


both species. Whereas the nucleotide sequences of human chromo-
some 21 and chimpanzee chromosome 22 are grossly co-linear7,
implying that little structural change has occurred, the Y chromo-
some has undergone signi�cant restructuring since the chimpanzee
and human lineages diverged (Fig. 1; see also Supplementary Fig. 1).
In humans, the X-degenerate sequences are distributed along both
arms of the Y chromosome, and they are interrupted at several points
by large blocks of ampliconic, heterochromatic, or other sequences.
In the chimpanzee, by contrast, the X-degenerate sequences are
found in a single, nearly contiguous block on the long arm of the Y
chromosome. In addition, the chimpanzee and human X-degenerate
sequences differ by two large inversions (Supplementary Figs 2–4).
The larger inversion, spanning nearly 5 Mb, occurred in the chim-
panzee lineage. The smaller, 1.5-Mb inversion occurred in the human
lineage. Such inversions may be of relatively little consequence in the
male-speci�c region of the Y chromosome, which does not engage in
crossing-over with a chromosomal homologue. (In heterozygotes for
autosomal or X-linked inversions, crossing-over within the inverted
segment results in genetically unbalanced offspring.) The nucleotide
sequences of human chromosome 21 and chimpanzee chromosome
22 have been reported to display 1.44% divergence7. We observed
signi�cantly greater nucleotide divergence, 1.72%, between the
X-degenerate sequences of the chimpanzee and human Y chromo-
somes. This difference is unsurprising given previous evidence of
accelerated DNA sequence evolution on the Y chromosome, the
result of its being transmitted exclusively through the substitution-
prone male germ line8.

The density of interspersed repetitive elements is nearly identical
in the X-degenerate regions of the chimpanzee and human Y
chromosomes—at least when one combines all such repeat classes
(Supplementary Table 1). However, we found evidence of marked
differences between the chimpanzee and human lineages in the levels
of transposition activity of the three main classes of retroelements
(Supplementary Table 2). We found that Alu elements were more
active in the human lineage, whereas long interspersed nucleotide
(L1) elements and especially endogenous retroviruses were more active
in the chimpanzee lineage. Most notably, the chimpanzee sequence
contains 21 copies of two novel endogenous retroviruses, CERV1 and
CERV2, which are completely absent from the human genome.

Having completed these basic comparisons of the chimpanzee and
human X-degenerate sequences, we then addressed a prediction of
the impending demise model. The model’s central premise is that, in

recent times, the human Y chromosome has been losing genes once
shared with the X chromosome at a pace approximating 5 genes per
million years1,2. Assuming that Y-linked gene decay and loss occurred
randomly, and that the chimpanzee and human lineages have been
separate for about six million years, the chimpanzee Y chromosome
should carry many genes that have no functional orthologue on the
human Y chromosome.

To test this prediction, we characterized the gene content of the
chimpanzee X-degenerate sequence by several means. First, we
electronically searched the sequence for orthologues of all known
human X-degenerate genes and pseudogenes. (The human pseudo-
genes, which do not seem to be transcribed, bear inactivating
mutations that disrupt or delete splice sites and exons, or that
interrupt or shift open reading frames3.) We identi�ed chimpanzee
orthologues of all 16 such genes and all 11 such pseudogenes.
Notably, the chimpanzee counterparts of the 11 human pseudogenes
are also pseudogenes, with the great majority of inactivating
mutations being shared between the two species, indicating that all
11 pseudogenes were inactivated before divergence of the chimpan-
zee and human lineages. This suggests that none of the 11 human
X-degenerate pseudogenes has lost its functionality during the last six
million years of human evolution. In addition, we conducted
GenScan9 and BLAST10,11searches of the chimpanzee X-degenerate
sequence for transcription units that have no human Y counterpart.
We found no such chimpanzee-speci�c transcription units. Thus,
comparative cataloguing of X-degenerate genes and pseudogenes in
the chimpanzee and human suggests that little or no X-degenerate
gene loss or decay has occurred during the last six million years of
human evolution. These �ndings contradict the model of the human
Y chromosome’s impending demise, and instead provide empirical
support for mathematical models of sex chromosome evolution that
predict a slowing of the rate of gene decay as Y chromosomes evolve6.

These �ndings also suggest that purifying selection on the Y
chromosome has been more effective during recent human evolution
than previously supposed. To examine this hypothesis, we compared
the degree of human–chimpanzee divergence in the X-degenerate
genes’ coding regions with the degree of divergence in their introns,
which served as controls. As additional controls, we examined
interspecies divergence in the X-degenerate pseudogenes. Genes for
which the protein products are subject to purifying selection should
exhibit less interspecies divergence in coding sequences than in
introns. We found this to be the case for the X-degenerate genes as

Figure 2 | Human–chimpanzee divergence in
coding sequence and introns of X-degenerate
genes and pseudogenes.a, Aggregate per cent
divergences for coding and intron sequences of all
genes and all pseudogenes. Listed below are Gþ C
contents for each sequence class. See
Supplementary Table 3 for numeric data and
measures of statistical signi�cance.b, Left: graph of
coding and intron divergences for each gene,
analysed separately and listed alphabetically.
Right: an analogous graph of divergences for each
pseudogene. Error bars depict standard errors for
uncorrected per cent divergence calculated from
500 bootstrap replicates using MEGA2 software24.
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a group (P , 0.00001; Fig. 2a; see also Supplementary Table 3). As
expected, this was not true for the X-degenerate pseudogenes, where
human–chimpanzee divergence proved to be similar or even greater in
(former) coding sequences than in (former) introns. (The elevated
Gþ C content of these formercoding sequences probably accounts for
the elevated rate of sequence evolution12.) When every gene was
analysed independently, most exhibited the same trend towards greater

conservation of coding sequence relative to introns (Fig. 2b). We
conclude that purifying selection has been a potent force in maintain-
ing X-degenerate gene function during recent human evolution.

Whereas the repertoire of X-degenerate genes present in the
human/chimpanzee ancestor evidently remained functionally intact
during subsequent human evolution, we discovered evidence of
signi�cant gene decay during chimpanzee evolution. We used three
types of analysis: coding sequence divergence (Fig. 2), open reading
frame (ORF) integrity (Fig. 3), and transcriptional activity (as
assayed by polymerase chain reaction with reverse transcription
(RT–PCR); Supplementary Fig. 6). Interspecies divergence of coding
sequence differed substantiallyamong the X-degenerate genes
(Fig. 2), prompting us to rank all of the genes by this measure
(Table 1). We reasoned that genes displaying relatively high inter-
species divergence might have been subject to relaxed selective
constraints, and possibly functional decay, in the chimpanzee or
human lineage, or both. Of the eight X-degenerate genes displaying
.1.0% divergence, �ve had ORFs that were substantially truncated
in the chimpanzee Y chromosome as compared with the human Y
chromosome (Fig. 3). These ORF truncations were due to point
mutations that disrupted splice sites or introduced stop codons in the
chimpanzee genes, but did not grossly alter their genomic size or
structure (Table 1).

Intriguingly, the truncated ORFs in chimpanzee include ortholo-
gues of both the largest and smallest proteins predicted to be encoded
by the human Y chromosome3. In human,USP9Y has a critical role in
spermatogenesis13 and is predicted to encode a 2,555-amino-acid
ubiquitin protease that is 91% identical across its length to a 2,563-
amino-acid protein encoded by the X chromosome. In chimpanzee,
by contrast, the longest ORF inUSP9Ywould encode a protein of only
675 amino acids, with no intact catalytic domain (Supplementary
Fig. 7). In human,TMSB4Y is expressed throughout the body and is
predicted to encode a 44-amino-acid peptide that differs by three
amino substitutions from an otherwise identical peptide encoded by its
mammalian X-linked homologue. In chimpanzee, we detected no
evidence ofTMSB4Y transcription in any tested tissue or cell line
(Supplementary Fig. 6), and the single splice donor site within the
coding region has been lost through mutation (Supplementary Fig. 8).
These examples illustrate the diversity of Y-linked, X-degenerate gene
functions that have decayed in chimpanzee but not human.

Why have X-degenerate genes decayed in the chimpanzee lineage
but not in the human lineage? We speculate that X-degenerate gene
decay in the chimpanzee lineage may be a by-product of strong
positive selection focused elsewhere on the Y chromosome, through a
process known as genetic hitchhiking. Because the Y chromosome
does not participate in sexual recombination with a chromosome

Figure 3 | Lengths of coding sequences of X-degenerate genes on
chimpanzee and human Y chromosomes, and their human X-linked
homologues. For each X–Y gene pair, three horizontal bars are shown,
representing the predicted lengths (in kb) of the coding regions for the
chimpanzee Y gene (black), its human Y-linked orthologue (light grey) and
its human X-linked homologue (dark grey). Genes are listed in alphabetical
order.

Table 1| Chimpanzee gene characterization

Gene Nucleotide divergence from human (%) ORF length (% of human) ORF-disrupting mutations in chimpanzee*

PRKY 2.89 128† –
TMSB4Y 2.22 42 Splice donor (GT! GC)
TBL1Y 1.98 52 Splice acceptor (AG! GG); splice donor (GT! AT)
CYorf15A 1.65 72 21 frame shift
NLGN4Y 1.55 99 –
SRY 1.31‡ 100 –
CYorf15B 1.10 26 Nonsense (AAA! TAA)
USP9Y 1.07 9 Three splice donors (4-bp deletion; GT! AT; GT! AT)
RSP4Y2 1.01 100 –
UTY 0.99 100 –
DDX3Y 0.96 100 –
AMELY 0.86 100 –
JARID1D 0.76 100 –
RPS4Y1 0.76 100 –
EIF1AY 0.69 100 –
ZFY 0.50 100 –

Genes are ordered according to per cent coding sequence divergence from their human orthologues, from highest to lowest.
*We inferred the lineage in which each mutation occurred by comparison to the human X homologue.
†The ORF ofPRKY is longer in the chimpanzee because of a 55-bp genomic deletion, near the 30 end of the gene, that occurred in the human lineage.
‡The sex-determining geneSRY is subject to positive selection23, which probably accounts for its relatively high interspecies divergence.
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homologue, natural selection acts on the chromosome as a unit.
Deleterious mutations in some Y-linked genes can be carried along,
even to the point of �xation in a population, by physical linkage to
strongly bene�cial mutations in other Y-linked genes6,14. In addition
to their X-degenerate genes, primate Y chromosomes contain many
families of ampliconic genes, which have testes-restricted expression
patterns and critical functions in sperm production3,15. Because of
this central role in spermatogenesis, the Y chromosome’s ampliconic
genes may be subject to powerful selective pressures16–18, especially in
species such as chimpanzees where females usually mate with
multiple males, the sperm of which then compete for a limited
number of oocytes19. During chimpanzee evolution some X-degen-
erate genes may have been casualties of selective forces directed at the
Y chromosome’s ampliconic genes—forces that were not as intense
during the evolution of our less promiscuous species. In the future,
comparisons of sex chromosome variability20 in chimpanzees and
humans may provide a test of this speculative hypothesis.

METHODS
Mapping and sequencing.We mapped and sequenced a tiling path of 73
bacterial arti�cial chromosome (BAC) and 7 fosmid clones. Clones for sequen-
cing were selected from two BAC libraries (CHORI-251, RPCI-43) and one
fosmid library (CHORI-1251) (http://bacpac.chori.org). The CHORI-251 BAC
and CHORI-1251 fosmid libraries originate from the same male chimpanzee.
Only eight of the BAC clones in the tiling path are from the RPCI-43 library,
which originates from a second male chimpanzee. We screened the BAC libraries
with 11 pools of hybridization probes derived from 209 STS markers located
within the X-degenerate region of the human Y chromosome3,21. Additional
probes and markers were obtained from chimpanzee BAC end sequences.
Fosmid end sequences were used to identify appropriate clones for �lling gaps
in the BAC contigs. See Supplementary Fig. 5 for the complete clone contig map.
The accuracy of the sequence was estimated using all available CHORI-251 BAC
overlaps in the assembled tiling path. There were a total of 26 errors in over
5.31 Mb of aligned sequence, which correlates to 1 error per 204 kilobases (kb).
Two gaps remain in the sequence and their sizes were estimated based on human
sequence to be roughly 14 kb and 69 kb. These sizes were con�rmed by �bre
�uorescencein situ hybridization (FISH) analysis using a cell line derived from
the same chimpanzee used in constructing the CHORI-251 and CHORI-1251
libraries (Supplementary Fig. 9).
Assessing the completeness of chimpanzee X-degenerate sequence coverage.
We used the data set based on the 13 November 2003 assembly from the
Chimpanzee Sequencing Consortium (http://www.ensembl.org/Pan_troglodytes)
to search for the existence of chimpanzee X-degenerate sequence that is absent
from the human sequence using two strategies. First, we used all chimpanzee
unassigned contigs that were not identi�ed as interspersed repeats (10,750
contigs) in a BLASTsearch of the human genome, presuming that those contigs
that were a closest match to human X chromosome sequence but displayed less
that 97% identity were candidate X-degenerate contigs. However, none was
found, and instead all chimpanzee contigs that matched the human X sequence
were 99% identical and are presumably from the X chromosome. Second, we
used all known and predicted human X chromosome genes in a BLAST search
of the chimpanzee unassigned contigs in an attempt to identify chimpanzee
X-degenerate genes or pseudogenes that are not on the human Y chromosome.
No signi�cant matches were found.
Sequence alignment and dot-plot analysis.Chimpanzee and human sequences
were aligned using Clustal W with default parameters22. Dot-plot analysis was
performed using custom Perl code, which is available upon request.
Assigning insertions and deletions to the chimpanzee or human lineage.
Insertions and deletions (indels) were identi�ed by aligning the chimpanzee and
human sequences. For indels that were at least 100 base pairs (bp) in length, we
determined the nature of the mutation (insertion or deletion) and the lineage in
which it occurred as follows. If the indel sequence consisted entirely of a known,
full-length interspersed repeat, such as an Alu or L1, it was inferred to be the
result of an insertion event. Because integrations of partial L1 elements are
known to occur, if these were identi�ed the corresponding sequence in the other
species was examined to look for the presence of the same L1 element. This was
done to avoid misclassifying partial L1 deletions as integrations of non-full-
length elements. Indel sequences not classi�ed as repetitive element insertions or
tandem duplications were presumed to be the result of deletion events. Putative
deleted sequences that were not composed entirely of interspersed repeats were
used in a BLAST search of the non-redundant GenBank database to ensure that
they were not transposed sequences, which would be evidenced by close matches

to an autosome. For the majority of these sequences (47 of 61), the second best
match (after Y chromosome sequence) was the human X chromosome. This is
expected because the X chromosome represents the ancestral state of the
X-degenerate sequences. The remaining indels matched only chimpanzee or
human Y chromosome sequence. These results were interpreted as corroborating
a deletion event.
RT–PCR analysis.The RNeasy kit (Qiagen) was used to isolate total RNAs from
chimpanzee male tissues (testis, liver, lung and spleen) and a chimpanzee male
lymphoblastoid cell line; all tissues were obtained from Yerkes National Primate
Research Center. RT–PCR primer sequences and product sizes are listed in
Supplementary Table 4.
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