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Mitochondrial DNA analyses of Indian water buffalo support a
distinct genetic origin of river and swamp buffalo
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Summary Water buffalo (Bubalus bubalis) is broadly classified into river and swamp categories, but it

remains disputed whether these two types were independently domesticated, or if they are

the result of a single domestication event. In this study, we sequenced the mitochondrial D-

loop region and cytochrome b gene of 217 and 80 buffalo respectively from eight breeds/

locations in northern, north-western, central and southern India and compared our results

with published Mediterranean and swamp buffalo sequences. Using these data, river and

swamp buffalo were distinguished into two distinct clades. Based upon the existing

knowledge of cytogenetic, ecological and phenotypic parameters, molecular data and

present-day distribution of the river and swamp buffalo, we suggest that these two types

were domesticated independently, and that classification of the river and swamp buffalo as

two related subspecies is more appropriate.
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Introduction

The domestic water buffalo is a species of paramount

importance to many Asian countries, particularly to those

in the Indian subcontinent. This species is a major source of

milk, meat, draft power, hide and employment to marginal

farmers and landless labourers in many Asian countries. In

spite of the tremendous economic importance of buffalo,

interest in buffalo genomics has been limited (Moore et al.

1995; Barker et al. 1997; Navani et al. 2002; Iannuzzi et al.

2003; Kierstein et al. 2004; Kumar et al. 2006).

The domestic water buffalo are broadly classified into two

major categories based upon their phenotype, behaviour

and karyotype: river buffalo (2n ¼ 50) found in the Indian

subcontinent, Middle East and Eastern Europe and swamp

buffalo (2n ¼ 48) distributed in China, Bangladesh, the

Southeast Asian countries and north-eastern states of India

(Cockrill 1981). The time and place of domestication of this

species has not yet been resolved. It is believed that buffalo

was domesticated in the Indus civilization, the Yangtze and

the Euphrates and Tigris some 5000 years ago (Cockrill

1981). However, Chen & Li (1989) proposed that the

domestication of this species occurred in China during the

fifth millennium BC. Two contradictory suggestions have

been proposed: that these two types were domesticated

independently (Tanaka et al. 1996; Lau et al. 1998) and

that these are a product of a single domestication event

(Kierstein et al. 2004). Kierstein et al. (2004) analysed the

mitochondrial (mt) D-loop DNA sequences of Indian river

and swamp (Carabao) buffalo from Brazil and Mediterra-

nean animals from Italy. They suggested that the river and

swamp buffalo were the product of a single domestication

event probably in the Indian subcontinent. Earlier, Kikkawa

et al. (1997) suggested that the domestic river and swamp

lines arose independently based on differences in their

cytochrome b sequences. Although India is a hotspot of

buffalo biodiversity (George et al. 1988), and it is generally

believed that buffalo were domesticated in India (Cockrill

1981), none of the studies dealing with buffalo domestica-

tion (Kikkawa et al. 1997; Lau et al. 1998; Kierstein et al.

2004) sampled animals from Indian locations. Here we

report the sequence analysis of the mt D-loop region (n ¼
217) and the cytochrome b gene (n ¼ 80) in Indian river

buffalo and compare them with published sequences of 10
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D-loop and seven cytochrome b gene haplotypes from swamp

buffalo. Our analyses provide strong evidence for the inde-

pendent origin of domestic river and swamp buffalo.

Materials and methods

Sample collection

Field visits were arranged to the breeding tracts of river

buffalo breeds in northern, north-western, central and

southern India. Blood samples were collected from 217

animals representing eight breeds from eight locations.

Two to three unrelated animals with typical breed char-

acteristics were sampled from a given hamlet. Fresh blood

was obtained by puncturing the jugular vein and DNA

was isolated using the extraction method of Sambrook &

Russell (2001).

Amplification and sequencing of mtDNA

To amplify the buffalo mtDNA D-loop region, we designed

two overlapping sets of primers, HVR-I (5¢-GGAAGAAAC-

TGCAGTCTCACCAT-3¢, 5¢-ATGGGCTGATTAGCCATTAGT-

CC-3¢) and HVR-II (5¢-GGTTCTTTCTTCAGGGCCATCTC-3¢,
5¢-CAGTGCCTTGCTTTGGGTTAAGC-3¢), from the available

Bos taurus mtDNA sequence (Anderson et al. 1982). The

cytochrome b gene was amplified by PCR using two

overlapping sets of primers, Cyto-I (5¢-ATCATTCTGAGGG-

GCAACAG-3¢, 5¢-CTTCAGCTTTGGGTGTTGGT-3¢) and

Cyto-II (5¢-GACAATATCCGAAAATCCCAC-3¢, 5¢-TTCACT-

CAACCAGACTAGTACC-3¢), from the B. taurus mtDNA

sequence (Anderson et al. 1982).

After PCR using standard conditions, sequencing was

performed using Big Dye and carried out on ABI 3700 and

3730 automated DNA sequencers (Applied Biosystems).

Phylogenetic and reduced median network analyses

The DNA sequences were edited manually using AUTOAS-

SEMBLER (Perkin Elmer) and the CLUSTALX program (Thomp-

son et al. 1997) was used for multiple alignments. We

compared 135 D-loop haplotypes of a 945-bp fragment

obtained from 217 river buffalo from India (EF464323–

EF464457) to 11 haplotypes of Mediterranean (river) buf-

falo and 10 haplotypes of swamp (Carabao) buffalo reported

by Kierstein et al. (2004). Bos taurus sequence

(NC_006853) was used as the out-group. A Bayesian

phylogenetic tree was constructed by Markov chain Monte

Carlo (MCMC) method as implemented in the MRBAYES 3.1

package (Ronquist & Huelsenbeck 2003) using the general

time reversible substitution model with the invariant site

plus eight gamma categories. Initial runs were performed to

find out the fluctuating value of the likelihoods of Bayesian

trees and stationarity was reached at 500 000 generations.

Analyses of MCMC chains were run for 3 · 106 cycles and

the trees were sampled every 100 generations. All the

sampled trees preceding stationarity were discarded (bur-

nin ¼ 5000) and the remaining tree samples were used to

generate a 50% majority rule consensus tree. Analyses were

repeated four times. Similarly, a maximum parsimony (MP)

tree was computed using MEGA 3.1 (Kumar et al. 2004). The

close neighbour-interchange algorithm was used with a

search level of three. The searches included 100 replications

of random addition trees and the robustness of nodes was

confirmed by 1000 bootstrapping. A Bayesian phylogenetic

tree was also constructed from four Indian river buffalo

cytochrome b haplotypes (EF409939–EF409942) and seven

swamp buffalo haplotypes (Kikkawa et al. 1997) essentially

as described above except that the MCMC chains were run

for 1 · 106 cycles (burnin ¼ 2500). The B. taurus sequence

(NC_006853) was used as the out-group. Reduced median

network was applied to the dataset containing 238 mtDNA

D-loop sequences (921 bp) and 11 cytochrome b (1125 bp)

haplotypes of river and swamp buffalo using NETWORK

4.1.1.2 (Bandelt et al. 1995). Gaps were excluded in

reduced median network and parameters were set to a

weight of two and threshold value of one.

Divergence time

Divergence time and time of the most recent common

ancestor (TMRCA) were calculated using 375 bp of the

hypervariable region of the mtDNA D-loop (nucleotides

15982–16354 of the Bubalus bubalis mt sequence,

(AF547270). We used the MDIV program (Nielsen &

Wakeley 2001), which is based on the coalescent theory

and employs Bayesian inference to estimate the likelihood

parameters of h, M, T and TMRCA by calculating posterior

probabilities assuming the HKY mutation model. Initial

runs were conducted for different values of M (0–5) and T

(0–7). Both parameters were adjusted to M ¼ 4 and T ¼ 3

and the process was repeated five times with different seed

values. For each replicate, the settings of Markov

chain were fixed at 5 · 106 steps and a burn-in time of

5 · 105 steps. The pairwise estimates of T and

TMRCA were converted to time using t ¼ Th/2 l and

tMRCA ¼ TMRCAh/2 l (Steeves et al. 2005), where l is

the mutation rate. The mutation rate was assumed to be

32%/Myr, based on a calibration for the bison control

region (Shapiro et al. 2004) and a generation time of

6 years. Similarly, we obtained estimates of divergence

time and TMRCA of the river and swamp buffalo from

cytochrome b haplotypes; the mutation rate was assumed to

be 2.5%/Myr (Meyer et al. 1990).

Results

A Bayesian phylogenetic tree constructed from the mtDNA

D-loop sequences, along with posterior probabilities for

individual clades, is presented in Fig. 1. This tree, rooted by
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B. taurus, was well resolved and showed two distinct clades

with a high posterior probability of 1.00. One of these two

clades encompassed all the haplotypes of the Indian and

Mediterranean buffalo with five internal branches. The

other clade was comprised of 10 swamp haplotypes. The MP

tree (Fig. S1) revealed a topology similar to the Bayesian

tree except that the river clade in the parsimony tree dif-

ferentiated into two additional internal branches represen-

ted by the Indian buffalo. Reduced median network (Fig. S2)

showed the swamp haplotypes as a distinct group at least

62 mutation steps away from any given river haplotype.

Thus, phylogenetic and network analyses separated the

river and swamp buffalo into two distinct clades.

We also sequenced 458 bp of the mt cytochrome b

gene of 80 animals (AF461785–AF461805; AF462612–

AF462631; AY072746–AY072765; AY072941–

AY072960) from eight recognized river breeds from eight

geograhical regions in India. Four cytochrome b haplotypes

were found (Table S1). We then extended the size of the four

Indian river haplotypes to 1125 bp and compared these

with seven haplotypes of swamp buffalo obtained from

sequence information on 32 swamp animals sampled from

Japan, Taiwan, Thailand, Indonesia, Philippines and

Bangladesh (Kikkawa et al. 1997). The Bayesian phylo-

genetic tree revealed two distinct clades with an extremely

high posterior probability (Fig. 2). One of these two clades

incorporated all four river buffalo haplotypes and the second

clade had seven swamp buffalo haplotypes. The reduced

median network also showed that the river haplotypes were

a distinct group from the swamp haplotypes (Fig. S3). More

Figure 1 Bayesian phylogenetic tree showing

river and swamp buffalo as distinct clades.

The tree was constructed using MRBAYES 3.1

with 945-bp sequences of the mitochondrial

DNA D-loop region of the Indian river,

Mediterranean and swamp (Carabao) buffalo.

The tree was rooted by Bos taurus. The

numbers above the branches correspond to the

respective posterior probabilities.

Figure 2 Bayesian phylogenetic tree showing the Indian river and

swamp buffalo as two distinct clades. The tree was constructed using

MRBAYES 3.1 from 1125-bp sequences of the mitochondrial DNA

cytochrome b gene and was rooted by Bos taurus. Numbers above the

branches correspond to the respective posterior probabilities. The

swamp sequences have been described by Kikkawa et al. (1997).
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importantly, the three polymorphic sites observed in the

Indian river buffalo were specific to these animals

(Table S1). Similarly, polymorphic sites found in the swamp

haplotypes were specific to the swamp animals.

We estimated the time of divergence and TMRCA

between the river and swamp buffalo as 128 040 and

169 883 years respectively using 375 bp of the hypervari-

able region of the mtDNA D-loop. Further, we calculated a

divergence time of 270 887 years from 1125 bp cytochrome

b gene sequences assuming a mutation rate of 2.5%/Myr for

this locus (Meyer et al. 1990).

Discussion

There have been contradictory suggestions in the literature

on the origin of the domestic river and swamp buffalo

(Tanaka et al. 1996; Lau et al. 1998; Kierstein et al.

2004). Tanaka et al. (1996) sequenced the cytochrome b

gene of one animal each of the river and swamp type from

Bangladesh and one wild buffalo from Sri Lanka. They

estimated a divergence time of 1.7 Myr between the river

and swamp buffalo and inferred that the domestic buffalo

originated from at least two populations. Lau et al. (1998)

proposed independent domestication of the river and

swamp buffalo based upon the D-loop and cytochrome b

gene sequencing, although the D-loop neighbour-joining

tree showed intermingling of the river and swamp haplo-

types and had low bootstrap support. The lack of resolu-

tion in the tree was probably due to the use of only 158 bp

of the D-loop region and missing sequence information.

Kierstein et al. (2004) have analysed the entire D-loop

region of the river and swamp buffalo sampled from Brazil

and Italy and concluded that the two types of buffalo

descended from a single domestication event some

5000 years ago. There may be several reasons that the

domestication events in buffalo are not conclusive. First,

although India is the place of origin of all the major river

buffalo breeds, previous studies (Tanaka et al. 1996;

Kikkawa et al. 1997; Lau et al. 1998; Kierstein et al. 2004)

did not include animals from India. Secondly, river and

swamp buffalo have co-existed in locations where samples

have been collected and the two types of buffalo inter-

breed. Thirdly, no genetic data have been reported from

Chinese buffalo. In the present study, we did not sample

animals from the eastern parts of India because this region

along with Bangladesh is likely to have both the river and

swamp animals (Kikkawa et al. 1997). Our cytochrome b

gene analysis confirmed the dichotomy of the Indian river

and swamp buffaloes from several Asian countries inclu-

ding Japan, Taiwan, Thailand, Indonesia, the Philippines

and Bangladesh. These results are consistent with those

reported by Kikkawa et al. (1997), although they used

only 13 river buffalo samples from Pakistan, Bangladesh,

Sri-Lanka and Italy. Swamp buffalo D-loop sequences used

in our analysis had very low diversity, reflecting an

unrepresentative sampling (Kierstein et al. 2004), while

the swamp sequences in the cytochrome b analysis had

comparatively high diversity of 0.80% compared with

0.18% for Indian river buffalo.

The estimates of divergence time between the river and

swamp buffalo in the previous studies varied from 10 000–

15 000 years (microsatellite loci; Barker et al. 1997a) to

1.7 Myrs (the cytochrome b gene; Tanaka et al. 1996). Lau

et al. (1998) obtained a divergence time estimate of 28 000

or 87 000 years from the D-loop sequences assuming a

mutation rate of 36.6% or 11.8%/Myr respectively. The

statistical approaches (Nei 1976, 1987) used by Barker

et al. (1997) and Lau et al. (1998) assumed that the pop-

ulations were at equilibrium for the loss of diversity through

drift and gain in diversity through migration. However, the

datasets in these studies were not tested for this condition.

In the present study, we obtained a divergence time esti-

mate of 128 040 years from D-loop sequences using a

Bayesian approach and assuming a mutation rate of 32%/

Myr (Shapiro et al. 2004). Similarly, we calculated a

divergence time of 270 887 years from 1125 bp of the

cytochrome b gene assuming a mutation rate of 2.5%/Myr

(Meyer et al. 1990). The latter estimate was much lower

than those obtained from the RFLP analysis of the cyto-

chrome b gene reported by Amano et al. (1994) and Tanaka

et al. (1995) and the cytochrome b gene sequencing by

Tanaka et al. (1996) and Kikkawa et al. (1997).

Cytogenetic (Harisah et al. 1989), ecological and pheno-

typic parameters (Cockrill 1981); cytochrome b sequences

(Amano et al. 1994; Tanaka et al. 1995; 1996; Kikkawa

et al. 1997); and our results on the mtDNA D-loop region

and the cytochrome b sequence analyses strongly support the

classification of the river and swamp buffalo as two related

subspecies, i.e. B. bubalis bubalis and B. bubalis carabane-

sis (http://animaldiversity.ummz.umich.edu/site/accounts/

information/Bubalus_bubalis.html). Loftus et al. (1994)

reported an average sequence divergence of 7.9% between

the mtDNA D-loop of B. taurus and Bos indicus, while the

corresponding value for the river and swamp buffalo in our

study was 8.6%. The cytochrome b sequence divergence

between the river and the swamp buffalo was 2.6%. These

differences and present-day distribution of the river and

swamp buffalo suggest an independent domestication of

these two types.
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Supplementary Material

The following supplementary material is available for this

article online from http://www.blackwell-synergy.com/doi/

full/10.1111/j.1365-2052.2007.01602.x

Table S1 Alignment of mitochondrial cytochrome b gene

sequences of the Indian river (present study) and swamp

(Kikkawa et al. 1997) buffalo.

Figure S1 Maximum parsimony tree of river and swamp

(Carabao) buffalo constructed from 945 bp sequences of

mtDNA D-loop, with Bos tautrus as an outgroup. Numbers

above the branches correspond to the bootstrap using 1000

sequence replicates.

Figure S2 Reduced median network constructed using

NETWORK 4.1.1.2 programme with 921 bp sequences of

mtDNA D-loop region of the Indian river, Mediterranean
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and swamp (Carabao) buffalo. The length of the line

represents the number of mutational steps.

Figure S3 Reduced median network constructed using

NETWORK 4.1.1.2 programme with 1125 bp sequences of

11 cytochrome b haplotypes of the Indian river and swamp

buffalo. The length of the line represents the number of

mutational steps; red circles are median vectors.
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