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The nucleotide sequence of the complete mitochon-
drial cytochrome b gene has been determined and
compared for 51 species of the family Bovidae and 10
potential pecoran and tragulid outgroups. A detailed
saturation analysis at each codon position relative to
the maximum parsimony procedure indicates that all
transitions on third codon positions do not accumulate
in a similar fashion: C-T are more saturated than A-G
substitutions. The same trend is observed for second
positions but not for first positions where A-G and C-T
transitions exhibit roughly the same levels of satura-
tion. Maximum parsimony reconstructions were
weighted according to these observations. Maximum
parsimony, maximum likelihood, and distance phyloge-
netic reconstructions all depict a major split within
Bovidae. The subfamily Bovinae includes four multifur-
cating tribes and subtribes: Boselaphini, Tragelaphini,
cattle-Bovini (Bos and Bison), and buffalo-Bovini (Buba-
lus and Syncerus). Its sister group is the subfamily
Antilopinae, i.e., all non-Bovinae taxa, represented by
seven lineages: Antilopini (including Saiga), Caprini
sensu lato (i.e., Caprinae including Pantholops), Hippo-
tragini, Alcelaphini, Reduncini (including Pelea), Aepy-
ceros possibly linked to Neotragus, and Cephalophini
possibly linked to Oreotragus (the suni and the klip-
springer being members of a polyphyletic Neotragini).
These various tribes and major lineages were pro-
duced by two noteworthy explosive radiations, which
occurred simultaneously between 12.0 and 15.3 MY
(Middle Miocene) in the subfamilies Bovinae and
Antilopinae.
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INTRODUCTION

The family Bovidae (Mammalia, Artiodactyla, Rumi-
nantia) is diversified, with 137 extant species classified
into 45 genera (Grubb, 1993). The biogeographical
distribution of bovids shows that extant groups are
located mainly in Eurasia (e.g., caprines), or restricted
to Africa (e.g., duikers), or span Eurasia and Africa
(e.g., gazelles), but are poorly represented in America
(e.g., Rocky Mountain goats) (Gentry, 1992). The bovid
tribes are of uncertain phylogenetic affinities, but a
conservative classification could be set as follows with
the grouping of the 12 currently recognized tribes into
six subfamilies (Gentry, 1992: p. 2, but see p. 29): (1)
Bovinae: Bovini (cattle-like bovids), Boselaphini (nilgai
and four-horned antelope), and Tragelaphini (spiral-
horned antelopes); (2) Cephalophinae: Cephalophini
(duikers); (3) Hippotraginae: Hippotragini (horse-like
antelopes) and Reduncini (waterbuck group); (4) Alce-
laphinae: Alcelaphini (hartebeest and allies); (5) Anti-
lopinae: Antilopini (gazelles) and Neotragini (dwarf
antelopes); and (6) Caprinae: Caprini (goats, sheep, and
relatives), Ovibovini (muskox and takin), and Rupicap-
rini (chamois-like caprines). The taxonomic status of
the four genera Aepyceros (impala), Pantholops (chiru),
Pelea (vaal rhebok), and Saiga (saiga) remains unclear,
and they are often placed in the three isolated tribes
Aepycerotini, Peleini, and Saigini (saiga and chiru)
(e.g. Simpson, 1945), though Gentry (1992: p. 29)
suggests the inclusion of Aepyceros in Alcelaphinae,
Pelea in Neotragini, and Saiga in Antilopini. Moreover,
intertribal relationships are still surrounded by contro-
versy. For instance, the study of morphological and
ecological characters conducted by Kingdon (1997: 366)
suggests a division into only two subfamilies: Bovinae
(Bovini, Boselaphini, and Tragelaphini) and Antilopi-
nae (the nine remaining tribes). This dichotomy was
previously evidenced by the immunological study of
Lowenstein (1986), which also suggested an association
between Alcelaphini and Aepycerotini, but did not
resolve the relationships among the other non-Bovinae
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tribes. Kingdon (1997: 366) proposes another major
split and several supratribal associations within non-
Bovinae: (i) Caprini, Ovibovini, and Rupicaprini may
cluster with Hippotragini, and these represent the
sister group of Alcelaphini, with Antilopini basal to
these three groups; (ii) Cephalophini cluster with Neo-
tragini, and their sister group could be the Reduncini.
Moreover, the definition of some tribes may be problem-
atic: the morphological study of Gentry (1992) suggests
the paraphyly of the Neotragini and the allozyme study
of Georgiadis et al. (1990) fails to support the mono-
phyly of Antilopini and Neotragini. The lack of resolu-
tion for the tribal relationships within Bovidae may
therefore be explained by the rapid radiation of the
family during the Miocene (Vrba, 1985) and the exis-
tence of numerous homoplasies in morphological char-
acters.

Recent advances in the molecular phylogeny of bo-
vids involved comparison of mitochondrial ribosomal
RNA (rRNA) data. The sequencing of the complete 12S
and 16S rRNA genes for 11 bovid species (Allard et al.,
1992) and studies of a larger taxonomic sample but
with a reduced number of ribosomal characters (Gatesy
et al., 1992, 1997) both suggest that a major splitting
separates Bovinae from all other extant bovids. In the
latter study, the enigmatic genera Pantholops, Pelea,
and Saiga respectively cluster with Caprinae, Redun-
cini, and Antilopini + Neotragini, but the position of
Aepyceros remains unresolved. However, most of the
tribal relationships remain obscure. For instance, the
comparison of mitochondrial COX Il sequences did not
help to resolve the relationships among the three tribes
described within the Bovinae (Janecek et al., 1996).

The cytochrome b gene has proven its usefulness for
resolving phylogenetic patterns among various rumi-
nant artiodactyls during the last 20-30 million years
(MY), including Pecora families (Irwin et al., 1991;
Chikuni et al., 1995), caprine bovids (Groves and
Shields, 1996; Hassanin et al., 1998b), bubaline bovids
(Tanaka et al., 1996), and cervids (Randi et al., 1998).
This protein-coding gene presents some interesting
characteristics for phylogenetic inferences: (1) like all
mitochondrial genes, it evolves with more elevated
rates than nuclear genes; (2) the positional homology is
easy to establish because of its unambiguous alignment
due to high conservation of sequence length across
mammals (Irwin et al., 1991); and (3) many data are
available with respect to its structure and function
(Howell, 1989; Degli Espoti et al., 1993) in a phyloge-
netic context (Griffiths, 1997).

Here, the complete cytochrome b gene was sequenced
for at least one representative of all extant bovid tribes
and a large 62-taxa data matrix was analyzed to
answer the following questions:

(1) Which cyt b mutational events are less prone to
homoplasy and saturation, and how should they be
used to reconstruct the Bovidae phylogeny?
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(2) Are the traditionally recognized subfamilies and
tribes natural entities? What are the phylogenetic
relationships between the major lineages evidenced
within Bovidae?

(3) What is the phylogenetic status of several genera
whose position has been debated? This question espe-
cially concerns Aepyceros, Pantholops, Pelea, and Saiga.

(4) Is Bovidae a monophyletic family? To test this, we
included representatives of the other Pecora families
(Cervidae, Giraffidae, Antilocapridae), as well as an
unambiguous outgroup, the Tragulidae (infraorder Tra-
gulina).

MATERIALS AND METHODS

Data Collection

Fifty-one species of Bovidae were used in this study,
including representatives of all tribes currently de-
scribed (Table 1). Ten additional taxa belonging to the
families Cervidae, Giraffidae, Antilocapridae, and Tra-
gulidae were used as potential outgroups to root the
bovid tree (Table 1).

Extraction, Amplification, and DNA Sequencing

Total DNAs were extracted from three sources: (i)
blood, skin, and muscles, using a CTAB protocol (Win-
nepenninckx et al., 1993); (ii) bone fragments of mu-
seum specimens (Hassanin et al., 1998b); and (iii) 95%
ethanol-preserved tissues maintained in the collection
of the laboratory of Paleontology, Paleobiology, and
Phylogeny in Montpellier (Catzeflis, 1991) following
standard procedures (Sambrook et al., 1989).

To determine the complete cyt b sequences of the
various taxa listed in Table 1, two different protocols
were used. With the first protocol, three to six overlap-
ping regions of the cyt b gene were generated by PCR
using different couples of primers (those cited in
Hassanin et al.,, 1998b; and L 15096: 5'-GAAACAT-
GAAAYRTHGGAGT-3'). After purification from aga-
rose gel (QIAEX Il gel extraction kit; QIAGEN), both
strands of the PCR products were directly sequenced
using the Thermo Sequenase cycle sequencing kit
(Amersham). Most of the overlapping domains were
longer than 100 bp to check the authenticity of the
different fragments sequenced. The use of internal
specific primers and the comparison of the various
overlapping amplicons avoided contaminations by exo-
gene DNA and pseudogene sequences.

With the second protocol, a 3.0-kb segment of mtDNA
spanning the cyt b to the first half of the 12S rDNA gene
was PCR amplified and cloned in the pGEM-T (Pro-
mega) vector (Douzery and Randi, 1997). Three positive
clones were isolated for each taxon, and recombinant
plasmids are available upon request to E.D. The com-
plete cyt b was dideoxy sequenced on both strands
(Sanger et al., 1977; using the Pharmacia kit), with the
external L14724B primer (Irwin et al., 1991) and a set
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of seven internal primers. The Kobus megaceros DNA
was extracted starting from hairs, using the Chelex
procedure of Taberlet et al. (1993). The cyt b gene was
then amplified using the flanking primers described by
Irwin et al. (1991), cloned, and sequenced as described
above.

Homoplasy and Saturation Analyses

The amount of homoplasy was measured through the
consistency index CI (Kluge and Farris, 1969), exclud-
ing uninformative characters for each substitution type
(i.e., C-T, A-G, A-C, A-T, C-G, and G-T) considered at
each of the three codon positions separately (Hassanin
et al., 1998a). For example, to study the C-T changes,
the matrix was recoded with A and G as missing data,
and the corresponding most-parsimonious tree(s) and
Cl were computed using PAUP 3.1.1. (Swofford, 1993).
The saturation of each substitution type at each codon
position was then assessed graphically by plotting the
pairwise number of observed differences against the
corresponding pairwise number of inferred substitu-
tions (Philippe et al., 1994). This was done in a phyloge-
netic perspective using the matrices of “patristic dis-
tances” and “adjusted character distances” calculated
by PAUP 3.1.1. For each type of change, the slope of the
linear regression (S) was used to evaluate the level of
saturation within the group under focus (Hassanin et
al., 1998a). The pairwise genetic and patristic dis-
tances are not independent because they reflect a
shared evolutionary history of the taxa compared, but
the linear regression provides a good measure of the
saturation intensity. When no saturation is observed,
the slope of the linear regression is equal to one. When
the level of saturation increases, the slope decreases
toward zero.

Phylogenetic Analyses

The complete cyt b sequences were aligned and
analyzed using the MUST package (Philippe, 1993).
The phylogenetic analyses were conducted with two
taxonomic samples (tragulid outgroup included or ex-
cluded), with different weighting schemes of character-
state changes (equal weighting, all transitions ex-
cluded by coding A=G and T = C, and various
weighting schemes involving purines and/or pyrimi-
dines changes), and with three methods of tree recon-
struction:

(1) The maximum parsimony (MP) method (PAUP
3.1.1., Swofford, 1993) was conducted with either equal
weighting or differential weighting of the character-
state transformations using the consistency index (Cl),
the slope of saturation (S), and the product CI - S.
These estimations of homoplasy were used to weight
each substitution type at each of the three codon
positions (Hassanin et al., 1998a). After multiplication
by 1000, these values (final range of weights for first,
second, and third codon positions: 90 to 1000, 122 to
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1000, and 36 to 773; see Table 2) were entered into the
stepmatrix of PAUP 3.1.1 for weighted parsimony
analysis. Support for individual branches was assessed
by bootstrap percentages (BP) (Felsenstein, 1985) com-
puted after 100 replicates (bootstrap option in PAUP
3.1.1.) and by branch support (b) (Bremer, 1988, 1994)
computed by the AUTODECAY 3.0 program (Eriksson,
1995). For the differential weighting analyses, the
branch supports were weighted and rescaled (b,,,), as
proposed by Gustafsson and Bremer (1995), in order to
allow comparisons with the equal-weighted branch
support b. Mapping of the character-state changes on
the cladograms was performed with MacClade 3.04
(Maddison and Maddison, 1992).

(2) The maximum likelihood (ML) method (Felsen-
stein, 1981) was conducted with the Tamura and Nei
(1993) model of sequence evolution and performed by
quartet puzzling (PUZZLE 2.5.1, Strimmer and von
Haeseler, 1996). The robustness of nodes was estimated
by reliability percentages (RP), i.e., the percentage of
occurrence of the corresponding node after 1000 ML
quartet puzzling steps (Strimmer and von Haeseler,
1996).

(3) The neighbor-joining (NJ) method (Saitou and
Nei, 1987) was used on uncorrected percentage se-
quence divergences and the robustness of the pheno-
grams was assessed by 1000 bootstrap resamplings
(NJBOOT program; Philippe, 1993).

RESULTS

Authenticity of Cytochrome b Sequences
and Intraspecific Polymorphism

The cyt b sequence of all Bovidae species begins with
the ATG start codon, contains neither frameshifts nor
stop codon, and terminates with an AGA or AGG stop
codon, except for Neotragus moschatus, Capra sibirica,
Rupicapra rupicapra, and R. pyrenaica (TAA stop
codon in position 1140). Under these criteria, our 62
pecoran and tragulid nucleotide data represented true
mitochondrial cyt b sequences. One should note that in
the case of the white-bellied duiker, an AGA stop codon
instead of a GGA Gly codon (positions 313-315) was
detected in four of the six sequenced clones, reflecting
either a Tag DNA polymerase error or a nonfunctional
cyt b-like nuclear copy (Zhang and Hewitt, 1996). The
consensus sequence of the two remaining cyt b clones of
Cephalophus leucogaster clusters within a monophy-
letic Cephalophini with either a Cephalophus monti-
colaZC. maxwelli clade or a C. silvicultor/C. dorsa-
lis/C. spadix clade in a duiker cyt b study by B. J. van
Vuuren and T. Robinson (unpublished results).

Downstream of the cyt b gene, the presence of a short
spacer has been detected between the stop codon and
the first nucleotide of the tRNA-Thr gene. This spacer
is three to four nucleotides long: CAA (Addax, Alcela-
phus, Kobus, Oryx, all Caprini except Ammotragus),
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TABLE 1

Bovid Taxa Studied and Sources of Tissues and Cytochrome b Sequences

Origin, collector, and reference for tissues Accession
Species—common name and sequences numbers
Bovini
Bos taurus—domestic cow Anderson et al., 1982 V00654
Bos javanicus—banteng Kikkawa et al., 1995 D34636
Tanaka et al., 1996 D82889
Bison bison—American bison (i) Zoo de Vincennes; F. Hergueta-Claro AF036273
Bubalus bubalis—Asian wild water buffalo Chikuni et al., 1995 D32193
Bubalus depressicornis—lowland anoa Tanaka et al., 1996 D82890
Bubalus mindorensis—tamaraw Tanaka et al., 1996 D82895
Bubalus quarlesi—mountain anoa Tanaka et al., 1996 D82891
Syncerus caffer—African buffalo Tanakaet al., 1996 D82888
(i) MNHN, Paris; Service de Systématique Moléculaire AF036275
Boselaphini
Boselaphus tragocamelus—nilgai* (iii) T1252, Zoo de Vincennes; F. Hergueta-Claro AJ222679
Tetracerus quadricornis—four-horned antelope (ii) 1986-464, MNHN, Paris; Mammiferes & Oiseaux AF036274
Tragelaphini
Tragelaphus eurycerus—bongo (ii) 1963-953, MNHN, Paris; Mammiferes & Oiseaux AF036276
Tragelaphus imberbis—Ilesser kudu (i) MNHN, Paris; Service de Systématique Moléculaire AF036279
Taurotragus oryx—common eland (i) MNHN, Paris; Service de Systématique Moléculaire AF036278
Tragelaphus scriptus—bushbuck (i) MNHN, Paris; Service de Systématique Moléculaire AF036277
Tragelaphus spekii—sitatunga* (iii) T1253, Zoo de Vincennes; F. Hergueta-Claro AJ222680
Tragelaphus strepsiceros—greater kudu (i) MNHN, Paris; Service de Systématique Moléculaire AF036280
Alcelaphini
Alcelaphus buselaphus—hartebeest* (iii) T397, Zoo de Montpellier; M. Gallet AJ222681
Damaliscus pygargus (i) Zoo de Vincennes; F. Hergueta-Claro AF036287
Antilopini
Antilope cervicapra—blackbuck (ii) 1992-618, MNHN, Paris; Mammiferes & Oiseaux AF036283
Antidorcas marsupialis—springbok (ii) 1993-1670, MNHN, Paris; Mammiferes & Oiseaux AF036281
Gazella gazella—mountain gazelle or idmi* (iii) T776, Zoo de Vincennes; F. Hergueta-Claro AJ222682
Gazella granti—Grant's gazelle Hassanin et al. (1998b) AF034723
Gazella subgutturosa—goitered gazelle (i) MNHN, Paris; Service de Systématique Moléculaire AF036282
Neotragini
Neotragus moschatus—suni* (iii) T579, San Diego Zoo; O. Ryder AJ222683
Oreotragus oreotragus—klipspringer (i) MNHN, Paris; Service de Systématique Moléculaire AF036288
Caprini
Capra ibex—Alpine ibex Hassanin et al. (1998b) AF034735
Capra nubiana—Nubian ibex Hassanin et al. (1998b) AF034740
Capra sibirica—Asiatic ibex Hassanin et al. (1998b) AF034734
Ammotragus lervia—aoudad Hassanin et al. (1998b) AF034731
Hemitragus jemlahicus—Himalayan tahr Hassanin et al. (1998b) AF034733
Ovis aries—domestic sheep Hassanin et al. (1998b) AF034730
Ovis dalli—Dall’s sheep Hassanin et al. (1998b) AF034728
Pseudois nayaur—barhal Hassanin et al. (1998b) AF034732
Ovibovini
Ovibos moschatus—muskox Groves and Shields, 1996 u17862
Budorcas taxicolor—takin Groves and Shields, 1996 u17867
Rupicaprini
Rupicapra rupicapra—Alpine chamois Hassanin et al. (1998b) AF034725
Rupicapra pyrenaica—Pyrenean chamois Hassanin et al. (1998b) AF034726
Capricornis crispus—Japanese serow Chikuni et al., 1995 D32191
Naemorhedus caudatus—Chinese goral Groves and Shields, 1996 u17861
Oreamnos americanus—Rocky Mountains goat Groves and Shields, 1996 u17863
Cephalophini
Cephalophus leucogaster—white-bellied duiker* (iii) T511, La Wangny; J.-P. Hugot AJ222684
Hippotragini
Hippotragus niger—sable antelope (i) MNHN, Paris; F. Hergueta-Claro AF036285
Addax nasomaculatus—addax* (iii) T685, Zoo de Montpellier; M. Gallet and Hassanin et al. (1998b) AF034722
Oryx leucoryx—Arabian oryx (i) MNHN, Paris; F. Hergueta-Claro AF036286
Oryx dammah—scimitar-horned oryx* (iii) T988, MNHN, Paris; F. Hergueta-Claro AJ222685
Reduncini
Redunca fulvorufula—mountain reedbuck (i) MNHN, Paris; Service de Systématique Moléculaire AF036284
Kobus megaceros—Nile lechwe (iii) T1612, Sigean, France; C. Bourrellis AJ222686
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TABLE 1—Continued

Origin, collector, and reference for tissues Accession
Species—common name and sequences numbers
Indeterminate
Aepyceros melampus—impala (ii) 1996-645, MNHN, Paris; Mammiféres & Oiseaux AF036289
Pantholops hodgsonii—chiru Hassanin et al. (1998b) AF034724
Pelea capreolus—vaal rhebok Matthee and Robinson (in press) AF022055
Saiga tatarica—saiga Groves and Shields, 1996 u17864
Outgroup: Tragulidae
Tragulus napu—Ilarger Malay chevrotain Irwinetal., 1991 X56288
Tragulus javanicus—Ilesser mouse deer Chikuni et al., 1995 D32189
Outgroup?: Antilocapridae
Antilocapra americana—pronghorn Irwinetal., 1991 X56286
Outgroup?: Cervidae
Cervus nippon—sika deer Chikuni et al., 1995 D32192
Muntiacus reevesi—Chinese muntjak Randi et al., 1998 AJ000023
Odocoileus hemionus—black-tailed deer Irwin etal., 1991 X56291
Rangifer tarandus—reindeer Randi et al., 1998 AJ000029
Hydropotes inermis—Chinese water deer Randi et al., 1998 AJ000028
Alces alces—moose Randi et al., 1998 AJ000026
Outgroup?: Giraffidae
Giraffa camelopardalis—giraffe Irwinetal., 1991 X56287

Note. The classification at the tribe level is from Gentry (1992). Starting material for DNA extractions was: (i) blood, skin, or muscles; (ii)
bone fragments of museum specimens; and (iii) 95% ethanol-preserved tissue. The stars denote taxa for which the complete cyt b sequence was
determined after a cloning step following protocol 2. The cyt b of the other taxa was directly sequenced following protocol 1.

a These pecoran outgroups are potential bovid outgroups as the Bovidae monophyly is to be tested.

TAA (Cephalophus, Gazella), AAA (Tragelaphus), AAG
(Boselaphus), ACAA (Neotragus), and TAAA (Ammotra-
gus).
Homoplasy and Saturation Levels for Each Type

of Substitution

The comparison of the graphics of saturation and ClI
values for all substitution types reveals several combi-
nations of patterns according to mutational event and
codon position (Fig. 1 and Table 2). Substitution types
can be strongly homoplastic, and they display fully
saturated plots (e.g., C-T 3: S < 0.5 with an intermedi-
ate r?), or highly dispersed plots (e.g., C-T 1, A-G 1, and
C-T 2), or moderately dispersed plots (e.g., A-G 3, A-C 3,
and A-T 3). Reciprocally, the profiles of saturation can
be perfectly linear (S > 0.8-0.9 with a high r?) with
relatively high levels of homoplasy and a small number
of informative sites (e.g., A-C 1, A-T 1, and A-G 2), or
with low levels of homoplasy and either a great (e.g.,
C-G 3and G-T 3) or asmall (e.g., C-G 1, G-T 1, and all
Tv in second positions) number of informative sites.
The comparison of the raw CI and S values indicates
that the amounts of homoplasy and the levels of
saturation for a given type of substitution are the
greatest in third positions where the overall lowest Cl
and S are found (Table 2). Only one exception must be
noted: the A-G transitions in first positions are slightly
more homoplastic but much more saturated than the
same substitution type in third positions. Second posi-
tions of codons are less subject to homoplasy and

saturation than the two other positions, even if C-T
events remain highly affected by multiple substitution
events.

Whatever the codon positions, transitions (Ti) are
much more homoplastic and saturated than transver-
sions (Tv). Among Ti, C-T substitutions are more
homoplastic than A-G substitutions at every codon
position. The same trend is observed for the level of
saturation, except for Ti in first positions for which A-G
are more saturated than C-T. Among Ty, the substitu-
tion types which involve A rather than G contain larger
amounts of homoplasy and are more strongly saturated
(Table 2).

The Question of Bovid Monophyly

When the topologies are rooted with Antilocapra, the
bovids are monophyletic, with Cervidae as sister group
and the giraffe more basal (Figs. 2 and 3). The phyloge-
netic relationships between Cervidae depict three ma-
jor clades: Cervinae + Muntiacinae, Odocoileini +
Rangiferini, and Hydropotini + Alcini, therefore indicat-
ing the paraphyly of antlered deers. The evolutionary
implications of these results and more detailed studies
of Cervidae phylogenetics may be found elsewhere
(Douzery and Randi, 1997; Randi et al., 1998). When
the topologies are rooted with the more distant out-
group Tragulus, the phylograms show that Antilocapra
and Giraffa are basal relative to three unresolved
clades: Bovinae, Antilopinae (sensu Kingdon), and Cervi-
dae (data not shown).
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Maximum Parsimony Phylogenetic Analyses

In this study, we used two different approaches to
estimate the level of homoplasy of the various substitu-
tion types: one uses Cls whereas the other uses graphs
of saturation. These complementary approaches reveal
patterns of homoplasy (Hassanin et al., 1998a,b) and,
therefore, we prefer to apply Cl - S products for weight-
ing the MP analyses, rather than Cl or S values alone.
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FIG. 1. Detailed study of saturation for all substitution types in
third codon positions (i.e., C-T 3, A-G 3, A-C 3, A-T 3, C-G 3, and C-G
3) and only for Ti in first codon positions (i.e., C-T 1 and A-G 1) of the
cytochrome b of 52 bovid taxa. Graphs were obtained by plotting the
pairwise number of observed differences (in ordinate) against the
corresponding pairwise number of inferred substitutions (in ab-
scissa). The linear regression, used to evaluate the level of saturation,
corresponds to the dashed line. The continuous line represents the
area of equal numbers of observed and inferred changes, i.e., the
theorical situation for which no saturation is observed.
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TABLE 2

Number of Informative Sites, Amount of Homoplasy
Measured through the Consistency Index (Cl) Exclud-
ing Uninformative Sites, Intensity of Saturation Evalu-
ated by the Slope of the Linear Regression (S), and
Products (CI - S) for Each Substitution Type at Each of
the Three Codon Positions

Level of
Amount of  saturation:
Informative homoplasy theslopeS Product
sites cn (r?)a (C1-9)
First positions
C-T 56 0.247 0.520 (0.657) 0.128
A-G 36 0.286 0.314 (0.449) 0.090
A-C 18 0.562 0.870 (0.921) 0.489
A-T 17 0.630 0.835(0.947) 0.526
C-G 5 1.000 1.000 (1.000)  1.000
G-T 7 0.875 0.992 (0.998) 0.868
Second positions
C-T 27 0.293 0.416 (0.451) 0.122
A-G 4 0.667 0.967 (0.954) 0.645
A-C 0 1.000 1.000 (1.000)  1.000
A-T 1 1.000 1.000 (1.000)  1.000
C-G 1 1.000 1.000 (1.000)  1.000
G-T 1 1.000 1.000 (1.000)  1.000
Third positions
C-T 217 0.130 0.274 (0.621) 0.036
A-G 133 0.296 0.628 (0.764) 0.186
A-C 110 0.426 0.652 (0.909) 0.278
A-T 104 0.486 0.610 (0.885) 0.296
C-G 41 0.745 0.932 (0.991) 0.694
G-T 34 0.829 0.932(0.989) 0.773

Note. The following values correspond to the study of a data matrix
including only taxa of the family Bovidae (ingroup). The lowest
values of ClI, S, and CI - S are indicated in boldface.

ag js the slope of the linear regression and r? its correlation
coefficient.

The MP analysis produced one most-parsimonious
tree of 502,368 steps when the CI - S weights were used
(Fig. 2). Bootstrap and branch support analyses strongly
support the monophyly of the following tribes: Bosela-
phini (BP = 100, b,,, = +28.9), Tragelaphini (BP = 100,
b, = +19.8), Hippotragini (BP = 100, b, = +18.5),
Alcelaphini (BP =99, b,, = +25.2), Antilopini
(BP =95, b,, = +13.5), and Reduncini (BP = 83,
b, = +10.5). Moreover, the Saiga appears sister group
of all Antilopini (BP = 81, b,,, = +8.1), suggesting the
existence of an enlarged tribe Antilopini. Pelea joins
Kobus and Redunca (BP = 79, b,,, = 12.6), suggesting
the existence of an enlarged tribe Reduncini. The tribe
Bovini is splitted into a cattle-Bovini clade (BP = 100,
b, = +35.8) and a buffalo-Bovini clade (BP = 100,
b, = +14.0). The monophyly of Bovini is supported by
a residual BP = 28 and involves 1.4 additional steps.
The Neotragini appears polyphyletic, as Neotragus and
Oreotragus do not cluster together (residual BP <1,
additional steps = +28.3). The suni actually groups
with the impala (BP = 62, b,, = +11.7) and the klip
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Phylogram of the most parsimonious tree obtained from a differential weighting scheme based on the product of the homoplasy and
saturation estimators (C1.S) and rooted by Antilocapra. Its length is 502,368 steps. The bootstrap percentages after 100 replicates and the
weighted and rescaled branch supports (b,,) are indicated below and above branches, respectively. The use of the differential weighting based
on either Cl or S values yielded similar topologies, except for some very weakly supported branchings: Bovini monophyly, Bos monophyly with
respect to Bison, relative position of Bubalus species, and Gazella monophyly with Antilope as sister group. Moreover, Cephalophus and
Oreotragus were sister genera and clustered with a clade where Reduncini s. |. was sister tribe of Alcelaphini—Hippotragini—Caprini s. I. A
similar topology was obtained after the standard equal weighting procedure except for the positions of Taurotragus, Aepyceros and Neotragus,
Tragelaphini, and Caprini s. I. (see text). One should note that there is no phylogenetic signification for the “antelope” term, as the
spiral-horned antelopes (Tragelaphini) belong to the subfamily Bovinae, whereas the true antelopes (Antilopini) and the dwarf antelopes
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FIG. 3. Maximume-likelihood phylogram reconstructed from the transversions of the cyt b for 60 pecoran taxa and rooted by Antilocapra.
The topology corresponds to the most likely tree (InL = 4464 = 219) reconstructed from the Tv only after 1000 quartet puzzling steps. I_3ra_n_ch
lengths are proportional to the expected number of changes under the Tamura and Nei (1993) model of sequence evolution. Reliability
percentages are indicated and depict the robustness of each node.



TRIBAL RADIATION OF THE BOVIDAE

springer clusters with the Antilopini s. I. (residual
BP = 39, b,, = +1.3) or with the white-bellied duiker
(BP = 46, additional steps = 1.3). The three tribes cur-
rently recognized within the subfamily Caprinae are
artificial. The muskox groups with the serow (BP = 98,
b, = +11.5) and the takin clusters with the sheep
(BP =99, b,, = +17.7), involving the polyphyly of the
tribe Ovibovini.

At the subfamilial level, only two of the six subfami-
lies classically recognized (Gentry, 1992) appear mono-
phyletic (Fig. 2): (1) Bovinae, i.e., Boselaphini, Tragela-
phini, cattle-Bovini, and buffalo-Bovini (BP = 93,
bwr = +18.5) and (2) Caprinae, including Pantholops
and all the representatives of the three artificial tribes
Caprini, Ovibovini, and Rupicaprini (BP = 95,
b, = +18.7). In contrast, the monophylies of Hippotra-
ginae and Antilopinae are not supported and require
respectively a huge number of additional steps: 17.2
and 34.9 (including Saiga within Antilopinae) or 46.8
(excluding Saiga). New relationships between tribes
are, however, suggested: Alcelaphini may be sister
group of Hippotragini (BP = 52, b,,, = +1.5) and these
two tribes may cluster with Caprinae (BP = 58,
by = +9.7).

The MP tree depicts a major basal split within
Bovidae (Fig. 2). First, the Bovinae clade includes four
multifurcating tribes or subtribes: cattle-Bovini (Bos
and Bison), buffalo-Bovini (Bubalus and Syncerus),
Boselaphini, and Tragelaphini. Second, its sister group
is the Antilopinae clade (BP = 71, b,, = +10.4) accord-
ing to the subfamilial sense of Kingdon (1997). Antilopi-
nae are represented by a minimum of four multifurcat-
ing lineages: (1) Antilopini sensu lato (including Saiga)
possibly linked to Oreotragus and Cephalophini; (2)
Reduncini sensu lato (including Pelea); (3) Aepyceros +
Neotragus; and (4) Caprini sensu lato possibly linked to
Hippotragini and Alcelaphini. Here, the term Caprini s.
l. is used to group together the three artificial caprine
tribes (Caprini sensu stricto, Ovibovini, and Rupicap-
rini) and Pantholops. This term is preferred to “Capri-
nae,” which brings a subfamilial sense and does not fit
our Bovinae/Antilopinae distinction.

When all nucleotide changes were equally weighted,
five most-parsimonious trees were obtained (length =
4058 steps; Cl = 0.215; CI excluding uninformative
characters = 0.196; Rl = 0.435), and one robust node
conflicted with the results obtained after the three
differential-weighted (Cl - S, C, or S) MP analyses (data
not shown). Taurotragus actually groups with Tragela-
phus strepsiceros (BP = 73, b = +3), whereas this ge-
nus appears in basal position with respect to Tragela-
phus scriptus, T. spekii, and T. euryceros in the MP
analyses based on the CI-S weights (BP = 87,
by, = +7.3), Cl weights (BP = 65, b,, = +3.6), or S
weights (BP =51, b, = +1.1). Three weakly sup-
ported nodes were also conflictual: Bovidae and Bovi-
nae were polyphyletic due to sister group relationship
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of Tragelaphini to Cervidae; Aepyceros and Neotragus
were separated, with the impala clustering with Oreo-
tragus and the suni grouping with Reduncini s. I.; and
Hippotragini and Alcelaphini did not cluster with Cap-
rini s. I. Moreover, the equal weighting yielded a poor
support for most tribes: Reduncini s. I. (BP = 32,
b = +2), Antilopini s. I. (BP =36, b = +1), Hippo-
tragini (BP = 55, b = +5), and Caprini s. I. (BP = 71,
b = +6).

Maximume-Likelihood Phylogenetic Analyses

When the ML analysis is conducted on all events, i.e.,
the more saturating Ti are included with an estimated
Ti/Tv ratio of 3.6, the most likely tree (InL =
—20,676 = 606) exhibits the same topology as the MP
tree of Fig. 2, except for three conflicting nodes: (1)
Taurotragus clusters with Tragelaphus strepsiceros; (2)
Aepyceros does not associate with Neotragus; and (3)
Pantholops clusters with Rupicapra (data not shown).
Otherwise, a lack of resolution at the RP = 50 threshold
is observed for some nodes (e.g., Muntiacus and Odocoi-
leus within Cervidae or the Antilopini within Bovidae).
One should note that all sequences but those of Hydro-
potes and Rangifer do not differ significantly in nucleo-
tide composition from the frequency distribution of the
ML model (Tamura and Nei, 1993) on the basis of a 5%
level x? test. The Chinese water deer and reindeer cyt b
sequences actually exhibit a slight overall deficit of C
and an excess of T.

When the ML analysis is conducted on transver-
sional events only, i.e., the more saturating Ti are
excluded from all codon positions, the topology of the
most likely tree (InL = —4464 = 219) is similar to the
previous ML tree and is presented in Fig. 3. The
removal of Ti does not change the phylogenetic relation-
ships except for five nodes: (1) Taurotragus clusters
with Tragelaphus euryceros/T. spekii/T. scriptus
(RP = 84); (2) Neotragus groups with Aepyceros
(RP = 93); (3) Gazella granti clusters with the two
other Gazella species (RP = 59); (4) Hemitragus shifts
to Capra sibirica (RP = 92); and (5) the position of
Pantholops within Caprinae is unresolved. Moreover, a
better reliability is measured for the majority of the
nodes. For example, the monophyly of the following
groups is supported by higher RP: Bovidae (75 vs 63),
Bovinae (89 vs 62), Antilopinae (68 vs 57), and Addax +
Oryx (92 vs 51).

To summarize, the MP tree reconstructed with differ-
ential weighting using the CI and S values (Fig. 2) is
congruent with the ML tree based on Tv only (Fig. 3)
and the NJ tree based on Tv only (data not shown).
However, three topological differences appear with a
weak to strong support for the nodes in conflict. (1)
Cephalophus and Oreotragus cluster together in ML
(RP = 71) and NJ trees (BP = 35), whereas two topolo-
gies are in conflict in the case of the MP analysis: the
klipspringer is sister group of a clade comprising the
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white-bellied duiker and the Antilopini s. I. in the MP
tree (BP = 39, b,,, = 1.3), whereas the clade Cephalo-
phus + Oreotragus is supported in the bootstrap analy-
sis by a higher value (BP = 46). (2) The monophyly of
Gazella is evidenced by the ML (RP =59) and NJ
(BP = 50) analyses, whereas Gazella granti and Anti-
lope cervicapra cluster together in the MP tree (BP = 42)
even if the monophyly of Gazella cannot be rejected
(residual BP = 42). (3) Capra sibirica and Hemitragus
jemlahicus cluster together with ML (RP = 92) and NJ
(BP = 78) analyses, but Capra sibirica originates first
before Hemitragus and the other Capra species in the
MP tree (BP = 51). However, a similar value of branch
support (residual BP = 46) agrees with the topology
obtained by the ML and NJ methods. Moreover, the ML
did not provide reliable resolution for the position of the
genera Naemorhedus, Pantholops, and Saiga, and the
tribes Alcelaphini and Hippotragini. In contrast, the
MP and NJ approaches cluster the goral with the serow
and muskox (BP = 68 and 60, respectively), place the
chiru basalmost within Caprinae (BP =59 and 75),
group the saiga with Antilopini (BP = 81 and 57), and
associate Alcelaphini and Hippotragini with Caprinae
(BP = 58 and 51).

Evolutionary Rates of the Cytochrome b
and Divergence Dates Among Bovidae

The family Bovidae seems to originate in the Early
Miocene. The minimum age of bovids divergence is
actually 18 MY, as indicated by the European and
Indian location of Eotragus, the first typical bovid
documented in the fossil record (Ginsburg and Heintz,
1968). Thus, the age of bovid emergence is postulated at
20 MY (Miyamoto et al., 1993). We applied this calibra-
tion point to estimate the rate of Ti + Tv or Tv only
accumulation in the overall cyt b, without distinction of
codon position, and using the ML estimates of branch
lengths (Fig. 3). If all mutational events are considered,
a mean evolutionary rate of 0.63 + 0.07% Ti + Tv/IMY/
lineage is found for the family Bovidae represented by
51 species. If the saturating Ti are excluded, a mean
rate of 0.13 = 0.02% Tv/MY/lineage is calculated. These
rates represent mean values computed on the complete
cyt b and do not depict the rate heterogeneities existing
between the three codon positions.

The dates of divergence of the main bovid lineages
were then calculated using local molecular clocks based
on Tv only. To reduce the impact of rate heterogeneities
on the time estimations, the rates were actually calcu-
lated for each different lineage. They range from 0.08%
Tv/IMY/lineage for cattle-Bovini to 0.16% Tv/MY/
lineage for Antilopini, Tragelaphini, and Aepyceros +
Neotragus. The estimations of divergence times de-
duced after these rates are summarized in Table 3. The
first cladogenesis at 20 MY during the Early Miocene
produces two major bovid groups: the Bovinae (Bovini,
Boselaphini, and Tragelaphini) and the Antilopinae (all
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TABLE 3

Estimation of the Divergence Dates for Various Bovi-
dae Taxa Based on the Rate of Accumulation of Tv for
all Codon Positions of the Cyt b

Divergence Geological

Taxon time (MY) time scale
Antilopinae 13.6-15.3 Middle Miocene
Bovinae 12.0-14.3 Middle Miocene
Alcelaphini + Hippotragini 10.6-11.3 Late Miocene
Reduncini including Pelea 9.0-10.8 Late Miocene
Aepyceros/Neotragus 9.0-9.6 Late Miocene
Cephalophus/Oreotragus 8.4-11.8 Late Miocene
Kobus + Redunca 5.7-8.4 Late Miocene
Buffalo-Bovini

(i.e., Bubalus/Syncerus) 6.9-7.7 End of Late Miocene

Antilopini 4.6-5.8 Miocene/Pliocene
Tragelaphini 4.7-6.6 Miocene/Pliocene
Caprinis. |. 2.8-7.0 Miocene/Pliocene
Alcelaphus + Damaliscus 3.6-5.4 Early Pliocene
Hippotragini 3.6-5.4 Early Pliocene
Boselaphini 3.3-4.8 Early Pliocene
Cattle-Bovini (i.e., Bos/Bison) 3.3-4.8 Early Pliocene
Antilope + Gazella 1.9-3.4 Late Pliocene
Oryx + Addax 0.6-2.9 Plio-Pleistocene

Note. The branch length estimates of the tree reconstructed by
maximum-likelihood (Fig. 3) were used. Only Tv on first, second, and
third positions of the codon were considered, and the removal of Ti
was justified by their saturated pattern of accumulation during
Pecora evolution. The calibration date was chosen at 20 MY for the
divergence of Bovidae, yielding a mean rate of 0.13 = 0.02%
TvIMY/lineage. To reduce the impact of rate heterogenities on the
time estimations, the rates of Tv accumulation were calculated for
each lineage.

the other extant tribes). Then, our cyt b data suggest
that Bovinae and Antilopinae experienced a contempo-
raneous and rapid tribal radiation in the Middle
Miocene. Four Bovinae lineages arose between 12.0
and 14.3 MYA, and six Antilopinae lineages arose
between 13.6 and 15.3 MYA (Figs. 2 and 3, Table 3).
Subsequent cladogeneses occur at the tribe and genus
levels in the Late Miocene, between Miocene and
Pliocene, and in the Early Pliocene (Table 3).

DISCUSSION

Molecular Evolution of the Bovid Cytochrome b

The cyt b is a protein-coding gene and its evolution is
confined to a limited number of nucleotide sites and
character-state transformations because the gene prod-
uct should remain functional. Consequently, the largest
part of the phylogenetic signal corresponds to synony-
mous substitutions which are free to accumulate with
time. As previously observed (e.g., Irwin et al., 1991),
the highest levels of homoplasy and saturation are
measured at third codon positions (Table 2) for which
all Ti and most of Tv are synonymous. At these posi-
tions, C-T transitions are more affected by multiple
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substitutions than A-G transitions. Moreover, Tv involv-
ing A are more homoplastic and saturated than those
involving G, reflecting the biases in base composition
observed in third positions (T: 15%, C: 37%, A: 44%, G:
4%). These results, which confirm previous observa-
tions (Hassanin et al., 1998a), show clearly that muta-
tional constraints are different depending on the nucle-
otide change involved.

The majority of amino acid replacements involve
residues such as lle, Met, Thr, Val, and Ala which are
easily permutable because they do not disrupt the
properties of the molecule (Hassanin et al., 1998a). For
A-G transitions, it is striking to measure a similar
amount of homoplasy and a higher level of saturation
for first positions (Cl = 0.286 and S = 0.314) compared
to third positions (Cl = 0.296 and S = 0.628). In this
case, nonsynonymous substitutions (i.e., A-G 1) may
consequently be less reliable for phylogenetic analyses
than synonymous substitutions (i.e., A-G 3). Our hypoth-
esis is that most of the A-G substitutions in first
positions are weakly constrained and other types of
substitutions (i.e., C-T1,A-C1,A-T1,C-G1,and G-T 1)
are more constrained in first than in third positions. In
other words, the mutational possibilities should be
more limited in first positions. Three arguments sup-
port this hypothesis: (1) the amount of homoplasy and
level of saturation measured for C-T 1, A-C 1, A-T 1,
C-G 1, and G-T 1 are always lower than the correspond-
ing substitution types in third position (Table 2); (2) the
number of informative multistate sites involving A, G,
and one of the two pyrimidines relative to the total
number of informative sites for A-G is lower in first
(6/36 = 0.17) than in third positions (51/133 = 0.38);
and (3) A-G transitions at some first positions are
poorly constrained because the concomitant change in
amino acid (i.e., lle-Val, lle-Met, and Thr-Ala) involve
residues which are biochemically very similar.

In second positions of the cyt b, the mutational
possibilities are mainly limited to C-T transitions
(Hassanin et al., 1998a) like all other mitochondrial
protein-encoding genes (Naylor et al., 1995). It is inter-
esting to note that second position, like first position,
substitutions involve the replacement of the same
amino acid residues (Ala, lle, Met, Thr, and Val). For
these two codon positions, the number of variable sites
is low and strongly limited to the homoplastic and
saturated A-G and C-T transitions (respectively for
first and second positions). Moreover, in third codon
positions the nonsynonymous substitutions are not
numerous. Consequently, phylogenetic reconstructions
using the cyt b amino acid sequences are based on a
small number of informative sites which are strongly
affected by homoplasy and we suspect therefore that
such analyses are less reliable than those using the
corresponding nucleotide sequences.

Our analyses of homoplasy and saturation resulted
in a weighting procedure in which each of the six kinds
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of substitutions at each codon position has received a
homoplasy- and saturation-related weight. This proce-
dure, described in Hassanin et al. (1998; 1998a,b), is
quite different from other approaches which have also
used the Consistency Index for weighting, such as those
of Farris (1969: successive weighting) or Goloboff (1993:
searching fittest trees, with character fits being a
concave function of homoplasy).

Phylogeny of the Family Bovidae

When the family Antilocapridae is used as outgroup,
the monophyly of Bovidae relative to Giraffidae and
Cervidae is well supported by MP (BP = 80,
b, = +14.8) and ML based on Tv only (RP = 75)
phylogenetic analyses. This suggests that the horns
appeared once during the history of the family and that
the possession of permanent and unbranched frontal
appendages covered with a keratin sheath represents a
true synapomorphy uniting the Bovidae (Janis and
Scott, 1988). However, when Tragulidae are added to
root the tree, the bovid monophyly is not evidenced:
Antilocapridae and Giraffidae appear in basal position
with respect to a multifurcation comprising Cervidae,
Bovinae, and Antilopinae. In that case, the lack of
signal toward Bovidae monophyly may be attributed to
the distant position of the tragulid outgroup and the
subsequent saturation of substitutions for Pecora/
Tragulina comparisons. Additional data are required to
unambiguously solve the question of the Bovidae mono-
phyly.

The consensus of our present phylogenetic analyses
based on 60 pecoran taxa (Fig. 4) indicates that extant
bovids represent the product of a main split which gave
rise to one Bovinae clade and one Antilopinae clade
(Antilopini, Alcelaphini, Caprini s. ., Cephalophini,
Hippotragini, Neotragini, and Reduncini). This basal
dichotomy is upheld by two exclusive synapomorphic Ti
in the codon 123 (Table 4), which unambiguously define
the Antilopinae and involve an amino acid replacement
in the middle of the third transmembrane helix of the
cyt b protein according to the Eight Domain Model
(Howell, 1989). However, in the popular mind, Bovidae
were divided into three groups: bovines (oxen and
relatives), ovines (sheeps, goats, and others), and anti-
lopes (all the other bovids) (cited in Simpson, 1945:
270). Schlosser (1904) criticized this longstanding view
and introduced a distinction between Boodontia (Bo-
vini, Boselaphini, Tragelaphini, Cephalophini, Hippo-
tragini, and Reduncini) and Aegodontia (the other
tribes), mainly based on dental characters (but see the
morphological and paleontological discussion by Tho-
mas, 1984: 263-266). The dichotomy between Bovinae
species and non-Bovinae species, which invalidates the
Aegodontia/Boodontia concept, has already been sug-
gested by marked chromosomal differences (Buckland
and Evans, 1978; Gallagher and Womack, 1992), immu-
nological distances (Lowenstein, 1986), and mitochon-
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Antilocapridae
Giraffidae
Cervidae

Cattle-Bovini ﬁ Bos taurus
Bos javanicus
Boselaphini Bison bison
oseraphini Boselaphus tragocamelus

—:: Tetracerus quadricornis
Tragelaphus eurycerus
Tragelaphus spekii
Tragelaphus scriptus
Taurotragus oryx
Tragelaphus strepsiceros
Tragelaphus imberbis
Syncerus caffer
Syncerus caffer’
Bubalus bubalis
Bubalus depressicornis
Bubalus quarlesi
Bubalus mindorensis
—Y{ Pantholops hodgsonii
") Oreamnos americanus

C .. Ovis dalli
aprini Ovis aries
Budorcas taxicolor

Pseudois nayaur
Hemitragus jemlahicus
Capra ibex

Capra nubiana

Capra sibirica

Rupicapra rupicapra
] _E Rupicapra pyrenaica
Ammotragus lervia
Naemorhedus caudatus
L - —E Capricornis crispus
Ovibos moschatus

Oryx dammah

Oryx leucoryx

Addax nasomaculatus
Hippotragus niger
Alcelaphus buselaphus
Damaliscus pygargus
Y Suiga tatarica

Antilopini Gazella gazella
P Gazella subgutturosa

Gazella granti

Antilopinae Antilope cervicapra
Antidorcas marsupialis

g Cephalophus leucogaster
L—1 Oreotragus oreotragus

.. Kobus megaceros
Reduncini E E Redunca fulvorufula
Pelea capreolus

< Neotragus moschatus
b Aepyceros melampus

Bovinae

Tragelaphini

Buffalo-Bovini

Hippotragini

Alcelaphini

FI1G. 4. Consensus tree of the MP, ML, and NJ analyses based on a differential weighting of transitions and transversions (Cl - S weights
for MP, and transversions only for ML and NJ methods). Three categories of nodes are identified depending on their robustness: il nodes
strongly supported by the three methods; — nodes strongly supported by at least one of the three methods; and - - - nodes moderately
supported by the three methods. Each taxon is labeled by an icon corresponding to its classification in one of the subfamilies and tribes
currently recognized (Gentry, 1992): Subfamily Bovinae: [J Tribe Bovini, B Tribe Boselaphini, [l Tribe Tragelaphini; Subfamily Cephalophi-
nae: E Tribe Cephalophini; Subfamily Hippotraginae: > Tribe Hippotragini, » Tribe Reduncini; Subfamily Alcelaphinae: ® Tribe Alcelaphini;
Subfamily Antilopinae: € Tribe Antilopini, <I Tribe Neotragini; Subfamily Caprinae: @ Tribe Caprini, @ Tribe Ovibovini, O Tribe Rupicaprini;
Subfamily indeterminate: % Tribe indeterminate.
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TABLE 4

Summary of the Cytochrome b Strictly Exclusive Molecular Synapomorphies Defining Some of the Bovidae
Clades Evidenced in the Present Study, after Sequence Comparison of Two Tragulids, One Giraffid, One
Antilocaprid, Six Cervids, and 52 Bovids

Clades defined by Nucleotide Position Amino acid Position
exclusive synapomorphies substitution (gene) replacement (protein)
Antilopinae clade G—A 367 Val — Thr 123
(i.e., all non-Bovinae bovids) T—C 368 Val — Thr 123
Boselaphini (Boselaphus + Tetracerus)? T—G 190 Ser — Ala 64
Buffalo-Bovini clade
(Bubalus + Syncerus) G—C 40 Val — Leu 14
Cattle-Bovini clade (Bos + Bison) R—Y 921 Met — lle 304
A—C 927 No 309
Hippotragini A—T 570 Homoplastic 190
(Oryx + Addax + Hippotragus) T—C 917 Leu — AlaP 306
Genus Oryx A—T 1017 No 339
(here O. dammah + O. leucoryx)
Reduncini (Redunca + Kobus) A—T 180 Homoplastic 60
Alcelaphini (Alcelaphus + Damaliscus) A—C 591 No 197
Cephalophus + Oreotragus® C—A 328 Autapomorphicd 110
Within Antilopini: Gazella + Antilope C—A 522 No 174
Within Caprini s. I.: Ovis + Budorcas A—C 876 No 292
Capra sibirica + Hemitragus G—A 292 Val — lle 98

Note. Only the exclusive nucleotide substitutions and amino acid replacements are indicated, i.e., those representing a molecular
“signature” for the clade under study. The low number of exclusive synapomorphies is the consequence of the high number (62) of taxa
examined, leading to a high frequency of homoplasy occurrence. The diagnostic nucleotide substitutions are either synonymous (no amino acid
replacement) or involve diagnostic, autapomorphic, or homoplastic replacements. Sites of the cytochrome b gene are numbered from
nucleotides 1 to 1140, and sites of the cytochrome b protein are numbered from amino acids 1 to 379.

a The same analysis identifies an exclusive morphological synapomorphy for this clade: supraorbital foramina placed forward and widely
apart.

b An autapomorphic Ala — Thr replacement occurred subsequently in Oryx dammah.

¢ The cladistic analysis of the 112 morphological characters listed by Gentry (1992) reveals that two character states, initially coded as
primitive, may actually constitute two exclusive synapomorphies for this clade: an enlarged back half of molar M3 (possibly acquired in

Dorcatragus by convergence) and a smaller foramina ovalia.
d Leu — Met for Cephalophus and Leu — lle for Oreotragus.

drial ribosomal gene comparisons (Gatesy et al., 1997).
On the basis of differences concerning thermoregula-
tion, gland structures, and horn types, Kingdon (1997:
346-347) distinguishes these two major groups and
suggests that a continental separation over 20 million
years ago might have marked their first divergence,
with Bovinae and Antilopinae evolving respectively in
Eurasia and Africa.

The Tribal Radiation of Bovinae

The subfamily Bovinae comprises four multifurcat-
ing major clades (Fig. 4): Boselaphini, two Bovini clades
(cattle-Bovini and buffalo-Bovini), and Tragelaphini.
This multifurcation either may reflect the lack of
resolving power for the cyt b marker at this level of the
bovid tree or could evidence an explosive radiation
among Bovinae, therefore precluding the accumulation
of molecular synapomorphies in the cyt b during succes-
sive cladogeneses.

Boselaphini are clearly monophyletic, and this contra-
dicts the morphological analysis of Gentry (1992),
which concludes an association of Boselaphus with
Bison rather than with Tetracerus. Boselaphines are

defined by an exclusive synapomorphic Tv involving an
amino acid replacement in our cyt b data, and morphol-
ogy supports this result with supraorbital foramina
placed forward and widely apart (Table 4). However,
the lack of resolution of the branching order among the
four lineages prevents checking for the postulated
basal position of boselaphines among Bovinae sug-
gested by the fossil record (e.g., Gentry, 1990: 204).

A clear distinction between cattle (Bos and Bison)
and buffaloe (Bubalus and Syncerus) has been previ-
ously noted within Bovini by morphological and molecu-
lar studies (Groves, 1981; Wall et al., 1992; Janecek et
al., 1996; Pitra et al., 1997). Our cyt b data confirm this
deep dichotomy, providing three diagnostic Tv for these
clades (Table 4), but do not evidence a robust signal
toward the Bovini monophyly. Moreover, the paraphyly
of the genus Bos due to the inclusion of Bison is
suggested but not strongly supported, despite a limited
taxonomic specific representation for Bos, in accor-
dance with previous mitochondrial DNA studies (Miya-
moto et al., 1993; Janecek et al., 1996) but discordant
from the nuclear DNA study of Pitra et al. (1997).
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Within buffaloes, the anoa (Bubalus depressicornis)
robustly groups with other Bubalus species, which
conforms with morphology and paleontology (Geraads,
1992), but contradicts its sister group relationship to
the nilgai as suggested by the molecular data of Pitra et
al. (1997).

Tragelaphini are monophyletic and the lesser kudu
(Tragelaphus imberbis) is the basalmost species. This
cyt b result contrasts with the paleontological view of
Gentry (1978) in which T. imberbis is the sister group of
T. strepsiceros. The genus Tragelaphus appears paraphy-
letic due to the inclusion of Taurotragus, and this
questions the distinct generic status given to the eland.
Taurotragus should be better included within Tragela-
phus, following Georgiadis et al. (1990) and Gatesy et
al. (1997). One should note that transitional events
saturate for comparisons involving T. strepsiceros, T.
imberbis, and T. oryx (Fig. 1 and data not shown). The
consequence of this saturation is that Taurotragus
robustly groups either with T. strepsiceros when all
substitutions are equally weighted or with T. scriptus,
T. spekii, and T. euryceros when Tv are favored relative
to Ti by differential weighting (Figs. 2 and 3). A detailed
analysis of this situation reveals that in the MP tree
with equal weighting of Ti and Tv, the Taurotragus/
Tragelaphus strepsiceros association is defined by 17
synapomorphies (mean CIl of the 17 substitutions:
0.137 = 0.103), of which 14 are third codon position C-T
changes. These events have been identified as the most
homoplastic and saturated among bovids (Fig. 1 and
Table 2). So, the clustering of the common eland with
the greater kudu may be artefactual, as it relies on
very noisy substitutions. If we constrain the grouping
of the common eland with the bongo-sitatunga—
bushbuck clade, 16 synapomorphies will define the
ancestral segment (mean CI of the 16 substitutions:
0.236 = 0.175). Among them, 15 are Ti, of which 9 are
C-T and 6 are A-G events (including 2 first and 2 second
codon position substitutions). This branching pattern is
therefore defined by mutations less subject to homo-
plasy and saturation and could better describe the
phylogenetic position of Taurotragus oryx.

The Tribal Radiation of Antilopinae

The Antilopinae clade, i.e., all non-Bovinae bovids,
includes seven major lineages: Caprini s. ., Hippo-
tragini, Alcelaphini, Antilopini s. I., Cephalophini +
Oreotragus, Reduncini s. I., and Aepyceros + Neotragus.
Among them, three tribes are clearly monophyletic and
defined by diagnostic substitutions (Table 4): Alcela-
phini (Alcelaphus, Damaliscus), Hippotragini (Hippo-
tragus, Addax, and Oryx), and Reduncini (Redunca,
Kobus).

Among Caprini s. I. (i.e., Caprinae plus Pantholops),
the chiru places in basal position with respect to other
caprine genera for which only three clades are evi-
denced (Figs. 2 and 3): (1) Ovis + Budorcas (see Table
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4); (2) Pseudois + Hemitragus + Capra; and (3)
Naemorhedus + Capricornis + Ovibos. These results
confirm previous observations which concluded that a
rapid cladogenesis exists within this tribe (Hassanin et
al., in press).

Our analyses group together Alcelaphini and Hippo-
tragini, supporting the point of view of Simpson (1945)
and Gentry (1992) based on the study of morphological
characters. A phyletic closeness for alcelaphines and
hippotragines has also been proposed by Gallagher and
Womack (1992) by comparison of the X chromosome.
Moreover, the cyt b data suggest that Caprini s. I,
Hippotragini, and Alcelaphini could have shared a
direct common ancestor, confirming some cytogenetic
(Buckland and Evans, 1978; Claro et al., 1995) as well
as morphological and ecological observations (Kingdon,
1997: 366).

Neotragini, represented here by Neotragus and Oreo-
tragus, clearly appear polyphyletic. The klipspringer is
close to the only cephalophine considered in the present
study, the white-bellied duiker. The smaller foramina
ovalia, coded as a primitive state by Gentry (1992),
could actually be a derived state representing an
exclusive synapomorphy among bovids defining the
Oreotragus/Cephalophini clade.

The suni surprisingly clusters with the impala but
three characteristics let us suppose a possible effect of
long branch attraction (Felsenstein, 1978): (1) no exclu-
sive synapomorphy characterizes this clade; (2) the
branch support remains contrasted with a low BP (62)
and a high b,,, (+11.7) (Fig. 2); (3) the group stands in
basalmost position within the Antilopinae. The basal
position of Neotragus and Aepyceros with respect to
other Antilopinae may also suggest that they are the
extant representatives of two primitive lineages.

Within the Antilopini, the blackbuck appears closely
related to the gazelles, which confirms the conclusions
given by cytogenetic (e.g., Gallagher and Womack,
1992), osteological (Groves, 1985), and alloenzyme data
(Vassart, 1994), and indicates that Antilope and Ga-
zella should be treated as congeneric. An exclusive Tv
synapomorphy reinforces this result (Table 4). The
springbok is the sister group of the Gazella—Antilope
assemblage, and this agrees with their classical branch-
ing within the Antilopini (Gentry, 1992).

The questions related to the phylogenetic position of
the odd genera Pelea, Pantholops, and Saiga receive
robust answers. Pelea appears as the sister taxa of all
reduncines in our analyses, confirming previous mor-
phological and molecular data (Simpson, 1945; Gatesy
et al., 1997). Pantholops and Saiga were placed by
Simpson (1945) in the subfamily Caprinae while other
authors group them with the Antilopini (von Roy, 1958,
and Schwartz, 1937; in Gentry, 1992). Our cyt b data
cluster the saiga with Gazella, Antilope, and Antidor-
cas in an enlarged tribe Antilopini, and the chiru with
caprines in the tribe Caprini s. l., in agreement with
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morphological (Gentry, 1992) and ribosomal DNA
(Gatesy et al., 1997) analyses.

The relationships among the various lineages of
Antilopinae remain rather unresolved, but a first step
in the knowledge of the evolution of this subfamily is
the identification of close phylogenetic affinities be-
tween three tribes, with Caprini s. |. being sister group
of Alcelaphini plus Hippotragini. Additional investiga-
tions based on other mitochondrial and nuclear molecu-
lar markers may clarify the phylogeny of this predomi-
nantly African clade.

Chronology of Bovidae Evolution

A mean rate of 0.13 = 0.02%/MY/lineage was found
for Tv accumulation in the cyt b of Bovidae. This rate is
of the same order of magnitude as the 0.14% Tv/IMY
found among Bovidae in the mitochondrial 12S and 16S
(Allard et al., 1992). The bovid substitution rate, cali-
brated on 20 MY for the emergence of the family, leads
us to identify three main episodes of cladogeneses
during the evolution of the group.

A first major split might have taken place in the
Early Miocene as a consequence of a continental separa-
tion: the Bovinae remain in Eurasia and the Antilopi-
nae develop in Africa (Gentry, 1994; Kingdon, 1997).
The cyt b phylogenetic picture (Figs. 2 and 3) is
congruent with this view, as the extant Bovinae are
represented mainly in Eurasia (Boselaphini, cattle-
Bovini, Bubalus) and the more basal lineages of Antilopi-
nae are restricted to Africa (Aepycerotini, Neotragini,
Reduncini s. I., Cephalophini).

The second episode resulted in an explosive tribal
radiation during the Middle Miocene and gave rise to
the majority of extant Bovinae and Antilopinae tribes.
These molecular conclusions are in full agreement with
the study of paleoecological trends of the late Cenozoic
terrestrial ecosystems, which indicates that during
16.0 to 13.5 MY, bovids (and muroid rodents) radiated
independently in Southern Asia and Africa (Behrens-
meyer et al., 1992: 482). The timing of the Bovidae
radiation is notably well documented in the Siwalik
formations of India and Pakistan, where a Middle
Miocene transition to large mammal assemblages domi-
nated by bovids is observed, as a result of a process of
diversity increase occuring largely through immigra-
tion rather than in situ speciation (Barry et al., 1991).

The third phase corresponded to a period of radiation
at the Miocene/Pliocene boundary (Late Miocene and
Early Pliocene: Table 3). This period was marked by an
important global climate change promoting the spread
of grasslands and the evolution of bovids adapted to a
savanna-type habitat (Cerling et al., 1997). This sce-
nario agrees with the paleontological data that show
the emergence of Aepycerotini, Alcelaphini, Hippo-
tragini, Reduncini, and Tragelaphini in Africa, the
diversification of Boselaphini in Asia, the appearance of
Bovini in Eurasia and its subsequent immigration into
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Africa, and the expansion of Antilopini in Africa and
Eurasia (Vrba, 1985; Gentry, 1994). Our cyt b data also
imply that Alcelaphini, Caprini s. I. and Hippotragini
diverged during this time either in Africa or in Eurasia.
This is in contradiction with the view of Vrba (1985),
which proposes that Caprini s. |. appeared for the first
time in sub-Saharan Africa near 14 MY ago but is in
agreement with the opinion of Gentry (1994), which
suggests a more recent origin (Late Miocene). Subse-
quent diversifications in the tribes Antilopini and Hip-
potragini occurred during the Plio-Pleistocene, with the
emergence of new genera such as Antilope and Gazella,
or Oryx and Addax (Table 3).

Three main phases of Bovidae evolution were evi-
denced by the cyt b sequence comparisons, and, as
evidenced by the paleontology, they imply that different
bovid groups experienced several migrations between
Eurasia and Africa. The Bovinae fossil record suggests
a common South Asian origin for the subfamily. The
radiation of Boselaphini, Bovini, and Tragelaphini dur-
ing the Middle Miocene (Fig. 3, Table 3) indicates that
tragelaphines migrated in Africa where they have been
distinct for at least 15 MY and the later separation
between African and Asian buffaloes indicates a subse-
quent migration in Africa (Kingdon, 1997). The Antilopi-
nae probably began to evolve in Africa from the very
earliest immigrants from Eurasia. Some of them were
always restricted to Africa, such as Cephalophini, but
subsequent migrations in Eurasia could have given rise
to Caprini s. |. during the Mio-Pliocene or to the
specialized species Saiga tatarica.

CONCLUSION

Our study has proven that the cyt b gene is a suitable
phylogenetic marker to reconstruct the Bovidae phylog-
eny, but the use of differential weighting schemes
seems to be an unescapable prerequisite in order to
reduce the impact of the highly homoplastic and satu-
rated events on phylogenetic inferences. The position of
Pantholops, Pelea, and Saiga is unambiguously estab-
lished while Aepyceros remains a problematic genus
even if our results suggest a basal position, close to
Neotragus, with respect to other Antilopinae.

The family Bovidae is shown to be monophyletic with
two major clades: the Bovinae and the Antilopinae. Two
contemporaneous periods of explosive cladogeneses
seem to occur in the Middle Miocene, producing most of
the extant tribes which underwent a subsequent radia-
tion in the Late Miocene/Early Pliocene. As a result, no
clear relationships have been determined among the
various Antilopinae and Bovinae lineages except a
possible link between Caprini s. I. and the sister tribes
Alcelaphini and Hippotragini. The brevity of the Middle
Miocene radiations within the two subfamilies must be
advanced to explain this lack of resolution.
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