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ABSTRACT

The ability to uncover the phylogenetic history of archived museum material
with molecular techniques has rapidly improved due to the reduced cost and increased
sequence capacity of next-generation sequencing technologies. However it remains
difficult to isolate large, orthologous DNA regions across multiple divergent species.
Here we describe the use of cross-species DNA capture hybridization techniques and
next-generation sequencing to selectively isolate and sequence mitochondrial DNA
genomes and nuclear DNA from the degraded DNA of museum specimens, using probes
generated from the DNA of an extant species.

Colugos are among the most poorly understood of all living mammals despite
their central role in our understanding of higher-level primate relationships. Two
described species of these extreme gliders are the sole living members of a unique
mammalian order, Dermoptera, distributed throughout Southeast Asia. We generated a
draft genome sequence for a Sunda colugo and a reference alignment for the Philippine
colugo, and used these to identify colugo-specific enrichment in sensory and musculo-
skeletal related genes that likely underlie their nocturnal and gliding adaptations.
Phylogenomic analysis and catalogs of rare genomic changes overwhelmingly support
the hypothesis that colugos are the sister group to primates (Primatomorpha), to the
exclusion of treeshrews. We also captured ~140-kb of orthologous sequence data from
colugo museum specimens sampled across their range, and identified deep genetic

structure between many geographically isolated populations of the two named species,



consistent with a remarkable increase in diversity. Our results identify conservation units
to mitigate future losses of this enigmatic mammalian order.

Examining multiple distantly related mammals we identified a consistent pattern
of early diversification between east and west Borneo including colugos, the lesser
mouse deer, and pangolins. This strongly parallel biogeographic pattern is not common
in mammals and we see no evidence for this pattern in the greater mouse deer. Colugos
on West Borneo diverged from those in Indochina in the late Pliocene, however most
other mammals across this same geographic region diverged from their common
ancestor much more recently in the Pleistocene. Low genetic divergence between
colugos on large landmasses and colugos on neighboring islands indicate that past forest
distributions in the recent past were recently much larger than present refugial

distributions.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

1.1 Colugos

Colugos are arboreal nocturnal mammals that remain poorly understood despite
being known to science for centuries (Linnaeus 1758). Colugos have undergone extreme
adaptive changes from their scansorial and insectivorous ancestor (Bloch 2007) to glide
through high-density forested canopies and survive on a largely folivorous diet. One
such adaptation is their patagium, a dermal gliding membrane that interconnects all
appendages and digits. The patagium is certainly the colugo’s most striking feature and
explains why researchers named their order Dermoptera which translates to skin-wing
(Beard 1993, Lim 2007). This patagium allows them to glide for long distances however
colugos are incapable of true powered flight. Their specialized musculoskeletal
morphology has also includes elongated arms, legs, and phalanges which increase
surface area of their patagium and reduce weight to aid in gliding (Stafford 1999, Beard
1993). These adaptations enable colugos to glide for greater than 100 meters (m) with a
10:1 horizontal to vertical distance ratio (Lim 2007). By analyzing takeoff and landing
kinetics, Byrnes (2008) identified a negative correlation between glide length and
landing force. Colugos reorient their bodies vertically immediately before landing to
increase lift and drag and reduce velocity prior to impact. Long glides allow colugos to

correctly position themselves for landing reducing landing impact and lowering risk of



injury (Byrnes 2008). Gliding for large distances would be advantageous for increased
resource acquisition and for escaping predators (Byrnes 2008).

While hanging from trunks or branches of trees colugos can be remarkably well
camouflaged (Chasen & Kloss 1929, Lim 2007). Both sexes have highly cryptic dappled
spotting patterns for camouflage against flecked tree bark. Coat coloration is sexually
dimorphic. Females are usually a highly cryptic grey while males can be a very vibrant
rufous (Chasen & Kloss 1929, Lim 2007). These colorations and coat patterns are only
visible on the dorsum suggesting that they are adaptations for camouflaging colugos in
forested canopies. However, it is also possible that some male coloration has evolved not
only for camouflage, but also for an alternative function such as sexual attraction.

It is likely that remaining in the forest canopy as much as possible is beneficial to
colugos, as this provides an effective means of movement, continuous access to food,
and effective camouflage from predators such as raptorial birds (Pithecophagga jefferyi
and Spizaetus cirrhatus), Sumatran tigers (Panthera tigris), and long-tailed macaques
(Macaca fascicularis) (Lim 2007). Colugos have occasionally been observed on the
ground where they move in a series of short inefficient hops, during which they attempt
to throw their patagium over obtrusive logs and twigs (Lim 2007). A similar hopping
motion is observed when ascending trees (Lim 2007). This type of movement appears
very inefficient, likely expending large amounts of energy compared to their generally
conservative behaviors of hanging and gliding. This highlights the importance of

efficient gliding.



Despite their gliding prowess colugos spend relatively little time moving from
tree to tree. Rather colugos spend most of their time hanging from branches and feeding
on young leaves (Lim 2007). To retrieve the most nutrients from these leaves colugos
have evolved an enlarged cecum (48cm) and a four meter long intestine (Lim 2007).
Even still, leaves provide little nutritional value making energy conservation important
for colugos. To reduce energy expenditure while hanging colugos have adapted non-
retractable claws allowing them to hang with little to no effort (Beard 1993, Bloch 2007,
Lim 2007).

Colugos are arboreal specialists, but are also dietary generalists. Wischusen and
Richmond (1998) recorded Phillipine colugos foraging from 35 of a total of 76 total
species of trees in the study area. Colugos were noted to completely exclude a family of
trees (Fagaceae) that is known to have high tannin levels which can inhibit digestion,
and favor trees of the Myrtaceae family for food and shelter (Lim 2007). Being able to
forage from many different food sources lowers the energy cost for traveling to
specialized food sources. For long-term survival colugos require high density evergreen
forest canopies (>95% cover) (Lim 2013). Outside of dense forests, colugos are likely to
face increased predation, would have no source of food, and no trees would be available
for efficient movement, making it highly unlikely that colugos could survive or disperse
across such environments. Therefore, colugos are restricted to forested environments and
require forested corridors for dispersal, and are incapable of moving through savanna or
alpine environments (Chasen & Kloss 1929). Despite these limitations, colugos are one

of the most widely distributed mammals across the Southeast Asian mainland and exist
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on more than fifty islands currently isolated by large expanses of shallow seas across the
Southeast Asian Archipelago and Southern Philippines (Lim 2007). Colugos’ inability to
fly makes them unable to disperse overwater which is consistent with their absence on
deep water islands outside of the Sundaic or Philippine island systems (Chasen & Kloss
1929). This inability to disperse across water suggests that past forested distributions
were much more extensive than at present, and that currently isolated islands were once
interconnected by forested habitat during periods of low sea levels (Cannon et al. 2009,
Woodruff et al. 2011, Raes et al. 2014, de Bruyn et al. 2014).
1.2 Current and Historical Taxonomy of Dermoptera

Current taxonomic classification place colugos within order Dermoptera (l1lliger
1811), family Cynocephalidae (Simpson 1945), with two monotypic genera G.
variegatus (Audebert 1799) and C. volans (Linnaeus 1758) (Thomas 1908, Wilson &
Reeder 2005, Jackson & Thorington 2012). Four subspecies of the Sunda colugo are
supported by craniodental morphometric variation, G. variegatus variegatus
representing colugos from Java, G. variegatus borneanus representing colugos from
Borneo and surrounding islands, G. variegatus peninsulae representing colugos from
Peninsular Malaysia, the surrounding islands, and the Southeast Asian mainland, and G.
variegatus temminckii representing Sumatra and surrounding islands (Stafford & Szalay
2000) (Table 1.1). Although twenty distinct subspecies classifications were proposed for
the Sunda colugo in the early twentieth century, these are currently synonymized within

the four accepted Sunda colugo subspecies (Table 1.1). Additional potentially distinct



subspecies classifications has been noted for dwarf populations of colugos within

Sundaland (Stafford & Szalay 2000, Jackson & Thorington 2012).

Table 1.1. List of currently accepted and historically proposed Sunda colugo subspecies.
Nomenclature: A = currently accepted, P = previously proposed. Subspecies names and
locations derived from Chasen & Kloss (1929), and citations for original descriptions
derived from Jackson & Thorington (2012). Many subspecies were proposed under the
genus name of Galeopithecus. In these cases we have updated the genus to its current

name, Galeopterus.

#

1
2

10
11

12
13
14
15

16
17

A/p Subspecies

A G.v.
A G.v.
A G.v.
A G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v
p G.v

variegatus
peninsulae
temmincki

. borneanus
. abotti

. gracilis

. lechei

. hantu

. lautensis

. hatunae

. perhentianus
. chombolis
. taylori

. aoris

. terutaus

. pumilus
. undatus

Synonymized Geographic

with:

n/a

n/a

n/a

n/a
borneanus
borneanus
borneanus
borneanus
borneanus
borneanus
peninsulae
peninsulae
peninsulae
peninsulae

peninsulae

peninsulae
variegatus

Location
Java

Malay States
Sumatra

SE. Borneo
Penebangan
Indonesia,

W. Borneo

Pulau Serasan (or
Sirhassen)
Central E. Borneo

North Sarawak,
Borneo

Pulo Laut
Indonesia, SE.
Borneo

Pulau Bunguran
East Perhentian
Island

Pulau Chombol,
Rhio Archipelago
Pulau Tiomon

Pulau Aur (or Aor)

Pulau Terutau

Pulau Adang
Sumatra? / Java?

Original
Description
Geoff 1829
Thomas 1908
Waterhouse
1839

Lyon 1911
Lyon 1911

Miller 1903

Gyldenstolpe
1920
Cabrera 1924

Lyon 1911

Miller 1903
Chasen & Kloss
1929

Lyon 1909

Thomas 1908
Miller 1903
Chasen & Kloss
1929

Miller 1903
Wagner 1839



Table 1.1 Continued.

# Alp Subspecies Synonymized Geographic Original
with: Location Description
18 P G. v. saturatus temmincki Pulau Tanah bala, Miller 1903
Batu Islands
19 P G. v. tellonis temmincki Pulau Tello, Batu Lyone 1908
Islands
20 P G. v. tuancus temmincki Pulau Tuangku, Miller 1903

Banjak Islands

Species level taxonomic relationships between different colugos has also been
inconsistent over time. Various numbers of species have been classified using different
species concepts. Here we define four species concepts as follows: 1) Genetic Species
Concept — GSC — “a group of genetically compatible interbreeding natural populations
that [are] genetically isolated from other such groups” (Baker & Bradley 2006); 2)
Biological Species Concept — BSC — “a group of interbreeding natural populations that is
reproductively isolated from other such groups” (Mayr 1942); 3) Morphological Species
Concept — MSC — a group of organisms that are of the same species by physical or
morphological similarity; 4) Phylogenetic Species Concept — PSC — “the smallest
population or group of populations within which there is a parental pattern of ancestry
and descent and which is diagnosable by unique combinations of character states”
(Cracraft 1997) (Other definitions presented in Coyne & Orr 2004). Many species of
colugos were defined in the early twentieth century based upon the MSC (Lyon 1908,
1911, Miller 1900, 1903, 1906, Thomas 1908, Stafford 1999). The number of species
increased rapidly as many species were defined largely on the basis of body size
variation (i.e. dwarfism) or fixation of coat coloration on specific islands. This continued

until a maximum of 25 species was defined by Cabrera in (1925). However, twenty of
6



these species were reduced to subspecific rank by Chasen & Kloss (1929) (Table 1.1).
Thomas (1908) was the first to describe Galeopterus and Cynocephalus as distinct
genera, however for much of the twentieth century colugos were still considered two
species of the same genus (Cynocephalus) because Simpson (1945) referred to them as
such. It was not until Stafford & Szalay (2000) that the two species of colugos were
accurately described as two distinct monotypic genera, and the generic names of
Galeopterus and Cynocephalus were reintroduced to the literature. More recently,
preliminary genetic data (Janecka et al. 2008, Mason et al. 2011) suggests that a larger
number of colugo species should be recognized to accurately represent levels of genetic
divergence observed across and within insular Sundaic populations, with potential
species level differences identified between Peninsular Malaysia, Borneo, and Java
based upon the PSC / GSC. This could mean that several of the currently recognized
subspecies that were previously classified as species based on the MSC, should be
reestablished as full species based on the GSC.
1.3 Historical Interordinal Relationships of Dermoptera

Linnaeus (1758) first described the Philippine colugo as Lemur volans, while the
Sunda colugo was not named until 1799 (Audebert 1799). The phylogenetic placement
of colugos has been controversial since their initial description. Over the years, many
relationships and nomenclatures have been proposed (Boddaert 1768, Rafinesque 1815,
Thomas 1908a, Jackson 2012). One proposal suggested that bats, primates, tree-shrews,
elephant-shrews, and colugos were monophyletic within the taxonomic order Archonta

(Gregory 1910). Another termed “the flying primate hypothesis” started with Linnaeus
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in 1758 and was expanded upon by Smith in 1980. The flying primate hypothesis states
that colugos are the basal lineage to primates and megabats where colugos represent a
transitional gliding form prior to the formation of flying megabats. Similarly the
supraorder Volitantia (Leche 1886) was revived by Novacek & Wyss (1986) to unite
dermopterans and bats based upon their similar interdigital patagia. Colugos were also
thought to represent one of several different mammalian orders that separate microbats
from megabats based on neurological and various morphological characters (Pettigrew et
al. 1989, 1995, 2008, Maseko 2007). These hypotheses have been challenged by
conclusions based upon molecular sequence data (Ammerman & Hillis 1992, Murphy et
al. 2001, Schmitz 2002, Gunnel & Simmons 2005, Teeling et al. 2005, Meredith et al.
2011, O’Leary 2013). Arnason et al. (2002) found colugos to group within primates as
the sister lineage to catarrhine primates (Old and New world monkeys and apes) based
on mtDNA evidence. Primates paraphyly was also recovered from a reanalysis of
mtDNA evidence by Schmitz (2002); however the similar amino acid and nucleotide
compositions of simian and colugo mtDNA genomes was determined to be misleading
inasmuch as nuclear DNA results based on the insertion patterns of retroposon elements
supported colugos to be sister to Primates (Primatomorpha) (Schmitz 2002).
Primatomorpha was first described by Beard (1991, 1993), who suggested that
extinct paromomyids and micromomyids (primitive primate-like euarchontans) were
closely related to Dermoptera based on morphological characters indicative of gliding in
colugos, such as elongated intermediate phalanges. More recent molecular studies have

supported Primatomorpha with combined mitochondrial and nuclear DNA phylogenies,
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as well as and protein coding gene insertions and deletions (INDELSs) (Janecka et al.
2007, Meredith et al. 2011). However, Bloch et al. (2007) reported strong cladistic
support for the monophyly of colugos and treeshrews (Sundatheria) as the sister lineage
to primates based on morphological characters when bats were excluded from
morphological comparisons. In addition, the morphological link of mitten-gliding
between Dermoptera and extinct lineages of Paromomyidae and Micromomyidae
proposed by Beard (1991,1993) was refuted by Bloch et al. (2007) based on new
specimens of Paromomyidae and Micromomyidae that completely lacked characters
involved in mitten-gliding or quadrupedal suspensory adaptations. More recently
O’Leary et al. (2013) also placed Sundatheria as sister to primates based on 69 phenomic
characters. In summary, the placement of order Dermoptera within the mammalian tree
has remained contentious and requires further data to resolve the current phylogentic
position of Dermoptera within Mammalia.
1.4 Biogeography

Colugos have one of the most expansive distributions of any mammal throughout
the geologically dynamic Philippine and Sunda shelves. This widespread distribution
and limitation to forested habitats make colugos a valuable biomarker to study past
forest distributions and correlations between biology and geography. Both Sundaland
and the Southern Philippines are well known for harboring extensive biological diversity
and have been designated as evolutionary hotspots (Myers 2000, de Bruyn et al. 2014).
Sundaland is a large peninsula protruding south of the Himalayas and extending from

Laos south to Java. Much of Sundaland is currently flooded by shallow seas that separate
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the many islands in the Southeast Asian archipelago. However, throughout the Miocene
(<23-5.3 Mya) dramatic geological and environmental changes shaped most of the
modern structure of Sundaland through highland formation, growth of volcanic island
chains such as the Sulu archipelago (~10Mya), and flooding of the Sunda shelf ~5 Mya,
which isolated mainland Indochina from the rest of the sundaic islands.

Changes in global climate have resulted in fluctuating sea-levels throughout
time; however since the late Pliocene (~3.2Mya) global climate fluctuated with increased
frequency and intensity by cycling between long glacial periods and intermittent, and
comparably short, interglacial periods (Uba 2007, Cannon et al. 2009, Woodruff 2010,
Lohmann et al. 2011, de Bruyn et al. 2014). Pleistocene glacial periods were
characterized by low global sea levels due to lowered global temperatures and extensive
glacial formation. This generally resulted in a drier climate because of the reduced
overland surface-area of water for evaporation (Hope 2007, Lohmann et al. 2011).
Interglacial periods however were hot and wet, hence glaciers melted as a result of rising
temperatures, and the increase in the surface area of water allows increased evaporation
and precipitation (Morley 2000). Global sea levels rose and fell over 120m between
interglacial and glacial maxima (Voris 2000, Sathiamurthy & Voris 2006). As the
climate cooled glaciers formed, sea levels fell, and the shallow seas of the Sunda shelf
disappeared. These lowered sea levels resulted in the merger of many islands by
subaerial corridors that could facilitate dispersal of taxa between islands (Voris 2006).
Even minor drops in sea level of -35m below present levels connected major islands of

Sumatra and Borneo (Sathiamurthy & Voris 2006). By contrast, during high sea levels,
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island populations became isolated from the mainland or fragmented into additional,
smaller islands. The intensity of glacial and interglacial periods varied, and some glacial
periods lowered sea levels in Sundaland by only -40m, while others resulted in a glacial
maxima scenario (-120m). It has been proposed that during glacial maxima a north-south
savannah corridor and/or deciduous (seasonal) forest extended from eastern Peninsular
Malaysia through the exposed South China Sea between Sumatra and Borneo, and that
this curved east through the Java Sea and extended south through eastern Java and then
back northward through southern and eastern Borneo (Heaney 1991, Meijaard 2003,
Bird 2005, Harrison 2006). This scenario is in agreement with the likely dry
environmental conditions and coarse sandy soils of the Sunda shelf, which are thought to
hinder propagation of forests (Slik 2011). A savanna would be impenetrable for colugos
which require evergreen forests for long-term survival. However, many forest dependent
mammalian and avian taxa have exchanged maternally inherited mtDNA within the
Pleistocene between Sumatra / Peninsular Malaysia and Borneo suggesting that this
savanna corridor was not continuous during at least some glacial periods (Leonard
2015), and some reconstructions argue for the presence of a dipterocarp forested
connection between Sumatra/Peninsular Malaysia and Borneo as early as the last glacial
maximum (~0.015Mya) (Raes 2014). It should be noted that ‘forest dependent’ includes
terrestrial taxa like rodents, or taxa like birds which are capable of flight, and such taxa
might be more capable of dispersal across alternative environments when compared to

the highly limited dispersal of colugos.
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1.5 Application of Capture Hybridization Techniques to Museum Specimens

To begin to understand the genetic variation within and between colugo
populations a larger sampling of tissues from colugos across the mainland and many
islands of the Sundaic and Philippine archipelagos is needed as previous studies have
relied on only a few individuals (Janecka et al. 2008) to represent major geographical
regions. However, acquiring fresh tissues from colugos is extrememly problematic
because they are nocturnal, arboreal, spread across large geographic distances, and do
not survive in captivity (Lim 2007). The logistic difficulties of field sampling and lack of
captive populations prompted us to utilize museum specimen collections for obtaining
specimens for our genetic studies.

Historical tissues acquired from museums are a potentially rich resource for
molecular genetic studies. Samples can be collected quickly and cheaply from a variety
of locations, and phenotypes can be characterized and compared between specimens.
Unfortunately DNA quality varies greatly among museum specimens, and even different
tissues from the same specimen (Binladen et al. 2006, Mason et al. 2011). Next
generation sequencing technologies have enabled economical sequencing of large
amounts of these degraded DNA fragments, which was previously not possible.
Preliminary evidence shows that brain and nasal crusties (dried adherent tissue inside
cranial and nasal cavities) provide the most DNA/mg of tissue. Being protected inside
the skull these tissues are less prone to cross contamination than skin or hair, and allow

for minimally invasive sampling.
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Nevertheless, museum DNA quality is unpredictable and DNA extracts are
contaminated with exogenous DNA. Moreover, classic orthologous DNA enrichment
techniques such as PCR are only capable of recovering ~100bp DNA fragments with
possible amplification of contaminating sequences due to the degraded and contaminated
DNA pools, making this process laborious, expensive, and inefficient. Capture
hybridization procedures offer a more efficient and broadly applicable approach for the
analysis of degraded and contaminated DNA pools, and have been successfully utilized
to enrich for orthologous DNA sequences from historical museum DNA (Mason et al.
2011, Bi et al. 2013, Hawkins et al. 2015) as well as from ancient DNA >300,000 years
old from extinct cave bears (Ursus deningeri) where DNA fragments are shorter than 50
base pairs (bps) (Dabney 2013). This enrichment of orthologous sequences increases
economy of sequencing and enables phylogenetic comparisons between individuals from
samples of varying quality.

1.6 Aims and Structure of the Dissertation

The overall objective of my dissertation research was to develop capture
hybridization techniques to characterize the genetic charcteristics and variation of Sunda
and Philippine colugos from museum samples, calculate times of divergence, and
hypothesize how colugo populations may have differentiated into their current
population and geographic distibutions. This work represents the first substantial
population based molecular characterization of Sunda and Philippine colugos, and the
first genome-wide phylogenetic comparison to determine the proper placement of

colugos within the eutherian phylogenic tree. In Chapter 11 I present our findings on
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efficient capture hybridization-based recovery of DNA extracted from colugo museum
specimens as published in Genome Research (Mason et al. 2011). Chapter 11 presents
interordinal and intraordinal phylogenetic structure and proposal of colugo species
groups to accurately describe the present genetic variation and is a manuscript submitted
to the jounal PNAS. Chapter IV describes in greater detail the comparative biogeography
of colugos, mouse deer, pangolins, and other Southeast Asian taxa and is in preperation
for submission to the Journal of Biogeography. In this Chapter (IV) hypotheses are
developed to explain how and when colugos may arrived at their present distributions
via paleo-forest corridors. The final chapter (Chapter V) is a summary of the previous

four chapters and furnishes a description of future scientific directions.
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CHAPTER II
EFFICIENT CROSS-SPECIES CAPTURE HYBRIDIZATION AND NEXT-
GENERATION SEQUENCING OF MITOCHONDRIAL GENOMES FROM NON-

INVASIVELY SAMPLED MUSEUM SPECIMENS".

2.1 Introduction

The advent of next-generation sequencing technologies (NGSTS) has
transformed the way in which scientists approach a myriad of biological questions
(Hawkins et. al. 2010). Even with NGSTs growing familiarity and broad range of
applications such as ChlP-Seq, RNA-Seq, and genome wide association studies, NGSTs
still have potential to influence the field of population genetics and phylogenetics with
new methods to obtain genomic sequences of rare, difficult to sample, or extinct species
(Millar et al. 2008). The ability to uncover the phylogenetic history of recently extinct
species has rapidly improved due to the reduced cost and increased sequence capacity of
NGSTs (Gilbert et al. 2007, 2008; Miller et al. 2008, 2009), however obstacles do
remain. The difficulties with applying NGST’s to phylogenetic problems do not lie with
the sequencing technology itself, but with the preparative procedures for isolation and

sequencing of large, orthologous DNA regions across multiple divergent species

* Reprinted with permission from Mason, V.C., Li, G., Helgen, K.M. & Murphy, W.J.
(2011). Efficient cross-species capture hybridization and next-generation sequencing of
mitochondrial genomes from noninvasively sampled museum specimens. Genome
Research 21, 1695-1704 by Cold Spring Harbor Laboratory Press under the Creative
Commons License (Attribution-NonCommercial 3.0 Unported License).
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(Summerer 2009). This problem is exacerbated for museum specimens where DNA
quality varies greatly between samples and contamination levels are often high (Millar
2008). Generation of whole genome sequences for museum specimens, or even complete
mitochondrial DNA (mtDNA) genome sequences, is not cost effective for most
laboratories due to the large amount of sequencing required for adequate genome
coverage of a single individual.

Capture hybridization methods are routinely utilized for genomic scale
enrichments of modern target DNA from the same species (Summerer 2009, Mamanova
et al. 2010), and also for recovery of DNA from museum or fossil specimens by largely
removing contaminants from the final product (Krause et al. 2010). However, capture
hybridization techniques have not been applied to assembling phylogenetic datasets
across divergent sets of taxa (e.g. millions of years of genetic divergence), largely due to
lack of appropriate probes and lack of exploration of hybridization conditions to allow
for heterologous sequence capture. Enrichment for target sequences by PCR (which has
been the standard for most previous museum DNA studies) requires closely related
reference sequences and painstaking efforts to design many oligonucleotide primers to
amplify very short regions of the DNA of interest. Capture hybridization and sequencing
of targeted loci from museum specimens promises to be a more flexible, cost-effective,
and efficient approach than other enrichment procedures for degraded samples. Here we
describe the application of capture hybridization and selection techniques to recover
mitochondrial DNA from thirteen Sunda colugo (Galeopterus variegatus) museum

specimens of varying ages (47-170 years old) that represent major geographical
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locations throughout the Southeast Asian mainland and archipelago (Table 2.1, Figure
A2.1).

Colugos are arboreal mammals that are widely distributed throughout Southeast
Asia, and have the most extensive gliding membrane (patagium) of any known mammal.
This allows them to glide for very large distances, the longest recorded being 136m (Lim
2007). Colugos are rarely kept in captivity and are elusive in the wild (Lim 2007),
factors that have obscured their evolutionary history for decades. Under the current
taxonomy colugos comprise a uniqgue mammalian order (Dermoptera) and are classified
as two species: the Sunda colugo, Galeopterus variegatus, and the Philippine colugo,
Cynocephalus volans (Wilson & Reeder 2005). However, recent mtDNA and nuclear
DNA data provide compelling evidence that the geographically widespread

Sunda colugo in fact represents multiple species distributed throughout Southeast
Asia (Janecka et al. 2008), and suggest further genetic sampling may identify many
additional divergent populations and/or species. Because of the extreme difficulty
obtaining fresh tissue or DNA samples from colugos we further explored this question
utilizing collections of museum specimens and devised a comprehensive method for

capture, selection, and recovery of divergent mtDNA fragments using NGST.
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Table 2.1. USNM Sunda colugo specimens. Samples taken were dried adherent tissue.

Tissue

Nasal cavity tissue
Rib cartilage/tissue
Rib cartilage/tissue
Brain tissue

Rib cartilage/tissue
Nasal cavity tissue
Nasal cavity tissue
Nasal cavity tissue
Brain tissue

Brain tissue

Skull tissue

Brain tissue

Brain tissue

USNM #
154600
155363
307553
311297
197203
317119
356666
198051
104600
115605
121749
143327
003940

Date Collected

25 May 1909
6 Apr 1909
28 Sep 1957
17 Jul 1958
2 Jul 1913
23 Sep 1960
8 Feb 1963
12 Jan 1914
7 Jul 1900
20 Aug 1902
12 Feb 1903
12 Mar 1906
1838-1840

Location Sampled

West Java, Mt. Salak
East Java

Malaysia, Mt. Brinchong
Malaysia, Langkawi Isl.
Borneo, Labuan Klambu
Borneo, Ranau

Thailand, Amphoe Kapoe
Borneo, Kari Orang
Natuna Isl., Sirhassen Isl.
Sumatra, Rhio Arch.
Sumatra, Batu Islands
Sumatra, Pulo Rupat
Singapore

18

Latitude
6°45'
ca8°s
452°N
6°19'48 N
1.23°N
5°57'8 N
10° N
0.83° N
2°31'13 N
1°1'31 N
0°25'26 S
1°52'32 N
1°21'19 N

Longitude
106°41'E
call3°E
101.38°E
99°43'43 E
118.73°E
116°39'52 E
9.5°E
117.87° E
109°2'51 E
104°27'44 E
98°26'47 E
101°34'48 E
103°59'16 E



2.2 Results
2.2.1 Amplified Adapter-Ligated Museum DNA

Extraction of DNA from tissues of thirteen colugo mu