Downloaded from genome.cshlp.org on April 6, 2026 - Published by Cold Spring Harbor Laboratory Press

Letter

The origin and evolution of human ampliconic gene
families and ampliconic structure

Bejon Kumar Bhowmick, Yoko Satta, and Naoyuki Takahata'

Department of Biosystems Science, The Graduate University for Advance Studies (Sokendai), Kanagawa 240-0193, Japan

Out of the nine male-specific gene families in the human Y chromosome amplicons, we investigate the origin and
evolution of seven families for which gametologous and orthologous sequences are available. Proto-X/Y gene pairs in
the original mammalian sex chromosomes played major roles in origins and gave rise to five gene families: XKRY, VCY,
HSFY, RBMY, and TSPY. The divergence times between gametologous X- and Y-linked copies in these families are well
correlated with the former X-chromosomal locations. The CDY and DAZ families originated exceptionally by
retroposition and transposition of autosomal copies, respectively, but CDY possesses an X-linked copy of enigmatic
origin. We also investigate the evolutionary relatedness among Y-linked copies of a gene family in light of their
ampliconic locations (palindromes, inverted repeats, and the TSPY array). Although any pair of copies located at the
same arm positions within a palindrome is identical or nearly so by frequent gene conversion, copies located at
different arm positions are distinctively different. Since these and other distinct copies in various gene families were
amplified almost simultaneously in the stem lineage of Catarrhini, we take these simultaneous amplifications as
evidence for the elaborate formation of Y ampliconic structure. Curiously, some copies in a gene family located at
different palindromes exhibit high sequence similarity, and in most cases, such similarity greatly extends to repeat
units that harbor these copies. It appears that such palindromic repeat units have evolved by and large en bloc, but
they have undergone frequent exchanges between palindromes.

[Supplemental material is available online at www.genome.org.]

The male-specific region of the human Y chromosome (MSY),
also previously called the nonrecombining portion of the Y chro-
mosome (NRY), consists of three different classes of euchromatic
sequences: X-transposed, X-degenerate, and ampliconic se-
quences (Skaletsky et al. 2003; Ross et al. 2005; see also Hughes et
al. 2005 and Kuroki et al. 2006 for the available chimpanzee Y
sequences of 9.5-12.7 Mb). The X-transposed sequences origi-
nated from an X-to-Y transposition 3-5 million years ago (Mya)
and encode only two or three genes. The X-degenerate sequences
are relics of ancient autosomes that have evolved toward the sex
chromosomes (Ohno 1967; for reviews, see Graves 1995, 2002).
The sequences encode 16 genes and 13 pseudogenes with their
individual X-homologs. The ampliconic segments are composed
of eight palindromes (P1-P8), three inverted repeats (IR1-IR3),
and two arrays of no long open reading frames (NORF) and TSPY
repeats. The segments encode nine gene families, seven of which
are implicated in spermatogenesis or sperm production (Lahn
and Page 1997; Skaletsky et al. 2003). These gene families are
referred to as X Kell blood-related Y (XKRY), chromodomain Y
(CDY), variable charge (VCY), deleted in azoospermia (DAZ),
heat-shock transcription factor Y (HSFY), RNA-binding motif Y
(RBMY), testis-specific Y (TSPY), basic protein Y2 (BPY2), and
PTP-BL related Y (PRY) (see Table 1 for their brief accounts of
functions and references).

There are quite a few reports on origins for CDY, DAZ, HSFY,
RBMY, and TSPY. Any model for the origin of these genes invokes
retroposition of autosomal gene transcripts, duplicated transpo-
sition of autosomal loci, or proto-X/Y pairs of genes in the origi-
nal mammalian sex chromosomes. Lahn and Page (1999a) sug-
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gested that autosomal CDYL gave rise to CDY by retroposition in
the stem lineage of simian primates and that CDYL and CDY
have since undergone functional partitioning of housekeeping
and testis-specific functions. Later, by examining CDYL and its
early autosomal duplicate CDYL2, Dorus et al. (2003) pushed the
origin of CDY back before the Eutherian radiation. Regarding
other gene families, it was hypothesized that retroposition re-
sulted in HSFY (Tessari et al. 2004) and transposition resulted in
DAZ (Saxena et al. 1996; Lahn and Page 1999a), RBMY (Chai et al.
1998; Elliott et al. 2000), and TSPY (Lahn and Page 1999a). How-
ever, another group proposed the proto-X/Y pair origin of RBMY
(Delbridge et al. 1998, 1999; Lingenfelter et al. 2001) and TSPY
(Delbridge et al. 2004).

The ampliconic gene families are expressed predominantly
or exclusively in testes (Skaletsky et al. 2003), and six of them are
found only in primates. It is therefore tempting to ask where they
came from and how their origin affected the function on the
primate Y chromosome. It is also interesting to examine the evo-
lutionary relationships between ampliconic genes and surround-
ing ampliconic regions per se (Kuroda-Kawaguchi et al. 2001;
Rozen et al. 2003; Skaletsky et al. 2003). The purpose of this paper
is twofold. First, we study the origin of ampliconic genes based
on currently available genome sequence data. We show that
XKRY, VCY, and HSFY originated from proto-X/Y gene pairs in
addition to RBMY and TSPY. We examine whether the divergence
times of these five genes from the X-linked homologs agree with
the stepwise differentiation pattern of the Eutherian sex chromo-
somes, as the evolutionary stratum hypothesis can predict (Lahn
and Page 1999b). Second, as a gene family usually scatters mul-
tiple copies within and between different ampliconic regions, we
study the evolutionary relationships among copies in light of
their ampliconic locations. We pay special attention to low se-
quence similarity among copies that are located in different arm
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Table 1. Brief functional accounts of the nine ampliconic genes and references

Genes Gene products and effects References

XKRY XK-related putative membrane transport protein Lahn and Page 1997

(@h)4 Chromodomain, which likely plays a role in chromatin binding, and catalytic Lahn and Page 1997, 1999a; Dorus et al. 2003
domain predicted to participate in acylation reactions

vy Nuclear protein involved in the regulation of ribosome assembly during Lahn and Page 2000; Zou et al. 2003
spermatogenesis and responsible for mental impairment associated with
X-linked ichthyosis

DAZ Candidate fertility factor; deletion of the region is a common cause of Saxena et al. 1996, 2000
spermatogenic failure

HSFY Heat-shock transcription factor with an HSF-type DNA-binding domain; Tessari et al. 2004
involved in azoospermia or oligospermia

RBMY Germ-cell-specific nuclear protein implicated in spermatogenesis Delbridge et al. 1997; Chai et al. 1998

TSPY Candidate for the gonadoblastoma promoting factor and involvement in early Schnieders et al. 1996
spermatogenesis

BPY2 Protein that interacts with ubiquitin protein ligase E3A and may be involved in Lahn and Page 1997
male germ-cell development and male infertility

PRY2 Protein that has a low degree of similarity to protein tyrosine phosphatase, Stouffs et al. 2001

non-receptor type 13

positions within a palindrome as well as high sequence similarity
among copies that are located in different palindromes. We ex-
tend this analysis to the entire region of the 2.9-Mb palindrome
P1 and demonstrate massive sequence transfers with autosomal
repeat units and other Y-chromosomal palindromes.

Results

Gametologs, orthologs, and amplicons

In searching for origins of the ampliconic genes, it is essential to
include X-linked and autosomal homologs or more precisely
gametologs, if present in the genome, as well as their orthologs in
critical phylogenetic positions. Despite the fact, by definition,
that the ampliconic genes are located outside the X-degenerate
segments, it turns out that each of six gene families has an X-
linked gametolog in evolutionary strata 1, 2, or 4. Lahn and Page
(1999b) found that during mammalian evolution, the X/Y chro-
mosomal differentiation took place in a stepwise fashion; one
stratum at a time. Stratum 1, covering almost the entire long arm
of the human X chromosome, is the oldest among four or five
strata, and the formation predated the divergence between
Monotherians and Metatherians/Eutherians, 210 Mya (Lahn and
Page 1999b; Skaletsky et al. 2003; Ross et al. 2005; Waters et al.
2005). Stratum 2 occupies a rather small proximal region of the X
short arm and was formed before Metatherians and Eutherians

diverged, 180 Mya. On the other hand, stratum 4 was formed
independently within individual Eutherian orders (Iwase et al.
2003) and in primates; it was deposited in the stem lineage of
simian primates, >50 Mya. Stratum 1 harbors gametologous
XKRX of XKRY, HSFX of HSFY, and RBMX of RBMY; stratum 2
harbors TSPX of TSPY; and stratum 4 harbors CDX of CDY and
VCX of VCY. In addition to these X-linked copies, each of XKRY,
CDY, DAZ, HSFY, RBMY, and TSPY has at least one autosomal
copy in the human genome. On the other hand, the availability
of orthologs varies among gene families, sometimes reflecting
true presence or absence in the genome or in the databases.
Table 2 lists the nine gene families with their gametologs,
proposed origin hypotheses, and species for which we found or-
thologs of human Y ampliconic genes. The number of exons per
gene is included to infer molecular mechanisms involved in the
origins, although intronless genes such as XKRY1 and XKRY2 did
not always result from retroposition, and conversely, intron-
containing genes such as CDY1 originated via retroposition and
subsequent acquisition of introns (Lahn and Page 1999a). For the
BPY2 family (Lahn and Page 1997), there exist three nearly iden-
tical genes—BPY2B and BPY2C in palindrome P1 and BPY2 in a
proximal region adjacent to palindrome P2. For the PRY family
(Stouffs et al. 2001), there exist paired PRYI and PRY2 and their
shorter versions of paired PRY3 and PRY4 in palindrome P3 and
P4, respectively. Unfortunately, neither BPY2 nor PRY possesses
any detectable X-linked or autosomal copy, and little is known

Table 2. Ampliconic genes in the human Y chromosome, their homologs, and proposed hypotheses for origins

Functional ampliconic X-linked Autosomal

Species available Proposed origin hypotheses®

genes (E)? gametolog (E)® gametolog (E)® for Y orthologs and references
XKRY1/2 (1E) XKRX (3E) XKRYL (4E) Chimpanzee Unknown

CDY1 (2E), CDY2 (1E) CDX (3E) CDYL (9E), CDYL2 (7E) Chimpanzee, OWMs RP of CDYL (Lahn and Page 1999a)
VCY1/2 (2E) VCX, 2, 3A/B (2E) None Chimpanzee Unknown

DAZ1-4 (>11E) None DAZL (10E) Chimpanzee, OWMs TP of DAZL (Saxena et al. 1996)
HSFY1/2 (2E) HSFX1/2 (3E) HSFYL (1E) Chimpanzee, mouse, rat RP of HSFYL (Tessari et al. 2004)

RBMY1/2 (12E) RBMX (9E), RBMX2 (1E)

TSPY1/2 (6E) TSPX (7E) TSPYL1, 3-6 (1E)
PRY1/2 (5E), PRY3/4 (3E) None None
BPY2, B, C (9E) None None

RBMXLI, 4, 6, 9 (1E)

Mouse, marsupials TP of RBMXL (Chai et. 1998),
XY (Delbridge et al. 1999)
TP of TSPYL (Lahn and Page 1999a),
XY (Delbridge et al. 2004)
Unknown

Unknown

Chimpanzee, rat

Chimpanzee
None

2(E) Number of exons.
(RP) Retroposition; (TP) transposition; (XY) proto-X/Y gene pair.
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about their orthologs. Under these circumstances of available
sequence data, we exclude these two gene families from our phy-
logenetic analysis.

Supplemental Table 1 gives the accession numbers of the
sequences of the seven ampliconic gene families and their X-
linked and autosomal gametologs, as well as their orthologs
when they are used in the phylogenetic analysis. Figure 1 repre-
sents ampliconic structure in the human Y chromosome and the
chromosomal locations of Y copies we use. Among the eight
palindromes, P1 of 1.45-Mb arm length is the largest and harbors
two pairs of XKRY, four pairs of CDY, and one pair of each of
RBMY and DAZ in our data set. Similarly, the second largest P5
spans nearly 0.50 Mb in its arm length and harbors one pair of
XKRY and three pairs of CDY. Inverted repeat 2 (IR2) encodes two
pairs of RMBY, and the TSPY array encodes 12 copies.

Proto-X/Y origins

XKRY

We found eight XKRY copies, one X-linked XKRX, and one au-
tosomal XKRYL in the human genome. The coding sequence of
human XKRX shows a high degree of evolutionary conservation
with some Eutherian orthologs being >80% similar at the DNA
sequence level. The presence of XKRX raises the possibility that
XKRY has an origin similar to that of genes in the X-degenerate
class. Phylogenetic comparison of XKRY-related gametologous
and orthologous sequences identifies three distinct clusters: Eu-
therian XKRX; a pair of human and chimpanzee XKRYL; and 10
intermingled human and chimpanzee XKRY genes and pseudo-
genes (Fig. 2A). It is clear that two monophyletic clusters of XKRX
and XKRY/XKRYL differentiated from each other well before the

0 IMb
— CDYP1
875
HSFYPL TSPY3 NT. 086998 NT_011
NT_011896 | NT_011878
[rarl_ | E ]
TSPY9
TSPY5 TSPY6 TSPY8 | TSPY10
TSPY4 TSPY7 TSPY1 TSPY11 TSPY2
L | 1 | 1

|
TSPY12 TSPYI3

Eutherian radiation and that later in simian primate evolution,
XKRY and XKRYL began to evolve independently. The estimated
extent of synonymous divergences (kyxy) between XKRX and
XKRY is as large as 1.128 + 0.236, in agreement with the values
in stratum 1 reported by Lahn and Page (1999b) and Skaletsky et
al. (2003). The putative coding region of XKRY starts in exon 4 of
XKRX/XKRYL. The translated and 3’-untranslated regions of
XKRY have sequence similarity to the corresponding regions of
XKRX/XKRYL. Moreover, the 5'-flanking region of XKRY shows
sequence similarity to exon 1 and part of intron 3 of XKRYL. All
of these features support the notion that XKRY did not result
from retroposition, but from a proto-X/Y gene pair.

A duplicated copy of XKRY was transposed to create auto-
somal XKRYL. Based on the extent of synonymous divergences
(kyr, =0.120 + 0.045) between XKRY and XKRYL, we date the
transposition event as 41 = 15 Mya (see Methods). At this point,
proto-XKRY still had an exon and intron structure similar to
XKRX (Table 2). Yet, there is one base-pair deletion specific to a
pair of nearly identical XKRY1/2 copies, and this deletion creates
a new initiation codon and new coding frame. It therefore ap-
pears that XKRY1/2 are functional, but the remaining six copies
are nonfunctional and designated as XKRYPI-6 with suffix P
(Figs. 1 and 2A).

vcy

We found two VCY and four X-linked VCX copies in the human
genome. The presence of VCX in stratum 4 suggests that VCX
and VCY evolved from a proto-X/Y gene pair in the X added
region (XAR) (Graves 1995, 2002). The nucleotide differences be-
tween X-linked sequences in stratum 4 and the gametologous Y
sequences are ~10% per site on average (Lahn and Page 1999b;

TSPY14

HSFYP2 |CDYP6
NT_011903

[ 0
0.1Mb

CDYP8
RBMY?2C —|— RBMY2D
RBMY 1J

—{ |- CDYP14
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Figure 1.

DAZ3—L=DAZA

@

Chromosomal locations of human ampliconic genes and pseudogenes based on information about contigs, as well as MapViewer display

of BLASTN results (see also Supplemental Table 1). The abscissa represents the ~24-Mb euchromatic region with the Yp pseudoautosomal region at the
left-most end. Palindromes are shown as hairpin-like structures; expanded views of the TSPY array and IR2 are shown in boxes.
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0.189 = 0.048. This extent is too large
to be expected from the silent substitu-
tion rate (Ebersberger et al. 2002) and
the 30-Myr divergence between homi-
noids and Old World monkeys (OWMs)
(Martin 1993; Takahata 2001; but see
also Kumar and Hedges 1998). However,
the observed kyy value is very similar to
that for STS adjacent to VCX in stratum
4 (Skaletsky et al. 2003). It is therefore
likely that the differentiation between
rhesus monkey VCX and the ancestral
0 lineage of hominoid VCX and VCY pre-
dated the species divergence, owing to
the earlier differentiation between game-
tologous VCX and VCY. Consistent with
this proto-X/Y origin model, Lahn and
Page (2000) and Fukami et al. (2000)
detected both VCX and VCY in simian
primates by low-stringency hybridization.

HSFY

In addition to two functional HSFY and
several pseudogenes, we found one X-
linked HSFX and one autosomal (HSFYL)
copy in the human genome. Here we
used only two pseudogenes in our analy-
sis because inclusion of all of the pseu-
dogenes would have prevented us from
comparing HSFY with HSFX and HFSYL,
owing to mutually exclusive gaps among
these genes. Figure 2C shows that a

100 [~ HosaHSFX proto-X/Y gene pair of HSFX and HSFY

Gagal. W1

0.10 0.05

Figure 2. N] trees of (A) XKRY, (B) VCY, and (C) HSFY. Whenever chicken homologs are available, they
are used for rooting the trees. In A, palindromic locations of human XKRY copies are indicated by
bracketed P1, P4, and P5. The numbers next to nodes show the bootstrap values in 1000 replications.
Node XY, YL, and YO stand for X/Y differentiation, retroposition from Y to autosome or vice versa, and
coalescence of all human Y copies, respectively. The accession numbers of the DNA sequences and the
sequence alignments are given in Supplemental Table 1 and Supplemental Figure 1, respectively. The
gene nomenclature follows a four-letter prefix system to indicate genus and species names: (Hosa)
Homo sapiens; (Patr) Pan troglodytes; (Mamu) Macaca mulatta; (Mafa) Macaca fascicularis; (Paha) Papio
hamadryas; (Ceap) Cebus apella; (Saoe) Saguinus oedipus; (Sasc) Saimiri sciurea; (Cafa) Canis familiaris;
(Susc) Sus scrofa; (Bota) Bos taurus; (Mumu) Mus musculus; (Rano) Rattus norvegicus; (Maeu) Macropus

eugenii; (Smma) Sminthopsis macroura; (Gaga) Gallus gallus.

Iwase et al. 2003). However, the observed synonymous and non-
synonymous differences between human VCX and VCY are
merely 2.2% and 3.3% per site, respectively. These values are too
small to be consistent with the expected extent of synonymous
divergences for a proto-X/Y gene pair in stratum 4 (but see Ska-
letsky et al. 2003).

Both VCX and VCY can also be found in chimpanzees, but
other sequence data are available only for rhesus monkeys; two
VCX genes and one fragmental copy. Despite this limited avail-
ability of VCY-related sequences, they show some interesting
evolutionary features. First, chimpanzee VCX and VCY are more
closely related to each other than they are to their orthologous
genes in humans (Fig. 2B), suggesting that chimpanzee VCY was
recently converted by the gametolog and then amplified to gen-
erate seven nearly identical copies. Second, the average kyy value
between rhesus monkey VCX and hominoid VCX and VCY is

existed in the original mammalian sex
chromosomes and differentiated from
0 each other well before the Eutherian ra-
diation. This is consistent with the loca-
tion of HSFX in stratum 1 and the kyy
value of 0.992 * 0.294 between HSFX
and HSFY.

Tessari et al. (2004) proposed that
HSFY arose via retroposition of HSFYL,
whereas we demonstrate that the reverse
happened. That is, intronless HSFYL
arose via retroposition of HSFY with two
exons. Conversely, if HSFY arose via ret-
roposition of HSFYL, it becomes difficult to account for the pres-
ence of HSFY in mice and rats. Actually, the ky, value of
0.058 = 0.039 between HSFY1/2 and intronless HSFYL indicates
that the retroposition of HSFY occurred as recently as 20 = 13
Mya. Prior to this retroposition, HSFY began to amplify, produc-
ing at least three distinct pseudogene lineages in humans. In the
linearized tree (Takezaki et al. 1995), the height (h) of nodes YO
and Y1 leading to the three distinct HSFY lineages is estimated as
0.073 = 0.011 and 0.055 = 0.009, respectively (see Methods).
Thus, these gene lineages diverged 34-46 Mya in the stem lineage
of Catarrhini (hominoids and OWMs).

L PauHSFX

RBMY and TSPY

As mentioned earlier, RBMY and TSPY possess their X-linked
gametologs and multiple Y-linked copies in ampliconic seg-
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ments. Here we confirm their proto-X/Y origins and examine the
kyy value between X and Y copies. In the next section, we exam-
ine these gene families with respect to their Y-chromosomal lo-
cations in P1, P3, and IR2 as well as in the TSPY array.

The RBMY family consists of six subfamilies (RMBY1-6) of
~30 genes and pseudogenes on both arms of the Y chromosome
(Skaletsky et al. 2003) and exhibits sequence similarity with X-
linked functional RBMX and intronless RBMX2 as well as auto-
somal intronless REBMXL. Sequence similarity between RBMY sub-
families is as low as 60% even at the amino acid level, and some
sequences in different subfamilies are difficult to align. For this
reason, we used only RBMY1 and RBMY2 subfamilies. The phy-
logenetic analysis indicates an early dichotomous occurrence of
mammalian RBMX and RBMY (Fig. 3A). It is also clear that the X
and Y differentiation predated the emergence of Metatherians
(Delbridge et al. 1999) such that RBMY in Macropus eugenii and
Sminthopsis macroura is orthologous to Eutherian RBMY. The kyy
value between RBMX and RBMY is 0.681 = 0.077. It is smaller
than the value given in Skaletsky et al. (2003). However, the
previous report included an autosomal sequence (accession no.
723064). Without this autosomal sequence, the estimated value
becomes somewhat small, compared with that for XKRY and
HSFY in stratum 1.

TSPY is the first gene that was isolated from any Y chromo-
some (Arnemann et al. 1987) and was subsequently found in
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Figure 3. N|] trees of (A) RBMY and (B) TSPY drawn in the same way and
with the same gene nomenclature system as in Figure 2. Ampliconic loca-
tions of human RBMY copies are indicated by bracketed P1, P3, and IR2.

primates (Manz et al. 1993), artiodactyls (Jakubiczka et al. 1993),
and rodents (Mazeyrat and Mitchell 1998). There are ~35 copies
in the TSPY array (Skaletsky et al. 2003), several autosomal copies
(TSPYL), and one X-linked copy (TSPX previously designated as
TSPYL2) under X inactivation (Delbridge et al. 2004). We exam-
ined 14 TSPY copies from humans together with TSPY, TSPX, and
TSPYL orthologs from Eutherians. Although there is no obvious
outgroup sequence in this data set, there exist two distinct clus-
ters of TSPY and TSPX/TSPYL, and this dichotomy is consistent
with the ancient origin hypothesis of X and Y copies (Fig. 3B).
The kyy value between TSPX and TSPY is 0.667 + 0.103 (Table 3),
as expected in stratum 2. In the stem lineage of Eutherians, in-
tronless TSPYL was retroposed and duplicated such that various
TSPYL genes exhibit multiple orthologous relationships among
Eutherians. It is TSPX rather than TSPY that was retroposed so as
to generate autosomal TSPYL1, 3, 4, 5, and 6 (Fig. 3B).

Ages of amplified copies and ampliconic structure

For a given gene family, there is a striking pattern in sequence
similarity among copies within and between palindromes. All
pairs of copies at symmetric arm positions within a palindrome
are identical or nearly so (Skaletsky et al. 2003). However, not
only may copies located between different palindromes be sig-
nificantly different, but also different pairs within a palindrome
may differ greatly. Two pairs of XKRYP3/P6 and XKRYP4/P5
within P1 differ from each other by nearly the same amount that
they differ from XKRYP1/P2 in P4 and XKRY1/2 in PS5 (Figs. 1 and
2A). The height of node YO (0.059 + 0.010) in the linearized tree
(Table 3) suggests that XKRYP1/P2 in P4, XKRY1/2 in PS5, and two
distinct pairs of XKRYP3/P6 and XKRYP4/P6 in P1 all diverged
from one another 37 + 6 Mya.

More informative and perplexing than the XKRY family is
the CDY family. The CDY copies are scattered over different pal-
indromes similar to XKRY, although more densely (Fig. 1). Con-
sistent with the early retroposition of CDY (Dorus et al. 2003), we
date the differentiation from CDYL as 159 = 13 Mya (Fig. 4;
Table 3). Subsequently in the primate lineage, the family ex-
panded mostly in P1, P3, and PS. Four pairs of CDYIA/1B,
CDYP9/P14, CDYP10/P13, and CDYP11/P12 in P1 are substan-
tially different from each other, and so are three pairs of CDY2A/
2B, CDYP2/P5, and CDYP3/P4 in P5. In terms of node heights in
the linearized tree, CDY1A/1B and CDYP10/P13 differ from each
other by 0.048 = 0.009, these four differ from CDYP11/P12 by
0.058 = 0.010, and these six differ from the most distinct
CDYP9/P14 by 0.139 + 0.015. We can find almost the same ex-
tent of sequence divergences among CDY copies in PS. Thus, the
earliest divergence of CDY copies within P1 or PS goes back to
>80 Mya, and the latest is as old as 30 Myr.

RBMY and TSPY also provide useful information about the
age of IR2 and the TSPY array, respectively (Fig. 1). The height of
node YO between RBMY2C/2D in P1 and six nearly identical
RBMY1 copies in P3 and IR2 is 0.069 = 0.008 (Table 3). The two
subfamilies thus diverged 43 + 5 Mya. TSPY underwent massive
duplication independently in individual Eutherians, and some of
14 human TSPY copies exhibit ancient duplication. There exist
distinct TSPY2 and TSPY13 within the TSPY array, as well as
TSPY14 located between P3 and IR2. The height of node YO lead-
ing to the most distinct TSPY13 is 0.091 £ 0.009 (57 = 6 Myr),
and that of node Y1 and Y2 is 0.056 + 0.007 (35 = 4 Myr).

In short, major expansions of the gene families mentioned
above occurred in the stem lineage of Catarrhini, 30-50 Mya.
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Table 3. Ampliconic locations of Y genes, chromosomal locations (stratum) of X gametologs, XY or YL synonymous diveregnces, and

heights of nodes estimated in linearized trees

XKRY vcy HSFY RBMY TSPY cby

Location of Y copies P1, P4, P5 P8 P4 P1, P3, IR2 TSPY array P1, P3, P5
Location of X copy (stratum) Xq22.1 (S1) Xp22.3 (S4) Xq28 (S1) Xq26 (S1), Xq12 (S1) Xp11.2 (S2) Xp22.3 (54)
Divergences

XY 1.128 + 0.236 0.189 = 0.048 0.992 + 0.294 0.681 + 0.077 0.667 + 0.103

YL 0.120 + 0.045 0.058 + 0.039 0.477 += 0.115
Nodes

YO 0.059 + 0.010 0.073 + 0.011 0.069 + 0.008 0.091 + 0.009 0.139 + 0.015

Y1 0.055 + 0.009 0.056 + 0.007  0.092 + 0.012

Y2 0.056 + 0.007 0.066 + 0.010

Y3 0.030 + 0.005 0.058 + 0.010

Y4 0.048 + 0.009

(P) Palindrome; (IR) inverted repeat; [XY (YL)] the extent of synonymous divergences between gametologous X and Y (Y and L) copies with multiple-hit

correction; (YO-Y4) nodes and heights (h) in the linearized tree.

However, different palindromes and inverted repeats contain
nearly identical copies as well. Like four DAZ genes in P1 and P2,
mutually distinct CDY1A/1B and CDYP11/P12 pairs in P1 are
closely related to mutually distinct CDY2A/2B and CDYP3/P4
pairs in PS5, respectively (Figs. 1 and 4). Also, CDYP7/P8 in P3
show high sequence similarity to CDYP9/P14 in P1, and RBMY1F/
1] in P3 are nearly identical to four other RBMY1 copies in IR2. If
such high sequence similarity is restricted to genetic loci, trans-
position or retroposition of genes is likely involved. A dot-plot
analysis between P3 and IR2 indicates that sequence similarity is
restricted to RBMY1 loci (data not shown). Since these RBMY1
copies show the same exon-intron structure, they are apparently
related via recent duplicated transposition of genes. However,
this is not the case for DAZ and CDY. Indeed, Kuroda-Kawaguchi
et al. (2001) demonstrated that P1 shares distinct amplicons
(massive repeat units) with P2 and P3, and proposed a model of

HosaCDYP10 [P1]
HosaCDYPI3 [P1]

MafaCDY
160 IEHMCDYZB [P5]

HosaCDY2A [P5]
HosaCDY1B [P1]

100 | | HosaCDY1A [P1]
ParCDY

HosaCDYPI11 [P1]
HosaCDYP12 [P1]

100
HosaCDYP6

Y
HosaCDYP14 [P1
i 100 HosaCDYP9 1%
HosaCDYP7 [P3]
5 100 HosaCDYP8 [P3]

l HosaCDYP2 [P5]
HosaCDYP5 [PS5]

100 HosaCDYL
MafaCDYL
HosaCDX
MumuCdyl
CafaCDYL

100 HosaCDY1.2
100 _|| L Mamcoviz
MumuCdyl2
GagaCDYL
—— a1
0.10 0.05 0

Figure 4. N]| tree of CDY drawn in the same way and with the same
gene nomenclature system as in Figure 2. Palindromic locations of human
CDY copies are indicated by bracketed P1, P3, and P5.

Alu-mediated tandem duplication and subsequent inversion for
the P1 mosaicism.

After carrying out a dot-plot analysis, we aligned homolo-
gous sequences among palindromes, to show more precisely how
and to what extent P1 is related to P2, P3, and PS5, as well as P3 to
P4 (Fig. 5). Several features are noteworthy. Above all, four am-
plicons in P1, which are nicknamed as red, green, yellow, and blue
in Kuroda-Kawaguchi et al. (2001), are evolutionarily related to
those in other palindromes. The red and green P1 amplicons are
the same as the entire P2 region and a proximal, nonpalindromic
region adjacent to P2, respectively (Kuroda-Kawaguchi et al.
(2001). Using the aligned sequences over the red and green am-
plicons, we measured the per-site nucleotide differences (P) in
non-overlapping windows of size 10 kb each. Except for a small
DAZ encoding region in which P = 1% ~ 3%, the value is as low
as ~0.1%. We can also find such a low P-value between a 170-kb
blue P1 ampliconic unit and the corresponding region in P3. The
blue P1 amplicon contains another 40-kb inverted region of P3
with P =13% ~ 15%. Moreover, P3 and P4 share an ampliconic
unit with P = 13% ~ 15%. The relationship of the yellow P1 am-
plicon to PS is more complicated than that of the blue P1 ampli-
con. For convenience, the yellow P1 amplicon is divided into
three units. Of these, one 200-kb unit (a thick black line in Fig. 5)
has 92%-94% similarity to a 60-kb region of Chromosome 15
and ~80% similarity to 140-kb regions in some other chromo-
somes, but it does not have any homology with PS. Another
100-kb unit shows high similarity (P =1% ~ 3%), and the re-
maining 460-kb unit is a tandem duplication of a 280-kb region
of P5 (P =13% ~ 15%). Thus, sequence similarity among ampli-
conic genes is a reflection of the P1 mosaicism with respect to P2,
P3, P4, and PS.

Discussion

Out of seven families in human Y amplicons, we showed that five
were derived from proto-X/Y gene pairs. The extent of synony-
mous divergences of these ampliconic genes from their X-linked
gametologs differs greatly, depending on the latter chromosomal
locations (Table 3). When an X-linked gametolog is located in
stratum 1 (XKRX, HSFX, and RBMX), stratum 2 (TSPX), and stra-
tum 4 (VCX), the differentiation between X and Y copies oc-
curred more than 210, 180, and 50 Mya, respectively. Thus, the
proto-X/Y-derived genes in the ampliconic class of euchromatic
sequences began to differentiate at the same time as those in the
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Figure 5. Sequence similarity of P1 against P2, P3, P4, and P5. The yellow amplicon in Kuroda-Kawaguchi et al. (2001) is divided into two: black, which
has homology with autosomes, and yellow, which contains tandem duplication of a P5 ampliconic unit. Each thick line represents both arms in a
palindrome, and a thin green line adjacent to P2 is nonpalindromic. Three nearly identical BYP2 copies are located in the green ampliconic unit, and two
distinct pairs of PRY copies are located in a blue ampliconic unit shared by P3 and P4. In non-overlapping windows of each size 10 kb, the nucleotide
differences per site (P) between P1 and other palindromic amplicons are given above P1 and below P4. Note that the P-value (ordinate) is represented

in common logarithms.

X-degenerate class, and both classes are relics of ancient auto-
somes (Skaletsky et al. 2003). However, these two classes of se-
quences and genes encoded therein were subjected to different
fates. For instance, AMELY (Iwase et al. 2003) and VCY derived in
XAR exemplify the difference: Whereas AMELY remains a single,
housekeeping copy, VCY was duplicated so as to produce an
identical pair in P8 and a testis-specific function. Incidentally,
the presence of proto-X/Y-derived VCY in P8 implies per Ock-
ham’s razor that this palindrome cannot be older than the age of
stratum 4, >50 Mya.

Transposition and retroposition of autosomal genes were
once regarded as major mechanisms for generating ampliconic
genes, but they actually contributed to generation of the DAZ
and CDY gene families only. As discussed by Saxena et al. (1996,
2000), Agulnik et al. (1998), and Gromoll et al. (1999), a com-
plete copy of autosomal DAZL was transposed on the Y chromo-
some in the stem lineage of Catarrhini, and the whole intron-
containing transcript unit of this newly transposed gene (DAZ)
was tetraplicated in P1 and P2. High sequence similarity between
DAZ1/2in P2 and DAZ3/4 in P1 (Fig. 5) indicate the hominoid or
hominid-specific duplication or conversion between P1 and P2.

Likewise, the retroposition origin is unique to CDY (Lahn and
Page 1997, 1999a; Dorus et al. 2003). However, the presence of
intron-containing CDX, annotated as a pseudogene in NCBI
(Build 36.1), is enigmatic. Sequence similarity between the 5’
portion of CDX and mature CDYL transcripts suggests that CDX
arose via duplicated transposition of CDYL (Fig. 4). If the trans-
position occurred after the formation of stratum 4, CDX is likely
to be specific to the X chromosome. In the opposite situation, the
transposition could generate an intron-containing CDY copy, as
the sex chromosomal differentiation proceeded in stratum 4. In
either case, retroposition and transposition of autosomal genes
played relatively minor roles in originating ampliconic genes.
However, the reverse process occurred more frequently. Transpo-
sition of XKRY produced XKRYL, and retroposition of HSFY,
RBMX, and TSPX produced HSFYL, RBMXL, and TSPYL (more
logically designated as TSPXL), respectively. Since the latter three
genes are highly expressed in germ-cell lines, transcripts have
ample opportunity to be retroposed and integrated into the ge-
nome (Zhang and Gerstein 2004; Cheng et al. 2005).

Unlike the X-degenerate segments, the ampliconic segments
underwent massive amplifications during primate evolution. We
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showed that most distinct copies in XKRY, HSFY, RBMY, TSPY,
and CDY families were established in the stem lineage of Catar-
rhini. There are two notable features in the pattern and degree of
sequence identity among those copies. First, within a palin-
drome, we can always find two nearly identical copies of a given
gene family at symmetric arm positions (Skaletsky et al. 2003),
yet copies at different arm positions are substantially different
from each other. Palindrome P1 harbors two such paired XKRY
and four such paired CDY copies in our data set. The estimated
ages of these paired copies are similar and older than 30 Myr
irrespective of gene families. Palindrome PS5 harbors three such
paired CDY. Again, these paired copies in PS5 are as distinct as
those in P1. Second, there are paired copies that are identical or
nearly so even when they are located in different palindromes P1,
P2, P3, PS, and/or IR2 (Figs. 3 and 4). Such high sequence simi-
larity among copies compelled us to extend our analyses. As
mentioned, the previous dot-plot analysis for P1, P2, and P3 in-
dicated the elaborate mosaicism of P1 (Kuroda-Kawaguchi et al.
2001). We further found that (1) P1 and P3 are also related to PS5
and P4, respectively; (2) some P1 amplicons are reticulately re-
lated to other palindromes via small shared ampliconic units;
and (3) sequence similarity among gene copies is well correlated
with that among those ampliconic units (Fig. 5).

The mosaicism of P1 is so extensive that >80% of P1 is re-
lated directly to P2, P3, and PS5 and indirectly to P4. The observed
P-values (per-site nucleotide differences) indicate three distinct
levels of evolutionary relatedness of ampliconic units between
different palindromes; the lowest level of P < 0.1% in the red,
green, and blue amplicons, the middle level of P = 1% ~ 3% in the
red and yellow amplicons, and the highest level of P = 13% ~ 15%
in the yellow and blue amplicons. The yellow amplicon in P1 also
contains a black ampliconic unit (Fig. 5) that is totally unrelated
to any other palindrome in the Y chromosome. Rather, a subre-
gion of the black ampliconic unit encoding transcription units
CSPG4LY and GOLGA2LY (Kuroda-Kawaguchi et al. 2001; Ska-
letsky et al. 2003) is closely related to a region in chromosome 15
(P < 5%), whereas the remaining subregions show the P-values of
~20% with various chromosomes. It is conceivable that P1 origi-
nally consisted of a small region and then repeatedly acquired
other ampliconic units in P2, P3, PS5, and autosomes or that P1
simply exchanged ampliconic sequences without substantial ex-
pansion in its size. In either case, the extent of sequence differ-
ences in Figure 5 dates the earliest sequence acquisition or ex-
change as ~50 Mya in the stem lineage of Catarrhini, the second
as 3-9 Mya in the hominid or hominoid lineage, and the latest as
<0.3 Mya in modern humans. Rozen et al. (2003) reported the
presence of P1 in chimpanzees and bonobos. However, since
they examined two inner and outer boundaries of a palindrome,
the internal palindromic structure is not known in these and
other apes. It is extremely unlikely that these relatives possess the
same red and green P1 ampliconic structure as humans do. Also, it
is questionable if the yellow and blue P1 amplicons in chimpan-
zees are the same as those in humans.

In conclusion, owing to extensive sequence transfers of am-
pliconic units, the age of a palindrome differs from region to
region. Nonetheless, the age of an ampliconic unit is well corre-
lated with the age of genes encoded therein. Undoubtedly, like
genes, major ampliconic units must have been established in the
stem lineage of Catarrhini. While these repeat units have since
evolved en bloc, palindromes have been extensively modified by
acquisition and/or exchange of repeat units in other palin-
dromes. It would be surprising if such modifications in ampli-

conic gene contents and structures had nothing to do with
changes in spematogenesis or sperm production in the lineage
leading from the Catarrhini ancestor to modern humans. Indeed,
the AZFc (azoospermia factor c) region, whose deletion is known
as the most common cause of spermatogenetic failure in hu-
mans, largely consists of P1 and P2 (Kuroda-Kawaguchi et al.
2001). Our finding that P2 is quantitatively similar to and quali-
tatively redundant to P1 may imply that evolution of P1 has
played critical roles in developing human-specific spermatogen-
esis.

Methods

Our analysis is based on DNA sequence data in the NCBI genome
database as of July 31, 2006. We retrieved DNA sequences of the
nine ampliconic genes and related pseudogenes from the human
genome database. At the same time, we located them in the Y
chromosome based on information about locus positions in con-
tigs as well as results of DOTTER and Map Viewer after BLASTN.
We also used DOTTER to examine sequence similarity between
different amplicons. The current chromosomal locations of the
ampliconic genes in the NCBI Master Map appear slightly differ-
ent from the initial proposal by Skaletsky et al. (2003). Using
BLASTN and GENE, we searched for X-linked and autosomal cop-
ies for a given gene family. Some genes homologous to human
ampliconic genes can be found even in fish. However, we did not
use distantly related orthologs in our analysis because the origin
of the primate Y chromosome surely postdated the divergence
between mammals and birds.

To designate an ortholog in figures, we use a four-letter pre-
fix to identify the genus and species names. For example, XKRY
in humans (Homo sapiens) and chimpanzees (Pan troglodytes) is
designated as HosaXKRY and PatrXKRY, respectively. Autosomal
genes and pseudogenes are indicated by addition of the suffix L
or P, respectively. When there are multiple human Y-linked pseu-
dogenes in a given gene family, those without official names are
numbered from the short arm end of the Y (Fig. 1; see also
Kuroda-Kawaguchi et al. 2001). The sequence alignments are
given in Supplemental Figure 1.

For phylogenetic analyses, we use the coding regions only to
minimize misalignments among distantly related and rapidly
evolving Y-linked sequences. However, some genes, such as DAZ,
contain repeated exons or tandem repeats that underwent exten-
sive expansions and contractions. We exclude such repeats, as
our main purpose is to comprehend the evolutionary relation-
ships among Y-linked, X-linked, and autosomal copies when
they are present. We use the NJ method by Saitou and Nei (1987)
to determine the topology as well as the method by Takezaki et
al. (1995) to determine the height (h) of a specified node in the
linearized tree. However, regarding node XY at which X and Y
gametologs differentiate, we cannot use the linearized tree
method because these gametologs apparently evolved with dif-
ferent rates. We apply the same caution to node YL at which
Y-linked and autosomal copies differentiate via transposition or
retroposition. We simply compute the sequence divergences per
synonymous site (kxy or ky;) after multiple-hit corrections (Jukes
and Cantor 1969; Kimura 1980). To date, for XY, YL, or other
nodes in Figures 2 and 3, we use the silent nucleotide substitu-
tion rate per site per year of r, = 1.0 X 10~? for the autosomes,
rx = 0.83 x 10~ ? for the X chromosome, and ry = 1.6 X 10~? for
the Y chromosome (Ebersberger et al. 2002). These are estimated
by the 1.2%, 1.0%, and 1.9% sequence divergences between the
human and chimpanzee chromosomes, respectively, and the as-
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sumption of the 6-Myr species divergence time (Haile-Selassie
2001). Applying these rates to kyy, we date node XY as

txy = kxy/{(1 + o)1}

where « is the ratio of ry to ry. If we assume « = 2 (Ebersberger et
al. 2002), the tyy value is given by kyy/(3ry) rather than kyy/(2ry)
under the assumption of ry = ry. Similarly, we date node YL by

tyr = 2ky {1 + 3a)rg]).

Regarding the height (/) of a node leading to a group of Y-linked
copies, we date the node simply by

t=h/ry.
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