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Summary

Swamp and river buffalo mitochondrial DNA
(mtDNA) was sequenced for 303 bp of the
cytochrome b gene for 54 animals from 14
populations, and for 158 bp of the D-loop region
for 80 animals from 11 populations. Only one
cytochrome b haplotype was found in river
buffalo. Of the four haplotypes identified in
swamp buffalo, one found in all populations is
apparently ancestral both to the other swamp
haplotypes and to the river haplotype. The
phylogenetic relationships among the 33 D-
loop haplotypes, with a cluster of 11 found in
swamp buffalo only, also support the evolution
of domesticated swamp and river buffalo from
an ancestral swamp-like animal, most likely
represented today by the wild Asian buffalo
(Bubalus arnee). The time of divergence of the
swamp and river types, estimated from the D-
loop data, is 28 000 to 87 000 years ago. We
hypothesise that the species originated in main-
land south-east Asia, and that it spread north to
China and west to the Indian subcontinent,
where the rive type evolved and was domes-
ticated. Following domestication in China, the
domesticated swamp buffalo spread through
two separate routes, through Taiwan and the
Philippines to the eastern islands of Borneo and
Sulawesi, and south through mainland south-
east Asia and then to the western islands of
Indonesia.

Keywords: Bubalus bulabis, buffalo evolution,
control region, cytochrome b, D-loop, genetic
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Introduction

The water buffalo of Asia (Bubalus bubalis) has
been classified on morphological and beha-
vioural criteria into two types (Macgregor
1939): the river buffalo of the Indian subconti-
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nent and west to the Balkans and Italy, and the
swamp buffalo of south-east Asia, from Assam
and Nepal east to the Yangtze valley of China.
These types differ in chromosome number
(Ulbrich & Fischer 1967; Fischer & Ulbrich
1968): swamp, 2n = 48, river, 2n = 50, and for
allele frequencies at protein-coding loci (Amano
1983; Barker et al. 1997a) and at microsatellite
loci (Barker et al. 1997b).

Previous studies of mitochondrial DNA
(mtDNA) variation using restriction fragment
length polymorphism (Amano etal. 1994;
Tanaka et al. 1995) have shown genetic differ-
ences between the two types, and have con-
sidered their origin, divergence and domestica-
tion. We present here results for DNA sequence
variation in mtDNA control region (D-loop) and
cytochrome b. The D-loop is the most variable
portion of the mammalian mtDNA genome, and
is commonly variable at the intraspecific level,
making it useful for studies of genetic variability
among populations and phylogenetic analysis,
while cytochrome b usually has only moderate
levels of intraspecific variation. Thus our aims
are to compare D-loop variation, particularly
among swamp type populations, with our
previous studies of protein-coding and micro-
satellite loci (Barker et al. 1997a,b), and to
compare the swamp and river types for cyto-
chrome b variation.

Materials and methods

Sample collection

Samples from 80 animals were used to obtain
mtDNA D-loop sequences, and from 54 animals
for cytochrome b sequences, with 30 animals
common to both sets (Table 1). Animals from
populations in Thailand other than Surin were
included for cytochrome b analysis after three
different haplotypes were found in four animals
from Surin (Table 1). For each population, the
animals assayed were a subset of those used by
Barker et al. (1997a), see their Fig. 1 for the
location of each population. Although Lankan
buffalo are phenotypically swamp type, pre-
vious studies (Barker et al. 1997a,b; and refer-
ences therein) have shown them to be clearly
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Table 1. Populations and numbers of animals assayed for D-loop and cytochrome b sequence variation, and

frequencies of each of the cytochrome b haplotypes

Population No. of animals Cyt b haplotype frequencies
D-loop Cytb Swamp 1 Swamp 2 Swamp 3 Swamp 4 Murrah 1

Thailand

Chiang Mai - 7 2 4 1

Kam Paeng Seng - 2 2

Surin 7 4 1 1 2

Hat Yai - 1 1
Malaysia

Trengganu 7 5 3 2

Sabah 8 3 3

Sarawak 8 4 4
Philippines 7 4 4
Indonesia

Bogor 7 4 4

Sulawesi 9 4 4
Australia 4 4 4
Sri Lanka South 8 3 3
Murrah

Sri Lanka 5 5 5

Malaysia 10 4 4
Total 80 54 32 5 4 1 12

river type, and they are included with the two
Murrah populations as river buffalo in all
analyses here.

DNA extraction

Blood collection and treatment was as described
by Barker et al. (1997a). DNA was prepared
from buffy coat cell mixtures that were obtained
by centrifugation of fresh whole blood. Buffy
coat cells were removed from the blood sample
by aspiration, and stored at —70 °C. For DNA
extraction, 25 pl of buffy coat cells were mixed
with 0-5 ml of 1x TE (10 mm Tris—HCI pH 8.0,
1 mm EDTA) by brief vortexing and spun for
30 s on a bench microfuge at room temperature.
The pellet was resuspended in 0-5 ml TE and
spun as before. After discarding the super-
natant, the pellet was dissolved in 100 pl
proteinase K solution (0-1 mg/ml proteinase K
in 10 mm EDTA) and incubated at 56 °C for
45 min, followed by an incubation at 95 °C for
10 min to deactivate the protease. Each sample
was extracted with a phenol/chloroform/iso
amyl alcohol mix, precipitated in ethanol, and
resuspended in 1x TE. The DNA solution was
stored at 4 °C until used.

Polymerase chain reaction and sequencing: D-
loop

Two compatible oligonucleotide primers were
designed from the bovine mitochondrial D-loop
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sequence, viz. Bov A (5'-GAC CTC TAT AGC
AGT ACA TA-3') and Bov B (5'-CAT TAG TCC
ATC GAG ATG TC-3'). These primers were
positioned at 16 047-16 066 bp and 16 326—
00007 bp, respectively, in the bovine mitochon-
drial sequence (Anderson et al. 1982), and were
used in a PCR to generate a fragment of the
mitochondrial DNA from a sample of Murrah
buffalo DNA. This fragment was cloned into a
pUC-18 vector and sequenced. From this
sequence, two buffalo specific oligonucleotide
primers were derived for all subsequent PCR
and sequencing analysis on buffalo DNA, viz.
Buff2A (5'-CAT GCA TGA TAG TAC ATA GTA-
3’) and Buff2B (5’-GAG ATG GCC CTG AAG
AAA GAA C-3'). Primers positioned within the
Buff2A-Buff2B sequence were used for all
sequencing analysis of the buffalo mitochon-
drial derived PCR fragments. The sequencing
primers were: Buff3A (5'-GTA CAT AGC ACA
TTT AAG AC-3') and Buff2B.

The mixes for PCR were: 60 ng DNA, 150 uM
of each dNTP, 2:0 mm MgCl,, 1x reaction buffer
(50 mm KCl, 10 mm Tris—HCI, pH 8-3), 100 ng of
each primer, 5 units of faq polymerase (Perkin
Elmer, Branchburg, NJ) in a reaction volume of
50 pl. PCR thermal profiles consisted of a single
2 min cycle at 95 °C, followed by 35 cycles of
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s,
and concluded with a single cycle of 72 °C for
5 min. A PHC-2-Dri-Block cycler connected to a
CH5/PC chiller and pump (Techne, Duxford,
Cambridge, UK) was used for temperature
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cycling. The PCR products from each sample
were purified prior to sequencing analysis in a
CHROMA SPIN-100 chromatography column
(CLONTECH, Palo Alto, CA) according to the
manufacturer’s instructions, and the sample
recovered in 50 pl of 0-1x TE.

The purified samples generated from the PCR
were sequenced using the CircumVent Thermal
Cycle Dideoxy Sequencing kit (New England
Biolabs, Beverly, MA) with Ventg(exo-) DNA
polymerase, with sequencing reactions initiated
with 1-2 pmol of Buff2B primer that had been
end-labelled with [y-**PJATP (2000 Ci/mmol,
10 mCi/ml) (NEN DuPont, Boston, MA). The
thermal profile used was: 95 °C for 1 min,
followed by 25 cycles of 94 °C for 30 s, 55 °C
for 30s, 72 °C for 45 s. The sequencing pro-
ducts were electrophoresed in 45 cm x 30 cm x
0-4 mm 8% (w/v) denaturing (8 m urea) poly-
acrylamide gels in 1 x TBE, then the gels were
dried and autoradiographed. Analysis of the
sequence ladders was carried out manually by
at least three independent reads. For 34 of the
sequences, one or more nucleotide positions
showed double bands with similar intensity
which could not be clearly differentiated. These
double bands were observed for A and G, C and
T,and A and T, and these bases were designated
as ‘7" (unknown) for sequence analysis.

Polymerase chain reaction and sequencing:
cytochrome b

Amplification of the cytochrome b fragment and
sequencing were done as described by Lau et al.
(1995).

DNA sequences of the D-loop and of cyto-
chrome b were separately aligned with the
bovine sequence (Anderson et al. 1982), using
the default options of CLUSTAL W 1-4 (Thomp-
son et al. 1994). The 158 bp D-loop sequence
corresponds to nucleotides 16 089-16 245 of
the bovine mtDNA sequence, while the 303 bp
cytochrome b sequence corresponds to nucleo-
tides 14 613-14 915 (position numbers as in
1982). GenBank accession
numbers for the cytochrome b sequences
Swamp 2 and Murrah 1 are X78960 and
X84906, respectively, and for the D-loop Aust
1 sequence is AF016397.

Anderson et al.

Statistical analyses

In all analyses of D-loop haplotype differences,
pair-wise deletion was used to allow for missing
bases. Thus the number of nucleotide differ-
ences between haplotypes, for any pair where
bases are missing, are minimum estimates.
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Intraspecific variation was summarised by com-
puting haplotype diversity (h) and nucleotide
diversity (mw) (Nei & Tajima 1981; Nei 1987)
using the REAP computer package (McElroy
et al. 1991). Relationships among D-loop haplo-
types were inferred in two ways. First, as the
mean Jukes—Cantor estimate of the number of
nucleotide substitutions per site between the
different sequences was 0-06, and the transi-
tion/transversion ratio was 6-0, we followed the
guidelines of Kumar et al. (1993) and used the
Kimura two-parameter model (Kimura 1980) to
estimate nucleotide divergence between all
pairs of haplotypes. These then were used to
generate a neighbour-joining tree (Saitou & Nei
1987), as implemented in the MEGA computer
package (Kumar ef al. 1993). Second, a mini-
mum spanning tree (Prim 1957), based on the
number of nucleotide differences between each
pair of haplotypes, was produced using the
MST program in the NTSYS package (Rohlf
1988). Nucleotide divergence between popula-
tions (da; Nei 1987; Eqn. 10-21) was estimated
using REAP, and a neighbour-joining tree then
generated using MEGA. Nucleotide divergence
(dp) was estimated by dj = dxy — (dx + dy)/
2,where dxy is the average number of nucleotide
substitutions between DNA haplotypes from
populations X and Y, and dx and dy are the
average numbers of nucleotide substitutions for
a randomly chosen pair of haplotypes in each
population. However, Nei (1985) indicated that
the pattern of population differentiation may be
inferred using dxy, which has a smaller coeffi-
cient of variation than d,. Thus dxy estimates
(also from REAP) were used in MEGA to
generate a neighbour-joining tree. Population
differentiation also was assessed using (i) the
exact test (Raymond & Rousset 1995a) in the
GENEPOP package (Raymond & Rousset 1995b,
1997), with significance levels determined by
applying to the probability levels calculated by
GENEPOP the sequential Bonferroni procedure
(Hochberg 1988; Lessios 1992), and (ii) ¢sr
estimated from all pair-wise population com-
parisons by AMOVA (Excoffier ef al. 1992;
Excoffier 1995).

For cytochrome b, nucleotide divergence
between pairs of haplotypes estimated as the
proportion of nucleotide differences (p dis-
tance), Jukes—Cantor distance or Kimura two-
parameter distance were all essentially the
same. Thus a neighbour-joining tree was gener-
ated using only the p distances.

Estimates of nucleotide divergence between
populations (d) and assumed rates of nucleo-
tide substitution per site per year (\) for the D-
loop region were used to estimate the time of
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Murrah 1

Murrah 2

38 Swamp 4

Swamp 2
Swamp 3

Swamp 1

Bovine

Fig. 1. Neighbour-joining tree for six cytochrome b haplotypes of water buffalo, with the bovine sequence as an

outgroup. Numbers on the nodes are percentage bootstrap values from 1000 replications, and a scale bar for

branch lengths is shown.

divergence (f, in years) between the swamp and
river buffalo types, and among some of the
swamp populations, where d, = 2\t (Nei 1987;
Eqn. 10-22).

Results

Cytochrome b

Our sequencing of a 303-bp portion of cyto-
chrome b revealed five haplotypes and five
polymorphic nucleotide positions (Table 2). An
additional haplotype (designated Murrah 2 in
Table 1) was found in a cytochrome b sequence
obtained from GenBank (accession no. D34638;
Kikkawa et al. unpublished). This haplotype
includes a transversion substitution at nucleo-

tide position 14 909, but the other five variable
positions are transition substitutions. All of the
nucleotide substitutions were silent, with no
changes in amino acid composition.

The haplotype Murrah 1 was found only in
river buffalo (Murrah and Lankan), and all other
haplotypes in swamp buffalo only. River and
swamp buffaloes differed diagnostically at two
nucleotide (14 726 and 14 867;
Table 2). In swamp buffalo, all four haplotypes
were found in the mainland Asian populations
(Thailand and Peninsular Malyasia), but only
the most common of these (Swamp 1) was
present in the island populations of south-east
Asia and in Australia.

The neighbour-joining tree of the six haplo-
types (Fig. 1) shows a clear separation of those

positions

Table 2. Polymorphic nucleotide sites for six cytochrome b haplotypes observed in 54 swamp and river buffalo, and for the bovine sequence

(sites variable only for buffalo vs. bovine indicated by * below the bovine sequence)

Nucleotide position

111
444
666
112
584

SWAMP 1 CTA

SWAMP 2

SWAMP 3

SWAMP 4

MURRAH 1

MURRAH 2

BOVINE TCG

* kK

111 111 111 111 111 111
444 444 444 444 444 444
666 677 777 7717 777 888
234 501 112 344 588 012
792 481 276 817 006 172
CCG Ccc GCG TAT TAC AAC
LT .
.T. LT,
.T.
LT ..A
LT ..A

ATT ATA CCcC CGT GTT
* K * K * % * * K * kK * * K

111 111 111 111 11
444 444 444 444 44
888 888 888 888 99
233 355 677 777 01
814 758 701 347 92
AAT Cccc CAC ATG AG

.T

.T

T.T T

GTC TTT .T. GCA CA
* x K * kK * * kK *

The nucleotide positions are those for the bovine sequence (Anderson et al. 1982)

© 1998 International Society for Animal Genetics, Animal Genetics 29, 253-264



Table 3. Polymorphic nucleotide sites for 33 D-loop haplotypes observed in 80 swamp and river buffalo, and for the bovine sequence (sites
variable only for buffalo vs. bovine indicated by * below the bovine sequence)

Nucleotide position

11111 11 1111111 1111111111 1111111111 1111111111 1111111111
66666 66 6666666 6666666666 6666666666 6666666666 6666666666
00000 00 1111111 1111111111 1111111111 1111111111 1222222222
89999 99 0011111 1112222233 3333334444 6666688999 9001223334
90123 45 1912346 7891256701 2345671237 2345626234 7049890121
Swamp and river
Aust 1 CATAG CATACATTCT ATCACGCG-- —————— CTTC GATCACCTTC GATCGTTATA
Aust2 ... L .. C e e e T ... T. .G....C...
Swamp only
Aust 3 ..AL. GC..G.C. [ A.. e C.T Covinnn. AGC.ACCT..
Aust4 ... L., 2.2 e e C.ov e e C..
Phil1 ..., ?GC..G...C F 2.7 I B4 ?G. c?
Phil2 ..., TGC..G.C.C GC..... A.. e, C. Geviin AG....CT
Phil3 ... Lo, 2 ?....C..
Phil 4 Tt e e 2 e G. 2. ...
Phil5 ... ... 2 .. A.. .. 2 .. 2., G....2...
Phile ... ... ? Gevnn 2N .G....C..
Phil7z ..., T .G.?.C GC..... 20 .. C. e .G....C..
Bogor 1 ...CA T....2...C 2C. e e C. J .G....C..
Sula1 ... L. G et e e e e e e 2...
Sula 2 ...C. TGC..G.C.C 2 A.. e C. P AG....C?..
Sulaz ... GC..G.C Gevunnn A.. ... C.T Covinnn. AGC.ACCT..
Thai1  ..... . R 20 .. 2.2 ... T. ?G....C...
Thai2  ..... TGC..G.C.. GC..T..A.. .. T Cuovnnnn AGC.A.CT..
Thai 3 TCG. . C..G.C.. Gevuvnn A.. e, C.T Counn. ? AGC.ACCT. .
Thai4 ... ..., C e e T.C. ... F .G....C...
Thais ..... G .cc.c [ A.. e T .. AGC.AC.T..
Thai6  ..... ... C e e c? I B ?G....C...
Sabah1 ..... A o Gevinnn Bov e e N
Sara 1 T.... TGC..G.C.C GC..... A.. ... C.. Goviin AG....CT..
Sara2  ..... T e C e e T TT. .G....C...
Sara3  ..... .. C e e T e G .CT
River only
SriL1 ... . Cuiii e e T.T. G...CC.
StiL 2 e e e cC..
SriL M1 ..., ... C e e T. .G....C
SriL, M2 ... ... C e e T ... T. .G.T..C
Sril M3 L. e e T ... T. .G. C
Mal M1 ... ... C e e T ... T. I
Mal M2 ... .. C e e e e e
Mal M3 ... ... TC e e T ... T.... .G....C.
BOVINE  ..... T.-TT..... GATGTATCTT ATATATT.AT T GCT G..AAACCC
* % **x xk Kk Kk * kK k Kk k * * % * %

Nucleotides labelled ? were scored as missing because of double bands of similar intensity. The nucleotide positions are those for the bovine

sequence (Anderson et al. 1982)

found in river and in swamp buffalo, but no
strong support for the pattern of relationships
among those found only in swamp buffalo.

D-loop

Thirty-three D-loop haplotypes were observed
(Table 3), and including the bovine sequence,
there are 55 variable sites in the total of 158
nucleotides. In the buffalo, 36 sites were
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polymorphic, while 19 additional sites (includ-
ing the buffalo deletion at 16 130-16 137)
differed between buffalo and bovine. The single
inserted nucleotide in the buffalo sequences is
between positions 16 099 and 16 100 in the
bovine sequence. Because of missing nucleo-
tides at site 16 194, this site also may be variable
only for bovine vs. buffalo, and not poly-
morphic in buffalo. Also because of missing
nucleotides, either Thai 1 and Phil 5, or Thai 1



Table 4. Frequencies of 33 D-loop mitochondrial haplotypes in 11 populations of water buffalo

Population
Swamp buffalo River buffalo
Sri Lanka Murrah Murrah

Surin Trengganu Sabah Sarawak Philippines Bogor Sulawesi Australia South Sri Lanka Malaysia Overall
Haplotype (7)*  (7) (8) (8) (7) (7) (9) (4) (8) (5) (10) frequency
Aust 1 - - - - - 0-714 - 0:250 0-625 0-200 - 0-1500
Aust 2 0-143 - - 0-125 - - 0-111 0-250 0-125 0-200 0-700 0-1625
Aust 3 - - - - - - - 0-250 - - - 0-0125
Aust 4 - - - . . - - 0-250 - . . 0-0125
Phil 1 - - - - 0-143 - - - - - 0-0125
Phil 2 - 0-143 0-250 0-500 0-143 - 0-556 - - - 0-1625
Phil 3 - 0-714 0-125 - 0-143 0-143 — - - - 0-1000
Phil 4 - - - - 0-143 - - - . . 0-0125
Phil 5 - - - - 0-143 - - - - - 0-0125
Phil 6 - - 0-500 - 0-143 - - - - - 0-0625
Phil 7 — - - - 0-143 - - - - - 0-0125
Bogor 1 - - - - - 0-143 - - - - 0-0125
Sula 1 - - - - - - 0-111 - - - 0-0125
Sula 2 - - - - - - 0-111 - - - 0-0125
Sula 3 - 0-143 - - - — 0-111 - - - 0-0250
Thai 1 0-143 - - - - - - - - - 0-0125
Thai 2 0-143 - - - - - - - - - 0-0125
Thai 3 0-143 - - - - - - - - - 0-0125
Thai 4 0-143 - - - - - - - - - 0-0125
Thai 5 0-143 - - - - - - - . . 0-0125
Thai 6 0-143 - - - - - - - - - 0-0125
Sabah 1 - - 0-125 - - - - - - - 0-0125
Sara 1 - - - 0-125 - — - - - - 0-0125
Sara 2 - - - 0-125 - - - - - - 0-0125
Sara 3 - - - 0-125 - - - - - - 0-0125
SrilL 1 - - - - - - - 0-125 - - 0-0125
SrilL 2 - - — - - - - 0-125 - - 0-0125
Sril. M1 - - - - - - - - 0-200 - 0-0125
Sril. M2 - - - - - - - - 0-200 - 0-0125
Sril. M3 - - - - - - - - 0-200 - 0-0125
Mal M1 — - - - - - - - - 0-100 0-0125
Mal M2 - - - - - - - - - 0-100 0-0125
Mal M3 - - - - — - - - - 0-100 0-0125

*Number of animals sampled from each population.

and Sril. M1 could be the same haplotype. For
each of sites 16 091 and 16 116, two mutations
have occurred in the water buffalo, as three
different nucleotides were found. The frequen-
cies of each haplotype in each population and
overall are given in Table 4. A striking feature of
these frequencies is the high proportion (27/33)
that were found in only one population.
Haplotype and nucleotide diversities are
given in Table 5. Two of the three most common
haplotypes (Aust 1 and Aust 2) were found in
both swamp and river buffaloes, 23 haplotypes
were found in swamp only, and eight in river
only, but haplotype diversities are not signifi-
cantly different (t=1-636, P < 0-2) between
swamp and river buffalo. Within population
haplotype diversities were highest for Surin,
Philippines, Australia and Sri Lanka Murrah,

© 1998 International Society for Animal Genetics, Animal Genetics 29, 253-264

where for each of these populations, each
animal sampled had a different haplotype.
Overall haplotype and nucleotide diversities
were 0-917 and 0-053.

The relationships among the 33 haplotypes
(Fig. 2) show two major clusters, one of 11
found in swamp buffalo only, and the remaining
22 that include haplotypes found in swamp
only, river only, and in both swamp and river
buffalo. Although the bootstrap support for
separation of these clusters is low, the same
separation and essentially the same tree was
obtained using the p-distance and Jukes—Cantor
distance with MEGA, and a similar separation
using the DNADIST program in PHYLIP (Fel-
senstein 1993). The genealogical mixing of
haplotypes from both swamp and river buffalo
in the second cluster must reflect polymorph-



Table 5. Haploytpe diversity (h) and nucleotide diversity () estimated from
mtDNA D-loop sequence for each population of swamp and river buffalo

Buffalo type/ Number Haplotype Nucleotide

population of haplo- diversity diversity

types (h = SD)

Swamp 25 0-9135 = 0-:0224 0-:0561
Surin 7 1-0000 = 0-0764 0-0749
Trengganu 3 0-5238 = 0-2086 0-0487
Sabah 4 0-7500 = 0-1391 0-:0355
Sarawak 5 0-7857 = 0-1508 0-:0545
Philippines 7 1-0000 = 0-0764 0-:0380
Bogor 3 0-5238 = 0-2086 0-0169
Sulawesi 5 0-7222 = 0-1592 0-0518
Australia 4 1-0000 + 0-1768 0-0714

River 10 0-7984 = 0-:0667 0-0203
Sri Lanka 4 0-6429 = 0-1841 0-0195
Murrah Sri Lanka 5 1-0000 + 0-1265 0-0192
Murrah Malaysia 4 05333 + 0-1801 0-0079

Overall 33 0-9174 = 0-0157 0-0526

__52_|—_Bogor 1

Phil 7

Phil 1
o7 | Phil2
—70_,—‘— Sara 1
Sula 2
Thai 5
51 —— Thai 2

= Thai 3
85 I: Aust 3
51'sula 3

Phil 6

Sabah 1

Phil 5

—— Sara 3
Sara 2
Aust 2**
SriL M2*
Mal M3*
— Mal M1*
SrilL M3*

SriL 1*

Thai 1
SriL M1*
Thai 4
54l Thai 6
Phil 3
Aust 4
Sril 2*
Aust 1**
Phil 4
Sula 1
Mal M2*

- 1
0

Bovine

Fig. 2. Neighbour-joining tree for 33 mtDNA D-loop haplotypes of water buffalo,
with the bovine sequence as an outgroup. Numbers on the nodes are percentage
bootstrap values from 1000 replications (only those greater than 50% are shown),

and a scale bar for branch lengths is shown. **Haplotypes found in both swamp
and river buffalo; *haplotypes found in river buffalo only.

© 1998 International Society for Animal Genetics, Animal Genetics 29, 253-264

ism in the ancestral population (Nei 1987), but
the generally low bootstrap values preclude
interpretation of the haplotype relationships.

However, the minimum spanning tree (Fig. 3)
gives these evolutionary relationships, in show-
ing putative ancestral-descendant patterns. The
cluster of haplotypes found only in swamp
buffalo (diverging from Phil 1), is closest to the
bovine, and is clearly separated (cluster A),
while the remaining haplotypes cluster on Phil
5 (cluster B) and Phil 3 (cluster C). Haplotypes
that were found in more than one population
occur in each cluster, namely Sula 3 and Phil 2
in cluster A, Aust 2 and Phil 6 in cluster B, and
Aust 1 and Phil 3 in cluster C. Although these
shared haplotypes generally do not occur only
in geographically close populations, Phil 2
(cluster A), Phil 6 (cluster B) and Phil 3 (cluster
C) were found predominantly in the eastern
island populations of the Philippines, Sabah,
Sarawak and Sulawesi.

Estimates of nucleotide divergence between
populations (Table 6) and the neighbour-joining
tree derived from them (Fig. 4) show the pop-
ulations grouped into two clusters. Although
the relationships among the populations show
some congruity with their geography, Bogor is
clearly exceptional in clustering with the three
river buffalo populations. In contrast, while the
neighbour-joining tree derived from dxy diver-
gences (Fig. 5) still shows Bogor clustered with
the river buffalo populations, the pattern of
relationships among the other swamp buffalo
populations is more congruent with their
geography, and the known origin of the Aus-
tralian population from Indonesia (Barker et al.
1997a,b). In pair-wise tests of population differ-
entiation (Table 7), 30 of 55 had P-values less
than 0-05, but only three of these were sig-
nificant after applying the Bonferroni proce-
dure. However, estimates of &gt (Table 7) show
more extensive population differentiation, par-
ticularly between the swamp and river popula-
tions.

AMOVA analyses showed significant differ-
ences between the swamp and river types, and
among populations within the swamp type, but
not the river type. For the regional grouping of
populations, based on type and then within the
swamp type, combining geography and popula-
tion differentiation, the variance among popula-
tions within regions was not significant. The
between regions variance, although significant,
did not indicate very strong structuring.

Estimation of divergence times

The average d, distance between swamp and
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Maim2)
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Fig. 3. Minimum spanning tree showing the network of interrelationships among the 33 mtDNA D-loop
haplotypes. Capital letters (A, B and C) identify the clusters referred to in the text. Haplotypes in bold are those
found in more than one population. **Haplotypes found in both swamp and river buffalo; *haplotypes found in

river buffalo only. Ticks indicate the inferred number of mutational steps between pairs of haplotypes.

river buffalo populations (Table 6) is 0-0206.
Using an average evolutionary rate estimated
from human D-loop data of 0-118 x 10™® sub-
stitutions per site per year (Stoneking et al.
1992), the divergence time estimate is
~87 000 bp. However, this assumes that evolu-
tionary rates are similar in humans and water
buffalo. As nuclear DNA apparently evolves
faster in cattle than in humans (Li et al. 1990;
Bulmer et al. 1991), so too might mtDNA evolve
faster in cattle and in other species of the tribe
Bovini (including Bubalus bubalis, the water
buffalo). Using the average sequence divergence

between African and European breeds of cattle
of 0-0073 (Loftus et al. 1994), and assuming this
has accumulated largely since domestication
(=10 000 years ago), the evolutionary rate estimate
for cattle is 0-365 x 10°° substitutions per site per
year (i.e. about three times the rate for humans). On
this basis, the swamp-river divergence time is
~28 000 bp. As a second approach to scaling time
and evolutionary rates, we have used the time of
domestication of the swamp buffalo in China at
about 7000 bp (Chen & Li 1989), and its likely
separate spread south through mainland Asia and
through the Philippines (Barker et al. 1997b).

Table 6. Matrix of d, distances (D-loop nucleotide divergence between populations) among 11 water buffalo populations

Swamp River
Murrah Murrah
Trengganu Sabah  Sarawak Philippines Bogor  Sulawesi Australia Sri Lanka Sri Lanka Malaysia
Surin —0-0022 0-0055  0-:0097 0-0031 0-0214 0-0133 —0-0078 0-0191 0-0109 0-0138
Trengganu 0-0005 0-0101 —0-0041 0-0053 0-0137 -0-0104 0-0055 0-0063 0-0132
Sabah 0-0083 —0-0030 0-0174 0-0115 0-0021 0-0202 0-0188 0-0248
Sarawak 0-0035 0-0418 —-0-0038 0-0125 0-0462 0-0375 0-0397
Philippines 0-0109 0-0083 —0-0035 0-0134 0-0115 0-0172
Bogor 0-0486 0-0017 —0-0007 0-0100 0-:0196
Sulawesi 0-0158 0-0538 0-0499 0-0540
Australia 0-0006 0-0010 0-0070
Sri Lanka 0-0064 0-0157
Murrah Sri Lanka —0-0001
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Fig. 4. Neighbour-joining tree for 11 water buffalo populations, based on nucleotide divergence (d) between

populations, with negative divergence estimates set to zero. A scale bar for branch lengths is shown.

Assuming the divergence between the Surin
and Philippines population (0-0031; Table 6)
has accumulated since this split to different
dispersal routes, using the human rate gives an
estimate of this separation of ~13 000 bp. In
contrast, the faster rate derived from the cattle data
gives an estimate of ~4000 bp, much more in accord
with the presumed time of domestication and
spread in conjunction with rice cultivation (Bell-
wood 1992).

Discussion

Cytochrome b haplotypes are distinct in the
swamp and river buffalo, with four found in
swamp only and two in river buffalo only
(Fig. 1). The phylogenetic relationships of the
four haplotypes found in swamp buffalo are not
clearly defined (low bootstrap support for these
nodes in Fig. 1). However, Swamp 1 is clearly
ancestral, as it was found in all swamp buffalo
populations, and it appears to be ancestral also
to the river buffalo haplotypes. This phylogeny,
together with the presence of all four swamp
haplotypes in Thailand, suggests that the spe-
cies may have originated in this area of main-

land south-east Asia, and subsequently spread
north to China, and west to the Indian sub-
continent, where the river type evolved. This
suggested evolution of the river type from an
ancestral swamp-like animal is further sup-
ported by the morphological similarity of the
swamp type to the wild Asian buffalo (Bubalus
arnee), and by the finding that the phenotypi-
cally swamp type Lankan buffalo are genetically
river type (Amano et al. 1982; Barker et al.
1997a,b), and thus represent the type of buffalo
from which the present breeds of river buffalo of
the Indian subcontinent were derived (Barker
et al. 1997a). The phylogeny of the D-loop
haplotypes (Figs 2 and 3) provides further
strong support for this hypothesis. The neigh-
bour-joining tree (Fig. 2) shows two major
clusters, one of haplotypes found in swamp
buffalo only (also seen as cluster A in Fig. 3),
and one of haplotypes found in both swamp and
river buffalo (the derived clusters B and C in
Fig. 3). Most significantly, all haplotypes that
were found only in river buffalo occur as
terminal tips (i.e. most recent) in the minimum
spanning tree (Fig. 3). Tanaka et al. (1996),
using complete cytochrome b sequences, also

Bogor
{ Sri Lanka South
Murrah Sri Lanka
{ Murrah Malaysia

Australia

Trengganu

Surin

Sabah
Philippines

Sarawak

r 1
0 .01

Sulawesi

Fig. 5. Neighbour-joining tree for 11 water buffalo populations, based on average number of nucleotide
substitutions between populations (dxy). A scale bar for branch lengths is shown.
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Table 7. Tests of population differentiation (i) above diagonal — significant P-values from exact tests using GENEPOP (P-values in italics
indicate the only comparisons that were significant after applying the sequential Bonferroni procedure), and (ii) below diagonal — estimates
of ¢ gt obtained using AMOVA

Swamp River
Murrah  Murrah

Surin Trengganu Sabah Sarawak Philippines Bogor Sulawesi Australia Sri Lanka Sri Lanka Malaysia
Surin 0-022 0-038 - - 0-020 0-030 - 0:025 - 0-038
Trengganu -0-031 0:035 0:025 - 0-015 0-:016 0-044 0-003 0-029 0-001
Sabah 0-107 0-023 - - 0-003 0-044 - 0-002 0-048 0-:001
Sarawak 0-139 0-166 0:-162*** - 0-006 - - 0-005 - 0-006
Philippines 0-:054 —-0-100 —0-086 0-:070 0-021 - - 0-025 - 0-006
Bogor 0-319*** 0:135 0-388*** (0-524*** (0-282* 0-003 - — — 0-001
Sulawesi 0-185 0-213 0-206 —-0-075 0-146 0:-559*** - 0-003 - 0-004
Australia —-0-118 —-0-189 0-098 0-190* —-0-029 0-121 0-233 - - -
Sri Lanka 0-301*** 0-140* 0-414*** 0-546*** 0-316*** —0-042 0-583*** 0-100 — 0-003
Murrah Sri Lanka 0-144 0-123 0-372* 0-455* 0-257* 0-363** 0-532*** 0-052 0-245 -
Murrah Malaysia 0-307*** 0-370*** (0-554*** (-581*** (-471*** 0-636*** 0-649*** (0-339*** (0-548*** 0-041

*P < 0-05, **P < 0-01, ***P < 0-001.

have shown a close phylogenetic relationship
between the river type and the Sri Lankan wild
buffalo, and have suggested that the wild
buffaloes of the Indian subcontinent were the
source of the river type. This agrees with our
results, but we note that in our hypothesis, the
wild Sri Lankan buffalo do not represent the
ancestor of both the swamp and river types. The
wild Asian buffalo (Bubalus arnee), which may
still exist in Assam, Nepal and Indochina
(Mason 1974), more likely is the ancestor of
both the swamp and river types, but genetic data
to support this hypothesis is lacking.

The time of divergence of the swamp and
river types has been estimated as at least
10 000—15 000 years ago (Barker et al. 1997b),
28 000—87 000 years ago (this paper, D-loop
divergence), 700 000 years or more (Tanaka
et al. 1995), within the last 1 Myr (Amano
et al. 1994), and 1.7 Myr (Tanaka et al. 1996).
This variation in estimated divergence times is
likely a function of the different rates of
evolution of the genes and sequences used,
while the longer estimates based on single genes
may be overestimates, as the time of gene
splitting may be much earlier than the time of
population splitting (Takahata & Nei 1985).
However, genetic divergence of the two buffalo
types is not just a function of domestication,
which has taken place much more recently.
Buffalo had apparently been domesticated in
India 5000 years ago and in China 4000 years
ago (Cockrill 1974), although Chen & Li (1989)
suggest domestication in China at least
7000 years ago.

The genetic relationships among the 11
populations, based on nucleotide divergence
for the D-loop haplotypes (Fig. 4), do not accord
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well with their relationships derived from
microsatellite or protein coding loci (Barker
et al. 1997b). However, Barker et al. (1997b)
noted that the relationships based on protein
coding loci were distorted by bottleneck effects
on some populations. The unexpected cluster-
ing here of the Bogor swamp population with
the river buffalo populations is due primarily to
the high frequency of the Aust 1 haplotype in
the Bogor population (Table 4), and is probably
a function of the small sample sizes studied.
The swamp buffalo is thought to have spread
from mainland Asia to the islands of south-east
Asia following domestication in China (Bell-
wood 1992; Barker et al. 1997b), so that other
differences between the mtDNA D-loop and
microsatellite phylogenies likely reflect differ-
ential male and female migration, and/or large
standard errors of the d, distances (Takahata &
Nei 1985). While the tree derived from dxy
distances (Fig. 5) is more congruent with the
geography of the swamp populations, and is
likely a better representation of their pattern of
differentiation, we conclude that the microsa-
tellite based tree gives a more accurate repre-
sentation of the genetic relationships among
these populations.

Nevertheless, the D-loop results do support
the suggestion of Barker et al. (1997b) that the
dispersal of domesticated swamp buffalo from
mainland Asia followed two routes, from China
south through Thailand and Malaysia, and from
China through the Philippines to the eastern
islands of Borneo (Sabah and Sarawak) and
Sulawesi. Firstly, the haplotypes Phil 2, Phil 3
and Phil 6 are found predominantly in the
island populations. Secondly, the
averages of the ¢gr estimates (with negative

eastern
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estimates set to zero) are 0-151 for Surin,
Trengganu and Bogor, 0-097 for the Philippines,
Sabah, Sarawak and Sulawesi, but 0-220
between these two groups of populations.
Thirdly, the pattern of differentiation (splitting)
in the tree derived from dxy distances (Fig. 5)
shows a clear clustering of the Philippines and
eastern islands populations, which is separate
from the mainland populations (Surin and
Trengganu). These are in turn more closely
related to the river buffalo populations.
Overall, our results support the following
hypothesis for the evolution of the water
buffalo: (i) that the species originated in main-
land south-east Asia, (ii) that the species then
spread north to China, and west to the Indian
subcontinent, where the river type evolved, (iii)
following domestication in China, the domes-
ticated swamp buffalo spread with rice cultiva-
tion (a) through Taiwan, to the Philippines and
to the eastern islands of Borneo and Sulawesi,
and (b) south through mainland south-east Asia
(likely interbreeding with wild buffalo) to
Peninsular Malaysia and on to the western
islands of Indonesia (Sumatra and Java).
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