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Research

Comparative analysis of mammalian Y chromosomes
illuminates ancestral structure and lineage-specific
evolution
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Although more than thirty mammalian genomes have been sequenced to draft quality, very few of these include the
Y chromosome. This has limited our understanding of the evolutionary dynamics of gene persistence and loss, our
ability to identify conserved regulatory elements, as well our knowledge of the extent to which different types of
selection act to maintain genes within this unique genomic environment. Here, we present the first MSY (male-specific
region of the Y chromosome) sequences from two carnivores, the domestic dog and cat. By combining these with other
available MSY data, our multiordinal comparison allows for the first accounting of levels of selection constraining the
evolution of eutherian Y chromosomes. Despite gene gain and loss across the phylogeny, we show the eutherian an-
cestor retained a core set of 17 MSY genes, most being constrained by negative selection for nearly 100 million years.
The X-degenerate and ampliconic gene classes are partitioned into distinct chromosomal domains in most mammals,
but were radically restructured on the human lineage. We identified multiple conserved noncoding elements that
potentially regulate eutherian MSY genes. The acquisition of novel ampliconic gene families was accompanied by
signatures of positive selection and has differentially impacted the degeneration and expansion of MSY gene repertoires
in different species.

[Supplemental material is available for this article.]

Y chromosomes have arisen independently in divergent evolu-

tionary lineages across the eukaryotic tree of life (Rice 1996; Marin

and Baker 1998; Liu et al. 2004; Graves 2006; Koerich et al. 2008;

Carvalho et al. 2009; Kaiser and Bachtrog 2010). While many genes

are known to be Y-linked, the actual number of Y chromosomes

that have been sequenced is extremely small (Skaletsky et al. 2003;

Hughes et al. 2005; Kuroki et al. 2006; Clark et al. 2007; Koerich

et al. 2008; Carvalho et al. 2009; Hughes et al. 2010, 2012) in re-

lation to the rapid rate at which whole genomes are presently

being sequenced. This reduced emphasis on sequencing Y chro-

mosomes can be primarily attributed to their presumed low gene

content and large amounts of repetitive DNA, that is often arrayed

into long stretches of nearly identical sequence which precludes

the use of shotgun sequencing approaches to assemble Y chro-

mosome sequence into large, contiguous scaffolds. These assembly

problems are further exacerbated when applying short-read next-

generation sequence methods (Alkan et al. 2011).

The most completely sequenced and annotated Y chromo-

somes are from three recently diverged catarrhine primates: hu-

man, chimpanzee, and rhesus macaque (Skaletsky et al. 2003;

Hughes et al. 2005, 2010, 2012; Kuroki et al. 2006 ). Comparisons

between these species offer an important glimpse into the im-

mense structural variation and complexity that can emerge on the

Y within a very short period of evolutionary time. However, these

three primate species last shared a common ancestor ;21 million

years ago (Mya) (Meredith et al. 2011) and thus offer limited

comparative breadth to discriminate characteristics present across

most mammalian Y chromosomes from idiosyncratic features re-

flective of a small evolutionary sample. This lack of phylogenetic

scope has (1) hampered identification of the ancestral properties of

eutherian Y chromosomes, (2) obscured broader patterns of evolu-

tionary constraint and selection in a nonrecombining environment,

and (3) hidden the frequency with which novel genes arise and/or

acquire new functions in species with diverse phenotypes and re-

productive strategies.

To expand our knowledge of eutherian Y chromosome structure

and gene function, we generated the first extensive MSY (male-specific

Y chromosome) sequence from two members of the Carnivora: the

domestic cat, Felis silvestris catus, and domestic dog, Canis lupus famil-

iaris. These two carnivore genomes provide a phylogenetically dis-

tinct vantage point with which to interpret the evolutionary patterns

observed in the primate MSY comparisons, diverging from each

other ;55 Mya, and from primates ;92 Mya (Meredith et al. 2011).

Our combined analysis of two carnivore and three primate MSY

sequences, together with physical mapping and functional se-

quence data from the mouse MSY, represent the first multiordinal

comparison assessing deeper levels of evolutionary constraint. We

also present a complete analysis of patterns of negative and positive

selection to assess their effects on MSY degeneration and expansion.
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Results and Discussion

MSY sequence assembly and annotation

Given the unique architecture of mammalian MSYs, and our se-

quencing strategy based upon 454-sequencing of pooled BAC

clones (average read depth 25–303 coverage with 300-bp average

read lengths), a combination of approaches was used to assemble

the cat and dog MSY sequences. Previous studies show that euthe-

rian Y chromosome sequence is divided primarily into two major

sequence classes outside of the pseudoautosomal region(s) (PAR)

(Skaletsky et al. 2003; Graves 2006). The first class, the X-degenerate

sequences, primarily contains single-copy genes with homologous

counterparts on the X chromosome. The carnivore X-degenerate

regions were relatively straightforward to assemble using stan-

dard de novo assemblers and resulted in large contigs and scaffolds

(N50 = 10 kb and 109 kb, respectively), aided by our physical

mapping data.

The other class of sequences, referred to as ampliconic, con-

tain both protein-coding and noncoding multicopy gene families

that are almost exclusively expressed in testes and play an im-

portant role in spermatogenesis. Some ampliconic genes are for-

merly single-copy X-degenerate genes, while the remainder are

derived from autosomal transposition events (Skaletsky et al.

2003). The ampliconic sequences found in sequenced catarrhine

primate MSYs contain long stretches of nearly identical sequence

that undergo frequent gene conversion, a mechanism which re-

tards their genetic decay (Rozen et al. 2003; Skaletsky et al. 2003;

Hughes et al. 2012). Given this structure and our use of shorter 454

read lengths (300-bp average), the resolution of the ampliconic

gene regions required more meticulous manual assembly using

read depth and paired-end information and was extensively vali-

dated (see Methods and Supplemental Material).

We used a combination of molecular cytogenetic data, cDNA

capture sequences, and RNA-seq data to annotate and estimate the

overall sequence coverage in both of our MSY assemblies. Nearly

half of the ;20-Mb metacentric dog Y chromosome is comprised

of a nucleolar organizer region (NOR) that covers Yp, while the

MSY is restricted to the proximal portion of Yq (Figs. 1, 2; Sup-

plemental Table 1). The majority of Yq is comprised of the 6.6-Mb

PAR, indicating that the functional canine MSY sequence (;2.5

Mb) may represent a minimal Y chromosome. Similarly, we esti-

mated that the nearly 2-Mb cat X-degenerate sequence spanned by

our physical map (Pearks Wilkerson et al. 2008) is largely complete.

We did not attempt to sequence the cat ampliconic region because

previous and unpublished cytogenetic and sequence data indicate

this >30-Mb region covering the long arm and pericentromeric

region of the Y is comprised of a limited set of highly repetitive

gene families which are difficult to assemble with next-generation

sequence data, thus requiring further mapping and sequencing

efforts (Supplemental Fig. 1; Supplemental Table 1; Murphy et al.

2006).

cDNA capture and de novo assembly of testis RNA-seq data

allowed us to thoroughly characterize the cat and dog single and

multicopy/ampliconic transcribed gene repertoire, which facili-

tated comparisons with other Y chromosomes. We found clear

evidence for a canine ortholog of EIF2S3Y in the de novo assem-

bled RNA-seq transcriptome that was not present in our BAC-based

assembly. This is likely caused by lack of coverage (;43 haploid Y

coverage) in the canine BAC library we screened, or inadequate

probe design used for the filter hybridizations. We found no

orthologs of other eutherian X-degenerate MSY genes in the cat

transcriptome assembly that were not already present in our

assembly.

Using these approaches, we identified a total of 18 and 20

genes/gene families in the dog and cat MSY sequences, respectively

(Fig. 1). We combined our carnivore gene lists with data from the

mouse (Mazeyrat et al. 1998; Vernet et al. 2011) and primate

(Skaletsky et al. 2003; Hughes et al. 2010, 2012) MSYs, to identify

a set of 17 core genes putatively present on the ancestral eutherian

Y chromosome (Fig. 3; Table 1). Most of these ancestral genes are

broadly transcribed in diverse tissue types and have functional

counterparts on the X chromosome (Supplemental Fig. 2; Skaletsky

et al. 2003; Pearks Wilkerson et al. 2008). Notably, the two carnivore

MSY sequences showed the lowest rates of X-degenerate gene loss

when compared to sequenced primate MSYs and mouse mapping

and functional data. Taken together, our analysis provides a more

accurate estimate of the size and gene composition of the ancestral

X-degenerate region (Table 1; Fig. 3).

We characterized a number of lineage-specific changes in the

carnivore MSY sequences. We found that the canine ortholog of

the therian sex determining gene, SRY, expanded to seven copies

within a 700-kb tandem repeat structure (Supplemental Figs. 3, 4),

the largest number reported for a mammal, classifying it as an

ampliconic gene. The canine MSY also retained two diverged, yet

functional copies of an ancestral X-degenerate gene, BCORY,

which has pseudogene relics on the primate MSYs. The most re-

markable gene identified was a novel testis-specific protein-coding

gene (termed DYNG for Dog Y chromosome Novel Gene) (Sup-

plemental Fig. 5). DYNG encodes a 3887-aa protein that includes

an ;1300 residue domain composed of an array of divergent re-

peats. Neither the domain nor the remaining coding sequence

showed any similarity to known transcripts or proteins in public

databases, indicating that the gene evolved de novo. Based on its

restricted gene expression profile, we speculate that DYNG plays

a novel role in canine testis development or spermatogenesis.

Despite preserving a similar number of ancestral X-degenerate

genes as the dog, the cat MSY has also evolved extensively since

it diverged from the caniform lineage ;55 Mya. We identified the

first example of a novel X-degenerate fusion gene that incorporates

parts of the ancestral EIF1AYand CYorf15 genes (Supplemental Fig.

6). The greatest architectural change in the felid lineage, however,

was the acquisition and expansion of several novel, testis-specific

gene families across Yq: FLJ36031Y and TETY1 were both derived

from autosomal genes, and CUL4BY, TSPY, and TETY2 derived

from genes shared ancestrally with the X chromosome (Fig. 1;

Supplemental Fig. 1; Murphy et al. 2006). These lineage-specific

cat Y chromosome gene families range in size from 30 to greater

than 100 gene copies and are copy-number-variable within

members of the same species (Supplemental Fig. 1). FISH analysis

using domestic cat cDNA probes revealed that these same gene

families are greatly expanded on the snow leopard MSY, suggesting

that they arose prior to the radiation of the cat family (Supple-

mental Fig. 1).

Gene novelty via X transposition and pseudoautosomal
region movement

An additional mechanism, X-to-Y chromosome transposition, can

give rise to a third class of MSY sequence. A 4.5-Mb transposed

block harboring two genes (Fig. 1) distinguishes the human MSY

from chimpanzee and rhesus (Skaletsky et al. 2003; Hughes et al.

2005, 2010, 2012; Kuroki et al. 2006). Here, we found novel evi-

dence for recurrent X-Y transposition events that gave rise to
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OFD1Y-like genes in dog and cattle (Chang et al. 2011), and

pseudogenes on the human and chimp MSY regions (Supple-

mental Fig. 7; Hughes et al. 2010). While previous studies provide

evidence for ongoing gene conversion between X-Y gene pairs

(Skaletsky et al. 2003), statistical tests reject a similar hypothesis for

OFD1Y-like genes (Supplemental Fig. 8). Further, we determined

that the dog X-Y transposition encompasses a total of 120 kb,

includes a pseudogene relic of the adjacent TRAPPC2 gene, and

exhibits uniform synonymous substitution rates and levels of

intronic divergence that are considerably reduced relative to

other canine X-degenerate genes (Supplemental Fig. 3; Supple-

mental Table 2). The acquisition and retention of canine OFD1Y

was concomitant with signatures of positive selection and evo-

lution of testis-specific function (Supplemental Figs. 2, 8).

An additional distinguishing characteristic of carnivore Y

chromosomes is that they possess substantially larger PARs (;6.6

Mb) than the ;2.7- and 0.7-Mb homologous regions in catarrhine

primates and mouse, respectively. This difference is due to the

carnivore pseudoautosomal boundary (PAB) extending to the ter-

minus of the SHROOM2 gene (Fig. 1; Supplemental Figs. 3, 9),

immediately proximal to the carnivore-specific, testis-specific gene

TETY2 (Murphy et al. 2006) that arose from PAB movement (Sup-

plemental Figs. 10, 11). Indeed, physical mapping data indicate that

most eutherian PARs are markedly longer than human and mouse

PARs (Raudsepp et al. 2012) and that the larger primate X-degenerate

regions are merely remnants of recent PAB movement and incor-

poration of ancestral PAR sequence into these three MSYs. When

these differences in PAR sequence size are taken into account, we

conclude that the ancestral eutherian X-degenerate sequence was

small, probably less than 2 Mb (Fig. 1; Supplemental Fig. 3).

Conserved noncoding elements

The phylogenetic breadth provided by our analysis of divergent

eutherian MSYs allowed us to identify extreme conservation of

Figure 1. Schematic representation of the MSY chromosome gene content of six mammals. Different gene/sequence classes are displayed in different
colors (roughly following Skaletsky et al. 2003; Hughes et al. 2005, 2010, 2012 for clarity). Mouse physical mapping data are from Mazeyrat et al. (1998).
Each sequence schematic is drawn to a different scale to emphasize differences in single-copy X-degenerate gene compaction.
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MSY microsynteny and conserved noncoding elements. Pairwise

comparisons revealed highly diverged chromosome structure and

gene orders (Fig. 3; Supplemental Fig. 3). However, one gene cluster

containing USP9Y, DDX3Y, and UTY has been preserved in over

340 million years of independently sampled evolutionary history

(Figs. 1, 3; Supplemental Fig. 12). Phylogenomic evidence dem-

onstrates microsynteny conservation is favored to maintain gene

coregulation (Engstrom et al. 2007; Irimia et al. 2012). Therefore,

we searched multispecies MSY alignments for evolutionarily con-

served sequences, reasoning that these would correspond to ele-

ments that regulate MSY gene transcription. Given the high degree

of structural rearrangement (Hughes et al. 2010, 2012), accelerated

sequence evolution (Repping et al. 2006; Pearks Wilkerson et al.

2008), and lack of recombination, we hypothesized that retention

of ancestral Y chromosome sequence would be extremely rare

outside of gene boundaries. Accordingly, we found that the vast

majority of highly conserved alignments corresponded to known

gene exons (Fig. 4; Supplemental Fig. 3). However, we identified

many conserved elements outside of known coding regions, in

addition to 47 candidate noncoding regions that had significant

predicted RNA secondary structure (Fig. 4; Supplemental Fig. 3).

Most predicted elements had supporting data for potential regu-

latory function based on ChIP-seq and expression data (Supple-

mental Table 4).

One notable evolutionarily conserved element corresponds

to the 59 end of the human TTTY15 gene, which encodes a testis-

specific, long noncoding RNA previously identified only in human

and chimpanzee (Skaletsky et al. 2003; Kuroki et al. 2006). We

speculate that this noncoding element may be associated with

coregulation of the conserved USP9Y, DDX3Y, and UTY gene

Figure 2. Fluorescent in situ hybridization and qPCR of dog NOR, PAR, and ampliconic genes. (A) Dog has six autosomal NORs (CFA7, 17, 20; arrows),
and one on Y. A total of seven NORs are observed in males and six in females (not shown). (Red) NOR probe. (Green) PAR probe (represented by BAC clone
RPCI-183L18). (B) NOR probe (green on Yp+Ycen) and PAR probe (red on Yq) are at opposite ends of the dog Y. (C ) Zoomed dog Y showing the location of
NOR and the PAR in relation to the centromere. Dog Y is sub-metacentric. (D) KAL1 and TBL1 containing BAC clones hybridize to distal Xp and Yq. (E) TSPY
and CUL4BY cDNA probes localize to Ycen-proximal Yq. (F) Quantitative PCR results for SRY and TSPY/TSPYL in three male domestic dogs.
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cluster, to which it has remained physically proximal in divergent

mammal lineages despite rampant chromosomal rearrangement.

Exactly which protein-coding genes are regulated by TTTY15 and

other conserved noncoding elements identified here remains

a fertile area of future investigation.

The effects of selection on MSY degeneration and expansion

The complete sequence of the human Y chromosome revealed

a complex interleaving of X-degenerate and ampliconic sequences

distributed across the chromosome (Skaletsky et al. 2003). In

contrast, the chimpanzee and, to a greater extent, rhesus X-degenerate

and ampliconic regions are partitioned into two functionally di-

verged and physically delineated compartments (Hughes et al.

2010, 2012). Similarly, the dog and cat Y chromosomes show

a dichotomous architecture comparable to other MSYs (Mazeyrat

et al. 1998; Vernet et al. 2011), with the vast majority of the con-

served X-degenerate genes compressed into a small physical space

(Fig. 1). When considered in a phylogenetic context, we propose

the ancestral X-degenerate gene region was reduced to as little as

2 Mb prior to the radiation of modern eutherian orders ;100 Mya

and has remained physically partitioned from ampliconic se-

quences in most mammals, possibly due to constraints imposed by

gene regulation. This pattern of rapid size reduction and selection

for a core set of MSY genes, followed by a long period of evolu-

tionary retention (Supplemental Fig. 13), provides additional evi-

dence for the exponential decay model (Hughes et al. 2012). In

support of this model, we analyzed patterns of selection on all MSY

protein-coding genes (Table 2). Our results demonstrate that nearly

all single-copy X-degenerate protein-coding genes are under strong

purifying selection across mammalian orders (Hughes et al. 2005,

2012).

While purifying selection has promoted retention of a small

suite of housekeeping genes that are shared with the X, each eu-

therian mammal MSY has acquired, to varying degrees, repertoires

of male-benefit genes with testis-limited expression (Graves 2006).

In cat and mouse, the MSYampliconic regions have expanded into

massive chromosome arms, tens of megabases in length, while by

comparison the rhesus and dog MSYs have comparatively little

ampliconic sequence (Fig. 1). The mouse ampliconic region con-

tains a small number of highly dispersed, lineage-specific gene

families that regulate sperm head morphology and development

Figure 3. MSY chromosome rearrangements. Estimate of chromosome rearrangement and gain/loss events within the MSY of six mammalian Y
chromosomes. Fifteen of 17 MSY chromosome genes present on the ancestral eutherian MSY are indicated by numbered arrows, with the name and
location of the X chromosome gametologs displayed on the right. TSPY and RPS4Y are both dispersed multicopy gene families in multiple species and
cannot be confidently assigned to a single position in the terminal taxa, nor in the ancestor. Arrows indicate the gene orientation within each chromosome.
Rectangles on each branch represent the minimum number of rearrangements. Inferred gene losses are shown at the right side of each branch, while
inferred gene gains are shown on the left side of each branch. Mouse physical mapping data are from Mazeyrat et al. (1998).
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(Mazeyrat et al. 1998; Toure et al. 2004; Vernet et al. 2011; Cocquet

et al. 2012). Similarly, cat Yq is comprised of a limited number of

highly duplicated testis-specific transcripts (Supplemental Fig. 4)

(Murphy et al. 2006). With few exceptions, we observed widespread

signatures of positive selection among lineage-specific ampliconic

gene families in carnivores (e.g., FLJ36031Y), mouse (e.g., Ssty and

Sly), cattle (HSFY) (Hamilton et al. 2011), and primates (DAZ ). By

contrast, evidence of positive selection was virtually absent in the

analyses of single-copy, ubiquitously expressed X degenerate genes

(Table 2; Supplemental Fig. 14). Ampliconic genes were frequently

characterized by novel exon origination (Supplemental Figs. 6, 10),

in some cases resulting in sequences that aligned poorly with large

portions of their autosomal or X-linked homologs (e.g., TETY2,

DAZ, CDY ). These characteristics are hallmarks of rapid evolution

observed in reproduction-related proteins (Swanson and Vacquier

2002).

The mouse MSY contains the fewest intact X-degenerate

genes of those surveyed here (Table 1), while simultaneously har-

boring a very large ampliconic gene repertoire evolving by positive

selection. By contrast, the cat MSY contains several large multi-

copy gene families under positive selection (Table 1; Supplemental

Fig. 1), yet retains one of the largest functional X-degenerate gene

repertoires, thus failing to support predictions that strong positive

selection should promote Y chromosome degeneration (Rice 1987;

Bachtrog 2004). Rather than continue to degrade, many mam-

malian MSYs have maintained intact ancestral gene repertoires

over tens of millions of years, and in some cases have dramatically

expanded their gene content as a consequence of positive selec-

tion acting on testis-specific gene families. Recent studies sug-

gest that rapid evolution of mouse X-Y multicopy genes may be

driven by post-meiotic conflict (Cocquet et al. 2012), and we hy-

pothesize that gene expansions observed in the cat family (Sup-

plemental Fig. 1) are driven by similar mechanisms.

In conclusion, we find that multiordinal comparisons of eu-

therian Y chromosome sequences have provided a much improved

perspective on lineage-specific gene loss and expansion and have

allowed for the first sequence-based reconstruction of ancestral

eutherian Y chromosome gene content, as well as the identifica-

tion of putative MSY regulatory elements. Furthermore, our anal-

ysis suggests that many Y chromosomes have rapidly expanding

gene repertoires, and that a fine balance between negative and

positive selection shapes the gene content of eutherian Y chromo-

somes. Future sequencing of Y chromosomes with diverse structural

variation and sequence class compositions will provide a more

thorough understanding of the role that life history traits, be-

havior, and mating strategies play in Y chromosome amplifica-

tion and degeneration. Finally, we show that next-generation

sequencing of BAC clones combined with careful manual assembly

can produce accurate draft assemblies of ampliconic MSY regions.

Methods

Mapping, fluorescence in situ hybridization (FISH)
and sequencing
Canine Y chromosome BAC clones were identified by screening
filter sets of the RPCI-81 male dog (Doberman breed) BAC library.
We used probes designed from known genes and cDNAs captured
with a probe made from flow-sorted dog Y chromosome DNA
(Murphy et al. 2006; Pearks Wilkerson et al. 2008). BAC clones
were grown, DNA extracted, end sequenced, and fingerprinted to
build contigs with FPC as described (Pearks Wilkerson et al. 2008).
End sequences were used to design additional probes for library
screening. STS content mapping was also performed and used to
order and orient the BAC clones. DNA from 25 canine BAC clones
and 18 feline BAC clones (Pearks Wilkerson et al. 2008) selected
from minimum tiling paths were sheared to ;3-kb insert length
and pooled in equimolar ratios to prepare 454 Life Sciences (Roche)
FLX paired-end libraries. Pooled libraries for dog and cat were each
sequenced to ;213 and 273 coverage, respectively. FISH was
performed with biotin- and dioxigenin-labeled BAC clone and
cDNA probes, to help confirm order and relative chromosomal
coverage of BAC contigs. A combination of Sanger and Illumina
GAII/HiSeq reads were used for analysis of the cDNA capture and
tissue-specific RNA-seq libraries.

De novo assembly of cat and dog Y chromosome sequences

De novo assembly of 454-sequencing reads was performed with
Newbler 2.5p1 (Margulies et al. 2006) and MIRA 3 (Chevreux et al.
2004). The initial sequence assembly was subjected to custom
manual assembly in problematic regions (Supplemental Material).

Repeatmasking

RepeatMasker3.3 (http://www.repeatmasker.org/) was used to detect
the type and location of repetitive sequences within each Y chro-
mosome sequence assembly. We also downloaded the draft Felis
catus cat genome assembly (felCat6.2) and ran RepeatModeler1.0.5
(http://www.repeatmasker.org/RepeatModeler.html) to identify

Table 1. Evolutionary conservation of ancestral X-degenerate
genes

Catarrhine primates Carnivores Rodents

Rhesus Chimp Human Dog Cat Mouse

Stratum 1
SRY A A A AD A A

HSFY AD L AD A AD L
RBMY A A A A L AD

CUL4BY L L L AD AD L
RPS4Y AD AD AD L AD L
TSPY AD AD AD AD AD c

Stratum 2/3a

KDM5C A A A A A A

UBE1Y c c c A A A
UTY A A A A A A

DDX3Y A A A A A A

USP9Y A c A A A A
BCORY c c c AD L L
ZFY A A A A A AD

EIF2S3Y L L L Ab A A
EIF1AY A A A A A L
CYorf15 AD A AD A AD L

Stratum 4
AMELY A A A L A L

TOTAL RETAINED
Ancestor (n = 17)c

14 12 13 15 15 9

Gray rows are highlighted to indicate those genes that are present as
functional genes in all mammals analyzed thus far. (A) active, (c) pseu-
dogene, (L) lost.
aStratum 2 and 3 (Lahn and Page 1999) are combined based upon evi-
dence in Pearks Wilkerson et al. (2008).
bNot identified in assembly (in gap) but present in testis RNA-seq data.
cThis assumes that each gene was single-copy in the eutherian ancestor and
does not count lineage-specific duplications (denoted by superscript D).
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novel cat-specific repetitive elements not present within the cur-
rent Repeatmasker library. These new repeats were added, and the
repeatmasking analysis was repeated.

Gene annotation and gene expression data analysis

For the dog MSY annotation, we used four sources of expressed
sequences: (1) Sanger-sequencing reads from testis cDNA captured
using flow-sorted Y chromosome DNA as a probe; (2) the canine
EST database; (3) published RNA-seq data from multiple tissues
(NCBI RNA-seq data accession no. SRP009687); and (4) Illumina
sequences derived from three cDNA capture libraries (testis, brain,
and kidney) using MSY BAC clone probe pools. BLAST, Bowtie 2
(Langmead and Salzberg 2012), and TopHat (Trapnell et al. 2009)
were used for transcript assembly alignment and detection of al-
ternative transcript splicing variants.

To annotate the domestic cat MSY assembly, we used two
sources of expressed sequences: (1) previously published full-
length cat Y chromosome mRNA sequences, as well as novel reads
identified using cDNA capture with flow-sorted Y chromosome
probes (Murphy et al. 2006, 2008); and (2) Illumina RNA-seq reads
from domestic cat testis mRNA. Full-length cDNAs were assembled
to the reference MSY sequence to identify intron-exon boundaries
using Spidey (http://www.ncbi.nlm.nih.gov/spidey/). SOAPdenovo-
Trans (http://soap.genomics.org.cn/SOAPdenovo-Trans.html) was
used to perform de novo assembly of transcriptome sequences using

RNA-seq data. Assembled transcripts were realigned to our MSY
genomic sequences to modify the gene annotations, as well as
identify potential splicing variants.

To evaluate the potential of missing genes in the cat and dog
X-degenerate assemblies caused by gaps of BAC clone overlap and
coverage, we applied several steps to check the integrity of our
data. First, we used dog and cat RNA-seq data to generate de novo
transcript assemblies in SOAPdenovo-Trans. Then, we compiled
a list of available mammalian MSY mRNA sequences from all
available species (human, chimp, rhesus macaque, mouse, rat,
cattle, horse) to query the assembled transcriptomes, employing
a relaxed BLAST threshold setting (e < 10�5). All retrieved sequences
were then queried against the published domestic dog (canFam3)
and cat (felCat6.2) genome assemblies using BLAST and BLAT to
identify potential orthologs, reasoning that transcripts of auto-
somal or X chromosome paralogs can be clearly distinguished
from true MSY genes. All identified MSY gene transcripts were
then compared to our Y chromosome assemblies to evaluate the
integrity of the estimated gene content.

Intrachromosomal sequence comparison and conservation
tests

Genomic sequences for human (hg19), chimpanzee (panTro3),
mouse (mm9), and dog (canFam3) were obtained from NCBI. The
domestic cat draft genome assembly (felCat6.2) was used for cat

Figure 4. Sequence conservation across five mammalian Y chromosomes. The cat Y chromosome sequence is shown as the reference. Five-way
(human, chimpanzee, rhesus, dog, and cat) sequence conservation is calculated and shown by blue columns (bottom panel). The conservation between
cat X and Y chromosome sequences is shown by red/green columns (top panel). Gene boundaries are shown below each panel with blue brackets, with
arrows defining orientation. Vertical red bars at the bottom of each panel indicate known gene exons. Green triangles along the bottom indicate the
locations of conserved elements with potential secondary structure based on significant RNAz scores. Black lines at the bottom indicate the coding region
span of each gene (dashed lines indicate conserved coding sequences identified in other mammals but not cat).
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inter-chromosomal sequence similarity tests. Published MSY se-
quences of human (Skaletsky et al. 2003), chimpanzee (Hughes
et al. 2010), and rhesus (Hughes et al. 2012) were compared to the
carnivore MSY sequences using custom Perl code applying the
BLAST search engine. Y chromosome sequence alignments were
performed with BLASTZ (Schwartz et al. 2004), Multiz, and TBA
(Miller et al. 2004). Conservation scores from multiple sequence
alignments were obtained with phyloFit/phastCons in the PHAST
package (http://compgen.bscb.cornell.edu/phast/). Self dot-plot
analyses of cat and dog Y chromosomes were performed using
published Perl scripts (Hughes et al. 2005). MGR (Bourque and
Pevzner 2002) was used to estimate the minimum number of rear-
rangements among 15 orthologous MSY synteny blocks shared
between the ancestral X and Y chromosomes. We applied the
software RNAz (Washietl et al. 2005) to predict potential non-
coding RNAs or other regulatory elements among all conserved
alignments.

Phylogenetic tree reconstruction and gene conversion tests

Multiple sequence (nucleotide and amino acid sequences) align-
ments were performed using MAFFT (Katoh and Toh 2010). We used
MODELTEST (Posada and Crandall 1998) to estimate the best fitting
substitution models for each gene. RAxML 7.0 (Stamatakis 2006)
was used for maximum likelihood (ML) tree searching and bootstrap
tests. We used GENECONV (http://www.math.wustl.edu/;sawyer/
geneconv/) to identify probable regions that had undergone
gene conversion between or among different genes. To confirm
Geneconv results, we used a sliding window approach to identify
regions within the gene alignment that departed significantly from
the assumed species tree (Meredith et al. 2011). In this step, se-
quences were aligned with MAFFTusing stringent parameter settings.
A series of 600-bp windows (with a 10-nt step between each window)
was used to extract sequence data from the sequence alignments,
from the start of the 59 UTR to the end of the 39 UTR. ML trees were

constructed for each sequence window alignment using RAxML,
with 100 bootstrap replicates performed to assess nodal support.
These trees were compared with a tree built using a constraint to-
pology derived from the whole gene alignment.

Selection tests

To evaluate signatures of natural selection on each MSY coding
gene, we used PAML (Yang 2007) and a published phylogenetic
tree for mammals (Meredith et al. 2011). For branch-specific tests,
two model sets are used: (1) a free-ratio model with one ratio
model; and (2) a two ratio model with one ratio model (tested
branches suggested by the results of free-ratio and one-ratio com-
parison). Likelihood ratio tests are applied to results of the two
ratio/one ratio comparison to evaluate statistical significance. In
order to test for positively selected amino acid sites within each
gene alignment, we used two pairs of models: (1) model M1 and
model M2a (model set 1 in Table 2); and (2) model M7 and model
M8 (model set 2 in Table 2). To test relative synonymous and
nonsynonymous rates on specific branches of the phylogeny,
branch-site tests were employed. For this test, the null hypothesis
and alternative hypotheses are set with fixed dN/dS ratios (equal to
1) and variable dN/dS ratios to calculate maximum likelihood
values independently. Accession numbers of published sequences
involved in tests described above are shown in Supplemental
Table 3.

Quantitative real-time PCR

To estimate the relative copy number of genes within the MSY,
genomic DNA from three domestic cats and three domestic dogs
was isolated using the Invitrogen PureGene kit, and RNA was re-
moved using RNase A. Primers pairs were designed to produce
amplicons of 195–205 bp from genomic DNA for each gene, in
most cases spanning intron/exon boundaries. Three known single-

Table 2. Results of dN/dS analyses using coding sequences matching the longest human transcript

Region Gene Species analyzed
Alignment

length
Average
dn/ds

Results of likelihood ratio test

Significance
of positively

selected branches

Significance of positively
selected amino acid sites

Model set 1 Model set 2

X-degenerate UTY HU/CH/MO/CA/DO 4347 0.25 Not significant P > 0.10 P > 0.10
DDX3Y HU/CH/OR/MM/MO/

RA/CO/CA/DO
1989 0.13 Not significant P > 0.10 P > 0.05

USP9Y HU/MA/MO/CO/CA/DO 7725 0.14 Not significant P > 0.10 P > 0.10
AMELY HU/CH/CO/PI/CA/HO 618 0.67 Not significant 0.01 < P < 0.05* 0.01 < P < 0.05*
EIF1AY HU/CH/MA/CO/PI/CA/DO 432 0.09 Not significant P > 0.10 P > 0.10
EIF2S3Y MO/RA/CA 1416 0.02 Not significant P > 0.10 P > 0.10
ZFY HU/CH/MU/CO/CA/DO 2412 0.19 Not significant P > 0.10 P > 0.10
UBE1Y OP/MO/RA/CA/DO 3177 0.12 Not significant P > 0.10 P < 0.01**
KDM5D HU/CH/MO/CA/DO 4680 0.18 Not significant P > 0.10 P > 0.10
SRY HU/CH/MA/RB/MO/RA/

CO/PI/HO/CA/PA/DO
888 0.57 Not significant P < 0.01** P < 0.01**

Ampliconic HSFY HU/CH/OP/CA/DO 1389 0.32 Significant (HU) P > 0.10 P > 0.10
TSPY HU/CH/CO/CA/DO/PI 1287 0.43 Significant (HU) P < 0.01** P < 0.01**
CDY HU/CH/MA 1623 0.45 Not significant P > 0.10 P > 0.10
DAZ HU/CH/MA 2952 0.66 Significant (HU,CH,MA) P < 0.01** P < 0.01**
Cyorf15A HU/CH/MA/GO 393 0.44 Not significant P < 0.01** P < 0.01**
Cyorf15B HU/MA/GO 543 0.70 Significant (HU,GO) P < 0.01** P < 0.01**
FLJ36031Y CA (autosome/Y

orthologs)
735 0.81 Significant (CA: Y chr.

ancestral branch)
P < 0.01** P < 0.01**

(HU) Human, (CH) chimpanzee, (GO) gorilla, (OR) orangutan, (MA) macaque, (MM) common marmoset, (MO) mouse, (RA) rat, (RB) rabbit, (CA) cat,
(DO) dog, (PA) giant panda, (HO) horse, (CO) cow, (PI) pig, and (OP) opossum.
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copy genes for cat (DDX3Y, USP9Y, UTY), seven putative multicopy
genes for cat (TSPY, TETY1, TETY2, CUL4BY, RPS4YL, HSFY,
FLJ36031Y), and three putative multicopy genes for dog (SRY,
TSPY, TSPY-like) were evaluated using the Roche 480 SYBR-Green
protocol. Reactions contained 50 ng genomic DNA in a 10-ml re-
action volume in 384-microwell plates. All qPCR reactions were
performed in triplicate on a Roche Applied Science LightCycler 480
instrument with thermal cycling conditions of 95°C for 10 min,
followed by 45 cycles of 95°C for 15 sec, and 60°C for 1 min. Primer
efficiency standardization using a twofold genomic DNA dilution
series over three orders of magnitude was performed for each
primer pair. Copy number was calculated using the 2-DDct method
(Schmittgen and Livak 2008), with the known single-copy gene
UBE1Y used as the control for quantification in both cat and dog.

Data access
Raw 454 sequence reads have been deposited in the NCBI Se-
quence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra)
under accession numbers SRS375726 and SRS375675. Illumina
RNA-seq reads from domestic cat testis mRNA have been deposited
in SRA under accession number SRA059462. The dog Y chro-
mosome transcript sequences have been deposited in the NCBI
GenBank (http://www.ncbi.nlm.nih.gov/genbank/) under acces-
sion numbers JX964851–JX964871.
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