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Method

Trans genomic capture and sequencing of primate
exomes reveals new targets of positive selection

Renee D. George,'®> Graham McVicker,? Rachel Diederich,’ Sarah B. Ng,’
Alexandra P. MacKenzie,' Willie ]. Swanson,' Jay Shendure,’* and James H. Thomas'-?

"Department of Genome Sciences, University of Washington, Seattle, Washington 98195, USA; Department
of Human Genetics, University of Chicago, Chicago, Illinois 60637, USA

Comparison of protein-coding DNA sequences from diverse primates can provide insight into these species’ evolutionary
history and uncover the molecular basis for their phenotypic differences. Currently, the number of available primate
reference genomes limits these genome-wide comparisons. Here we use targeted capture methods designed for human to
sequence the protein-coding regions, or exomes, of four non-human primate species (three Old World monkeys and one
New World monkey). Despite average sequence divergence of up to 4% from the human sequence probes, we are able to
capture ~96% of coding sequences. Using a combination of mapping and assembly techniques, we generated high-quality
full-length coding sequences for each species. Both the number of nucleotide differences and the distribution of insertion
and deletion (indel) lengths indicate that the quality of the assembled sequences is very high and exceeds that of most
reference genomes. Using this expanded set of primate coding sequences, we performed a genome-wide scan for genes
experiencing positive selection and identified a novel class of adaptively evolving genes involved in the conversion of
epithelial cells in skin, hair, and nails to keratin. Interestingly, the genes we identify under positive selection also exhibit
significantly increased allele frequency differences among human populations, suggesting that they play a role in both
recent and long-term adaptation. We also identify several genes that have been lost on specific primate lineages, which
illustrate the broad utility of this data set for other evolutionary analyses. These results demonstrate the power of second-
generation sequencing in comparative genomics and greatly expand the repertoire of available primate coding sequences.

[Supplemental material is available for this article.]

Comparative genomics is invaluable for the study of evolutionary
processes such as mutation, selection, and speciation (Thomas et al.
2003). In many cases, our power to detect evolutionary events is
limited by the number of species with high-quality genome se-
quences (Anisimova et al. 2001; Eddy 2005). For example, power to
detect positive selection depends on the total sequence divergence
of the species being studied (Anisimova et al. 2001). Additionally,
for many evolutionary analyses, the sequences need to be of very
high quality to limit the rate of false positives (Mallick et al. 2009;
Fletcher and Yang 2010). Second-generation sequencing technol-
ogies have made sequencing new primate genomes more feasible,
but it is still challenging to assemble these short reads into com-
plete genomes.

New methods for targeted enrichment of the human exome
allow high-coverage sequence to be generated for the coding frac-
tion of the genome (Albert et al. 2007; Gnirke et al. 2009; Tewhey
et al. 2009; Turner et al. 2009). These methods are currently used
in human medical resequencing studies to identify causal genes in
Mendelian disorders (Choi et al. 2009; Ng et al. 2009, 2010) but,
in principle, can be extended to targeted sequencing of human
orthologs in closely related species. Such an approach has the ad-
vantage that sequenced reads are limited to non-repetitive coding
regions that are more easily assembled from short reads.

Here we use solution-based targeted capture (Bainbridge et al.
2010) designed to human exons to sequence the exomes of three
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Old World monkeys and one New World monkey. We combine our
high-quality sequences with available primate reference genomes
and conduct a genome-wide scan for genes experiencing positive
selection in primates. Our analysis has greater statistical power than
previous scans for positive selection in primates (Clark et al. 2003;
Chimpanzee Sequencing and Analysis Consortium 2005; Nielsen
et al. 2005; Bakewell et al. 2007; Rhesus Macaque Genome Se-
quencing and Analysis Consortium 2007), which were limited
by a low number of species and low total sequence divergence
(Anisimova et al. 2001). Other studies, which used diverse mammals
to identify targets of positive selection (Kosiol et al. 2008), are more
powerful but provide little information on more recent adaptation
in primates.

We identify more than 150 genes that show strong evidence
of positive selection on the primate lineage, at least twice as many
as previous studies with fewer species (Nielsen et al. 2005; Rhesus
Macaque Genome Sequencing and Analysis Consortium 2007).
Many of the genes and gene classes we identify are in accordance
with these previous scans (e.g., genes involved in defense and im-
munity); however, we also find several novel adaptively evolving
genes, most notably several genes involved in keratinization.

Results and Discussion

In total, we sequenced the exomes of three Old World monkeys
(rhesus macaque, colobus monkey, and vervet) and one New World
monkey (tamarin) (Fig. 1A). For each species, we targeted 25.3 Mb
of unique protein-coding sequence from the Consensus Coding Se-
quence (CCDS) database (Pruitt et al. 2009) and generated, on av-
erage, 7.1 Gb of sequence per species with paired-end 76-bp reads.
We aligned reads to the human reference genome and performed
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Figure 1. Sequence capture and assembly of non-human primates. (4) Phylogeny of primate species

used in all analyses. Sequences from the species in red and black are from our exome assemblies and the
publicly available primate reference genomes, respectively. For rhesus macaque, we generated an
exome assembly and compared it to the macaque reference genome to assess the accuracy of our
capture and assembly method. The phylogenetic relationship of the species and estimates of their di-
vergence dates are from Goodman (1999). (B) Overview of sequencing, mapping, and assembly
pipeline. Primate genomic DNA is fragmented, and protein-coding regions are captured using a solu-
tion-based hybridization method and sequenced as 76-bp paired-end reads. Reads are mapped to the
repeat masked human reference genome using cross_match (v1.090518, http://www.phrap.org).
Reads with overlapping mapped chromosomal coordinates are partitioned into groups and assembled
independently using phrap (v1.090518, http://www.phrap.org). The resulting contigs are mapped
back to the repeat masked human reference genome, and consensus bases are called from the highest-

Supplemental Table S5). We estimate the
pairwise differences of our assembly rel-
ative to the macaque reference genome to
be ~0.10%, which agrees with a previous
estimate of nucleotide diversity in Indian
macaques (0.12%) (Hernandez et al. 2007).
These data indicate that the quality of our
macaque exome is at least that of the ma-
caque reference genome and demonstrate
that we can generate high-quality and ac-
curate exome assemblies from short read
data.

In the three other primates that we
sequenced, between 95% and 97% of the
targeted bases are covered by at least one
read, and we generated high-quality con-
sensus sequence for between 86% and
90% of the target (Table 1). Once again,
divergence had very little impact on our
ability to capture exome sequences from
non-human primates (Fig. 2). Even for
the most divergent species, the tamarin,
we captured >96% and assembled >88%
of the target at high quality (Table 1).

We performed extensive filtering
of our exome assemblies because errors
in sequencing, alignment, assembly, or

scoring mapped contigs.

alocal assembly of each target region (Fig. 1B; Supplemental Tables
$1, S2). Our approach differs from de novo assembly in that it re-
tains information from the human reference genome while still
allowing for more diverged sequences than typical short read map-
ping techniques (for more details, see Methods).

To assess capture, sequencing, and assembly quality, we com-
pared our rhesus macaque exome to the macaque reference genome
(rheMac2). We captured and mapped macaque sequences for >96%
of the target (Fig. 2; Table 1) and surprisingly found only a low
association between our ability to capture macaque sequences and
the number of nucleotide differences (R? = 0.0087) or the number
of indels (R? = 0.0047) in targeted regions. In fact, human capture
efficiency is the most informative predictor of macaque capture ef-
ficiency, suggesting that unknown conserved sequence features pre-
dominate in determining capture efficiency (Supplemental Table S3).
We also compared targets that were successfully captured to those
that failed to capture (<50% of bases covered by a read) despite
having clear orthologs in the macaque genome (Supplemental Table
S4). The failed targets have comparable GC content (51.6%
vs. 49.9%), slightly higher divergence (3.9% vs. 3.1%), and a sub-
stantially greater proportion of bases that were inserted or deleted
(0.50% vs. 0.17%). In total, only a small number of targets failed to
capture by these criteria (1111 out of 155,707 targets with ortho-
logs), and even targets up to 7% diverged from human are captured
efficiently with a mean read depth >60X (Supplemental Fig. S1).
Our ability to capture even the most divergent exons in macaque
suggests that it will be possible to perform targeted capture of even
more distantly related species.

We assembled high-quality (=Q40; error rate of <10~*) ma-
caque sequences for ~90% of our target (Table 1). These sequences
are 2.24% different from the human reference genome, which
corresponds almost precisely with sequence divergence in coding
regions calculated from the macaque reference genome (Fig. 3A;

ortholog assignment may introduce false

positives in comparative genomic analy-
ses (Mallick et al. 2009; Fletcher and Yang 2010). We removed se-
quences overlapping known segmental duplications in human
(Cheng et al. 2005; Alkan et al. 2009), chimpanzee (Cheng et al.
2005), and macaque (Marques-Bonet et al. 2009), removed se-
quences with low read depth (<16X), and removed exons with very
high levels of heterozygosity (which may reflect mis-assembly of
paralogous sequences). We then removed exons and genes that
had less than half of their sequence remaining after filtering. These
filtering criteria exclude sequences that are more likely to be mis-
assembled due to paralogous sequences (Supplemental Text S1)
and do not appear to be biased toward removing known rapidly
evolving genes, such as those involved in reproduction or immu-
nity (Supplemental Text S2). For the exome assemblies, 61%-72%
of each species’ targeted coding sequence was retained for com-
parative analysis. This is comparable to the reference genome se-
quences, where we used less conservative filtering and retained
80%-89% of the targeted coding sequences post-filtering.

We combined our four assembled exomes with coding se-
quences from the reference genomes of human, chimpanzee, orang-
utan, and macaque and generated multiple sequence alignments for
16,707 genes. After filtering for high-quality regions in common to
all species, we calculated the average nucleotide difference to the
human reference genome to be 2.3% for Old World monkeys and
3.9% for the New World monkey (Fig. 3A; Supplemental Table S5).

As a test of assembly quality, we examined the distribution of
indel lengths with respect to the human reference genome (Fig.
3B). On average, 80% of indels from our exome assemblies have
lengths that are multiples of 3, an enrichment that is consistent
with selection to preserve reading frame and remarkably similar to
that of the macaque reference genome (Supplemental Table S6).
This enrichment is substantially higher than that seen in other
human exome studies (Ng et al. 2009; Pelak et al. 2010) or in the
chimpanzee and orangutan reference genomes (Fig. 3B), which
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Figure 2.

Read depth of targeted regions. (A) An example of sequence capture. Read depth for a region on chromosome 1 encompassing the gene

THRAP3 (CCDS405.1) from two human HapMap samples (Human 1: NA12878 and Human 2: NA18967) and four non-human primate samples (ma-
caque, vervet, colobus, and tamarin). (B) Cumulative coverage of all targeted bases from one lane of paired-end 76-bp reads mapped to the human
reference genome using cross_match for human (NA12878), macaque, vervet, colobus, and tamarin.

suggests that our exome assemblies are of higher quality. The in-
creased rate of indel errors in the orangutan reference genome has
also been previously noted (Meader et al. 2010).

From our coding sequence alignments, we filtered out se-
quences with too little sequence data, frameshifts, or internal stop
codons (Supplemental Fig. S2) to obtain a highly confident set of
15,027 orthologs with sequence from at least three species. We then
tested each of these orthologs for evidence of positive selection act-
ing at any point during primate evolution using likelihood models
that allow d\/ds to vary across codons (Nielsen and Yang 1998; Yang
etal. 2000). The addition of our exome sequences increased the total
branch length by threefold relative to analyses using just human,
chimpanzee, and macaque (median $ = 0.30 vs. S = 0.080 nucleotide
substitutions per codon), and should substantially increase our
power to detect positive selection (Anisimova et al. 2001). We find
evidence of positive selection for 930 genes (nominal P-value <
0.05) without correcting for multiple testing, or a total of 157 at
a false discovery rate (FDR) of 10% (Supplemental Tables S7, S8).

We compared these 157 genes to a previous scan for positive
selection in primates that identified 67 positively selected genes (at
10% FDR) using coding sequences from the human, chimpanzee,
and macaque genomes (Rhesus Macaque Genome Sequencing and
Analysis Consortium 2007). Of these 67 genes, we omitted 22 from
our analysis because they were either not targeted or we could not
confidently obtain sequences from at least three species, including
the available primate reference genomes

the same analysis using only human, chimpanzee, and macaque
sequences, we find evidence of positive selection for only 25 genes
(at 10% FDR). Our approach is more conservative and should have
fewer false positives due to low quality or misaligned sequences.

We identified several biological processes enriched for genes
under positive selection (Supplemental Table S10) using the Gene
Ontology classification system (Ashburner et al. 2000). In agreement
with previous scans for positive selection in primates (Clark et al.
2003; Nielsen et al. 2005; Rhesus Macaque Genome Sequencing
and Analysis Consortium 2007), several of the top categories are
involved in immunity (“defense response” and “antigen process-
ing and presentation”), sensory perception (“sensory perception of
a chemical stimulus”), and reproduction (“spermatogenesis” and
“fertilization”). Among the genes that show the strongest evidence
of positive selection are several that are known to be rapidly
evolving (e.g., PTPRC [Filip and Mundy 2004], PRM1 [Wyckoff
et al. 2000], and APOBEC3G [Zhang and Webb 2004]), and several
with no previous evidence of positive selection in primates (e.g.,
TF, an iron transporter previously known to be under positive se-
lection only in salmonids) (Ford 2001).

Interestingly, we also found an excess of positively selected
genes involved in the process of keratinization (Supplemental
Table S11). To our knowledge, none of these genes have been pre-
viously identified as targets of positive selection in primates, except
for IVL, which was recently shown to be subject to positive selec-

(Supplemental Table S9). The remaining Table 1. Sequence coverage of captured target
45 genes rank significantly higher than
other genes in our scan for positive se- =1x =1x  Consensus Consensus  =Q40 =>Q40
. e, . coverage coverage called called consensus consensus Average

lection (p < 2.2 X 10 ; two-sided Sample (bp) (0/0) (bp) (0/0) (bp) (0/0) coverage
Mann-Whitney U-test) with 15 genes
showing strong evidence for positive se-  Human 1 33,533,729  98.3 32,539,921 95.4 32,232,123 94.5 82x
lection at an FDR of 10% and an addi- Human2 33,508,928 98.2 32,368,476 94.9 31,891,724 93.5 92X
tional 19 genes with a nominal P-value < Macaque 32,995,459 967 31,407,528  92.1 30,656,733  89.9 88x
0.05. We thus identify 142 new candi- Vervet 33,091,493 97.0 31,268,911 91.7 30,649,250 89.9 86X

e - . . Colobus 31,938,787 93.6 30,185,890 88.5 29,298,814 85.9 85X
dates in our analysis. We find no evidence  Tamarin 32,759,816  96.0 31,243,800  91.6 30,019,533  88.0 81x

of positive selection for 11 of the genes

identified by the previous analysis, which
is likely due to differences in methodol-
ogy, such as ortholog filtering, low-qual-
ity sequence filtering, or multiple se-
quence alignment. When we perform

Summary of captured target sequence coverage for each non-human primate exome and two human
HapMap exomes (Human 1: NA12878 and Human 2: NA18967). The total size of the captured target is
34,108,810 bp and includes all well-annotated protein-coding genes defined by the CCDS (version
20080430) as well as regions flanking small exons and about 550 miRNAs. Listed for each exome are
the number of bases in the target covered by at least one read, the number of bases assembled, and the
number of bases assembled with phred consensus quality score =40 (Q40; 10~

error rate).
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macaque, vervet, colobus, and tamarin (blue); indel lengths from the reference genomes of chimpanzee (panTro2), orangutan (ponAbe2), and macaque

(rheMac2) (yellow).

tion in human populations (Tennessen et al. 2010). As keratini-
zation is the process of converting outer epidermal cells in skin,
hair, and nails to keratin, these genes may be important for setting
up physical barriers between the body and the outside world and
could evolve rapidly in response to changing environments.

We also tested whether the genes that we find under positive
selection in primates also show evidence for recent selection in
human populations. The 157 genes with strong evidence for pos-
itive selection in primates have increased allele frequency differ-
ences between Europeans and Africans (mean Fgr = 0.0928) com-
pared to the remaining genes (mean Fsr = 0.0710; p < 2.2 X 10716,
two-sided Mann-Whitney U-test) (Tennessen et al. 2010). We also
tested the 10 GO categories with the most significant enrichments
for genes under positive selection and found that three of the
categories (“sensory perception of chemical stimulus,” “oxidation
reduction,” and “sensory perception”) have significantly higher
levels of population differentiation (Supplemental Table S$12).
Both observations are consistent with the idea that many of the
genes under long-term positive selection in primates are also im-
portant in recent human adaptation.

In addition to the 157 positively selected genes identified
across all branches of the primate phylogeny, 142 genes show ev-
idence for positive selection on specific lineages at an FDR of 10%
(Supplemental Tables $13-515). Of these, 28 overlap with the orig-
inal set of 157 genes, bringing the total number of identified genes
to 271. Two genes, KRTAP4-5 and CASP10, have evidence for posi-
tive selection on more than one lineage. KRTAP4-5 encodes a keratin-
associated protein involved in the structure of hair fibers and shows
evidence for positive selection on both the chimpanzee and the
hominid branches. CASP10 encodes an apoptosis-related caspase
that appears to be adaptively evolving on both the Old World
monkey and tamarin lineages. The number of genes identified on
each branch ranges from zero on the human branch to 84 on the
tamarin branch. The longer branches (e.g., tamarin) probably have
more significant genes because they provide more power to detect
positive selection (Zhang et al. 2005).

To demonstrate how this data set can be used for other types
of evolutionary analyses, we identified genes that have been lost by
either gene deletion or pseudogenization. For example, all or nearly

all exons of the gene GBPS5 are missing in the three Old World mon-
keys but are present in the New World monkey, the tamarin (Fig. 4A).
Similarly, SNTN and CCL14 contain premature stop codons or
frameshifts in all of the Old World monkeys, yet not in tamarin
(Fig. 4B,C). Sequences from the chimpanzee, orangutan, and ma-
caque reference genomes confirm the loss of these genes in the
common ancestor of Old World monkeys.

We have demonstrated that solution-based hybrid capture is
an efficient method for the sequencing of orthologs in other spe-
cies. This method can be applied not just to non-human primate
species, but to any species for which a closely related reference
genome is available and works well for coding sequences up to an
average divergence of 7% (and possibly greater). In principle, this
method is not limited to coding sequences but can be extended by
designing capture probes to other unique regions of the genome.
We have used this method to identify 157 candidates for positive
selection in primates and envision that this method can be applied
to many other problems in molecular evolution and population ge-
nomics. By obtaining sequences from multiple individuals, it will be
possible to characterize patterns of genetic variation in numerous
species. Such data will help answer many questions about selection,
demography, mutation, gene loss, and gene duplication.

Methods

Genomic DNA samples

Genomic DNA samples were obtained from Coriell Cell Reposi-
tories for a rhesus macaque (Macaca mulatta; NG07107), a colobus
monkey (Colobus angolensis; PRO0099), a vervet (Chlorocebus aethiops;
PR00990), a tamarin (Saguinus midas; PRO0550), and two HapMap
human individuals (European-American NA12878 and East Asian
NA18967).

Library oligonucleotides and adapters

Oligonucleotides used in the library construction were SLXA_Pair_
For_Amp (AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
TACACGACGCTCTTCCGATC*T), SLXA_Pair_Rev_Amp (CAAGCA
GAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCG

Genome Research 1689

www.genome.org


http://genome.cshlp.org/
http://genome.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from genome.cship.org on February 25, 2014 - Published by Cold Spring Harbor Laboratory Press

George et al.

A The adapter-ligated fragments were
- Resesserarcliivliesniiire il - -l GBP5 PCR-amplified in four reactions per sam-
508 A A . - - Aa o A Humant pie, Zac}i inlzjl tottaévfolume oi 401pLXL (;0 pLIE

o of adapter-ligated fragments, iProo

] H 2

5 0 A Ao - 4 s Ad a A Hman High Fidelity Master Mix [Bio-Rad], and

5 0 Macaque 0.625 uM both SLXA_Pair_For Amp and

g =T Vervet SLXA_Pair_Rev_Amp). The PCR condi-

% 500 tions were 2 min at 96°C, 16 cycles of 20
508 ) sec at 96°C, 30 sec at 65°C, and 45 sec at

0 - i - a_ o W 72°C, followed by a final 5 min at 72°C.
89,500 89,502 89,504 89,506 89,508 The four reactions for each sample were
B chromosome 1 position (kb) then pooled, cleaned up (PCR Purification
Kit; QIAGEN), and quantified (Nanodrop

1 51

hglg ATG GGT GGC TGT ATG CAC AGT ACC CAG GAC AAA TCT CTC CAC TTG GAA GGA 8000 Spectrophotometer).

panTro2 4 ses ses sas ses Les sss e s ssa ses sss sss ses cen

ponAbe2 ‘e ss o e

heMac2 Ger 412G . G ; ;

manaaue o g ol Library capture and sequencing

vereer. LLLLIUIInIImecinefinnniting Each library (1 pg) was hybridized to

tamarln G Asy W ane sl e Tow e Bws Qs 3as G ..G SeqCap EZ Exome probes (v1.0, Nim-

blegen) according to manufacturer’s

c 25 55 protocols and blocked with 100 pL of

hg18 CTA GGG ACC AAG ACT GAA TCC TCC TCA CGG GGA CCT TAC| CAC fcCC TCA GAG 1 mg/mL human Cot-1 DNA (Invitrogen)

Pangoi s e deng e e ve wae e g R R R and 10 pL of both SLXA_Pair_For_Amp

SIeNaG: £ naE G 6 S L 5 GUE MET = Leaes o (100 M) and SLXA_Pair_Rev_Amp (100

i - g ; ad | 2 ------ wM). The hybridized library was captured

colobus S R e e i e e weid e e e dews wesfims fBieen e . .

vervet ~ NNN NNN NNN NNN NNN NNN NNN NNN NNN N.. ... veo ooofo-o |G .00 oo, and washed as directed by Nimblegen

tamarin cee see eae sas wes osee S Gl - ISR M - G ... and eluted in 50 ML of water. The en-

iched lib PCR- lified in 10
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by read depth differences between species. The read depth for GBP5 (CCDS722.1) is high in human
(Human 1: NA12878 and Human 2: NA18967) and tamarin, but absent in macaque, vervet, and
colobus. The absence of GBP5 in the macaque exome sequences is supported by the macaque reference
genome. (B) The beginning of the multiple sequence alignment for the gene SNTN (CCDS33779.1)
containing a premature stop codon in Old World monkeys. The substitution causing this premature stop
codon is high quality (=Q40) in macaque, vervet, and colobus and confirmed by the macaque reference
genome. (C) A portion of the multiple sequence alignment for the gene CCL14 (CCDS32624.1) con-
taining a frameshift in Old World monkeys. (Red box) A one-base gap in macaque, vervet and colobus,
which disrupts the reading frame of the latter half of the gene. This gap is surrounded by high-quality

(=QA40) bases and also supported by the macaque reference genome.

CTCTTCCGATC*T), Adapter_PE_Hi (ACACTCTTTCCCTACACGAC
GCTCTTCCGATC*T) and Adapter_PE_Lo (/5Phos/GATCGGAAGA
GCGGTTCAGCAGGAATGCCGAG), where “*” refers to a phosphoro-
thioate bond.

Adapter_PE_Hi and Adapter_PE_Lo were annealed to form
Y-adapters by incubating equimolar amounts at 95°C and then
allowing them to cool to room temperature in a heat block.

Library construction

Genomic DNA from each sample (3 pg) was sheared (Covaris AFA)
in 85 pL of elution buffer (Buffer EB, 10 mM Tris-Cl at pH 8.5;
QIAGEN) using the settings: duty cycle 10%, intensity 5, and cycle/
burst 200 for 600 sec. Fragmented DNA ends were repaired for 30
min at 20°C with 5 pL of End Repair Enzyme Mix and 1X End
Repair Reaction Buffer in a total volume of 100 pL (NEBNext End
Repair Module; New England Biolabs) and eluted in 45 pL of water
after cleanup. A-tails were then added to the end-repaired DNA for
20 min at 70°C in a total volume of 100 p.L (1 X PCR buffer, 1.5 mM
MgCl,, 1 mM dATP, and S units AmpliTag DNA polymerase) and
eluted in 38 pL of water after cleanup. Y-adapters were ligated to
the A-tailed fragments for 20 min at 16°C in a total volume of 50 p.L
(1x T4 DNA Ligase Buffer [Enzymatics], 240 units of T4 DNA Li-
gase [Enzymatics], and S pL of Y-adapters [SO uM]) and eluted in 50
wL of water after cleanup. All cleanup steps were performed with
1.8X AmpureXP beads as directed by Agencourt.

reactions per sample, each in a total vol-
ume of 50 L (4 pL of library, 1X iProof
High Fidelity Master Mix, and 0.625 pM
both SLXA_Pair_For Amp and SLXA_
Pair_Rev_Amp). The PCR conditions were
30 sec at 98°C, 20 cycles of 10 sec at 98°C,
30 sec at 60°C, and 30 sec at 72°C, fol-
lowed by a final 5 min at 72°C. The 10
reactions for each sample were then
pooled and column-purified (PCR Puri-
fication Kit; QIAGEN).

One lane of 76-bp paired-end reads was generated for each
sample on an Illumina Genome Analyzer IIx according to the
manufacturer’s instructions.

Target description

All unique, well-annotated protein-coding regions (including flank-
ing regions for exons smaller than 200 bp) from the CCDS database
(version 20080430) (Pruitt et al. 2009) and about 550 miRNAs were
targeted by SeqCap EZ Exome probes. This resulted in 176,817
continuous captured genomic regions totaling to 34,108,810 bp.
The 20080430 version of the CCDS database contains 164,367
protein-coding genomic regions spanning 28,000,325 bp after
merging regions with overlapping coordinates. Repetitive regions are
excluded from the tiling probes, reducing the final protein-coding
target to 148,667 genomic regions for a total of 25,299,356 bp.

Merging overlapping paired-end reads

Although our genomic DNA was fragmented to an average size
of 200 bp, a substantial fraction of our 76-bp paired-end reads
overlapped their mate and could be merged into longer single
reads. We aligned each pair of reads using a semi-global version of
the Needleman-Wunsch (Needleman and Wunsch 1970) algorithm
that constrained the alignment to the end of the left read and the
start of the right read and used the following score scheme: match +1,
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mismatch —3, gap —S. If the alignment score was =10, the reads
were merged, with any mismatching positions masked to “N.”
When high-scoring alignments contained gaps, both reads were
discarded. Quality scores for the overlapping portion of the merged
reads were calculated by summing the two independent quality
scores, capping the maximum value at Q40. When alignments did
not meet the score threshold, both reads were kept individually. If
the semi-global alignment spanned the entire length of either read,
a local Smith-Waterman alignment (Smith and Waterman 1981)
was performed, and only the aligned portion of both reads was
kept. This prevented adapter sequences from being included in the
merged reads.

Mapping reads to the human genome

We used the human genome to guide local exome assemblies for
each of the primate species previously listed. Each merged read or pair
of unmerged reads were mapped independently to the repeat masked
human reference genome (hg18) using cross_match (v1.090518,
http://www.phrap.org) with the parameters —-minscore 25 -minmatch
12 -maxmatch 20. If a read mapped to more than one location, only
the highest scoring match was kept, and if there was no single
highest-scoring match, the read was discarded. Duplicate reads,
which may result from PCR amplification or optical artifacts, were
identified as those that mapped to exactly the same chromosomal
location in the same orientation. For these reads, only the one with
the highest mean quality score was kept.

Assessment of capture efficiency

We assessed the capture efficiency of our method by comparing the
sequenced macaque exome with its reference genome (rheMac2).
We looked at the correlation between read depth and the number
of nucleotide differences or indels and also built a linear model
(Supplemental Table S3) to identify sources of variability in cap-
tured target read depth. We used macaque read depth as our response
variable and human read depth, number of nucleotide differences,
number of indels, GC content, and mappability as predictors. As
data points we used 155,707 capture targets, for which we could
identify orthologs in rheMac2 by best reciprocal BLAST hits (re-
quiring scores to be at least 1.2X greater than the next best align-
ment). To separate capture and mapping efficiencies, we gave each
base in our capture target a “mappability” score determined from
the depth of simulated 76-bp rheMac2 reads, which were aligned
to human. Targets were discarded if they were <100 bp in length or
if they contained a base with a rheMac2 quality score <40 (because
this could affect the accuracy of our nucleotide difference and
indel estimates). In total, 128,914 orthologous capture targets were
used to fit the linear model.

Local assembly of mapped reads

Based on their mapped chromosomal locations, overlapping reads
were partitioned into groups, which could be assembled inde-
pendently. Overlap groups that contained more than 500 reads
were split into equally sized subgroups to reduce computational
time. Overlap groups and subgroups were assembled using phrap
(v1.090518; http://www.phrap.org) with parameters that were pre-
viously optimized for short read assembly (Hiatt et al. 2010): —vector_
bound O -forcelevel 1 -minscore 12 -minmatch 10 -indexwordsize 8.
Contigs from split overlap groups were further assembled into
longer contigs with a second round of phrap using the same pa-
rameters. The final contigs were then mapped back to the repeat
masked human reference genome using cross_match with the same
parameters as above. We discarded contigs that mapped to a differ-
ent chromosomal location than the individual reads and discarded

contigs that did not map to one location uniquely (requiring the
score of the best alignment to be at least 1.2X greater than the next
best alignment). These filters helped us reduce mis-assemblies
caused by paralogous sequences.

Consensus calls and quality scores were determined from the
contigs that overlapped the target sequences. When phrap created
two or more contigs that mapped uniquely to the same chromo-
somal location, the contig with the highest cross_match score was
used as the consensus. Target regions with no mapped contigs were
assigned a base “N” with quality QO, as were non-targeted regions
that were present in the CCDS database. A fasta file containing
these consensus contig sequences was then generated for each spe-
cies. A summary of the sequence coverage and assembly of captured
regions is found in Table 1 (whole captured target) and Supple-
mental Table S16 (captured miRNAs).

Mapping unique reads to the assembled consensus

To identify heterozygous sites and assess the quality of the phrap
assemblies, we remapped the paired-end reads to the assembled
contigs. From our cross_match output, we identified uniquely map-
ping read pairs that aligned to one location with a score at least 1.2X
higher than at any other location. We used only read pairs where
both individual reads mapped uniquely, and replaced merged unique
reads with the individual reads from which they came. We then
mapped read pairs to the phrap-assembled consensus using BWA
0.5.6 with default parameters for paired-end reads (Li and Durbin
2009). The alignments were sorted and filtered for duplicates using
Picard 1.15 (http://picard.sourceforge.net), and a pileup file was
generated with SAMtools 0.1.7a (Li et al. 2009), which lists the bases
of all the aligned reads for each position in the assembled consensus.

Identification of heterozygous sites

We called genotypes at all consensus sites using the observed bases
and quality scores from the pileup file described above. We assigned
a genotype quality score to each base using the independent error
model described by Li et al. (2008). For these calculations, we used
a prior probability of 0.001 of a site being heterozygous and capped
the base quality of individual reads at 30.

For comparison with our own data, we estimated nucleotide
diversity in macaques from counts of previously identified segre-
gating sites (Hernandez et al. 2007). In this study, a total of 1476
SNPs were identified in 150,372 bp, which were sequenced in 38
Indian macaques and nine Chinese macaques (94 chromosomes
total). Of these SNPs, 486 were observed in both Indian and Chi-
nese macaques, and 386 were observed only in the Indian sample.
From these numbers, we estimated nucleotide diversity by calcu-
lating Watterson’s population mutation rate estimator 6 (Watterson
1975) and dividing by the number of sequenced bases. Nucleotide
diversity for the Chinese and Indian macaques was estimated to be
0.22% and 0.12%, respectively.

Target masking

To avoid mis-assembly of paralogous sequences, we masked regions
that we could not uniquely map human reads to. We simulated all
possible human 76-bp reads (in one orientation), which overlapped
the captured target and mapped them to the repeat masked human
reference genome using cross_match (v1.090518, http://www.
phrap.org) with parameters -minscore 68 -minmatch 12 -maxmatch
20. These parameters allowed reads to be mapped to all locations in
the reference genome with one or two mismatches. We then tab-
ulated the number of correctly and incorrectly mapped reads, for
each base in the target. Target bases with less than 38 correctly
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mapped reads (half the expected 76) or more than 10 incorrectly
mapped reads were considered “unmappable.” We also masked cod-
ing sequences overlapping segmentally duplicated regions of the
human (Cheng et al. 2005; Alkan et al. 2009), chimpanzee (Cheng
et al. 2005), or orangutan (Marques-Bonet et al. 2009) genomes.
This resulted in 1,400,787 bp (4.1%) masked due to potential seg-
mental duplications and 1,711,106 bp (5.0%) masked due to low
mappability, for a total of 2,938,059 bp (8.6%) masked for down-
stream analyses.

Assembly quality filtering

From the pileup, we identified and filtered inconsistencies be-
tween the assembled consensus sequence and the individual reads.
If the pileup consensus base disagreed with the phrap-assembled
base, we masked that base to an “N” with quality QO unless the
pileup contained eight or more reads, in which case we changed
that base to the pileup consensus and flagged it with quality Q1. If
the pileup indicated a non-polymorphic insertion or deletion, sug-
gesting an incorrectly placed indel in the phrap assembly, that re-
gion and the two flanking bases were masked to an “N” with quality
QO. For heterozygous sites, the pileup base with the majority of
reads was used as the consensus, regardless of whether or not it
matched the phrap-assembled base, and given quality Q1. Exons
with excess heterozygosity (=3 heterozygous sites in any 20-bp
window), which suggest paralogous assemblies, were removed com-
pletely. Exons with <16X read depth for more than half of their
sequence were also removed completely.

CDS from exome assemblies

Coding sequences and quality scores were extracted from the
quality-filtered consensus sequence for each CCDS entry using
human coordinates. Gaps were removed from the coding sequences
so that the multiple sequence alignment program could place them.
Exons or genes missing more than half of their sequence were
completely masked or removed to avoid alignment errors. In total,
there are 20,091 entries in the CCDS (version 20080430). When
coding sequences for multiple CCDS entries overlapped, only the
entry with the longest sequence was kept, resulting in 16,707
unique coding sequences (27,492,897 bp).

CDS from reference genomes

Coding sequences were obtained from the publicly available ref-
erence assemblies of human (hg18), chimpanzee (panTro2), orang-
utan (ponAbe2), and macaque (rheMac2). Pairwise whole-genome
alignments were downloaded from UCSC (Chiaromonte et al. 2002;
Kent et al. 2003; Schwartz et al. 2003) for each of these species and
filtered to be best-reciprocal and syntenic as described by McVicker
et al. (2009). Bases overlapping segmentally duplicated regions
of the human (Cheng et al. 2005; Alkan et al. 2009), chimpanzee
(Cheng et al. 2005), or orangutan (Marques-Bonet et al. 2009) ge-
nomes were removed. Target sequences and quality scores were
then extracted from the filtered alignments based on the human
CCDS coordinates.

Multiple sequence alignments

Coding sequences for the combined set of species were aligned
using PRANK (v0.100311) (Loytynoja and Goldman 2005) with
parameters -t -F -twice -a -gapext=0.8 -kappa=2.0 -gaprate=0.05 and a
species tree representing the standard primate phylogeny (Goodman
1999). Our assembled macaque sequences were included in addi-
tion to sequences from the macaque reference genome so that the

quality of the two assemblies could be compared. This resulted
in a total of eight sequences in the multiple alignments: hgl8,
panTro2, ponAbe2, rheMac2, macaque, vervet, colobus monkey,
and tamarin.

Multiple sequence alighment quality filtering

We extensively filtered low-quality single-nucleotide differences
and indels to produce a set of high-quality multiple sequence align-
ments. For each coding sequence alignment, we compared each
non-human primate sequence to the human sequence and masked
differences with quality scores less than Q40 in the non-human
sequence to an “N.” This includes heterozygous sites in both the
non-human reference genome sequences and the exome sequences
that have quality QO and Q1, respectively.

For simplicity, we refer to alignment gaps in the human se-
quence as “insertions” and alignment gaps in the non-human se-
quences as “deletions,” even though it is unclear what the exact
events were or on which lineage they occurred. Indels were re-
tained if they met any one of the following criteria: (1) a minimum
quality score =Q40 within (insertions) or surrounding (deletions)
the indel; (2) a minimum read depth =4 within or surrounding the
indel; or (3) the presence of a high-quality or high-read-depth indel
in another non-human sequence (species confirmation). Indels not
meeting one of these criteria were completely removed from all
sequences of the alignment if they were insertions or masked if
they were deletions.

Quality assessment of assemblies

We assessed the quality of our assemblies using the number of
single-nucleotide differences and distribution of indel lengths rel-
ative to the human reference genome. To directly compare the num-
ber of nucleotide differences between each assembly, we limited
our analysis to coding sites that were high quality (=Q40) in all
three of our non-human reference genomes and all four of our
exome assemblies, resulting in a total of 9,106,235 sites (36.0% of
the coding target). We then calculated the proportion of high-
quality differences between each human reference base and its
corresponding base in each non-human sequence. We note that
these common high-quality sites may be biased toward more con-
served regions and, thus, are likely to underestimate the average
proportion of nucleotide differences between human and non-
human coding sequences.

For calculating the proportion of high-quality indels, we re-
stricted our set of alignments to 4637 genes containing >75% high-
quality sequence in all species. To compute the length of each indel,
we combined indels that were <15 bp apart in order to account for
uncertainty in the alignment. For example, a 2-bp deletion followed
closely by a 5-bp insertion would be considered a 3-bp insertion.

Additionally, we calculated the number of high-quality nu-
cleotide differences between our macaque exome assembly and the
macaque reference genome from 14,924,161 coding sites (59.0%)
to get an estimate of pairwise polymorphism (w) in Indian rhesus
macaques. This number is likely to be an underestimate of = in
Indian rhesus macaques because heterozygous sites are masked in
both sequences.

Ortholog filtering for evolutionary analysis

For each orthologous gene set, we filtered out sequences from
species that suggested sequencing/assembly errors, alignment er-
rors, or gene loss of function. Four hundred and one genes were
completely removed because their CCDS status is currently listed
as “withdrawn” (CCDS version 20100829), resulting in 16,303 genes
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before ortholog filtering. Of these genes, a species’ sequence was
removed if it: (1) contained <25% high-quality sequence; (2) con-
tained a premature stop codon >25 bp from the end of the gene
sequence; or (3) contained a frameshift disrupting >15 bp of se-
quence. Stop codons within 25 bp of the end of the coding sequence
and any sequence following them were masked, as were frameshifted
regions of <15 bp in length. Fourteen human coding sequences
contained SECIS elements that direct internal UGA stop codons to be
translated as selenocysteines. In these cases, the internal UGA was
masked in each sequence of the alignment rather than throwing the
gene out completely. Following this filtering, 15,037 remaining
genes contained sequence from three or more species and were used
in downstream analyses of positive selection (Supplemental Fig. S2).

Evolutionary analysis

We obtained likelihoods and dn/ds estimates for each orthologous
set of genes using CODEML from the PAML 4.4 package (Yang
2007). Heterozygous and all missing or low-quality sites were
masked to “N” and treated as missing data with the cleandata=0
option. An unrooted phylogeny corresponding to the accepted
relationships between the studied primates (Goodman 1999) was
used in each analysis.

To test for selection acting at any point on the phylogeny,
we compared a neutral model of 0 =< dy/ds = 1 (M7; model=1,
NSsites=7) to a model of selection where an additional class of
codons is allowed to have dy/ds > 1 (M8; model=1, NSsites=8) and
performed a likelihood ratio test with a x> approximation to calcu-
late P-values. g-values (Storey and Tibshirani 2003) were used to set
a significance threshold corresponding to an FDR of 10%. CODEML
was run with multiple dy/ds starting points to ensure convergence
of model parameter estimates. Ten genes failed to converge and were
removed from the analysis, resulting in 15,027 genes tested.

For tests of selection acting on individual lineages, we used
CODEML’s branch-site models (model=2, NSsites=2), which allow
dn/ds to vary among codon sites and across branches of the phy-
logeny. For each branch, we compared a selection model, which
allows a class of codons on that branch to have dy/ds > 1, to
a neutral model, which constrains this additional class of sites to
have dn/ds = 1 (fix_omega = 1, omega = 1). A likelihood ratio test
was performed and P-values were computed from a 50:50 mixture
of a x? distribution with 1 degree of freedom and a point mass at
0 (Zhang et al. 2005). The false discovery rate was estimated with
g-values. Details on the number of genes tested and significant for
each branch are provided in Supplemental Table S13.

Gene Ontology analysis

We used the following procedure to identify GO terms enriched for
genes under positive selection. We first assigned each gene a UniProt
identifier, using a list of CCDS to UniProt associations downloaded
from BioMart (Smedley et al. 2009). We then assigned genes to GO
terms using the UniProt identifiers and the human gene association
file downloaded from http://geneontology.org (submission date 09/
06/2010). Genes were also assigned to parent GO terms by propa-
gating them up GO’s hierarchy of “ISA” relationships.

We next ranked genes by their log-likelihood difference (be-
tween CODEML'’s M7 and M8 models) and performed one-sided
Mann-Whitney U-tests to determine whether genes in a given GO
term ranked significantly higher than genes in a null distribution.
The null distribution consisted of all genes assigned to GO terms,
excluding those assigned to the term being tested. Following this
procedure, we reported the most significant GO term and removed
its associated genes (to avoid reporting redundant or overlapping
terms). This process was repeated iteratively until there remained

no significant GO terms at the p <0.05 level. In each iteration, only
GO terms with at least 20 remaining genes were tested.

We used the same iterative procedure to identify GO terms
enriched for “absent” genes (see Supplemental Text S2). In this
case, we compared counts of present and absent genes for the GO
term being tested to those in all other GO terms and assessed sig-
nificance using a one-sided Fisher’s exact test.

Human population differentiation

We examined whether genes with evidence for positive selection
in primates also have increased human population differentiation,
which may result from recent positive selection. To estimate differ-
entiation between European and African populations, we assigned
each gene in our filtered data set an average Fsr value. These values
were calculated using exome sequences from four African indi-
viduals and six European individuals in a study by Tennessen et al.
(2010). Fst was calculated for 100-kb genomic regions that con-
tained >500 bp of exonic sequence by averaging Fsr (Weir and
Cockerham 1984) across all exonic polymorphic sites. If a gene fell
into multiple 100-kb regions, the lowest Fsy value was used. We
tested whether the mean Fgsr for genes with evidence of positive
selection in primates (at 10% FDR) was different from the mean
Fsramong the remaining genes using a two-sided Mann-Whitney
U-test. Additionally, we tested the top 10 GO categories enriched
for genes under positive selection in primates by comparing the
mean Fsp of genes within the category to the mean Fsr of re-
maining genes with two-sided Mann-Whitney U-tests.

Example of gene loss

To find an example of a deleted gene in our non-human primate
samples, we considered exons with an average of at least 15 reads
per base in human, but fewer than 5 reads per base in a non-human
species as candidates for exon loss. Where possible, we confirmed
these events in Old World monkeys using the macaque (rheMac2)
reference genome. We are currently developing statistical methods
for the detection of gene loss events genome-wide.

Data access

All raw sequencing reads can be retrieved from the NCBI Sequence
Read Archive (http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) un-
der accession no. SRP005434. Raw sequencing reads, assembled
coding sequences, multiple sequence alignments, and CODEML
output are available from http://depts.washington.edu/swansonw/
Swanson_Lab/Data.html.
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