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Abstract The probable extinction of the last confirmed

population of northern white rhinoceros (Ceratotherium

simum cottoni) in the world has ignited debate regarding its

species status compared to the southern white rhinoceros

(Ceratotherium simum simum). Previous studies, based on

partial mitochondrial sequences, have reported conflicting

results regarding the species status of the northern white

rhinoceros. We use whole mitochondrial genomes obtained

using Next Generation Sequencing of four northern white

rhinoceros and three southern white rhinoceros using novel

primers in three overlapping fragments. Phylogenetic

relationships were constructed, using Maximum Likeli-

hood, and recovered monophyletic clades for northern

white rhinoceros and southern white rhinoceros. The

divergence time between the two mitochondrial DNA lin-

eages was estimated to be between 0.46 and 0.97 million

years ago using Bayesian inferences. Since there are cur-

rently only three surviving northern white rhinoceros

individuals these results put into sharp focus the ongoing

debate regarding the methods of species definition, and in

particular the consequences of such definitions in conser-

vation management of endangered species and subspecies.

We conclude that the designation of sub-species status is

more applicable to northern and southern white rhinoceros.
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Introduction

Habitat destruction and extensive poaching pressure have

led to an extreme decline of many rhinoceros populations

in the wild (Emslie 2011; Emslie and Brooks 1999). This is

particularly severe in the case of the northern white rhi-

noceros, Ceratotherium simum cottoni (NWR). The

southern white rhinoceros (SWR), Ceratotherium simum

simum is still relatively abundant, with an estimated

number of over 20,400 in the wild in 2012 (Knight 2013;

Emslie and Knight 2014). NWR were conserved until

recently in Garamba National Park in the Democratic

Republic of the Congo in Africa, but by 2000 numbers had

fallen to 30 (Smith 2001), then to four in 2006, and there

have been no sightings of rhinoceros in the park since 2007

(Emslie 2011). There are no other wild populations and

currently only three NWR survive in captivity: an old male

(named Sudan) and two females, one the daughter of

Sudan, in Ol Pejeta Conservancy in Kenya. These last three

animals were moved to Kenya in 2009 in the hope that a

move to more natural conditions might stimulate their

breeding, given the generally better breeding performance

of wild compared to captive white rhinoceros (Swaisgood

2006). Following the move to Kenya, the females started

cycling and both mated. Both pure and inter-crossed (with

SWR) matings occurred, demonstrating that there was no

problem with mate recognition. However, perhaps due to

the age of the animals, no offspring have yet resulted. The

last hope for rescuing at some of the genetic diversity of the

NWR now appears to be the successful interbreeding with

the SWR, or to attempt more ambitious measures such as
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in vitro fertilization techniques with embryo transfer into

surrogate SWR females, or even the use of stem cell

technology. However, the latter would be complicated and

costly procedures that have never before been attempted in

this species.

NWR and SWR are traditionally considered as sub-

species of Ceratotherium simum, but a recent study

(Groves et al. 2010) suggested that NWR and SWR should

be elevated to separate species status: Ceratotherium cot-

toni for NWR and C. simum for SWR. This creates a

problem for conservation, because whereas crossing sub-

species together for a genuine conservation purpose is

deemed acceptable, crossing species is generally consid-

ered unacceptable, although in specialised areas such as

horticulture it is commonplace. If Groves et al. (2010) are

correct then attempts to save genetic resources from the

NWR by interbreeding with SWR are therefore also

unacceptable. As a consequence it has become necessary,

firstly to examine additional genetic data that distinguishes

NWR from SWR to clarify how different they are, and

secondly to foster a critical appraisal of species definitions

and their appropriateness in the conservation context. To

achieve the first objective, we sequenced and compared the

complete mitochondrial genomes of four NWR and three

SWR individuals.

Materials and methods

Sampling strategy

The complete mitochondrial genome of the white rhino-

ceros has been sequenced (Xu and Arnason 1997) and was

used as a reference sequence for the design of polymerase

chain reaction (PCR) primers. We sequenced DNA from

four NWR and three SWR individuals. All NWR samples

are from Garamba National Park in what was north eastern

Zaire, now Orientale Province of the Democratic Republic

of the Congo in Africa. SWR samples were from Hluh-

luwe-Imfolozi Park, South Africa (n = 2), and Waterberg

Plateau, Namibia (n = 1). Ear notches were taken from

individuals as part of immobilisation of NWR for radio-

telemetry (WWF project 1954.01/ZR0009.02) in 1992 by

A. K. Hillman-Smith. These tissue samples were cultured

and total DNA extracted as described by O’Ryan et al.

(1994).

Laboratory procedures

We designed three sets of overlapping primer sequences

that among them amplified the entire mitochondrial gen-

ome (Table 1). Primer sets 1–3 amplified the three frag-

ments using Kapa Taq Long Range DNA Polymerase

according to the manufacturer’s instructions. PCR was run

with an initial denaturation step of 94 �C for 10 min, with

32 cycles consisting of 50 s at 94 �C, followed by 50 s at

58 �C (first 4 cycles), 56 �C (cycles 5–8), 54 �C (cycles

9–12), 52 �C (cycles 13–16), or 50 �C (final 16 cycles),

followed by an 8 min extension at 72 �C, with a final

extension after the last cycle of 10 min at 72 �C. The same

PCR procedure was followed for primer set 2 and primer

set 3 but with 11 and 6.5 min extension times respectively.

Successfully amplified PCR fragments were purified using

the Wizard SV Gel and PCR Purification Kit (Promega).

The amplicons were sequenced using an Ion Torrent Per-

sonal Genome Machine. The Ion PLUS kit was used to

generate the sequencing libraries, which was followed by

emulsion PCR using the Ion One Touch 200 Template kit

v2 (Life Technologies). Sequencing of the DNA from the

amplicon libraries was performed on a 316 chip using the

Ion PGM 200 sequencing kit v2. A total of 1 272 251

sequenced fragments, with an average size of 137 bp and a

Phred score [20, were mapped to the reference white

rhinoceros mitochondrial sequence (Genbank accession

number NC_001808.1), using the Torrent Suite software

v3.2.1. This resulted in an average coverage of 9 905.5X

per nucleotide in the mitochondrial sequence. The Torrent

Suite MtVariantCaller plugin was used to identify the

nucleotide variants relative to the reference sequence to

generate a unique mitochondrial sequence for each sample.

Analysis of genetic variation

For the construction of phylogenetic trees, the complete

mitochondrial sequences of each of the other four species

of extant rhinoceros were downloaded from Genbank. For

purposes of calibration the complete mitochondrial

sequences of appropriate out-group species were also

downloaded and are listed in Table 2. To minimise the

overall sequence stochastic variation four diverse members

of each out-group were chosen.

For other comparisons the sequences of Homo sapiens

neanderthalensis (Green et al. 2008, Accession number NC

011137), the Denisovan hominid (Krause et al. 2010,

Accession number NC 013883) and ten different non-

pathological human mitochondrial haplotypes from hap-

logroups L1a, L1b, L1c, L2a, L2b, L2c, L3b, L3d, M, and

N (using the nomenclature of Ingman and Gyllensten 2006)

with accession numbers AY195780, AY195783,

AF346987, AY195788, AY195766, AY195785,

AY195784, AY195782, AY255176 and AY195786

respectively, used for genealogical studies, and including

the most diverse groups of human haplotypes (Ingman and

Gyllensten 2006), were downloaded from the Human

Mitochondrial Genome Database (mtdb.igp.uu.se) or from

Genbank.
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We aligned sequences using the automatic multiple

sequence alignment option in DAPSA (Harley 2015), with

final optimization by eye; this program was also used for

calculation of the proportion of shared sites. Phylogenies

were constructed in MEGA version 6 (Tamura et al. 2013)

using Maximum Likelihood with Kimura 2-parameter

substitution and gamma-distributed rates among sites using

four discrete gamma categories and 1000 bootstrap repli-

cates. Branch lengths were estimated using the BEAST

package version 1.5.1 with results interpreted by its

included Tracer program; 107 iterations were used as

standard with burnin values adjusted to maximize the

effective sample size (ESS) of the posterior distribution of

the white rhino divergence node; the HKY substitution

model was used with empirical base frequencies and

gamma plus invariant sites (4 gamma categories) for the

site heterogeneity model; a lognormal relaxed clock and

Yule speciation process was employed with a UPGMA

starting tree. To provide an absolute time scale for these

trees, five placental calibration points were used as tree

priors (normally distributed with a standard deviation of

1.3) in separate analyses to calculate distances on the

branches. The use and validity of these have been sum-

marized by Arnason et al. (2008) with E/R-55, A/C-60,

C/F-52, C/P-48, and O/P-30 being respectively the esti-

mated times of divergence between Equidae and

Table 1 Oligonucleotide primers used for PCR and sequencing of rhinoceros mitochondrial DNA

Primer set Primer name Sequence Binding position on mt genome PCR amplicon size (bp)

Rhino set 1 CscMtF1 CCTAGCCTCACCATCAAC 15,399 8493

CscMtR1 CTAGTTGGAATGGGTAAGC 7060

Rhino set 2 CscMtF2b CCTTGCTAGGAGACGACCAG 5486 6378

CscMtR2b TGTGCTGTTTTTGTGGGTGT 11,863

Rhino set 3 CscMtF3 CCGCTCCTAATCGCACTAAC 10,668 6022

CscMtR3 TGGGAAGGGGGTTAGACTTT 16,689

Table 2 Species for which

complete mitochondrial

genomes have been used in the

various calibration sets

Group Species name Trivial name Accession number Reference

Extant Diceros bicornis Black rhino NC 012682 Willerslev et al. (2009)

Rhinos Rhinoceros unicornis Indian rhino NC 001779 Xu et al. (1996a, b)

Dicerorhinus sumatrensis Sumatran rhino NC 012684 Willerslev et al. (2009)

Rhinoceros sondaicus Javan rhino NC 012683 Willerslev et al. (2009)

E/R55 Equus caballus Horse NC 001640 Xu and Arnason (1994)

Equus asinus Donkey NC 001788 Xu et al. (1996a, b)

Equus zebra Zebra NC 018780 Vilstrup et al. (2013)

Equus hemionus Kiang NC 016061 Luo et al. (2011)

A/C60 Bos taurus Cattle GU 947021 Douglas et al. (2011)

Giraffa camelopardalis Giraffe NC 024820 Hassanin et al. (2012)

Balaenoptera musculus Blue whale X 72204 Arnason et al. (1993)

Delphinus capensis Common dolphin NC 012061 Xiong et al. (2009)

O/P30 Odobenus rosmarus Walrus AJ 428576 Arnason et al. (2002)

Arctocephalus pusillus Fur seal AM 181018 Arnason et al. (2006)

Phoca largha Largha seal AM 181031 Arnason et al. (2006)

Mirounga leonina Elephant seal AM 181023 Arnason et al. (2006)

F/C52 Felis catus Domestic cat NC 001700 Lopez et al. (1996)

Hyaena hyaena Hyaena NC 020669 Bon et al. (2012)

Canis lupus Wolf AM 711902 Arnason et al. (2007)

Helarctos malayanus Bear FM 177765 Krause et al. (2008)

C/P48 Homo sapiens Human AY195780 Mishmar et al. (2003)

Gorilla gorilla Gorilla NC 011120 Xu and Arnason (1996)

Cebus albifrons Capuchin NC 002763 Arnason et al. (2000)

Callithrix kuhlii Marmoset NC 027658 Zhang et al. (2015)
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Rhinocerotidae, Artiodactyls and Cetaceans, Caniforms

and Feliforms (Flynn and Galiano 1982), Otaroidea and

Phocidae, and Catarrhini and Platyrrhini. A/C-60, for

example, refers to the divergence between Artiodactyla (as

represented by ruminants) and Cetacea set at 60 million

years ago (Arnason and Gullberg 1996).

Results

Phylogenies were constructed from the aligned mitochon-

drial DNA data, each one including taxa appropriate for

one or other of the five calibrations. One of these is illus-

trated in Fig. 1. Apart from the out-group taxa, the

topologies and bootstrap support values for the other four

phylogenies were similar, except in the case of the

Sumatran rhinoceros which had low bootstrap support in all

analyses, and was placed sometimes basal in the

Rhinocerotidae, as here, and sometimes as sister group to

the African members of the Rhinocerotidae.

The results of the divergence time estimates for white

rhinoceros performed using BEAST are summarised in

Table 3. Values vary about twofold, with the C/P-48 cali-

bration giving the minimum estimate and E/R-55 the

highest. The standard deviation of the uncorrelated log-

normal relaxed clock values were low, indicating only a

minor degree of rate heterogeneity amongst lineages.

In the D-loop region of both northern and southern white

rhinoceros there is an identical region consisting of a 10 bp

repeat of the sequence ACGCATATAC from position

16,389 of the alignment to position 16,727; there are 34

repeats in all. This repeat is not found in the other rhino-

ceros species although we found that the Indian rhinoceros

has an 8 bp repeat of ATGTACAC in the same region.

In order to compare the amount of mitochondrial (mt)

DNA sequence variation between northern and southern

white rhinoceros with that of another species for which

similar sampling has been done, we compared the p-dis-

tances in mtDNA with those of Homo sapiens haplotypes

recorded for genealogical purposes, as well as, since they

are available, those of the sequences recently obtained for

the Neanderthal and Denisovan hominids, generally

reported as subspecies of H. sapiens. Whereas the p-dis-

tances between northern and southern white rhinoceroses

individuals all gave a value of 0.009 (within northern and

within southern being\0.001), values between ten extant

human haplotypes varied from 0.001 to 0.006, with

Neanderthal differing from extant haplotypes by

0.012–0.014 and Denisovan by 0.023–0.024 (and by 0.023

from Neanderthal).

Discussion

The white rhinoceros sequencing results using complete

mitochondrial genomes confirmed the results of Tougard

et al. (2001), which were based on mitochondrial Cyto-

chrome B and 12S rRNA Genes, and those of Willerslev

et al. (2009) from whole mitochondrial genomes. Our

results, like Tougard et al. (2001) and Willerslev et al.

(2009), show a lack of resolution for the placement of the

Sumatran Rhinoceros (Dicerorhinus sumatrensis), which in

some analyses clustered with the African genera but at

others with the other Asian genera. On the question as to

the time of divergence of NWR and SWR, our data imply

that the mtDNA genomes of NWR and SWR diverged

somewhere between 0.46 and 0.97 million years ago.

These divergence estimates are somewhat less than those

quoted by Groves et al. (2010), which were based on only

partial mtDNA sequences, and were calibrated from either

Hooijer’s (1969) or Geraads’ (2005) paleontological dat-

ing. The Groves et al. (2010) study used only a single

sample from each of the two white rhinoceros taxa. How-

ever, the dating of the actual lineages split between NWR

and SWR is likely to be significantly more recent than the

mitochondrial genome split. Sanchez-Gracia and Castre-

sana (2012) reported how lineage divergence times can be

much younger than gene divergent times, by as much as

300 % for divergence times of\1 million years, so it is

possible that the two white rhinoceros lineages could have

diverged even as recently as 200,000 years ago.

Supporting a more recent date for the divergence of the

two white rhinoceros lineages is the unaltered structure of

the repeat region in the D-loop. Such structures are

inherently unstable, and are the reason for the utility of

microsatellites, where the differences in their repeat num-

ber are the basis of their value in population genetics (for

Fig. 1 Maximum likelihood tree produced from the data set used for

the A/C-60 analysis. Values are those from 1000 bootstrap replicates

(in %). NWR northern white rhinoceros, SWR southern white

rhinoceros
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example in population differentiation and genetic diversity

estimates).

Since there is difficulty in any attempt to date the timing

of the lineage split of NWR and SWR with any high degree

of accuracy (see Van Tuinen and Hadly 2004; Benton and

Donoghue 2007, for reviews of the problem and Parham

et al. 2012, for a recent detailed analysis), comparisons

with other within-species measurements can be instructive.

The simple p-distances of 0.009 between NWR and SWR

that we report is greater than the maximum value of 0.006

found between some extant human mtDNA haplotypes, but

is less than the difference between extant humans and

either Neanderthals or Denisovans, despite these being

generally referred to as the subspecies H. s. nean-

derthalensis and H. s. denisova.

Our estimate, although approximate, of the time of

divergence of the NWR and SWR lineages, should not

imply that there would necessarily be sufficient outbreed-

ing depression to compromise the fitness of hybrid crosses

of the two lineages, if this provides the only opportunity for

rescuing some of the genetic contribution of NWR. How-

ever, the recent claim by Groves et al. (2010) that the two

lineages should be classified as two different species, fol-

lowed by an extension of their argument to the taxonomy

of ungulates generally (Groves and Grubb 2011) has

caused a major conservation problem in this regard. Many

of the conservation biologists ‘on the ground’ who are

involved in the practical implementation of conserving

NWR genetic diversity (e.g. Brooks 2010) believe that

crossing different species is contrary to their conservation

ethos. Consequently it is becoming increasingly important

to clarify the definition of what constitutes a species.

Although many species concepts have been proposed

(see Frankham et al. 2012) two have been predominantly

used—the Biological Species Concept (BSC; Mayr

1966, 1981), and the Phylogenetic Species Concept (PSC;

Eldredge and Cracraft 1980; Cracraft 1997).

Under the BSC, species are described as ‘‘groups of

actually or potentially interbreeding natural populations

which are reproductively isolated from other such groups’’

(Mayr 1966), whereas the PSC regards species as the

smallest group of populations that can be distinguished by

a unique set of morphological or molecular traits. Another

key issue under the BSC is whether there is mate recog-

nition. In the case of NWR we know from Ol Pejeta that

the two subspecies recognise each other and will mate.

Whereas the BSC implicitly implies that lineages will

have been separated for long periods of time in order to

become reproductively isolated, the PSC only requires that

lineages have been separated for long enough for a trait or

traits to become fixed and differentiable in the two popu-

lations. The problem with this is that fixation of traits can

occur very rapidly, especially when populations are small,

and if they have become isolated from each other. Isolation

of populations is accentuated by habitat destruction, when

genetic drift can cause traits to become fixed in only a few

generations. An example of this is provided by a genetic

study of the Cape Mountain Zebra, Equus zebra zebra

(Moodley and Harley 2005), where habitat encroachment

separated populations of Mountain Zebra which had been

continuous only a few hundred years ago; some of these

populations underwent an extreme decrease in numbers,

and microsatellite analysis showed fixed alleles in each of

three well-sampled populations separated by no more than

a few 100 kms. A strict application of the PSC would

require these populations to be assigned to separate species.

Detailed criticisms of this ‘taxonomic inflation’ have been

provided by Frankham et al. (2012), Zachos et al. (2013)

and Heller et al. (2013). The crux of the problem is that the

PSC provides a convenient and tidy diagnosability to the

species definition, which may appeal to the academic who

is uninvolved with the practical conservation consequences

of such a definition; it is remarkable that in this context

Groves and Grubb (2011) explicitly state that fixed dif-

ferences should not be evaluated in the context of their

biological significance or the underlying divergence pro-

cess. However, the taxonomic inflation that arises from this

leads to situations such as, for example, the splitting of the

klipspringer Oreotragus oreotragus, normally considered

to be classified as a single species (Wilson and Reeder

Table 3 Time to the most recent common ancestor (Tmrca) of white rhinoceros estimated in BEAST using five separate calibrations

Calibration set Tmrca of white rhinoceros, 910-6 years SEM 95 % confidence interval ESSa Ucld.stdevb

A/C-60 0.79 0.0017 0.63–0.95 2252 0.12

E/R-55 0.97 0.0048 0.66–1.30 1257 0.15

F/C-52 0.72 0.0046 0.48–0.97 735 0.17

C/P-48 0.46 0.0034 0.30–0.62 555 0.15

O/P-30 0.67 0.0048 0.43–0.91 664 0.19

a Estimated sample size (a measure of the number of effectively independent draws from the posterior distribution)
b The standard deviation of the uncorrelated lognormal relaxed clock, a measure of branch rate heterogeneity
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2005) into 11 different species based on size differences

and differing sexual dimorphism, but using very small

sample sizes (sometimes \5); it would also lead to the

requirement for H. sapiens to be divided into a large

number of separate species (Heller et al. 2013; Zachos et al.

2013), a scenario unlikely to find widespread acceptance.

There is a simple resolution to the argument: if the PSC

criteria were modified such that the criteria of fixed traits

were used as a definition of subspecies instead of species,

there would be much less conflict, and much less harm

done to conservation management of small relict popula-

tions such as the NWR. At the very least, a comprehensive

debate between proponents of the various species concepts

is required to construct an acceptable compromise and

thereby help prevent unilateral pronouncements with

unintended consequences for wildlife management.

Since the criterion of fixed traits is inappropriate in a

biological or conservation context for defining species, and

since there is also no fixed time at which a lineage diver-

gence defines a species categorisation, it seems logical to

retain the current subspecies designation for northern and

southern white rhinoceros. Given that the NWR is now

extinct in the wild, the only remaining option for rescuing

any of the genetic resources of the NWR is to cross NWR

with SWR. If evidence of outbreeding depression were to

be observed in the progeny of such crosses, then appro-

priate action could be taken in that event; nothing is to be

gained by failing to undertake the experiment.
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