euchromatic genome (/5). The Glossina genome
is estimated to contain 12,308 protein-encoding
genes based on automated and manual annota-
tions. Although this number is fewer than Dro-
sophila, the average gene size in Glossina is
almost double that of Drosophila (fig. S2B).
The number of exons and their average size is
roughly equivalent in both fly species (fig. S2C),
but the average intron size in Glossina appears to
be roughly twice that of Drosophila (fig. S2D).

Orthologous clusters of proteins were gener-
ated by comparing the predicted Glossina protein
sequences to five other complete Dipteran ge-
nomes (Drosophila melanogaster, Aedes aegypti,
Anopheles gambiae, Culex quinquefasciatus, and
Phlebotomus papatasi). Each cluster contained
members from at least two taxa; groups from a sin-
gle taxon were considered species-specific paralogs.

In total, 9172 (74%) of Glossina genes (from
8374 orthologous clusters) had a Dipteran ortholog,

Uninfected Salivary Gland

2803 genes (23%) had no ortholog/paralog, and
482 (4%) had a unique duplication/paralog in
Glossina. The ortholog analysis across the Diptera
(fig. S3A) shows that 94% (7867 of 8374) of
clusters that contain a Glossina gene also contain
an ortholog with Drosophila (fig. S3B).

Blood Feeding and Nutrition

Blood feeding has originated at least 12 times
in Diptera, and this genome facilitates a perspec-
tive for the comparative evolutionary biology of
hematophagy (2). Unlike its distantly related
blood-feeding relatives in the suborder Nema-
tocera (such as mosquitoes and sandflies), which
supplement their diet with plant nectar, both male
and female Glossina use blood as their sole
source of nutrients and energy.

Adult tsetse have several salivary molecules
that are essential for efficient blood feeding and
digestion because they counteract the complex

Trypanosome Infected Salivary Gland
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physiological responses of the host that impede
blood feeding, including coagulation, blood plate-
let aggregation, and vasoconstriction (table S5
and Fig. 1) (/6). One gene family, fsal, is the most
abundant in the Glossina sialome (I 6) and encodes
high-affinity nucleic acid-binding proteins that
lack strong endonuclease activity (/7). Orthologs
to tsal are not found in Drosophila, but they are
present in sandflies (Phlebotomus genus) and
mosquitoes (Culex species only). In mosquitoes
and sandflies, a single gene is responsible for the
production of salivary endonucleases with hydro-
lysis activity (I8). Glossina carries three distinct
tsal genes (GMOY012071, GMOY012361, and
GMOY012360) that colocalize to a 10-kb locus.
Another family of abundant salivary proteins,
related to adenosine deaminases and insect growth
factors (ADGFs) are thought to reduce the in-
flammation and imitation resulting from adeno-
sine and inosine-induced mast cell activation. In

Salivary gland r 250 prote
facilitate blood feeding including:
anticoagulant thrombin proteins, nucl

related growth factors to modu
responses at the bite site ‘

binding proteins and adenosine deaminase

X

| Ingested blood meals enter the

gut and are contained within the semi-
: permeable peritrophic matrix (PM), which is synthesized by the proventriculus
and consists of a complex mixture of proteins and chitin. The PM protects the

- midgut epithelium from mechanical damage and ingested pathogens

Trypanosom

| Proventriculy

Fig. 1. Diagrammatic presentation of major findings regarding the
effects of trypanosome infection of the salivary glands and midgut,
proteomic analysis of the peritrophic matrix, and the role of aquaporin
proteins in blood meal digestion and diuresis. (Top) comparison of
trypanosome-uninfected and -infected states of Glossing salivary glands. (Left)

differentiate into procyclic forms, escape the PM, establish
‘infections in the ectoperitropic space of the midgut,

trave] back up the digestive tract to invade the salivary
glands and differentiate into mamwmalian infective
metacyclic form cells.

lired from an infected vertebrate host

(11).

Mass spectrometry analysis of the peritrophic matrix
identified 300 constituent proteins, including three
peritrophins only expressed by the proventriculus and
bacterial proteins expressed from the Sedalis symbiont

The tsetse fly has ten aquaporin genes (the highest
number of any characterized insect), which

facilitate efflux of excess water across midgut epithelium
(diuresis} after blood feeding (8)

Representative protein components of Glossina salivary secretions. (Right)
Pathogenic effects of trypanosome infection on salivary gland function. (Bottom)
Glossina digestive physiology and the infection process by trypanosomes. As-
sociated satellite references for these findings are listed within the figure as
numbers in parentheses and correspond to the reference list (8, 11, 12).
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tsetse, the ADGF genes are uniquely organized as
a cluster of four genes in a 20-kb genomic locus
(GMOY002973, GMOY012372, GMOY012373,
and GMOY012374). An adenosine deaminase
(ada) gene (GMOY008741) without the putative
growth factor domain is encoded elsewhere in the
genome. In Drosophila, five ADGF genes can be
found in various loci and are associated with de-
velopmental regulation (/9). Nematoceran Diptera,
including sandflies and mosquitoes, have a maxi-
mum of three ADGF genes. Other arthropods,
such as Ixodes scapularis, Rhodnius prolixus, and
Pediculus humanus, have only bona fide adeno-
sine deaminases.

Recent studies show that specific genes and
proteins are down-regulated in salivary glands dur-
ing parasite infection, which promotes trypanosome
transmission because feeding efficiency is reduced
and feeding time is extended (20). RNA-seq analy-

sis of salivary gland gene expression during para-
site infection confirmed the reduction of transcript
abundance for previously identified genes, such
as ada, tsall, tsal2, and 5' nucleotidase, as well as
of many other putative secreted salivary protein
genes (12). Additionally, genes involved in stress
tolerance and cell repair showed increased expres-
sion, indicating that considerable salivary gland tis-
sue damage is caused by trypanosome infections.

Upon blood-meal ingestion, the peritrophic
matrix (PM), which separates the midgut epithe-
lium from the blood bolus, protects gut cells from
damaging or toxic dietary elements, allows for
compartmentalized digestion and metabolism of
the blood meal, and is a barrier against infection
(5). Glossina produces a type-II PM, which is se-
creted continuously as concentric sleeves by the
proventriculus and separates the lumen of the
midgut (endoperitrophic space) from the mono-

layer of epithelial cells (27). Type-II PMs are gen-
erally composed of chitin, peritrophin proteins,
glycosaminoglycans (GAGs), and mucin-like
molecules. Analysis of isolated PMs of male flies
by mass spectrometry identified ~300 proteins,
including multiple uncharacterized peritrophins
and peritrophin-like glycoproteins. This pro-
teomic data identified the corresponding genes
in the Glossina genome. Three of these genes
are exclusively expressed by the proventriculus
(table S6) (11).

Glossina takes a blood meal that is almost
equivalent to its own weight, and excess water
is rapidly excreted by means of the Aquaporin
family of transport proteins (22). Ten aqua-
porin genes (aqps) were identified in Glossina,
compared with six and eight in mosquitoes and
Drosophila, respectively (table S7). In Glossina,
two agp genes are duplicates: the orthologs

Fig. 2. Diagrammatic pre-
sentation of the Glossina
microbiome, tissue locali-
zation of bacterial symbionts,
physiological importance,
and summary of genomic
interactions. (Top) Glossina

Wolbachia

infections.

- Multiple natural Glossina populations
(including Gmm) harbor Wolbachia

- Infections are localized to the ovarian
germ cells and festes.

- Multiple horizontal transfer events have
resulted in transfer of >1 MB of the
Wolbachia genome into the tsetse genome
with unknown functional implications (13).

- The genome of cytoplasmic Wolbachia
has reduced numbers of ankyrin and phage paratransgenic agents (such as Sodalis).
genes relative 1o strains in Drosophila.

- Infection causes cytoplasmic
incompatibility phenomena in tsetse which
gives infected females a reproductive
advantage over uninfected flies.

- Wolbachia is a potential driver for

reproductive physiology and
associated symbiont localiza-
tions. (Bottom) Glossina di-
gestive physiology and the
associated symbiont localiza-
tions. Associated text describes
significant findings regard-
ing the Glossina microbiome
and the associated impacts in
terms of Glossina immunity,
nutrition, vectorial capacity,
and vector control. Associated
satellite references are listed
within the figure as numbers

Larval
bacteriome

in parentheses and correspond
to the reference list (11, 13).

Wigglesworthia

- Localized to bacteriome, milk gland tubules and larval gut.

Sodalis Gl

- Found intra- and extra-cellularly throughout the fly.

- Provide nutritional supplementation required for female
fecundity and larval development, including B-vitamins which
may be critical to supplement tsetse’s diet.

- Provide immune stimulation required for farval immune system
development.

- May contribute towards tsetse's susceptibility to
trypanosomes as they secrete a chitinase which may weaken
the structural integrity of the peritrophic matrix (11).

-~ Can be genetically modified to express trypanocidal molecules

- Shows promise as a potential paratransgenesis agent

bacteriome

7

Salivary Gland Hypertrophy Virus (SGHV) and Bracoviral Insertions

~Multiple Glossina species {including morsitans) harbor a
large DNA hytrosavirus (SGHV)

-Sequences homologous to Bracoviral genes have also been
identified in the tsetse genome, suggesting wasp parasitization.
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of the agp2 and the Drosophila integral pro-
tein (drip) genes. Knockdown of aquaporins
inhibited post-blood meal diuresis, increased
dehydration tolerance, reduced heat tolerance,
and extended the duration of lactation and
pregnancy in females. The drip orthologs are
particularly abundant in the female accessory
gland (milk glands), suggesting a role in hy-
dration of glandular secretions (8).

In comparison with mosquitoes and sand-
flies, Glossina has a marked reduction in genes
associated with carbohydrate metabolism, instead
using a proline-alanine shuttle system for energy
distribution and triglycerides and diglycerides for
storage in the fat body and milk secretions. Little
to no sugar nor glycogen is detectable in these

Milk gland secretory cell {

Lactating)

flies (23). Genes involved in lipid metabolism
are generally conserved, with gene expansions
associated with fatty acid synthase, fatty acyl-
CoA reductase, and 3-keto acyl-CoA synthase
functions (table S8). In addition, three multi-
vitamin transporters from the solute:sodium
symporter (SSS) family are found in Glossina
and mosquitoes, but not in Drosophila, suggest-
ing an association with blood-meal metabolism
(table S9).

Microbiome

Glossina harbor multiple maternally transmitted
mutualistic and parasitic microorganisms, in-
cluding the obligate Wigglesworthia glossinidia,
which reside intracellularly in cells that com-

Milk gland secretory cell (Post-parturition)
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promise the midgut-associated bacteriome or-
gan as well as extracellularly in the milk gland
lumen (Fig. 2). In the absence of Wigglesworthia,
female flies tend to prematurely abort their larval
offspring unless they receive dietary supplements
(18). However, the larvae that have under-
gone intrauterine development in the absence
of Wigglesworthia metamorphose into immune-
compromised adults (24).

The predicted proteome of Wigglesworthia
indicates a capacity for B vitamin biosynthesis
(25) and synthesis of thiamine monophosphate
(TMP). Glossina lacks this capacity; however, it
carries genes for thiamine transporters, a member
of the reduced folate carrier family (GMOY009200),
and a folate transporter (GMOY005445).

- DRIP-type Qi : : . Wigglesworthia/
Lipid Droplet Amino acids s %,
pia Lrep Aquaporin }t S Sodalis
Amino acid %é Antioxidant .
Nucleus Transporter ; enzymes *

Fig. 3. Diagrammatic presentation of milk gland secretory cell physiology
and milk production during lactation and after parturition. (Left) Lactation.
Nutrients including lipids, amino acids, and water are taken up by the cell through
various transporters. Lipids are aggregated into droplets while amino acids are
incorporated into the synthesis of a battery of milk proteins. During pregnancy,
milk protein genes are up-regulated by the Ladybird Late homeodomain protein.
Lipids, proteins, and water are combined to form the milk constituents, which are
stored in a large extracellular secretory reservoir. Stored milk is secreted into the

lumen, which also houses the extracellular obligate bacterial symbiont Wigglesworthia.
The milk and symbionts are transported through the gland to the uterus, where
the developing larvae feeds upon these secretions. (Right) Involution and re-
covery. After parturition, milk gland cells shrink, undergo autophagy, and express
antioxidant enzymes to inhibit oxidative damage. The recovered cells prepare for
the next round of lactation by regeneration of protein synthesis and structural
components. Associated satellite references for these findings are listed within the
figure as numbers in parentheses and correspond to the reference list (7-20).
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Wolbachia is another symbiont present in
some wild Glossina populations (and in the strain
sequenced here), which resides in gonadal tissues.
Laboratory studies have shown that this associated
Wolbachia strain induces cytoplasmic incompat-
ibility (CI) in Glossina morsitans (26). Further-
more, at least three horizontal transfer events
(HTEs) from Wolbachia were detected in Glossina
chromosomes. The two largest insertions carry a
total of 159 and 197 putative functional protein-
coding genes, whereas the third lacks any protein
coding genes. In situ staining of Glossina mitot-
ic chromosomes with Wolbachia-specific DNA
probes identified multiple insertions on the X, Y,
and B chromosomes (table S10) (13). Although
no Wolbachia-specific transcripts were detected
arising from chromosomal insertions, the func-
tional and evolutionary implications of these in-
sertions require study.

Many Glossina species, including the strain
sequenced here, harbor a large DNA hytrosavirus,
the Glossina pallidipes salivary gland hypertro-
phy virus (GpSGHYV) (27). The virus can reduce
fecundity and life span in Glossina and cause
salivary gland pathology and swelling at high
densities. Also, the analysis of a group of genes
lacking dipteran orthologs revealed many pu-
tative bracoviral genes [Basic Local Alignment
Search Tool (BLAST) E values of <1 x 1079)]
spread over 151 genomic scaffolds (tables S11
and S12). The putative bracoviral sequences bear
highest homology to those identified from the par-
asitic braconid wasps Ghyptapanteles flavicoxis and
Cotesia congregata. This suggests that Glossina
was or is parasitized by an as-yet-unidentified
braconid wasp.

Immunity

Multiple factors, including age, sex, nutritional
status, and symbionts, influence tsetse’s compe-
tence as a vector for trypanosomes. Peptidoglycan
(PGN) recognition proteins (PGRPs), antimicro-
bial effector peptides (AMPs) produced by im-
mune deficiency (IMD) pathway, midgut lectins,
antioxidants, EP protein (defined by its glutamic
acid and proline repeats), and the gut-associated
peritrophic matrix structure are all components
that regulate the nature of the interactions between
the fly and its symbionts (28).

Microbial detection is a multistep process
that requires direct contact between host pattern
recognition receptors (PRRs) and pathogen-
associated molecular patterns (PAMPs). Dro-
sophila has 13 PGRPs that play a role in the re-
cognition of PGN, an essential component of
the cell wall of virtually all bacteria. In Glossina,
only six pgrp genes were identified, four in the
long subfamily (pgrp-la, -Ib, -Ic, and -Id) and two
in the short subfamily (pgrp-sa and -sb), whereas
Drosophila has a gene duplication resulting in
two related forms of pgrp-sb. Based on both ge-
nome annotation and transcriptome data, Glossina
lacks orthologs of the PGN receptors, -le, -If;
-s¢, and -sd, found in Drosophila. The reduced
pgrp repertoire of Glossina may reflect its blood-

specific diet, which likely exposes its gut to fewer
microbes than Drosophila. In the Drosophila gut,
PGRP-LE functions as the master bacterial sen-
sor, which induces both responses to infectious
bacteria and tolerance to microbiota by up-regulating
suppressors of the IMD pathway, including PGRP-
LB (29). In the case of Glossina, loss of amidase
-SC1 along with PGRP-LE may indicate a host
immune response that has evolved to protect the
symbiosis with Wigglesworthia. Reduced immune
capacity is also observed in aphids that also har-
bor obligate symbionts (30). A complete listing of
orthologs to Drosophila immune genes is presented
in table S13.

Reproduction and Developmental Biology

The reproductive biology of tsetse is unique to
the Hippoboscoidea superfamily. The evolution
of adenotrophic viviparity (intrauterine larval de-
velopment and nourishment by glandular secre-
tions) has required ovarian follicle reduction (two
follicles per ovary compared with 30 to 40 in
Drosophila), expansion and adaptation of the
uterus to accommodate developing larvae, and
adaptation of the female accessory gland to func-
tion as a nutrient synthesis and delivery system.

Glossina, Drosophila, and other Brachyceran
flies use lipase-derived yolk proteins for vitello-
genesis, unlike non-Brachyceran flies that use
the vitellogenin family of yolk proteins (37).
Drosophila and Brachyceran flies outside of
the Hippoboscidae superfamily produce multi-
ple oocytes per gonotrophic cycle. However,
Glossina only develops a single oocyte each cy-
cle. Unlike Drosophila, which has three yolk pro-
tein genes (yp1, yp2, and yp3) localized on the
X chromosome, Glossina has a single yolk pro-
tein gene, which is orthologous to Drosophila
yp2 (GMOY002338), expressed only in the ova-
ries, and lacks fat body—associated expression.
Multiple yolk proteins have been identified in
other Brachyceran flies, indicating that Glossina
may have lost these genes in association with its
reduction in reproductive capacity (31).

Glossina larvae are dependent on their moth-
er’s milk gland secretions for nutrition, as well
as for transfer of symbiotic fauna (Fig. 3). This
gland is highly specialized and secretes a com-
plex mixture of stored lipids and milk proteins.
Analysis of differential gene expression in lac-
tating versus nonlactating females confirmed
the presence of previously characterized milk
protein genes—including a lipocalin (mgpl), a
transferrin (trf), an acid sphingomyelinase
(asmase), milk proteins 2 + 3 (mgp2 and -3), and
pgn recognition protein b (pgrp-1b) (28)—but
also revealed a previously undiscovered suite of
eight paralogs to the mgp2 and -3 genes. Annota-
tion of the 40-kb genomic loci encompassing
mgp2 and mgp3 revealed that these genes have
arisen via gene duplication events. These genes
have similar exon/intron structures and are ex-
pressed in the same stage- and tissue-specific
manner as mgp2 and mgp3 (10). The newly iden-
tified milk proteins may function as lipid emul-

sification agents, sources of amino acids, and
phosphate carriers. The 12 genes associated with
milk synthesis make up almost half of all mater-
nal transcriptional activity during lactation (table
S14) (10). The combined suite of Glossina milk
proteins bear remarkable functional similarities
to those of placental mammals and marsupials
(Fig. 3).

The massive level of protein synthesis during
lactation generates substantial oxidative stress in
tsetse females, but females can undergo this pro-
cess 8 to 10 times during their life spans without
evidence of reproductive senescence. Transcrip-
tional analysis of antioxidant enzyme (AOE) gene
expression revealed an increase in abundance of
these genes during lactation and after birth (7)
(table S15), such that knockdown of these en-
zymes decreases fecundity in subsequent repro-
ductive cycles. The mediation of oxidative stress
by AOEs at key points in tsetse reproduction
appears critical to preservation of fecundity late
into Glossina’s life span (7) (Fig. 3).

The milk proteins produced by tsetse are un-
der tight transcriptional regulation and are only
expressed in the female accessory gland. The ex-
pression level of these genes is coordinated with
the stage of pregnancy and increases with larval
development. The system regulating these genes
appears conserved as transgenic Drosophila car-
rying the mgpl gene promoter sequence drive
the expression of a green fluorescent protein re-
porter gene exclusively in the female accessory
glands in coordination with oogenesis/ovulation.
Comparative analysis of the promoter sequences
from multiple milk protein genes revealed the
presence of conserved binding sites for homeo-
domain transcription factors. Analysis of the
homeodomain transcription factors in Glossina
(table S16) identified a gene, ladybird late (Ibl),
which is expressed exclusively in the milk gland
of adult female flies and the female accessory
glands of Drosophila. Knockdown of [bl re-
sults in a global reduction of milk gland protein
expression in tsetse and causes loss of fecundity

9) (Fig. 3).

Sensory Genes as Targets for Glossina
Control Strategies

Glossina species differ in host preferences and
vary in their response to chemical and visual cues
from different mammalian hosts or for mate find-
ing. Sensory proteins range from odorant binding
proteins (OBP), chemosensory proteins (CSP),
odorant receptors (OR), gustatory receptors (GR),
and ligand-gated ionotropic receptors (IR) to sen-
sory neuron membrane proteins (SNMP) (32).
Detailed annotation of Glossina sensory re-
ceptors reveals that they have fewer olfactory
proteins relative to Drosophila, An. gambiae, and
Apis mellifera (table S17) (14). Of note, six ORs
are homologous to a single Drosophila OR, which
is associated with female mating deterrence. In
addition, GR genes associated with sweet tastes,
present in all other Diptera, are missing in tsetse.
These genetic differences are consistent with the

25 APRIL 2014 VOL 344 SCIENCE www.sciencemag.org

-282-



combination of a restricted diet of vertebrate
blood and their narrow host range.

The visual system of Glossina is very similar
to that of other calyptrate Diptera, which are gen-
erally fast flying, such as the house fly Musca
domestica and the blow fly Calliphora vicina
(33). In tsetse, both sexes employ vision for rapid
host identification and pursuit (34); males, how-
ever, also depend on vision for long-distance
spotting and tracking of female mating partners
(35). Morphology and function of the compound
eye retina is highly conserved throughout the
Brachycera, allowing for direct comparisons with
Drosophila (36). The search for vision-associated
genes revealed that all of the core components of
the highly efficient Drosophila phototransduction
cascade are conserved in Glossina (table SI8).
This is also the case for four of the five opsin
transmembrane receptor genes that are differ-
entially expressed in the photoreceptors of the
Drosophila compound eye: RAl, Rh3, Rh5, and
RA6. Most important, the recovery of opsin RAS
indicates the likely presence of blue-sensitive
R8p photoreceptors in Glossina that have been
missed in experimental studies (33). This finding
is consistent with tsetse’s attraction to blue/black,
which has been widely exploited for the devel-
opment of traps to reduce vector populations (37).
It is further notable that the study of opsin con-
servation and expression in the blow fly retina
recovered the same four opsin paralogs (38), sug-
gesting that the deployment of a single ultra-
violet (UV)-sensitive opsin (RA3) represents the
ground state for calyptrate Diptera, in contrast to
the expression of two UV-sensitive opsins (Rh3
and RA4) in the eyes of Drosophila. The Glossina
genome also contains the ortholog of the Dro-
sophila Rh7 opsin gene, which is still of unknown
function in Drosophila.

Future Directions

The assembly and annotation of the Glossina ge-
nome highlights its unique biology and facilitates
the application of powerful high-throughput tech-
nologies in a way that was previously impossible.
In addition, genomic and transcriptomic data
on five Glossina species (G. fuscipes fuscipes,
G. palpalis gambiensis, G. brevipalpis, G. austen,
and G. pallidipes) are being generated to produce
additional genome assemblies for evolutionary
and developmental analyses to study genomic dif-
ferences associated with host specificity, vectorial
capacity, and evolutionary relationships.
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Discovery of Brainwide Neural-Behavioral
Maps via Multiscale Unsupervised

Structure Learning

Joshua T. Vogelstein,™* Youngser Park,** Tomoko Ohyama,®* Rex A. Kerr,? James W. Truman,?

Carey E. Priebe,*t1 Marta Zlatic®t1

Assingle nervous system can generate many distinct motor patterns. ldentifying which neurons and circuits
control which behaviors has been a laborious piecemeal process, usually for one observer-defined
behavior at a time. We present a fundamentally different approach to neuron-behavior mapping.

We optogenetically activated 1054 identified neuron lines in Drosophila larvae and tracked the
behavioral responses from 37,780 animals. Application of multiscale unsupervised structure learning
methods to the behavioral data enabled us to identify 29 discrete, statistically distinguishable,
observer-unbiased behavioral phenotypes. Mapping the neural lines to the behavior(s) they evoke
provides a behavioral reference atlas for neuron subsets covering a large fraction of larval neurons.
This atlas is a starting point for connectivity- and activity-mapping studies to further investigate the
mechanisms by which neurons mediate diverse behaviors.

ervous systems can generate a wide range
Nof motor outputs, depending on their in-
coming sensory inputs and internal state.
A comprehensive understanding of how behav-

ioral diversity and selection is achieved requires
the identification of neural circuits that mediate
many distinct motor patterns in a given nervous
system. Mapping a functional circuit for one be-

25 APRIL 2014 VOL 344 SCIENCE www.sciencemag.org

-284-



MBE Advance Access published April 2, 2014
Whole-Genome Sequencing of Tibetan Macaque (Macaca

thibetana) Provides New Insight into the Macaque
Evolutionary History

Zhenxin Fan,™" Guang Zhao,? Peng Li,' Naoki Osada,? Jinchuan Xing* Yong i, Lianming Du,’

Pedro Silva,® Hongxing Wang,® Ryuichi Sakate,” Xiuyue Zhang,' Huailiang Xu,® Bisong Yue,** and

Jing Li*!

"Key Laboratory of Bioresources and Ecoenvironment (Ministry of Education), College of Life Sciences, Sichuan University, Chengdu,
People’s Republic of China

%Sichuan Key Laboratory of Conservation Biology on Endangered Wildlife, College of Life Sciences, Sichuan University, Chengdu,
People’s Republic of China

3Division of Evolutionary Genetics, Department of Population Genetics, National Institute of Genetics, Mishima, Shizuoka, Japan
4Department of Genetics, Rutgers, the State University of New Jersey

>Experimental Animal Institute of Sichuan Academy of Medical Sciences & Sichuan Provincial People’s Hospital, Chengdu, People’s
Republic of China

®Research Center in Biodiversity and Genetic Resources, University of Porto (CIBIO-UP), Campus Agrario de Vairdo, Vila do Conde,
Portugal

7Laboratory of Rare Disease Biospecimen, Department of Disease Bioresources Research, National Institute of Biomedical innovation,
Ibaraki, Osaka, Japan

8College of Animal Science and Technology, Sichuan Agricultural University, Ya'an, People’s Republic of China

TThese authors contributed equally to this work.

*Corresponding author: E-mail: |jtjf@126.com; bsyue@scu.edu.cn.

Associate editor: Yoko Satta

Abstract

Macaques are the most widely distributed nonhuman primates and used as animal models in biomedical research. The
availability of full-genome sequences from them would be essential to both biomedical and primate evolutionary studies.
Previous studies have reported whole-genome sequences from rhesus macaque (Macaca mulatta) and cynomolgus
macaque (M. fascicularis, CE), both of which belong to the fascicularis group. Here, we present a 37-fold coverage
genome sequence of the Tibetan macaque (M. thibetana; TM). TM is an endemic species to China belonging to the
sinica group. On the basis of mapping to the rhesus macaque genome, we identified approximately 11.9 million single-
nucleotide variants), of which 3.9 million were TM specific, as assessed by comparison two Chinese rhesus macaques (CR)
and two CE genomes. Some genes carried TM-specific homozygous nonsynonymous variants (TSHNVs), which were
scored as deleterious in human by both PolyPhen-2 and SIFT (Sorting Tolerant From Intolerant) and were enriched in the
eye disease genes. In total, 273 immune response and disease-related genes carried at least one TSHNV. The heterozy-
gosity rates of two CRs (0.002617 and 0.002612) and two CEs (0.003004 and 0.003179) were approximately three times
higher than that of TM (0.000898). Polymerase chain reaction resequencing of 18 TM individuals showed that 29 TSHNVs
exhibited high allele frequencies, thus confirming their low heterozygosity. Genome-wide genetic divergence analysis
demonstrated that TM was more closely related to CR than to CE. We further detected unusual low divergence regions
between TM and CR. In addition, after applying statistical criteria to detect putative introgression regions (PIRs) in the
TM genome, up to 239,620 kb PIRs (8.84% of the genome) were identified. Given that TM and CR have overlapping
geographical distributions, had the same refuge during the Middle Pleistocene, and show similar mating behaviors, it is
highly likely that there was an ancient introgression event between them. Moreover, demographic inferences revealed
that TM exhibited a similar demographic history as other macaques until 0.5 Ma, but then it maintained a lower effective
population size until present time. Our study has provided new insight into the macaque evolutionary history, confirming
hybridization events between macaque species groups based on genome-wide data.

Key words: Tibetan macaque, whole-genome sequencing, SNVs, genetic divergence, introgression, demographic
trajectories.
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Introduction

The Old World monkey genus Macaca is the most wide-
spread nonhuman primates, having diversified 5-5.5 Ma,
and subsequently spread throughout Asia (Delson et al.
2000). Macaques have long been used as important animal
models in biomedical research because they are closely related
to humans, sharing a last common ancestor about 25 Ma
(Kumar and Hedges 1998). The genus contains about
19-22 extant species belonging to four well-defined Asian
macaque groups (sylvanus, silenus, sinica, and fascicularis),
including a single African species (Macaca sylvanus; Fooden
1976; Tosi et al. 2003; Ziegler et al. 2007; Li et al. 2009;
Perelman et al. 2011). The most widely used macaque in
biomedical research is the rhesus macaque (M. mulatta).
However, a ban on the export of rhesus macaques by the
Indian government has increased the requirement of other
macaque species (subspecies) for research, such as the
Chinese rhesus macaque (CR, M. mulatta lasiota), cynomol-
gus macaque (CE, M. fascicularis), Japanese macaque (M. fus-
cata), the bonnet macaque (M. radiata), and the Tibetan
macaque (TM, M. thibetana). Because of their great signifi-
cance as animal models in human evolutionary and biomed-
ical research, whole-genome sequences of rhesus macaque
and CE were released in 2007, 2011, and 2012 (Rhesus
Macaque Genome Sequencing and Analysis Consortium
2007; Fang et al. 2011; Yan et al. 2011; Higashino et al.
2012). However, the sequenced genomes are within the fas-
cicularis group, genome information of macaques from the
sinica group is still unavailable to this date.

The TM (M. thibetana), a sinica group species endemic to
China, differs substantially from fascicularis species in their
geographical range, body size, and a variety of morphological,
physiological, and behavioral characteristics. Compared with
rhesus macaque, TM has bigger body size, longer life span,
calmer temperament, and is easier to train (Groves et al.
2005). TM has already been used in biomedical researches,
such as in intraocular pressure (IOP) research (Liu et al. 2011)
and liver transplantation studies. Although all macaques
share a common ancestor up to 5 Ma, the sinica and fascicu-
laris groups diverged from each other around 3 Ma (Tosi et al.
2003; Perelman et al. 2011). It is already known that different
species (subspecies) of macaque react differently and show
different levels of pathogenesis to human infectious diseases
such as AIDS (Ling et al. 2002) and malaria (Schmidt et al.
1977). Therefore, it is highly desirable to fully assess the ge-
netic backgrounds of the different macaque species.

In addition, the relationships between different macaque
species are still controversial due to the existence of historic
and ongoing episodes of hybridization (Perelman et al. 2011),
which occurred particularly intensively among macaques of
Asian origin. For example, hybridization has been detected in
the pig-tailed macaques (Tosi et al. 2003), various Sulawesi
macaques (Evans et al. 2003), and between rhesus macaque
and CE (Yan et al. 2011). Furthermore, some studies suggested
that there were ancient hybridizations between two lineages
(sinica and fascicularis) (Tosi et al. 2002, 2003; Li et al. 2009).
However, there is no report inferring hybridization in TM. The

2

whole-genome sequencing of TM would let us examine
whether there were any admixture events between TM and
other macaques.

The released whole-genome sequences of the Indian
rhesus macaque (IR) provided a great reference for the rese-
quencing strategy of other macaque species (Fang et al. 2017;
Higashino et al. 2012). In this study, we generated a TM
genome sequence with approximately 37-fold coverage
using the lllumina Hiseq 2000 system based on resequencing
strategy. The sequences were then mapped to the IR genome
(rheMac2) to generate genotype calls. Combined with two
previously sequenced CRs (CR1 from Yunnan Province, CR2
from Sichuan Province) and two previously sequenced CEs
(CE1 from Vietnam and CE2 from Malaysia) genomes, we
further identified TM-specific variants. Notably, we identified
specific variants within important human immune response
and diseases genes. In addition, we explored the genome-wide
genetic divergence and the evolutionary history of these ma-
caque species.

Results and Discussion

Genome Sequencing and Variant Discovery

A wild female TM (12-15 years old) captured at Mabian
County in Sichuan province, China, was used for whole-
genome sequencing. DNA was extracted from its blood,
and whole-genome sequencing was performed with the
lllumina HiSeq 2000 platform. More than 1,275 million
clean reads were generated, which covered approximately
114.75 Gbp. The clean reads have been deposited in the
National Center for Biotechnology Information (NCBI)
Short Read Archive under accession number SRP032525. In
total, about 1,209 million reads could be mapped to the IR
reference genome (rheMac2), and more than 900 million
reads (72.8%) were unique concordantly mapped (supple-
mentary file S1, table S1, Supplementary Material online).
The effective genome-wide mean coverage for TM was
36.92-fold. The alignment files of TM and other macaques
were processed with our customized genotyping pipeline to
get the genotype calls of five macaques (fig. 1A). Then, we
applied conservative data quality filters to further control the
quality of genotype calls (see supplementary note,
Supplementary Material online, for details). After imposing
genome and sample filters (SFs), we could genotype 91.09% of
the genome (20 autosomes). A total of 11,937,445 single-nu-
cleotide variants (SNVs) were identified in TM compared
with the reference. The transitions/transversions (Ti/T,)
ratio in TM (T/T, =2.17; supplementary file S1, table S2,
Supplementary Material online) was in accordance to the
criteria of approximately 2-2.2 in the 1000 Genomes and
other genome-wide sequencing studies (DePristo et al.
2011; Lachance et al. 2012). Among all SNVs, 82.84% of
them (9,889,106) were homozygous in TM (table 1). To fur-
ther quantify genome-wide heterozygosity, we calculated the
ratio of heterozygous SNVs against all passed filters sites,
which yielded an autosomal heterozygosity of only 0.000898
in TM (table 1).

-286-

$10Z ‘07 [1dY U0 USYIO-NSILNYOY OYSO L, 18 /510" SFEUnofpIofxo-aqu//:diy Wolj papeojumod



Whole-Genome Sequencing of TM - doi:10.1093/molbev/msu104

MBE

A B
Short reads
]
Bowtie2 for Hiseq T
J BioScope for SOLID -
- =
Alignment to rheMac2
L (bam file) ) 2
i Mark PCR duplicates in Picard
& N
Unique sequence reads g °
{ (bam file) ) g,, .
lLocaI realignment in GATK 3 °
: ]
[ Locally realigned reads g =
L (bam file) ) 3
iBase quality recalibration in GATK '% 3
v <]
" e ) 2
Recalibrated base quality £ .
| scores reads (bam file) s
lSNP and Indel calling in GATK o
f S
Raw SNP and Indel calls
L (vcf files) ) b
iAdd filters into vcf files
o
[ Final genotype calls ©
L (vcf files) )

P —— Tibetan macaque (36.92X)
EA\:\}M, weww  Chinese rhesus macaque (Yumian Province, 45.65X)
by % \w\n\ w==o Chinese rhesus macaque {Sichuan Province, 10.52X)
| ‘%\\ w Ylgtnamese cynomolgus macaque {43.96X)

\ s Malaysian cynomolgus macaque (24.69X)

T T T T T T T T T T T 1 T T T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Mininum depth of coverage

Fic. 1. Genotyping pipeline and mean genome wide coverage. (A) Overview of the sequence alignment and customized genotyping pipeline in our
study. Details of the major steps and postgenotype filters can be found in supplementary file $4, Supplementary Material online. (B) Proportion of the
covered genome per sample as a function of minimum depth of coverage. The numbers in legend are the mean genome wide coverage.

Table 1. Numbers of Useable Sites, Autosomal Heterozygosity, and SNV Rate in Five Macaques.

Sample Nonvariant Sites SNVs Total Useable Sites Heterozygosity SNV Rate
Heterozygous Homozygous Total

CR1 2,254,758,652 5,925,877 3,458,482 9,384,359 2,264,143,011 0.002617 0.004145

CR2 1,631,118,438 4,277,233 1,974,865 6,252,098 1,637,370,536 0.002612 0.003818

CE1 2,233,731,233 6,746,357 5,004,945 11,751,302 2,245,482,535 0.003004 0.005233

CE2 2,249,104,923 7,188,355 4,812,493 12,000,848 2,261,105,771 0.003179 0.005308

™ 2,269,701,317 2,048,339 9,889,106 11,937,445 2,281,638,762 0.000898 0.005232

Small Indels in TM

Using the mapping information within the alignments, we
also genotyped small indels in TM with the Genome Analysis
Toolkit (GATK). The threshold for the minimum base quality
was 20. In total, we detected 1,125,876 deletions and 1,032,913
insertions on the 20 autosomes (table 2). We further identi-
fied indels within genes and their respective locations. There
were 367,317 genic deletions (32.62%) and 336,218 genic in-
sertions (32.55%), as well as 5,268 untranslated region (UTR)
deletions and 4,894 UTR insertions (table 2). Nine hundred
and sixty-two deletions and 875 insertions were found within
exons. Among these exon indels, 623 deletions and 613

insertions could cause frame shifting (non-3x-bp length). in
addition, more than 60% of them were homozygous (dele-
tions: 424; 68% and insertions: 481; 78%). Future studies will
be needed to investigate the effect of these potential frame
shifts. The proportion of the 3x-bp-length indels within the
coding regions (32.7%) was much higher than that within the
noncoding regions (13.4%), indicating that there probably is
purifying selection on frame-shifting indels within the coding
regions. A similar pattern has been observed in the genome of
CE2 (Higashino et al. 2012). The distribution of the small indel
lengths is shown in figure 2. More than 50% of them corre-
spond to single base pairs (deletions: 50.3%; insertions: 54.4%).

3
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SNVs Distribution in TM

Based on gene annotations from the reference genome, a
total of 3,833,049 SNVs of TM were located in TM genic
regions, including 63,626 SNVs within exons (table 3). We
examined the exons of each gene with variants by translating
the respective codons using the standard genetic code
and found 52,987 synonymous variants and 33,612
nonsynonymous variants (supplementary file S1, table S3,
Supplementary Material online). We next searched for
immune- and drug-response genes in humans that carried
nonsynonymous SNVs in TM because these genes are of par-
ticular interest in biomedical research (Fang et al. 2011; Yan
et al. 2011; Higashino et al. 2012). In addition, considering the
big body size of TM and that TM is more prone to develop
obesity and high blood sugar levels than other macaques, we
examined variants in glucose metabolic process genes and

Table 2. Numbers of Small Indels (Deletions and Insertions) in TM.

Type Numbers Cause Frame
Total  Within  Within  Within "N
Gene Exon UTR
Deletions 1,125,876 367,317 962 5268 623
Insertions 1,032,913 336,218 875 4,894 613

Note—Numbers of total indels and numbers of indels within genes/exon/UTR of
genes are shown. “Cause frame shifting” indels mean the indels within the exon of
genes could cause frame shifting because they are not 3x-bp length.

insulin-related genes. In total, we searched six gene ontology
(GO) terms. We found that there were 1,224 nonsynonymous
variants in immune response genes and 270 in drug response
genes. There were 136 nonsynonymous variants located in
glucose metabolic process genes, as well as more than 200 in
three insulin-related GO terms (supplementary file S1, table
S3, Supplementary Material online). The number of genes
exhibiting at least one homozygous nonsynonymous variant
are listed in supplementary table S3, Supplementary Material
online, including 347 genes related to immune response, 78
genes involved in drug response, and 41 genes related to
glucose metabolic process, as well as 37 genes related to in-
sulin secretion, 35 genes associated with the insulin receptor
signaling pathway, and 5 genes related to insulin receptor
binding.

Genetic Diversity armong Macaques

To determine the relationship between TM and other ma-
caque species, we applied the same pipeline to process other
four available macaque genomes (CR1, CR2, CE1, and CE2).
We obtained high coverage (>20-fold) for three of the ge-
nomes (CR1, CE1, and CE2) and lower coverage (10.52-fold)
for the CR2 genome (fig. 1B), and all exhibited approximately
90% useable sites of the genome (supplementary file S1, table
S4, Supplementary Material online). Notably, more than half
of the SNVs in CRs and CEs were heterozygous (CR1: 63.15%,
CR2: 68.41%; CE1: 57.41%, CE2: 59.90%), and their autosomal
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Fic. 2. Distribution of small indel lengths detected in the TM genome. (A) Total numbers of indels and the numbers of genic indels. (B) Numbers of

exon indels.
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Table 3. SNV Distributions in TM.

Homozygous Heterozygous

Total
Total SNVs 11,937,445 (3,936,546)
Gene region 3,833,049 (1,332,527)
Exon 63,626 (26,205)
Intron 3,262,692 (1,130,354)
UTR 50,118 (18,892)
Noncoding 456,613 (157,076)

9,889,106 (2,861,190)
3,228,837 (999,602)
52,992 (19,784)
2,750,155 (847,520)
41,776 (14,454)
383,914 (117,844)

2,048,339 (1,075,356)
604,212 (332,925)
10,634 (6,421)
512,537 (282,834)
8,342 (4,438)
72,699 (39,232)

Note—In parentheses are the numbers of SNVs that are specific to the TM when compared with other macaque individuals.

heterozygosity rates were approximately three times higher
compared with that of TM (table 1). Hence, these large dif-
ferences in SNV types and heterozygosity rates between TM
and the fascicularis macaques revealed important differences
in their genetic background.

By combining with previously reported macaque genomes
from one reference genome (IR), two CRs, and two CEs, we
explored the genetic divergence between TM and other ma-
caques at the genome-wide level. First, we used a 50 kb non-
overlapping windows to scan each chromosome, suing only
homozygous sites within each individual to estimate the di-
vergence between macaque species (Yan et al. 2011). As ex-
pected, the divergences between TM and the fascicularis
macaques were higher than those within the fascicularis
group. The divergence between TM and IR was the highest
(whole-genome average: 0.384%), whereas the divergences
between TM and CRs (TM/CR1: 0.300%; TM/CR2: 0.301%)
were very similar to those between TM and CEs (TM/CE1:
0.289%; TM/CE2: 0.280%), but the TM was slightly closer to
the CEs (fig. 3A). With respect to the divergence within the
fascicularis group (supplementary file S1, table S5,
Supplementary Material online), the divergences between
two CRs and two CEs were the smallest (CR1/CR2: 0.042%;
CE1/CE2: 0.086%), whereas the divergences between IR and
CEs were much higher (IR/CE1: 0.179%; IR/CE2: 0.191%). We
found lower divergences between IR and CRs (IR/CR1: 0.115%;
IR/CR2: 0.105%), which is expected because IR and CR corre-
spond to two subspecies of rhesus macaque, and these results
are also consistent with a previous study (Yan et al. 2011). In
addition, we detected a similar pattern confirming these re-
sults by repeating the calculation based on a 100 kb window
size (supplementary file S2, fig. S1, Supplementary Material
online). '

However, more than half of the variants observed in two
CRs and two CEs were heterozygous (table 1), thus only using
homozygous variants could potentially introduce bias, be-
cause all the information from heterozygous variants was ig-
nored. Therefore, all the variants were employed to calculate
the pairwise genetic distances by using the genetic distance
metric from Gronau et al. (2011). We performed pairwise
comparisons between and within macaques across the
genome with 50kb (fig. 3B) and 100kb (supplementary file
S2, fig. S2, Supplementary Material online) nonoverlapping
window sizes. Of note, the two different window sizes yielded
similar results (supplementary file S2, fig. 52, Supplementary
Material online). Consistent with the results in supplementary

file S, table S5, Supplementary Material online, the level of
diversity within CR was the lowest, whereas the genetic di-
versity within CE was higher. With respect to pairwise differ-
ences between TM and other macaques, such as the pattern
shown in figure 3A, TM exhibited similar pairwise genomic
divergence from CRs and CEs. Interestingly, in contrast to the
relationship detected with only homozygous variants
(fig. 3A), most genomic regions exhibited lower divergence
between TM and CRs than between TM and CEs, indicating
that TM was more closely related to CRs than to CEs (fig. 3B).

We further examined how many genomic regions (50 kb
and 100 kb) support that TM was more closely related to CR
than to CE. We calculated the divergence ratio between TM
and CRs and compared it with the divergence ratio between
TM and CEs (TM/CR — TM/CE). In the 50kb window size
analyses, up to 60.75% (56.59~60.75%) of the genomic win-
dows displayed a lower divergence between TM and CRs, in
comparison to that between TM and CEs (supplementary file
S2, fig. S3, Supplementary Material online), thus suggesting a
closer relationship between TM and CRs than between TM
and CEs. Furthermore, when the window size was increased
to 100kb, slightly more regions (59.64~65.23%) supported
these findings (supplementary file S2, fig. S3, Supplementary
Material online).

Introgression between TM and CR

Given that the widely occurring introgression among different
macaque species (Tosi et al. 2002; Kanthaswamy et al. 2008),
we further tested whether there was admixture between TM
and CR, even though no previous studies have reported ad-
mixture between TM and other macaques. We calculated the
divergence between TM and CRs and compared it with dif-
ferent control sets by using pairwise differences metrics, as
previously described. Given that TM and CR correspond to
different species group, both the value of TM/CRs minus
CR1/CR2 (within species) and the value of TM/CRs minus
CRs/CEs (within species group) was expected to be positive at
all or at most windows. Surprisingly, some proportion of win-
dows supported that the divergence level of TM/CRs was
lower than the control sets (fig. 3C). Indeed, comparison of
the divergence within species group (the divergence of CRs/
CEs) using a 50 kb window size analysis revealed that 5.26%
(TM/CR1 - CR2/CE1) to 9.95% (TM/CR1 - CR1/CE2) of win-
dows were negative (fig. 3C). These results suggest a lower
divergence between TM and CRs than that within fascicularis

5
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Fic. 3. Single-nucleotide divergence and pairwise differences. (A) Single-nucleotide divergence between TM and other macaques in 50 kb nonoverlap-
ping windows across the 20 autosomnes. The heterozygous variants were not used in this test. (B) Pairwise differences between and within macaques
estimated in 50 kb nonoverlapping windows across the genome. We calculated the genetic distance by using the genetic distance metric from Gronau
et al. (2011). (C) The divergence between TM and CRs (TM/CRs) and compared it with different control sets in 50 kb nonoverlapping windows.
Divergences within two CRs and between CRs and CEs were used as control sets. Numbers in parentheses are the percentages of windows, which TM/
CRs minus control sets is smaller than zero. The divergence ratio is smaller than zero means the divergence between TM and CRs is lower than that of

control sets.

group. Even when compared with the divergence within spe-
cies (the divergence of CR1/CR2), up to 0.48% of windows
supported a lower divergence for TM/CRs (fig. 3C). Of note,
the results were subject to some variation that was depen-
dent to whether CE1/CR or CE2/CR was used as a control set.
This is likely because CE1 and CE2 were obtained from differ-
ent populations (see Inference of demography) and possibly
due to admixture between CET1 and CRs (Yan et al. 2011).
Similarly, the 100 kb window sizes analyses yielded similar
results, although with a less proportion of windows show-
ing lower divergence between TM and CRs than that of
control sets (0.19-5.47%; supplementary file S2, fig. 54,
Supplementary Material online).

The unusual low divergence regions detected in our results
could be the result of either hybridization between TM and
CR or persistence of ancestral polymorphisms. Therefore, we
applied statistical criteria to detect putative introgression
regions (PIRs) in the TM genome, as described previously

6

(Yan et al. 2011). Six comparisons with different control
sets were performed with a series of window sizes ranging
from 10 to 1,000 kb. Additionally, because there were two CRs
in our data set, we further checked whether the same possible
PIRs could be detected in both CRs. Before applying statistical
criteria, the results showed that more possible PIRs could be
found in smaller window sizes, with a peak value at 10kb
window size. The maximum number of possible PIRs calcu-
lated was 557,890 kb, and 437,000 kb of these could be found
in both CRs (supplementary file S1, tables S6 and S7,
Supplementary Material online).

To determine cut-off values of Rt for PIRs described ear-
lier, we performed coalescent simulations adopting the de-
mographic parameters of three macaque populations (CE1,
CR1, and IR) estimated by Yan et al. (2011) using Ca0i soft-
ware (Gutenkunst et al. 2009). Then, we calculated Ry for
each window size in the simulated data. Because it was clear
that fewer possible PIRs could be found in large window sizes,
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we only calculated the Ry from 10 to 100 kb window sizes in
the simulated data. The 1% and 5% quantiles of Ry in the
simulated data were used as cutoffs (Roof). These two dif-
ferent cutoffs from the simulated data were applied to the
real data. An Ry smaller than R s and 0 indicates this
region is a PIR in TM genome. Using a stringent P value
(0.01), we identified roughly 35000kb PIRs in the TM
genome, which comprised approximately 1.3% of the
genome (table 4). These results were consistent between dif-
ferent window sizes and showed a peak at 20 kb window size.
However, more PIRs could be detected with a less stringent P
value of 0.05 (table 4). Indeed, up to 239,620 kb PIRs (8.84% of
the genome) were found in the 20 kb window size (fig. 4). The
20kb window could find more PIRs than that within the
10kb window (215,640 kb; 7.95% of the genome) was likely
due to smaller power within the 10kb window. The sizes of
PIRs decreased markedly in larger window sizes (40-100 kb),
suggesting that the introgression between TM and CR was an
ancient event, because the length of the PIRs could reflect the
time at which the gene flow occurred (Pool and Nielsen
2009). Previous studies based on different markers (mtDNA,
cDNA, and X chromosome) suggested that the ranges of
divergence time between cynomolgus and rhesus macaques
were from 0.5 to 2.0 Ma (Hayasaka et al. 1996; Blancher et al.
2008; Osada et al. 2008, 2013). The introgression events
should have occurred after the divergence of cynomolgus
and rhesus macaques because this criterion was used to iden-
tify PIRs. However, we noticed that there were more muta-
tions between TM and the other macaques than that
between CE1 and CR1, which may also increase the statistical
power for small window sizes.

Historic and ongoing episodes of hybridization in ma-
caques have been reported to occur mostly within one spe-
cies group (Perelman et al. 2011), such as between various
Sulawesi macaques (Evans et al. 2003), the recently described
Arunachal macaque (Chakraborty et al. 2007), and rhesus and
CEs (Bonhomme et al. 2009; Yan et al. 2011). Furthermore,
hybridization has been inferred among macaques from differ-
ent groups. A previous study suggested that extensive hybrid-
ization between early sinica and fascicularis group members in
a Pleistocene forest refugium gave rise to the species of
M. arctoides (Tosi et al. 2003). This hypothesis was further
supported by a study based on Alu elements data in which

the results suggested that M. arctoides was the result of male-
mediated introgression from TM to M. fascicularis (Li et al.
2009). Although current hybridization is rare among macaque
groups, the isolated forest refugium associated with the
Pleistocene glacial periods may have provided rich opportu-
nities for interspecific mating. In the case of TM and CR, their
geographical distribution areas overlap in southwestern China
(supplementary file S2, fig. S5, Supplementary Material
online) providing an opportunity for hybridization.
Additionally, during the Middle Pleistocene, TM and CR
shared the same refuge in southwestern China (Sichuan
and Yunnan Provinces) (supplementary file S2, fig. S5,
Supplementary Material online; Eudey 1979; Delson 1980;
Fa 1989). Moreover, there are many similarities regarding
the mating behavior. For example, both of them are multiple
mount-to-ejaculation species, and their reproductive seasons
overlap (Zhao 1994; Berard 1999). Therefore, ancient intro-
gression between TM and CR is highly likely and could explain
the observed extraordinarily low divergence regions and PIRs
found in our study.

Variants Specific in TM

To identify the variants specific at sampled macaques in this
study, we created a merged SNV data set by combining the
SNVs of all the macaques. In total, there were 31,868376
informative SNVs among all the macaques. After dispelling
any missing data in the samples, there were still 20,035,210
SNVs in the merged SNV data set. By comparison with other
five macaques (including the reference genome), 3.9 million
TM-specific SNVs were identified, including more than 1.3
million located within genic regions and 26,205 in exons
(rable 3). The amount of TM-specific SNVs accounted for
about one-third of the total SNVs found in TM, which were
far more than the CRs- and CEs-specific SNVs (CR1: 2,038,702
CR2: 2,005,637; CE1: 2,876,161; CE2: 3,452,073; supplementary
file S1, table S8, Supplementary Material online). These results
are consistent with the phylogenetic evolutionary position of
TM, which exhibits a deeper divergence from the reference
genome when compared with CR and CE.

We identified 27,348 homozygous nonsynonymous SNVs
in the TM genome, compared with the reference genome.
Among these SNVs, 10,106 were TM-specific when compared
with other four macaques (supplementary file S1, table S3,

Table 4. Size and Proportion of the PIRs in TM Genome with Different P Values under Different Window Sizes.

P Terms Different Window Sizes (kb)
10 20 30 40 50 60 80 100
0.01 Cutoff Ry —-0.5 —0.31 -0.233 —0.172 —0.135 —0.115 —0.069 —0.043
Sizes (kb) 35,880 36,660 34,020 35,400 36,450 33,360 34,320 36,600
Proportion of the genome (%) 1324 1.353 1.255 1.306 1345 1231 1267 1351
0.05 Cutoff Ry —0.131 —0.032 0.0125 0.045 0.062 0.076 0.104 0.123
Sizes (kb) 215,640 239,620 218,100 171,000 141,200 99,300 82,720 63,300
Proportion of the genome (%) 7.958 8.843 8.049 6.311 5211 3.665 3.053 2.336

Note—The 1% and 5% quantiles of Ryg in the simulated data are used as cutoff Ry which are equal to P value 001 and 0.05 when applied them to the real data. The control
set in the real data and the simulated data is the divergence between CR1 and CE1.
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(A) With the P value =0.01 as cutoff. (B) With the P value =0.05 as cutoff.

Supplementary Material online). We then investigated how
many TM-specific SNVs were within the six GO terms. We
found 397 TM-specific homozygous nonsynonymous variants
(TSHNV) related to immune response and 97 involved in
drug response genes. Dozens of TSHNVs were also identified
in the other four GO terms. Importantly, 203 immune re-
sponse genes, 48 drug response genes, 17 glucose metabolic
process genes, 21 insulin secretion genes, two insulin receptor
binding genes, and 21 insulin receptor signaling pathway
genes carried at least one TSHNV (supplementary file S1,
table S3, Supplementary Material online). In total, 86 genes
within the six GO terms carried more than one TSHNV (sup-
plementary file S3, table S9, Supplementary Material online).
Some specific genes of particular importance for human dis-
ease conditions, such as autoimmune regulator (AIRE) and
Mediterranean fever gene, are discussed later.

We examined the effect of 10,106 TSHNVs on protein
structure and functionality by PolyPhen-2 prediction tests.
PolyPhen-2 predicts the effects of missense mutations by
comparing the properties of the ancestral allele with those
of the derived allele according to sequence and structural
features of the protein. The results showed that 2,235 sites
scored as probably or possibly damaging for humans. In total,
1,496 different genes carried at least one of the probably or
possibly damaging TSHNV. Thus, we performed functional
enrichment analyses to determine which pathways or func-
tions were enriched by the genes containing predicted dele-
terious TSHNVs. Within enriched categories, we observed

8

numerous human disease classes, including diabetes mellitus,
eye problems, and skin problems (supplementary file $1, table
$10, Supplementary Material online). Indeed, we found a sig-
nificant enrichment in genes related to diabetes mellitus
(HP:0000819), with 14 genes in this category: AIRE, ALMST,
ATM, BLM, CNGB1, LEMD3, LOC703862, LOC718993,
LOC719052, NOP10, PPP1R3A, PROM1, RP1, and ZMPSTE24.
In addition, child levels of diabetes mellitus were also signif-
icantly enriched with 9 of the 14 genes above. Moreover, a
group in China recently reported a significant positive corre-
lation between TM weight/age and blood sugar level and also
found significantly higher blood sugar levels in TM than that
in rhesus macaques (Yang et al. 2010). Eye problems were also
prevalently observed, such as glaucoma (HP:0000501), pig-
mentary retinopathy (HP:0000580), abnormality of the cho-
roid (HP:0000610), inflammatory abnormality of the eye
(HP:0100533), chorioretinal abnormality (HP:0000532), and
abnormality of the vasculature of the eye (HP:0008047).
-Additionally, we used Sorting Tolerant From Intolerant
(SIFT) to further estimate the functional changes of the
2,235 TSHNVs that were estimated as deleterious by
PolyPhen-2. SIFT calculates normalized probabilities for all
possible substitutions in the alignment and predicts that po-
sitions with normalized probabilities smaller than 0.05 are
“deleterious.” Additionally, the program outputs the median
conservation of the proteins used in the alignment, which is
recommended to be between 2.75 and 3.5. When the value is
more than 3.25, the prediction is made based on highly similar
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sequences and is therefore not as reliable (Kumar et al. 2009).
We found 707 TSHNVs with deleterious scores, which were
located in 556 different genes. Enrichment analyses found less
significant categories than data set above, but some overlaps
were found, such as sensory perception (supplementary file
S1, table S11, Supplementary Material online). Although the
eye-related categories in supplementary table $10,
Supplementary Material online, were not observed, other sim-
ilar categories were detected (visual perception, GO:0007601;
supplementary file S1, table S11, Supplementary Material
online). Liu et al. (2011) reported that TM had been trained
in captivity to allow health checking (such as IOP), and the
authors further suggested that TM appeared to be a suitable
model for glaucoma research. Genes carrying damaging
TSHNVs showed significant enrichment at multiple catego-
ries in eye problems and diabetes mellitus (supplementary file
S1, tables $10 and S11, Supplementary Material online), thus
indicating that TM could be a potentially good biomedical
model for studying these diseases.

We also examined loss-of-function variants (lose start
codon, lose/gain stop codon, and frame shifting) in TM (sup-
plementary file §1, table $12, Supplementary Material online).
We found 158 transcripts in TM containing homozygous
specific loss-of-function variants (supplementary file S,
table $13, Supplementary Material online) and 68 transcripts
containing heterozygous specific loss-of-function variants
(supplementary file S1, table $14, Supplementary Material
online). Most of the corresponding genes are uncharacterized
or predicted genes. We further examined whether these genes
are within the six GO terms analyzed previously. We found
four and one immune response genes containing
homozygous- and heterozygous-specific loss-of-function var-
jants, respectively.

SNVs are valuable genetic markers for assessment of in-
terspecies or interindividual variability. Previously, a relatively
small panel of SNVs was used to distinguish rhesus macaque
populations from Chinese and Indian origin (Ferguson et al.
2007). Higashino et al. (2012) detected 1,368,528 completely
differentiated SNVs between CE and rhesus macaque ge-
nomes through four genomes comparison (IR, CR1, CE1,
and CE2). in this study, we increase the number of specific
SNVs in each sampled macaque by genome-wide comparison
with more macaque species or individuals and discovered
10,106 TSHNVs, which provide a plethora of markers that
will greatly improve the study of regional populations,
animal ancestry and origins, and even hybrids between ma-
caque species. The newly discovered SNVs constitute an im-
portant resource of candidate variants for determining
species-specific responses to drugs and pathogens and signif-
icantly extend the power and resolution of genotyping
approaches in population genetics or genotype—phenotype
association studies.

Allele Frequency of TSHNVs in Disease Genes

As shown earlier, we identified a substantial number of
TSHNVs by comparing the TM genome with the reference
genome and four other macaques’ genomes. To determine

whether these TSHNVs are found at high frequency or even
entirely fixed in the TM population, we estimated their fre-
quency in this population through polymerase chain reaction
(PCR) sequencing. A group of 29 TSHNVs in 14 well-studied
immune and disease-related genes were selected to perform
the PCR resequencing in 18 unrelated TM individuals from
Sichuan province, China (supplementary file S3, table S15,
Supplementary Material online). The resequencing experi-
ment generated more than 8,000bp Sanger sequences in
each individual and allowed us to calculate allele frequencies
for each TSHNV in the TM population. The individual TM03
used for genome sequencing was also included to validate our
genotype calls. Resequencing results from all 29 TSHNVs
showed identical genotypes to the whole-genome sequencing
results, thus confirming the confidence of our genotype calls
(supplementary file S3, table S16, Supplementary Material
online). Moreover, the allele frequency distribution of the
29 TSHNVs showed that the alternative alleles of 23 of
these were fixed in the sequenced TM individuals. The
other six TSHNVs had higher than 50% allele frequencies as
well (fig. 5; supplementary file S3, table S16, Supplementary
Material online).

IFIH1 (interferon-induced with helicase C domain 1) gene
is a putative RNA helicase. Genetic variation in IFIHT gene has
been shown to be associated with diabetes mellitus insulin-
dependent type 19 (Smyth et al. 2006; Liu et al. 2009;
Nejentsev et al. 2009). We found two nonsynonymous
IFIH1 gene variants in TM. Furthermore, these two variants

100 -

80—

Allele frequency (%)

60~

FiG. 5. The allele frequency of 29 TSHNVs. The allele frequency of 29
TSHNVs at 14 important immune or disease genes was generated by
PCR resequencing in 14-18 unrelated TM individuals from Sichuan
province, China. The gene symbol, chromosome location, and genomic
position of the variants were shown, and the details for these variants
and genes could be found in supplementary file S3, table S15,
Supplementary Material online. The detail sequencing results could
be found in supplementary file 3, table $16, Supplementary Material
online.

-293-

310" speunolproyxo-equuy/:dny woly papeojumo(

3.

$10¢ ‘0T [1dY uo UoyIe-ns)LINNO3] OYsO], I8 /



Fan et al. - doi:10.1093/molbev/msu104

MBE

were found to be TSHNVs. The Sanger sequencing con-
firmed that both were entirely fixed in the TM population
(supplementary file 3, table 516, Supplementary Material
online).

Both AIRE and ataxia telangiectasia mutated (ATM) genes
were within the diabetes mellitus (HP:0000819) and the eye
problem categories obtained from GO analysis (supplemen-
tary file $1, table $10, Supplementary Material online). Both
genes were enriched with nonsynonymous variants in the TM
genome. Six nonsynonymous variants, including four
TSHNVs, were found in each gene. The AIRE gene encodes
a transcriptional regulator that plays an important role in
immunity by regulating the expression of autoantigens and
negative selection of autoreactive T-cells in the thymus.
Mutations in this gene can cause rare autoimmune polyen-
docrinopathy-candidiasis-ectodermal  dystrophy syndrome
(APECED) in  humans (Finnish-German  APECED
Consortium 1997). In addition, homozygous disruption of
AIRE expression in a mouse model revealed that inactivating
this gene results in immune system dysfunction (supplemen-
tary file S3, table $15, Supplementary Material online). The
ATM gene encodes a protein belonging to the phosphatidy-
linositol 3-kinase family that responds to DNA damage.
Mutations in this gene are associated with Ataxia-telangiec-
tasia (Gilad et al. 1996) and susceptibility to breast cancer
(Stredrick et al. 2006). PCR resequencing found that all the
four TSHNVs at AIRE gene were fixed, whereas three TSHNVs
at ATM were fixed and one TSHNV (chr14: 106833883) dis-
played an allele frequency of 66.67% (supplementary file S3,
table S16, Supplementary Material online). Analysis of the
allele frequency of TSHNVs at 11 other important immune
response genes (supplementary file S4, Supplementary
Material online) also revealed markedly high allele frequencies
in TM individuals (fig. 5; supplementary file S3, table S16,
Supplementary Material online).

Next, we examined the amino acid residue replacement
from these variants in the human-macaque orthologs. The
results showed that 22 of these exhibited different amino acid
residues in human (supplementary file S3, table S15,
Supplementary Material online). Although the phenotypes
described earlier have been reported in human studies, the
TSHNVs we found in TM could still provide useful informa-
tion about the genetic diversity between TM and other ma-
caques or humans. Despite the high conservation of the
primate immune system, clinical trials have shown that re-
sponses in macaques are not good predictors of human de-
fense reactions, likely due to mutations in immune-related
genes (Suntharalingam et al. 2006). The identification
and characterization of distinct genotypes in TM population
may further reveal associations between macaque genetic
background and pharmacology, drug response, or metabo-
lism. However, our resequencing results showed that
most of the variants from selected SNVs were almost fixed
in the TM population from Sichuan province. Our results
suggested that the TM exhibited remarkably very low hetero-
zygosity, which was consistent with the genome wide results
(table 1).

10

Inference of Demography

In TM, we observed that the genome wide heterozygosity rate
was only 0.0898% per bp (table 1). This heterozygosity level
was approximately three times lower than those observed in
other macaque individuals (CR1: 02617% per bp; CR2:
0.2612% per bp; CE1: 0.3004% per bp; CE2: 0.3179% per bp)
and might indicate serious bottlenecks in TM evolutionary
history. Therefore, we used the pairwise sequentially
Markovian coalescent (PSMC) model to infer ancestral de-
mographic trajectories. The results revealed at least two
population bottlenecks in TM and the two CEs, whereas
only one bottleneck in two CRs (fig. 6). Thus, approximately
1.0-1.2 Ma, all macaques began experiencing a first popula-
tion bottleneck, which lasted until roughly 0.5Ma.
Subsequently, the two CRs showed evidence of population
growth although the increase between 0.1 and 0.5 Ma was
slight. Both CE1 and CE2 showed a remarkable population
increase between 0.2 and 0.5 Ma, but subsequently experi-
enced a second decline. The effective population size (N,)
of CE2 was smaller than that of CE1 between 0.06 and
0.2 Ma. However, CE2 (Malaysian CE) showed evidence of
growth around 0.08 Ma, whereas the decrease in CET
(Vietnamese CE) lasted until more recent times. TM exhibited
a similar demographic trajectory to the other four macaques
until around 0.5 Ma, but the population growth and the N,
during 0.2-0.5 Ma were lower than that of the two CEs. When
the two CRs began the second increase, TM started the
second decline, and the resulting decline in N, has continued
until present days. Notably, the TM N, at recent periods was
low compared with other macaques. To validate the confi-
dence in the PSMC results described earlier, we ran 100 boot-
strap replicates for each genome. The results from all five
genomes confirmed the confidence of our findings (supple-
mentary file S2, fig S6, Supplementary Material online).
However, it should be noted that the genome coverage
might have influenced the PSMC results, especially for the
CR2 because it was only approximately 10-fold.

The population bottlenecks in macaques may correspond
to the different glacial periods in history (Higashino et al.
2012). The TM population declines started around 1.0 and

Effective population size (x10%)

0 (o . b SN )

104 10°% 108
Years (g=6, 11=2.5x10°8)

Fic. 6. Historical changes in effective population size. Reconstruction of
historical patterns of effective population size for five macaque genomes
based on the genomic distribution of heterozygous sites by using the
pairwise sequential Markovian coalescent (PSMC) method.
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0.1 Ma, around the same time as the two large Pleistocene
glaciations in China, the Naynayxungla Glaciation (0.78—
0.50 Ma) and the last glacial period (0.08-0.01 Ma) (Zheng
et al. 2002). A second possible reason may involve distribution
and habitat loss. Rhesus macaques and CEs display a wider
distribution than TM. CEs inhabit Southeast Asia, including
the Indonesian lIslands, Philippine Islands, and Indochina,
whereas rhesus macaques are found in an even more exten-
sive region of Asia (Kanthaswamy et al. 2008; Osada et al.
2010). However, TM is endemic to China. Although it has a
wide historical distribution ranging from southern to eastern
China, its habitats have declined with farmland development.
Currently, the most serious threat to TM comes from human
impacts, which include habitat destruction, illegal poaching,
and human-transmitted diseases. As a result, the TM popu-
lation has been reduced dramatically (Wang 1998). TM sub-
species are also isolated from each other, thus leading to
limited gene flows between them. Previous studies have
shown significant genetic differences between Sichuan,
Anhui, Yunnan-Guizhou, and Fujiang TM populations (Liu
et al. 2006; Li et al. 2008; Yao et al. 2013; Zhong et al. 2013).
Specifically for the Sichuan populations, no haplotypes have
been shared with Anhui and Yunnan-Guizhou populations,
as assessed by mitochondrial DNA analysis (Liu et al. 2006; Li
et al. 2008; Zhong et al. 2013). The 8,000 bp Sanger sequence
data of 18 TM from Sichuan province in this study demon-
strated that TM exhibited markedly low heterozygosity
(fig. 5). As a consequence, it is not surprise to observe low
genetic diversity and N, in TM.

The different demographic history between CE1 and CE2
after 0.2 Ma was possibly associated with their origins. CEs
were genetically grouped into Indonesian-Malaysian,
Philippine, Indochinese, and  Mauritian  macaques
(Kanthaswamy et al. 2008; Osada et al. 2010). Indochinese
CEs (eg, CE1) displayed admixture with rhesus macaques
(Stevison and Kohn 2008; Bonhomme et al. 2009; Yan et al.
2011), whereas Indonesian-Malaysian CEs (e.g, CE2) origi-
nated from a putative ancestral population according to
the fossil evidence showed the highest genetic diversity
(Delson 1980; Higashino et al. 2012). Therefore, the genetic
backgrounds of CE1and CE2 were very different. The different
demographic trajectories and larger N, at recent times we
observed in PSMC of them were consistent with fossil records
and previous evidences.

Conclusions

In this study, we reported a 37-fold coverage genome of a
sinica species of TM using a resequencing strategy. Using the
IR as a reference genome, these data enabled genome-wide
discovery of 11.9 million high-quality SNVs in TM, including
3.9 million TM-specific SNVs through comparison with four
available genomes of rhesus and CEs. The observed genome
wide genetic differences between TM and fascicularis group
macaques, as well as the genetic variations at particular
immune- and disease-related genes confirmed by PCR rese-
quencing, may lead to functional differences in clinical studies.
The autosomal heterozygosity rate of TM was approximately
one-third of that of CRs and CEs indicating a very low

heterozygosity in TM. PCR resequencing data also demon-
strated low heterozygosity in the TM Sichuan population.
Moreover, genes carrying deleterious TSHNVs were signifi-
cantly enriched in diabetes mellitus and eye disease ontology
categories, which suggest that TM could be a potentially good
biomedical model for studying these diseases. The genome-
wide comparison revealed that TM was more closely related
to CR than to CE, and some unusual low divergence regions
between TM and CR were detected. After applying statistical
criteria, up to 239,620 kb PIRs (8.84% of the genome) were
identified in the TM genome. In addition, TM and CR display
a highly overlapping geographical distribution, and they
shared the same refuge during the Middle Pleistocene. They
also exhibit similar mating behavior. Therefore, all these re-
sults indicate that probably there was an ancient introgres-
sion event between TM and CR. Furthermore, demographic
inference analysis revealed that TM exhibited a similar demo-
graphic history as other macaques until 0.5Ma, but then it
maintained a lower effective population size until present
days. In conclusion, our study has provided new insight
about the macaque evolutionary history, confirming hybrid-
ization events between different macaque species groups
based on genome-wide data.

Materials and Methods

Sample Information

A wild 12- to 15-year-old female TM captured from Mabian
County, Sichuan province, China, was used for whole-
genome sequencing. Genomic DNA was extracted from
whole blood using the standard phenol-chloroform
method. Two TM-specific and one Stump-tailed macaque-
specific (M. arctoides) Alu locus (Li et al. 2009) and mitochon-
drial DNA fragment were amplified to confirm the species
identification, because TM and Stump-tailed macaque are
morphologically very similar. Further details can be found in
supplementary file S4, Supplementary Material online. The
short read sequences of CR1, CR2, and CE1 used in this
study were downloaded from NCBI (accession numbers
SRA023856, SRA037810, and SRA023855) (Fang et al. 2017;
Yan et al. 2011). The alignment files (format as bam files) of
the Malaysian CE (CE2) were kindly provided by Dr Osada
(Department of Population Genetics, National Institute of
Genetics, Japan) and described in Higashino et al. (2012).

Genome Sequencing and Mapping Short Reads

TM whole-genome sequencing was performed using an
fllumina Hiseq 2000 at Beijing Genomics Institute (BGI).
Two paired-end libraries with insert sizes of approximately
500 bp were generated. Library preparation and all sequencing
runs were performed according to manufacturer’s protocols.
The 100-bp pair-end (PE) short reads of TM were aligned to IR
genome (rheMac2) using Bowtie2 (Langmead and Salzberg
2012) under local alignment algorithm with very sensitive
model and proper insert sizes. Default options were used
for other parameters. The short reads of CR1, CR2, and CE1
were also mapped to rheMac2 using the same pipeline. The
SOLID data of CE2 were originally mapped to rheMac2 using

i
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BioScope (Higashino et al. 2012), and the alignment files were
used directly in the downstream genotype pipeline.

Genotyping Pipeline

After mapping the short reads to the reference genome, we
applied Picard (http://picardsourceforgenet, last accessed
March 26, 2014) and GATK toolsets (DePristo et al. 2011)
to process the alignments to SNV and indel calls for the
five macaques. The whole pipeline converted the short
reads to bam format alignment files and then generated ge-
notype calls in Variant Call Format (http://www.
1000genomes.org/node/101, last accessed March 26, 2014)
(fig. 1A). Further details of our pipeline can be found in sup-
plementary file $4, Supplementary Material online.

Postgenotype Filters

After obtaining the genotype calls from GATK, we applied
several data quality filters to control the data quality.
Previously, different genomic studies used different filters
(Higashino et al. 2012; Lachance et al. 2012; Priifer et al.
2012). Here, we sought to minimize the effects of sequencing
and alignment errors (Nielsen et al. 2011) and also sought to
exclude the regions that show accelerated evolutionary rates,
which are not caused by positive selection. Therefore, we used
both genome filters, which are based on the reference ge-
nome’s features and polymorphism across samples, and SF,
which are based on the genotype calls of each sample. We
described the details of filters in supplementary file S4,
Supplementary Material online..

Gene Annotation

We obtained SeqGene files from the FTP section of the NCBI
database as the gene annotation source for the reference
genome (rheMac2; ftp://ftp.ncbinih.gov/genomes/Macaca_
mulatta/mapview/, last accessed March 26, 2014). The re-
trieved files included annotated gene names and symbols,
genomic coordinate of coding exons, and UTRs of both con-
firmed and predicted genes. After removing duplicated re-
cords, PSEUDO genes, and genes without transcript ID, the
final annotation contained 25,045 transcripts from 19,544
genes. Using this gene annotation, we classified the location
of all detected SNVs as nongenic and genic. The genic SNVs
were further classified into noncoding UTR, intron, and exon
SNVs.

SNVs in Important Pathways and Genes

We checked how many variants in TM fell into immune re-
sponse genes and drug response genes. In addition, because
TM has the largest body size in genus Macaca and might be a
good medical model for obesity and diabetes, we searched
TM variants in glucose metabolic process genes and insulin-
related genes.

We obtained GO lists from the GO project (http://www.
geneontology.org, last accessed March 26, 2014) for the fol-
lowing categories in human: Immune response (GO0006955);
Response to drug (GO0042493); Glucose metabolic process
(GO0006006); Insulin  secretion (GO:0030073); Insulin

12

receptor binding (GO:0005158); Insulin receptor signaling
pathway (GO:0008286).

Variant Functional Impact and Enrichment Analyses

We predicted the effects of nonsynonymous mutations on
protein structure and functionality using PolyPhen-2
(Adzhubei et al. 2010). All protein sequences used as input
for the program were obtained by translating the correspond-
ing transcript sequences, and all TSHNVs were submitted as a
batch file for HumDiv model. Genome assembly was pre-
formed choosing hg19. Sites were ranked according to the
predicted qualitative effects of the amino acid substitution
(“benign,” “possibly damaging" or “probably damaging").
Complementary analyses were performed with SIFT for the
TSHNVs estimated as “possibly damaging” or “probably dam-
aging” in PolyPhen-2 (Kumar et al. 2009; http://siftjeviorg/,
last accessed March 26, 2014). Then, genes containing
TSHNVs that were classified as damaging (probably or possi-
bly) in PolyPhen-2 were tested for significant enrichment in
GO categories, Kegg/Reactome pathways (KGR), and Human
Phenotype Ontologies (HPO) using the online tool g:Profiler
(Reimand et al. 2011). The sources/databases used were GO
terms, which aim to summarize relevant information about
gene function with respect to their molecular function, the
biological process, and cellular compartments (http://www.
geneontology.org, last accessed March 26, 2014); the KGR,
which are curated reference databases for biological pathways
(htep:/ Iwww.genomejp/kegg/pathway.html, last  accessed
March 26,2014), and the HPO, which establishes standardized
terms for phenotypic abnormalities encountered in human
disease (htep://www.human-phenotype-ontology.org/, last
accessed March 26, 2014). We also did the same test for
the TSHNVs that were estimated as deleterious in both
PolyPhen-2 and SIFT. All genes of rhesus macaque annotated
in Ensembl were used as background set, and the Benjamini-
Hochberg false discovery rate (Benjamini and Hochberg 1995)
was applied to correct for multiple testing. We only reported
significantly enriched categories that included >5 genes and
with multiple testing corrected P value < 0.05.

PCR Resequencing of Selected Variants

To validate the allele frequency of the TM-specific homozy-
gous SNVs, we checked 29 TSHNVs in 14 genes in 14-18
unrelated TM individuals from Sichuan province through
PCR resequencing method (supplementary files S3 and 54,
Supplementary Material online). These individuals were col-
lected from Mabian, Emei, Ganluo, and Pengzhou counties,
and none of them shared grandparents (supplementary file
S4, fig. S9, Supplementary Material online). Three criteria were
used to select these genes and SNVs: 1) well-studied impor-
tant immune-related or human disease genes; 2) carried at
least one TM-specific damaging homozygous SNV estimated
by PolyPhen-2; and 3) the selected SNVs should cause
nonsynonymous changes. Primer sets for PCR amplification
are listed in supplementary file S3, table S17, Supplementary
Material online. PCR products were subsequently sequenced
using an ABI 3730XL sequencer (Applied Biosystems).
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Genetic Divergence

To estimate the divergence between TM and other ma-
caques, we followed the method described in a previous ma-
caque genome study (Yan et al. 2011). Only homozygous
variants were used (Yan et al. 2011), and two different non-
overlapping window sizes were applied (50kb and 100 kb).
Genetic distance was also calculated using the genetic dis-
tance metric described by Gronau et al. (2011). The genome
was scanned with two different window sizes (50kb and
100 kb nonoverlapping windows), and then we made pairwise
comparison between and within different species across the
genome.

Detection of PIRs

PIRs were detected in the TM genome by defining a statistic
value, R4 to quantify the difference between the divergences
between two different comparisons as described previously
(Yan etal. 2011). Genetic distance was calculated according to
the method by Gronau et al. (2011). Analyses were performed
with different window sizes ranging from 10 to 1,000kb. To
filter out false-positive PIRs, we applied the following ap-
proach to determine the cut-off values for the Ryg We per-
formed coalescent simulations adopting the demographic
parameters of three macaque populations (CE1, CR1, and
IR) estimated by Yan et al. (2011) using dadi software
(Gutenkunst et al. 2009). For simplicity, we assumed a
model without gene flow between different macaques, as
described previously (Yan et al. 2011). We first estimated
the divergence time between TM and the other three popu-
lations using the data presented in table 1. Because the ref-
erence genome (IR) is a haploid genome, thus to estimate the
average genetic divergence, we simply summed up homozy-
gous SNV counts and a half of heterozygous SNV counts and
then divided the counts by the total number of analyzed sites.
The average genetic divergence between TM and IR chromo-
somes was subtracted from the average genetic divergence
between CE1 and IR chromosomes. If we assume the ancestral
population sizes of TM/IR and CE1/IR are equal, which is
consistent with the estimation by Yan et al. (2011), the dif-
ference corresponds to the difference of divergence time be-
- tween TM/IR and CE1/IR. The time was scaled to the unit of
4Ny, (4N, ancestral population size) in the model of Yan
et al. and incorporated into a new model with TM. In coa-
lescent simulations, we also incorporated the effect of recom-
bination, because the sizes of window are not negligibly small
for large window sizes. For each locus, we randomly sampled
recombination rate per base pair from the exponential distri-
bution with the average of 7.34 x 10>, which was estimated
from rhesus macaques (Rogers et al. 2006; Osada et al. 2013),
and then generated a genealogy using ms software (Hudson
2002). We next calculated R ¢ using the same equation as we
used in the real data. The procedure was repeated 100,000
times for each window size.

Inference of Demography

We used the PSMC method (Li and Durbin 2011) to infer the
demographic history of TM, two CRs, and two CEs, Briefly, the

method uses the distribution of heterozygote sites across the
genome and a PSMC model that defines a hidden Markov
model. The following parameters were used: numbers of it-
erations = 25, time interval=1x 6 + 58 x 1, mutation rate
per generation=2.5x 10”°, and generation time=6. The
mutation rate and generation time were used in a previous
macaque genome study (Higashino et al. 2012). We note that
different mutation rate and generation time may have a big
impact on the time estimation of PSMC result. To validate the
confidence in PSMC findings, we ran 100 bootstrap replicates
for each genome. To sample a bootstrap replicate, we divided
the genome into segments of 5Mb, sampled with replace-
ment from those segments until we obtained a sequence with
approximately the same length as the original genome as
defined by using the “-b” option in the PSMC software, and
reran the EM-based N, estimation procedure.

Supplementary Material

Supplementary files $1-54 are available at Molecular Biology
and Evolution online (htep://www.mbe.oxfordjournals.org/).
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