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A B S T R A C T   

Two types of domestic water buffalo are currently recognized: the river buffalo from the Indian subcontinent and 
Mediterranean countries and the swamp buffalo from China and Southeast Asia. To test the hypothesis of two 
separate species of water buffalo, we sequenced the genome of the lowland anoa, Bubalus depressicornis, which is 
a dwarf wild buffalo endemic to Sulawesi, and two genomes of swamp buffalo, and made comparisons with 12 
additional genomes. Three genomic data sets were constructed to infer phylogenetic relationships: the mito
chondrial genome (15,468 bp; maternal transmission), two concatenated Y-chromosomal genes, AMELY and 
DDX3Y (20,036 bp; paternal transmission), and a selection of 30 nuclear genes representing all cattle chromo
somes (364,887 bp; biparental transmission). The comparisons between our 30 nuclear gene sequences obtained 
by read mapping and those directly extracted from Bos taurus and Bubalus bubalis genome assemblies show that 
the mapping approach revealed higher levels of heterozygosity at both nucleotide sites and indels (insertions and 
deletions) (0.09–0.15%), as well as several sequence errors (0.07%). Our phylogenetic and molecular dating 
analyses provide strong evidence that the lowland anoa, river buffalo, and swamp buffalo are three distinct taxa 
which separated rapidly from each other during the Pleistocene epoch. We therefore conclude that two species of 
domestic water buffalo should be distinguished: Bubalus bubalis for the river buffalo and Bubalus kerabau for the 
swamp buffalo. The new classification can have deep implications for understanding the evolution and selection 
of domesticated forms and for the conservation and management of wild buffalo populations in South and 
Southeast Asia.   

1. Introduction 

Buffaloes belong to the family Bovidae (Mammalia, Cetartiodactyla) 
in which they are currently classified in the Bubalina, a subtribe rep
resented by two genera, Bubalus and Syncerus (Hassanin, 2014; IUCN, 
2020). The genus Syncerus contains only the African buffalo, Syncerus 
caffer (Sparrman, 1779), a species endemic to Sub-Saharan Africa. The 
genus Bubalus includes four wild species, all found in tropical Asia: the 
wild water buffalo, Bubalus arnee (Kerr, 1792), which was widely 
distributed in India and Southeast Asia, is now restricted to a few pop
ulations in Bhutan, Cambodia, India, Nepal, and Thailand; the lowland 
anoa, Bubalus depressicornis (Smith, 1827), and the mountain anoa, 
Bubalus quarlesi (Ouwens, 1910), are both found on Sulawesi and Buton 
Island; and the tamaraw, Bubalus mindorensis Heude, 1888, is endemic to 
the island of Mindoro in the Philippines. 

The domestic water buffalo, which represents a global population of 
202 million, was originally found in the Indian subcontinent, China and 
Southeast Asia (Zhang et al., 2020). Several importations have been 
documented: in Europe (Italy) and Africa (via Egypt) during the Middle 
Age, and in Australia and South America during the 19th and 20th 
centuries. The domestic water buffalo is generally placed in its own 
species, Bubalus bubalis (Linnæus, 1758), separated from its putative 
wild progenitor, B. arnee (Gentry et al., 2004). Two types of domestic 
water buffalo are currently recognized: the river buffalo, which is 
mainly used for milk, is found in the Indian subcontinent and Mediter
ranean countries; and the swamp buffalo, which is primarily used as 
draft animal, occurs in China and Southeast Asia (Zhang et al., 2020). 
These two types differ in their body coloration (the river buffalo is black, 
whereas the swamp buffalo is usually dark grey with white chevrons on 
the throat and white socks) and their horns (curved in the river buffalo, 
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straighter in the swamp buffalo) (MacGregor, 1941; Castello, 2016). 
Several studies have shown that river and swamp buffaloes are geneti
cally divergent based on various molecular data, such as mtDNA, Y- 
chromosome genes, microsatellites, and SNP (Kierstein et al., 2004; 
Kumar et al., 2007; Zhang et al., 2007; Yindee et al., 2010; Zhang et al., 
2016; Colli et al., 2018; Ravi Kumar et al., 2020). Some of these studies 
have concluded that the two types of buffalo were domesticated inde
pendently and should be classified as distinct subspecies (Kumar et al., 
2007; Yindee et al., 2010). However, most of these studies did not 
include any molecular data from wild species of Bubalus. Intriguingly, an 
analysis of mitogenomes showed that the lowland anoa 
(B. depressicornis), river buffalo and swamp buffalo represent three 
mtDNA lineages differing by 2.1–2.3%, suggesting they belong to three 
distinct species recently separated during the Pleistocene epoch (Has
sanin et al., 2012). However, species delimitation based only on mito
chondrial sequences are known to be potentially misleading because 
these molecules are transmitted maternally. In particular, female phil
opatry, which is a common behaviour in mammals, can result in the 
evolution of divergent mtDNA haplogroups between distant populations 
of the same species (Li and Kokko, 2019). In mammals, males disperse 
further and more frequently than females, which allows genetic ex
changes of nuclear alleles between distant populations, preventing ge
netic drift and therefore a possible speciation event. Since sexual 
differences in dispersal behaviour can result in discordant phylogenetic 
patterns between mitochondrial and nuclear genes (Hassanin et al., 
2015; Petzold and Hassanin, 2020), the hypothesis that the lowland 
anoa, river buffalo and swamp buffalo are three closely related species 
needs to be tested using nuclear DNA sequences. Another problem with 
using mtDNA for species delimitation is that mitochondrial introgression 
is known to occur frequently between closely related species of mam
mals (Hassanin and Ropiquet 2007; Petzold and Hassanin, 2020). 

In the present study, we developed a genomic approach for studying 
species delimitation within the genus Bubalus by analyzing 15 genomes, 
including three newly sequenced genomes from one lowland anoa and 
two swamp buffaloes (Table 1). Three genomic data sets representing 
the three modes of genetic inheritance (transmission) encountered in 
mammals were constructed and analyzed to compare phylogenetic 
patterns: the mitogenome (data set named mtDNA) for the maternal 
inheritance, two Y chromosome genes (AMELY and DDBY; data set 
named Y) for the paternal inheritance, and a selection of 30 genes 
extracted from each of the 30 cattle chromosomes (29 autosomes and X 
chromosome) (data set named 29A/X) for the biparental inheritance. By 
sampling large genomic character sets and considering all modes of in
heritance, this strategy should overcome problems due to rapid and 
recent diversification and should detect possible hybridization events (e. 
g. Kutschera et al., 2014; Li et al., 2016). 

2. Material and methods 

2.1. DNA extraction, genome sequencing and assembly 

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, 
Hilden, Germany) from skin biopsies sampled on males of the lowland 
anoa (ANT3, animal named Yannick housed in captivity at the Ménagerie 
du Jardin des Plantes, MNHN) and two swamp buffaloes (V7x54, Viet
nam; CKM7, Cambodia). The biopsies on living animals were made by a 
veterinary surgeon and all experimental protocols were approved by the 
Muséum national d’Histoire naturelle. DNA samples were quantified 
with a Qubit® 2.0 Fluorometer using the Qubit dsDNA HS Assay Kit 
(Thermo Fisher Scientific, Waltham, MA, USA). 

The libraries and DNA sequencing were done at the “Institut du 
Cerveau et de la Moelle épinière”: ANT3 was sequenced on a NextSeq® 
500 Illumina system using the NextSeq 500 High Output Kit v2 (300 
cycles), whereas V7x54 and CKM7 were sequenced on a Novaseq6000 
Illumina system using the NovaSeq 6000 SP Reagent Kit (500 cycles) 
(Illumina, San Diego, CA, USA). 

The three new genomes were assembled using the MaSuRCA 
assembler version 3.3.1 (Zimin et al., 2013) using the recommended 
parameters for mammalian genomes. The quality of the assemblies was 
estimated using Quast 2.2 (Gurevich et al., 2013). 

2.2. Taxonomic sample 

The Sequence Read Archives (SRA) available at the National Center 
for Biotechnology Information (NCBI) were used to retrieve high-quality 
Bovini genomes. We selected only Illumina paired-end DNA reads 
because of their low error rate (<2%; Nagarajan and Pop, 2013). Male 
individuals were preferred in order to extract sequences from the Y 
chromosome. We considered only shotgun sequencing with more than 
30 Gbp to extract the selection of genes listed below with a coverage 
higher than 15X. 

Fifteen individuals were used for the genomic analyses representing 
seven species of Bovidae: Bos frontalis, Bos indicus (two breeds), Bos 
taurus (two breeds), B. bubalis, including three river buffalo genomes and 
our two swamp buffalo genomes, B. depressicornis, Capra hircus, and 
S. caffer (Table 1). A species of the family Cervidae, Odocoileus virgin
ianus, was used as outgroup. 

2.3. Construction of the three genomic data sets 

Three genomic data sets were constructed for the phylogeny of the 
Bovini: (1) the complete mitochondrial genome (data set named 
mtDNA), two Y chromosome genes (AMELY and DDBY; data set named 
Y) and a selection of 30 genes extracted from each of the 30 

Table 1 
Genomic data analyzed in this study.  

Taxon Country Breed Sex Biosample 

Bos indicus India Gir Male SAMN08225763* 
Bos indicus India Hariana Female SAMEA5577149* 
Bos frontalis India Nagaland Female SAMN02689702 (Mukherjee et al., 2019) 
Bos taurus England Hereford Female SAMN03145444 (Rosen et al., 2020) 
Bos taurus Netherlands Holstein Male SAMEA4780322 
Bubalus bubalis Bangladesh Bangladeshi (river) Male SAMN05990785 (Mintoo et al., 2019) 
Bubalus bubalis India Jafarabadi (river) Male SAMN00004269 
Bubalus bubalis Italy Mediterranean (river) Female SAMN08640746 (Low et al., 2019) 
Bubalus bubalis Cambodia NA (swamp) Male CKM7* 
Bubalus bubalis Vietnam NA (swamp) Male V7x54* 
Bubalus depressicornis Indonesia NA Male ANT3* 
Capra hircus Bangladesh Black Bengal Male SAMN10460883 
Capra hircus Switzerland Toggenburg Male SAMN12871781* 
Odocoileus virginianus United States NA Male SAMN05363940* 
Syncerus caffer South Africa NA Male SAMN05717674 (Glanzmann et al., 2016)  

* Unpublished. 
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chromosomes (29 autosomes and X chromosome) of B. taurus and 
C. hircus (data set named 29A/X). 

The 30 genes of the 29A/X data set were chosen with the following 
criteria: orthologous genes of 10–15 kb with conserved synteny between 
B. taurus and C. hircus and differing by less than 10% of their size in 
cattle and goat genomes. Using the Ensembl Genes 96 database available 
at http://www.ensembl.org/, we extracted the list of orthologous genes 
(orthology confidence = 1) in common between cattle (B. taurus, ARS- 
USD1.2) and goat genomes (C. hircus, ARS1), with their gene ID, chro
mosome number, chromosome position (gene start and end) and gene 
size. Then, we filtered the 1687 genes of 10–30 kb in length in both 
species that differ in size by less than 10% between cattle and goat ge
nomes, and that show the same name and same chromosome number in 
both species. For each of the 30 chromosomes (29 autosomes + X 
chromosome), we then selected the five smallest genes >10 kb. The 150 
genes extracted from the cattle genome were studied by BLAST search 
(ncbi-blast-2.9.0+; Altschul et al., 1990) against C. hircus. Finally, we 
focused on orthologous genes for which we found no more than two 
BLAST hits in C. hircus representing a total query coverage >90%, and 
selected 30 orthologous genes for phylogenetic analyses representing 
one gene of 10–15 kb for each of the 30 chromosomes of both B. taurus 
and C. hircus (Table 2). 

To better account for heterozygosity, as well as possible assembly 
errors (as discussed in Section 3.1), the raw reads were mapped onto the 
genomic fragments extracted from five reference assemblies at the genus 
level (i.e. Bos, Bubalus, Capra, Syncerus and Odocoileus). For this purpose, 
the 33 genomic fragments detailed in Table 2 were extracted from the 
ARS-UCD1.2 assembly of B. taurus (Rosen et al., 2020) and they were 
blasted (BLAST 2.9.0; Altschul et al., 1990) against the five following 
assemblies representing different genera: B. taurus (NCBI accession 
number: GCA_002263795.2) for Bos, C. hircus (GCA_001704415.1) for 
Capra, B. depressicornis (this study) for Bubalus, S. caffer 
(GCA_006408785.1) for Syncerus, and O. virginianus 

(GCA_002102435.1) for Odocoileus. BLAST outputs were concatenated 
in case of multiple hits on the same fragment, extended by 10 kb on 5′

and 3′ sides (to account for large indels), realigned and trimmed with 
respect to the B. taurus reference sequence. The SRA of each of the six 
Bubalus samples (Table 1) were then mapped onto the 33 genomic 
fragments of B. depressicornis using Geneious Prime 2019.2.3 (https 
://www.geneious.com) with a mismatch of 3%. Similarly, the SRA of 
each of the five Bos samples (Table 1) were mapped onto the 33 genomic 
fragments of B. taurus. Due to possible differences with the genome as
sembly references, in particular large indels or assembly errors, the 
mapping may have gaps. To fill them, the consensus sequences of the 
contigs were used as new references for a second mapping using a 
mismatch of 2%. To detect heterozygous sites, the consensus sequences 
of final contigs were constructed using a threshold set to 75% (bases 
called in the consensus match at least 75% of the reads). 

The 33 genomic fragments extracted for 15 taxa were aligned in 
Geneious 2019.2.3 with MAFFT version 7.450 (Katoh and Standley, 
2013) using default parameters, and the alignments were corrected 
manually using the three following criteria: (1) transitions were privi
leged over transversions because they are more frequent; (2) the number 
of indels was minimized because they are rarer events than nucleotide 
substitutions; (3) gaps were placed in 3′ position for alignment repro
ducibility. The mitochondrial DNA control region was removed because 
its alignment was too ambiguous for primary homology. The Y data set 
was constructed by concatenating the two Y chromosome genes. The 
29A/X data set was constructed by concatenating the 29 autosomal 
genes and the X chromosome gene. The 33 genomic alignments analyzed 
in this study are available at https://osf.io/46m2e/. 

2.4. Phylogenetic analyses 

The three genomic data sets (mtDNA, Y, 29A/X) and the 30 inde
pendent genes of the 29A/X data set (Table 2) were analyzed for 
phylogenetic reconstruction. The best-fit nucleotide substitution model 
was selected for each of the 33 genomic fragments (mtDNA, two Y 
chromosome genes, and the 30 genes of the 29A/X data set) by using the 
Akaike information criterion (AIC) in ModelTest-NG (Darriba et al., 
2020). The selected models are listed in Table 2. 

Bayesian analyses were performed with MrBayes v3.2.7 (Ronquist 
et al., 2012) on the three genomic data sets (mtDNA, Y, and 29A/X) and a 
specific model was used for each independent marker of the two 
concatenated data sets, 29A/X and Y (partitioned approach). Each of the 
30 independent genes of the 29A/X data set were also analyzed sepa
rately. The posterior probabilities were computed with four independent 
Markov chains for ten million generations with a sampling every 1000 
generations and a burn-in of 25%. 

Bootstrap percentages were calculated for the three genomic data 
sets (mtDNA, Y, 29A/X) using the maximum likelihood approach under 
PhyML 3.0 (Guindon et al., 2010), 1000 bootstrap replicates, a starting 
tree inferred with BIONJ, and the BEST algorithm for tree rearrange
ment (best of SPR – Subtree Pruning and Regrafting, and NNI – Nearest 
Neighbor Interchanges). 

The lists of bipartitions obtained from the separate Bayesian analyses 
of the 32 independent markers (mtDNA, Y, and the 30 genes of the 29A/ 
X data set) were used as inputs in SuperTRI v.57 (available at 
http://www.normalesup.org/~bli/Programs/programs.html) to deter
mine the levels of congruence between the 32 data sets (Ropiquet et al., 
2009). With the SuperTRI method, three reliability values were calcu
lated for each node of interest: the mean posterior probability (MPP), the 
index of reproducibility (Rep), which is the ratio of the number of data 
sets supporting the node of interest to the total number of data sets, and 
the SuperTRI bootstrap percentage (SBP). All values were reported on 
the SuperTRI bootstrap majority-rule consensus tree reconstructed from 
the weighted parsimony analysis of the MRP (Matrix Representation 
with Parsimony) matrix of 597 binary characters (automatically coded 
using SuperTRI v57) using PAUP 4* version 4b10 (Swofford, 2003) after 

Table 2 
Thirty-three genomic fragments analyzed in this study.  

Markers Chromosomes* Sizes (bp)* Substitution models 

AMBN 6 11 650 GTR + G 
APEH 22 10 884 HKY + I 
CDAN1 10 12 266 GTR + I 
CSTA 1 12 549 GTR + G 
CYP2E1 26 11 282 GTR + G 
FKBP3 21 11 157 GTR + I 
GSDMB 19 11 484 GTR + G 
HBEFG 7 11 329 HKY + G 
HPD 17 12 286 GTR + G 
IDO1 27 15 067 GTR + G 
KDELC1 12 14 269 GTR + G 
KRT79 5 11 973 GTR + G 
LRRC32 15 12 274 GTR + G 
MICAL1 9 12 475 HKY + G 
NDUFS2 3 10 439 GTR + G 
NMS 11 10 719 GTR + G 
NOL6 8 13 163 GTR + G 
NUPL2 4 16 046 GTR + G 
PRMT1 18 10 264 HKY + G 
PTGER4 20 13 084 GTR + G 
RER1 16 10 913 GTR + I 
RNF40 25 12 187 GTR + G 
SCYL1 29 11 308 GTR + G 
SLC11A1 2 11 738 GTR + G 
TAPBP 23 13 243 GTR + G 
TFE3 X 11 756 GTR + G 
TONSL 14 11 297 GTR + I 
TRMT6 13 10 628 GTR + G 
TXNL4A 24 11 722 GTR + G 
ZSWIM8 28 15 435 GTR + G 
Y (AMELY + DDBY) Y 20 036 GTR + G 
mtDNA Mitogenome 15 468 GTR + I + G  

* in Bos taurus and Capra hircus. 
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1000 bootstrap replicates (addition sequence: closest). 
The uncorrected pairwise distances (p–distance) were computed 

using PAUP* version 4.0a167 (Swofford, 2003) for each of three 
genomic data sets (mtDNA, Y, 29A/X). 

2.5. Molecular dating 

Divergence times were estimated on the CIPRES Science Gateway 
(Miller et al., 2010) using the concatenation of the three genomic data 
sets (mtDNA + Y + 29A/X) and the Bayesian approach implemented in 
BEAST v.2.4.7 (Bouckaert et al., 2014). A GTR + I + G model was used 
for each of the three data sets. Four calibration points were used for 
molecular dating with a normal distribution: the most recent common 
ancestor (MRCA) of Ruminantia was set at 23.4 ± 2.6 Mya and that of 
Bovidae at 19.7 ± 1.9 Mya in agreement with Hassanin et al. (2012); the 
MRCA of Bubalina was set at 7.95 ± 2.25 Mya in agreement with the 
fossil record (minimum age = 5.7 Mya, Ugandax (Gentry, 2010); 
maximum age = 10.2 Mya, Selenoportax (Bibi, 2007)); and the MRCA of 
B. taurus and B. indicus was set at 0.305 ± 0.030 Mya in agreement with 
Bradley et al. (1996) and Achilli et al. (2009). Node ages were estimated 
using a calibrated Yule speciation prior and 3 × 108 generations, with 
tree sampling every 1000 generations, and a burn-in of 107 generations. 
MCMC mixing efficiency and convergence were assessed using the ESS 
values (>200) in Tracer v.1.7.1 (Rambaut et al., 2018). The chronogram 
was reconstructed with TreeAnnotator, which is included in the BEAST 
package (Bouckaert et al., 2014). 

3. Results and discussion 

3.1. Consensus sequences generated by reads mapping versus genome 
assembly 

Nuclear genes usually show a small amount of nucleotide variation at 
the genus, species, and subspecies levels. Some nucleotide positions, 
called heterozygous sites, can be variable because of differences in the 
two parental alleles. Divergent alleles can be the signature of two sig
nificant phenomena: incomplete lineage sorting or interspecific intro
gression. However, heterozygosity is known to be underestimated with 
most methods of de novo assembly (Kajitani et al., 2019). To better 
account for heterozygosity, as well as possible assembly errors, we 
constructed consensus sequences (threshold set to 75% for consensus 
base calling) for a selection of 30 nuclear genes and 15 taxa by mapping 
Illumina reads to the reference genes extracted from either B. taurus or 
B. bubalis genome assemblies, ARS-UCD1.2 (Rosen et al., 2020) and 
UOA_WB_1 (Low et al., 2019), respectively. We found many differences 
between our gene sequences and those directly extracted from genome 
assembly (Table 3; Appendix A): 313 differences in B. taurus sequences 
(detected in 23/30 nuclear genes) and 655 differences in B. bubalis se
quences (detected in 29/30 nuclear genes). As expected, most of the 
differences concern heterozygous sites (82.7% for B. taurus and 79.5% 
for B. bubalis), but we also found a significant amount of indels (15.0% 
for B. taurus and 12.1% for B. bubalis) and nucleotide errors (2.2% for 
B. taurus and 8.4% for B. bubalis). Using the assembly sequences directly 
would result in an underestimation of heterozygosity representing 
0.09% and 0.15% in the 30 nuclear genes of B. taurus and B. bubalis, 
respectively, as well as 0.07% of uncorrected errors in the 30 nuclear 
genes of both B. taurus and B. bubalis. The impact of these differences on 
phylogenetic analyses among closely related species or subspecies may 

Table 3 
Differences between the nuclear sequences extracted directly from the genome assemblies of Bos taurus (Hereford breed) and Bubalus bubalis (Mediterranean breed) 
and those obtained after read mapping (the pairwise comparisons are detailed in Appendix A).   

Bos taurus Bubalus bubalis 

Genes Diff (%) H sites H indels Sub Del In Diff (%) H sites H indels Sub Del In 

AMBN 0 0 0 0 0 0 0.19 13 0 1 2 1 
APEH 0.14 13 1 0 0 0 0.27 14 0 6 2 4 
CDAN1 0.01 1 0 0 0 0 0.03 3 0 0 1 0 
CSTA 0.05 5 0 0 0 1 0.24 23 1 0 1 1 
CYP2E1 0.08 9 0 0 0 0 0.04 0 1 0 0 0 
FKBP3 0 0 0 0 0 0 0.17 12 1 0 1 1 
GSDMB 0.1 9 0 0 0 2 0.35 27 0 4 1 1 
HBEFG 0.04 4 0 0 0 0 0.2 18 0 2 1 0 
HPD 0.01 0 0 0 0 1 0.24 18 0 5 0 4 
IDO1 0.46 50 0 2 3 6 0.46 48 0 2 0 6 
KDELC1 0 0 0 0 0 0 0.1 5 0 0 1 0 
KRT79 0 0 0 0 0 0 0.47 40 0 0 2 1 
LRRC32 0.01 1 0 0 0 0 0.25 21 0 2 1 3 
MICAL1 0 0 0 0 0 0 0.2 18 0 2 2 1 
NDUFS2 0.01 1 0 0 0 0 0.47 38 0 3 1 2 
NMS 0 0 0 0 0 0 0.66 44 0 3 2 5 
NOL6 0.12 14 0 1 0 0 0.22 22 0 1 0 1 
NUPL2 0.99 78 2 1 2 10 0.33 1 0 2 1 0 
PRMT1 0.09 7 0 0 1 1 0.14 9 0 3 0 1 
PTGER4 0.34 29 1 0 2 5 0.38 25 0 2 3 2 
RER1 0.06 6 0 0 0 0 0.37 28 1 6 1 4 
RNF40 0.21 18 1 0 1 1 0.02 1 0 1 0 0 
SCYL1 0.05 2 1 0 1 1 0.15 14 0 1 0 1 
SLC11A1 0.01 0 0 1 0 0 0.04 4 0 0 0 0 
TAPBP 0.02 2 0 0 0 0 0.12 6 0 3 1 1 
TFE3 1.61* 2 0 2 1 1 0.08 5 0 1 2 1 
TONSL 0 0 0 0 0 0 0.13 10 0 1 3 0 
TRMT6 0.04 4 0 0 0 0 0 0 0 0 0 0 
TXNL4A 0.03 2 0 0 0 1 0.39 33 0 3 1 2 
ZSWIM8 0.01 2 0 0 0 0 0.16 21 0 1 2 0 
Total 0.16 259 6 7 11 30 0.23 521 4 55 32 43 

Abbreviations: Del = deletions; Diff = differences; H = heterozygous; indels = insertions-deletions; In = Insertions; Sub = substitutions. 
* high value explained by a large indel of 182 bp. 
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be highly misleading as our 29A/X data set contains very small pro
portions of variable and informative sites at the generic levels: 0.57% 
and 0.40% of variable sites for Bos and Bubalus, respectively; and 0.12% 
and 0.13% of informative sites for Bos and Bubalus, respectively. 

3.2. The river buffalo and swamp buffalo belong to two different taxa 

The phylogenetic analyses based on either the mitogenome (mtDNA, 
Fig. 1), the two Y chromosome genes (Y, Fig. 1), or the 30 independent 
genes representing the 30 bovid chromosomes (29A/X, Fig. 2) show 
maximal support values (posterior probability [PP] = 1; bootstrap per
centage [BP] = 100) for the monophyly of the tribe Bovini (cattle and 
buffalo), the two subtribes Bovina (Bos) and Bubalina (Bubalus + Syn
cerus), the genus Bubalus, the species B. taurus (cattle) and B. indicus 
(zebu), as well as for the sister-group relationship between B. taurus and 
B. indicus. These results agree with previous molecular studies on the 
systematics of the tribe Bovini (Hassanin and Ropiquet, 2004; 
MacEachern et al., 2009; Hassanin et al., 2013). 

The monophyly of the river buffalo and that of the swamp buffalo are 
also supported by maximal values (PP = 1; BP = 100) with the three 
genomic data sets (mtDNA, Y, and 29A/X). The SuperTRI analyses also 
indicate that most separate analyses of the 32 independent markers 
support the monophyly of the river buffalo (SBP = 98; MPP = 0.38; Rep 
= 0.44) and that of the swamp buffalo (SBP = 100; MPP = 0.73; Rep =
0.84). These results confirm with strong support some previous genetic 
findings inferred from mtDNA sequences (Kierstein et al., 2004; Kumar 
et al., 2007; Lei et al., 2007; Zhang et al., 2016), Y chromosome se
quences (Yindee et al., 2010; Zhang et al., 2016), and autosomal 
markers, such as allozymes (Barker et al., 1997), microsatellites (Barker 
et al., 1997; Zhang et al., 2011), and SNP markers (Colli et al., 2018; Luo 

et al., 2020; Ravi Kumar et al., 2020). Given the substantial genetic 
differences between river and swamp buffalo, several authors argued 
that they should be classified as distinct subspecies (Kumar et al., 2007; 
Luo et al., 2020). 

By including the lowland anoa (B. depressicornis) in the genomic 
comparisons, our analyses show however that its phylogenetic position 
is unstable with respect to the two buffalo lineages: it appears as the 
sister-group of B. bubalis in the 29A/X tree (PP = 0.97 and BP = 54) 
(Fig. 2A); whereas it is more closely related to the swamp buffalo in the 
Y tree (PP = 0.35 and BP = 56) (Fig. 1B), SuperTRI bootstrap consensus 
tree (SBP = 98; MPP = 0.38; Rep = 0.41) (Fig. 2B) and BEAST tree based 
on the concatenation of the three data sets (PP = 1) (Fig. 3); and it is 
more closely related to the river buffalo in the mtDNA tree (PP = 0.79 
and BP = 50) (Fig. 1A). Since none of the three possible phylogenetic 
hypotheses is highly supported (BP ≤ 56), interrelationships between 
the three Bubalus taxa can be considered as unresolved. Obviously, this 
is the consequence of a rapid diversification (as discussed below). 
Taxonomically, these results are consistent with two possible in
terpretations: either the anoa should be regarded as a subspecies of 
B. bubalis, or, alternatively, the two types of domestic buffalo should be 
treated as separate species. The pairwise distances calculated from the 
three genomic data sets (Table 4) are comparable between the lowland 
anoa, river buffalo and swamp buffalo: 0.18–0.22% for 29A/X; 
0.17–0.20% for Y; and 2.19–2.37% for mtDNA. These distances are 
similar or slightly more important than interspecific distances calculated 
between cattle (B. taurus) and zebu (B. indicus): 0.15–0.17% for 29A/X; 
0.15–0.17% for Y; and 1.26–1.28% for mtDNA (Table 4), suggesting that 
the lowland anoa, river buffalo and swamp buffalo should be considered 
as three closely related species of the genus Bubalus. This taxonomic 
view is also supported by morphological data. The lowland anoa is a 

Fig. 1. Bayesian trees based on the mitogenome (A; mtDNA data set) and the concatenation of two Y chromosome genes, AMELY and DBY (B; Y data set). The two 
values on the branches are the Bayesian posterior probability (on the left) and the Maximum likelihood bootstrap percentage (on the right). Dashed branches indicate 
unresolved relationships. 
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wild dwarf buffalo found only on Sulawesi and Buton Island, where it 
lives in solitary in lowland forests and wetlands (Burton et al., 2016). It 
is morphologically clearly distinct from all other species of the tribe 
Bovini (see Fig. 2) based on body size (shoulder height < 0.9 m; weight 
< 300 kg), horn shape (straight horns pointed backwards, not curved 
and only slightly divergent), horn length (males: 271–373 mm; females: 
183–260 mm) and coat coloration (the general colour is black with 
white legs and often a white crescent on the throat) (Groves, 1969; 
Rozzi, 2017). It was therefore included in its own (sub)genus Anoa in 
some previous classifications (Groves, 1969; Rozzi, 2017). The two types 
of domestic water buffalo have distinct body coloration: the river buffalo 
is black, whereas the swamp buffalo is usually dark grey with white 

chevrons on the throat and white socks (MacGregor, 1941; Castello, 
2016). In addition, the horns of the river buffalo show a double curva
ture (at first, they are directed downward and backward, and then curl 
upward in a spiral), whereas those of the swamp buffalo are semi- 
circular and always remain approximately in the same plane as the 
forehead (MacGregor, 1941; Castello, 2016). Their species status is also 
supported by cytogenetic evidence: the river buffalo has 2n = 50 chro
mosomes and FN = 58 (Iannuzzi, 1994), whereas the lowland anoa and 
swamp buffalo share the same diploid number (2n = 48) but differ in the 
number of major chromosome arms (termed fundamental number, FN), 
i.e., FN = 58 in the lowland anoa and FN = 56 in the swamp buffalo 
(Nguyen et al., 2008). Despite their different karyotypes, river and 
swamp buffaloes can produce viable and fertile F1 hybrids, with 2n = 49 
(Degrandi et al., 2014). However, spermatozoa abnormalities are 
significantly more frequent in male hybrids than in river and swamp 
bulls (Dai et al., 1994). 

3.3. What should be the names of the two species of domestic buffalo? 

The river buffalo has been domesticated in the western region of the 
Indian subcontinent ca. 6300 years BP. From about the seventh century, 
the river buffalo was introduced in Italy and south-eastern Europe, 
where it was used as a draft and dairy animal (Zhang et al., 2016; Zhang 
et al., 2020). Thomas (1911) found that the species described by Lin
naeus (1758) as B. bubalis refers to the domestic buffalo, and fixed the 
type locality as “Italy (Rome)”. Thus, the name B. bubalis should be used 
for the river buffalo. The swamp buffalo has been domesticated in the 
China/Indochina border region ca. 3000–7000 years BP, and then 
spread south through peninsular Malaysia to the Sunda Islands 

Fig. 2. Bayesian tree based on the concatenation of the 30 genes of the 29A/X data set (A) and the SuperTRI bootstrap majority-rule consensus tree (B). A. The two 
values on the branches are the Bayesian posterior probability (on the left) and the Maximum likelihood bootstrap percentage (on the right). B. The three SuperTRI 
values on the branches are top to bottom: the SuperTRI bootstrap percentage (SBP), the mean posterior probability (MPP), and the index of reproducibility (Rep). 
Dashed branches indicate unresolved relationships. The photos of river buffalo and swamp buffalo are from Castello (2016) and those of African buffalo and lowland 
anoa (named Yannick, sequenced in this study) are from AH. 

Table 4 
Pairwise distances calculated from the three genomic data sets.   

Distances 

Taxa (number of individuals) 29A/X Y mtDNA 

B. taurus intraspecific (n = 2) 0.02 NA 0.06 
B. indicus intraspecific (n = 2) 0.04 NA 0.11 
B. bubalis intraspecific (n = 3) 0.08 ±

0.01 
0 0.11 ±

0.08 
B. kerabau intraspecific (n = 2) 0.06 0.02 0.03 
B. bubalis versus B. kerabau (n = 5) 0.17 ±

0.02 
0.18 ±
0.00 

2.02 ±
0.01 

B. bubalis versus B. depressicornis (n =
4) 

0.20 ±
0.02 

0.20 ±
0.00 

2.20 ±
0.01 

B. kerabau versus B. depressicornis (n =
3) 

0.18 ±
0.00 

0.17 ±
0.00 

2.37 ±
0.00 

B. taurus versus B. indicus (n = 4) 0.16 ±
0.01 

0.17 1.27 ±
0.01  
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(Sumatra, Java and Sulawesi), north into central China, and then 
through an eastern island route via Taiwan to the Philippines and Bor
neo (Zhang et al., 2020). In recent publications, the swamp buffalo was 
often named Bubalus bubalis carabanensis following Castillo (1998), who 
mentioned that its common name is carabao in the Philippines, karbaw 
in Indonesia, kerbau sawak in Malaysia, and kwai in Thailand. A few 
years before, Castillo (1971) treated the swamp buffalo as a full species, 
Bubalus carabanensis. However, B. carabanensis Castillo, 1971 is a junior 
synonym of Bubalus kerabau Fitzinger, 1860 (Wilson and Reeder, 2005; 
Castello, 2016). Thus, the scientific name of the swamp buffalo should 
be B. kerabau in accordance with the principle of priority (article 23 of 
the International Code of Zoological Nomenclature; https://www.iczn. 
org/the-code/). 

3.4. Radiation of buffalo species in the late Early Pleistocene 

Our divergence time estimates and their 95% confidence intervals 
(CI) (Fig. 3) suggest that Bubalus diverged from Syncerus during the Late 
Miocene, at around 6.3 Mya (95% CI: 8.55–4.13 Mya), and that its 
diversification into three species corresponding to B. depressicornis, 
B. bubalis and B. kerabau occurred at around 0.84 Mya (95% CI: 
1.28–0.49 Mya). Such period fits well with molecular estimates pub
lished for the common ancestor of river and swamp buffalo in previous 
studies, 1.3 ± 0.5 Mya (Hassanin et al., 2012) and 0.9–0.86 Mya (Has
sanin and Ropiquet, 2004). A high diversity of buffalo species was 
described in the Middle and Late Pleistocene of China, Europe, and 
Southeast Asia, and some fossils were dated from the Early Pleistocene 
(Masini et al., 2013; Rozzi et al., 2013; Dong et al., 2014; Filoux et al., 
2015; Fauzi et al., 2016; Rozzi, 2017; Koenigswald et al., 2019). The 
most recent common ancestor of B. bubalis, B. depressicornis, and 
B. kerabau was likely to disperse in India, Southeast Asian mainland and 
Sunda Islands in the late Early Pleistocene when the cooling accelerated 
from 1.2 to 0.9 Mya (McClymont et al., 2013). During glacial periods, 
the sea level can drop up to 120 m below present-day sea level, allowing 
faunal dispersals from Southeast Asian mainland to India, or 

reciprocally, through the coasts in the Bay of Bengal and from Southeast 
Asian mainland to Sunda Islands (Meijaard, 2004). In agreement with 
this scenario, Rozzi (2017) proposed that the most reasonable ancestor 
of the lowland and mountain anoas would be Bubalus palaeokerabau, 
occurring on Java since the Early/Middle Pleistocene (van den Bergh 
et al., 2001; Rozzi, 2018; Volmer et al., 2019). 

3.5. Conclusion on the wild water buffalo 

According to the International Commission on Zoological Nomen
clature (Gentry et al., 2004), wild forms of water buffalo should be 
named B. arnee (Kerr, 1792). The species is in danger of extinction: it is 
believed to be extinct in Bangladesh, Malaysia, and on the islands of 
Sumatra, Java, and Borneo; and there are just a few remnant populations 
in southern Nepal, southern Bhutan, western Thailand, eastern 
Cambodia, northern Myanmar, and several sites in Central India and 
North-east India (Kaul and Williams, 2019). Based on the geographic 
distribution of river and swamp buffalo in South Asia and Southeast 
Asia, respectively, it can be inferred that the species B. bubalis has been 
domesticated in India, whereas B. kerabau has been domesticated in 
northern Indochina (Zhang et al., 2020). Morphologically, the pop
ulations of B. arnee show important variations, in particular in coat 
colour and horn shape, although their appearances are more similar to 
the swamp buffalo (Groves, 1996). Genetic data on wild water buffalo 
are scarce but they confirm the West-East dichotomy detected in do
mestic lineages: based on 18 microsatellite loci, a Nepal wild buffalo 
from the Kosi Tappu wildlife reserve appeared as the sister-group of 
river buffalo breeds (Zhang et al., 2011); based on mtDNA sequences of 
the control region, a Thai wild buffalo from the Huai Kha Khaeng 
wildlife sanctuary clustered as the sister-group of haplogroup SA (Sar
ataphan et al., 2017), one of the five major mitochondrial haplogroups 
detected in swamp buffalo breeds (Wang et al., 2017; haplogroup named 
SBa in Youssef et al., 2021). For conservation purpose, it is therefore 
urgent to sequence the genomes of wild buffaloes previously included in 
the three subspecies recognized by Groves (1996) based on differences 

Fig. 3. BEAST chronogram inferred from the concatenation of the three genomic data sets. The mean divergence times are reported on the nodes and the horizontal 
grey bars show 95% confidence intervals. All nodes were supported by PP = 1. 
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in body size, skull dimensions, coat coloration and horn shape: Bubalus 
arnee arnee in central India (Madhya Pradesh) and Nepal, Bubalus arnee 
fulvus in the Brahmaputra valley, and Bubalus arnee theerapati in 
Thailand, Cambodia and Vietnam. Importantly, the buffaloes of the 
Brahmaputra valley might belong to a distinct species, or alternatively 
the Brahmaputra valley might be a hybrid zone between two species. 

Funding 

This work was supported by the Alexander Von Humboldt Founda
tion and a grant from the “Agence Nationale de la Recherche” under the 
LabEx ANR-10-LABX-0003-BCDiv in the program “Investissements 
d’avenir” (ANR-11-IDEX-0004-02). R.R. was supported by sDiv, Syn
thesis Centre of the German Centre for Integrative Biodiversity Research 
(iDiv) Halle-Jena-Leipzig, funded by the German Research Foundation 
(DFG– FZT 118, 202548816), by the Alexander Von Humboldt Foun
dation, and by the German Research Foundation (DFG RO 5835/2-1). 

CRediT authorship contribution statement 

Manon Curaudeau: Methodology, Software, Validation, Formal 
analysis, Investigation, Data curation, Writing - original draft, Visuali
zation. Roberto Rozzi: Resources, Writing - review & editing, Funding 
acquisition. Alexandre Hassanin: Conceptualization, Methodology, 
Formal analysis, Investigation, Resources, Data curation, Writing - 
original draft, Visualization, Supervision, Project administration, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank the people who helped to collect tissue samples used in this 
study: senator Nhim Vanda, Jean-Luc Berthier, Norin Chai, Gerard 
Dousseau, Claire Rejaud, Trung Thanh Nguyen, Marie-Lilith Patou, and 
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