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ABSTRACT 

BIOGEOGRAPHY AND PHYLOGEOGRAPHY OF MAMMALS OF SOUTHEAST 

ASIA: A COMPARATIVE ANALYSIS UTILIZING MACRO AND 

MICROEVOLUTION 

Melissa T.R. Hawkins, PhD. 

George Mason University, 2015 

Dissertation Director: Dr. Larry L. Rockwood 

 

The tropical rainforests of Southeast Asia are some of the most threatened 

ecosystems on the planet, yet few systematic studies have been done to evaluate the 

mammalian communities with respect to biogeographic and phylogenetic relationships. 

By comparing both large and small scale evolutionary histories of mammals across this 

landscape we can better understand patterns of endemism and biodiversity. Here I 

combine cutting edge high-throughput sequencing technology using museum specimens, 

with two field expeditions to Kinabalu Park in Sabah, Malaysia to determine 

phylogeographic patterns in several families of understudied mammals distributed across 

Southeast Asia. From this we have deduced several biogeographic patterns regarding 

distribution and movement of species across the Sunda shelf. 

A micro-evolutionary study of the small mammal communities of Kinabalu Park 

was completed across two sister mountain peaks, Mount Kinabalu (4,101 m) and Mount 
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Tambuyukon (2,569 m), in Sabah, Malaysia. These were the first systematic elevational 

transects completed on Mount Tambuyukon, and we document several species on this 

mountain for the first time. In order to generate large genomic datasets for degraded 

DNA samples (derived from museum specimens up to ~120 years old) we developed a 

set of RNA probes to successfully enrich mammalian mitochondrial genomes across 

almost 50% of extant mammalian diversity. We tested these probes on a diversity of 

mammalian orders and species to determine the efficiency of multiplexing and diluting 

probes to reduce the cost per sample of in-solution enrichment.  

Following our field expeditions to Mount Kinabalu we generated the first 

complete phylogeny for the squirrel genus Dremomys. Here we found paraphyly in the 

genus, with a Bornean endemic (Dremomys everetti), representing a morphologically 

divergent species of Sundasciurus, with significant convergence on the phenotype of the 

Dremomys squirrels.  

The Indonesian island of Sulawesi has been intriguing to biogeographers since the 

days of A.R. Wallace, with the iconic “Wallace’s Line” separating two major groups of 

floral and faunal assemblages on either side of this barrier. The macroevolutionary 

patterns of the endemic Sulawesi squirrels were deduced for the first time here (from 

museum specimens we generated large genomic datasets of whole mitogenomes and 

ultraconserved elements), resulting in possibly the oldest example of in-situ 

diversification in this geologically complex island system. We also identified an ancient 

mitochondrial introgression event, dating to the Miocene. This research has identified 
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several biologically interesting patterns, and processes that will be valuable to the 

conservation of this increasingly threatened landscape. 
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CHAPTER 1  – INTRODUCTION OF THE DISSERTATION 

Sundaland represents one of the most biodiverse regions in the world. This 

biodiversity is also disproportionally threatened by anthropogenic activities. A shallow 

sea has connected the now separate islands frequently through time due to sea level 

changes (Figure 1-1). The periodic connection and disconnection has generated a process 

of diversification, which we are only beginning to fully understand (de Bruyn et al., 

2014; Jennifer A. Leonard et al., 2015). This dissertation has aimed to investigate 

patterns of biogeography and phylogeography within a subfamily of tree squirrels 

(Sciuridae: Nannosciurinae).    

Two international field expeditions were completed to Kinabalu Park, Sabah, 

Malaysia to determine small mammal elevational patterns. Chapter 2 details the results of 

our expeditions, in a manuscript to be submitted to Global Ecology and Biogeography. 

The results are summarized here: Small mammals were targeted and trapped in terrestrial 

environments across two mountaineering trails for Mount Kinabalu and Mount 

Tambuyukon. We trapped four orders of mammals including; Scandentia, Rodentia, 

Erinaceomorpha and Carnivora. Trap success varied by mountain and elevation, spanning 

2.4% to 15.1% trap success. A total of 26 species were trapped, with the mountain 

treeshrew (Tupaia montana) representing the most abundant species trapped across both 

mountains. Vouchers were collected for a subset of individuals, as well as tissues samples 
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for DNA analysis. When we added our camera trap and observational data to this count 

we tallied a total of 45 species on Mount Tambuyukon.  

Several species were documented on Mount Tambuyukon for the first time, 

including the summit rat (Rattus baluensis) and the Kinabalu ferret-badger (Melogale 

everetti). In addition to the small mammal surveys on Mount Tambuyukon, five remote 

activated camera traps were used to document diversity of larger species not targeted by 

our trapping efforts. These cameras documented an additional 9 species, 7 of which were 

not observed any other way. More thorough elevational surveys across season and 

through time are necessary to fully understand the diversity patterns observed in Bornean 

mountains. 

A mid-elevation diversity bulge has been previously documented along the 

elevational gradient of Mount Kinabalu (ranging from 700-3200 m); however, we found 

more evidence to support the hypothesis that the low elevation transects contained the 

highest diversity.  

Chapter 3 outlines a methodological advancement that has been accepted in 

Molecular Ecology Resources. In order to determine the biogeographic and 

phylogeographic patterns across Sundaland appropriate molecular tools are required. 

Here we present a method for in-solution enrichment of mammalian mitochondrial 

genomes, especially targeting degraded museum specimens. The probes designed here 

were successful in enriching a diversity of species, documenting the utility of such a tool 

for groups studying a large number of taxa. This probe set provides a cost-effective 

method for generating whole mitogenomes from a large number of distantly related taxa. 
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In addition to designing a diverse probe set for recovering mammalian mitochondrial 

genomes, we provide a useful tool for identifying and discarding chimeric sequences. We 

also provide best practices for those wishing to stretch limited grant funding as far as 

possible with these molecular tools. After testing these probes on 63 samples (53 museum 

specimens and 10 fresh tissues), we recovered 32 ‘successful’ mitogenomes, defined as 

recovering 10X average coverage, and at least 70% of the total mitogenome. We also 

noted in each of the ten multiplexed captures that a single sample always recovered a 

majority of the reads, and suggest improvements for future multiplexing endeavors.  

Chapter 4 is a phylogenetic study that is currently in revision at Molecular 

Phylogenetics and Evolution. This first phylogeographic study of this dissertation focuses 

on a genus of squirrel (Dremomys) distributed primarily in mainland Southeast Asia. Five 

of the six species are distributed in mainland Southeast Asia (and north into China), while 

the sixth species (the Bornean mountain ground squirrel, BMGS hereafter, Dremomys 

everetti) is distributed solely in the mountains of Borneo. Here we generate the first 

complete phylogeny of this group, and determine that the sixth species represents a 

convergent species of Sunda squirrel (Sundasciurus), which shows many of the same 

characters as the true Dremomys. An extensive phylogenetic sampling (including 16 of 

the 17 named species of Sundasciurus) placed the BMGS within the Sundasciurus 

subgenus Aletesciurus with strong support. We then dated the phylogeny to determine 

how long ago the split occurred between the BMGS and the true Dremomys. This 

separation was estimated to have occurred  over 11.5 million years between true 

Dremomys and the BMGS. Even within the Sundasciurus, the BMGS was over 6.5 
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million years divergent from the other Sunda squirrels. Phenotypic convergence tests 

were performed and showed a distinct trajectory towards the phenotypic space of the 

Dremonys in the BMGS. Ancestral range reconstruction also showed that the movement 

into Borneo across a variety of squirrel species has occurred at least twice, documenting 

the complexity in movement of animals across the Sunda shelf in times of low sea levels. 

This study documents how little is known about many of the common species in 

Sundaland, and how much research is still needed in this threatened landscape. 

 The final data oriented chapter of this dissertation (Chapter 5) will be submitted to 

BMC Evolutionary Biology. The endemic squirrels of Sulawesi have never been included 

in a near complete phylogenetic study. Here we included 7 of the 10 species of endemic 

Sulawesi squirrels, and used high-throughput sequencing technology to generate large, 

genomic scale datasets. Whole mitochondrial genomes and Ultra conserved elements 

(UCEs) were enriched from degraded museum specimens for phylogenetic inference. In 

addition to generating the phylogeny, we also estimated the divergence dates between the 

genera and species, and correlated the dates to the historical geology of the region. We 

used the program BEAST to date the splits within this radiation with a fossil calibration 

of a “Callosciurine” squirrel. Divergence dating was performed on both the mitochondrial 

data (several genes were found to be saturated, which were removed from the dating 

analysis) with a relaxed molecular clock, as well as the UCEs, which were tested with a 

variety of partitioning schemes and a strict molecular clock. Our results generated similar 

date estimations for the colonization of Sulawesi (approximately 11-12.5 MYA), and a 

Miocene in-situ diversification in the island. We also discovered a mitochondrial 
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introgression event in the widespread dwarf squirrel (Prosciurillus murinus), which was 

dated to almost 10 MYA, possibly the oldest introgression event known to date. 

 Overall, this dissertation has documented species distributions across a small 

scale (Chapter 2), developed molecular tools to utilize a large number of museum 

specimens (Chapter 3), as well as larger phylogenetic scales (Chapter 4 and 5). Here we 

have discovered an alternative pattern of mammalian diversity on Mount Kinabalu and 

Mount Tambuyukon, and documented species occurrences never previously recorded. An 

interesting example of convergent evolution has been identified in the Bornean mountain 

ground squirrel, which we have reclassified from Dremomys to Sundasciurus everetti in 

this research. Finally, the most complete phylogeny has been reconstructed for the 

endemic Sulawesi squirrels, which appear to have diversified largely due to geologic 

movements, and opportunistic expansion at the onset of novel environments. All these 

projects have documented interesting results, in an area of the world desperate for 

additional scientific study. The conversion of forests to agricultural land is one of the 

largest threats to Sundaland, and by documenting these ancient genetic lineages in both 

Borneo and Sulawesi we hope to have illuminated the biological treasures found nowhere 

else on the planet.  
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Figure 1-1: Map of Sundaland, with the extent of the Sunda shelf outlined in black. 

The three major biogeographic barriers are also shown. 
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Abstract 
 

Distribution of species across elevations has been of interest to biologists for over 

100 years. Here we resurvey the elevational gradient of Mount Kinabalu (4,101 m), and 

for the first time survey Mount Tambuyukon (2,579 m). We used small mammals as the 

focal group, but also include observations and a few camera trap data for the 

characterization of the mammals of Mount Tambuyukon. On Mount Tambuyukon we 

trapped a total of 26 species (with two species trapped in pitfall and arboreal traps), 

including two species never previously recorded on Tambuyukon. For Mount Kinabalu 

we trapped a total of 19 species, all of which have been documented before. Our trap 

success varied within and between mountains, with Kinabalu having an overall higher 

capture rate (10.3%, and 208 animals over 2022 trap nights). On Mount Tambuyukon we 
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had a success rate of 4.9%, recovering 294 individuals over 5957 trap nights. Across 

elevations on Tambuyukon we had variation in capture success ranging from 2.4- 9.6% 

(1600 m and 2400 m, respectively). On Kinabalu the elevational variation was 5.6-15.1% 

trap success (900 m and 2700 m, respectively). The distribution of species was 

significantly different across elevations, and we documented the highest species diversity 

in the low elevations, refuting previous results from Mount Kinabalu. The camera traps 

added an additional nine species detected on Mount Tambuyukon, when added to our 

small mammal survey, and observations brought the total number of species detected to 

45. In addition to the mammal detections, we photographed an armed poacher within 

park boundaries on a camera trap. The high biodiversity and detection of a poacher 

highlights the need for improved conservation enforcement in the unique ecosystem.  

 

Introduction 
 

The geographical distribution of biological diversity has been of interest to 

scientists since the days of Darwin and Wallace (Darwin, 1859; Wallace, 1888). A 

variety of species diversity distribution patterns have been observed along elevational 

gradients (Heaney, 2001; J. Li, Song, & Zeng, 2003; Patterson & Stotz, 1998). Some 

surveys of non-volant mammalian communities across elevational gradients have 

documented that the highest diversity is distributed between low and high elevations 

(Patterson & Stotz, 1998), although the more traditional diversity hypothesis proposes 

that the highest diversity is in low elevations (see review by Lomolino, 2001). However, 

more recent studies have described a mid-elevation diversity bulge (Heaney 2001; Li et 
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al. 2003). As elevational distributions vary across different environments, continued 

studies are warranted to document which patterns are found in different ecosystems.  

The Malaysian state of Sabah contains the majority of the mountain ranges in all 

of Borneo, and all three of the tallest peaks in Borneo occur in Sabah (Mount Trus Madi 

is the second tallest peak). Kinabalu National Park spans an area of 764 square kilometers 

and ranges in elevation from around 500 m to the summit of Mount Kinabalu (4,101 m). 

Mount Kinabalu (Sabah, Malaysian Borneo) is the tallest peak in Southeast Asia, 

(Fig. 2-1), a World Heritage Site, and home to thousands of endemic plant and animal 

species (Payne, Francis, & Phillipps, 1985; Antony van der Ent, 2013). Kinabalu Park is 

a popular tourist attraction, with many visitors to the park headquarters, as well as a large 

number (up to 200 per day) attempting to climb to the summit along one major climbing 

trail. The large volume of foot traffic could affect the plants and animals in the immediate 

vicinity of the climbing trail, and potentially displace some species that are intolerant to 

the presence of humans. Other species, which are tolerant to disturbance, may be found in 

higher abundance along the climbing trail. A small mammal survey previously conducted 

on Mount Kinabalu documented a total of 12 species (Nor, 2001), including six mountain 

endemics, and that the highest diversity is found in a mid-elevation lower montane forest 

at 1700 m. Mount Kinabalu is located 15 km away from the smaller Mount Tambuyukon 

(2,579 m; Fig 2-1). The vegetation zones as described by Kitayama (1992) for Mount 

Kinabalu have been used for simplicity as well as for consistency with previous 

elevational surveys (Nor, 2001).  The vegetation zones were as follows; lowland (<1200 

m), lower montane (1200-2350 m), upper montane (2400- 2800 m) and subalpine (2800- 
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3400 m). However, the summit of Mount Tambuyukon reaches only to 2,579 m, thus 

lacking this vegetation zone.  

The geology of Kinabalu Park is fairly complex, with very recent uplift events 

(~1.5 MYA) leading to the appearance of Mount Kinabalu today, with 13 jagged granite 

peaks along the summit (Jacobson, 1978). Mount Tambuyukon is a much older mountain, 

and is currently eroding away, while Kinabalu continues to grow. Also, this area of 

Sabah, Malaysia, houses some of the greatest expanse of ultramafic habitats (nickel and 

magnesium rich soils resulting in more basic soil pH), which result in a stunted growth on 

widespread floral assemblages, as well as specifically adapted plants that have evolved 

capabilities to tolerate the high mineral concentrations (van der Ent, 2011). Mount 

Tambuyukon contains a higher proportion of ultramafic/serpentine soils than Mount 

Kinabalu (van der Ent & Wood, 2013). Based on the different nutrients in the soil, the 

vegetation zones on Mount Tambuyukon may be shifted. Additionally, the telescoping 

effect or compression of vegetation zones in small coastal mountains of Java is 

pronounced on Mount Tambuyukon (Van Steenis, 1972). 

Here we conducted elevational transects along both summit trails of Mount 

Kinabalu (MK hereafter) and Mount Tambuyukon (MT hereafter) across two field 

seasons. We report the results of our trap success, and compare our results to that of Nor 

(2001). Additionally, we have included opportunistic observations, trail camera records 

and tree trapped species from MT. While MK has been surveyed several times over the 

past few decades, MT has not been systematical sampled for small mammals across the 

elevational gradient. We predicted that as MT is more remote and inaccessible to humans 
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that species intolerant to human disturbance would be detected as well as the more 

common human tolerant species found in Kinabalu. We hypothesized that although the 

mountains are close together we would document a greater diversity of species on MT.  
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Figure 2-1: Map of Kinabalu Park, with the boundary outlined, as well as 

topographic lines, and the transects along the mountaineering trails for both Mount 

Kinabalu (green) and Mount Tambuyukon (blue).  

Approximate transect locations are shown in circles (Kinabalu) and squares 

(Tambuyukon). 
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Methods 
 

Our approach was multifaceted: we trapped terrestrial small mammals along an 

elevational gradient on MT and MK, spanning two field seasons. On MT we deployed 

motion activated cameras sporadically along trails that appeared to be used by wildlife, 

and recorded all opportunistic observations. Expected taxa in the small mammal trap 

survey included members of the families Soricidae (shrews) and Erinaceidae (gymnures), 

rodents in the family Muridae (mice and rats) and Sciuridae (squirrels) and treeshrews in 

the family Tupaiidae. The motion activated cameras were included to document the 

presence of larger terrestrial mammals. All other opportunistic observations and 

encounters that occurred while walking along our survey transects of the mammalian 

orders Rodentia, Carnivora, Primates and Artiodactyla were recorded. Species 

identification was performed according to Payne et al. (2007). 

Field Surveys 
 

Surveys were conducted in two consecutive field seasons along an elevational 

gradient in close proximity to the mountain climbing trails of MT and MK. Surveys for 

the first field season were conducted only on MT from June-August 2012. Surveys for 

the second field season were conducted on select locations on MT and along the full 

elevational gradient of MK from February- April 2013. Line transects were set at 

approximately every 400-600 m in elevational intervals from 500-2,400 m on MT, and 

about 500-3,200 m on MK for a total of six elevation intervals. On MT, the location of 

our transects in relation to the mountaineering trail markers (placed every 1 KM along the 

trail) were as follows: 500 m (KM 1), 900 m (KM 7.5), 1300 m (KM 10.3), 1600 (KM 
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11), 2000 m (KM 12.6) and 2400 m (KM 13.5). On MK the 500 m and 900 m transects 

were located at Poring Hot Springs. The next elevation transect for MK was set at ~1500 

m at the Park Headquarters, ~2,200 m along the Timpohon mountaineering trail (KM 2, 

Kamborangoh), 2,700 m (KM 4, Layang-Layang), and 3,200 m (around Waras, Pendant 

hut and Panar Laban). The location of each transect is shown on Fig. 2-1. Traps were set 

at approximately 5 m intervals for a total of 40 traps per transect. Transect locations are 

shown in Figure 2-1. Collapsible tomahawk live traps (40 cm long); collapsible Sherman 

traps (30 cm and 45 cm long) and local mesh-wire box traps were used. Traps were 

considered ‘terrestrial’ if set under a height of approximately three meters off the ground. 

Anything above that was considered ‘arboreal’. A bait mixture (of varying composition) 

consisting of bananas, coconuts, palm fruit and oil, vanilla extract, and dried fish was 

placed in each trap. Additionally, 15 pitfall traps each consisting of approximately 500-

ml-capacity plastic bucket (top diameter = 20 cm, height = 30 cm) were buried so that the 

top was flush with the ground surface. Pitfall traps were distributed from 500-2000 m on 

MT and were left open for a sufficient number of days and nights to produce a total effort 

of 176 pitfall trap nights.  

Each elevation had a total of 2-4 transects set (ranging between 200-1713 trap 

nights per elevation). The highest elevation had a lower number of trap nights due to the 

smaller area available for placement of traps. Transect starting locations were marked on 

GPS (Garmin eTrex® series) units in Universal Transverse Mercator. The number of trap 

nights was based on the saturation rates obtained from Nor (2001) at approximately 300 

trap nights. Placement of the elevational transects were as follows on MT: 500 and 900 m 
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(lowland forest), 1300, 1600 and 2000 m (lower mountain forest) and 2400 m (upper 

montane) (Kitayama, 1992).  On MK the same elevational zones were used 500 and 900 

m (lowland forest), 1600 and 2200 (lower montane), 2700 m (upper montane), 3200 m 

(subalpine).  

We set up six camera traps (two Reconyx rapid fire RC55 cameras, and four 

ScoutGuard HCO cameras) along the mountaineering trail on MT. Camera 1 was placed 

at 500 m, at the first kilometer marker for the hiking trail. Cameras 2 and 3 were placed 

along the Kepuakan River near KM 8 and at approximately 900 m. Camera 4 was placed 

at approximately 1200 m near KM 10.5. Camera 5 was placed at approximately 1400 m 

and at KM 11.3. Camera 6 was placed at 350 m along the Monggis River directly behind 

the Monggis Sub-station facility. No cameras were deployed along the MK trail due to 

the large number of day hikers and mountain climbers.  

In addition to the camera and small mammal traps, while on MT we 

opportunistically recorded any mammalian observations while walking to, from and 

along our trap lines, while setting cameras, or while in our campsite. 

Statistical Analyses 
 

Diversity indices were calculated for all elevations in order to quantify the 

differences in species diversity associated with elevation. Calculations for diversity were 

performed in R (v. 2.15.2) and utilizing the package vegan (Dixon, 2003) and SPECIES 

(Wang, 2011). Indices were calculated for Chao 1984 and Jackknife species richness 

estimators. Shannon and Simpson diversity were also calculated using the R package 

vegan, for each elevation, and a Shannon diversity index was calculated between 
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mountains. Species dominance was calculated with the Simpson calculation in vegan. 

Community evenness was calculated to determine how similar in abundance different 

species were in the same environment. A Mantel test was calculated to evaluate the 

dissimilarity across elevations. The relationship between elevation and species richness 

was evaluated by utilizing the LOWESS regression analysis as performed in Heaney 

(2001) and Nor (2001). The LOWESS regression uses locally weighted sums of squares 

to unveil the underlying pattern in a dataset without requiring any linear or polynomial 

model (Cleveland, 1979). The relationship between elevation and species richness was 

determined from our dataset, as well as that from Nor (2001) from Mount Kinabalu. A 

cluster analysis was performed to evaluate the community relationships between 

mountains, and across elevations using both a Jaccard’s similarity coefficient (Jongman, 

Braak, & Tongeren, 1995), and Bray-Curtis (Bray & Curtis, 1957) dendrograms were 

generated using R. 

The camera trap data were used to calculate the relative abundance of species 

across elevations, as well as in the entire mountain. The cameras were grouped together 

as follows; 350 m (1) and 500 m (1), 900 m (2), 1200 m (1) and 1400 m (1), for three sets 

of cameras roughly comparing two lowland forest with lower montane forest (following 

elevational descriptions provided above, with the number of cameras per elevation listed 

in parentheses). The relative abundance was calculated by multiplying the number of 

times a species was detected, divided by the effort (in camera trap nights) and multiplied 

by 100 nights, and a second calculation which multiplied by the total trap nights across 

the survey period.  
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Table 2-1: Small mammals trapped during field surveys, elevations were slightly different between Mount Kinabalu 

and Tambuyukon. Mount Tambuyukon was surveyed at 500, 900, 1300, 1600, 2000 and 2400 m. Kinabalu was surveyed 

at 500, 900, 1500, 2200, 2700, 3200 m. 

    Elevation Mount Tambuyukon/Mount Kinabalu         

  Species 500 m 900 m 1300 m 
1500 m 

/ 1600 m 2000 m/ 2200 m 2400 m 2700 m 3200 m Total 

1 Callosciurus prevostii pluto 0/2 - - - - - - - 2 

2 Chiropodomys gliroides 0/1 - - - - - - - 1 

3 Crocidura sp. - - -  1 / 0 - - - - 1 

4 Hylomys suillus - - - -  3 / 2 - 0 / 3 3 11 

5 Lenothrix canus  1 / 0 - - - - - - - 1 

6 Leopoldamys sabanus  7 / 0  1 / 2 4  1 / 5  0 / 2 - 0 / 1 - 23 

7 Maxomys alticola - - -  1 / 0  12 / 3 11  0 / 5 - 32 

8 Maxomys ochraceiventer  0 / 1  3 / 5 - -  3 / 0 - - - 12 

9 Maxomys rajah  19 / 2  2 / 2 2 - - - - - 27 

10 Maxomys surifer  1 / 0  2 / 1 - - - - - - 4 

11 Maxomys whiteheadi  14 / 5  4 / 0 4  3 / 3  2 / 0 - - - 35 

12 Melogale everetti - - - -  1 / 0 - - 1 2 

13 Mus castaneus  1 / 0 - - - - - - - 1 

14 Niviventer cremoriventer  4 / 13  1 / 0 1 - - - - - 19 

15 Niviventer rapit - - -  1 / 0  0 / 1 - - - 2 

16 Rattus baluensis - - - -  2 / 0 20  0 / 14 11 47 

17 Rattus exulans  1 / 0 - - - - - - - 1 

18 Suncus sp.   1 / 0 - - - - - - - 1 

19 Sundamys infraluteus - - -  0 / 4  1 / 0 - - - 5 

20 Sundamys muelleri  22 / 7  1 / 0 -  1 / 0 - - - - 31 

21 Sundasciurus everetti -  0 / 1 11  2 / 2  7 / 7 4  0 / 11 7 52 

22 Sundasciurus jentinki -  1 / 0 - - - - - - 1 
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23 Sundasciurus lowii -  1 / 0 - - - - - - 1 

24 Tupaia longipes  2 / 1  1 / 0 - - - - - - 4 

25 Tupaia minor  2 / 0 - - - - - - - 2 

26 Tupaia montana -  3 / 8 31  13 / 21  24 / 20 31  0 / 25 7 183 

27 Tupaia tana  3 / 0  3 / 0 - - - - - - 6 

  Number of species: 16 13 6 9 11 4 6 5   
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Results 

Field Survey  
 

On MT we trapped a total of 294 animals over 5957 trap nights, for a total of 

4.9% trap success (Appendix 1). Average trap success at each elevation ranged from 

2.4% or 23 individuals (at 1600 m) to 9.6%, 67 individuals (at 2400 m). We trapped 24 

species including one carnivore, a Kinabalu ferret-badger (Melogale everetti). The trap 

success calculations were done excluding pitfall traps (due to inconsistent placement and 

difficulty of terrain for setting), and arboreal traps. The accumulation of species across 

trap nights varied per elevation, and appeared to saturate in the lower elevations, but not 

in the middle and high elevations (Fig. 2-2). One species was collected in a pitfall trap, 

and another in an arboreal trap, bringing the total species to 26. 

On MK we trapped a total of 208 animals over 2022 trap nights, for a total trap 

success of 10.3%. We trapped a total of 19 species, with the same non-target species 

trapped at 3200 m (Melogale everetti). The trap success across elevations was much 

higher on MK, ranging from 5.6% (at 900 m), to 15.1% (at 2700 m), with an overall 

higher capture rate. On MK we appeared to reach species saturation faster than on MT, 

but we also surveyed MK for fewer trap nights (Fig. 2-3). 

 The distribution and abundance of species was not even across all elevations 

sampled (Fig. 2-2). The mountain treeshrew, Tupaia montana, was the most abundant 

species (35.7 % of the catches) and it showed a wide distribution, trapped at all elevations 

except the lowest (500 m), and present on both mountains. On MK the Bornean mountain 

ground squirrel (Sundasciurus everetti) was also trapped at five elevations (900-3200 m), 
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and at four elevations on MT (1300-2400 m). The long-tailed giant rat (Leopoldamys 

sabanus) was also widely distributed on both mountains, from 350-1600 m on MT, 900-

2700 m on MK. The lesser gymnure (Hylomys suillus) was also distributed on both 

mountains but only found at high elevations (MK 2700-3200 m, versus only at 2000 m on 

MT). 

All other species were found at one to three elevations (Fig. 2-2). Nine species 

were trapped at only a single elevation and mountain, these are listed here (with 

elevation, and mountain): Callosciurus prevostii pluto (500 m MK), Chiropodomys 

gliroides (500 m MT), Soricidae (500 and 1600 m, MT, two different species pending 

species confirmation), Lenothrix canus (500 m MT), Mus castaneus (500 m MT), Rattus 

exulans (500 m MT), Sundasciurus lowii (900 m MT), and Sundasciurus jentinki (900 m 

MK), and Tupaia minor (500 m MK). 

The lowland (<1000 m) terrestrial small mammal community was more diverse 

with 20 species trapped. We trapped 11 species in the community associated with lower 

montane forest and only 8 species above 2000 m. The high elevation community, despite 

being less diverse, was entirely composed of Bornean montane endemic species. In 176 

pitfall trap nights we only trapped a single animal that was identified as Suncus sp.  After 

76 tree trap nights we caught six small mammal species: Tupaia montana (n=2), 

Lenothrix canus (n=1), Callosciurus prevostii (n=1), Sundamys muelleri (n=1) and 

Tupaia minor (n=1). The forest has a complex botanical composition, with vines and logs 

used by terrestrial animals to reach zones slightly off the forest floor. Tree species also 

sometimes frequent structures closer to the ground. As we did not set up a systematic 
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arboreal transect, we used a threshold of three meters off the ground to consider a trap 

arboreal. In fact, we also caught arboreal species in ground traps or traps close to the 

ground (<3m): Chiropodomys gliroides, Callosciurus prevostii, and Sundasciurus 

jentinki. All of the arboreal species and shrews were single catches (except for 

Callosciurus prevostii n=2). 

Camera Traps 
 

We set six trail cameras on MT to document larger mammals not targeted by our 

traps. One camera (350 m) malfunctioned and was excluded from our analysis. The 

remaining five cameras documented an additional nine species (Table 2-2). The number 

of species captured on the cameras varied from one to five species, with the camera at 

500 m exhibiting the most diversity, both in number of species and number of 

independent visits (Table 2-2). Two cameras yielded only one species, and one of those, a 

collared mongoose (Herpestes semitorquatus) (photographed on Camera 5), was not 

documented in any other way. The species documented on the camera survey for Camera 

1 (500 m) included a pig-tailed macaque (Macaca nemestrina), a common porcupine 

(Hystrix brachyura), a mouse deer (Tragulus sp.), a muntjac (Muntiacus sp.), and sambar 

deer (Rusa unicolor). Of these species the pig-tailed macaque and the sambar deer were 

documented with direct observation, but the other three species were not detected in any 

other manner. Camera 2 (900 m) captured two different series of the Malay civet (Viverra 

tangalunga) and one of the banded linsang (Prionodon linsang); the latter was not 

documented in any other location. Camera 3 (also 900 m) captured a single series of a 

Malay civet and Camera 4 (1400 m) captured another Malay civet as well as a masked 
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palm civet (Paguma larvata). Camera 5 (1600 m) only documented the collared 

mongoose (Table 2-2).  

Other notable captures on our remote camera survey were two photographs of a 

poacher carrying a firearm. Firearms are prohibited in Kinabalu Park, so any presence of 

firearms represents illegal poaching activities. We provided the images to Sabah Parks 

for their records, where they confirmed this was a poacher. This image (Appendix 2) was 

taken along the Kepuakan River (KM 8 of the MT climbing trail), deep within the park 

boundary. 

The relative abundance of species was calculated for cameras in three subsets, the 

500 m camera, both 900 m cameras together, and both the 1200 and 1400 m cameras 

together (due to limited trap nights). When calculated for a standard of 100 trap nights, 

we found the Malay civet (Viverra tangalunga) to be the most abundant animal across all 

elevations sampled (a relative abundance [RA hereafter] of 9.52 per 100 trap nights). 

When we calculated the RA over our total trap nights of 113 the RA for the Malay civet 

was still the highest, but reduced to 4.42. Several species were calculated to have the 

same (and lowest) RA across both 100 trap nights, and our total of 113. These were the 

pig-tailed macaque (Macaca nemestrina), the muntjac (Muntiacus sp.), the sambar deer 

(Rusa unicolor), and the banded linsang (Prionodon linsang) each with an RA of 2.38 per 

100 trap nights. When the entire mountain was considered together, these four species 

were reduced to an RA of 0.88, as well as the masked palm civet (Paguma larvata) and 

the collared mongoose (Herpestes semiorquatus) (Table 2-2). 
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Table 2-2: Results of camera trap surveys, with relative abundance calculated for both 100 trap nights and the total of 

our survey (113). 

Elevation Camera Common Name Species 
No. of 

series** 
Camera 
Nights 

Relative 
Abundance 

Total Effort 
Relative 

Abundance 

500 M Camera 1 Pig-tailed Macaque Macaca nemestrina 1 42 2.38 0.88 
500 M Camera 1 Common Porcupine Hystrix brachyura 2 

 
4.76 1.77 

500 M Camera 1 Mouse Deer Tragulus sp. 2 
 

4.76 1.77 
500 M Camera 1 Muntjac Muntiacus sp. 1 

 
2.38 0.88 

500 M Camera 1 Sambar Deer Rusa unicolor 1 
 

2.38 0.88 

900 M Camera 2 Malay Civet Vivera tangalunga 2 42 9.52 4.42 
900 M Camera 2 Banded Linsang Prionodon linsang 1 

 
2.38 0.88 

900 M Camera 3 Malay Civet Vivera tangalunga 2 
 

--- --- 

1200 M Camera 4 Malay Civet Vivera tangalunga 1 29 3.45 --- 
1200 M Camera 4 Masked Palm Civet Paguma larvata 1 

 
3.45 0.88 

1400 M Camera 5 Collared Mongoose Herpestes semitorquatus 1  
3.45 0.88 
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Observations 
 

On MT, several species were detected only through direct observation. These 

include many diurnal mammals like squirrels (Callosciurus baluensis, C. notatus, 

Sundasciurus jentinki, Exilisciurus whiteheadii, Reithrosciurus macrotis and Ratufa 

affinis) and primates (Pongo pygmaeus, Hylobates muelleri, Macaca fascicularis, 

Presbytis rubicunda) as well as a sighting of a bearded pig (Sus barbatus) and sambar 

deer (Rusa unicolor). Of these sightings many were documented only a single time, 

including the orangutan (Pongo pygmaeus) the Bornean giant tufted ground squirrel 

(Reithrosciurus macrotis), Whitehead’s squirrel (Exilisciurus whiteheadii) and the 

bearded pig (Sus barbatus). The Bornean gibbon (Hylobates muelleri) was heard singing 

on an almost daily basis, but only directly observed a single time. The sambar deer (Rusa 

unicolor) was heard calling once at 1400 m. Only one observation was made of a strictly 

nocturnal animal, which was the Malay civet (Viverra tangalunga), observed during a 

late night walk. This was the most common carnivore observed, as it was found at three 

different camera trap locations in addition to a visual sighting. The visual observations 

increased the diversity of species documented, especially for primates and tree squirrels. 

Details of all species detected are outlined in Table 2-3.
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Figure 2-2: Species distribution across elevations.  

Our two field surveys are represented by the solid triangle (Mount Kinabalu survey), followed by the solid square 

(Mount Tambuyukon survey), additional the elevational data from Nor (2001) has also been included, represented by 

open circles.
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Diversity estimates 

Mount Tambuyukon: 
 

 The diversity estimates for Chao 1984 and Jackknife both yielded an estimate of 

196 species. The standard error was slightly different ± 1.33 and ± 1.41 respectively. The 

estimates therefore ranged from 195-203 species (Chao 1984) and 193-199 (Jackknife). 

Shannon diversity ranged from 1.25 (2400 m) to 2.28 (900 m). Simpson diversity ranged 

from 0.11 (900 m) to 0.40 (1300 m). Evenness ranged from 0.69 (1300 m) to 0.95 (900 

m). 

Mount Kinabalu: 
 

 The same diversity estimates were calculated for Chao 1984 and Jackknife, which 

resulted in species estimates of 338 (SE ±39.05) versus 605 (SE ±89.59) species 

respectively. The estimates ranged between 282-440 (Chao 1984) and 429-781 

(Jackknife). The Shannon and Simpson diversity indices are shown in Table 2-3, and 

range from a Shannon diversity of 1.28-1.70 (2200 m, and 500 m) across elevations. The 

Simpson diversity ranged from 0.24-0.38 on 500 m and 1500 m respectively. Evenness 

ranged from 0.72 (1500 and 2200 m) to 0.87 (3200 m). Across both mountains the 

Shannon diversity was calculated, and resulted in 2.16 for MK and 2.31 on MT (Table 2-

4). The Mantel test recovered a significant dissimilarity across elevations (R = 0.629, P= 

0.001, Appendix 3) 

 The LOWESS regression was done for both the MT and MK transects, and 

plotted with the results of Nor (2001). We recovered higher diversity than Nor (2001) on 
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both mountains, and a largest diversity in the low elevations, decreasing with elevation 

(Fig. 2-5).  

 The clustering analysis generated from both Jaccard’s and Bray-Curtis methods 

resulted in a dendrogram with the same topology. Values were also plotted against each 

other (Jaccard’s versus Bray-Curtis), and showed a near perfect correlation, indicating no 

difference between algorithms (Appendix 4). The dendrogram shows the composition of 

each elevation, and clustered the two lowest elevations (Fig. 2-6). 

 

Table 2-3: Diversity calculations for both mountains, across elevation, as well as 

separated by mountain. 

Mountain Elevation Shannon Simpson Species Evenness 

Kinabalu 500 1.703 0.236 8 0.819 

  900 1.623 0.250 7 0.834 

  1500 1.300 0.383 6 0.726 

  2200 1.281 0.381 6 0.715 

  2700 1.448 0.281 6 0.808 

  3200 1.405 0.272 5 0.873 

Tambuyukon 500 1.945 0.190 13 0.758 

  900 2.284 0.112 11 0.952 

  1300 1.229 0.398 6 0.686 

  1600 1.363 0.384 7 0.700 

  2000 1.660 0.263 9 0.756 

  2400 1.245 0.334 5 0.774 

Per Mountain Diversity     

   Kinabalu 

 

2.162 

   Tambuyukon   2.311 
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Figure 2-3: Species accumulation across trap nights for Mount Tambuyukon. This 

is based only all small mammal catches including pitfall and arboreal traps. 

 
Figure 2-4: Species accumulation across trap nights on Mount Kinabalu. This 

survey only included Sherman and tomahawk traps. 
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Discussion 
 

Of all species captured during this study the mountain treeshrew (Tupaia 

montana) was the most common catch, with 183 individuals and 36% of all trapped 

animals (Table 2-2). This was also the most commonly caught species in Nor’s survey of 

MK, with 375 individuals captured (45% of his total catch; Nor, 2001). The genus 

Maxomys was also particularly well represented, both in terms of number of species 

(five) and in number of individuals (n=110; 22% of catches). Several species (M. 

ochraceiventer, M. rajah, M. surifer, and M. whiteheadi) were captured at the same 

elevation (900 m; Table 2-4).  Three of these species of Maxomys were identified in 

Nor’s survey on MK (n=56; 7% of catches) at 1200 m, indicating that sympatric 

distribution is common (Nor, 2001). This may indicate diet specialization between these 

sympatric species in order to reduce competition between members of the same genus. 

Stomach content analysis may allow for insight into how overlapping distribution is 

achieved in Maxomys. 

Nor (2001) trapped 12 different species of small mammal on a similar elevational 

transect of MK. Eleven of these were also captured on MT (Table 2-2). The species 

captured in Nor’s survey that was not captured in ours was Callosciurus orestes. This 

species was captured at 1700m (Fig 2-4). Callosciurus orestes has been recorded from 

1000-1700 m on MK as well as approximately 1500 m on Mount Trus Madi (the second 

tallest peak in Borneo, Crocker Range National Park, Sabah, Malaysia). Including our 

trap setting of pitfall and arboreal traps we trapped 16 species in addition to the 11 shared 

with Nor (2001). This included some of the more arboreal species like Chiropodomys 
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gliriodes, a climbing mouse, Lenothrix canus, a tree rat, Callosciurus prevostii pluto, 

Prevost’s squirrel, and Sundasciurus jentinki, Jentink’s squirrel. Additionally we trapped 

two species of Maxomys not documented by Nor (M. rajah and M. alticola). Two 

additional species of treeshrews were trapped in our survey (Tupaia longipes, T. minor). 

Two murids that may be more associated with anthropogenic activity were also trapped 

(Mus castaneus and Rattus exulans). Finally two species of shrews were trapped, one in a 

small Sherman trap, Suncus sp., the other in a pitfall trap, Crocidura sp. 

Patterns of distribution and diversity 
 

Over our survey period of small mammal trapping, camera trapping and 

observations a total of 45 non-volant mammalian species were detected. The combined 

effort of elevational transects, camera traps, and observations provided insight into the 

biodiversity of this largely unsampled mountain peak. Some important sightings included 

the orangutan (Pongo pygmaeus), which has an estimated population of only 50 

individuals within Kinabalu Park boundaries (Ancrenaz et al., 2004). Some species of 

small mammals which were difficult to detect included the common pencil-tailed tree 

mouse (Chiropodomys gliroides), which is an arboreal mouse, and likely common, but 

difficult to trap. Several other described species of Chiropodomys were not detected, 

likely due to the low likelihood of trapping. A grey tree rat (Lenothrix canus) was trapped 

in a tomahawk trap set approximately 6 meters up a tree. The Kinabalu ferret-badger 

(Melogale everetti) was a significant finding since it is the first official record of this 

species on MT (Payne et al., 1985), and we trapped this species at 2000 m on MT and 

3200 m on MK.  
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As MT is located inside Kinabalu Park we expected a high diversity of mammal 

species to be detected. According to Nor (2001) there are 61 species of small mammals 

historically found around MK. We trapped species not listed on his table, including; 

Maxomys rajah, Mus castaneus, and Tupaia longipes, primarily because our survey 

began at a lower elevation (500 m). MK is known to be home to over 5,000 endemic 

species of plants and animals. Some endemic mammals include the Kinabalu squirrel 

(Callosciurus baluensis) which was observed, the Kinabalu ferret-badger (Melogale 

everetti), which was trapped at 2000 m on MT and 3200 m on MK, and the summit rat 

(Rattus baluensis), which was commonly trapped from 2000 m and above on both 

mountains.  

 We record a high level of diversity of small non-volant mammals along the 

elevational gradients of MT (21 species) and MK (18 species). By only comparing the 

small mammals trapped in box-style traps (i.e. excluding pitfall and arboreal traps), we 

found higher levels of species diversity on both MT and MK than Nor (2001) recorded on 

MK. The higher diversity on MT was expected due to the remote nature of MT. This did 

not mean species detected on MT were not present on MK, simply that they were not 

detected in our survey of the mountaineering trail. It is likely in less traversed areas of 

MK a similar diversity of species are present on MK as found on MT. MT is rarely 

visited, and when it is, there are typically small groups of people who climb to the 

summit of MT. MK is heavily traversed, with some 200 visitors attempting to summit the 

peak every day, as well as additional day hikers. The increased levels of tourists could 
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deter some more disturbance sensitive species away from trail areas (Hobbs & Huenneke, 

1992; Vitousek, Mooney, Lubchenco, & Melillo, 1997).  

The overall distribution pattern of species was similar between the two mountains, 

with all montane, lowland, and cosmopolitan species found in approximately the same 

elevation and distribution (Fig. 2-6). For example, Nor (2001) trapped the long-tailed 

giant rat (Leopoldamys sabanus) at all elevations (700- 3200 m), and we trapped this 

species at four elevations on MT (500- 1600 m), and five elevations on our survey of 

Kinabalu (900-2700 m). The Bornean mountain ground squirrel (Sundasciurus everetti) 

was detected by Nor from 1200- 3200 m, in our survey we trapped it from 1300-2400 m 

on MT, and 900-3200 m. However, Nor found the lesser gymnure (Hylomys suillus) at 

four elevations (1700, 2200, 2700 and 3200 m) whereas we detected this species at one 

elevation on MT (2000 m), and three on MK (2200-3200 m). Whitehead’s rat (Maxomys 

whiteheadi) was distributed evenly across both surveys (Nor trapped between 700-2200 

m, and in our surveys 500- 2000 m MT, and 500 and 1500 m on MK).  

 Our results suggested that areas in lower elevations contained a greater diversity 

of mammalian species than middle or high elevations. Nor (2001) found the highest 

diversity of species occurred at the middle elevations on MK, whereas we documented 

the highest diversity of species at our lowest elevations (evinced by the Shannon diversity 

values between mountains) (Figure 2-5, Table 2-4). The species dominance varied across 

elevations (calculated with the Simpson index), with highest dominance between 1300- 

2200 m on both mountains. The low elevations had more species, thus a lower dominance 

of any individual species. The highest elevations had moderate species dominance values, 
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since only five species were trapped, but all at high catch rates. The evenness (calculated 

by how evenly distributed species are in a habitat) was lowest at the middle elevations, 

and again highest at low elevations. The Mantel test revealed dissimilarity distributed 

across elevations, as expected.  

The trapping effort for this study aimed to use the plateau of Nor’s study (2001) 

of 300 trap nights to serve as a goal since he appeared to reach saturation in species 

accumulation. Several elevations added new species in the final day of trap setting, 

suggesting that we had not reached a plateau in species accumulation, and should have 

trapped for additional trap nights. Our diversity estimates for both mountains seem 

unreasonably high (196 species MT, and at least 308 on MT), which is likely due to the 

small number of trap nights, and new species being trapped near the end of a sampling 

period. In order to get better diversity estimates a longer-term survey should be 

conducted. We also do not expect a higher diversity for MK than MT, as all of our raw 

data indicate higher species diversity on MT.  

The mountain treeshrew (Tupaia montana) was the most abundant species in both 

our survey on MT and in Nor’s study. Tupaia captures have also been reportedly very 

high in other parts of Sabah (Emmons, 2000; Emmons, 1993; Nor, 2001; Wells et al. 

2007; Wells et al. 2004). Nor (2001) first documented the mountain treeshrew at 1200 m, 

whereas we documented them at 900 m; however this is consistent with the previously 

recorded range of T. montana in Sabah (from 900- 3170 m, Payne et al. 2007). It has also 

been documented that the mountain treeshrew has the smallest known home range of any 
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species of treeshrew in Sabah (Emmons, 2000). This could explain the high density of the 

mountain treeshrew in both studies. 

Although MK soars over 1,000 m taller than MT, the biodiversity is expected to 

be similar between these two peaks. Direct comparisons of a small mammal survey 

between MK and our results from MT seemed to indicate that MT contained a more 

diverse small mammal community, at least at low elevations. This could be an artifact of 

sampling, with trap setting differing between the two surveys as well as season, bait and 

sensitivity of traps (particularly for the smallest rodents and shrews). The differences in 

number of trap nights also played a part in the community composition. It has been 

reported in previous research in Sabah that the unlogged forests contain a higher diversity 

of species but fewer individuals when compared to logged forests (Wells et al., 2004). 

The effect of the ultramafic soil and the telescoping effect could also play a part in the 

density and elevational zones on MT, which appear similar to MK (Fig 2-6). 

Sampling schemes (including trap setting techniques and equipment used) makes 

a significant difference in the observed biodiversity (McCain & Grytnes, 2010). The 

common species found on MK were very similar to that of MT. However, species that are 

intolerant to disturbance may be more abundant on MT or remote areas of MK. Most of 

the differences in species composition between the two mountains were from the capture 

of a single individual of a species, which may indicate the species occurring in lower 

density on both mountains, making detection more difficult. 

Elevational patterns of terrestrial small mammal diversity 
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 We found the greatest number of species in lower elevations with a gradual 

decline in species richness in higher elevations (Fig. 2-5). These results are contradictory 

to others found by Heaney (2001), in the Philippines, and Nor (2001), on MK, which 

found the greatest diversity at middle elevations where lowland and mountain species 

could overlap. Interestingly, Patterson (1998) found highest diversity in lowlands but also 

in highest elevations for mice in the Andes, with the lowest diversity in intermediate 

elevations. We also documented similarity in the species compositions between 

elevations across both mountains (Fig. 2-6). These differences in diversity patterns across 

elevations can be extremely affected by trapping scheme. We report twice as many 

species in lower elevations than Nor (2001) in the same park (but with slightly different 

locations for some transects). These differences could be due to differences in trapping 

scheme in the following ways: (1) Nor used local-made wire traps while we mostly used 

commercially available Sherman and Tomahawk traps. The latter have a much more 

sensitive triggering mechanism compared to local-made traps and seal gaps very well 

once triggered.  Therefore, small-size animals may be more likely to escape from the 

locally made traps. (2) Differences in bait: we did not notice differences in recovering 

certain species by using different bait mixes, which contained a mixture or a single type 

of bait of the following: banana, coconut, sweet potato, palm fruit, dried fish, and vanilla 

essence. (3) Trap location: lowland habitats are more heterogeneous and mammal species 

can be associated with a certain microenvironment or habitat not sampled. These lowland 

habitats included systems with different levels of anthropogenic impact, from high levels 

such as in Monggis substation, where we caught Mus castaneus, and where the 
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community was domminated by Sundamys muelleri and several species of Maxomys. 

Some areas along hiking trails (where trees have been removed), such as in the 500 m 

transect at Poring Hot Springs, was the only place where we recorded two other species  

(Callosciurus prevostii and Tupaia minor). In addition, large-scale habitat variation 

(including: e.g. slope, intensity of logging activity, plantations, poaching or hunting for 

bush meat) can create a mosaic of environments in which certain species can be more 

abundant than others. However, as elevation increases the human perturbation in the 

forest is lower and the topography offers less heterogeneity. Therefore, in higher 

elevations we were more likely to capture the same species regardless of trap and transect 

placement.  

Here we refute the results presented by Nor (2001), who found a mid-elevation 

diversity bulge in MK. We recovered a higher diversity in the low elevation transects 

(across both mountains) than in any of the mid-elevation transects. We propose that the 

lower diversity observed by Nor was dependent on the specific location he surveyed for 

the 700 m transect. Even when we sampled at the highly modified Poring Hot Springs 

(both 500 and 900 m) we recovered more species than Nor at 700 m. Another reason for 

this discrepancy could be due to the traps used. We recovered several species with a 

smaller body weight (Tupaia minor, Suncus sp., Chiropodomys gliroides, all which were 

trapped in small Sherman traps) than Nor, which may not have triggered the wire-mesh 

traps he used in his survey. 
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Figure 2-5: Results of LOWESS regression on our elevational transects of Mount 

Tambuyukon (MT) and Mount Kinabalu (MK 1) as well as that of Nor (2001) MK 

2. 

 

Historical factors, such as the geology of the region and the changes in vegetation 

cover through time could play major roles in shaping this pattern of diversity. For 

example, over the past ~100,000 years, the location of montane forest has shifted 

dramatically based on global climatic fluctuations, and the montane habitats are currently 

at their minimum, refugial state (Cannon 2009).  Presently, the montane small mammal 

communities are to a limited geographic area due to the warm global climate pushing 

montane habitats to a refugial state. Other natural history factors, such as the 

species/groups of mammals that form part of the community could be affecting the 
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species diversity. For example, the high diversity of civets in Sundaland or the 

dominance of treeshrews like as Tupaia montana, at middle elevations, could be factors 

affecting interspecies competition and small mammal diversity at middle elevations. 

Therefore, besides ecological factors determining the diversity patterns across elevations, 

there are probably other historical factors that influence these patterns and should be 

taken into consideration in further biogeographic studies.   

Missing taxa 
 

 Overall, we trapped most of the species that were expected to occur in this area. 

Some notable exceptions were many species of shrews, likely due to the low effort put 

into pitfall trapping. Moonrats (Echinosorex gymnurus) are known to consume a large 

proportion of earthworms and insects, and may be baited in with these items as opposed 

to our standard bait. Many species of squirrels were observed, but never trapped, which 

we attributed to the lack of systematic arboreal traps, and potentially bait preference. The 

high canopy species were rarely observed, and without substantial effort to place cage 

traps in the highest strata of the forest they are nearly impossible to trap in cage traps 

(most historical museum specimens were collected by shooting them from trees). The 

home range size may also affect the likelihood of trapping those species. 
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Figure 2-6: Dendrogram of species composition for both Mount Kinabalu (green) 

and Mount Tambuyukon (blue). 

 

Small mammal density 
 

We reported a lower trap success rate (average 5% for MT, and 10.3% for MK) 

compared to other studies (20% and 9.5% respectively) within Kinabalu National Park 

(Nor, 2001; Wells et al., 2004). It is important to note that these studies occurred in a 

different location and during a different season. Wells et al. (2004) trapped from March-

September and recorded a 9.5% trap success for both terrestrial and arboreal traps. Our 

expedition yielded lower success rates in the June-August survey of MT than the second 

survey in Feburary-April of both mountains. The largest difference between expected and 

actual success was in middle elevations, where we expected both a large diversity of 

species, as well as a large number of individual animals. The low trap success could be 
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linked more to a seasonal difference in trap success, location difference (for MT at least) 

and different traps used in our survey.  

While little work has been done to systematically survey small mammal 

communities with respect to ecosystem productivity and soil type in Sabah, we propose 

this as a potential explanation for the low trap success on MT compared to the same 

middle and high elevations in MK (Appendix 1). There is a change in soil from more 

neutral to ultramafic at 1400 m on Mount Tambuyukon (Wood & Ent, 2012). Recent 

research has documented the difference in floral communities associated with ultramafic 

soils (van der Ent, Repin, Sugau, & Wong, 2014; van der Ent, Sumail, & Clarke, 2015; 

van der Ent & Wood, 2013; Wood & Ent, 2012), and the lower productivity of these 

ecosystems may influence the density of small mammals. 

Conservation 
 

The tropical rainforests of Borneo are becoming increasingly threatened by direct 

(logging, urbanization, and poaching) and indirect (global climate change) human 

mediated activities, which, unless serious efforts are made to diminish these factors, will 

have a significant effect on the biodiversity (E Meijaard & Sheil, 2008; Erik Meijaard, 

1999; N S Sodhi et al., 2010; Navjot S Sodhi et al., 2010). Conversion of forest to 

agriculture is a substantial problem in Borneo, with all protected areas surrounded by 

palm oil, acacia plantations, or villages. Poaching for commercial or personal 

consumption is a problem, witnessed by our detection of a poacher on a camera trap, and 

the fragmentation of forests may allow easier access for poachers to enter the forest, as 

some large mammals are known to avoid edge habitats (Kinnaird, Sanderson, O’Brien, 
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Wibisono, & Woolmer, 2003). Roughly 6.5% of the area of Sabah is protected within 

park boundaries (including Sabah Parks, Danum Valley, Tabin Wildlife Reserve, Sepilok, 

Imbak Canyon Conservation Area, Kulamba Wildlife Reserve, Kinabatangan, and Maliau 

Basin), covering approximately 4,944 km2, or about 55% of the area of Yellowstone 

National Park, USA.  

Montane species will likely be at a higher risk of extinction than those at lower 

elevations due to their already constrained distribution especially in the wake of climate 

change. MK has been recognized for the unique floral and faunal composition for the past 

century and a half, from the time when Hugh Low climbed to the summit in 1851. 

Numerous scientific expeditions have documented the endemic species of MK, with more 

species being described every year. Unfortunately it appears that regardless of the 

national park status, poaching is a problem in Kinabalu National Park. Poaching may not 

occur along the mountaineering trail of MK; however the effects of poachers are often 

widespread, with the decline of disproportionately important species affecting 

populations on a broad scale. Here we provide empirical evidence of poaching activities 

within Kinabalu National Park and deep within the park boundaries. 

Future work 
 

Although MK is the most surveyed mountain in Borneo our study highlights how 

little is known about the small mammal communities of Kinabalu National Park, 

including new records of species in a sister mountain, Mount Tambuyukon. Many other 

high elevation habitats in Borneo have not been comprehensively surveyed. Our current 

knowledge of the biogeography on this region relies on local mammal surveys and on 
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specimens deposited in collections. For many areas the only available knowledge on 

mammal distributions date from collections made in the late 19th century and first half of 

the 20th century. We highlight the importance of trapping across an elevational gradient 

to record terrestrial small mammals to better estimate the small mammal community. 

Southeast Asia contains four biodiversity hotspots (Myers, 2003), all of which are 

negatively affected by the alarming rate of deforestation and land use change.  There is a 

growing body of evidence derived from mammal surveys on how communities change 

through time (especially in areas of land-use change) (Smith et al., 2013; Tingley et al., 

2009). Continued work conducting mammal surveys (focused on areas not surveyed for 

the past 100 years), complemented with population genetics to determine change through 

time, genetic diversity, and connectivity of populations is essential to develop effective 

conservation strategies. 

More research should be conducted to evaluate the diversity of small mammals in 

different areas of Kinabalu Park, and over a longer time scale, to determine if certain 

areas of the park are more diverse than others. Here we hypothesize that the combination 

of mountain climber foot traffic combined with ultramafic soils contributed to the 

differences in diversity observed between MK and MT. Long-term studies could 

determine with certainty the pattern of species richness. Our data indicated that lower 

elevations contained a more biodiverse ecosystem than higher elevations. Previous 

research has documented a middle elevation bulge. Although we recovered the same 

diversity as that study (at mid elevations) we also documented a variety of additional 

species not documented, particularly in low elevations (Nor, 2001).  
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A thorough remote camera trap survey should be performed throughout the park 

to identify areas within the park that may be home to more elusive species. Our cameras 

helped in the detection of a poacher inside the park boundaries and more conservation 

efforts should be spent on education and enforcement against poachers in and around the 

park. Alternatively, the establishment of a buffer zone outside the park could help deter 

locals from entering the park boundaries for sustenance hunting. Corridor development 

between the major protected areas in Sabah should also be a priority to allow for 

movement between protected areas to allow for genetic admixture in this fragmented 

landscape. 
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Abstract 
Here we present a set of RNA-based probes for whole mitochondrial genome in-

solution enrichment, targeting a diversity of mammalian mitogenomes. This probes set 

was designed from 7 mammalian orders and tested to determine the utility for enriching 

degraded DNA. We generated 63 mitogenomes representing five orders and 22 genera of 

mammals that yielded varying coverage ranging from 0 to > 5,400X. Based on a 

threshold of 70% mitogenome recovery and at least 10X average coverage, 32 or 51% of 
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samples were considered complete. The estimated sequence divergence of samples from 

the probe sequences used to construct the array ranged up to 20%. Sample type was more 

predictive of recovered mitogenome completeness than sample age. The proportion of 

reads from each individual in multiplexed enrichments was highly skewed; with each 

pool having one sample that yielded a majority of the reads. Recovery across each 

mitochondrial gene varied with most samples exhibiting regions with gaps or ambiguous 

sites. We estimated the ability of the probes to capture mitogenomes from a diversity of 

mammalian taxa not included here by performing a clustering analysis of published 

sequences for 100 taxa representing most mammalian orders. Our study demonstrates that 

a general array can be cost and time effective when there is a need to screen a modest 

number of individuals from a variety of taxa. We also address the practical concerns for 

using such a tool, with regard to pooling samples, generating high quality mitogenomes, 

and detail a pipeline to remove chimeric molecules 

Introduction 
 

Recent advances in high throughput DNA sequencing technology (HTS) have 

made large-scale genomic studies more cost-effective, especially in non-model organisms 

(Glenn 2011). However, sample quality continues to burden those who wish to study rare, 

elusive, or even extinct species. For such species, low quality DNA samples may be the 

only resource available, and include such samples as fecal, road-killed, or museum 

specimens. However, DNA isolated from these types of samples is often fragmented and 

in low concentration, subject to hydrolytic damage (i.e. cytosine deamination), and 

oxidation (Pääbo et al. 1989; Shapiro & Hofreiter 2012), contamination from exogenous 
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sources and inhibitors, making it extremely challenging to use in genetic analysis 

(Taberlet et al. 1997; 1999). With recently developed HTS, only small quantities of short 

DNA fragments are required thereby avoiding several traditional limitations of degraded 

samples. However, another remaining challenge from these valuable types of samples is 

to enrich the endogenous DNA against the (often) large amounts of exogenous DNA. The 

ability to select and target the appropriate markers would represent a powerful new tool 

for molecular ecology, phylogenetics, archaeology, and biomedical studies  

To accommodate a diverse range of phylogenetic/population genetic questions in 

our research group, we developed a set of RNA based probes designed to capture and 

enrich mitochondrial genomes (henceforth mitogenomes) representing seven mammalian 

orders from degraded DNA samples. It is widely recognized that multiple, independently 

inherited markers are necessary to reliably infer phylogenetic relationships (Maddison 

1997; Brito & Edwards 2009; Toews & Brelsford 2012). Yet studies based on 

mitochondrial markers continue to be useful due to their high copy number in each cell, 

an abundance of data publicly available from databases like Genbank, and relatively fast 

rates of nucleotide substitution for resolving shallow phylogenetic, and population-level 

questions, and utility for molecular divergence dating (Clark & Hartl, 1997; Gutiérrez et 

al. 2010; Duchêne et al. 2011; Larsen et al. 2012; Siles et al. 2013; Voss et al, 2013; 

Gutiérrez et al. 2014; Petrova et al. 2014; Hofman et al. 2015). Mitochondrial genomes 

have become valuable markers for studies largely based on degraded DNA, i.e. DNA 

sourced from historical museum specimens (Miller et al. 2009; Mason et al. 2011; 

Guschanski et al. 2013), archaeological contexts (Adler et al., 2013; Krause et al., 2010), 
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paleontological sites (Rogaev & Moliaka 2006; Prüfer et al. 2014), non-invasive samples 

(Taberlet et al. 1997; Taberlet & Luikart 1999; Bozarth et al. 2011a; and 2011b; Ahlering 

et al. 2012), or just poorly preserved samples (henceforth all will be termed aDNA).  

Museum specimens are increasingly valuable resources for genomic studies. 

Museum collections often house the only representatives of particular populations or 

taxa, including endangered and extinct species. As many of these samples are 

irreplaceable, and as it is often difficult to obtain permission to destructively sample 

specimens, effective usage of the limited DNA extracts acquired is essential. Traditional 

Sanger sequencing of museum samples has limitations due to poor PCR amplification 

success, issues with contamination, and often few sequences generated after investing 

large amounts of time and effort. Historically, shotgun sequencing was the only method 

used to generate large datasets from aDNA (Hofreiter, Serre, Poinar, Kuch, & Pääbo, 

2001; Krause et al., 2010; Svante Pääbo et al., 2004) and required deep sequencing (in 

terms of coverage) to ensure all of the desired fragments were sequenced. Furthermore, 

shotgun sequencing produces a large proportion of sequences that are off-target, from 

exogenous sources and a high percentage of the reads are discarded (Green et al. 2006). 

Therefore, many fewer individuals can be pooled on the same sequencing run, with a 

majority of output consumed by off-target sequences. 

Targeted in-solution enrichment, also known as in-solution capture, has made 

ancient and degraded DNA research more feasible for a large number of samples or taxa 

(Bi et al. 2013). Typically, closely related taxa are used to enrich a degraded DNA extract 

for targeted loci using sequence probes (McCormack & Faircloth 2013). However, in 
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some cases, the closest relatives of the taxa of interest (to be targeted) are unknown or not 

available. Historically, studies based on sequences obtained from aDNA via in-solution 

enrichment often included only a small number of samples (due to technological 

constraints) and the cost per sample was relatively high because only a single sample was 

used per reaction (hereafter singleplex). In addition, probes generated in-house via PCR 

amplification of tissue samples (to yield DNA based probes, as done in Mason et al. 

2011) are limited by the availability of these tissues, which can be difficult to obtain for 

endangered taxa or those of international origin. Furthermore, when a diverse group of 

taxa need to be targeted, separate probe design and synthesis for each taxon becomes 

expensive.  

Here we present a cost effective method specifically designed to capture 

mitogenomes from degraded aDNA but that can also be used to capture high-quality 

samples. The goal of this study was to test this diverse probe set on degraded museum 

samples and fresh tissue samples, and to determine the best practices for this type of tool. 

This single probe set was designed to work on species selected across seven mammalian 

orders that represent 2,500 species of mammals (approximately 50% of extant 

mammalian diversity) within these orders. We developed an in-solution set of RNA 

probes from mitogenomes using publically available and recently sequenced taxa to 

address phylogenetic and population genetic question for a diverse group of mammals. 

We demonstrated the utility of multiplexing samples and diluting RNA probes for 

recovering complete mitogenome sequences of samples representing five mammalian 

orders with a moderate amount of degradation (obtained from museum specimens) while 
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minimizing cost and time and maximizing effectiveness. We also provided a complete 

analysis pipeline designed to yield high quality sequence data when multiplexing 

samples. Additional quality control steps to evaluate sequences for the presence of 

chimeric molecules, and a tool to test novel taxa for utility with this probe set, are 

provided in the Appendix 5. In addition, 100 published mtDNA sequences spanning the 

diversity of mammalian orders were tested for genetic similarity to the included probes, 

to evaluate if the probe set designed here could be applied to a wider diversity of 

mammalian species.  

Materials and Methods 

Capture Probe Design 
 

Complete mitochondrial genomes from a broad diversity of mammalian taxa were 

used to design RNA baits for in-solution enrichment. Taxa spanned seven mammalian 

orders (Monotremata, Rodentia, Scandentia, Carnivora, Chiroptera, Lipotyphla 

(Soricomorpha), and Artiodactyla) representing 22 genera (Appendix 6, Wilson & Reeder 

2005; Asher & Helgen 2010). Sequences were downloaded from Genbank 

(www.ncbi.nlm.nih.gov/genbank) and aligned using MAFFT v1.3.3 (Katoh & Standley 

2013) in Geneious v 7.1.4. Capture of targets up to 10-13% divergent from the bait 

sequence has been reported (Mason et al. 2011; Hancock-Hanser et al. 2013), and 

tolerances of up to 20% locally divergent has been observed in some cases (MYcroarray, 

pers. comm.). We used the CD-HIT-EST clustering algorithm (www.weizhong-

lab.ucsd.edu/cdhit_suite; Li & Godzik 2006; Huang et al. 2010) to test the similarity 

among the included whole mitogenomes (WMG hereafter) to remove those that would 

http://www.ncbi.nlm.nih.gov/genbank
http://www.weizhong-lab.ucsd.edu/cdhit_suite
http://www.weizhong-lab.ucsd.edu/cdhit_suite
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not add additional mitochondrial diversity to the probe set. We set a minimum threshold 

of 10% divergence between the generated clusters (from CD-HIT-EST) and included 

only a single representative sequence from each of the clusters (i.e. the genetic distance 

within a cluster was maximally 10%). This reduced the original 22 to 16 WMG 

representing all seven mammalian orders included in the design. In addition to these 

published WMG, we sequenced 15 additional novel WMG’s (derived from fresh tissue 

Long Range PCR of the mitochondrion, described in Appendix 7) on a Roche 454 GS 

Junior or Illumina MiSeq platform for several rodent taxa and clustered these through 

CD-HIT-EST to remove highly similar sequences. This reduced the 15 newly sequenced 

WMG to 10, for a final dataset of 26 WMG (16 from Genbank and 10 novel WMG). 

In addition to the use of WMG’s for probe design, we expanded the array to better 

capture hyper-variable genes, defined here as particular gene regions that undergo faster 

mutation rates compared to the rest of the mitogenome (Pesole et al. 1999). Details of 

hyper-variable genes included in array design are listed in Appendix 8.   

MYcroarray (Ann Arbor, MI; www.mycroarray.com) performed quality checks of 

the sequences, and then split them into 120 base pair (bp) probes with 2X tiling. This 

level of tiling allows for overlapping probes, and in this case the probes were tiled every 

60 bp (i.e., one probe would start at position 1 in the mitogenome and continue to 

position 120; the second probe would start at position 60 and end at position 180 so that 

each mitogenome position was covered by two probes). This design resulted in 6,577 

unique probes (see Appendix 9), with 80% percent representing sequences from WMG 

alignments, and 20% percent from the hyper-variable regions. These were synthesized in 
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a 20,000 probe MYbaits kit which generates 500 ng per undiluted capture. We used 

approximately 100 ng of probe per capture pool in this study. Probe dilution and 

multiplex calculations are further described in Appendix 9. 

Sample Selection and Extraction 
 

The mammal mitogenome array (hereafter referred to as MMA) was tested using 

a diverse set of 63 samples, spanning 37 species from five of the seven included 

mammalian orders (Monotremata, Rodentia, Carnivora, Chiroptera, and Artiodactyla; 

Table 3-1). Two orders that were included in the probe set were not tested in this 

experiment (Sorciomorpha and Scandentia). These 63 samples were split amongst ten 

multiplexed enrichments. Our goal was to test whether distantly related mammalian taxa 

can be enriched together with a single array (such that costs are minimized). Most 

samples (n = 53) were derived from museum specimens collected as early as 1899, and as 

recently as 2011. One additional enrichment contained a single liver sample that was 

ground up in a buffer solution in a microtube for allozyme work and kept frozen at -80°C 

for  >30 years plus an additional 9 frozen tissue samples were included in this enrichment 

test to evaluate the differential enrichment success between degraded and non-degraded 

samples (all extracted frozen tissues were stored at -20°C). Additional details regarding 

sample type, and DNA extraction protocols are detailed in Appendix 10. 
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Table 3-1: Summary of MMA results, arranged by genus. These results are averaged across the number of individuals 

in each genus. 

Order Family Genus (# of species) Average # raw reads 
Average   

mapped reads 

Mean average 

coverage 

Average Ref-

Seq (%) 

Average % of 

mapped reads 

Artiodactyla Cervidae Blastocerus (1) 8,991,338 4,547,552 34,537.50 100.00% 50.58% 

  

 

Mazama (6) 3,225,461.2 146,345 1,474.20 93.78% 12.11% 

    Odocoileus (4) 6,726,468.8 1,581,925 17,520.88 99.03% 26.52% 

  

 

Ozotoceros (1) 533,134.0 80,275 879.7 100.00% 15.06% 

    Pudu (1) 122,282.0 3,740 30.4 69.60% 3.06% 

Carnivora Procyonidae Bassaricyon (1) 1,130,326.0 642,156 5,158.90 87.70% 56.81% 

    Bassariscus (1) 1,569,690.0 795,536 6,566.00 99.30% 50.68% 

  

 

Nasua (1) 148,564.0 70,848 577.6 98.80% 47.69% 

    Nasuella (1) 175,200.0 16,401 124.5 93.80% 9.36% 

  

 

Potos (1) 2,111,048.0 1,076,959 7,979.60 99.00% 51.02% 

    Procyon (1) 661,514.0 433,356 3,556.30 100.00% 65.51% 

Chiroptera Phyllostomidae Platyrrhinus (1) 6,158,018.0 52,098 462.5 38.20% 0.85% 

Monotremata Tachyglossidae Zaglossus (16) 104,936.1 53,520 393.01 71.38% 35.37% 

Rodentia Muridae Dipodillus (2) 2,115,117.0 122,289 1,626.60 89.70% 6.09% 

    Gerbillus (2) 688,137.5 31,696 400.25 97.70% 8.57% 

  Sciuridae Glyphotes (1) 1,018,043.0 1,405 9.4 75.90% 0.14% 

    Callosciurus (5) 519,894.8 1,832 16.76 36.74% 0.56% 

  

 

Exilisciurus (1) 43,293.0 106 0.6 8.40% 0.25% 

    Hyosciurus (1) 900,481.0 5,305 46.9 26.60% 0.59% 

  

 

Lariscus (5) 718,472.2 1,032 5.48 19.96% 0.20% 

    Prosciurillus (6) 2,877,504.8 39,971 348.72 27.77% 0.53% 

  

 

Rhinosciurus (2) 1,010,463.5 953 5.45 74.40% 0.34% 

    Sundasciurus (2) 1,740,100.5 693 3.9 27.20% 0.14% 
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Library Preparation and Enrichment 
 

We prepared samples for Illumina sequencing using commercially available 

library preparation kits (Kapa Biosystems Illumina Library Preparation Kit #KK8232, 

Wilmington, MA). Single indexed TruSeq-style adapters were used (Faircloth & Glenn, 

2012). Because the majority of samples were derived from museum specimens, 

endogenous DNA concentration was unknown, with much of the extracted DNA 

including substantial amounts of bacteria, fungi, and other exogenous DNA. To 

compensate for the unknown concentration of target DNA, a large volume of DNA 

extract (50 μl) was used for library preparation. Minor modifications were made to the 

manufacturer’s protocol (see Appendix 11) including additional PCR cycles on degraded 

samples (18 cycles for degraded DNA from museum samples, and 10–14 for frozen 

tissues). The success of library preparation was determined by visualization on an 

agarose gel. Additional details regarding post library preparation sample manipulation 

and multiplex information are detailed in Appendix 12. 

Each pool of libraries was incubated with the RNA probes and buffers as 

described in the MYcroarray protocol for 24 hours at 65°C. Following incubation, DNA 

was separated from the probes via magnetic beads and purified with QiaQuick PCR 

Purification Kits (Qiagen) following MYcroarray’s enrichment protocol (version 1.3.8) 

Detailed protocols for MYbaits kits have been published online 

(http://ultraconserved.org/#protocols; http://www.mycroarray.com/pdf/MYbaits-

manual.pdf).  

http://ultraconserved.org/#protocols
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A total of 10 enrichments were performed (with multiplexes of 4-10 samples per 

pool), with 9 pools containing degraded museum samples, and a single enrichment pool 

containing fresh tissue samples. Post-enrichment pools were amplified for 25 cycles to 

produce a high enough concentration for gel extraction. QiaQuick Gel Extraction Kits 

(Qiagen) were used to size select the enriched pools for ~200–500 bp fragments and to 

remove residual adapter and primer dimer. 

Sequencing 
 

Quantitative PCR was performed on enriched pools using an Illumina Library 

Quantification Kit (Kapa Biosystems) with two replicates of 1:1000, 1:2000, and 1:4000 

dilutions for each pool. Pools were combined in equimolar ratios based on the number of 

samples in each pool. These 63 samples were sequenced with paired-end chemistry and 

with read length of 143 bp on a single lane of an Illumina HiSeq2500 at the Semel 

Institute UCLA Neurosciences Genomics Core, and reads were demultiplexed at the core 

facility. 

Test for enrichment success  
 

 To determine the efficiency of the hybridization, a relative qPCR was performed 

on a subset of enrichment pools (specifically Enr. 2 and Enr. 3) to calculate the fold 

enrichment of pools pre and post enrichment. Universal mammalian mitochondrial 

cytochrome b primers were used in the qPCR (detailed in Appendix 13). 

Assembly of mitogenomes 
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To determine the efficiency of the MMA for a diverse set of taxa that vary in level 

of divergence from the probe set, we tested both de novo assembly and read mapping to 

reconstruct the mitogenomes. The degraded nature of the aDNA extracted from museum 

samples yielded sequences of lower quality and shorter length, so to compensate for this, 

we merged the forward and reverse paired reads with the program PEAR v0.9.4. (Zhang 

et al. 2014).  Merging joins the forward and reverse reads when they have a 10 bp or 

greater overlap (PEAR default setting), which happens when short library inserts are 

sequenced. This resulted in both longer fragments for mapping and higher quality scores 

where the forward and reverse sequences overlap. The read merging was not necessary 

for the ten frozen tissue samples as the reads were too long to have adequate nucleotide 

overlap as required by PEAR v0.9.4. All sequences (including those generated from 

frozen tissue samples) were screened for the presence of adapter sequences, which were 

removed with cutadapt v.1.4.2 (Martin, 2011). Next, PRINSEQ-lite v.0.20.4 (Schmieder 

& Edwards 2011) was used for quality filtering, trimming reads with average quality 

scores below 20 and exact PCR replicates (more than three identical copies). The filtered 

reads were then mapped to a reference sequence of the most closely related species using 

bwa v.7.10 (Li & Durbin 2009). The ‘bwa aln’ and ‘samse’ as well as the ‘bwa mem’ 

algorithms were tested on the degraded samples, with ‘bwa aln’ conducted as specified in 

Kircher (2012). The reads corresponding to the ten frozen tissue samples were mapped 

using the ‘bwa mem’ algorithm. Additional read mapping programs were tested on a 

Appendix 14).  
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De novo assembly for distantly related taxa 
 

Another objective of this study was to test the ability of the MMA to produce 

complete mitogenomes from taxa for which only distantly related reference sequences 

were publicly available. Specifically, we used the MMA to enrich libraries of four pygmy 

gerbils (Gerbillus spp.). Baits derived from a Mongolian gerbil (Meriones unguiculatus, 

KF425526), the closest relative of the genus Gerbillus available on Genbank, was 

included in the MMA design (approximately 20% divergent) plus additional Gerbillus sp. 

cytochrome b, ND5, and control region sequences generated in house via Sanger 

sequencing using protocols detailed in McDonough et al. (2013).  A novel reference 

genome for pygmy gerbils was constructed from de novo assembly of Long Range (LR) 

PCR products (detailed in Appendix 7) using MIRA v.4.0.2 (Chevreux, Wetter, & Suhai, 

1999). Contigs derived from MIRA v.4.0.2 were then mapped back to the Meriones 

unguiculatus mitogenome using Geneious v.7.1 to generate the resulting consensus 

sequences. 

 

Clustering Test for Off Target Taxa 
 

A set of 100 Genbank sequences (of various genes depending on availability) 

from mammalian taxa not included in this array was tested with CD-HIT-EST (Huang et 

al., 2010) to estimate the possibility that the MMA could enrich additional mammalian 

taxa. All tested sequence accession numbers are included in Appendix 15. A mammalian 

tree generated by Meredith et al. (2011) was used to select the species tested, and 

representatives from most tips were included in our analysis. We evaluated the likelihood 
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that the test sequence would enrich by observing which sequences met a 90% similarity 

threshold (i.e.10% sequence divergence when comparing the Genbank sequence against 

all sequences used in probe synthesis). This clustering method calculated the percent 

similarity across the entire length of the sequences obtained from Genbank, so a test 

sequence was required to match with at least 90% of the entire length of the probe set 

sequence with which it clustered. Similarity thresholds of 85% and 80% were also 

evaluated to determine sequences that would likely hybridize with this probe set after 

optimization at a lower (more relaxed) hybridization temperature or different bait tiling 

strategy (complete list of sequences is provided in Appendix 6). 

Results 

Size distribution of pre- and post-enrichment 
 

 The libraries were run on agarose gels before enrichment to check for uniform 

library preparation, and subsequently all pools were visualized after enrichment 

(following amplification). The size range distribution of the pre-enrichment pools varied 

significantly between samples, but the majority showed a bright band of DNA library 

between 150-250 bp (DNA insert size ranging ~10-110 bp). Some samples had a large 

smear with size spanning approximately 150-1000 bp, which may indicate exogenous 

DNA contamination (potentially fungal or bacterial contaminants). Following 

enrichment, the ten pools had a narrow size distribution of approximately 150-250 bp. 

The tenth pool of fresh tissue samples was slightly larger. This further suggests that the 

very large fragments visualized after library preparation were either too long to hybridize 

to the probes, or more likely, of exogenous origin.
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Table 3-2: Results summary of MMA on ten enrichment pools. 

Enrichment Enr # Species Catalog # 

# raw 

reads 

% of 

total # 

reads 

# reads 

mapped 

w/bwa 

average 

coverage 

% 

recovered 

Enr 1 1a Platyrrhinus sp. AMNH 92247 6158018 50.8% 52,098 463 38.77 

  1b Odocoileus virginianus peruvianus FMNH 78421 3590072 29.6% 77,589 547.7 97.40 

  1c Lariscus insignis ZRC 4 3088 930129 7.7% 440 2.4 21.29 

  1d Prosciurillus weberi MZB 6256 821737 6.8% 244 1.3 18.37 

  1e Callosciurus nigrovittatus ZRC 4131 595652 4.9% 766 4 70.41 

  1f Zaglossus bartoni KMH 2935 16416 0.1% 6592 60.8 97.78 

Enr 2 2a Prosciurillus weberi  MZB 6254 9894041 76.8% 207316 1890.5 47.86 

  2b Callosciurus notatus ZRC SMN108 2249185 17.5% 26728 151.3 79.92 

  2c Ozotoceros bezoarticus campestris FMNH 28297 533134 4.1% 80,275 879.7 99.99 

  2d Rhinosciurus laticaudatus ZRC 3173 151065 1.2% 955 5.6 84.21 

  2e Zaglossus bartoni AMNH 195373 44683 0.3% 32818 334.8 99.10 

  2f Mazama rufina FMNH 70563 4664 0.0% 965 5.1 99.90 

Enr 3 3a Callosciurus nigrovittatus ZRC 4093 9132095 78.2% 479122 3087.4 98.85 

  3b Mazama pandora KU 93857 1401489 12.0% 52,913 464.2 82.36 

  3c Prosciurillus murinus MZB 5977 484178 4.1% 376 2.1 21.22 

  3d Prosciurillus murinus MZB 5973 368736 3.2% 323 1.7 19.82 

  3e Lariscus niobe ZRC 48486 160256 1.4% 45 0.2 10.96 

  3f Pudu mephistophiles AMNH 181506 122282 1.0% 3,740 30.4 70.66 

  3g Zaglossus bartoni AMNH 194702 5654 0.0% 375 2.8 73.11 

Enr 4 4a Odocoileus virginianus truei KU 149129 8342731 53.3% 355,838 3391.6 98.85 

  4b Prosciurillus weberi MZB 6255 3664756 23.4% 30288 189.4 36.49 

  4c Mazama temama KU 82215 1281287 8.2% 25,522 202.5 85.64 

  4d Lariscus niobe ZRC 48477 1158270 7.4% 3236 16.9 27.10 

  4e Hyosciurus heinrichi MZB 34908 900481 5.7% 5305 46.9 27.17 
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  4f Sundasciurus hippurus SM 2371 252938 1.6% 693 3.9 27.24 

  4g Zaglossus bartoni RMNH 23319 66175 0.4% 51399 406.1 99.94 

Enr 5 5a Mazama americana AMNH 67109 6836872 66.1% 297,703 3013.7 98.62 

  5b Rhinosciurus laticaudatus ZRC 3551 1869862 18.1% 950 5.3 68.28 

  5c Sundasciurus hippurus SM NH19 822777 8.0% 8218 47.9 33.78 

  5d Zaglossus bartoni AMNH 104020 607079 5.9% 462767 3383.9 99.96 

  5e Lariscus obscurus ZRC 48469 157710 1.5% 946 5.2 23.93 

  5f Callosciurus baluensis SM NH1 36282 0.4% 3353 21.6 44.32 

  5g Zaglossus bartoni AMNH 195146 8062 0.1% 10 0.1 5.85 

Enr 6 6a Mazama americana sheila USNM 443588 9721044 61.2% 461,084 4871.1 99.99 

  6b Prosciurillus weberi MZB 6252 2031581 12.8% 1278 7.3 27.54 

  6c Callosciurus notatus ZRC No. 33 1724509 10.9% 593 3.4 70.11 

  6d Lariscus obscurus ZRC 48471 1185996 7.5% 493 2.7 23.22 

  6e Glyphotes simus NH 1832 SM 1018043 6.4% 1405 9.4 76.73 

  6f Zaglossus bartoni AMNH 157072 202244 1.3% 6243 49.8 99.95 

  6g Zaglossus bartoni AMNH 195147 7827 0.0% 3 0 1.70 

Enr 7 7a Odocoileus hemionus crooki USNM 99455 9564580 61.3% 71,497 612.4 99.98 

  7b Zaglossus bruijni USNM 268763 174228 1.1% 31424 225.1 76.98 

  7c Zaglossus bartoni AMNH 190859 106011 0.7% 23700 238.8 88.05 

  7d Exilisciurus whiteheadi SM NH1440 43293 0.3% 106 0.6 8.56 

Enr 8 8a Odocoileus virginianus couesi USNM 99351 5408492 59.8% 70,886 838.9 94.49 

  8b Zaglossus bruijnii AMNH 249921 235259 2.6% 164121 1159.9 98.27 

  8c Zaglossus bartoni RMNH 325 155340 1.7% 43911 219.3 63.24 

  8d Zaglossus bartoni AMNH 190863 12944 0.1% 1878 9.8 9.87 

Enr 9 9a Blastocerus dichotomus FMNH 52329 8991338 98.4% 613,409 5420.9 100.00 

  9b Mazama nemorivaga AMNH 96171 107411 1.2% 1,002 8.3 68.05 

  9c Zaglossus bartoni AMNH 66194 29016 0.3% 23712 170.5 99.63 
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  9d Zaglossus bartoni AMNH 190862 6167 0.1% 2846 19.4 92.46 

  9e Zaglossus attenboroughi RMNH 17301 1873 0.0% 62 0.4 9.77 

Enr 10 10a Dipodillus campestris TK40900 1981049 31.0% 217850 3101.9 100.00 

  10b Gerbillus nanus TK40880 1103874 17.3% 22187 275.7 97.34 

  10c Potos flavus H015 2111048 16.5% 1076959 7979.6 99.10 

  10d Bassariscus sumichrasti BS 1569690 12.3% 795536 6566 99.89 

  10e Bassaricyon neblina H021 1130326 8.9% 642156 5158.9 89.05 

  10f Procyon lotor NDM 3842 661514 5.2% 433356 3556.3 99.93 

  10g Dipodillus simoni TK40906 272401 4.3% 41204 524.8 100.00 

  10h Gerbillus sp. TK25614 129919 2.0% 2650 30.5 69.30 

  10i Nasuella olivacea H010 175200 1.4% 16401 124.5 94.86 

  10j Nasua nasua 89-325 148564 1.2% 70848 577.6 99.33 
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Test for enrichment success 
 

 We performed a relative quantification RT-PCR to ensure that the in-solution 

hybridization was efficiently targeting mitochondrial molecules. The two pools tested 

(Enr. 2 and Enr. 3) had a large increase in the amount of detected mitochondrial DNA (15 

and 2700 fold increase for Enr. 2 and 3 respectively) compared to pre-enrichment. In 

addition to the two pools, several unpooled samples were also quantified to determine the 

amplification cycle take-off-point, and the results are presented in the Supplementary 

Materials. Specifically, two samples were included from Enr. 2 and 3, sample 2b did not 

hit the take-off-point until cycle 35, much later than the combined samples for Enr. 2 

(cycle 28). Sample 3a took off at cycle 36, which was slightly earlier than the un-

enriched Enr. 3 pool (cycle 38), likely because 3a constituted the majority of reads (78%) 

for Enr. 3. 

Assembly of Mitogenomes 
 

Read mapping was tested with bwa v7.1.0, bowtie v2.2.4 and STAMPY v1.0.26. 

STAMPY mapped the most number of reads, followed by bowtie, and bwa mapped the 

fewest reads. Although the number of mapped reads may indicate successful mapping, 

we compared the three methods for a subset of samples, and recovered a much higher 

number of heterozygous sites from STAMPY and bowtie. Here we remained 

conservative and assumed mitochondrial haploidy and therefore utilized bwa following 

the widely used ancient DNA specific parameters detailed in Kircher (2012). Additional 
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detail regarding the detection of heterozygous sites and coverage bias can be found in 

Appendix 16. 

Variation was observed in both the number of raw reads per sample and the extent of 

mitogenome coverage. This variation likely reflects the quality of the DNA samples used 

as starting material as well as hybridization bias resulting from pooling the captures. For 

example, even though the samples were pooled in equimolar ratios, all enrichments 

included one sample that had a higher percentage of the raw reads when compared to the 

others (at least 75% more than the second sample in the enrichments of degraded 

material; Fig 3-1). On average, the dominant samples (defined here as the sample which 

recovered the majority of reads post capture) in each pool had 63.7% of the total number 

of raw reads per enrichment, varying from 31.0% to 98.4%. The enrichment with the 

most balanced reads (dominant sample with 31.0%) was that resulting from pooling 

libraries corresponding to the ten freshly preserved tissue samples. The distribution of 

reads across all samples, separated by enrichment is shown in Figure 3-1. 

Overall, the percentage of raw reads per sample varied from 0.02% of the total reads 

for the enrichment pool (Zaglossus attenboroughi) to 98.4% (Blastocerus dichotomus). 

Those two extreme cases were from the same enrichment (Enr. 9), and both were 

historical museum samples (specimens of Zaglossus attenboroughi, collected in 1961, 

and Blastocerus dichotomus, collected in 1941) derived from skin and museum ‘tissue’ 

material, respectively. The most dominant samples belonged to the orders Artiodactyla 

(5), followed by Rodentia (3) and Chiroptera (1). As expected, such variability in the 

number of raw reads per sample resulted in variation of mitochondrial genome coverage 
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(Fig. 3-1 and 3-2). Mean mitogenome coverage was 685X, ranging from 0X (Zaglossus 

bartoni) to 5421X (Blastocerus dichotomus). The percentage of mapped reads varied 

from 0% to 81.72%, with an average of 11.89%. From the total of 63 samples included in 

this study, 41 samples had average coverage higher than 10X, 37 samples higher than 

30X and 31 samples greater than 100X (including all ten frozen tissue samples). A 

summary of the performance of the MMA is detailed in Table 3-1 and 3-2. Interestingly, 

14 of 63 (or ~30%) of the enrichments had 5X coverage or less across the entire 

mitogenome, and 22 samples had 10X or lower coverage (Table 3-2). This indicates poor 

enrichment for those samples. Of the 14 ‘poorest quality’ enrichments, two were from 

bone (of 10 or 20% of bone samples), 9 from museum ‘tissue’ (of 29, or 31%) and three 

from skin (of 8, or 38%). The percentage of the mitogenome recovered from bwa read 

mapping ranged from 1.7% to 100% (Table 3-2). We recovered 38 mitogenomes with 

>70% of the mitogenome represented, 32 with >80%, 25 with >90%, and 23 with >95% 

of the mitogenome sequence. Gaps in the mitogenomes were not clustered in a single 

location, but were distributed across the mitochondrion. Many samples had gaps in the 

control region, more so than other genes. We decided to combine the coverage with 

percent recovered for our final determination of a successful mitogenome (>70% at 10X 

coverage). Additional detailed comparisons from the MEGA comparisons are detailed in 

Appendix 17. 

Nuclear copies of mitochondrial DNA (NuMT’s) 
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  For all samples with 10X average coverage and 70% complete sequences we 

translated all protein coding genes to evaluate the presence of nuclear copies of mtDNA 

(NuMTs). After evaluating 32 samples, we detected few NuMTs. As recommended in 

Mason et al. (2011), we evaluated assemblies for indels and stop codons as primary 

evidence of nuclear copies proliferating in assemblies. High frequency SNPs can also be 

evidence of non-terminating NuMTs, which we detected more commonly in samples of 

low coverage (Appendix 18).  

 

 
Figure 3-1: The percentage of reads attributed to each sample across ten 

multiplexed enrichment pools. Sample names have been replaced with abbreviations 

(1a, 1b, etc.) which are defined in Table 2-2. 

 

De novo assembly for distantly related taxa 
 

The consensus Gerbillus mitogenome generated using MIRA v.4.0.2 from the LR 

PCR amplification was ~19% divergent from the closest sequences available on 
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GenBank (Meriones unguiculatus; KF425526). The number of enriched pygmy gerbil 

(Gerbillus sp.) reads that mapped to Meriones unguiculatus (KF425526) mitogenome 

using bwa ranged from 16,850 – 17,960; whereas the number of reads mapped to the de 

novo Gerbillus sp. assembly ranged from 22,187 - 217,850. Average coverage ranged 

from 30.5 - 3,102X for enriched Gerbillus sp. mapped to Meriones, compared to 238 - 

10,424X for enriched Gerbillus sp. mapped to the de novo assembly. The percentage of 

sequences “on target” for gerbil sequences enriched with MMA mapped to Meriones 

ranged from 0.91 - 13.0%. The percentage of sequences on target was slightly higher (2.0 

- 15.1%) when enriched sequences were mapped to the de novo assembly derived from 

the Gerbillus sp. samples. To provide a comparable dataset for all individuals, we have 

included the read mapping data for the Gerbillus samples. We realize that the mapping is 

directly affected by the genetic distance of the reference sequence to the samples of 

interest, and show here that the enrichment of Gerbillus was possible when including a 

distantly related mitogenome.
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Figure 3-2: Percentage of mitogenome (y-axis) sequenced to different levels of coverage (5, 10, 20 and 40X).  

The different types of sample are indicated along the x-axis. Bold sample names along the x-axis indicate taxa for which 

within-genus probes were included in the MMA probe set. Sample names have been abbreviated to match Figure 1 and 

Table 2. The sample labeled “Allo. T.” represents the live tissue which was previously used for allozyme analysis and 

homogenized then frozen for approximately 30 years (hence the lower coverage is due to the degradation of the tissue
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Clustering Test 
 

To assess the sequence similarity of our probe set compared to a broad array of 

taxa across the mammalian tree of life, 100 Genbank sequences were clustered with the 

sequences included in our probe set (Appendix 6). We have also indicated whether these 

sequences would potentially hybridize to the current probe set based on empirical results 

of up to 13% sequence divergence successfully hybridizing (as published in Mason et al. 

2011; Hancock-Hanser et al. 2013). From the clustering test of these Genbank sequences, 

we found 22 additional species that would likely enrich with slight modification of the 

hybridization incubation temperature (80% or greater similarity to the MMA probe set, 

Table 3-3). Of these, ten (from species across five mammalian families) would likely 

enrich with little or no modification to the manufacturer’s protocol (85-90% nucleotide 

similarity). We included 17 whole mitogenomes of rodent and cervid species in the 

MMA design, and consequently found several additional closely related species that 

should enrich with the MMA. A detailed workflow of the steps required to test additional 

taxa for usage with these probes is outlined in Appendix 5. We should also note that we 

did not include representative marsupials in our probe design and consequently this 

resulted in zero marsupial sequences greater than 80% similar to the MMA probes 

Therefore, we caution that our probes are not likely to enrich marsupials even with 

modifications to the hybridization incubation temperature.  
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Table 3-3: Results of Clusterin Test, with taxa which will likely cluster without modification of hybridization 

conditions. Hierarchical classification is presented, as well as the Genbank accession numbers, gene and percentage of 

similarity to probes in the MMA. 

# Subclass Order Family Species Genbank  Gene 90% 85% 80% 

1 Monotremata Monotremata Tachyglossidae Tachyglossus aculeatus NC_003321.1 complete genome 
Y- 
93% Y Y 

2 Placentalia Artiodactyla Giraffidae Okapia johnstoni AY012146.1 
partial 12S rRNA and tRNA-
VAL x Y- 87% Y 

3 Placentalia Carnivora Canidae Canis simensis AF028216.1 complete COII 
Y- 
95% Y Y 

4 Placentalia Carnivora Viverridae Paguma larvata  AF125151.2 complete cytochrome b x x Y- 81% 

5 Placentalia Cetacea Ziphiidae Hyperoodon ampullatus  KF281660.1 partial CO1 gene x x Y- 81% 

6 Placentalia Chiroptera Mystacinidae Mystacina tuberculata AY197327.1 partial 12S rRNA x Y- 86% Y 

7 Placentalia Chiroptera Myzopodidae Myzopoda aurita AF345926.1 complete 12S,16S, tRNA x x Y- 81% 

8 Placentalia Chiroptera Pteropodidae 

Desmalopex 
microleucopterus EU339339.1 partial 12S rRNA x x Y- 82% 

9 Placentalia Perissodactyla Tapiridae Tapirus sp. GU593676.1  partial COII gene x x Y- 81% 

10 Placentalia Rodentia Cricetidae Cricetus cricetus KC953838.1 partial CO1 gene x x Y- 80% 

11 Placentalia Rodentia Gliridae Graphiurus murinus U67287.1 partial 12S rRNA x x Y- 83% 

12 Placentalia Rodentia Muridae Apodemus agrarius AB303226.1 complete cytochrome b x x Y- 81% 

13 Placentalia Rodentia Muridae Lemniscomys macculus AF141268.2 partial 12S rRNA x Y - 89% Y 

14 Placentalia Rodentia Muridae Maxomys sp. GU294890.1 partial CO1 gene x x Y- 82% 

15 Placentalia Rodentia Muridae Rhombomys opimus KF182214.1 partial CO1 gene x Y- 86% Y 

16 Placentalia Rodentia Muridae Sekeetamys calurus  AJ851246.1 compete 12S rRNA 
Y -
92% Y Y 

17 Placentalia Rodentia Muridae Taeromys celebensis KF164226.1 partial cytochrome b x x Y- 80% 

18 Placentalia Rodentia Muridae Tatera indica FJ790672.1 partial CO1 gene x Y- 85% Y 

19 Placentalia Rodentia Muridae Zelotomys hildegardeae JQ844108.1 partial 16S rRNA x Y- 89% Y 

20 Placentalia Rodentia Pedetidae Pedetes surdaster U59171.1 partial 12S rRNA x x Y-82% 

21 Placentalia Scandentia Ptilocercidae Ptilocercus lowii AY862166.1 compete 12S rRNA x x Y- 83% 

22 Placentalia Soricomorpha Soricidae Sorex hoyi AF7982 partial cytochrome b x Y- 86% Y 

http://en.wikipedia.org/wiki/Viverridae
http://en.wikipedia.org/wiki/Pteropodidae
http://en.wikipedia.org/wiki/Odd-toed_ungulates
http://en.wikipedia.org/wiki/Tapiroidea
http://en.wikipedia.org/wiki/Treeshrew
http://en.wikipedia.org/wiki/Soricomorpha
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Discussion 
 

 Here we show the utility of a mitogenome capture array designed with sequences 

from a diverse set of mammalian taxa for capturing target sequences from degraded DNA 

samples. We show that by performing additional modifications to the manufacturer’s 

protocol (probe dilution and multiplexing reactions), complete mitogenomes can be 

efficiently generated with a significant reduction in cost. For example, following the 

methods we employed in this study, Illumina sequencing and capture cost approximately 

$35/sample (excluding extraction, library preparation and QC costs which vary by 

protocol) compared to a cost of approximately $200/sample following the manufacturer’s 

protocol. However, we caution that while multiplexing samples reduces costs, it also 

resulted in dramatically skewed read counts for different individuals within an 

enrichment pool, especially with degraded samples. Although the samples were pooled in 

equimolar ratios within a capture, we found that degraded samples had varying ratios of 

endogenous:exogenous DNA (by evaluating the resulting raw reads alone compared to 

the skewed number of reads among samples in each pool), which may explain the bias of 

a greater number of reads in samples with more endogenous DNA. In addition to the ratio 

of endogenous DNA confounding concentration estimation, certain samples appear to 

preferentially enrich or amplify and result in a single individual per pool recovering most 

of the reads per enrichment. Additional quantitative PCR methods of library prepared 

products may assist in the identification of samples better suited to be multiplexed. For 

example, samples with similar take-off-points during qPCR may be better suited for 
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multiplexing as this would be a more suitable indicator of similar endogenous DNA 

concentration than the methods we used here to estimate total DNA concentration. 

Based on our results, we do not recommend multiplexing more than five degraded 

samples and 10 fresh tissue samples in a single hybridization reaction (with an in-solution 

hybridization kit). Hancock-Hanser et al. (2013) demonstrated effective enrichment when 

multiplexing a larger number of samples, however this study used a chip-based capture 

array rather than in-solution, which may explain the difference in capture efficiencies. 

Instead, if a greater number of enriched samples is desired, we recommend increasing the 

probe dilution to maximize the number of samples per kit. Additionally, we found that 

increasing the number of samples in a multiplexing capture pool led to an increased risk 

of producing chimeric sequences (see Appendix 19). These problems can be overcome 

with appropriate filtering techniques such as the ones developed here, and in combination 

with the use of dual indices during library preparation (Kircher et al. 2012). Therefore, by 

combining an appropriate number of individual libraries in pools and enriching them 

following our protocols and filtering pipelines, we demonstrate a time and cost effective 

method to obtain whole mitogenomes without substantial loss in capture efficiency. For 

example, even though we recovered 38 successful mitogenomes (by our definition of 

10X average coverage and recovery rate of at least 70% of the mitogenome), this method 

still yields considerable savings even though some samples will require a second 

hybridization (= $70/sample versus $200/sample for single-sample enrichments). 
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Methods for mitogenome reconstruction 
 

  Here we describe results from read mapping of mitogenomes to a closely related 

mitogenome. The diversity of mammalian taxa tested here prevented a standardized 

method from which to determine the exact effectiveness of the probe set on each species 

tested. We have used the best available mitogenome as a reference for each sample, 

which will affect the performance of the read mapping. For some samples (particularly 

the gerbils), we tested de novo assembly to validate that the sequenced molecules were 

mitochondrial. One sample that would particularly benefit from additional read mapping 

and de novo assembly is the Platyrrhinus sp., which had over 52,000 quality filtered 

reads, yet with bwa only 37.9% of the mitogenome was reconstructed. The reference for 

this sequence (Sturnira tildae, HG003314) is from the same family of bats, 

Phyllostomidae, which contains over 190 species and 52 genera. However, the mapped 

Platyrrhinus sp. reads were 89.5 % similar (discounting ambiguous sites) to the 

reference. This sample is a good candidate for alternative mapping software, or de novo 

assembly. The availability of closely related reference sequence was very important for 

recovering molecules. For example, in many of the highly degraded Zaglossus samples, 

10 of the 16 samples recovered at least 70% of the mitogenome, which is impressive 

when considering the low number of starting reads in some samples (eg. 6f, Zaglossus 

bartoni, detailed below). 

 Based on our results (Table 3-2), we recommend aiming for at least 15,000 reads 

per sample (post quality filtering steps). This is based on our data from museum 

specimens, and takes into account the percent of endogenous DNA, which is highly 
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variable per sample (as documented when comparing the number of sequenced reads to 

the number of mapped reads as a crude estimate). A single sample (6f, Zaglossus 

bartoni), yielded only 6,243 mapped reads, yet had a nearly complete mitogenome due to 

the close relationship between the sample and reference sequence and inclusion of the 

reference sequence in the probe design. Most of our successful mitogenomes were 

assembled from over 100,000 reads per sample, and with that depth more divergent 

mitogenomes can be recovered with confidence. From this experiment we have shown 

that if a closely related mitogenome is available you can aim for many fewer reads than if 

there is not a closely related mitogenome available. 

Utility for diverse number of taxa 
 

We found that the baits included in this array successfully enriched mammalian 

taxa less than 20% divergent from probe sequences (Table 3-1 and 3-2). However, it is 

unlikely that the array would successfully enrich more distantly related taxa that were not 

included in the probe design. For species with < 80% genetic similarity (results from 

clustering test, Table 3-3), we suggest changing stringency of the enrichment conditions 

by lowering the hybridization temperature to account for a larger percent divergence from 

the probe sets.  Previous ancient DNA studies have used hybridization temperatures as 

low as 48 ºC (Enk et al. 2014). We did not test the efficiency of different hybridization 

temperatures in our study; however, we propose that additional mammalian taxa not 

included in this study may be enriched with this same probe set by optimizing the 

hybridization temperature. Another option would be to redesign the MMA by adding 

more probes for the taxa of interest, if sequences for those variable regions are available. 
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These potential modifications of the MMA can expand its application to an even larger 

diversity of mammals.  Additionally, selection of samples that would perform the best 

during a multiplexed hybridization depends on the following factors; percent endogenous 

DNA, the divergence levels of the target samples, and the usage of dual-indexed adapters. 

We chose to pool together samples from more divergent taxa. This would prevent 

competition for the same probes by samples of closely related taxa. We also believe that 

pooling together samples from more distantly related taxa allows better detection of 

chimeric molecules. 
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Figure 3-3: A flow chart of the steps used in our chimera checking pipeline.  

The dashed line in step 3 represents a low quality read which would be discarded in 

quality filtering steps. 

 

Strategies to improve accuracy of multiplex genotyping 
 

Based on visual and bioinformatic evidence, we determined that chimeric 

sequences were forming during post-enrichment amplification. Dubbed “jumping PCR”, 

this phenomenon occurs when DNA polymerase jumps from one template to another 

during amplification and creates a continuous DNA strand from hybrid origins (Pääbo et 

al. 1990; Meyerhans et al. 1990; Odelberg et al. 1995; Lahr & Katz 2009). In a 

multiplexed PCR, incomplete primer extension followed by annealing of the 
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incompletely extended DNA strand to a region of similarity in a different template might 

result in the formation of chimeras. This phenomenon appears to be more common in 

highly degraded samples (Pääbo et al. 1990). However, it has also been documented in 

high quality DNA (obtained from freshly-preserved tissue samples) on HTS platforms 

(Edgar et al. 2011; Haas et al. 2011). 

 We identified chimeric reads as those containing sequences identifiable to two or 

more distantly related species. After careful examination of each enrichment, we 

determined that multiplexing samples with single indices combined with more cycles of 

PCR than recommended likely caused molecules from one species to ‘jump’ to another 

molecule and resulted in the observed chimeric reads. In fact, Kircher et al. (2012) 

estimated that jumping PCR generated 0.4% chimeric reads in their dual indexed 

experiments on two Neanderthal bones when captures were multiplexed, versus 0.03% 

chimeric reads when they were singleplexed. They concluded that singleplex methods 

reduce chimera formation, and the inclusion of dual indices allow for the detection of 

chimeras, even when samples are singleplexed. Their data indicate that dual indexing 

samples before capture substantially decreases the possibility of errors due to jumping 

PCR and index false assignment. Therefore, we advocate dual indexing any samples that 

will be captured in multiplex reactions.  

Another factor that may increase the rate of chimeric molecule formation is by 

exceeding the number of PCR cycles recommended for enrichment in the MYbaits 

protocol (14 cycles; MYcroarray™). Amplified captured libraries prepared from 

degraded samples may have unincorporated adapter dimer that need to be eliminated to 
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increase sequencing efficiency of targeted regions. However, because we routinely 

experienced a 20-30% loss of DNA during the gel purification step (see Qiagen product 

specifications), we increased the number of cycles in the enrichment step to increase the 

amount of library concentration for sequencing. We attributed this increase in cycles, 

coupled with the use of single indices, to a higher than expected formation of chimeric 

sequences than if we had used dual indices and performed the recommended number of 

cycles. 

Once we detected that jumping PCRs were occurring in our multiplexed libraries, 

we developed a pipeline of additional quality filters to remove suspected chimeric 

sequences (see Fig. 3-3). We tested this pipeline in silico by generating a dataset of non-

chimeric and chimeric molecules of varying source proportions and evaluated the ability 

of this pipeline to detect the chimeric molecules. In this test, we were able to identify 

100% of chimeric molecules in which more than 60 bp of the total read length were from 

a second source. Chimeric molecules with less than 60 bp were more difficult to detect 

and may be classified as ‘good’ reads, and therefore higher coverage is necessary to 

prevent their inclusion into the final consensus sequences. However, we ran the pipeline 

on samples that had low, medium and high coverage and detected chimeric sequences in 

all cases.  

We compared the final mitogenome consensus sequences for low, medium, and 

high coverage samples with and without running the chimera detection pipeline. After 

performing this pipeline, we found that the samples with low coverage (less than 10X) 

were affected by inclusion of chimeric molecules into the resulting consensus sequence 
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(approximately 80 mismatches), or ~0.005% difference, between consensus sequences 

when reads were or were not run through the chimera detection pipeline. However, when 

samples had a moderate amount of coverage (between 30-50X) we found only 10 

mismatches (~0.0006%) between consensus sequences when reads were not run through 

the chimera detection pipeline. At high coverage (over 100X) we observed only four 

mismatches (~0.0002%) incorporated across the mitogenomes. Based on these results, we 

suggest exercising caution when coverage is deemed ‘low’ or ‘moderate’ as this could 

lead to erroneous mitogenome sequences. 

Samples with low or moderate coverage should be subjected to the chimera 

detection pipeline. While this pipeline conservatively removed some non-chimeric 

molecules, we would recommend the removal of additional non-chimeric molecules 

rather than risk including chimeric sequence into downstream consensus sequences. 

Because chimeric sequences can be detected more easily by using dual indexing (Kircher 

et al. 2012), we do not recommend the use single indices for multiplexed enrichments of 

degraded DNA samples. 

Prevalence of nuclear copies of mitochondrial DNA in sequences 

 

Overall, the inclusion of NuMTs into mitochondrial consensus sequences did not 

appear to be a major problem with our protocol. While NuMTs enrichment did occur 

during hybridization using the MMA, the application of multiple NuMT detection 

techniques allowed us to filter them from final inclusion in the mitogenome. These 

include translating protein coding genes for stop codons, visually searching for indels, 

and computing SNP frequencies. In the cases where SNPs were detected, which could 
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indicate the presence of nuclear copies, either an ambiguity code or the more dominant 

nucleotide was called. Higher coverage will also prevent the inclusion of NuMTs by 

making the correct (mitochondrial) genotype easier to detect, especially if PCR cycles are 

limited to reduce clonal amplification of NuMT sequences and limit the proportion of 

NuMTs in the resulting data (although clonal sequences were removed with Prinseq).  

Enrichment Success 
 

 Enrichment success varied considerably between samples. Skin and museum 

‘tissue’ material showed the most variation, with samples ranging from almost 100% to 

~1% percent of the mapped bases having at least 5X coverage (Table 3-2). We did not 

observe a correlation between quality and age of sample. Our results suggest that at least 

15,000 quality filtered reads should be targeted when reconstructing novel mitogenomes. 

We found that 38 of the 63 individuals (60%) included in this study recovered at least 

70% of the mitogenome. We decided to combine the 70% recovery threshold with at least 

10X average coverage from mapping (in this case, with bwa) to determine if a sample 

was successful. This reduced the 38 to 32 individuals that had at least 70% of the 

mitogenome and at least 10X coverage (51%).  In addition, it is possible that by relaxing 

hybridization stringency, more divergent taxa could more efficiently hybridize, but with 

the risk of incorporating non-target molecules. A touchdown enrichment, where 

hybridization begins at 65 °C incubation and the annealing temperature slowly decreases 

over time (some studies report hybridization as low as 48°C, Enk et al. 2014) should 

theoretically work in samples with greater level of divergence from the probe sequences. 
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Another recent study (Slon et al., 2015), based on similar methodology presented 

here reported a much lower enrichment success rate (zero of 42 samples). It should be 

noted that their study focused on much older samples, which were used to validate their 

method, but no authentic mitogenome sequences with the expected deamination patterns 

inherent in ancient bone samples were recovered. They also experienced lower 

enrichment success with the general mitochondrial tool developed in comparison to the 

cave bear-specific probe set used to validate their results. This should not be unexpected, 

as the number of cave bear sequences in the general mitochondrial tool is much less than 

that in a species-specific array. 

Conclusions  
 

The MMA probes successfully enriched mitogenomes for five orders of mammals 

from bone, museum ‘tissue’, spines, and desiccated skin clips despite diluting probes and 

multiplexing reactions. Researchers looking to save time (in probe array design) and 

funds (covering multiple projects with the same array) can follow our design steps to 

design an array that is more specific for capturing molecular markers across taxa that 

meet the specifications of a particular lab group.  We suggest multiplexing with dual 

indexed samples to enable chimera detection (as dual-indexed reads of chimeric origin 

would be discarded during demultiplexing, as the two indices would not match). We also 

recommend conducting multiple PCRs of the original enrichment product instead of 

adding additional PCR cycles to reduce chimera formation. After applying extra quality 

filters following chimera detection, we generated 32 successful mitogenomes. Our MMA 

probe set presents a cost effective alternative to generate complete mitogenomes from 
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degraded samples for a large diversity of mammal taxa for projects spanning a range of 

interests.   
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Abstract 
 

The plain long-nosed squirrels, genus Dremomys, are high elevation species in 

East and Southeast Asia. Here we present a complete molecular phylogeny for the genus 

based on nuclear and mitochondrial DNA sequences. Concatenated mitochondrial and 

nuclear gene trees as well as divergence dating estimates were performed to determine 

the tree topology, and to date the tree. All speciation events within the plain-long nosed 

squirrels (genus Dremomys) were ancient (dated to the Pliocene or Miocene), and 

averaged older than many speciation events in the related Sunda squirrels, genus 
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Sundasciurus. Within the plain long-nosed squirrels, the most recent interspecific split 

occurred 2.9 million years ago, ancient as compared to some splits within Sunda 

squirrels, which dated to the Pleistocene. Our results demonstrated that the plain long-

nosed squirrels are not monophyletic. The single species with a distinct distribution, the 

Bornean mountain ground squirrel (Dremomys everetti), which is endemic to the high 

mountains of Borneo, is nested within the Sunda squirrels with high support. This species 

diverged from its sister taxa in the Sunda squirrels 6.62 million years ago, and other plain 

long-nosed squirrels over 11 million years ago. Our analyses of morphological traits in 

these related genera supported the re-classification of the Bornean mountain ground 

squirrel, Dremomys everetti, to the genus Sundasciurus, which changes its name to 

Sundasciurus everetti. Past inclusion in the plain long-nosed squirrels (Dremomys) 

reflects convergent evolution between these high elevation species. 

Introduction 
 

The biota of Southeast Asia, one of the most threatened and biodiverse in the 

world, includes multiple biodiversity “hotspots” (de Bruyn et al., 2014; Mittermeier et al., 

2005; Myers, 2003) and the world’s largest diversity of tree squirrels (Order: Rodentia; 

Family: Sciuridae). The subfamily Nannosciurinae alone contains 14 genera and over 60 

species of tree squirrels (Thorington et al., 2012; Musser et al., 2010; Thorington and 

Hoffmann, 2005; Corbet and Hill, 1992). The subfamily is distributed from the Indian 

Subcontinent to China and across mainland Southeast Asia to the Sunda Shelf (Malay 

Peninsula, Sumatra, Java, Borneo, and associated islands), and has crossed Wallace’s and 

Huxley’s Lines into Sulawesi and the Philippines, respectively.  
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Within this region, Borneo is particularly rich in both diversity and endemism. Of the 

eight genera of nannosciurine squirrels native to Borneo, only two are also distributed 

across the Isthmus of Kra into mainland Southeast Asia (Corbet and Hill, 1992; 

Thorington et al., 2012). One genus distributed north of the Isthmus of Kra, Callosciurus, 

is a widespread, diverse group in need of revision (J C Moore & Tate, 1965). The second 

genus, commonly referred to as the plain long-nosed squirrels (Dremomys), is a genus of 

exclusively high elevation endemics (Thorington et al., 2012; Corbet and Hill, 1992). The 

plain long-nosed squirrels are drab brown animals with elongated rostra and short bushy 

tails, with a variable amount of red-orange fur in the pelage (Thorington et al., 2012: 

Corbet and Hill, 1992). Five of the six species of Dremomys are distributed in mainland 

Southeast Asia north to China and west to India: Dremomys pernyi, D. lokriah, D. 

gularis, D. rufigenis, D. pyrrhomerus (Corbet and Hill, 1992; Thorington et al., 2012; 

Thorington and Hoffmann, 2005). Some of the species have restricted ranges, and two, 

the red-cheeked squirrel, (D. rufigenis) and Perny’s long-nosed squirrel (D. pernyi), are 

widespread. The last species, and the smallest member of the genus, the Bornean 

mountain ground squirrel (BMGS), Dremomys everetti (Thomas, 1890), is known only 

from the mountains of Borneo, far disjunct from the geographic ranges of other members 

of the genus (Fig. 4-1). A previous study of the species relationships in Dremomys did 

not include this species (S. Li et al., 2008). In the past, the BMGS has been classified in 

other nannosciurine genera, including Funambulus and Rhinosciurus (e.g. Allen and 

Coolidge, 1940; Banks, 1933). However, classification of the BMGS in Dremomys, based 

especially on its pelage and relatively long snout, has been accepted for nearly a century 
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(e.g. Thorington et al., 2012; Thorington and Hoffmann, 2005; Corbet and Hill, 1992; 

Moore and Tate, 1965; Ellerman et al., 1940; Robinson and Kloss, 1918). 

High elevation taxa may show unique patterns of diversification driven by similar 

selective pressures imposed by physical environmental conditions, or due to the timing 

and duration of episodes of genetic isolation. In the closely related genus of Sunda 

squirrels (Sundasciurus), high elevation subspecies of a widespread species (S. tenuis) 

were found to be genetically divergent from the lowland populations, and so, with 

morphological support, they were resurrected as independent species (S. tahan, S. 

altitudinus; Thorington et al., 2012; den Tex et al., 2010). These data hint at the particular 

taxonomic difficulty presented by high-elevation species, perhaps due to strong abiotic 

selection leading to convergent phenotypes, similar to the convergence observed in 

American ground squirrels (Harrison, Bogdanowicz, Hoffmann, Yensen, & Sherman, 

2003). 

 Here we use nuclear and mitochondrial DNA sequences to construct a phylogeny 

for all recognized species of the plain long-nosed squirrels. In addition to the plain long-

nosed squirrels, representatives from many closely related genera of nannosciurine 

squirrels were included in our phylogenetic comparisons, including 16 of the 17 species 

of the Sunda squirrels, and 10 species of Callosciurus, and a representative of Tamiops, 

Exilisciurus and Funambulus. We dated this phylogeny in order to estimate when species 

and genera diverged, and considered the implications of the phylogeny for understanding 

the evolution, biogeography, and morphology of these high elevation endemic squirrels. 

We tested the monophyly of the genera, and the association of phylogenetic clades with 
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biogeographic regions. In addition, we tested the hypothesis that the high elevation 

environment drives convergent evolution in morphological traits, and place our results in 

an evolutionary context. 

 
Figure 4-1: Distribution of the plain long-nosed squirrels (genus Dremomys) and the 

Sunda squirrels (genus Sundasciurus) with the Bornean mountain ground squirrels 

highlighted separately.  

Distributions follow Thorington et al. (2012) and Corbet & Hill (1992). Relevant 

biogeographic breaks, islands, and elevation (in meters) are labeled. 
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Materials and Methods 

Materials 
Tissue samples from twenty-three squirrels were collected for this study and 

amplified for the three molecular markers. These were combined with published 

sequences, including 30 individuals for mitochondrial and nuclear genes, and 27 for only 

cytochrome b (Table 4-1). Twelve newly acquired tissue samples (nine Dremomys 

everetti, one Sundasciurus lowii, one S. jentinki, and one Callosciurus prevostii) from 

field expeditions were collected in Kinabalu Park, Sabah (Borneo), Malaysia. Specimens 

were collected according to the guidelines of the American Society of Mammalogists 

(Sikes et al., 2011), as approved by institutional animal care and use committees 

(Smithsonian Institution, National Museum of Natural History, Proposal Number 2012-

04 and Estación Biológica de Doñana Proposal Number CGL2010-21524), with 

permission from Sabah Parks (TS/PTD/5/4 Jld. 47 (25)), and exported with permissions 

from the Sabah Biodiversity Council (Ref: TK/PP:8/8Jld.2).  

An additional 12 tissue samples were obtained from museum loans from the 

National Museum of Natural History, Smithsonian Institution, Washington, D.C., USA 

(USNM); National Zoological Park, Washington, D.C., USA (NZP); Royal Ontario 

Museum, Toronto, Canada (ROM); and the Australian National Wildlife Collection, 

CSIRO, Canberra, Australia (ANWC) (one Dremomys pernyi, two D. rufigenis, one 

Exilisciurus exilis, one Funambulus pennantii, one Sundasciurus tenuis, two S. lowii, one 

Callosciurus adamsi, one C. finlaysonii, one C. orestes, one C. phayrei). Published 

sequences from various muroid outgroups were also included (Table 4-1).
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Table 4-1: Samples included in the molecular analyses and their collection or publication of origin. GenBank accession 

numbers for the c-myc, RAG-1 and cytochrome b (cyt b) sequences for each individual are in the last three columns. 
Catalog # or Reference Species Country Specific Location RAG-1 c-myc cyt b 

Steppan et al. (2004), Piaggio et al. (2013) Aplodontia rufa N/A N/A AY241468 AY239477 JX420007 

Steppan et al. (2004), Jansa et al. (2006) Batomys granti N/A N/A AY241461 AY239472 DQ191470 

NZP 95-322 Callosciurus adamsi Malaysia Sabah, Borneo KP126010 KP126058 KP126035 

64664, Oshida et al. (2001) Callosciurus caniceps N/A N/A N/A N/A AB043875 

Steppan et al. (2004), Chang et al. (2010) Callosciurus erythraeus N/A N/A AY241479 AY239486 HQ698360 

USNM 584417 Callosciurus finlaysonii Myanmar Mandalay KP126012 KP126059 KP126037 

644236, Oshida et al. (2001) Callosciurus inornatus N/A N/A N/A N/A AB499905 

127501, Oshida et al. (2001) Callosciurus nigrovittatus N/A N/A N/A N/A AB043882 

64678, Oshida et al. (2001) Callosciurus notatus N/A N/A N/A N/A AB499912 

ROM 102139 Callosciurus orestes Indonesia East Kalimantan KP126014 KP126061 KP126036 

USNM 583884 Callosciurus phayrei Myanmar Mon KP126013 KP126062 KP126038 

MTRH118 Callosciurus prevostii Malaysia Sabah, Borneo KP126032 KP126057 KP126056 

Steppan et al. (2004), Rowe et al. (2008) Deomys ferrugineus N/A N/A AY241460 AY239471 EU349745 

461707, Li et al. (2008) Dremomys gularis N/A N/A N/A N/A EF539337 

461708, Li et al. (2008) Dremomys lokriah N/A N/A N/A N/A EF539335 

Steppan et al. (2004), Chang et al. (2010) Dremomys pernyi N/A N/A AY241482 AY239489 HQ698362 

USNM 574326 Dremomys pernyi China Sichuan KP126028 KP126063 KP126039 

KIZ 2003012, Li et al. (2008) Dremomys pernyi N/A N/A N/A N/A EF539336 

461709, Li et al. (2008) Dremomys pyrrhomerus N/A N/A N/A N/A EF539342 

ROM 111385 Dremomys rufigenis Vietnam Quang Nam KP126029 KP126064 KP126040 

ROM 111386 Dremomys rufigenis Vietnam Quang Nam KP126030 KP126065 KP126041 

KIZ 2004264, Li et al. (2008) Dremomys rufigenis N/A N/A N/A N/A EF539341 

ROM 102254 Exilisciurus exilis Indonesia East Kalimantan KP126027 N/A KP126050 

ANU EBU56606 Funambulus pennanti Australia Perth (Introduced) KP126034 KP126081 KP126055 

Steppan et al. (2004), Kruckenhauser et al. 

(1999) Marmota monax N/A N/A AY241492 AY239498 AF100719 

Steppan et al. (2004), Sudman, P.D. and Hafner, 

M.S., unpublished Microsciurus flaviventer N/A N/A AY241478 AY239485 MFU46169 

Steppan et al. (2004), Galewski et al. (2006) Microtus irene N/A N/A AY241464 AY239474 AM392370 

Steppan et al. (2004), Conroy & Cook (1999)  Microtus pennsylvanicus N/A N/A AY241463 AY239473 AF119279 

Steppan et al. (2004), Bernard et al. (1983), 

Hardouin, E.A. and Tautz, D., unpublished Mus musculus N/A N/A AY241462 AH005318S1 JX945964 

Steppan et al. (2004), Matthee and Robinson 

(1997) Paraxerus cepapi N/A N/A AY241498 AY239503 PCU59179 

Steppan et al. (2004), Smith and Patton (1999) Phyllotis xanthopygus N/A N/A AY241466 AY239475 AF108693 

Steppan et al. (2004), Sudman, P.D. and Hafner, 

M.S., unpublished Sciurillus pusillus N/A N/A AY241471 AY239480 SPU46179 

Steppan et al. (2004), Liu, X., unpublished. Sciurotamias davidianus N/A N/A AY241488 AY239495 KC005710 

Steppan et al. (2004), Barber, B.R., unpublished. Sciurus carolinensis N/A N/A AY241475 AY239482 FJ200685 

Steppan et al. (2004), Oshida et al. (2009) Sciurus stramineus N/A N/A AY241476 AY239484 AB292678 

Steppan et al. (2004), Harrison et al. (2003) 

Spermophilopsis 

leptodactylus N/A N/A AY241487 AY239494 AF157865 

BMNH : 1919.11.5.47 Den Tex et al. (2010) Sundasciurus altitudinus Indonesia Sumatra N/A N/A KP120727 

USNM 271039, Den Tex et al. (2010) Sundasciurus altitudinus Indonesia Sumatra N/A N/A KP120728 
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USNM 90570,  Den Tex et al. (2010) Sundasciurus brookei N/A N/A N/A N/A KP994921 

MTRB7 Sundasciurus everetti Malaysia Sabah, Borneo KP126015 KP126067 KP126045 

MTRB8 Sundasciurus everetti Malaysia Sabah, Borneo KP126016 KP126068 KP126046 

MTRB11 Sundasciurus everetti Malaysia Sabah, Borneo KP126017 KP126069 KP126047 

MTRB12 Sundasciurus everetti Malaysia Sabah, Borneo KP126018 KP126070 KP126049 

MTRB15 Sundasciurus everetti Malaysia Sabah, Borneo KP126019 KP126071 KP126048 

MTRH151_Kinabalu Sundasciurus everetti Malaysia Sabah, Borneo KP126020 KP126076 KP126051 

MTRH163_Kinabalu Sundasciurus everetti Malaysia Sabah, Borneo KP126022 KP126079 KP126052 

MTRH168_Kinabalu Sundasciurus everetti Malaysia Sabah, Borneo KP126023 KP126078 N/A 

MTRH172_Kinabalu Sundasciurus everetti Malaysia Sabah, Borneo KP126021 KP126077 KP126053 

USNM 121628, Den Tex et al. (2010) Sundasciurus fraterculus Indonesia South Pagi Island N/A N/A KP120730 

USNM 311463, Den Tex et al. (2010) Sundasciurus hippurus Malaysia Sarawak, Borneo N/A N/A KP120733 

USNM 141032, Den Tex et al. (2010) Sundasciurus hippurus Indonesia Sumatra N/A N/A KP120732 

USNM 142273, Den Tex et al. (2010) Sundasciurus hippurus Indonesia Sumatra N/A N/A KP120734 

USNM 488406, Den Tex et al. (2010) Sundasciurus hippurus Malaysia Selangor N/A N/A KP120731 

USNM 477851, Den Tex et al. (2010) Sundasciurus hoogstraali Philippines N/A N/A N/A KP120735 

USNM 292576, Den Tex et al. (2010) Sundasciurus jentinki Malaysia Sabah, Borneo N/A N/A KP120736 

MTRH 117 Sundasciurus jentinki Malaysia Sabah, Borneo KP126033 KP126080 KP126054 

USNM 477866, Den Tex et al. (2010) Sundasciurus juvencus Philippines N/A N/A N/A KP120737 

FMNH 196005 Sp_DSB5065, Den Tex et al. 

(2010) Sundasciurus juvencus Philippines N/A N/A N/A KP120738 

FMNH 195288, Den Tex et al. (2010) Sundasciurus juvencus Philippines N/A N/A N/A KP120739 

ROM 102098, Den Tex et al. (2010) Sundasciurus lowii Indonesia 

East Kalimantan, 

Borneo N/A N/A KP120742 

USNM 488447, Den Tex et al. (2010) Sundasciurus lowii Malaysia Selangor N/A N/A KP120740 

MTRB17 Sundasciurus lowii Malaysia Sabah, Borneo KP126024 KP126074 KP126042 

NZP 93-434 Sundasciurus lowii Malaysia Sabah, Borneo KP126025 KP126072 KP126043 

NZP 96-560 Sundasciurus lowii Malaysia Sabah, Borneo KP126026 KP126073 KP126044 

USNM 462199, Den Tex et al. (2010) Sundasciurus mindanensis Philippines N/A N/A N/A KP120743 

USNM 477947, Den Tex et al. (2010) Sundasciurus moellendorfi Philippines N/A N/A N/A KP120744 

FMNH 191420, Den Tex et al. (2010) Sundasciurus phillipinensis Philippines N/A N/A N/A KP120746 

FMNH 194781, Den Tex et al. (2010) Sundasciurus phillipinensis Philippines N/A N/A N/A KP120745 

FMNH 195285, Den Tex et al. (2010) Sundasciurus rabori Philippines N/A N/A N/A KP120747 

EAR1306,  Den Tex et al. (2010) Sundasciurus samarensis Philippines N/A N/A N/A KP120748 

USNM 458736, Den Tex et al. (2010) Sundasciurus samarensis Philippines N/A N/A N/A KP120749 

USNM 477948, Den Tex et al. (2010) Sundasciurus steeri Philippines N/A N/A N/A KP120750 

USNM 87085, Den Tex et al. (2010) Sundasciurus tahan N/A N/A N/A N/A KP994922 

ROM 102157, Den Tex et al. (2010) Sundasciurus tenuis Indonesia 

East Kalimantan, 

Borneo KP126031 KP126075 KP120754 

USNM 488459, Den Tex et al. (2010) Sundasciurus tenuis Malaysia Johor N/A N/A KP120751 

USNM 488458, Den Tex et al. (2010) Sundasciurus tenuis Malaysia Johor N/A N/A KP120752 

Nunome et al. 2007, Steppan et al. (2004), 

Obolenskaya et al. (2009) Tamias sibiricus N/A N/A AB253978 AY239496 FJ655250 

Steppan et al. (2004), Barber, B.R., unpublished. Tamiasciurus hudsonicus N/A N/A AY241474 AY239482 FJ200685 

Steppan et al. (2004), Li et al. (2008) Tamiops swinhoei N/A N/A AY241481 AY239488 EF539334 

Steppan et al. (2004), Herron et al. (2005) Xerus inauris N/A N/A AY241485 AY239492 DQ010376 
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Molecular Work 

DNA extraction, amplification and sequencing 
 

DNA was extracted from tissue samples with DNeasy Blood and Tissue Kits 

(Qiagen) following manufacturer instructions. Whole genomic DNA concentration was 

standardized by spectrophotometry (NanoDrop v 2.0) to approximately 50 ng/μl. 

Cytochrome b was amplified in two fragments with universal mammalian primers 

(L14724 [5'-GAT ATG AAA AAC CAT CGT TG -3'], and H15417 [5'-AGT AGG GGT 

GGA AAG GGA TTT-3'] and L15370 [5'-CAC GAA ACA GGA TCA AAC AAC C-3'] 

and H15910 [5'-GAT TTT TGG TTT ACA AGA CCG AG-3'], Kocher, 1989) which 

generated a 1115 base pair (bp) long fragment. PCR reactions consisted of: 1X Gold 

buffer (Perkin-Elmer, ABI) 0.2 mM dNTPs, 2 mM of MgCl2, 0.5 mM of each primer, 

and 1 U of Taq Gold (Perkin-Elmer, ABI) in 25l. Cycling conditions were: 95° C for 10 

min, two cycles of 95° C for 15 sec, 60° C for 30 sec, 72° C for 1 min, two cycles of 95° 

C 15 sec, 58° C for 30 sec, 72° C for 1 min, and 19 cycles of 95° C for 15 sec, 56° C for 

30 sec, 72° C for 1 min, followed by a final extension of 72° C for 5 min.  

Two nuclear markers were amplified for this study, c-myc and RAG-1. The proto-

oncogene c-myc is a single copy gene with three exons which has been used to 

reconstruct mammalian, crocodilian, and avian phylogenies (e.g., Yaniv and Jacques, 

1997; Cole, 1986; Braun et al., 1985) and has been demonstrated to be phylogenetically 

informative in squirrels (Steppan et al., 2004). For this study, we sequenced 565 bp of 

exon 2 of the c-myc gene using primers S54 [5’- 

GGAACTATGACCTCGACTACGACTC-3’] and S55 [5’- 
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TACAGGATTTGGGCGAGCTG-3’] as in Steppan et al. (2004). The recombination 

activation gene (RAG-1) is also a single copy gene and consists of one exon uninterrupted 

by introns (Groth and Barrowclough, 1999). Here we analyze a 548 bp fragment of RAG-

1 which was previously found to be phylogenetically informative for mammals, using 

previously published primers S70 [5’- TCCGAGTGGAAATTTAAGMTGTT-3’] and 

S105 [5’- CTCCACRGGGTCAGCCAGAAT-3’] as in Steppan et al. (2004). 

 All PCR products were cleaned with ExoSAP-IT (Affymetrix), then Sanger 

sequenced using BigDye terminator premix version 3.1 (Applied Biosystems), and 

separated on an ABI 3130xl automated capillary sequencer. Geneious v. 7.0.6 was used 

to remove primer sequences, and to edit and align sequences from all of the fragments 

used in the analysis. 

Molecular Phylogenetic Analyses 
 

Cytochrome b and nuclear gene sequence alignments were analyzed separately, as 

well as concatenated to reconstruct phylogenetic trees with maximum parsimony (MP), 

maximum likelihood (ML), and Bayesian inference (BI) methods. The MP tree was 

generated using the parsimony ratchet method (Nixon, 1999) implemented in PAUPRat 

(Sikes and Lewis, 2001) on the concatenated dataset. The bootstrap support was 

calculated in PAUP v.4.0a136 (Swofford, 2003) using random taxon addition (10 

replicates), tree-bisection-reconnection branch swapping, and heuristic searches with 

1000 bootstrap replicates.  The cytochrome b dataset included 82 individuals, and the 

RAG-1 and c-myc contained 45 individuals (Table 4-1). 
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We used the software PartitionFinder (Lanfear et al., 2012) to determine the best 

partitioning scheme and model of evolution for each gene. Base composition of all 

ingroup taxa was tested with a chi-square (x2) as implemented in PAUP* v.4.0a136. The 

output from PartitionFinder separated cytochrome b into 1st, 2nd and 3rd codon positions 

and neither c-myc nor RAG-1 were partitioned. Under both AIC and BIC, the best-fit 

models were: SYM+I+G (Zharkikh, 1994) for cytochrome b 1st codon position (which 

was modified into a GTR+I+G with equal base frequencies for the analyses using 

BEAST, see below); HKY+I+G (Hasegawa et al., 1985) for cytochrome b 2nd codon 

position; GTR+G (Tavare, 1986)  for cytochrome b 3rd codon position; HKY+G for c-

myc; and GTR+G for RAG-1. The estimated models for each gene were employed to 

generate a ML tree using the software GARLI (Genetic Algorithm for Rapid Likelihood 

Inference; Zwickl, 2006) and grid computing (Cummings and Huskamp, 2005) through 

The Lattice Project (Bazinet and Cummings, 2008). We used ten search replicates and 

branch support was assessed using 1000 bootstrap replicates.  

The same model parameters were applied for the BI analysis in MrBayes version 

3.2.2 (Ronquist and Huelsenbeck, 2003) on XSEDE via the Cipres Science Gateway 

(Miller et al., 2010). The BI analysis was run using 50,000,000 generations along four 

chains with two replicates at a temperature of 0.05. The convergence between the two 

runs was analyzed by comparing the average standard deviation of split frequencies 

(ASDSF) through Geneious v. 7.0.6. Sample frequency was set to 1,000 with a burn-in of 

50,000.  
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Ancestral range reconstruction was performed using current distribution 

information (mainland Asia, Malay Peninsula, Borneo, Sumatra or the Philippines) with a 

reduced phylogenetic tree using the software Lagrange v.20130526 (Ree & Smith, 2008). 

This was done to estimate the biogeographic history of these species.  

 Molecular divergence dating was performed in BEAST 1.8 (Drummond et al., 

2012) on the XSEDE cluster via the CIPRES Portal (Miller et al., 2010). The BEAST 

analysis included 71 taxa, with six muroid outgroups, 1 sciuromorph outgroup 

(Aplodontia rufa), 11 sciurid outgroups, and 53 nannosciurine taxa, with 1074 bp of 

cytochrome b, 547 bp of c-myc, and 531 bp of RAG-1. Multiple samples of only 

cytochrome b data were removed when additional individuals representing the same 

species with complete datasets were present (2 Callosciurus, 7 Sundasciurus, and 2 

Dremomys). We used MEGA v5.2.2 to test for a molecular clock using ML values under 

the Hasegawa-Kishino-Yano (1985) model. The results rejected the null hypothesis, and 

a relaxed lognormal clock was used for each partition in BEAST 1.8. We used a Yule 

process of speciation, and three lognormal calibration points were defined based on the 

fossil record: 1) 40 MYA (mean: 36.6; 95% quantiles: 28.8 – 46.5) for the root of 

Sciuridae, which has been previously used for dating estimates (Mercer & Roth 2003; 

Eldredge and Stanley, 1984). All Sciurid taxa were included in this calibration, with the 

muroid outgroups outside of this taxa panel. 2) 24 MYA (mean: 23.9; 95% quantiles: 

20.2 – 28.2) for the split within muroid rodent outgroups, which has been used in 

previous murine phylogenies (Steppan et al., 2004); and 3) 14 MYA (mean: 14.4; 95% 

quantiles: 7.4 – 30.1) for the subfamily Nannosciurinae, which included 60 individuals 
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from three genera (Sundasciurus, Callosciurus and Dremomys) (Qiu, 2002). For all node 

calibration points, the fossil age was coincident with the median of the lognormal 

distribution. The evolution rates for each partition were estimated using the lognormal 

relaxed clock with the operators left to default. Four replicates of 100 million chains were 

run and evaluated for convergence. An empty alignment was run to evaluate the effect of 

the priors on the dataset (the ESS values and support from the empty alignment should be 

different from the full analysis, to determine how much of an effect the priors had on the 

results). Tracer 1.5 was used to evaluate the convergence of the BEAST runs by assessing 

the Effective Sample Size (ESS) values, and Tree annotator was used to generate a 

consensus tree. FigTree v1.4.1 (Rambaut, A., Drummond, 2012) was used to generate the 

molecular time tree. 
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Morphological Analyses 

Material 
 

One hundred and twenty-five specimens from 12 species, including all recognized 

species of plain long-nosed squirrels (Thorington and Hoffmann 2005; Corbet and Hill, 

1992), were used for morphological analyses (Appendix 20). In morphometric 

comparisons, only adults were selected, as determined by closure of the basilar 

synchondrosis and eruption of all teeth. These squirrels are not sexually dimorphic 

(Tenzin et al., 2013; Moore and Tate, 1965), and both sexes were included in our 

analyses. Sixteen cranial measurements (as described in Hayashida et al., 2007) were 

taken from all six species of plain long-nosed squirrels and six species of Sunda squirrels 

with digital calipers graduated to 0.1 mm (Appendix 20). From the total of 125 

specimens, 92 were included in the quantitative and 115 specimens were used for the 

qualitative traits. 

Other craniodental morphology 
 

 For craniodental characters, we examined essentially all specimens of Sunda and 

plain long-nosed squirrels stored at USNM (~750 specimens). Cranial characters used by 

other authors to distinguish the two genera (cf. Corbet and Hill, 1992; Moore and Tate, 

1965; Moore, 1959, 1958) include the relative length of the rostrum (longer in 

Dremomys, shorter in Sundasciurus), the relative size and position of the upper 

premolars, P3 and P4 (P3 regarded as small relative to, and situated lateral to, P4, in 

Dremomys, and larger and more directly anteriorly placed relative to P4 in Sundasciurus: 
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Corbet and Hill, 1992) and the morphology of the auditory bulla (Corbet & Hill, 1992; J 

C Moore & Tate, 1965; J C Moore, 1958; J.C. Moore, 1959), with the “bullar septae Y-

shaped, forming anterior-mesial lobe” (Corbet & Hill, 1992) in Sunda but not in plain 

long-nosed squirrels. We also documented the presence or absence of the temporal 

foramen (characteristic of plain long-nosed squirrels, often absent in Sunda squirrels; 

Moore and Tate, 1965). We evaluated relative rostral length by comparing the length of 

the nasal bones relative to the condylobasal length of the skull (Tables 4-2, 4-3).  

External proportions 
 

The plain long-nosed squirrels are montane, ground-dwelling squirrels generally 

characterized by having a relatively short tail compared to other Southeast Asian squirrel 

genera, including the Sunda squirrels (Corbet and Hill, 1992; Moore and Tate, 1965). We 

evaluated this aspect in specimens by comparing the length of the tail relative to the 

head-body length. External measurements were taken from specimen tags as measured by 

the original collectors. Tail length was subtracted from total length to calculate head-

body length, if not explicitly given on the specimen tag. A total of 115 specimens were 

included in these comparisons (Appendix 20).
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Table 4-2: Average external proportions from representatives of plain long-nosed squirrels and Sunda squirrels 

measured in this study. The type species of each genus is marked with an asterisk.  

Abbreviations: n, number of individuals from which data were collected; HB, head-body length; Tail, tail length; T/HB 

proportion of tail to HB; CL, condylobasal length; NL, nasal length; NL/CL proportion of nasal length to skull size. All 

measurements in mm. 

Species n HB Tail  T/HB  SD (range) CL NL CL/NL  SD (range) 

“Dremomys” everetti 18 162.30 95.7 0.59 0.09 (0.35-0.73) 39.2 14.1 0.36 0.03 (0.31-0.47) 

Dremomys lokriah 7 190.0 127.1 0.67 0.07 (0.57-0.77) 42.2 15.3 0.36 0.02 (0.34-0.41) 

Dremomys pernyi* 10 186.3 138.0 0.73 0.13 (0.64-0.88) 44.8 16.4 0.35 0.01 (0.36-0.38) 

Dremomys rufigenis 23 186.0 145.7 0.79 0.11 (0.52-1) 47.7 17.1 0.36 0.03 (0.28-0.42) 

Dremomys pyrrhomeus 3 218.7 158.3 0.72 0.08 (0.64-0.78) 50.2 16.7 0.36 0.02 (0.33-0.38) 

Dremomys gularis 1 235.0 162.0 0.69 N/A (-) 49.4 20.1 0.41 N/A (-) 

Sundasciurus brookei 6 159.6 136.2 0.86 0.16 (0.66-1.03) 37.4 12.6 0.34 0.03 (0.31-0.41) 

Sundasciurus hippurus 16 234.9 255.1 1.09 0.11 (0.85-1.31) 51.9 16.8 0.32 0.01 (0.29-0.34) 

Sundasciurus jentinki 12 127.1 116.2 0.92 0.08 (0.79-1.06) 31.1 10.3 0.33 0.02 (0.30-0.35) 

Sundasciurus tenuis 7 136.3 115.7 0.85 0.03 (0.77-0.88) 31.7 10.3 0.32 0.02 (0.30-0.35) 

Sundasciurus lowii* 11 127.3 86.5 0.68 0.06 (0.53-0.75) 32.9 10.4 0.32 0.01 (0.30-0.33) 
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Analysis of morphological data 
 

 RStudio v 0.98.1062 was used to generate a Principal Component Analysis (PCA) 

for morphometric comparisons of the cranial measurements, and to compare external and 

cranial proportions for the BMGS to a range of species of plain long-nosed and Sunda 

squirrels, especially Perny’s long-nosed squirrel (D. pernyi) and Low’s squirrel (S. lowii), 

(the respective type species of Dremomys and Sundasciurus). Measurements were 

transformed to natural logarithms for the PCA. A multivariate analysis of variance 

(MANOVA) was done on the same cranial measurements as detailed above (also natural 

logarithm transformed). A Wilks lambda, Pillar’s trace and Hotelling-Jawley trace variant 

of the MANOVA were calculated.  

 In addition to standard morphometric analysis, we performed a phenotypic 

trajectory analysis (PTA) (Adams & Collyer, 2009), with the R package ‘geomorph’ to 

calculate the phenotypic trajectories for a subset of species included in the morphological 

analysis. We performed a series of comparisons, including one separated by high 

elevation versus low elevation species, another by genus (with BMGS included in the 

plain long-nosed squirrels or Sunda squirrels in different replicates). Species included in 

this analysis were Sundasciurus lowii, S. hippurus, S. tenuis, S. everetti, Dremomys 

pernyi, D. rufigenis and D. pyrrhomerus. Data input to geomorph was the results from the 

PCA, with PC1 and PC2 used for the PTA. We also tested the effect of using different 

log transformed cranial measurements, with similar results (data not shown). Each 

replicate was visualized after 1000 iterations.  
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Table 4-3: Characterization of discrete characters previously used to discriminate 

between the plain long-nosed squirrels and Sunda squirrels.  

Characterization of the Bornean mountain ground squirrel, the plain long-nosed 

squirrels (as represented by Dremomys pernyi, the type species) and the Sunda 

squirrels (as represented by Sundasciurus lowii, the type species). 

Character Dremomys everetti Sundasciurus  

Temporal fossa present (small) absent absent 

Anteromedial 

expansion of 

auditory bulla not pronounced intermediate pronounced 

P3/P4 size/position inconclusive inconclusive inconclusive 

Rostral length long long short 

Tail length generally short short short to long 

 

Results 
 

Molecular Phylogenetic Analysis 
 

Sequences from 1074 bp of cytochrome b, 548 bp of c-myc, and 533 bp of RAG-1 

were generated from all 23 tissue samples (Table 4-1). RAG-1 contained 25 parsimony 

informative (PI) sites for alignments containing Dremomys + Sundasciurus and 8 for 

Dremomys alone (not including the BMGS). C-myc contained 9 PI sites for the 

Dremomys + Sundasciurus alignment, and 2 for Dremomys alone. All newly generated 

sequences have been uploaded to Genbank (accession numbers in Table 1). All three 

genes generated congruent tree topologies, the two nuclear genes generating moderate 

support alone (data not shown), and strong support when concatenated with 

mitochondrial data. The most parsimonious tree had a tree length of 5982 steps (CI = 

0.218; RI = 0.512; and RC = 0.112). The topology of the single ML tree was concordant 

with the MP results (kappa = 3.94, ln = -30655.86). The topology of the BI tree was also 
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concordant, and was more highly resolved than either the MP or ML analyses, with 

several nodes well supported (Fig. 4-2).  

The relationship between the sequences reported in Li et al. (2008) was recovered, 

but the addition of more individuals resulted in the polyphyly of the red-cheeked squirrels 

(D. rufigenis) with high support (BI 1 and MP and ML bootstrap support > 80). The 

Vietnam red-cheeked squirrels were more closely related to the red-throated squirrel (D. 

gularis), and the animals from southern China were more closely related to the red-

hipped squirrel (D. pyrrhomerus). The sequences included from Li et al. (2008) are only 

mtDNA data. 

All species of plain long-nosed squirrels formed a monophyletic clade with high 

support (BI posterior probability of 1 and ML > 80) except the BMGS. This species was 

nested within a clade containing members of Sunda squirrels, with high support (BI 

posterior probability of 0.99 and ML bootstrap of 100). Within the Sunda squirrels, the 

BMGS clustered within the subgenus Aletesciurus (J C Moore, 1958), with high support 

(BI 0.98). The subgenus Sundasciurus was not recovered as monophyletic (as in Den Tex 

et al., 2010). The ancestral range reconstruction suggested a Bornean origin for the Sunda 

squirrels from where they colonized the Philippines, Sumatra and the Malay Peninsula 

multiple times. The common ancestor of the plain long-nosed squirrels and their common 

ancestor with the Sunda squirrels were both reconstructed to be in mainland Asia 

(Appendix 21). 
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Figure 4-2: Bayesian phylogeny of all species of plain long-nosed squirrels, and a 

variety of nannosciurine species, based on two nuclear and one mitochondrial gene 

sequences.  

Support values are abbreviated with BI first, and MP and ML values are 

abbreviated with a * when bootstrap support was above 80. Nodes with poor 

support, or where certain methods generated a polytomy are indicated with an X. 

 

Molecular dating 
 

The BMGS diverged from the lineage leading to the plain long-nosed squirrels 

approximately 11.61 MYA (95% HPD 9.1- 14.56) (Fig. 4-3). The divergence between 

the BMGS and its closest relatives, which are Sunda squirrels, was estimated at 6.62 

MYA (95% HPD 4.93-8.59). The most recent common ancestor for all plain long-nosed 

squirrels except the BMGS was estimated at 5.97 MYA (95% HPD 4.34-7.95), and the 



101 

 

common ancestor of all Sunda squirrels including the BMGS was 8.34 MYA (95% HPD 

6.41-10.48). Within plain long-nosed squirrels (except the BMGS), the most recent 

speciation event was dated to 2.9 MYA (95% HPD 1.77-4.17, between the Chinese red-

cheeked squirrel and the red throated squirrel) and the average age of all of the species 

was 4.4 MYA (range 5.97-2.9 MYA). Within the Sundasciurus (here including the 

BMGS), the oldest split within the genus was the BMGS (6.62 MYA) with the most 

recent splitting in the Philippines during the Pleistocene (~170,000 years ago).
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Figure 4-3: Dated phylogeny including all species of plain long-nosed squirrels and 16 of the 17 Sunda squirrels.   
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Dates are indicated on the bar at the bottom of the figure in millions of years before present. Node ‘a’ is the common 

ancestor for plain long-nosed and Sunda squirrels, and is estimated to be 11.61 MYA (confidence interval highlighted 

in blue). Node “b” shows the split within the Sunda squirrels to the Bornean mountain ground squirrels (BMGS) 

estimated to be 6.62 MYA. Species are colored to match the inlaid map, representative of species distribution, and the 

BMGS is highlighted in green. A geologic timescale is portrayed at the bottom of the tree. The two subgenera of Sunda 

squirrels are highlighted with gray boxes. All high elevation endemics are marked with a yellow star. The photograph 

above the inlaid map is a BMGS from Kinabalu Park, Sabah, Malaysia. 
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Morphological taxonomy 
 

Sixteen cranial measurements were taken from 92 individuals representing a 

variety of species, including all recognized plain long-nosed squirrel species, six species 

of Sunda squirrels from Borneo and one from the Philippines.  The PCA recovered the 

plain long-nosed squirrels as a distinct cluster, and the Sunda squirrels as two separate 

clusters. The BMGS fell between the two genera (Appendix 22). The largest bodied 

species of Sunda squirrels measured, Sundasciurus hippurus and S. philippinensis, 

comprised a cluster separate from the other squirrels of both genera. In the PCA, 91.78% 

of the variance was explained by PC1 alone (a component especially reflecting overall 

size), and 2.57% explained by PC2 (Appendix 23). When PC2 and PC3 were plotted no 

additional resolution was visualized (data not shown). The MANOVA revealed 

significant differences between all species compared (Dremomys pernyi, Sundasciurus 

lowii and the BMGS; Appendix 24).  

The plain long-nosed squirrels have relatively long rostra and short tails, whereas 

the Sunda squirrels have shorter rostra and variable tail lengths (Table 4-2, Fig. 4-4, 

Appendix 25, 26). The BMGS had more variation in tail and rostrum length than 

mainland plain long-nosed squirrel species (Appendix 25), thus falling morphologically 

intermediate between the two genera with respect to these characters. Within the Sunda 

squirrels, rostral length relative to skull length was longer in the montane species 

(Sundasciurus brookei and S. jentinki) than in lowland species (Table 4-2). Other 

characters that have historically been used to discriminate the genera were inconclusive 
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(Table 4-3).  The anteromedial expansion of the auditory bulla of the BMGS was 

generally intermediate between species of both genera (Fig. 4-4), and showed 

considerable variation, generally in the morphological direction of the Sunda squirrels 

(Moore and Tate, 1965:291). Positional and relative size variation in the upper premolars, 

regarded as a distinguishing feature between plain long-nosed and Sunda squirrels by 

Corbet and Hill (1992), was sufficiently variable across the specimens that we did not 

find it useful to distinguish them. One discrete character that distinguishes the BMGS 

from the plain long-nosed squirrels is the presence/absence of the temporal foramen (Fig. 

4-4), which, as Moore and Tate (1965: 291) observed, is absent in the BMGS but 

consistently present (albeit usually quite tiny) in other species of plain long-nosed 

squirrels. Close examination of specimens at USNM revealed that the temporal foramen 

is variably present in the majority of Sunda squirrels, but is absent (or present at very low 

frequency) in several species, especially in those taxa most closely related to the BMGS 

(Sundasciurus hippurus, S. mindanensis, S. samarensis) and in one other montane 

endemic (S. jentinki). The absence of the temporal foramen in the BMGS is thus a 

character that is more consistent with its classification as a Sunda squirrel (Sundasciurus) 

than as a plain long-nosed squirrel (Dremomys).  

Morphological convergence 
 

In addition to the observation of shared characters such as longer rostral length 

relative to skull length in the montane species than in lowland species (Table 4-2), 

phenotypic trajectory analysis indicated convergence of BMGS with the high elevation 

plain long-nosed squirrels (Fig. 4-5). This analysis shows two trajectories, one which 
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represents the plain long-nosed squirrels, and another for the Sunda squirrels (here 

including the BMGS), and the points which represent the BMGS have a strong 

directional pull into the phenotypic space of the plain long-nosed squirrels, providing 

evidence of phenotypic convergence. 

Discussion 

Taxonomic implications 
 

The polyphyly of the genus of plain long-nosed squirrels caused by the BMGS 

requires revision of this species (Fig. 4-2). Both mitochondrial and nuclear DNA 

supported the placement of the BMGS within the Sunda squirrels.  This result is 

consistent with the biogeography of these generic lineages: the Sunda squirrels are 

distributed throughout Sundaland (and into the Philippines), and the BMGS is an 

endemic Sundaic species; while the other plain long-nosed squirrels are restricted to 

mainland Asia.  A number of morphological traits, including body size, rostral length, the 

morphology of the auditory bulla, and the absence of a temporal foramen in the cranium, 

also support the recognition of the BMGS as a specialized montane representative of 

Sundasciurus rather than a member of the genus Dremomys (Table 4-3). Accordingly, we 

formally re-classify the species here as Sundasciurus everetti. This taxonomic change 

builds upon previously published observations and impressions that the BMGS was the 

most divergent species of plain long-nosed squirrel (Moore and Tate, 1965; Corbet and 

Hill, 1992), and resolves longstanding confusion as to the true generic affinities of the 

species (e.g. Moore and Tate, 1965; Allen and Coolidge, 1940; Banks, 1933). Presciently, 

Moore and Tate (1965: pg. 291) previously discussed similarities between the BMGS and 
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the subgenus Aletesciurus of Sundasciurus in the morphology of the auditory bulla, 

foreshadowing this transfer.  

The Sunda squirrels (Sundasciurus) are traditionally subdivided into two 

subgenera, Aletesciurus and Sundasciurus (J C Moore, 1958). Aletesciurus contains one 

widely distributed species (Sundasciurus hippurus of the Malay Peninsula, Sumatra, and 

Borneo), and nine species distributed in the Philippines (S. samarensis, S. philippinensis, 

S. mindanensis, S. rabori, S. steerii, S. moellendorffi, S. davensis, S. juvencus, and S. 

hoogstraali). The subgenus Sundasciurus includes seven species (Sundasciurus 

altitudinis, S. brookei, S. fraterculus, S. jentinki, S. lowii, S. tahan, and S. tenuis), all 

distributed in Sundaland (see Fig. 4-1; Thorington et al., 2012; Den Tex et al., 2010; 

Thorington and Hoffmann, 2005). The phylogeny suggests that the Sunda squirrels are 

made up of 5-6 major phylogenetic lineages of considerable time-depth, which 

correspond imperfectly to previously recognized subgenera. The subgenus Aletesciurus is 

monophyletic (including BMGS), but the subgenus Sundasciurus was not recovered as 

monophyletic (as in Den Tex et al., 2010). For this reason, we suggest suspending the 

traditional classification of Sundasciurus into two subgenera. More detailed review in the 

future may show that the various deep lineages or species-groups recovered within 

Sundasciurus are better recognized as distinct subgenera.  
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Figure 4-4: Comparative photographs of skulls illustrating qualitative cranial 

characters previously suggested differentiating the plain long-nosed squirrels from 

the Sunda squirrels.  

The type species of the plain long-nosed squirrels is Perny’s long-nosed squirrel 

(Dremomys pernyi), represented by USNM 256110, and the type species of the Sunda 

squirrels, Low’s squirrel (Sundasciurus lowii), represented by USNM 197276. The 

Bornean mountain ground squirrel (Dremomys everetti) is represented by USNM 

292628. The white bars highlight the length of the nasal bones in each individual, 

and the scale bar is for the photographs. In the bottom left is an illustration of a 

cranium showing the temporal foramen, indicated by the black arrow (modified 

from Moore and Tate, 1965). Line drawings of the auditory bullae are provided to 

the right of each skull to clearly illustrate the characters described in the text, and 

the white arrows highlight the differences observed in the expansion of the third 

chamber of the auditory bulla between the three species included. 

 

Dremomys pernyi

everetti

Sundasciurus lowii
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Convergent Evolution  
 

The highest mountains of Borneo are situated in the north of the island, 

comprising a range spanning over 350 km in length. Within this mountain chain, Mount 

Kinabalu is the tallest peak, reaching 4101 m. These uplands constitute a major zone of 

endemism within Borneo, and the BMGS, is one of a number of mammal species 

endemic to these mountains (Payne et al., 1985; Medway, 1977). Our phylogeny reveals 

that the BMGS represents one of four independently evolved lineages of montane 

endemics (species primarily distributed above 1000 m) within the Sunda squirrels. The 

other three examples are Sundasciurus rabori, endemic to the mountains of Palawan 

(Heaney et al., 1998; Heaney, 1979); and the sister species-pair S. altitudinus and S. 

tahan, endemic to the mountain chains of Sumatra and the Malay Peninsula, respectively 

(Den Tex et al., 2010); and S. jentinki, also a Bornean montane endemic (Den Tex et al., 

2010; Payne et al., 1985) (S. brookei is also endemic to Bornean mountains, but 

predominates in hill forests at somewhat lower elevations). Some of the traits that have 

been suggested to define the plain long-nosed squirrels, such as longer rostral length, 

shorter tail, dark dense pelage and the presence of temporal foramen, also characterize 

high elevation Sunda squirrels. This suggests that these characters are the result of 

convergent evolution in similar habitats (high elevation tropical forest) as opposed to 

phylogenetically informative traits. This is supported by the phenotypic trajectory 

analysis (Fig. 5). Although the precise mechanism by which selection acts on these traits 

is not obvious, some of these traits (longer rostral length, shorter tail, dark dense pelage) 

also characterize other much more distantly related small mammals that share this high 



110 

 

elevation habitat, such as the mountain and smooth-tailed treeshrews (Tupaia montana, 

Dendrogale melanura), and lessure gymnure (Hylomys suillus dorsalis) (Payne, Francis, 

Phillipps, & Phillips, 2007), suggesting that they are adaptive to the montane 

environment. 

 

 
Figure 4-5: Phenotypic trajectory analysis of plain long-nosed squirrels (Dremomys) 

and Sunda squirrels (Sundasciurus).  

A.) Both genera are labeled, and in this analysis the Bornean mountain ground 

squirrel (highlighted with a large circle labeled BMGS) is placed within 

Sundasciurus. The phenotype of the BMGS is the final set of points in the 

Sundasciurus trajectory, and is pulled to converge with the Dremomys, providing 

strong evidence for phenotypic convergence in this species. The black circles 
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represent the Dremomys pernyi (left point) and Dremomys rufigenis (right point). 

The white circles represent different species of Sundasciurus, with S. lowii, S. tenuis, 

S. hippurus, S. jentinki and the BMGS appearing from left to right. The values used 

for this comparison were PC1 versus PC2 (from the PCA). B.) Only the types of 

each genus are included in this comparison with Dremomys pernyi represented by 

the black circle, and Sundasciurus lowii with the white circle. The BMGS is the 

central point, and is more similar to the Dremomys than Sundasciurus with PC2 

versus PC3. 

 

Divergence of montane lineages 
 

The pattern of very deep divergences found in the high elevation Sunda squirrels 

(Den Tex et al., 2010), is mirrored in the high elevation plain long-nosed squirrels. High 

elevation Sunda squirrels (Sundasciurus rabori, S. tahan, S. altitudinus, S. fraterculus, S. 

brookei and S. jentinki) had an average age of divergence estimated at 4.04 MYA, similar 

to the 4.4 MYA estimated here for plain long-nosed squirrels. These dates are much older 

than the average age calculated for low-elevation species (S. lowii, S. tenuis, S. 

hoogstraali, S. juvencus, S. moellendorffi, S. samarensis, S. philippinensis, S. 

mindanensis, S. steeri, and S. hippurus), which was estimated at 1.3 MYA.  

The apparently strong selective forces that drove the convergence between the 

BMGS and plain long-nosed squirrels may also confound the delineation of other species 

within the plain long-nosed squirrels. The deep polyphyly in the red-cheeked squirrel 

may indicate that this single species should be split into multiple species. The animals 

included in the phylogeny are from Vietnam and south China. In their morphological 

study, Endo et al. (2003) found distinct morphological differentiation between northern 

and southern red-cheeked squirrels. Both China and Vietnam would be in one of these 

morphological groups, possibly indicating that this species should be split into at least 
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three species. Studies on morphological variation in the other widespread species, 

Perny’s long-nosed squirrel, also found distinct differentiation between four taxonomic 

units they referred to as subspecies (Song, 2008).  Neither of these morphological studies 

was able to survey the entire distribution of the target species, and important localities 

such as Taiwan and Hainan were not included. Further study of the genetic diversity 

across the range of the recognized species may recognize new species, as was found for 

the sister genus Tamiops (Chang et al., 2011). 

Biogeographical implications 
 

Studies of the biogeography and paleoenvironments of the Sunda Shelf have 

suggested that during times of low sea level stands, many islands within the Sunda Shelf 

were connected by forested environments (Leonard et al., 2015; Raes et al., 2014; 

Woodruff, 2010; Cannon et al., 2009). This geographic history may have been important 

in producing the remarkable biodiversity observed in Sundaland today (Leonard et al., 

2015; de Bruyn et al., 2014), and for the colonization of the Philippines by Sunda 

squirrels (Fig. 4-3). Other geological processes, such as volcanic activity and uplifting 

may also have influenced this biodiversity on a longer time scale (Esselstyn et al., 2009; 

Jansa et al., 2006; Heaney, 2000). These geological and environmental factors may affect 

speciation of lowland and highland species differently. 

High elevation habitats are currently at their minimum extent, and were much 

more widely distributed throughout most of the Pleistocene, approximately the last two 

million years (Cannon et al., 2009; Woodruff, 2010). All of these high elevation endemic 

squirrels appear to be strongly limited in their distribution by environmental factors. The 



113 

 

low level of genetic variation identified when multiple individuals from the same region 

were sampled could suggest that these populations have endured small effective 

population sizes over long periods of time (Frankham, 1996). This places the populations 

inhabiting these habitats at increased risk of extinction. Additional habitat perturbation 

could risk the survival of these long-surviving species. 

Overall, the BMGS represents an adaptation event to the highlands of Borneo, an 

area that is home to a large diversity of montane endemics. The molecular phylogeny has 

revealed that the ancestry of the BMGS is not in the plain long-nosed squirrels, but rather 

with the Sunda squirrels. The re-classification of the BMGS (Sundasciurus everetti) 

serves as a reminder that phylogenetic relationships, species boundaries, and geographic 

distributions within most genera of tropical Asian squirrels remain sparsely studied, 

obscuring the true evolutionary and biogeographic history, taxonomic diversity, and 

conservation status of this rich mammalian radiation. 
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Abstract 
 

The Indonesian island of Sulawesi has a complex geological history made up of 

several landmasses that have arrived at a near modern configuration only in the last few 

million years. It is also the largest island in the biodiversity hotspot of Wallacea—an area 

demarcated by the biogeographic breaks between Wallace’s and Lydekker’s lines. The 

mammal fauna of Sulawesi is transitional between Asian and Australian faunas. 

Sulawesi’s endemic squirrels (subfamily Nannosciurinae: Hyosciurus, Rubrisciurus and 

Prosciurillus) are of Asian origin and have evolved a variety of phenotypes that allow a 

range of ecological niche specializations. Here we present the most complete molecular 
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phylogeny of this radiation using molecular data from traditional museum specimens. 

High throughput sequencing technology was used to generate whole mitochondrial 

genome sequences (WMGs), in addition to a panel of nuclear Ultra Conserved Elements 

(UCEs) providing a large genome-wide dataset for inferring phylogenetic relationships. 

Our analysis revealed monophyly of the Sulawesi taxa with deep divergences between 

the three endemic genera, which long predates the amalgamation of the current island of 

Sulawesi, suggesting they could represent lineages which evolved in allopatry after 

crossing Wallace’s line. WMG and UCE signals were largely congruent, and well 

supported, except for the placement of the smallest Prosciurillus species (P. murinus). 

The WMG analysis revealed a paraphyletic relationship among Prosciurillus, with P. 

murinus between Hyosciurus and Rubrisciurus, separate from the other species of 

Prosciurillus. In the dated WMG analysis Prosciurillus murinus was placed as the most 

divergent animal in Sulawesi, outside both Hyosciurus and Rubrisciurus. The nuclear 

DNA, however, recovered a deep but monophyletic history for the four species of 

Prosciurillus. Mitochondrial introgression events or retention of ancestral state 

polymorphisms may have led to these disparate results. The squirrels of Sulawesi 

constitute a monophyletic radiation endemic to the island. The divergence of the 

Sulawesi squirrels from their closest relatives dated to ~11-12.5 million years ago 

(MYA), pushing back the age estimate of this ancient adaptive radiation prior to the 

formation of the current conformation of Sulawesi. Genus level diversification took place 

around 9.7 MYA, opening the possibility that the genera represent allopatric lineages that 

evolved in isolation in an ancient proto-Sulawesian archipelago during times of much 
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lower sea level. Incongruence between phylogenies based on nuclear and mitochondrial 

sequences suggests an ancient introgression event involving the smallest species P. 

murinus. Further research and increased sampling of this radiation is needed to fully 

resolve the evolutionary history of these squirrels and concordance with geological 

events. 

Introduction 
 

The Indonesian island of Sulawesi has a complex geological history. The current 

‘k’ shaped landmass consists of four peninsulas and a central core (Whitten, Muslimin, & 

Hengerson, 1987). Geologists have estimated the movement and extent for each of these 

once separate islands through time (R Hall, 1998; Robert Hall, 2002), and determined 

that the present conformation is relatively recent (limited to  the past ~5 million years). 

The four major peninsulas correspond to landmasses with at least five different origins 

(Spakman & Hall, 2010; Stelbrink, Albrecht, Hall, & von Rintelen, 2012). Through time 

several islands collided together, resulting in the formation of mountains, and increasing 

in the contiguous area of Sulawesi. Sea level fluctuations during the Miocene-Pleistocene 

(from approximately 23 MYA to ~11,000 years ago) had a significant effect on the 

amount of exposed land for neighboring areas in Southeast Asia, particularly the Sunda 

and Sahul continental shelves (Woodruff, 2010). The effects of sea level change on the 

subaerial extent of Sulawesi was less dramatic; however the island increased in area and 

some offshore islands were connected when sea levels were lower than today (Van 

Balgooy, 1987). 
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 Most mammals known from Sulawesi are endemic to the island. Recent genetic 

studies have determined that most of the species in Sulawesi arrived via dispersal events 

(versus vicariance), and the history of arrivals spans the entire timescale of its existence 

(Stelbrink et al., 2012). Multiple colonization events are documented for several 

mammalian taxa, including shrews and macaques (Esselstyn et al., 2009; B. Evans & 

Morales, 1999). The estimated dates of arrival of other Sulawesi endemic mammals span 

from the Miocene/Pliocene (for the shrews) to Pleistocene for the pigs (Esselstyn et al., 

2009; Larson et al., 2005; Stelbrink et al., 2012). The macaques, phalangerid marsupials, 

squirrels, tarsiers and bovids all arrived between the shrews and pigs (in that approximate 

order (as dated by: Stelbrink et al., 2012)).  

The mammals on Sulawesi are primarily of Asian descent, except for the 

phalangerid marsupials, which have an Australian origin (Raterman, Meredith, Ruedas, & 

Springer, 2006). The remaining mammal fauna includes the macaques, shrews, squirrels, 

tarsiers, pigs (suids), rats and bovids (Achmadi & Esselstyn, 2013; Burton, Hedges, & 

Mustari, 2005; Esselstyn et al., 2009; Mercer & Roth, 2003; Randi et al., 1996). These 

colonization events occurred primarily during the Miocene and Pliocene, except for the 

suids, that likely arrived in the Pleistocene (Stelbrink et al., 2012). Shrews are estimated 

as the oldest mammals on Sulawesi (Miocene) (Stelbrink et al., 2012), but the dates vary 

based on different dating methods to estimate the colonization events. The original study 

dated the two colonizations to approximately the Pliocene for one and Pleistocene for the 

second (Esselstyn et al., 2009). The re-analysis of their data placed the first colonization 

back in the early Miocene (Stelbrink et al., 2012). The macaques also arrived on Sulawesi 
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multiple times, first in the Miocene and again in the Pleistocene (Evans et al., 2003;  

Evans & Morales, 1999; Stelbrink et al., 2012). The phalangerid marsupials are also a 

Miocene colonization of Sulawesi (Raterman et al., 2006). 

 

 
Figure 5-1: Map of Sulawesi, with biogeographic barriers shown, as well as the 

distribution of each species, and all samples are plotted within the inlaid map. 

 

Of these taxa, the squirrels are some of the least studied. A comprehensive 

morphological analysis has been recently published, (Musser et al., 2010), which detailed 

the distribution, and characterization of each species.  There are three genera of endemic 

squirrels in Sulawesi: Hyosciurus, the long-nosed squirrels, Rubrisciurus, the giant 
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ground squirrels, and Prosciurillus, the relatively small-bodied tree squirrels. The genus 

Hyosciurus contains two named species, H. ileile, and H. heinrichi. These terrestrial 

species have extremely elongated rostra, possibly for a specialized insect diet (Thorington 

et al., 2012). Both species of Hyosciurus have fairly restricted ranges, and H. ileile has 

two disjunct populations, one in the northern peninsula, and the second in the central 

core, although probably more widespread (Musser et al., 2010; Thorington et al., 2012). 

Hyosciurus heinrichi is distributed through the highlands of the central core. The genus 

Rubrisciurus contains a single species, R. rubriventer, which is distributed across the 

entire island. Finally, Prosciurillus is the most diverse, containing seven recognized 

species (P. abstrusus, P. alstoni, P. leucomus, P. murinus, P. weberi, P. topapuensis, and 

P. rosenbergii, located north of Sulawesi, on four tiny islands), all of which (except P. 

murinus) have restricted ranges (Fig. 5-1). Several Prosciurillus species are found in 

specific habitat types, for example, P. weberi occurs in mangrove forests, and P. 

topapuensis and P. abstrusus in montane forests (Musser et al., 2010). The three genera 

are easily distinguished morphologically, as Hyosciurus has extremely elongated rostra, 

Rubrisciurus is very large, and bright red, and the species of Prosciurillus, the most 

diverse and variable genus, are brownish or olivaceous in general coloration, and usually 

have ear tufts of various colors, and banding along the tail, and some have patches of 

coloration along the nape (P. leucomus) or dorsal stripes (P. weberi) (Musser et al., 2010; 

Thorington et al., 2012; Thorington and Hoffmann, 2005). Prosciurillus murinus is the 

smallest and plainest squirrel in the genus, lacking ear tufts and tail banding. 
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To date, only one sciurid-wide phylogeny has included three of these species, one 

representative per genus (Prosciurillus murinus, Rubrisciurus rubriventer and 

Hyosciurus heinrichi), (Mercer & Roth, 2003). This study analyzed two mitochondrial 

genes (12S and 16S rRNA), and one nuclear gene (IRPB), and found low node support 

for the monophyly of the three Sulawesi squirrel genera. Mercer and Roth (2003) still 

indicated that this was sufficient evidence to suggest that a single lineage crossed 

Wallace’s Line to give rise to these three genera of squirrels on Sulawesi.  

Here we constructed the most comprehensive phylogeny of endemic Sulawesi 

squirrels to date (seven of 10 named species), with a much larger genomic dataset. We 

provided divergence time estimates to characterize how and when diversification 

occurred by comparing our results to what is known of the geological history of 

Sulawesi. We utilized whole mitochondrial genomes (WMGs), which provide much 

greater resolution than single mitochondrial genes for evaluating phylogenetic 

relationships, especially over short time scales (Hofman et al., 2015; Knaus, Cronn, 

Liston, Pilgrim, & Schwartz, 2011). Given that mitochondrial DNA is inherited as a 

single unit, species tree estimates additionally require bi-parentally inherited markers 

(Edwards 2009). Therefore, we utilized nuclear markers flanking ultraconserved elements 

(UCEs) of the genome to derive sequences from the highly variable flanking regions 

(Faircloth et al., 2012; McCormack & Faircloth, 2013). Nuclear phylogenies estimates 

using UCEs have proven useful for resolving rapid radiations in a variety of taxa 

(Faircloth et al., 2012; McCormack et al., 2012). We obtained our molecular data from 

historic museum skins (mostly collected ~ a century ago) because fresh frozen tissue 
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samples for most of the species are not available. We then reconstructed dated 

phylogenies, which we then compared to the geological record to attempt to characterize 

the geological conditions that shaped the pattern and process of diversification of these 

Sulawesi squirrels. We hypothesized that the diversification events within Sulawesi  

correspond to geological events (generating a variety of habitat types), and the squirrels 

were likely more similar to other forest-dependent species than those with wide 

ecological niches.   

Materials and Methods 
 

Samples 
 

A total of 17 ingroup samples from the three target genera and 5 outgroup taxa 

were included in this study. All ingroup samples were derived from degraded museum 

specimens, which was obtained from either bone fragments, skin clips, or adherent 

osteological material from specimen skulls (Table 5-1). Three species of Prosciurillus 

were not included in this study (Prosciurillus alstoni, P. topapuensis, and P. rosenbergii) 

because we have not yet been able to obtain samples. All outgroup taxa were high quality 

tissue samples (except Nannosciurus melanotis, which was also from a degraded museum 

specimen, and included to represent an additional extant Bornean genus). DNA 

extractions of museum specimens were performed in a designated DNA facility via 

phenol/chloroform isolation. Samples were subsequently concentrated via centrifugation 

(J A Leonard, Wayne, & Cooper, 2000). Outgroup tissues were extracted with Qiagen 
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DNeasy Blood and Tissue Kits (Valencia, CA) and eluted in 200 μl of Qiagen elution 

buffer. All samples were subsequently stored at -20°C. 

Library Preparation 
 

Several library preparation methods were used, including a modification of Roche 

454 library preparation for Illumina sequencing, which is detailed in Appendix 27. 

Commercial kits were used for both museum and tissue samples, as detailed in Hawkins 

et al. (2015). After successful library preparation, amplification of indexed libraries was 

performed with a high fidelity taq (either Phusion HF Taq or Kapa HF Taq) for 18 cycles 

on museum specimens, and 14 cycles on modern tissue samples.  

Mitochondrial Genome Generation 

Museum samples 
 

Due to the degraded nature of the samples, and variation in copy number of 

mtDNA versus nDNA, separate enrichments were performed for each type of DNA and 

museum versus frozen tissue samples. For museum specimens WMGs generated from 

museum specimens, two to four samples were multiplexed and enriched following the 

protocol described in Lerner et al. (2011) and Maricic et al. 2010).  

Tissue samples 
 

As the frozen tissue samples were high molecular weight samples, enrichment of 

WMGs was not required, and instead long-range PCR (LR hereafter) amplified the entire 

mitogenome in two fragments with universal primers (Masato Nikaido, Harada, Cao, 

Hasegawa, & Okada, 2000; Sasaki et al., 2005). Takara LA taq (Clonetech) was used for 
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LR PCR, and amplified for 35 cycles with a 68°C anneal. PCR products were then 

sonicated to randomly shear the PCR products. A QSonica Q800RS was used for 

sonication using the following conditions: 25% amplitude with an on/off pulse for 5 

minutes. Products were subsequently visualized on an agarose gel to evaluate the 

resulting fragment size. After magnetic bead purification (MagNA) following Rohland & 

Reich (2012), Kapa library preparation kits were used for library preparation of 

approximately 500 ng of template DNA. 

Ultra Conserved Elements 
 

Museum and tissue samples were enriched for UCEs in multiplexed pools of eight 

samples. No museum samples were enriched with tissue samples to prevent biased 

enrichment of the samples. Reduced sets of specimen were enriched for UCEs due to the 

anticipated allelic dropout with museum samples and deeper sequencing requirements. 

The UCE enrichments were performed with DNA based probes, using the NimbleGen 

SeqCap EZ (Roche) kit. The probe set contained approximately 4,000 UCE loci designed 

for tetrapods. After enrichment, amplification was performed (following the 

manufacturer’s protocol). Enrichments were visualized after MagNA purification on both 

an agarose gel and on the Bioanalyzer (Agilent, High Sensitivity Kit). Adapter dimer 

problems were common with the museum samples, as the target DNA and the adapter 

dimer were fairly close in size; so complete removal of adapter dimer was rarely possible. 

To compensate for this, enrichments with dimer were sequenced at higher coverage.  

Quantification and Sequencing 
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Following visualization of the enrichments, quantitative PCR (qPCR) was 

performed using SYBR green florescence (Kapa Biosystems Illumina Library 

Quantification Kit). Equimolar pooling of samples was derived from the values generated 

from qPCR. Illumina Sequencing was done via either the Illumina MiSeq or HiSeq 2000 

with either 2 x 150bp or 2 x 250 bp paired end sequencing. Since the coverage 

requirements were substantially different for the WMGs versus the UCEs the two types 

of enrichments were sequenced on separate runs. Sequencing was performed at the Semel 

Institute of Neurosciences (UCLA), National High-throughput DNA Sequencing Centre 

(University of Copenhagen, Denmark), and the Center for Conservation and Evolutionary 

Genetics (Smithsonian Institution, National Zoological Park).  
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Table 5-1: All samples included in this study, with museum ID, geographic location, Genbank # (for WMGs), which 

molecules used for each, and number of UCEs enriched. 

  Species Catalog # Location 

Genbank 

Accession # mtDNA UCEs # Loci 

1 Hyosciurus heinrichi MZB 34908 Sulawesi KR911797 x   258 

2 Hyosciurus ileile ANMH 225461 Gunung Kanino, Sulawesi KR911796 x x 2608 

3 Prosciurillus abstrusus AMNH 101360 Menkoka Mts., Tanke Salokko KR911793 x x 3748 

4 

Prosciurillus leucomus occidentalis 

1 AMNH 196571 Roeroekan, Sulawesi KR911786 x x 3248 

5 Prosciurillus leucomus leucomus 2 USNM 200274 Sulawesi, Toli Toli KR911785 x x 1262 

6 Prosciurillus leucomus leucomus 3 USNM 216771 Sulawesi, Teteamoel KR911784 x 

 

  

7 Prosciurillus murinus 1 USNM 217817 Sulawesi, Temboan KR911795 x x 1067 

8 Prosciurillus murinus 2 USNM 218713 Sulawesi, Koelawi KR911794 x 

 

  

9 Prosciurillus weberi 1 MZB 6252 Mosamba, Celebes KR911789 x     

10 Prosciurillus weberi 2 MZB 6254 Mohari, Sulawesi KR911787 x 

 

  

11 Prosciurillus weberi 3 MZB 6255 N. Celebes, Meuado KR911788 x     

12 Rubrisciurus rubriventer 1 USNM 218710 Sulawesi, Koelawi KR911791 x x 1359 

13 Rubrisciurus rubriventer 2 USNM 218711 Sulawesi, Rano Lindoe KR911790 x     

14 Rubrisciurus rubriventer 3 ANMH 101313 

Mengkoka Mts., Tanke Salokko, 

Sulawesi KR911792 x 

 

  

15 Exilisciurus exilis ROM 102254 East Kalimantan, Indonesia KR911801 x x 3706 

16 Callosciurus adamsi NZP95-322 Sabah, Malaysia KR911800 x x 3834 

17 Nannosciurus melanotis USNM 123098 Sumatra, Indonesia KT001463 x x 3800 

18 Lariscus insignis MVZ192194 Sumatra, Indonesia KR911799 x x 3838 

19 Sundasciurus everetti MTRB 3/ 16 Mount Kinabalu, Sabah, Malaysia KR911798 x x 3863 
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Data Analysis 
 

 Raw fastq files were generated from sequencing cores for both WMGs and UCEs. 

The processing of the two molecule types (mtDNA versus nDNA) was done separately. 

WMG Analysis 
 

 Both museum and tissue samples were analyzed with the same pipeline, with the 

modern samples skipping read merging. Paired-end reads for each museum sample were 

merged together using the program PEAR v.0.9.4 to allow for better downstream read 

mapping. Residual adapter fragments were removed with the program Cutadapt v1.4.2. 

Read quality control was performed with Prinseq v.0.20.4, with which we removed those 

reads with a mean quality score below 20, and exact PCR duplicates (three or more 

identical molecules) from the 5’ direction.  These reads were then ready to be mapped to 

a reference sequence. There are no previously published mitogenome sequences for any 

of the endemic Sulawesi squirrels, so a consensus of three Sundaland squirrels was used: 

Callosciurus erythraeus (Accession # NC_025550.1), Sundasciurus everetti  (revised in: 

Hawkins et al. 2015a; Accession # KR911798), and Lariscus insignis (generated here, 

Accession # KR911799). The cleaned reads were mapped to the consensus sequence with 

bwa v.0.7.10, using the ‘bwa mem’ command. The resulting SAM file was imported to 

Geneious v.7.1.7, visually inspected, aligned to other WMGs and subsequently annotated.  

UCE analysis 
 

A total of 13 samples were included in the UCE analysis. These contained eight 

endemic Sulawesi taxa and five outgroup taxa. The complete bioinformatic analysis of 
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the UCE dataset followed the published phyluce pipeline (Faircloth et al. 2012, available 

at: http://phyluce.readthedocs.org/en/latest/). The phyluce pipeline has options for 

generation and analysis of both complete and incomplete UCE matrices, and both were 

generated here. In order to determine which loci informed phylogenetic relationships, a 

script from the phyluce pipeline was run to determine the number of informative loci 

from both the complete and incomplete dataset. A number of comparisons were made 

between the complete, and subsets of the incomplete matrix.  In addition to the standard 

phyluce pipeline, MARE (Benjamin & Misof, 2011) was used to test for biases in matrix 

reduction, and FASconCat-G (Kück & Longo, 2014) was used to concatenate the loci for 

phylogenetic analysis, where appropriate. 
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Table 5-2: Results of mitogenome enrichment. 

  Catalog # Species Location # merged reads 

# reads mapped 

w/Sulawesi 

reference 

average 

coverage 

1 MZB 34908 Hyosciurus heinrichi Sulawesi 745249 80370 775.8 

2 ANMH 225461 Hyosciurus ileile Gunung Kanino, Sulawesi 428430 76952 367.4 

3 AMNH 101360 Prosciurillus abstrusus Menkoka Mts., Tanke Salokko 147485 35982 152.7 

4 AMNH 196571 

Prosciurillus leucomus 

occidentalis Roeroekan, Sulawesi 348234 69856 513.3 

5 USNM 216771 Prosciurillus leucomus leucomus Sulawesi, Teteamoel 140615 35892 111.5 

6 USNM 200274 Prosciurillus leucomus leucomus Sulawesi, Toli Toli 123089 21723 64.9 

7 USNM 218713 Prosciurillus murinus Sulawesi, Koelawi 145631 36348 105.6 

8 USNM 217817 Prosciurillus murinus Sulawesi, Temboan 113550 25655 75.3 

9 MZB 6254 Prosciurillus weberi Mohari, Sulawesi 9706968 27230 174.7 

10 MZB 6255 Prosciurillus weberi N. Celebes, Meuado 2296646 166994 1082.6 

11 MZB 6252 Prosciurillus weberi Mosamba, Celebes 177965 9705 59.9 

12 ANMH 101313 Rubrisciurus rubriventer 

Mengkoka Mts., Tanke 

Salokko, Sulawesi 106941 12385 66.4 

13 USNM 218711 Rubrisciurus rubriventer Sulawesi, Rano Lindoe 70224 24618 178.1 

14 USNM 218710 Rubrisciurus rubriventer Sulawesi, Koelawi 25633 19029 84.2 
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Phylogenetic Analysis 

WMGs 
 

MEGA v.5.2.2 was used to test for the molecular clock on both the ingroup, and 

the entire dataset including outgroups, for which a strict clock was rejected in both 

instances (Tamura et al., 2011). In order to determine the amount of saturation, all protein 

coding genes were extracted from the mitogenomes, and transversions were plotted 

against transitions between codon positions 1,2 versus 3. PartitionFinder was used to 

determine the codon partitioning and substitution model for each mitochondrial gene 

(Lanfear et al., 2012). Phylogenetic trees were generated with both maximum likelihood 

(ML) and Bayesian inference (BI) approaches. PhyML (Guindon & Gascuel, 2003) was 

run through the Geneious v.7.1.7 plugin for the ML tree; 100 bootstrap replicates were 

run with the non-partitioned concatenated dataset. The substitution model used was HKY 

and the topology was optimized for tree topology, branch lengths and substitution rates.  

MrBayes v3.2.3 (Ronquist & Huelsenbeck, 2003) was used to generate the BI tree, and 

three independent runs were completed for 2 million chains, with a  subsample frequency 

of 1000, with four heated chains at a temperature of 0.2. Independent runs were evaluated 

for convergence. Unconstrained branch lengths were allowed, and the first 100,000 trees 

were discarded as burnin. The average standard deviation of split frequencies (ASDSF) 

was evaluated to determine the convergence between runs. The non-saturated 

mitochondrial genes were included in a divergence dating analysis using BEAST v.1.8.1. 

(Drummond & Rambaut, 2007). PartitionFinder (Lanfear et al., 2012) was used to 

determine the codon partitioning and substitution model for each non-saturated gene. A 
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lognormal (uncorrelated) relaxed clock was used under a Yule speciation tree, with 

operator left to default. A single fossil calibration was used for the taxa panel of 

“callosciurine” squirrels, which here included only the outgroup sequences (Sundasciurus 

everetti, Callosciurus adamsi, Nannosciurus melanotis and Lariscus insignis) as used in 

(Hawkins et al., 2015). A lognormal distribution was centered at 14.0 MYA and the 5 and 

95% quantiles were 13.19 and 18.18 MYA respectively. Four independent runs were 

performed to assess run convergence using Tracer v.1.5 and TreeAnnotator was used to 

combine individual runs (Drummond et al., 2012). 

UCEs 
 

In order to determine the number of effective partitions, we used the program 

PartitionFinder (Lanfear et al., 2012). MEGA v.5.2.2 was used to test for the molecular 

clock, for which a strict clock could not be rejected (Tamura et al., 2011). Both 

Maximum Likelihood (ML) and Bayesian Inference (BI) trees were produced. PhyML 

(Guindon & Gascuel, 2003) was run through the Geneious v.7.1.7 plugin, and MrBayes 

v. 3.2.3 (Ronquist & Huelsenbeck, 2003) was run on XSEDE via the Cipres Science 

Gateway (M. A. Miller, Pfeiffer, & Schwartz, 2010). The BI analysis was run three times 

with 10,000,000 generations along four chains with two replicates at a temperature of 

0.05. The average standard deviation of split frequencies (ASDSF) was evaluated to 

determine the convergence between runs. Sample frequency was set to 100 with a burnin 

of 10,000. Tree topologies were visualized with FigTree v.1.4 (Rambaut & Drummond 

2012).  
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Species Tree Inference 

ASTRAL & NJst & STAR 
 

In order to evaluate the effects of different species tree methods, we ran the 362 

UCE loci dataset through ASTRAL4.7.7 (Mirarab et al., 2014) and NJst (Liu & Yu, 

2011). The STRAW webserver (Shaw, Ruan, Glenn, & Liu, 2013) was used to generate 

species trees for NJst. ASTRAL employs a statistical binning approach to generate 

consensus trees for multiple genes, then combining them for a species tree. NJst uses a 

distance method for inferring species trees from unrooted gene trees by neighbor-joining 

methods built from a distance matrix (Liu & Yu, 2011).  

Divergence Dating  
 

BEAST v.1.8.1 (Drummond & Rambaut, 2007) was used to estimate the age of 

the endemic Sulawesi squirrels. The 362 UCE loci dataset was concatenated and run 

through BEAST using a strict molecular clock. One replicate was not partitioned, and 

included a substitution model of HKY. A second analysis incorporated HKY + G for the 

single partition. The kmeans algorithm of PartitionFinder v.1.1.1 was run on the 362 loci 

as a concatenated dataset, from which the data was partitioned by nucleotide position (as 

opposed to UCE locus). Partitions as found from PartitionFinder were extracted with 

RAxML (using the –f s and –q options). The Yule process of speciation was used, and all 

operators were left to default. A single fossil calibration prior was applied for 

“callosciurine squirrels” as dated in (Hawkins et al., 2015), and described above. Four 

independent runs of BEAST were performed for each partitioning scheme and 

substitution model to assess for convergence between runs, which was done with Tracer 
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v.1.5 (Drummond et al., 2012). Finally, an empty alignment was run to evaluate the effect 

of the priors on the data, which was also evaluated with Tracer v.1.5 (Drummond et al., 

2012). 

Results 

WMGs 
 

Whole mitochondrial genomes were successfully constructed from 14 individuals 

from seven of the 10 recognized species (Table 5-1). The average mitogenome coverage 

ranged from 46.5 to 880.8X (Table 5-2). Contamination was a problem for two 

Prosciurillus murinus specimens (MZB 5973 and 5977) and on specimen of Prosciurillus 

weberi (MZB 6256), had low coverage, so those samples were excluded. 
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Figure 5-2: Whole mitogenome tree, with support values for both Maximum Likelihood and Bayesian Inference 

(ML/BI) support values shown. 

Colors correspond to Figure 1. 
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Both maximum likelihood (ML) and Bayesian inference (BI) estimates support 

the monophyly of Sulawesi squirrels (Fig. 5-2; BS ≥75 and BPP ≥ 0.95).  Ingroup nodes 

were well-supported and the topology was consistent with Mercer and Roth (2003) 

indicating that the genus Hyosciurus was the earliest diverging lineage. Interestingly, 

Prosciurillus was found to be paraphyletic, with Prosciurillus murinus falling out sister 

to Rubrisciurus + Prosciurillus (Figs. 5-2 and 5-3). Coalescent modeling recovered a 

slightly different topology than the BI and ML analyses, with Prosciurillus murinus the 

most divergent species within the radiation of Sulawesi squirrels, followed by the 

Hyosciurus, Rubrisciurus, and finally the remaining Prosciurillus species (Fig. 5-3). All 

Sulawesi squirrels shared a common ancestor almost 10 million years ago (HPDs = 5.89 

– 13.75). Intraspecific divergence times varied greatly between taxa (1.5-2.3 mya).  

Interestingly, the two Hyosciurus species were deeply divergent, sharing a common 

ancestor ~5.8 mya (Fig. 5-3).
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Figure 5-3: Dated WMG analysis, with inlaid geological approximation at 10 and 5 MYA (modified with permission 

from Hall 2013. 
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UCEs 
 

More than 1,000 (range 1035 to 3748; Table 5-1) independent UCE loci were 

successfully sequenced for all but one Sulawesi species (258 UCE loci, Hyosciurus 

heinrichi MZB 34908), so this samples was therefore excluded from the dataset. The 

higher quality outgroup specimens yielded more loci (3706 to 3863 loci; Table 5-1). 

Twenty-eight loci were successfully characterized in all taxa (total length of 8,824 bps). 

The incomplete matrix contained 4,046 loci (1,743,442 bps), in which 2,646 loci 

contained at least one informative site. This dataset was reduced to loci with at least three 

informative sites (1,137 loci) and then for alignments that contained at least 9 of the 11 

included taxa (362 loci). This resulted in an alignment of 157,353 bps. In order to see if 

the length and compositions of various loci had an effect on topology an incomplete 

matrix containing UCEs with at least 8 of 11 taxa was generated, resulting in 2,410 loci 

(956,549 bps long). To mirror the complete dataset of 28 loci, another subset of the 28 

‘most informative’ loci was constructed which contained the 28 loci with the highest 

number of informative sites (13,578 bps in length). 

Prosciurillus murinus (USNM 217817) had the fewest number of enriched UCE 

loci within Prosciurillus (1,067), with data missing for a large percentage of loci in the 

incomplete dataset analyses. The placement of Prosciurillus abstrusus varied depending 

on the amount of information per included locus. To provide better resolution to the 

placement of these two species and reduce the effects of missing data on topology and 

branch lengths (Wiens & Morrill, 2011) another analysis was done including 34 loci 

(12,860 bps) in which P. murinus and P. abstrusus were always included. In order to 
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evaluate these various data partitions, PHyML runs were performed (all with HKY 

substitution models) on each of the above data partitions, as well as a species tree 

inference via ASTRAL and NJst (Fig. 5-3). 

Ingroup taxa retained thire same topological position regardless of how the data 

were parsed. The length, number of informative sites, and number of differences per UCE 

locus were plotted to visualize the effects of reducing the dataset (Appendix 28). 

Relationships between outgroup taxa varied, but in five of the six trees (from Fig. 5-4) 

the genus Sundasciurus (represented by S. everetti) was recovered as the sister lineage to 

the radiation of Sulawesi squirrels. Within the Sulawesi radiation, Hyosciurus was the 

earliest diverging lineage with Rubrisciurus and Prosciurillus recovered as the sister 

genera. Within Prosciurillus, P. murinus was the most divergent lineage. Branch lengths 

were variable, especially for Prosciurillus leucomus 2 (USNM 200274), which was due 

to missing data.  

The methods by which the data were concatenated (PHyML, and MrBayes) and 

the species tree inference methods ASTRAL and NJst, which consider the loci 

independently, yielded the same topology (NJst data not shown, ASTRAL shown in Fig. 

5-4). The 362 loci dataset was dated with various partitioning schemes and substitution 

models. All four replicates of each BEAST analysis converged, and had robust ESS 

values visualized in Tracer v1.5 had values >200. Estimated divergence times varied 

slightly between the datasets, with an estimated most recent common ancestor at 12.49 

MYA for the 362 loci run (HKY substitution model), and 12.73 MYA (HKY +G), and 

12.55 MYA for the partitioned analysis (Fig. 5-5, Table 5-3). 
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Figure 5-4: Comparative analysis of UCEs, several different data partitions shown. 
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Discussion 

Crossing Wallace’s line  
 

Sulawesi was never connected by a land bridge to Borneo, so an overwater 

‘sweepstakes’ crossing is the most likely mechanism by which the squirrels arrived on 

Sulawesi. Our estimated time of divergence between the squirrels of Sulawesi and 

Sundaland is slightly older than that estimated by Mercer and Roth (~10-12.5 mya from 

this study, versus 10.5-11.4 in Mercer and Roth 2003). All of our divergence date 

estimates from UCEs (using a strict molecular clock) resulted in 95% HPD outside of the 

estimates from Mercer and Roth (11.65-15.2 MYA), whereas our WMG dataset yielded a 

younger estimate of 9.71 MYA (95% HPD: 5.89-13.76 MYA), likely due to the use of a 

relaxed molecular clock. Our results suggest that squirrels likely colonized Sulawesi 

during the Miocene, when the island was a fraction of its current size (essentially the 

western peninsula which was only partially above sea level), and located further south 

and west of its present location. The east and central peninsulas were partially connected 

at this time, but the other peninsulas were not (R. Hall, 1996; von Rintelen, Stelbrink, 

Marwoto, & Glaubrecht, 2014).  
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Figure 5-5: BEAST results from UCEs, the shaded area represents the 95% CI for 

two different analyses (which almost entirely overlap). 

 

Evolution within the Sulawesi squirrels 
 

The divergence times between the three genera were very deep, and pre-date the 

modern configuration of Sulawesi by several million years. The three extant Sulawesi 

genera diverged about 10 MYA, and this divergence may potentially be linked to a low 

sea level stand (Haq et al., 1987; Mercer & Roth, 2003; Stelbrink et al., 2012). Low sea 

level may have facilitated a scenario of initial allopatric diversification with squirrel 
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lineages diversifying on different islands which later came together subsequently to form 

Sulawesi.  

The hybridization even responsible for the introgression of mitochondrial DNA 

introgression into the Prosciurillus murinus lineage might also be explained by ancient 

dispersal between islands during times of low sea level. Ancient introgression of 

mitochondrial DNA from one squirrel lineage to another has been reported in several 

instances, including some of the oldest events described (Chang et al., 2011; Good et al., 

2008; Thompson et al., 2015). Simulations suggest that introgression occurs almost 

exclusively in the direction from the native to the invading species (Currat et al., 2008). 

We propose a scenario where an ancient Prosciurillus lineage managed to colonize to a 

new island during periods of low sea level low about 10MYA, and encountered and 

reproduced with squirrels already present there. That other lineage of squirrels, however, 

was either not sampled in this study, or went extinct after the arrival of Prosciurillus. A 

few million years later, mountain uplift created the first highlands in the region, and 

potentially allowed for additional niche specialization in several species of Prosciurillus, 

a genus that today supports some montane endemic taxa. The appearance of high 

elevation habitat via uplift also corresponds well with the timing of divergence between 

the two species of Hyosciurus, which today are segregated by elevation, with H. heinrichi 

occurring in forests at higher elevations (>~1700 m) and H. ileile occurring in forests at 

lower elevations (<~ 1500 m) (Musser et al., 2010). 
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Table 5-3: Comparison of BEAST divergence date estimates between both the WMG and UCE datasets. Several 

analyses of the UCE dataset are shown. 

  

UCEs 

         

BEAST age estimates HKY 

concatenatio

n 

HKY 

+G   38 data partitions 

3 

partitions   

WMG

s   

  Split 

362 

Loci 95% CI 

362 

Loci 95% CI 

362 

Loci 95% CI 34 Loci 95% CI 

8 

genes 95% CI 

1 Exilisciurus -rooted 17.12 15.79-20.46 17.52 

16.14-

20.95 17.2 

15.89-

20.66 19.47 

16.61-

23.71 13.87 

13.03-

16.79 

2 "Callosciurine" squirrels 13.81 13.03-16.4 13.79 

13.03-

16.44 13.8 

13.03-

16.49 13.08 11.7-15.75 11.03 7.07-14.65 

3 Borneo-Sulawesi Split 12.49 11.65-14.89 12.73 11.85-15.2 12.55 

11.72-

15.06 15.35 

13.68-

18.57 9.71 5.89-13.75 

4 

Hyosciurus- 

Prosciurillus/Rubrisciurus 9.74 8.99-11.66 10.05 9.29-12.08 9.85 9.08-11.83 12.26 

10.52-

15.04 8.73 5.09-12.47 

5 Rubrisciurus- Prosciurillus 8.79 7.99-10.51 9.16 8.32-10.97 8.95 8.15-10.76 11.17 9.41-13.74 7.44 4.32-10.87 

6 

Prosciurillus murinus- P. 

leucomus/P. abstrusus 7.11 6.36-8.51 7.68 6.85-9.22 7.46 6.7-8.97 8.44 6.74-10.57 N/A N/A 

7 

Prosciurilus abstrusus- P. 

leucomus 5.14 4.6-6.17 4.25 3.73-5.13 6.88 6.12-8.29 4.61 3.46-6.11 5.09 2.69-7.67 

8 Within Prosciurillus leucomus 4.61 4.07-5.52 N/A N/A 4.19 3.67-5.06 3.42 2.28-4.67 2.33 1.13-3.8 

9 Prosciurilus weberi- P. leucomus N/A N/A N/A N/A N/A N/A N/A N/A 3.79 2.02-5.76 

1

0 Within Prosciurillus weberi N/A N/A N/A N/A N/A N/A N/A N/A 2.08 0.99-3.39 
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UCE Characterization in Mammals 
 

As the number of cases where reporting introgression events continue to be 

revealed in various organisms, it is imperative to consider species level phylogenetic 

analyses based on evidence from both mitochondrial and nuclear data. The demand for 

discovering and characterizing a large suite of nuclear markers informative at the 

intrageneric level has dramatically increased over the past few years. UCEs were 

developed across vertebrates, and have been shown to be useful in reconstructing 

phylogenies at various evolutionary scales (Faircloth et al., 2012; McCormack et al., 

2012; Stephen et al., 2008). Here we used the same loci, and showed that they have high 

power to resolve the relationships within and between these three genera. This suggests 

that these loci may be useful in a wide variety of animals at a similar evolutionary scale 

(i.e., diversification within and between mammalian genera). 

In this study; a big portion of our results were generated from genetic material 

from degraded museum specimens. Amplifying the entire mitochondrial genome and 

1000 nuclear loci in small overlapping fragments followed by Sanger sequencing would 

have been prohibitive. We demonstrated that effective enrichment protocols, such as for 

the UCEs, worked even in degraded samples. Our lower quality museum samples 

enriched fewer loci than the high quality frozen tissue samples, but despite this over 

1,000 UCE loci per sample were recovered in all but one case. We noticed more 

variability in the number of recovered UCE loci from the museum specimens, from 286 

(Hyosciurus heinrichi) loci to 3800 (Nannosciurus melanotis), with the average of 810 

loci per museum specimen.  
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Conservation Implications 
 

 Here we document extremely long-branch lengths between species of Sulawesi 

squirrels, indicating a long and independent evolutionary history for the overall endemic 

radiation and for each genus and species studied here. Of the ten species of endemic 

Sulawesi squirrels, six are listed on the IUCN Red List as Data Deficient, two as Least 

Concern, and two as Vulnerable, with decreasing population sizes (IUCN, 2012). Efforts 

should be undertaken to determine the current distribution of all of these endemic species, 

and how tolerant they are of human-mediated disturbance, especially considering that 

most or all Sulawesi squirrel species seem to represent genetic lineages of considerable 

antiquity. For example, though the most geographically restricted species, Prosciurillus 

rosenbergii, is currently listed as Least Concern, it occurs on only four small islands in 

the Sangihe Archipelago, many of which have recently undergone major land-use 

changes, especially deforestation..  

 Evans et al. (2003b) suggested conservation priorities for seven areas across 

Sulawesi for which macaques and toads had similar species distributions. The squirrels 

are not tightly correlated to the same seven regions, and seem more habitat specific (with 

mangrove and montane specialists), which may explain the similarity to two species of 

snails (von Rintelen et al., 2014). An ecosystem approach might be a better method of 

determining conservation priorities to encompass the differences observed in faunal 

distribution across Sulawesi.
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CHAPTER 6 – CONCLUSIONS 

The research presented here has been the result of a large and intensive project 

spanning a variety of disciplines, and research interests. This project has highlighted 

several biologically interesting processes, which included the first detection of several 

species of mammals on a remote Bornean mountain (Mount Tambuyukon), the 

development of a set of molecular tools for enriching degraded samples for mitochondrial 

genomes, the reclassification of a species of squirrel, and the phylogeography of the only 

squirrels to have crossed Wallace’s Line.  

The elevational survey conducted has not only documented a variety of common 

and rare species on Mount Tambuyukon, but also provides evidence for a different 

diversity pattern (across both Mount Kinabalu and Mount Tambuyukon) to previous 

research (Nor 2001). As the forest is so complex and still very poorly understood, long 

term and continuous research into the flora and faunal composition is warranted.  

The tissue samples from our elevational surveys have allowed us to place species 

never before included in molecular phylogenies. The Bornean mountain ground squirrel 

(now Sundasciurus everetti) was placed in the incorrect genus for nearly a century, which 

we determined was due to phenotypic convergence with a different montane genus 

(Dremomys). We documented at least two colonizations of Borneo from mainland 
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Southeast Asia, as recovered from ancestral state reconstruction, illustrating the dynamic 

history of Sundaland.  

The study looking at the phylogeography of the Sulawesi squirrels was based on 

cutting edge methodology developed here to capture whole mitogenomes, as well as a 

large set of nuclear markers from degraded museum specimens. From this large dataset 

we recovered a well supported phylogeny where we dated the crossing of Wallace’s Line 

(~10-12.5 MYA), and documented a very old in-situ diversification in Sulawesi (~10 

MYA). We also recovered an ancient mitochondrial introgression, from either an 

unsampled or possibly extinct species of squirrel. Phylogenies generated with 

mitochondrial genomes placed the species in question (Prosciurillus murinus) 

paraphyletic to the rest of the Prosciurillus. However, a phylogenetic analysis based on 

several thousand UCE nuclear markers revealed that Prosciurillus was indeed 

monophyletic. 

We also highlighted the need for ongoing research, particularly in the tropical 

forests of Southeast Asia, an area increasingly impacted by anthropogenic activities. The 

amount of area protected in the Malaysian state of Sabah is only around 6.5% of the total 

area, or approximately 55% of the area in Yellowstone National Park, USA. Sabah is also 

proportionately more protected than Sarawak, Malaysia, and all Indonesian states of 

Kalimantan, highlighting how little area is truly protected. One example of the plight of a 

Sundaic species is the Bornean rhinoceros (a subspecies of the Sumatran rhino, 

Dicerorhinus sumatrensis harrissoni); which was declared effectively extinct in Sabah, 

and only a handful of individuals remain in Kalimantan, demonstrating the negative 
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results of human activity, particularly poaching, which is credited as the major reason for 

local extinctions (www.borneorhinoalliance.org).  We hope that this research serves as a 

reminder of how little is known about the diversity and genetic ancestry of Southeast 

Asian and Sundaland’s diverse mammals. 
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APPENDIX 1 – TRAP SUCCESS DOCUMENTED ACROSS ALL ELEVATIONS 

Mountain/Elevation Including arboreal and pitfall traps: 

Kinabalu # individuals  # trap nights % Trap success 

500 m 33 300 11.00% 

900 m 20 360 5.56% 

1600 m 36 360 10.00% 

2200 m 35 434 8.06% 

2700 m 59 390 15.13% 

3200 m 29 200 14.50% 

Tambuyukon       

500 m 77 1713 4.50% 

900 m 23 992 2.32% 

1300 m 53 712 7.44% 

1600 m 22 1036 2.12% 

2000 m 55 1036 5.31% 

2400 m 67 698 9.60% 

Mountain/Elevation Exluding arboreal and pitfall traps: 

Kinabalu # individuals  # trap nights % Trap success 

500 m 30 285 10.50% 

900 m 20 360 5.56% 

1600 m 36 360 10.00% 

2200 m 34 427 8.00% 

2700 m 59 390 15.13% 

3200 m 29 200 14.50% 

Tambuyukon       

500 m 75 1588 4.72% 

900 m 23 992 2.32% 

1300 m 53 712 7.44% 

1600 m 22 1036 2.12% 

2000 m 55 1036 5.31% 

2400 m 67 698 9.60% 
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APPENDIX 2 – CAMERA TRAP IMAGE OF POACHER IN KINABALU PARK 

 

 
This photograph was taken at approximately KM 8 of the Tambuyukon summit trail, and 

clearly identifies a man with a prohibited firearm inside the park. 
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APPENDIX 3 – PLOT OF JACCARD V. BRAY-CURTIS DISTANCES 

 
 

This graph shows no substantial deviation from a linear plot between the two methods of 

Jaccard and Bray-Curtis distance. 
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APPENDIX 4 – MANTEL TEST DISSIMILARITY INDEX 

 
The elevation is plotted along the x-axis and the Bray-Curtis dissimilarity index is shown 

on the y-axis. 
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APPENDIX 5 – DETAILED CHIMERA CHECKING PIPELINE 

Ideally, chimeras created by jumping PCR would be detected through the mismatch of 

adapter pairs in a dual-indexed library. Since we used single indices in this paper, we rely 

on a blast-based method to detect inter-species chimeras. It works by detecting sequences 

that hit completely or over a significant portion of their length to non-focal-species 

probes, since chimeras are likely to be composed of sequence from the focal species and 

at least one other species. Intra-species chimeras will not be detected by this pipeline. If 

de novo assembly was used, the artificially large insert size created by the chimera could 

be triggered if the insert length limit parameter is defined. 

1. First, identify the sample that you need to check for chimeric sequences. Then, 

remove any very close matches from the MMA probe set fasta for the sample/species 

in question and create a custom blast database from this reduced probe set. For 

example if you are checking a Canis sp. for chimeric reads, remove all Canis probes 

from the MMA probe set fasta file. 

2. Blast the sample to be chimera-checked against your custom database. For sequences 

that have a hit to this database, you will need csv blast output showing the top hit. 

No-hit sequences likely came from the species in question and therefore probably 

don’t represent inter-sample chimeras. Example blast command: 
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$ blastn -query yourSample.fasta -db MMA-minus-your-

species -out yourSample.BlastOut.csv -num_alignments 1 -

outfmt 10 

3. Next, run the combiner script as shown below. This adds the length of the sequences 

to the blast output. Details pertaining to this script are located in the script header. 

$  python combiner-2.0.py file.fasta blast_results.csv 

This generates a new file (in the example above, blast_results.csv_new) 

4. The output from combiner.py is then run through chimera_ID.py to implement the 

chimera detection rules shown in the Chimera Detection workflow figure above. It 

outputs a file with good sequences that passed the chimera detection filters, and bad 

sequences that didn’t (putative chimeras). 

$ python chimera_ID.py blast_results.csv_new 

Once this is done, you will need to make a new fasta of the sequences that passed the 

chimera filters using the script sequenceGetter-4.0.py. 

5. sequnceGetter-4.0.py takes as input the original fasta file for the sample and the 

chimera_ID.py output. Example command: 

$  python sequenceGetter-4.0.py file.fasta goodfile.csv 

6. The resulting fasta file can be combined with the no-hit fasta file from step 2 above. 

This combined file is then used for the remainder of the MMA pipeline. 
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APPENDIX 6 – FULL TABLE OF PROBE SEQUENCES 

# 
Genbank Accession 

Number/ Museum ID Species 

Complete 

Mitogenome? Gene 

1 NC_020711 Hippocamelus antisensis Yes   

2 AF217811  Tupaia belangeri Yes   

3 AJ639865  Zaglossus bruijnii Yes   

4 AM711899 Procyon lotor Yes   

5 EU408289 Canis lupus familiaris Yes   

6 HG003308  Brachyphylla cavernarum Yes   

7 HG003314  Sturnira tildae  Yes   

8 KF425526  Meriones unguiculatus Yes   

9 NC_002369  Sciurus vulgaris Yes   

10 NC_005435  Sorex unguiculatus Yes   

11 NC_016871  Artibeus lituratus Yes   

12 NC_020647 Nasua nasua Yes   

13 NC_020677  Alces alces Yes   

14 NC_020684 Capreolus capreolus Yes   

15 JN632673  Odocoileus virginianus Yes   

16 NC_007703  Rangifer tarandus Yes   

17 ROM 111385 Dremomys rufigenis Yes   

18 MVZ 192194 Lariscus insignis  Yes   

19 USNM 584417 Callosciurus finlaysonii  Yes   

20 USNM 574325 Tamiops swinhoei  Yes   

21 ROM 102139 Callosciurus orestes Yes   

22 ROM 102253 Exilisciurus exilis  Yes   

23 USNM 583800 Menetes berdmorei  Yes   

24 MTRB37 Sundasciurus everetti  Yes   

25 NZP 96560 Sundasciurus lowii  Yes   

26 

USNM 569292/USNM 

569298 Peromyscus maniculatus Yes   

27 PFU78344 Potos flavus No 12S rRNA 

28 AY227512 Exilisciurus concinnus No 12S rRNA 

29 AY227523 Funambulus palmarum No 12S rRNA 
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30 AJ851243 Gerbillus campestris No 12S rRNA 

32 AY227515 Lariscus insignis No 12S rRNA 

33 AY227516 Menetes berdmorei No 12S rRNA 

34 AY227517 Nannosciurus melanotis No 12S rRNA 

35 AY227518 Prosciurillus murinus No 12S rRNA 

36 AY227519 Rhinosciurus laticaudatus No 12S rRNA 

37 AY227467 Funambulus palmarum No 16S rRNA 

38 AY227459 Lariscus insignis  No 16S rRNA 

39 AY227461 Nannosciurus melanotis No 16S rRNA 

40 AY227462 Prosciurillus murinus No 16S rRNA 

41 DQ533935  Bassariscus astutus No CO1 

42 TK25526 Dipodillus sp. No CO1 

43 TK40881 Gerbillus sp. No CO1 

44 DQ533934  Nasua narica No CO1 

45 DQ533936  Potos flavus No CO1 

46 AB462066  Procyon lotor No CO1 

47 JQ906178 Capreolus pygargus No Control Region 

48 AAU12863  Alces alces No Control Region 

49 AF016951  Alces alces No Control Region 

50 AY326251   Blastoceros dichotomus No Control Region 

51 NZP 95322 Callosciurus adamsi  No Control Region 

52 MVZ 181207 Callosciurus erythraeus  No Control Region 

53 USNM 584417 Callosciurus finlaysonii  No Control Region 

54 ROM 102139 Callosciurus orestes  No Control Region 

55 ROM 102178 Callosciurus prevostii  No Control Region 

56 USNM 574326  Dremomys pernyi  No Control Region 

57 ROM 111386 Dremomys rufigenis  No Control Region 

58 FMNH 147082 Exilisciurus concinnus No Control Region 

59 ROM 102253 Exilisciurus exilis  No Control Region 

60 TK25614 Gerbillus sp. No Control Region 

61 JN871197 Hippocamelus bisulcus No Control Region 

62 GU305923  Mazama americana No Control Region 

63 GU305939 Mazama americana No Control Region 

64 NC020719 Mazama americana No Control Region 

65 AF012556  Mazama gouazoupira No Control Region 

66 NC020721 Mazama rufina No Control Region 

67 USNM 583800 Menetes berdmorei  No Control Region 

68 AF016952  Odocoileus hemionus No Control Region 

69 AF421836  Odocoileus virginianus No Control Region 
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70 AF012591  Ozotoceros bezoarticus No Control Region 

71 NC020766 Ozotoceros bezoarticus No Control Region 

72 KC971152  Rangifer tarandus No Control Region 

73 NZP 96560 Sundasciurus lowii  No Control Region 

74 ROM 102125 Sundasciurus lowii  No Control Region 

75 MVZ 192196 Sundasciurus tenuis  No Control Region 

76 USNM 574325, MSWC 218  Tamiops swinhoei  No Control Region 

77 AF498159  Bassariscus astutus No Cytochrome b 

78 DQ660301 Bassariscus sumichrasti No Cytochrome b 

79 NC020682 Blastocerus dichotomus No Cytochrome b 

80 NZP 95322 Callosciurus adamsi  No Cytochrome b 

81 HQ698358 Callosciurus erythraeus No Cytochrome b 

82 AB043882 Callosciurus nigrovittatus No Cytochrome b 

83 ROM 102139 Callosciurus orestes  No Cytochrome b 

84 USNM 583884 Callosciurus phayrei  No Cytochrome b 

85 AB043879 Callosciurus prevostii No Cytochrome b 

86 TK25526 Dipodillus sp. No Cytochrome b 

87 TK40900 Dipodillus sp. No Cytochrome b 

88 TK40906 Dipodillus sp. No Cytochrome b 

89 USNM 574326  Dremomys pernyi  No Cytochrome b 

90 ROM 111385 Dremomys rufigenis  No Cytochrome b 

91 ROM 102254 Exilisciurus exilis  No Cytochrome b 

92 

ANU M.43392.001 

EBU56606 Funnambulus pennantii No Cytochrome b 

93 SP4467 Gerbilliscus angolae No Cytochrome b 

94 RS1213 Gerbilliscus boehmi No Cytochrome b 

95 TK25700 Gerbilliscus brantsii No Cytochrome b 

96 RS1406 Gerbilliscus sp. 'E' No Cytochrome b 

97 TK33234 Gerbilliscus sp. 'H' No Cytochrome b 

98 VM193 Gerbilliscus validus No Cytochrome b 

99 TK172820 Gerbillurus paeba No Cytochrome b 

100 TK32326 Gerbillurus setzeri No Cytochrome b 

101 KF496286, isolate NMP48323 Gerbillus andersoni  No Cytochrome b 

102 KF496235, isolate AD1078 Gerbillus henleyi  No Cytochrome b 

103 GU356555, isolate 108F Gerbillus latastei  No Cytochrome b 

104 KF496279, isolate SKB8669 Gerbillus nancillus  No Cytochrome b 

105 KF496281, isolate NGAN115 Gerbillus nigeriae  No Cytochrome b 

106 TK40880 Gerbillus sp. No Cytochrome b 

107 KF496285, isolate MAK24  Gerbillus tarabuli  No Cytochrome b 

108 NC020711 Hippocamelus antisensis No Cytochrome b 
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109 JN632660 Mazama nemorivaga No Cytochrome b 

110 DQ533940  Nasua narica No Cytochrome b 

111 GQ214530 Nasua nasua No Cytochrome b 

112 GQ169038 Nasuella olivacea No Cytochrome b 

113 JN632671 Odocoileus virginianus No Cytochrome b 

114 DQ660304 Potos flavus No Cytochrome b 

115 AB285333  Procyon cancrivorus No Cytochrome b 

116 AB564099 Procyon cancrivorus No Cytochrome b 

117 NC020740 Pudu puda No Cytochrome b 

118 MTRB3 Sundasciurus everetti  No Cytochrome b 

119 MTRB 17 Sundasciurus lowii No Cytochrome b 

120 NZP 94208 Sundasciurus lowii  No Cytochrome b 

121 NZP 96560 Sundasciurus lowii  No Cytochrome b 

122 NC020682  Blastocerus dichotomus No ND4 

123 JN632660 Mazama nemorivaga No ND4 

124 JN632671 Odocoileus virginianus No ND4 

125 AB462077  Procyon lotor No ND4 

126 DQ660233  Bassariscus sumichrasti No ND5 

127 NC020682  Blastocerus dichotomus No ND5 

128 TK40900 Dipodillus sp. No ND5 

129 TK40906 Dipodillus sp. No ND5 

130 TK25614 Gerbillus sp. No ND5 

131 TK25621 Gerbillus sp. No ND5 

132 JN632660 Mazama nemorivaga No ND5 

133 NC020721  Mazama rufina No ND5 

134 DQ660234  Nasua narica No ND5 

135 DQ660235  Nasua nasua No ND5 
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APPENDIX 7- LONG RANGE PCR 

To generate mitogenomes for probe design and to evaluate whether mitogenomes 

sequences would be accurately recovered with the MMA probe set, 15 novel 

mitogenomes and a Gerbillus sp. were derived from fresh tissue samples (such a 

comparison is not possible for the more degraded samples).  In these higher quality tissue 

samples, the entire mitochondrial genome was amplified in two large fragments using 

long range PCR (LR PCR hereafter) and published primers (Nikaido et al. 2001). These 

primers have been tested on a variety of mammals, including groups from platypus to 

whales. Takara LA Taq DNA Polymerase (Clonetech Laboratories, Mountain View, CA) 

was used for amplification with the following reaction mix: 1x LA Buffer, 0.4 mM 

dNTPs, 0.4 mM of each PCR primer, 1.25 units of LA PCR Taq polymerase, and 

approximately 50 ng of genomic DNA in a volume of 25 μl. Cycling conditions were: an 

initial denaturation at 94°C for 1 min, followed by 35 cycles of 94°C for 15 sec, 68°C for 

10 min, and a final extension of 72°C for 10 min.  

Equal proportions of the two fragments (size corrected, as one fragment was 

~7,000 bp and the second ~9,000 bp) were pooled together for a total of 1–2 μg of DNA 

in 100 μl of ddH2O. The pooled products were then sheared via sonication in a Qsonica 

800RS (Qsonica, Newtown, CT). Sonication was performed for 5 min with a 10 second 

on/off pulse at 25% amplitude. A size range of 200–600 bp was confirmed by running 
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sonicated product on a 2% agarose gel. If the samples fell in the correct size range, 

standard library preparation was carried out as described above on ~500 ng to 1 μg of 

sheared DNA. 

Read mapping and/or assembly for these samples was performed with either 

MIRA v.4.0.2 (Chevreux et al., 1999) or bwa v.7.1.0 (H. Li & Durbin, 2009). All 

enriched samples were first mapped with bwa to the closest reference sequence, and a 

few (Gerbillus sp.) were also de novo assembled with MIRA to evaluate the effects of 

reference distance to the recovery of mitogenomes. Consensus sequences were aligned to 

a published mitogenome, visually inspected, and translated to ensure no stop codons were 

present in coding regions.  
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APPENDIX 8 – HYPER VARIABLE REGIONS INCLUDED IN PROBE DESIGN 

The NADH dehydrogenase 4 (ND4), NADH dehydrogenase 5 (ND5), cytochrome b (cyt 

b), displacement loop (D–loop), cytochrome oxidase subunit 1 (COI), and 12S rRNA 

(12S) genes were gathered for additional species (not included in the WMG alignment) 

from Genbank or generated using Sanger sequencing (Supplementary Table S1). 

Similarly to the whole mitogenome analysis, these sequences were aligned in MAFFT 

v1.3.3 and they were clustered using CD-HIT-EST (Huang et al. 2010) to remove gene 

regions with <10% sequence divergence. This resulted in an additional 110 hyper-

variable sequences for the final array. Two final files were generated, one from the WMG 

sequences resulting from CD-HIT-EST, and a second from the hyper-variable regions. 

These files contained a representative sequence for each cluster resulting from CD-HIT-

EST. Representative sequences rather than consensus alignment of these clusters were 

used because during probe synthesis ambiguous bases cannot be coded, so any additional 

information gained from the ambiguous sites would be lost. 
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APPENDIX 9- PROBE DILUTIONS AND MULTIPLEX CALCULATIONS 

The raw number of unique probes [8,178] was repeated approximately 2.5 times in the 

original 20,000 bait set, and synthesized to approximately 500 ng/capture as ordered 

from MYcroarray. We tested the probe set at a 1:5 dilution, or approximately 100 ng of 

probes per enrichment. We further extended the probe set by multiplexing 4-10 samples 

in each enrichment pool. We could generate 240 to 600 mitogenomes from a single 

MYbaits® kit (kit size: 12 samples, 20,000 probes) by doing the same dilutions and 

multiplexing. This is calculated by multiplying the probe dilution by the number of 

samples multiplexed (for 4 individuals in a multiplex that would be: 12 (sample kit size) 

x 5 (for 5 times probe dilution) x 4 (number of individuals multiplexed);  

12 x 5 x 4 = 240, or 12 x 5 x 10 = 600, for a 10 sample multiplex. For more divergent 

taxa, a higher concentration of probes could also be tested; for example, a 1:2.5 dilution 

of probes would equal about 200 ng of probes per enrichment and would likely increase 

hybridization efficiency. A lower dilution factor would yield 120-300 mitogenomes per 

kit (12 x 2.5 x 4 = 120 or 12 x 2.5 x 10= 300). Regardless of how far the probes are 

diluted, this method for multiplexing samples greatly increases the number of samples for 

which data are generated by a single MYbaits® kit.  
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APPENDIX 10 - MUSEUM SPECIMEN DETAILS AND DNA EXTRACTION 

The museum samples were derived from a variety of tissue types, including bone 

fragments (such as nasal turbinates), skin clips from suture lines of study skins, hair, 

spines (modified hair from the long-beaked echidnas, genus Zaglossus), and adherent 

muscle tissue from skulls (museum ‘tissue’). To minimize risk of contamination due to 

the short fragment length and highly degraded nature of DNA from museum specimens, 

all DNA extraction and library preparation procedures prior to amplification were 

performed in a separate facility dedicated to ancient DNA extractions and where no DNA 

amplification occurs. Phenol/chloroform DNA isolations were performed following 

Leonard et al. (2000), and samples were concentrated with Amicon (Millipore, 

Darmstadt, Germany) filters via centrifugation to a final volume of 100-200 μl. Samples 

were stored in siliconized tubes with an additional 20–50 μl of 1 X TE plus 0.5% Tween 

20 (Sigma) and stored at -20°C. The ten frozen tissue samples were extracted in a 

standard DNA extraction laboratory with the DNeasy Blood and Tissue kit (Qiagen, 

Valencia, CA) following the manufacturer’s instructions. 
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APPENDIX 11 – MODIFICATIONS TO KAPA BIOSYSTEMS LIBRARY 

PREPARATION 

The starting 50 μl of template DNA was cleaned with MagNA beads (Rohland & Reich, 

2012) and eluted in a volume of 22 μl following purification. The entire 22 μl volume 

was then put through the end repair steps, but using ¼ the recommended volume of 

enzyme and buffer. This dilution has been tested in our laboratory for both dried museum 

samples and freshly-preserved tissues. Benefits to reducing the volume of each library 

preparation include reduced cost per library, and better results with museum samples, 

which can be overloaded with enzyme. From our experience, degraded samples produced 

an extremely prominent adapter dimer band when prepared with full strength reactions, 

and by reducing both the enzyme and adapters during ligation steps the proportion of 

adapter dimer is reduced. 

Prior to ligation, Tru-seq style adapters were diluted from 25 uM to 2.5 uM to 

decrease the amount of adapter dimer formation in samples with low-concentration DNA. 

We used custom Tru-seq style adapters with 10 bp indices rather than adapters included 

with a library prep kit (Faircloth & Glenn, 2012). Museum specimens were amplified for 

18 cycles following library preparation (four more than recommended by the 

manufacturer’s protocol, due to the degraded nature of the samples). 

 

 



164 

 

APPENDIX 12 – POST LIBRARY PREP MODIFICATION 

After library preparation, samples were purified with MagNA magnetic beads (Rohland 

& Reich 2012) in place of AMPure XP beads (as recommended in the library preparation 

kit) to bind DNA and remove primer and adapter dimer. A ratio of 2.4:1 of MagNA beads 

to DNA was added to attempt to remove adapter dimer. DNA concentration was 

determined using the Nanodrop v.2.0. Individual samples were multiplexed in equimolar 

ratios for enrichment based on Nanodrop values in conjunction with the appearance and 

size distribution from the agarose gel. Each multiplexed pool contained 4–10 uniquely 

indexed samples for a total concentration of 500 ng concentrated to 3.4 μl volume. Due to 

the redundancy built into the probe design, we enriched each pool of samples using a 

probe set that was diluted 1:5, giving each multiplexed pool approximately 100 ng of 

probes per enrichment. Some conserved gene sequences can hybridize between species 

whose whole mitogenomes are much more divergent than the 10% threshold used in CD-

HIT-EST clustering. For example the 12S gene from a carnivore may hybridize with that 

of a cervid due to the lower mutation rate in that portion of the mitogenome, but the same 

is not true for faster evolving genes like CO1, Cytochrome b, and Control Region. As our 

array includes WMG representatives from seven mammalian orders, redundancy of 

conserved genes is therefore built into the probe set. 
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APPENDIX 13 – RELATIVE QPCR, VALIDATION OF ENRICHMENT 

SUCCESS 

To validate that the MYbaits hybridization was in fact increasing the prevalence of 

mitochondrial molecules, a relative qPCR was performed using universal mammal 

cytochrome b primers (L15370 & H15417; Kocher, 1989). Un-enriched pools were 

replicated for Enr 2 and Enr 3, other pools could not be recreated as all of the library was 

used in the enrichment. For this reason only two pools were tested with relative qPCR. 

Before qPCR samples were quantified via Qubit (High sensitivity kit, Life 

Technologies©), and standardized to approximately 2-3 ng/μl each. In addition to 

comparing un-enriched with enriched pools for Enr 2 and 3, a subset of pre-capture 

libraries were also included as they generated the majority or minority of the sequencing 

reads per pool. Quantitative PCR reactions contained 1x SYBR green master mix, and 0.7 

mM of cytochrome b primers, in a total reaction of 18 μl, plus 2 μl of DNA. Two 

replicates were preformed for each sample, as well as two no template controls. 

Cycling parameters were an initial denaturation of 95°C for 5 mins, followed by 40 

cycles of: 95°C for 10 sec, 60°C for 20 sec, 72°C for 30 sec.  

 To calculate the fold enrichment between the un-enriched and enriched 

pools, the following calculation is performed: delta ct= abs(enriched ct – un-

enriched ct). This value is then inserted to the final calculation: 1.78^(delta ct) and 
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which indicates the fold enrichment between the un-enriched and enriched pools 

(calculations obtained from: phyluce.readthedocs.org). 

 The two pools quantified showed a 15x and 2700x fold enrichment (Enr. 2, 

and 3 respectively). Additionally, several individual pre-enrichment samples were 

quantified, and all show a lower concentration of mitochondrial DNA than either of 

the pools quantified (except for the modern tissue sample 10c, see table below). The 

sample #’s shown here refer to both Table 2 and Figure 1, and correlate to the 

enrichment pool. 

sample # amplification take 
off (Un-enriched ct) 

10c 17.69 

5e 37.95 

6a 30.6 

7d No Ct 

3a 36.1 

2b 35.39 

Pools: Un-enriched Enriched fold increase 

Enr. 2 28.57 23.83 15.38 

Enr. 3 38.63 24.89 2759.12 

 

This provides empirical evidence that the enrichments performed here had the 

desired result of increasing the proportion of mitochondrial DNA present in the 

pools. 
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APPENDIX 14 – SEQUENCE QUALITY FILTERING AND READ MAPPING 

1. First, merge the paired-end reads with the program PEAR version 0.9.4 (64 bit) 

(Zhang et al. 2014). PEAR is not necessary with higher quality samples, as with 

larger fragment size sequence overlap between reads 1 and 2 may not occur. 

The –y and –j flags are used to allow greater RAM usage (-y 6000) and for 

multithreading (-j 4). 

2. Check the sequences and remove all remaining adapter sequences with cutadapt 

(Martin 2011).  

2.1. For sequences that are entirely adapter, the only information remaining after 

cutadapt is the header followed by an empty line, + and another empty line. To 

remove these files from fastq files, a perl command may be used as follows: 

$ perl -i -0pe 's/@.*\n *\n\+\n *\n//g' "$file" 

3. After adapter removal, the samples are run through PRINSEQ-lite 0.20.4 (Schmieder 

and Edwards 2011). We set the –min_qual_mean option to 20. -derep 124 

options are used to remove exact duplicates, reverse complement duplicates and 5’ 

exact duplicates. The derep conditions were determined based on the number of PCR 

cycles which were performed in this analysis. In dual-indexed libraries these 

conditions require further optimization. 
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4. After filtering the files through prinseq, read mapping is done with bwa v.7.1.0 (Li & 

Durbin, 2009). Here we followed the exact conditions as described in Kircher 

(2012).  

Command: $ bwa aln –n 0.01 –o 2 –l 65536 FILE, then $ bwa 

samse FILE 

5. View and sort the alignment with samtools (also following pipeline outlined in step 

5).  

$ samtools view –uS - | samtools sort 
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APPENDIX 15 – FULL CLUSTERING TABLE 

# Subclass Order Family Species Genbank  Gene 90% 85% 80% 

1 Marsupialia Dasyuromorphia Dasyuridae Dasyurus maculatus M99461.1 complete cytochrome b x x x 

2 Marsupialia Didelphimorphia Didelphidae Didelphis virginiana Z29573.1 complete genome x x x 

3 Marsupialia Diprotodontia Burramyidae Burramys parvus DQ217586.1 partial CO1 gene x x x 

4 Marsupialia Diprotodontia 

Hypsiprymnodontida
e  Hypsiprymnodon moschatus AY245611.1 partial 12S rRNA x x x 

5 Marsupialia Diprotodontia Macropodidae Macropus robustus Y10524.1 complete genome x x x 

6 Marsupialia Diprotodontia Phalangeridae Strigocuscus celebensis AY735445.1 partial 12S rRNA x x x 

7 Marsupialia Diprotodontia Phascolarctidae Phascolarctos cinereus AF425985.1 partial ND2 gene x x x 

8 Marsupialia Diprotodontia Potoroidae Aepyprymnus rufescens JN003377.1 complete ND2 gene x x x 

9 Marsupialia Diprotodontia Tarsipedidae Tarsipes rostratus AF425979.1 partial 12S rRNA x x x 

10 Marsupialia 
Peramelemorphi
a  Peramelidae Isoodon macrourus JN228211.1 complete cytochrome b x x x 

11 Marsupialia 
Peramelemorphi
a  Thylacomyidae Macrotis lagotis AF131246.2 compete 12S rRNA x x x 

12 
Monotremat
a Monotremata Ornithorhynchidae Ornithorhynchus anatinus X83427.1 complete genome x x x 

13 
Monotremat
a Monotremata Tachyglossidae Tachyglossus aculeatus 

NC_003321.
1 complete genome 

Y- 
93% Y Y 

14 Placentalia Afrosoricida Chrysochloridae Chrysospalax trevelyani  AY249240.1 complete ND6 gene x x x 

15 Placentalia Afrosoricida Tenrecidae Microgale longicaudata  AY193415.1 complete ND2 gene x x x 

16 Placentalia Artiodactyla Giraffidae Okapia johnstoni AY012146.1 partial 12S rRNA and tRNA-VAL x Y- 87% Y 

17 Placentalia Artiodactyla Hippopotamidae Hippopotamus amphibius AP003425.1  complete genome x x x 

18 Placentalia Artiodactyla Suidae Sus scrofa JN714187.1 partial CO1 gene x x x 

http://en.wikipedia.org/wiki/Dasyuromorphia
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http://en.wikipedia.org/wiki/Hypsiprymnodontidae
http://en.wikipedia.org/wiki/Hypsiprymnodontidae
http://en.wikipedia.org/wiki/Diprotodontia
http://en.wikipedia.org/wiki/Macropodidae
http://en.wikipedia.org/wiki/Diprotodontia
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http://en.wikipedia.org/wiki/Peramelidae
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http://en.wikipedia.org/wiki/Thylacomyidae
http://en.wikipedia.org/wiki/Ornithorhynchidae
http://en.wikipedia.org/wiki/Afrosoricida
http://en.wikipedia.org/wiki/Hippopotamidae
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19 Placentalia Carnivora Ailuridae  Ailurus fulgens AY598528.1 complete ND5 gene x x x 

20 Placentalia Carnivora Canidae Canis simensis AF028216.1 complete COII 
Y- 
95% Y Y 

21 Placentalia Carnivora Felidae Neofelis nebulosa 
NC_008450.
1 complete genome x x x 

22 Placentalia Carnivora Herpestidae Herpestes ichneumon AF511059.1 partial cytochrome b x x x 

23 Placentalia Carnivora Hyaenidae Proteles cristatus AY928679.1 complete cytochrome b x x x 

24 Placentalia Carnivora Mephitidae Mephitis mephitis JN008690.1 partial cytochrome b x x x 

25 Placentalia Carnivora Nandiniidae Nandinia binotata AF522350.1 complete cytochrome b x x x 

26 Placentalia Carnivora Prionodontidae Prionodon dersus AY908718.1 partial ND5 x x x 

27 Placentalia Carnivora Ursidae Ursus arctos AB020909.1 complete cytochrome b x x x 

28 Placentalia Carnivora Viverridae Paguma larvata  AF125151.2 complete cytochrome b x x 
Y- 
81% 

29 Placentalia Cetacea Balaenopteridae Balaenoptera borealis AP006470.1 complete genome x x x 

30 Placentalia Cetacea Delphinidae Delphinus capensis EF061405.1 partial cytochrome b x x x 

31 Placentalia Cetacea Kogiidae Physeter macrocephalus AJ277029.2 complete genome x x x 

32 Placentalia Cetacea Ziphiidae Hyperoodon ampullatus  KF281660.1 partial CO1 gene x x 
Y- 
81% 

33 Placentalia Chiroptera Miniopteridae Miniopterus inflatus JQ956447.1 partial cytochrome b x x x 

34 Placentalia Chiroptera Molossidae Chaerephon sp. GQ489177.1 partial cytochrome b x x x 

35 Placentalia Chiroptera Mystacinidae Mystacina tuberculata AY197327.1 partial 12S rRNA x Y- 86% Y 

36 Placentalia Chiroptera Myzopodidae Myzopoda aurita AF345926.1 complete 12S,16S, tRNA x x 
Y- 
81% 

37 Placentalia Chiroptera Noctilionidae Noctilio albiventris AF330806.1 complete cytochrome b x x x 

38 Placentalia Chiroptera Pteropodidae 

Desmalopex 
microleucopterus EU339339.1 partial 12S rRNA x x 

Y- 
82% 

39 Placentalia Chiroptera Rhinolophidae Rhinolophus pearsonii JX502536.1 complete cytochrome b x x x 

40 Placentalia Chiroptera Rhinopomatidae Rhinopoma hardwickii KF874525.1 complete cytochrome b x x x 

41 Placentalia Chiroptera Vespertillionidae Myotis lucifugus AF294569.1 complete COII x x x 

42 Placentalia Cingulata Dasypodidae Dasypus novemcinctus AF493839.1 partial cytochrome b x x x 

43 Placentalia Dermoptera Cynocephalidae Galeopterus variegatus JN800721.1 complete genome x x x 

44 Placentalia Erinaceomorpha Erinaceidae Hylomys suillus AF434828.1 complete ND2 gene x x x 

http://en.wikipedia.org/wiki/Herpestidae
http://en.wikipedia.org/wiki/Skunk
http://en.wikipedia.org/wiki/Carnivora
http://en.wikipedia.org/wiki/Viverridae
http://en.wikipedia.org/wiki/Balaenopteridae
http://en.wikipedia.org/wiki/Delphinidae
http://en.wikipedia.org/wiki/Pteropodidae
http://en.wikipedia.org/wiki/Rhinolophidae
http://en.wikipedia.org/wiki/Cingulata
http://en.wikipedia.org/wiki/Dermoptera
http://en.wikipedia.org/wiki/Cynocephalidae
http://en.wikipedia.org/wiki/Erinaceomorpha
http://en.wikipedia.org/wiki/Erinaceidae
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45 Placentalia Hyracoidea Procaviidae Heterohyrax brucei AF045137.1 partial cytochrome b x x x 

46 Placentalia Lagomorpha Leporidae Sylvilagus audubonii HQ143464.1 partial cytochrome b x x x 

47 Placentalia Macroscelidea Macroscelididae Rhynchocyon cirnei EU136154.1 partial 12S and 16S, tRNA's x x x 

48 Placentalia Perissodactyla Camelidae Camelus bactrianus AY126625.1 complete cytochrome b x x x 

49 Placentalia Perissodactyla Tapiridae Tapirus sp. GU593676.1  partial COII gene x x 
Y- 
81% 

50 Placentalia Pholidota Manidae Manis pentadactyla 
NC_016008.
1 complete genome x x x 

51 Placentalia Pilosa Cyclopedidae Cyclopes didactylus  AY057981.1 complete 12S, 16S and tRNA's x x x 

52 Placentalia Pilosa Megalonychidae Choloepus didactylus AY012094.1 partial 12S, complete tRNA x x x 

53 Placentalia Primates Atelidae Lagothrix lugens 
HM057603.
1 partial COII gene x x x 

54 Placentalia Primates Hylobatidae Hylobates klossii GU321318.1 partial cytochrome b x x x 

55 Placentalia Primates Lemuridae Lemur catta AJ421451.1 complete genome x x x 

56 Placentalia Primates Lorisidae Loris tardigradus AB371094.1 complete genome x x x 

57 Placentalia Proboscidea Elephantidae Elephas maximus  AY791136.1 complete ND4, ND5, ND6, tRNA's x x x 

58 Placentalia Proboscidea Elephantidae Loxodonta africana JQ438771.1 
partial ND5 and D loop, complete 
ND6 and cytochrome b, tRNA's  x x x 

59 Placentalia Proboscidea Elephantidae Loxodonta cyclotis AF517566.1 partial cytochrome b x x x 

60 Placentalia Rodentia Aplodontidae Aplodontia rufa  U67288.1 partial 12S rRNA x x x 

61 Placentalia Rodentia Chinchillidae Lagostomus maximus  AF245485.1 partial cytochrome b x x x 

62 Placentalia Rodentia Cricetidae Cricetus cricetus KC953838.1 partial CO1 gene x x 
Y- 
80% 

63 Placentalia Rodentia Ctenodactylidae Ctenodactylus vali AJ389532.1 complete cytochrome b x x x 

64 Placentalia Rodentia Dipodidae Zapus hudsonius JQ601442.1 partial CO1 gene x x x 

65 Placentalia Rodentia Erethizontidae Atherurus africanus AY093658.1 partial 12S rRNA x x x 

66 Placentalia Rodentia Geomyidae Geomys lutescens halli  AF084298.1 partial 12S rRNA x x x 

67 Placentalia Rodentia Gliridae Graphiurus murinus U67287.1 partial 12S rRNA x x 
Y- 
83% 

68 Placentalia Rodentia Muridae Anisomys imitator EU349732.1 partial cytochrome b x x x 

69 Placentalia Rodentia Muridae Apodemus agrarius AB303226.1 complete cytochrome b x x 
Y- 
81% 

http://en.wikipedia.org/wiki/Hyracoidea
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70 Placentalia Rodentia Muridae Archboldomys luzonensis EU349703.1 
partial CO1, tRNA's, COII 
complete x x x 

71 Placentalia Rodentia Muridae Chiromyscus chiropus EU349705.1 
partial CO1, tRNA's, COII 
complete,  x x x 

72 Placentalia Rodentia Muridae Crunomys melanius  DQ191477.1 partial cytochrome b x x x 

73 Placentalia Rodentia Muridae Deomys ferrugineus  FJ415478.1 partial cytochrome b x x x 

74 Placentalia Rodentia Muridae Hyomys goliath EU349750.1 complete cytochrome b x x x 

75 Placentalia Rodentia Muridae Lemniscomys macculus AF141268.2 partial 12S rRNA x 
Y - 
89% Y 

76 Placentalia Rodentia Muridae Limnomys bryophilus DQ191479.1 partial cytochrome b x x x 

77 Placentalia Rodentia Muridae Mallomys rothschildi EU349758.1 partial cytochrome b x x x 

78 Placentalia Rodentia Muridae Maxomys sp. GU294890.1 partial CO1 gene x x 
Y- 
82% 

79 Placentalia Rodentia Muridae Mesembriomys gouldii  EU349721.1 
partial CO1, tRNA's, COII 
complete, ATP8 partial x x x 

80 Placentalia Rodentia Muridae Notomys fuscus EU349768.1 partial cytochrome b x x x 

81 Placentalia Rodentia Muridae Praomys hartwigi AF518366.1 partial cytochrome b x x x 

82 Placentalia Rodentia Muridae Rhombomys opimus KF182214.1 partial CO1 gene x Y- 86% Y 

83 Placentalia Rodentia Muridae Rhynchomys isarogensis DQ019119.1 
partial CO1, tRNA's, COII 
complete, ATP8 partial x x x 

84 Placentalia Rodentia Muridae Sekeetamys calurus  AJ851246.1 compete 12S rRNA 
Y -
92% Y Y 

85 Placentalia Rodentia Muridae Taeromys celebensis KF164226.1 partial cytochrome b x x 
Y- 
80% 

86 Placentalia Rodentia Muridae Tatera indica FJ790672.1 partial CO1 gene x Y- 85% Y 

87 Placentalia Rodentia Muridae Zelotomys hildegardeae JQ844108.1 partial 16S rRNA x Y- 89% Y 

88 Placentalia Rodentia Muridae Zyzomys argurus EU349792.1 partial cytochrome b x x x 

89 Placentalia Rodentia Myocastoridae Myocastor coypus AY012123.1 partial 12S rRNA, tRNA's x x x 

90 Placentalia Rodentia Octodontidae Spalacopus cyanus  AF007061.1 partial cytochrome b x x x 

91 Placentalia Rodentia Pedetidae Pedetes surdaster U59171.1 partial 12S rRNA x x Y-82% 

92 Placentalia Rodentia Sciuridae Marmota marmota AF143930.1 complete cytochrome b x x x 

93 Placentalia Scandentia Ptilocercidae Ptilocercus lowii AY862166.1 compete 12S rRNA x x 
Y- 
83% 

94 Placentalia Sirenia Dugongidae Dugong dugon AJ421723.1 complete genome x x x 

http://en.wikipedia.org/wiki/Treeshrew
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95 Placentalia Sirenia Trichechidae Trichechus manatus JF489120.1 complete cytochrome b x x x 

96 Placentalia Soricomorpha Solenodontidae Solenodon paradoxus AF434830.1 complete ND2 gene x x x 

97 Placentalia Soricomorpha Soricidae Crocidura suaveolens EU742607.1 partial cytochrome b x x x 

98 Placentalia Soricomorpha Soricidae Sorex hoyi AF7982 partial cytochrome b x Y- 86% Y 

99 Placentalia Soricomorpha Talpidae Scalopus aquaticus  JF315860.1 partial cytochrome b x x x 
10

0 Placentalia Tubulidentata Orycteropodidae Orycteropus afer JX426126.1|  partial CO1 gene x x x 

http://en.wikipedia.org/wiki/Soricomorpha
http://en.wikipedia.org/wiki/Solenodontidae
http://en.wikipedia.org/wiki/Soricomorpha
http://en.wikipedia.org/wiki/Soricomorpha
http://en.wikipedia.org/wiki/Talpidae
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APPENDIX 16 – HETEROZYGOSITY AND COVERAGE BIAS 

Several sequences were tested with all three read mappers; bwa 7.1.0 (Li & Durbin 

2009), STAMPY v1.0.26 (Lunter and Goodson 2010) and bowtie2 v2.2.4 (Langmead et 

al. 2009) to evaluate the effects of mapping algorithms on mitogenome recovery. 

STAMPY is designed for mapping reads with sequence variation relative to the reference 

and bowtie2 is another popular read mapper. For STAMPY, we used the default settings 

but invoked –-maxbasequal 80 because of the high quality scores found in the merged 

reads. For bowtie2, we utilized the default settings. The overwhelming result was that 

STAMPY mapped the most reads (65-75 %) followed by bowtie2 (17-20 %), and finally 

bwa (1.4-1.8%). However, when we evaluated each of these resulting .bam files for 

SNPs, we found in one individual 2,299 SNPs (defined with a minimum variant 

frequency of 0.2, in at least 5 reads) with STAMPY, 1,140 with bowtie, and 11 with bwa. 

This was tested on the same quality filtered reads for all three read mappers, so there 

should not be any effect of PCR duplicated reads. Although heteroplasmy or the capture 

of NuMTs are possible, we decided to be conservative and assume mitochondrial 

haploidy so we used bwa for mapping. In addition to the above caveats, we realize that by 

having a vast difference in the coverage between the three read mappers, the ability to 

call SNPs from a greater proportion of mapped reads could be inflated for STAMPY and 

bowtie.  Down-sampling coverage could potentially reduce detection of SNPs in haploid 
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sequences, as well as adjusting the SNP detection parameters when coverage is high. 

Additional optimization of parameters for each read mapper could also improve the 

mapping success.
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APPENDIX 17 – ADDITIONAL MEGA DETAILS 

 

Enrichmen

t 

Enr 
# Species Comparison reference: 

MEGA 

Pairwis

e 

distance 

(# diff)  

MEGA 

(Conserve

d sites) 

MEG

A 

(total 

length 

[V+C]

) 

MEGA % 

mitogenom

e recovered 

MEGA 

(total 

length 

reference

) 

MEGA (% 

similarity, 

discountin

g 

ambiguiou

s sites) 

Enr 1 1a Platyrrhinus sp. Sturnira tildae, HG003314 664 5686 6350 37.9% 16736 89.5% 

  1b 
Odocoileus virginianus 

peruvianus Odocoileus virginianus, JN632673 806 15223 16029 97.2% 16487 95.0% 

  1c Lariscus insignis Callosciurus erythraeus, KM502568.1 436 2667 3103 17.3% 17976 85.9% 

  1d Prosciurillus weberi Callosciurus erythraeus, KM502568.1 231 2677 2908 17.6% 16564 92.1% 

  1e Callosciurus nigrovittatus Callosciurus erythraeus, KM502568.1 1524 9949 11473 69.2% 16578 86.7% 

  1f Zaglossus bartoni Zaglossus bruniji, AJ639865.1  112 15879 15991 97.7% 16367 99.3% 

Enr 2 2a Prosciurillus weberi Callosciurus erythraeus, KM502568.1 840 6743 7583 45.7% 16578 88.9% 

  2b Callosciurus notatus 

Callosciurus erythraeus, 
KM502568.1 1717 11331 13048 78.4% 16634 86.8% 

  2c 
Ozotoceros bezoarticus 

campestris Ozotoceros bezoarticus, NC_020766 152 16203 16355 100.0% 16363 99.1% 

  2d Rhinosciurus laticaudatus Callosciurus erythraeus, KM502568.1 1812 11778 13590 82.0% 16565 86.7% 

  2e Zaglossus bartoni Zaglossus bruniji, AJ639865.1  118 16098 16216 99.1% 16368 99.3% 

  2f Mazama rufina Odocoileus virginianus, JN632673 2672 3174 5846 31.6% 18483 54.3% 

Enr 3 3a Callosciurus nigrovittatus 

Callosciurus erythraeus, 
KM502568.1 2312 13896 16208 97.7% 16583 85.7% 

  3b Mazama pandora Mazama americana, NC_020719 615 12888 13503 81.9% 16489 95.4% 

  3c Prosciurillus murinus Callosciurus erythraeus, KM502568.1 268 3114 3382 20.4% 16567 92.1% 
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  3d Prosciurillus murinus Callosciurus erythraeus, KM502568.1 275 2881 3156 19.1% 16559 91.3% 

  3e Lariscus niobe Callosciurus erythraeus, KM502568.1 195 1512 1707 9.7% 17663 88.6% 

  3f Pudu mephistophiles Pudu puda, NC_020740 766 10582 11348 69.0% 16439 93.2% 

  3g Zaglossus bartoni Zaglossus bruniji, AJ639865.1  101 11843 11944 73.0% 16367 99.2% 

Enr 4 4a 
Odocoileus virginianus 

truei Odocoileus virginianus, JN632673 761 15475 16236 98.4% 16493 95.3% 

  4b Prosciurillus weberi Callosciurus erythraeus, KM502568.1 656 5188 5844 35.3% 16573 88.8% 

  4c Mazama temama Mazama americana, NC_020719 605 13453 14058 85.3% 16485 95.7% 

  4d Lariscus niobe Callosciurus erythraeus, KM502568.1 483 3520 4003 23.3% 17176 87.9% 

  4e Hyosciurus heinrichi Callosciurus erythraeus, KM502568.1 427 3928 4355 26.3% 16567 90.2% 

  4f Sundasciurus hippurus Callosciurus erythraeus, KM502568.1 400 3977 4377 26.4% 16579 90.9% 

  4g Zaglossus bartoni Zaglossus bruniji, AJ639865.1  97 16262 16359 99.9% 16375 99.4% 

Enr 5 5a Mazama americana Mazama americana, NC_020719 638 15609 16247 98.6% 16482 96.1% 

  5b Rhinosciurus laticaudatus Callosciurus erythraeus, KM502568.1 1405 9646 11051 66.7% 16563 87.3% 

  5c Sundasciurus hippurus Callosciurus erythraeus, KM502568.1 541 4907 5448 32.9% 16577 90.1% 

  5d Zaglossus bartoni Zaglossus bruniji, AJ639865.1  82 16275 16357 99.9% 16369 99.5% 

  5e Lariscus obscurus Callosciurus erythraeus, KM502568.1 384 2952 3336 19.3% 17304 88.5% 

  5f Callosciurus baluensis Callosciurus erythraeus, KM502568.1 809 6335 7144 43.1% 16561 88.7% 

  5g Zaglossus bartoni Zaglossus bruniji, AJ639865.1  18 938 956 5.8% 16367 98.1% 

Enr 6 6a Mazama americana sheila Mazama americana, NC_020719 699 15776 16475 100.0% 16481 95.8% 

  6b Prosciurillus weberi Callosciurus erythraeus, KM502568.1 412 3977 4389 26.5% 16570 90.6% 

  6c Callosciurus notatus Callosciurus erythraeus, KM502568.1 1445 9827 11272 68.0% 16567 87.2% 

  6d Lariscus obscurus Callosciurus erythraeus, KM502568.1 438 2842 3280 19.0% 17250 86.6% 

  6e Glyphotes simus Callosciurus erythraeus, KM502568.1 1613 10895 12508 75.4% 16590 87.1% 

  6f Zaglossus bartoni Zaglossus bruniji, AJ639865.1  103 16249 16352 99.9% 16368 99.4% 

  6g Zaglossus bartoni Zaglossus bruniji, AJ639865.1  6 273 279 1.7% 16367 97.8% 

Enr 7 7a 
Odocoileus hemionus 

crooki Odocoileus virginianus, JN632673 899 15572 16471 99.9% 16491 94.5% 

  7b Zaglossus bruijni Zaglossus bruniji, AJ639865.1  222 12363 12585 76.9% 16367 98.2% 

  7c Zaglossus bartoni Zaglossus bruniji, AJ639865.1  90 14307 14397 87.9% 16370 99.4% 

  7d Exilisciurus whiteheadi Callosciurus erythraeus, KM502568.1 84 1255 1339 8.1% 16555 93.7% 

Enr 8 8a 
Odocoileus virginianus 

couesi Odocoileus virginianus, JN632673 612 14875 15487 93.9% 16486 96.0% 
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  8b Zaglossus bruijnii Zaglossus bruniji, AJ639865.1  286 15786 16072 98.2% 16370 98.2% 

  8c Zaglossus bartoni Zaglossus bruniji, AJ639865.1  89 10237 10326 63.1% 16367 99.1% 

  8d Zaglossus bartoni Zaglossus bruniji, AJ639865.1  23 1586 1609 9.8% 16369 98.6% 

Enr 9 9a Blastocerus dichotomus Blastocerus dichotomus, NC_020682 23 16336 16359 100.0% 16359 99.9% 

  9b Mazama nemorivaga Mazama americana, NC_020719 832 10081 10913 66.2% 16482 92.4% 

  9c Zaglossus bartoni Zaglossus bruniji, AJ639865.1  114 16188 16302 99.6% 16369 99.3% 

  9d Zaglossus bartoni Zaglossus bruniji, AJ639865.1  109 15012 15121 92.4% 16367 99.3% 

  9e Zaglossus attenboroughi Zaglossus bruniji, AJ639865.1  13 1584 1597 9.8% 16367 99.2% 

Enr 10 10a Dipodillus campestris Meriones unguiculatus, KF425526.1  3047 13245 16292 99.2% 16422 81.3% 

  

10
b Gerbillus nanus Meriones unguiculatus, KF425526.1  2773 12655 15428 94.0% 16416 82.0% 

  10c Potos flavus Procyon lotor, AB291073 1577 14598 16175 97.0% 16672 90.3% 

  

10
d Bassariscus sumichrasti Nasua nasua, NC_020647 2321 11803 14124 85.9% 16449 83.6% 

  10e Bassaricyon neblina Procyon lotor, AB291073 2028 12201 14229 85.6% 16625 85.7% 

  10f Procyon lotor Procyon lotor, AB291073 73 16522 16595 99.8% 16626 99.6% 

  10g Dipodillus simoni Meriones unguiculatus, KF425526.1  3043 13223 16266 99.1% 16421 81.3% 

  

10
h Gerbillus sp. Meriones unguiculatus, KF425526.1  1900 9059 10959 66.8% 16412 82.7% 

  10i Nasuella olivacea Nasua nasua, NC_020647 1505 13650 15155 92.3% 16417 90.1% 

  10j Nasua nasua Nasua nasua, NC_020647 1448 14700 16148 98.4% 16417 91.0% 
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APPENDIX 18 – SNP FREQUENCIES 

#  # SNPs #  # SNPs #  # SNPs 

1a 5 5a 1 10a 1 

1b 6 5b 6 10a 15 

1c 1 5c 1 10b 6 

1d 6 5d 0 10d 15 

1e 4 5e 7 10e 10 

1f 31 5f 1 10f 2 

2a 15 5g 0 10g 1 

2b 11 6a 0 10h 3 

2c 3 6b 8 10i 23 

2d 4 6c 5 10j 10 

2e 0 6d 2 2b-S 2299 

2f 1 6e 1 2b-B 1140 

3a 3 6f 4 

  3b 4 6g N/A 

  3c 4 7a 0 

  3d 4 7b 0 

  3e 0 7c 2 

  3f 1 7d 1 

  3g 33 8a 2 

  4a 4 8b 8 

  4b 12 8c 0 

  4c 1 8d 1 

  4d 7 9a 1 

  4e 8 9b 0 

  4f 1 9c 12 

  4g 5 9d 43 

  

  
9e 0 
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APPENDIX 19 – TAXA CLUSERTING PIPELINE 

The supplemental files include all mitogenomes sequences as split in the probe set for the 

mammal mitogenomes array. We have included these files for individuals interested in 

testing this set of probes for utility on other mammalian groups, as we expect the probes 

to work across a large portion, although not all, mammalian taxa. 

 

Pipeline: 

1. First, to check if a species of interest will likely work with the probe set as currently 

designed, take a mitochondrial sequence of the species (or as closely related as 

available), and add this sequence to the probe sequences provided here (file name: 

CD-HIT-EST-MMA-Probes), and run the conditions below through CD-HIT-EST. 

1.1. Alternatively, include unpublished sequences generated by your laboratory 

group for the particular gene and taxa of interest. 

2. Add the sequences for your study to the supplemental probe sequences in a text file, 

and export the file as a fasta file. 

3. Upload your file to the CD-HIT-EST web suite available at:  

http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est.  

Note: Make sure to use the EST option, as this is specific to RNA and DNA data; 

CD-HIT is for proteins. 

http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est
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4. Select the identity threshold. The standard threshold is 0.9, which means a 90% 

similarity or 10% divergence from the input sequences. 

5. Leave all other options as default, enter your email address, select submit. Once the 

run is completed you will receive an email with a link to the output files. 

6. To determine if the sequence you added to the probes is close enough to utilize this 

probe set, first open the file (runID#).fas.1.clstr. If your sequence is within 10% 

divergence of any of the included sequences it will be listed together as a cluster, 

with the percent divergence noted after the sequence name. 

7. There are 103 clusters from probes included in the MMA probe set, so if there are 

more than 103 clusters (again as shown in the (runID#).fas.1.clstr output file) your 

sequence is NOT within 10% divergence from the published probe set. Depending 

on the gene (specifically cytochrome b and control region) this does not necessarily 

mean that the sequence will not hybridize, but caution should be exercised and 

hybridization conditions may need to be altered. 
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APPENDIX 20 – SPECIMENS FOR MORPHOLOGICAL ANALYSIS 

Species USNM # Location QU or QL Species USNM # Location QU or QL 

Dremomys everetti 268753 Borneo, Malaysia QU QL Sundasciurus brookei 83931 Borneo, Malaysia QU QL 

n = 18 292613 Borneo, Malaysia QU QL n = 6 198747 Borneo, Indonesia QL 

  292614 Borneo, Malaysia QU QL   198748 Borneo, Indonesia QL 

  292615 Borneo, Malaysia QU QL   300961 Borneo, Malaysia QL 

  292616 Borneo, Malaysia QU QL   488399 Borneo, Malaysia QU QL 

  292618 Borneo, Malaysia QU QL   488400 Borneo, Malaysia QU QL 

  292619 Borneo, Malaysia QU QL Sundasciurus hippurus 83932 Borneo, Malaysia QU QL 

  292620 Borneo, Malaysia QU QL n = 16 141032 Sumatra, Indonesia QU QL 

  292622 Borneo, Malaysia QU QL   141033 Sumatra, Indonesia QU QL 

  292624 Borneo, Malaysia QU QL   141468 Borneo, Malaysia QU QL 

  292625 Borneo, Malaysia QU QL   141469 Borneo, Malaysia QU QL 

  292627 Borneo, Malaysia QU QL   141470 Borneo, Malaysia QU QL 

  292628 Borneo, Malaysia QU QL   143399 Sumatra, Indonesia QU QL 

  292629 Borneo, Malaysia QU QL   196653 Borneo, Indonesia QU QL 

  292631 Borneo, Malaysia QU QL   196654 Borneo, Indonesia QU QL 

  300990 Borneo, Malaysia QU QL   196655 Borneo, Indonesia QL 

  300991 Borneo, Malaysia QU QL   198100 Borneo, Indonesia QU QL 

  300993 Borneo, Malaysia QL   198101 Borneo, Indonesia QU QL 

Dremomys lokriah 259719 Sikkim, India QU QL   198783 Borneo, Indonesia QU QL 

n = 7 259720 Sikkim, India QU QL   198784 Borneo, Indonesia QU QL 

  279182 Manipur, India QU QL   311463 Borneo, Malaysia QU QL 
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  290070 Chandragiri Pass, Nepal QU QL   590306 Borneo, Malaysia QU QL 

  290071 Chandragiri Pass, Nepal QU QL Sundasciurus jentinki 268758 Borneo, Malaysia QU QL 

  290072 Chandragiri Pass, Nepal QU QL n = 12 292566 Borneo, Malaysia QU QL 

  290073 Chandragiri Pass, Nepal QU QL   292567 Borneo, Malaysia QU QL 

Dremomys pernyi 175139 Sichuan, China QU  292568 Borneo, Malaysia QU QL 

n = 12 240889 Guizhou, China QU QL  292570 Borneo, Malaysia QU QL 

  240893 Guizhou, China QU QL  292571 Borneo, Malaysia QU QL 

  240897 Guizhou, China QU QL  292572 Borneo, Malaysia QU QL 

  252163 Fuijan, China QU  292573 Borneo, Malaysia QU QL 

  252591 Sichuan, China QU QL  292575 Borneo, Malaysia QL 

  252903 Sichuan, China QU QL  292576 Borneo, Malaysia QL 

  254809 Sichuan, China QU QL  292577 Borneo, Malaysia QL 

  255933 Sichuan, China QU QL  292578 Borneo, Malaysia QL 

  279318 Yunnan, China QL Sundasciurus tenuis 488477 Peninsular Malaysia QL 

  279319 Yunnan, China QU QL n = 7 488478 Peninsular Malaysia QL 

  574326 Sichuan, China QL  488479 Peninsular Malaysia QL 

Dremomys rufigenis 171976 Peninsular Malaysia QU QL  488480 Peninsular Malaysia QL 

n = 23 283495 Peninsular Malaysia QU QL  488481 Peninsular Malaysia QL 

  283496 Peninsular Malaysia QU QL  488482 Peninsular Malaysia QL 

  307572 Peninsular Malaysia QL   488483 Peninsular Malaysia QL 

  307573 Peninsular Malaysia QU QL Sundasciurus lowii 104688 Natuna Is, Indonesia QU 

  311360 Peninsular Malaysia QU QL n = 18 104689 Natuna Is, Indonesia QU 

  311361 Peninsular Malaysia QU QL  104692 Natuna Is, Indonesia QU 

  311362 Peninsular Malaysia QU QL  151790 Borneo, Indonesia QU QL 

  356449 Da Nang, Vietnam QL  196656 Borneo, Indonesia QU QL 

  356450 Da Nang, Vietnam QL  196657 Borneo, Indonesia QL 

  356451 Da Nang, Vietnam QL  197276 Borneo, Indonesia QU QL 

  356452 Da Nang, Vietnam QL  197277 Borneo, Indonesia QL 

  356453 Da Nang, Vietnam QL  198097 Borneo, Indonesia QU QL 

  356454 Da Nang, Vietnam QL  198742 Borneo, Indonesia QU 

  356455 Da Nang, Vietnam QL  198744 Borneo, Indonesia QU 
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  356456 Da Nang, Vietnam QL  252346 Sumatra, Indonesia QU 

  356465 Da Nang, Vietnam QU QL  252347 Sumatra, Indonesia QU QL 

  356467 Da Nang, Vietnam QU QL  252348 Sumatra, Indonesia QL 

  356468 Da Nang, Vietnam QU QL  252349 Sumatra, Indonesia QU QL 

  357584 Da Nang, Vietnam QU QL  252350 Sumatra, Indonesia QL 

  357585 Da Nang, Vietnam QU QL  252351 Sumatra, Indonesia QU QL 

  357586 Da Nang, Vietnam QU QL   300988 Borneo, Malaysia QU 

  357861 Da Nang, Vietnam QU QL Sundasciurus philippinensis 239214 Philippines QU QL 

Dremomys pyrrhomeus 259722 Sichuan, China QU n = 1       

n = 4 259723 Sichuan, China QL      

  259724 Sichuan, China QU QL QL= Qualitative measurements, QU quantitive measurements   

  578590 Hunan, China QL      

Dremomys gularis n = 1 259743 Lao Cai, Vietnam QU QL         

 

 

Specimens used in the morphological analyses. All individuals were from the collections of the National Museum of Natural 

History, Smithsonian Institution, D.C., USA (USNM). One hundred and twenty five total specimens were examined, some for 

both quantitative and qualitative traits, and others for one of the other (indicated by either a QU for quantitative or QL for 

qualitative traits).
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APPENDIX 21 – ANCESTRAL RANGE RECONSTRUCTION 

 

Ancestral biogeographic reconstruction for a subset of indviduals included in this 

analysis. Lagrange was used for this reconstruction, with estimated dispersal and 

extinction rates. Colors are the same as from Figure 4, and represent the estimated species 

distribution. 



186 

 

APPENDIX 22 – PRINCIPAL COMPONENT ANALYSIS 

 
 

Principal Component Analysis. Sixteen cranial measurements from 6 species of long-

nosed squirrels (Dremomys) and 5 species of Sunda squirrels (Sundasciurus).  Each 

species is represented with a unique shape and color (red tones, Sundasciurus; blue tones, 

Dremomys; purple, Bornean mountain ground squirrel). 
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APPENDIX 23 – PCA VALUES 

Variable PC 1 PC 2 

PL -0.258 n.s. 

ML -0.259 n.s. 

CL -0.255 -0.274 

SL -0.236 -0.55 

MWN -0.242 0.164 

LBO -0.236 0.503 

LBC -0.25 n.s. 

GNB -0.253 -0.158 

GOB -0.256 0.132 

MPL -0.25 -0.363 

DL -0.257 -0.101 

LBS -0.249 n.s. 

LBR -0.257 n.s. 

LBM -0.248 0.342 

LBSR -0.243 n.s. 

HAB -0.25 0.149 

Standard deviation    0.648 0.123 

Eigenvalue 0.42 0.02 

Variance 91.25% 3.31% 

 

Principal Component Analysis values. Each of the 16 cranial characters is listed with the 

corresponding PCA loadings. The standard deviation, eigenvalues, and variance for PC 1 

and PC 2 are also shown. Insignificant values for PC 2 marked n.s. 
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APPENDIX 24 – MANOVA STATISTICS 

 

  stat F df1 df2 p-value eta-sq 

Pillai Trace 1.83 16.46 32 48 9.56875E-17 0.916 

Wilk's Lambda 0.00 21.13 32 46 1.87687E-18 0.936 

Hotelling Trace 39.18 26.94 32 44 5.76249E-20 0.951 

 

Results of the three MANOVA tests wherein the the Bornean mountain ground squirrel is 

compared with the type species of the plain long-nosed squirrels (Dremomys pernyi) and 

the Sunda squirrels (Sundasciurus lowii). 

 



189 

 

APPENDIX 25 – BOX PLOTS OF RELATIVE ROSTRAL AND TAIL LENGTH 

 

 

Relative rostral and tail lengths for Perny’s long-nosed squirrel, Dremomys pernyi  (DP), 

the Bornean mountain ground squirrel, Dremomys everetti (DE), Low’s squirrel, 

Sundasciurus lowii (SL) and the horse-tailed ground squirrel, Sundasciurus hippurus 

(SH). The Bornean mountain ground squirrel and the horse-tailed ground squirrel are the 
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two most closely related species found in Borneo. The type species of the plain long-

nosed squirrels is Dremomys pernyi and of the Sunda squirrels is Sundasciurus lowii. The 

bold middle line represents the average values, and the dashed line the 95% standard 

error. Open circles represent outliner data points. 
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APPENDIX 26 – SPECIMEN REPRESENTATIVES OF EACH GENUS 

(SUNDASCIURUS AND DREMOMYS, AND THE BMGS) 

 
Image of select museum specimens from the USNM Collection. The type species for 

each genus is shown below. a.) Low’s squirrel, Sundasciurus lowii (USNM 488432), b.) 

Bornean mountain ground squirrel, Dremomys everetti (USNM 292623) and c.) Perny’s 

long-nosed squirrel, Dremomys pernyi (USNM 574326). Note the amount of phenotypic 

convergence seen between these three species, regardless of deep divergence times. 
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APPENDIX 27 – ADAPTATION OF 454 PROTOCOL FOR ILLUMINA 

SEQUENCING 

Library Preparation 

 

Initially we intended on using Roche 454 technology to sequence the museum specimens, 

however we ran into a number of issues generating a high enough yield of DNA 

sequences, and thus decided to modify our already prepared (and subsequently enriched) 

samples for Illumina sequencing. The protocol for library preparation was taken from 

Meyer et al. (2007) for individual tagging, and subsequent multiplexing. After the 

adapter fill-in step (and purification) amplification of the indexed libraries was performed 

with Phusion High Fidelity Taq polymerase for 15 cycles at a 60°C anneal. 

Thermocycler Conditions 

Fifteen cycles of 98° C for 15 sec, 98° C for 10 sec, 60° C for 20 sec, 72° C for 20 

sec, with a final extension of 72° C for 10 min. 

 

In-solution Hybridization 

Minor modifications were made to the Maricic et al. (2010) protocol from 

Illumina to 454 sequencing. Different sets of blocking oligos were used to hybridize to 

the 454 adapters instead of the Illumina specific primers. All other steps detailed in this 

protocol remained the same. Library prepared samples were multiplexed in pools of two 

or four samples, to reduce the overall cost of the procedure.  
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Conversion of 454 enrichments to Illumina 

During the first few attempts of running the 454 on the museum samples we 

recovered a low number of reads generating mostly incomplete mitochondrial genomes. 

There are several reasons for why this occurred; probably the most important was the 

short size of our fragments. Emulsion PCR is highly biased towards amplifying short 

samples, but when the fragments are too short many samples likely had mixed beads, 

leading to a downstream failure of the sequences in quality control. As we never achieved 

the desired number of reads per run, we decided to transform our already library prepared 

and enriched pools for Illumina sequencing. To do this, we performed a second round of 

library preparation on the equimolar pooled samples (post enrichment). A single Illumina 

adapter was applied to a many 454 pools, and sequenced with a large number of modern 

Illumina prepared samples, to allow for a high enough complexity of molecules for the 

Illumina lasers. Three 2 x 250 bp runs were required to sequence the different pools of 

museum specimen enrichments. 

This then required additional quality control steps than normal, as the 454 

adapters were sequenced through (and contained the individual barcode information for 

all of these samples). This was done with Prinseq and Geneious v.7.0.6 to both trim the 

454 sequencing primers, and separate reads by the 454 barcodes. As these samples were 

oriented properly for Illumina sequencing (and no longer 454) we needed to reverse 

complement reads which did not recover the 454 sequencing primer and repeat the 
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adapter trimming and separation by 454 barcodes. The resulting fastq sequences were 

then applied to the in-text mitogenomes pipeline. 
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APPENDIX 28 – INFORMATIVE SITES FROM UCE LOCI 

 
Informative sites in UCE analysis, contains 6 different scatter plots of the length of the 

UCE loci, the number of informative sites  and the number of differences per locus. This 

is repeated for all enriched loci (4046) and for all with at least three informative site 

(1137).  
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