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Abstract

Y chromosomal ampliconic genes (YAGs) are important for male fertility, as they encode proteins functioning in spermatogen-
esis. The variation in copy number and expression levels of these multicopy gene families has been studied in great apes; how-
ever, the diversity of splicing variants remains unexplored. Here, we deciphered the sequences of polyadenylated transcripts of 
all nine YAG families (BPY2, CDY, DAZ, HSFY, PRY, RBMY, TSPY, VCY, and XKRY) from testis samples of six great ape species 
(human, chimpanzee, bonobo, gorilla, Bornean orangutan, and Sumatran orangutan). To achieve this, we enriched YAG tran-
scripts with capture probe hybridization and sequenced them with long (Pacific Biosciences) reads. Our analysis of this data set 
resulted in several findings. First, we observed evolutionarily conserved alternative splicing patterns for most YAG families ex-
cept for BPY2 and PRY. Second, our results suggest that BPY2 transcripts and proteins originate from separate genomic re-
gions in bonobo versus human, which is possibly facilitated by acquiring new promoters. Third, our analysis indicates that 
the PRY gene family, having the highest representation of noncoding transcripts, has been undergoing pseudogenization. 
Fourth, we have not detected signatures of selection in the five YAG families shared among great apes, even though we iden-
tified many species-specific protein-coding transcripts. Fifth, we predicted consensus disorder regions across most gene fam-
ilies and species, which could be used for future investigations of male infertility. Overall, our work illuminates the YAG isoform 
landscape and provides a genomic resource for future functional studies focusing on infertility phenotypes in humans and crit-
ically endangered great apes.
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Introduction

Y chromosomal ampliconic genes (YAGs) are expressed ex-
clusively in testis (Skaletsky et al. 2003), encode proteins 
functioning in spermatogenesis, and are important for 
male fertility. In humans, YAGs belong to nine multicopy 
gene families—BPY2, CDY, DAZ, HSFY, PRY, RBMY, 
TSPY, VCY, and XKRY. Most of these gene families are 
shared among primates (Cortez et al. 2014); however, 
some were pseudogenized or completely deleted in certain 
great ape lineages, which is potentially linked to interspe-
cies differences in mating patterns (Hughes et al. 2010; 
Cechova et al. 2020). Although the variability in copy num-
ber (Oetjens et al. 2016; Tomaszkiewicz et al. 2016; Ye 
et al. 2018; Vegesna et al. 2020) and in gene expression le-
vels (Fagerberg et al. 2014; Vegesna et al. 2019, 2020) of 
YAGs has been recently explored in great apes, we still do 
not have a full understanding of whether this variability is 
reflected in transcript diversity. In fact, sequences of full- 
length transcripts for YAG families across great apes are 
lacking. Moreover, their precise cellular functions in the 
male germline are still not completely deciphered (Lahn 
and Page 1997; Zou et al. 2003; Stouffs 2004; Wong 
et al. 2004; Yen 2004; Navarro-Costa 2012). Investigating 
the transcriptional landscape of YAGs is expected to inform 
the diversity in sperm characteristics and male fertility phe-
notypes observed across great apes.

Recently, great ape YAG transcripts were assembled from 
short-read RNA-seq data (Vegesna et al. 2020). However, 
only one consensus transcript per gene family was generated 
for most families and, in some cases, even that representative 
sequence was incomplete. These limitations arise from the 
fact that many YAG families are expressed at low levels 
(Fagerberg et al. 2014; Vegesna et al. 2019, 2020), leading 
to a small number of sequencing reads and problematic tran-
script assemblies. In another study (Cortez et al. 2014), gorilla 
YAG transcript sequences were reconstructed from short- 
read RNA-seq data originating from testis of one individual, 
which also resulted in only one transcript per gene family. 

In the same study, orangutan transcript sequences for YAG 
families were predicted from whole-genome DNA sequen-
cing data and were not based on the analysis of transcripts 
expressed in testis. The annotation of the published chimpan-
zee Y chromosome is incomplete, missing full-length coding 
sequences of all six YAG families present in this species 
(Hughes et al. 2010). Therefore, the complete repertoire of 
transcript sequences of great ape YAGs resolved at a nucleo-
tide level is still unavailable.

To fill this critical gap, we captured (with hybridization) 
polyadenylated YAG transcripts from testis samples of six 
great ape species: human, chimpanzee, bonobo, gorilla, 
Sumatran orangutan, and Bornean orangutan, and se-
quenced them using Pacific Biosciences (PacBio) Iso-Seq 
protocol. Obtaining this unique data set allowed us to com-
pare YAG transcripts across great ape species that diverged 
from each other between ∼0.4 and ∼13 million years ago 
(Glazko 2003; Locke et al. 2011). Specifically, we asked 
the following questions: 1) How diverse are YAG transcript 
isoforms across great apes? 2) Do nonhuman YAG tran-
scripts share splicing patterns with the well-annotated 
YAGs on the human Y chromosome? 3) Have any tran-
scripts accumulated nonsense mutations, leading to pseu-
dogenization? 4) Do any of the YAGs conserved across 
great ape species evolve under purifying selection? 5) Which 
YAG isoforms are lineage-specific, and which exhibit signa-
tures of positive selection? By addressing these questions, 
we deciphered the isoform landscape of YAG sequences in 
great apes. The resulting data and the analyses described 
herein will be critical for designing evidence-based strategies 
for preserving reproductive success of these species, all of 
which (except for humans) are endangered.

Results

Sequencing of Polyadenylated Y Chromosomal 
Ampliconic Gene Transcripts in Six Great Ape Species

To study the evolution of YAG transcripts across great apes, 
we isolated total RNA from testis samples of six great ape 

Significance

Ampliconic genes on the Y chromosomes in great apes encode proteins functioning in spermatogenesis and play im-
portant, yet not fully understood, roles in male reproductive health. Copy number variation of ampliconic genes within 
and across great ape species has been recently investigated, yet transcript diversity of ampliconic genes remains largely 
unknown. To address this critical knowledge gap, we used a combination of capture-probe hybridization and PacBio 
long-read sequencing technology, providing the first comprehensive understanding of isoform landscape of each of 
the nine multicopy Y chromosome ampliconic gene families in great apes. Here, we demonstrate high isoform diversity 
across great apes, which recapitulates previously observed high levels of copy number variations. This variation at the 
gene copy and transcript number is thought to reflect differences in mating patterns and sperm competition levels 
across species. By providing a freely available repository of ampliconic gene transcript isoforms, this study offers a crucial 
tool for researchers seeking to understand the genetic basis of male reproductive biology and potential targets for thera-
peutic interventions in humans and critically endangered great apes.
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species and generated two cDNA technical replicates for 
each sample (supplementary fig. S1 and table S1, 
Supplementary Material online). We used gene family– 
specific hybridization capture probes (supplementary 
table S2, Supplementary Material online) validated with 
male-specific primers (supplementary table S3, 
Supplementary Material online) to pull down YAG cDNAs 
and generate two PacBio Iso-Seq libraries, which were se-
quenced. We identified full-length nonchimeric (FLNC) 
transcripts (supplementary table S4, Supplementary 
Material online) and clustered them with isONclust accord-
ing to the following workflow (supplementary fig. S2, 
Supplementary Material online). We assigned the clusters 
to their respective gene families and performed error correc-
tion of the clustered and gene family–assigned FLNCs with 
IsoCon (supplementary fig. S3, Supplementary Material on-
line). We then identified replicate-supported transcripts and 
mapped them to one human genomic copy with the largest 
number of exons per each YAG family and to the databases 
of human and nonhuman transcripts. Finally, we identified 
identical and species-specific transcripts and tested for 
selection acting on protein-coding transcripts (supplementary 
fig. S4, Supplementary Material online).

Replicate-Supported Transcripts

We identified 1,510 replicate-supported transcripts, that is, 
isoforms shared between the two technical replicates 
(supplementary table S7, Supplementary Material online), 
in six samples. Each replicate-supported transcript was sup-
ported by at least two reads (in each technical replicate) 
with an average of 92 reads (min = 2, max = 3,245, and 
med = 44; all but 11 replicate-supported transcripts were 
supported by more than two reads). The total number of 
replicate-supported transcripts per sample ranged from 
190 (for chimpanzee) to 315 (for Bornean orangutan), with 
an average of 256 (supplementary table S6, Supplementary 
Material online). The number of replicate-supported tran-
scripts per gene family differed substantially among gene 
families and among species (fig. 1A, supplementary table 
S6, Supplementary Material online). The longest transcripts 
belonged to the CDY and DAZ gene families with mean 
lengths of 1,868 and 1,687 bp, respectively (fig. 1B). The 
longest transcript was a human DAZ transcript (4,041 bp) fol-
lowed by a chimpanzee DAZ transcript (3,584 bp; fig. 1B, 
supplementary tables S8 and S9, Supplementary Material on-
line). The shortest transcripts belonged to the PRY gene fam-
ily with a mean length of 374 bp (fig. 1B, supplementary 
table S8, Supplementary Material online).

Analysis of Transcripts with Complete Open Reading 
Frames

We predicted complete open reading frames (cORFs), that 
is, sequences that begin with a start codon and end with 

a stop codon, in the replicate-supported transcripts. 
Because most cORFs we found were <50 amino acids (aa) 
long (supplementary dataset S2, Supplementary Material
online), we suspect them to be artifacts. However, an abun-
dance of short proteins was found in mammalian genomes 
(Frith et al. 2006); therefore, we have chosen an ORF length 
threshold of >50 aa for the downstream analysis of tran-
scripts with cORFs (supplementary datasets S3 and S16, 
Supplementary Material online; fig. 2A). In total, we identi-
fied 7,966 cORFs longer than 50 aa in our replicate- 
supported transcripts.

We could detect cORFs in replicate-supported transcripts 
in all YAG families (fig. 2B, supplementary dataset S16, 
Supplementary Material online) in all the species analyzed 
with one exception. In chimpanzee, cORF for BPY2 was miss-
ing among replicate-supported transcripts; however, a BPY2 
cORF was present in one of the technical replicates. In general, 
the lengths of proteins predicted from these cORFs in human 
and nonhuman apes were similar to the lengths of the corre-
sponding human proteins reported in the literature. For ex-
ample, a previous study (Lahn and Page 1997) predicted 
human BPY2 proteins to be 106 aa long. We found cORFs cor-
responding to BPY2 proteins of this length in our human sam-
ple and of a similar length in our gorilla sample (fig. 2A). The 
same study showed human VCY protein to be 125 aa long 
(Lahn and Page 2000), and we found predicted homologs of 
the same length in our human sample (fig. 2A). Some gene 
families in certain great ape lineages have more cORFs than 
other species, which could indicate more proteins and thus 
more pronounced functional relevance in those species, such 
as DAZ in bonobo and chimpanzee for increased sperm 
functions.

Homology to Human YAG Protein-Coding Transcripts

First, to study homology to human YAG protein-coding tran-
scripts, we used BLASTN (Camacho et al. 2009) to align all 
replicate-supported transcripts against publicly available Y 
transcript data sets for human, as available in ENSEMBL 
(supplementary dataset S4, Supplementary Material online), 
chimpanzee, as available in ENSEMBL (supplementary 
dataset S5, Supplementary Material online), gorilla Y, as pub-
lished by Cortez et al. (2014) (supplementary dataset S6, 
Supplementary Materialonline), and the predicted orangutan 
Y chromosome transcripts generated by Cortez et al. (2014)
(supplementary dataset S7, Supplementary Material online). 
Because we could not find any replicate-supported transcripts 
that fully covered known transcripts from the above data sets 
(supplementary datasets S4–S7, Supplementary Material on-
line) at 100% sequence identity, we limited our subsequent 
analyses to protein-coding sequences.

Second, we aligned our nonhuman replicate-supported 
transcripts to the annotated human reference YAG 
protein-coding sequences (supplementary dataset S8, 
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Supplementary Material online) using BLASTN (Camacho 
et al. 2009) (see Materials and Methods for details; 
supplementary table S10, Supplementary Material online). 
For several great ape species, we found replicate-supported 
transcripts homologous to human reference transcripts to 
be either completely absent or of reduced length in some 
YAG families (supplementary table S10, Supplementary 
Material online), suggesting deletion or pseudogenization. 
No homologous BPY2 transcripts were found in chimpanzee 

and bonobo; however, as mentioned above, such sequences 
were present in one chimpanzee technical replicate. BPY2 

homologs differed substantially in length between human 
and gorilla (covering only 60–71% of the human reference 
with 98–99% of sequence identity) and even more so be-
tween each orangutan species and human (covering 34– 
37% of the human reference with 93–96% of sequence 
identity). HSFY, PRY, and XKRY homologs were short or ab-
sent in chimpanzee and bonobo, confirming previous 

FIG. 1.—(A) Number of replicate-supported transcripts presented separately for each great ape species and gene family. (B) Distribution of lengths of 

replicate-supported transcripts per gene family per species. Dark dots outside bars represent outliers, light dots inside bars represent mean lengths, and hori-

zontal lines represent median lengths. VCY_h, captured with the human-specific probe; VCY_cb, captured with the chimpanzee- and bonobo-specific probe.
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findings (Bellott et al. 2014; Cortez et al. 2014; Cechova 
et al. 2020). VCY homologs were found in bonobo and in 
both species of orangutan, which contradicts previous re-
sults (Cortez et al. 2014; Cechova et al. 2020) and requires 

further investigation. XKRY homologs were present in 
gorilla (covering 80% of the human reference with 
86.8% of sequence identity) and both species of orang-
utan (64–100% coverage or % of aligned sequence with 

FIG. 2.—(A) Distribution of predicted cORF lengths (in amino acids) per gene family per species. VCY_h, captured with the human-specific probe; VCY_cb, 

captured with the chimpanzee- and bonobo-specific probe). (B) Number of cORFs per gene family per species.
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84–93.3% of sequence identity) but were absent from 
both bonobo and chimpanzee (supplementary table S10, 
Supplementary Material online), which confirms previous 
studies (Hughes et al. 2010; Cechova et al. 2020).

We also aligned the predicted cORFs in replicate- 
supported transcripts to human reference Y chromosome 
proteins (supplementary dataset S9, Supplementary 
Material online) using BLASTP (see Materials and Methods 
for details). The resulting high-confidence cORF homologs 
per gene family per species are presented in figure 3 and 
supplementary dataset S9, Supplementary Material online. 
CDY, DAZ, RBMY, TSPY, and VCY ORF homologs were 
abundant across all great ape species (fig. 3A). Among 
YAG families, CDY ORF homologs aligned to human pro-
teins with the highest coverage. The largest numbers of 
CDY and DAZ ORF homologs were observed in bonobo. 
Only single HSFY ORF homolog with low coverage (17– 
25%) but relatively high identity (77–82%) was found in 
each of the chimpanzee and bonobo samples (fig. 3A, 
supplementary dataset S9, Supplementary Material 
online). BPY2 ORF homologs were present only in human 
and gorilla samples. PRY homologs were missing in all spe-
cies but gorilla (fig. 3A), indicating that these sequences are 
either not expressed or expressed below our detection level.

Proteins that were predicted from cORFs CDY, DAZ, 
RBMY, and TSPY in chimpanzee and bonobo had high 
coverage and sequence identity when aligned to human 
Y proteins (fig. 3B). Across great apes, the highest protein 
alignment length was observed for the CDY cORF homo-
logs, followed by RBMY and DAZ cORF homologs (fig. 
3B). HSFY cORF homologs in Sumatran orangutan had 
high sequence identity to, and covered most of, the corre-
sponding human Y proteins (fig. 3B). Short HSFY cORF 
homologs of 50–250 aa were found in gorilla, and longer 
ones (300–400 aa) were observed in both species of 
orangutan. Most VCY and XKRY cORF homologs from 
nonhuman great apes covered ∼100–150 aa of the corre-
sponding human Y proteins (fig. 3B).

Transcripts with Identical Protein-Coding Sequences

To gain insights into evolutionary conservation or diver-
gence of YAG transcripts across great ape species that di-
verged from each other between ∼0.4 and ∼13 million 
years ago (supplementary fig. S12, Supplementary 
Material online), we identified replicate-supported tran-
scripts with identical cORFs (but potentially differing at 5′ 

and/or 3′ untranslated regions [UTRs]) within (between 
the two samples for human or chimpanzee) or between 
great ape species analyzed (supplementary table S13 and 
dataset S14, Supplementary Material online). We found 
that all gene families had shared cORFs between the two 
closely related orangutan species (supplementary table 
S13, Supplementary Material online). In contrast, some 

gene families (BPY2 and VCY) consistently did not have shared 
cORFs even between closely related Pan species, chimpanzee 
and bonobo (supplementary table S13, Supplementary 
Material online). In the whole data set, most shared cORFs 
were present in DAZ, PRY, RBMY, and TSPY gene families 
(supplementary table S13, Supplementary Material online). 
DAZ and PRY cORFs were shared among human, chimpan-
zee, bonobo, and gorilla but not between any one of them 
and each of the two orangutans, suggesting that human– 
gorilla is the largest evolutionary distance at which they are 
conserved. Identical TSPY cORFs were present within the 
same species (human or chimpanzee) and between some spe-
cies (human and chimpanzee, human and bonobo, chimpan-
zee and bonobo, and the two species of orangutan; 
supplementary table S13, Supplementary Material online).

Species-Specific Protein-Coding Transcript Sequences

Subsequently, we were able to identify species-specific tran-
scripts with cORFs (supplementary table S16, Supplementary 
Material online) and species-specific protein-coding se-
quences (supplementary table S14, Supplementary 
Material online). Across most gene families, at least one 
protein-coding transcript per gene family was species 
specific. The highest number of species-specific protein- 
coding transcripts was present in the PRY gene family: it 
ranged from 16 to 57 per species (supplementary table 
S14, Supplementary Material online). BPY2 had the lowest 
number of species-specific protein-coding transcripts, includ-
ing only three, three, and two transcripts specific to gorilla, 
Bornean orangutan, and Sumatran orangutan, respectively.

Species-Specific Protein Prediction and Identification of 
Protein Domains

Next, we predicted species-specific proteins and identified 
their domains, because these domains might be tailored 
for specialized functions unique to each species 
(supplementary dataset S17, Supplementary Material on-
line). Most interestingly, we detected consensus disorder re-
gions of at least 20 amino acids across all gene families (but 
BPY2 and XKRY) and most great ape species except for CDY 
in both species of orangutan and human 1, DAZ in human 2 
and gorilla, HSFY in bonobo, PRY in Bornean orangutan, 
RBMY in Sumatran orangutan, and TSPY in human 2, chimp 
1, and Sumatran orangutan. These identified regions could 
be used for future investigations of the relationship be-
tween protein disorder and fertility-related diseases, such 
as male infertility, as many disease-associated proteins con-
tain intrinsically disordered regions (supplementary dataset 
S17, Supplementary Material online).

Among the ten species-specific predicted BPY2 proteins, 
one protein in Sumatran orangutan featured a signature of 
a >20-aa region of a membrane-bound protein predicted 
to be embedded in the membrane. When investigating 
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species-specific predicted CDY proteins, we encountered a 
wide array of chromodomain or chromodomain Y-like sig-
natures characteristic of this protein family. Moreover, 
many CDY proteins exhibited lengthy (>100-amino acid) 
signatures associated with clpP/crotonase, involved in 
protein degradation (Mabanglo and Houry 2022), or 
enoyl-CoA hydratase/isomerase, implicated in fatty acid 
metabolism (Mills et al. 2022). Notably, CDY proteins in 
both orangutan species bore 30-amino acid-long signa-
tures within signal peptide regions, which could be poten-
tially linked to protein transport or secretion during 
spermatogenesis. Most species-specific predicted DAZ pro-
teins contained DAZ domains, DAZ repeats, and RNA rec-
ognition motifs, consistent with the characteristics of this 
protein family. Interestingly, we identified a specific do-
main, NADH-ubiquinone oxidoreductase chain 4L, a core 

subunit of the mitochondrial membrane respiratory chain 
NADH dehydrogenase (complex I), in one predicted DAZ 
protein in Bornean orangutan, suggesting its potential in-
volvement in the regulation of mitochondrial function dur-
ing spermatogenesis. Additionally, a signal peptide was 
found in one predicted DAZ protein in gorilla.

The majority of HSFY proteins exhibited heat shock fac-
tor DNA-binding domains, whereas certain HSFY proteins 
in gorilla, human 2, and Sumatran orangutan also featured 
winged helix DNA-binding domains, potentially contribut-
ing to protein–DNA and protein–protein interactions. 
Furthermore, we discovered a specific domain exclusive 
to the HSFY predicted protein in the human 1 sample, 
comprising a >20-amino acid-long region of a membrane- 
bound protein predicted to be embedded in the mem-
brane. Among the protein families studied, PRY proteins 

FIG. 3.—Analysis of high-confidence cORFs homologous to human Y chromosome ampliconic transcripts per gene family per species. (A) Numbers of 

cORFs. (B) Coverage and sequence identity in alignments to homologous human Y proteins.
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displayed the most diverse representation of protein do-
mains, encompassing signatures of ATP synthase and cyto-
chrome subunits, as well as tubulin domains, suggesting 
their potential involvement in energy production during 
spermatogenesis. Predicted RBMY proteins were found to 
contain RNA recognition motifs such as RRM, RBD, or 
RNP domains and signal peptides. Notably, specific signa-
tures related to transformer-2 sex-determining proteins, 
associated with the regulation of alternative splicing of 
pre-mRNA, were identified in predicted RBMY proteins in 
human 1, bonobo, chimp 2, and Bornean orangutan, indi-
cating their potential role in regulating alternative splicing 
during spermatogenesis. Moreover, five RBMY proteins in 
both human samples exhibited signal peptides within trans-
membrane regions (SignalP-TM), potentially related to pro-
tein transport or secretion during spermatogenesis.

Most of the species-specific predicted TSPY proteins 
across all great apes demonstrated signatures of nucleo-
some assembly proteins, suggesting their potential involve-
ment in chromatin remodeling, gene expression regulation, 
and epigenetic modifications during spermatogenesis. 
Regarding VCY proteins, most of the species-specific pre-
dicted members displayed signatures of either the variable 
charge X/Y family or testis-specific basic protein Y 1-related 
signatures, consistent with the characteristics of this protein 
family. When investigating species-specific XKRY proteins, 
extensive XK-related protein regions, often exceeding 200 
amino acids, were identified in most species-specific pre-
dicted proteins, featuring small internal segments of a 
membrane-bound protein predicted to be embedded in 
the membrane. Intriguingly, one XKRY-predicted protein 
in human 2 exhibited a signature of a region of a membrane- 
bound protein predicted to be outside the membrane, ei-
ther in the cytoplasm or in the extracellular region.

Noncoding Transcripts

Additionally, we identified many YAG transcripts without 
any cORFs, that is, noncoding transcripts (supplementary 
table S15, Supplementary Material online). Most of them 
were present in the PRY gene family (min = 9, max = 85, 
and med = 37 across species). The lowest number of non-
coding transcripts was observed in the XKRY, BPY2, and 
CDY gene families (med = 0 and maximum of 1, 2, and 2, 
respectively, across species).

Alternative Splicing Patterns

To study splicing patterns of YAG transcripts across great 
ape species with divergence time between ∼0.4 and ∼13 
million years ago (supplementary fig. S12, Supplementary 
Material online), we mapped cORF-containing replicate- 
supported transcripts to one ampliconic gene copy (picked 
up at random) per gene family on the human Y chromo-
some (figs. 4 and 5; supplementary figs. S4–S11, 

Supplementary Material online showing only transcripts 
with cORFs; supplementary datasets S15 and S16, 
Supplementary Material online).

For a number of YAG families, splicing patterns of non-
human ape transcripts closely resembled that of human 
transcripts we recovered. Conserved splicing patterns are 
best exemplified by the longest DAZ nonhuman transcripts, 
which, when mapped to the human genomic copy, had the 
exons’ locations similar to that of human transcripts (fig. 4). 
Many nonhuman CDY transcripts recapitulated the splicing 
patterns of human transcripts (supplementary fig. S4, 
Supplementary Material online). Most nonhuman HSFY 

transcripts mapped to the same exon locations as did hu-
man transcripts (supplementary fig. S5, Supplementary 
Material online). Most nonhuman RBMY transcripts fol-
lowed the locations of exons of human transcripts, with a 
few diverse transcripts found in gorilla and in both species 
of orangutan (supplementary fig. S7, Supplementary 
Material online). Most nonhuman TSPY transcripts followed 
the splicing patterns of human transcripts (supplementary 
fig. S8, Supplementary Material online). VCY transcripts 
from bonobo and gorilla, which were captured with the 
human-specific probe, mapped to the exon locations of 
human transcripts (supplementary fig. S9, Supplementary 
Material online). VCY transcripts from chimpanzee and 
bonobo, captured with the Pan-specific probe, recapitu-
lated the exon locations of chimpanzee transcripts 
(supplementary fig. S10, Supplementary Material online).

Other gene families had more divergent patterns of 
exon–intron structure among great apes. None of the 
exon locations for the BPY2 transcripts from nonhuman 
samples recapitulated those found in the human sample 
(fig. 5). For example, many BPY2 transcripts from bonobo 
and both species of orangutan mapped upstream from 
the human transcripts (fig. 5). Additionally, all analyzed spe-
cies but human and bonobo had BPY2 transcripts originat-
ing from both strands of this gene (fig. 5). All PRY transcripts 
from nonhuman samples mapped to only one exon of the 
human consensus coding sequence (supplementary fig. 
S6, Supplementary Material online). Most nonhuman 
XKRY transcripts mapped to the same two exons of human 
transcripts (supplementary fig. S11, Supplementary 
Material online); however, all XKRY transcripts from both 
species of orangutan were missing the noncoding exon 
found in all the other species, and two XKRY transcripts 
from Bornean orangutan had longer protein-coding exonic 
sequences (supplementary fig. S11, Supplementary 
Material online).

Selection Tests

To test for selection, we limited our analysis to gene families 
that were present in five or more ape species as well as in 
the outgroup species (macaque): CDY, DAZ, HSFY, RBMY, 
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FIG. 4.—Conserved splicing patterns of DAZ transcripts with complete ORFs captured with gene-specific hybridization probes and mapped to one human 

gene copy ENSG00000188120. The human DAZ consensus coding sequence DAZ_CCDS48209.1 was also mapped to show the protein-coding exons (top 

row). Transcripts are grouped by species. Each colored block represents a location of an exon, and each arrow indicates the forward “>” or reverse “<” 

direction as mapping to the human genomic copy. The lines between exons represent introns.
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and TSPY. We did not detect any evidence of positive selec-
tion in these gene families; however, we did identify lower ra-
tios of nonsynonymous over synonymous substitution rates in 
CDY in macaque and DAZ in human (supplementary table S9, 
Supplementary Material online). Nevertheless, the values 
were not significantly lower than one, rejecting the hypoth-
esis that these sequences evolved under purifying selection 
(supplementary table S9, Supplementary Material online).

Discussion

Alternative splicing is one of the major forces generating the 
diversity and driving evolution of phenotypes across the eu-
karyotic tree of life. In mammals, alternative splicing has 
been widely investigated across tissues (Merkin et al. 
2012; Gueroussov et al. 2015; Zhang et al. 2017) and re-
cently also across developmental stages (Mazin et al. 
2021). With recent increases in accuracy and read length 
of sequencing technologies, transcriptomic studies are un-
raveling unprecedented levels of splicing variants’ diversity 
and complexity (Zhang et al. 2017; Bayega et al. 2018; 
Kuang and Canzar 2018; Oikonomopoulos et al. 2020; De 
Paoli-Iseppi et al. 2021). Deciphering transcript sequences 
of highly similar copies from multicopy gene families, how-
ever, still poses a significant challenge. Here, we focused on 
solving this problem by studying highly similar transcripts 
from multicopy YAG families and, for the first time, uncov-
ered multiple transcripts for each of nine multicopy YAG 
families for all but one (Tapanuli orangutan) extant 

nonhuman great ape species. Earlier studies attempted to 
decipher transcript sequences of great ape YAGs using short- 
read RNA-seq data sets or to predict their full-length se-
quences using whole-genome DNA sequencing data 
(Cortez et al. 2014; Vegesna et al. 2020). However, such ef-
forts resulted in reconstruction of only one consensus 
transcript per gene family and, in many cases, even that rep-
resentative sequence was incomplete. A more specialized ap-
proach using reverse transcription-polymerase chain reaction 
(RT-PCR) and long-read sequencing was recently applied to 
capture multiple YAG transcripts per gene family from two 
human testis samples (Tomaszkiewicz and Makova 2018). 
Clustering YAG transcripts from long reads was achieved 
using a novel computational method (IsoCon, Sahlin et al. 
2018) that is able to distinguish transcripts originating from 
separate copies of a YAG family, which can differ by just a 
few nucleotides or small insertions/deletions. Applying this 
method to two human testis samples, Sahlin et al. (2018) un-
covered many novel YAG transcripts; however, because the 
primers were designed in the first and last protein-coding 
exons, full-length polyadenylated transcripts could not be ob-
tained. To overcome this limitation, here we used gene fam-
ily–specific hybridization capture probes and the Iso-Seq 
protocol to pull down UTR-containing YAG cDNAs for human 
and five other great ape species. Additionally, to gain higher 
confidence in the sequence accuracy of our transcripts, we 
generated and sequenced transcripts from two technical re-
plicates per each sample and were able to identify transcripts 
supported by both replicates.

FIG. 5.—Divergent splicing patterns of BPY2 transcripts with complete ORFs captured with gene-specific hybridization probes and mapped to one human 

gene copy ENSG00000183753. The human BPY2 consensus coding sequence BPY2_CCDS14800.1 was also mapped to show the protein-coding exons (top 

row). Transcripts are grouped by species. Each colored block represents a location of an exon, and each arrow indicates the forward “>” or reverse “<” 

direction as mapping to the human genomic copy. The lines between exons represent introns.
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Diversity of YAG Transcripts across Great Apes

We recovered at least two transcript sequences per YAG 
family per species, except for BPY2 in chimpanzee 
(supplementary table S6, Supplementary Material online). 
Overall, we observed high variability in the number of tran-
scripts per gene family per species. The high number of tran-
scripts (303–315, supplementary table S6, Supplementary 
Material online) observed in both species of orangutan 
echoes the high copy number of YAGs reported previously 
in these species (supplementary table S12, Supplementary 
Material online) (Vegesna et al. 2020). Similarly, the low 
number of transcripts (190, supplementary table S6, 
Supplementary Material online) in chimpanzee is consistent 
with the low YAG copy number previously reported for this 
species (supplementary table S12, Supplementary Material
online) (Vegesna et al. 2020). In gorilla, we found a high num-
ber of transcripts (299, supplementary table S6, Supplementary 
Material online) and also the highest numbers of species- 
specific YAG protein-coding sequences (supplementary 
table S12, Supplementary Material online) and noncoding 
transcripts (supplementary table S13, Supplementary 
Material online), despite its relatively low YAG copy num-
ber according to previous studies (Tomaszkiewicz et al. 
2016; Vegesna et al. 2020) (supplementary table S15, 
Supplementary Material online).

Conserved and Divergent Patterns of Alternative Splicing 
of YAG Isoforms across Great Apes

Most gene families displayed conserved alternative splicing 
patterns across great apes, especially the longest DAZ, the 
single-exon CDY, the two-exon HSFY, and the multiexon 
TSPY and RBMY. Most of transcripts from these gene fam-
ilies were conserved (in terms of splicing patterns) in hu-
man, chimpanzee, and bonobo but were more divergent 
in gorilla and both species of orangutan. These divergent 
transcripts might encode proteins with different functions 
in spermatogenesis, a possibility that will have to be ex-
plored in future studies. Most divergent exon–intron struc-
tures were observed in the BPY2 and PRY gene families, 
whose peculiarities are discussed below. Notably, both 
BPY2, whose origin was only recently discovered (Cao 
et al. 2015), and PRY were excluded from previous evolu-
tionary studies (e.g., Bhowmick et al. 2007) because of 
the lack of information on their detectable X-linked/auto-
somal copies and on their orthologs in other species.

Independent Evolutionary Origins of the BPY2 Gene 
Family Transcripts

Our study suggests that BPY2 splicing patterns are con-
served in human and chimpanzee but are divergent among 
other great apes; a previous study showed that the BPY2 
locus was acquired on the Y chromosome in the common 

ancestor of great apes (Cao et al. 2015). A full-length 
BPY2 transcript was present in one of the chimpanzee tech-
nical replicates, suggesting that low expression in that sam-
ple might have prevented us from capturing the transcript 
in the other replicate. Consistent with this, BPY2 was re-
ported to have the second lowest expression levels among 
YAGs (after PRY) in a previous study focused on great ape 
ampliconic gene expression levels (Vegesna et al. 2020). 
Additionally, BPY2 is the only YAG family specifically ex-
pressed during postmeiotic sex chromosome repression 
(Lucotte et al. 2018), the stage that might not have been 
captured in this chimpanzee sample. Nevertheless, the 
BPY2 transcript with a cORF found in one chimpanzee tech-
nical replicate aligned to the human reference BPY2 tran-
script with high identity and over a large proportion of 
length (supplementary dataset S10, Supplementary 
Material online). Similarly, BPY2 transcripts in orangutans 
mapped to human transcripts. In contrast, all BPY2 tran-
scripts from bonobo mapped upstream of human tran-
scripts, suggesting their distinct evolutionary origins. 
Approximately half of gorilla BPY2 transcripts mapped up-
stream of human transcripts. Interestingly, all species but 
human and bonobo had BPY2 transcripts originating 
from both strands of the gene.

Our analysis of protein-coding regions suggested that 
BPY2 cORFs in several species might produce proteins nonho-
mologous to human proteins. Protein alignments between 
the predicted cORFs in nonhuman great apes and human Y 
chromosome proteins produced no significant matches for 
BPY2 sequences in bonobo and both species of orangutan 
(fig. 3, supplementary table S11, Supplementary Material on-
line). Gorilla BPY2 sequences had low identity and coverage 
when mapped to human Y BPY2 proteins. In contrast, the re-
covered from one technical replicate chimpanzee BPY2 cORF 
had high (98%) sequence similarity over the full length (106 
aa) human BPY2 protein (supplementary dataset S12, 
Supplementary Material online).

PRY Gene Family Is Undergoing Pseudogenization across 
Great Apes

Several lines of evidence in our results suggest that the PRY 

gene family is undergoing pseudogenization in most great 
ape species. First, most transcripts without cORFs we recov-
ered map to the PRY gene family (supplementary table S15, 
Supplementary Material online). Second, all species but 
gorilla lack cORF-containing homologs to human PRY. 
Third, several PRY cORFs predicted for great apes are not 
homologous to human (supplementary table S11, 
Supplementary Material online) but are lineage specific 
(supplementary table S14, Supplementary Material online) 
and map upstream of the human PRY coding exons 
(supplementary fig. S10, Supplementary Material online). 
Consistent with these results, among YAGs, PRY has 
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been previously reported to be expressed at the lowest le-
vel, if at all, in great apes (Vegesna et al. 2020).

Future Applications to Functional Genomics

Cellular functions of YAGs are poorly characterized and 
were investigated only at the gene, but not at the transcript, 
level. For example, previous studies demonstrated that dele-
tions of Y chromosome regions containing certain YAGs, 
that is, azoospermia (AZF) regions, can lead to spermato-
genic impairment—for example, spermatogenic arrest re-
sulting in altered spermatozoa formation or a complete 
lack of sperm cells (azoospermia) (Kuroda-Kawaguchi 
et al. 2001; Repping et al. 2002). Some other studies at-
tempted to correlate the copy number of specific YAG fam-
ilies with fertility levels; however, this led to inconclusive 
results (Giachini et al. 2009; Krausz et al. 2010; 
Nickkholgh et al. 2010). Here, we uncovered splicing var-
iants of YAGs that in the future can be used to study differ-
ential sperm characteristics and male fertility phenotypes 
observed across great apes. Overall, our study provides an 
informative genomic resource of full-length YAG transcripts 
for future functional studies focusing on infertility pheno-
types in humans and other great apes.

Limitations of the Study and Future Directions

Ampliconic genes have been previously reported to be ex-
pressed at low levels in testes (Fagerberg et al. 2014; 
Vegesna et al. 2019, 2020). Though our study captured 
the highest transcript diversity to date, some of the genes, 
such as BPY2 and PRY, were nevertheless not fully recov-
ered in all the species. Thus, it would be recommended in 
the future to target these specific genes at a higher sequen-
cing depth. Also, the hybridization capture protocol using 
only one short probe per gene family universal for all great 
ape species could have led to underrepresentation of recov-
ered transcripts per gene family.

We have used one genomic copy per gene family from 
the human Y chromosome for tracking the splicing patterns 
of transcripts from human and nonhuman great ape sam-
ples. This allowed us to recapitulate the general conserved 
or divergent splicing patterns per gene family across great 
apes. In the future, a more detailed analysis with precise 
mapping to each well-annotated copy per gene family on 
the great ape Y chromosomes will alleviate the human- 
specific bias of this analysis (Chen et al. 2021). Also, novel 
computational tools need to be developed to cope with a 
well-known multimapping issue related to highly similar se-
quences. This is an ongoing work as the sequences of the Y 
chromosomes and their gene annotations from nonhuman 
great apes are being improved thanks to the efforts of the 
T2T Primate Consortium.

There are several potential technical reasons regarding 
why we were unable to find evidence of positive selection 

for any of the gene families. First, we did not test for positive 
selection in BPY2, PRY, VCY, and XKRY, which were either 
represented only in three species or missing from the out-
group, limiting the power of the analysis. Second, using co-
deml to test for positive selection in only six lineages may be 
underpowered, as using more species could yield more vari-
ation, thereby increasing the level of statistical power to 
detect positive selection. Third, even though the codeml 
software from the PAML package (Yang 2007) is usually 
used to estimate the nonsynonymous to synonymous substi-
tution rate ratios of genes, it does not account for deletions 
and insertions in splicing variants. This methodological limi-
tation calls for developing other selection test approaches 
that include gaps representing divergence states in the 
alignments.

Testis is composed of several cell types: mitotic sperm-
atogonia, meiotic spermatocytes, and postmeiotic sperma-
tids and somatic cell types, such as Sertoli and Leydig cells. 
Thus, capturing ampliconic gene transcripts from testis 
samples does not allow for cell-specific distinction among 
transcripts. Future studies focusing on identifying cell 
type–specific YAG transcripts using single-cell RNA-seq ap-
proaches should overcome this limitation. Several recent 
studies investigated the expression levels of X- versus 
Y-linked genes including ampliconic genes in separate cell 
types from human testis, but none of them focused on ana-
lyzing the expression at the isoform level (Sin et al. 2012; 
Lucotte et al. 2018). One of the most recent studies has fo-
cused on single-nucleus testis transcriptome data from 11 
species including four great apes (Murat et al. 2022). 
However, except for one RBMY2 transcript from gorilla, 
no ampliconic transcripts were reported as a cell type mark-
er for any of the analyzed species. Besides, genes on the Y 
chromosome in primates have undergone reduction in 
gene expression (Cortez et al. 2014), which required us to 
use this targeted (enrichment-based) approach, whereas 
it might not be needed for most genes on the other chro-
mosomes. Additionally, it would be of interest to confirm 
all the transcripts we discovered in our study at the protein 
level, as was done in Ferrández-Peral et al. (2022).

Materials and Methods

To study the evolution of YAG transcripts across great apes, 
we isolated total RNA and synthesized oligo(dT)-primed 
cDNA from testis samples for six great ape species: human 
(two individuals), chimpanzee (two individuals), bonobo 
(one individual), gorilla (one individual), Bornean orangutan 
(one individual), and Sumatran orangutan (one individual). 
For each sample, we generated two technical replicates, 
which we started from separate aliquots of the same RNA 
stock and then each aliquot was processed separately 
(supplementary fig. S1, Supplementary Material online). 
After pulling down YAG cDNAs using gene family–specific 
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hybridization capture probes (supplementary table S2, 
Supplementary Material online), two PacBio Iso-Seq librar-
ies (one with cDNA centered around ∼2 kb and another 
one enriched for cDNA >3 kb) were pooled together 
and sequenced. We identified FLNCs (see Materials and 
Methods; supplementary table S4, Supplementary Material
online) among circular consensus sequence (CCSs) gener-
ated from raw subreads. There were 15,529–87,639 of 
CCSs and 14,586–60,648 of FLNCs per technical replicate 
(supplementary table S4, Supplementary Material online). 
We next clustered FLNCs with isONclust (Sahlin and 
Medvedev 2020) and assigned the clusters to their re-
spective gene families by aligning probe sequences to the 
FLNCs in each cluster. Finally, we performed error correction 
of the clustered and gene family–assigned FLNCs with 
IsoCon (Sahlin et al. 2018). This resulted in the total number 
of transcripts ranging from 526 to 2,302 per technical rep-
licate (supplementary table S5, Supplementary Material
online). This variation in part reflected differences in the 
sequencing yield per technical replicate (supplementary 
table S4, Supplementary Material online). To decrease dif-
ferences in sequencing yield among samples, and also be-
cause biological replicates were unavailable for all the 
species, we removed human sample 2 and chimpanzee sam-
ple 1—the samples with the highest and the lowest average 
number of transcripts per technical replicate, respectively, in 
our data set (supplementary table S5, Supplementary 
Material online)—from subsequent analyses. We utilized 
these two samples to validate some of our findings from 
the other samples (see below). Briefly, our subsequent ana-
lyses consisted of 1) identifying replicate-supported tran-
scripts; 2) mapping them to one human genomic copy per 
each YAG family and to the databases of human and non-
human transcripts; 3) mapping predicted proteins to human 
Y proteins; 4) identifying identical (among samples or spe-
cies) and species-specific transcripts; and 5) testing for selec-
tion acting on protein-coding transcripts (supplementary 
fig. S3, Supplementary Material online).

Samples, RNA Extraction, and Long-Read Sequencing

All human and nonhuman great ape samples were obtained 
and handled according to approved Institutional Review 
Board (IRB) and Institutional Biosafety Committee (IBC) pro-
tocols. Two human testis samples (IDs: A0119c and A014a) 
were provided by the Cooperative Human Tissue Network 
(CHTN) under Penn State IRB STUDY00005084. Two chim-
panzee (Pan troglodytes) testis samples from individuals 
deceased from heart failure (IDs: 8720 and 9423) were 
provided by the University of Texas MD Anderson Cancer 
Center’s Michale E. Keeling Center for Comparative 
Medicine and Research. One bonobo (Pan paniscus) (ID 
OR5013) and one Bornean orangutan (Pongo pygmaeus) 
(ID OR3405) testis samples were provided by San Diego 

Zoo Institute for Conservation Research. One western low-
land gorilla (Gorilla gorilla gorilla) (ID 2006-0091) and one 
Sumatran orangutan (Pongo abelii) (ID 1991-0051) testis 
samples were provided by the Smithsonian Institution.

Total RNA was extracted from all eight testis samples 
(∼30 mg of tissue) using the RNeasy Mini Kit following the 
manufacturer-recommended protocol (Qiagen, United States). 
All samples had RIN value ≥6. Two technical replicates 
of cDNA were generated from each of the eight RNA 
samples using the SMARTer PCR cDNA Synthesis Kit 
(Clontech, United States). The universal 5′ cDNA primer 
and a 3′ barcoded technical replicate-specific oligo(dT) 
primer (Integrated DNA Technologies, United States) 
were used to prime the reactions (supplementary table 
S1, Supplementary Material online). The resulting cDNAs 
were used for a selective pulldown of YAG cDNAs using 
hybridization to in-house-designed biotinylated capture 
probes, synthesized by IDT. More detailed descriptions 
of the hybridization capture experiments are summarized 
in supplementary figure S1 and table S2, Supplementary 
Material online. To maximize enrichment, we performed 
the hybridization twice.

Enrichment and hybridization followed the PacBio proto-
col (https://www.pacb.com/wp-content/uploads/Procedure- 
Checklist-cDNA-Capture-Using-SeqCap-EZ-Libraries.pdf). 
Probes and primers (supplementary table S3, Supplementary 
Material online) used to validate male specificity were de-
signed in house and synthesized by IDT. To design hybridiza-
tion probes and primers, we generated consensus sequences 
using BWA-MEM (version 0.7.10) alignments (Li 2013). 
Illumina RNA-Seq, flow-sorted Y, and whole-genome se-
quencing data from chimpanzee, bonobo, gorilla, Bornean 
orangutan, and Sumatran orangutan (NCBI Sequence 
Read Archive under accession numbers SRR10392513– 
SRR10392518 and SRX7685072-SRX7685081) were 
aligned to the reference protein-coding sequences and vi-
sualized in Integrative Genomics Viewer (version 2.3.72) 
(Thorvaldsdóttir et al. 2013). To account for divergence 
among the great ape species, we have designed degenerate 
probes and primers provided in supplementary tables S2 and 
S3, Supplementary Material online. This was not done for 
VCY, which was found previously only in human and chim-
panzee, and for which we used the nondegenerate probes 
and primers for these two species. Sixteen ampliconic cDNA 
samples (two per each of the eight samples) pooled in 
equimolar quantities were subsequently used for preparation 
of Iso-Seq libraries (one “standard” centered around cDNA 
∼2 kb and one “longer” enriched for cDNA >3 kb) using 
the PacBio protocol (https://www.pacb.com/wp-content/ 
uploads/Procedure-Checklist-Iso-Seq-Express-Template- 
Preparation-for-Sequel-and-Sequel-II-Systems.pdf). The 
pooled samples were sequenced using the PacBio Sequel I 
instrument with four SMRT cells for the “standard” library 
and one SMRT cell for the “longer” library.
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Analysis of Long Reads and Transcript Clustering

Long reads were analyzed according to the following work-
flow (supplementary fig. S2, Supplementary Material on-
line). First, BAM files of CCSs were produced from the 
raw subreads using CCS (SMRTlink, version 6; --Polish 
--minPasses 3). Next, the BAM files from the five SMRT cells 
were merged and demultiplexed using lima (version 2.2.0, 
https://github.com/PacificBiosciences/barcoding; --isoseq 
--peek-guess), with 82% of CCSs passing quality filters. 
For each of the 16 resulting CCS files (two technical repli-
cates for each of the eight samples), CCSs were classified 
as FLNC reads, based on the presence of poly(A) tails, which 
were subsequently removed using refine (Iso-Seq3, version 
3.4.0, https://github.com/PacificBiosciences/IsoSeq; iso-
seq3 refine --require-polya). The resulting FLNC reads 
were clustered at the gene family level (separation by se-
quence similarity) with isONclust v0.0.6.1 (–t 1 --k 11 --w 15) 
(Sahlin and Medvedev 2020). Each read cluster produced 
by isONclust represented a gene family and was subse-
quently error corrected using IsoCon (–ignore_ends_len 15) 
(Sahlin et al. 2018). Finally, the error-corrected clusters 
were annotated to gene families by aligning probe 
sequences (supplementary table S2, Supplementary 
Material online) to the transcripts (Šošić and Šikić 2017) 
with annotate_clusters.py (script available at https://github. 
com/makovalab-psu/YAG_analysis). Specifically, each probe 
was forward and reverse complement and then aligned to 
all of the predicted transcripts in a cluster. The probe with 
the lowest edit distance E to a transcript in a cluster was voted 
with weight 1/max(1, E) suggesting that the cluster belongs 
to the gene family for which the probe is designed. The clus-
ter was then annotated to the gene family with the largest 
sum of transcript weights. We annotated a cluster rather 
than individual transcripts because some FLNC reads were 
partially missing the probe or had high edit distance to all 
of the gene families. However, these reads matched other 
regions of longer transcripts in the same cluster.

Identification of Isoforms Shared between Technical 
Replicates

The sequencing and analysis strategy described above pro-
duced two clusters of transcripts, corresponding to two 
cDNA technical replicates per sample for each combination 
of sample and gene family. We let X and Y denote the two 
sets of transcripts corresponding to the transcripts from 
each of the two replicates for a given gene family. In order 
to eliminate random errors introduced by the PCR 
amplification of cDNA and subsequent sequencing 
(supplementary fig. S1, Supplementary Material online), 
we identified transcripts that were supported by both 
replicates by running “isoform_similarity.py” (script avail-
able at https://github.com/makovalab-psu/YAG_analysis). 
The script consists of two steps.

First, we identified supported transcripts between X and 
Y, denoted by Z (supplementary fig. S2B, Supplementary 
Material online). We called a transcript t1 in one of the re-
plicates to be supported if (a) it was an exact substring of 
a transcript t2 in the other replicate and (b) t2 had a max-
imum 5′ difference of 100 bp and a maximum 3′ difference 
of 30 bp to t1. Note that a transcript could be supported by 
several transcripts in the other replicate under this defin-
ition, but it only needed at least one supporting transcript 
in that other replicate to be classified as supported. 
Intuitively, the supported transcripts Z were those that 
were consistently predicted between replicates.

The supported transcripts could still be redundant due to 
experimental variability at the ends, such as 3′-end bias 
caused by 3′-poly(A) tail initiation of the cDNA synthesis. 
Therefore, as a second step, we removed the redundancy 
in Z by merging any redundant transcripts into the longest 
representation using the same criteria as for determining 
support. Specifically, we merged transcript t1 into another 
transcript t2 if (1) t1 was an exact substring of t2 and 
(2) t1 fulfilled the criteria of 100 and 30 bp maximal 5′ 

and 3′ offsets to t2. We processed the transcripts greedily 
from shortest to longest transcript and, for each transcript 
t1, identified if there was a longer transcript it could be 
merged into, according to (1) and (2). If so, then we re-
moved t1 from the set. Whatever remained in the set after 
this processing was the set of merged transcripts 
(supplementary fig. S2B, Supplementary Material online).

After identifying supported transcripts and removing re-
dundancy, we constructed a final set of nonredundant 
replicate-supported transcripts (supplementary dataset 
S1, Supplementary Material online), which we, for brevity, 
from now on refer to as replicate-supported transcripts. 
The end offsets of 100 and 30 bp were chosen to be con-
sistent with the parameters used by the Iso-Seq3 pipeline 
(https://github.com/PacificBiosciences/IsoSeq) for merging 
transcripts, except that we did not follow their recommen-
dation on merging transcripts differing by any internal gaps 
of less than 10 bp. This is because we expected transcripts 
within the same gene family to be highly similar and differ 
by only small internal gaps, and thus, we kept such tran-
scripts as separate ones.

Prediction of Coding Potential

We predicted ORFs for all replicate-supported transcripts 
using getorf (Rice et al. 2000) (supplementary dataset S2, 
Supplementary Material online) and retained only complete 
ORFs of at least 50 amino acids in length (supplementary 
dataset S3, Supplementary Material online).

YAG Homolog Sequence Similarity Search across  
Great Apes

We inferred statistically significant homologs according to 
Pearson (2013). We allowed protein sequence identity to 
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be <20%, but we required E values to be <10−6 and bit 
scores to be >50. First, we aligned replicate-supported tran-
scripts against human and chimpanzee Y chromosome tran-
scripts using BLASTN (Camacho et al. 2009) (supplementary 
datasets S4 and S5, Supplementary Material online). 
Transcripts for gorilla and Sumatran orangutan were 
aligned to predicted or experimentally deciphered publicly 
available transcript sequences for these species (Camacho 
et al. 2009) using BLASTN (supplementary datasets S6 
and S7, Supplementary Material online, respectively). 
Subsequently, we narrowed down the analysis to Y chromo-
some protein-coding sequences (supplementary dataset S8, 
Supplementary Material online). To ensure that more diver-
gent sequences were not missed, we also aligned the pre-
dicted ORFs against human Y chromosome proteins using 
BLASTP (Camacho et al. 2009) (supplementary dataset S9, 
Supplementary Material online).

In cases where species had missing transcripts shared be-
tween technical replicates that were homologous to human 
Y chromosome reference sequence, we rechecked to see 
whether these sequences were present in the two previous 
steps of the analysis: 1) before merging into replicate- 
supported transcripts or 2) before clustering transcripts 
(raw FLNC per species). Separately, we used transcripts 
clustered per each technical replicate and raw FLNC se-
quences from each species to run BLASTN analysis 
(Camacho et al. 2009) against the human Y chromosome 
coding sequences (supplementary datasets S10 and S11, 
Supplementary Material online, respectively). Additionally, 
we predicted ORFs from transcripts clustered per each 
technical replicate and raw FLNC and ran BLASTP analysis 
(Camacho et al. 2009) against the human Y chromosome pro-
teins (supplementary datasets S12 and S13, Supplementary 
Material online, respectively).

We also counted the number of identical protein-coding 
sequences between samples (supplementary table S13 and 
dataset S14, Supplementary Material online). To do this, we 
converted each fasta sequence into a signature and identi-
fied identical signatures that were shared using script “fasta_ 
to_hash_4.py” (available on GitHub).

Alternative Splicing Patterns and Classification of Splice 
Variants

To study alternative splicing patterns of YAGs across great 
apes, all replicate-supported transcripts were aligned to 
one human genomic copy per gene family (supplementary 
dataset S15, Supplementary Material online) using uLTRA 
(version v0.0.4) (Sahlin and Mäkinen 2021) with default 
parameters. We have chosen a human gene copy per each 
gene family with the highest number of exons (and in cases 
when more than one copy had the same highest number of 
exons, we have chosen one of them randomly). This allowed 
us to infer the evolutionary origins of replicate-supported 

transcripts by comparing their exon–intron structure to 
that of human Y-specific reference genes.

Protein Prediction and Identification of Protein Domains

To identify functionally important protein domains and 
conserved sites, we conducted a comprehensive screening 
of species-specific predicted proteins against the most ad-
vanced InterPro protein resource (Paysan-Lafosse et al. 
2023), which integrates data from more than 13 protein 
signature databases, including the most recent tools such 
as MobiDB-lite for disordered regions (Piovesan et al. 
2021). We focused on identifying domains that were only 
found in species-specific predicted proteins, as these specif-
ic protein domains might be tailored for specialized func-
tions unique to each species (supplementary dataset S17, 
Supplementary Material online).

Selection Tests

For selection tests, we aligned the homologous sequences 
per gene family from all great apes to the reference human 
and macaque (outgroup) Y chromosome coding se-
quences. We used the codeml module of PAML (version 4.8, 
Yang 2007) to estimate nonsynonymous-to-synonymous 
substitution rate ratio (dN/dS) for orthologous YAGs in 
human, chimpanzee, bonobo, gorilla, Sumatran orangutan, 
Bornean orangutan, and macaque (outgroup). Protein- 
coding sequences of all YAG replicate-supported transcripts 
were aligned using CLUSTALW (Larkin et al. 2007). The phy-
logenies were generated with the neighbor-joining method 
(with 1,000 bootstrap replicas) as implemented in MEGAX 
(Kumar et al. 2018). First, for each YAG family, we tested 
for the difference in the dN/dS ratio between a branch of 
interest and other branches, where the null model with a 
background omega estimate ωo is compared against the al-
ternative model assuming the branch-specific omega ωs is 
different from the background omega ωo. P values were cal-
culated and corrected for multiple testing with Bonferroni 
correction. In this step, the one-ratio model (assuming one 
average dN/dS ratio for the entire tree) was compared with 
the two-ratio model (assuming the branch-specific dN/dS ra-
tio ωs is different from the background dN/dS ratio ωo). There 
was no case where the branch-specific omega was > 1 
and statistically significant (after Bonferroni correction for 
multiple testing), but we found two cases where the branch- 
specific omega was < 1 with a significant P value. Thus, 
second, we tested for purifying selection where the likelihood 
of the free model with branch-specific ωs < 1 was compared 
with a model with a single omega equal to 1. Alignments 
and all the input and output files used for PAML are pro-
vided at GitHub under https://github.com/makovalab-psu/ 
YAG_analysis/tree/master/Data_files/Selection_tests. All the 
hypotheses for each gene are provided in the additional file 
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“Selection_test_details” as an extension file to supplementary 
table S14, Supplementary Material online.

Data Access

PacBio Iso-Seq data for each of the samples were submitted 
to the NCBI BioProject (http://www.ncbi.nlm.nih.gov/ 
bioproject) under accession number PRJNA911852. Code 
is available at GitHub: https://github.com/makovalab- 
psu/YAG_analysis. All data sets underlying this article are 
available at GitHub: https://github.com/makovalab-ps 
u/YAG_analysis/tree/master/Data_files/ and in its online 
Supplementary Material.

Supplementary Material

Supplementary data are available at Genome Biology and 

Evolution online (http://www.gbe.oxfordjournals.org/).
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