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Abstract

Phylogeographic and population genetic studies using sequence information are frequently used to infer
species boundaries and history; and to assess hybridization and population level processes. In this study,
partial mitochondrial DNA (mtDNA) control region (423 bp) and cytochrome b sequences (666 bp) of
Oryx beisa sampled from five isolated localities in its entire current range in Africa were analyzed to
investigate the extent of genetic variation and differentiation between populations. We observed high
nucleotide diversity at the control region in the total sample (6.3%) but within populations, it varied
considerably ranging from 1.6% to 8.1%. Population pairwise genetic differentiation was generally
significantly high (ranging from Fst = 0.15, P<0.01 to Fst = 0.54, P <0.001). In the total sample, 29 and
12 haplotypes were observed in the control region and the cytochrome b data sets respectively. For both
data sets, the haplotypes cluster into three distinct clades (sequence divergence ranged from 6.0%—12.9% to
0.8%—1.0% for the control region and cytochrome b sequences, respectively) that do not correspond to
sampling locations. Two of these clades are found in the same localities (Samburu and Marsabit), which
represent the O.beisa beisa subspecies, whereas the last clade represents the fringe-eared oryx (O. beisa
callotis). We interpret these findings in terms of an ancient hybridization and introgression between two
formerly isolated taxa of Oryx beisa.

Introduction and conservation biologists (e.g. Dowling and

Secor 1997; Arnold et al. 1999; Stone 2000).

Most species have their populations genetically Hybridization may be due to a low efficiency of

subdivided to various levels. Depending on the
degree of subdivision, the outcome after the mix-
ing of formerly isolated populations may either
result in introgression or in incipient speciation
when the populations are sufficiently diverged.
For this reason, the implications of mixing of two
or more originally separate populations has re-
cently attracted attention of both evolutionary

the specific mating recognition system (Paterson
1993; Randler 2002). This illustrates incomplete
sexual isolation, and may lead to considerable
evolutionary changes (Grant and Grant 1994;
Arnold et al. 1999), which indirectly have impli-
cations for species management and conservation
programs. The mixing of genes from different
species may alter evolutionary processes and
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change the speed of speciation between these
species (Grant and Grant 1994; Arnold 1997;
Dowling and Secor 1997; Stone 2000). With
introgression, such hybridization could be
responsible for the decline or the extinction of
numerous species.

In Africa, evidence of hybridization and
introgression in natural populations has been
detected in several large mammals like the kob
(Birungi and Arctander 2000) and sable antelope
(Pitra et al. 2002). In these species, genectically
divergent lineages have been documented
co-existing in the same geographical area with no
observable morphological differences in individu-
als within the population. There is therefore
considerable interest in population structure of
taxa especially in areas of apparent overlap.

Hybridization has probably happened in sev-
eral other taxa including the African Oryx. Based
on external characteristics, these taxa have been
placed at varying taxonomic levels with some of
them being designated species while others in
eastern Africa have subspecies status. Currently,
the antelope genus Oryx contains four species,
namely O. gazella, O. dammah, O. leucoryx, and
0. beisa, of which the latter is divided into two
subspecies O. beisa beisa, and O. beisa callotis,
(Kingdon 2001). The East African Oryx (Oryx
beisa), was formerly distributed in the Horn of
Africa from the Red Sea littoral to Somalia and
south to arid central Tanzania. Its most westerly
limit being Jebel Lafon in Southern Sudan and
Karamoja in North East Uganda (Kingdon 2001)
(Figure 1). This Oryx is now limited to Kenya and
Tanzania, and is conservation-dependent (East
1998). In Kenya it is found in the northern
unprotected rangelands; and Marsabit, Samburu
and Tsavo National parks. In Tanzania it is
restricted to the north and north-East of the
country in small to moderate numbers. Poaching
and competition from livestock pose the biggest
challenges to its survival. Effective protection
against poaching and competition from livestock
however occurs in only a few parts of the species
current distribution (East 1998). Apart from pop-
ulations in protected areas, there are no known
efforts geared towards protection of populations
outside protected areas. The Oryx in Kenya is
particularly vulnerable since most of its remaining
populations occur outside protected areas (East
1998).

Oryx beisa is classified into two subspecies
based on external morphological characteristics
(Kingdon 2001) as; (i) Oryx beisa beisa which has
plain ears and is found North of River Tana, and
(ii) Oryx beisa callotis (fringe-eared oryx), found
south of River Tana. As a result there is no
overlap in the distribution range of the two
subspecies. O. b. callotis has at times been referred
to as a subspecies of Oryx gazella (Gemsbok)
which is a southern African antelope (Gatesy et al.
1992; Kingdon 2001). However, to date there is
lack of substantive molecular data to validate this
antelope group placement.

In this paper we used partial mtDNA control
region and cytochrome b sequence data to inves-
tigate genetic diversity, genetic divergence and
phylogenetic relationships in populations of O. b.
beisa and O. b. callotis across their remaining
geographical home range. In particular, we focus
on how well defined the two groups are and
whether there is evidence of gene flow among
them.

Materials and methods
Sample collection

Samples were collected from Burko (BU, n=19)
and Monduli (MN, n=16) forest reserves in
Tanzania; Ziwani (ZI, n=4) in Tsavo-East
National Park; Marsabit (MAB, n=3) and
Samburu National Reserve (SA, n=18) in Kenya
(Figure 1). Samples were collected from skins
(89%) and fresh droppings (11%). In the field,
samples were stored in 25% Dimethyl-Sulfoxide
(DMSO) (Amos and Hoelzel 1991) saturated with
sodium chloride (NaCl) at ambient temperature,
and at —80 °C in the laboratory.

DNA extraction, amplification and sequencing

Total genomic DNA was extracted using the
DNeasy protocol for animal tissues (QIAGEN)
according to the manufacturer’s instructions or by
phenol/chloroform extraction after treatment with
sodium dodecyl sulfate and proteinase K (Sam-
brook et al. 1989). There was no difference in the
quality of DNA between droppings and tissues
samples.
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Figure 1. A Schematic map showing the original distribution of the East African oryx (Oryx beisa) and the sampling localities.
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A fragment of the mtDNA control region
(d-loop) was PCR amplified using the primer pair
MT4 (Arnason etal. 1993) and BI16168H
(Simonsen et al. 1998). The PCRs were accom-
plished using the following conditions: one cycle
of denaturation at 94 °C for 5 min, followed by
30 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 30s, and extension at
72 °C for 40-60 s, and a final extension step at
72 °C for 10 min. Negative controls were included
in each set of amplifications to check for con-
tamination.

The PCR was performed in a 50 ul reaction
volume containing approximately 2-5ng of
genomic DNA, 50 pmol of each primer, 1x PCR
reaction buffer (Boehringer Mannheim GmbH),
50 pmol deoxynucleotide triphosphates (dNTPs),
14 ul of sterile double distilled water and 0.8 units
of Tag DNA polymerase (Roche), using a Hybaid
Express thermocycler. The double-stranded PCR
product was purified using Qiaquick PCR purifi-
cation columns (Qiagen). In all experiments, both
heavy and light strands were sequenced following
the dideoxy-chain termination method (Sanger
et al. 1977) with the BigDye terminator cycle
sequencing kit (Applied Biosystems) according to
the manufacturer’s instructions. The products
were electrophoresed using 4% polyacrylamide
gels on an ABI 377 (Applied Biosystems).

Preliminary analysis of mtDNA control region
revealed 29 haplotypes clustering in three distinct
clades. It is highly unlikely that sequences of par-
ticular individuals are similar at the control region
and yet differ significantly at a coding gene such as
cytochrome b. Therefore cytochrome b gene was
amplified for representative individuals for each
clade using primer pairs HL14725 and HH15149;
HL14979 and HHI15752; and HL15609 and
HH15915 (Kocher et al. 1989; Irwin et al. 1991) to
generate overlapping fragments (for primer pair
sequences and reaction conditions see Table 1).
Apart from the annealing temperature, similar
parameters to those used in d-loop experiments
were used for the cytochrome b gene.

Sequence analyses

Mitochondrial DNA control region sequences
were analysed and aligned using programs
Sequencher (Gene Codes), BioEdit (Hall 2005)
and ClustalX (Thompson et al. 1997). Indels were

Table 1. Primers and annealing temperatures used to amplify
the different cytochrome b fragments in the East African Oryx

Name of Sequence Annealing
primer temperature
°C

HL14725 5-TGATATGAAAAA 50
CCATCGTTGT-3’

HH15149 5-CTCAGAATGATA
TTTGTCCTCA-3’

HL14979 5-GACGTCAACTA 50
CGGCTGAAT-3¥

HH15752 5-GGTTGTCCTCCA
ATTCATGT-3

HL15609 5-CTACGATCCATCC 50
CAAACAAACT-3

HH15915 5-CAGTACCTCCGG

TTTACAAGAC-3’

Names of primers indicate the heavy (H) or light (L) strand and
the position of the 3" end of the primer according to the num-
bering system of the human mitochondrial DNA sequence
(Anderson et al. 1981).

introduced to minimise transversions. For the
cytochrome b gene, the sequences after alignment
were translated into amino acid sequences using
the vertebrate mitochondrial genetic code as
implemented in MEGA version 2.1 software
(Kumar et al. 2001).

Genetic variation and population structure

The nucleotide diversity index (w) was calculated
(Nei 1987, equation 10.5) to estimate within pop-
ulation genetic diversity using the computer
program DnaSP version 4.0 (Rozas et al. 2003).
Exact tests of population differentiation (based on
segregating sites and haplotype frequencies
assuming a null hypothesis of panmixia), popula-
tion pairwise comparisons, and analysis of
molecular variance (AMOVA: Excoffier et al.
1992) were estimated to infer population genetic
structure using the program ARLEQUIN version
2.000 (Schneider et al. 2000). For the AMOVA
analysis, populations were grouped into desig-
nated morphological subspecies according to
Kingdon (2001).

Phylogenetic analyses

Phylogenetic relationships between haplotypes
were estimated in two ways:
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(a) We used the approach outlined by Huelsen-
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of evolution,
the hierarchical likelihood ratio test (hLRT)
DQ138211-DQ138239).

for the goodness of fit. This was then enforced
to calculate maximum likelihood distances

which were used to estimate
excluded. Reliability of nodes defined by this

tree was assessed using 10000 quartet

steps.
(b) Alternative models of evolution were esti-

slow rate of cytochrome b evolution compared
to the control region, it was possible to align
cytochrome b haplotypes with an outgroup.
The Gemsbok sequence AF249973 (Matthee
and Davis 2000) was used as outgroup. Con-
sequently a rooted tree w
For phylogenetic analysis, the best likelihood
scores were obtained with the HKY + G model
(Hasegawa et al. 1985). The parameters specified by

2002) with 10000 steps under the maximum
MODELTEST were used for further analyses. The

Haeseler 1996) implemented in the computer
likelihood criterion.

included and when entire positions with indels
program TREE

quartet puzzle tree using the computer pro-
2002). These analyses were done with indels

beck and Crandall (1997) to test alternative

models

4.0b10 (PPC) (Swofford 2001) and MODEL-

TEST 3.06 (Posada and Crandall 2001) using

gram TREE

mated as in (a) above. Given the rel

quartet puzzling method (Strimmer
generated, spanning a 423 base pair fragment of
the left domain. A total of 140 segregating sites
were observed in the total sample defining 29
haplotypes (Figure 2). Sequences of these haplo-
types have been submitted to GenBank (accession
7101, BU02, BU04 and BU18 were shared between
localities that fall within single subspecies ranges.
The remaining haplotypes were singletons and
subspecies specific (Figure 2).

Fifty-eight mtDNA control region sequences were
numbers

MtDNA control region sequence characteristics

Results

substitution rate matrix used was (A-C)=1.000,
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(A-G)=13.424, (A-T)=0.339, (C-G)=0.339, (C-
T)=13.424, (G-T)=1.000. Base frequencies were:
A=0.381, C=0.233, G=0.134, T=0.253. A tran-
sition—transversion ratio of 9 was observed. A gam-
ma distribution (Uzzell and Corbin 1971; Yang
1994) shape parameter, o= 0.677 was observed. This
result indicates that a relatively large proportion of
the nucleotide sites are experiencing substitutions
and therefore presence of phylogenetic signal.

Cytochrome b sequence characteristics

The fragments generated correspond to positions
(a) 1409, (b) 410-850, and (c¢) 851-1136 of the
Oryx gazella sequence (AF249973; Matthee and
Davis 2000). None of these sequences were found
to include stop codons, and all exhibited a strong
third position codon mutational bias in accor-
dance with expectations for coding sequences. All
sequences were translated into protein sequences
and all of them yielded the expected cytochrome &
amino acids. Collectively, this evidence suggests
that none of the generated cytochrome b sequences
was a nuclear pseudogene.

Eight individuals (SA07, Z102, SA10, BUO0G,
BU19, BUOI, SA18, and SA30; Accession num-
bers DQ138192- DQ138199) amplified successfully
for all the three fragments, while 19 amplified for
fragments ¢ and ¢. Subsequent analyses were done
after joining fragments a and ¢ for all individuals
to provide a total of 666 bp. Nucleotide substitu-
tions were observed at 25 (3.8%) of the 666 sites,
the majority of which were transitions (23 sites,
3.5%). Five, three, and 17 substitutions were at
first, second and third codon positions respectively
(Figure 3). Only five substitutions resulted in
amino acid changes (Figure 3). Twelve haplotypes
were observed, and these were submitted in Gen-
Bank under accession numbers (DQ138200-
DQ138210.)

MtDNA control region nucleotide diversity and
differentiation

The overall nucleotide diversity was 6.3%, and
varied greatly from as low as 1.6-8.1% in Burko
and Samburu populations respectively (Table 2).
Population differentiation tests based on mtDNA
haplotype frequencies and segregating sites were
highly significant for all pairwise comparisons as
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Figure 3. Alignment of partial cytochrome b haplotypes of Oryx beisa from eastern Africa. Positions where there are amino acid changes are shown by a

super imposed amino acid.



Table 2. Pairwise population Fgr differentiation values and
intra population nucleotide diversity on the diagonal. Popula-
tion codes are as used in the text

SA Z1 BU MN
SA 8.1
Z1 0.36** 4.1
BU 0.54%** 0.37** 1.6
MN 0.52%%x* 0.27* 0.15% 1.9

*0.01 <P<0.05; ** 0.001 <P<0.01; *** P<0.001.

shown in Table 2. Analysis of molecular variance
revealed highly significant subdivision in the total
sample (Fsr=0.589, P<0.001), among popula-
tions within subspecies (Fsc=0.078, P<0.001)
and between the two subspecies (Fcr=0.554,
P<0.001).

Phylogenetic relationships

MtDNA control region

The quartet puzzle analyses gave trees with the
same topology. Figure 4 shows the phylogenetic
relationships of the observed haplotypes. There
are three distinct clades A, B and C comprised of
haplotypes that coincide with sampling localities.
With the exception of a single haplotype from
Samburu (SA10), haplotypes sampled from 39
individuals in the range of O.b. callotis comprise a
distinct lineage (Clade B). This clade comprises
haplotypes sampled from Ziwani, Monduli and
Burko which fall within the range of O.b. callotis.
Clades A and C are comprised of haplotypes
sampled exclusively from Marsabit and Samburu
which fall in the range of O.b. beisa. Samburu and
Marsabit were therefore found to consist of hapl-
otypes falling in two distinct clades (Figure 4).
One haplotype found in only one individual
(SA10) sampled from O.b. beisa range clades with
0. b. callotis. The net sequence divergence between
A and C was 12.0%; B and C was 10.4% while
that between A and B was 6.0%.

Cytochrome b

The best likelihood scores were obtained with the
HKY +G model (Hasegawa et al. 1985). The
substitution rate matrix used was (A-C)=1.000,
(A-G)=18.665, (A-T)=1.000, (C-G)=1.000,
(C-T)=18.665, (G-T)=1.000. The base frequen-
cies were: A=0.327, C=0.289, G=0.131,
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T=0.254. A transition—transversion ratio of 17
and a gamma distribution shape parameter,
o=0.074 were observed. Phylogenetic reconstruc-
tion revealed three clades (Figure 5) with the same
topology as the d-loop analysis. Haplotype SA10
still groups with O. b. callotis. The existence of two
Oryx lineages in the Samburu and Marsabit
populations is still evident in the cytochrome b
results (clades C and A in Figure 5).

Discussion

Phylogenetic relationships among the East African
Oryx

Our phylogenetic analyses (Figures 4, 5) contra-
dict some aspects of the current morphological
subspecies groupings of the East African Oryx (see
Kingdon 2001). They show that the East African
Oryx comprises three genetically distinct and
highly divergent groups. This is supported by both
control region and cytochrome b sequence data.
One of the groups (clade B) coincides with the
geographical range of the subspecies, O. b. callotis.
However, the other two groups co-occur in the
same localities within the geographical range of
one subspecies, O. b. beisa. There are several
possible explanations for the co-occurrence of
highly divergent clades in the same locality within
a presumably single subspecies:

First, it could be evidence for the presence of
Nuclear mitochondrial DNA sequences (Numts).
Numts occur in many eukaryotes, as they have
been reported in vertebrates, invertebrates, yeast,
and plants (Tsuzuki et al. 1983; Louis and Haber
1991; Arctander 1995; Bensasson et al. 2001; Jen-
sen-Seaman et al. 2004). Inadvertent PCR ampli-
fication of the nuclear copy of a mtDNA gene can
confound phylogenetic interpretations if it is
assumed that the amplified product is the
authentic mitochondrial product (e.g. Jensen-Sea-
man et al. 2004). Although it cannot be ruled out,
presence of Numts in this study is an unlikely
explanation for co-existence of two clades because
the cytochrome b sequence in this study translated
into the expected amino acids without any stops.
Besides both control region and cytochrome b data
sets were concordant.

Second, it could indicate the presence of a
previously unknown cryptic subspecies. This is,
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Figure 4. A Quartet puzzling tree of mtDNA control region haplotypes of the East African Oryx. Numbers along branches indicate
the reliability of nodes after 10000 quartet-puzzling steps. Haplotype names indicate the sampling localities as used in the text.

however, an unlikely explanation in the Oryx
because although cryptic species have been
reported in many taxa such as fish (e.g. Gleeson
et al. 1999), springsnails (e.g. Liu et al. 2003) and
rotifera (e.g. Gomez et al. 2002), it has not been
widely documented in large mammals. In addition,

although morphological characters may be prone
to convergent evolution, there are no field obser-
vations that have reported morphological varia-
tion in the Oryx from areas included in this study.

The third and probably a more likely expla-
nation for the co-existence of two divergent
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lincages in the same localities in a presumably
same subspecies is introgressive hybridization.
Fossil records show the First Appearance Date
(FAD) of the Oryx lineages in the Shungura for-
mation to be 2.52 Mya, in the Late Pliocene- early
Pleistocene (Vrba 1995). Past climatic history,
topography and environmental factors all interact

and exert important influences on the geographical
patterns and levels of observed genetic differenti-
ation among species (Avise 1994). The Plio-Pleis-
tocene climatic changes (Hamilton 1982; Bonnefile
1985; deMenocal 1995) could have shaped the
phylogenetic relationships we observe today in the
East African Oryx. One possible scenario is that
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three Oryx taxa evolved in isolation, followed by
secondary contact between two of them (clades A
and C), either by range expansion or migration
due to climatic fluctuations. The presence of two
divergent lineages within O.b.beisa is suggestive of
past introgressive hybridisation.

Patterns of diversity and population structure

The overall level of nucleotide diversity was high
(6.3%), with the Samburu population standing
out with the highest nucleotide diversity reported
so far for this antelope (8.1%). This is due to the
presence of two genetically divergent lineages
co-existing in the Samburu National Reserve
compared to the populations which have a single
lincage (O.b.callotis) in Burko and Monduli
populations. Generally, mitochondrial diversity
in the East African Oryx is comparable to that
reported among several closely related antelope
species in Africa (e.g. Arctander et al. 1996;
Birungi et al. 2000; Pitra et al. 2002) and other
large mammals of Africa (e.g. Nyakaana et al.
2002; Muwanika et al. 2003). There is significant
and strong differentiation between subspecies
and a lower but still significant differentiation
between the studied populations of the fringe-
eared oryx.

Conservation implications

Empirical investigations of intraspecific out-
breeding and subsequent introgressive hybridiza-
tion in natural populations of large mammals are
not common but a recent study by Pitra et al.
(2002) reported such a phenomenon among con-
specific populations of the Sable antelope Hip-
potragus niger. In order to reduce the risk of
outbreeding depression, conservationists com-
monly agree to prevent mating between distantly
related individuals from geographically distinct
conspecific populations or subspecies (Arnold
1992; Roques et al. 2001). In contrast to this, our
data (this study) and that of Pitra et al. (2002)
suggest that intraspecific outbreeding actually
happens in nature when individuals from distinct
populations/lineages meet. Our data further
indicates that crossing geographically distinct
populations of a wild species seems to have
beneficial effects by increasing genetic variability,
although we do not know about possible detri-

mental effects on the reproductive fitness of the
progeny caused by outbreeding depression when
the two taxa originally met (but see Greig 1979;
Coulson et al. 1999; Marshall and Spalton 2000;
Pitra et al. 2002). There is no suggestion that this
ancient introgressive hybridization has left any
signs of outbreeding depression in O. beisa of
today. Indeed a recent study suggests that there
are no fixed chromosomal differences among the
three species of Oryx occurring in East Africa,
North Africa, and the Middle East (Kumamoto
et al. 1999). Karyotypes of these taxa are indis-
tinguishable, which reflects the more recent iso-
lation of their populations.

Our mtDNA data further suggests the pres-
ence of two genetically distinct groups that
coincide with subspecies’ ranges in the East
African Oryx. Although the concept of Evolu-
tionarily Significant Unit (ESU; Ryder 1986)
should be interpreted with caution (Moritz 1994),
the sequence divergence indicates that the two
groups have been historically isolated and may
have distinct evolutionary potential. Therefore
conservation efforts could be directed towards
preserving genetic integrity of each group. We
also observed significant differentiation among
populations within the fringe-eared oryx subspe-
cies (where this test was possible, Table 2) indi-
cating limited dispersal. In the event of a local
extinction, these results imply that it might be
difficult for natural recolonization through
migration to occur.
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