SUPPLEMENTAL NOTES AND FIGURES

SUPPLEMENTAL NOTES
Note S1. Uncorrected PacBio reads in the assembly

We examined the impact of uncorrected PacBio reads on our assembly. PacBio uncorrected
210 kb and corrected reads were mapped to the best assembly with BLASR (Chaisson and
Tesler 2012). Only approximately 0.9 Mb of the best assembly was covered by these reads
added in the last assembly step by PBJelly (File S3).



Note S2. PacBio only assemblies

We also attempted to assemble the gorilla Y chromosome using only PacBio reads and the
HGAP (Chin et al. 2013) and MHAP (Berlin et al. 2015). HGAP assemblies were generated with
smrtpipe.py v1.87.139483 and (BETA) HGAP version 3 with default settings and genome size of
60 Mb. The computation was spread across a computational cluster with >3 nodes per
assembly, resulting in final computational time of <9 days for each assembly. Since we used
SLURM, a cluster management and job scheduling system not natively supported by SMRT
analysis software, several technical modifications needed to be introduced to job specifications
files and Celera specification file (runCA.spec).

We found the assembly results to be sensitive to the length threshold used for error-correction
by HGAP. The default threshold, calculated by HGAP was 18 kb; however, we also tried several
lower thresholds (Table S5). As expected, lower thresholds produced more corrected reads and
larger final assemblies as compared with higher thresholds. However, the assemblies with lower
thresholds significantly overestimated the size of the gorilla Y chromosome (up to 233 Mb for
the lowest threshold, whereas the expected size is ~60 Mb (Glaser et al. 1998). Based on
inflated sizes of ampliconic gene families observed in the non-18kb threshold assemblies during
subsequent analysis (data not shown), we suspect that this is due to redundancy (e.g. contigs
contained within other contigs). Therefore we conclude that the assembly with an automatic
length threshold is more accurate than the assemblies with lower thresholds.

Additionally, we performed another PacBio only assembly using PBcR pipeline. Self-correction
was performed with a probabilistic overlapping algorithm MHAP (Berlin et al. 2015) and error-
corrected reads were assembled with Celera (version wgs-8.3rc2) (Myers et al. 2000) using
following command:

/bin/PBcR  -length 500 -partitions 63 -threads 63 -noclean -I ${name} -s
Infs/brubeck.bx.psu.edu/scratch5/monika/MHAP_runs/pacbio.spec -fastq ${reads}
genomeSize=25000000

We used PacBio subreads after filtering against female (keeping hits to X chromosome), this
resulted in 1,033,011 reads that were subject to error-correction.



Note S3. Experimental validations and rearrangement identification

Using BLASR we identified 425 contigs that map to human and/or chimpanzee Y chromosome
but do not map to the gorilla female reference genome with 80% identity threshold. We
randomly selected 50 out of these 425 contigs for experimental validations of exclusive
presence in the male gorilla genomic DNA. 18 of them have to be disregarded from the final
scoring since they were still present in female genomic DNA due to the pseudoautosomal/X-
degenerate and/or autosomal location (80% identity threshold used).

QUAST is a tool that can identify breakpoints of an assembly relative to a reference genome.
We ran QUAST on our assembly twice, once using the human Y (GRCh38) and once using the
chimpanzee Y (gi|326910934|gb|DP000054.2| Pan troglodytes chromosome Y) as a reference.
QUAST flagged 2,068 and 1,380 breakpoints, respectively. We further merged breakpoints from
the same dataset that occurred within 100 bp of each other, obtaining 1,729 and 1,125
breakpoints, respectively. We next identified breakpoints that occurred in both datasets within
1,000 bp of each other, taking the leftmost one, to get 686 breakpoints. Scaffolds with
breakpoints were then used as a target, to which raw reads from lllumina PE, MP, and PacBio
long reads (>10-kb) were mapped using the bowtie2 (Langmead and Salzberg 2012) and
BLASR aligners (Chaisson and Tesler 2012). Bedtools coverage was used to determine
breakpoints where 50 bp upstream and downstream region of a breakpoint was supported by a
minimum of 5x coverage of PacBio raw reads and 10x coverage of lllumina raw reads. This
identified 121 candidate breakpoints for experimental validation. Apart from these 121
breakpoints, we found 41 breakpoints, which were supported by a minimum of 5x coverage of
only PacBio raw reads without any Illumina support. To design suitable primers, two further
conditions were imposed -- the breakpoints had to be at least 1,000 bp distant from the contig
edges and contain at least 100 contiguous unique bases. Thus, we obtained 1,000 bp flanking
regions from 29 breakpoints to test experimentally. Additionally, we also retrieved 1,000 bp
flanking regions from 13 breakpoints supported by only PacBio reads and not lllumina reads.

Experimental validations of detected breakpoints were performed via PCR amplifications of
gorilla male DNA (or WGA flow-sorted gorilla Y DNA) using the following conditions: initial
denaturation at 94°C for 2 min, 30 cycles of denaturation at 94°C for 1 min, annealing at primer
specific temperature for 30 sec, extension at 72°C for 45 sec to 2 min; followed by a final
extension at 72°C for 5 min. PCR reaction mixtures consisted of: 20 ng of DNA, 1 unit of
ChoiceTag DNA polymerase (Denville Scientific), 10x PCR buffer, 1.5 uM MgCl, (Denville
Scientific), 500 uM dNTPs (Roche), 1.25 uM of each primer, and water brought to the final
volume of 25 uL.



Note S4. Gene prediction

We applied the ab initio gene finding tool AUGUSTUS (Stanke et al. 2008) on our best
assembly. Using AUGUSTUS (Stanke et al. 2008), we were able to predict candidate genes on
the gorilla Y. We used human genes as the training set for AUGUSTUS. AUGUSTUS predicted
565 partial or complete genes. These included 21 Y-specific non-PAR protein-coding genes and
eight PAR genes (Table S20), confirming the validity of this approach. We limited our analysis to
nine other predicted genes (1) expressed in gorilla testis, (2) aligning to neither the gorilla
pseudogenes (Cortez et al. 2014) nor the gorilla female genome; (3) aligning to the
homologous human RefSeq genes; and (4) whose translated sequences aligned to protein
databases (Swissprot, trEMBL or nr). Among these nine predicted genes, four genes (homologs
of KAL1, GGT1, TPTE, and FRG1) were of particular interest (Table S20) because they were
supported by the RNA-seq data and differred substantially from the female genome homologs.
However, Y chromosome homologs of KAL1 and FRG1 were found to be pseudogenes, and Y
chromosome homologs GGT71 and TPTE contained only partial sequence compared to their
autosomal homologs (Table S20).



Note S5. Palindrome identification

Extracting human palindromes. First, to recover from the best assembly the sequences
homologous to human palindromes P1-P8, we extracted palindrome arms and spacers based
on a dotplot analysis (gepard-1.30) from the GRCh38 release of the human genome. The
lengths of arms and spacers extracted corresponded to those previously reported (Skaletsky et
al. 2003) with the exception of palindrome P2 (Fig. S7A, Table S14). This palindrome exhibited
highly repetitive structure near the arm-spacer boundary, which might explain the lowest
recovery of this palindrome in our assembly. For initial screening, we used the same script as
for testing the gene presence for long palindromes homologous to human (see Methods, Fig.
2C). In a complementary analysis, we mapped 288,512,424 paired-end reads from our Y-flow
sorted reads and 126,746,822 reads from the male genomic library on the repeat-masked arms
and spacers (one arm and one spacer per palindrome). We then mapped the best assembly to
the same reference (Table S14).

Coordinates of extracted palindromes from the human assembly (GRCh38):

Palindrome | Start End
coordinate coordinate
P1 23359067 26311550
P2 23061889 23358813
P3 21924954 22661453
P4 18450291 18870104
P5 17455877 18450126
P6 16159590 16425757
P7 15874906 15904894
P8 13984498 14058230

Extracting chimpanzee palindromes. We extracted all 19 palindromes from the chimpanzee
reference (gi|326910934|gb|DP000054.2) from p arm to q arm, keeping tandem palindrome
array in the proximity of centromere consisting of six palindromes as a single unit.



Coordinates of extracted palindromes, the homology to human palindromes shown in bold (if

present):

Palindrome Start End Human
coordinate coordinate homologs

C1 1,759,451 2,053,069

C2 2,298,081 2,984,818

C3 3,687,737 3,925,944 P1 and P2

C4 4,669,973 5,439,450 P5

C5-C10_array | 8,627,160 10,826,862

C11 11,035,665 | 11,649,875

Cc12 12,627,411 12,938,743 P1 and P2

C13 13,315,586 | 14,060,184 P5

C14 14,773,730 | 14,999,930

C15 15,471,778 16,034,847

C16 16,455,342 | 16,769,765

Cc17 21,569,785 | 21,663,227 P8

C18 23,510,295 | 23,539,175 P7

Cc19 23,799,408 | 24,569,752 P6

There are 12 chimpanzee-specific palindromes (in comparison to human Y chromosome) that
form two groups based on sequence similarity.

group1: C2~C11~C15
group2: C1 ~C5-C10 ~C14 ~ C16

Extracting gorilla-specific palindromes. For new, gorilla-specific palindromes that are fully
contained within a single scaffold, we developed a script that aligns our best assembly against




reverse complement of the same assembly (using blastn, BLAST 2.2.29+). Then we parsed the
hits in order to identify a palindrome-like pattern -- both arms at least 3,000 bp long mapping to
each other with the identity at least 95%. This resulted in the initial dataset of 60 candidates.
Subsequently, we analyzed arms, a spacer, and flanking regions of such palindromes (two best
hits to the female using BLASR, best blast hit against nucleotide database online, percentage of
repeat-masked regions). First, we manually filtered out all palindromes that could originate from
the autosomal contamination (if majority of hits for arms, spacer and two flanking regions were
mapping to the female and the best blast hit was not of the Y chromosome origin). Second, we
removed palindromes with a spacer longer than each arm and those with repeat content per
arm and spacer over 95%, as well as cases when one repeat family dominated the whole arm
(e.g. those dominated by LINE elements). We additionally excluded cases not supported by at
least one PacBio read (spanning the arm-spacer-arm boundary).

Palindrome read depth analysis

All paired-end reads from flow-sorted material (including those resulting from MP reads) were
mapped to the assembly with bwa mem (Li and Durbin 2009) using default parameters. The
number of reads mapped to each scaffold was then divided by the scaffold length.

We identified scaffolds belonging to each palindrome as follows: gorilla assembly was split into
1-kb windows and for each window, the best alignment to human/chimpanzee was retrieved. All
windows with the alignments >800 bp contributed to the final set of scaffolds per each
palindrome. All boxplots were plotted using R package boxplot {graphics} with outline=FALSE.



Note S6. Optimal lllumina sequencing amount

In order to reduce the dataset for assembly and make computations more manageable, in silico
normalization was performed on the post-RecoverY reads with Trinity (Haas et al. 2013). This
reduced the dataset by ~80%, and the resulting short reads were assembled and then
augmented with PacBio reads to obtain the best assembly. Thus, it was concluded that we
initially sequenced at an unnecessary high depth (227x and 250x for PE and MP libraries,
respectively, Table 1), and that 80% of the Y chromosome-specific data could be removed to
obtain our best assembly. It is then suggested that 50x coverage of each of paired-end and
mate pair Y-specific data is a reasonable estimate for sequencing of enriched (flow-sorted) data.
This is also in keeping with the recommendation of 100x coverage of combined datasets for
short read assembly (Gnerre et al. 2011).



Note S7. Selection tests

We used the codeml module of PAML (version 4.8) (Yang 1997) to detect branch-specific
differences in the nonsynonymous-to-synonymous rate ratios and to test for positive selection
acting on 16 X-degenerate genes and four ampliconic genes shared by human, chimpanzee,
gorilla, and macaque. Coding sequences of Y-chromosomal X-degenerate genes (named “Y”)
and their X homologs (named “X”) were retrieved from GenBank and aligned using ClustalW
(Larkin et al. 2007). The consensus sequence has been generated for each multi-copy
ampliconic gene family for each of the species. The phylogenies were generated with the
Neighbor-Joining method (Saitou and Nei 1987) (with 1,000 bootstrap replicas) as implemented
in Mega6 (Tamura et al. 2013). We excluded chimpanzee pseudogenes (that had no active
genes in chimpanzee) from the analysis. First, for each gene, the one-ratio model (assuming the
same nonsynonymous-to-synonymous rate ratio wn for the entire tree) was compared with the
two-ratio model (assuming that the branch-specific ratio ws is different from the background
ratio wo). When the difference between the two models was significant, this indicated that the
synonymous-to-nonsynonymous rate ratio was different for the branch tested.

For X-degenerate genes, among the gene-branch combinations with significantly higher
nonsynonymous-to-synonymous rate ratio as compared to the background, 10 such ratios were
greater than 1 (Table S18). Notably, five of such cases represented genes on the chimpanzee Y
chromosome (DDX3Y, EIF1Y, PRKY, SMCY and SRY; Table S18). This could be due to
adaptation or relaxed selective constraints acting upon these genes in the chimpanzee lineage.
To test for positive selection, for each of these 10 cases we compared a model with estimated
branch-specific w against an alternative model with branch-specific w fixed at 1. Significant
differences were observed in only one case, and this difference became non-significant

after Bonferroni correction for multiple testing (Table S18).

Similar analysis was performed for ampliconic genes (Table S19). In two cases (for CDY in
chimpanzee and RBMY in macaque), the branch-specific w were significantly higher than the
background w and also higher than 1. However, when comparing a model with estimated
branch-specific w against an alternative model with branch-specific w fixed at 1, the results
were non-significant providing no evidence for positive selection.
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SUPPLEMENTARY FIGURES

Figure S1. Bivariate flow karyotype of the gorilla male cell line with all the chromosome
clusters identified. The Y chromosome peak is clearly distinguished.
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Figure S2. The evaluation of the quality, quantity, and size distribution of the whole-
genome amplified (WGA) and debranched (see Methods) flow-sorted gorilla Y DNA. (A)
MassRuler High Range DNA Ladder (Thermo Scientific). (B) Lambda phage DNA, 20 ng. (C)
Lambda phage DNA, 120 ng. (D) Negative control. (E) WGA of human DNA. (F, I) Human
genomic DNA, 50 ng. (G) WGA flow-sorted gorilla Y DNA, 50 ng. (H) Debranched WGA human
DNA, 50 ng. (J) Debranched WGA flow-sorted gorilla Y DNA, 50 ng.
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Figure S3. PCR screening of the whole-genome amplified flow-sorted gorilla Y DNA with
four Y-chromosomal markers, as an initial test of Y-chromosome enrichment. (A) DAZ
amplified with 18219FY and 19599RY (Makova and Li 2002). A1: 1 kb DNA ladder (NEB); A2:
Negative control for PCR; A3: positive control, human male gDNA; A4: negative WGA control;
AS5: positive control, WGA human male gDNA; A6: WGA flow-sorted gorilla Y DNA. (B) DBY
amplified with DBY7-9-F1 and DBY7-9-R1 (Goetting-Minesky and Makova 2006). B1: 100 bp
DNA ladder (NEB); B2: Negative control for PCR; B3: positive control, human male gDNA; B4:
WGA gorilla 'Y DNA. (C) UTY amplified with three primers: UTX/UTY (an X/Y universal
primer), UTY (a Y specific primer amplifying a short fragment) and UTX (an X specific
primer amplifying a longer fragment) (Villesen and Fredsted 2006). C1: 100 bp DNA ladder
(NEB); C2: Negative control for PCR; C3: positive control, human male gDNA; C4: negative
WGA control, water; C5: positive control, WGA human male gDNA; C6: WGA gorilla Y DNA. (D)
ZFY amplified with ZFXntIF1 and ZFXntIR1 (Goetting-Minesky and Makova 2006). D1: 100
bp DNA ladder (NEB); D2: Negative control for PCR; D3: positive control, human male gDNA;
D4: negative WGA control, water; D5: WGA gorilla’ Y DNA.
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Figure S4. PacBio data generated. (A) A histogram of the number of base pairs generated
per SMRT cell (in Mb) using P4-C2 (blue) and P5-C3 (red) PacBio chemistries. (B) The
distribution of subread lengths for both chemistries. The X-axis represents subread lengths
and the left Y-axis subread counts. The fitted line links subread length to the number of Mb
greater than subread length. The median subread length was 4171 bp and 4269 bp for P4-C2
and P5-C3, respectively. (C) The read quality profile for both chemistries. The X-axis
represents read accuracy and the left Y-axis read counts. The peak is at the 86% accuracy
(14% estimated error rate). Plots (B) and (C) are generated directly by smrtanalysis-2-3-0
software from PacBio.
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Figure S5. Examining WGA bias by depth analysis. In order to elucidate potential artifacts of
WGA, we examined the depth profiles of X-degenerate and ampliconic scaffolds in the best
assembly. These scaffolds contain exons from X-degenerate or ampliconic genes identified by
aligning gorilla transcripts from (Cortez et al. 2014), gorilla coding sequences from (Goto et al.
2009), and gorilla transcripts assembled here from testis RNAseq data (see details in Methods).
These exons have >95% identity (average 99.8%) to the gorilla transcripts and have full coding
potential. All paired-end reads -- either from flow-sorted or from genomic material -- were
mapped to the Repeatmasked best assembly with bowtie2, allowing for up to 8 mappings per
each read (bowtie2 --fr -p 63 --no-unal -k 8). The number of reads mapped to each scaffold was
then divided by the scaffold length and evaluated separately for reads originating from (A) flow-
sorted material (including WGA step) and (B) male genomic reads (no WGA). The tight range of
read depth for X-degenerate scaffolds and high similarity of (A) and (B) profiles suggests
absence of WGA bias. A total of 26 ampliconic and 45 X-degenerate scaffolds are plotted (R
package boxplot {graphics}, outline=FALSE).
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Figure S6. Overrepresentation of the non-Y chromosomes in the debris from flow-
sorting. We mapped all PacBio reads to the gorilla female reference (gorGor3.1.74) and
normalized the counts per chromosome lengths. The area of the yellow circles is proportional to
the amount of the reads mapped and the location of the circles indicates GC content (y-axis, Ns
were excluded from the calculation) and chromosome size (x-axis). The GC content and size of
Y chromosomes of gorilla, chimpanzee (Pan), and human are plotted as orange triangles. The
most overrepresented chromosomes are X (likely due to mapping errors due to its homology to
Y), chromosome 10, and two small chromosomes similar in size to that of Y chromosomes (21
and 22). The reads were mapped using blasr using -bestn 1 setting and each line of the output

was counted as one hit.
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Figure S7. K-mer abundance distribution for gorilla flow-sorted Y mate pair data, (see
Methods). Two libraries were evaluated. (A) Library GY19 The threshold for RecoverY was
chosen at 10x. (B) Library MPGY. The threshold for RecoverY was chosen at 50x.
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Figure S8. A. The insert size distribution of MP data mapping to the best assembly. Using
our best assembly as a reference, we mapped reads from an MP library utilized in the
scaffolding step. This analysis was performed using the assembly validation tool REAPR (Hunt
et al. 2013), which reported that 22.95% of our data mapped with an insert size below 1,000 bp
(indicating potential paired end contamination still remaining after running NxTrim); 10.57% of
our data mapping at an insert size above 10 kb, which could indicate chimeric scaffolds; 66.48%
mapped with an insert size of 1 kb to 10 kb. B. The insert size distribution of MP data
mapping to SSPACE scaffolds (without PacBio data added) and C. The insert size
distribution of MP data mapping to BESST scaffolds. Scaffolds from SSPACE were
evaluated using mapping of MP and comparison to an independent scaffolder, BESST (Sahlin
et al. 2014).
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Figure S9. Transcript-guided assembly scaffolding. The alignment of gorilla transcripts to
the assembly produced hits to different scaffolds for 11 single-copy protein-coding genes. The
X-axis is the position in the transcript and the arrows correspond to alignments with >95%
identity (the coordinates of the transcripts are on the top and the direction of the arrow reflects
the orientation of the alignment in a scaffold). Different scaffolds are indicated by different
colors. R means that this contig should be reverse complemented to conserve the direction of
the transcript. The plots were generated after removing multiple hits inside the scaffold or in the
other scaffold. (A) DDX3Y (2 scaffolds merged for a final scaffold length of 256,893 bp), (B)
EIF1AY (2 scaffolds merged for a final scaffold length of 48,627), (C) KDM5D (3 scaffolds
merged for a final scaffold length of 160,034 bp), (D) NLGN4Y (4 scaffolds merged for a final
scaffold length of 513,187 bp), (E) PRKY (3 scaffolds merged for a final scaffold length of
571,209 bp), (F) RPS4Y1 (2 scaffolds merged for a final scaffold length of 317,430 bp), (G)
TBL1Y (4 scaffolds merged for a final scaffold length of 779,490 bp), (H) USP9Y (9 scaffolds
merged for a final scaffold length of 612,541 bp), (I) UTY (11 scaffolds merged for a final
scaffold length of 1,175,566 bp), (J) ZFY (4 scaffolds merged for a final scaffold length of
296,714 bp). Single copy ampliconic genes: (K) PRY (3 scaffolds merged for a final scaffold
length of 477,886 bp). The plots for transcript recovery and contig scaffolding were generated
with a modified version of the function plotGenes in the Sushi package (Phanstiel et al. 2014).
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Figure S$10. Dotplots of human palindromes extracted from the reference human
assembly (hg38). Word length for visualization was set to 40 for P1, P3 and P5, and 20 for P2,
P4, P6, P7 and P8. Palindrome P2 exhibited highly repetitive structure near the arm-spacer
boundary.




Figures S11A-D. A comparison of palindrome recovery between human, chimpanzee and
gorilla and depth analysis. (A, B) Presence of sequences homologous to human and
chimpanzee palindromes. We mapped extracted human and chimpanzee palindromes to
human, chimpanzee and gorilla assemblies using BWA (Li and Durbin 2009) with seed length=5
to increase sensitivity. The heatmaps illustrate how eight human palindromes and 12
chimpanzee-specific palindromes were recovered in the assemblies. The heatmap only
captures that at least one copy is present but does not evaluate possible fragmentation or copy
number. (C, D) The results of the read depth analysis. From left to right: the number of reads
per bp for all gorilla scaffolds (ALL), scaffolds carrying X-degenerate genes (DEG), scaffolds
carrying ampliconic genes (AMP, see legend of Fig. S4), and scaffolds corresponding to human
and chimpanzee palindromes (see Note S5).
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Figure S12. Within-scaffold gorilla-specific palindromes. New gorilla-specific palindromes
that are fully present within one scaffold. The length of the arms (left axis) and spacers (right
axis) is visualized by the length of the horizontal bars (bp). Colors on the left axis (red, orange,
green) represent the identity of the corresponding arms, gray marks the proportion of the
sequences that is RepeatMasked for both arms and spacers. A palindrome marked with a star
does not have homologous sequence on the chimpanzee Y chromosome and is present only
partially on human Y chromosome. The dotplot for each palindrome is shown (computed using
10-bp windows).
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Figure S13. Progressive improvements to the lllumina-only assembly with PacBio data.
(A) The effect of increasing coverages on the assembly quality. All PacBio reads were
prefiltered against female (autosomes were filtered out) and the expected coverage was
calculated assuming the size of gorilla Y of 60 Mb. The initial assembly from SPAdes (0x
coverage, no PacBio data) was used to improve contigs and scaffolded assembly after
SSPACE (0x coverage, no PacBio data) was used to improve scaffolds. The numbers above
each point indicate the coverage used for the same initial assembly. We observe a significant
jump in N50 around 5x-10x coverage, suggesting that even very few SMRT cells already
provide cost-effective improvement of lllumina assemblies. (B) Dependence of read lengths
on assembly quality. Reads from eight SMRT cells were sorted according to increasing read
length and then partitioned into five bins such that each bin had an equal number of basepairs.
The first bin (leftmost X-axis) contained a large number of short reads, whereas the last bin
(rightmost X-axis) contained a small count of very long reads. PBJelly was then run five
separate times, using a different bin each time, using the same lllumina-only assembly as the
starting point. Although a higher N50 and assembly length for the bin with longest reads were
expected, this experiment demonstrates that the increase in assembly length for the long read
bin vs. the short read bin is as much as 6.8 Mb of sequence (a 36% increase).
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Figure S14. Gene content comparison among sequenced primate Y chromosomes. (A) X-
degenerate genes. (B) Ampliconic genes. Four species were included: Human (Orange),
Chimpanzee (Green), Gorilla (Blue) and Macaque (Pink).
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