestic river

buffalo (Flamand et al. 2003). By combining these three

previously published data sets, our interest is in further

understanding the relationships among the populations and

their demographic history, and possibly the origin and

domestication of the swamp type of water buffalo.

Materials and methods

We have used data from three of our published studies on

microsatellite genetic variation in water buffalo populations:

from Barker et al. 1997b, 21 loci in 11 south-east Asian

and Australian (hereafter SE Asian) populations (eight

swamp, three river); from Zhang et al. 2007, 30 loci in 20

Chinese populations (18 swamp, two river); and from Fla-

mand et al. 2003, 10 loci in three Nepalese populations

(wild, domestic river and hybrid) (see Fig. 1 for a map

showing all population locations). For the first two data sets,

20 loci were in common, and the ten used for the Nepalese

populations were included in these. DNA was retained for

the Nepal samples, and the other ten loci were genotyped in

the same laboratory as for the first ten. As the initial

genotyping had been performed in three different laborato-

ries, we used two approaches to standardize genotype

scoring. We compared allele frequency distributions sepa-

rately for swamp and river buffalo for each locus. We

genotyped a selected set of 30 samples from the Chinese

populations in the laboratory where the Nepal samples were

assayed and utilized the same protocols. These 30 were

selected to provide a range of alleles for each of the 20 loci.

Allele size nomenclature was entirely consistent for five loci

and differed by one bp for nine loci and by two bp for two

loci. For two loci, shorter alleles were consistent, but the

longest alleles differed by one or by two bp. Allele size

nomenclature of one or other data set was changed as

necessary to match across all data sets. For two loci

(CSSM033 and CSSM047), genotyping differences between

the data sets could not be simply reconciled, and these loci

were deleted. Thus, all analyses of the 34 populations here

have used data on 18 loci.

Reassignment of Nepal animals

The Nepalese animals comprised putative wild water buffalo

(Bubalus arnee) and putative hybrids (classified phenotypi-

cally), as well as animals identified by their owners as

domestic river type. Given the genotypic data for the ten

Figure 1 Map showing the locations of all

sampled populations (n SE Asian populations,

• Chinese populations, m Nepal populations).

Underlined locality names indicate river-type

populations.
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microsatellites, Flamand et al. (2003) used genetic admix-

ture analysis and population assignment to reassign ani-

mals as identified genetically to wild, hybrid or domestic

types. One of the loci used in that study (CSSM033) was

omitted in the present study; results for the additional nine

loci were added to the data set; and the analysis was per-

formed again. We used the methods of Pritchard et al.

(2000) and Hubisz et al. (2009), as implemented in the

program STRUCTURE2.3.1. This method is a Bayesian cluster-

ing approach using multilocus genotypes to infer population

structure and to assign individuals to populations. It

assumes Hardy–Weinberg equilibrium and linkage equilib-

rium between loci within each population. STRUCTURE2.3.1

can allow for the correlations between linked loci that arise

in admixed populations. However, this requires data on the

relative positions of the markers, which are not available for

our microsatellites. We used the estimated pairwise gametic

disequilibrium (see below) to determine whether back-

ground gametic disequilibrium is likely to increase the

probability of detecting spurious clustering (Kaeuffer et al.

2007).

Individuals were initially assigned as wild, hybrid or

domestic based on the previous analysis using ten loci. We

used the admixture model and the option of correlated allele

frequencies, with default parameters, except that the pre-

defined populations were used as prior. A burn-in period of

500 000 steps was used, followed by 300 000 Markov

chain Monte Carlo (MCMC) replicates.

Allele frequency, heterozygosity and gametic
disequilibrium

Genotype and allele frequencies were estimated using

GENEPOP Version 3.4 (Raymond & Rousset 1995) (GENEPOP

data file for all 34 populations available as Table S1), and

alleles per locus and observed and expected heterozygosity

(gene diversity) using GENECLASS2 (Piry et al. 2004). Tests for

deviations from Hardy–Weinberg equilibrium were per-

formed using the exact tests of GENEPOP (default values for

the Markov chain method). Significance levels for each test

were determined by applying the sequential Bonferroni

procedure (Hochberg 1988; Lessios 1992) over loci within

each population to the probability estimates calculated by

GENEPOP. The allelic richness for each population was esti-

mated using FSTAT2.9.3 (Goudet 2001), based on the mini-

mum sample size of the UPM-Murrah population. The

number of alleles per locus and observed and expected

heterozygosity were compared among populations using the

Kruskal–Wallis non-parametric test (Sokal & Rohlf 1981).

Pairwise gametic disequilibria (LD) between loci within

each population were estimated using the MCLD program

(Zaykin et al. 2008). The probability value for each test was

evaluated using both the T2 test statistic (Zaykin et al. 2008)

and a Monte Carlo (permutation) P-value. These gave

similar results; the results presented here use the latter

approach. Significance levels for each test were determined

by applying the sequential Bonferroni procedure (Hochberg

1988; Lessios 1992) over locus pairs within each popula-

tion to the estimated P-values. In addition, we considered

the percentage of locus pairs that had P-values <0.05, for

each population. As 5% of the pairwise LD is expected by

chance to be significant, higher percentages indicate more

LD than expected (Schug et al. 2007).

Population differentiation and relationships

Population differentiation and relationships may be biased if

some loci are under selection. We have used a method

(Excoffier et al. 2009) implemented in Arlequin3.5 for the

detection of selection in a hierarchically structured popu-

lation. Populations were grouped according to the structure

defined by the initial phylogenetic analysis (see Results,

Fig. 2) as (i) Chinese swamp populations (except DH), (ii)

DH, (iii) Musuan, Sabah and Sawawak, (iv) Surin, Treng-

ganu, Bogor, Sulawesi and Australia, (v) Chinese river

populations, (vi) Nepal domestic, Sri Lanka and Malaysia

river populations, (vii) Nepal wild and hybrid. Following

Excoffier et al. (2009), we assumed the SMM model, used

qST, and the simulation parameters were 50 groups and

100 demes per group, with 50 000 simulations.

F-statistics (Weir & Cockerham 1984) and their signifi-

cance were determined using FSTAT Version 2.9.3 (Goudet

2001), not assuming Hardy–Weinberg equilibrium and

with 5000 iterations. Genetic relationships among the

populations were studied using three complementary

methods. Genetic distances (the DA distance of Nei et al.

1983) were obtained using the DISPAN program (Ota 1993),

and a dendrogram of genetic relationships among the pop-

ulations was constructed as a neighbour-joining tree (Sai-

tou & Nei 1987) using POPTREE2 (Takezaki et al. 2010). In

addition, SPLITSTREE4 (Huson 1998) was used to produce a

neighbour-net plot of population relationships. Principal

component analysis (PCA) of gene frequency data was

performed using the PCAGEN program (Goudet 1999).

Finally, we again used STRUCTURE2.3.1 as above (with sam-

pling locations as prior). Following preliminary testing, we

used a burn-in of 100 000 iterations followed by 100 000

MCMC replicates. Structure runs performed for different

values of the number of clusters (K) were evaluated using

the model choice criterion Ln P(D), which is the posterior

probability of the data for a given K. The true number of

clusters is commonly inferred as that giving the maximal

value of Ln P(D), but Pritchard et al. (2009) warn that

Ln P(D) may continue to increase beyond the �true� value of

K. The standard deviation of Ln P(D) was estimated from

five replicate runs for each value of K, but for any given K

value, the run with maximum Ln P(D) was used for

assignments and for defining the appropriate K from the plot

of Ln P(D) on K. We also used the DK method of Evanno

et al. (2005) to infer the true value of K. Thus interpretation
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of the structure in our data considers both the �values of K

that capture most of the structure in the data and that seem

biologically sensible� (Pritchard et al. 2009) and the modal

value of the distribution of DK (Evanno et al. 2005). The

output from STRUCTURE was visualized using the DISTRUCT

program (Rosenberg 2004).

Results

Reassignment of Nepal animals

For the STRUCTURE analysis, assignment was done using the

prior population information (option USEPOPINFO = 1).

That is, we assumed that each individual belongs with high

probability to the group to which it was classified (wild,

hybrid or domestic), but allowing some probability that it

has some ancestry from the other groups. We have taken a

value of 0.9 as a cut-off point, i.e. any animal classified to its

pre-assigned cluster with probability value (q) ‡ 0.9 was

accepted to that cluster, while if q < 0.9, the animal was

assigned to the most probable of the other two clusters. Five

individuals were reassigned: one wild to hybrid, one hybrid

to wild, two hybrid to domestic and one domestic to hybrid;

these were confirmed in a further STRUCTURE run (Table 1).

Finally, an analysis was performed with prior information

on the wild and domestic animals only, so as to infer the

ancestry of the presumed hybrid individuals. Probabilities of

wild ancestry for the hybrids ranged from 0.255 to 0.329.

Genetic variability

The number of alleles per locus ranged from four (HMH1R)

to 17 (CSRM060). All but four loci (CSSM038, CSSM045,

BRN and HMH1R) were polymorphic in all populations

(allele frequencies are available in Table S2). For CSSM045

and HMH1R, all the Chinese populations (except those in

the south-west) and Sabah and Sarawak were fixed for the

allele that was most common in the other swamp popula-

tions. Sarawak was monomorphic also for CSSM038, and

BRN and Sabah were monomorphic for CSSM038. Average

genetic diversity (Nei 1973) over all loci was 0.672, and for

individual loci, average genetic diversities ranged from

0.052 (HMH1R) to 0.880 (CSSM019). Twenty-six private

alleles were identified in 14 populations, and of these, five

were unique to DH and four to Surin. We also found one

allele at CSSM045 that was unique to the wild and hybrid

Figure 2. Dendrogram of relationships among

all populations, using DA genetic distances and

the neighbour-joining method of clustering.

Numbers on the nodes are percentage

bootstrap values (only those >50) from 1000

replications of resampled loci.

Table 1 Average inferred ancestry probabilities for each of the three

Nepal groups – wild, hybrid and domestic water buffalo.

Average estimated ancestry

Population No. individuals Wild Hybrid Domestic

Wild 8 0.934 0.019 0.047

Hybrid 15 0.251 0.385 0.364

Domestic 22 0.019 0.022 0.959
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Nepal populations (frequencies of 0.125 and 0.033,

respectively) and one at CSSM061 that occurred only in the

three Nepal populations (frequencies of 0.125, 0.067 and

0.023 in wild, hybrid and domestic, respectively).

The populations, sample sizes and measures of genetic

variability for each population are given in Table 2. The

mean numbers of alleles per locus were significantly differ-

ent among all populations (P < 0.0001), among the SE

Asian populations (P < 0.0001) and among the river

(including Nepal) populations (P = 0.013), but not among

the Chinese swamp populations. Differences among the SE

Asian populations are due primarily to lower values for

Australia, Sabah and Sarawak. The mean number of alleles

for the other five SE Asian populations is not significantly

different from the mean for the Chinese swamp populations.

Differences among the river populations are due primarily to

lower values for the Chinese Nili Ravi and Murrah, and the

Nepal wild. Differences among populations for expected

heterozygosity (He) were essentially the same as for number

of alleles, except that differences among the river popula-

tions were not significant. Observed heterozygosities were

not significantly different among all 34 populations.

Table 2 Sample size and genetic variability measures (standard errors in parentheses) for each population.

Population Sample size1 Mean number of alleles per locus

Heterozygosity

Allelic richnessObserved Expected2

GB 46 4.94 (0.35) 0.536 (0.037) 0.553 (0.035) 4.088

GZ 47 4.56 (0.27) 0.518 (0.036) 0.562 (0.034) 3.892

FL 48 4.50 (0.28) 0.551 (0.034) 0.566 (0.033) 3.810

YJ 48 4.33 (0.26) 0.511 (0.036) 0.529 (0.033) 3.696

ES 48 5.06 (0.36) 0.541 (0.034) 0.571 (0.034) 4.088

JH 48 4.83 (0.34) 0.509 (0.035) 0.552 (0.034) 4.004

HZ 48 4.78 (0.31) 0.556 (0.036) 0.569 (0.034) 3.945

SQ 46 4.83 (0.33) 0.521 (0.037) 0.538 (0.036) 3.952

DL 46 4.94 (0.33) 0.553 (0.036) 0.575 (0.034) 4.077

XJ 48 5.06 (0.38) 0.564 (0.036) 0.569 (0.034) 4.119

XF 48 4.94 (0.31) 0.553 (0.036) 0.557 (0.034) 4.040

FA 48 4.61 (0.31) 0.523 (0.035) 0.550 (0.035) 3.951

FZ 48 4.94 (0.35) 0.538 (0.037) 0.564 (0.036) 4.087

XG 47 4.94 (0.38) 0.546 (0.036) 0.558 (0.035) 4.016

XL 48 4.94 (0.31) 0.554 (0.032) 0.581 (0.035) 4.167

DD 48 5.33 (0.37) 0.584 (0.035) 0.584 (0.034) 4.284

DC 47 5.22 (0.35) 0.554 (0.037) 0.579 (0.034) 4.251

DH 48 6.89 (0.42) 0.556 (0.033) 0.651 (0.029) 5.250

Means (SD) 4.98 (0.54) 0.543 (0.020) 0.567 (0.025)

NiliRavi-China 23 3.67 (0.28) 0.469 (0.048) 0.482 (0.045) 3.252

Murrah-China 24 3.72 (0.30) 0.556 (0.050) 0.532 (0.044) 3.378

Means (SD) 3.69 (0.04) 0.513 (0.062) 0.507 (0.035)

Australia 23 3.00 (0.18) 0.392 (0.048) 0.418 (0.039) 2.717

Bogor 25 4.11 (0.27) 0.522 (0.052) 0.543 (0.047) 3.685

Musuan 26 4.72 (0.35) 0.488 (0.041) 0.522 (0.037) 3.835

Sabah 25 2.56 (0.25) 0.367 (0.051) 0.353 (0.046) 2.373

Sarawak 25 2.22 (0.18) 0.385 (0.050) 0.366 (0.046) 2.177

Sulawesi 25 3.89 (0.29) 0.546 (0.047) 0.557 (0.040) 3.580

Surin 25 5.33 (0.47) 0.573 (0.054) 0.614 (0.046) 4.682

Trengganu 25 4.50 (0.34) 0.511 (0.048) 0.589 (0.042) 4.126

Means (SD) 3.79 (1.10) 0.473 (0.080) 0.495 (0.102)

UPM-Murrah 14 3.94 (0.41) 0.496 (0.053) 0.542 (0.058) 3.814

SL-Murrah 25 5.00 (0.34) 0.617 (0.038) 0.604 (0.030) 4.326

Sri Lanka-S 23 4.94 (0.35) 0.534 (0.038) 0.554 (0.038) 4.286

Means (SD) 4.63 (0.59) 0.549 (0.062) 0.567 (0.033)

Nepal wild 8 3.33 (0.47) 0.535 (0.084) 0.538 (0.075) –

Nepal hybrid 15 4.28 (0.38) 0.537 (0.046) 0.549 (0.036) 4.072

Nepal domestic 22 4.61 (0.44) 0.559 (0.047) 0.566 (0.041) 4.067

Means (SD) 4.07 (0.66) 0.544 (0.013) 0.551 (0.014)

1Number of individuals sampled.
2Unbiased estimate (Nei 1978).
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Of the 612 population · locus tests for deviation from

Hardy–Weinberg equilibrium, 18 were significant after

Bonferroni correction (with all but one showing heterozy-

gote deficiency), with seven significant for CSSM022 in the

Chinese swamp populations and four significant for

CSSM046 in the SE Asian swamp populations.

Gametic disequilibrium

After adjustment for multiple comparisons, only one locus

pair in each of two populations was in significant LD,

namely CSSM008/CSSM061 in population HZ and

CSSM013/CSSM019 in FA. One half of the populations had

more than 5% of the locus pairs with P-values <0.05, with

a maximum of 12.4% for the SQ population. Over all 5202

locus pairs and populations, 6.1% had P-values <0.05.

Population differentiation and relationships

Separate analyses of the swamp and river buffalo F-statistics

(Table 3) show significant differentiation (h) among the

swamp populations for all loci, and among the river for most

loci, with the mean over loci highly significant for both

types. More loci show significant within-population

inbreeding (f) for the swamp populations than for the river,

with the mean f over all loci not significant for the river

populations. Pairwise estimates of FST (Table S3) emphasize

the extent of population differentiation, with only 33

non-significant out of 561 tests. Differentiation among the

Chinese swamp populations (mean FST = 0.024 ± 0.017)

was much less than among the SE Asian (0.165 ± 0.100).

Within China, differentiation is primarily due to the DH

population: the mean FST for DH vs. the other Chinese

populations (0.061 ± 0.010) is significantly greater

(P < 0.001) than the mean FST among those other popu-

lations (0.019 ± 0.010). The Chinese river buffalo popula-

tions (NL and MR) are significantly different from the

Malaysian (UPM-M), Sri Lankan (SL-M and SL-S) and Nepal

river populations. The Nepal wild population is significantly

different from all the river populations (including the

Murrah-type Nepal domestic), except the Nepal hybrid.

Although the Nepal wild is phenotypically swamp type (like

the Sri Lanka south population), the pairwise FST with the

swamp populations are much larger; genetically the Nepal

wild is like the river type.

The dendrogram (Fig. 2) again indicates the clear sepa-

ration of the swamp and river populations, and of the Nepal

wild among the river populations. Relationships among the

swamp populations are unexpected, with the SE Asian

populations separated into two groups by the Chinese pop-

Table 3 F-statistics analyses, with significance determined by permutation tests in the FSTAT program. Locus information is available on GenBank;

for information about CSRM060, CSSM061 and CSSM062, see Moore et al. (1995).

Locus1

Swamp River (including Nepal populations)

FIT (F) FST (h) FIS (f) FIT (F) FST (h) FIS (f)

CSSM008 0.071 (0.028)*** 0.073 (0.025)*** )0.002 (0.018) 0.012 (0.081) 0.049 (0.040)*** )0.040 (0.044)

CSSM013 0.051 (0.023)** 0.029 (0.007)*** 0.023 (0.021) )0.055 (0.062) 0.033 (0.030)* )0.091 (0.058)

CSSM019 0.094 (0.025)*** 0.061 (0.022)*** 0.035 (0.015)** 0.020 (0.075) 0.036 (0.029)*** )0.018 (0.052)

CSSM022 0.385 (0.047)*** 0.041 (0.016)*** 0.359 (0.050)*** 0.010 (0.063) 0.025 (0.023) )0.015 (0.064)

CSSM029 0.130 (0.035)*** 0.075 (0.024)*** 0.060 (0.034)** )0.042 (0.134) 0.046 (0.042)*** )0.092 (0.135)

CSSM032 0.040 (0.027)* 0.019 (0.006)*** 0.022 (0.026) 0.144 (0.078)** 0.043 (0.024)*** 0.105 (0.076)*

CSSM036 0.096 (0.021)*** 0.047 (0.015)*** 0.051 (0.018)** 0.099 (0.069)* 0.031 (0.020)** 0.069 (0.061)

CSSM038 0.115 (0.044)*** 0.114 (0.037)*** 0.001 (0.022) 0.028 (0.042) 0.024 (0.022)*** 0.004 (0.040)

CSSM041 0.032 (0.024) 0.031 (0.008)*** 0.001 (0.022) 0.054 (0.050) 0.023 (0.017)** 0.032 (0.056)

CSSM043 0.077 (0.023)*** 0.039 (0.008)*** 0.039 (0.022)* 0.140 (0.050)* 0.065 (0.049)*** 0.081 (0.045)

CSSM045 0.518 (0.102)*** 0.283 (0.116)*** 0.308 (0.136)* 0.110 (0.055)** 0.077 (0.032)*** 0.037 (0.059)

CSSM046 0.205 (0.048)*** 0.103 (0.030)*** 0.113 (0.035)*** )0.021 (0.066) 0.044 (0.029)* )0.069 (0.051)

CSSM057 0.082 (0.020)*** 0.077 (0.019)*** 0.005 (0.015) 0.063 (0.071) 0.028 (0.027)*** 0.036 (0.075)

CSRM060 0.144 (0.038)*** 0.052 (0.016)*** 0.097 (0.034)*** )0.040 (0.053) 0.079 (0.025)*** )0.128 (0.057)

CSSM061 0.077 (0.025)*** 0.055 (0.019)*** 0.023 (0.017) 0.151 (0.041)*** 0.066 (0.037)*** 0.092 (0.055)*

CSSM062 0.068 (0.028)*** 0.065 (0.021)*** 0.003 (0.022)* 0.087 (0.060)* 0.041 (0.027)*** 0.047 (0.049)

BRN 0.089 (0.030)*** 0.078 (0.025)*** 0.012 (0.014) 0.168 (0.058)** 0.074 (0.044)*** 0.103 (0.063)

HMH1R 0.200 (0.087)*** 0.128 (0.048)*** 0.084 (0.100) 0.191 (0.161)* 0.038 (0.024) 0.156 (0.148)

Mean2 0.101 (0.015)*** 0.060 (0.006)*** 0.044 (0.015)*** 0.059 (0.017)*** 0.049 (0.005)*** 0.011 (0.018)

These statistics are defined (Weir & Cockerham 1984) as the correlations between pairs of alleles: (i) within individuals (F); (ii) between individuals in

the same population (h); and (iii) within individuals within one population (f). These are analogous to Wright�s (1951) FIT, FST and FIS.

*P < 0.05, **P < 0.01, ***P < 0.001.
1Standard deviation in parentheses – estimate from jackknife over populations.
2Standard deviation in parentheses – estimate from jackknife over loci.
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ulations (except DH); Musuan, Sabah and Sarawak are most

closely related to the eastern Chinese populations (FA and

XF), and the remaining SE Asian populations are most

closely related to the south-western (XL, DD and DC).

Among the Chinese populations, DH is an outlier, nearest to

the river populations. Network analysis (not shown) did not

add further to interpretation of population relationships.

The PCA (Fig. 3) complements these population rela-

tionships, with the swamp and river populations distin-

guished by PC1. The Chinese populations (except DH) are

tightly clustered; Musuan, Sabah and Sarawak are distin-

guished from all the other swamp populations by PC2; and

the other SE Asian swamp populations are separated from

the Chinese by PC3.

Structure analysis at K = 2 (Fig. 4) completely separated

the river and swamp buffalo populations. The mean Q val-

ues (estimated membership of each cluster) were

0.993 ± 0.017 for the swamp populations in cluster 1 and

0.996 ± 0.004 for the river populations (including animals

from Nepal) in cluster 2. The Chinese DH swamp population

had the lowest Q value (0.917) among the swamp popu-

lations, and Nepal wild had the lowest Q value (0.988)

among the river populations. Given this very distinct sepa-

ration of the two buffalo types, further STRUCTURE analyses

might have been restricted only to within each type (Coulon

et al. 2008). This was done, but we also investigated higher

values of K for the full set of 34 populations, because of

special interest in the two slightly outlying populations,

Dehong and Nepal wild. The maximum Ln P(D) was

observed for K = 12, but the plot first plateaued at K = 8,

and the Evanno et al. (2005) method (hereafter referred to

as the Evanno method) gave maximum DK at K = 4. The

average inferred membership coefficients (Q) for each pop-

ulation are shown for K = 4 and K = 8 (Fig. 4a). For K = 4,

the Chinese populations (except DH) are primarily cluster 1

(Q > 0.826), and the SE Asian populations (except Aus-

tralia, Sabah and Sarawak) also have substantial coeffi-

cients in cluster 1 (Q range = 0.235–0.636). The river

buffalo (including Nepalese animals) form a distinct cluster,

with Nepal wild including a small component (Q = 0.016)

in cluster 1. DH groups primarily with some of the SE Asian

populations and has a small component from river buffalo.

Musuan, Sabah and Sarawak comprise cluster 4, while the

Chinese eastern populations have a small component in this

cluster. For K = 8, DH is distinct from the other Chinese

populations, which are represented in three main clusters.

The SE Asian populations (except Sabah and Sarawak) are

represented in more clusters than for K = 4, and the river

buffalo (including Nepal) remain as a distinct cluster.

STRUCTURE analysis of the swamp buffalo populations did

not give unequivocal results. The plot of Ln P(D) plateaued

for K = 6–7, but then increased to K = 9, which had the

maximum Ln P(D). However, the Evanno method gave

maximum DK (36.30) at K = 3 and a slightly lower DK

(29.29) at K = 4. Inferred membership coefficients for each

population are shown for K = 3, 4 and 7 (Fig. 4b). For

K = 3, cluster 1 comprises the Chinese populations (except

DH), and Surin has a major component (Q = 0.623) in this

cluster. Musuan, Sabah and Sarawak comprise cluster 2,

and DH and the other SE Asian populations comprise cluster

3. At K = 4, the major change is that cluster 3 above sep-

arates into (i) DH, Surin and Trengganu, and (ii) Australia,

Bogor and Sulawesi. At K = 7, the patterns for DH and the

SE Asian populations remain much the same, but the Chi-

nese populations separate into three major groups, as found

previously by Zhang et al. (2007). The overall patterns here

are essentially the same as for the swamp at K = 8 in

Fig. 4a.

When the river buffalo populations were analysed sepa-

rately, the maximum Ln P(D) was at K = 4, but the plot

plateaued at K = 3, and the Evanno method also gave

maximum DK at K = 3. The average inferred membership

coefficients are shown in Fig. 4c for K = 3, where the pri-

mary cluster memberships are: (i) the two Chinese popula-

tions, (ii) the SE Asian populations and Nepal domestic, and

(iii) Nepal wild and hybrid.

Figure 3. Principal component analysis plot of

all 34 populations.
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Selection and population relationships

Three loci were identified as being potentially under selec-

tion, with directional selection acting at CSSM045

(P < 0.01), and balancing selection acting at CSSM008 and

CSSM061 (both P < 0.05). However, any selection had no

significant effect on population relationships, as the phy-

logeny, PCA and STRUCTURE results were essentially un-

changed when these three loci were deleted from the data

set.

(a)

(b)

(c)

Figure 4. STRUCTURE analysis with inferred membership coefficients for each population. Geographical regions for groups of populations are at the top

of the figures. (a) all 34 populations, assuming K = 2, 4 and 8. (b) swamp populations, assuming K = 3, 4 and 7. (c) river populations, assuming

K = 3.
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Discussion

Genotype identification for many microsatellite loci may

vary among laboratories, so that the merging of indepen-

dent data sets can be problematic. Presson et al. (2006,

2008) pointed out that merging is not necessarily a simple

process of matching alleles one to one, and provided

methodology and software to enable correct merging of data

sets. Although our primary genotyping was performed in

three different laboratories, comparison of allele frequency

distributions and genotyping of a representative sample in

two of the laboratories allowed us to readily and accurately

combine our data sets for 18 of 20 loci. Consequently, we

have genotype data for a reasonable number of microsat-

ellite loci for 26 swamp buffalo populations that broadly

cover its entire geographical distribution, as well as data for

six populations of river buffalo, and for a small sample of the

putative wild buffalo (B. arnee) and its hybrids with Murrah-

type river buffalo. The river populations that we have

sampled (except for SL-South and Nepal domestic) are

descendants of animals imported from India and Pakistan,

and their genetic variability may not truly represent that of

the endemic breeds. Expected heterozygosities in our Mur-

rah populations are less than those reported for this breed in

India by Kumar et al. (2006, 0.78) and by Vijh et al. (2008,

0.69). Founder effects are most likely, as indicated by the

numbers of animals imported for the two river breeds in

China (Nili Ravi: ten males, 15 females imported from

Pakistan in 1974; Murrah: three males, 32 females from

India in 1957). Subsequent importations of frozen semen of

both breeds in 1993 and 1995 probably contributed little to

the adult animals we sampled in 2003. Nevertheless, all the

river populations are clearly distinct from the swamp pop-

ulations (Figs 2 and 3), although two of the swamp popu-

lations (Musuan and DH) show evidence of introgression

from river buffalo.

Murrah breed river buffalo were first imported into the

Philippines in 1917 (Villegas 1958). As our Musuan sam-

pled animals were all phenotypically swamp type, Barker

et al. (1997a), using allozyme data, considered introgression

unlikely. However, using microsatellites, Barker et al.

(1997b) showed that five of the sampled animals must have

some cross-bred ancestry, and this introgression into the

swamp population is well supported by the STRUCTURE anal-

ysis (Fig. 4).

Zhang et al. (2007) showed the Dehong (DH) population

to be quite distinct from other Chinese swamp populations,

postulating that river buffalo ancestry had been introgres-

sed by cross-breeding with river animals introduced from

Burma (Myanmar). This postulate is apparently confirmed

here, as one allele at each of six loci (CSSM029, CSSM038,

CSSM046, CSSM057, CSSM061, CSSM062) otherwise

found only in river buffalo (and three of them in Musuan)

was observed at low frequency in DH. Recently, however, a

river buffalo population from Tengchong county, Yunnan

Province (133 km by road from the DH locality) has been

described, and local records show that 1029 river buffalo

were imported from Burma and India in 1902 (Qu et al.

2008). While 30 animals were confirmed as having river

karyotype (2n = 50), morphological criteria (colour pat-

terns, horn shape) indicate introgression from swamp-type

animals (Qu et al. 2008). The Nepal wild animals (putative

B. arnee) also carried five of the six river-specific alleles and

are phenotypically swamp type, so that there could have

been past introgression from wild B. arnee into these far

south-west China populations. That is, the swamp-type DH

population has gained river-specific alleles, while the river-

type Tengchong has gained some swamp-type phenotypic

characteristics.

In historical times, B. arnee ranged across a large part of

India and east into mainland south-east Asia and south

China (Cockrill 1984). Remnant populations are thought

now to occur at various sites including southern Nepal,

southern Bhutan, western Thailand, eastern Cambodia,

northern Myanmar and at several sites in India (Hedges

et al. 2008). Archaeological, anatomical and historical

evidence supports the contention that both river and swamp

domestic buffalo (Bubalus bubalis) are descended from

B. arnee (Cockrill 1984), and genetic evidence clearly points

to independent domestications of the two types (Lau et al.

1998; Kumar et al. 2007a; Lei et al. 2007; Yindee et al.

2010). The time of divergence of the river and swamp types

has been estimated in various studies as from at least

10 000 years ago to 1.7 Myrs ago, but most probably about

128 000–270 000 years ago (see Kumar et al. 2007a),

although even given this uncertainty, divergence occurred

well before domestication.

Cockrill (1981) suggested that the river buffalo was

domesticated about 4000–5000 years ago in the Indus

valley, and possibly in the Tigris and Euphrates valleys, but

from an analysis of mitochondrial D-loop variation in eight

breeds of Indian river buffalo, Kumar et al. (2007b) con-

cluded that the western region of the Indian subcontinent is

the most likely area of domestication. In contrast, the time

and place of domestication of the swamp type is very

uncertain and is still subject to debate. Cockrill (1981)

suggested that the swamp buffalo was domesticated in the

Yangtze valley, also about 4000–5000 years ago. Chen & Li

(1989) proposed an earlier time of 7000 years ago, but also

pinpointed the area of domestication as the Yangtze valley.

However, Epstein (1969), noting that domesticated buffalo

were present in China by the time of the Shang dynasty (ca.

1766–1123 B.C.), suggested that domestic buffalo were

introduced to China from south-east Asia prior to the Shang

dynasty. He concluded that domestication of the indigenous

B. arnee had taken place at many locations, including south

and central China. However, there is no evidence that the

endemic distribution of B. arnee included central China. Liu

et al. (2006) concluded that archaeological study of Chinese

buffalo remains did not support domestication in China and
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that domestic buffalo were most likely introduced from

South Asia around the first millennium BC. Yang et al.

(2008), using D-loop mtDNA sequences, found no direct

links between domesticated buffalo (B. bubalis) and the

indigenous (but now extinct) B. mephistopheles from ancient

China, again suggesting that the swamp buffalo was not

first domesticated in China.

A consistent finding in studies of domestic animals with

all molecular markers is that genetic variability decreases

with increasing geographical distance from the centre of

domestication (Groeneveld et al. 2010). As our sampled

populations cover the broad distribution of the swamp type,

can patterns of variation among them point to the likely

region of domestication? PCA of the Chinese swamp popu-

lations (excluding DH; Zhang et al. 2007) showed gradients

in allele frequencies from south to north (PC1) and from

west to east (PC2). For both geographical gradients, He and

allelic richness decrease, but regression coefficients are not

significant. Although there are no significant differences in

variability among the four clusters of the Chinese swamp

populations (Fig. 4b), genetic variability (both He and allelic

richness) significantly decreases from south-west to north-

east along the southern transect (populations DD, XL, FZ,

XF, XJ and FA – see Fig. 1): regression coefficients are

)0.0061 ± 0.0018, P < 0.05, and )0.0530 ± 0.0147,

P < 0.05, respectively. Among the swamp populations,

genetic variability (both He and allelic richness) is highest

for DH (possibly inflated by some river/wild ancestry) and

Surin (Table 2), with Trengganu, DC, XL and DD showing

next highest variability for one or other criterion. In a

dendrogram including only swamp populations (not

shown), DH clusters with Surin and Trengganu, while in

the STRUCTURE analysis of the swamp populations (Fig. 4b,

K = 4), the membership coefficients are 0.883, 0.395 and

0.571 for DH, Surin and Trengganu, respectively. Even

higher variability (He = 0.637–0.677 over all populations,

and He = 0.607 for the seven loci in common with ours)

has been recorded (Berthouly et al. 2010) for populations in

the northern Vietnam province of Ha Giang, geographically

close to the DD locality in China. Genetic variability also

decreases from Surin south through Trengganu to Bogor

and Sulawesi. Together, these results point to the domesti-

cation centre for swamp buffalo in a region encompassing

the far south of China, and northern Thailand and Indo-

china. Archaeological findings support this conclusion.

Groves (2006) noted that �the oldest putative domestic

buffaloes come from Neolithic sites in southern China�,
while Epstein (1969) stated that in north-east Thailand,

buffalo bones first appear in archaeological sites about 1600

B.C., about the same time as wet rice cultivation. However,

he assumed domestication in the Yangtze valley and thus

considered that these facts indicated the introduction of

domestic buffalo from somewhere else.

Sabah, Sarawak and Australia show the lowest levels of

genetic variability. The Australian population is known to

have been bottlenecked at introduction into the country in

the 1800s (Barker et al. 1997a). As Sabah, Sarawak and

Musuan are most closely related to the Chinese eastern

populations (FA and XF – Fig. 2, Fig. 4a, K = 4; Fig. 4b,

K = 3), movement of animals from these eastern popula-

tions through Taiwan to the Philippines and on to Borneo

would place Sabah and Sarawak most distant from the

apparent domestication centre. The genetic variability of the

Musuan population would appear not to fit this scenario,

but it is likely to have been inflated by the introgression of

river buffalo noted earlier.

Given our postulated domestication centre for the swamp

buffalo, our previous hypothesis (Lau et al. 1998) for the

origin, demography and spread of domesticated buffalo

needs to be revised as follows: (i) the species B. arnee evolved

in mainland south/south-east Asia, with a range from the

Indian subcontinent east to southern China; (ii) At some

time in south-east Asia, the 4/9 translocation occurred to

give the 2n = 48 swamp type; (iii) In the Indian subconti-

nent, B. arnee was domesticated and evolved to become the

various breeds of the river type; (iv) Following domestica-

tion of the swamp type in the region encompassing the far

south of China and northern Thailand and Indochina, and

as indicated by the clear separation of the SE Asian popu-

lations into two groups (Fig. 2), it spread south through

peninsular Malaysia to the islands of Indonesia (Sumatra,

Java and Sulawesi), north/north-east into central China,

and then through an eastern island route via Taiwan to the

Philippines and Borneo.
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