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Summary

During the course of millions of years, evolutionary forces have shaped the current distribution of
species and their genetic variability, by influencing their phylogeny, adaptability and probability of
survival. Southeast Asia is an extraordinary biodiverse region, where past climate events have
resulted in dramatic changes in land availability and distribution of vegetation, resulting likewise
in periodic connections between isolated islands and the mainland. These events have influenced
the way species are distributed throughout this region but, more importantly, they influenced the
genesis of genetic diversity. Despite the observation that a shared paleo-history resulted in very
diverse species phylogeographic patterns, the mechanisms behind these patterns are still poorly

understood.

In this thesis, I investigated and contrasted the phylogeography of three groups of ungulate species
distributed within South and Southeast Asia, aiming to understand what mechanisms have shaped
speciation and geographical distribution of genetic variability. For that purpose, I analysed the
mitogenomes of historical samples, in order to account for populations from the entire range of
species distributions — including populations that no longer exist. This thesis is organized in three
manuscripts, which correspond to the three investigated groups: red muntjacs, Rusa deer and Asian

rhinoceros.

Red muntjacs are a widely distributed species and occur in very different habitats. We found
evidence for gene-flow among populations of different islands, indicative of their ability to utilize
the available land corridors. However, we described also the existence of at least two dispersal
barriers that created population differentiation within this group; one isolated Sundaic and Mainland

populations and the second separated individuals from Sri Lanka.

Second, the two Rusa species investigated here revealed another consequence of the historical land
connections. While the two species were monophyletic, we found evidence of hybridisation in Java,
facilitated by the expansion of the widespread sambar, Rusa unicolor. Consequently, I found that
all the individuals of Javan deer, R. timorensis which were transported to the east of Sundaland by

humans, to be of hybrid descent.

In the last manuscript, we were able to include samples from the extinct mainland populations of
both Sumatran and Javan rhinoceros. The results revealed a much higher genetic diversity of the
historical populations than ever reported for the contemporaneous survivors. Their evolutionary
histories revealed a close relationship to climatic events of the Pleistocene but, more importantly,

point out the vast extent of genetic erosion within these two endangered species.
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The specific phylogeographic history of the species showed some common patters of genetic
differentiation that could be directly linked to the climatic and geological changes on the Sunda
Shelf during the Pleistocene. However, by contrasting these results I discussed that the same
geological events did not always result in similar histories. One obvious example was the different
permeability of the land corridors of Sundaland, as the ability of each species to utilize this newly
available land was directly related to their specific ecological requirements. Taken together, these
results have an important contribution to the general understanding of evolution in this biodiversity
hotspot and the main drivers shaping the distribution of genetic diversity, but could also have

important consequences for taxonomy and conservation of the three investigated groups.



Zusammenfassung

Im Verlauf von Jahrmillionen gestalteten evolutionidre Krifte die Verbreitung und genetische
Variabilitit von Arten, indem sie die Anpassungsfihigkeit und Uberlebenswahrscheinlichkeit
dieser Arten beeinflussten. Da Siidostasien eine auB3erordentlich artenreiche Region darstellt, eignet
sie sich besonders, um den Einfluss dieser Kréifte zu untersuchen. Historische Klimaverdnderungen
hatten dramatische Auswirkungen auf die Verfiigbarkeit sowie die Verbreitung von Habitaten in
Siidostasien, weil hierdurch wiederholt das Festland mit sonst isolierten Inseln verbunden wurde.
Dies beeinflusste nicht nur, wie Arten in dieser Region verbreitet sind, sondern ermdglichte auch
eine zunehmende genetische Variabilitdt. Zwar ist es bekannt, dass Arten mit &hnlicher
Evolutionsgeschichte unterschiedliche phylogeographische Muster aufweisen konnen. Die

zugrundeliegenden Mechanismen sind jedoch nur gering verstanden.

Diese Dissertation behandelt die Phylogeographie von drei Gruppen von Huftieren, welche im
Siiden und Siidosten Asiens vorkommen. Dabei war das vornehmliche Ziel, zu verstehen, wie es
zur Ausbildung verschiedener Arten sowie zu einer regionalen Verteilung von genetischer
Variabilitdt kam. Hierfiir untersuchte ich die mitochondrialen Genome alter Proben. Dadurch war
es moglich, Populationen des gesamten Verbreitungsgebietes der jeweiligen Arten zu untersuchen
— auch solche Populationen, die heutzutage nicht mehr existieren. Entsprechend der einzelnen
Huftiergruppen ist diese Arbeit in drei Kapitel unterteilt: Muntjaks (Muntiacus sp.), Hirsche der
Gattung Rusa und asiatische Nashorner. Alle drei Gruppen weisen eine Aufteilung in
unterschiedliche Linien auf, was jeweils direkt auf Ereignisse des Pleistozéns zuriickgefiihrt werden

kann.

Muntjaks sind eine weit verbreitete Art, die in verschiedensten Habitaten vorkommen kann. Ich
wies nach, dass es in der Vergangenheit zu genetischem Austausch zwischen Populationen von
verschiedenen Inseln des Sundalandes kam. Dies deutet auf die Féhigkeit von Muntjaks hin, sich
an die ehemaligen Landbriicken anzupassen. Jedoch zeige ich auch, dass mindestens zwei
Hindernisse bei ihrer Verbreitung existierten, wodurch es zu einer Differenzierung von
Populationen kam: eine Barriere trennte Populationen des asiatischen Festlands von denen der

Sundainseln, die andere isolierte sri-lankische von restlichen Muntjaks.

Die zwei untersuchten Rusa-Arten weisen ein anderes Muster auf, was wiederum eine weitere Folge
der pleistozdnen Landbriicken darstellt. Beide Arten sind ausschlieBlich monophyletisch.
Allerdings gibt es Anzeichen fiir die Hybridisierung dieser Arten auf Java, was durch eine frithere
Ausbreitung des sambar (R. unicolor) gefordert wurde. Aufgrund dessen fand ich zudem, dass all
jene Individuen der anderen Art, R. timorensis, die durch den Menschen auf die Ostlichen

Sundainseln gebracht wurden, in Wahrheit Hybride sind.
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Fiir den dritten Teil war es mir moglich, Proben von Vertretern ausgestorbener Populationen vom
asiatischen Festland des Sumatra- und des Java-Nashorns (Dicerorhinus sumatrensis und
Rhinoceros sondaicus) zu analysieren. Die Ergebnisse meiner Arbeit belegen, dass die genetische
Vielfalt dieser historischen Populationen bedeutend groBer war als die der heutigen Nachkommen.
Ihre jeweilige Evolutionsgeschichte korreliert stark mit pleistozidnen Prozessen. Aulerdem betonen
meine Ergebnisse das enorme Ausmall von verlorener genetischer Diversitit dieser stark bedrohten

Arten.

Jede Art besitzt eine individuelle phylogeographische Geschichte. Ebenso fand ich aber auch
allgemeingiiltige Muster von genetischer Differenzierung in allen Gruppen, welche direkt mit
Ereignissen des Pleistozins assoziiert werden konnen. Vergleicht man jedoch die einzelnen
Ergebnisse der Arten, wird deutlich, dass die gleichen geologischen Prozesse nicht zwangslaufig in
gleiche evolutive Ergebnisse resultieren. Einer der Griinde hierfiir konnte zum Beispiel die
unterschiedliche Durchlissigkeit der entstandenen Landkorridore des Sundaschelfs sein. Die
Moglichkeit diese neuen Habitate zu nutzen und somit auch zu passieren steht im direkten Bezug
zu den spezifischen Okologischen Bediirfnissen der Arten.Zusammenfassend leisten meine
Erkenntnisse einen wichtigen Beitrag, die Evolution und geographische Aufteilung der genetischen
Vielfalt in diesem Hotspot an Biodiversitdt zu verstehen. Obendrein konnen sie aber auch

Auswirkungen auf die Erhaltung und systematische Klassifikation der untersuchten Arten haben.

vii
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General Introduction

1 General Introduction

Spatial patterns of global biodiversity are the result of dynamic processes through which species
overlap and replace each other over the Earth’s surface. Current species ranges have been shaped
by selective forces that influenced their evolutionary histories. Without a broad understanding of
what were (and are) the drivers of evolution, we can’t begin to understand and plan for future

challenges.

1.1 Historical biogeography and comparative phylogeography

While ecology is focused on understanding sow species are distributed, evolutionary biology
focuses on the question of why species are distributed as we see them today (Gavin, 1991). What
adaptations did they acquire through generations? What lineages got extinct throughout their
histories? What is the ancestor of the observed populations? There are three main processes through
which species respond to environmental and geographical challenges: extinction, dispersal and
evolution (Ricklefs, 1987). These processes are innately linked and, thus, interplay in the patterns

we observe.

Biogeography is the science that studies the spatial patterns of biological diversity (Ebach,
2015). Traditionally focussing on past and present distribution of organisms, modern biogeography
includes the study of all geographic variation found in Nature — from genes to species and
ecosystems. Biogeography also aims to understand which abiotic and biotic factors influence and
limit species distribution; how morphological, genetic and physiological traits of individuals vary
across the species’ distribution ranges; how taxa distribution differs within evolutionary lineages
and geographic regions; and how human interference influenced and will continue influencing the
distribution, evolution and extinction of species (Wiens, 2012). With the onset of molecular biology
scientists began to understand how the basic units of evolutionary response — genes — are distributed
and have evolved within this biogeographical context. This discipline is called Phylogeography
(Avise et al. 1987).

Researchers, now able to use larger genomic regions, gained access to genes under selection or
with different mutation rates and have developed better statistical tools. This allows a more
comprehensive analysis of coalescence processes (Ronquist & Sanmartin, 2011). Besides, in more
recent years, techniques that allow access molecular data of fossil and archival material have
developed quickly, leading to major improvements in inferring species evolutionary histories.

Integrating fossil data to calibrate molecular evolution and as a reliable record of which organisms

2



General Introduction

occurred at what places during what times in the past is the key question of historical biogeography
(Lieberman, 2003; Wiens, 2012). Historical biogeography has brought phylogeography to a
temporal context far larger than before, a time frame of millions of years, through periods
characterized by extreme climatic changes that affected both localization and composition of

biomes.

1.2 Biodiversity hotspots: natural experimental setups

Biodiversity hotspots are, by definition, regions not only rich in total number of species, but
especially in the number of endemic species (Myers, 1988; Myers et al. 2000). They are therefore
the perfect setup to compare species phylogeography, as they allow us to understand how a shared
geological and climatic history led to similarities and discordances among species distribution

patterns.

In this thesis, I focused on South and Southeast Asia, home to five of earth’s 25 biodiversity
hotspots (Myers et al. 2000): Western Ghats and Sri Lanka; South-Central China; the Philippines;
Wallacea; and Sundaland (Fig. 1). Taken together, these hotspots occupy 4 % of earth’s surface but
harbour almost one-quarter of all terrestrial species (Lohman et al. 2011). This extraordinary
diversity is the result of 50 million years (My) of geological and vicariant history, of island
formation and climatic cyclical changes. It has inspired Alfred Russel Wallace, like the Galapagos
inspired Charles Darwin, to develop his ideas about the relationship between geological histories
and animal distributions. Southeast Asia is in fact the birthplace of biogeography (Lohman et al.
2011).

In particular, I focused on the Sundaland biodiversity hotspot because of its quite dramatic
geological history. Sundaland refers to the area of land that was exposed during glacial intervals,
composed of the current islands of Borneo, Sumatra, Java and Peninsular Malaysia. This ensemble
of islands, sitting on a shallow continental shelf is bordered on the east by one of the most striking
species geographical barriers, the Wallace line (Bacon et al. 2013). Wallace noted that terrestrial
species present in Sundaland had their distribution limits at the eastern border of Sundaland, while
noting at the same time that the species compositions on Wallacea, to the east of this line, were very
distinct from those of Sundaland (Wallace 1863). Later Wallace’s line was modified to
accommodate differences in faunal compositions between Palawan and the Philippines (Huxley,
1868), referred to as Huxley’s line (Fig.1). To the north, the Thai-Malay peninsula represents a
second transition zone, where many species from continental Southeast Asia (Mainland) have their
southern distribution limits and many Sundaland species have their northern distribution limits

(Woodruff & Turner, 2009). Generally, this transition zone is centred around the Isthmus of Kra,
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Figure 1. Map of South and Southeast Asia indicating in green the location of contemporary landmasses. Exposed shelf
during times of low sea level is depicted in brown. Grey shades indicate the five, individually named, biodiversity hotspots

which can be found in this region. Dark blue areas are a representation of the irrigated areas of Sundaland.

the narrowest part of the Peninsula (Fig. 1). However, this is a much more controversial
biogeographical divide because the exact nature of this barrier is not fully understood (Parnell,
2013).

Another important feature of Sundaland’s history are the major changes that occurred
throughout past climatic cycles. While during most of the Pliocene (ca. 5 Mya) global and regional
climate remained warm and humid, Pleistocene glacial cycles created dramatic changes in land
availability and habitat distribution. The enormous amount of water fixed in glaciers caused sea
level drops, at times 170 meters below the present level (van der Bergh et al. 1996) and modified
land availability over much of Southeast Asian islands (Fig. 1). It is also likely that major rivers
were draining from Thai-Malay Peninsula towards the South China Sea and other rivers flowed east

of the Javan Sea (Voris, 2000).
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Investigating this exciting geological, geographical and climatic history, led researchers to
identify and compare species phylogeographical patterns within the region. While reconstructing
the historical habitats present on Sundaland and their distribution has been so far controversial, with
the advances of molecular biology, morphological and statistical inferences, some common cross-
taxa patterns were found. Below I summarize some of the most common patterns described for
species phylogeography histories, from where I draw the main questions addressed in the

hypothesis of this thesis.

1.2.1 Sea level changes and land corridors

Low sea levels during the glacial intervals of the Pleistocene exposed the shallow Sunda Shelf,
thereby increasing the available land area and connecting formerly isolated islands (Voris, 2000;
Sathiamurthy & Voris, 2006). Species and populations, previously separated on the islands of the
Sunda Shelf could cross and/or colonize these newly available landmasses, creating patterns of
gene-flow among populations. Such gene-flow would have been facilitated by evergreen rainforest
which was continuously distributed across the Sunda Shelf (Bird 2005; Raes et al. 2014; Latinne et
al. 2015). However, other studies described that an area of low rainfall extended from Thai-Malay
Peninsula to eastern Java, whose prevailing habitat type was either savannah or seasonal forest,
often referred to as ‘savannah corridor’ (Gorog et al. 2004; Lim et al. 2010; Wurster et al. 2010).
More recent analyses (Sheldon et al. 2015) proposed that one unifying scenario to describe
Sundaland’s vegetation cover might be too simplistic. They suggest rather several phases. In the
early Pleistocene a dry-savannah corridor was present (more than once) in central Sundaland,
allowing dry-habitat species to disperse southwards and reach Java. After this initial climate period,
the last 1 My were characterized by the presence of ever-wet forest, which would have allowed
populations of rainforest refugia to disperse and come in contact.

This notion that land corridors would promote gene-flow between island populations led early
biogeographic theories to state that population genetic differentiation would be low between
islands, as low sea level would reduce differentiation between metapopulations (Papadopoulou &
Knowles, 2015). However, recent molecular studies found not only sharp breaks between lineages
distributed in different islands, but mounting evidence also points to the existence of substantial
intra-island genetic diversity (e.g. Leonard et al. 2015; Merckx et al. 2015; Demos et al. 2016).

Therefore, the interplay of vicariance and dispersal may have had a greater impact than what
former studies reported and more analyses of rainforest dependent taxa are needed to understand

the evolutionary history of Sundaland species. In this context, I drew my first question:

Question 1: Did the available landmasses of Sundaland allow for species/populations dispersal

and thus do we find evidence of gene-flow between islands?
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1.2.2 Isthmus of Kra as a biogeographic barrier

The northern border of Sundaland is located in the Thai-Malay Peninsula, around the Isthmus
of Kra (Fig. 1; de Bruyn et al. 2005; Parnell, 2013). Several species have their distribution range
limits around this region (e.g. crustaceans: de Bruyn et al. 2005; plants: Liao et al. 2009), so the
Isthmus of Kra was considered as a strong biogeographic barrier to species dispersal (Parnell,
2013). Nevertheless, the exact latitude of the species northern and southern range limits was not
always concordant, and so the Isthmus of Kra was defined as a species transition zone (Lohman et
al. 2011). Molecular studies on the geographic distribution of genetic diversity around the Isthmus
of Kra have been less extensive than those focusing on the phylogeography of the Sundaland, but
many showed that populations from Sumatra and Java were closely related populations from
Peninsula Malaysia (Moyle et al. 2012; Den Tex & Leonard, 2013; Luo et al. 2014).

Additionally, the reasons for how and why this region became a transition zone are also unclear.
Some authors support strict vicariant scenarios that state that during high sea levels the peninsula
would become an archipelago (Lohmann et al. 2011) creating less available area and consequently
increase the risk of local population extinction (Woodruff & Turner, 2009). These sea
transgressions occurred mostly in Miocene and Pliocene, but are not described during the
Pleistocene (Dejtaradol et al. 2016). Therefore, other authors believe that the latitudinal distribution
of forest (Baltzer, 2007), associated with species ecological adaptations on each side of this region
is the most likely scenario to explain this phylogeographical pattern (Radchuck et al., unpublished).

To test for the presence of phylogeographic patterns of genetic differentiation at the Thai-Malay
peninsula, it is necessary to investigate both Indochinese and Sundaic populations, as the existence
of a true biogeographic divide in around the Isthmus of Kra would likely result in genetic

differentiation north and south of this barrier. Therefore, I wanted to investigate:

Question 2: Is there evidence for differentiation between populations north and south of the

transition zone around Isthmus of Kra?

1.2.3 Genetic differentiation among Mainland populations

While some species are truly Sundaland endemics, others are widespread throughout South and
Southeast Asia. Populations of many mainland species were often considered under the same
subspecies, but molecular studies revealed the existence of well differentiated lineages or even
cryptic (sub-) species (e. g. dhole: Iyengar et al. 2005; birds: Fuchs et al. 2008; rodents: Lu et al.
2015). A study analyzing the molecular diversity among populations of a widespread forest-

dwelling frog (Limnonectes kuhlii) reported a surprisingly high number of cryptic genetic lineages
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across the species mainland distribution (McLeod, 2010). The author suggested the split of these
lineages into different species and, in fact, claimed that there isn’t any geographically widespread
forest-dwelling frog species in all of Southeast Asia. Studies on mammal species have revealed
similar patterns of genetic differentiation among mainland populations, e.g. the common palm civet,
Paradoxurus hermafroditus (Patou et al. 2010), and three murine rodents species (Latinne et al.
2015). Both studies indicated that such divergence patterns were most likely a consequence of
climatic cycles from the Pleistocene. The onset (~ 5 Mya) of a drier climate caused contractions of
mainland wet zones, culminating in the disappearance of rainforests from most of Indochina
(Karanth, 2003) and promoting the contraction of rainforest dependent species to refugia areas
(likely mountain tops). Other vicariant processes, such as geographical barriers have also been
appointed for patterns of genetic differentiation among mainland Southeast Asian lineages. For
example, mountain chains, such as the Arakan mountain range of Myanmar or the Brahmaputra
river (running between India and Indochina), likely created and maintained differentiation between
populations of e.g. murine rodents and open-habitat vs. forest dwelling non-volant mammals
respectively (Chingangbam et al. 2015; Meijaard & Groves, 2006).

The results from species with very different ecological requirements, point to the existence of
several vicariant factors at play which affect both specialist and generalist species. This scenario

directly leads to the third research question:

Question 3: Are there differentiated lineages within widely distributed species in mainland

Southeast Asia?

1.3 Selecting study species

In this thesis I have selected to study the evolutionary patterns of Southeast Asian Ungulates.
Ungulates (hoofed mammals) are a large, diverse, and highly successful group of terrestrial
mammals. Almost all economically important domestic species are ungulates, including pigs, cows
and horses. However, this group also includes some of the most conspicuous and iconic species
(e.g. elephants and rhinos), and some of the most secretive and poorly understood ones (e.g. saola
and aardvark). Ungulates in South and Southeast Asia are both diverse and ancient (Ahrestani &
Sankaran, 2016) and occur in a wide variety of habitats. There are about 15 endemic ungulate
populations in Sundaland and additional 84 ungulate species distributed throughout South and
Southeast Asia (Ahrestani & Sankaran, 2016), that in their sum represent the highest number of
threatened large herbivore species worldwide (Ripple et al. 2015). The ungulate species community
on Southeast Asia is tightly connected to the geological history of the region. For example, the rapid

divergence of three deer genera (Axis, Cervus, Dama) occurred in Southeast Asia in response to the
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climate change from Miocene to Pliocene (Meijaard & Groves, 2004). The genus Sus (pigs) was
likewise a very successful group, having colonized most of continental Eurasia and Southeast Asia,
including all islands of Sundaland, Wallacea and the Philippines (Frantz et al. 2016). There, Sus

diverged into multiple species, all restricted to very small ranges among these islands.

To answer the questions postulated above, I have focused on elucidating the phylogeographic
patterns not of single species, but of species pairs, which share a common evolutionary history and
which occur in South and Southeast Asia, not necessarily in sympatry. For this, I have selected

three pairs of ungulate species that are described below in detail:

1.3.1 Red muntjacs

If there is a group of mammals contributing to the ever changing number of species being
described in recent years, it is the muntjacs. These small deer belong to the tribe Muntiacini and
concordance about the number of genera, species and subspecies has yet to be reached due to poorly
informative morphological characters, extreme chromosomal number variations and overlapping
distribution ranges.

Within the genus Muntiacus, the red muntjac (sensu lato) has one of the widest distributions and
has also one of the most controversially discussed taxonomies. Because its distribution range, from
South Asia, including Sri Lanka and mainland Southeast Asia, to all major and some of the lesser
islands of the Sunda Shelf, some authors have split the red muntjacs into several species (Groves &
Grubb, 2011). One of the most accepted taxonomic classification elevated mainland populations to
species level (Groves, 2003), separating muntjacs from India, Indochina and Southern China as
Muntiacus vaginalis from Sundaic muntjacs, M. muntjak.

In contrast to all other muntjacs, red muntjacs are the habitat generalists; they occur in a very
wide range of habitats, from evergreen forest to secondary and highly-degraded forests, and from
crop and savannah lands up to altitudes of 1500 m (Mattioli, 2011). The current wide distribution
of red muntjacs throughout South and Southeast Asia indicates that these species have managed to
survive the extreme geological and climatic changes of the Pleistocene. However, proposed
taxonomic splits within red muntjacs have yet to be examined with molecular tools and
underestimated genetic structuring might exist throughout their distribution ranges. Therefore, 1
investigated the phylogeography patterns of red muntjac populations from South and Southeast
Asia in order to understand if any barriers to gene-flow were present among this widely distributed

generalist species.
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1.3.2 Rusa and Javan deer

Richard Lydekker (English naturlist, 1849-1915) said that “few groups of deer are more difficult
to understand than the various kinds of sambar” (Rusa sp.) (Lydekker, 1898). The monophyly of
Rusa, which was only recently accepted as a genus (Meijaard & Groves, 2004), is an ongoing debate
of molecular biologists and morphologists alike. Four Rusa species are currently recognized — The
Philippine deer (Rusa marianna); the Philippine spotted deer (R. alfredi), the Javan deer (R.
timorensis), and the sambar (R. unicolor).

The two latter species, Rusa unicolor and Rusa timorensis, have a peculiar distribution on the
islands of Sundaland. While the sambar is distributed throughout South and Southeast Asia,
debatably being the most widespread species in the region (Ahrestani & Sankaran, 2016), the Javan
deer is only native to Java and Bali. Its occurrence beyond the Sunda Shelf across the Wallace line
(in Timor, Sulawesi and the Moluccas) is the result of historical human introductions (Heinsohn,
2002). Like the red muntjacs, the sambar currently occurs throughout most of Southeast Asia in a
broad variety of habitats, indicating that this species would have been able to occupy a large
distribution area even throughout the climatic and vegetational changes of the Pleistocene.
Consequently, it is also likely that sambar were able to utilize the land corridors of Sundaland during
the times of low sea levels. The dichotomic distributions of the sambar and the Javan deer then beg
the question of what maintained genetic differentiation between the two closely related species.

Therefore, I describe the phylogeographic patterns of both species, including Javan deer from
their introduction range, in order to understand what barriers kept the two species separated and if

lineages within the widely distributed sambar, R. unicolor show signs of cryptic genetic structuring.

1.3.3 Sumatran and Javan rhinoceros

The family Rhinocerotidae, to which all living rhinoceros species belong, first emerged in the
Late Eocene (56-33.9 Mya) in Eurasia (Hanson, 1989). Once very rich in species numbers and with
a widespread geographical distribution, this family has collapsed to only five remaining species.
Two of these species are native to Africa: the white rhino (Ceratotherium simum) and the black
rhino (Diceros bicornis) and three to Southern Asia: the Indian rhino (Rhinoceros unicornis), the
Javan rhino (Rhinoceros sondaicus) and the Sumatran rhino (Dicerorhinus sumatrensis). Despite
their iconic status, the true phylogeny of the extant species of rhinoceros is still debated, a result
from the various assessments obtained from different (often not truly diagnostic) markers and
misconceptions regarding morphological traits and geographical distribution of the species
(Dinerstein, 2011).

Due to habitat loss and poaching, Sumatran rhinos today are restricted to remote areas in Borneo

and Sumatra mostly in upland or highland forests. It is unlikely that more than 100 individuals are
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left in the wild (Ahmad Zafir et al. 2011). The Javan rhino experienced a similar dramatic
population decline and today likely only 60 individuals are left in the wild in one isolated population
in Java. Javan rhinos occur in lowland rain forest associated with large floodplains and wallows
(van Strien et al. 2008).

Although both species are nowadays confined to very small remaining areas, their historical
distribution was much larger. Sumatran and Javan rhino populations occurred from the Himalayan
foothills in India, Indochina, South China, Peninsula Malaysia and the major islands of Sundaland.
Investigating these species historical genetic diversity will not only reveal if the climate changes of
the Pleistocene are linked to lineage differentiation, but it will also allow assessing if the low genetic
diversity reported for modern populations was a result of genetic erosion through population

extirpation.

1.4 Selection of methodologies

In order to have a more comprehensive view of the genetic patterns as outlined above,
information from the complete distribution range of species is compulsory. Obtaining field samples
in Southeast Asia is virtually impossible due to legal restrictions, habitat inaccessibility but, most
importantly, the conservation status of the investigated species. Likewise, some species no longer
occur in parts of their historical distribution and thus cannot be sampled there anymore. However,
museum collections preserve an extraordinary number of individuals, populations and species —
specimens that were collected throughout distribution ranges, as they were more than 100 years ago
(Suarez & Tsutsui, 2004), before habitat fragmentation, over-hunting or local extinctions took their
toll. Therefore, museum collections represent the historical distribution of species and individual
pheno-/genotypes, acting as repositories of geographical and temporal variation (Austin & Melville,

2006).

For the purpose of this dissertation, I obtained permission to sample the mammal collections of

several national and international institutes (Table 1).
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Table 1. Summary of all collections from where samples were obtained. Details about the contact person for each collections and the

collector of the samples are also provided.

Country City Museum Contact Sample collector Year
. . . 2013-
Berlin Museum fiir Naturkunde F. Mayer This study 2015
Stuttgard Staatliches Museum fiir Naturkunde S. Merker This study 2013
Bonn Zoological Rescarch Museum R. Hutterer This study 2013
Alexander Koenig
Germany
Frankfurt Naturmuseum Senckenberg L. Ruff This study 2014
Munich Zoologische Staatssammlung . M. . This study 2014
Hiermeier
Dresden Senckenberg Naturhistorische C. Stefan This study 2014
Sammlungen
Europe Leiden Naturalis P'. This study 2013-
The Kamminga 2015
Netherlands o P.H. Dr. Peter J. vC.
Utrecht Universiteitsmuseum 2015
Lambers de Groot
France Paris Muséum National d'histoire G. Veron This study 2014
naturelle
Austria Vienna Naturhistorisches Museum F. Zachos This study 2014
Denmark Copenhagen Zoologisk Museum D.K. This stud 2015
P & & Johansson Y
United . . Dr. Peter J. vC.
Kingdom London Natural History Museum R.P. Miguez de Groot 2015
Switzerland Bern Naturhistorisches Museum S.T. Hertwig Dr. Peter J. vC. 2015
de Groot
. Smithsonian Institution National JA. Dr. Peter J. vC.
North USA Washington Museum of Natural History Coddington de Groot 2015
America .
USA New York American Mgseum of Natural .N.B. Dr. Peter J. vC. 2015
History Simmons de Groot
Vietnam Hanoi Centre fo.r Natural Resour.ces and Dr. Minh Le Dr. Minh Le 2015
Environmental Studies
Asia
China Kunming Kunming Natural History Museum Dr. Douglas Dr. Douglas Yu 2015
of Zoology Yu

Archival samples have inherent characteristics that in the past have impeded their inclusion in

molecular studies. DNA from archival samples is highly degraded, often with fragments smaller

than 100 bp (Rowe et al. 2011, Paijmans et al. 2012). This degradation can be caused by either
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natural post-mortem chemical processes (Shved et al. 2014) or by exposure to the elements, UV
light, handling and storage (Burrell et al. 2015). As a consequence, DNA fragments extracted from
archival material are normally shorter than desired for classical laboratory techniques such as PCR.
Long term exposure and storage might also contaminate museum material with foreign DNA.
Besides that, even under the most controlled lab procedures, endogenous target DNA yield is
generally low.

These characteristics of archival (museum) and ancient DNA (aDNA), however, became an
advantage for more recent sequencing methodologies, such as High Throughput Sequencing (HTS).
HTS is performed by creating DNA ‘libraries’, where DNA fragments are coupled on both ends
with adapters of known sequence, thus allowing for the unknown target fragments to be read
(Paijmans et al. 2012). And because most HTS sequencing platforms can only read short fragments,
the naturally degraded aDNA samples can be readily transformed into sequencing libraries (e. g.
Maricic et al. 2010). However, many archival samples contain less than 5 % endogenous DNA,
rendering it necessary to enrich them for the targeted molecular markers. Hybridization capture
methods enrich for the desired target DNA and ensure that downstream processes will become more
efficient and yield better output data. These methods use DNA or RNA biotine-ligated baits with
high sequence similarity to the target DNA, which are either immobilized onto a solid phase or are
in solution. Baits and target DNA are then allowed to hybridize, while non-target DNA (having no
sequence similarity to the baits) will be washed away before the final elution (Meyer & Kircher,

2010).

Traditional phylogeographic studies have used short mitochondrial gene fragments to estimate
genetic variability through space and time. Mitochondrial DNA was the preferred marker due to its
inherent characteristics: it is maternally inherited, therefore lacking recombination and its relatively
high mutation rate compared to coding nuclear genes. Maternally inherited markers have lower
effective population sizes (in mammals it is % of 2n nuclear markers), which results in rapidly
becoming reciprocally monophyletic and thus showing clear relationships between individuals
(Paijmans et al. 2012). While it has been demonstrated that using short mitochondrial fragments
only might lead to erroneous results regarding coalescence (Lari et al. 2011), analyzing the full
mitogenome was reported to alleviate rooting effects in phylogeographic studies (Hirase et al.
2016). Finally, the complete mitogenome presents slower mutation rates than non-coding hyper-
variable regions of the genome (like microsatellites), but higher rates than genes under purifying
selection. Therefore, mitochondrial DNA is the most suitable marker to detect divergence events or
geographical structuring among populations (Hoftreiter & Stewart, 2009).

More specifically, mitogenomes are especially well suited as markers in studies employing
aDNA, as they provide highly informative sequences even with small datasets and, most

importantly, they occur in higher number of copies in the cell compared with the single nuclear
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genome. This means that, for the majority of studies, it is the only reliable source of genetic

information. Therefore, in my thesis I have specifically targeted the mitochondrial genome as the

genetic marker for assessing the proposed phylogeographic patterns.
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2 Aims of this study

Several past studies investigated the biogeography of terrestrial fauna of Southeast Asia and,
nevertheless, the complex evolutionary patterns within this biodiversity hotspot are poorly
understood. The goal of this thesis was to evaluate how a shared history of geological and climatic
changes has shaped the evolutionary history of different species. I predicted that, by comparing
species specific phylogeographic histories, contrasting patterns will be the result of species specific

ecological requirements, history of local extinctions and their ability to disperse.

Within the historical context described in this chapter, I aimed to investigate and contrast the
phylogeographic patterns of three pairs of ungulate species distributed within South and Southeast
Asia. The selected species pairs are composed of widespread species and more locally endemics,
of forest dependent specialist species and true habitat generalists and also endangered species of
flagship value. In addition to the three main general questions postulated throughout this chapter,
investigating the phylogeography of these species will also aid to the ongoing taxonomic
discussion, as many of the groups have not been assessed before through molecular methods.

Therefore, I organized this dissertation in three manuscripts.

In manuscript I, I investigated the phylogeography of red muntjacs (sensu lato) to identify patterns
of differentiation of their mitochondrial lineages across their distribution range and correlate these

patterns with the aforementioned geological and climatic events.

In manuscript II I focused on the evolutionary histories of Rusa unicolor and Rusa timorensis,
among their native and introduced distribution ranges. | aimed at understanding the effect of the
available land corridors in maintaining speciation between the two geographically and

phylogenetically close species.

Manuscript III dealt with the phylogeography of the endangered rhinoceros species Dicerorhinus
sumatrensis, Sumatran rhino, and Rhinoceros sondaicus, Javan rhino, in order to understand if the
dramatic changes of the Pleistocene created patterns of lineage differentiation or if, conversely, the
available land corridors were permissive for these forest dependent species to disperse and generate

gene-flow between populations.
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Abstract

Background: The members of the genus Muntiacus are of particularinterestto evolutionary biologists due to their
extreme chromosomalrearrangements andthe ongoing discussions aboutthe numberofliving species. Red
muntjacs have the largest distribution of all muntjacs and were formerly considered as one species. Karyotype
differences led to the provisional split between the Southern Red Muntjac (Muntiacus muntjak) and the Northern
Red Muntjac (M. vaginalis), but uncertainties remain as, so far, no phylogenetic study has been conducted. Here, we
analysed whole mitochondrial genomes of 59 archival and 16 contemporaneous samples to resolve uncertainties
about their taxonomy and used red muntjacs as model for understanding the evolutionary history of other species

in Southeast Asia.

Results: We found three distinct matrilineal groups of red muntjacs: Sri Lankan red muntjacs (including the
Western Ghats)divergedfirstfrom othermuntjacs about 1.5 Mya; later northernred muntjacs (including North
Indiaand Indochina)and southernred muntjacs (Sundaland)splitaround 1.12 Mya. The diversification ofred
muntjacs into these three main lineages was likely promoted by two Pleistocene barriers: one through the Indian
subcontinent and one separating the Indochinese and Sundaic red muntjacs. Interestingly, we found a high level of
gene flow within the populations of northern and southern red muntjacs, indicating gene flow between
populationsinIndochina and dispersal of red muntjacs overthe exposed Sunda Shelfduring the Last Glacial

Maximum.

Conclusions: Ourresults provide newinsights into the evolution of speciesin Southand Southeast Asiaas we
found clear genetic differentiation in a widespread and generalist species, corresponding to two known
biogeographical barriers: The Isthmus of Kra and the central Indian dry zone. In addition, our molecular data
support either the delineation of three monotypic species or three subspecies, but more importantly these data
highlight the conservation importance of the Sri Lankan/South Indian red muntjac.

Keywords: Phylogeography, Archival DNA, Muntjac, Southeast Asia, Species complex

Background

The number of recognized deer species has increased in
recent decades, and it continues to do so due to rare dis-
coveries of new forms in the wild, increased molecular
efforts and the careful reexamination of museum collec-
tions. For example, the genus Muntiacus has increased
in the number of named species through discovery of
the Gongshan muntjac (Muntiacus gongshanensis) from

the wild in 1990 [1], the Putao muntjac  (Muntiacus

* Correspondence: martins@izw-berlin.de

TLeibniz Institute for Zoo and Wildlife Research (IZW), Alfred-Kowalke-Strale
17,10315Berlin, Germany

Full list of author information is available at the end of the article

(_ ) BloVied Central

putaoensis) from Myanmar, described based on molecu-
lar comparisons [2] and the Bornean Yellow muntjac
(Muntiacus atherodes) described from museum skulls
and skins in 1982 following a reappraisal of the muntjac
taxa described previously from Borneo [3].

The genus Muntiacus Rafinesque (1815) comprises an
undefined number of species and subspecies all native to
South, Southeast and East Asia. Although muntjacs are
studied for their dramatic variation in chromosome
numbers [4, 5], taxonomic concordance within this
genus has not been achieved yet, due to lack of molecu-
lar studies combined with, in some cases, limited mor-
phological or ecological differences. Although the genus

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproductioninany medium, provided you give appropriate creditto the original author(s) and the source, provide alink to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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is mainly composed of endemics and species with small
regional distributions (independent of the taxonomic re-
vision), there are two exceptions: Reeve’s muntjac M.
reevesi, which has a large native range largely confined
to mainland China and even more striking, the red
muntjacs. Even if different species/subspecies are consid-
ered, red muntjacs have the largest distributions of all
muntjacs, ranging from the Indian subcontinent
(Pakistan, India, Sri Lanka, Bangladesh, Nepal and
Bhutan) to the Indochinese Peninsula (Vietnam, Laos,
Myanmar, Thailand) and southeastern China and across
the Malay Peninsula towards all the major islands of
Sundaland (Borneo, Java, Sumatra) and Lesser Sunda
Islands (Belitung, Bangka, Bali, Lombok, Lampung). In
contrast to the majority of other muntjac species, red
muntjacs occur in a wide range of habitats [6, 7]. They
are generally forest-dwelling and occupy habitats from
deciduous to evergreen forests and also occur in second-
ary forests and exotic commercial plantations [8, 9].
They have also been found in grasslands or shrubland
savannahs, croplands and in altitudes commonly up to
1500 m asl (in extreme cases even up to 3500 m, [10]).
Additionally, although habitat loss and hunting has
already caused significant population declines through-
out their range, in contrast to other ungulates in South
and Southeast Asia, red muntjacs seem to be more re-
silient to habitat modifications and hunting [7].

Through most of the 20th century red muntjacs were
generally classified as a single species Muntiacus
muntjak, although it was noted by some authors that
some forms might be better treated as distinct species
(e.g. [11]). Groves in 2003 [12] elevated the mainland
form to species level, designating it as M. vaginalis. As
this study was solely based on a comparison between the
karyotypes of one individual from Peninsular Malaysia
and the karyotypes of Indochinese individuals, this clas-
sification has not been universally adopted. In 2008 The
IUCN/SSC Red List of Threatened Species provisionally
accepted this classification, but noted the need for cor-
roborating studies. More recently, however, Groves and
Grubb [13] described six ‘good’ species within the ‘red
muntjac group’, based mainly on a few morphological
characters and geographical distribution of populations
(see Additional file 1: Table S1).

Here, we investigate the geographic distribution of
mitochondrial lineages among red muntjac populations
in order to address some of these taxonomic uncertain-
ties, and discuss the results within the context of geo-
logical events that took place in Southeast Asia since the
Pleistocene. This region’s geography has been heavily
impacted by the climatic fluctuations of the Pleistocene,
where the low sea levels during the glacial periods re-
peatedly exposed the shallow continental shelf, creating
land corridors between the islands and the mainland
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[14]. While phylogeographic patterns of some species
can be explained by the presence of these land corridors,
those of others cannot; they seem to be the result of
other vicariant events that took place  in Southeast Asia
[15, 16]. Characterising phylogeographic patterns within
this widely distributed species complex will allow a bet-
ter understanding of how climatic variations affected
generalist species and will therefore help to understand
the mechanisms leading to the evolution and speciation
of mammals in the biodiversity hotspot of South and
Southeast Asia.

Methods

Samples and DNA extraction

Archival samples from 92 red muntjacs were collected at
several natural history museums (See final dataset in
Additional file 1: Table S2). We collected nasal bones
and dry tissue from skulls and skeletons, or drilled ant-
lers when only this material was available. Only samples
with a known locality were collected and archival sam-
ples from zoos were only included if they had a known
wild origin. In addition, we also opportunistically col-
lected 24 contemporary samples from Vietnam, Laos
and Peninsular Malaysia (Fig. 1). Contemporaneous
samples were all collected from dead animals during
routine field surveys or confiscated trophies from
hunters. All molecular work with archival samples was
performed in a separate facility, operated under con-
trolled conditions in order to minimize contamination.
For DNA extraction of archival samples, we followed the
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany)
protocol with some modifications: digestion with Pro-
teinase K occurred overnight at 56 °C and elution was
preceded by an incubation period of 20 min. at 37° C.
DNA from fresh samples was extracted with the DNeasy
Blood & Tissue kit (Qiagen) and the two samples from
Peninsular Malaysia were extracted using conventional
SDS/Proteinase K digestion followed by chloroform ex-
traction [17]. Sham extractions were performed for arch-
ival and fresh samples and served as negative controls.
They were processed like actual samples with every step
and included in follow-up PCR reactions.

Library building and hybridization capture

All samples, including extraction negative controls, were
processed into libraries for sequencing with either the
Ion Torrent Personal Genome Machine (PGM; Thermo
Fischer Scientific, USA) or the MiSeq (Illumina, San
Diego, CA, USA). For PGM libraries we followed the
manufacturer’s protocol with modifications: we used the
gDNA plus Fragment Library Kit (Thermo Fisher Scien-
tific, USA) but all reactions were performed in a quarter
of the suggested volume and blunt ending included a
heat inactivation of the enzyme (20 min at 72 °C), so
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that no intermediate purification step was necessary.
Double-stranded sequencing libraries were also pre-
pared for the Illumina MiSeq platform according to
the protocol of Fortes and Paijmans [18] with single
8 nt indexing. For two samples from Peninsular
Malaysia, purified gDNA was sheared to 500 bp using
Covaris instrument (Woburn, MA) and subsequently
prepared using NEB Next Ultra DNA library prep kit
for Illumina (New England Biolabs, Ipswich, MA)
with dual 8 nt indexing. The constructed libraries
were sequenced on the MiSeq system located at the
Monash University Malaysia Genomics Facility with
the run configuration of 2 x 250  bp.

Because DNA extracted from museum samples is ex-
pected to be highly degraded and because external con-
tamination from handling, storage and exposure may
have introduced foreign DNA, we performed a

hybridization capture step prior to sequencing in order
to enrich the archival samples for their mitochondrial
DNA (mtDNA). To capture target mtDNA, we created
baits from a fresh sample of the closely related species
Muntiacus reevesi (blood sample from Zoo Miinster,
Germany). The baits were generated by amplifying the
whole mitochondrial DNA via long range PCR (primer
sequences and PCR conditions described in Additional
file 1: Table S3). Sheared and pooled long range PCR
fragments were then prepared as bait [19]. Hybridization
capture also followed the protocol described in [19]. For
PGM sequencing the capture mixture was modified and
included the blocking oligos for the PGM adapters.
Libraries from fresh samples and captured archival
DNA libraries were pooled equimolarly, but never to-
gether in the same run, and sequenced with either the Ion
PGM™ Sequencing 200 Kit v2 or the Illumina MiSeq
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kit v3 (150-cycle), following the respective manufac-
turers’ protocols.

Bioinformatic analyses

Sequence reads from Illumina were de-multiplexed ac-
cording to the respective indexes with the Illumina soft-
ware BCL2FASTQ v2.17 (Illumina, San Diego, CA, USA)
and adapters were clipped from the sequence reads with
the software cuTADAPT v1.3 [20]. Sequencing reads gen-
erated with the Ion Torrent PGM were first processed
with the inbuilt software (de-multiplexing and adapter
clipping). Quality trimming was done through a sliding
window approach (10 bp; Q20) and quality filtering then
proceeded by removing all reads shorter than 20 bp
from the analyses. The complete mitochondrial genome
sequence of M. muntjak (NCBI Accession Nr.
NC 004563.1) was used as reference for mapping of the
sequencing reads, which was done with the software
BWA v.0.7.10 [21]. A following quality filtering step was
performed to remove duplicate reads from the dataset,
so that only unique reads were kept, with the software
MARKDUPLICATES from PICARD-TOOLS Vv.1.106 (http://
picard.sourceforge.net/). Indels were called with
BCFTOOLS Vv.1.2  (http://github.com/samtools/bcftools)
and variant calling was carried out in GATK v.1.6 [22],
with N-masking of positions with less than 3 unique
reads and ambiguous heterozygous positions. Variants
were called based on the majority rule. Only sequences
with 85% or more of the genome covered with 3x or
greater depth were accepted for analysis (range of depth
was between 6.87 and 294.49x, with a mean of 72.35x,
see sequencing results in Additional file 1: Table S4) and
missing data was included for analyses. Finally, potential
presence of numts was investigated by searching for the
presence of stop codons in coding genes and indels; and
we found no evidence of numts in our dataset. All mito-
genomes obtained were deposited in Genbank
(KY052082-KY052156) and accession numbers for each
sample are given in Additional file 1: Table S1.

Genetic diversity, divergence dating and population
demography

All Muntiacus sequences obtained in this study were
aligned using MAFFT v.7.245 [23] with the auto set-
ting..We constructed a median joining (MJ) network
with NETWORK v.4.6.1.4 [24], with missing/gaps sites and
invariant sites removed from the dataset. Haplotype di-
versity and nucleotide diversity were calculated in
DNASP v.5.10 [25]. Analysis of molecular variance
(aMova) and population differentiation (Fs) were calcu-
lated with Arlequin v.3.5.1.2 [26]. Samples were grouped
according to geographical origin into populations and
populations  belonging to different clades were
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considered groups, so that we had three different groups:
Mainland, Sunda and Sri Lanka.

To estimate divergence times of different muntjac
clades and population demographic changes over time,
we inferred genealogies using a relaxed lognormal clock
model as implemented in BEAST v.1.8.1 [27]. We per-
formed this analysis by creating a dataset with ten other
Cervidae species (at least one representative species
from each tribe from the three subfamilies of Cervidae)
and one Bovidae species (Bos javanicus) in order to esti-
mate the divergence time and mutation rate for the
muntjac clade. The root age (the most recent common
ancestor [TMRCA] of Bovids and Cervids) was set to
16.6 million years (My) [28], with a normal prior distri-
bution and standard deviation of 2. This date represents
the minimum age of fossil evidence between Cervidae
and Bovidae [29]. Another study reported similar diver-
gence times [27] and dated the split between Reeve’s
muntjacs (M. reevesi) and red muntjac + black muntjac
(M. crinifrons) clade at 3 Mya [30]. We subsequently
used the estimated red muntjac split as tree prior for the
calibrations within our dataset.

Using the complete mtDNA we employed RAXML
GUI v.1.5 [31] to reconstruct a maximum likelihood
(ML) phylogenetic tree of red muntjacs applying the
substitution model determined by JMODELTEST v.2.1.7
(GTR + G + 1, [32]). Both the ML tree and the MJ net-
work revealed the presence of three monophyletic
clades comprising individuals from three geographic-
ally distinct regions. Based on these results we cre-
ated three different data sets and analyzed them
independently with BEAST v.1.8: 1) full data set com-
prising all individuals from the three identified clades;
2) ‘Mainland’ clade only; and 3) ‘Sunda’ clade only. As
analyses 2 and 3 describe distinct population groups,
they are more suited for demographic analyses that
assume a coalescent process. We did not generate a
data set comprising only Sri Lankan samples (which
constituted the third clade) due to the few individuals
sampled. For analyses of the full dataset (dataset 1)
we inferred the phylogeny with BEAST v1.8 using a
lognormal clock model and a Yule speciation tree
model (assuming a constant lineage birth rate  for
each branch), with GTR + G + I as substitution model
determined by JMODELTEST (based on AIC). We set
the root height to 1.5 Mya as inferred by the Cervi-
dae/Bovidae phylogenetic tree and estimated the clock
rate. For the demographic analysis (datasets 2 and 3)
we assumed the same substitution model and the co-
alescent prior of Extended Bayesian Skyline as tree
prior as implemented in BEAST v1.8. To test the hy-
pothesis of a recent expansion of red muntjac popula-
tions we set the root height at 1.12 Mya, as inferred
from the divergence dating phylogenetic tree. For
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every analysis we performed two independent runs
with 50 million iterations each, sampling one tree per
5000 iterations. Results of each run were visualized
with TRACER v.1.6 (implemented in Beast v1.8). The first
10% per run (1000 trees) was discarded as burn-in and the
remaining trees were combined with LOGCOMBINER v.1.8.1
(implemented in Beast v.1.8). Maximum credibility trees
were obtained with TREEANNOTATOR, also distributed as
part of the BEAST package. Skyline plots were generated
using the R package GGpLoT2 [33].

As we did not obtain any samples from the Western
Ghats, in Southern India, we included five cytochrome b
(cyth) sequences from NCBI (Accession numbers
EU727189; FJ190162;FJ190160; IN861030; IN861033) to
test their phylogenetic placement. We aligned these se-
quences with cyth sequences extracted from the
complete mitogenome dataset using MAFFT v.7.245
with specifications as before. RAXML GUI v.1.5 was
used to construct the ML tree. We visualized and edited
all trees with FIGTREE v.1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/).
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Results

After quality filtering and mapping of all reads, we were
able to obtain a final dataset of 16386 bp of the complete
mitogenome for a total of 59 archival and 16 contemporary
samples, which constituted a total of 65 different haplo-
types. Number of variable and parsimony informative sites
was high for all coding genes (Additonal file 1: Table S5).

Phylogeography and population genetic diversity

All three analytical approaches, MJ network (Fig. 2),
Bayesian inference (Fig. 3) and maximum likelihood ana-
lysis (Additional file 1: Figure S1) revealed three well
supported mtDNA clades Sequences from two major
clades originated from (i) mainland South and Southeast
Asia and China (henceforth referred to as Mainland) (ii)
Peninsular Malaysia and the Sunda Islands (Sunda);
while the third clade consisted exclusively of sequences
originating from Sri Lanka (Sri Lanka). Haplotype and
nucleotide diversity for each clade was similar (Table 1).
Fst values indicated substantial genetic structuring
among the three clades: the highest differentiation was
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Fig. 2 Median joining network of full mitogenome of all archival and contemporaneous red muntjac samples. Circle size is proportional to
haplotype frequencies; fill color denotes geographical origin; lines represent one mutational step, except when indicated otherwise with numbers.
Black circles represent missing vectors. The three major clades are denoted in the different boxes and indicated by name

Mainland

Laws
M Vietnam
W China
M India
W Nepal
B Thailand
Bal & smaller islands
B Malay Peninsula
B Sumatra
B Lombaok
M Java
& Bomeo
W Sn Lank:

21


https://www.researchgate.net/publication/281345608_ggplot2_Elegant_Graphics_for_Data_Analysis?el=1_x_8&amp;enrichId=rgreq-950cf261fb61b1a544592073686be26e-XXX&amp;enrichSource=Y292ZXJQYWdlOzMxMjkyNzgzNjtBUzo0NTUwNzg1OTYzNTQwNDhAMTQ4NTUxMDYwMDQ1MQ%3D%3D
https://www.researchgate.net/publication/281345608_ggplot2_Elegant_Graphics_for_Data_Analysis?el=1_x_8&amp;enrichId=rgreq-950cf261fb61b1a544592073686be26e-XXX&amp;enrichSource=Y292ZXJQYWdlOzMxMjkyNzgzNjtBUzo0NTUwNzg1OTYzNTQwNDhAMTQ4NTUxMDYwMDQ1MQ%3D%3D
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

Martins et al. BMC Evolutionary Biology (2017) 17:34

Page 6 of 12

Laos

Vietnam I
M China Lom1
India *{Lsh
Nepal LOom2
M Thailand i - y
I 3ali & smaller islands LOM3
B Malay Peninsula
M Sumatra JAV1-6
M Lombok
Java
Borneo JAVT Sunda
W Sri Lanka JAVS [2n= BF/9M]

Mainland

(2n= 6F/71)

<JSRI1-2 I Sri Lanka

0.002

Fig. 3 Maximum credibility tree based on 59 archival and 16 contemporaneous red muntjac samples, spanning across red muntjacs combined
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reconstructedwithBEAST andtherootage was constrainedto 3 Myaas suggested by the divergence datinganalyses. Clades of similar
sequences have been collapsed and the detailed information about all individuals can be found in Table S1
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found between Mainland and Sri Lanka (0.906, p
<0.05), the second highest differentiation was between
Sunda and Sri Lanka (0.848, p <0.001) and the lowest,
yet still very high, between Mainland and Sunda
(0.631, p <0.001).

Table 1 Summary of number of samples and haplotypes
distributed in each clade and measurements of diversity indexes
ofthe three majorred muntjacclades. Haplotypicdiversity (h)
and nucleotide diversity (rt) could not be measured for Sri Lanka
cladeduetothelowsample number

Mainland Sunda Sri Lanka
N 33 40 2
Haplotypes 31 33 1
Haplotype diversity (h) 0.996 0.982 —
Nucleotide diversity (1) 0.006 0.009 —
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The Mainland clade comprised all samples from main-
land South and Southeast Asia and China, excluding
samples from Sri Lanka and Peninsular Malaysia. In gen-
eral, samples with the same geographic origin formed
cohesive branches, except individuals from Vietnam and
Thailand which were placed sporadically together or
clustered with the Chinese samples. Interestingly, one
single individual sampled from Himachal Pradesh prov-
ince in India (IND1) and one individual from Laos
(LAO1) formed two basal branches in this clade (Fig. 3).
Conversely, the Sunda clade comprised all red muntjacs
from the Sunda Shelf, including individuals from Penin-
sular Malaysia, which were closely related to an individ-
uval from Borneo with no further indication of
phylogeographic sub-structuring of samples from differ-
ent land-masses in the Sunda Shelf. Amova results
(Table 2) corroborate these findings, showing that vari-
ation is highest among the three groups tested (60.5%,
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Table 2 Amova results among groups (Mainland, Sunda, Sri Lanka), among populations within groups (populations were defined
based on country of origin) and within populations. Results show the majority of variation explained among groups, indicating

differentiation between the three major clades

d.f. Variance components Percentage of variation®
Amonggroups 94.1 60.5
Among population within groups 16.5 10.6
Within populations 64 45 28.9

%all p-values <0.001

p-value <0.001) and lowest among populations within
groups (10.6%, p-value <0.001). The ML inference based
on the cyth gene only (Additional file 1: Figure S2),
which included Western Ghats red muntjac samples, re-
vealed a sister relationship between Western Ghats and
Sri Lankan red muntjacs.

Divergence times and demographic changes
Based on the calibrated root age (TMRCA of Bovids and
Cervids at 16.6 £ 2 Mya) our results suggested that the

species occurred in the late Pliocene around 3 Myr (95%
High posterior density [HPD] = 1.7 — 5.7) (Fig. 4). Within
red muntjacs, the split between the Sri Lankan matriline
and the other red muntjacs was estimated to have oc-
curred at around 1.5 Mya (95% HPD = 0.78 — 2.82), while
the divergence time between the two other major clades
was inferred to be around 1.12 Mya (95% HPD = 0.5 —
2.22). Divergence dates obtained were associated with
relatively small 95% posterior density intervals.
The inferences of effective population sizes showed

split between the red muntjacs and other Muntiacus  different demographic histories for each of the two
“Sunda”
1.12
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C. capreolus
&4]
I inermis
. hemionus
B. javanicus
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Fig.4Divergencedatingmaximumcredibility tree obtainwithBEAST. Rootagewas calibratedto 16.6 Myrandindicates splitage between
Bovidae and Cervidae (16.2 Mya) and between 10 different other Cervidae species. Branches highlighted in red indicate the clades analysedin
this study
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clades analysed (Fig. 5). Although both experienced a
population expansion in the late Pleistocene (Mainland
clade about 0.2 Mya, Sunda clade about 0.27 Mya), the
increase in the mainland was maintained while the ef-
fective population size of Sundaic red muntjacs started
to steeply decline about 25 thousand years ago (Fig. 5).

Discussion

Phylogeographic patterns and population structure
Investigating variation in complete mitochondrial ge-
nomes across the red muntjac distribution range enabled
us to examine the evolutionary history of these popula-
tions, including phylogeographic structure and historical
demography. The high genetic diversity within, and large
divergence among the main clades indicate a long-term
separation of these clades, which in turn implies that red
muntjacs had spread across South and Southeast Asia
shortly after their split from other muntjac species. We
found, however, evidence for two geographic barriers
that (i) separated populations from northern India and
Sri Lanka + Western Ghats and (ii) separated Sundaic
and Mainland populations.

The Sri Lanka clade split first from the other two pop-
ulations around 1.5 Mya and our data provides the first
molecular evidence for its distinction. Due to the low
number of samples obtained from this region we were
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Fig. 5 Extended Bayesian Skyline Plots of female effective
population size changes of two major clades (a) Mainland and (b)
Sunda within red muntjacs through time. Black line represents the
mean number of Ne changes through time and grey area denotes
the 95% High Probability Density
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unable to further assess their evolutionary history and
genetic diversity. Other authors, who regarded the popu-
lation of Sri Lanka as a separate taxonomic unit (either
as a full species M. malabaricus — [13] or as a subspe-
cies M. m. malabaricus — [10]) have grouped the popu-
lations from the Indian Western Ghats together with the
Sri Lankan red muntjacs. The results from the ML tree
based on the cyth gene support this inclusion and pro-
vide another example of the distinct populations in the
‘Western Ghats - Sri Lanka biodiversity hotspot’ [34].
Examples of a discontinuity in species distribution be-
tween Northern and Southern India are numerous and
this disjunct distribution seems particularly pronounced
in wet-zone species [35]. The dry zone of central India
(with rainfall of just 50 — 100 cm per year) seems to be
an unsuitable habitat for many species and has often led
to speciation between populations isolated in more suit-
able forested habitats (refugia) in the northern and
southern regions of the Indian subcontinent (e.g., the
Asian fairy-bluebird Irena puella [36]; Flying lizards
Draco genus [37]; Nilgiri tahr Nilgiri tragushylocrius
[38]). Red muntjacs, however, are much more versatile
and currently occur to the authors’ knowledge generally
throughout the ‘dry zone’. This implies that the barrier
to gene flow has existed in the past, presumably as a re-
sult of extreme dry climatic conditions caused by  global
ice advances. For red muntjacs, the isolation of popula-
tions in the southern wet-zones (Sri Lanka and Western
Ghats) might have persisted even after the re-
colonization of the dry zone of central India, if in fact
other barriers to gene flow, such as karyotype differ-
ences, had arisen in the interim, although at present no
such evidence exists (see below).

The second major clade was composed of all Indian and
Indochinese samples. The phylogenetic mtDNA tree
showed geographical structuring and the basal placement
of two individuals that came from Laos and from Hima-
chal Pradesh Province in India. Their position (and the
relatively long branch distance in the network analysis)
suggests ancient isolation of localized populations during
the Pleistocene. It is likely that populations in Indochina
and India were repeatedly affected by climatic fluctuations
of the Pleistocene, resulting in some areas of their current
continuous range having become unsuitable (most prob-
ably too dry and supporting only very open habitat). Cur-
rently and presumably also during previous interglacials,
when forest conditions predominated, red muntjacs would
have expanded their range and reoccupied former distri-
bution areas. An example of such phylogeographic pattern
of a “colonization from the east” was observed in leopard
cats (Prionailurus bengalensis), where populations became
isolated in their refugia due to the drier and unsuitable
habitat in the rest of the Indian subcontinent [39]. This ef-
fective population size expansion is reflected in the
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Bayesian skyline plot and is likely responsible for the pat-
terns of admixture we observed in our ML and BI trees,
where samples from Vietnam, Thailand, China and India
are closely related in the most derived branches of the
trees. We estimated that this expansion started around
200 kya, a time marked by the beginning of an interglacial
period (240 — 190 kya). This period succeeded a glacial
time, with sea levels as low as =130 m below present [40]
that would have provoke drier climate in continental
areas.

The surprising placement of the Himachal Pradesh
Province (IND1) sample at a basal position allows us to
speculate as well that there may exist a distinct ‘high ele-
vation Himalayan red muntjac’ (also supported by RIT’s
unpublished morphological examinations), which may
have evolved in refugial areas during these dry periods.
Unfortunately, we could not include samples from Hai-
nan Island, from high elevation Himalayan populations,
from the Cardamom Mountains of Thailand and
Cambodia, from the Southern Annamites of Vietnam,
from Northern Myanmar, or from the Indian dry zones
in our analyses (either samples had no proper location
or yielded insufficient data); samples that from a phylo-
geographic perspective might provide further resolution
or additional lineages. These regions correspond in part
to the distribution of two currently described muntjac
taxa: the sub-/species M. (m.) nigripes, described from
Hainan Island and considered by some authors to occur
also in northernmost Vietnam and Yunnan (China) and
the sub-/species M. (m.) aureus, described to occur in
northwestern India and considered to also occur in cen-
tral India and disjunctly in Myanmar [13]. Thus, further
genetic substructuring may exist within the Mainland
clade, which could be unveiled with more intensive and
extensive sampling.

The third clade, the Sunda clade, included all samples
from Sundaland (including the lower Malay Peninsula).
The very clear distinction of this clade indicated the ex-
istence of a long lasting migration barrier preventing
gene flow between populations possibly north and south
of the Isthmus of Kra, a recognized phyto- and zoogeo-
graphic boundary located on the Malay/Thai Peninsula
around 10°30’ N. Although the Isthmus of Kra separates
the Indochinese and Sundaic subregions [41], studies on
different taxa revealed that the Isthmus of Kra is not a
clear geophysical barrier, but rather a transition zone
ranging from 5° N to 13° N (e.g. bats and birds [42];
butterflies [43]; amphibians [44]; mammals [45]). As we
had only two samples from Peninsular Malaysia, we
could not address the exact latitude of this separation
(or indeed whether there is in fact introgression as sug-
gested by morphological samples — RJT unpublished
data). Increased sampling efforts would therefore be re-
quired to identify the true nature and  geographic
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location of the ‘boundary’ between northern and south-
ern red muntjac populations. Nuclear DNA analyses are
also needed to address questions of a presumed second-
ary contact zone and potential hybridization of northern
and southern red muntjacs on the Malay Peninsula.
Interestingly, a recent multi-species study on mammals
showed that no clear physical barrier is needed to main-
tain the separation of the Sundaic and Indochinese fau-
nas, but that instead a combination of different climatic
conditions during the Pleistocene and species-specific
life history traits are sufficient to result in the observed
pattern (Radchuk, unpublished data). With respect to
the red muntjacs, these findings could indicate that
northern and southern red muntjacs evolved different
ecological adaptations during the periods their ranges
became restricted, which is indicated by the subsequent
population expansions in the EBSPs of both clades.

Within the Sunda clade we found evidence of the ef-
fects of Toba super volcanic eruption in Northern Su-
matra around 74 thousand years ago. The Toba super
eruption is described as one of the greatest eruptions in
the last two million years [46]. It created an ash cloud
that would have covered the northern part of Sumatra
and south of Peninsular Malaysia leading to changes in
vegetation and possible local extinctions of mammal
species [47—49]. Our results support such potential ex-
tinctions of red muntjacs in Peninsular Malaysia and Su-
matra, as the analysed individuals all derived from
Bornean or Java populations, which occupy all basal po-
sitions of the internal nodes. This pattern suggests that
Sumatra and Peninsular Malaysia were colonized, more
than once, from Bornean and Javan populations, poten-
tially after the Toba eruption. Such a re-colonisation of
the southern Malay Peninsula would have been facili-
tated by the existing land bridges throughout the Late
Pleistocene between the larger Sunda Islands. These land
bridges also explain the lack of geographical sub-
structuring as seen both in the MJ network and in the
gene trees within the Sunda clade, as the exposed shelf
allowed gene flow among populations on all larger land-
masses. Being habitat generalists red muntjacs could
have easily colonized new habitats on the exposed shelf.
After the Last Glacial Maximum, rising sea levels not
only separated the larger landmasses but also drastically
reduced the available land area in the Sunda Shelf. This
reduction in land and thus habitat availability coincides
with the observed decrease in population size observed
in the skyline inferences. However inferred divergence
times should still be considered rough estimates, be-
cause they depend on estimated mutation rates.

Taxonomic implications

Currently, up to six species of red muntjacs have been
described. The most commonly accepted split within the
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red muntjacs is the one separating the mainland and
Sundaic forms in two species: Northern red muntjac
Muntiacus vaginalis and Southern red muntjac M.
muntjak. Because species delineation was based only on
the karyotype of one individual from Peninsular
Malaysia and on a few morphological traits, this classifi-
cation is still applied with some reservations. The pro-
posed additional division of mainland (Northern) red
muntjacs into different species [13, 50] is likewise weak
and seldom adopted. In that study [13], differences were
mainly described based on morphological traits, but the
described variations are more likely trait polymorphisms
within a largely distributed species, rather than distinct-
ive morphological characters [7]. The molecular data
presented here does not support the delineation of six
red muntjac species as we did not find six distinct matri-
lines. Instead, we found evidence for a deep split be-
tween Sundaic (southern) and mainland (northern) red
muntjacs, which would be concordant with karyotypic
evidence: the few examined individuals of Sundaic forms
had 2n = 8 F/9 M, while the most frequently studied
Mainland forms had 2n = 6 F/7 M [13]. The evidence
presented here clearly shows the existence of a third dis-
tinct Sri Lankan + Western Ghats clade, for which the
karyotype characterization is still lacking. Our molecular
data supports likewise the recognition of the Sri Lankan
population as a distinct taxonomic unit, as this lineage
split first from all other red muntjacs at around 1.5 Mya.
So far the Sri Lankan and Western Ghats populations
have been recognized as M. (m.) malabaricus due to
their smaller body size (compared to more northerly and
eastern mainland red muntjacs) and due to some pelage
coloration differences [13].

The three clades introduced here are distinguished by
deep molecular splits and appear to be geographically sep-
arated. We believe that the results of this study provide a
good basis for a future taxonomic reassessment. We re-
frain from assigning these clades species or subspecies
rank because: a) the estimated divergence dates and the
observed pairwise differences are in the range of both rec-
ognized species [5] and recognized subspecies [S1] and
thus are not decisive, b) we only analysed mtDNA and
thus have no information on potential incomplete lineage
sorting, and c) our analyses lacked samples from regions
where the three clades must meet and potentially overlap
(within central and southern India and probably within
the transition zone of the Isthmus of Kra). Therefore, fur-
ther sampling and analysis of nuclear DNA data, and po-
tentially also of morphological and karyotype data is
needed, since both characteristics are further indicators of
barriers to gene flow.

Independent of their specific taxonomic assignment as
species or subspecies, our data clearly advocate the dis-
tinct management of the populations in these clades.
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Despite the indiscriminate hunting pressure on larger
mammals in Southeast Asia, particularly in Indochina
[52], both Northern and Southern red muntjacs are still
widespread and less threatened than other species in this
region. Our data did not uncover any populations of
greater conservation concern among Mainland or Sun-
daic red muntjacs, although more extensive sampling
might reveal the existence of taxonomic units of conser-
vation concern. However, our data do clearly reveal the
distinctiveness of the Sri Lankan + Western Ghats popu-
lations. The spatial restriction of this clade and ongoing
threats both in Sri Lanka and also the Western Ghats
[53] highlight the conservation significance of red munt-
jacs in this region. Additional field surveys, including
further molecular sampling, are important to assess and
monitor the conservation status of M. (m.) malabaricus.

Conclusions

We found substantial genetic differentiation in a wide-
spread species, corresponding to at least two biogeo-
graphical barriers located in the major biodiversity
hotspot of South and Southeast Asia: the Isthmus of Kra
in northern Peninsula Malaysia and the central Indian
dry zone. However, within each of the three lineages we
found evidence of mitochondrial admixture between
populations which are now geographically isolated, sug-
gesting that red muntjacs, as a generalist species, could
utilize land corridors exposed during the low sea level
periods of the Pleistocene. Our results, finally, indicate
for the first time molecular evidence for the distinctive-
ness of the Sri Lanka and Western Ghats red muntjac
populations.
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Additional file 1: Table S1. Comparison of number of accepted red
muntjac species and subspecies among three different recent
publications. Number of recognized species range from 1 to 6 and
number of recognized subspecies range from none to 10. Table S2.
Complete dataset used for analyses, with information on origin, location
and contact. Table S3. Long-range PCR primer sequences and annealing
temperatures used for bait development. Table S4. Sequencing results
from all samples used in this study, with indication of sequencing
platform, percentage of reads on target, average base coverage depth
and percentage of reference genome covered with atleast 3x coverage.
Table S5. Number of Variable sites (V) and Parsimony informative sites
(Pi)percodinggene, throughoutthe full mitogenomes obtained. Figure
S1. Besttree obtained with RAXML through Maximum Likelihood Analysis.
Figure S2. Maximum Likelihood tree of the Cytochrome B gene, including
five individuals from Western Ghats, supporting the clade differentiation of Sri
Lanka—Western Ghatsfromall otherred muntjac populations. (PDF 519kb)
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Phylogeography of red muntjacs reveals three distinct mitochondrial lineages

Renata F. Martins, Jorns Fickel, Minh Le, Thanh van Nguyen, Ha M. Nguyen, Robert Timmins, Han Ming
Gan, Jeffrine J. Rovie-Ryan, Dorina Lenz, Daniel W. Forster, Andreas Wilting

Additional Material 1

Table S1. Comparison of number of accepted red muntjac species and subspecies among three
different recent publications. Number of recognized species range from 1 to 6 and number of
recognized subspecies range from none to 10.

. Grubb and Groves Timmins et al.
Mattioli (2011)[10] (201 1)[13] (2016)[7]
Species M. muntjak M. muntjak M. muntjak
M. vaginalis M. vaginalis
M. malabaricus
M. aureus
M. nigripes
‘M. guongdongensis’*
Subspecies M. m. muntjak M. v. vaginalis not applicable
M. m. annamensis M. v. curvostylis

M. m. aureus

M. m. curvostylis
M. m. malabaricus
M. m. mengalis
M. m. montanus
M. m. nigripes

M. m. vaginalis
M. m. yunnanensis

* Identified as Incertae sedis, but referring to the different form described by Li & Xu, 1996
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Table S2. Complete dataset used for analyses, with information on origin, location and contact.

Name

Collectio Sample in Genbank Sourc.e Geogra.phl Year Contact
n ID name . material ¢ origin
Figures
BAL Dr. Frieder Mayer,
46238 MMUI1 1 KY052120 nasal bone West Bali Naturkundemuseum
Berlin
JAVI Dr. Frieder Mayer,
46239 MMU2 3 KY052121 nasal bone West Java Naturkundemuseum
Berlin
THA Dr. Frieder Mayer,
17534 MMU3 > KY052091 nasal bone Thailand Naturkundemuseum
Berlin
nasal bone Dr. Frieder Mayer,
91131 MMU6 IND5 KY052092 and tissue North India Naturkundemuseum
from skull Berlin
Dr. Frieder Mayer,
91143 MMUS8 IND2 KY052093 nasal bone North India Naturkundemuseum
Berlin
Yunnan Dr. Frieder Mayer,
40556 MMU10 CHI3 KY052094 nasal bone . Naturkundemuseum
China .
Berlin
INDI . Dr. Frieder Mayer,
4837 MMU12 0 KY052095 nasal bone East India Naturkundemuseum
Berlin
Dr. Frieder Mayer,
34074 MMU16 BOR KY052127 nasal bone Southeast NaturkundemusZum
2 Borneo .
Berlin
Dr. Frieder Mayer,
92200 mmul7  OM gyesaipp - Ponefrom Lombok Naturkundemuszum
2 skull ;
Berlin
East Sri Dr. Frieder Mayer,
70927 MMUI18  SRI1 KY052116 nasal bone Naturkundemuseum
Lanka p
Berlin
Yunnan Dr. Frieder Mayer,
33459 MMU20  CHII KY052096 nasal bone China Naturkundemuseum
Berlin
tissue from Lesser Dr. Frieder Mayer,
92296 MMU21 LSI1 KY052123 Sunda Naturkundemuseum
skull ;
Islands Berlin
BOR Dr. Frieder Mayer,
70928 MMU22 7 KY052124 nasal bone Borneo Naturkundemuseum
Berlin
ZMA SUM Pepijn Kamminga,
loap  MMu24 T KY052125  nasal bone Sumatra 1950 N‘; tJuralis e egn
ZMA SUM Pepijn Kamminga,
10491 MMU25 1 KY052126 nasal bone Sumatra 1951 Naturalis Leiden
JAVI nasal _bone Dr..Stefan Merker,
16699 MMU27 7 KY052128 and tissue Java 1856 Staatliches Museum fiir
from skull Naturkunde Stuttgart
JAV] Dr..Stefan Merker,
16701 MMU28 s KY052129 nasal bone Java 1878 Staatliches Museum fiir
Naturkunde Stuttgart
Dr. Stefan Merker,
50998 MMU29 JAVS KY052130 nasal bone East Java 1950 Staatliches Museum fiir
Naturkunde Stuttgart
BOR Dr. Stefan Merker,
15974 MMU30 5 KY052131 antler drill Borneo 1902 Staatliches Museum fiir
Naturkunde Stuttgart
BOR Dr. Stefan Merker,
15968 MMU31 6 KY052132 antler drill Borneo 1902 Staatliches Museum fiir
Naturkunde Stuttgart
BOR Dr. Stefan Merker,
15979 MMU32 4 KY052133 antler drill Borneo 1902 Staatliches Museum fiir
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Dr. Rainer Hutterer,
97679  MMU34 HA  Kv052097  nasalbone  Thailand 1900 Zoologisches
6 Forschungsmuseum
Alexander Koenig Bonn
Dr. Frank Zachos,
2886 MMU35 JAV6 KY052134 nasal bone West Java 1930 Naturhistorisches
Museum Wien
JAV] Dr. Frank Zachos,
2887 MMU36 KY052135 nasal bone West Java 1930 Naturhistorisches
Museum Wien
SUM Dr. Frank Zachos,
1468 MMU38 KY052136 nasal bone Sumatra 1904 Naturhistorisches
Museum Wien
SUM Dr. F rapk chhos,
2120 MMU40 KY052137 nasal bone Sumatra 1852 Naturhistorisches
Museum Wien
Dr. Frank Zachos,

3022 MMU41 JA4V1 KY052138 nasal bone West Java 1858 Naturhistorisches
Museum Wien

Dr. Frank Zachos,

2931 MMU42 JAVI1 KY052139 nasal bone West Java 1929 Naturhistorisches
Museum Wien

JAVI Dr. Frapk chhos,

2119 MMU43 6 KY052140 nasal bone West Java 1858 Naturhistorisches
Museum Wien

Dr. Frank Zachos,

3178 MMU44 JAV3 KY052141 nasal bone West Java 1929 Naturhistorisches
Museum Wien

Dr. Frank Zachos,

2052 MMU46 JAVS KY052142 nasal bone West Java 1858 Naturhistorisches
Museum Wien

SUM Dr. Frank Zachos,

2117 MMU48 5 KY052143 tissue Sumatra 1886 Naturhistorisches

Museum Wien

Dr. Frank Zachos,

B3399 MMU49  JAV7 KY052144 skin Java 1919 Naturhistorisches
Museum Wien

Dr. Frank Zachos,

B3400 MMUS50 JAV2 KY052145 skin Java Naturhistorisches
Museum Wien

Dr. Frank Zachos,

B3402 MMUS51  JAV4 KY052146 skin Java Naturhistorisches
Museum Wien

SUM Dr. Frank Zachos,

1497 MMUS53 KY052147 bone drill Sumatra 1904 Naturhistorisches
Museum Wien
Dr. Irina Ruf,

35585 MMUs9 OM kyosaias tissue Lombok Senckenberg
1 Forschungsinstitut
Mammalogie Frankfurt
Dr. Irina Ruf,
34878 MMus0  OM ky052149 tissue Lombok Senckenberg
3 Forschungsinstitut
Mammalogie Frankfurt
Dr. Irina Ruf,
15953  MMU62 IND6  KY052098 tissue India Senckenberg

Forschungsinstitut
Mammalogie Frankfurt

tissue from Mogens Andersen,
M122 MMU64  JAV9 KY052150 Java Natural History Museum

skeleton of Denmark Copenhagen
Mogens Andersen,
M123 MMU65 NEPI KY 052099 nasal bone Nepal 1838  Natural History Museum

of Denmark Copenhagen
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Table S3. Long-range PCR primer sequences and annealing temperatures used for bait
development.

Annealing
Position on ref. Sequence 5'-3' a
Temp.
2478 F: CGATTAAAGTCCTACGTGATCTGAG ]
Fragment 1 6926 R: GTTATGATGTTGGCTTGAAACCAG 58°C

6506 F: GCTATYATRGGAGGATTTGTTCAC

o]
Fragment 2 12903  R: GATTAGGGCTGTTGTRGTAAATG >8°C

12339 F: TTACAAATCTTAACGCCTGAGACTTC

o]
Fragment 3 2548 R: TAGATAGAAACCGACCTGGATTACTC 8 €

2PCR was done with MyFi™ Mix (Bioline GmbH, Germany) with 1x MyFi Mix, 0.4 uM each
primer and water to the final volume of 50 pL for each of the fragments separately, in a total of 35
amplification cycles.

Table S4. Sequencing results from all samples used in this study, with indication of sequencing
platform, percentage of reads on target, average base coverage depth and percentage of reference
genome covered with at least 3x coverage.

Sequencing Reads on Average read % genome

Sample Name Captured platform target depth covered > 3x
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BALI yes PGM 53.65% 109.24 100
JAV13 yes PGM 45.29% 294.49 100
THA2 yes PGM 20.92% 45.73 99.9
IND5 no Illumina 0.54% 90.76 100
IND2 yes PGM 18.15% 16.17 99.4
CHI3 no Illumina 0.06% 11.13 92.4
IND10 yes PGM 46.65% 257.54 100
BOR2 yes I[llumina 2.21% 14.07 93.7
LOM2 yes Ilumina 36.22% 124.63 100
SRI1 yes PGM 20.46% 112.53 99.2
CHI1 yes PGM 4.30% 186.14 100
LSI1 yes [llumina 45.26% 172.8 100
BOR7 yes PGM 10.17% 39.69 99.9
SUM6 yes PGM 36.05% 96.74 100
SUMI1 yes PGM 47.57% 64.02 99.8
JAV17 yes PGM 71.62% 65.65 99.8
JAV1S yes PGM 65.44% 88.36 100
JAVS yes PGM 55.88% 163.68 100
BORS yes PGM 6.24% 6.87 88.1
BOR6 yes PGM 31.17% 7.97 93.9
BOR4 yes PGM 18.20% 27.78 99.9
THAG6 yes PGM 26.33% 178.63 100
JAV6 yes PGM 6.35% 187.35 100
JAV11 yes PGM 40.60% 36.44 99
SUM4 yes PGM 44.44% 278.49 100
SUM2 yes PGM 61.77% 27.59 99
JAV14 yes PGM 30.97% 144.77 100
JAVI no [llumina 0.92% 74.02 100
JAV16 yes PGM 30.47% 36.33 99.5
JAV3 no Illumina 0.18% 14.49 92.5
JAV8 yes Illumina 4.88% 25.39 96.1
SUMS5 no Illumina 0.05% 100.91 100
JAV7 yes Tllumina 3.88% 79.14 98.2
JAV2 yes Tllumina 9.26% 89 99.6
JAV4 yes PGM 50.03% 10.66 89.7
SUM3 yes PGM 24.66% 72.7 100
LOM1 yes PGM 28.73% 37.86 99.1
LOM3 yes PGM 33.09% 3593 99.3
IND6 yes PGM 50.73% 47.47 99.9
JAV9 yes PGM 27.96% 20.03 98.4
NEP1 yes PGM 59.64% 31.76 100
LSI2 yes PGM 16.87% 17.46 98.8
IND7 yes PGM 47.52% 146.08 100
THA4 no Illumina 0.03% 8.43 86.1
THALI yes Tllumina 14.59% 92.01 100
IND9 yes PGM 33.76% 7.29 92.6
IND3 yes Illumina 1.76% 22.85 98.17
IND4 yes Illumina 8.41% 56.76 99.65
SRI2 yes PGM 61.03% 51.33 98.6
THAS yes [llumina 29.52% 155.25 100
INDS8 yes [llumina 64% 218.42 100
JAV10 no [llumina 0.07% 78.4 99.7
THA3 yes PGM 39.65% 17.13 99.8
LSI3 yes [llumina 18.50% 147.87 100
JAVI2 yes Illumina 3.52% 34.46 99.4
IND1 yes PGM 74.84% 108.69 100
BOR3 yes [llumina 19.56% 88.28 97.9
BOR1 yes I[llumina 39.98% 115.74 99.3
CHI2 no Illumina 0.19% 4941 100
LAOI no [llumina 0.18% 53.8 99.05
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0.03%
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0.08%
0.10%
0.03%
0.03%
0.12%
0.20%
0.07%
0.03%
0.06%
0.93%
0.58%
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12.66
11.42
16.19
21.06
19.42
29.03
8.19
11.25
37.95
70.42
31.10
9.38
30.30
66.63
57.01

96.7
95.4
92.5
97
99.7
96.8
90.6
94.1
99.9
100
100
94.2
99.9
100
100

Table S5: Number of Variable sites (V) and Parsimony informative sites (Pi) per coding gene,

throughout the full mitogenomes obtained.

ND1 ND2 Coxl Cox2 Cox3 ND3 ND4L ND4 ND5 ND6 Cytb D-loop
Vv 126 147 163 76 108 43 38 170 277 64 182 157
Pi 102 101 111 54 79 31 27 132 191 45 127 120
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Figure S1. Best tree obtained with Maximum Likelihood analyses with RAXML. The same
topology is recovered as with Bayesian inferences, with three distinct mitochondrial clades. All

branches are supported with at least 90% bootstrap support, except when indicated otherwise with
%
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Muntiacus

reeves/

0.002

Figure S2. Best tree obtained with Maximum Likelihood analyses of the Cytochrome B gene of
all red muntjac samples included in this study and five additional Genbank sequences from the
Western Ghats. This tree was obtained with RAXML and shows similar topology as the trees with
full mitogenome, although bootstrap values are generally lower. This result shows the relationship
between Sri Lanka and Western Ghats populations, as they cluster together in the same clade.
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Abstract:

Aim We compared the phylogeographic patterns of two Rusa species, Rusa unicolor and Rusa
timorensis, in order to understand what drove and maintained differentiation between these two
geographically and genetically close species and investigated the route of introduction of

individuals to the islands outside of the Sunda Shelf.
Location Southeast Asia mainland, Sundaland and islands of Wallacea

Methods We analysed full mitogenomes from 56 archival samples from the distribution areas of
the two species and 18 microsatellite loci in a subset of 16 individuals to generate the
phylogeographic patterns of both species. Bayesian inference with fossil calibration was used to

estimate the age of each species and major divergence events.

Results Our results indicated that the split between the two species took place during the
Pleistocene, ~1.8 Mya, possibly driven by adaptations of R. timorensis to the drier climate found
on Java compared to the other islands of Sundaland. Although both markers identified two well
differentiated clades, there was a largely discrepant pattern between mitochondrial and nuclear
markers. nDNA separated the individuals into the two species, but mtDNA revealed that all R.
timorensis sampled to the east of the Sunda shelf carried haplotypes from R. unicolor, while one

Rusa unicolor from South Sumatra carried a R. timorensis haplotype.

Main conclusions Our results show that hybridisation occurred between these two sister species in

Sundaland during the Late Pleistocene and resulted in the first reported of early human mediated
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introduction of hybrid descendants in all islands outside Sundaland, constituting the first report of

early hybrid translocation events mediated by humans.

Key Words: Cervidae; hybridisation; human introduction; Phylogeography; Sundaland; Wallace’s

line
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Introduction

Biogeographic barriers interrupt migration and reproduction among separated populations, and thus
are responsible for driving and maintaining genetic differentiation potentially leading to speciation.
Sundaland, a Southeast Asian biodiversity hotspot, is bordered in the east by one of the best known
faunal boundaries — the Wallace line (Bacon ef a/., 2013). This barrier is responsible for a sharp break
between faunal compositions of Sunda and Wallacea. At the southern border, the Wallace line runs
between the islands of Bali and Lombok, and at the northern edge it separates fauna and flora of Borneo
and the Philippines from that of Sulawesi (Fig. 1). Although some species and populations have
naturally crossed this barrier (e.g. Plantain squirrel Callosciurus notatus in Lombok), the presence of
the majority of Sundaic mammal species occurring past the Wallace line into the eastern islands of
Wallacea is associated with human transportation (Groves, 1983; Heinsohn, 2003; Veron et al., 2014).
Contrary to natural dispersal of individuals, human mediated introductions occurred within a short time
frame, too short for introduced individuals to become genetically differentiated from their source
population.

Sundaland’s dynamic geologic and climatic history, especially during the Plio-Pleistocene epochs,

resulted in sea level changes that repeatedly exposed the continental shelf connecting the major islands

A
North India
[ ]
PY Indochina
India Myanmar
Thailand
Sri Lanka @ South Thailand Sula =
— Moluccas
North Borna ___ — =_ — _* =
West Sumatra = = - )
\ * =
Sumatra N ;:
Mentawal @ . South §ulawesu
i —_ Timor
——-Wallace line C = —¥ andLSI|

Figure 1 - Distribution map of both species and sampling location. Light grey indicates the distribution range of Rusa unicolor
(A). Dark grey indicates the native distribution of Rusa timorensis (B) and dashed dark grey areas indicate introduction range of
R. timorensis (C). Filled circles and diamonds indicate R. unicolor and R. timorensis, respectively, and size is proportional to the

number of samples. For detailed information about all samples see Supplemental Table S1.
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of this archipelago (Voris, 2000). It is generally believed that these available land corridors would
allow populations previously isolated on single islands to disperse, creating a large panmitic population
within this whole system. However, geographical barriers like the Wallace line would stay in place,
thus creating patterns of genetic divergence between taxa on both sides of these barriers.

Here we investigated the phylogeographic patterns of two Rusa species: the sambar, Rusa unicolor and
the Javan deer, R. timorensis. While R. unicolor is widespread throughout South and Southeast Asia
(from India and Sri Lanka, Southern China and most of Indochina to Borneo and Sumatra, the two
largest Sunda Islands), R. timorensis has its native range on Java and Bali only (Fig. 1). Its presence
on islands east of the Wallace line (e.g. Lesser Sunda Islands, Sulawesi and the Moluccas) is described
to be the result of pre-historic to historical human-mediated introductions during the Holocene (less
than 10 thousand years ago; Heinsohn, 2003; Groves & Grubb, 2011).

The aim of this study was to compare phylogeographic patterns, genetic diversity and evolutionary
history of these two related species in order to answer the following three questions: 1) In the presence
of land bridges connecting islands of the Sunda Shelf, what speciation drivers kept the two species as
separate units or is there evidence of admixture between them? 2) Do populations of the widely
distributed R. unicolor show signs of genetic structuring corresponding to known geographical barriers
or do they show variation along a cline? 3) Does Rusa timorensis show genetic signature of non-natural
dispersal and what is the most likely founder population of the introduced populations east of the
Wallace line?

Given the different (past and current) climatic conditions on Sumatra and Java (Leonard et al., 2015)
we hypothesize that adaptation to these different local climate drove speciation between the two sister
species, but that in the presence of permissive land corridors, individuals from previously isolated
populations could disperse and admix. To test this hypothesis we sampled historical populations of
both species from their native range and from the introduction range of R. timorensis. We analysed full

mitogenomes and a set of 18 microsatellite loci to test for admixture between the two species.

Materials and Methods

Sampling and DNA extraction

We sampled 110 individuals labelled as Rusa unicolor (RUN) and Rusa timorensis (RTI) from
European museums by collecting either turbinal bones from the nasal cavity, skin, dry tissue from
skeletons, and antler drills exclusively from individuals with known locality. All molecular work,
including DNA extraction and constructing sequencing libraries, was conducted in a facility dedicated
to work with archival samples to reduce the risk of contamination. DNA extraction followed the
DNeasy Tissue and Blood kit protocol (Qiagen, Hilden, Germany), with overnight digestion of samples

in Lysis buffer and Proteinase K at 56 °C and a pre-elution incubation for 20 min. at 37 °C.
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Mitochondrial genome

All extractions, including negative controls, were built into individual sequencing libraries with single
8-nt indexes (Fortes & Paijmans, 2015), which were then sequenced on an Illumina MiSeq to assess
sample DNA quantity and quality (150 cycles v3 kit, lllumina, CA, USA). Samples with low quality
DNA were consequently enriched for their mitochondrial DNA, using an in-solution target
hybridization capture technique (Maricic et al., 2010). Baits for hybridisation were obtained by
amplifying three overlapping mitochondrial fragments from one fresh sample of R. unicolor (from the
IZW archive) which were consequently prepared into capture baits (Maricic et al., 2010; primers and
PCR conditions as described in Martins et al., 2017). After hybridization capture, libraries were

amplified for no more than 18 cycles and sequenced again on the Illumina MiSeq platform.

Bioinformatics

Sequencing reads were first de-multiplexed into respective samples with BCL2FASTQ v2.17
(Illumina, CA, USA). CUTADAPT v1.3 (Martin, 2011) was used to find and remove adapter
sequences from the sequenced reads. Adapter-clipped reads were then quality trimmed through a
sliding window approach of 10 bp for a phred score of at least Q20. Finally, reads shorter than 20 bp
were removed from further analyses. Mapping of quality filtered reads was done in two phases: a first
mapping run was performed with BWA v.0.7.10 (Li & Durbin, 2009), using a genome reference from
R. unicolor dejeani (NCBI accession no. NC_031835). Clonal reads were removed from the mapped
reads using MARKDUPLICATES v1.106 (http://picard.sourceforge.net/picard-tools). SAMTOOLS
MPILEUP v1.1 and BCFTOOLSv1.2(http://github.com/samtools/bcftools) were used for variant
calling (SNPs and InDels). A consensus sequence was then generated for each sample using a threshold
of minimum 3% coverage and majority rule (> 50%) for base calling. The second mapping step used
the newly generated consensus sequence as reference for each sample, in order to increase mapping
quality and base coverage. BWA and MARKDUPLICATES were used as before, but GATK v1.6
(McKenna et al., 2010) was applied for variant calling of the final consensus sequence. Positions with
coverage lower than 5x were N-masked, as were ambiguous heterozygous positions. A final quality
filtering step was performed to remove all samples with less than 80% of their mitogenome covered at
least with 5% depth. Due to the limitations of the sequencing method (reads no longer than 75 bp) we
were not able to clearly resolve the repeat region of the d-loop. Therefore, we trimmed all sequences,
by removing 460 bp of the d-loop region. Mitogenomes obtained were deposited in Genbank (for

accession numbers see Table S1).
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Figure 2 — Haplotypic network for all 46 haplotypes shared among the two species. Circle size is in accordance with frequency
and colour represents sampling location. Small black circles represent median vectors. All branches represent one mutation step,

except when indicated otherwise by numbers on branches. Haplotypes are described in Supplemental Table S1.

Microsatellite DNA

Microsatellite genotyping was achieved by amplification of 18 loci on those samples for which
mitochondrial DNA was obtained as described above (microsatellite loci and references in Table S2).
All samples were amplified for all loci through PCR with the Type-it Microsatellite PCR kit (Qiagen,
Hilden, Germany), with 1 pM of each primer. Annealing temperatures followed a gradient from 63 °C
to 55 °C in 2 °C steps and final amplification occurred for 40 cycles at 55 °C. Allele sizes were
determined on an ABI3130x1 Genetic Analyser using GeneScan™ 500 ROX (both Thermo Fischer
Scientific Darmstadt, Germany) as internal size standard. Alleles were scored with the software

GeneMapper v.4.0 (Applied Biosystems, Germany).

Genetic diversity, phylogeography and differentiation times

All mitochondrial sequences obtained were aligned using the auto setting as implemented in MAFFT
v7.245 (Katoh & Standley, 2013). The relationship among all haplotypes was reconstructed by a
median joining (MJ) network using the software NETWORK v. 4.6.1.4 (Bandelt et al., 1999).

Haplotypes were generated by removing non-informative sites and positions with gaps or missing data.
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Haplotypic and nucleotide diversity for the full dataset and for each species were assessed with the
software DNASP v.5.10 (Librado & Rozas, 2009). We estimated genetic differentiation through Fsr
as implemented in ARLEQUIN v.3.5.12 (Excoffier et al., 2005). For this analysis we created two
datasets: 1) two populations corresponding to species as determined by the museum identification and
ii) populations corresponding to major haplotype clades.

The best fitting substitution model for the full mitogenome dataset (GTR +G +I) was obtained by the
hierarchical likelihood ratio test as implemented in JMODELTEST v2.1.7 (Darriba et al., 2015). We
reconstructed phylogenetic relationships through Maximum Likelihood (ML) with RAXML GUI v1.5
(Silvestro & Michalak, 2012) and Bayesian Inference (BI) as implemented in MRBAYES v3.2.6
(Ronquist & Huelsenbeck, 2003), applying the determined substitution model. Both approaches were
congruent with the haplotypic network and with each other, revealing the existence of separated
mitochondrial clades, which we dated based on fossil information for the Cervidae stem of the
Arctiodactyl family (18.4 Mya; Bibi, 2013). We used the calibrated time of the split between Cervus
and Rusa [2.1 My; Highest Posterior Density (HPD) = 1 — 2.8 My] to be set as a prior for the root
height of the gene tree of the Rusa samples obtained in this study, as implemented in BEAST v.1.8.1
(Drummond et al., 2012). We ran MCMC chains with 50 million, with a lognormal uncorrelated clock
and a Yule speciation tree as further estimation priors. Trace results were analysed with TRACER
v.1.6 (implemented in BEAST v.1.8), for parameter convergence and ESS values above 200.
TREEANNOTATOR v.1.8.1 (BEAST software package) was used to annotate all trees, after a burn-
in of 10% of the trees. All topologies were visualised and edited with the software FIGTREE v.1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/).

Population structure analyses

Analyses of microsatellite data proceeded by removing all individuals with missing data at more than
two loci. We estimated the probability for the presence of null alleles on our dataset with the software
FREENA (Chapouis & Estoup, 2007). Tests for the presence of linkage disequilibria and an exact test
for deviations from Hardy-Weinberg Equilibrium (HWE) were performed with ARLEQUIN, applying
the Bonferroni correction for multiple tests. Levels of observed (HO) and expected (HE)
heterozygosity and inbreeding coefficient (Fis) were calculated in GENETIX v.4.05.2 (Belkhir et a!.,
1996-2004).

A Bayesian approach was used to test for population structure with the software STRUCTURE 2.3.4
(Pritchard et al., 2000). The A value was estimated by running a prospective run of K=1 with 10
iterations and a burn-in of 10% after 15x10* generations. A second MCMC simulation was run for
20x10* generations, with a 10% burn-in. The likelihoods were estimated for K values from 1 to 6
(because 6 was higher than the maximum number of mitochondrial clades obtained in our analyses).
The admixture model was applied with correlated allele frequencies and A = 3. STRUCTURE
HARVESTER v.0.6.94 (http://taylor0.biology.ucla.edu/structureHarvester/; Earl & von Holdt, 2012)
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was used to estimate the most likely number of K by using the AK method (Evanno et al., 2005).
Population differentiation was calculated with the software ARLEQUIN by estimating Fst both among

the clusters identified by AK and by species.

Results

Mitochondrial genome analyses

The final dataset consisted of 56 individuals for which the mitogenome of 16064 bp was obtained. Of
these, 23 were labelled in the museum collections as R. timorensis and 33 individuals were labelled as
R. unicolor (Table S1). The origin of three specimens labelled as R. unicolor (RUN37 Moluccas,
RUN39 Timor and RUNG61 Java) suggests that these specimens are actually Javan deer, R. timorensis.
All other museum labels matched the geographic distribution ranges of the two species. The 56 deer
shared 46 haplotypes with an overall haplotype diversity of H = 0.983 (SD: 0.010) and a very low
nucleotide diversity of = = 0.00941 (SD: 0.00118). Within individuals labelled as RTI, we found 18

haplotypes with H=0.972 (SD: 0.026) and = = 0.0085 (SD: 0.0024). Within RUN labelled individuals,
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Figure 3 — Mitogenome Maximum Likelihood tree of both species. Colours on tips represent sampling location (as in Fig. 2) and

stars represent split events with bootstrap values/Bayesian posterior probabilities lower than 90/0.95 (but bigger than 50/0.5). Red

and green dots represent samples for which we obtained nDNA; red dot: assigned to the Rusa unicolor genotypic cluster, green dot:

assigned to the Rusa timorensis genotypic cluster. Major mtDNA clades and sub-clades are labelled with curved brackets. Scale bar

indicates number of substitutions per position.
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there were 28 unique haplotypes and one haplotype was shared with RTI (H_3). Overall, the 29
haplotypes had H=0.991 (SD: 0.011) and == 0.011 (SD: 0.0012).

The full mtDNA haplotype network separated two major clades by a minimum of 168 mutational steps
(Fig. 2). The smaller clade comprised six individuals from Java, Bali, Moluccas, and South Sumatra
(Fig. 2) of which four had been labeled in the museum collections as R. timorensis (Javan deer, RTI)
and two as R. unicolor (sambar, RUN; RUN41: South Sumatra; RUN37: Moluccas, see above). The
second major clade comprised all other samples, including samples labelled as RTI from Java and from
the introduction range of Javan deer (Lesser Sunda Islands, Sulawesi and the Moluccas). Both
Maximum Likelihood (ML) and Bayesian Inference (BI) tree topologies were concordant with the
overall pattern recovered by the haplotypic network, also revealing the existence of two well
differentiated clades (Fig. 3). Generally, genetic diversity of haplotypes showed geographical structure
only in some parts of the tree (sub-clades A, B, C) but none in others; e.g. samples from the Moluccas,
Sulawesi and Timor (outside Sundaland) were present in more than one branch of the phylogenetic
tree (sub-clade D).

To be able to determine the age of the most recent common ancestor of RUN and RTI we first estimated
divergence dates for a subset of Cervidae species. The resulting node ages were similar to those
reported in other studies (Table 1). Using those, we then estimated the divergence between the two
main clades to have started in the early Pleistocene, about 1.8 million years ago (Mya) (HPD = 0.95 —
3.1). The position of all clades was similar to the topology recovered by ML, with the exception of the
Sri Lankan clade position (sub-clade B, Fig.3 & 4), which was more recent in the BI tree. This sub-
clade was also accompanied by low Bayesian Posterior Probability values. Nevertheless, our
divergence estimates indicated that sub-clade A diverged first within the RUN mitogenome clade about
1.4 Mya (HPD = 0.7 — 2.3); sub-clade C diverged 1.185 Mya (HPD = 0.6 — 2) and sub-clade D at
around 1.13 Mya (HPD = 0.6 — 2) (Fig.4). Fsr showed significant population differentiation only when
populations were based on mtDNA clade assignment, but not when they were based on species

assignment from the museum collections (Table 2).

Table 1 — Calibrated divergence dates estimated for the Cervidae tree. Ages [in million years (My)] represent the median obtained for

cach of the described split. Values in bold represent fossil-based calibrations.

Age minimum maximum Calibration
Bovidae/Cervidae 16.8 10.7 23.3 18.4 (Bibi, 2013)
Muntiacus/Cervus 7.2 4.1 10.2 7.5 (Martins et al.,, 2017)
Axis/Cervus/Dama 4.6 2.6 5.4 6 (Di Stefano & Petronio, 2002)
Cervus/Rusa 2.1 1 2.8 3.4 (Pitraetal. 2004)
R. unicolor /timorensis 1.4 0.7 2.2
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Microsatellite analyses

Of all archival samples for which mitogenomes were obtained, 16 individuals (~ 29%) could be
successfully genotyped at 18 loci. These individuals were distributed relatively well across the clades
of the mitogenome tree (Fig. 3). Linkage disequilibria were found at 10% of all pairwise loci
combinations, yet without any consistent pattern, and percentage of null alleles was 0.18. Therefore
we retained all loci for further analyses. We detected significant deviations from Hardy-Weinberg
Equilibrium, which indicated population structure within our dataset. Expected and observed
heterozygosities at each locus ranged from 0.23 (locus Mu_4D) to 0.92 (locus Mu 1 51) and from 0
(locus Mu_4D) to 0.61 (locus Roe09), respectively (Table S2). Number of alleles varied among loci,
with the highest number found at loci Mu_1_51 and NVHRT48 (16 alleles) and the lowest found at
locus Mu_4D with only two alleles (Table S2).
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Figure 4 — Dated tree according to BEAST analyses, from 3 Mya to present. Blue bars represent associated deviations for the most
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presented below.
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According to the AK approach, the most likely number of genotypic nDNA clusters was K = 2 (Fig.
5A). However, there was indication of further sub-structuring (at K=5; Fig. 5B). These two main
clusters corresponded well to the two species, sambar (R. unicolor, green cluster) and Javan deer (R.
timorensis, red cluster). RUN61 from Java was genotypically assigned to RTI (see above). Population
differentiation (Fst) was always significant, independent of the grouping method (museum collections

or STRUCTURE analyses, Table 2).

Discussion

The mitochondrial genomes and the nDNA loci of sambar and Javan deer investigated here revealed
an intriguing (and surprising) pattern of genetic diversity and population differentiation between the
two species. Although monophyly of R. timorensis and R. unicolor remained undisputed, our results
point to a more complex history of (potentially reciprocal) hybridisation between species and multiple
human-mediated introductions outside the Sunda Shelf.

The presence of two divergent matrilineages clearly indicates molecular differentiation between two
groups of Rusa deer, which we interpret as the historical separation between R. timorensis and R.
unicolor. Our fossil calibrated estimates are corroborated by recent studies (Escobedo-Morales et al.,
2016; Bibi, 2013; Table 1) and are in accordance with the dates suggested by other authors for the age
of the genus Rusa (e.g. 2 - 2.5 Mya; Di Stefano & Petronio, 2002). Some authors proposed that Rusa
unicolor presents the most ancestral-like antler morphology, so it may have been the first species to
diverge from the Rusa common ancestor (Pitra et al., 2004). The separation of the two deer species
investigated here had been challenged in the past (mentioned in van Bemmel, 1949), yet subsequent
studies found robust support for their distinctiveness (morphological: van Bemmel, 1994; Meijaard &
Groves, 2004; and molecular: Emerson & Tate, 1993; Pitra et al., 2004). Our comprehensive molecular
study corroborated these findings, but also provides evidence for a much more complex evolutionary
history of the Rusa deer. It has been proposed that Rusa-like deer have appeared in Northern India,

around 2.5 Mya, where they adapted to dense forest habitats with some open grass

Table 2 — Population differentiation estimates (Fst) according to marker and grouping. Estimations were performed both
for the mtDNA and nDNA. Populations were generated by either museum ID (both for mtDNA and nDNA) and by
assignment of individuals to one of the two major clades (mtDNA) or to one of the genotypic clusters (nDNA). Statistically

significant comparisons are indicated by bold p-values.

Fst p-value
Museum ID 0.085 >0.001
mtDNA Results (2 clades) 0.75 <0.001
0.12 <0.001

2DNA Museum ID
0.14 <0.001

Results (K=2)
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vegetation (Geist, 1998). However, during the Pleistocene, sub-tropical forest migrated southwards,
completely disappearing from China (Meijaard & Groves, 2004). This would have shifted the
distribution area of sub-tropical forest-adapted Rusa (or Rusa-like) species southwards too. When low
sea levels allowed, Rusa deer could reach Sundaic islands, including Java. Sea levels remained low
until 1.4 Mya, maintaining landmasses connected by the emerged continental shelf (van der Bergh et
al., 1996). By 1 Mya, sea levels had risen again and had reached a highstand at +5 m compared to
present day (Zazo, 1999), thereby flooding all land connections between islands. At this time, Rusa
populations of Java and Sumatra (clade D) would have become isolated and habitat availability for
forest dependent species would have been reduced.

Our data indicate as well a second wave of colonization to Sundaic islands by Rusa unicolor, likely
from Thailand (Mainland). This second wave would have likely occurred during the Late Pleistocene,
with drops in sea levels and once again cooler and drier climates. This southward expansion brought
previously isolated Rusa unicolor in contact with Rusa timorensis from Java, facilitated by the presence
of the emerged Sunda strait, a strait that submerged just ~10 kya (Sathiamurthy & Voris, 2006). This
fact raises the obvious question of what then maintained differentiation between the two species and
what kept hybridisation contained to a small secondary contact region. We see an explanation in the
different ecological niches (vegetation) on Java and Sumatra. Speciation may have resulted from the
ecological adaptation of Javan deer Rusa timorensis to the prevailing vegetation type on Java,
separating it from its sister species, the sub-tropical forest-adapted sambar Rusa unicolor. Java and
Bali, although part of Sundaland, had (and still have) different climatic conditions than Sumatra and
Borneo and thus allowed differentiation of species based on evolved ecological adaptations (Leonard
et al., 2015). The climate on Java is characterized by a West-East gradient, a transition from a slightly
seasonal climate in the West to a strongly seasonal one in the East. Central and East Java are
characterised by drier, cooler climate (climate-data.org) and the vegetation has more grass areas than
on the surrounding islands (Heaney, 1991; Mishra et al., 2010). Therefore, it is likely that R. timorensis,

being better adapted to drier climate would have crossed the dry central Sundaland during Pleistocene
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Figure 5 — Genotyping results from 16 individuals. Panel A shows a Structure plot for K = 2, with R. timorensis samples in green

and R. unicolor individuals in red. Panel B shows the likelihood values (y-axis) for K values from 1 to 6, showing a peak at K =5
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glacials to colonize east Java (Sheldon et al. 2015), where it stayed isolated from its sister species.
After this initial separation, we find evidence of range expansion, likely during consequent drops in
sea levels, demonstrated by the evidence of introgression in Java and possibly South Sumatra. At the
time of LGM, West Java presented drier and cooler climates in the lowlands (Sun et al., 2000),

therefore facilitating the dispersal of R. timorensis.

Phylogeography and taxonomy of Rusa timorensis

Within R. timorensis, individuals from Bali and West Java showed some genetic divergence both at
mtDNA and nDNA. This substructure indicated limited gene-flow during parts of the Late Pleistocene,
which might corroborate the classification of Bali populations as R. ¢. renschi, with genetic isolation
most likely being the result of a ‘small population effect” and a limited/interrupted gene flow to Javan
populations. However, because we only had two samples from Bali and no samples from East Java,
our assessment has to be viewed cautiously. The remaining Javan individuals clustered within the R.
unicolor mtDNA clade, showing genetic variability between introgressed individuals. The genetic
distances and number of mutational steps between these individuals indicate that the introgression to
have occurred during the Late Pleistocene.

The mtDNA of RTI-labelled samples from islands beyond the Wallace line clustered with R. unicolor
mtDNA but did not show any clear geographical distribution pattern. These RTI hybrids shared
haplotypes with RUN-labelled samples from Sumatra and Borneo (Fig. 2 & 3). Genetic distances
among RTI hybrid haplotypes and to other RUN haplotypes were very low, indicating a recent, thus
human-mediated, introduction to these Wallacea islands. Quite recently it had been suggested to
classify R. timorensis into seven subspecies according to their occurrence on islands within and outside
of the Sunda shelf (Mattioli, 2011; Hedges et al., 2015). However, our data does not support such
suggestion, as all samples from the introduction range shared haplotypes among themselves, indicating
lack of differentiation among individuals from these Wallacean islands. Furthermore, the few samples
from Java and Timor that could be genotyped showed genetic similarity, again indicating the lack of
differentiation.

Interestingly, one sambar individual from South Sumatra was found to carry RTI mtDNA. This
indicates the possibility that individuals of R. timorensis also migrated to at least South Sumatra, where
they hybridised with R. unicolor. Such a range expansion would have been enabled by the drier and
cooler climates and the emerged land corridor between Sumatra and Java during the Late Pleistocene.
Because we did not obtain the genotype of this sample, more intensive sampling of South Sumatran
populations would be required to conclude that these results reflect evidence of reciprocal hybridisation

between two sister species of deer.
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Phylogeography and taxonomy of Rusa unicolor

Sambar is currently subdivided into five subspecies: R. u. unicolor (India, Nepal, Bangladesh, and Sri
Lanka), R. u. brookei (Borneo), R. u. cambojensis (mainland SE Asia, from South China/Hainan and
Myanmar to Peninsula Malaysia), R. u. equine (Sumatra, Mentawai), and R. u. swinhoei (Taiwan)
(Mattioli, 2011). The mitogenome structure recovered here, however, did not support any of the
described subspecies, as it indicated gene-flow between all populations. Especially among populations
of Sundaic islands we found a lack of genetic structure that would correspond to isolated islands,
evidenced by the presence of individuals distributed throughout the tree topologies and haplotypic
inferences. Likewise, we found evidence of at least three deep split (>1 My) sub-clades within Rusa
unicolor haplotypes which were not in accordance with the current subspecies assignment. Sub-clade
A (the oldest) comprised haplotypes from Myanmar and India, with an age of about 1.36 My; the
second clade included Sundaic populations from Sumatra, Mentawai and Borneo (clade C) and was
dated to be ~1.18 My old, the third one included all haplotypes from Sri Lanka (clade B) and split from
the remaining populations ~1.13 Mya. These sub-clades would represent centres of sambar
distribution, which would have remained in place during times of warmer and wetter conditions, which
contracted sambar populations to sub-tropical refugia. From these centres, we observed waves of
expansion. The branching order of these three old sub-clades indicated colonization from northern
Indochina southwards to Sri Lanka and to the Sunda Shelf respectively. The ‘younger’ individuals
within sub-clade D from India, as well as from Sumatra and Borneo appear then to be descendants
from a second/third natural dispersion wave (possibly from Thailand) during glacial periods of the
Pleistocene, when low sea levels again exposed the shallow Sunda shelf connecting all major islands
(Voris, 2000; Bird ef al., 2005). During glacial periods, climate was drier and cooler in tropical regions
(Gorog et al. 2004). However, species having retained a broad ecological niche such as Rusa unicolor,
would have been able to utilize the newly emerged habitats, resulting in the haplotypic distribution
pattern we observed here. During glacial periods, Sundaland was also connected to Southeast Asian
mainland, allowing secondary admixture between formerly separated populations, thus generating the
patterns we observe between haplotypes from Thailand, India and Sundaland.

There is, however, some support for the recognition of Sri Lankan sambar as being distinct. This
support comes both from morphological assessments (Groves & Grubb, 2011) and karyotype
differences (2n = 56 in Sri Lankan sambar vs. 2n = 58 in Indian and 2n = 62 in Chinese and Malaysian
sambar; Leslie Jr., 2011). Sri Lankan populations are often more genetically related to the Western
Ghats than to other Indian regions. Very recently, a 40 bp insertion was detected in the control region
of the mitochondrial DNA in samples from the Western Ghats (Gupta et al., 2015), whose presence

we, however, were unable to verify due to method limitations.
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Introductions past the Wallace line

It is generally accepted that the presence of Rusa deer on islands beyond Sundaland (excluding
Philippines) was the result of human interference (Long, 2003; Groves & Grubb, 2011; Hedges et al.,
2015). However, until now these individuals were assumed to have been pure R. timorensis, collected
and transported for venison and as game species by humans from the islands of Java and Bali during
the Holocene (Heinsohn, 2003). While the nDNA data clearly separated the two species — being
highly concordant with their description from the museum collections — the mitochondrial genomes
point to a more surprising pattern of past hybridisations and human introductions.

All mtDNA haplotypes of samples labelled in the museum collections as R. timorensis and sampled
from Wallacean islands (Sulawesi, Lesser Sunda Islands and The Moluccas) were of R. unicolor origin,
rendering these individuals hybrid descendants. Although we cannot prove that hybridisation occurred
prior to translocation, the most parsimonious explanation for the molecular patterns obtained in this
study is that hybridisation occurred on Java (centre of star like pattern in the haplotypic network), with
natural dispersion of female sambar. These immigrated individuals were likely from Sumatra and/or
the Thai-Malay Peninsula, as indicated by the basal position of the two Southern Thailand individuals
(RUNS51 and RUNS57), and they would have used the connecting land bridges. After the introgression
of Sambar haplotypes into Javan populations, humans would then have transported hybrids (and their
introgressed descendants) from Java to Timor, the Moluccas and Sulawesi. Despite evidence for
multiple independent introductions (see discussion below) almost all introduced individuals carried
sambar haplotypes (except RUN37 from Seram, the Moluccas). This indicates that either humans
selected for individuals to be introduced (e.g. carrying a particular trait only found in introgressed
Javan deer); that most introductions occurred from a single region (e.g. West Java) where RUN
haplotypes got fixed; or that the introgressed individuals had a higher surviving probability after their
introduction.

Introduction of Javan deer to Timor seems to have occurred only once and, presumably, with very few
founders because of the lack of mtDNA diversity found among all individuals. In fact, populations
recently introduced to Australia and New Caledonia from a low, known number of individuals from
Timor have been shown to have very low genomic diversity, which would be the expected result after
an introduction of individuals that had come from an already genetically impoverished population
(Webley et al., 2004; de Garine-Wichatitsky et al., 2009). Although we obtained only very few samples
from the Moluccas and other Lesser Sunda Islands (Dompoe and Lombok), they did not share
haplotypes, indicating either multiple introductions or a higher number of founders. Sulawesi had by
far the most genetically diverse Javan deer population of all the Wallacean islands. Its haplotypes were
present in almost all younger clades of the mtDNA tree. This pattern indicated that Rusa deer reached
Sulawesi multiple times. One sample (RTI18) was closer related to Bornean populations than the other
haplotypes from Sulawesi. Although natural dispersal from Borneo to Sulawesi over the Makassar

Strait is conceivable it is highly unlikely as the last possible connection between these two land masses
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was during the late Pliocene/early Pleistocene ~2.5 Mya, a date that by far predates the emergence of
this mtDNA lineage. The most likely scenario is a human mediated introduction of Bornean sambar to
Sulawesi where it hybridised with the introduced Javan deer. If true, this represents an earlier
hybridisation event on Sulawesi (compared to the Late Pleistocene hybridisation in Java and South
Sumatra) and further studies on Sulawesi Javan deer would be required to test this hypothesis. The
remaining haplotypes from Sulawesi individuals were closely related to the haplotypes from
individuals introduced to the Moluccas and Timor Islands, indicating that all of them have been
introduced in one wave.

This is the first report of historical hybridisations between sambar (R. unicolor) and Javan deer (R.
timorensis). Occurrence of such hybridisation had been assumed before, namely between R. timorensis
individuals introduced to Borneo with the local Bornean R. unicolor (West Kalimantan, now possibly
extinct, Hedges et al., 2015) and attained through husbandry before (Leslie Jr., 2011). Hybridisations
with fertile offspring have also been reported to occur between other deer species, among others
between sambar and red deer Cervus elaphus (Muir et al.,1997) and red deer and Sika Cervus nippon
(Smith et al., 2014).

This fact has potentially important conservation implications for the two Rusa species analysed in this
study. Despite being one of the most widespread deer species in southern Asia, R. unicolor is no longer
abundant throughout most of its native range (Timmins et al., 2015). Likewise, R. timorensis is
currently considered as pest species in areas where it has recently been introduced (e.g. Australia) but
has, however, decreased largely in population numbers in native and historical introduction regions
(Java, Lesser Sunda Islands, Sulawesi and the Moluccas). Both Rusa species studied here are now
considered as Vulnerable by the IUCN/Red List of Threatened Species (Hedges ef al. 2015; Timmins
et al., 2015). Therefore, genetic monitoring of individuals, both at mtDNA and nuclear genomes is
necessary to access if pure RTI and RUN individuals are being introduced (or reproductively assisted
in their native ranges) and not introgressed individuals. Moreover, more intensive and extensive
sampling of R. timorensis on their native range is necessary to discern if pure RTI populations still

remain in Java and Bali or if they are composed in their majority by hybrid individuals.

Conclusion

In addition to representing the first comprehensive phylogeographical study on R. unicolor and R.
timorensis, this study revealed surprising evolutionary histories of these two sister species. While
climate adaptations were likely responsible for maintaining species monophyly, Pleistocene climate
changes were responsible for secondary contact and consequent hybridisation between sambar and
Javan deer. We recovered a pattern of (likely reciprocal) introgressions between the two species,
facilitated by the presence of land corridors during periods of low sea levels in Sundaland. The
introgressed populations of Javan deer on Java were then the source of all human-mediated

introductions to the islands east of the Wallace line, as we found that all R. fimorensis individuals
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carried R. unicolor haplotypes. Our results thus constitute evidence for one of the earliest hybrid

translocation events in human history.
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Table S1 — Complete dataset details. Samples are indicated according to the species
assignment from the museum collections. mtDNA haplotype and genotypic cluster

assignment is provided according to the results obtained.

MtDNA nDNA

. Sample . . Accession . Museum
Species D Origin haplotyp Number assign Collection Museum ID Curator
e ment

Rusa RUN2  Sumatra H 13  MF176993 BerlinNHM 75150 F. Mayer
unicolor -

Rusa RUN3  SriLanka H 14  MFI177018 RUN BerlinNHM 75133 F. Mayer
unicolor -

Rusa RUNS North H 37  MFI77019 RUN  BerlinNHM 11259 F. Mayer
unicolor Borneo -

Rusa RUN6 North H 38  MF177020 Berlin NHM 11261 F. Mayer
unicolor Borneo -

Rusa RUNIO  Sri Lanka H 14  MF176994 Berlin NHM 12368 F. Mayer
unicolor -

Rusa RUNIp  Sarawak, H 15  MFI176995 RUN BerlinNHM 14702 F. Mayer
unicolor Borneo -

Rusa RUN1g  North H 37  MFI177021 RUN  BerlinNHM 103292 F. Mayer
unicolor Borneo -
y ﬁ;‘;;’or RUN20  Mentawai H 16  MF176996 RUN  Naturalis 139-50  P. Kamminga

Rusa — piN21 Bomneo H 37  MFI177022 Stuttgart 16900 S. Merker
unicolor - NHM

Rusa — piN26  Borneo H39  MFI77023 Stuttgart 15900 S. Merker
unicolor NHM

» ZFMK_M

usa RUN28  Thailand H 17  MF176997 BonnNHM AM 2013.  R. Hutterer

unicolor - 618

Rusa RUN32  Sumatra H 18  MFI176998 RUN Vienna 7333 F. Zachos
unicolor - NHM

Rusa RUN33 India H 19  MF176999 Vienna 40867 F. Zachos
unicolor - NHM

Rusa RUN34 Java H 20  MF177000 Seckenberg 15937 L. Ruf
unicolor Frankfurt

Rusa RUN35  Sri Lanka H 21 MF177001 Paris NHM  1877-10 G. Veron
unicolor —

Rusa Burum, Munich .
oo RUN37 H 22  MF279250 NHM 1906/3021 M. Hiermeyer

Rusa RUN38  Sumatra H 23  MF177002 Munich 1905/46 M. Hiermeyer
unicolor - NHM

Rusa . Munich .
iy RUN39  Timor H 3 MF177003 NHM 1911/2147 M. Hiermeyer

Rusa South Munich .
unicolor RUN41 Sumatra H 24 MF279251 NHM 1908/465 M. Hiermeyer

Rusa RUN42  Sumatra H 25  MF177004 Munich 1908/466 M. Hiermeyer
unicolor - NHM

Rusa RUN43  Indochina H 26  MF177005 RUN Munich 1962/235 M. Hiermeyer
unicolor - NHM
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Table S2 — Microsatellite loci details and results. Allelic range, number of alleles (Na),

expected and observed heterozygosity (He and Ho) and inbreeding coefficient (Fis) is given for

each loci, as calculated for the 16 individuals genotyped.

Locus Allelic Range Na Hg Ho Fis (W&C) Reference
Haut14 116-130 6 0.66 0.25 0.628 Kiihn et al., 1996
VHI110 101-153 12 0.89 0.44 0.516 Talbot et al., 1996
NVHRT48 71-120 12 0.8 0.31 0.615 Reed & Midthjell, 1998
BM757 167-199 12 0.92 0.5 0.424 Slate et al., 1998
CSSM39 158-200 12 0.87 0.37 0.575 Slate et al., 1998
CSSM41 120-146 11 0.85 0.37 0.566 Slate et al., 1998
FSHB 171-206 13 0.92 0.5 0.426 Slate et al., 1998
Roe09 167-199 12 0.9 0.63 0.31 Fickel & Reinsch, 2000
CSSM14 131-161 10 0.82 0.13 0.851 Kiihn et al., 2003
T115 139-184 9 0.81 0.44 0.467 Meredith et al., 2005
C143 154-174 4 0.71 0.19 0.741 Meredith et al., 2005
C180 138-160 6 0.67 0.37 0.448 Meredith et al., 2005
INRA6 103-141 10 0.78 0.37 0.529 Senn & Pemberton, 2009
Mu_4D 111-113 2 0.23 0 1.000 Schroder et al., 2016
Mu 1 51 114-152 16 0.95 0.75 0.216 Schroder et al., 2016
C183 119-133 5 0.65 0.25 0.62 Schroder et al., 2016
Mu 1 25 98-110 6 0.78 0.37 0.529 Schroder et al., 2016
Mu 1 550 139-173 14 0.94 0.37 0.608 Schroder et al., 2016
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The lost genetic legacy of Sumatran and Javan rhinoceros: phylogeography and genetic

diversity of historical populations

Abstract Javan and Sumatran rhinoceros are two of the most charismatic and the most endangered
mega-herbivores on earth. Once widespread throughout Southeast Asia, both species now occur
only in small isolated populations. The few molecular studies on these species revealed very low
levels of genetic diversity, yet were focused only on contemporary populations. Here we
investigated the historical phylogeography of the two species, by including samples from their
former distribution ranges, analysed for their full mitogenome. Our aim was to understand if
historical genetic diversity had always been low as indicated by modern population studies or if,
instead, the collapse of effective population sizes also led to a collapse in genetic diversity of both
species. Additionally, by including historical populations we also wanted to evaluate the subspecific
taxonomy of Javan and Sumatran rhinos. We analysed the complete mitogenome of archival
samples and dated the splits between genetic lineages. Our findings indicated that the climatic
events of the Pleistocene influenced the distribution of genetic divergence of both species, revealing
that each species’ ecological needs likely led to different speciation events. Divergence estimates
indicate colonization of Sundaland during a) a glacial period, when sea levels were low and the
habitat of central Sundaland likely was dry; and b) interglacial period around 1 Mya when
rainforests were present throughout Southeast Asia. These results are consistent with the Javan
rhino being able to disperse through vegetation zones of the available land corridors, while the
Sumatran rhino would likely confined to montane forest refugia in times of low sea level. More
importantly, our results also revealed a much higher genetic diversity within both species than ever
reported, proving that with the decline of these species also unique genetic lineages, equalling

subspecies were lost.
Introduction

Compared with their African counterparts, Asian rhinoceros have been much less studied, both in
ecological and genetic terms. Sumatran and Javan rhinos are two of the most iconic, yet most
endangered large mammals in the world, with less than a hundred individuals left in small patches
of their former distribution. Their historical distribution spanned a significant proportion of
Southeast Asia (Fig. 1). The Sumatran rhino was distributed from Bhutan and North-East India to
Southern China, through Indochina and Peninsular Malaysia and onto the islands of Borneo and
Sumatra, while the Javan rhino was distributed in India and Bangladesh, Indochina and possibly
Southern China, throughout Peninsular Malaysia to Sumatra and Java. The extreme distribution and
population decline of Sumatran and Javan rhinos resulted from a combined impact of overhunting

and habitat loss (Groves & Leslie, Jr., 2011; Havmeller et al. 2016). After the Sumatran rhino has

65



Historical phylogeography of Asian rhinos

Historical Current

- @ Dicerorhinus sumatrensis

O Rhinoceros sondaicus

R"’,h‘_“.
"

Figure 1. Map of the historical and current distribution of Sumatran (purple) and Javan (orange)

rhinos.

been declared to be extinct in Sabah, Malaysia Borneo recently (Lee, 2015) it most likely only
occurs with a very small population in Kalimantan, Borneo and in three reserves in Sumatra
(Kretzschmar et al. 2016). Javan rhinos are extinct in all of their former distribution, except for a
small population in Ujung Kulon, in west Java. Until recently it also survived in Cat Tien National
park (Vietnam), where possibly the last individual was shot for its valuable horn in 2010 (Brook et
al. 2012).

There are surprisingly few molecular studies on these species, most likely due to the extinctions of
populations before the use of molecular techniques became a standard procedure in conservation
planning. The few studies that have specifically looked at genetic diversity within contemporaneous
Sumatran and Javan rhino populations and were, therefore, hampered by low sample numbers and
exceedingly low geographic coverage; it is thus unsurprising that they reported very low genetic

diversity for both species (Sumatran rhino: Amato et al. 1995, Morales et al. 1997; Javan rhino:
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Fernando et al. 2006). The dramatic decline of rhinos in Southeast Asia also prevented in depth
ecological studies, resulting as well in poor knowledge about their ecology. However, from what it
is known, both species seem to depend on the occurrence of forested habitats. Javan Rhino has been
reported mostly from lowland tropical rainforest, often in the vicinity of water sources (van Strien
et al. 2008a). Sumatran rhinos were found both in lowland primary and secondary tropical rainforest
and at higher altitudes in moss montane forest and are dependent on salt licks (van Strien et al.
2008b). Although these species’ historical distribution ranges overlapped, it is unlikely that both
Sumatran and Javan rhinos evolved in sympatry. Their specific ecological requirements might have
led to different evolutionary histories, especially in response to the dramatic Pleistocene events that
greatly shaped land availability and vegetational distribution throughout South and Southeast Asia
(Cannon et al. 2009, Lohman et al. 2011). Land corridors, which cyclically connected the land
masses of the Sundaland during glacial periods, allowed species to disperse and re-establish gene-
flow between populations (e.g. Malay civet, Veron et al. 2014; red muntjacs, Martins et al. 2017).
However, for forest dependent species newly available habitat may not have allowed for expansion,
as this is believed to have been composed mainly of dry savannah corridors (Bird et al. 2005,
Waurster et al. 2010).

Here, we investigated the historical phylogeography of both species using complete mitochondrial
genomes (mitogenomes) from archival samples collected across their historical ranges. Our main
aim was to address the amount of genetic diversity which was lost through population extinction,

but also to clarify the distribution of lineages within/among their subspecies.

Material and Methods
Samples and DNA extraction

Archival samples from 36 Javan (RSO) and 28 Sumatran rhinos (DSU) were collected at several
natural history museums (for final dataset see Table S1) and only samples with a known locality
were included in the analysis. All molecular procedures on archival samples were performed in a
separate facility, dedicated to work with archival material and operated under controlled conditions
in order to minimize any potential cross contamination. DNA extraction followed the Qiagen
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) protocol with modifications (Martins et al.
2017). One fresh sample was collected from the semi-captive Sumatran rhinoceros ‘Tam’, which

was processed in a separate facility.
Library building and Hybridization capture

All samples, including extraction negative controls, were processed into Illumina sequencing
libraries with single 8 nt indexing (Fortes & Paijmans, 2015). Amplification cycles were optimized

for each sample to ensure minimum PCR-bias and to minimize read clonality. The extracted DNA
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proved to be highly degraded, as expected from archival samples (Paijmans et al. 2012). Therefore,
we performed a hybridization capture step prior to sequencing, in order to increase the relative
amount of endogenous mitochondrial DNA (mtDNA) in the samples. To capture target mtDNA,
we created baits from a fresh sample of Indian rhinoceros (Rhinoceros unicornis) from 1ZW’s
genome resource bank (www.izw-berlin.de/genomic-tissue-bank.html). This was done by
amplifying R. unicornis complete mitogenome via long-range PCR (for primer sequences and PCR
conditions see Table S2). Preparation of baits and hybridisation capture conditions followed
Maricic et al. (2010). Libraries were then pooled equimolarly and sequenced with either the
[lumina MiSeq v3 150-cycle kit or Illumina NextSeq 500/550 high throughput kit, following
manufacturers’ protocols. DNA from the fresh sample was extracted using a Kingfisher Duo robot,
and was subsequently converted into 180bp and 650bp insert libraries using the TruSeq DNA PCR-
free Library Prep Kit. The resulting libraries were sequenced on one lane each on the HiSeq 2500
platform at the National Genomics Infrastructure in Stockholm, using the 2x125 bp setup in

HighOutput mode.
Bioinformatic analyses

Sequence reads were sorted according to their respective indexes with the Illumina software
bel2fastq v2.17 (Illumina, San Diego, CA, USA) and adapters were clipped from the sequence reads
with the software cutadapt v1.3 (Martin, 2011). All reads shorter than 20 bp were removed from
the analyses and reads were trimmed using a sliding window approach (10 bp; Q20). The complete
mitogenome sequences of D. sumatrensis and of R. sondaicus (respective NCBI Accession Nos.
NC 012684 and NC 012683) were used as mapping references. Mapping was performed in two
phases with the software BWA (Li & Durbin, 2009). Duplicate reads were removed with the

software MarkDuplicates from picard-tools v.1.106 (http://picard.sourceforge.net/). The consensus

sequence resulting from this first mapping phase was then used as reference for a second round of
mapping, to increase the number of mapped sequences and hence improve sequence coverage. We
used bceftools v.1.2 to call InDels (http://github.com/samtools/beftools) and variant calling was
carried out with GATK v.1.6 (McKenna et al., 2010). Positions with less than 3 unique sequences
and heterozygous positions were N-masked. Variants were called based on the majority rule. Only
sequences with 70% or more of the genome covered with 3% or greater depth were accepted for

analysis (final sequencing statistics in Table S3).
Genetic diversity, divergence dating and population demography

Mitogenome sequences obtained for the two species were aligned separately using MAFFT v.7.245
(Katoh & Standley, 2013) with the auto setting. Haplotype diversity and nucleotide diversity for
each species were calculated in DNASP v.5.10 (Librado & Rozas, 2009). We constructed median

joining (MJ) networks with the software NETWORK v.4.6.1.4 (Bandelt et al. 1999) for each species,
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with invariant and non-informative sites removed. Phylogenetic relationships between all sampled
individuals of both species were assessed through Maximum Likelihood (ML) implemented in
RAxML GUI v.1.5 (Silvestro and Michalak, 2012), applying the substitution model determined by
jModelTest v.2.1.7. (GTR+GHI; Darriba ef al., 2015). Analyses of molecular variance (AMOVA)
were calculated with Arlequin v.3.5.1.2 (Excoffier et al., 2005). Populations were defined based on
the results from the MJ and ML analyses. We tested three groups within Javan rhinos: India,
Indochina and Sunda (Sumatra and Java); and two groups of Sumatran rhinos: Mainland (Laos and

Myanmar) and Sunda (Sumatra and Borneo).

Phylogeographic and phylogenetic analyses revealed the presence of distinct lineages within both
target species. To estimate the divergence times of different clades within each of the species, we
inferred genealogies using a Yule speciation coalescence method as implemented in BEAST v.1.8.1
(Drummond et al., 2012). We performed this analysis by creating a mitogenome dataset with all
extant rhino species (Rhinoceros sondaicus: NC_012683; Dicerorhinus sumatrensis: NC_012684;
Rhinoceros unicornis: X97336.1; Ceratothrium simum: Y07726.1; Diceros bicornis: FI905814.1),
one extinct rhino species (woolly rhinoceros, Coelodonta antiquitatis: FJ905813.1) and one
sequence from the Malayan tapir (Tapirus indicus: AJ428947.1) as an outgroup. We also included
the mitogenome of one sequenced individual from each of the clades of Sumatran and the Javan
rhinoceros. We used three independent fossil calibration points to estimate the clock rate and
divergence times: 1) a root age (tmrca of Rhinos and Tapirs) was set to 50 = 2 million years ago
(Mya) (see Tougard et al. 2001); 2) an age range of 26-13 Mya for the split between Dicerorhinus
and the subtribe Rhinocerontina; 3) the origin of subtribe Dicerontina (Black and White rhinoceros)
at 13 Mya. We subsequently used the estimated clock rate (0.003 substitutions/site/Myear) as a tree
prior for the calibrations within both Sumatran and Javan rhinoceros datasets and estimated the root
height. We performed two parallel MCMC runs of 1x107 generations for each analysis and checked
for parameter convergence and ESS values>200 with the software Tracer v.1.6 (implemented in
BEAST package). Runs and trees were combined with the software Logcombiner v.1.8.1 (BEAST
package) and all tree topologies were visualized and edited with the software Figtree v.1.4.2

(http://tree.bio.ed.ac.uk/software/figtree/).
Results

The dataset for Javan rhinos (Rhinoceros sondaicus, RSO) included 15 individuals with known
locality of origin and consisted of sequences of 16.424 bp length. The dataset for the Sumatran
rhinos (Dicerorhinus sumatrensis, DSU) included 12 individuals with known origin, with

sequences of 16.471 bp length. We identified 11 distinct haplotypes within R. sondaicus (RSO)
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and 12 within D. sumatrensis (DSU), respectively. Both species had a high haplotypic diversity,
with Hd = 0.908 (SD = 0.0016) in RSO and Hd = 1 (SD = 0.034) in DSU, but a very low nucleotide
diversity with = 0.0057 (SD = 1.5 x 10) in RSO and © = 0.0035 (SD = 0.0006) in DSU.

Phylogeography and genetic diversity

For Javan rhino, MJ network and ML topology were congruent (Fig. 2a) and showed the existence
of three well defined clades, supported by high bootstrap values: one Indian, one Vietnamese
(Indochinese) and a Sundaic one. Within the Sundaic clade all Javan rhinos were closely related
and formed a distinct sub-clade from the Sumatran individuals. The haplotypic network separated
the Indian clade from the remaining populations, by a minimum of 89 mutation steps. The
Vietnamese individual was separated from all others by at least 48 mutations. The AMOVA results
showed differentiation between the three clades, as the highest percentage of variation was

explained by the differences between groups (India, Indochina and Sunda; Table 1).

The Sumatran rhino populations investigated here showed genetic structuring both in both the ML
coalescent analysis and in the haplotypic network, albeit with smaller bootstrap support (Fig. 2b).
Our data revealed two well differentiated clades: one constituted by the two Mainland individuals
from Laos and Myanmar and the second Sundaic clade comprised all Sumatran and Bornean
individuals. The haplotypic network separated the Indochinese clade from the Sundaic clade by at
least 45 mutation steps, whereas the Myanmar and Laos sample were separated by 38 mutation
steps. Within the Sundaic clade, there was evidence for two sub-clades; one with three individuals

from Borneo and one with all individuals from Sumatra. The fourth individual from Borneo

Table 1 — AMOVA results for both species. Rhinoceros sondaicus (RSO) groups were India, Vietnam and

Sunda; Dicerorhinus sumatrensis (DSU) groups were Mainland and Sunda.

Sum of
df % Variance p-value
squares
Among groups 1 204 42.09 0.16
Among pop. within
RSO 2 112.1 43.8 <0.05
groups
Within populations 11 73.4 14.13 <0.001
Among groups 1 57 45.29 0.09
Among pop. within
DSU 2 45.5 16.92 <0.001
groups
Within populations 8 79.3 37.78 <0.001

(DSU52) clustered within the Sumatran sub-clade. The two Sundaic sub-clades were separated at
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least by 27 mutation steps. AMOVA results showed that the highest percentage of variation between
the two groups (Mainland and Sunda), despite population differentiation being high between Laos

and Myanmar and between Bornean and Sumatran sub-clades (Table 1).
Divergence dating and demographic changes

Fossil calibrated analyses revealed the presence of three well differentiated groups within the
Rhinoceros phylogeny: Sumatran rhino + woolly rhino; Indian rhino + Javan rhino; white rhino +
black rhino (Fig. 3). Bayesian Posterior Probabilities (BPP) were very high for all species splits (1),
except for the split between the African rhinos and the other Rhinoceros species (BPP = 0.82). Our
data suggested that the Sumatran + woolly rhino group split from all other species occurred first
approximately 25 Mya (95% High posterior density [HPD] = 21.4 — 28.4); the Indian + Javan rhino
clade diverged from their African sister clade shortly after, around 23.3 Mya (95% HPD = 20.4 —
26.4). Within Asian clades, our results suggested that the split between Sumatran and the extinct
woolly rhino occurred around 15.8 Mya (95% HPD = 13.1 — 18.6), while the split between Javan
rhino and Indian rhino happened around 10 Mya (95% HPD = 8.3 — 12.1). This analysis estimated
the intraspecific split for lineages in the Sumatran rhino to have occurred around 900k years ago
(HPD = 0.66 — 1.14 Mya), and the intraspecific divergence of lineages in the Javan rhinoceros to
have occurred around 1.8 Mya (HPD = 1.4 — 2.23).

Specifically for each species, we calculated gene trees with the sets of complete mitogenomes using
the clock rate as a prior. Root heights for both species were consistent with the values obtained in
the phylogeny tree, although associated with larger 95% CI but branches were well supported by
BPP values (Fig. 4). Tree topology for the Sumatran rhino was similar to that recovered by ML,
revealing the presence of two well differentiated clades. For the Javan rhino, BI tree topology
differed. The BI analysis placed the Vietnamese sample with the Indian clade, from which it would

have split ca. 880 kya.
Discussion

The use of archival samples, in addition to one DSU contemporancous samples, allowed us to
investigate the historical genetic diversity of both highly endangered rhinoceros species, while

shedding further light onto the evolution of all extant and the one extinct rhino species.

Reconstructing the true relationship between the five extant rhinoceros species remains
controversial to this day. Classic studies based on morphology tended to group the two-horned
species together (Sumatran + white + black rhinoceros), disregarding the geographical distribution
of species (Loose 1975), a topology that was also supported by a molecular study (mtDNA, Steiner
& Ryder 2011). However, the majority of recent molecular studies support the position of both
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African rhinos in a more basal position than both groups of Asian rhinos (Orlando et al. 2003,
Welker et al. 2017). These conflicting phylogenies are likely a result of the fact that single gene
trees were reported to provide different topologies for the rhinoceros phylogeny (Willerslev et al.,
2009). The full mitogenome based phylogeny reported here supports (with high probability) the
basal position of Sumatran and woolly rhinos, which diverged from all other rhino species about 25
Mya. Such a basal position was also reported by other molecular studies employing single
mitochondrial markers (12s and D-loop, Fernando et al. 2006), full mitogenomes (Harley et al.
2016) and nine nuclear genes (Steiner & Ryder, 2011). The split of the Javan and Indian rhinoceros
from their African sister group was dated ca. 23.3 Mya, a date that largely overlaps with the

confidence interval of the split between the Sumatran + woolly rhino and all other rhino species.

During the Miocene, ~15 Mya, the woolly rhinoceros started to diverge from the Sumatran rhino,

and, ~10 Mya the two sister species of Rhinoceros (Javan and Indian) diverged as well, continuing
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to inhabit the tropical regions of Mainland Southeast Asia. Our data suggested that only much later,
during the Middle Pleistocene, both Javan and Sumatran rhinos expanded their range from
Indochina to the Sunda Shelf. Although this pattern was consistent between the two species, we
found that population divergence events occurred at different times, therefore corresponding to
different climatic conditions. The differing timing of deep splits in the two species, e.g. between
the Sundaic and the Indochinese clade (Sumatran rhino) or clades (Javan rhino) indicate that
historically both species likely had different ecological requirements, resulting in the different

evolutionary histories we observed.

Colonization of Sundaland by the Javan rhino started ca. 1.5 Mya, when sea levels are described to
be as low as 100 m below present levels after the onset of a major global cooling event (Dennel,
2004). The shallow continental shelf was exposed and connected all land masses of Sundaland
when sea levels were low. Reconstruction of the paleo-climate of these land corridors has been
controversial, but many authors agree that forests were not distributed equally across the Sunda
Shelf, and that most of the area had been covered by grassland or savannah (Meijaard, 2003;
Wourster et al. 2010). Javan rhinos, alongside other more open-habitat, deciduous forest species (e.g.
Rusa timorensis, Martins et al. 2017 unpublished), would have been able to utilize these available
corridors and disperse towards Java. Land connection remained until ~1 Mya, when sea levels rose
to 5 meters above present levels (Zazo, 1999). During the interglacial periods, climate was warmer
and wetter throughout the region, which likely facilitated the expansion of topical evergreen
rainforests. It is conceivable that these rainforests actually became barriers for Javan rhinos and
thus resulting in the genetic differentiation between the Javan rhino populations from India,
Vietnam and the Sunda islands. Our data revealed further genetic differentiation among Sundaic
populations. Interestingly, Sumatran individuals were distinct from each other and from the
monophyletic Javan population. This basal position of Sumatran haplotypes is further emphasized
by the long branches. However, due to the lack of more Sumatran samples and samples from
Peninsular Malaysia, the evolutionary history of the Javan rhinos from Sumatra could not be further

examined.

Inclusion of samples from the historical continental Southeast Asia distribution of Javan rhinoceros,
suggested that historical mainland populations presented similarly high levels of genetic diversity,
especially illustrated here within the Indian lineage. Our data also suggested that the Indian and

Indochinese populations represent distinct lineages. Such a differentiation between
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Indian and Indochinese populations has been found in other species (e.g. mongooses: Veron et al.
2007; spiny frogs: Che et al. 2010; geckos: Wood Jr. 2012; murine rodents: Chingangbam et al.
2015), where the presence of the Arakan mountain range, which runs north-west through Myanmar,
was appointed as a major barrier to gene-flow. However, because we do not have more samples
from mainland Javan rhinos we cannot exclude that this is the result of sampling bias. Samples from
the remaining historical distribution, especially from Bangladesh, Myanmar, Thailand and

Cambodia would be crucial to investigate if genetic structure existed here as well.

In contrast to the Javan rhinoceros, southwards colonization of Sundaland by the Sumatran rhinos
likely occurred during an interglacial period about 1 Mya, when the sea levels were elevated. It is
likely that for this forest dependent species dispersal would have been facilitated by the warmer and
wetter climate during this period. While during this highstand (+5 m; Zazo, 1999) some areas of
the Sunda Shelf would have been inaccessible, shortly thereafter sea levels subsided supporting the
expansion of Sumatran rhinos to Borneo and Sumatra. Later, with the onset of a glacial period
around 800 kya lasting until 450 kya (Rohling et al. 1998; van der Bergh et al. 2001), we found
evidence for population differentiation within both Indochinese and Sundaic populations. The
cooler and, most importantly, drier climates during these glacial periods likely pushed rainforest-
dependent species to more upland refugia or to lowland areas for example in north-eastern Borneo,
which remained forested even during the glacial periods (Meijaard, 2003). We believe that this
restriction of suitable habitats during the glacial periods caused the genetic differentiation we
observed between the Sumatran rhino populations from Myanmar and Laos and between
populations from the Sunda Shelf. Surprisingly, our Sumatran samples did not form a close cluster,
rather showing high differentiation among Sumatran individuals. Speciation between West and East
Sumatran populations of Sumatran rhinoceros has been proposed before (Morales 1997), and there
is mounting evidence for within-island speciation processes in other vertebrate species (Demos et
al. 2016). However, due to the lack of samples from Peninsular Malaysia and southern Borneo it
remains uncertain if these differences are a result of speciation processes within Sumatra or if they
rather are the result of more recent immigrations from Middle Pleistocene refugial populations in
Peninsular Malaysia and Borneo. The position of sample DSUS52 labelled to be from Borneo
suggests such a gene flow between the major landmasses of the Sunda Shelf (Sumatra to Borneo),
although further evidence, including nuDNA markers and more comprehensive sampling would be

needed to confirm this hypothesis.
Genetic diversity within historical populations

Genetic diversity reported here for both Sumatran and Javan rhinos was higher than in previous

studies, where only contemporaneous populations had been investigated.

76



Historical phylogeography of Asian rhinos

One of the few studies on the phylogeography of the Javan rhinoceros (Fernando et al. 2006) found
a similar divergence between Javan and Indochinese populations of Javan rhinos, concluding that
there was sufficient genetic divergence between the two populations to confer their subspecies
status, as R. sondaicus sondaicus (Java) and R. s. annamiticus (Indochina). However, that study did
not include populations from India, whose morphological traits (e.g. body mass, footprint; Groves
& Grubb 2011) led to the distinction of a third subspecies, R. s. inermis. Here, we found evidence
to support the Indian subspecies of Javan rhino. Because we could not include samples from other
Mainland locations (Thailand, Laos and Cambodia), the existence of further (potentially now lost)
unique lineages cannot be excluded. Additionally to these three subspecies, some authors have also
argued for the distinction of Sumatran and Javan populations of the Javan rhino into different
subspecies (R. s. floweri and R. 5. sondaicus respectively), a definition not widely accepted.
Although we found no evidence of gene flow between the two populations, the genetic distance of
the two Javan rhino samples from Sumatra to each other was similar, or even greater, to the distance
of the Sumatran individuals to the Javan clade. Therefore our data suggests high genetic variability

among R. s. sondaicus, rather than population differentiation within this subspecies.

Genetic variability among the small fragments investigated before had been observed to be very
low among Sumatran rhino populations from Peninsular Malaysia, Sumatra and Borneo (Amato et
al. 1995; Morales et al. 1997). These studies did not include any samples from the mainland
subspecies D. s. lasiotis (generally considered to be larger than their Sundaic relatives Groves and
Grubb, 2011). Our data confirmed that these populations were very distinct to Sumatran rhinos from
the Sunda Shelf, supporting their subspecific status. Within the Sunda Shelf, two Sumatran rhino
subspecies have been described: D. s. sumatrensis occurring in Peninsular Malaysia and Sumatra
and D. s. harrisoni from Borneo. These subspecies have been controversially discussed; whereas
both Amato et al. (1995) and Morales et al. (1997) found genetic differences between the
populations, Amato and colleagues argue that these were not sufficient to justify distinct
conservation units, Morales et al. 1997 supported the distinction into two subspecies. Goossens et
al. 2013 reviewed these papers and referred to unpublished data by Rovie-Ryan et al. concluding
that the observed differences are not sufficient to justify a separate management of Sumatran rhinos
from Borneo and Sumatra. Our data confirm this, as although three Bornean samples formed a
monophyletic cluster, they were nested within the Sumatran clade and there might be some evidence

for recent gene-flow from Sumatra to Borneo (DSUS52, if the labelling is correct).
The loss of subspecies, genetic erosion and the future of Asian rhinos

Although the exact historical distribution of Javan and Sumatran rhinos is not known, both species
have occurred throughout large areas of Southeast Asia. Javan rhinos once occurred from India and

Bangladesh, where it was the most abundant rhinoceros species, to Vietnam, Laos, Cambodia,
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Myanmar and Thailand up to the southern border of China (Groves and Leslie, Jr., 2011). While it
had already become rare in Myanmar by the mid-1800s, it was still present in Thailand, Laos and
Cambodia until the 1930s. Presumably, the last Javan rhino in Vietnam (R. s. annamiticus) was shot
in 2010 (Brook et al. 2012). Our data confirmed that this death likely meant the extinction of an
entire subspecies, i.e. R. s. annamiticus. Although it is unknown when the last Javan rhino was
killed in India, our data showed that this loss also constituted the loss of a subspecies, R. s. inermis.
Only R. 5. sondaicus survives until today in Ujon Kulon, West Java with a subpopulation no larger
than 50 individuals (van Stein et al. 2008a). But also for this subspecies genetic diversity became
greatly reduced during the population decline on Java and the extinction of R. s. sondaicus on
Sumatran and Peninsular Malaysia (not included in this study) in the 1930s (Groves and Lesli, Jr.,

2011).

Similar to the Javan rhino, Sumatran rhinos experienced a dramatic population decline and likely
became extinct throughout Indochina and India, resulting in the disappearence of D. s. lasiotis. The
second subspecies, D. s. sumatrensis, found in the Sunda Shelf, also went extinct throughout most
of its range. Despite being once relatively abundant in Peninsular Malaysia, its decline started in
the 1930s and the last the last sighting of a Sumatran Rhino in the region was in 1994 (Ahmad Zafir
et al. 2011). Similarly the species was once widely distributed in Borneo, but after it was declared
extinct in the wild in Sabah in 2015 (Lee, 2015), it is probable that there is only one remaining
population in Kalimantan. Thus, almost all wild Sumatran rhinos today can be found in three
protected areas on Sumatra (Havmeller et al. 2016). It is very likely that these small populations
only represent a fraction of the genetic diversity of the species, as samples included in this study

were partly over 100 years old and thus these museum specimens represent an already lost diversity.
Conclusion

Saving Javan and Sumatran rhinos will be challenging. The surviving individuals likely retain only
a fraction of the species’ historical genetic diversity. The wild populations are very small and in the
case of the Sumatran rhino also isolated from each other. A reduction of mating encounters, in turn,
results in severe reproductive tract pathologies that hinder non-assisted reproduction of these rhino
species (Hermes et al. 2004; see further discussion in Kretzschmar et al. 2016). Earlier studies
already highlighted the danger of keeping the remaining populations of Sumatran rhinos from
Borneo and Sumatra separated (Goossens et al. 2013) and others have inferred that the outcome of
outbreeding in Indian rhinoceros may have less negative consequences than previously believed
(Zschokke, 2016). Our molecular data can only implicate the possibility of recent gene-flow
between Sumatran rhinos from Sumatra and Borneo. However, due to the urgency of the situation
of Southeast Asian rhinos, we suggest that urgent analyses of adaptive nuclear variation are

necessary to assess the probability of outbreeding depression or genetic rescue, respectively, of
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joint management. It is likely that joint management of populations of Sumatran rhino will be the
only way that the little genetic diversity which is left can be used to save these iconic species from

extinction.
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Supplemental Material

Table S1 — Complete sampling list with details on sample origin and contact

. Study . Date .
Species D Locality collected Collection catalog # Contact
cherorhmys DSU4 Sumatra 1860 Naturalis 19594 P.Kaminga
sumatrensis
cherorhznqs DSUS5 Sumatra 1880 Naturalis 19596 P. Kaminga
sumatrensis
cherorhmys DSU6 Laos 1904 Vienna NHM 8173 F. Zachos
sumatrensis
Dicerorhinus Munich )
cumatrensis DSU23 Borneo 1908 NEM 1908/571 M. Hiermeyer
Dicerorhinus — poipn6 Myanmar AMNH 54764 N.B.
sumatrensis Simmons
cherorhmgs DSU28 Sumatra Stud book 25 J. Christman
sumatrensis
Dicerorhinus — yq1706  Sumatra Stud book 28 J. Christman
sumatrensis
cherorhmys DSU30 Sumatra Stud book 29 J. Christman
sumatrensis
cherorhznqs DSUS51 Borneo Smithsonian 199551 JA
sumatrensis Coddington
Dicerorhinus — nqy5s5  Borneo Smithsonian 102076 JA.
sumatrensis Coddington
Dicerorhinus Copenhagen D.K.
cumatrensis DSU54 Sumatra 1893 NHM ZMUC617 Johansson
cherorhznzlts TAM Borneo fresh na na S. Nathan
sumatrensis
hanoc? ros RSO6 Java Naturalis 19587 P. Kaminga
sondaicus
Rhinoceros Rgo7  Palembang, 4,0 Naturalis ~ ZMA7681  P.Kaminga
sondaicus Sumatra
Rhinoceros RSO8 India Naturalis ZMA 512 P.Kaminga
sondaicus
Rhinoceros Stuttgard
sondaicus RSO11 Java 1852 NHM 32015 S. Merker
Rhi - ZMB-
Hmoceros RSO16 Java Berlin NHM MAM- F. Meyer
sondaicus
37533
Rhi ZMB-
tmoceros RSO18 Java Berlin NHM MAM- F. Meyer
sondaicus
37535
Rhinoceros RSO21  Vietnam 1896 Paris NHM  1896-2003 G. Veron
sondaicus
Rhlnoc? ros RSO22 Java Paris NHM A-7971 G. Veron
sondaicus
Rhinoceros Munich )
condaicus RSO24 Sumatra 1930 NHM 1930/352 M. Hiermeyer
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sondaicus
Rhinoceros
sondaicus
Rhinoceros
sondaicus
Rhinoceros
sondaicus
Rhinoceros
sondaicus
Rhinoceros
sondaicus

RSO26

RSO27

RSO34

RSO45

RSO46

RSO47
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Bengala, ZMB-

India Berlin NHM MAM.1958
B‘iﬁdgf‘;"" Berlin NHM fﬁﬁ;”
West Java HarxlﬁrchUni. MCZ 27234
Java Coﬁgﬁgen IMUC26
Java Cofl’gﬁlﬁgen ZMUC29
Do e 1887 CORUNEN  ZMucs2s

F. Meyer
F. Meyer

H. Hoekstra

D.K.
Johansson
D.K.
Johansson
D.K.
Johansson

Table S2. Long-range PCR primer sequences and annealing temperatures used for bait

development.

Position on Fragment ' Annealin
- Sequence 5'-3 a
ref. size g Temp.
10600 TGAGGTAAYCAAACAGAACGAC
Fragment 7 kb TAA 580C
1 1030 GTACGCTTACCTTGTTACGACTTG
623 GACCCTGTTCCATAAYCGATAAA
Fragment 6 kb C 580C
2 6751 TATAACTGCTGTGAGTGAGATGA
AGG
5387 CTTTCTCAGCCAYTTTACCTATGT
Fragment 3 kb TC 580C
3 7225 TATAGTRCTTGTGTGKGTTAGTTT
G
7250 CAAACTAACMCACACAAGYACT
Fragment 31b ATA 520C
4 11504 GTGTTGTGATTARTATGTAGAGG
GA

2PCR was done with MyFi™ Mix (Bioline GmbH, Germany) with 1x MyFi Mix, 0.4 uM each

primer and water to the final volume of 50 pL for each of the fragments separately, in a total of 35

amplification cycles.
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Table S3. Sequencing results from all samples used in this study, with indication of number of
reads on target (mtDNA), de-duplicated reads and the percentage of genome covered with more

than 3 unique reads.

Quality Selection Unique average genome
Species Sample ID trimmed efficiency mapped depth coverage >

reads reads coverage 3x
Dicerorhinus sumatrensis  DSU4 8,309,903 0.45% 3,380 16.28 95.7
Dicerorhinus sumatrensis DSU5 796,845 65.16% 25,824 158.19 100
Dicerorhinus sumatrensis  DSU6 5,183,162 0.10% 4,419 18.49 98.7
Dicerorhinus sumatrensis DSU23 8,961,283 0.45% 1,581 8.12 93.0
Dicerorhinus sumatrensis  DSU26 6,832,044 0.05% 1,825 9.24 724
Dicerorhinus sumatrensis  DSU28 8,610,206 0.03% 2,318 10.09 93.6
Dicerorhinus sumatrensis  DSU29 10,085,661 0.10% 5,313 23.58 99.8
Dicerorhinus sumatrensis  DSU30 3,506,185 0.09% 2,691 11.40 98.7
Dicerorhinus sumatrensis  DSUS1 5,424,384 3.01% 15,171 81.81 99.7
Dicerorhinus sumatrensis  DSUS52 10,138,888 0.07% 5,209 21.70 99.9
Dicerorhinus sumatrensis  DSU54 5,942,995 0.02% 786 4.29 714
Dicerorhinus sumatrensis TAM 41,198 87.91% 21,282 222.15 99.7
Rhinoceros sondaicus RSO6 65,385,334 0.01% 1,726 8.33 84.6
Rhinoceros sondaicus RSO7 5,393,018 0.05% 2,413 10.51 96.6
Rhinoceros sondaicus RSOS8 60,171,224 0.09% 7,326 36.86 99.9
Rhinoceros sondaicus RSO11 8,949,220 0.02% 1,589 6.59 87.1
Rhinoceros sondaicus RSO16 783,174 7.20% 8,265 40.20 98.2
Rhinoceros sondaicus RSO18 5,019,421 0.51% 8,104 37.48 98.1
Rhinoceros sondaicus RSO21 7,467,226 0.01% 6,121 2431 99.3
Rhinoceros sondaicus RSO22 17,138,923 0.46% 1,166 5.53 80.9
Rhinoceros sondaicus RSO24 7,859,344 0.93% 2,826 12.18 96.5
Rhinoceros sondaicus RSO26 48,702,837 0.48% 12,994 59.50 98.7
Rhinoceros sondaicus RSO27 413,658 6.44% 1,977 7.27 724
Rhinoceros sondaicus RSO34 7,670,955 0.03% 1,980 8.24 92.4
Rhinoceros sondaicus RSO45 1,020,882 28.78% 16,327 75.39 99.0
Rhinoceros sondaicus RSO46 52,225,425 0.58% 23,770 141.79 100.0
Rhinoceros sondaicus RSO47 6,188,725 1.39% 4,422 24.15 99.0
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General Discussion

The aim of this thesis was to investigate what factors influenced the current distribution of
species genetic diversity in several biodiversity hotspots in South and Southeast Asia. To achieve
that, I set out to describe and compare phylogeographic patterns of ungulate species distributed in
this region. In particular, I focused at understanding the effects of the dramatic climate changes of

the Pleistocene and the consequent changes in land and habitat availability.

In summary I found very diverse phylogeographic patterns among all species investigated. By
comparing the results within and among each species, I found some common patterns of genetic
diversity that correlated well to known geographical boundaries, but others were more related to
the specific ecological requirements of each species. Taken together, the results obtained in this
dissertation highlight the importance of comparing patterns of genetic diversity between different
species to understand how climate variations of the past have affected the distribution, dispersal
and survival of populations. In addition, species specific phylogeographic patterns could also

constitute an important basis for future conservation and taxonomic decisions.

1 Comparative phylogeography

1.1 Land corridors of Sundaland

Land corridors connecting the Sundaic islands among each other and to the mainland have been
repeatedly exposed when sea levels dropped throughout the glacial periods of the Pleistocene
(Voris, 2000). However, many contradictory studies have proposed that either this newly available
landmass was covered by dry savannah (Gorog et al. 2004; Wurster et al. 2010), while others argued
that forests expanded on the exposed shelf (Cannon et al. 2009; Raes, 2014). Other authors rather
argued that the distribution of rainforest and savannah habitat throughout the emerged shelf was
patchier, with the survival of forest covered islands among the surrounding open habitat (Meijaard,
2003) or that a dry central corridor was present throughout Sundaland in early Pleistocene, giving
place more pre-humid conditions in the late glacial periods of Late Pleistocene (Sheldon et al.

2015).

When compared, the results obtained throughout this dissertation show a distinct response from
generalists and specialist species (Table 1). As shown, land corridors provided different levels of
permissiveness to different species. More specifically, the more generalist species (i.e. that occur
in different habitats) showed evidence of gene-flow between island populations, which we

interpreted as the consequence of dispersal through the available corridors.
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Table 1 - Summary of evidence for the use of land corridors from all investigated species

used land  Divergence

Manuscript Species Ecology corridor date (Mya)
I Muntiacus muntjak generalist yes <1.12
I Rusa unicolor generalist yes <1.18
Rusa timorensis open-habitat forest at least once
1 Rhinoceros sondaicus lowland/open-habitat forest atleast once 1.5
Dicerorhinus sumatrensis evergreen rainforest no 1

Open-forest species, like the Javan deer, Rusa timorensis, showed evidence of limited gene flow
among individuals on Java and Bali, its native distribution range. However, we argued that this
result may have been due to a reduced sample size from Bali and could actually represent a ‘small
population’ effect. Additionally, we found at least one individual carrying a R. timorensis haplotype
in Sumatra, which might indicate that indeed some Javan deer individuals were able to cross the
available land corridor between Java and Sumatra. As this species represents an open-forest
specialist, the available land corridors should have been quite permissive for population dispersal,
so here this expansion might have been hindered by the sister-species Rusa unicolor, which was
already present in high numbers in the newly available habitat (‘priority effect’, De Meester et al.

2016).

A similar result was shown for the Javan rhinoceros, which is a lowland and open-habitat forest
species. We showed that expansion of Javan rhinos through Sundaland was facilitated by the low
sea levels of the glacial period, ca. 1.5 Mya. Conversely, the Sumatran rhino, a truly forest
dependent species showed very little evidence of utilizing these available landmasses. Indeed, we
found evidence that expansion of this species southwards happened rather during the interglacial
period, ca. 1 Mya (van der Bergh et al. 1996) and dating of lineage differentiation of island
populations always matched periods of low sea levels, thus supporting the idea that the land

corridors were not permissive for large scale dispersal of this forest-dependent species.

For those species that showed evidence of gene-flow, the tempi of dispersal events was
consistent. All events of gene flow described for the red muntjacs, the sambar and the Javan
rhinoceros occurred at glacial periods (Table 1). At 1.5 Mya sea levels are reported to have been
about 100 m below present levels (Dennel, 2004) and later, around 800 kya, sea levels would have
dropped to a maximum of -170 m, maintaining a land connection between islands until ~ 450 kya,

with the onset of the next interglacial interval (Rohling et al. 1998).

The results of my dissertation indicate therefore that species specific ecological needs do indeed
influence their ability to disperse across the land corridors during the Pleistocene. Forest dependent
species showed limited evidence of gene-flow between island populations, whereas lowland and

open-habitat species used the exposed shelf and could, therefore, expand their range to Java. We
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were unable to determine if the more open habitat species (Rusa timorensis and Rhinoceros
sondaicus) utilized the land connections more than once, after their arrival on Java. However, red
muntjacs and the sambar, both species well adapted to very different kinds of habitat, showed
evidence of repeated gene-flow between the islands of Sundaland, as we found evidence of
complete lack of geographical structuring among these populations. Our data thus support the
hypothesis that the available land corridors of the Sundaland, during the glacial periods of the
Pleistocene, would be rather covered by open and dry habitat and that rainforests were likely

restricted.

1.2 Vicariance beyond the presence of land corridors

Even species that showed extensive gene-flow between populations from different islands,
showed also some patterns of genetic sub-structuring. These findings were not easily explained just
by the different permissiveness of the land corridors and pointed to other vicariant processes at play,

within and among islands.

We found three major matrilineages of red muntjacs: a Sri Lankan lineage, a mainland and
a Sundaic lineage. Within the Sundaic lineage, we revealed that all Sumatran muntjacs had a derived
position in the coalescence analysis. We attributed this finding to the effects of the super-eruption
of Toba, in North Sumatra, around 74 kya. The eruption of Toba is described as one of the greatest
volcanic eruptions of the last two million years and thought to have caused local extinctions in
northern Sumatra and Peninsular Malaysia, due to the prolonged presence of an ash cloud (Williams
et al. 2009; Wilting et al. 2012). Thus, one of the most parsimonious explanation for the derived
position of all Sumatran individuals is a wipe-out of ancestral Sumatran populations of red muntjacs

by the Toba eruption, followed by re-colonization from other Sundaic islands.

For the Sumatran rhino, we found likewise an interesting genetic sub-structure within
Sumatran populations, as one individual was much older than all remaining samples from that
island. The position of that haplotype could be the result of either one of two scenarios, both
suggesting within-island mechanisms of genetic differentiation: 1) the haplotype represents a
survivor of an ancestral population that went through a severe bottleneck (Toba eruption) or 2) the
haplotype indicates differentiation between eastern and western populations of Sumatran rhino
possibly by the Bukit Barisan volcanic mountain range (running from North to South Sumatra). The
latter scenario had actually been proposed before in a study of short fragments of the mtDNA

control region of Sumatran populations (Morales et al. 1997).

Additionally I found that both species which occur in Java (Javan deer and Javan
rhinoceros) show well differentiated lineages to populations/species on the surrounding islands. We

attributed this result to the very distinct climate on Java, which presents more open-habitat and
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grasslands than the neighbouring islands (Mishra et al. 2010). Local adaptations to this climate
seem to have acted as a driver for generating and maintaining genetic differentiation. This pattern
was observed previously in other sister-species pairs where populations distributed in Java and Bali
rather represented endemic species (in one or both of the mentioned islands; e.g. barbets M.
armillaris and M. corvine, Den Tex & Leonard, 2013). In fact, in a recent study, which compared
28 non-migratory and forest-dependent vertebrate species, the authors found that Javan populations,
although related to their Sumatran conspecifics, represented the most divergent lineages (Leonard

etal. 2015).

Taken together, these considerations contrast with the traditional expectation that species
would be widespread throughout Sundaland and with low levels of genetic differentiation. They
rather point toward more stochastic and local drivers of differentiation, such as within-island

barriers to dispersal and adaptations to local climate.

1.3 Isthmus of Kra as a geographical barrier

The Thai-Malay peninsula is a narrow landmass, located at the junction between the Indochinese
and Sundaic zoogeographic regions, and very rich in endemic species (Woodruff 2010). The
narrowest part of this peninsula is located around the Isthmus of Kra, which has been recognized
as a biogeographic barrier to the dispersal of many species (de Bruyn et al. 2005), impeding gene-

flow between populations north and south of this barrier.

I tested for the existence of a sharp genetic break around the Isthmus of Kra in all widely
distributed species included in this work. The red muntjacs unmistakeably showed a pattern of
genetic differentiation around the Isthmus of Kra. For this group, the dataset included samples from
Peninsula Malaysia which presented similar haplotypes with Bornean individuals, indicating the
presence of a geographical barrier limiting gene-flow in the Thai-Malay peninsula. Karyotype
studies had already indicated that red muntjac forms from Sundaland differed from those in
mainland Southeast Asia (2n=8F/9M vs. 2n=6F/7M; Groves & Grubb, 2011), also pointing to some
morphological differences between individuals. Although these inferences have been contested
before (Timmins et al. 2016), the results presented in Manuscript I seem to support the separation

between the two forms into (sub-) species status (see discussion below in section 2).

A similar pattern was found for the Sumatran rhino, where two individuals from Myanmar
and Laos clustered together in a mainland clade, well differentiated from all Sundaic populations.
However, because we had no samples from Peninsula Malaysia, we could not confirm the position

of this barrier. Within the Javan rhino we did not see such a clear split between Mainland and Sunda
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lineages, because samples from the mainland were equally distant to each other and to the Sundaic

lineages. We interpreted this as lack of a sharp genetic break around the Thai-Malay peninsula.

In Manuscript II I investigated the phylogeography of the widespread sambar (Rusa
unicolor) by combining mitogenome and nDNA analysis. Results did not indicate the presence of
a biogeographic divide among sambar populations. While we noted the existence of three older
clades in our phylogenetic analyses, the younger and much larger clade included samples from both

mainland and Sundaland, without any apparent geographic sub-structure.

Thus, comparing the results obtained for each group, it is clear that specialist and generalist
species alike showed evidence of having crossed the Thai-Malay Peninsula at least once, both
colonizing the landmasses of Sundaland and creating patterns of genetic admixture among the
island populations. Our results render it rather unlikely that a strong physical barrier to dispersal
existed at the Isthmus of Kra, at least during the Pleistocene interglacial intervals (Parnell, 2013).
The conflicting results about the presence of a sharp dispersal barrier around the Isthmus of Kra
obtained in this study are representative of the ongoing discussion about the nature of the Thai-
Malay transition zone. Previous comparative studies of species distributions have identified
differences in the position of this barrier. Woodruff and Turner (2009) investigated the southern
limits of 152 species from Indochina and the northern range limits of 147 Sundaic species and
concluded that there was no evidence for a faunal transition at the Isthmus of Kra. They, however,
suggested the current species distribution patterns — latitudinal diversity of species compositions
and a reduced number of species in central Thai-Malay peninsula — to be the result of prolonged
sea level rises during the last 5 My, which reduced the habitat availability, compressed species and
thus caused local extirpations in the narrowest areas of the peninsula. During the Pleistocene climate
changes, habitat availability and the presence of rainforest in this region might have been the most
differentiating force. The nature of this transition zone remains, therefore, largely unresolved and
indicates the need for further studies, especially those that identify the paleo-habitat present in the
region throughout the Pleistocene climate changes, as it seems to have the biggest influence on the

distribution of terrestrial species (Parnell, 2013; Dejtaradol et al. 2016).

1.4 Genetic differentiation among mainland lineages

Inclusion of widespread Southeast Asian species in this dissertation allowed inferring the
phylogeography of mainland populations. Previous phylogeographic studies, which included
mainland populations, revealed intriguing patterns of lineage divergence and indicated that the
cyclic changes of the Pleistocene had major impacts on the climate and vegetation of mainland

Southeast Asia (Yuan et al. 2016).
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Red muntjacs showed evidence of gene-flow between mainland populations, but the large
genetic distance that two samples (one from India and one from Laos) had to the other mainland
haplotypes, indicated the presence of so far unknown refugial lineages among mainland
populations. The validity of a ‘high elevation Himalayan’ red muntjac, which was suggested by
morphological examinations (Timmins, pers. comm. 2015) is therefore strongly supported. In fact,
endemic (cryptic) red muntjac species are assumed to exist in the Cardamom Mountains in Thailand
and Cambodia and the Annamite Mountains of Vietnam and Laos. This, however, can only be

confirmed (or rejected) by analysing appropriate datasets from those regions.

We also recovered a pattern of complete differentiation of South Indian (Western Ghats) and Sri
Lankan populations from the rest of the Indian red muntjacs, which formed a monophyletic clade
at a basal position. A very similar pattern was recovered by the phylogeography of the sambar, Rusa
unicolor. Sri Lankan individuals were genetically differentiated from the remaining Indian
populations. We did not obtain any samples from the Western Ghats, but a recent study had shown
a 40 bp insertion in the control region of the mitochondrial DNA of Western Ghats populations,
also supporting the uniqueness of these lineages (Gupta et al. 2015). We argued that differentiation
of Sri Lankan populations of both species was the result of isolation in the wet-zones that prevailed
in these regions during the Pleistocene glacial periods. Although Indochina was not glaciated during
the Pleistocene glacial periods, except for high altitude mountains, it experienced drier climates
during the Pleistocene (Li et al. 2004). Consequently, rainforests and other humidity dependent
vegetation zones (e.g. wetlands) contracted their expansion range (Gong et al. 2015). Thus,
mainland species/populations experienced likewise cyclic habitat expansions and contractions and
would have retracted into small refugia during glacial periods (Fuchs et al. 2008; McLeod, 2010).
We suggested that if isolation of lineages in refugia resulted in the generation of other barriers to
gene-flow (e.g. ecological, behavioural, reproductive), isolation would have been maintained even

after the re-colonization of central India.

It is not possible to infer the presence of cryptic lineages within the two rhino species
investigated here. Even though this was the first time samples from historical mainland populations
had been included in a phylogeographic study, our sampling across the mainland was nevertheless
very poor. Among Javan rhino samples, we observed that Indian and Indochina populations were
genetically distant, supporting their subspecies status. Also within the Sumatran rhino the two
samples from Myanmar and Laos showed genetic differentiation. Thus, these results indicate a
vicariant history, where populations likely had their range periodically contracted, accompanying
the retraction of forest during the glacial periods of the Pleistocene (Sumatran rhino) or the presence
of other barriers to dispersal, like mountain ranges (Javan rhino; e.g. Arakan mountains). Sadly,
there are no Sumatran or Javan rhinos left in mainland Southeast Asia, so these results also illustrate

the great genetic diversity loss in Southeast Asian megaherbivores.
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2 Taxonomic and conservation implications of this study

One of the immediate values of phylogeographic studies is their benefit for identifying
taxonomic units and lineages of conservation concerns (Wiens, 2012; Losos et al. 2013). Southeast
Asia has the highest relative rate of deforestation of any major tropical region (Sodhi et al. 2004),
therefore understanding what species/lineages occur where is essential to conservation measures as
they aim at mitigating the loss of biodiversity. Within biodiversity hotspots it is possible that
‘widespread species actually represent multiple species of smaller geographical ranges’ (Stuart et
al. 2006). Likewise, not knowing what taxonomic units are distributed within a conservation
priority area biases our understanding of biodiversity within ‘Biodiversity Hotspot’ (Bland et al.
2015), especially when the number of threatened species or lienages might already surpass the

available conservation resources (Myers et al. 2000)

In this dissertation, first and foremost the use of archival samples allowed us to uncover how
much of the former genetic variability of Javan and Sumatran rhinoceros has already been lost. For
these two species, not only were we able to show the extraordinary amount of genetic erosion that
current populations have undergone, but also the uniqueness of the already extinct mainland
populations. This study also results in some intriguing thoughts about the sub-species status of some
of the populations. The genetic differentiation within Javan rhinos supported the distinction of the
three subspecies (Rhinoceros sondaicus inermis from India; R. s. annamiticus from Indochina and
R. s. sondaicus from Sumatra and Java). However, genetic differentiation between Sumatran rhino
populations rather argues for cryptic taxonomic units among mainland populations and the re-
evaluation of Dicerorhinus sumatrensis lasiotis. More importantly, we argued that urgent studies
on the Sumatran and Bornean populations of this species are needed to confirm the presence of
gene-flow between these two islands. If confirmed, it should lead to consider both Sumatran and
Bornean popualtions under the subspecies, D. s. sumatrensis, having important conservation
implications as joint management (already proposed as the only solution for this species recovery,

Goossens et al. 2013) would be supported as well by molecular evidence.

While the Asian rhinoceros are undoubtely two of the most endangered large mammals in
the world, the red muntjacs are among some of the most resilient. In Manuscript I, we reported
evidence for the division of the Sundaic and mainland populations into different taxonomic units.
These two clades are currently considered as different species (Sundaland: Muntiacus muntjak and
Mainland: M. vaginalis; see The IUCN Red List of Threatened Species), which have now clear
molecular support. Similarly, in Manuscript II, we mentioned the taxonomic implications of our
results, as the seven subspecies that are currently described for both sambar and the Javan deer
(Mattioli, 2011) were not supported by molecular evidence. The only exception was the Javan deer

subspecies Rusa timorensis renschi that occurs only on Bali (Hedges et al. 2015), for which we
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found clear evidence both from mitogenome and nuDNA analyses. Most importantly, we also
discussed that introgression between the two Rusa species resulted in all individuals in the islands
where Javan deer were introduced to be of hybrid descend. This result has strong taxonomic and
conservation implications, as it drastically reduces the population of true Rusa timorensis. Finally,
both red muntjacs and the sambar showed genetically differentiated Sri Lankan (and Western Ghats
lineages, if I consider previous findings). Therefore, I suggest these populations (Sri Lanka and
Western Ghats) to be managed differently, as human pressure on Sri Lankan habitats (Jha et al.

1995) might be enough to grant them specific conservation policies.

3 Suitability of the methodology

While methods for the development of sequencing libraries from archival samples were
established and improved for Illumina sequencing platforms (Fortes & Paijmans, 2015), they were
still lacking for alternative technologies. As briefly mentioned in Manuscript I, some samples were
not sequenced on an [llumina platform but with the Personal Genome Machine (PGM, Thermo
Fisher scientific, CA, USA). The PGM platform offers a set of advantages, like scalability of the
input data and, more importantly, the possibility to sequence very low diversity fragments (as the
PGM does not work by cluster recognition). I have, therefore, modified the commercial protocol
provided by the manufacturer to build sequencing libraries adapted for low quality and low quantity
DNA. The rationale of the changes performed was to account for the low starting DNA
concentration and, more importantly, to minimize the loss of small DNA fragments, the main
component of archival DNA samples. Our results provided a modified and cost effective protocol
that can be used both on archival and fresh samples, without compromising quality of sequencing
libraries. The modified protocol is in press in Methods in Molecular Biology (Springer protocols)

and can be found in Annex 1.

Archival samples proved to be an invaluable source of information. Their DNA allowed insights
into the genetic histories of populations, which are not accessible from field surveys and, more
importantly, which may already have gone extinct. Quantity and quality of endogenous DNA was
low, as expected, and fragments were no longer than 150 bp in all cases. However, it was possible
to observe different sample ‘behaviours’ that are worth being mentioned. Samples from different
tissues yielded generally different amounts of extracted DNA. The best performing samples were
nasal bones and tissue collected from skeletons. From those sample types I regularly obtained full
mitogenomes even without performing the hybridisation capture step. However, for the vast

majority of samples, hybridisation capture was absolutely necessary in order to obtain sufficient

93



General Discussion

sequence information at a quality, which passed our quality filters. An illustrative comparison for

Rusa samples is in Annex 2.

For both Manuscript I and III, I analysed only the mitochondrial DNA, which was sufficient to
describe the relationships between genetic lineages within the species investigated. However, in
Manuscript II the results indicated the presence of possible hybrid individuals. Their existence was
only confirmed by the inclusion of microsatellite loci. We specifically selected for loci whose
amplification product was no longer than 100 bp and that were already successfully amplified in

other Cervidae or Bovidae species.

4 Concluding Remarks and Outlook

Understanding the phylogeography and evolutionary histories of species contained within
biodiversity hotspots provides a powerful tool to comprehend the influence of past events in shaping
the current distribution of genes, populations, species and communities. Moreover, determining the
genetic relationships among species or populations allows us to identify their unique responses,
providing an historical context to how adaptations arose (Losos, et al. 2013). These regions, and
thus the plethora of ecological niches, endemic species and unique genetic diversity they comprise,
are also the most susceptible to human made changes (Sechrest et al. 2002; Mittermeier et al. 2011).
In particular, while Sundaland is among the most biodiverse areas on earth it is also one of the most

anthropogenically disturbed (Sodhi et al. 2004).

In this dissertation, I have investigated and compared the phylogeographical patterns of three
groups of ungulate species throughout their distribution in South and Southeast Asia. The results
reported in the manuscripts and discussed here show how a shared history has shaped different
responses in species with different ecological needs. I have identified that land corridors, exposed
during past glacial periods, were not equally permissive to all species. Open-habitat adapted species
and generalists were able to utilize these available connections, at least once, as gene flow between
populations occurring in now isolated Sundaic islands was observed for the red muntjacs, Rusa deer
and for the Javan rhino. Conversely, forest dwelling species showed little evidence of dispersal
during the drier and cooler climate of the Pleistocene glacial periods in central Sundaland. This
result is especially important when considering the human impact of logging and deforestation in
Southeast Asia, which will result in diminishing rainforests and more open-habitat. Additionally, I
have found genetic lineages of conservation importance (as discussed in point 2 above), as they

represent units of unique genetic diversity and point to the importance of separate management.
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However, the power of a comparative phylogeographic framework increases with the increasing
number of patterns that can be compared, our understanding of species adaptability and a realistic
number of unique lineages of conservation importance. Therefore, other species that have their
distribution tightly linked to the geological history of the Sundaland should be included, in
particular ungulate species, as they provide ecological services which will disappear with further
biodiversity loss. Finally, the inclusion of nuclear genes was absolutely necessary for resolving the
intriguing phylogeographic patterns of the Rusa deer investigated in Manuscript II. As prospective
future work with the development of sequencing techniques, more nuclear loci should become
accessible from archival samples. For example, the development of RAD-seq and Genotyping By
Sequencing techniques have made it possible to access the nuclear genomes of non-model species
using archival samples (e.g. Tin et al, 2014). The study of nuclear genes will have important
implications in understanding direct adaptations of species to their changing environment.
Combining these techniques will provide researchers with a powerful historical framework on
which to make informed decisions about habitat and species conservations. Still, without direct
translation of the scientific findings to the policy makers and species specialists groups, these efforts

will be in vain.
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Protocol for sequencing libraries for non-Illumina platforms
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Running head: Library preparation for lon Torrent PGM
Abstract

Efficient methods for building genetic libraries from degraded DNA are in place for Illumina
sequencing platforms for some years now, but are still lacking for other sequencing platforms like
the lon Torrent PGM. In this chapter, we provide a protocol for building sequencing libraries from
degraded DNA (archival or ancient sample material) for the Ion Torrent™ high-throughput
sequencing platforms. Aside from reduced time and costs in comparison to commercial kits, this
protocol removes purification steps before amplification, an important consideration for work
involving historical samples. Sequencing libraries prepared using this method are ready for shotgun

sequencing or enrichment methods.

Key Words: archival DNA; degraded samples; lon Torrent™ PGM; non-Illumina platforms;

Sequencing libraries
1. Introduction

DNA obtained from archival or ancient samples is often highly degraded due to post-mortem
fragmentation of DNA strands, rendering more traditional PCR methods ineffective for obtaining
sequence data (1). High-throughput sequencing technologies, on the other hand, can make use of

such short DNA fragments. However, most of the protocols developed for this purpose focus on
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the Illumina sequencing platforms and methods suitable for ancient DNA (aDNA) samples have

yet to be developed for other high-throughput sequencing platforms.

The Ion Torrent™ Personal Genome Machine (PGM) system is a high-throughput sequencing
platform that carries out sequencing by synthesis (SBS) using real-time measurement of hydrogen
ions released during nucleotide incorporation (2). The chip is flooded with a single nucleotide
solution at a time; each nucleotide added during DNA replication results in a pH change which is
then measured by sensors and directly converted into a DNA sequence. An advantage of this
sequencing platform is its scalability — the throughput can be adjusted by choosing different
capacity chips. For example, a ‘smaller’ chip like the Ion 314™ generates less data (100 Mb of
sequencing data) and is therefore well suited for a low number of samples, while ‘large’ chips like

the Ion 318™ generate up to 2 Gb of sequence data, suitable, for example, for larger sample sets.

Here, we present a protocol to build sequencing libraries for the lon Torrent™ PGM, suitable for
degraded DNA samples. The priority for modifying the commercial protocols for use with aDNA
was to reduce template loss. This was achieved by the removal of all purification steps before PCR
amplification of final libraries, as the increased length of added adapters ought to be sufficient to
pass the cut-off limits of purification kits (3). The protocol can also be applied to modern DNA
samples, with the advantage of lower costs and time of library preparation compared to the

commercial protocol provided by the manufacturer.
2. Materials

To avoid any external contamination of archival and ancient samples, sequencing libraries should
be prepared in a laboratory dedicated to the work with such material (clean lab). Amplification of
the sequencing libraries should thus be performed outside the clean lab, in the modern DNA lab
(1). Unless stated otherwise, reagents should be kept at -20 °C until usage and reactions should be

set up on ice.

2.1 Oligonucleotides and amplification primers as adapted from the commercial Kits:

Size
Step Component Sequence? Remarks
(nt)
HPLC
P1 adapter 5'- CCA CTA CGC CTC CGC TTT CCT CTC TAT GGG
41 purification
3 CAG TCG GTG AT . .
during synthesis
P1 adapter
P1 adapter 3' HPLC
ACAPIET = ATC ACC GAC TGC CCA TAG AGA GGA AAG 43 purification
> CGG AGG CGT AGT GG*T*T during synthesis
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PGM HPLC
CCA TCT CAT CCC T*G*C GTG TCT CCG ACT

Barcode 1 5'- 43 purification
CAG CTA AGG TAA CGAT . )

3 during synthesis

PGM HPLC
ATC GTT ACC TTA GCT GAG TCG GAG ACA

Barcode 1 3'- cGrC 30 purification

5 during synthesis

PGM HPLC
CCA TCT CAT CCC T*G*C GTG TCT CCG ACT

Barcode 2 5'- 43 purification
CAG TAA GGA GAACGAT . .

3 during synthesis

PGM HPLC
ATC GTT CTC CTT ACT GAG TCG GAG ACA

Barcode 2 3'- cGrC 30 purification

5 during synthesis

PGM HPLC
CCA TCT CAT CCC T*G*C GTG TCT CCG ACT

Barcode 3 5'- 43 purification
CAG AAG AGGATTCGAT . .

B ded 3 during synthesis
arco
Adapters PGM —

ATC GAA TCC TCT TCT GAG TCG GAG ACA

Barcode 3 3'- cGHC 30 purification

5 during synthesis

PGM HPLC
CCA TCT CAT CCC T*G*C GTG TCT CCG ACT

Barcode 4 5'- 43 purification
CAG TAC CAA GAT CGAT . .

3! during synthesis

PGM HPLC
ATC GAT CTT GGT ACT GAG TCG GAG ACA

Barcode 4 3'- cGHC 30 purification

5 during synthesis

PGM HPLC
CCA TCT CAT CCC T*G*C GTG TCT CCG ACT

Barcode 5 5'- 43 purification
CAG CAG AAG GAA CGAT . )

3 during synthesis

PGM HPLC
ATC GTT CCT TCT GCT GAG TCG GAG ACA

Barcode 5 3'- cGHC 30 purification

5 during synthesis

Primer 20

A _amp CCA TCT CAT CCC TGC GTG TC

Amplification
Primer "
P1_amp CCA CTA CGC CTC CGC TTT CCT CTC TAT G

* phosphorotioate bond in the sequence
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2Bases in bold indicate the barcode sequence; for barcode 6 - 48 please see reference 2

2.2 Reagents

1. Molecular grade water (ddH,O)

2. lon Xpress™ Plus Fragment Library 200 Kit (Ion Xpress™ kit; Thermo Fischer)

3. AmpliTaq Gold (Thermo Fischer, supplied with 10x AmpliTaq buffer and 25 mM MgCl,)

4. Oligo Hybridisation Buffer (10X): 500 mM NaCl, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH
8.0), stored at 4 °C (4)

5. Bovine Serum Albumin (BSA)

6. SPRIselect magnetic beads (Beckman & Coulter), stored at 4 ° C
7. Molecular Grade Ethanol (100%), stored at room temperature

8. Ion PGM™ Template OT2 200 kit for template preparation

9. Ion PGM™ [C 200 kit for library sequencing

10. Ion PGM™ Chips, which can vary in capacity depending on target size and number of samples,

stored at room temperature

11. (Optional) Pippin Prep 2% Agarose Gel cassette (Sage Science)

2.3 Equipment

1. Thermocyclers, one in the clean lab and one in the modern DNA Iab.

2. Microcentrifuge, in the clean lab.

3. Magnetic rack, one in the clean lab and one in the modern DNA lab.

4. Real-time PCR (qPCR) thermal cycler in the modern DNA lab.

5. Ion Torrent™ template preparation equipment: either OneTouch™ or Ion Chef™,
3. Methods

Before library preparation, check for successful DNA extraction. It is strongly encouraged to

incorporate library blanks during each step of the protocol.
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3.1 Adapter and barcode preparation
1. Prepare PI adapter mix as follows (200 uM):

Oligo Hybridization Buffer 10x 10 pL

P1 adapter 5'-3' 40 uL
P1 adapter 3'-5' 40 uL
ddH,O 10 uLL

2. Prepare Barcoded adapter mix as follows (200 uM):
Oligo Hybridization Buffer 10x 10 uL.
PGM barcode X 5'-3' 40 uL
PGM barcode X 3'-5' 40 uL
ddH,O 10 puL.

3. Incubate each reaction mix for 10 sec at 95 °C and then ramp down from 95 °C to 12 °C at a rate

of 0.1 °C/sec.

4. Create "ready to use" solutions of 25 uM of P1 adapter and of each barcoded adapter by diluting
2.5 uL of product with 17.5 uL of ddH-O.

3.2 Blunt-ending DNA fragments
For starting DNA concentration and volume modifications, please see Notes 1 and 2.
1. Set up master mix for blunt-end repair. Include per reaction:

e 5.0 uL of 5x End Repair Buffer (Ion Xpress™ kit)
e 0.25 pL of Blunt Ending Enzyme (Ion Xpress™ Kkit)

2. Distribute 5.25 pL of the mix in each labelled PCR tube.

3. Add 19.5 uL of DNA extraction in each individual PCR tube (or bring final volume to 25 pL by

adding ddH»0O, according with initial template volume).

4. Incubate the mixture in a thermocycler for 20 min at 20°C and then heat-inactivate the enzyme

by incubating for 20 min at 72°C (see Note 3).

3.3 Adapter ligation
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1. Remove tube with blunt-ended DNA from the thermocycler and keep on ice.
2. Prepare Adapter ligation reaction mix, including per reaction:

e 2.5 uL of 10x Ligase Buffer (Ion Xpress™ Kkit)
1.0 uL of P1 adapter

0.5 uL of dNTP Mix

0.5 uL of DNA Ligase

2.0 pL of Nick Repair Polymerase (Ion Xpress™ kit)
3. Distribute 6.5 pL of the mix into a new PCR tube.

4. Add 1.0 pL of each of the chosen PGM Barcode X into PCR tube of each respective sample.
5. Add 20.5 pL of blunt-ended DNA from step 3.2.

6. Incubate the mixture in a thermocycler for 15 min at 25°C, followed by 5 min at 72°C (see Note

3).
3.4 Bead purification
This purification step can be performed at room temperature (see Note 4).

1. Prepare a fresh 70% Ethanol solution, with a final volume of at least 500 uL. x number of

samples.

2. Add 40 uL of SPRIselect beads to the product from step 3.3, for a final ratio of 1.8x (broad range

of recovered fragment size and upper limit set at 200 bp).
3. Mix thoroughly by pipetting and let the tubes incubate for 1 min in the magnetic rack.
4. Remove supernatant without disturbing the magnetic beads.

5. Add 500 pL of freshly prepared 70% ethanol to each sample, mix well, and let the tubes incubate

until all beads are captured by the magnetic rack.

6. Remove supernatant without disturbing the magnetic beads and let them air dry, but for a

maximum of 5 minutes.

7. Add 20 pL of ddH»O to elute DNA, mix well and let the tubes rest for another minute in the

magnetic rack.
8. Remove elution and transfer it into a new (labelled) tube, keep on ice until next reaction.

3.5. Amplification
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1. Dilute primers by adding 10 uL of primer stock solution (at 100 uM) in 90 uL of ddH-O.
2. For the amplification of libraries, set up a master mix, with per parallel reaction:

e 7.8 uL of ddH,O

e 2.0 uL of AmpliTagBuffer 10x

e 0.2 uL of ANTPs (25 mM each)

e 1.6 uL of MgCI2 (25 mM)

e 0.2 uL of BSA (10mg/mL)

e 1.5 uL of each primer (10 uM each)

e 0.2 uL of AmpliTaq Gold (5U/uL)
3. Distribute 15 pL in each PCR tube and add 5.0 pL of the purified product from step 3.4 (see Note
5).

4. In the modern DNA lab set up and run the thermocycler with the following protocol: denaturation
for 10 min at 94 °C, followed by 15 cycles of 30 sec at 94 °C, 45 sec at 60 °C and 45 sec at 72 °C.

Final extension occurs at 72 °C for 5 min (see Note 6).

5. Pool all parallel amplifications for the same sample and repeat step 3.4 with a 1.0x ratio, eluting

the sequencing libraries in 20 pL (see Note 7).

6. Visualize library concentration and fragment size distribution with e.g. Tapestation HS D1000

or 3% Agarose gel (see Note 8).
3.6 Sequencing

1. Pool all libraries in equimolar amounts and quantify the molarity of the complete range of pooled

fragments, with e.g. Tapestation HS1000 (See Note 9).

2. Dilute the library pool to 20 - 23 pM and prepare the chips either using OneTouch™ or Ion
Chef™. Sequence the loaded chips within 24 hours.

4. Notes

1. Commercial protocols for library building provided by Thermo Fischer are optimized for only
two initial DNA concentrations (1 pg and 100ng). Often such high concentrations cannot be
obtained from low quality samples, so we suggest starting with 100 ng or the highest possible

volume of extracted DNA.

2. Although starting DNA concentration can vary, do not dilute the initial DNA extraction, but

rather add water accordingly to bring the mix up to the final volume.
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3. Utilizing heat-inactivation of enzymes allows for the elimination of purification steps prior to

amplification. This avoids unnecessary loss of short DNA fragments during purification.

4. We have tested silica column based purifications (e.g. MinElute, Qiagen) and have concluded
that column based methods are less permissive in retaining smaller fragments, because the columns
are optimized for a cut-off of 80 bp. The advantage of bead purification is the possibility to adapt

the ratio of beads to use, to have a larger range of fragments recovered.

5. The volumes suggested here are based on four parallel amplifications per sample. If you adjust

the number of parallel reactions, adjust likewise volumes of template DNA.

6. Estimate the optimum number of cycles for each sample by qPCR using primers A_amp and
P1_amp. It is noteworthy that increasing the number of cycles much above the suggested 15 cycles

increases fragment clonality, which in turn decreases the amount of data obtained.

7. After pooling and purifying each library there should be a final amount of product with around
10 nM, although less final molarity is also acceptable due to the low starting amount necessary for
loading each sequencing chip. If an adapter dimer peak is visible even after purification, include it

in the calculations for concentration of the final sequencing pool.

8. Sequencing libraries prepared using this method are ready to be sequenced. However, if the
fragment size range after pooling is too wide or an adapter/primer dimer is still present in the
sequencing pool, it is suggested to include a size selection step (e.g. using Pippin Prep or a gel

extraction). This step, while costly, increases sequencing success.

9. Do not dilute each individual library to final concentration, as small volumes are prone to
pipetting errors. Dilute each sample to 4 or 2 nM and pool them in equimolar amounts. After
measuring the region molarity, do serial dilutions of the pool until the final concentration of 20-23

pM.
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Annex 2

Table A2 - Comparison of sequencing results of archival samples with and
without (shotgun) sample enrichment, through hybridization capture.
Quality trimmed reads are the total number of reads after trimming of adapters and low quality

sliding windows; Mapped unique reads refer to the reads that mapped against the given sample,

after removal of clonal reads; Selection efficiency is calculated by the relation of number of mapped

Quality trimmed reads | Mapped unique reads | Selection efficiency | Average depth |% Genome coverage > 5x
Shotgun Capture Shotgun Capture Shotgun  Capture |Shotgun Capture Shotgun Capture
RTI9 7,796,492 18,590,435 281 11,634 0.00% 23.35% 1.21 48.84 1.6 99.1
RTI13 10,483,040 58,507,539 417 6,488 0.01% 32.28% 1.85 26.21 8.9 97.6
RTI17 1,584,419 3,139,741 249 2,824 0.02% 51.40% 1.03 13.80 1.1 87.8
RTI18 42,506,828 5,597,083 1,011 5,893 0.00% 0.14% 4.16 21.98 424 91.2
RTI19 9,529,717 14,540,861 216 7,436 0.00% 13.91% 0.86 31.54 0.8 98.2
RTI20 4,564,949 4,291,035 1,028 7,836 0.03% 56.76% | 4.07 41.32 373 97.9
RTI22 13,775,749 8,889,794 117 3,851 0.00% 11.28% 0.44 15.27 0 90.0
RTI30 1,243,809 4,359,511 903 5,660 0.09% 68.72% 2.92 21.77 22.2 80.1
RTI31 5,575,896 15,569,516 3,567 16,983 0.11% 19.98% | 12.81 71.1 65.8 97.3
RTI32 10,252,226 53,432,886 751 7,443 0.01% 33.37% 2.34 27.07 16 94.9
RTI33 8,010,994 21,178,023 1,516 13,241 0.03% 29.36% 4.7 47.98 32 97.3
RTI37 11,242,537 2,166,717 61 6,037 0.00% 0.82% 0.25 31.77 0 96.8
RTI38 3,408,683 25,259,084 328 31,748 0.01% 50.49% 136 142.98 3.1 99

reads per total of quality trimmed reads; Average depth indicates the mean depth of coverage of all
bases; and finally % genome coverage is the total of the reference genome that was covered at least

by five reads for each position.

As shown for the samples illustrated in this example, the complete mitogenome was not
recovered at our quality filters in any of the shotgun sequence runs. ‘Captured’ samples show an
increase of selection efficiency by an average of 29% after performing enrichment capture. Even in
the cases where efficiency was below 1% for captured samples, this increase was sufficient to obtain

complete mitogenomes with a good average coverage depth.
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