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The mammalian Y Chromosome sequence, critical for studying male fertility and dispersal, is enriched in repeats and pal-

indromes, and thus, is the most difficult component of the genome to assemble. Previously, expensive and labor-intensive

BAC-based techniques were used to sequence the Y for a handful of mammalian species. Here, we present a much faster and

more affordable strategy for sequencing and assembling mammalian Y Chromosomes of sufficient quality for most com-

parative genomics analyses and for conservation genetics applications. The strategy combines flow sorting, short- and

long-read genome and transcriptome sequencing, and droplet digital PCR with novel and existing computational methods.

It can be used to reconstruct sex chromosomes in a heterogametic sex of any species. We applied our strategy to produce a

draft of the gorilla Y sequence. The resulting assembly allowed us to refine gene content, evaluate copy number of ampli-

conic gene families, locate species-specific palindromes, examine the repetitive element content, and produce sequence

alignments with human and chimpanzee Y Chromosomes. Our results inform the evolution of the hominine (human, chim-

panzee, and gorilla) Y Chromosomes. Surprisingly, we found the gorilla Y Chromosome to be similar to the human Y

Chromosome, but not to the chimpanzee Y Chromosome. Moreover, we have utilized the assembled gorilla Y

Chromosome sequence to design genetic markers for studying the male-specific dispersal of this endangered species.

[Supplemental material is available for this article.]

The sequence of the mammalianmale-specific sex chromosome—
the Y—is crucial for understanding male infertility disorders (Case
and Teuscher 2015), population genetics of male-specific dispersal
(Mendez et al. 2011; Karmin et al. 2015), and male mutation bias
(Kuroki et al. 2006; Hughes et al. 2010, 2012a; Wilson Sayres
et al. 2011; Li et al. 2013). Despite its importance, the sequence
of the Y Chromosome has so far been determined only for a hand-
ful of mammals—human, chimpanzee, rhesus macaque, mouse,
and pig (Skaletsky et al. 2003; Hughes et al. 2010, 2012a; Soh
et al. 2014; Skinner et al. 2016), as well as partially sequenced for
bull, dog, cat, marmoset, opossum, and rat (Chang et al. 2013; Li
et al. 2013; Bellott et al. 2014).

The paucity of mammalian Y Chromosome assemblies is par-
tially due to the haploid nature of this chromosome. Many mam-
malian genome projects have focused on females to obtain
reliable X Chromosome sequences (Rozen et al. 2003; Graves

2010). Even when the Y is targeted, its unusual highly repetitive
structure makes it the most challenging mammalian chromosome
to sequence and assemble. Indeed, although the X has largely re-
tained the ancestral autosomal structure and gene content
(Graves 2010), the Y has undergone degradation via the accumula-
tion of repeats and gene loss (Charlesworth and Charlesworth
2000; Skaletsky et al. 2003). The primateYChromosome, for exam-
ple, is composed of pseudoautosomal regions (PAR), and X-degen-
erate, ampliconic, X-transposed, and heterochromatic regions
(Skaletsky et al. 2003). The recombining PAR is present in both Y
and X Chromosomes. The X-degenerate regions—the live remnants
of the progenitor autosomes—harbor single-copy ubiquitously ex-
pressed genes with homologs on the X. The ampliconic regions are
repetitive regions that contain palindromes (inverted repeats
from several kilobases to several megabases long), whose arms are
>99.9% identical (Rozen et al. 2003) and which harbor multicopy
genes important for spermatogenesis (Bhowmick et al. 2007). The
X-transposed region, detected so far only on the human Y, was

9These authors contributed equally to this work.
Corresponding authors: kdm16@psu.edu, pashadag@cse.psu.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.199448.115.
Freely available online through the Genome Research Open Access option.

© 2016 Tomaszkiewicz et al. Thisarticle, published inGenomeResearch, is avail-
able under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described athttp://creativecommons.org/licenses/by-nc/4.0/.

Method

530 Genome Research 26:530–540 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/16; www.genome.org
www.genome.org

 Cold Spring Harbor Laboratory Press on July 20, 2017 - Published by genome.cshlp.orgDownloaded from 

mailto:kdm16@psu.edu
mailto:kdm16@psu.edu
mailto:pashadag@cse.psu.edu
mailto:pashadag@cse.psu.edu
mailto:pashadag@cse.psu.edu
http://www.genome.org/cgi/doi/10.1101/gr.199448.115
http://www.genome.org/cgi/doi/10.1101/gr.199448.115
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com


created via a transposition from the X to the Y after the human–
chimpanzee split (Skaletsky et al. 2003). The heterochromatic regions
havehigh interspersed repetitive content andhavenot beenentire-
ly sequenced for anyprimateY. These characteristics pose technical
challenges requiring thedevelopmentof specializedmethods to se-
quence and assemble the mammalian Y Chromosome.

The main method has been single-haplotype iterative map-
ping and sequencing (SHIMS), which was used to sequence the
human, chimpanzee, macaque, and mouse Y Chromosomes
(Skaletsky et al. 2003; Hughes et al. 2010, 2012a; Soh et al. 2014).
Although it is highly accurate, SHIMS remains expensive and te-
dious. Novel sequencing technologies have opened opportunities
to make Y Chromosome sequencing faster and more affordable.
One such approach sequences both male and female genomes
and uses a differential analysis to identify Y-linked contigs (Car-
valho and Clark 2013; Vicoso et al. 2013). However, this approach
still requires substantial amounts of whole-genome sequencing.

In this study, we propose a cost-effective alternative method
that integrates both existing and novel experimental and compu-
tational strategies. We first use flow sorting to significantly enrich
the DNA for Y sequence and then apply both short- (Illumina) and
long-read (Pacific Biosciences) technologies. We then combine ex-
isting assembly tools with a new algorithm, RecoverY, to efficient-
ly identify Y-specific reads from the flow-sorted material. Finally,
our assembly is augmented by testis transcriptome reconstruction,
which is instrumental in building the Y Chromosome gene cata-
log, and by the estimation of the sizes of ampliconic gene families
using droplet digital PCR (ddPCR) (Hindson et al. 2011).

We apply our strategy to produce a draft de novo assembly of
the gorilla Y Chromosome. Gorilla diverged from the human–
chimpanzee common ancestor 6–10million years ago (Mya); how-
ever, only the genome of gorilla female has been so far sequenced
(Scally et al. 2012). The sequence of the gorilla Y Chromosome is
important for several specific applications. It is an endangered spe-
cies, and the Y sequence can be used to design genetic markers to
study male-specific dispersal patterns. It is also important to in-
form the evolutionary history of the hominine (human, chimpan-
zee, and gorilla) Y Chromosomes, two of which—human Y and
chimpanzee Y—were recently found to be highly divergent from
each other (Hughes et al. 2010). Importantly, our strategy can be
applied to reconstruct the sex chromosomes present in the hetero-
gametic sex (Y or W) of other species.

Results

Weusedan integrated strategy to sequenceandassemble thegorilla
Y Chromosome. In short, as the first step, the Y Chromosome was

flow sorted. Next, Illumina paired-end (PE) and mate pair (MP), as
well asPacificBiosciences (PacBio), librarieswereconstructed. From
the resulting Illumina reads, we extracted the Y Chromosome–spe-
cific reads using a novel algorithm developed in-house, RecoverY
(see below). Next, such reads were assembled into contigs with
SPAdes (Bankevich et al. 2012) and scaffolded with SSPACE
(Boetzer et al. 2011). PacBio reads were used to further scaffold
the assembly with SSPACE-LR (Boetzer and Pirovano 2014) and
to close assembly gapswith PBJelly (English et al. 2012). The result-
ingassemblywas additionally improvedbycreating super-scaffolds
based on transcript information. To resolve the copy number
of ampliconic genes, we utilized ddPCR (Hindson et al. 2011).

Flow sorting and sequencing

Approximately 12,000 copies of the YChromosomewere flow sort-
ed (Supplemental Fig. S1) from a fibroblast cell line of western low-
land gorilla male. The flow-sorted DNA was used as a template for
whole-genome amplification (WGA) (Supplemental Figs. S2–S3;
Supplemental Table S1). The WGA DNA was utilized to construct
three types of sequencing libraries, i.e., Illumina PE, Illumina MP,
and PacBio, as specified in Table 1. Our analysis indicated that
Chromosome Y constituted ∼30% of sequenced flow-sorted mate-
rial (the rest might be debris from the other chromosomes; see be-
low), in sharp contrast to sequencing gorilla male DNA, in which
only 1%–2% of reads come from the Y (Supplemental Table S2).
In this analysis, to remove themappingbias causedby repetitive el-
ements, we used the RepeatMasked human Y as reference and
Bowtie 2 (Langmead and Salzberg 2012) as it offered a relatively un-
biased mapping (Supplemental Table S2). Thus, sequencing of the
Illumina (for the PE andMP libraries combined) and PacBio librar-
ies resulted in depths of∼477× and∼74×, respectively, for gorilla Y
(Table 1; Supplemental Fig. S4). Sequencingdepthanalysis suggest-
ed thatWGA did not introduce any gross biases in the subsequent
read distribution (Supplemental Fig. S5), although some sequences
were potentially not amplified. Additionally, cDNA from gorilla
testis was sequenced to assemble the transcriptome, and genomic
(and not flow sorted) DNA of gorilla male and female was se-
quenced at low depth for validation (Table 1).

RecoverY: extracting Y Chromosome–specific reads

Flow sorting greatly enriches the content of the Y Chromosome;
however, as any other enrichment technique, it is not 100%
efficient. For instance, as the Y Chromosome is small, it might
flow sort together with debris from other chromosomes (Supple-
mental Fig. S6). To further increase the contribution of Y-specific
reads to our assembly, we developed the RecoverY algorithm that

Table 1. Sequencing data summary

Sample Sequencing library Insert size (bp) Millions of reads Read length (bp) Sequencing depth

Flow-sorted gorilla Y
Chromosome

Illumina PE 200–300 303.0 (1.5 HiSeq lanes) 150 227× on the Ya

Illumina MP 5000–10,000 334.4 (1.5 HiSeq lanes) 150 250× on the Ya

PacBio, P4-C2 3000–20,000 1.7 (29 SMRT cells) 500–33,483; N50: 6816 41× on the Ya

PacBio, P5-C3 3000–20,000 1.4 (33 SMRT cells) 500–32,552; N50: 6905 33× on the Ya

Male testis cDNA Illumina PE 200–300 86.4 150 Not applicable
Gorilla male genomic DNA Illumina PE 200–300 39.2 150 2× genome-wideb

Illumina MP 5000–10,000 366.6 150 18× genome-wideb

Gorilla female genomic DNA Illumina PE 200–300 141.2 150 7× genome-wideb

(PE) Paired-end; (MP) mate-pair.
aAssuming that gorilla Y Chromosome is 60 Mb long (Gläser et al. 1998) and constitutes 30% of the flow-sorted material.
bAssuming genome size of 3 Gb.
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separatesYandnon-Yreadsbasedondifferential sequencingdepth.
RecoverY plots the distribution of the number of occurrences (the
abundance) of k-mers from the flow-sorted read data. We used the
k-mer size of 25 that was selected after testing RecoverY on a range
of k values from 15 to 25 using simulated data from the human
genome with Y enrichment ranging from 10% to 50%. We found
that the maximum number of Y-specific k-mers was recovered at
k = 25. The distribution reveals two categories of k-mers (Fig. 1A):
low-abundance k-mers from sequencing errors, autosomes and
Chromosome X, versus high-abundance k-mers from the Y and
from transposable and other repetitive elements. RecoverY applies
an abundance threshold to classify the k-mers and then filters out
reads in which more than half of the constituent k-mers have an
abundance lower than the chosen threshold. This strategy is de-
signed to retain reads from the Y and from transposable and other
repetitive elements, along with PAR found on both X and Y
Chromosomes, while filtering out reads from the X and the auto-
somes. We note that RecoverY has the potential to be applied
more generally to reads from any flow-sorted, or otherwise en-
riched (e.g., microdissected), chromosome.

Assembly

We explored combinations of different sequencing technol-
ogies (Illumina only versus Illumina combined with PacBio
versus PacBio only), data processing approaches (e.g., the use of
RecoverY), and assembly tools (Fig. 2A; Supplemental Table S3;
see below). Specifically, we evaluated the performance of these ap-
proaches and tools in terms of the total length assembled, N50
(Fig. 2A), NG50 (Supplemental Table S3), and the number of genes
and palindromes recovered (Fig. 2B,C).

Our best assembly had a total length of 25.4 Mb with a scaf-
fold N50 of 97.45 kb and an NG50 of 99.19 kb (assuming that
the size of the euchromatic portion of gorilla Y Chromosome is
the same as that for human Y, i.e., ∼25 Mb) (Skaletsky et al.
2003). This assembly was generated using both short reads
(Illumina data) and long reads (PacBio data), applying a succession
of assembly and scaffolding tools that led to assembly improve-
ment at each step (Fig. 2A). First, we applied the RecoverY algo-
rithm to the Illumina PE and MP reads, reducing the number of
reads by ∼35% (Fig. 1B; Supplemental Fig. S7). The remaining
reads were further subsampled using in silico normalization to re-
duce downstreammemory and computational requirements (Haas
et al. 2013). As a result, we obtained 12.5 and 20 million pairs of
reads for PE and MP data sets, respectively, that were used in sub-

sequent steps. Next, the PE reads were assembled into contigs us-
ing the SPAdes genome assembler (Bankevich et al. 2012). The
initial development of SPAdes focused on single-cell sequencing
data. As a result, SPAdes does not make any assumptions about
coverage, which is advantageous for the assembly of flow-sorted
data having unique coverage patterns. The use of RecoverY result-
ed in fewer and larger contigs and in a smaller number of non-Y
contigs, as compared to not using RecoverY (Supplemental Table
S4). These contigs were then scaffolded with SSPACE (Boetzer
et al. 2011) using MP reads.

In the next step, PacBio reads longer than 12 kb were error
corrected with HGAP (Chin et al. 2013) using the full PacBio
data set, resulting in 153,310 error-corrected long reads (a total
of 666 Mb of sequence). Next, we ran SSPACE-LR (Boetzer and
Pirovano 2014), which utilizes these error-corrected long reads to
improve the Illumina assembly by merging scaffolds and filling
in gaps between contigs. Smaller read length thresholds for
HGAP yielded a larger number of corrected sequenceswith a small-
er average length, but did not improve the results of SSPACE-LR
(Supplemental Table S5). Finally, we applied PBJelly (English
et al. 2012) to align uncorrected PacBio subreads longer than 10
kb to minimize the gaps in the assembly (Supplemental Note
S1). The combination of SSPACE-LR and PBJelly produced a 42%
increase in assembly size and a 270% improvement in scaffold
N50 over the Illumina-only assembly (Fig. 2A).

To improve the Y-Chromosome specificity of our assembly,
we aligned the resulting scaffolds to the gorilla reference female
genome using the long-read aligner BLASR (Chaisson and Tesler
2012). The scaffolds mapping with a best hit of >70% identity to
gorilla autosomes or non-PAR gorilla X Chromosome sequences
were discarded. The number of scaffolds was thus reduced by
30%; however, the assembly length decreased by only 13%,
indicating that the effect of non-Y reads that were undetected
by RecoverY was limited to the formation of very short non-Y
scaffolds. We named the resulting assembly as “the best assembly.”
The insert size distribution of MP data mapping to the best assem-
bly is presented in Supplemental Figure S8A. This assembly was
evaluated with an independent scaffolder, BESST (Sahlin et al.
2014), which resulted in a similar insert size distribution of MP
data (Supplemental Fig. S8B,C). We also evaluated the best assem-
bly with REAPR (Hunt et al. 2013), which reported a relatively low
proportion of assembly errors (Supplemental Table S6). A total of
55 scaffolds in the best assembly aligned to gorilla PAR
(Supplemental Table S7).

We also performed two additional assemblies using only
PacBio reads and the HGAP (Chin et al.
2013) and MHAP (Berlin et al. 2015)
software, but found the results to be infe-
rior to our best assembly (Fig. 2; Supple-
mental Note S2; Supplemental Table
S3). The improvement in PacBio data
analysis tools (which are undergoing ac-
tive development) could make PacBio-
only assemblies a more attractive option
in the future.

Human and chimpanzee sequence

alignments

We next aligned (see Methods) the best
assembly to the sequences of human
and chimpanzee Y Chromosomes.

Figure 1. RecoverY—a novel algorithm for extracting Y Chromosome–specific reads from sequences of
flow-sorted material. (A) The expected distribution of k-mer abundances. (B) The abundance of k-mers
from paired-end flow-sorted gorilla Y sequencing data. The k-mers with an abundance greater than
100 are considered to be Y-specific or repetitive.
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Because the gorilla lineage diverged prior to the human–chimpan-
zee split (Scally et al. 2012), we expected a similar sequence iden-
tity for the gorilla–human and gorilla–chimpanzee pairwise
alignments. Indeed, at the nucleotide level, we observed highly
similar sequence identities for gorilla–human (97.09%) and goril-
la–chimpanzee (97.10%). Contrary to the expectation, though,
different proportions of the gorilla Y aligned to the human Y
and chimpanzee Y (83.4% and only 70.3%, respectively).

Experimental validations and genome rearrangements

To validate the best gorilla Y assembly experimentally, we first
designed primers for 32 randomly selected regions (Supplemental
Table S8) that aligned to human and/or chimpanzee Y Chromo-
some. Of these, 25 (78%) were validated (PCR products were ob-
tained), one (3%) amplified from the WGA Y but not from male
genomic DNA, and six (19%) could not be amplified or resulted
in nonspecific PCR products.

After aligning the scaffolds of the
best assembly to the human and chim-
panzee Y Chromosomes, we identified
alignment breakpoints (Methods; Sup-
plemental Note S3). We found 162 puta-
tive gorilla-specific breakpoints that had
PacBio read support in the gorilla but
were present in neither the human nor
the chimpanzee Y Chromosomes. We at-
tempted to validate 42 of themwith PCR
using gorilla male DNA as a template
(Supplemental Table S8). Of these, 32
(76%) were validated as gorilla-specific
rearrangements (PCR products were
obtained), four (10%) amplified from
the WGA Y but not from male genomic
DNA, and six (14%) could not be ampli-
fied or represented nonspecific PCR
products.

Gene repertoire

The gorilla Y gene repertoirewe recovered
from the best assembly was validated by
the analysis of gorilla testis transcriptome
and appears to be remarkably similar to
that on the human Y but different from
that on the chimpanzee Y. We detected
in the best assembly (via alignment) (see
Methods; Figs. 2B, 3) the homologs of
all 16 human X-degenerate genes and
eight of the nine human ampliconic
gene families (Skaletsky et al. 2003). The
VCY gene familywas not detected,which
we confirmed experimentally (see be-
low). In contrast, the gorilla Y shares
only 12 X-degenerate genes and five
ampliconic gene families with the chim-
panzee Y (Figs. 2B, 3; Table 2); TXLNGY,
TBL1Y, TMSB4Y, USP9Y, and XKRY were
pseudogenized, whereas HSFY and PRY
families were lost, on the chimpanzee Y
(Fig. 3; Hughes et al. 2010).

We assembled the RNA-seq data
from gorilla testis (Supplemental Table S9) and used various filter-
ing strategies and additional gorilla and human data to reconstruct
the gorilla Y-Chromosome genes (Methods; Supplemental File S1).
This was performed independently of the Y Chromosome refer-
ence to validate our best assembly (a genome-guided transcrip-
tome reconstruction including the Y Chromosome assembly as a
reference led to inferior results). The best assembly accurately re-
covered the 24 gorilla Y protein-coding genes. For the 21 genes
found in single copy (all but CDY, DAZ, and RBMY), 94.7% of ex-
onic sequences were retrieved, and the position and orientation of
>95% of their exons were consistent with the transcript data.

Using 11 X-degenerate genes whose exons were spread
among multiple scaffolds, we merged 43 scaffolds into 11 super-
scaffolds (Supplemental Fig. S9). TBL1Y alone guided the joining
of four scaffolds, generating an ∼779-kb super-scaffold. No novel
full-length protein-coding genes were found on the gorilla Y
(Supplemental Note S4), but we found 59 noncoding transcripts
(of which 13 were reported previously) (Cortez et al. 2014) and

Figure 2. (A) The global workflow applied for the Y Chromosome assembly (see text for details). Four
assemblies in the dotted frame are nestedwithin each other. The best assembly is framed in red. (Orange)
Illumina data; (blue) PacBio data. All assemblies were filtered against the reference female genome. The
total (includingNs) and unambiguous (non-N, shown in parentheses) lengths are shown.N50 is the con-
tig/scaffold length for which all contigs/scaffolds of that length or longer contain half of the assembly
length. (B) Gene and (C) palindrome recovery. The heatmaps show how sequences homologous to
25 human genes, eight human palindromes, and 12 chimpanzee-specific palindromes were recovered
in the assemblies (see Methods). Genes lost on the chimpanzee Y are marked with an asterisk.
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166 expressed pseudogenes (out of 193 previously reported)
(Cortez et al. 2014; Supplemental Table S10; Supplemental File S2).

Ampliconic genes

We found substantial intra- and interspecific variability in the sizes
of ampliconic gene families (i.e., in the number of duplicate gene
copies per family). The size of each of the families was estimated
experimentally with ddPCR (Supplemental Table S11; Hindson
et al. 2011). The approach was initially validated for nine ampli-
conic gene families in two human males (Fig. 4). We obtained
copy numbers consistent with that in the reference human ge-
nome for all but two gene families (Supplemental Table S12)—
RBMY and TSPY. For these two families, intraspecific variability
in family size was noted previously (Tyler-Smith et al. 1988;
Giachini et al. 2009; Case et al. 2015). Next, we examined the
size of ampliconic gene families for 14 wild-born gorillas. The in-
traspecific size variation was observed for the RBMY and TSPY
gene families (similar to human), but also for the CDY and HSFY
gene families (Fig. 4; Supplemental Table S12). We found that
ddPCR is a more reliable method for measuring gene family size
than a computational analysis of the assembly (see Methods).

Because these gene families tend to lie in the hard-to-assemble
(with our strategy) palindromes, their family size is often underes-
timated in the assembly (Supplemental Table S13).

Palindromes

Our assembly contained sequences homologous to all eight palin-
dromes present on the humanY (Fig. 2C;Methods). The sequences
of P1, P2, and P8 were present only partially (Supplemental Table
S14). In the case of P2, thiswas likely becauseof its highly repetitive
structure (Supplemental Fig. S10); in the case of P8, this was con-
firmed by the absence of the VCY gene family, corroborating our
analyses above (Figs. 2B, 3). The assembly also harbored complete
or partial sequences homologous to nine of 12 chimpanzee-specif-
ic palindromes (Fig. 2C; Supplemental Note S5). Our analysis sug-
gests that most homologs to human and chimpanzee palindromes
have high read depth and thus likely also form palindromes in go-
rilla (Supplemental Fig. S11A–D). However, our ability to fully re-
construct the sequence of palindromes on the gorilla Y might be
limited due to potential palindrome collapses in our assembly.

Additionally, the intra-scaffold sequence similarity analysis
(see Methods) identified 13 novel, very short (6–16 kb long), goril-
la-specific palindromes (Supplemental Fig. S12). The length of pal-
indromes is limited by the length of our scaffolds, and thus their
shortness is not indicative of the size distribution of gorilla-specific
palindromes in general. The sequences homologous to gorilla-spe-
cific palindromes were present on the human Y and with one ex-
ception also on the chimpanzee Y, but did not exhibit the
palindrome structure in these species (Supplemental Fig. S12).

Repetitive element content

The interspersed repetitive element content on the gorilla Y
(47.0%) was similar to that on the human Y (48.8%), but higher
than that on the chimpanzee Y (43.7%) (Supplemental Table
S15; see Methods). The low repetitive element content on the
chimpanzee Y is due to the relatively low LTR and SINE element
content (Supplemental Table S15), the latter being consistent
with the Alu insertion slowdown in the chimpanzee–bonobo

Figure 3. A comparison of the gene content among the hominine Y Chromosomes. (A) X-degenerate genes. (B) Ampliconic genes.

Table 2. A comparison of the hominine Y Chromosomes

Gorilla Y Human Y Chimpanzee Y

Number of the X-degenerate
genes

16 16 12

Number of ampliconic gene
families (genes)a

8 (44) 9 (57) 6 (25)

Number of palindromesb 8+13 8 7+12
Interspersed repetitive

element content (%)
47.01 48.8 43.72

Gorilla Y Chromosome
aligning (%)

— 83.4 70.3

aThe average value per species was used for genes with intraspecific vari-
ability in the family size (Fig. 3; Supplemental Fig. S14).
bThe number after the plus sign indicates species-specific palindromes.
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common ancestor (Hormozdiari et al. 2013). The interspersed re-
petitive element content on the gorilla Y was different than that
for gorilla autosomes (43.3%) and gorilla Chromosome X
(52.2%). Similar to the human Y (Skaletsky et al. 2003), the gorilla
Y ampliconic regions (defined here as scaffolds containing ampli-
conic genes) had a lower interspersed repetitive element content
(42.5%) than the X-degenerate regions (51.0%). Note that we
used the primate library for masking the repetitive elements and
thus might have missed some gorilla-specific repeats.

Designing a panel of gorilla Y-specific microsatellite markers

To enable future studies of gorilla male-specific dispersal and mi-
gration (Douadi et al. 2007), we designed a panel of Y-specific mi-
crosatellite markers based on the assembly generated in this study
(see Methods). This panel includes seven novel fluorescently la-
beled tri- and tetranucleotidemicrosatellitemarkers that can be as-
sayed in a single run onABI3700 and are polymorphic when tested
in 14 wild-born gorillas (Supplemental Table S16).

Discussion

The strategy for sequencing sex chromosomes

Our proposed strategy for sequencing and assembling the Y
Chromosome provides amore accessible alternative to existing ap-
proaches and can make sex chromosome reconstruction more
widespread in the future while catalyzing novel biological discov-
eries. Compared with SHIMS (Skaletsky et al. 2003; Hughes et al.
2010, 2012a), the proposed strategy is several orders of magnitude
cheaper and faster, making it affordable for many more laborato-
ries. The strategy presented here is also more targeted and is thus
more affordable than a strategy based on sequencing with the
equivalent technologies of both male and female genomes for
the same species (Carvalho and Clark 2013; Vicoso and Bachtrog
2013). Although we expect the overall quality of the assemblies
to be comparable between the two approaches, we estimate that
our targeted approach can decrease the cost of sequencing needed
to achieve the same depth by at least 10 times (Supplemental Table
S17). In particular, PacBio sequencing is still expensive, and ob-
taining enough coverage of the Y Chromosome through ge-
nome-wide sequencing of the male genome remains prohibitive.

We utilized flow sorting based on chromosome size and GC-
content to enrich for the Y-ChromosomeDNA,which contributed
to the increased coverage of this small chromosome. This ap-
proach might be challenging to apply for very young sex chromo-
somes that might have not diverged enough in size and GC-
content from each other. However, individual chromosomes can
also be enriched by microdissection (Zhou and Hu 2007) or laser
capture dissection (Keinath et al. 2015), and the computational
techniques developed here also have the potential to be utilized
in such situations, thus increasing the applicability of themethod.
Therefore, our approach provides a timely opportunity to generate
data needed for the studies on sex chromosome evolution and sex-
bias in dispersal across populations. Such data can provide signifi-
cant new insights and can find immediate applications, e.g., to
conservation genetics of endangered species.

The power of our strategy is in combining the unique
strengths of orthogonal experimental and computational ap-
proaches to reconstruct a detailed picture of the Y Chromosome.
By combining flow sorting with a novel computational method
RecoverY, we are able to enrich our read data sets for the Y
Chromosome sequence and make sequencing faster and more
cost effective. By combining short- and long-read technologies,
we are able to obtain high coverage while also increasing assembly
contiguity. Compared with the use of short reads only, this result-
ed in fewer scaffolds and an almost threefold increase of N50 (Fig.
2A). By sequencing the testis transcriptome, we can build an im-
proved gene catalog and detect novel transcripts. By demonstrat-
ing how ddPCR can be used to measure the size of ampliconic
gene families, we can enable future studies of male fertility
(Nickkholgh et al. 2010). This is particularly important because
of an association of the sizes of some ampliconic families with fer-
tility in men (Elliott 2000; de Vries et al. 2002; Writzl et al. 2005;
Nickkholgh et al. 2010).

Our study provides a workflow for future sequencing projects
of sex chromosomes present in the heterogametic sex—Y and W
(Fig. 5). By generating an abundance of data, wewere able to deter-
mine levels of coverage beyond which the benefits became incre-
mental. A preliminary sequencing run (e.g., on MiSeq) can test

Figure 4. Sizes of ampliconic gene families on the hominine Y
Chromosome. The number of functional genes was evaluated for 14 goril-
la males using ddPCR (blue), evaluated for two humanmales using ddPCR
and retrieved from the reference human genome sequence (orange), and
retrieved from the chimpanzee reference genome sequence (green). For
families with intraspecific size variation (Supplemental Table S12), size av-
erages (numbers above bars) and ranges (error bars) are shown.

Figure 5. The workflow for sequencing mammalian Y Chromosomes.
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for chromosome enrichment in the flow-sortedDNA. If the enrich-
ment is satisfactory, we recommend sequencing to the chromo-
some-specific depth of ∼50× for each of the Illumina PE and MP
data (Supplemental Note S6). Whereas we generated an amount
of PacBio data that may not be cost effective for other projects,
we show that ∼5–10× sequencing depth already provides a sub-
stantial improvement of Illumina assemblies for Y Chromosomal
data (Supplemental Fig. S13A,B). To achieve the highest N50, the
most accurate PacBio chemistry should be used, and
fewer PacBio long reads are preferred to many shorter reads
(Supplemental Fig. S13C).

Notwithstanding its advantages, our strategy remains less ac-
curate and produces a more fragmented assembly than SHIMS.
WGA, unavoidablewhenworkingwith limitedmaterial, might in-
troduce artificial junctions (Lasken and Stockwell 2007). Although
we demonstrate that such artifacts are rare (Supplemental Table
S8), the WGA step should be omitted if the material is more abun-
dant. Also, as the longest PacBio reads (Table 1) are shorter than
most palindrome arms (Supplemental Table S14), we cannot re-
solve all palindromes. In situations in which palindrome recon-
struction is critical, SHIMS (Skaletsky et al. 2003) could be used.

A comparison of the hominine Y Chromosomes

We have demonstrated that the assemblies produced by our strat-
egy are highly informative, despite these potential limitations. In
applying this strategy to the gorilla Y Chromosome, we refined
its gene repertoire, identified several lineage-specific palindromes,
determined the interspersed repetitive element content, and gen-
erated its alignments with human and chimpanzee Y Chromo-
somes, which allowed us to compare hominine Y Chromosomes.

Our analysis of the sequence alignments indicated that the Y
Chromosome gene tree among hominines studied was congruous
with the species tree. At the nucleotide level, we observed a greater
sequence identity between human and chimpanzee (97.99%)
than between either of those and gorilla, consistentwith chimpan-
zee and human sharing a more recent common ancestor (Scally
et al. 2012). Moreover, the gorilla–human and gorilla–chimpanzee
identities were highly similar (97.09% and 97.10%). These results
are inconsistent with incomplete lineage sorting that would lead
to higher gorilla–human than gorilla–chimpanzee sequence iden-
tity or vice versa. Note that the use of different sequencing data
and assembly approaches for the gorilla Y Chromosome could
have affected sequence identity values in alignments, including
this chromosome.

We found the gorilla Y to be more similar to the human than
to the chimpanzee Y in terms of shared palindrome sequences, the
percentage of aligned sequence, the interspersed repetitive ele-
ment content, and gene repertoire (Table 2). Although the gorilla
and human Y Chromosomes share all but one (VCY) protein-cod-
ing gene family (Table 2), the chimpanzee Y lost one-quarter of X-
degenerate (Goto et al. 2009) and one-third of ampliconic gene
families compared to the gorilla or human Y (Table 2; Fig. 3).
The smaller number of gene families on the chimpanzee Y com-
pared with human Y is consistent with a high rate of gene loss
on chimpanzee autosomes and Chromosome X (Demuth et al.
2006). In fact, the proportion of Y gene families among all gene
families is not significantly different between chimpanzee and hu-
man (18/9,711 versus 25/10,374, P = 0.395, Z-test). However, the
overall number of genes on the chimpanzee Y Chromosome is
one-half that on the human or gorilla Y (37 versus 73 or 60, respec-
tively) (Table 2), and the proportion of Y among all genes is signifi-

cantly lower for chimpanzee than human (37/20,984 versus
73/22,836, P = 0.002, Z-test), suggesting additional forces acting
on the chimpanzee Y.

We hypothesize that one such force could be selection poten-
tially elevated in the chimpanzee lineage due to polyandrous mat-
ing and resulting sperm competition (Møller 1988; Dixson 2012).
In agreement with this hypothesis, theDAZ ampliconic gene fam-
ily evolves under positive selection in the chimpanzee lineage
(Hughes et al. 2012b), and we found significantly higher nonsy-
nonymous-to-synonymous rate ratios on the chimpanzee than
on the human or gorilla Y Chromosome for five X-degenerate
(DDX3Y, EIF1AY, PRKY, KDM5D , and SRY) (Supplemental Table
S18) as well as for one ampliconic gene (CDY) (Supplemental
Table S19); none of the ratios was significantly greater than one
(Supplemental Note S7). Selection was likely accompanied by ge-
netic hitchhiking, particularly strong on the Y because of no re-
combination (Charlesworth and Charlesworth 2000; Bachtrog
2008), and increasing the presence of nonadaptive mutations
that could include gene and palindrome loss on the chimpanzee
Y (Hughes et al. 2010). When the data on the Y Chromosome
structure and gene sequences in other primates with different lev-
els of sperm competition become available, one will be able to
more explicitly test a hypothesis about sperm competition shap-
ing Y Chromosome evolution. Currently the only other primate
(non-hominine) Y Chromosome deciphered is the macaque Y
(Hughes et al. 2012a) that is remarkably similar in gene content
to the human and gorilla Y Chromosomes (Supplemental Fig.
S14). This similarity is despite the presence of sperm competition
in macaque, which, according to our hypothesis, would lead to a
disparate gene content on the macaque Y (Møller 1988; Dorus
et al. 2004; Dixson 2012).

Only five of nine ampliconic gene families were shared by all
hominine species compared (Fig. 3) and four also with macaque
(Supplemental Fig. S14B). Some gene family losses might be ran-
dom; however, as most ampliconic genes are expressed in testis
(Skaletsky et al. 2003), such rapid alteration in their contentmight
be associated with changes in sperm production among species
(Bhowmick et al. 2007). Our results indicate a remarkable level of
variability in the ampliconic gene family size among hominines
and within gorilla—with six and four of nine gene families dis-
playing inter- and intraspecific variability, respectively (Fig. 4).
All but one (TSPY) of the studied ampliconic gene families are
located within palindromes (Bhowmick et al. 2007). Mechanisti-
cally, such organization facilitates recombinationwithin individu-
al and among homologous palindromes and results in frequent
gene gain and loss within families, as well as in gene conversion
(Rozen et al. 2003) that counteracts the degeneration of the Y
by efficiently removing deleterious mutations (Connallon and
Clark 2010).

Applications for conservation genetics

The novel fluorescent Y-Chromosomemicrosatellite multiplex as-
say presented here can be used to investigate gorilla male dispersal
patterns determining the genetic diversity of gorilla populations in
the wild (Douadi et al. 2007). Such patterns influence population
structure; thus, their analyses will ultimately aid conservation ef-
forts on behalf of this endangered species that faces numerous
threats, including habitat loss and disease impacts (Genton et al.
2014). The designation of protected areas that encompass the larg-
est possible extent of the species genetic diversity is thus strategic
for long-term conservation of wild gorilla populations.
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Methods

Samples, flow sorting, WGA, and sequencing

Gorilla Y Chromosomewas flow sorted from a fibroblast cell line of
western lowland gorilla male (ID KB3781). Flow sorting of the go-
rilla Y was performed as described (Yang et al. 1995). Laser-based
flow cytometry consists of applying an electrical charge to droplets
containing chromosomes of interest. Chromosomes to be sorted
are classified according to the size and A/T to G/C base pair ratio.
The Y-Chromosomal markers were used to confirm this chromo-
some-sorted specificity. Flow-sorted Y DNA was subsequently
used as a template for WGA performed with REPLI-g Single Cell
Kit (Qiagen). Male genomic DNA was extracted from the same
sample. Gorilla female genomic DNA (ID 2000-0150) was isolated
from liver with the DNeasy Blood and Tissue kit (Qiagen). RNA
from gorilla testis (ID 2006-0091) was extracted with the RNeasy
Mini kit (Qiagen). Additional DNA samples from 13 wild-born
western lowland gorilla males (Supplemental Table S12) were pro-
vided by the San Diego Zoological Society. PE, MP, and stranded
RNA-seq libraries were constructed with the TruSeq DNA Sample
Preparation Kit (Illumina), Nextera Mate Pair Library Preparation
Kit (Illumina), and TruSeq RNA Sample Prep Kit (Illumina), respec-
tively. These libraries were sequenced on the HiSeq 2500 (Rapid
mode). Prior to constructing PacBio libraries, we performed
debranching (Zhang et al. 2006).

Preprocessing raw read data

We trimmed adapters in raw reads using Trimmomatic version
0.32 (http://www.usadellab.org/cms/index.php?page=trimmomatic)
with the following settings: ILLUMINACLIP: ${adapter_file}:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:30. PE
reads were trimmed in “palindrome” mode, and MP reads were
trimmed in “simple” mode. All FASTQ files were checked with
fastQValidator (http://github.com/statgen/fastQValidator). We
additionally preprocessed the MP reads using NxTrim (http://
github.com/sequencing/NxTrim), which classified reads into
three categories based on the location of biotinylated adapters,
e.g., MP (long fragment size), PE (short fragment size), and un-
known (adapter absent, but validation suggests mostly long frag-
ment size). The “PE contamination” was eliminated, retaining
approximately two-thirds of the MP data.

RecoverY

RecoverY (version 1.0) is composed of the following steps: (a) Run
the DSK (version 2.0.2) (Rizk et al. 2013) k-mer counter on the
quality-controlled reads and construct an abundance histogram
depicting the count of each distinct k-mer (k = 25, in our case);
(b) choose a threshold to separate putative Y Chromosome
k-mers from other erroneous, autosomal, or X Chromosome
k-mers; (c) store the putative Y k-mers in a hash table for efficient
retrieval; and (d) flag a read to be Y-Chromosomal if themajority of
its constituent k-mers are present in the hash table. We used con-
servative abundance thresholds of 100× for PE and 50× and 10× for
the two MP libraries.

Assemblies

The remaining post-RecoverY reads were subsampled using in sili-
co normalization in Trinity (version 20140717) (Grabherr et al.
2011), with a target coverage of 220× of the Y Chromosome. The
target coverage was chosen to be sufficiently high to ensure that
reads at a lower coverage would be retained by Trinity normaliza-
tion, whereas reads at a much higher coverage would be mostly
eliminated. The PE andMP reads were normalized independently.

The PE reads were provided to SPAdes (version 3.1.1) (Bankevich
et al. 2012) with parameters –only-assembler –careful -t 32. The
contigs produced were scaffolded using MP reads by SSPACE (ver-
sion 3.0) (Boetzer and Pirovano 2014). SSPACE was run with de-
fault parameters, which required either a minimum of five mate
pair links or 15-bp overlaps to merge contigs into a scaffold.
As an alternative to SPAdes and SSPACE, we used ALLPATHS-LG
(release 47875) (Gnerre et al. 2011); however, this resulted in
more scaffolds that were also shorter and in fewer genes and palin-
dromes recovered (Supplemental Table S3). Therefore, we proceed-
ed with the SPAdes/SSPACE assembly. Using >12-kb PacBio reads
error-corrected with HGAP (Chin et al. 2013), we ran SSPACE-LR
(version 1-1) (Boetzer and Pirovano 2014) to improve the scaf-
folding. We applied PBJelly (PBSuite_14.9.9) (English et al. 2012)
to align uncorrected >10-kb PacBio subreads to close gaps in
the resulting assembly and filter it against the gorilla female
genome (see next section). We used the following BLASR parame-
ters for the PBJelly (PBSuite_14.9.9) protocol: <blasr>-minMatch 8
-minPctIdentity85 -bestn1 -nCandidates20 -maxScore -500-nproc
60 –noSplitSubreads </blasr>. For PacBio-only assemblies, see
Supplemental Note S2.

Autosomal and X Chromosome contamination filtering

Weconcatenated the gorilla female genome (gorGor3), the human
Y Chromosome (GRCh38), and the chimpanzee Y Chromosome
(gi|326910934|gb|DP000054.2) into a single reference. Account-
ing for the divergence of gorilla from the chimpanzee–human an-
cestor, and the error rate of PacBio data, we performedmapping of
scaffolds to this reference using BLASR (Chaisson and Tesler 2012)
with a 70% minimum percentage identity required for a match.
We then filtered out scaffolds whose best mapping was to the
non-PAR region of the gorilla female. We also filtered out short
(<1 kb) scaffolds.

Repeat masking

Repeats on the gorilla Y were identified with RepeatMasker ver-
sion open-4.0.5 (http://www.repeatmasker.org), search engine
NCBI/RMBLAST [2.2.27+] and database RepeatMaskerLib.embl
(20140131) with parameters “-species Primates -s.” The repetitive
element content for the ampliconic and X-degenerate regions
was computed from scaffolds containing exons of the ampliconic
and X-degenerate genes, respectively. In order to make the com-
parison of repeat content consistent between different genomes,
we re-ran RepeatMasker on human Y Chromosome, chimpanzee
Y Chromosome, and gorilla female genome using the same param-
eters as for the gorilla Y.

Chromosome sequence alignments

Scaffolds from the gorilla assembly were aligned to the latest hu-
man and chimpanzee Chromosome Y sequences using LASTZ ver-
sion 1.03.66 (Harris 2007). Masking was disabled to allow the
reporting of alignments for duplicated elements. We set substitu-
tion scores identical to those used for LASTZ alignments of pri-
mates generated by the UCSC (Miller et al. 2007) but used more
relaxed gap scores. The exact LASTZ command line was: lastz hu-
man.chrY gorilla.contigN.chrY W=12 O=500 E=30 K=3000
L=4500 X=900 Y=15000 Q=human_primate.scores. The identity
distributionwas estimated by attributing to each location in gorilla
the highest identity of any alignment crossing that location. We
discarded short alignments (less than 30 alignment columns)
and any alignments with lower than 94% identity, following
Hughes et al. (2010). To validate our alignment procedure, we first
aligned the human and chimpanzee Y Chromosomes. The
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resulting nucleotide identity (97.99%) was similar to that reported
previously (Hughes et al. 2010). Alignments with lower than
94% identity contributed to the proportion of gorilla aligned to
human or chimpanzee, reported as the ratio of aligned bases to
non-N bases.

Retrieval of genes and palindromes in the assembly

To test for gene andpalindromepresence, wemappedhumangene
and gorilla or human palindrome sequences to the best assembly,
using BWA (version 0.7.5a-r428) (Li and Durbin 2009) with seed
length = 5 to increase sensitivity. This procedure captured the pres-
ence of at least one copy and evaluated neither possible fragmen-
tation nor copy number.

Transcriptome analysis

Testis RNA-seq reads were mapped to the gorilla female reference
genome with TopHat2 (v.2.0.10) (Kim et al. 2013), and the un-
mapped reads (enriched for male-specific transcripts) were assem-
bled with Trinity (version 20140717) (Haas et al. 2013) and
SOAPdenovo-Trans (Luo et al. 2012) with k-mer size of 25 bp.
The generated contigs were aligned to the gorilla female reference
genome with BLAT (Kent 2002), and contigs that aligned at >90%
of their length with 100% identity were removed from subsequent
steps. Additionally, we removed contigs that were covered at >90%
of their length by mapped female gorilla RNA-seq reads from
another study (Brawand et al. 2011). The contigs were then
repeat-masked (RepeatMasker open-3.3.0, Repbase library with pa-
rameters -s -species ‘mammal’) (http://www.repeatmasker.org) and
combined to generate gene consensus sequences with TGICL
(Pertea et al. 2003). We then scaffolded the TGICL contigs using
SSPACE (version 3.0) (Boetzer et al. 2011). We next mapped male
and female genomic reads to the gene scaffolds with Bowtie 2 (v
.2.1.0) (Langmead and Salzberg 2012) and retained only male-spe-
cific gene scaffolds (with at least 80% of the sequence covered by
male-specific reads andnomore than 20%of the sequence covered
by female-specific reads). Following Brawand et al. (2011), we uti-
lized a threshold of <20% (we also tested 10%) of a transcript cov-
ered by female genomic reads to retain the Y-specific transcripts as
some regions of the Y Chromosome are almost identical to the X
Chromosome, particularly the gametologous genes. The mapping
of RNA-seq and genomic reads was performed with the local align-
ment, and the read threshold was equal to 1. Lastly, the RNA-seq
reads were mapped back to the final transcripts to evaluate cover-
age and gene sequence reconstruction. Annotation of the final
transcripts was performed using nucleotide and protein databas-
es. The transcripts generated here, the gorilla transcripts from
Cortez et al. (2014) and the gorilla X-degenerate genes from
Goto et al. (2009), as well as human Y genes/cDNAs (http://www.
biomart.org), were aligned to the best assembly with BLAT (Kent
2002). Focusing on the matches with identities >95% for gorilla
and >90% for human, we determined the level of completeness
for each gene in the best assembly and performed additional order-
ing of the scaffolds based on exon connectivity of certain genes
that spanned several scaffolds, resulting in super-scaffolds.

Ampliconic gene number estimation with ddPCR

Primers for the ddPCR assays (Supplemental Table S11) were
designed with Primer3Plus (v2.3.6) using parameters recommend-
ed in the Droplet Digital PCR Applications Guide (Bio-Rad).
General parameter settings were: product size range of 60–150
bp; primer size of 15–30 nt with an optimum of 22 nt; melting
temperature (Tm) range of 58°C–65°C with an optimum of 62°C;
GC content range of 50%–60% with an optimum of 55%;

50 mM monovalent cations; 50 nM annealing primer; 3.8 mM
divalent cations; 0.8 mM dNTPs; and the human mispriming/re-
peat library. Advanced parameter settings were default except
that GC clamp was turned on, the maximum end GCs was three,
the maximum end stability was ≤3.0, and sometimes the maxi-
mum hairpin was 30. Primers were first designed for the human
Y by targeting only a section of the known functional ampliconic
genes not found in any pseudogenes according to the latest
annotation of the human Y Chromosome (GCF_000001405.26
GRCh38/hg38). This approach enabled primer targeting of all
the known functional ampliconic genes, but none of the known
pseudogenes on the human Y (Supplemental Table S11). The ex-
ception was TSPY in which a section of the known functional
ampliconic genes was also present in some of the pseudogenes,
so the section that hits the least number of pseudogenes was
used. Once it was demonstratedwith ddPCR that a primer pair cap-
tures the in silico determined ampliconic gene copy number on
the human Y, the gorilla Y Chromosome best assembly was
searched with the human ddPCR amplicon to locate scaffolds con-
taining this amplicon with high identity (≥95%) and 100% cover-
age. These gorilla scaffolds were also examined to determine that
the amplicon is located within a gene annotated as the respective
ampliconic gene. None to small manual changes in the human
primers enabled targeting the homologous gorilla amplicon
(Supplemental Table S11). The sequence specificity of primers
used was determined via BLASTn against the appropriate species-
specific databases in GenBank (i.e., nucleotide collection, refer-
ence genomic sequences, NCBI genomes, reference RNA sequenc-
es, and transcriptome shotgun assembly). All ddPCR primers and
amplicons were confirmed through forward and reverse Sanger se-
quencing of a PCR product consisting of the amplicon ± 200 bp,
and then alignment of these sequences to each other and the re-
spective primers, amplicon, and the best assembly.

Quantification of gene copy number was performed by
ddPCR using a Bio-Rad QX200 Droplet Digital PCR system
(Hindson et al. 2011; McDermott et al. 2013). Simplex sample
PCR reaction mixtures (20 µL) contained the final concentration
of the following components: 1× EvaGreen Supermix (Bio-Rad),
100 nM of each primer, 0.1 unit/µL of HindIII, and template
DNA at 0.5, 1.0, or 2.0 ng/µL (i.e., 10, 20, or 40 ng/reaction) de-
pending on the expected gene copy number. Formation of droplet
emulsions was performed bymixing 20 µL of PCR reaction and 70
µL of EvaGreen droplet generation oil with the Automatic Droplet
Generator (Bio-Rad). These emulsions of about 20,000 droplets
contained in a 96-well platewere cycled to amplicon saturation us-
ing a C1000 Thermal Cycler (Bio-Rad) operating at the following
conditions: for 5 min at 95°C, 45 cycles of 30 sec at 94°C and for
1 min at 55°C–65°C, for 5 min at 4°C, for 5 min at 90°C, and a
4°C hold. Amplitude of fluorescence by amplicons in each cycled
droplet was measured using flow cytometry on a QX200 Droplet
Reader (Bio-Rad) set on the EVA channel. The QuantaSoft droplet
reader software (v1.4.0.99; Bio-Rad) was used to cluster droplets
into distinct positive and negative fluorescent groups and fit the
fraction of positive droplets to a Poisson algorithm to determine
the starting concentration (copies/µL) of the input target
DNA molecule ([Miotke et al. 2014], Droplet Digital Applications
Guide). Copy number was determined by calculating the ratio of
the target (unknown) concentration to the reference concentra-
tion and then multiplying this ratio by the number of copies
the reference gene has in the genome ([Miotke et al. 2014],
Droplet Digital Applications Guide). Two reference genes used
simultaneously were the single-copy Y-Chromosomal SRY and
the two-copy (diploid) autosomal RPP30. Mean copy number are
reported with the Poisson 95% confidence interval calculated by
QuantaSoft (Supplemental Tables S11, S12).
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Detection of microsatellites and development of a fluorescent

assay

Microsatellites in the best assembly were detected with PHOBOS
v3.3.12 (http://www.rub.de/spezzoo/cm/cm_phobos.htm). We
searched for uninterrupted tri- and tetranucleotide microsatellites
because they are easier to score than dinucleotide microsatellites
(Eckert et al. 2002; Ananda et al. 2013). BLAST analyses of the
designed microsatellites have been performed against the NCBI
nucleotide database to check for their gorilla Y specificity.
Subsequently, seven gorilla Y-specificmicrosatellite amplifications
were performed in each of the 14 wild-born gorilla males in
GeneAmpPCR system9700 (Applied Biosystems) using the follow-
ing thermal conditions: initial denaturation at 94°C, 30 or 35 cy-
cles of: denaturation for 1 min at 94°C, annealing at primer
specific temperature for 45 sec, extension for 45 sec at 72°C;
followed by a final extension for 5 min at 72°C. The forward pri-
mer of each of the seven primer pairs was labeled with one of
the fluorescent dyes compatible with Applied Biosystems
3730XL sequencer: FAM, HEX, NED, or ROX (Supplemental
Table S16). PCR reaction mixtures consisted of 20 ng DNA, 1
unit of ChoiceTaq DNA polymerase (Denville Scientific), 10×
PCR buffer, 1.5 µM MgCl2 (Denville Scientific), 500 µM dNTPs
(Roche), 1.25 µM of each primer, 1.25 µL DMSO (Sigma), and wa-
ter to a final volume of 25 µL. All fluorescently labeled PCR prod-
ucts were electrophoresed for each gorilla male in one assay on an
Applied Biosystems 3730XL Sequencer. The collected data were
analyzed by the Peak Scanner Software v1.0 (Life Technologies).

Software, assembly, and alignment availability

All scripts are available in Supplemental File S4, which represents
the content of the code repository (http://github.com/makovalab-
psu/GorillaY_project/) as of January 20, 2016. Readers are encour-
aged to download the latest versions of the scripts directly from
the GitHub repository. The gorilla Y assembly and alignments are
available at https://usegalaxy.org/u/rsharris/p/gor-hum-chi-y.

Data access

Sequencing data and assembly for the gorilla Y Chromosome from
this study have been submitted to the NCBI BioProject (http://
www.ncbi.nlm.nih.gov/bioproject) under accession number
PRJNA293447. RNA-seq data from this study have been submitted
to BioProject under accession number PRJNA304995.
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