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Supplemental Section S1 — Genome Sequencing and Assembly

DNA Resources for the Orangutan Assembly

The Pongo abelii whole-genome shotgun (WGS) data began initially with DNA from
Susie (Studbook #1044; ISIS #71), a female Sumatran orangutan housed at the Gladys
Porter Zoo, Brownsville, TX, obtained courtesy of Dr. Greely Stones.

Assembly Input Data

The orangutan genome was sequenced to 5.62x (=Q20 Phred bases) depth in Sanger
(ABI 3730) reads in a combination of plasmid, fosmid and BAC end reads (Table S1-1).
The BAC library (CHORI-276) from which BAC end sequences were produced was
constructed in Pieter de Jong’s lab by Yuko Yoshinaga using Susie’s DNA.

Table S1-1. Input read statistics.
Read Type Insert Size (kb)| Reads (million) | >Phred20 Bases (Gb) | Seq. Coverage (x) | Phys. Coverage (x)
4

Plasmid (WU/BCM) 22.90 17.81 5.40 12.11
Fosmid (WU) 40 0.88 0.56 0.17 3.99
BAC (WU) 180 0.25 0.16 0.05 5.35
Total 24.03 18.53 5.62 21.45

The Q20 length distribution for plasmid, fosmid and BAC end reads reflects a bimodal
distribution for plasmid reads due to a technical issue at the time reads were produced
at WashU (Figure S1-1).
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Figure S1-1. Q20 read length distribution for all input reads.
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The Assembly Process

Reads were assembled using PCAP" with ~300 parallel PCAP jobs run on a cluster of
dual processor AMD Opteron blades (AMD, Sunnyvale, CA, USA) with 2-8 Gb RAM. In
addition to the CPUs mentioned above, some PCAP steps required high-memory
architecture (HP Itanium with 96+ Gb RAM). The chaff rate of the assembly was ~10%
(~2.7 M unplaced reads out of ~26.8 M raw input reads). The raw orangutan assembly
(v2.0) then underwent several additional steps of maturation including contamination
screening, small (<1 kb) contig removal, quality assessment and “A Golden Path” (AGP)
creation prior to final release (v2.0.2, a.k.a. ponAbe2).

Assembly Quality Assessment - Confirming Read Origin

To confirm the orangutan reads from BCM and WashU were generated from the same
individual (Susie), we checked the origin of reads underlying high quality discrepancy
sites within the assembly. High quality discrepancies are potential heterozygous SNPs
that occur in otherwise high quality sequence. As shown in Table S1-2, of the 1.4
million high quality discrepancies, 96% were supported by reads from both centers, with
the remainder likely due to areas of low coverage.

Table S1-2. High quality discrepancies and Center origin.

Type Number Percentage
BCM-only 28264 1.87
WashU-only 38214 2.53
Mixed 1441380 95.59

We then checked if reads from both Centers showed heterozygosity at the 1.4 M high
quality discrepancy sites, or whether the reads from WashU or BCM were biased for a
single allele. As depth increased (and thus greater opportunity to observe
heterozygosity) the percentage of sites with heterozygous read support from both
centers also increased (Figure S1-2). These data suggest the assembly represents the
genome of a single individual.

WWW.NATURE.COM/NATURE | 3
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Figure S1-2. High quality discrepancies appear in reads from both Centers.

Assembly Quality Assessment - Coverage

To assess coverage, we first looked for the presence of known orangutan mRNAs
within the assembly. A set of 4,667 P. abelii mMRNA sequences® were obtained from the
MIPs cDNA Consortium Group for this purpose
(http://mips.gsf.de/proj/cdna/Sites/PP_cDNA_Database.htm). Using BLAT? in
client/server mode with default parameters, an alignment to the genome was found for
4,661 of the 4,667 mMRNA sequences, with 95% of the 4,667 sequences aligning over
>=90% of their length and 98% aligning over >=80% of their length. We also searched
our set of 1,520,309 EST sequences obtained on the 454 platform (Supplemental
Section S5). Of those, 197,839 (8.7%) did not align to the reference (less the
mitochondrial sequence). As an additional estimate of the coverage, we downloaded
the UCSC orangutan/human alignments**® (ponAbe2.hg18.all.gz) and found that 93%
of the human genome was spanned by an alignment to the orangutan chromosomal
sequences. Using the reciprocal best alignments (furnished by B. Raney, UCSC) used
to generate our AGP files (see below), we obtained a more stringent estimate of 91%
coverage on the autosomes, 90% when including the sex chromosomes. Lastly, we
compared the assembly directly to finished BAC sequences to assess coverage and
additional quality metrics (see below).
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Assembly Quality Assessment — Comparison to Finished BACs

To assess the quality of the assembly we aligned the assembly to 83 finished CHORI-
276 BAC sequences, totaling 16.8 Mb (Table S1-3), using cross_match (P. Green,
unpublished). Note for a complete list of all finished CHORI-276 BACs generated by
WashU to date (564 BACs as of November 2009), use the search term: ‘Wilson

[LASTAU] and Pongo and "complete sequence™ at the NCBI website.

Table S1-3. Finished Pongo abelii BAC clones used for quality assessment.

Accession

Accession

Accession

9i]102140852|gb|AC186758.1|
0i|102140881|gb|AC186759.1|
gi|102140917|gb|AC186760.1|
0i|102140946|gb|AC186761.1|
gi|102140961|gb|AC186762.1|
0i|102140965|gb|AC186763.1|
0i|102140967|gb|AC186764.1|
0i|102140970|gb|AC186765.1|
0i|102140972|gb|AC186766.1|
0i|102140973|gb|AC186767.1|
0i|102140975|gb|AC186768.1|
gi|102140977|gb|AC186769.1|
0i|102140978|gb|AC186770.1|
gi|102140980|gb|AC186771.1|
0i|102140982|gb|AC186772.1|
gi|102140984|gb|AC186773.1|
0i|105578903|gb|AC187101.1|
gi|109716009|gb|AC188093.1|
0i|109716010|gb|AC188094.1|
gi|109716011|gb|AC188095.1|
0i|109716012|gb|AC188096.1|
gi|109716013|gb|AC188097.1|
gi|109716014|gb|AC188098.1|
0i|109716015|gb|AC188099.1|
gi|109716016|gb|AC188100.1|
0i|109716017|gb|AC188101.1|
gi|109716018|gb|AC188102.1|
qi|109716019|gb|AC188103.1]

9i|109716020|gb|AC188104.1|
gi|109716021|gb|AC188105.1]
gi|109716022|gb|AC188106.1|
0i|109716023|gb|AC188107.1]
gi|109716024|gb|AC188108.1|
0i|109716025|gb|AC188109.1|
gi|109716026|gb|AC188110.1]
0i|109716027|gb|AC188111.1]
0i|109716028|gb|AC187347.2]
gi|109716029|gb|AC188112.1]
gi|109716030|gb|AC188113.1]
gi|109716031|gb|AC188114.1|
0i|109716032|gb|AC188115.1]
gi|109716033|gb|AC188116.1]
gi|109716034|gb|AC187293.2]
gi|109716035|gb|AC188117.1]
0i|109716036|gb|AC188118.1|
gi|109716037|gb|AC187773.2|
gi|109809871|gb|AC188182.1|
gi|110005891|gb|AC188304.1|
gi|110005892|gb|AC188305.1|
gi|110005894|gb|AC188307.1]
gi|110005895|gb|AC188308.1|
0i|110431390|gb|AC144597.3|
gi|110556871|gb|AC187486.2|
gi|110556872|gb|AC188306.2]
gi|110556873|gb|AC188957.1]
qi|110612042|gb|AC189029.1]

gi|110624889|gb|AC189036.1
gi|110665861|gb|AC189101.1]
gi|111120377|gb|AC189854.1|
gi|111120378|gb|AC189855.1|
gi|111120379|gb|AC189856.1|
gi|111120381|gb|AC189857.1]
gi|112984641|gb|AC190145.1|
gi|112984643|gb|AC190146.1]
gi|112984658|gb|AC190154.1]
gi|113462168|gb|AC187292.2|
gi|113462169|gb|AC187771.2|
gi|113462170|gb|AC188394.3]
gi|113700380|gb|AC187575.2]
gi|113700381|gb|AC190402.1|
gi|113930804|gb|AC190147.2]
gi|113951820|gb|AC187359.3]
gi|113951821|gb|AC190417.1]
gi|114213541|gb|AC139624.3]
gi|114306982|gb|AC191227.1]
gi|114329111|gb|AC158413.3]
gi|114431279|gb|AC158698.3]
gi|114703465|gb|AC138727.3]
gi|115270990|gb|AC158414.3]
gi| 115292454 |gb|AC138733.3]
gi|115312374|gb|AC191648.1|
gi|94957697|gb|AC138730.4|

gi|94957698|gb|AC158416.3|

Of the 16.8 Mb of finished BAC sequence, 16.3 Mb (97%) were covered by

cross_match alignments with the orangutan assembly. These alignments revealed a
substitution rate of 9x10™ and an insertion/deletion (indel) rate of 2x10™. The
substitution rate is consistent with the heterozygosity rate, as determined by PCR-based
sequence sampling from Susie’s genomic template DNA 535,075 bases assayed; 32
heterozygous sites identified; 1 het site/1,096 bp or 9x10™). Compared to the
heterozygosity rate obtained for the chimpanzee named Clint at the time of the
chimpanzee genome project (89,444 bases assayed; 66 heterozygous sites identified; 1
het site/1355 bp or 7x10™), we obtained a notably higher heterozygosity rate for Susie.

We also investigated in further detail instances where two contigs or supercontigs
aligned to the same region of a finished BAC sequence, which is indicative of allelic
sites remaining separated in the assembly (see below). In terms of the structural
integrity of the assembly (the order and orientation of contigs) with respect to finished
BAC sequences, we noted some small supercontigs (most <5 kb) were not positioned
within larger supercontigs (<1 event per 100 kb). While these are not strictly errors, they
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do affect overall assembly statistics. There are also small, undetected overlaps (most
<1 kb) between consecutive contigs (~1.7 events per 100 kb), occasional local mis-
ordering of small contigs (~0.1 events per 100 kb), and small contigs incorrectly inserted
within larger supercontigs (~0.5 events per 100 kb). Overall, the rate of rearrangements
with respect to finished BACs was comparable to previous WGS assemblies.

Assembly Heterozygosity Validation — PCR of Selected Regions

From our comparisons to finished clones, we identified regions where two independent
supercontigs aligned to the identical region of a BAC sequence (putative allelic
supercontigs). We designed 13 PCR amplicons targeting four sample regions
containing 51 putative heterozygous SNPs, and we amplified and sequenced these
products from both genomic and cell-line template DNA. In summary, all variants
(where sequence quality allowed a call to be made) appeared to be from normal allelic
variation and we saw no differences based on DNA source (Table S1-4). One site (a T
at position 606 within Contig 22610.6) had insufficient sequence quality to make a
conclusive call.

Table S1-4. Assembly Heterozygosity Validation.

Project ID | PCR Product ID | Heterozygous Sites| Homozygous Sites Contigs tested
PPAA-C1 |PCR2g3 genomic Contig2244.35-38/ Contig22610.2-7
PPAA-C1 |PCR2c3 cell line
PPAA-C1  |PCR5g3 genomic
PPAA-C1 |PCR5c3 cell line
PPAA-C1 |PCR6g7 genomic
PPAA-C1 |PCR6c7 cell line
PPAA-C1 |PCR8g7 genomic
PPAA-C1 |PCR8c7 cell line
PPAA-C1 |PCRS8g10 genomic
PPAA-C1__ [PCRS8c10 cell line
PPAA-C2 |PCR1g2 genomic
PPAA-C2 [PCR1c2 cell line
PPAA-C2 |PCR5g6 genomic
PPAA-C2 [PCR5cS cell line
PPAA-C2 |PCRS8g10 genomic
PPAA-C2  [PCRS8c10 cell line
PPAA-C3 |PCR1g2 genomic
PPAA-C3 [PCR1c2 cell line
PPAA-C3 |PCR4g5 genomic
PPAA-C3 |PCR4cS5 cell line
PPAA-C3 |PCR8g9 genomic
PPAA-C3  |PCR8c9 cell line
PPAA-C4 |PCR1g2 genomic
PPAA-C4 [PCR1c2 cell line
PPAA-C4 |PCR4g6 genomic
PPAA-C4  [PCR4c6 cell line
* T at 606 in Contig22610.6

Contig168.55-59/ Contig34348.1-2

Contig168.79-84/ Contig32382.1-2

Contig353.61-64/ Contig71362.1
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Sequence Quality Assessment — Indels

Two sets of indels were investigated in the quality assessment phase of the project.
The first set was identified by a conservative ortholog calling pipeline prior to screening
for positive selection (Adam Siepel, personal communication and see below). The
second set was based on the application of the Neutral Indel Model” (Supplemental
Section S2).

The Ortholog Indel Set

We identified 3311 coding sequence indels that fell in regions of orthology between the
orangutan and human genomes (Adam Siepel personal communication). When
comparing this number to similar ortholog sets from the macaque or chimpanzee
assemblies (data not shown) only about half as many indels were identified. We then
investigated the reads underlying these genic indels to understand their origin by
several approaches.

First, we aligned our set of more than 1.5 million orangutan cDNA reads generated on
the 454 platform against the orangutan genome and retained the best in genome
alignment. Of the 3311 indels, 392 were covered by a cDNA alignment and 205 (52%)
of them were confirmed as correct in the assembly based on the data from the cDNA.

Further, we aligned 20x coverage next generation sequence data from a Bornean
orangutan (KB5404; Supplemental Section S4) against the assembly to identify reads
that may confirm the assembly sequence. Reads were aligned using Mag?, a tool that
does not allow for indels, and cross_match, one that does allow for indels. Of the 3311
indels, in 1242 cases there was a Bornean read which confirmed the Sumatran
sequence (spanned by at least 5 bases) indicating the existing orangutan consensus
may well be correct in these regions. In 529 cases, after low quality bases were trimmed
from the “end” of the short read, the Bornean read data confirmed the Sumatran
sequence (spanned by at least 5 bases). Finally, there were 497 of the indels that were
within 50 bases of the contig end, suggesting they are in regions of low quality
sequence. So, of the 3311, counting the above events uniquely, there are 2172 of the
indels which are either within 50 bp of a contig gap or there is a Bornean read spanning
the indel. Counting conservatively and using the 1242 where the entire Bornean read
aligned and suggested that the current Sumatran consensus is correct, that would leave
only 2,069 (3311-1242) possible indels which is more similar to the number found in
comparisons of the chimpanzee assembly with the higher quality human genome
(Adam Siepel personal communication).

Next generation sequence reads from KB5404 were also aligned using an alternative
alignment pipeline (Supplemental Section S2). Of the 3311 indels, 852 were identified
in the Bornean/Sumatran indel set defined by that analysis. The gap error rate based
on their overall analysis showed an error rate in the Sumatran assembly that is 0.99
errors per kb. Of these 852 indels, the Maq analysis described in the previous
paragraph identified 214 where there was a Bornean read aligned along its entire length
that spanned the position of the indel suggesting those regions of the Sumatran
sequence may be correct.

WWW.NATURE.COM/NATURE | 7
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Finally, we manually reviewed 2872 of the 3311 indel regions. We extracted 600 bases
surrounding the indel and incorporated the consensus sequence into CONSED®. We
then assembled the corresponding region from the human genome (Hs.36) as well as
the underlying ABI 3730 original orangutan data so the reviewer could view all relevant
data within CONSED. In 742 of the cases, the indel was confirmed by the underlying
raw orangutan data (meaning the current orangutan consensus sequence was validated
as true and thus there is no indel), but in 30 of those cases there were some reads that
also agreed with the human consensus in the region. In 1423 cases, all of the
underlying raw orangutan data were low quality and the orangutan consensus was
deemed incorrect. Finally, in 707 cases, no indel was identified; the orangutan and
human sequence agreed through the region.

Consensus Quality Analysis of the Ortholog Indel Set

We wanted to see whether the consensus quality values for the bases involved in the
indel regions was uniformly lower than the consensus quality of the sequence as a
whole. For the 3311 possible indel locations, we excised 150 bp flanking the indel base.
Of those, only 14% have an average consensus quality of 97 (the highest score
possible), and only 32% had an average consensus quality >90.

Figure S1-3 provides the consensus quality distribution for the WGS assemblies of the
orangutan, chimpanzee and macaque genomes PCAP assemblies.
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Figure S1-3. Macaque, chimpanzee and orangutan assembly consensus quality distributions.
The magenta curve in Figure S1-4 (OrangFrameShiftPoints) represents the quality of

the two bases immediately flanking the indel. Here it is evident that the bases involved
at indel sites are of lower quality in general.
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Figure S1-4. Indel sites are enriched in low consensus quality regions.

Read Depth Analysis of the Ortholog Indel Set

Low depth of coverage is directly related to low consensus quality and vice versa, i.e.
the lower the depth of underlying reads, the lower the consensus quality score will be.
We also examined depth of coverage in the indel regions (labeled “Read Depth
FrameShift” and depicted in red in Figure S1-5) and compared that with genome
average (labeled “Read Depth All” and depicted in green in Figure S1-5). From this
graph it is clear that the indel regions have lower depth of coverage in general and as
discussed above, manual review confirmed that many of these indels are close to the
end of contigs or in regions covered by a single reads.
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Figure S1-5. Read depth at indel sites compared to the assembly average.
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As a further step, we checked the raw, intermediate, and final released assemblies to
understand if the indels were introduced during merging of contigs or other
manipulations of the assembly. We found 584 of the indels were due to merging
neighboring contigs between v2.0 to v2.02 of the assembly accounting for 18% of the
total indels. This algorithmic issue has subsequently been addressed and will not
happen in subsequent assemblies.

Overall, the consensus quality score provided for each base of the orangutan
assembly should be used as a guide with respect to confidence in the quality of
any individual base.

Creation of Chromosomal AGP files

The assembly data were aligned against the human genome at UCSC (B. Raney)
utilizing BLASTZ” to align and score non-repetitive orangutan regions against repeat-
masked human sequence. Alignment chains differentiated between orthologous and
paralogous alignments® and only "reciprocal best" alignments were retained in the
alignment set. The orangutan AGP files were generated from these alignments in a
manner similar to that already described'®. Documented inversions based on primarily
on FISH data (Rocchi, personal communication) as well as inversions suggested by the
assembly and supported by additional mapping data (e.g. fosmid end sequences
against the human assembly, (Chen and Eichler, personal communication)) were
introduced, as was the separation of alignments to human chromosome 2 into
orangutan chromosomes 2A and 2B. Centromeres were placed based on their
localization relative to human based on FISH data (Rocchi, personal communication).
Lastly, 78 finished CHORI-276 BAC clones were integrated into the final chromosomal
sequences (after quality assessment, see below). Of the 3.09 Gb of total orangutan
genome sequence, 3.08 Gb are ordered and oriented along chromosomes with gap
sizes between supercontigs estimated based on their size in human.

The Relaxed Stringency Assembly (v2.2)

Due to concerns of over-aggressive separation of allelic copies of duplicate loci in the
v2.0.2 assembly (Evan Eichler, personal communication), we used a module of PCAP
(PCAP.poly) to generate a version of the assembly with relaxed merging stringency
(v2.2). In addition to having a lower rate of false-positive segmental duplications (Evan
Eichler, personal communication), the relaxed version showed greater contiguity and
scaffolding (Table S1-5). The ~4-fold increase in N50 scaffold length with relaxed
merging, without altering the underlying mate pair data, suggests the high
heterozygosity rate of the orangutan genome may have resulted in higher fragmentation
compared to the N50 scaffold statistics for other primate genomes. Also, a
reassessment of indels in the v2.2 assembly eliminated 40% of the previously observed
indels in orangutan-human orthologs. Future upgrades to the orangutan assembly will
take these factors into account.
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Table S1-5. N50 statistics for orangutan assemblies.

Contig Level Stats Scaffold Level Stats
Assembly Version N50 Length | NS0 Number | NSO Length | NSO Number
Raw Stringent Assembly (v2.0)] 12.9kb 69888 658kb 1180
Relaxed Assembly (v2.2) 18.3kb 48256 2.8mb 263
Released Assembly (v2.0.2) 15.5kb 55989 739kb 1031

Supplemental Section S2 — Indel Assessment With the Neutral Indel
Model

Fine scale accuracy of the Sumatran orangutan assembly was assessed by a new
method that analyses insertion and deletion (indel) positions in alignments with the
human genome assembly. The Neutral Indel Model” has recently been demonstrated
to partition aligned sequences into three types: neutrally evolved sequence, sequence
under purifying selection, and sequence containing clusters of spuriously inserted or
deleted nucleotides. The latter do not represent the true evolutionary imprint of
mutation, but rather are artifacts of the sequencing process. The Neutral Indel Model
predicts that numbers of short un-gapped alignment blocks outside of selected
sequence follow a geometric distribution. As assembly fidelity decreases, clusters of
indel mutations appear, often due to reduced read depth, which appear as an excess of
short un-gapped sequence blocks that depart from the geometric distribution.

For the alignment of Sumatran orangutan and human non-repetitive sequences, the
indel error rate was 0.99 per kb (95% c.i. = 0.98-1.00). As expected, errors cluster
predominantly in regions of low sequence coverage, and towards contig ends. lllumina
short reads derived from KB5404 (a Bornean individual with ~20x coverage;
Supplemental Section S4) were then used to simulate a Bornean orangutan genome
assembly, using the Sumatran assembly as a template’'. Where coverage by these
short reads was sufficient to call variants (80.3% of the genome), the inferred indel error
rate was reduced 4-fold to 0.25 per kb (95% c.i. = 0.24-0.26), whilst the inferred rate of
true neutral indels remained essentially unchanged. This demonstrates that mixing
capillary reads with next-generation short sequence reads provides an effective
approach to producing higher-fidelity genome sequences.

Supplemental Section S3 — Great Ape Divergence Estimate via WGS
Read Mapping

We aligned whole genome shotgun reads of human, chimpanzee, orangutan, gibbon
and macaque against human reference genome (Hs.35/hg17) to calculate the average
divergence/identity of each species against the human genome (Table S3-1). We used
windows of 5 kb of non-RepeatMasked, gap and duplication free sequence (PhredQ >
20, 27, 30, 30 and 27 for human, chimpanzee, orangutan, gibbon and macaque,
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respectively). We calculated the raw average percentage identity from WGS reads with
at least 200 bp of high quality bases. The calculation of percentage identity excludes
RepeatMasked bases and has been corrected by Kimura2. This divergence estimate,
based on the raw orangutan WGS reads, were consistent with our expectations, and
served to confirm species.

Table S3-1. Basic statistics of ape-human divergence (hg17).

AVERAGE % identity = MEDIAN % identity STD DEV

Human 0.99927 0.99951 0.00104
Chimpanzee 0.99061 0.99101 0.00313
Orangutan 0.97463 0.97500 0.00487
Gibbon 0.97130 0.97164 0.00512
Macaque 0.94996 0.95076 0.00919

If we assume 6 MYA as the speciation time for human and chimpanzee (divergence of
0.9 %), we can extrapolate that orangutan diverged 16.7 MYA, gibbon at 19.3 MYA and
macaque at 33.3 MYA. If we assume a divergence of macaque at 25 MYA (5%
divergence), we extrapolate that gibbon diverged 14.5, 12.5 for orangutan and 4.5 for
human/chimp. In light of the hominoid slowdown in substitution, these can serve as
upper and lower bound estimates.

We found that there is a 0.4% difference in divergence between the gibbon and
orangutan when compared to the human genome. So, assuming a constant molecular
clock, gibbons diverged ~2 (2.5) million years earlier than orangutans. However, the
distribution of sequence identity between the orangutan and gibbon genomes differs
significantly; i.e. both species did not share a common ancestor after divergence from
the human lineage (Figure S3-1).
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Figure S3-1. Select primate divergence histograms. Histogram of frequency of identities of human,
chimpanzee, orangutan, gibbon and macaque WGS reads mapped to the human reference genome in 5
kb windows. Data is shown capped at 10% for a better view of chimp, orangutan, gibbon and macaque.

Supplemental Section S4 — Short Read Sequencing

The orangutan population diversity survey utilized DNA from 5 Sumatran and 5 Bornean
wild-caught orangutans, provided by Dr. Oliver Ryder and the San Diego Zoo's Institute
for Conservation Research, San Diego, California. DNA from each orangutan was
individually fragmented and ligated with adapters suitable for PCR amplification and
sequencing on the lllumina GA/GAII platform in accordance with the manufacturer’s
protocols. For a thorough Bornean vs Sumatran comparison, one female Bornean
individual (KB5404) was selected for deep (20x) coverage, and the remaining
individuals were targeted for ~8x coverage (Table S4-1). A mix of paired end and
fragment reads (36 bp, 50 bp, and 75 bp read length) was used to reach coverage
targets. Pair spans for the 9 ~8x coverage individuals are approximately 180-280 bp.
Pair spans of 180-280 bp, 280-380 bp and 380-480 bp were used for KB5404. All reads
have been submitted to the NCBI Short Read Archive
(http://www.ncbi.nlm.nih.gov/sites/sra) and accession numbers are reported in the
associated file “orangutan_short_read_genome_sequence_accessions.xlIsx”.

Table S4-1. Next generation sequence data summary.

Sample ID [Studbook# | Name [Institution When Sampled; Local ID| Origin [Sex | Raw Data (Gb) [ Coverage (x) | Major Read Type
KB5404 590 Billy [Lincoln Park Zoo, Chicago; 000362 Borneo F 61 20.3 50 bp Paired Ends
KB5406 356 Dinah [Dallas Zoo; 001036 Borneo F 23 7.7 50 bp Paired Ends
KB5405 360 Dennis |Dallas Zoo; na Borneo M 26 8.7 75 bp Paired Ends
KB4204 364 Dolly [Dallas Zoo; 001041 Borneo M 25 8.3 50 bp Paired Ends
KB5543 990 Louis |Los Angeles Zoo; 001929 Borneo M 29 9.7 50 bp Paired Ends
SB550 53 Doris [San Diego Zoo; 148001 Sumatra F 21 7 50 bp Paired Ends
KB9528 732 Baldy [Sacramento Zoo; 100083 Sumatra M 28 9.3 50 bp Paired Ends
KB4361 1600 Likoe [Miami Metro Zoo; M00176 Sumatra F 21 7 50 bp Paired Ends
KB4661 695 Bubbles |San Diego Zoo; 177257 Sumatra M 20 6.7 50 bp Paired Ends
KB5883 550 Sibu |Atlanta Zoo; 681456 Sumatra M 25 8.3 50 bp Paired Ends

Supplemental Section S5 — The Orangutan Ensembl Gene Set

The orangutan gene set was produced by combining 3 transcript sets, each made using
a different technique. The primary transcript set consisted of ‘Targeted’ gene models'?
made from Genewise alignments of orangutan proteins. This was augmented with 2
transcript sets derived from human Ensembl transcripts aligned to the orangutan
assembly. The first of these used a whole genome alignment to project human Ensembl
transcripts on to orangutan. The second set consisted of human Ensembl translations
aligned to orangutan using Exonerate'®. The combination of approaches aimed to
maximise coverage of the genome and the use of human evidence.

The transcripts produced by the human alignments were combined to remove

redundancy. Where the different techniques had built conflicting models from the same
evidence, we used a transcript scoring method to identify consensus transcripts. EST
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and cDNA support was used to help inform the scoring. For each exon and intron we
calculated the score as the number features which matched exactly, over the total
number of overlapping features. Additional weight was given to cDNA and EST
evidence, which included human cDNAs and orangutan 454 reads provided by WashU
(see below). Finally, we gave an additional score to exons supported by WashU
lllumina data. The scores were summed over all exons and introns for each transcript,
and the highest scoring transcript at each locus was selected. The result was a set of
well-supported human transcripts aligned to orangutan, with one transcript per locus.

UTR addition was carried out on the three transcript sets; orangutan cDNAs were used
to add UTR to orangutan specific transcripts using the standard Ensembl methods.
Where transcripts were derived from human data, we used our transcript scoring
system to guide UTR addition, allowing UTR only where we had strong evidence. As a
result we were able to add UTR based on Orangutan ESTs, 454 alignments and human
cDNAs.

Finally the consensus human models were combined with Orangutan specific
transcripts and alternate isoforms to produce a finished protein coding gene set. This
was then scanned to identify potential pseudogenes. A second non-coding gene set
was also added using standard Ensembl methods. Information about the orangutan
gene set is available at: http://www.ensembl.org/Pongo_pygmaeus/Info/Index

Orangutan cDNA Data

In order to enhance in silico gene predictions, and create a resource for expression-
based studies, we generated cDNA data from multiple RNA sources. Using an oligo-
dT-based approach' cDNA libraries were created from two fibroblast cell lines (both
obtained from Coriell): 1) GM04272 — derived from a male Sumatran orangutan and 2)
PRO01109 — a cell line derived from Susie (the sequenced female Sumatran orangutan).
Both of these cDNA libraries were sequenced on the 454 FLX platform. In addition, in
collaboration with Svante Paabo’s lab (Janet Kelso, Kay Pruefer and Birgit Nickel), we
generated cDNA libraries from orangutan tissue-based RNA (brain, heart, kidney and
liver). These libraries were also sequenced on the 454 FLX platform. Lastly, the
PR01109 cDNA library was also sequenced on the lllumina GA platform (35 bp reads).

Table S5-1. cDNA data summary.

454 Data Raw Coverage (bp)
GM04272 (male, Sumatran cell line) 94943834
PR01109 (female, Sumatran cell line, aka Susie) 162879477
Brain tissue (male, Sumatran) 69791469
Heart tissue (female, Sumatran) 42771963
Kidney tissue (male, Sumatran) 50203738
Liver tissue (female, Sumatran) 63996094
Illumina Data Raw Coverage (b

PR01109 (female, Sumatran cell line, aka Susie) 821205824
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cDNA Data Access
All cDNA data was deposited in the NCBI Short Read Archive and accession numbers
are reported in the associated file “orangutan_cDNA_accessions.xIsx”.

Supplemental Section S6 — Ancestral Reconstruction

We partitioned the genomes of human, chimp and orangutan into 137 atoms in 100 kb
resolution. These atoms cover 94% of the human genome. By recovering the ancestral
order and orientation of these atoms using the genome reconstruction algorithm
CARs", we reconstructed the karyotype of the common ancestor of human, chimp and
orangutan, using rhesus, mouse and dog as outgroups (Figure S6-1 & Table S6-1). We
then performed a further analysis to reconstruct more detailed evolutionary operations.
We used an atom set from the Ensembl Enredo pipeline'® (provided by Ewan Birney’s
group) to further partition the genome at a higher resolution (5 kb minimum atom size).
In this analysis, we used rhesus as the sole outgroup with 6552 atoms at this level of
resolution. Note that this dataset contains duplications as well as large insertions and
deletions. These smaller atoms cover 91% of the human genome sequence. We then
ran our Reverse Evolution reconstruction algorithm'’ to reconstruct the evolutionary
operations, including rearrangements and duplications.

We inspected intervals around breakpoints, looking for genomic properties in the human
genome that might help explain why breaks occur at some positions but not others. We
used 20 kb intervals centered at each side of an atom where the breakpoint happened.
We compared the segmental duplications and repeats in these breakpoint regions with
genome-wide average. Our observations are summarized in Table S6-2.
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Outgroup Species
(Macaque, Dog, Mouse)
Hominidae Ancestor
Hominini Ancestor
40 Events >100 kb, 532 >5 kb
Orangutan Chimpanzee Human
I _

38 Events >100 kb, 861 >5 kb 45 Events >100 kb, 563 >5 kb 14 Events >100 kb, 706 >5 kb
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Figure S6-1. Reconstruction of the ancestral Hominidae genome. a, The karyotype
of the ancestral Hominidae genome is shown with the corresponding human
chromosome number indicated on the left of each block. Diagonal lines within each
block show the orientation and position in the human chromosome, highlighting the
intra-chromosomal rearrangements that occurred on the human branch. Blue tick marks
above the bars indicate human-specific breakpoints and red tick marks below the bars
show the human breakpoints that were confirmed only with the orangutan genome and
not more distantly related outgroup species (rhesus macaque, dog and mouse). b, The
number of rearrangements within a lineage is indicated at each node, with estimates
from both 100 kb and 5 kb resolution analyses. Overall, the orangutan genome
displayed fewer rearrangements at both levels of resolution. The figure also highlights a
50 Mb region of chromosome 5 subject to lineage-specific rearrangements
(hg18.chr5:86M-138M). In the detailed analysis using finer resolution atoms, the
reconstruction shows an inversion (hg18.chr5:98.9M-99.6M) occurred along the shared
human-chimp lineage after orangutan divergence, but before human-chimpanzee
divergence. This reconstruction also reflects other operations around the region. On the
chimpanzee lineage, part of this region (panTro2.chr5:19M-29M) was involved in the
pericentric inversion on chimpanzee chromosome 5 (panTro2.chr5:19M-97.5M).

Large-scale Detailed operations (>5k)
Branch breakpoints 2-breakpoint | 3-breakpoint
(>100 kb) operations operations
Hominidae Anc - Orangutan 38 823 38
Hominidae Anc - Hominini Anc 40 482 50
Hominini Anc - Chimpanzee 45 495 68
Hominini Anc - Human 14 566 140

Table S6-1: Summary of the number of large-scale breakpoints and the number of different types
of operations on each branch in the phylogenetic tree for human, chimp, and orangutan.

100 kb . Genome wide
. 5 kb resolution
resolution average
Repeats density (%) 49.67 47.15 48.58
Segmental duplication (%) 52.32 26.82 5.24

Table S6-2: Summary of the segmental duplication and repeats density in the breakpoint regions
in different resolutions. Repeats were identified with RepeatMasker, and segmental duplications were
obtained from UCSC Genome Browser segmental duplication track.
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Supplemental Section S7 — The Genomic Distribution of Genic
Evolution Rates

Summary

Our results support previous findings suggesting that rates of genic divergence strongly
depend on chromosomal location, which may have the implication of making adaptation
contingent on chromosomal location.
* There are very significant differences in rates of evolution in different parts of the
genome:
o Genes near telomeres tend to diverge faster than genes elsewhere in the
genome.
o Genes near centromeres tend to diverge slower than genes elsewhere in the
genome
o Genes in SDs and CNVs tend to present more divergence than genes in
single-copy regions.

Some, but not all, of these patterns can be explained by GC content.

* As previously demonstrated, in the human and chimpanzee lineages genes within
rearrangements tend to present lower divergence rates. The pattern is exactly the
opposite in the orangutan branch: genes within rearrangements diverge faster.

No evidence for chromosomal speciation in the great apes.

* The pattern above may seem suggestive of chromosomal speciation (since
chromosomal speciation theory predicts more divergence around rearrangements
that took part in speciation processes), but after appropriate testing, we find no
evidence supporting it.

Introduction

The fact that rates of divergence are not uniformly distributed in the genomes of
primates has raised considerable interest, since it may imply that rates and patterns of
adaptation and speciation depend contingent factors such as nucleotide composition
and the location of genes. The Sumatran orangutan (Pongo abelii) genome, together
with the available genome sequences of human, chimpanzee and macaque, provides
an opportunity to perform a complete analysis of rates of genic evolution all over the
genomic landscape of the great apes. In particular, we investigated how rates of
evolution are affected by the location of genes in centromeres, telomeres, structural
variants and chromosomal rearrangements.

Results
Rates of genic evolution in major genomic regions

Examining any divergence measure along a chromosome unveils considerable
heterogeneity, even when binning the chromosome in large 5 Mb windows (an example
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can be found in Figure 1, Appendix 1; see files
S7_Appendix1a_chr1_dSorang_humanCoordinates.xls and
S7_Appendix1b_chr1_dSorang_orangCoordinates.xls), so it makes sense to examine
major regions separately.

We first examined rates of divergence in telomeres and centromeres from the human
and orangutan viewpoints. Full results can be found in Supp. Tables 1-4 (Appendix 2;
see file S7_Appendix2_Overall_Tables.xls). Genes close to telomeres tend to present
faster rates of divergence than genes elsewhere in the genome, while divergence tends
to be slower for genes close to centromeres. Telomeric trends are the strongest and
can affect rates of protein evolution (as measured by w). Thus, rates of protein evolution
are not independent of the location of genes across the genome. The trend observed in
telomeres is explained by increased GC content (Appendix 4, Supp. Tables 16-18; see
file S7_Appendix4_GCcontent.xIs). Lower divergence in centromeres, even if weaker,
cannot be explained by nucleotide composition, since they genes close to centromeres
also have a higher than average GC content. Their lower divergence is probably linked
to lower rates of recombination in these regions.

Structural Variation has been shown to affect rates of evolution; with duplicated genes
presenting faster rates'®'®. After removing genes in telomeres and centromeres
(Appendix 2, Supp. Table 5; see file S7_Appendix2_Overall_Tables.xls) we can see
that rates of divergence tend to be faster for genes overlapping SDs and CNVs, the only
exception seems to be a marginally significant reduction of rates of protein evolution in
the orangutan branch, probably caused by a very large increase in dS for that branch.
Results are similar when analyzing separately SDs and CNVs (not shown).

Finally, we analyzed rates of divergence in major chromosomal rearrangements. Supp.
Tables 6 and 7 (see file S7_Appendix2_Overall_Tables.xls) contain the results of the
overall analysis. After removing all factors studied above, genes within rearrangements
present significantly lower synonymous (dS) and intronic (ki) diverge than genes outside
them, which is consistent with the latest findings for the human and chimpanzee
lineages?. In Supp. Tables 8 and 9 (see file S7_Appendix2_Overall_Tables.xls),
divergence rates are examined for each branch. There is a major difference between
the orangutan branch and the rest. While genes within CRs in the human and
chimpanzee branch tend to diverge less than genes elsewhere in the genome, as has
been shown before?®, genes within orangutan rearrangements seem to evolve faster,
just as predicted by extant models of chromosomal speciation?”.

To ascertain the causes of this pattern, we performed an analysis of rearrangement
breakpoints (Supp. Table 10; see file S7_Appendix2_Overall_Tables.xls) on the basis
that any effects of rearrangements mediated by recombination have been predicted to
be stronger there®®?!. Results were inconclusive due to lack of statistical power: the
number of genes located close to each individual breakpoint is too small to allow for
significant results. To settle the issue, we performed a chromosome-per-chromosome
analysis for the rearrangements in the hominid and the orangutan branches (Supp.
Tables 11-14; see file S7_Appendix3_Per_Chr_Tables.xIs). The overall effect of

WWW.NATURE.COM/NATURE | 19



doi:10.1038/nature09687 AT\ E N SUPPLEMENTARY INFORMATION

accelerated evolution within orangutan rearrangements is due to genes in chromosome
3. Table 12 shows that rapid divergence of the genes within that rearrangement is not
exclusive of the orangutan or hominid lineage, but is also present in chimpanzees and,
thus, it seems unlikely to be related to the orangutan speciation. In addition, we checked
divergence in the outgroup branch leading to the macaque and found that dN and w
were higher for these genes even before the origin of the rearrangement in
chromosome 3 (dN, 0.014 within the rearrangement vs. 0.008 outside, p-value < 10™; w,
129 vs. 133, p-value < 10#). Therefore, evidence does not sustain the hypothesis that
chr3 took part in a chromosomal speciation process.

Methods
Genomic features

Centromere and telomere coordinates for human and orangutan were retrieved from
UCSC. Genes were classified in three categories; pericentromeric (within 5 Mb of
centromeres), (sub)telomeric (within 10 Mb of the tips of chromosomes), and rest. The
coordinates of human structural variants (SV), including segmental duplications (SDs)
and copy number variants (CNVs) were downloaded from:
http://eichlerlab.gs.washington.edu/database.html and http://projects.tcag.ca/variation/,
respectively, while chimpanzee and orangutan SV coordinates were obtained through
computational and experimental work carried-out in A. Navarro's and E. Eichler's
laboratories. Genes were classified according to their overlap with any known SVs in
these species as genes overlapping structural variants (SVs) or genes single copy
regions (SCRs).

The coordinates of large chromosomal rearrangements (CRs) and their breakpoints
were cytogenetically determined based on FISH-BAC experiments performed in M.
Rocchi’s laboratory (see below). CRs were classified according to the five branches of
the phylogenetic tree we were studying: Human (H), Chimpanzee (C), Gorilla (G),
Orangutan (O), Human-chimpanzee ancestor (HC) and Human-Chimpanzee-Gorilla
ancestor (HCG). Coordinates of CRs in the human and chimpanzee branches were
refined with data from the literature??2*242°26.27.28  pAdditionally, we used and ad-hoc
procedure based on gene position to identify new rearrangements and to confirm and
refine breakpoint coordinates. Annotated genes were classified, in every particular
branch, as rearranged (REA) or collinear (COL) according to their location inside or
outside chromosomal regions that rearranged in that branch. In addition, genes within 1
Mb from regions containing rearrangement breakpoints were labelled accordingly
(Break).

Rates of divergence
For annotated genes, coding region divergence was estimated based on non-
synonymous substitutions (dN), synonymous substitutions (dS) and their ratio (w) for

each branch (H, C, HC, HCO, O), using the codem/ program in PAML?. Estimates were
obtained assuming a free-rate branch model and the GTR model of nucleotide
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substitution. We used the same alignments and the same species requirements as the
positive selection analysis. Mean intronic divergence per intron, Ki, was estimated for
every branch using baseml, also in PAML?. For each gene, Ki was estimated as the
weighted average of its introns. Here, we used the same set of alignments that was
used for detection of the action of positive selection in introns. Different filters were
subsequently applied to exclude false orthologies. After estimating Mean, Median (Md)
and Standard Deviations (SD) for dN, dS and Ki in every branch, we filtered out, per
branch and per variable, any values that are above the median plus two standard
deviations and the corresponding omega values. In addition, w values were filtered out
for genes with dS<0.001 or set to zero for genes with dS>=0.001 and dN=0.
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Supplemental Section S8 — Cytogenetic Characterization

Note: To simplify the orangutan-human comparison, we used phylogenetic
nomenclature, but with Arabic figures instead of Latin figures.

Synteny Organization

A detailed characterization of the synteny organization of the orangutan genome with
respect to the human genome was obtained by Fluorescence In Situ Hybridization
(FISH) of ~470 human BAC-based probes to orangutan (Pongo abelii) metaphases. A
full understanding of synteny organization illuminated the cascade of rearrangements
that each chromosome underwent since the divergence of the great apes from a
common Hominiod ancestor. This comparison is crucial to determine the origin of
lineage-specific rearrangements within the Hominoidea. The synteny organization of
the orangutan genome, compared to the human genome, is presented at
http://www.biologia.uniba.it/orang (username: pongo, password: pygmaeusz2).

The borders of each synteny segment were defined by a split signal from a single BAC
probe or by two overlapping BACs spanning each breakpoint. Many breakpoints were
further validated by using orangutan BAC clones (CHORI-253 library) hybridized to
human metaphases. Candidate BACs were also identified during the assembly process
(L. Hillier, personal communication). For a detailed description of this molecular
cytogenetic approach see Stanyon et al. 2008%.

Synteny Lineage Tracking

The flow of chromosomal rearrangements from the Hominoid ancestor to orangutans
and humans is graphically illustrated at the bottom of each chromosome-specific web
page (http://www.biologia.uniba.it/orang; username: pongo, password: pygmaeus?2).
The flow of rearrangements, inversions in particular, are also important to validate the
reciprocal orientation of the synteny segments. Note that chromosome 3 of the
Sumatran orangutan (Pongo abelii) is derivative with respect to the Bornean orangutan
(Pongo pygmaeus) (see www.biologia.uniba.it/orang/PPY/PPY _03.html and Figure S8-

1).
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Figure S8-1. Large-scale evolution of chromosome 3 in select Hominoidea. Depicted is the
cascade of large-scale rearrangements of chromosome 3 descending from a common hominoid ancestor
(ANC). Note that evolutionary synteny blocks are numbered according to their position in the ancestor.
Human (Homo sapiens) is designated HSA, The Bornean orangutan (Pongo pygmaeus) is designated
PPYB, the Sumatran orangutan (Pongo abelii) is designated PPYs.

Isolating The Chromosome 3 Inversion Differentiating Bornean and Sumatran
Orangutans

The Sumatran orangutan differs from the Bornean orangutan by a pericentric inversion
of chromosome 3 (shown below, and also see Figure S8-1). FISH mapping of human
BAC clones from the area syntenic to the breakpoint identified a breakpoint-spanning
clone (RP11-732C9; Figure S4-2)
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RP11-732C9
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HSA3 PPY3(B) PPY3(S)

Figure S8-2. Isolating the inversion breakpoint. Metaphase chromosome 3 from a human (HSA3), a
Bornean orangutan (PPY3(B)) and a Sumatran orangutan (PPY3(S)), hybridized with human BAC RP11-
732C9 (hg18.chr3:12,441,757-12,649,037). Note the split of the BAC probe signal in the Sumatran
orangutan indicating this clone crosses the inversion breakpoint.

The Orangutan Neocentromere

In 1976, a putative pericentric inversion of orangutan chromosome 12 was identified,
heterozygous in both Sumatran and Bornean orangutan populations®'. Susie proved
homozygous for the more common ancestral form of chromosome 12 (data not shown);
therefore, we studied a heterozygous individual (a Sumatran male) with the intent of
refining the inversion breakpoints. Surprisingly, the “inverted” chromosome showed no
difference in marker order with respect to the ancestral configuration, yet the position of
the centromere had changed (Figure S8-3A). From Figure S8-3A, the clone names of
the BAC probes used and corresponding human genome coordinates are as follows:
yellow - RP11-1217 (hg18.chr12:28,168,830-28,312,751); blue - RP11-80123
(hg18.chr12:41,090,617-41,278,100); green - RP11-10010 (hg18.chr12:71,906,687-
72,062,213); red - RP11-20L19 (hg18.chr12:89,601,022-89,774,035). The functionality
of this neocentromere was confirmed with ChlP-on-chip analysis (see below).

WWW.NATURE.COM/NATURE | 24



doi:10.1038/nature09687 AT\ W SUPPLEMENTARY INFORMATION

A)

W Ml WA o e
| “Whmwmm i

Repeating elements with RepeatMasker

SINE L RNERLI TR W R LR L IIIlII[I L L \IIIII IIIII
| USRI AT |
I

e Il IIII [ LLIRUINY
1 LI TR 1T TR 1 )
IIII]I‘II IIII I lIIIl‘ i

I | [
ul
n

une - WINIEI I Illll IIIIIIIIII IIIII l l Ll
R I 1

| [
1
I

| | |

DNA I 1|

TN O T T T T R T A Y

IERE IR R e wvmnnmmme

RNA | |
Other
Unknown

Simple |11
Low Complexity ||l|
Satellite

I i I Il
1l I'l il II ‘lllllll LU UL U e

01 mn |
Un IIIIII (0 T IO U it
I

Figure S8-3. A polymorphic neocentromere of chromosome 12 in the orangutan population. a,
Note the identical order of BAC FISH probes between the “normal” (left) and “inverted” (right)
configuration of orangutan chromosome 12, despite the contrasting centromere positions, indicated by
arrows. b, ChiP-on-chip analysis delineated the CENP-A (red track) and CENP-C (green track) binding
domains, indicating the neocentromere is functional. The y-axis of each SignalMap (NimbleGen Systems
Inc.) view represents the log2 fluoresence intensity ratio of immunoprecipitated DNA with respect to
controls. The x-axis indicates position along orangutan chromosome 12. The shaded area highlights the
CENP-A and CENP-C co-localizing domains. Note the lack of satellite sequence in this region identified
by RepeatMasker (adapted from the UCSC Genome Browser).
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Functional Characterization of the Neocentromere

To further refine the location of the neocentromere, and confirm its functionality, we
investigated by ChlP-on-chip analysis (see Figure S8-3B). Experiments were performed
using two rabbit polyclonal antibodies directed against CENP-A or CENP-C human
centromeric proteins. These DNA binding-proteins are required for kinetochore function
and are exclusively targeted to functional centromeres (reviewed in Carroll and Straight
200632). Thus, the immunoprecipitation of the DNA bound to these proteins allows the
isolation of centromeric sequences, including those of the orangutan neocentromere.
Immunoprecipitated DNA from an individual baring the neocentromere was amplified
and hybridized to a NimbleGen custom oligo array with an average resolution of 1 oligo
per ~100 bp across a ~74 Mb interval of the assembly (v2.0.2, a.k.a. ponAbe2)
encompassing the neocentromere. A solitary peak was identified for both CENP-A and
CENP-C, using very stringent conditions (98th percentile threshold and P<0.0001).

Methods for ChIP-on-chip analysis

To identify the sequences bound by CENP-A, native chromatin immune-precipitation (N-
ChIP) analysis was performed, as previously described®. Briefly: lymphoblastoid cells
derived from the father were processed and the native chromatin was prepared by
nuclease digestion of cell nuclei, then the immunoprecipitation was performed using
polyclonal antibodies against the centromeric protein CENP-A and CENP-C.
Crosslinked chromatin immune-precipitation (X-ChlP) analysis, as previously
described®, was performed to identify the sequences bound by CENP-A/C. Briefly: cells
were crosslinked in situ by adding formaldehyde to a 1% final concentration directly to
the culture medium and chromatin was immunoprecipitated with an anti-CENP-A and
anti-CENP-C polyclonal antibodies™. In both methods, purified DNA fragments were
amplified using the Whole Genome Amplification kit (Sigma-Aldrich, St.Louis, USA).
The enrichment of ChlP DNA before and after amplification was validated by Real-Time
PCR (Figure S8-4).

The labeled ChIP and total DNAs were co-hybridized to a NimbleGene custom oligo
tiling array, which has an average resolution of 100 bp. The oligos were designed on the
masked orangutan assembly (v2.0.2), and covered the region chr12:58,836,844-
132,289,483. DNA binding peaks were identified by using the statistical model and
methodology described at:
http://chipanalysis.genomecenter.ucdavis.edu/cgibin/tamalpais.cgi®.
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Supplemental Figure S8-4. Validation of ChIP enrichments by Real-Time PCR. Real-Time PCR
products show enrichment of chromosome 12 orangutan DNA from the neocentromeric region
immunoprecipitated with anti-CENP-A or anti-CENP-C antibodies before and after WGA amplification.
Fold enrichment of the indicated sample was calculated as the ratio between the immunoprecipitated and
the input DNA. The enrichment was evaluated in two regions inside the CENP-A/CENP-C domain
(orangutan chr12:85,251,142-85,251,226 and chr12:85,315,599-85,315,707) and in two regions outside
the domain (orangutan chr12:84,530,14484,530,236 and chr12:86,110,873-86,110,962). Results were
averaged among three independent ChIP experiments.

Lack of Orangutan Chromosome 12 Alphoid Sequences

Discovery of the polymorphic neocentromere raised the question of the distribution of
alphoid sequences in the orangutan genome, specifically concerning chromosome 12.
We addressed this using FISH with a pancentromeric alphoid probe and in situ oligo-
primed synthesis(PRINS)*’ to characterize and quantify alphoid sequences in the
orangutan genome. Interestingly, chromosome 12 was the only chromosome that
repeatedly failed to show any detectable alphoid signal, suggesting an unusual
reduction of the alphoid array (Figure S8-5). Unequal crossing-over can drive expansion
and contraction of satellite DNA arrays>®. It can be hypothesized that the extreme
contraction, by unequal crossing-over, could have played a role on the repositioning
event.
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Supplemental Figure S8-5. Lack of alphoid FISH signal on orangutan chromosome 12. FISH with
alphoid clone aTLp on a Pongo pygmaeus metaphase spread shows a consistent lack of signal on
chromosome 12 (arrows).

Supplemental Section S9 — High-copy Repeat Assessment

Methods

BLASTZ generated human-orangutan chains were downloaded from UCSC
(http://genome.ucsc.edu) and analyzed for the presence of orangutan-lineage specific
L1 and Alu insertions.

PCR amplifications were performed in 25 ul reactions containing 15-50 ng of template
DNA; 200 nM of each oligonucleotide primer; 1.5 (full-length L1 and SVA analyses) to
2.0 mM (all other L1 and Alu element analyses) MgCl,, 10x PCR buffer (50 mM KCI; 10
mM TrisHCI, pH 8.4); 0.2 mM dNTPs; and 1-2 U Taq DNA polymerase. Primer
sequences and PCR conditions can be found at http://batzerlab.lsu.edu. Due to the
large insertion size for most L1 and SVA elements, a second (internal) PCR with one
primer residing within the retrotranspsoson insertion was required to verify insertion
presence/absence. In addition, for some PCR reactions 0.125 ul T4 Gene 32 Protein
(#MO300L, New England Biolabs) was added to the reagent mix to enhance the yield of
the PCR amplification.

PCR reactions were performed under the following conditions: initial denaturation at
94°C for 90 sec, followed by 32 cycles of denaturation at 94°C for 20 sec, 20 sec at
primer annealing temperature (specific to each primer combination, see primer list for
specifics at http://batzerlab.lsu.edu), extension at 72°C for 30 to 60 sec depending on
the predicted PCR amplicon size. PCRs were terminated with a final extension at 72°C
for 3 min. 20 ul of each PCR product were fractionated in a horizontal gel chamber on a

WWW.NATURE.COM/NATURE | 28



doi:10.1038/nature09687 AT\ E N SUPPLEMENTARY INFORMATION

2% agarose gel containing 0.1 ug/ml ethidium bromide for 50-60 minutes at 175V. UV-
fluorescence was used to visualize the DNA fragments.

Allele-Specific Alu PCR (ASAP) is a technique designed to selectively amplify Alu
insertions from a primate genomic DNA sample of interest***°. The elements retrieved
are sequenced along with some unique flanking sequence and then compared to the
reference genome. Alu elements recovered using ASAP that are absent from the
reference genome are considered novel insertion polymorphisms. This approach has
been successfully utilized in primate studies to identify young Alu insertions that were
undetected in the reference genome39 or from primate species without a reference
genome‘“. We designed PCR primers to target two of the youngest orangutan-lineage
specific Alu subfamilies with indication of recent retrotransposition activity (polymorphic
insertions) in both Sumatran and Bornean orangutans to identify putative novel
insertions undetected in the draft reference sequence.

Results

We investigated the mobile element composition of the orangutan draft genome
sequence (ponAbe2). With approximately half of the orangutan genome occupied by
repetitive sequences, the orangutan has a comparable mobile element content
compared to the other three primate genome sequence assemblies completed to date:
human, chimpanzee, and rhesus macaque'®*?**. As with other primate genomes, there
is no evidence of DNA transposon mobilization activity. We also investigated the
endogenous retrovirus (ERV) composition of the P. pygmaeus abelii draft genome
sequence. Similar to other primate genomes*?, about 8% of the P. pygmaeus abelii
draft genome sequence can be attributed to endogenous retroviruses. Endogenous
retroviruses fall into the group of Class | elements and are Long Terminal Repeat (LTR)-
retrotransposons. We found evidence for orangutan-lineage specific expansion of
HERV-E (Human ERV-E). However, we did not recover any recent ERV insertions with
less than 2% divergence from the consensus sequence indicating that ERVs may no
longer be actively mobilizing in orangutans. In addition, we were unable to identify
evidence of lineage-specific retroviral invasions into the P. pygmaeus abelii draft
genome sequence. Consequently, no orangutan-lineage specific endogenous
retrovirus subfamilies were identified.

The non-LTR retrotransposons are also class | elements. Non-LTR retrotransposons —
currently ongoing retrotransposition in great ape genomes — are the autonomous Long
INterspersed Elements (LINEs) and the non-autonomous Alu elements — a primate
specific family of Short INterspersed Elements (SINEs) — and SVAs — a composite
mobile element containing three subcomponents: SINE-R /VNTR (Variable Number of
Tandem Repeats)/ and an Alu-like region'®*** A full-length LINE (L1) is about 6 kb
long and encodes two Open Reading Frames (ORFs). Just a small fraction of full-
length L1s are capable of retrotransposition due to inactivating point mutations within
the ORFs. In addition, the majority of L1s are 5§’ truncated upon insertion into primate
genomes. L1 is also responsible for the insertion of its non-autonomous counterparts,
SVA and Alu elements. Although the identification of active Alu elements is far less well
understood than for L1, recent research into human Alu mobilization has identified
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several factors that alter the retrotransposition activity of Alu elements. These include
polyA-tail length, nucleotide substitutions within the polyA-tail, distance of pollll TTTT
termination signal from the end of an Alu element, sequence variation from the
consensus sequence of a currently active subfamily, and the interaction ability of
SRP9/14 to build RNA/protein complexes 4°46:4748:49,

Our initial analysis of the orangutan draft genome sequence (ponAbe2) queried a
BLASTZ generated orangutan-human chain for retrotransposon insertions in the
orangutan draft assembly. This method revealed that L1 elements are still very active in
orangutan with over 4700 lineage specific insertions. Using the same approach, we
retrieved only about 200 Alu elements. This was in sharp contrast to analyses of the
human and chimpanzee genomes in which previously approximately 5,000 and 2,300
lineage specific Alu insertions were identified, respectively’®*?. The orangutan estimate
was believed to be potentially somewhat of an underestimate as some sections were
not included in the stringent BLASTZ chains. Therefore, we performed a comparison of
recent lineage-specific Alu insertions (less than 2% diverged from their respective
consensus sequences) with the BLASTZ generated chain and showed that most of the
very youngest insertions (41 out of 45) were overlooked using the BLASTZ approach.
Consequently, we searched the orangutan genome draft sequence for the presence of
all Alu insertions that corresponded to an indel in the human genome [hg36.2]. Using
this approach we identified 248 orangutan lineage-specific Alu insertions. Thus, we
estimate that the orangutan draft genome contains approximately 250 lineage-specific
Alu insertions.

In addition to the computational approaches described above, evidence of a low
retrotransposition rate of Alu insertions in the orangutan genome was further supported
by wet bench experimentation. First, we used polymerase chain reaction (PCR) to test
all young looking Alu candidate loci on a phylogenetic DNA panel including 7 orangutan
individuals (5 Sumatran and 2 Bornean) and 9 other primate species (Table S9-1). Only
a small fraction (30%; 13 of 44) were shown to be polymorphic within Sumatran and
Bornean orangutans. The fixation of the majority of Alu insertions provides strong
evidence that even the youngest appearing elements identified in the orangutan draft
genome, inserted before the divergence of Bornean and Sumatran orangutans and thus
Alu elements have been relatively inactive.

Next, we implemented a display-based PCR strategy termed Allele-Specific Alu PCR
(ASAP)* using two orangutan lineage specific Alu subfamilies. Using this approach we
identified 167 subfamily specific Alu insertions from the genome of a Bornean orangutan
(AG05252, Coriell Cell Repositories). Only one of the 167 was not found in the
reference genome of “Susie” (PR01109) and this was due to a region of N's in the
assembly proximal to the insertion site. In addition, of the 167 elements retrieved by
ASAP, many were identified anywhere from 3 to 17 times each. In other words, we were
detecting the same young Alu insertions over and over again, further supporting a low
retrotransposition rate and low copy number of young Alu insertions in the orangutan
lineage.
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Table S9-1
Species Names Common Names Origin |ID number
1 |Homo Sapiens Human ATCC [HelLa CCL-2
2 |Pan paniscus Bonobo IPBIR |PR00661
3 |Pan troglodytes Common Chimpanzee [IPBIR [NS06006
4 |Gorilla gorilla Lowland gorilla Coriell® [AG05251
5 |Pongo pygmaeus pygmaeus Bornean orangutan SDFZ® |0R315
6 |Pongo pygmaeus pygmaeus Bornean orangutan Coriell® |AG05252A
7 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell® |GM06213A
8 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell® |GM04272A
9 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell® [NG12256
10 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell® [NG06209
11 |Pongo pygmaeus abelii Sumatran orangutan |SDFZ® |OR823
12 |Hylobates syndactylus syndactylus |Siamang IPBIR |PR00598
13 |Hylobates syndactylus syndactylus |Siamang SDFZ® |KB11539
14 |Hylobates lar white-handed gibbon |IPBIR [PR00715
15 |Hylobates gabriellae red-cheeked gibbon  |IPBIR [PR00652
16 |Chlorocebus aethiops African Green Monkey |ATCC |CCL70
17 |Macaca mulatta Rhesus Macaque Coriell® |[NG07109

ATCC: From celllines provided by the American Type Culture Collection
IPBIR: Integrated Primate Biomaterials and Information Resource
a Coriell Institute for Medical Research, 403 Haddon Avenue, Camden, NJ
b San Diego Frozen Zoo,
Conservation and Research for Endangered Species (CRES)

Supplemental Section S10 — Processed Pseudogene Formation

Processed pseudogenes, or retrocopies, represent the vast majority of pseudogenes in
mammalian genomes and derive from mRNAs that are reverse-transcribed into cDNA
and then inserted into the genome®*°!. We assessed the rate of retrocopy formation on
each branch of the phylogeny composed by human, chimp, orangutan, and rhesus
macaque (Figure S10-1). Because of the retrotransposition process, in most cases
gene retrocopies inserted in the genome lack introns that are present in their parent
genes®’. Our method to identified retrocopies relied on this structural difference with
parent genes, as has been previously applied to several genome-wide studies®**?,

We initially retrieved coding sequences corresponding to 9,743 one-to-one orthologous
genes shared by these species; this data set was chosen in order to correct for
differences in the number of annotated genes from different genomes. In addition, the
lack of duplicated genes in this dataset made the identification of pseudogenes more
straightforward. Orthologs with no introns in their coding region were excluded from the
analysis, as it would be not possible to infer whether copies of these genes were
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generated by retrotransposition or DNA duplication given the method used. The final
gene set included 8,701 one-to-one orthologs.

For each genome, the species-specific set of coding nucleotide sequences was used as
query in a BLASTn®* search against the respective genome assembly. Every blast hit
with at least 70% identity and 70% coverage (length) compared to the query was
retrieved. We verified that these hits were overlapping two or more exons of the original
queries, thus representing bona fide retrocopies, by using BLAT to search against the
genome assemblies at the UCSC Genome Browser (http://genome.ucsc.edu/) and
inspecting the match with the parent gene. Intronless pseudogenes that appeared to
have originated via DNA duplication of existing processed pseudogenes were also
removed.

Finally, each retrocopy was assigned to a specific branch in the four species phylogeny
by using synteny information retrieved from the UCSC Genome Browser
(http://genome.ucsc.edu/) (Figure S10-1). We considered genome position information
from human, chimp, orangutan, and macaque. For instance, retrocopies generated in
the human lineage only were required to be absent in the orthologous genomic position
in chimp, orangutan, and macaque. Similarly, processed pseudogenes present in the
orangutan genome but not in the other three primate genomes were assigned to the
orangutan branch of the phylogenetic tree. While it is possible that the number of
retrocopies specific to the rhesus macaque was slightly overestimated because of
possible losses of some of them in the common ancestor of human, chimp, and
orangutan—and vice versa—it is unlikely that our estimates along the hominid branches
were significantly affected, as this would require losses in several lineages.

WWW.NATURE.COM/NATURE | 32



doi:10.1038/nature09687 N F\E N SUPPLEMENTARY INFORMATION

48/38
HUMAN
94/61
337/193 CHIMP
151/97
ORANG
646/247
MACAQUE
| | |
| | [
24 13 6 Mya

Figure S10-1. Rate of retrocopies formation in hominids and macaque. Retrocopies were obtained
using genes with more than one coding exon as queries for similarity searches against the genome
sequence of each species. To normalize for different gene content of different genomes, only 1-to-1
orthologs were used as queries. Intronless sequences with more than 80% identity over more than 70%
of the length of queries were counted as retrocopies. Lineage-specific copies were inferred from this
dataset using syntenic information (Blastz alignments) available at the UCSC Genome Browser
(http://genome.ucsc.edu/).Green: number of retrocopies. Red: number of parent genes. Orange:
retrocopies generated per Mya. Age of divergence among lineages is indicated.

Supplemental Section S11 — Segmental Duplications and Structural
Variation

Assessment of Orangutan Segmental Duplications

Two different methods were used to detect genome duplications in the orangutan
assembly; one dependent on the assembly itself (WGAC) and one based on an
assessment of excess depth-of-coverage of whole-genome shotgun sequence data
(WSSD). The BLAST-based whole genome assembly comparison (WGAC) method
was used to identify pairwise alignments representing >1 kb and >90% identity®>. As
larger, high-identity duplications (>94%) are frequently collapsed within working draft
sequence assemblies, we compared these assembly-based results to whole genome
shotgun sequence detection (WSSD) database of orangutan segmental duplications®.
The WSSD approach identifies regions >10 kb in length with a significant excess of
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high-quality WGS read depth within overlapping 5 kb windows. WSSD analysis was
based mapping 25,514,441 orangutan WGS reads back to the assembly. The reads
were mapped based on the following criteria (>94% sequence identity; >200 bp non-
RepeatMasked bp and at least 200 bp of PhredQ > 30).

In the analysis of the released assembly (v2.0.2.) a total of 349.65 Mb (12.8%) of non-
redundant sequence was detected by the BLAST-based WGAC (assembly dependent)
method (>1 kb and >90% sequence identity). Of that sequence, 159.45 Mb (6.7%) were
found within the autosomes and sex chromosomes (the remaining 190.2 Mb were
localized to chromosomal random bins and unplaced contigs (chrUn)). More non-
redundant duplication basepairs were mapped to intrachromosomal duplications (284
Mb intra vs. 200 Mb interchromosomal). A total of 194.62 Mb (7.1%) of duplicated
sequences (>94%; >10 kb) were predicted based on WSSD analysis (assembly
independent method). Only 54.42 Mb (2.3%) are in autosomes and sex chromosomes
while 135.18 Mb are in Chromosome Random and unplaced contigs (chrUn). Only 31%
(110 Mb/350 Mb) of the duplications detected by assembly methods (WGAC) were
supported by WSSD.

Given the low concordance (31%) of duplication estimates based on WGAC and WSSD
analysis of v2.0.2 we also analyzed a “relaxed stringency” version of the assembly (see
Supplemental Section S1, v2.2). We found that this version has a significant reduction
of total WGAC pairs (from 152,443 to 104,533), especially the interchromosomal WGAC
pairs (Table S11-1), and the identity distribution showed a significant reduction of high-
identity WGAC pairs (>99%), which are frequently assembly artifacts (data not shown).
In general, the two versions are similar for larger SD (>10 kb), but v2.2 demonstrated
greater support of the intersection of assembly dependent and independent method
(50% over the previous 31%). The union of WGAC and WSSD intersect, plus WGAC <
94% identity (most WGAC with lower identity are likely real) is 113 Mb (~3.8%). This
value is less than what was found in the human genome®® and agrees with the
increased rate of duplication in the common ancestor of humans and chimpanzees®’.

Table S11-1. Summary duplication statistics for orangutan assemblies.

Category v2.0.2 v2.2
Total genome length 3.1Gb 2.98Gb
Chrom length 2.7Gb 2.73Gb
Number of WGAC pairs 152443 104533
Number of inter chrom 112627 35129
Number of intra chrom 39816 69404
nr length 349.6 mb 188 mb
nr length of inter chrom 200.8 mb 96 mb
nr length of intra chrom 284 mb 134 mb
WSSD 194 mb 174 mb
Shared WGAC/WSSD 110 mb 94 mb

Percentage WGAC supported WSSD 31.52% 50.00%
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Assessment of Structural Variation in the Orangutan Genome

We have applied several complementary strategies to detect structural variants in
chimpanzee and orangutan (and hence in humans, if one assume parsimoniously that
an event shared for those two species would have occurred specifically in the human
lineage). We used a clone end pair mapping approach using chimpanzee and
orangutan fosmids, BACs and plasmids (derived from CHORI-1251 and CHORI-276
Libraries, respectively). All end-sequences were optimally aligned and paired against
the reference human genome sequence (hg17) using a previously described
method®®*°. There are four steps: (1) initial recruitment of end-sequences, (2) optimal
realignment with quality rescoring, (3) determination of paired-end read placements,
and (4) rearrangement detection. We considered only those orangutan and chimpanzee
ESP alignments with high quality-rescored sequence similarity (>94.5% for the end
mapping within the duplication and >95% for the unique anchor placement) and
searched map positions. We applied further criteria and sites spanning more than 1 Mb
and overlapping any given GAP in the human genome were also removed. In all the
analyses, all the calls were performed with at least 2 high-quality mapped clones
supporting the site. However, and due to the coverage of the orangutan fosmid library
we considered orangutan sites supported only by a single ESP placement and limited
our analysis to deletions supported by at least 2 clones.

As a second measure, and to minimize false positives, we also detected deletions in the
chimpanzee and the orangutan genomes by assessing the coverage of WGS reads
against the human reference genome. We first mapped the ~31 million chimpanzee and
~25 million orangutan WGS reads the human reference genome (hg17) using
MEGABLAST v.2.2.1. We then excluded all common repeats defined by RepeatMasker
with less than 10% sequence divergence from their consensus, as well as primate-
specific L1P and satellite repeat sequences. The objective was to detect sites with low
coverage in read mapping (< 10 reads) suggesting homozygous or heterozygous
deletions. Our classification criteria are summarized in Table S11-2.

Table S11-2. Classification of events detected by paired end methods.

Chimpanzee Orangutan WGS reads
End Pair End Pair
Chimpanzee specific >= 2 Large clones 0 Discordant clones <10 reads
Deletions mapping WGS Chimp
Orangutan specific 0 Discordant clones >= 2 Large clones mapping <10 reads
Deletions >= 1 Large clones mapping WGS Orang
(Fosmids)
Human specific >= 2 Large clones >= 2 Large clones mapping <10 reads
Insertion mapping >=1 Large clones mapping WGS Chimp
(Fosmids) and Orang

We detected 71 putative deletions (38 chimpanzee deletions, 29 orangutan deletions
and 4 human specific insertions) affecting a total of 5.6 Mb using our classification
scheme. This is an upper bound since the end mapping approach is inaccurate with
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respect to the exact breakpoints of an event. We then performed array comparative
genomic hybridization to confirm the deletions. We used a customized oligonucleotide
microarrays (NimbleGen, 385,000 isothermal probes) targeted specifically to the
deletions. We performed 3 hybridizations, human (G248) against chimpanzee (“Clint”),
human (G248) against orangutan (“Susie”), and chimpanzee (“Clint”) against orangutan
(“Susie”). We validated 58/71 deletions (82%). Combined with the validation data, we
detected 38 chimpanzee deletions and 15 orangutan deletions encompassing a total
length of 4.1 Mb, comprising 28 complete and 8 partial genes (Tables S11-3 & S11-4).
Selected examples are presented as Figures S11-1 and S11-2 below.

Table S11-3. Summary of chimpanzee and orangutan deletions.

Number of events Length (bp)

Chimp Deletions 38 2,253,998
Orangutan Deletions 15 1,811,248
Total 53 4,065,246

Table S11-4. Chimpanzee and orangutan deleted genes.
GenelD (Description) Complete/Partial Category
NM_001005182-NP_001005182-OR6C1-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001005183-NP_001005183-OR6C76-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001005497-NP_001005497-OR6C75-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001005499-NP_001005499-OR6C70-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001005518-NP_001005518-OR6C65-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001005519-NP_001005519-OR6C68-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_001039884-NP_001034973-ZNF826-zinc finger protein 826 Complete Chimpanzee Specific DEL
NM_001098506-NP_001091976-CEACAM21-carcinoembryonic antigen-related cell adhesion Complete Chimpanzee Specific DEL
NM_014433-NP_055254-IL1F7-interleukin 1 family, member 7 isoform 1 Complete Chimpanzee Specific DEL
NM_021571-NP_067546-CARD18-ICEBERG caspase-1 inhibitor Complete Chimpanzee Specific DEL
NM_054104-NP_473445-OR6C3-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_054105-NP_473446-OR6C2-olfactory receptor, family 6, subfamily C, Complete Chimpanzee Specific DEL
NM_181600-NP_853631-KRTAP13-4-keratin associated protein 13-4 Complete Chimpanzee Specific DEL
NM_181622-NP_853653-KRTAP13-3-keratin associated protein 13-3 Complete Chimpanzee Specific DEL
NM_015678-NP_056493-NBEA-neurobeachin| Partial Chimpanzee Specific DEL
NM_018465-NP_060935-C9orf46-hypothetical protein LOC55848| Partial Chimpanzee Specific DEL
NM_019608-NP_062555-CPXM1-carboxypeptidase X, member 1 precursor| Partial Chimpanzee Specific DEL
NM_030643-NP_085146-APOL4-apolipoprotein L4 isoform 1| Partial Chimpanzee Specific DEL
NM_152347-NP_689560-C170rf57-hypothetical protein LOC124989| Partial Chimpanzee Specific DEL
NM_001001913-NP_001001913-OR52N1-olfactory receptor, family 52, subfamily N, Complete Orangutan Specific DEL
NM_001002905-NP_001002905-OR8G1-olfactory receptor, family 8, subfamily G, Complete Orangutan Specific DEL
NM_001003443-NP_001003443-OR56A3-olfactory receptor, family 56, subfamily A, Complete Orangutan Specific DEL
NM_001005165-NP_001005165-OR52E4-olfactory receptor, family 52, subfamily E, Complete Orangutan Specific DEL
NM_001005167-NP_001005167-OR52E6-olfactory receptor, family 52, subfamily E, Complete Orangutan Specific DEL
NM_001005168-NP_001005168-OR52E8-olfactory receptor, family 52, subfamily E, Complete Orangutan Specific DEL
NM_001005174-NP_001005174-OR52N2-olfactory receptor, family 52, subfamily N, Complete Orangutan Specific DEL
NM_001005198-NP_001005198-OR8G5-olfactory receptor, family 8, subfamily G, Complete Orangutan Specific DEL
NM_001005338-NP_001005338-OR5H 1-olfactory receptor, family 5, subfamily H, Complete Orangutan Specific DEL
NM_001005479-NP_001005479-OR5H6-olfactory receptor, family 5, subfamily H, Complete Orangutan Specific DEL
NM_001005514-NP_001005514-OR5H 14-olfactory receptor, family 5, subfamily H, Complete Orangutan Specific DEL
NM_001005515-NP_001005515-OR5H 15-olfactory receptor, family 5, subfamily H, Complete Orangutan Specific DEL
NM_052997-NP_443723-ANKRD30A-ankyrin repeat domain 30A Complete Orangutan Specific DEL
NM_138800-NP_620155-TRIM43-tripartite motif-containing 43 Complete Orangutan Specific DEL
NM_001005482-NP_001005482-OR5H2-olfactory receptor, family 5, subfamily H,| Partial Orangutan Specific DEL
NM_021943-NP_068762-ZFAND3-zinc finger, AN1-type domain 3| Partial Orangutan Specific DEL
NM_033056-NP_149045-PCDH15-protocadherin 15 isoform CD1-4 precursor| Partial Orangutan Specific DEL
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Figure S11-1. Example of an orangutan specific deletion of a complete gene (olfactory receptor,
family 8, subfamily G)
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Figure S11-2. The largest orangutan specific complete gene deletion (ankyrin repeat domain 30A).
This gene is partially duplicated in humans and chimpanzees.
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Supplemental Section S12 — Great Ape Gene Family Expansion

Exon sequences were acquired for all protein-coding genes in human, chimpanzee,
orangutan, rhesus macaque, mouse, rat, and dog from Ensembl v49. The genome
assemblies corresponding to these genomes are as follows: NCBI36 for human,
CHIMP2.1 for chimpanzee, PPYG2 (aka v2.0.2) for orangutan, MMUL1 for macaque,
NCBIm37 for mouse, RGSC3.4 for rat, and CanFam2.0 for dog. For each gene, any
overlapping exon sequences from alternative transcripts were merged, and exons were
then concatenated. When UTR sequences were available for the 5’- and 3’-most exons
of the gene, they were removed from the concatenated sequences, resulting in the full
set of protein-coding DNA for each annotated gene. In cases where multiple UTRs
were present for the same exon, only the smallest UTR sequence was removed (i.e.
sequence that was protein-coding in any transcript was included).

Gene families were defined using the MCL clustering algorithm ®°. Each of the
concatenated exonic sequences constituting a single gene from all genomes (150,127
genes total) were BLASTed against every other gene in all species (BLASTn). A
weighted undirected graph was then created, where genes are represented as nodes.
Gene pairs where the average BLAST E-values <10 were connected by an edge, with
the weight of the edge equal to the negative log of their average E-value. MCL was
then run on this graph using an inflation parameter of 2.3%": this resulted in 25,777 gene
families. Families with members only in primates, only in rodents, or only in dog were
then removed from the set of gene families to avoid the problem of inferring ancestral
states for families that are not as old as the ancestor of all the mammals considered
here. This left 15,960 mammalian gene families including 127,311 genes for our final
analysis.

In order to estimate rates of gene gain and loss, we applied an updated version of the
likelihood model originally proposed in Hahn et al. (2005) and implemented in the
software package CAFE v2.1°¢616283  Thjs method models gene family evolution as a
stochastic birth and death process, where genes are gained and lost independently
along each branch of a phylogenetic tree. A parameter, /, describes the rate of change
as the probability that a gene family either expands (via gene gain) or contracts (via
gene loss) per gene per million years, and can now be estimated independently for all
branches. For gene families inferred to be present in the MRCA of mammals
(n=15,960), parameters are estimated by maximizing the likelihood of the observed
family sizes.

Previous analyses had found that a 3-parameter model best fit the available genome
sequence data, with the human and chimp branches evolving at the fastest rate,
followed by the macaque lineage, followed by the rodent and dog lineages®. In order to
test initially whether orangutan also showed an accelerated rate of gene family
evolution, we compared two different 3-parameter models: one with orangutan grouped
with the human and chimp branches, and one with orangutan grouped with the
macaque branch (holding the other 2 parameter assignments the same). We found that
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the latter model was a significantly better fit to the data using a likelihood ratio test
(P<1x10®), indicating that the acceleration occurred after the split between
human+chimp and orangutan (Figure S12-1). As a further test of this hypothesis, we
estimated independent rate parameters for all 12 branches of the mammalian tree,
running the maximum likelihood estimator three times to ensure convergence. The
estimated /-values for each branch were:

(((((chimp_0.012712:6,human_0.008302:6)_0.010194:7,orang_0.005700:13)_0.001290:
18,macaque_0.004832:24)_0.000661:63,(mouse_0.003301:17,rat_0.005108:17)_0.001
104:70)_0.004785:6,dog_0.000502:93)

These data also indicate that the rates for the human and chimpanzee branches (and

the human-chimpanzee ancestor) are higher than the rates in the rest of the tree.

—— (0.0058 o ¢
0.0027 rangutan
—— (0.0012 Human
_[ Chimpanzee
Macaque
Mouse
Rat
Dog

Figure S12-1. Rates of gene family evolution among select sequenced mammals. Numerical values
represent gain/loss events per gene per million years. Note the acceleration in the human-chimpanzee
lineage compared to orangutan and macaque, and the slower rate among non-primates.
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Supplemental Section $S13 — Protease Gene Families
Introduction

Proteases form a diverse group of enzymes that share the ability to hydrolyse peptide
bonds. The biological and pathological significance of this enzymatic activity has
prompted the definition of the degradome as the complete repertoire of proteases in an
organism ®°. From a genomic point of view, the degradome is highly attractive for
several reasons. First, the degradome is composed of a large number of genes. Thus,
the human degradome includes more than 560 protease genes, which represents about
1.7% of the total annotated human genes®®. Additionally, protease genes form a very
diverse group in sequence and genomic organization. Human proteases can be
grouped into five unrelated catalytic classes, which can be further subdivided into 67
different families. Thus, while proteases share a biochemical function, catalytic domains
exhibit a high sequence diversity, which is further increased b}}/ the frequent attachment
of auxiliary, non-proteolytic domains to the catalytic moieties °’. Some of the protease
genes have been shown to occur in genomic clusters, which is convenient for the study
of short-term evolution. By contrast, most of the protease genes are randomly
distributed throughout the annotated genomes. Therefore, the degradome forms a
representative subset of the coding genome of a species. Finally, the genomic study of
the degradome may be performed using a semi-automated approach, including manual
curation for a high-quality result. Importantly, previous studies have rendered the
virtually complete sets of manually curated protease sequences, corresponding to the
human, chimpanzee, mouse, rat, and platypus degradomes ° % % 7° e intend to use
this information to characterize the orangutan degradome, which, added to the data
originated from human and chimpanzee, is expected to extend our knowledge about the
hominization process.

Results and discussion

We have used the set of human protease sequences to search for orthologous
sequences in the orangutan genome. We have validated multiple dubious results by
inspection of raw genomic traces, as well as two EST sets (GM04272 and PR01109,
Supplemental Section S5). As expected, we have found that the orangutan degradome
is highly similar to its human and chimpanzee counterparts. Thus, almost all of the
human proteases have a closely related orangutan orthologue. However, we have
found a number of differences with interesting physiological and pathological
implications. In agreement with previous works % most of these differences putatively
affect the immune and reproductive systems. Interestingly, some differences may also
affect brain physiology.
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Immune system
*  PRSS33, which is a functional protease gene in human, has been
pseudogenized in the orangutan genome due to the presence of a premature
stop codon in exon 3. PRSS33 is a macrophage-specific serine-protease whose
expression is up-regulated in activated macrophages ’". Strikingly, it has been
demonstrated that the chimpanzee PRSS33 orthologue has been deleted by an
Alu-mediated recombination mechanism ®° %, whereas the Rhesus monkey
counterpart also has a premature stop codon at a different position (Figure S13-
1). These data show that PRSS33 has been independently inactivated in several
primates, but not in human.
* Orangutan NAPB contains all of the features of a functional aspartyl-
protease gene, including a stop codon at the equivalent position of its paralogue
NAPA. In contrast, the human orthologue of NAPB is predicted to be a
transcribed pseudogene, since no stop codon has been found in its ORF. The
human NAPB mRNA has been found in spleen, thymus, and several types of
lymphoid and myeloid cells ".
* The tre-2 oncogene (USP6) seems to have been specifically pseudogenized
in orangutan. This cysteine-protease gene, which has been shown to be
hominoid-specific, arose from the fusion of duplicates from USP32 and TBC1D3
" as can be seen in Figure S13-2. While functional in both human and
chimpanzee, the orangutan orthologue of USP6 displays a premature stop
codon after the N-terminal TBC-like domain, which presumably prevents the
translation of the proteolytic domain. USP6 was first identified by its ability to
transform mouse NIH3T3 cells™ and its ectopic expression through genomic
transpositions has been implicated in bone malignancies ">’®. The link of human
USPG6 to the immune system has been recently discovered, after the finding that
the expression of this gene is necessary for HIV infection ”’.
* Orangutan CASP12 is a functional cysteine-protease gene, whereas its
human orthologue is a pseudogene or encodes an inactive protease’®. The
expression of a functional CASP12 transiently inhibits the activity of caspase-1,
which slows down inflammatory cytokine processing in response to septic
infections’®. This change is in agreement with previous reports suggesting that
the hgoman immune system has been selected for overactivation of the immune
cells ™.
* Orangutan seems to have three functional haptoglobin-like genes. In
hominoids and some primates, haptoglobins are located in a cluster which
shows evidence for multiple events of duplication, deletion, and conversion
Three different loci named HP (haptoglobin), HPR (haptoglobin-related), and
HPP (haptoglobin primate) have been characterized in this cluster. However,
none of the primate genomes studied up to date show all three functional loci.
Thus, humans have lost HPP after a deletion event, and chimpanzees show a
truncated copy of HPR ®'. Likewise, rhesus monkey shows one or two
haptoglobin-like loci with evidence for conversion events . Therefore,
orangutan seems to be the first organism known to contain all three
characterized loci for haptoglobin genes. Haptoglobins have been shown to
participate in the infections caused by Trypanosoma brucei. Haptoglobins are

81,82
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contained in serum high-density lipoproteins (HDLs) and bind hemoglobin in a
complex that is recognized and endocytosed by parasites like T. brucei, thereby
competing for iron with the host. However, HDLs from humans and other species
contain ApoL1, which acts as a lytic factor if endocytosed by the parasite. In
these cases, haptoglobins help the intake of this lytic factor, thus helping the
immune system from the host ®. Since orangutans lack ApoL1, the presence of
three haptoglobins is expected to be detrimental for the host.

* Moreover, we have confirmed and extended results from previous studies on
tryptases and chymases, which play an important role in mast cell biology .
Orangutan &-tryptase seems to be a fully functional protein, which confirms a
previous study % In humans and chimpanzees, O-tryptase shows a premature
stop codon and an R-3Q mutation that hampers protease activation. We have
also found that the chymase cluster in orangutan contains the same genes as in
humans. In mammals, this cluster has frequently evolved by tandem duplication
events %°. Notably, CTSG, which is contained in the chymase cluster, encodes
one of the most diverging proteases between orangutans and humans (85%
identities). These data suggest that tryptases and chymases evolved in
hominoids by mutations and inactivations, rather than by duplication events.

Reproductive system
* The TESSP2 serine protease gene displays a stop codon in its second exon
in orangutan. In humans, this gene is functional and specifically expressed in
meiotic or postmeiotic spermatogenic cells 87,
* Orangutan ADAM®6 metalloprotease gene appears to be functional, whereas
its human orthologue is a pseudogene due to a premature stop codon.
Interestingly, chimpanzee ADAMG is also a pseudogene due to a different
mutation, which suggests that it has been independently pseudogenized. In rat,
ADAMBG is one of the genes that are specifically expressed in meiotic germ cells
and may play a role in regulation of fertility 2.
* Likewise, orangutan ISP2 is a functional gene, while its human and
chimpanzee counterparts have been pseudogenized. Interestingly, both human
and chimpanzee ISP2 genes contain a mutation that abolishes the putative first
methionine residue, suggesting that this pseudogenization event occurred in a
common ancestor to humans and chimpanzees, but not to orangutans. On the
other hand, the orangutan genome lacks any orthologue of the related ISP1
gene, present in mouse and rat. In those organisms, ISP1 and ISP2 products
have been suggested to form a heterodimer that functions as a hatching
enzyme, allowing the preimplantation embryo to digest the surrounding zona
pellucida and invade the uterus °. If this is confirmed, and given the lack of
conservation of ISP1 in orangutans, it seems likely that alternative proteolytic
mechanisms have taken over this conserved function in primates, as previously
suggested for humans .
* The orangutan genome contains a one-exon complete ORF almost identical
to the metalloprotease PA2G4 (also called EBP-1). This novel PAG2-like gene
has no orthologues in humans or chimpanzees. The product of PA2G4 has been
implicated in cellular proliferation and immune response to influenza®' *2. Several
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one-exon PA2G4-like pseudogenes are known in humans®. We have also found
similar pseudogenes in marmoset, rhesus monkey, and chimpanzee. Only the
orangutan ORF is complete and contains an in-frame stop codon. Interestingly,
this putative PA2G4-like gene is inserted between the first and second exons of
LRRC1, a conserved gene mainly expressed in placenta. This suggests that
orangutan PA2G4-like may be a functional gene sharing the promoter of LRRC1.
Therefore, PA2G4-like may be an orangutan-specific gene expressed in
placenta.

* In orangutans, HTRA4 is a pseudogene because of an in-frame stop codon
in its first exon. This gene is functional in other mammals from mouse to
humans. The HtrA family of serine-proteases appears to be involved in important
processes, such as cell growth, apoptosis, inflammatory reactions, and control of
cell fate via regulated protein metabolism®. Interestingly, HTRA3 may play a role
during placentation *°, and human ESTs from HTRA4 suggest that this gene
features a placental-specific expression **. Therefore, loss of HTRA4 seems to
be an orangutan-specific feature with potential consequences in reproductive
processes.

* We have found that orangutan KLK3 is a functional gene similar to its human
orthologue. This protease, also called prostate specific antigen, degrades
semenogelins and changes the physical properties of ejaculated semen.
Interestingly, we have confirmed that orangutan semenogelin 1 is larger that its
human orthologue due to an expansion of repetitive sequences % Therefore, the
different properties of ejaculated semen in hominoids are best explained by
changes on substrates of KLK3, and not on the protease itself.

Brain biology
* The current assembly of the orangutan genome predicts that PRSS12
(neurotrypsin) is a pseudogene because of a frameshift at its first exon. A raw
genomic trace (PPAC-blu78f11.b-1) unambiguously confirms this finding.
However, a second high-quality raw genomic trace (PPAE-ahj61f04.g1.ab1)
shows the same sequence without any frameshift or inactivating mutation. The
possibility that this reflects a polymorphism in the orangutan population is very
exciting, since lack of functional neurotrypsin has been linked to serious brain
defects in multiple species. Namely, a 4 bp deletion in human neurotrypsin
mRNA is believed to cause mental retardation”’. Likewise, a Drosophila
melanogaster strain lacking the orthologue of neurotrypsin has been shown to
suffer a long-term memory formation defect % _If this polymorphism is confirmed,
it would be extremely interesting to search for novel compensatory mechanisms
for neurotrypsin defects in orangutans.
* Orangutan PRSS3 (mesotrypsinogen and trypsinogen 1V) shows a missense
mutation at exon 3 which causes a premature stop codon. To confirm this result,
a PCR ampilification of this region followed by direct sequencing was performed.
This experiment showed that the sequenced individual is heterozygous in this
position. Thus, this individual has one functional and one non-functional allele of
PRSS3, which suggests that there is a non-functional allele of PRSS3 in the
orangutan population. PRSS3 is a trypsin-like serine protease expressed mainly

WWW.NATURE.COM/NATURE | 44



doi:10.1038/nature09687 AT\ E N SUPPLEMENTARY INFORMATION

in the brain. This gene displays two alternatively spliced forms, named
mesotrypsinogen and trypsinogen IV, which differ only in their first exon. The
position of this mutation in orangutan suggests that both isoforms are
inactivated. Interestingly, trypsinogen IV shows a brain-specific expression
pattern, and has been shown to selectively activate Erotelnase activated
receptor-1, but not proteinase activated receptor-2

* Orangutan CAPN7 (calpain-7) shows a frameshlft at the beginning of exon 7
which causes a premature stop codon upstream from its protease domain. The
human orthologue of this cysteine-protease gene is expressed in brain, and its
product can cleave Htt (huntington disease protein) in vitro. Inhibition of this
cleavage decreases Htt expanded polyglutamine toxicity '°. Interestingly,
CAPN14, another less studied member of the calpain family, also seems to be a
pseudogene in orangutans because of a similar frameshift at the beginning of
exon 2. CAPN14 is a functional gene in human and chimpanzee, but it is not
present in mouse and rat. These results need confimation, since alternative
splicing events might render both CAPN7 and CAPN14 active. Furthermore,
although the genomic trace PPAC-anj48c07.g1 clearly shows the exon 7
frameshift for CAPN7, several ESTs contain the same sequence without any
frameshift. A possible explanation for this discrepancy is that the sequenced
individual has two different alleles, one functional and one non-functional.

Additional findings derived from orangutan degradome analysis
* MMP23A is also absent in orangutan reinforcing the idea that it is a human-
specific gene, with no known orthologue in any other species.
* The orangutan orthologue of CTRL (chymotrypsin-like) is inactivated by a 1-
bp insertion that disrupts its catalytic site. Interestingly, there is a similar allele
described in humans (dbSNP rs35178715), although the most common aIIeIe is
functional. The expression of CTRL in humans is restricted to pancreas'
Therefore, the pseudogenization of CTRL in orangutans may be related to
differences in their digestive systems.
* Orangutan KLKBL1 contains a premature stop codon in its second exon.
Interestingly, KLKBL1 is one of the less conserved proteases between human
and chimpanzee, with a 95.01% identity ®°
* We have found an orangutan-specific one-exon complete ORF almost
identical to the 31 proteasome subunit gene, PSMB1. The cellular concentration
of PSMB1 determines to a large extent the composition and function of the
proteasome. This PSMB1-like ORF may be a recently acquired pseudogene
which still has not accumulated deleterious mutations. On the other hand, it is
possible that this PSMB1-like ORF has evolved into a transcribed gene. Thus,
this putative gene may affect the levels of PSMB1 product under certain
circumstances, which in turn has potential |mé)l|cat|ons for antigen presentation
in response to interferon gamma stimulation’
* Likewise, we have found an orangutan- specmc one-exon complete ORF very
similar to the C6.1A (BRCC36) metalloprotease gene. Interestingly, there are
C6.1A-like orthologous pseudogenes both in human and chimpanzee. These
pseudogenes show the same frameshifts that result in premature stop codons.
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Rhesus monkey also has an equivalent pseudogene with two different
frameshifts. By contrast, similar one-exon C6.1A-like complete ORFs can be
found both in mouse and rat. Therefore, this ORF seems to have been
specifically conserved in orangutan and pseudogenized in other primates. Its
paralogue C6.1A is a subunit of the BRCC E3 ubiquitin ligase, which enhances
cellular survival following DNA damage '%. Thus, C6.1A-like may be involved in
cancer-protecting mechanisms following exposure to ionizing radiation.

* Finally, it is also noteworthy the presence of a Dobzhansky incompatibility in
the gene encoding cationic trypsinogen (PRSS1). The orangutan orthologue of
human PRSS1 displays an N29T change which, when present in humans,
causes hereditary pancreatitis '°*. Since the chimpanzee orthologue of this gene
also shows the same N29T allele®, this finding confirms that the ancestral
residue for this position is disease-associated in humans.

In addition to these specific events discussed above, the orangutan degradome analysis
has also extended some previous ideas regarding primate evolution. Thus, it is
remarkable the finding that several protease genes have been independently
inactivated by different means in hominoids, as shown in Table 1. For example, the
cysteine-protease USP50 gene produces an active protease in mice and rats. By
contrast, chimpazee and human USPS50 are devoid of peptidase activity due to the
absence in both cases of the last catalytic residue of the protease, as a result of two
different premature stop codons'®. Orangutan USP50 shows a frameshift after its third
catalytic residue, which results in loss of a conserved sequence (Figure S13-3).
Likewise, the tryptase PRSS34 gene produces an active serine-protease in mice and
rats and has been independently inactivated in orangutans and humans. While human
PRSS34 exhibits a mutation at its catalytic serine residue, orangutan PRSS34 has a
premature stop codon that prevents the translation of its catalytic serine residue. Finally,
some genes have been independently inactivated in some primates and conserved in
others. These are the above discussed cases of PRSS33 which is lacking in
chimpanzees and is pseudogenized in orangutans, but is active in humans, and
ADAMG6 which is active in orangutan but is pseudogenized in human and chimpanzee.

Taken together, these data confirm that speciation in the hominoid lineage has been
heavily influenced by the immune and reproductive systems. In addition, we have found
several potential changes in the degradomes of orangutans, chimpanzees, and humans
that may affect brain biology. Finally, the finding that several proteases have been
independently inactivated in hominoids suggests that these inactivation events may
have been important during the hominization process.

Technical comments

To perform this analysis, we used a previously generated set of manually curated
human protease sequences (http://www.uniovi.es/degradome). We used these
sequences to probe the 2.0.2 version of the orangutan assembly. Each resulting
alignment file was then semi-automatically rebuilt into a gene. To speed up this process,
we have generated two Perl scripts. The first script takes a tblastn file and attempts to
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predict the most likely reconstruction of the gene based on the hits. The user can
change that prediction manually. The second script allows the user to manually choose
the intron/exon junctions of the gene. We plan to extend and improve these scripts to
add flexibility in the hope that it may be useful in the manual annotation of genomes.
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Table S13-1. Summary of differences between orangutan (O), chimpanzee (C), and human (H)
degradomes. Bolts represent pseudogenization events.

Gene Events Function
PRSS33 ?Z;\x Host defense (?)
o ¢ H
) Expressed in lymphoid
NAPB /»( P . o
/ tissues
o ¢ H
%
USP6 }/\ HIV infection factor
o c H
CASP12 /\Z Host defense
0 C H
HPP /X( Host defense (?)
0 ¢ H
) Expressed in spermatogonic
TESSP2 ?{\
cells
© € H
Expressed in meiotic germ
ADAMS6
/ cells
O C€C H
) Embryo hatching and
ISP2 /)& N ¢
/ implantation
0 ¢ H
PA2G4-like Orangutan-specific Placental expression (?)
HTRA4 }{\ Placental expression (?)
o ¢
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Table S13-1. Continued.

PRSSI2 ) Brain development
/
0 C H
PRSS3 )2\ Brain homeostasis
o ¢
CAPN7, CAPNI14 / Hitt cleavage
0 C H
Extracellular matrix
MMP23A Human-specific
remodelling
CTRL ; Digestion
/
0 C H
KLKBLI }2/\ Unknown
0 C H
PSMBI-like Orangutan-specific Proteasome activity
%
) Survival following DNA
C6.1A-like
/ damage (?)
0 ¢ H
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Figure S13-1. Independent inactivation of PRSS33 in the orangutan and chimpanzee. A region of
the orangutan genome containing the PRSS33 pseudogene was compared to the orthologous regions of
the human and chimpanzee genomes with the megablast algorithm. Each hit is represented by two boxes
linked by a line. The hits containing the PRSS33 gene are in red. The premature stop codon in orangutan
PRSS33 is marked with an asterisk. Regions of the orangutan genome with unknown sequence are
displayed as gray boxes.
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Figure S13-2. Inactivation of the hominoid-specific USP6 gene in orangutan. The orangutan USP6
pseudogene was compared to the human and macaque genomes with the megablast algorithm. Putative
USP6 exons are represented by red boxes. Each hit is represented by two boxes linked by a line. The
hits containing the USP6 gene are linked by red lines. The premature stop codon in the orangutan TBC-
like domain of USP6 is marked with an asterisk. Regions of the orangutan genome with unknown
sequence are displayed as gray boxes.
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Figure S13-3. Catalytic domain of USP50 throughout evolution. Conserved sequences are
represented by boxes. The consense sequences are shown on top, with catalytic triad residues in red.
Premature stop codons are represented by red asterisks. A 2-bp insertion in orangutan USP50 is also
indicated.

Supplemental Section S14 — Evolution of Orangutan Alpha and Theta
Defensins

Defensins are short antimicrobial peptides that are expressed in epithelial cells and
leukocytes, and are heavily involved in innate defense. The defensins are commonly
divided into alpha, beta, and theta subfamilies, depending on the conformation of six
conserved cysteine residues'®. While beta defensins are shared by all mammals, alpha
defensins have likely evolved by a gene duplication from a beta defensin gene in a
common ancestor of primates and rodents'®’. The complex clusters of alpha defensin
genes in rodents and primates arose independently in these lineages'®, probably due
to their newly acquired ability to participate in antiviral defense'®110-111.112,

To examine the recent evolutionary history of alpha defensins in primates, we analyzed
BAC sequences covering the alpha defensin cluster in the orangutan (chromosome 8,
AC206038.3, 236Kbp) and macaque (chromosome 8, AC204742.8 and AC202726.6,
312Kbp assembled) genomes, together with the finished human genome sequence. In
the human genome, the alpha defensins are located in a subtelomeric region of
chromosome 8 (8p23, 134Kbp). Figure S14-1 shows gene orders in all three reference
sequences.
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Figure S14-1. Gene orders in human, orangutan, and macaque alpha defensin gene clusters.
Pseudogenes are shown in gray. The genes labeled A1/3, A4, A5, A6 are counterparts to the human
genes DEFA1/3, DEFA4, DEFA5, and DEFAG respectively. The genes labeled T are theta defensins.

We reconstructed the histories of these gene clusters using methods developed by
Vinar et al. (2009)"*®. The inferred history for the alpha defensins shows remarkable
differences among the three species (Figure S14-2). At the 5' end of the cluster, all
three species show conserved order of the genes DEFA4 and DEFAG, however the
orthologs of these genes in macaque are pseudogenized. At the 3' end, the human
cluster contains a single copy of the DEFAS5 gene, while the macaque genome has seen
a recent expansion of the DEFAS locus, resulting in two genes and three pseudogenes
in the reference sequence. Since both DEFAS and DEFAG are highly expressed in
intestinal Paneth cells'™, this expansion may have compensated for the loss of function
of DEFAG gene in macaque. The human-macaque ancestor likely had two copies of
DEFAA4, one of them surviving on human-orangutan lineage (DEFA4), and one surviving
on the macaque lineage (HA4_4p).
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Figure S14-2. Evolutionary history of alpha and theta defensin cluster in human, orangutan, and
macaque genome. The history of duplications was reconstructed by methods based on MCMC sampling
by Vinar et al. (2009) and displayed in the form of a tube tree. The positions corresponding to the genes
and pseudogenes in the human genome, and their orthologs in orangutan and macaque are shown in the
context of corresponding gene trees. Individual genes or pseudogenes are shown in the order of their
placement in extant and ancestral genomes. Note that the orangutan BAC does not cover region
orthologous to DEFA6/DEFAS5 genes in human.

Nearly identical DEFA1 and DEFA3 genes occupy the center of the gene cluster. The
human reference sequence has three DEFA1/3 genes, while the BAC-assembled
orangutan reference sequence shows eight DEFA1-like genes and pseudogenes.
DEFA1-like genes may contribute to resistance to HIV-1 progression''?, which could
explain these recent independent expansions. On the other hand, we do not observe a
similar expansion in the macaque reference sequence.

Also located at the center of the alpha defensin cluster, the theta defensins (DEFT)
evolved from alpha defensins by the emergence of a nonsense mutation that allowed
the creation of a unique circular peptide. Although the theta defensins are transcribed in
the human genome, all copies contain premature stop codon at amino acid 17
preventing subsequent functional translation'’®. However, the synthetic molecule
retrocyclin-1, which is created b1y repairing this premature stop codon, protects human
cell from HIV-1 infection in vitro''®. The rhesus macaque contains three functional theta-
defensins, which likely duplicated recently on the macaque lineage together with
DEFA1/3 (Figure S14-2). The orangutan genome has also seen a large expansion of
the theta defensins, with 6 copies in the reference sequence. However, not all copies
are functional theta-defensins: one copy lacks the retrocyclin non-sense mutation and
may function as an alpha-defensin, one copy is a pseudogene containing the same
premature stop codon as the human theta defensins, two are pseudogenes, and two
appear to be functional theta defensins.
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The DEFA1/DEFAS3/DEFT region in the human genome shows copy number variation
ranging from 3 to 14 copies per diploid genome, with the presence of DEFAS3 also being
ponmorphicW. To study copy number variation of alpha and theta defensins in the
orangutan genome, we examined the next generation lllumina reads from 5 Bornean
and 5 Sumatran individuals described in Section S4. The individual reads were mapped
to the orangutan alpha defensin reference BAC (see above) by using SOAP2'"® with
default options. Due to apparently recent duplications within the reference contig, many
reads were not uniquely mappable to the reference; these reads were reported only
once, randomly at one of the best hit positions. The results (Figure S14-3) show copy
number variation between individuals in the region containing DEFA1/3 and theta
defensin genes. The orthologous region is also copy number variable in human
genome'"’. Several Sumatran individuals show copy numbers similar to those of the
reference genome (which is also Sumatran), while all Bornean individuals exhibit
smaller numbers of theta defensin copies.
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Figure S14-3. Alpha and theta defensin read-depth variation. The reads from 10 individuals (5
Bornean on the left, and 5 Sumatran on the right) were mapped on the reference contig of alpha and
theta defensin cluster. Compared to the reference contig, all Bornean and 3 Sumatran individuals show
lower copy numbers in the theta defensin region (3' half of the reference contig).

The enhanced inventory and copy number variation of theta defensins in the orangutan

genome suggests a significantly more complex evolutionary history than that implied by
the human and macaque sequences alone and presents an opportunity for further study
of evolution and function of theta defensins.
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Supplemental Section $15 — Genic Positive Selection
Identification of Orthologs

Using methods similar to those described by Kosiol et al. (2008), we identified 13,872
high confidence 1:1 orthologous genes in the human (hg18) and orangutan (ponAbe2)
genomes, with additional genes included from the chimpanzee (panTro2), macaque
(rheMac2), and dog (canFam2) genomes where possible '*°.

Briefly, we started with a permissive set of human genes consisting of the union of the
RefSeq, knownGene, and VEGA collections (downloaded on May 26, 2008 from the
UCSC genome browser). The overlapping transcripts were grouped into 20,435 clusters
and mapped to the other genomes using the UCSC multiz primate alignments (10
species). These transcripts were then subjected to a series of rigorous tests: synteny (at
least 80% of the coding sequence must be remapped via a single alignment chain),
completeness (=10% of coding sequence in sequencing gaps), no frameshifts (unless
compensated within 15 bp), conserved gene structure (start sites, stop sites, and splice
sites must be conserved), and no-recent-duplication (no duplication since the split from
the human lineage). Due to frequent changes in start and stop site positions, the
incomplete transcripts missing 10% of their length from both ends were also considered
for remapping. Finally, from each of the clusters, we selected the transcript mapping to
the highest number of species, with the length of the transcript as a secondary criterion.

Two additional measures were taken to improve the results of the above procedure.
First, bases in the alignments with sequence quality score < 20 in the chimpanzee,
orangutan, and macaque genomes were masked (changed to “N”s). Second, additional
filtering was applied to syntenic nets in the orangutan genome, by removing all chains of
size <31,700 bp as such short chains were observed often to lead to spurious
alignments. (This cutoff was determined empirically, based on a set of positive and
negative examples.)

Of the 13,872 orthologous sets, 89% include chimpanzee, 83% include macaque, and
76% include dog genes, in addition to the required human and orangutan genes, while
60% include genes from all five species. A comparison of numbers of genes left after
individual tests in the pipeline revealed that an unexpectedly large number of candidate
genes were rejected due to apparent frameshift indels in orangutan (Figure S15-1).
Further inspection indicated that a high percentage of these genes corresponded to
regions of the orangutan assembly with low read coverage and low quality sequence.
We expect that further sequencing and improved assembly quality will allow larger
numbers of orthologous genes to be identified with high confidence.

We have also compared our orthologs to ones generated by ENSEMBL (Figure S15-2).
While the ENSEMBL data contains more orthologs than ours (17491), 23% of their
orthologous sets fail the quality filters in our pipeline, with frameshift indels as the single
largest contributing factor. For the remaining ENSEMBL-only orthologs, there were no
overlapping genes in the RefSeq, knownGenes, or VEGA catalogs. On the other hand,
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our pipeline identified more than 1400 high-confidence orthologs that have no
counterpart in ENSEMBL. We conclude from this comparison that our ortholog set,
while perhaps overly conservative for some purposes, is more appropriate than the
ENSEMBL set for an analysis of positive selection, which can be highly sensitive to
annotation errors or differences between species in gene structure. Notably, for
approximately 200 genes, the two sets differ in their orthology mapping, by identifying
different target coordinates in orangutan genome.

Likelihood Ratio Tests For Positive Selection

Our likelihood ratio tests (LRTs) for positive selection are based on the widely used site
or branch-site models of codon evolution developed by Nielsen, Yang, and colleagues
120121122 The |RT for selection on any branch of the phylogeny is essentially Nielsen
and Yang's (1998) test of site models 2a versus 1a, and the lineage- and clade-specific
LRTs are essentially instances of Yang and Nielsen's (2002) test 2. However, to reduce
the number of parameters estimated per gene, the complete set of 13,872 genes was
divided into eight equally sized classes by G+C content in third codon positions. The
branch lengths and the transition-transversion rate ratio k were estimated for each class
under the null model, and these estimates were subsequently held fixed, in a G+C
dependent way, for the LRTs. Instead of a complete set of branch lengths, a single
scale parameter u was estimated per gene. Thus, only the parameters u, wo<1 and po
for the null model, and the additional parameters w2>1 and p4 for the alternative model,
were estimated per gene (see Nielsen and Yang, 1998 and Yang and Nielsen, 2002).
For the LRT for selection on any branch, P-values were computed empirically, based on
simulation experiments (see Kosiol et al., 2008 for details). For the lineage- and clade-
specific LRTs, P-values were computed assuming the null distribution was a 50:50
mixture of a distribution and a point mass at zero. The method of Benjamini and
Hochberg (1995) was used to estimate the appropriate P-value threshold for a false
discovery rate (FDR) of <0.05'%2.

A website is available at http://compgen.bscb.cornell.edu/~kosiol/orang-psg/ with
definitions of the candidate genes (accession numbers, genomic coordinates, and
descriptions), multiple alignments of orthologous gene sets, and detailed results of the
LRTs.

Gene classification analysis

Each gene was assigned categories from the GO'** and PANTHER'? databases,
based on the Uniprot identifiers of associated transcripts. To account for the hierarchical
nature of these databases, each gene was also considered to belong to all parent
categories of the ones to which it was directly assigned. The distributions of LRT P -
values among the genes assigned to each category C and not assigned to C were
compared by a (one-sided) Mann-Whitney U (MWU) test. Nominal P-values computed
by the 1I\2/I6WU tests were corrected for multiple comparisons using the method of Holm
(1979) .
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In addition to enrichments for genes related immunity and defense we found
enrichments for two new GO categories: “visual perception” and “glycolipid metabolic
processes”. Below we list PSGs (p-value <0.05) in these categories and relevant
publications. For the genes involved in metabolic genes we also show their location in
the sphingolipid metabolic pathway. Note that Figure 15-3 below shows the full pathway
as given in the KEGG database, not only the parts shown in the main paper.

Vision

Three major visual signaling proteins, transducin (GNAT1,2), arrestin (ARRS3, X-arrestin)
and recoverin (RCVRN) undergo translocations between the outer segment and the
inner compartments of rod photoreceptors in a light dependent manner (Artemyev,
2008). Two of these proteins, arrestin (P=0.00665) and recoverin (P=0.00842) show
signatures of positive selection and appear to play roles in maintaining light
sensitivity'?’. Additionally, we find OPN1SW1 (P=0.01996), related to blue color vision,
to be under positive selection. Primates rely heavily on vision to evaluate the world
around them. However, there is much diversity among and within primate species in
both visual acuity and color vision abilities. Monkey and ape retinas lack a tapetum
lucidum, which enhances night vision, but have evolved a specialized region of tightly
packed light-sensitive cells, the retinal fovea, allowing for increased visual acuity'%.
Trichromatic color vision appears to have evolved after Old World and New World
monkeys split, as all Old World monkeys and apes are trichromatic and only some New
World monkeys are'?®. This variation has been linked to foraging ecology, with the
hypothesized selective pressure being the ability to distinguish ripe fruit from
background foliage, particularly in times of food shortages "°.

Metabolic Disease

GAL3ST1 (P=0.00448) catalyzes the synthesis of galactosylceramide sulfate, a major
lipid component of the myelin sheath, which is a protective coating around a nerve that
acts as an “insulator” and aids in proper conduction of the nerve impulse''. HEXB
(P=0.00448) catalyzes the degradation of the ganglioside GM2 and is associated with
Sandhoff’s disease’*"**, BAGALNT1 (P=0.0163) is the enzyme involved in the
biosynthesis of GM2. NEU3 (P =0.0351)"** may play a role in modulating the
ganglioside content of the lipid bilayer'**. PSAP (P=0.00695) is associated with
Gaucher disease, Tay-Sachs disease, and metachromatic leukodystrophy. Patients with
these disorders either do not produce enough of one of the enzymes needed to
metabolize lipids or they produce enzymes that do not work properly. Over time, this
excessive storage of fats can cause permanent cellular and tissue damage, particularly
in the brain, but also in the liver, spleen, and bone marrow.
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Figure S15-1. Numbers of human genes passing successive filters in the orthology analysis
pipeline.
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Figure S15-2. Comparison of our orthologs with Ensembl orthologs. Note the Venn diagram is not
drawn to scale.
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Figure S15-3. Full primate sphingolipid metabolic pathway as presented in the KEGG database.
Putative PSGs (p-value <0.05) are indicated by green boxes. All arrows, connectors and nodes are
indicated graphically in accordance with KEGG guidelines.

Supplemental Section S16 — Bornean/Sumatran Divergence

We aligned next generation whole genome sequence reads (Supplemental Section S4)
generated from the high-depth Bornean female individual (KB5404) to the Sumatran
orangutan genome assembly (v2.0.2 a.k.a. ponAbe2) using mrFAST'® to calculate the
average divergence/identity (Table S16-1). We used 5 kb windows of non-
RepeatMasked, gap-free and duplication-free sequence (PhredQ > 20; n=223,192
windows). We only considered variants supported by at least 2 reads. The distribution

is depicted in Figure S16-1.

Table S16-1. Estimate of Bornean vs Sumatran single nucleotide diversity.

AVERAGE of % identity

MEDIAN of % identity

STD DEV

0.9968

0.9989

0.00968
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Figure S16-1. Frequency histogram of identities comparing Bornean orangutan next generation
sequence reads mapped to the Sumatran reference genome.

Supplemental Section S17 — HMM Estimate of Bornean/Sumatran
Divergence Time, Speciation Time and Effective Population Size

Data preprocessing

We obtained an alignment of the Sumatran and Bornean orangutan individuals by
mapping a mix of 36- and 50-bp single-end and paired-end Illumina short reads from the
Bornean individual to the reference assembly, constructed from capillary reads of the
Sumatran individual (Supplemental Section S4). Blocks less than 100 nucleotides apart
were pooled and all gaps replaced by 'N', resulting in a series of “chunks”. Chunks with
less than 300 sites were removed and the remaining chunks were concatenated into
segments of ~1 Mb. The result of the preprocessing steps is 2,689 segments that were
each analyzed independently.
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Model

We developed a hidden Markov model (available in the software at
http://gna.org/projects/coalhmm/) that uses changes in coalescence time along the
genome to estimate the speciation time, recombination rate and ancestral effective
population size from pairs of sequences. Details of the method is described in the
companion paper Mailund et al. Estimating Speciation Time and Ancestral Effective
Population Size of Bornean and Sumatran Orangutan Subspecies using a
Coalescent Hidden Markov Model. We validated the model using extensive
coalescent simulations and generally found a good recovery of parameters.

Parameter estimates

We estimated speciation time, average recombination rate and ancestral effective
population size in each ~1 Mb segment independently and discarded the results where
1) the speciation time was below 5 thousand years or above 1 million years, 2) the
ancestral effective population size was below 5,000 or above 100,000, and 3) the
recombination rate was below 0.1 cM/Mb or above 10 cM/Mb. In total 203 segments
were discarded from the analysis (leaving 2,486 segments).

Assuming a per-basepair per-generation substitution rate of 2e-8 we estimated the
speciation time to be 334 + 145 kya and the recombination rate to be 0.95 £ 0.72
cM/Mb. We estimated the ancestral effective population size on autosomes and the X
chromosome independently. For the autosomes we found the effective population size
to be 26,800 £ 6,700 and for the X chromosome 20,400 * 7,400, consistent with the
theoretical % effective population size of X chromosomes.

Supplemental Section $18 — Bornean/Sumatran Duplication
Comparison

The duplication map of both orangutan subspecies reveals that most of the duplications
are shared (97% of SDs >20kb), with ~30% of the shared duplications showing copy
number differences between species. The rate of both Sumatran and Bornean specific
duplications is within the lower bound of previously published estimates (ranging from 1-
3 Mb/Myr) (Marques-Bonet et al. 2009). For the duplication map of the Sumatran
orangutan genome we used the WSSD-based methodology described above, based on
the WGS read data. For the Bornean duplication map, we mapped approximately 20x
coverage of next generation sequence data from a Bornean individual (KB5404) using
mrFAST"*® (Supplemental Section S4). To reduce false positives from short read
mapping, we excluded artifacts corresponding to smaller duplications that are not
detected by the capillary sequence based approach. We also restricted our analysis to
the autosomes. By these two methods we detected 53.7 Mb of duplication in the
Sumatran individual and 61.4 Mb of duplication in the Bornean individual. We classified
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segmental duplications into three categories: shared Bornean/Sumatran duplications,
Sumatran specific duplications and Bornean specific duplications.

Array comparative genomic hybridization was used to confirm individual-specific
duplications and to confirm copy-number differences for shared duplications. The
Sumatran (“Susie”) and the Bornean reference genomes (“KB5404”) were hybridized in
replicate with dye-flips between test and reference. Log2 relative hybridization intensity
was calculated for each probe. In this analysis, we restricted our analysis to those
regions that were greater than 10 kb in length and contained at least 20 probes with a
consistent log2 in both experiments. We used a heuristic approach to calculate log2
thresholds of significance for each comparison dynamically adjusting the thresholds for
each hybridization to result in a false discovery rate of <1% in the control regions
(Marques-Bonet et al. 2009). We validated a total of 1.2 Mb (> 10 Kb) and 630 Kb (> 20
Kb) of Sumatran-specific SDs and 1.1 Mb (> 10 Kb) and 624 Kb (> 20 Kb) of Bornean-
specific SDs (Table S18-1). These copy-number polymorphic SD encompass in part or
completely a total of 47 genes. However, the validation of specific SDs is very low (~
10%), in large part, because of the excess of predicted Bornean-specific duplications
using lllumina next-gen WGS sequence data. We suspect that differences in the
platforms (lllumina versus Sanger sequences) as well as randomness of the libraries
contribute to a higher rate of false negatives and positives for the short read WGS.

Table S18-1. Summary of array CGH validated sites of duplication comparative map between
Sumatran and Bornean Orangutans. Numbers in Italics correspond to copy number correction.

Fragments > 10 kb

Fragments > 20 kb

Sumatran SDs (not in Bornean)

1,197 kb (2,057 kb)

630 kb (7,019 kb)

Sumatran specific SDs

260 kb (567 kb)

96 kb (195 kb)

Bornean SDs (not in Sumatran)

1,122 kb (3,215 kb)

624 kb (2,006 kb)

Bornean specific SDs

367 kb (1,657kb)

176 kb (859 kb)

Shared SDs with more copies in Sumatran 6,161 kb 5,341 kb
Shared SDs with more copies in Bornean 3,173 kb 2,508 kb
Shared SDs with similar copy number 25,087 kb 19,798 kb

After removing all the intervals overlapping with previously known human, chimpanzee
or macaque SDs, we found 260 Kb (567 Kb after copy number correction) and 366 Kb
(1,657 Kb) of Sumatran and Bornean exclusive SDs respectively (> 10 Kb). Similarly,
9.2 Mb (> 10 kb) and 7.8 Mb (> 20 Kb) that were found copy number variant in shared
duplications (6.1 Mb (> 10 Kb) and 5.3 Mb (> 20 Kb) of Sumatran SDs and 3.1 Mb (> 10
Kb) and 2.5 Mb (> 20 Kb) of Bornean SDs). 55 genes are included in those regions (20
had more copies in Bornean and the remaining 35 had more copies in Sumatran). In
summary, the genomic architecture of the two subspecies is highly similar, yet contains
several megabases of potential lineage-specific duplication (only 3% of the duplications
are not shared). If one assumes 1.2-2 Myr as the separation of both species, the rate of
Mb/Myr (for fragments > 20 kb) is in the lower bound of what was previously published
(previously rates ranging from 1-3 Mb/Myr) °’. Figures S18-1 to S18-4 show examples
of shared Bornean/Sumatran duplications, as well as Bornean-specific and Sumatran-
specific duplications, all containing genic content.

WWW.NATURE.COM/NATURE | 65



doi:10.1038/nature09687 N2\ H{H W SUPPLEMENTARY INFORMATION

Figure S18-1. An example genic duplication shared among Bornean and Sumatran
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Figure S18-2. An example genic Sumatran-specific duplication.
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Figure S18-3. An example genic Bornean-specific duplication.
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Figure S18-4. An example of a genic Bornean-specific duplication expansion.
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Supplemental Section S19 — Retroelement Polymorphisms

Structure Analysis

We investigated the population structure within 37 orangutan individuals (Table S19-1)
using the Structure software v.2.1"*""%_ Simulations were performed under the
admixture model. The admixture model assumes that individuals may have mixed
ancestry, meaning that some retrotransposon insertions are inherited from ancestors in
population k. The structure analyses were run on a desktop machine with 4 CPUs.

Using genotype data from unlinked markers this software performs a model-based
clustering method to infer the population structure. Because the number of population
clusters is unknown for a given dataset, initially K — where K equals the number of
population clusters — was set from 1 to 6 to allow the software to determine the value of
K with the highest likelihood. The initial burn-in period was set at 1,000,000 iterations
and followed by a run-length of 1,000,000 steps and repeated at least five times. After
determination of the value of K (here 3) 25 replications were run under identical burn-in
and run-length settings. The information regarding the geographic origin was omitted.

For the structure analysis we selected 85 autosomal polymorphic retrotransposon
insertions (PCR reactions, conditions, and primer sequences see Supplemental Section
S9). Due to the relative quiescence of Alu retrotransposition in the orangutan lineage we
also included polymorphic L1 and SVA insertions (15 Alu, 39 L1 and 31 SVA). To our
knowledge this represents the first population genetic study that makes use of
polymorphic SVA insertions. The majority of retrotransposon insertions were selected
from PonAbe2. To reduce the common ascertainment bias we also included
retrotransposon insertions identified from short sequence reads (lllumina) of a Bornean
orangutan (KB 5404 ) through comparison against the P. pygmaeus abelii draft genome
sequence.

Our structure analysis revealed clear evidence for population structure within the
Sumatran orangutans apart from the clear distinction of Bornean and Sumatran
orangutans. We found evidence for the existence population substructure within
Sumatran orangutans. We identified two population clusters within the Sumatran
orangutans. The different Sumatran orangutans show varying degrees of admixture with
some individuals being clearly distinct from the Sumatran draft genome sequence
(Figure S19-1).
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Table $S19-1.
Species Names Common Names Origin ID number
1 |Pongo pygmaeus abelii Sumatran Orangutan |Coriell® PRO1109 ("Susie" )
2_|Pongo pygmaeus abelii Sumatran Orangutan _|SDFZ KB4361
3 _|Pongo pygmaeus abelii Sumatran Orangutan _|SDFZ KB4503
4 |Pongo pygmaeus abelii Sumatran Orangutan _[SDFZ KB4661
5 |Pongo pygmaeus abelii Sumatran Orangutan _[SDFZ KB5370
6 |FPongo pygmaeus abelii Sumatran Orangutan SDFZ” KB5883
7_|Pongo pygmaeus abelii Sumatran Orangutan SDFZ° KBS258 (OR1447)
8 |FPongo pygmaeus abelii Sumatran Orangutan |SDFZ’ SB550
9 |Pongo pygmaeus abelii Sumatran orangutan __|Coriell® GMO6213A
10 |Pongo pygmaeus abelii Sumatran orangutan __|Coriell® GMO4272A
11 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell® NG06209
12 |Pongo pygmaeus abelii Sumatran orangutan  |Coriell” NG12256
13 |Pongo pygmaeus abelii Sumatran orangutan _|SDFZ OR823
14 |Pongo pygmaeus abelii Sumatran orangutan __|NIHINCI®  |PPY16
15 |Pongo pygmaeus abelii Sumatran orangutan NIHINCI®  |PPY17
16 |Pongo pygmaeus abelii Sumatran orangutan  [NIH/NCI®  |PPY29
17 |Pongo pygmaeus abelii Sumatran orangutan  [NIH/NCI®  |PPY30
18 |Pongo pygmaeus abelii Sumatran orangutan  [NIHINCI®  |PPY36
19 |Pongo pygmaeus abelii Sumatran orangutan NIH/NCI®  |PPY44
20 |Pongo pygmaeus pygmaeus |Bornean Orangutan SDFZ° KB4204
21 |Pongo pygmaeus pygmaeus |Bornean Orangutan SDFZ° KB5404
22 |Pongo pygmaeus pygmaeus |Bornean Orangutan SDFZ° KB5405
23 |Pongo pygmaeus pygmaeus |Bornean Orangutan SDFZ° KB5406
24 |Pongo pygmaeus pygmaeus _|Bornean Orangutan SDFZ° KB5418
25 |Pongo pygmaeus pygmaeus |Bornean Orangutan SDFZ° KB5418
26 |Pongo pygmaeus pygmaeus |Bornean Orangutan |SDFZ° KB5482
27 |Pongo pygmaeus pygmaeus _|Bornean Orangutan SDFZ” KB5543
28 |Pongo pygmaeus pygmaeus _|Bornean Orangutan SDFZ” KB&109
29 |Pongo pygmaeus pygmaeus |Bornean Orangutan  |SDFZ° SB664
30 |Pongo pygmaeus pygmaeus |Bornean orangutan SDFZ° OR315
31 |Pongo pygmaeus pygmaeus _|Bornean Orangutan Coriell* AGD5252A
32 |Pongo pygmaeus pygmaeus |Bornean orangutan NIH/NCI®  |ppY23
33 |Pongo pygmaeus pygmaeus |Bornean orangutan __ [NIH/NCI®  Ippy28
34 |Pongo pygmaeus pygmaeus |Bornean orangutan __ [NIH/NCI®  1ppY35
35 |Pongo pygmaeus pygmaeus _|Bornean orangutan NIH/NCI®  |PPY104
36 |Pongo pygmaeus pygmaeus |Bornean orangutan NIH/INCI®  |PPY105
37 |Pongo pygmaeus pygmaeus |Bornean orangutan | NIF/NCI™  |ppy106

“ Coriell Institute for Medical Research, 403 Haddon-Avenue. Camden NJ 08103, USA
“ San Diego Frozen Zoo, Conservation and Research for Endangered Species (CRES)
“NIH/National Cancer Institute, Laboratory of Genomic Diversity, Frederick, MD 21702
" DNA PR01108 in conjunction with the Orangutan Genome Sequencing Project,

The Genome Center at Washington University, St. Louis, MO 63108
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Figure S19-1. Population structure of 37 orangutans on the basis of 85 polymorphic
retrotransposon markers. Samples 1-19 are of Sumatran origin with sample 1 being the reference
genome individual, “Susie”; samples 20-37 are Bornean orangutans. The 85 polymorphic retrotransposon
markers were identified from either the orangutan reference genome (Sumatran) or short paired-end
lllumina sequence reads of a Bornean orangutan. Information regarding the geographic origin of the 37
samples was omitted from the Structure analysis runs to allow the program to infer the most likely number
of populations. Results of the Structure analysis show that the most likely number of clusters
(populations) was three (K=3) with cluster 1 (blue) representing the Bornean orangutans and clusters 2
(red) and 3 (yellow) representing population structure within the Sumatran sample set.

Supplemental Section S20 — SNP Calling and Ancestral Base
Reconstruction

Alignment of Next-generation Sequence Data

lllumina sequence reads (see Supplemental Section S4 for details) from all 10 donor
individuals were aligned against the Sumatran reference genome (v2.0.2) using
Novoalign (www.novocraft.com). Only reads with less than 1 mismatch per 17 bp of
“effective sequence” (i.e., excluding ambiguous base calls and 2 bp 5" and 3’ of the read
ends) were retained for SNP calling. Furthermore, we required that both reads from a
mate pair align to this threshold and fall within the bounds of a log-normal estimated
distribution for insert size in order to retain either read from the pair. As we see in
Figure S20-1, for three libraries from individual KB5404, a Bornean donor individual
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sequenced to ~20X coverage, the log-normal distribution does an excellent job of
modeling the dispersion around the modal insert size
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Figure S20-1: Distribution of pair span for three libraries sequenced for the high coverage (20x)
Bornean individual (KB5404).

Recalibration of lllumina Read Error Rates

To account for potential biases in the assignment of lllumina quality scores, we first
used Dohm et al.’s recalibration method'*®. Specifically, for reads of length L (e.g., L =
36 or L = 72), at a given position i (1 < < n) for individual j (1 < < 10), the empirical
quality score function ey is:

ejL = (# of non-reference alleles at position i for reads from individual j of length n)/(total
# of reads that map to position i for reads from individual j of length n).

We then used the lower of the two scores (raw and recalibrated) in the SNP calling
algorithm to reduce the influence of sequencing error on SNP calls, which potentially
increased the false negative rate. We therefore assessed the impact of this scheme on
the false negative rate in our simulation study (see below).
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SNP Calling Algorithm

SNPs for each population were called separately using a Bayesian population genomic
approach that pools information regarding allele frequency among individuals within the
same species when calling genotypes, i.e. it leverages the short-read sequence data for
all individuals of given species aligned to the reference genome. The model utilizes a
prior distribution on allele frequencies for variable sites as well as Hardy-Weinberg
assumptions at the species level within species to derive a posterior distribution on
genotype for each individual at each SNP based on the sequence data. We also
applied a series of post- and pre-calling filters to reduce the possibility of errors
including the following. First, we removed positions with an ambiguous base (N) in the
reference genome, along with 5 bp 5’ and 3’ of that position, since the presence of even
a single ambiguous base is an effective indicator of low-quality sequence'®. SNPs were
only called where the reference genome had a consensus quality score greater than 90
(on a scale of 1-97, based on the phred scores of underlying whole-genome shotgun
reads). Regions of known segmental duplication were also excluded. Furthermore, we
required all potential SNP sites to have at least 7 individuals with greater than 2X
coverage at that locus in order to be considered in the population genetic analysis.
Finally, we did not allow for SNPs within 5 bp of each other, indels within 10 bp, or more
than 8 individuals to be classified as heterozygous, in order to minimize the rate of false
positives caused by recent segmental duplications.

The details of our calling algorithm are as follows. We wish to estimate the genotype for
a given individual by jointly considering the reads for that individual and the estimate of
the frequency for the allele in the population given the genotype calls. Under standard
population genetic theory the allele frequency distribution for a single allele within a
population follows a beta distribution*""*?. Therefore, our model assumes a vague prior
distribution with a skew towards rare alleles for the minor allele frequency within each of
the two populations by utilizing a beta distribution with parameters — \ .

Denote the 10 individuals as| === |. For a particular site on the genome, let 4
and a be, respectively, the major and minor allele. Let p represent the minor allele
frequency for a specific population at this site, where the prior

P(p) = Beta(a =0.01,5=0.09); let N, represent the total number of alleles observed for

individual i; let r, be the type of the ;" allele copy among these N, allele copies where
J=1---N,; let ¢; be the corresponding error probability determine as above by either the
reclibrated or raw quality score. For a particular site on the reference genome, we have

that:
P(Genotype|Data)  ~ P(Data|Genotype) - P(Genotype)

~ P(Data|Genotype) - | P(Genotypel|p) - p(p)dp

~ P(Data|Genotype) - | P(Genotype|p) - Beta(a, 5)dp

—
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Therefore, for individual i, the posterior distribution on the three possible genotypes
(AA, Aa, aa) are:

P,(AA|Data) ,wpumu@AAy /k1—pV-Baa@%5ym

H;V"(l B €z'j>1(rij:A) .ej;rij:a) /5(5 + 1)
(a+ B)(a+ B +1)

Y

P;(Aa|Data) ~ P(Data|Aa) - /2]5- (1 —p) - Beta(a, )dp

__ (05) 208
(a+B)(a+B+1)

P;(aa|Data) ~ P(Datalaa) - /]32 - Beta(a, B)dp

1(7'”‘:1‘\) )

val (1= i) 0= - €ij a(a+1)
(a+O)(a+B+1)

~Y

Based on the posterior probability for each one of the three potential genotypes for
individuals within the same population, the genotype frequencies can be estimated for
the population and the parameter of the allele frequency distribution, alpha and beta,
can be updated with respect to the population level using the following method:

K
v = (Pi(aa|Data) = 2 + P;(Aa| Data) * 1 + P;(AA| Data) * 0)

)
K
3::E:mwAAumuw*2+PxAmmey«L+EQWUIu@*O)
)

Where K includes the indexes of individuals which belongs to the same population and
the iteration will continue until the two conseuctive updated parameters differ less than
0.001. In the above posterior probability formulae, 1(,17 _a, denotes the indicator function,

which is 1 when r; = A and 0 otherwise. Based on the posterior probabilities we
classified the site as a variate site or nonvariate site exclusively.
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Simulation Study

To estimate our SNP calling sensitivity and false discovery rate, we adapted a modified
simulation protocol from the 1000 Genomes project. The dataset, which consists of 500
individuals, was simulated under a split model with the time of separation for Bornean
and Sumatran populations of approximately 1M years ago. 10 individuals were
randomly chosen and 36 basepair paired-end reads were generted by ART
(http://biomedempire.org/) at the exact observed coverage in the real data for each
individual, in order to be comparable to the real dataset. A single individual in the
Sumatran group was randomly chosen as the reference genome and all the short reads
were aligned against it. The simulation results are listed below in Table S20-1:

Table S20-1.
Individual | Coverage | Correctly | Incorrectly | Missed | Sensitivity | FDR
called called

1. 5504 20X 33819 175 194 98.9% | 0.6%
2. 5503 10X 33640 589 904 95.8% | 2.6%
3. 9258 9X 23240 984 1204 91.4% | 4.7%
4. 5406 7X 21693 1036 1537 89.4% | 6.3%
5. 5405 8X 23161 1154 1342 90.3% | 5.2%
6.4202 8X 33267 740 1318 94.2% | 3.7%
7. 550 7X 33024 847 1515 93.3% | 4.3%
8. 5883 8X 33074 748 1363 94.0% | 3.9%
9. 4361 6X 22532 1666 1806 86.6% | 6.9%
10 .4661 6X 22211 1721 1831 86.2% | 7.1%

SNP Validation

We validated a subset of SNPs by PCR-based re-sequencing on the 3730 platform.
SNPs were selected from arbitrarily chosen regions of the orangutan genome, sampling
from chromosomes 1 and 3-11, with the sole requirement that predicted genotypes
were available for all 10 sequenced orangutan individuals at each site. Several
categories of SNP were selected, including singletons, doubletons and higher frequency
SNPs with three or more alleles observed among the 10 individuals we sequenced.
Among doubletons and higher frequency SNPs, both heterozygous and homozygous
sites were selected, as well as sites with a combination of heterozygous and
homozygous alleles in the higher frequency category. Overall, the set is biased toward
singleton SNPs (63 out of 108 sites, see below) to assess the ability of the SNP caller to
successfully detect such sites with 8-10x coverage of short read sequence alignments.

From an initial set of 114 sites, 108 amplicons were successfully designed and
sequenced. Manual genotype calls were then made at sites with sufficient Sanger data
quality, which allowed 87.0% (940/1,080) of all possible genotypes to be called (Table
S20-2). Overall genotyping accuracy, defined as the concordance between the
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predicted genotype and the Sanger data was very high, with 99.0% (931/940) of sites
confirming computational predictions.

Genotyping accuracy for the singleton pool was high (98.9%), but this figure includes
validated sites that were homozygous with respect to the reference genome for 9/10
individuals. Specifically among the individuals bearing a heterozygous singleton SNP
we found 4 false positives out of 51 sites where validation data was available (a 7.8%
false positive rate). Of the four false positive heterozygous singleton calls, one was a
mis-called homozygous variant; the other three were homozygous wildtype alleles
according to the Sanger data. We also found 2 false negative calls among the singleton
pool (489 calls total) for a false negative rate of 0.4%. For the 11 doubleton SNPs in
our validation set, a full 100% (110/110) were concordant between the Sanger data and
the predicted genotypes. For higher frequency SNPs the overall concordance was
99.0% (291/294), and the validation rate of non-reference allele genotypes was 98.0%
(149/152) with one false negative (0.7%). Overall, the high rate of concordance
between the genotypes predicted by the SNP caller and the Sanger-based sequence
data suggests a high level of accuracy among the large pool of SNPs detected across
the orangutan genome using this methodology. These results should provide
confidence in the use of these SNPs in downstream analyses and applications.

Table S20-2.

SNP Category

Sites
Assessed

Resequencing Success Rate
Across All 10 Individuals

Overall Genotype
Accuracy

Non-reference
Allele Accuracy

False Negatives

Singletons (1 allele observed)

63

540/630 (85.7%)

534/540 (98.9%)

47151 (92.2%)

2/489 (0.4%)

Doubletons (2 alleles)

1

106/110 (96.4%)

106/106 (100%)

15/15 (100%)

0/91 (0.0%)

High Frequency (3+ alleles)

34

294/340 (86.5%)

291/294 (99.0%)

149/152 (98.0%)

11142 (0.7%)

Total

108

940/1,080 (87.0%)

931/940 (99.0%)

211/218 (96.8%)

31722 (0.4%)

Principal Component Analysis

To quantify patterns of population substructure using the 13 million SNPs discovered
using our algorithm, we use a modified Principal Component Approach. Specifically, we
encoded each SNP for each individual as the posterior expected # of copies of the
alternate (i.e., non-reference) allele for sites with coverage of at least 2X per individual:

E(# of copies of “a” | Data) = 2*Pr(aa | Data) + 1*Pr(Aa | Data)

This approach integrates out over uncertainty in assignment of the heterozygous vs.
homozygous state. We also utilzied PCA on the genotype matrix based on a maximum
a posteriori approach that assigned each individual the genotype with highest posterior
probability. The results are qualitatively very similar and show the extremely high
quality of the data. Namely, the first principal component (PC 1) separates the Bornean
from Sumatran samples and explains approximately 35.8% of the variance. The
second PC identifies one Sumatran individual (9258) as distinct from the other four.
This observation is consistent with the higher overall genetic diversity of Sumatran
orangutans (see main paper).
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Figure S20-2. Principal component analyiss of the genomic SNP data found by resequencing 10
Bornean and Sumatran donor individuals to at least 6X coverage.

Ancestral Base Reconstruction

The ancestral base reconstruction of SNPs from the Bornean and Sumatran orangutan
population sequence data made use of the human (hg18), rhesus macaque (rheMac2)
and chimpanzee (panTro2) assemblies. Alignments for these three species were
extracted from the 44-way multi-species alignments hosted at the University of
California, Santa Cruz'*®. Autosomal genome-wide estimates of branch length were
obtained from four-fold degenerate sites in these alignments using PhyloFit'** under the
general time-reversible (GTR) substitution model (see Pollard et al., 2010 for further
details). An approximate estimate for the average branch lengths leading to Bornean
and Sumatran orangutans was obtained from alignments of two individuals (one from
each subspecies) for chromosome 1. Marginal posterior distributions over the four
bases in the most recent common ancestor of the Bornean and Sumatran orangutans
were then computed for each polymorphic site by the sum-product algorithm, using
prequel (http://compgen.bscb.cornell.edu/phast/). Here, the Sumatran individuals were
summarized with one sequence and the Bornean individuals with another sequence,
and IUPAC ambiguity characters were used to represent polymorphic sites within these
populations. Prequel integrates over the possible bases associated with each ambiguity
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character in its calculations. The maximal value of the computed posterior distribution
of ancestral bases, per position, is over 0.9 in 93% of cases.

0.0066
hgl8

00121

0.0066
panTro2

0.0143

0.0013
— ponAbe2S

00170

0.0013
— ponAbe2B

0.0362
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Figure S20-3. Branch length estimates based on alignment of macaque,
chimpanzee, human, Bornean orangutan and Sumatran orangutan sequence data.
Shown are branch length estimates based on alignments of Bornean and Sumatran
orangutan sequence data to chromosome 1, with 92,232 informative sites over
21,450,994 bases of total alignment space. Branch lengths for the other species were
autosomal whole-genome estimates derived from the 44-way alignments hosted at the
UCSC Genome Browser.

Supplemental Section S21 — Demographic Inference Using DaDi

The data consist of SNPs detected in 1.96 Gb of genome sequenced in each of 5
Bornean and 5 Sumatran individuals. To account for occasional missing data, the
frequency spectrum was projected down to 8 chromosome samples per population. The
resulting cutoff of having 4 or more individuals called in each population yielded 12.74
million usable SNPs in the frequency spectrum.
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Two analyses were performed, differing in how SNPs were polarized. We first worked
with the folded spectrum, which ignores ancestral state information and considers only
minor allele frequencies. The upper-left panel of Figure S21-1 shows the resulting
spectrum. We found that this spectrum very poorly constrained the split time in models
with migration, so we also worked with a polarized spectrum. For the polarized
spectrum, we used the ancestral state inferred using the algorithm discussed in Section
S20. That algorithm assigns a probability for each possible ancestral state for each
SNP, and the renormalized probabilities of the two segregating states were used for
each SNP in the data set. One limitation of the current ancestral state algorithm is that if
allele A is fixed in one population sample and the second sample has alleles A and G
segregating, the ancestral state is always called as A. To compensate for this limitation,
the data and model spectra were partially folded, ignoring ancestral state information for
entries in which one allele is fixed in a population. The upper-left panel of Figure $S21-2
shows the resulting spectrum.

We fit two increasingly complex series of nested models to the two frequency spectra.
First, we fit a series of models in which the two derived population sizes are held
constant since the time of the split, as in Figure S$S21-3 a). We then fit a series of models
with potential exponential growth since the time of split, as in Figure S21-3 b). Table
S21-1 and Table S$21-2 report the results of these fits to the two spectra. In the tables,
each pair of rows corresponds to a different model. The first row contains the
parameters in genetic units, while the second has converted them to physical units
using a per generation mutation rate of 2.0x10® and a generation time of 20 years. In
each case, the parameters allowed to vary are highlighted.

Considering the maximum-likelihood model parameters, we see that the Sumatran
current effective population size is always estimated to be substantially larger than the
Bornean. In models fit to the folded spectrum, we found evidence for a ridge in the
likelihood surface that traded off longer split times for higher migration (data not shown).
As a result, the split times inferred from that analysis are unreliable, with larger
uncertainties. In the fits to the polarized spectrum, we recover split times of roughly 400
thousand years ago. Also, in all cases we find evidence for low levels of migration
between the two populations.

For the most complex model with growth and migration, Figure S21-1 and Figure S21-
2 compare the maximum likelihood model spectra with the data. In both analyses, we
see that the models are underestimating the number of shared low-frequency
polymorphisms. This may indicate that a more complex time-dependent migration
model might be desirable. We also see that the model fit to the polarized spectrum
underestimates the number of observed high-frequency shared mutations. This may
indicate additional polarization difficulties, as it is difficult to concoct scenarios in which
their are more shared high-frequency polymorphisms than shared mid-frequency
polymorphisms. Nevertheless, the overall consistency of results among the different
models suggests lends them credence.
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Figure S21-1: Analysis results for completely folded spectrum
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Figure S21-3: Demographic models considered

a) Fixed derived population sizes
nuB
Na mB<-S mS<-B
Tapit nuS

b) Exponential growth
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Table S21-1: Maximume-likelihood parameters for models fit to completely folded data.

log(likelihood) theta & Na Tspiit s nuB nuS mB<-S mS<-B

-6.22E+05 | 2.59E+06 0.488 1 1 0 0
16,518 322,429 16,518 16,518

-3.07E+05 | 2.97E+06 0.353 0.516 1.008 0 0
18,954 267,632 9,780 19,098

-1.73E+05 | 4.54E+06 10.000 3.592 6.716 0.071 0.071
28,948 11,579,082 103,980 | 194,413

-1.36E+05 | 4.55E+06 10.000 2.932 7.477 0.118 0.040
28,986 11,594,388 84,987 | 216,728

-6.64E+05 | 3.45E+06 0.256 0.5 0.5 0.5 0 0
22,015 225,437 11,008 11,008

-3.95E+05 | 3.51E+06 0.234 0.344 0.344 0.656 0 0
22,353 209,227 7,690 14,664

-2.82E+05 | 3.05E+06 0.326 0.505 0.422 2.403 0 0
19,452 253,648 8,209 46,742

-1.61E+05 | 2.68E+06 0.689 0.618 0.569 2.067 0.343 0.343
17,073 470,524 9,714 35,289

-1.50E+05 | 2.46E+06 0.908 0.503 0.581 2.071 0.546 0.229
15,702 570,280 9,123 32,518
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Table S$21-2: Maximume-likelihood parameters for models fit to data with probabilistic
ancestry and fixed+seg sites folded.

log(likelihood) theta & Na Tspiit ] nuB nuS mB<-S mS<-B

-6.35E+05 | 2.59E+06 0.487 1 1 0 0
16,524 321,892 16,524 16,524

-3.09E+05 | 2.98E+06 0.353 0.518 1.066 0 0
18,973 267,902 9,828 20,225

-2.21E+05 | 2.64E+06 0.626 0.608 1.157 0.269 0.269
16,830 421,432 10,233 19,473

-2.08E+05 | 2.59E+06 0.662 0.560 1.254 0.447 0.169
16,537 437,899 9,261 20,737

-6.82E+05 | 3.45E+06 0.256 0.5 0.5 0.5 0 0
22,003 225,306 11,001 11,001

-3.96E+05 | 3.51E+06 0.234 0.345 0.344 0.655 0 0
22,353 209,227 7,690 14,641

-2.84E+05 | 3.05E+06 0.326 0.601 0.423 2.389 0 0
19,445 253,565 8,225 46,454

-1.87E+05 | 2.84E+06 0.536 0.633 0.498 2.148 0.294 0.294
18,087 387,780 9,007 38,850

-1.84E+05 | 2.81E+06 0.562 0.592 0.491 2.100 0.395 0.239
17,934 403,149 8,805 37,661

Short Read Coverage Effects

A potential concern is that our low-coverage data may bias our estimation of SNP
frequencies and thus our model fitting, although our SNP calling algorithm is explicitly
designed to correctly work with low-coverage data. To test for potential biases, we
compared results from the full data set to results from a data set filtered based on read
depth. For this “strict” data set, we included only SNPs for which each individual had
read depth between the mean read depth for that individual and twice that value. We
thus restricted ourselves to SNPs with relatively high coverage, but we exclude SNPs
with very high coverage that may indicate mis-mapping of copy-number variation. This
strict filtering left us with 5280 SNPs for analysis.

We first checked whether the frequency spectrum (FS) from the “strict” data set differed
statistically from the full data FS. The upper-left panel of Figure S21-4 shows the FS
from the full data set, while upper right panel shows the FS from the “strict” data set.
Qualitatively, they are very similar.

To more quantitatively test for deviations between these the full and strict data sets, we
compared our strict FS with 10,000 spectra resulting from randomly sampling 5280
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SNPs from the full data set. We then calculated a p-value for each entry in the FS,
based on where the “strict” data set was within the distribution of values derived from
the bootstraps of the full data set. These p-values are plotted in the lower-left panel of
Figure S21-4. We see little correlation in the p-values, again qualitatively suggesting
that our SNP calling is not biased. Furthermore, no entries in the strict FS differ
significantly (at the 5% level) from the entries in the full data FS.

Finally, we refit all the models we considered to the strict data set, to check whether the
model fitting is biased. The resulting maximume-likelihood parameter values are shown
in Table $21-3. Comparing with our fits to the full data set (Table $21-2), we see that in
all cases the inferred parameter values are very similar. Thus using even a very strictly
filtered data set does not change any of our conclusions.

Full data set

Bornean

o

0

Sumatran

8

1e+06

1e+05

p-values of entries for filtered data

T

Bornean

T

ol

Sumatran

1

0.9
0.8
0.7
0.6
0.5
04
0.3
0.2
0.1
0

Filtered on read depth

8 1000
c

<
5

9 100
=
wn

0 10

Bornean

Figure S21-4: Comparison of spectra for full data set and data set filtered on read

depth.
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Table S$21-3: Maximume-likelihood parameters for models fit to data with probabilistic
ancestry and fixed+seg sites folded. In these fits, only SNPs which passed our read
depth criteria were used.

log(likelihood) Tsplit S nuB nuS mB<-S mS<-B
-421.4 0.497 1 1 0 0
-281.5 0.357 0.509 1.07 0 0
-245.7 0.650 0.608 1.174 0.268 0.268
-239.0 0.704 0.554 1.292 0.459 0.151
-438.4 0.260 0.5 0.5 0.5 0 0
-318.1 0.237 0.340 0.340 0.660 0 0
-269.0 0.319 0.656 0.344 2.814 0 0
-235.9 0.620 0.605 0.478 1.756 0.357 0.357
-229.6 0.569 0.594 0.453 2.135 0.436 0.224
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