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The heterochromatic state of the Drosophila Y chromosome has
made the cloning and identification of Y-linked genes a challeng-
ing process. Here, we report application of a procedure to identify
Y-linked gene fragments from the unmapped residue of the whole
genome sequencing effort. Previously identified Y-linked genes
appear in sequenced scaffolds as individual exons, apparently
because many introns have become heterochromatic, growing to
enormous size and becoming virtually unclonable. A TBLASTN search
using all known proteins as query sequences, tested against a
blastable database of the unmapped fragments, produced a num-
ber of matches consistent with this scenario. Reverse transcription-
PCR and genetic methods were used to confirm those that are
expressed, Y-linked genes. The five genes reported here include
three protein phosphatases (Pp7-Y1, Pp1-Y2, and PPr-Y), an occlu-
din-related gene (ORY), and a coiled-coils gene (CCY). This brings
the total to nine protein-coding genes identified on the Drosophila
Y chromosome. ORY and CCY may correspond, respectively, to the
fertility factors ks-17 and ks-2, whereas the three protein phospha-
tases represent novel genes. There remains a strong functional
coherence to male function among the genes on the Drosophila Y
chromosome.

he Y chromosome of Drosophila has several unusual features

that together have made the molecular identification of its
genes difficult. In addition to ribosomal DNA and a few other
multiple copy genes, it is known to contain six single-copy genes
essential for male fertility (kI-1, k-2, kI-3, kI-5, ks-1, and ks-2) (1, 2).
X/0 Drosophila males are completely normal (except for the
sterility), so the Y chromosome seems to have an unusual functional
specialization, apparently containing only genes directly involved
with male fertility (3, 4). This functional specialization is highlighted
by the recent finding that k-2 and kI-3 fertility factors encode dynein
heavy chains (4), as previously found for k/-5 (5). Thus, three of the
six known single-copy genes encode proteins belonging to the same
gene family, a functional specialization unheard of in eukaryotic
chromosomes. The structure of Y-linked genes is also peculiar.
Several fertility factors produce lampbrush loop structures during
spermatogenesis, a finding that first suggested that these genes are
very large (6—8). This suggestion was confirmed by the painstaking
study of Gatti and Pimpinelli (9), which produced a detailed
cytogenetic map of the Y chromosome, and by Kurek ez al. (10) and
Reugels et al. (11), who showed that k-5 contains gigantic hetero-
chromatic introns.

These unusual features, plus the natural interest in an uncharted
terrain of the Drosophila genome, led to extensive efforts to clone
Y chromosome fertility factors in Drosophila. Despite these efforts,
until recently only /-5 had been identified at the molecular level (5).
The slow progress was mainly caused by the heterochromatic state
of the Y chromosome, which prevents or makes more difficult the
use of powerful genetic tools such as recombination mapping,
cytogenetic banding, P-element mutagenesis, and genome walking.
Even the ultimate weapon, genome sequencing, did not immedi-
ately identify the Y genes, in part because heterochromatic se-
quences are not stable in the cloning vectors used in the whole
genome shotgun (WGS). So the Drosophila Genome Project pro-
duced an essentially complete sequence of the 120-Mbp euchro-
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matic portion of the genome, assembling it into the chromosome
arms X, 2L, 2R, 3L, 3R, and 4, and produced also some 4 Mbp of
sequence that did not fit in any of the chromosome arms (12). This
unmapped residue was called “armU,” and it presumably corre-
sponds to the small portion of the 60 Mbp of Drosophila hetero-
chromatin (including Y-linked genes) that has unique, nonrepeti-
tive sequence, immersed in a sea of satellite DNA and transposable
elements.

We recently developed a method for the identification of putative
genes in the unmapped portion of the Drosophila genome, and we
successfully applied it to identify three Y genes (4). Two of the Y
genes correspond to the fertility factors k-2 and kl-3 and encode
dynein heavy chains, whereas the third is a previously unknown
gene (PRY). Here, we report the identification of five new Y genes,
by using a generalization of this method. As was the case with the
previously identified Y genes, these new genes have close homologs
in the autosomes and presumably were acquired by translocation,
rather than being present in the putative primitive X-Y pair. Most
of them seem to have male-related functions, and three of them
encode protein phosphatases. These results, coupled with the
previous finding that three of the six fertility factors encode the
molecular motor dynein, highlight the extreme functional coher-
ence and unusual evolution of the Drosophila Y chromosome.

Materials and Methods

Drosophila Strains. Kennison’s X-Y translocation strains V24, E15,
F12, W19, and V8 were kindly provided by D. L. Lindsley (Uni-
versity of California at San Diego, La Jolla), and strain W27 was
obtained from the Bloomington Stock Center, which also provided
the strains R(YL)/C(1;YS)1, y! w!, and C(YS)2/C(1;YL)1, y' v! f!
bb~ & C(1)DX, y' f1/0. The iso-1 strain, used in the whole genome
shotgun sequencing effort, was kindly provided by R. Hoskins from
the Berkeley Drosophila Genome Project.

Test for Y Linkage and Mapping. The genomic location of each
candidate scaffold (see below) was tested by performing PCR in
male and virgin female DNA from the iso-1 and Oregon-R strains.
Male-specific scaffolds (i.e., Y-linked) were then mapped to the
regions of the Y chromosome with a set of male-fertile reciprocal
X-Y translocations having one breakpoint in the proximal hetero-
chromatin of the X and one in the Y chromosome (2). F1 progeny
of pairs of these lines lack specific regions of the Y chromosome
(e.g.,kI-2~ males). By performing PCR in males lacking each region
of the Y chromosome, we were able to map unambiguously the
tested scaffold. Y-deficiency males were obtained with the follow-
ing crosses (females first): kI-5, attached-X/0 X V24; kl-3~,V24 X

Abbreviations: WGS, whole genome shotgun; armU, unmapped scaffolds of the Drosophila
Genome Project; RT, reverse transcription; 3'-RACE, 3'-rapid amplification of cDNA ends;
EST, expressed sequence tag.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database [accession nos. AF427493 (Pp1-Y1), AFA27494 (Pp1-Y2), AF427495 and AF747998
(PPr-Y), AF427496 (ORY), and AF427497 (CCY)].
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W27, kl-2=, W27 X E15; kl-1~, E15 X F12; ks-1~, V8 X W19; ks-2~,
attached-X/0 X V8. An independent mapping on YS and Y%
elements was made by crossing males from strains R(YL)/
C(1;YS)1,y! w!, and C(YS)2/C(L;YL)1, y vl f bb~ & C(1)DX, y!
f1/0, to Oregon-R females. This allowed recovery of flies carrying
only R(YL), C(1;YS)1, C(YS)2, or C(1;YL).

Identification of Candidate Y-Linked Genes. Y-linked genes were
sought by two different approaches, described below.

18LASTN Search of Y-Linked Genes in armU. This approach was used in
our previous paper (4), where a more detailed description may be
found. Heterochromatic genes, and Y-linked ones in particular, are
prone to have large introns composed of repetitive sequences that
cannot be sequenced and assembled by WGS (nor by any available
method). On the other hand, their exons and small intervening
introns have a unique sequence and will appear at the end of WGS
as small isolated scaffolds. These small pieces of genes usually
remain undetected by first pass annotation procedures such as gene
prediction programs. However, the coding sequence of the whole
gene can be recovered if we have a good query sequence to use in
a BLAST search. For known genes, we can use cDNA as a query in
a BLASTN search, and for unknown genes, a related protein and
TBLASTN. In both cases, the BLAST hits have a characteristic stag-
gered pattern, resulting from the scattering (in different isolated
scaffolds) of the exons belonging to the same gene (see Figs. 1, 3,
and 4). To identify protein query sequences, we did a TBLASTN
search of each of the roughly 500,000 protein sequences in the
NCBTI’s nr database against a database of the unmapped Drosophila
scaffolds (called “armU” in Celera’s CD-ROM release of the
Drosophila genome). This search was performed with StandAlone-
Blast, whose output was filtered by computer programs tailored for
this purpose (to be published elsewhere). Proteins having hits in two
or more armU scaffolds were then checked for the staggered
pattern. For all such staggered candidates, we tested one or two of
the involved armU scaffolds for Y linkage. Y-linked scaffolds were
then mapped onto the Y chromosome regions by PCR against a set
of Y deletion lines described above. Finally, we closed the gaps
between scaffolds by performing reverse transcription-PCR (RT-
PCR) with primers designed to the putative N and C termini. Note
that this RT-PCR also tests the putative gene for expression. When
necessary, rapid amplification of 3" cDNA ends (3’-RACE) was
used to complete the missing end of the genes.

Testis Expressed Sequence Tags (ESTs). We used Drosophila testis
EST sequences (ref. 13; accession nos. A1944400-A1947263) in a
BLASTN search against the armU database and looked for perfect
matches. The rationale was that a gene expressed in testis (present
in the testis EST library) and heterochromatic (present in armU)
has a good chance of being Y-linked, for testis cDNAs have revealed
many Y-linked genes in humans (14). Promising candidates were
tested for Y linkage and mapped as described above.

Molecular Biology Methods. RNA and DNA extractions, PCR, and
RT-PCR were performed by using standard protocols (see ref. 4 for
details). 3'-R ACE was performed with the 5’ /3'-R ACE kit (Roche
Diagnostics) following the instructions of the manufacturer, using
either testis or whole body total RNA (from Oregon-R males) as
template. Primer sequences are available on request.

Results

The TBLASTN search of 500,000 proteins against the armU database
yielded 18 candidates with a staggered pattern (i.e., at least two hits
in nonoverlapping regions of the protein). For each one, we tested
at least one scaffold for Y linkage and found that four genes are
Y-linked. RT-PCR showed that all of these genes are expressed in
adult males, allowing us to sequence the gaps and find the precise
splice junctions.
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Fig. 1. Y-linked protein phosphatases (Pp7-Y7 and Pp1-Y2 genes). (A) TBLASTN

using a Drosophila PPP1 as the query sequence. (B and C) BLAsTN searches using
cDNA of Pp1-Y1 and Pp1-Y2, respectively, as query sequences. The numbers
above the bars are the abridged accession nos. (AE003043 was abridged to
3043 and so on). The fragments labeled “RT-PCR” had no armU match and
were sequenced de novo.

The testis EST search yielded five candidates, of which one
proved to be Y-linked (testis EST AI946068/armU scaffold
AE003014). Thus, we found five new Y genes, described below.

Protein Phosphatase 1 Catalytic Subunit, Y-Linked Gene 1 (Pp1-Y1).
The armU scaffolds AE002932, AE002921, and AE003043 showed
strong similarity to catalytic subunits of protein phosphatases (Fig.
1A4) and proved to be Y-linked. Given the overlap between
AE002932 and the other two scaffolds, there must be at least two
genes. The mapping confirmed this: AE002932 maps to the kl-5
region, whereas AE002921 and AE(003043 produce a complex
result (described below). RT-PCR using primers located in the
putative coding region of AE(002932 confirmed expression of
Ppl-YI.

The coding region of the AE002932 scaffold presumably contains
the complete N terminus of the protein and finishes abruptly at
amino acid residue no. 199. We obtained the missing C terminus by
3’-RACE; this sequence was not included in the released Drosoph-
ila genome. A neighbor-joining analysis (15) of the complete
protein sequence (306 residues) showed that PpI-Y1 belongs to the
PPP1 subfamily of serine—threonine protein phosphatases (Fig. 2),
a group of enzymes involved in the control of a diversity of
physiological processes, such as cellular divisions, flagellar motility,
and muscle contraction (17). The closest Drosophila homolog seems
to be the autosomal gene PpN58A (58% amino acid identity and
88% similarity; Fig. 2), which suggests that PpI-Y1 originated from
a duplication of PpN58A. Interestingly, this gene is expressed only
in testis, apparently in the nucleus of undifferentiated germ cells
(18). However, several other PPP1 gene family members may also
be the parental gene (e.g., PpD5, with 57% amino acid identity, 84%
similarity). We examined the intron—exon structure, searching for
more clues on the parental gene of PpI-Y1. There is no intron in the
available genomic sequence of PpI-Y1 (residues 1-199), but unfor-
tunately the absence of an intron in this region is shared by most
Drosophila PPP1 members (except for Pp1-96A4 and PpI-9C; see
below), so it is not informative.

Ppl-Y1 probably is not an essential gene, as the formal genetic
data available indicate that the kl-5 region contains only one gene
essential for male fertility (the B8 dynein k/-5).

Protein Phosphatase 1 Catalytic Subunit, Y-Linked Gene 2 (Pp1-Y2).
Both AE002921 and AE003043 produce PCR bands with all
single-deletion Y lines (kI-5, kI-37, etc.), which indicates that the
original Y chromosome used to construct them (BS Y y*) contains
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Fig. 2. Phylogeny of the Drosophila serine-threonine protein phosphatase-
catalytic subunits (neighbor-joining with Poisson correction and complete
deletion; interior branch test for 1,000 replicates; ref. 15). The subfamilies are
indicated in the figure. Chlam Pp1is the Chlamydomonas protein phosphatase
that controls flagellar beating (ref. 16; AAD38856). The bar indicates the
number of amino acid substitutions per site.

more than one copy of the gene. We determined the location of the
copies by performing PCR with flies containing Y chromosomes
deleted for several regions. In particular, females from the V24
strain carry the XPY? element and possess only the k-5 region,
whereas V8 females carry the YPXP element and possess only the
ks-2 region (2). Both were PCR-positive for AE002921 and
AE003043 scaffolds, and thus there must be one copy in k-5 and
one copy in ks-2. This duplication may be present on all Y
chromosomes, or it may be an artifact induced during construction
of BS Y y*. In support of the second hypothesis, the y* marker was
originally present in the long arm of the Y chromosome (Y") and
somehow transferred to the short arm (YS; ref. 9). This exchange
could have carried some Y sequences (including PpI-Y2) with it.
To resolve this ambiguity, we examined two pairs of independently
obtained Y and YS elements (see Material and Methods), and we
found that PpI-Y2 scaffolds are present on R(YL) and C(1;YL) but
not on C(1;YS)1 and C(YS)2. Thus, PpI-Y2 is located in YL, most
likely at its very tip.

RT-PCR produced a fragment of the expected size, whose
identity was confirmed by sequencing. There is a gap of 45 bp
between AE003043 and AE002921. Genomic PCR crossed this gap
and showed that there is no intron in this region of the gene. Except
for the gap, the AE003043 and AE002921 scaffolds contain the
complete coding sequence of Ppl-Y2; in the expected positions
(inferred from the alignment with other PPP1), there is a methi-
onine start codon in AE003043 and a stop codon in AE002921.

A neighbor-joining analysis of the protein sequence (309 resi-
dues) showed that PpI-Y2 belongs to the PPP1 subfamily (Fig. 2),
being closely related to PpI-96A4, Pp1-87B, Pp1-9C, and Pp1-13C.
Among them, only PpI-87B and PpI-13C are devoid of introns in
the coding region (as PpI-Y2). Sequence data suggest that PpI-Y2
is more closely related to PpI-87B (71% identity, 90% similarity;
the corresponding values for PpI-13C are 70% and 90%). Pp1-87B
mutants have impaired chromatin condensation, neurogenesis,
oogenesis, and adult behavior. As judged by its EST hits, Pp/-87B
is expressed in embryo, ovary, head, larval-early pupae, and,
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Table 1. Intron-exon structure of CG6059 and Occludin-related Y

CG6059 introns ORY introns

Position Position (relative to CG6059) Flanking exons

172 ?~180 ? missing N end/AE003328
378 378 AE003328/AE003328
484 484 AE003328/AE002695
— 544 AE002695/AE002654
— 758 AE002654/AE002654
— 804 AE002654/AE003352

interestingly, testis. Both sequence similarity and intron—exon struc-
ture suggest that PpI-87B is the parental gene of Ppl-Y2, but the
evidence is weak (all four PPP1 family members mentioned above
are good candidates) because of the strong conservation of PPP1
and because intron—exon structure is not perfectly conserved
between the Y-linked genes and their parent genes (e.g., Table 1).

Ppl-Y2 and Ppl-Y1 have 57% identity (85% similarity) at the
amino acid level. The statistically significant node marked with an
arrow in Fig. 2 does not include PpI-Y7 and hence essentially rules
out the possibility that they originated from a duplication after the
translocation to the Y chromosome.

Protein Phosphatase 1 Regulatory Subunit (PPr-Y). A TBLASTN search,
using the autosomal gene CG13125 as the query, showed a clear
staggered pattern with the armU scaffolds AE003045-AE003065-
2ap-AE002926-AE003384-AE002957 (Fig. 34). RT-PCR using
3045-forward and 2957-reverse primers amplified a 1-kb fragment
instead of the predicted 1.5 kb (predicted size is based on the
CG13125 protein). Sequencing demonstrates that this RT-PCR
product skips the AE002926 scaffold and that the gap (Fig. 34) is
real, corresponding to a whole exon missing in armU. As AE002926
is also Y linked, we thought that it may be present in a rarer splicing
variant. We investigated this possibility with two RT-PCR reactions
by using the following primers: (i) 3045-forward—2926-reverse,
which produced a fragment with the expected size (1.1 kb). Se-
quencing confirmed the structure 3045-3065-gap-2926; and (if)
2926-forward-2957-reverse, which produced a fragment of the
expected size (900 bp). Sequencing confirmed the structure
AE002926-AE003384-AE002957. Thus, it is likely that there are
two splice variants of this gene: a rare one encompassing the
scaffolds AE003045-AE003065-gap-AE002926-AE003384-
AE(002957 and a major variant, which skips the AE002926 se-
quence. There are methionine and stop codons at the expected
positions in the AE003045 and AE002957 scaffolds, so the PPr-Y
sequence is complete. It has 57% identity (75% similarity) with
CGI3125.

A
CG13125 protein
T —— ——
0 100 200 300 400 500
3045 3083 2928 3384 ﬂ
B
PPr-Y cDNA
LA L | T T LI l L t v
0 250 500 750 1000 1250 1500
3045 3065 RT-PCR 2926 33284 2957
Fig. 3. PPr-Y gene. (A) t8LasTn using CG713725 gene product as the query

sequence. (B) BLasTN using the cDNA of the long splice variant of PPr-Y as the
query sequence.
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Fig. 4. ORY gene. (A) t8LASTN using CG6059 gene product as the query

sequence. (B) BLAsTN using the cDNA of ORY as the query sequence.

Sequencing of the RT-PCR products showed that the shared
exons are identically spliced in both variants. However, omission of
the AE002926 exon generates a stop codon in the junction gap
AE(003384. This region was sequenced with two different primers
four times for each strand, so an error is unlikely. Thus, the common
splice variant encodes a much shorter protein (223 residues),
corresponding to the exons encoded by AE003045, AE003065, and
the gap, whereas the rarer form encodes a protein of 569 residues
(nearly the same size of CG13125, 557 residues).

BLASTP showed that PPr-Y is similar to the Sds22p gene of
Saccharomyces cerevisiae (NP_012728) and other regulatory sub-
units of protein phosphatases of the PPP1 subfamily. These proteins
associate with the catalytic PPP1 subunits and regulate their activity
by targeting them to a specific intracellular location, determining
the substrate specificity and modulating the enzymatic activity (19).
A search for protein domains with CDD (http://www.ncbi.nlm.
nih.gov/Structure /cdd/wrpsb.cgi) did not yield a single hit for the
whole PPr-Y protein, whereas InterPro (http://www.ebi.ac.uk/
interpro/scan.html) found five leucine-rich repeats, of which four
are present in the short PPr-Y. Thus, PPr-Y belongs to the leucine-
rich repeat superfamily. The consensus of leucine-rich repeats from
PPr-Y (LxxLxNLxxLxLxxNXIEXIEN) shows that it is a member of
the Sds22-like subfamily (20, 21), a group that includes the Sds22p
gene of S. cerevisiae (which is involved in cell cycle control; ref. 19)
and the dynein light chain 1 of Chlamydomonas (AAD41040), a
flagellar component thought to be involved in the control of beating
(21). The similarity of PPr-Y with Sds22p and dynein light chain 1
(36% and 35% identity in the aligned region, respectively) is
restricted to the residues encoded by the AE003065 exon and the
gap (=130 residues), whereas the remainder of the protein does not
show significant homology to any known protein. The significance
of the alternative splicing of PPr-Y remains to be determined. The
shorter splice variant probably is functional because the premature
stop codon is located exactly after the Sds22p homologous region
of PPr-Y. On the other hand, the conservation of the C-terminal
exons (AE002926, AE003384, AE(002957) between PPr-Y and
CG13125 strongly suggest that they too are functional.

The AE003045 scaffold maps to the kl-2 region, whereas
AE(002957 maps to kI-1. This shows that PPr-Y is not essential for
male fertility because the gene is interrupted in the fertile E15
Kennison line (2).

Occludin-Related Y (ORY). The armU scaffolds AE003328 and
AE(002654 seem to encode a protein similar to the autosomal gene
CG6059 (Fig. 44). RT-PCR using 3328-forward and 2654-reverse
primers produced a product with the expected size, confirming that
both scaffolds are part of the same gene. We sequenced this
RT-PCR product and found the structure AE003328-gap-
AE002695-AE002654. Scaffold AE002695 also belongs to armU,
and its homology with CG6059 was not detected by our initial
TBLASTN search. The same is true of AE003352, which was detected
by 3’-RACE and encodes the C terminus exon. The 49-bp gap
between AE003328 and AE002695 was caused by incompleteness
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of the AE003328 scaffold. Besides the presumably very large introns
between the armU scaffolds, there is a short intron (55 bp) in
AE003328 and another one (54 bp) in AE002654. The positions of
the second and third introns are identical in relation to CG6059
(Table 1). Similarity between the AE003328 scaffold and the
CG6059 protein starts at residue 180, which is close to the exon
1-exon 2 boundary of CG6059. Thus, it seems that the N terminus
exon of ORY is missing, but we identified most of the gene (CG6059
has 884 residues, and the available sequence of ORY has 734). The
similarity in intron—exon structure (Table 1) and sequence (31%
identity, 54% similarity) strongly suggests that ORY originated from
CG6059.

Regarding the function of ORY, both AE003328 and AE002654
map to the ks-I region, so this gene may correspond to the ks-1
fertility factor. Most of the sequence of ORY and CG6059 is
occupied by coiled-coils motifs (detected with the COILS program;
http://www.ch.embnet.org/software/COILS_form.html; ref. 22).
This explains their BLASTP hits with widely different proteins
known to contain coiled-coils motifs, such as myosin heavy chain,
early endosome antigen 1, etc., and implies that these hits do not
indicate orthology. Coiled-coils constitute a ubiquitous protein-
folding motif responsible for protein—protein associations (22).
BLAST detected a very significant a similarity (42% identity, 66%
similarity) of ORY and CG6059 to a fragment of a human protein
(CAC16042), and to a lesser extent to sea-urchin ESTs (BG787439
and BG787478, both from mesenchymal cells) and to mouse ESTs
(AA607756 and AI594587, both from skin); in these cases, simi-
larity goes beyond the coiled-coils regions. Progress in the identi-
fication of these proteins may shed light on the function of ORY.
Hardy et al. (23) described the cytological defects of males deficient
for each Y chromosome region (ki-1, kI-2, etc.). This work might
provide an alternative way to ascertain the function of ORY (say, if
ks-1~ males have defective endosomes). Unfortunately, these au-
thors concluded that the syndromes described for deficiencies of the
ks-1 region “are the indirect consequences of earlier lesions, which
we have failed to identify.” Finally, a possible hint regarding the
function of ORY is given by CDD, which indicated a weak similarity
between CG6059 and occludin/ELL domain. Occludin is a mem-
brane protein essential for male fertility in mice (24). The expres-
sion pattern of occludin and CG6059 are also similar: the mam-
malian gene is known to be highly expressed in the testis, kidney,
lung, liver, and brain, whereas CG6059 is expressed, probably at a
high level, in testis and head (a BLASTN search of CG6059 mRNA
against Drosophila EST gave 23 matches, all in head and testis
libraries). Thus, we tentatively suggest that CG6059 is a homolog of
occludin and that ORY has a similar function.

Coiled-Coils Y (CCY). The only gene identified with the scan of testis
ESTs, armU scaffold AE003014, has a nearly perfect match with
the testis ESTs AI946068 and BE978207. AE003014 contains a
short fragment of the gene; 3'-RACE yielded additional 2.2 kb of
sequence (including the stop codon), all of which are missing in
armU. The N terminus is still missing. PCR mapping places
AEQ003014 in the ks-2 region, and thus CCY may correspond to the
ks-2 fertility factor. Unfortunately, the phenotype of ks-2~ males
(“misalignment of the axoneme with respect to the furrow sepa-
rating the two halves of the nebenkern”; ref. 23) is not very
informative.

CDD and InterPro did not detect any domain in the available
sequence of CCY (939 residues), whereas BLAST detected similarity
with coiled-coils proteins in the same region (residues 80-250)
where the COILS program (22) found coiled-coils. In contrast to all
other Y-linked genes, no clear Drosophila homolog could be found
among described proteins, with all hits being weak and restricted to
the ubiquitous coiled-coils motif. It is possible that the CCY
parental gene might have escaped annotation, but a TBLASTN search
of CCY against the entire Drosophila genome again failed to detect
a convincing candidate. Thus, CCY diverged too much from its
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parental gene, or the parental gene degenerated after the dupli-
cation and no longer exists in the Drosophila genome, or the
parental gene lies in a gap of sequence, for even the euchromatic
portion of the genome is not yet completely seamless (12). Full
sequencing of CCY may shed light on its origin and function; its
singularity makes it especially interesting.

Discussion

In this article, we describe five new genes in the Y chromosome of
Drosophila melanogaster, raising the number of identified single-
copy genes on this chromosome to nine. Among the four previously
identified genes (kil-2, k-3, kI-5, and PRY), three encode dynein
heavy chains (4, 5), whereas among the five new genes, three encode
serine—threonine protein phosphatases. Our new results reinforce
the notion that the gene content of the Drosophila Y shows unusual
functional specialization. The precise function of these new genes
remains to be determined; knowledge of their molecular identity is
the first step toward this goal. With the completion of the first draft
sequence of the human genome, and ongoing sequencing projects
of mouse and other mammals, there is a void of computational
methods tailored to detect heterochromatic genes in WGS projects.
The staggered TBLASTN method we developed is a step in this
direction, and the Drosophila armU sequences provide an ideal
pilot experiment.

Function of the Y Genes and Their Correspondence with the Fertility
Factors. Six fertility genes were detected on the Y chromosome by
formal genetics (1, 2), whereas molecular studies identified nine
single-copy genes (refs. 4 and 5 and this study). Knowledge of the
correspondence between the genes defined by these two types of
evidence is still incomplete. The best known cases are kl-2, kl-3, and
kl-5, where the cytological, biochemical, and molecular data are
coherent and clear: mutants for these genes lack a cellular structure
(outer arm of the sperm tail axoneme) known to contain the motor
protein dynein heavy chain (23); the mutants also lack proteins with
the same molecular weight as dynein heavy chains (25); and finally,
molecular studies detected ORFs encoding axonemal dynein heavy
chains in the regions of the Y chromosome known to contain the
fertility factors kl-2, kI-3, and k-5 (4, 5). Furthermore, axonemal
dynein heavy chains have only one function, the beating of cilia and
flagella (26). This situation contrasts with the other Y-linked genes.
ORY and CCY map, respectively, to the ks-I and ks-2 regions and
thus may correspond to these fertility factors. ORY may be related
to occludin, whereas the function of CCY is entirely mysterious.
Unfortunately, the ks-1 and ks-2 fertility factors do not have an
informative mutant phenotype. Thus, the attribution of function to
ORY and CCY is at best tentative. In the cases of Pp1-YI, PpI-Y2,
and PPr-Y, mapping experiments revealed that they do not corre-
spond to any fertility factor. We know their basic function: Pp1-Y1
and PpI-Y2 encode catalytic subunits of serine—threonine protein
phosphatases (PPP1 subfamily), and PPr-Y encodes a regulatory
subunit. PPP1 phosphatases control a multitude of cellular pro-
cesses such as flagellar beating, cell-cycle progression, and glycogen
metabolism, and given the ambiguity of the sequence similarity
evidence, all are possible functions of the Y-linked PPP1. It is quite
possible that they are involved in the control of flagellar beating, for
Pp1-Y1 and Ppl-Y2 are similar to the Chlamydomonas PPP1 that
performs this function (ref. 16; Fig. 2), and PPr-Y is similar to a
dynein light chain that is a component of the Chlamydomonas
flagella (21). None of the three genes seems to be essential for male
fertility, possibly because their function can be partially rescued by
their autosomal parents. Intriguingly, the male germ-line of Cae-
norhabditis elegans was found to specifically express a large number
of protein kinases and phosphatases (27). As occurs with the
protein phosphatases, the PRY gene (4) could not be one of the
fertility factors. Its parental gene (DS07721.6; AAF44887) contains
an REJ domain, which is present in a protein of the sea urchin
sperm (AABO08448). This protein recognizes the egg jelly and
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participates in egg-sperm fusion (28). Thus, it is possible that
DS07721.6 and PRY are involved in egg-sperm recognition. Finally,
none of the nine molecularly defined genes can correspond to kl-1,
which probably remains to be found amidst the 631 scaffolds (4 Mb)
that comprise armU.

How Many Y Genes Are There? We made an exhaustive search with
the TBLASTN method and tested all candidates that showed stag-
gered hits. This method may fail to detect all Y-linked genes
because it is likely that some Y genes are encompassed by a single
armU scaffold, and as of yet, none of the 109 single-hit proteins (i.e.,
aprotein that has significant similarity with only one armU scaffold)
has been tested for Y linkage. CCY'is an example of a Y-linked gene
that was not detected by the TBLASTN method, and PpI-Y1 was only
detected because of Ppl-Y2 (Fig. 1A4). Furthermore, we used a
rather high stringency in TBLASTN (e = 0.001) to avoid false
positives, and the armU database itself is incomplete. Regarding the
testis EST approach, at the time we performed the searches there
were ~2,900 EST sequences, and now there are 28,000. So it is not
unlikely that an additional 10 Y-linked genes remain to be found.

Drosophila Y Chromosome Evolution. A striking feature of almost all
single-copy Y-linked genes is that their closest homologs are
autosomal, rather than X-linked (the exception is CCY, devoid of
any clear homolog). PRY, ORY, and PPr-Y do not have even weakly
similar genes on the X chromosome, whereas kI-2, kI-3, kI-5, Pp1-Y1,
and Ppl-Y2 (which belong to large, well conserved gene families)
do have similar genes on the X, but an even closer homolog on the
autosomes. A second feature of these genes is their exceptional
functional coherence. These two features strongly suggest that these
genes were not present in the hypothetical chromosome pair that
gave rise to the X and Y. Instead, the most likely explanation is that
they were acquired from the autosomes and are retained because
they confer a specific fitness advantage to their carriers (4). Thus,
we can delineate the following scenario. Step 1: Mutant Y chro-
mosomes carrying autosomal (or X-linked) genes sporadically arise
through translocation, transposition, etc. Step 2: Most of these
mutant Y chromosomes are lost or the translocated gene degen-
erates, whereas a few of them confer some advantage to their
carriers, spread, and became fixed. The mst77F pseudogene (29)
seems to be an example of a gene translocated to the Y that
degenerated. Step 3: As the Y genes are duplicates of autosomal
genes and are localized on a male-specific region of the genome,
they are free to evolve and suffer natural selection only for male
fitness. Thus, it is probable that the sequence divergence between
the Y genes and their parent genes is at least partly adaptive and
that the Y copies are “fine-tuned” for male fitness. Step 4: Shortly
after their origin, the Y copies would not be essential, although
some may have increased male fitness (as still seems to be the case
of PPr-Y, Ppl-Y1, Ppl-Y2, and PRY). But at some point, some of
these Y genes became essential for male physiology (as is the case
of the fertility factors). (5) The cycle may start again with a new
translocation; each cycle would contribute one gene for the present-
day Y-linked genome.

This scenario raises many questions and has two important
consequences. Regarding the mechanism that originates the mu-
tants (step 1), most of the Y genes have introns, some of which are
conserved in relation to the parental gene (e.g., Table 1). Thus, at
least some of the genes originated from genomic DNA rather than
from reverse transcription of mRNA. The genic content of chro-
mosome Y is far from being a random sample of the whole genome,
so step 2 has an underlying logic and mechanism. For example, a
female-specific gene inserted in the Y is expected to be lost because
the inserted sequence will be at most neutral, and will degenerate
even if fixed by drift. House-keeping genes would behave like a
normal duplication and, in principle, could confer some advantage
and be retained. However, examination of the nine Y-linked genes
suggests that none of them has general, house-keeping functions.
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Table 2. Evidence for male-related function of the autosomal paralogs of the Y-linked genes

Parental gene

Y gene Name Location Evidence for male-related function

kl-2 CG9068 2R Axonemal dyneins are a component of sperm flagella
kl-3 CG9492 3R Idem

kl-5 Dhc 93AB 3R Idem

PRY DS07721.6 2L Contain receptor of egg jelly (REJ) domain

ORY CG6059 3R Contain Occludin domain; testis expressed (EST)

ccy None found — —

Pp1-Y1 PpN58A 2R Testis-restricted expression (ref. 17)

Pp1-Y2 ? Pp1-87B 3R Testis expressed (EST)

PPr-Y CG13125 2L Testis expressed (data not shown)

Instead, most, if not all, of the Y genes have a male-related function.
A possible explanation for this pattern was proposed by Fisher, who
noted that the Y chromosome is expected to accumulate male-
related genes because male—female antagonistic effects of genes
may hamper the evolution of male-related traits, unless they are
located in a male-specific region of the genome (30, 31). In addition,
Y-linked copies of the autosomal genes are hemizygous, and the
spread of beneficial mutations cannot be retarded by recessive
masking. Both factors may confer an advantage to the mutated Y
chromosomes, and we do not know their relative importance.
Release from dominance would occur also with a house-keeping
gene translocated to the Y; the apparent absence of these genes in
the Y chromosome suggests that escape from male—female antag-
onistic effects of genes is the main advantage of Y translocated
genes.

Steps 3 and 4 dealt with the origin of male-relatedness of the Y
genes, i.e., were their parents already male-related, or did the
specialization evolve after transposition to the Y? Table 2 suggests
that most of the parental genes were already male-related. That this
path is not obligatory is shown by the X-linked Sdic gene of D.
melanogaster, which arose from a duplication and fusion of two
genes. Sdic encodes an axonemal dynein intermediate chain that is
expressed in testis, but neither of the parent genes is male
related; male-specific regulatory and structural motifs were
created de novo (32).

There are two important consequences of the above scenario.
First, the evolutionary history of the Y chromosome would be
shaped by selective sweeps; the accretion of each new Y-linked gene
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is accompanied by fixation of a single Y chromosome (and there
may be additional sweeps caused by the fine-tuning of the genes to
male fitness). These selective sweeps span the entire chromosome
(there is no recombination in the Y) and may help to explain the
low nucleotide diversity of the Drosophila Y chromosome (33, 34).
Second, the genic content of the Y chromosome would be fluid and
may differ among Drosophilid species.

In contrast with the usual eukaryotic chromosomes, the Dro-
sophila Y contains a coherent set of genes, being an assemblage of
male-related genes collected from the whole genome. The molec-
ular identification of the Y-linked genes is revealing the underlying
logic of the process of gene recruitment. The presence of three
axonemal motor proteins shows that sperm motility, possibly via
sperm competition, is at premium for male fitness (4). The presence
of three protein phosphatases is an intriguing finding whose mean-
ing remains to be elucidated. Further progress in the identification
of Y genes, coupled with analysis of DNA sequence variation and
interspecific divergence, is bound to reveal much about the evolu-
tionary forces at play on the Drosophila Y chromosome.
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