Conserv Genet (2018) 19:397-408
DOI 10.1007/s10592-017-1011-1

@ CrossMark

RESEARCH ARTICLE

Genetic variation of complete mitochondrial genome sequences
of the Sumatran rhinoceros (Dicerorhinus sumatrensis)

Cynthia C. Steiner! - Marlys L. Houck! - Oliver A. Ryder!

Received: 9 December 2016 / Accepted: 24 August 2017 / Published online: 12 September 2017

© Springer Science+Business Media B.V. 2017

Abstract The Sumatran rhinoceros (Dicerorhinus sumat-
rensis) is the smallest and one of the most endangered rhi-
noceros species, with less than 100 individuals estimated to
live in the wild. It was originally divided into three subspe-
cies but only two have survived, D. sumatrensis sumatren-
sis (Sumatran subspecies), and D. s. harrissoni (Bornean).
Questions regarding whether populations of the Sumatran
rhinoceros should be treated as different management units
to preserve genetic diversity have been raised, particularly
in light of its severe decline in the wild and low breeding
success in captivity. This work aims to characterize genetic
differentiation between Sumatran rhinoceros subspecies
using complete mitochondrial genomes, in order to unravel
their maternal evolutionary history and evaluate their status
as separate management units. We identified three major
phylogenetic groups with moderate genetic differentiation:
two distinct haplogroups comprising individuals from both
the Malay Peninsula and Sumatra, and a third group from
Borneo. Estimates of divergence time indicate that the
most recent common ancestor of the Sumatran rhinoceros
occurred approximately 360,000 years ago. The three mito-
chondrial haplogroups showed a common divergence time
about 80,000 years ago corresponding with a major biogeo-
graphic event in the Sundaland region. Patterns of mito-
chondrial genetic differentiation may suggest considering
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Sumatran rhinoceros subspecies as different conservation
units. However, the management of subspecies as part of a
metapopulation may appear as the last resource to save this
species from extinction, imposing a conservation dilemma.
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Introduction

The Sumatran rhinoceros (Dicerorhinus sumatrensis) is
the smallest of the five extant rhinoceros species belong-
ing to the family Rhinocerotidae. Also known as the hairy
rhinoceros, it is the closest relative of the extinct woolly
rhinoceros Coelodonta antiquitatis (Orlando et al. 2003;
Willerslev et al. 2009). Members of this species once inhab-
ited rainforests, swamps, and cloud forests in Bangladesh,
Bhutan, China, India, Indonesia, Laos, Malaysia, Myanmar,
and Thailand (van Strien et al. 2008). Currently, fewer than
100 individuals are estimated to remain primarily due to
deforestation and illegal poaching in both protected and
non-protected areas. The Sumatran rhinoceros is consid-
ered critically endangered and thought to be confined to a
few remnant upland forest areas on the islands of Sumatra
(Barisan Selatan National Park, Gunung Leuser National
Park, Gunung Patah, Kerinci-Seblat National Park and Tor-
gamba Forest) and Borneo (Danum Valley Conservation
Area, Tabin Wildlife Reserve, and East Kalimantan Prov-
ince; Miller et al. 2015).

In addition to the critical situation of the Sumatran rhi-
noceros in the wild, conventional captive breeding has also
proven difficult. In the early 1980s, the governments of Indo-
nesia and Malaysia, and international conservation organiza-
tions, supported a captive breeding program by transporting
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40 Sumatran rhinoceroses from their native habitats to zoos
and reserves across the world. By the late 1990s, not a sin-
gle rhinoceros had been born in the program, and mortality
reached 60% (Foose and van Strien 1997). After years of
failed reproductive attempts, the first healthy captive calf
was born at the Cincinnati Zoo in September 2001 (Roth
2003). Two other births at the same location followed, in
2004 and 2007 (Christman 2010). The first captive calf in
Asia was born in 2012, followed by another birth recently
reported in May 2016 in western Sumatra (http://jakart-
aglobe.id/archive/rare-baby-sumatran-rhinoceros-named-a-
gift-from-god/; http://phys.org/news/2016-05-rare-sumatran-
rhino-calf-born.htm).

The Sumatran rhinoceros has been divided into three sub-
species by Groves (1967) based on measurements of eight
morphological characters: D. sumatrensis sumatrensis dis-
tributed originally on the island of Sumatra and on the Malay
Peninsula, D. s. harrissoni inhabiting the island of Borneo,
and D. s. lasiotis, currently extinct, formerly ranging across
the rest of Southeast Asia and the Indian subcontinent. Ques-
tions regarding whether the populations in the Malay Pen-
insula, Sumatra and Borneo should be treated as different
management units to preserve genetic diversity have been
raised (Foose and van Strien 1997; Goossens et al. 2013).
Molecular studies using mitochondrial (mt) DNA have led to
different interpretations of the conservation status of Suma-
tran rhinoceros subspecies. For instance, Amato et al. (1995)
suggested that an average genetic divergence of 1% between
the rhinoceros populations of Sumatra and Borneo was not
enough evidence to support more than one conservation unit.
Morales et al. (1997) in contrast, analyzing the phylogeo-
graphic structure of D. s. harrissoni and D. s. sumatrensis,
identified a maximum of three management units among the
remaining populations of the Sumatran rhinoceros: Malay
Peninsula—East Sumatra, West Sumatra, and Borneo.

Although genetic studies have played an important role
in identifying conservation priorities, the Sumatran rhinoc-
eros crisis requires finding effective strategies to manage
the remaining populations in the wild and captivity (Goos-
sens et al. 2013). The consensus among managers and sci-
entists indicates that both subspecies should be managed
as a metapopulation, disregarding taxonomic distinction
(Nardelli 2014). This means interbreeding populations of the
Sumatran rhinoceros to avoid the extinction of the species
as a whole. However, concerns about outbreeding depres-
sion still exists (Amato et al. 1995; Morales et al. 1997),
but this may be outweighed by the risk of extinction due to
inbreeding, demographic stochasticity, disease and poaching
(Miller et al. 2015).

Since 1986, the San Diego Zoo has banked in its Fro-
zen Zoo® Sumatran rhinoceros genetic material that can be
utilized to understand genetic differentiation between liv-
ing Sumatran rhinoceros subspecies. In this study, we aim
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to characterize genetic variation in Sumatran rhinoceroses
using the complete mt genome, or mitogenome, to unravel
their maternal evolutionary history and evaluate the conser-
vation status of subspecies as separate management units.
Results from this study contribute to the discussion about
the definition of conservation units of critically endangered
species, and provide practical applications regarding the
management of the Sumatran rhinoceros.

Materials and methods
DNA samples and karyotypes

We examined a total of 14 wild-born and one captive Suma-
tran rhinoceroses, three individuals from Sabah—Borneo (D.
s. harrissoni), one individual from Malaysia (D. s. harris-
soni, likely corresponding to SB26, also caught in Sabah),
and 10 from the Malay Peninsula and Sumatra (D. s. sumat-
rensis; Table 1). DNA, tissue, and cell lines were obtained
from the San Diego Zoo Global Frozen Zoo®. Utilization
of samples was compliant with applicable regulatory pro-
cedures for CITES and the US Endangered Species Act.
DNA was extracted using the DNeasy tissue and cell line
kits (Qiagen, CA, USA) according to the manufacturer’s
instructions. For karyotyping, chromosomes were derived
from lymphocytes and/or fibroblast cell cultures. Cell cul-
turing, harvesting, and chromosome banding followed the
techniques described by Houck et al. (1995).

Next generation sequencing data

Whole mitogenomes were amplified in two overlapping
amplicons [approximately 10 kilobase pairs (kbp) each]
using polymerase chain reaction (PCR) and specific primers
designed for this study (Supplementary Table 1). Forward
and reverse primers were defined in conserved regions of
a multiple-species alignment including all rhinoceros mt
sequences obtained from Genbank. PCRs were performed in
a 25 pl volume using Eppendorf Mastercycler Gradient ther-
mal cyclers. Each reaction included 2 pl of extracted DNA
(60 ng), 2.5 ul of 10x HiFi PCR buffer, 1.25 pl of MgSO,
50 mM, 2.0 ul of 2.5 mM deoxynucleoside triphosphates,
1.0 pl of 10 uM of each primer, and 0.2 ul of High Fidelity
Platinum Taq (Invitrogen Corporation, Carlsbad, CA, USA).
The PCR cycling conditions were 94 °C for 2 min, followed
by 34 cycles of denaturation at 94 °C for 30 s, annealing for
30 s, and 68 °C for 10 min, with a final extension at 68 °C
for 7 min.

The construction of genomic libraries involved three
steps as described by Parson et al. (2013): enzymatic shear-
ing, ligation of the adapters and size selection. The quan-
tity of amplified DNA was determined with a Nanodrop
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Table 1 List of Sumatran rhinoceros samples sequenced for the complete mitochondrial genome

Sampleno.  Stud book  Sex  Diploidno.  Status Birth location Housing institution at sampling Mito-
(SB) no. chondrial
haplotype
KB6196 19 F 82 Wild born Malay Peninsula Melaka Zoo, Malaysia HO3
KB6197 - F 82 Wild born Malay Peninsula Melaka Zoo, Malaysia HO04
KB6198 1 F 82 Wild born Malay Peninsula Melaka Zoo, Malaysia HO3
OR5367 28 M 82 Wild born Sumatra—Indonesia San Diego Zoo, USA HO8
OR1266 33 F 82 Wild born Sumatra—Indonesia San Diego Zoo, USA HO8
OR1265 24 F - Wild born Sumatra—Indonesia Cincinnati Zoo, USA HO6
OR1439 25 F 81 Wild born Sumatra—Indonesia San Diego Zoo, USA HO5
OR1440 35 M 82 Wild born Sumatra—Indonesia San Diego Zoo, USA HO02
OR4280 29 F 82 Wild born Sumatra—Indonesia LA Zoo/Cincinnati Zoo, USA HO1
OR3077 27 F 82 Wild born Sumatra—Indonesia NY Bronx Zoo, USA HO7
KB20219* 43 F 82 Captive born Cincinnati Zoo, USA Cincinnati Zoo, USA HO1
OR2142° - - - Wild born Malaysia SOS RHINO H11
KB20276 51 F 82 Wild born Sabah-Borneo Tabin Wildlife reserve, Malaysia H10
KB20277 47 M 82 Wild born Sabah—Borneo Tabin Wildlife reserve, Malaysia HI10
KB20278 57 F 82 Wild born Sabah—Borneo Tabin Wildlife reserve, Malaysia HO09

2Offspring of wild caught Sumatran rhinos SB29 (dam) and SB28 (sire)

°This individual likely corresponds to SB26, a wild female caught in Sabah in 1989

spectrophotometer (Nanodrop Products, Wilmington, DE,
USA). Both 10 kbp fragments were normalized to a quan-
tity of 300 ng and then pooled. The amplicons were enzy-
matically sheared into suitable sized fragments using the Ion
Xpress Plus Fragment Library Kit (Life Technologies, Foster
City, CA, USA) following the manufacturer’s recommenda-
tions. For the 200 bp sequencing kit, shearing times were
reduced to 15 min to yield fragments around 260 bp. Size
and quality of fragmented DNA were determined with the
Agilent DNA High Sensitivity Kit on the Bioanalyzer (Agi-
lent, Santa Clara, CA, USA) following the manufacturer’s
recommendations. Specific Ion Torrent compatible adapt-
ers were ligated onto the ends of each fragment and linked
by nick translation. For the barcoded libraries, the Ion P1
Adapter and the Ion Xpress barcode adapters were applied
to allow identifying the source when sequencing multiple
samples simultaneously. The fragmented and adapter ligated
libraries were size selected using the E-Gel SizeSelect Aga-
rose Gel (Invitrogen Corporation, Carlsbad, CA, USA) fol-
lowing the manufacturer’s recommendations.

Targets were then subjected to emulsion PCR using
the Ion One Touch (Life Technologies, Foster City, CA,
USA) following the manufacturer’s recommendations. For
clonal amplification, DNA was localized to Ion Sphere
particles (Life Technologies, Foster City, CA, USA),
which were automatically enriched with the Ion OneTouch
ES system (Life Technologies, Foster City, CA, USA).
Quality was assessed using the Qubit 2.0 Fluorometer
(Invitrogen Corporation, Carlsbad, CA, USA) following

the manufacturer’s recommendations. Next generation
sequencing was performed using the Personal Genome
Machine (PGM) and samples were loaded onto PGM 316
chips. All PGM sequences were analyzed with the Ion Tor-
rent Software Suite v4.4 for quality control. The Fastq
files were mapped to the reference Sumatran rhinoceros
mitogenome (Accession Number NC_012684) using the
SeqMan NGen application of the DNAstar Lasergene v11
software (Madison, WI, USA). In SeqMan NGen, a tem-
plate assembly-special workflow was used selecting the
Ton Torrent read technology with default parameters (mer
size =19 nucleotides, maximum percentage match =90%)
and the quality end trim option. Single nucleotide poly-
morphism (SNP) calculation was performed selecting a
haploid Bayesian method with default parameters (mini-
mum SNP percentage =5, SNP confidence threshold =10,
minimum SNP count=2, and minimum base quality
score =5). Mapped reads were visualized and consensus
sequences exported from the SeqMan Pro application
of the DNAstar Lasergene v11 software (Madison, WI,
USA). Sumatran rhinoceros mitogenomes were aligned
using Sequencher 5.0 (Gene Codes, Ann Arbor, MI, USA)
using the woolly rhinoceros (Coelodonta antiquitatis) as
the outgroup for phylogenetic analyses (Genbank Acces-
sion Number NC_012681) for a final alignment consisting
of 16,591 bp. All sequences were annotated according to
the reference Sumatran rhinoceros mitogenome and depos-
ited in Genbank under the Accession Numbers MF066629
to MF066643.
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Phylogenetic analyses

The final mitogenome alignment including the Sumatran
and woolly rhinoceroses was used to conduct maximum
likelihood analysis and Bayesian inference using PhyML
3.0 (Guindon et al. 2010) and MrBayes 3.1.2 (Ronquist
and Huelsenbeck 2003), respectively. PhyML was used
to compute bootstrap percentages after 1000 replicates.
Bayesian analyses were performed considering a single
partition with a model of sequence evolution correspond-
ing to TrN + G + 1, and six partitions corresponding to:
tRNAs, rRNAs, control region (D-loop) and first, second
and third codon sites of the protein coding genes. jMod-
elTest 0.1 (Posada 2008) was used to select the model
of sequence evolution of six partitions according to the
Akaike Information Criterion: GTR + 1 (first and third
codons, and rRNAs), TrN (second codon, tRNAs), and
TrN +1I (D-loop).

The Bayesian inference consisted of two concurrent
runs with four Markov chains (one cold and seven heated
chains with a temperature of 0.2), 20 million generations
(sampled every 1000 generations), and a 10% burn-in. We
verified that potential scale reduction factors were near
to 1.0 for all parameters, and that the average standard
deviation of split frequencies was below 0.01. We visu-
alized convergence of runs to stationarity using Tracer
version 1.4 (Rambaut and Drummond 2007) by verifying
no trends in generation versus logL plots. Posterior prob-
abilities were calculated for each node.

Population summary statistics and network

Population summary statistics of mt genes were estimated
using DnaSP 5.0 (Librado and Rozas 2009). We looked at
the number of polymorphic sites, number of haplotypes,
haplotype diversity (H), and nucleotide diversity (x). To
compare pair-wise genetic distances between individu-
als within Sumatran rhinoceros subspecies, Kimura two-
parameter genetic distance was estimated using Mega
6.0 (Tamura et al. 2013). To investigate the evolutionary
relationships among Sumatran rhinoceros mt lineages,
a haplotype network was built using the median-join-
ing approach (Bandelt et al. 1999), as implemented in
the software Network 4.5.1.6 (http://www.fluxus-engi-
neering.com/sharenet.htm). We evaluated the extent of
population genetic structure estimating pair-wise @gy
and different hierarchical Analyses of Molecular Vari-
ance (AMOVA) in Arlequin 3.5.1.2 (Excoffier and Lis-
cher 2010). Significant deviations from the null hypoth-
esis of no differentiation were assessed with 10,000
permutations.
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Divergence time and demography

To estimate the time to the most recent common ancestor
(tmrca) of the Sumatran rhinoceros, we first estimated the
rate of evolution of Sumatran rhinoceroses (mean number
of substitutions per site per unit of time) versus other peris-
sodactyl species. Complete perissodactyl mitogenomes were
obtained from Genbank including the domestic horse, don-
key, Malayan and lowland tapirs, and white, black, greater
one-horned, and Javan rhinoceroses. These sequences were
aligned with the woolly rhinoceros and the most divergent
Sumatran rhinoceros haplotypes (including both subspecies)
using Sequencher 5.0 (Gene Codes, Ann Arbor, MI, USA).
The final alignment was verified by visual inspection. The
D-loop was excluded from the final multi-species alignment
that consisted in 13 taxa and 14,403 bp.

MrBayes 3.1.2 was used to estimate phylogenetic rela-
tionships among perissodactyls considering five partitions as
shown in Willerslev et al. (2009), corresponding to tRNAs,
rRNAs, and first, second and third codon sites of the protein
coding genes. jModelTest 0.1 was used to select the model
of sequence evolution of five partitions corresponding to
GTR + G +1 (all codon positions plus ribosomal RNAs) and
HKY + G (tRNAs). The Bayesian inference was performed
for 20 million generations (sampled every 1000 genera-
tions), and a 10% burn-in. The Bayesian tree supporting the
monophyly of all perissodactyl families (Equidae, Rhinoc-
erotidae and Tapiridae) was used as tree model in BEAST
1.6.1 (Drummond and Rambaut 2007) for estimating the
mean rate parameter. We assumed a birth—death speciation
process for the tree prior and incorporated an uncorrelated
lognormal relaxed molecular clock as described in Vilstrup
et al. (2013). The birth—death speciation process is a tree
prior chosen to model speciation at the species level that
describes lineage diversification between samples from dif-
ferent species, assuming that at any point in time every line-
age can undergo speciation or go extinct (Drummond and
Rambaut 2007).

Three calibration points were considered and normal
priors applied, corresponding to: (1) an intermediate age
between the early split of caballines about 4 million years
ago (mya; Orlando et al. 2013) and corresponding paleon-
tological data supporting their presence in North America
two mya (Eisenmann 1992; mean =3.0; standard deviation
(stdev) =0.5); (2) the split between the Asian and American
tapirs 15 mya (stdev=35; Cozzuol et al. 2013); and (3) the
diversification of extant rhinoceroses in the late Oligocene
(Steiner and Ryder 2011; mean=26.0; stdev=3.5). The age
of the root incorporated an exponential prior of 56 mya as
initial value (Prothero and Schoch 1989; Benton and Dono-
ghue 2007). The run in BEAST was based on 10> MCMC
generations, with samples taken every 10 steps, and the first
5% 10* steps removed as burn-in. The program Tracer was
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employed to analyze the autocorrelation tree and effective
sample size for parameter estimates. The final tree was esti-
mated in TreeAnnotator v1.8.2 (Drummond and Rambaut
2007) and visualized in FigTree v1.4.2 (Drummond and
Rambaut 2007; http://tree.bio.ed.ac.uk/).

The second set of BEAST analyses were performed to
infer ty;rca of Sumatran rhinoceros mitogenomes, assuming
a constant population size as tree prior and strict molecu-
lar clock with the species-specific mean rate derived from
the first round of analyses. In this analysis, we changed the
tree prior to a coalescent mechanistic model, given that we
are now trying to model demographic processes occurring
between populations of the same species (Drummond and
Rambaut 2007). This run was also performed 103 MCMC
generations, with samples taken every 10* steps, and the first
5% 10 steps removed as burn-in. Finally, we investigated the
demographic history of the Sumatran rhinoceros in BEAST
by estimating past fluctuations in population size via the
Bayesian Skyline Plot approach (Drummond et al. 2005).
We assumed a Bayesian skyline tree prior, a strict molecular
clock, and the MCMC parameters were the same as in the
first set of BEAST analyses.

Results
Next generation sequencing data and karyotypes

Fifteen Sumatran rhinoceroses were sequenced using the
PGM platform for a total of 6.3 million reads generated,
5.4 million assembled and 0.8 unassembled reads, and
1.1 billion bp sequenced (Supplementary Table 2). The
average number of reads generated per individual was
397,729 and read length about 202 bp. The average contig
size was 16,702 bp with contig coverage of 2760X, ranging
from 1236X in individual OR1266 to 4548X in OR1265.
Six of the rhinoceroses studied already had their karyo-
types documented (Houck et al. 1995). Seven additional
Sumatran rhinoceroses were also karyotyped with no dif-
ferences observed in the diploid number (2n=82) or chro-
mosome morphology between subspecies except for a single
female D. s. sumatrensis (OR1439) who showed an atypical
2n=2_81 (Table 1). This reduction in chromosome number
can be accounted for by a Robertsonian translocation (cen-
tromere—centromere fusion) mechanism in which two fewer
acrocentric chromosomes and one additional metacentric
chromosome were observed. This is the first time this type
of chromosomal rearrangement has been reported in Dic-
erorhinus. The affected individual had no noted congenital
anomalies or morphological differences to our knowledge.
However, fission—fusion polymorphisms have been observed
in other rhinoceros species, including Diceros and Cerato-
therium (Houck et al. 1994, 1995).

Phylogeny and genetic diversity

Phylogenetic analyses were performed considering 15 Suma-
tran rhinoceros mitogenomes (16,466 bp), characterized by
131 polymorphic sites and 108 parsimony informative sites.
The genetic region showing the highest number of poly-
morphic sites was the D-loop (32 polymorphic sites with
21 informative; see Supplementary Fig. 1). Three major
Sumatran rhinoceros clades were observed, two sister groups
corresponding to 11 D. s. sumatrensis individuals (Suma-
tran subspecies), and a third basal clade grouping all four
D. 5. harrissoni rhinoceroses (Bornean subspecies; Fig. 1).
Both D. s. sumatrensis groups were comprised of individu-
als from the Malay Peninsula and Sumatra, suggesting the
survival of divergent maternal lineages in these separate
geographic regions. For instance, clade D in the phyloge-
netic tree includes individuals from the Malay Peninsula and
North-East Sumatra (Riau Province), and clade E comprises
individuals from South-West (Bengkulu) and South-East
(Kerinci) Sumatra, and the Malay Peninsula. These two ter-
minal nodes (E and D) were highly supported by posterior
probability and bootstrap values (>0.97/99). The Bayesian
inferences comparing a single model of nucleotide substi-
tution versus six genetic partitions produced the same tree
topology, with the woolly rhinoceros as the outgroup. The
maximum likelihood approach using PhyML failed to group
all D. s. harrissoni individuals in a single cluster (tree not
shown), and the monophyletic origin of both subspecies was
moderately supported (D. s. sumatrensis C node =0.76/63
and D. s. harrissoni B node=0.75/-). A similar result was
still observed after excluding the D-loop from the PhyML
analysis.

The relationships among haplotypes were also inferred
by the median-joining network approach. Eleven haplotypes
were identified among the 15 Sumatran rhinoceroses, with
haplotype diversity (H) of 0.962 and nucleotide diversity (r)
of 0.00292. Three distinct haplotypes were identified for D.
s. harrissoni (number of variable sites (S)=15, H=0.833,
©=0.00046) versus eight haplotypes in D. s. sumatrensis
(S=92, H=0.945, ®=0.00238). The number of mutational
steps separating the two D. s. sumatrensis haplogroups (D
and E) was 50, similar to the number of mutations observed
separating D. s. sumatrensis E haplogroup and D. s. harris-
soni haplotypes (55 mutational steps; Fig. 2). This suggests
the presence of two well-differentiated haplogroups within
D. s. sumatrensis.

Estimates of genetic distance (Kimura two-parameter)
revealed that D. s. harrissoni and D. s. sumatrensis dif-
fer by 0.39% (stdev =0.03), which is similar to the value
observed between the two clades of D. s. sumatrensis
(mean=0.41% +0.01; Supplementary Table 3). Among D.
s. harrissoni individuals, the average genetic distance was
0.05% (stdev=0.04), and 0.24% among D. s. sumatrensis

@ Springer


http://tree.bio.ed.ac.uk/

402

Conserv Genet (2018) 19:397-408

SUMATRA (OR1266)

1.0/88

SUMATRA (OR5367)
1.0/96

SUMATRA (OR1440)
1.0/89

CAPTIVE (KB20219)
E 1.0/100
0.99/97
0.08 +0.01 SUMATRA (OR4280)

MALAY PENINSULA (KB6196)

1.0/100
c MALAY PENINSULA (KB6198)
D. S. SUMATRENSIS
0.76/63
0.41 £0.01
SUMATRA (OR1265)
1.0/98
SUMATRA (OR3077)
1.0/100
1.0/99 SUMATRA (OR1439)
A 0.11 £0.01
1 1.0M00
0.39 £0.02 MALAY PENINSULA (KB6197)
BORNEO (KB20276)
BORNEO (KB20277)
0.89/97
D. s. HARRISSONI B 0.75/--
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BORNEO (KB20278)

4.0E-4

Fig. 1 Bayesian inference of relationships among 15 Sumatran rhi-
noceros mitogenomes. The phylogenetic tree was rooted using the
woolly rhinoceros as the outgroup. Nodes are indicated by letters, and
posterior probability/bootstrap values are shown in boldface. Average
genetic distances (Kimura two-parameter) and the standard deviations

(stdev=0.18). Other species and subspecies of rhinocer-
oses were also compared using their mitogenomes (exclud-
ing the D-loop). The average genetic distance observed
between D. s. harrissoni and D. s. sumatrensis (0.30%)
was less than the observed distance between the south-
ern and northern white rhinoceroses (Cerathotherium
simum simum and C. s. cottoni; 0.76%), suggesting that
<1% genetic distance may be expected between rhinoceros
subspecies for whole mitogenome comparisons (Table 2).
Between sister species such as white versus black rhinoc-
eroses (Diceros bicornis), Javan (Rhinoceros sondaicus)
and greater one-horned (Rhinoceros unicornis), and Suma-
tran versus the extinct woolly rhinoceros, genetic distance
ranged between 6.55 and 9.46%. More distantly related
rhinoceros taxa displayed genetic distance up to 12%.
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are indicated in italics for major internal nodes. Branches in the tree
in light gray represent individuals from Borneo—Malaysia, in dark
gray from the Malay Peninsula and black from Sumatra. Lack of phy-
logenetic support in nodes is indicated by continuous line

The pair-wise ®g¢1 between the two Sumatran rhinoc-
eros subspecies was 0.098, but this estimate was not sig-
nificantly different from zero (P=0.05762 +0.0077) likely
due to the limited number of samples analyzed in this
study. Similarly, between D. s. sumatrensis haplogroups
(D and E), and haplogroups B (D. s. harrissoni) and E
(D. s. sumatrensis), @y values corresponded to 0.080 in
both cases but were not significantly different from zero
(P> 0.05). Given that ®g; estimates may be driven by the
high intra-specific haplotype diversity and limited sam-
pling size, we additionally performed AMOVA analy-
sis splitting the haplotype data into the two subspecies
and three clades according to the phylogenetic analysis.
The AMOVA analysis showed that most of the genetic
variation occurred within populations (87.6%; Table 3),
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HO4 HO03
s L I
2 4 HOS HO02
HO7
1
1
HO06 HOS5

Table 2 Pa_ir'Wise genetic Rhinoceros sp./ssp. 1 2 3 4 5 6 7 8
distance (Kimura two-
parameter) estimates between Black rhinoceros _
rh%nocer.os spemes/subspem.e S Southern white rhinoceros 7.43 -
using mitogenomes (excluding
the D-loop) Northern white rhinoceros 7.45 0.76 -

Javan rhinoceros 12.68 12.54 1257 -

Greater one-horned rhinoceros 12.34 11.96 12.03  6.55 -

Woolly rhinoceros 12.39 12.54 12.50 12.82 12.65 -

Table 3 AMOVA analysis of
Sumatran rhinoceros haplotypes
partitioned by mitochondrial
phylogenetic clades
(populations) and subspecies
(groups)

Sumatran rhinoceros (Sumatran) 12.62 12.45 12.32 12.69 12.68 946 -
Sumatran rhinoceros (Bornean) 12.48 12.31 12.16 12.61 12.64 9.35 030 -

Numbers stand for: (1) Black rhinoceros, (2) Southern white rhinoceros, (3) Northern white rhinoceros,
(4) Javan rhinoceros, (5) Greater one-horned rhinoceros, (6) Woolly rhinoceros, (7) Sumatran rhinoceros
(Sumatran), and (8) Sumatran rhinoceros (Bornean)

Source of variation d.f. Sum of squares Components Percentage  Fixation indices P value
of variance  of variation

Among groups 1 0.756 0.02122 4.19 O=0.04190 0.33624

Among populations 1 0.656 0.04172 8.24 Dy-=0.08599 0.11158
within groups

Within populations 12 5.321 0.44345 87.57 Dy =0.12429 0.00980%**

**P <0.01

4@y =variation among groups divided by total variation, ®¢-=variation among sub-groups divided by the
sum of variation among sub-groups within groups and variation within sub-groups, ®¢=the sum of varia-
tion groups divided by total variation
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suggesting that populations are constituted by genetically
distinct haplotypes.

Divergence time and demography

Bayesian estimates within the Perissodactyla estimated
mean number of substitutions per site per million years to be
6.1x107* (1.2% per million years) in the Sumatran rhinoc-
eros (Supplementary Fig. 2), which is similar to the mutation
rate reported for tapirs (Ruiz-Garcia et al. 2012). With this
mean rate, species tree inference was used to estimate tyrca
of Sumatran rhinoceroses around 360,000 years ago (kya),
with a 95% highest posterior density (HPD) interval of about
435-291 kya (Fig. 3). For D. s. harrissoni and D. s. sumat-
rensis, the age of the most recent common ancestor was
75 kya (95% HPD: 113-40 kya) and 332 kya (95% HPD:
403-263 kya), respectively, suggesting an older coalescent
time for D. s. sumatrensis that approaches the divergence
time of the species. Interestingly, all three mitochondrial
haplogroups had a similar coalescent time about 80 kya.
In terms of the demographic trajectory of the species, the
Bayesian skyline plot analysis did not detect any change in
effective population size of the Sumatran rhinoceros for the
past 300 kya, except by a relatively recent population decline
that started about 25,000 years ago and continued until the
present time (Fig. 4).

Node Time interval
(kya)
435 — 291
113 - 40
403 - 263
119 - 49
111 -46

moow>

Discussion
Genetic diversity

The rapid decline of the Sumatran rhinoceros in the wild
due to poaching and habitat destruction, and the difficul-
ties of breeding this species in captivity, requires urgent
agreement between geneticists and conservationists about
future management strategies. The use of complete mt
DNA sequences seems to better inform levels of genetic
diversity and haplotype structure in the Sumatran rhinoc-
eros than previous studies using single mt gene approaches
(Amato et al. 1995; Morales et al. 1997). This study
showed the presence of three distinct Sumatran rhinoceros
haplogroups, two corresponding to D. s. sumatrensis with
eight haplotypes, and a third clade representing D. s. har-
rissoni with three haplotypes. These haplotypes were not
shared between subspecies, suggesting the management
of D. s. sumatrensis as two separate conservation units
based on the ancestry of mt lineages, and a third man-
agement unit for the Borneo—Malaysia population. Three
management units in the Sumatran rhinoceros have previ-
ously been proposed by Morales et al. (1997) by examin-
ing the D-loop, but they corresponded to the geographic
regions of Malay Peninsula—East Sumatra, West Sumatra,
and Borneo.

I-OR1266
10.0039

I_ LOR5367
| 0.0217
OR1440

r KB20219
0.0033
L0R4280

E |—0.0775

D. s. SUMATRENSIS C 0.3326
Q

r KB6198
0.0041
KB6196

OR1265

0.0059

[ Lorsorr
0.0216
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0.3631
[ ]
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r KB20276
10.0041
r L KB20277

0.0127
OR2142

D. s. HARRISSONI B 0.0746

KB20278

04 03

Fig. 3 Divergence time estimates for the Sumatran rhinoceros using
complete mitochondrial sequences. Age is indicated for each node
with the 95% highest posterior density bar. The most recent common
ancestor of the Sumatran rhinoceros is shown by a black dot, while
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0.2

0.1 0

the ancestors of D. s. sumatrensis and D. s. harrissoni are indicated
by open circles in the topology. The time of the Toba mega-eruption
event about 71 kya is represented by the vertical shaded region
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Fig. 4 Bayesian skyline plot derived from Sumatran rhinoceros
mitogenomes. The horizontal middle line refers to mean effective
population size (y-axis), with lower and upper confidence interval.

Despite the distinct Sumatran rhinoceros haplogroups, we
observed moderate levels of genetic differentiation between
Sumatran rhinoceros populations, e.g., <1%. If comparable
data for D. s. lasiotis were available, an improved under-
standing of the relative divergence of D. s. sumatrensis and
D. s. harrisoni could be obtained. However, studies compar-
ing other rhinoceros species seem to indicate that the Suma-
tran rhinoceros is one of the species with the lowest level of
intraspecific genetic variation. Fernando et al. (2006), using
the D-loop, estimated 4.8-5.1% genetic divergence between
geographically isolated populations of Javan rhinoceroses
(R. sondaicus) in Java (Ujung Kulon) and Vietnam (Cat
Tien), compared to 7.2% between white rhinoceros subspe-
cies (C. s. simum and C. s. cottoni), 3.4—4.3% among black
rhinoceroses (D. b. minor and D. b. michaeli), and no genetic
differentiation between the two Sumatran subspecies. These
authors recommended the management of the two Javan rhi-
noceros populations as separate conservation units based on
their levels of genetic differentiation.

Additional studies have also shown relatively high lev-
els of genetic differentiation in the D-loop of the black
rhinoceros, corresponding to 2-4% (Brown and Houlden
2000; Anderson-Lederer et al. 2012), and this species is
managed according to the three subspecies: D. b. bicornis,
D. b. michaeli and D. b. minor. In white rhinoceroses,

The dashed lines on the x and y-axes represent the time period of
population decline beginning about 25 kya. The x-axis depicts time
on a scale of thousands of years

1.4% nucleotide divergence has been documented between
C. s. simum and C. s. cottoni using restriction enzymes in
the mt DNA (George et al. 1993). White rhinoceros popu-
lations have even been suggested as distinct species based
on morphological measurements (Groves et al. 2010).
Greater one-horned rhinoceros (R. unicornis) populations
from Assam (India) and Nepal have also been considered
as two separate management units due to pronounced
genetic differentiation in the D-loop, the presence of non-
overlapping mt haplotypes and high nuclear variation
(Zschokke et al. 2011; Das et al. 2015).

Our results also showed that the Sumatran rhinoceros
subspecies have a common ancestor around 363 kya.
This divergence time seems to be relatively more recent
than the one estimated for other rhinoceros subspecies.
For instance, Brown and Houlden (2000) suggested a
divergence time for the two black rhinoceros subspecies
between 1.30 and 0.93 mya, and 7 mya divergence between
white and black rhinoceroses. A divergence time of 1.84
mya has also been suggested between white rhinoceros
subspecies (Groves et al. 2010). However, comparing
divergence times among genetic studies has to be done
with caution given that data sets are neither comparable
in size (single mt gene vs. mitogenome) nor in rate of
nucleotide substitution (2% vs. 1.2%).
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For the three Sumatran rhinoceros haplogroups, their coa-
lescence time seems to correspond roughly with the Toba
super-eruption event that occurred in Sumatra around 71
kya (Zielinski et al. 1996). This eruption was a major bio-
geographic event that dispersed huge volumes of ash across
much of the Indian Ocean, Indian Peninsula and South
China Sea, likely modifying atmospheric conditions and
forcing a climatic cooling, although no volcanic winter has
been confirmed (Lane et al. 2013). The same catastrophic
event has been linked in humans to severe demographic
changes during the Late Pleistocene (Ambrose 1998). Our
results may suggest that the Toba super-eruption event likely
impacted the genetic structure of the Sumatran rhinoceros in
the Malay Peninsula and the island of Sumatra. As indicated
by Louys (2007), mammalian species may have survived in
refugia immediately following the eruption, and repopulated
shortly after in vast areas of the devastated environment.
This contraction and further population expansion may have
contributed to the genetic structure of the Sumatran rhinoc-
eros. As a cautionary tale, results obtained from this study
are only based on mt DNA sequences. The incorporation
of nuclear genetic data may also contribute to better under-
standing patterns of genetic variation, geographic structure,
and divergence time between D. s. sumatrensis and D. s.
harrissoni, as well as the incorporation of historical samples
from the declared extinct D. s. lasiotis.

Demography

The Bayesian skyline approach can reveal insights about
the factors driving past population dynamics and the cor-
relation between demographic and paleoclimatic events (Ho
and Shapiro 2011). In the Sumatran rhinoceros, the popu-
lation decline observed about 25 kya may correspond to
the Last Glacial Maximum about 26,500 years ago (Clark
et al. 2009), during which the rainforest cover was greatly
diminished in Southeast Asia with few refugia surrounded
by tropical grasslands, except on the east and west extremi-
ties of the Sundaland shelf (Woodruff 2010). This may have
produced the fragmentation of Sumatran rhinoceros popula-
tions and reduction of population size. A further continuous
population decline of the Sumatran rhinoceros may also be
associated with the maximum sea level rise about 7000 years
ago (Bird et al. 2005) and the human population expansion
and dispersion in Southeast Asia. Between 15,000 and
7000 years ago, around half of the land area of the continent
of Sundaland was lost to the sea; coastally-located human
populations may have expanded and dispersed to accommo-
date the intense competition for optimal resources (Soares
et al. 2008). Furthermore, prehistoric hunter-gatherer socie-
ties in the Holocene about 4-5 kya may have impacted local
animal populations by hunting and clearing of land for
agriculture (Sharma et al. 2012). However, results from the
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skyline approach also need to be interpreted with caution.
The skyline plot method assumes that the populations are
panmictic and receive no gene flow from other populations
(Ho and Shapiro 2011). Additionally, population structure
and migration between subspecies can produce false signals
of population size changes, including population decline or
expansions (Heller et al. 2013). Consequently, by studying
these mitogenomes alone, it can be difficult to distinguish
between the genetic signature of a structured population and
a panmictic population that has changed in size.

Management

The divergence time estimates and the mt genetic structure
of the two Sumatran rhinoceros subspecies may suggest
their management as separate conservation units, in the
wild and captivity. Nonetheless, due to the magnitude of
the Sumatran rhino crisis, with severe population decline in
the wild >80% over the past 50 years, genetic and geographi-
cal arguments may be overshadowed in deciding the most
urgently needed conservation interventions (Goossens et al.
2013). The lack of a sustainable captive population and the
risk of extinction of remnant populations in Sumatra and
Borneo may indicate that the best chance for this species
to survive is by interbreeding populations (Nardelli 2014).
As suggested by Ryder (1986), the interbreeding of threat-
ened populations may be justified when the extinction of
the species as a whole is jeopardized. However, outbreed-
ing depression could represent a risk for these rhinoceros
populations, as shown in other species including humans
(Sankararaman et al. 2014). Hybridization may confer the
risk for diseases and even male hybrid infertility, but also
may help to adapt the Sumatran rhinoceros to new environ-
mental changes by overcoming the effects of reduced genetic
variation. Simulation analysis has suggested that managing
captive Sumatran rhinoceroses as a single population would
greatly increase the probability of population persistence,
when compared to scenarios in which captive animals are
managed on a regional scale with reduced transfers among
regional subpopulations (Ellis et al. 2011). The resolution
of this conservation dilemma may reside in concentrating
on the urgent measures for saving the Sumatran rhinoceros
from extinction, such as managing the captive population on
a global basis and adding additional wild-caught individu-
als (Ellis et al. 2011), implementing intensive management
zones in the wild (Havmgller et al. 2016), and developing
advanced reproductive technologies for increasing breeding
success in captivity, as proposed for other rhinoceros species
(Saragusty et al. 2016).
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