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Strong and stable geographic differentiation of swamp
buffalo maternal and paternal lineages indicates
domestication in the China/Indochina border region
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Abstract

The swamp type of the Asian water buffalo is assumed to have been domesticated by
about 4000 years BP, following the introduction of rice cultivation. Previous localiza-
tions of the domestication site were based on mitochondrial DNA (mtDNA) variation
within China, accounting only for the maternal lineage. We carried out a comprehen-
sive sampling of China, Taiwan, Vietnam, Laos, Thailand, Nepal and Bangladesh and
sequenced the mtDNA Cytochrome b gene and control region and the Y-chromosomal
ZFY, SRY and DBY sequences. Swamp buffalo has a higher diversity of both maternal
and paternal lineages than river buffalo, with also a remarkable contrast between a
weak phylogeographic structure of river buffalo and a strong geographic differentia-
tion of swamp buffalo. The highest diversity of the swamp buffalo maternal lineages
was found in south China and north Indochina on both banks of the Mekong River,
while the highest diversity in paternal lineages was in the China/Indochina border
region. We propose that domestication in this region was later followed by introgres-
sive capture of wild cows west of the Mekong. Migration to the north followed the
Yangtze valley as well as a more eastern route, but also involved translocations of both
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cows and bulls over large distances with a minor influence of river buffaloes in recent
decades. Bayesian analyses of various migration models also supported domestication
in the China/Indochina border region. Coalescence analysis yielded consistent
estimates for the expansion of the major swamp buffalo haplogroups with a credibility
interval of 900 to 3900 years BP. The spatial differentiation of mtDNA and Y-chromo-
somal haplotype distributions indicates a lack of gene flow between established
populations that is unprecedented in livestock.
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Introduction

Domestications of crop plants and animals from 10 000
to 12 000 years BP (before present) were crucial events in
the history of human civilizations (Diamond 1997; FAO
2007). In the past, archaeological findings have been
invoked to suggest the place and time of domestication
of various animal species, but molecular genetic methods
(Lenstra ef al. 2012) are now being used to provide infor-
mation on the ancestral species, domestication site and
subsequent demographic history of cattle (Loftus et al.
1994; Bradley et al. 1996, Beja-Pereira et al. 2006; Ajmone-
Marsan et al. 2010; Chen et al. 2010; Bollongino et al. 2012;
Decker et al. 2014), horses (Cieslak et al. 2010; Warmuth
et al. 2012), sheep (Tapio et al. 2006; Meadows et al. 2007;
Chessa et al. 2009; Kijas et al. 2012), goats (Candn et al.
2006; Naderi et al. 2008; Nomura et al. 2013) and pigs
(Giuffra ef al. 2000; Fang & Andersson 2006). Groeneveld
et al. (2010) have reviewed molecular studies of livestock
domestication, while Wiener & Wilkinson (2011) surveyed
the literature on gene mutations after domestication or
accompanying breed development. For several species, it
is becoming clear that domestication was not a single
event and was followed by introgression of wild animals
(Luikart ef al. 2001; Bruford et al. 2003; Beja-Pereira et al.
2006; Chen et al. 2010; Larson & Fuller 2014).

The Asian water buffalo (Bubalus bubalis) is an impor-
tant livestock animal as a source of food and draught
power in tropical and subtropical regions, with more
people in the world depending on it for their
livelihoods than on any other domestic animal species
(FAO 2000; http://faostat3.fao.org). Morphological and
behavioural traits differentiate two types (Macgregor
1941) — the dairy river buffalo of the Indian subconti-
nent and west to the Balkans, Italy and Egypt, and the
swamp buffalo, whose main use is as a draft animal in
the region ranging from Assam (India) in the west
through South-East Asia to the Yangtze valley of China
in the east. The two types have been shown to be genet-
ically distinct on the basis of chromosome number
(river 2n = 50, swamp 2n = 48 — Ulbrich & Fischer 1967;
Fischer & Ulbrich 1968), allozymes (Amano et al. 1980;
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Barker et al. 1997a) and autosomal as well as sex-linked
DNA markers (Barker et al. 1997b; Zhang et al. 2006;
Kumar ef al. 2007a; Yindee et al. 2010). Archaeological,
historical and anatomical evidence support a descent of
both river and swamp domestic buffalo from the wild
Asian water buffalo — Bubalus arnee (Cockrill 1984). The
time of divergence of the two types has been estimated
as 10 000-1 700 000 years BP, with 128 000-270 000 as
the most likely range (Kumar et al. 2007a) and accord-
ing to all estimates well before domestication (Zhang
et al. 2011).

Genetic data clearly indicate independent domestica-
tions of river and swamp buffalo (Lau et al. 1998; Kumar
et al. 2007a; Lei et al. 2007; Yindee et al. 2010). Domesti-
cation of the river type in the western region of the
Indian subcontinent has been estimated to have
occurred 6300 years BP (Kumar et al. 2007b), but the
place and time of domestication of the swamp buffalo
are controversial. Cockrill (1984) suggested that the
swamp buffalo was domesticated in the Yangtze valley
4000-5000 years ago. However, Holocene remains of
water buffalo in China have now been attributed to the
wild Bubalus mephistopheles rather than B. arnee (Wang &
Zhang 2011). Patel & Meadow (1998) suggested that
B. arnee ranged ‘perhaps as far east as the coast of south-
ern China’, and this is compatible with its known distri-
bution in Indochina within historical times. In an earlier
text, Epstein (1969) noted that domesticated buffaloes
were present in China by the time of the Shang dynasty
(ca. 1766-1123 BC), or even earlier, and suggested that
they were introduced from South-East Asian areas bor-
dering China. Recent mtDNA and microsatellite analy-
ses (Yindee 2010; Zhang et al. 2011) and bones from
domestic buffalo (2300-500 BC, Ban-Chiang, northern
Thailand (Higham 2002) suggest swamp buffalo domes-
tication in the region of south China, north Thailand
and Indochina. In contrast, Yue et al. (2013) proposed
southwest China as the domestication site, but their
study included Chinese populations only.

In order to localize more accurately the domestication
site of swamp buffalo and to reconstruct its subsequent
dispersal over the present distribution range, we report
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a large-scale sampling and analyses of mitochondrial
DNA from 1100 water buffaloes (male and female) sam-
pled from 43 populations in China, Taiwan, Vietnam,
Laos, Thailand, Nepal and Bangladesh and an analysis
of Y-chromosomal DNA from 495 male animals. Our
analysis shows a dispersed distribution of the mtDNA
haplogroups of the river buffalo, as commonly observed
for domestic species, but unusually strong contrasts in
the distributions of swamp buffalo haplotypes for both
mtDNA and Y-chromosomal DNA. The haplogroup
distributions and the patterns of gene flow suggest
domestication in the China/Indochina border region,
local recruitment of wild cows in Indochina west of the
Mekong River and a much lower gene flow between
local populations than that observed for other livestock
species, including the closely related river buffalo.

Materials and methods

Sampling and DNA sequencing

We used samples of 1100 buffaloes (males and females)
for mtDNA analysis and samples of 495 bulls, including
23 previously reported Thai animals (Yindee et al. 2010)
for Y-chromosomal analysis. Locations of the popula-
tions and population codes are given in Table 1 and
Fig. 1. Most populations from which animals were
sampled were either swamp or river type. However,
four of the populations sampled were known to have
mixed river/swamp ancestry: BD_C is primarily a river
buffalo population with swamp introgression; BD_E
and BD_SE are primarily swamp buffaloes with river
introgression; and C_BL was originally a swamp popu-
lation, but is now primarily river buffalo due to exten-
sive introgression since at least the early 1900s. These
populations were classified as either swamp or river
according to the predominant type. The sequences
obtained from animals in these populations were clearly
swamp or river, and the number of sequences (both
mtDNA and Y chromosome) obtained for each popula-
tion is given in Table 1. Most animals were sampled
randomly from village populations, while minimizing
family relationships on the basis of information sup-
plied by the owner. Exceptions to this were the Nepal
samples (see Flamand et al. 2003 and Zhang et al. 2011
for details), and the samples from the C_BH, C_HZ and
TW populations, which are herds kept for the purpose
of conservation. A few bulls of the Chinese swamp buf-
falo populations C_DS, C_FY and C_ER were found to
carry river Y-chromosomal DNA (Table 1). In all analy-
ses of both mitochondrial and Y-chromosomal DNA,
river and swamp samples were considered separately.
DNA extraction and/or sequencing were performed
in Beijing (samples from China, Vietnam, Laos, Nepal

and Bangladesh), Kamphangsaen (samples from Thai-
land) and Taipei (samples from Taiwan). Genomic
DNA was isolated from ear skin tissue or blood cells
using a standard phenol-chloroform procedure, except
for samples from Laos, where DNA was extracted from
hair bulbs with Genomic DNA Magnetic-bead Extrac-
tion kit (TTANGEN, Beijing).

PCR (primers listed in Table S1, Supporting informa-
tion) was carried out in Beijing and Taipei with 50 ng
genomic DNA in 20 pL standard PCR buffer with 2 mm
MgCl,, 0.2 mMm of each dNTP, 10 pm of each primer and
1 U of Taq DNA polymerase. After 10 min at 95 °C, 30
cycles were performed at 95 °C for 30 s, 55-63 °C for
30 s (Table S1, Supporting information) and 72 °C for
45 s, followed by a final extension step of 72 °C
for 5 min. In Kamphaengsaen, PCR was carried out with
50 ng genomic DNA in 25 pL standard PCR buffer with
1.5 mm MgCl2, 0.2 mmM of each dNTP, 10 pm of each pri-
mer and 1 U of Taq DNA polymerase. After 3 min at
95 °C, 35 cycles were performed at 95 °C for 15 s, 55—
60 °C for 30 s (Table S1, Supporting information) and
72 °C for 45 s, followed by a final extension step of 72 °C
for 5 min. Dideoxy sequencing was performed using the
BIGDYE" Terminator Cycle Sequencing Kit (Applied
Biosystems, Foster, CA, USA). Raw sequence fragments
were assembled and checked with the program seomaN
(DNAstar, Madison, WI). Sequences were aligned using
MAFFT online version 7 (http://mafft.cbrc.jp/alignment/
server/). Insertion/deletions in aligned sequences
(Fig. S1, Supporting information) were excluded from
the analyses. Amplification of nuclear mtDNA insertions
has been excluded by (1) amplification of both control
region and Cytochrome b gene on five reference samples
in Beijing with the primers used in Kamphangsaen,
which yielded sequences identical to those obtained with
the primers used in Beijing, and (2) comparing the phy-
logenies of Cytochrome b and control region fragments,
respectively, which were entirely consistent.

The neighbouring mtDNA control region (889 bp)
and the Cytochrome b gene (1140 bp) were analysed by
dideoxy sequencing of PCR products. For Y-chromoso-
mal analysis, 5505 bp of the Y-chromosomal ZFY, SRY
and DBY genes from 79 randomly selected bulls were
sequenced (Nijman ef al. 2008). This revealed SNPs in
the fragments ZFY1, ZFY3, SRY5 and DBY1 (altogether
2310 bp), which were sequenced in the remaining 386
male samples. For haplotype distribution and diversity
analysis, 23 published Thailand sequences (Yindee et al.
2010) were added to the data set.

Statistical analyses

We have constructed phylogenetic trees and calculated
several summary statistics, which describe the genetic
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Table 1 Populations, codes, sample sizes and geographical coordinates

Sample size

Geographical
Swamp River coordinates
Country/region Population Code mtDNA Y mtDNA Y Latitude  Longitude
Swamp buffalo populations
China Dangshan* C_DS 36 3 3 34.40 116.58
Shannan* C_SN 24 33.16 107.03
Haizi C_HZ 25 3 32.89 120.33
Shanqu C_SQ 25 5 33.00 118.50
Fengyang C FY 53 6 2 32.86 117.57
Dongliu C_DL 26 19 30.10 117.05
Jianghan CJH 25 1 30.36 112.19
Binhu C BH 25 10 29.51 112.55
Enshi* C ES 25 29 29.72 109.32
Guizhou C Gz 25 41 27.95 107.72
Yanjin CYJ 24 18 28.11 104.24
Fuan C FA 25 21 27.10 119.65
Xiajiang CcXy 24 1 27.58 115.32
Xinfeng C XF 19 12 25.39 114.93
Fuzhong CFz 25 30 24.53 111.30
Xinglong C_XG 23 18 18.75 110.22
Dechang* C DC 24 30 27.65 102.21
Xilin C XL 22 21 24.49 105.09
Diandongnan C_DD 25 29 23.02 104.40
Dali C DA 25 11 26.35 100.20
Ershan C_ER 25 26 1 2433 102.20
Dehong C_DH 39 25 24.43 98.59
Taiwan Taiwan ™ 29 7 23.95 121.55
Vietnam Ha Giang (North) VN_N 75 26 22.08 104.33
Tay Ninh (South) VN_S 25 7 11.20 106.10
Laos Xayaboury (North) LA N 39 8 19.15 101.45
Khammouane (Central) LA C 17 5 17.30 105.20
Champasak (South) LA_S 40 8 14.53 105.52
Thailand*¥ North TH N 11 1 19.84 99.78
Northeast TH_NE 18 12 15.00 103.36
Central TH_C 20 5 13.75 101.15
South TH_S 5 3 9.91 99.11
Huai Kha Khaeng TH_Wild 2 15.42 99.23
sanctuary, Uthai Thani
Bangladesh Bangladesh East BD_E 16 4 5 8 2490 91.85
Bangladesh Southeast BD SE 2 2 21.71 92.40
Total 886 447 7 14
Swamp buffaloes for mtDNA analysis: 893
Swamp buffaloes for Y-chromosomal analysis: 461
River buffalo populations
China Binlangjiang C_BL 24 26 23 25.45 98.33
Bangladesh Bangladesh Central BD_C 3 3 22 1 24.59 90.40
Bangladesh West BD_W 48 4 24.37 88.60
Nepal Nepal Wild NP W 7 3 26.74 86.98
Nepal Hybrid NP_H 15 26.74 86.98
Nepal Domestic NP_D 20 26.74 86.98
China China Nili Ravi C_NR 20 22.90 108.35
China Murrah C_MR 22 22.90 108.35
Total 27 3 180 31
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Table 1 Continued

Sample size

Geographical
Swamp River coordinates
Country/region Population Code mtDNA Y mtDNA Y Latitude  Longitude
River buffaloes for mtDNA analysis: 207
River buffaloes for Y-chromosomal analysis: 34
All buffalo populations 913 450 187 45

All mtDNA samples: 1100
All'Y samples: 495

*Coordinates for C_DS, C_SN, C_ES, C_DC and the Thailand populations are averages over subpopulation localities — see Supporting

Information, Supplement to Table 1.

TY-chromosomal sequences of Thailand buffalo were from Yindee et al. (2010).
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variation in maternal and paternal genetic lineages of
different regions and haplogroups as support for infer-
ring historic gene flows. Except in the few cases noted,
all analyses have been performed on the combined
Cytochrome b and control region sequences treated as
one locus.

Diversity parameters such as haplotype diversity (H),
nucleotide diversity with the Jukes—Cantor correction
(r) and the average number of pairwise differences
were calculated for each population, region or group
(see definitions later, Fig. 2) using the program pNasp v5
(Librado & Rozas 2009), which was also used for
performing neutrality tests (Fu & Li 1993). Allelic
richness was calculated by rarefaction with a sample
size of 11 (mtDNA) or 5 (Y-chromosomal DNA) using
the program apze (https://web.stanford.edu/group/

Fig. 1 Locations of sampled populations.
For abbreviations, see Table 1. Popula-
tion C_GX from Guangxi (Yue et al. 2013)
is included to show the presence of
hybrid river-swamp buffaloes in south-
ern China. The imported Chinese river
buffalo populations C_MR (from India)
and C_NR (from Pakistan) are plotted in
India.

=.GOoogle

rosenberglab/adze.html). To evaluate the diversity
statistics in a data set with several diverged haplogroups,
we analysed 10 random selections of 20 animals from
the diverse Thai populations. This gave standard devia-
tions for m, H and allelic richness of 38%, 13% and 23%,
respectively, of their range (the difference between their
highest and the lowest values), indicating that in our
data set, haplotype diversity (H) is the most robust
diversity measure.

Exact tests of population differentiation were based
on haplotype frequencies and pairwise Fsr values
(Tamura & Nei 1993 molecular distance), with 1000
permutations for significance testing. Differentiation of
populations, regions or groups was analysed by the
sum of squares decomposition underlying the analy-
sis of molecular variance (amova). Differentiation of

© 2015 John Wiley & Sons Ltd


https://web.stanford.edu/group/rosenberglab/adze.html
https://web.stanford.edu/group/rosenberglab/adze.html

SWAMP BUFFALO DIFFERENTIATION AND DOMESTICATION 1535

7 regions_ . L08R

T A

Fig. 2 Definition of 7 regions and 17 groups. For all Chinese
populations, the prefix C_ has been omitted for clarity.

haplotypes was analysed by comparing mismatch
distributions. Departure from equilibrium and neutral-
ity was tested by calculations of the D (Tajima 1989)
and Fs (Fu 1997) differentiation statistics, using 10 000
simulated samples for testing significance. These differ-
entiation tests were carried out using ARLEQUIN V3.5
(http:/ /ecmpg.unibe.ch/software/arlequin3, Excoffier et al.
2005).

We constructed phylogenetic trees of mtDNA
haplotypes to define the haplogroups. According to the
Bayesian information criterion (BIC) implemented in
the program MEGA5 (Tamura ef al. 2011), the Kimura 2-
parameter model with a gamma shape parameter (o) of
0.49 and fraction of evolutionary invariable sites of 0.76
was the most appropriate model for the combined
swamp and river data. This model and parameters were
then used in the MEGA5 program for construction of a

© 2015 John Wiley & Sons Ltd

maximum-likelihood tree. To assign individual
sequences to haplogroups, neighbour-joining trees were
constructed on the basis of the uncorrected number of
changes between two sequences (P distance) using the
program spLITSTREE (Huson 1998). Geographic distribu-
tions of haplogroups were visualized by plotting pie
plots on a topographical map and by median-joining
networks drawn using the program NeTWORK 4.6.1.1
(http:/ /www fluxus-engineering.com) following the
recommendations of Bandelt et al. (1999).

Isolation by distance was tested for the swamp
populations by calculation of pairwise Fgr estimated by
ARLEQUIN (Tamura & Nei 1993 molecular distance) with
negative values changed to zero and regression of
pairwise Fgr/(1 — Fsp) values on the In(geographic
distance) between each pair of populations (Rousset
1997), using the I1SOLDE program in the Genepor 3.4
package (Raymond & Rousset 1995), with significance
of the correlation determined by a permutation test
(Mantel 1967) with 10 000 permutations in both rows
and columns.

For amova (Table S2, Supporting information) and
geographic trends in mtDNA and Y-chromosomal
diversity (Table S9, Supporting information), the swamp
populations were combined into 7 regions or 17 groups
(Fig. 2), based on geographical proximity, regional
topography and genetic differentiation. The seven
regions were also used for surveying haplogroup diver-
sity (Table S5, Supporting information), median-joining
networks (Figs 4 and 7) and modelling of gene flow
(Figs 9 and 10, Table S11, Supporting information).
Population C_Y] has been assigned to the same group
as the nearby populations of Region 4 because of a sim-
ilar haplogroups distribution, but was placed in Region
2 (Fig. 2) because this maximized the proportion of the
diversity assigned to the among-regions component in
the aMova (Table S2, Supporting information).

Modelling of gene flow

We wused three methods to analyse the spatial
distribution of haplotypes:

1 The program samova clusters proximate populations
while maximizing genetic differentiation (Dupanloup
et al. 2002). It was not informative with our data set,
as at most k-values (number of clusters) it generated
clusters of a single population and one cluster of the
remaining populations.

2 pars (Corander et al. 2008) optionally incorporates
spatial information in a Bayesian model-based
clustering algorithm on the basis of allele frequencies.
However, with our data it reproduced only the
division of the haplotypes into the haplogroups.
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3 MIGRATE-N ver. 3.6.1 (Beerli 2006; Beerli & Palczewski
2010) investigates gene-flow models. It estimates the
posterior distributions of (1) the mutation-scaled pop-
ulation size parameter 0, which is equivalent to 4N,
where N, is the effective population size and p is the
mutation rate per site and generation; (2) the muta-
tion-scaled migration rate M, which is m/p, where m
is the immigration rate per generation (Beerli 2006);
and (3) marginal likelihoods of specified gene-flow
models (Beerli & Palczewski 2010), but it does not
estimate mutation rate parameters.

We applied MIGRATE-N to the data set of 913 combined
swamp buffalo Cytochrome b and control region
sequences. PAUP ver. 4.0b.10 (Swofford 2003) was used
to estimate the transition—transversion ratio and the
shape parameter of the gamma distribution for the
mutation model F84 + G for input to MIGRATE-N — sepa-
rately for the full data set, for the 716 haplogroup A
(A1 and A2) sequences and the 572 haplogroup Al
sequences. Preliminary runs using the full migration
model for the seven regions (Fig. 2; seven 0 and 42 M
parameter estimates) indicated the following run condi-
tions: Bayesian inference; slice sampling; uniform priors
for 0 between 0 and 0.2 and for M between 0 and
25 000; static heating with temperatures 1.00, 1.50, 3.00
and 10 swapping among chains potentially occurring
at every step; and 10 replicates. For each replicate, a
burn-in of 10* steps was followed by 107, 3 x 107 or
5 x 107 parameter samplings recorded at intervals of
10°. Criteria for convergence were an expected sample
size (ESS) for all parameters >10°> and a good agreement
of mean and median estimates of all parameters. These
criteria were met for all final reported runs. Conver-
gence also was checked visually by plotting the
recorded steps of the posterior values for all parame-
ters. Marginal likelihoods of the data for each model
were approximated using Bézier corrected thermody-
namic integration (Beerli & Palczewski 2010). These
marginal likelihoods were then used to calculate model
probabilities (Burnham & Anderson 2002).

Demographic history

Skyline plots for each haplogroup were calculated using
the program BeasT 2.3 (Bouckaert et al. 2014), using the
Hasegawa—Kishino—Yano model with gamma site rate
variation (three classes) while integrating over all possi-
ble shape parameter alpha values and all possible
transition—transversion ratios. Site frequencies were
calculated from the data. We used the random local
clock model that allows different evolutionary rates
among branches. Each haplogroup was run for 10 mil-
lion steps. An effective sample size >100 was used as a

sign of convergence. For details, see the example xml
file deposited at Dryad doi: http://dx.doi.org/10.5061/
dryad.16mp4.

Results

mtDNA sequences

Complete mitochondrial control region and Cytochrome b
sequences were determined for 1100 Asian water buf-
faloes (GenBank Accession nos. KR007969-KR010168,
Figs S1A, B, Supporting information, Table 1). We found
in the control region two hypervariable mononucleotide
tracts (Fig. S1C, Supporting information), which were
disregarded in all subsequent analyses. Summary statis-
tics of sequence variation for the swamp and river types
are shown in Tables 2 and 3. Nucleotide diversity
parameters of both the control region and the Cytochrome
b sequences (Table 2, last three columns) indicate, in
agreement with the ML and NJ trees (Figs 3, S2 and S3,
Supporting information), that the swamp buffalo haplo-
types are more variable than those of river buffalo. Both
swamp and river mtDNA were found in the BD and
C_BL populations of mixed swamp/river origin
(Table 1). This has been found previously for a southeast
Chinese population in Guangxi (Yue et al. 2013).

Analysis of the 913 swamp buffalo mtDNA sequences
showed 198 SNPs defining 263 haplotypes (Table 3).
The separation of the haplogroups was supported by
bootstrap percentages of >50%, except for SA1 and SA2.
This reflects the presence of a few SA1-SA2 inter-
mediate sequences, but SA1 and SA2 are clearly
differentiated in the median-joining network (Fig. 4).
Phylogenetic analysis revealed five main and three rare
haplogroups (Table 3, Figs 3, S2 and S3, Supporting
information). The predominant haplotypes (SA1-001
and SA2-001) occurred 259 and 50 times, respectively
(Table 3). The 187 river sequences had 68 SNPs, three
haplogroups and 61 haplotypes, one of which (R1-01)
occurred 30 times (Tables 2 and 3).

Diversity values (Table 2) and mismatch distributions
(Fig. S4, Supporting information) indicated that the
major swamp haplogroup Al expanded later than A2,
Bl and B2. The relatively rare haplogroup B2 is the
oldest, while B3 seems to have emerged relatively
recently. Regional haplogroup distributions (Table S3,
Supporting information) and the median-joining net-
work (Fig. 4) show extensive geographic differentiation
with (1) a lower frequency of A2 in northern popula-
tions; (2) an absence of Bl near the upper reaches of the
Yangtze; (3) B2 found mainly in south China and west
of the Mekong and (4) B3 present only in China and
Vietnam. With only two exceptions, the rare
haplogroups C, D and E are confined to Thailand
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Table 3 Swamp and river buffalo mtDNA haplogroups

Predominant haplotypes

Mean

Haplogroup N (samples) N (Ht) Haplotype Occurrences N (SNPs) H N (diff)* T

SA1 572 151 SA1-001 259 110 0.788 1.448 0.00071
SA2 144 50 SA2-001 50 65 0.865 2.336 0.00115
SB1 89 31 SB1-01 37 28 0.818 2.313 0.00114
SB2 37 10 SB2-02 14 13 0.820 2.694 0.00133
SB3 62 16 SB3-01 44 17 0.498 0.673 0.00033
sC 5 2 2 0.400 0.800 0.00039
SD 3 2 1 0.667 0.667 0.00033
SE 1 1

Subtotal 913 263

R1 139 46 R1-01 30 47 0.921 3.164 0.00156
R2 35 10 R2-01 18 10 0.718 1.082 0.00053
R3 13 5 R3-05 5 10 0.808 4.436 0.00219
Subtotal 187 61

*Mean number of pairwise differences.
Other abbreviations are as in Table 2.

(Table S3, Supporting information). These findings are
supported by haplogroup distributions of populations
(Fig. 5), which are congruent with previous data (Yue
et al. 2013, Fig. S5, Supporting information) and which
show similar patterns for most nearby populations.

Calculation of the Tajima D, Fu’s Fs and Fu & Li D*
and F* parameters for the different haplogroups
yielded negative values (Table S4, Supporting informa-
tion), which is in agreement with Yue et al. (2013).
These values became statistically significant with more
than about 50 segregating sites and are consistent with
population expansions.

Statistical support for phylogeographic structure may
be derived from three observations:

1 Differences among the seven regions (Table S5,
Supporting information) were found to be significant;

2 amovas (Table S2, Supporting information) — for all
populations, 2.36% of the total variation was assigned
to the among populations component; for 17 groups,
2.49% of the total variation was assigned to the
among groups component; and for seven regions,
2.15% of the total variation was assigned to the
among regions component; and

3 the regression of Fgr/(1 — Fgr) on In(geographic dis-
tance) was significant (slope = 0.029 + 0.006, P = 9 x
107°).

4 Modelling of gene flow generates low likelihoods for
panmixia.

Figure 6 shows a geographic plot of haplogroup
diversity (H) of the swamp buffalo populations,
calculated for both mtDNA loci and for Cytochrome b
only (Table S6, Supporting information). The highest

diversity was found in the populations on both sides of
the China/Indochina border and west of the Mekong
River in Thailand. In the northern populations, haplo-
type diversity based on the combined two loci was high
relative to the values observed for Cytochrome b, which
probably reflects variable mutation rate in the control
region. This would also explain the relatively high H
values for the control region of river buffalo (Table 2)
and a low correlation (* = 0.505) of the population H
values calculated for both halves of the control region
(data not shown).

Y-chromosomal sequences

Comparison of 2310-bp Y sequence (GenBank Accession
nos. GQ259327-GQ259332, KT186376-KT186427) revealed
9 SNPs in 450 swamp buffalo bulls and one SNP in 45
river buffalo bulls. The swamp SNPs defined four major
and seven rare haplotypes (Tables S7 and S8, Supporting
information), which include five reported in a previous
study (Yindee et al. 2010). The minor haplotypes YS2B,
YS2C and YS3B plus YS3C were found only in the C_FZ,
C_DC and C_GZ populations, respectively. Only one
major (YR1) and one minor (YR2) haplotype were found
in the river buffalo bulls (Table S8, Supporting informa-
tion). In populations of mixed swamp/river origin, both
river and swamp (BD_C, BD_E) or only river (C_BL)
haplotypes were found, while the major river haplotype
has been introgressed into the swamp populations C_DS,
C_FY and C_ER).

A median-joining network (Fig. 7) and a geographic
plot of Y-chromosomal haplotypes (Fig. 8) showed a
strong geographic differentiation with (1) a lower fre-
quency of YS1 in northern populations except for the

© 2015 John Wiley & Sons Ltd
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lower Yangtze River region; (2) an absence of all YS2
haplotypes in southern Indochina; and (3) YS4A found
mainly in Indochina and southwest China. The strong
phylogeographic structure is supported by amova
(Table S2, Supporting information) with an appreciable
proportion of the variation (5.56%) assigned to the
among seven regions component. The highest diversity
values (Tables S6 and S9, Supporting information) were
generally found in populations east of the Mekong River.

Modelling of gene flow

Because of computational demands of the simulations,
we selected, on the basis of qualitative interpretations

© 2015 John Wiley & Sons Ltd

Fig. 3 Maximum-likelihood tree of water
buffalo mtDNA haplotypes. Haplotype
codes can be read by zooming in on the
pdf file of Fig. S2 (Supporting informa-
tion). SA1, SA2, SB1, SB2, SB3, SC, SD
and SE indicate swamp buffalo hap-
logroups and R1, R2 and R3 river buffalo
haplogroups. Anoa and African buffalo
were used as out-groups. Bootstrap per-
centages larger than 50% for the hap-
logroups are shown.

Outgroups

of the haplogroup distributions, data sets that were
simplified in different ways. First, we collapsed the
populations to three main areas:

1 Area (1 2 3): regions 1, 2 and 3 in China, with hap-
logroups Al, A2, Bl, B2 and B3 (Figs2 and 9,
Table S3, Supporting information);

2 Area (4): the mountainous Region 4 in southwest
China with haplogroups Al, A2 and B3; and

3 Area (5 6 7): regions 5, 6 and 7 in south China, Indo-
china and Bangladesh with all observed haplogroups.

Seven migration models (Fig. 9) were evaluated in
addition to the full model. Calculations carried out for
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Fig. 4 Median-joining network of
mtDNA haplotypes. (a) Most frequent
haplotypes in river and swamp buffalo
haplogroups; (b) swamp buffalo hap-
logroups SA1 and SA2; (c) swamp buf-
falo haplogroups SB1, SB2 and SB3.
Circles indicate haplotypes; the area of
the circles is proportional to the fre-
quency of the corresponding haplotype
and the coloured segments indicate the
fraction of samples originating from the
region specified by the colour key.

Fig. 5 mtDNA haplogroup distributions
of river and swamp buffalo (Table S3,
Supporting information). In the colour
keys, SA1 to SE indicate swamp hap-
logroups, and Rl to R3 indicate river
haplotypes.

all sequences, the 716 haplogroup Al + A2 and the 572
haplogroup Al sequences assigned the highest likeli-
hood to models with Area (5 + 6 + 7) as the origin, but
with different migration paths to Area (1 +2 + 3) and
Area 4 (Table S10, Supporting information).

Second, a more detailed analysis considered the
seven regions defined in Fig. 2. In addition to the full

migration model and a panmictic model, we chose 15
reduced models (Fig. 10). As suggested by the mtDNA
and Y-chromosomal haplogroup distributions (Figs 5
and 8), these 15 models focus on Region 5 as the region
of origin. Models 1A, 1B and 1C assume shortest dis-
tance migration radiating from Region 5, with mixing
of populations along the Yangtze River (model 1B) or in

© 2015 John Wiley & Sons Ltd
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H (2 loci), 0.7 to 1.0 {’\
H (Cytochrome b), 0.3 to 0.84

Fig. 6 mtDNA haplotype diversity of
swamp buffalo populations. H values
(Table S6, Supporting information) have
been calculated for both Cytochrome b
plus control region and for Cytochrome b
only. The ranges of H values represented
by the bars are indicated in the lower left
corner. For all Chinese populations, the
prefix C_ has been omitted for clarity.
BD indicates the combined Bangladesh
populations.
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Color key
Middle and Lower Yangtze
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Yunnan-Guizhou Plateau
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Laos - South Vietnam
Thailand - Far southwest China - Bangladesh YS4A
Thai Wild buffalo
River type, Bangladesh
River type ,Nepal
River type, China

the southeast lowlands (model 1C). Model 2 adds direct
contact of regions 5 and 2. All other models except
models 5 and 8 recognize that migration into the moun-
tainous Region 4 would be easiest along the Yangtze
River from Region 2. Model 3A is the simplest model
with Region 5 as origin and Region 4 populated from
Region 2. Model 3B also incorporates backflow from
Region 1 to Region 3, while model 3C adds flow
from Region 3 to Region 2. Model 4A allows migration
from Region 6 to Region 7, while model 4B adds back-
flow from Region 1 to Region 3. Model 5 is a variant of
4A with direct contact of regions 4 and 5. Models 6A to
7B consider regions 6 and 7, respectively, as the original

© 2015 John Wiley & Sons Ltd

1 mutation

Fig. 7 Median-joining network of 13 Y-
chromosomal haplotypes. Circles indicate
haplotypes; the area of the circles is pro-
portional to the frequency of the corre-
sponding haplotype and the coloured
segments indicate the fraction of samples
originating from the region specified by
the colour key.

Ys2C

domestication site instead of or together with Region 5.
Model 8 allows population of Region 4 across the
Mekong from Region 7.

We used 3 random subsets of 40 individuals per
region to select the seven most probable models
(Table S11, Supporting information). In all three runs,
the full and panmictic models and models 1B, 6A and
7A had the lowest likelihoods. Although the runs did
not give a reproducible ranking of the other models,
correlation coefficients of the marginal log likelihoods
of -0.14, -0.26 and 0.56 allowed a consensus selection of
the seven most probable models. Similar calculations
with haplogroup A sequences generated high rankings
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Color key

Fig. 8 Y-chromosomal haplogroup distri-
butions of river and swamp buffalo pop-
ulations (Table S8, Supporting
information). The area of the circles is
proportional to the number of bulls sam-
pled from each population.

YS4B YS1
YS4A YS2A
YRZOYRl YS3D YS2B
YS3C YS2C

YS3B YS3A YS2D

1-2 bulls
3 -5 bulls
>5 bulls

Fig. 9 Models of gene flow examined
using the program MIGRATE-N, accounting
for three main areas (see Fig. 2 for
Regions 1 — 7). MtDNA haplogroup dis-
tributions are indicated.

Haplogroup |
distributions

for models 1A, 1B and 1C. These imply west-to-east
gene flow along the Yangtze River, which is not
compatible with the haplogroup distributions. The
haplogroup Al sequences also assigned relatively high
ranking to models 1A and 1B, indicating a low power
of these data sets with most mutations in the hypervari-
able control region. Thus, the haplogroup A and Al
data sets were not considered further.

Third, the seven models that ranked highest were
rerun using all sequences and 5 x 107 parameter

samplings (Table S12, Supporting information). This
generated a ranking with model 4B as the most likely
model. Model 2 implying an unlikely west-to-east gene
flow along the Yangtze had the lowest ranking.

Finally, to explore migration models within a smaller
region, possible pathways of gene flow among the 4
populations (C_XL, C_DD, VN_N from Region 5 and
LA N from Region 6) were tested for 11 models
(Fig. 11). Model SC1 showed the best fit to the data
(Table S13, Supporting information). Together with

© 2015 John Wiley & Sons Ltd
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Fig. 10 Models of gene flow examined using the program MIGRATE-N, accounting for seven regions (Fig. 2). A bold line demarcates
the seven models with the highest likelihood. MtDNA haplogroup distributions are indicated.

Region 5 as the most likely origin, this result suggests
that the south China/Indochina border region area was
the original domestication site.

Demographic history

The skyline plot (Fig. 12) of individual haplogroups
shows a remarkably consistent increase in the popula-
tion size for haplogroups SA1, SA2, SB1 and Rl1, a
more recent expansion for haplogroups SB3 and R2
and no detectable or a much later expansion for hap-
logroups SB2 and R3. Assuming that domestication led
to an expansion of the domestic population, we may
derive estimates of the time of domestication from the
first doubling in population size and converting the
timescale in Fig. 12 to a time in years using mutation
rates estimated for the Beringian steppe bison (Shapiro
et al. 2004; 95% confidence interval 0.25 to 0.41/site/
million year) corrected for using a larger mtDNA

© 2015 John Wiley & Sons Ltd

segment (see Table S14, Supporting information).
Combining the upper and lower limits of both the 95%
confidence intervals of the skyline plots (reflecting the
uncertainty due to using a single locus) and the
mutation rates leads for the major swamp buffalo
haplogroup SA1 to an estimated time since the first
expansion of 1107 to 3802 years BP (Table S14,
Supporting information).

Discussion

On the basis of a comprehensive sampling and phyloge-
netic analysis, we have defined mtDNA and Y-chromo-
haplogroups. Haplogroup distributions and
patterns of variation by region and haplogroup allow (i)
to identify differences between the phylogeography of
river and swamp buffalo, and (ii) to reconstruct and,
for mtDNA, to model gene flows during and after

somal

domestication.
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Fig. 11 Models of gene flow examined using the program MIGRATE-N, accounting for four populations on both sides of the south

China border. MtDNA haplogroup distributions are indicated.
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Fig. 12 Skyline plot for the swamp and river buffalo hap-
logroups.

Diversity of maternal lineages

The mtDNA control region and Cytochrome b gene are
both widely used for phylogenetic and population

genetic studies. The water buffalo phylogenies gener-
ated by these two fragments are entirely consistent
(Fig. S3, Supporting information). However, only the
high variability of the control region resolves the Al
and A2 and the B1, B2 and B3 haplogroups, respec-
tively, that are essential for the detection of geographic
trends. On the other hand, the high mutation rate in the
control region leads to homoplasy and a saturation of
the divergence (Alter & Palumbi 2009; Soubrier et al.
2012), which interfere with modelling approaches
(Gerbault et al. 2014).

In our data, we observed relatively high values for
haplotype diversity (H) of the control region and of the
two loci combined of river buffaloes (Table 2) and an
irregular pattern of H values across Chinese swamp
buffalo populations (Table S6, Supporting information,
Fig. 6), in contrast to the patterns based on Cytochrome b
variability. We also identified and analysed Y-chromo-
somal haplotype variation. The strong geographic
differentiation (Fig. 8) confirms the power of paternal
lineages for reconstruction of population history
(Groeneveld et al. 2010).

© 2015 John Wiley & Sons Ltd
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Separate trees of Cytochrome b and the control region
incorporating published sequences from several sources
(Fig. S3, Supporting information) showed an excellent
consistency of the two mtDNA loci and also of our
sequences with those previously published. All
previous swamp sequences belong to the A and B
haplogroups. Our sampling of river buffaloes in
Bangladesh and southwest China covers only a small
part of their broad distribution. However, we found
that previously published sequences (Kierstein et al.
2004; Finlay et al. 2007; Ramadan & El-Hefnawi 2008;
Lei et al. 2011; Yue et al. 2013), which together cover a
large part of the geographic distribution of the river
buffalo, did not define additional haplogroups (Fig. S3,
Supporting information) and that all haplogroups are
present throughout the distribution from China to the
Mediterranean area. Remarkably, river mtDNA from
southwest Asia, Egypt, Europe and South America all
belong to the three haplogroups covered by our limited
sampling of river buffalo. Thus, we can validly
compare the genetic constitutions of river and swamp
buffalo.

First, the branch lengths of the phylogenetic trees
(Figs 3, S2 and S3, Supporting information) and the
diversity parameters (Table 2) show that swamp buffalo
harbour a higher sequence diversity than river buffalo.
This is confirmed by a direct comparison of the Y-chro-
mosomal variation as markers of the paternal lineages
and suggests that the domestication of swamp buffalo
involved a wider sampling of the wild ancestor than
was the case for river buffalo.

Second, the intercontinental dispersal of the three
haplogroups (Fig. S3, Supporting information, Nagara-
jan et al. 2015) indicates a phylogeographic structure of
the maternal lineages of river buffalo that is weaker
than observed for cattle (Lenstra et al. 2014), sheep (Cai
et al. 2011), goat (Naderi ef al. 2007) and even horse
(Vila et al. 2001; Jansen et al. 2002; Cieslak et al. 2010).
We hypothesize that the westward migration of river
buffalo from the Indian subcontinent through Mesopo-
tamia and on to Europe was a more gradual expansion
than for other livestock species and was without
substantial population bottlenecks. This is confirmed by
a gradual and modest decrease in the microsatellite
heterozygosity from 0.71 to 0.78 in India (Kumar et al.
2006) to 0.58 to 0.68 in Italy (Moioli et al. 2001; Elbeltagy
et al. 2008). In contrast, the distribution of the swamp
buffalo mtDNA and Y-chromosomal haplogroups
reveals a remarkable phylogeographic differentiation,
which is further discussed below.

We have investigated the mtDNA diversity pattern of
swamp buffalo on the basis of a broad representation of
Chinese, Indochinese and Bangladeshi populations. Yue
et al. (2013) studied a smaller data set covering Chinese

© 2015 John Wiley & Sons Ltd

populations only, which were proposed to have a weak
phylogeographic structure. In agreement with Yue et al.
(2013) and other previous studies (Lei et al. 2007), we
found a major haplogroup A and a minor haplogroup
B. However, a differentiation of two A and three B
haplogroups, each having one major haplotype
(Table 3), allowed us to detect the appreciable geo-
graphic differentiation mentioned above. This finding is
entirely consistent with previous studies (Yue et al.
2013; Fig. S5, Supporting information) when their data
were reanalysed on the basis of the haplogroups
defined here. In this data set, the highest mtDNA diver-
sity was found in Guangxi (GX, Fig. S5, Supporting
information), which is close to the relatively diverse
south Chinese populations from Xilin (XL) and
Diandongnan (DD) and Vietnam North (VN-N) (Fig. 5).
In southwest Chinese, Thai and Bangladeshi samples
originating west of the Mekong River, we found a hith-
erto unidentified third haplogroup C and in other Thai
samples haplogroups D and E.

Thus, the narrower ranges of our mtDNA
haplogroups indicate a clear matrilocality of swamp
buffalo (Fig. 5). This is remarkable not only because of
the contrast with river buffalo, but also because of the
absence of breed formation or any phenotypic differ-
ences among animals from different regions.

The geographic differentiation of mtDNA in the
Chinese swamp buffalo is strong also in comparison
with other livestock species in China, such as sheep
(Zhao et al. 2013), pigs (Huo ef al. 2016) and horses
(Yue et al. 2012), but is comparable to the situation in
goats (Zhao et al. 2014). For Chinese cattle, the strong
phylogeographic structure (Lenstra et al. 2014) reflects
the presence of both taurine and zebu, cross-fertile
species that are as divergent as swamp and river
buffalo (Yindee et al. 2010).

Maternal gene flow

MtDNA diversity patterns often reveal historic migra-
tion routes, which may date back to the dispersal of the
first domesticates. Genetic variability is expected to
decrease with increasing geographical distance from the
centre of domestication (Groeneveld et al. 2010), unless
there is introgression from the wild ancestor species
outside the domestication site (Larson & Fuller 2014).
Qualitatively, the absence of a haplogroup in a given
region that is still present in neighbouring regions indi-
cates a founder effect during or after gene flow from
the neighbouring regions. Thus, we propose to explain
the observed mtDNA haplotype distributions (Fig. 5)
and the most likely gene-flow models (Figs 9-11, Tables
510-S13, Supporting information) by a series of gene
flows:
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1 starting in the region spanning the China/Indochina
border;

2 then to the northeast via the coastal regions;

3 simultaneously to and along the Yangtze river, down-
stream as well as upstream to populations C_Y]J,
C DC, C DA and C_ER;

4 to the south across the Mekong and further to the
south both east and west of the Mekong;

5 from Thailand and/or Myanmar to C_DH, C_ BL
and Bangladesh.The occurrence of the rare C, D and
E haplotypes and the high diversity west of the
Mekong may then be explained by introgressive
capture of wild cows (Larson & Fuller 2014). This
scenario is compatible with quantitative clines of
diversity (Fig. 6), with the haplotype diversity of
Cytochrome b generating the most regular pattern.
Mismatch distributions (Fig. S4, Supporting informa-
tion), especially that of the SB3 haplogroup, indicate
in agreement with Finlay et al. (2007), recent popula-
tion expansions after the colonization of new regions.
Estimation of female domestication times derived
from mtDNA skyline plots (Table S14, Supporting
information) tends to be shorter than indicated by the
archaeological record, but are subject to a large uncer-
tainty (see also Grant 2015). More reliable are the
relative values for the different haplogroups. Thus,
the shorter time estimates for haplogroups SB3
(swamp buffalo) and R2 (river buffalo) indicate a
more recent expansion in agreement with lower num-
bers of mismatches (Fig. S4, Supporting information)
and for SB3 also with a narrow post-domestic distri-
bution. Remarkably, mismatch analysis suggested a
recent expansion also for the major haplogroup Al,
which is not incompatible with an earlier initial
expansion detected by the skyline analysis.

Y-chromosomal diversity

In spite of clear perspectives for reconstruction of popu-
lation history (Groeneveld et al. 2010; Yindee et al. 2010;
Edwards et al. 2011), there have been few studies of
Y-chromosomal variation in livestock species. Following
up on the studies of Yindee ef al. (2010), we identified
several Y-chromosomal SNPs. Remarkably, the Y-
chromosomal diversity of swamp buffalo is higher than
that of other species, as we identified 11 haplotypes by
sequencing of Y-chromosomal regions (SRY, ZFY and
DBY), clearly more than found in the homologous
sequences from other species: two haplotypes in river
buffalo (this work), cattle (Edwards ef al. 2011) or sheep
(Meadows & Kijas 2009) and three in goats (Pereira
et al. 2009). This appreciable diversity of paternal
lineages does not indicate a horse-like scenario of many

more female than male animals having been
domesticated (Lippold et al. 2011; Wallner et al. 2013).

Analysis of paternal lineages also indicates that only
the southern Chinese populations harbour all major
haplotypes (Fig. 8). This supports the aforementioned
scenario of a domestication that started in south China—
north Indochina and continued west of the Mekong by
incorporating wild females into the domestic popula-
tion. Although sample sizes are small (Table S8,
Supporting information), the high frequency of YSI in
the lower Yangtze River populations (Region 1), in
contrast to its absence in some populations further to
the south (Fig. 8), is likely due to importation of bulls
from southern China, possibly promoted by the devel-
opment of agriculture since the founding of the People’s
Republic of China in 1949 (Qiu 1984).

River buffalo Y haplotypes also were found in some
of these lower Yangtze River populations. Murrah bulls
were imported from India in 1957, Nili Ravi bulls from
Pakistan in 1974 and Mediterranean bulls in 1996. These
bulls or their descendants were used for cross-breeding
programmes (China National Commission of Animal
Genetics Resources 2011). These programmes were soon
abandoned, but presumably left their traces in these
populations. This, as well as river buffalo introgression
in southwest China (C_BL, C_ER and C_GX) (China
National Commission of Animal Genetics Resources
2011; Lei et al. 2011; Yue et al. 2013), has to be taken
into account when comparing autosomal diversity pat-
terns by high-density SNP genotypes or genomic
sequences that are now becoming available.

Recent studies have concluded that there was a single
domestication of rice 8200-13 500 years BP (Molina
et al. 2011) that occurred in the middle region of the
Pearl River valley in Guangxi Province (Huang et al.
2012). This province and surrounding regions also
harbour the highest diversity of maternal and paternal
lineages of the swamp buffalo (Figs5, 8 and S5,
Supporting information; Yue et al. 2013). It therefore
seems plausible that the swamp buffalo domestication
occurred in association with the spread of rice cultiva-
tion (Liu & Chen 2012).

However, definitive evidence for the time and site of
domestication and the subsequent dispersal requires
further studies, particularly for samples from south
China and northern Indochina that include whole
mtDNA sequences and autosomal markers.

Conclusions

We observed striking differences between swamp and
river buffalo in the diversity patterns of the maternal
and paternal lineages, with diversity much higher for
the swamp type. For the swamp buffalo, both the
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mtDNA and the Y-chromosomal diversity indicate a
domestication of the swamp buffalo in the border
region of south China and north Indochina. In contrast
to the evidence for the domestication sites of other
common livestock species, which is based on both
archaeological and molecular evidence, our conclusions
are based primarily on DNA analyses. It is also remark-
able that the diversity on the DNA level is not accom-
panied by phenotypic differentiation among populations/
breeds, as observed in most other livestock species. It
will be interesting to see whether analysis of autosomal
DNA reveals a geographic distribution of adaptive
variation.
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