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Abstract. The taurine and zebuine cattle breeds comprise
the majority of the world cattle population but their taxo-
nomic status is still controversial. The two forms of cattle
are currently classified as Bos taurus and Bos indicus species
and are differentiated primarily by the presence or absence
of a hump. However, these two species hybridize readily,
producing fully fertile offspring. We have determined and
analyzed complete B. taurus and B. indicus mitochondrial
genome sequences to investigate the extent of sequence di-
vergences and to study their taxonomic status by molecular
dating. The sequences encompassed 16,338 and 16,339 nu-
cleotides, respectively, and differed at 237 positions. Esti-
mated divergence times indicated that the two cattle lin-
eages separated 1.7-2.0 million years ago. Combined
phylogenetic analyses of 18 new and 130 previously report-

ed extant B. taurus and B. indicus control region sequences
with data from 32 archaeological specimens of the extinct
wild aurochs (Bos primigenius) identified four major mater-
nal lineages. B. primigenius haplotypes were present in all
but the B. indicus lineage, and one B. taurus sequence clus-
tered with B. primigenius P haplotypes that were not previ-
ously linked with domestic cattle. The B. indicus cluster and
a recently reported new B. primigenius haplotype that rep-
resents a new lineage were approximately equidistant from
the B. taurus cluster. These data suggest domestications
from several differentiated populations of B. primigenius
and a subspecies status for taurine (B. primigenius taurus)
and zebuine (B. primigenius indicus) cattle.
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The tribe Bovini includes cattle (Bos) and buffalo (Buba-
lus) species that have been domesticated. Among the domes-
ticated cattle species, wild ancestors still exist for yak (Bos
grunniens), gayal/mithan (Bos gaurus) and Bali cattle (Bos
javanicus), while taurine (Bos taurus) and zebuine cattle (Bos
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indicus) have only survived as domestic animals (Lenstra
and Bradley, 1999). The latter two types of cattle account for
the great majority of the world cattle population. The wild
ancestor of B. taurus and B. indicus, the aurochs (Bos primi-
genius), ranged from the Pacific through Asia and Europe to
the Atlantic, and from the northern tundra southwards into
India and Africa. It is believed to have become extinct in
Egypt as early as the 14th century B.C,, but survived much
longer in other regions, including Europe, where the last an-
imal died in 1627 (Epstein and Mason, 1984).

Spontaneous or controlled interspecies hybridization
among cattle appears to be common and has contributed to
uncertainties about the origin and taxonomic status of do-
mesticated forms. The male hybrids are usually sterile, but

Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

© 2008 S. Karger AG, Basel
1424-8581/08/1202-0150$24.50/0

KARGER

Accessible online at:
www.karger.com/cgr



females can breed successfully. The B. taurus and B. indicus
cattle species present an exception in that they produce
completely fertile male and female offspring (Gray, 1972).
Bos taurus and B. indicus cattle differ in their Y chromo-
some structure (Potter and Upton, 1979; Goldammer et al.,
1997) and studies of synaptonemal complexes in male B.
taurus X B. indicus hybrids revealed elevated levels of mei-
otic chromosome pairing abnormalities (Switonski et al.,
1990; Dollin et al., 1991a, b). However, the observed con-
figurations and the levels of XY-autosomal associations and
autosomal asynapsis were deemed unlikely to cause fertility
problems (Switonski etal., 1990; Dollin et al., 1991b; Switon-
skiand Stranzinger, 1998). This assumption is supported by
reproductive parameters such as sperm motility, sperm
concentration, and non-return rates of B. taurus X B. indi-
cus hybrid males, which appear to be characterized by hy-
brid vigor effects (Thrift and Aaron, 1987).

Cattle breeds and strains have been morphologically dif-
ferentiated primarily by the absence (B. taurus) or presence
(B. indicus) of a hump (Lenstra and Bradley, 1999). More
recently, nucleotide (nt) sequence variation in mitochondri-
al DNA (Loftusetal., 1994), microsatellites (MacHugh et al.,
1997), satellite DNA (Nijman et al., 1999), and the Y chro-
mosome (Kikkawa et al., 2003; Verkaar et al., 2003, 2004),
of Bos species were employed to identify introgressions and
to study population admixture. The molecular data have
indicated a major taurine-zebuine dichotomy for cattle
breeds in Europe and Asia, respectively, but suggested that
African zebu cattle originated from earlier B. taurus strains
by ancestral crossbreeding and male-mediated introgres-
sions of B. indicus genetics (Bradley et al., 1996; MacHugh
et al., 1997; Nijman et al., 1999). The mtDNA haplotypes
recovered from archaeological specimens of European and
Near Eastern aurochs and early domestic cattle have been
interpreted as evidence for a Near Eastern origin of Euro-
pean B. taurus cattle that was followed by male-mediated
European aurochs introgression (Troy et al., 2001; G6ther-
strom et al., 2005; Edwards et al., 2007).

The deep divergence between B. taurus and B. indicus
mtDNA sequences points to two independent primary do-
mestication events from genetically discrete aurochs strains,
each possibly with a subspecies status (Loftus et al., 1994;
Bradley etal., 1996). The latter studies assumed a minimum
divergence time for the Bos/Bison split of 1 million years ago
(Mya) based on fossil records but without giving specific
details. From this, and evolutionary parameters taken from
studies of the human mtDNA control region (CR), the evo-
lutionary rate of an approximately 400 nt segment of the
bovine CR was calculated for estimating cattle divergence
times, including the B. taurus and B. indicus split at 0.2—
1 Mya. Several studies on cattle domestication and diversity
have based their divergence time estimates on this approach
(MacHugh et al., 1997; Troy et al., 2001; Verkaar et al., 2004;
Lai et al., 2006).

Complete mitochondrial genomes from artiodactyls, in-
cluding the B. taurus and B. indicus sequences generated for
this study, have now become available. These new data can
be used to estimate the B. taurus and B. indicus divergence

based on multiple, fossil based calibration points. Further-
more, dating algorithms that can account for rate differ-
ences along branches and include several calibration points
of the molecular clock have been developed (Jobb et al.,
2004). In the present study, we have used complete mito-
chondrial genome sequences to estimate the B. taurus and
B. indicus divergence time, and analyzed mtDNA CR se-
quences to reconstruct and clarify the phylogeny of extant
B. taurus and B. indicus in a B. primigenius context. Fur-
thermore, the data also allow detailing the intraspecies mi-
tochondrial genome variation with potentially functional
relevance that is encountered in B. taurus and B. indicus, as
well as their composite breeds.

Materials and methods

Sequencing of B. taurus and B. indicus mitochondrial DNA

We selected Brangus, Brown Swiss, Holstein, Simmental, and so
called ‘Dwarf’ Zebu cattle for sequencing of the complete mtDNA con-
trol region (CR). The latter breed was founded with Zebu cattle from
Sri Lanka. Total cellular DNA was isolated from blood leukocytes by
standard proteinase K/phenol-chloroform procedures (Sambrook et
al., 1989). The CR was amplified with primers mtDA (5'-CTCACCAT-
CAACCCCCAAAGCT-3") and mtDB (5-TCATCTAGGCATTTT-
CAGTG-3') using Taq-polymerase (Hybaid, Germany) as described
(Hiendleder et al., 1999). We used PCR-RFLP analyses prior to se-
quencing in order to avoid sequencing identical haplotypes and di-
gested amplicons with NlalIIl (New England Biolabs, Germany) (Briig-
gerhoff et al., 2002). The B. indicus haplotypes were identified accord-
ing to BstNI and Ddel restriction fragment profiles (Hiendleder et al.,
2003). For sequencing, CRs were PCR amplified with Pwo-polymerase
and cloned into pCR-TOPO-BluntII (Invitrogen, The Netherlands).

We selected a B. taurus mitochondrial genome from an animal of
the Simmental breed and a B. indicus mitochondrial genome from a
‘Dwarf” Zebu for complete nt sequence analysis. Mitochondrial DNA
was purified from liver tissue (Hiendleder, 1993) and cloned into the
plasmid pZErOTM-2 (Invitrogen). A 2.6 kb EcoRI/HindIIl B. taurus
mtDNA fragment was refractory to cloning and was amplified by PCR
from purified mtDNA with a specific primer pair. Both strands of all
cloned fragments and the single PCR amplified fragment were se-
quenced by a primer walking approach using standard procedures on
a LICOR 4200 (MWG Biotech, Germany). Sequence coverage was 2-6
fold. Primer sequences are available on request.

Molecular dating and phylogenetic analyses

The protein coding gene alignment included our new complete
mtDNA ssequencesof Bostaurus(AF492351)and Bosindicus(AF492350)
cattle, the published Bos taurus reference sequence (Anderson et al.,
1982; V00654), one additional complete Bos indicus sequence (NC_
005971) and two additional complete Bos taurus sequences (DQ124389,
DQ124403) from the database. The latter two Bos taurus sequences ap-
peared much more diverged from other Bos taurus sequences in an
initial explorative CR analysis (data not shown). To this set of cattle
sequences, we aligned the protein coding mtDNA sequences from Am-
motragus lervia (NC_009510), Balaenoptera musculus (X72204), Bos
grunniens (NC_006380), Bubalus bubalis (NC_006295), Capra hircus
(AF533441), Cervus elaphus (NC_007704), Cervus nippon taiouanus
(NC_008462), Elaphodus cephalophus (NC_008749), Hippopotamus
amphibious (NC_000889), Muntiacus crinifrons (AY239042), Muntia-
cus muntjak (AY225986), Muntiacus reevesi (AF527537), Ovis aries
(AF010406), Physeter macrocephalus (AJ277029), Rangifer tarandus
(NC_007703), and wild and domestic Sus scrofa (AJ002189, AF304202,
AF304200, AF304201, AF304203). In order to root the tree in the phy-
logenetic analysis, the mtDNA sequence data of two Perissodactyla,
Equus caballus, horse (X79547) and Equus asinus, donkey (X97337),
were added to the alignment.
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Table 1. Absolute nucleotide differences between complete Bos taurus and Bos indicus mitochondrial genomes

Control region® Intergenic ~ rDNA tRNA  Protein coding®

subs indels all subs subs indels all subs 1st 2nd 3rd all
B. taurus A/B. taurus H* 4 0 4 0 0 2 2 0 1 2 2 5
B. taurus H/B. indicus H? 46 3 49 2 19 0 19 12 27 5 123 155

*  B. taurus A, according to Anderson et al. (1982); B. taurus H, according to Hiendleder et al. (this study), B. indicus

H, according to Hiendleder et al. (this study).
b

subs: nucleotide substitutions; indels: insertions/deletions; all: combined nucleotide differences.

¢ 1st, 2nd, 3rd: first, second and third codon position, respectively.

Phylogenetic analysis was based on the alignment of complete CR
sequences from six complete B. taurusand B. indicus cattle mitochon-
drial genomes listed above, and our 15 new B. taurus and B. indicus
complete CR sequences. In addition, we included the following 130
complete or nearly complete B. taurus and B. indicus CR sequences
fromthedatabasetothealignment: AF022916-AF022924, AF034438—
AF034446,AF069432-AF069438, AF204778-AF204782, AF209120—
AF209126, AF361452-AF361461, AY126697, BTU87633-BTU87650,
BTU87893-BTU87905, BTU92230-BTU92244, L27712-L27737. To
this alignment, 32 of the longest, approximately 400 nt long, fos-
sil DNA sequences of Bos primigenius (Edwards et al., 2007) were
added.

The protein-coding sequences were aligned manually and then
concatenated. A x? test as implemented in the TREE-PUZZLE pro-
gram package (Strimmer and von Haeseler, 1996) was used to statisti-
cally evaluate differences in nucleotide (nt) and amino acid (aa) com-
position of the data set. Maximum likelihood (ML) analyses were done
in TREEFINDER v May 2007 (TF) (Jobb et al., 2004) and TREE-PUZ-
ZLEv5.2 (TP) (Schmidtetal., 2002). All ntanalyses assumed the Gen-
eral Time Reversible (GTR) model of sequence evolution (Lanave et
al., 1984) and rate heterogeneity with four classes of I" distributed rate
categories (Yang, 1994) and one class of invariable sites (4 I" + I), as
suggested by Modeltest version 3.7 (Posada and Crandall, 1998) for
protein coding genes. The aa sequence analyses assumed the mtREV-
24 (Adachi and Hasegawa, 1996) model of sequence evolution and
4T + 1. The observed P values and absolute number of substitutions
were calculated by PAUP* (Swofford, 2002). The CR sequences were
analysed by neighbour joining (NJ) and the TN-93 model of sequence
evolution.

Divergence times were estimated with TF on nt ML trees provided
by TF and based on local rate minimum deformation method (LRMD)
(Jobb etal., 2004). Errors were calculated from ML branch lengths that
were generated from 100 bootstrap sequence replicates and a fixed ML
nt tree topology. The mean values and their standard deviations (s.d.)
were recorded. The average B. taurus/B. indicus divergence time was
used to derive mean intra-species divergence times based on their
mean distance values.

Four reference points were used for calibrating the molecular clock.
For three reference points a range of the possible oldest and possible
youngest splits were chosen as the lower and upper limit for the calibra-
tion. For estimating divergence time with the LRMD method (Jobb et
al,, 2004) one divergence time needed to be fixed to one date. The cow
and sheep divergence was set to 28 to 18 Mya (Hiendleder et al., 1998;
Benton and Donoghue, 2007), the sperm whale and blue whale diver-
gence was set to 35 to 30 Mya, and the whale and hippopotamus split
was set to 54 to 52 Mya (Arnason and Gullberg, 1996; Bajpai and Gin-
gerich, 1998; Arnason et al., 2000; van Tuinen and Hadly, 2004). For
the fixed divergence time the split between whales and ruminants at 60
Mya was chosen, because this is the most narrowly defined one (Arna-
son et al., 1996).
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Results

Sequence variation between complete B. taurus and

B. indicus mitochondrial genomes

The length of the complete new B. taurus H and B. indi-
cus Hmitochondrial genome sequences is 16,338 and 16,339
nt, respectively. The B. taurus H sequence differs only at
eleven nt positions from the currently used B. taurus A ref-
erence sequence established by Anderson et al. (1982), but
differs at 237 nt positions from our B. indicus H reference
sequence. The differences for specific regions of the mito-
chondrial genome between complete B. taurus and B. indi-
cus sequences are detailed in Table 1.

Surprisingly, B. taurus A and B. taurus H differed with
similar frequency at all three codon positions of the protein-
coding sequences. This resulted in a high proportion of
non-synonymous nt substitutions. Although the statistical
basis is limited, more substitutions at the fast evolving third
codon position than at the second and first codon positions
were expected. This could indicate that the B. taurus refer-
ence sequence contains some, albeit few, sequencing arte-
facts. The predicted aa differences are Ala=Gly (COX3),
ThreLys (ND5), and Valelle (CYB) and it is noteworthy
that all three aa are identical in B. taurus H and B. indicus
H sequences. The two indels (insertions/deletions) in rDNA
genes observed in the B. taurus A and H comparison are
located in poly A and poly C tracts that might have been
prone to sequence ambiguities. Again, the B. taurus H and
B. indicus H sequences are identical in the respective poly A
and poly C tracts.

The comparison of the CR sequences of the B. taurus H
and B. indicus H sequences did not show any transversions.
Sequence variation affected several CR elements described
in Hiendleder et al. (2003). This includes the CSB2+3, LSP
and Oy regions, TAS-A, and term, a termination associated
sequence motif. One of the two substitutions in intergenic
regions is between tRNAs asparagine and cysteine in the
stem-loop structure of Op. The 125 and 16S rDNA showed
five and 14 substitutions, respectively, but no indels. Seven
tRNAs (Leu, Asn, Cys, Asp, Gly, Glu, Pro) showed nt varia-
tions, with four substitutions detected in tRNAAP alone.
The ratio of substitutions at codon positions of protein cod-
ing genes was as expected. Approximately 10% of variable



nt positions resulted in predicted aa variations between B.
taurus and B. indicus cattle. The observed differences af-
fected seven respiratory chain enzyme subunits: CYB
(ValelIle), ND1 (Threlle), ND3 (Thr<Ala), ND4 (Asn<Ser,
LeueVal), ND5 (Phe<Leu, IleeThr, TyreHis, Ile-Val,
TyroPhe, AsnoSer, lleMet), ATP6 (ThreAla, ThreAla,
Met<>*Val), and ATPS (Valelle, ThreAla).

Molecular dating of B. taurus and B. indicus divergence

time

The alignment was straightforward and no gaps needed
to be included inside the protein coding genes, except for a
single, unambiguous aa deletion in ATP8 in the goat. How-
ever, some genes terminated earlier thus shortening the
ATP8 in whales by 9 aa, and ND5 by 12 aa and 5 aa in the
hippopotamus and in the sika deer, respectively. After re-
moving the stop codons and trimming for length differ-
ences at the 3" end, 11,373 nt remained for the phylogenetic
analysis. The nt composition was non-homogenous in some
species as tested by a x? test analysis, while the aa composi-
tion was homogenous for all species. The nt ML tree and the
branch lengths are shown in Fig. 1. The aa analysis indi-
cated a different position of Rangifer tarandus, the reindeer:
(Elaphodus, (Rangifer, Cervus)). However, the support from
aa sequence analysis for either position of the genus Rangifer
was low. The mean estimates of the divergence times based
on the four calibration points and the LRMD method are
shown in Table S1 (supplementary information, www.ka-
rger.com/doi/10.1159/000118756). The divergence of the B.
taurus and B. indicus clusters has been estimated at 2.0 *
0.14 Mya based on nt sequencesand at 1.7 £ 0.50 Mya based
on aa sequences. The split B. taurus/B. grunniens has been
dated to 9.40 = 0.50 Mya using nt and 5.16 = 1.11 Mya
using aa sequences (Table S1). The other divergence times
generally agree with previously published data. Surprising-
ly, one of the additional two B. taurus sequences retrieved
from the database, B. taurus H1, grouped with B. indicus
sequences (Fig. 1).

Phylogenetic relationships between B. taurus, B. indicus

and B. primigenius

The alignment of the complete or nearly complete CRs
was 919 nt long. The combined phylogenetic analyses that
included partial B. primigenius CRs identified four major
maternal lineages: B. indicus, B. taurus, B. primigenius P,
and B. primigenius E. The NJ tree shows the position of in-
dividual B. taurus, B. indicus, and B. primigenius sequences
within each cluster (Fig. 2). The B. taurus cluster comprised
haplotypes from taurine and African zebuine cattle and B.
primigenius haplotypes recovered from archaeological
specimens collected in Italy. The recently reported B. primi-
genius haplotype E represented a separate lineage that was
approximately at the same distance from the B. taurus clus-
ter as the B. indicus cluster. The CR data placed the diver-
gent B. taurus H1 sequence (see above) closer to the main
B. taurus cluster, but still distinctly outside that clade. The
B. taurus FC3 sequence clustered with the Bos primigenius
P haplotypes that were not previously linked with domestic

Bos indicus M
Bos indicus H
Bos taurus H1
Bos taurus A
Bos taurus H
Bos taurus FC3
Bos grunniens
56 L Bubalus bubalis
[ 55 Ammotragus lervia
Ovis aries
Capra hircus
Muntiacus muntjak
Muntiacus crinifrons
88 Muntiacus reevesi
Elaphodus cephalophus
89 Cervus elaphus
Cervus nippon taiouanus
Rangifer tarandus

Balaenoptera musculus
| I Physeter macrocephalus

1 Hippopotamus amphibius
Sus scrofa (Swedish landrace-1)
3 [I

Sus scrofa (Chinese Meishan)
Sus scrofa (Italian wild boar)
Sus scrofa (Swedish landrace-2)
Sus scrofa (Swedish wild boar)

| — Equus asinus
L—— Equus caballus

0.1 substitutions per site

Fig. 1. Mitogenomic nucleotide sequence maximum likelihood
(ML) tree (GTR +4I" + 1) of artiodactyl and cetacean relationships. The
ML bootstrap support is shown only for branches with <95% sup-
port.

cattle. We therefore excluded the B. taurus H1 and FC3 se-
quences from the divergence time estimation of the diver-
sification of the B. taurus and B. indicus cluster (see be-
low).

Divergence within B. taurus and B. indicus clusters

The resolution within the clusters was generally low be-
cause of the limited number of substitutions in each popu-
lation. The average distance among B. taurus haplotypes
was 0.00592 * 0.0021 substitutions/site. The average dis-
tance between B. taurus and B. indicus was 0.052 £ 0.002
substitutions/site and their divergence time was estimated
to be 1.997 Mya. Thus, the average divergence time for se-
quences in the B. taurus cluster is 227 thousand years ago
(kya) (1.997/0.052 X 0.00592). The standard deviation
(s.d.) for the B. taurus CR distances is 0.0021 and was tak-
en to estimate the s.d. of the average B. taurus divergence
to =77 kya. The average distance between the B. indicus
cluster sequences was 0.00525 & 0.0023 substitutions/site.
Thus, the divergence time among the B. indicus lineages
was estimated at 202 * 88 kya. The corresponding dates
based on the aa divergence times of B. taurus and B. indicus
(1.695 Mya) are about 20% younger. These dates refer to the
most recent common ancestor of the respective lineages
and are not associated with domestication events. The di-
vergence times of B. primigenius P sequences were not cal-
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BiH

Bos indicus

100

Bos taurus

BtFC3 88

Bos primigenius

Bos primigenius |
0.01 substitutions/site

Fig. 2. Phylogenetic relationships among B. taurus, B. indicus and
B. primigenius cattle based on neighbour joining analysis of control
region sequences. Complete mitochondrial genomes are indicated.
BtA: current B. taurus reference sequence (Anderson et al., 1982); BtH
and BiH: new B. taurus and B. indicus reference sequences (Hiendle-
der etal,, this study); BtH1, BtFC3, BiM: additional B. taurus (H1, FC3)
and B. indicus (M) sequences from the database. Triangles and circles
indicate sequences from B. primigenius and African zebuine cattle, re-
spectively that were assigned to the B. taurus cluster. The B. primige-
nius haplotype E sequence, which represents a new lineage, is also
marked with a triangle. Bootstrap values are shown for branches with
>50% support.

culated in this way because of the short fossil DNA se-
quences and the corresponding poor statistics. However,
the branch lengths (Fig. 2) indicate similar values for the
B. primigenius cluster as for the B. taurus and B. indicus
clusters.
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Discussion

Reference sequences and variation in B. taurus and

B. indicus mitochondrial genomes

Our new B. taurus mitochondrial genome sequence
(AF492351) was highly similar to the currently used bovine
reference sequence that was established more than 25 years
ago (Anderson et al., 1982). We found only three amino acid
substitutions, with some evidence for possible sequencing
artefacts in the reference sequence, but the statistical basis
for this assumption was limited (Table 1). The frequency of
sequencing errors in the original reference sequences for the
human (Anderson et al., 1981) and mouse mitochondrial
genome (Bibb et al., 1981) was low and confirmed the high
level of accuracy achieved in the early sequencing projects
(Andrews et al., 1999; Bayona-Bafaluy et al., 2003).

Phylogenetic analyses assigned the bovine reference se-
quence, B. taurus A, and our new B. taurus H sequence, to
B. taurus haplogroups (Troy et al., 2001) (Fig. 2). Overall
sequence variation in the B. taurus cluster is apparently low,
and results from our reference sequence comparison are in
line with a PCR based study on mitochondrial genome vari-
ation in Japanese B. taurus cattle (Mannen et al., 2003). Ad-
ditional comparisons between the B. taurus H sequence and
the database sequence B. taurus FC3 (DQ124389), which
grouped with the B. primigenius P haplotypes (Fig. 2), yield-
ed a higher level of divergence and identified four vari-
able aa. However, this was still considerably lower than the
17 predicted aa substitutions in the B. taurus H versus
B. taurus H1 comparison. The latter database sequence
(DQ124403, Korean Holstein-Friesian cattle) is enigmatic,
as it was clearly assigned to the B. indicus cluster based on
its aa sequence, but grouped near the B. taurus cluster by CR
sequence analysis. The gene pool of some Asian cattle breeds
is influenced by contributions from B. grunniens (Kikkawa
etal., 2003) and B. javanicus (Kikkawa et al., 2003; Nijman
etal., 2003). We excluded such an origin of the B. taurus H1
haplotype by our dating analyses (Fig. 1) and CR compari-
son (Nijman et al., 2003). More detailed analyses and com-
parisons of aa and nt sequence data (not shown) confirmed
the peculiar nature of the H1 mitochondrial genome that
presently cannot be explained.

The B. indicus H mitochondrial genome provides the
first complete reference sequence for B. indicus mtDNA.
Comparisons with B. taurus H revealed a large number of
coding region sequence polymorphisms and predicted 17 aa
substitutions, some of them non-conservative (Table 1). The
number of non-synonymous substitutions is similar to
those observed in intraspecies comparisons of mtDNAs
that represent remote points in genealogical trees of mice
and humans (Hiendleder, 1998). However, it is apparently
higher than in sheep (Hiendleder, 1998) and lower than in
pig (Kijas and Andersson, 2001). A comparison of our B.
indicus H reference sequence with the B. indicus M sequence
from the database (NC_005971) showed only a very limited
amount of sequence variation that was in the order of B.
taurus haplogroup differences. Because the B. indicus H ref-
erence sequence and the B. indicus M sequence belong to the



two identified B. indicus haplogroups I1 and 12 (Lai et al.,
2006), respectively, it is possible that these mtDNAs repre-
sent the maximum in sequence variation to be encountered
in B. indicus cattle.

Structural variation in mtDNA has been associated with
specific phenotypes in various species, including human
(http://www.mitomap.org) and mouse (Roubertoux et al.,
2003). In cattle, mtDNA variants reportedly affect milk fat
yield, carcass composition, and fertility traits (reviewed in
Hiendleder, 1998; Hiendleder et al., 2005). The differences
in B. taurus and B. indicus mitochondrial genomes could
therefore contribute to the differences in phenotype be-
tween taurine and zebuine cattle.

Molecular dating and phylogenetic relationships between

B. taurus, B. indicus and B. primigenius

Molecular dating based on solid fossil calibration points
and algorithms estimated the B. taurus/B. indicus diver-
gence at 1.7 £ 0.50 Mya based on aa sequences and at 2.0
+ 0.14 Mya based on nt sequences. These dates are clearly
older than the previous estimate of 0.2-1.0 Mya based on an
assumed Bos/Bison split at 1 Mya and evolutionary param-
eters taken from human mtDNA CR studies (Loftus et al.,
1994; Bradley et al., 1996). The new divergence time esti-
mates assign a clear subspecies status to the aurochs popula-
tions that appear to have been in an advanced state of spe-
ciation (Avise et al., 1998) before giving rise to domesticated
forms of cattle. We therefore propose that the two domestic
forms are named B. primigenius taurus and B. primigenius
indicus.

The mtDNA haplotypes of European aurochs (P), and
Near Eastern aurochs and early domestic cattle (T), have
been interpreted as evidence for a Near Eastern origin of
European B. taurus cattle (Troy et al., 2001; Edwards et al.,
2007). This assumption was to a large extent based on the
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