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White campion (Silene latifolia) is one of the few examples of plants with separate sexes and with X and Y sex
chromosomes. The presence or absence of the Y chromosome determines which type of reproductive organs—male
or female—will develop. Recently, we characterized the first active gene located on a plant Y chromosome, SlY1,
and its X-linked homolog, SlX1. These genes encode WD-repeat proteins likely to be involved in cell proliferation.
Here, we report the characterization of a novel Y-linked gene, SlY4, which also has a homolog on the X chromosome,
SlX4. Both SlY4 and SlX4 potentially encode fructose-2,6-bisphosphatases. A comparative molecular analysis of the
two sex-linked loci (SlY1/SlX1 and SlY4/SlX4) suggests selective constraint on both X- and Y-linked genes and thus
that both X- and Y-linked copies are functional. Divergence between SlY4 and SlX4 is much greater than that
between the SlY1 and SlX1 genes. These results suggest that, as for human XY-linked genes, the sex-linked plant
loci ceased recombining at different times and reveal distinct events in the evolutionary history of the sex
chromosomes.

Introduction

Sex determination is a key question in develop-
mental biology. In animals, particularly mammals, ex-
tensive molecular genetics studies have characterized
regulatory pathways controlling male and female devel-
opment and led to the elaboration of theories for the
evolution of sex chromosomes (Charlesworth 1991; El-
lis 1998; Lahn and Page 1999; Mitchell 2000). Flow-
ering plants are generally hermaphroditic, but in dioe-
cious and monoecious (unisexual) species, reproductive
organ development involves sex determination mecha-
nisms (Ainsworth, Parker, and Buchanan-Wollaston
1998). In white campion (Silene latifolia), the sex de-
termination system appears to be similar to the XY sys-
tem found in mammals: male heterogamety with a dom-
inant Y and a pseudoautosomal region (Westergaard
1958). At very early stages, the flowers of white cam-
pion contain both male and female primordia. Then, in
flowers of a given sex, the reproductive organs of the
opposite sex stop developing, depending on the presence
or absence of the Y chromosome (Westergaard 1958;
Lardon et al. 1999).

Sex chromosomes are believed to be evolutionarily
derived from a pair of ordinary autosomes (Bull 1983;
Ellis 1998). It is presumed that sex was initially genet-
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ically determined by a system in which the male was
heterozygous at two loci. Classical cytogenetic and ge-
netic work showed that at least two sex-determining fac-
tors (female inhibition and male activation) are indeed
involved in white campion (Westergaard 1958; Farbos
et al. 1999; Lardon et al. 1999). Subsequent to this ini-
tial stage, meiotic recombination between the proto-sex
chromosomes (or parts of them) was suppressed. Thus,
the Y chromosome of many species, including S. lati-
folia, in which pairing is confined to a terminal region
(Farbos et al. 1999), differs from other chromosomes in
that it does not recombine along the majority of its
length, in addition to its being present only in the male
sex in a permanent haploid condition.

Arrest of X-Y recombination appears to be the crit-
ical event in the evolution of sex chromosomes and is
expected to lead to subsequent genetic events, including
degeneration of Y-linked loci (Charlesworth 1996;
Mitchell 2000) and dosage compensation, for which
there is some evidence in plants (Vyskot et al. 1993;
Siroky et al. 1994; Siroky, Castiglione, and Vyskot
1998). In the much better studied human Y chromo-
some, Lahn and Page (1999) analyzed 19 genes with
homologs on both the X and the Y chromosomes and
estimated their divergence times from nucleotide diver-
gence values at silent sites. They proposed that human
Y chromosome evolution involved four inversions, each
separately suppressing X-Y recombination without dis-
turbing the gene order on the X chromosome. These
events are estimated to have spanned a timescale of
240–300 Myr.

In addition to the sex-determining gene SRY, three
groups of genes have been identified in the nonrecom-
bining region of the human Y chromosome (Delbridge
and Graves 1999; Lahn and Page 1999). One group con-
tains genes shared between the X and Y chromosomes.
This group includes housekeeping genes that are ubiq-
uitously expressed and escape X-inactivation (both X
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and Y copies are expressed and thus produce two doses
of the corresponding gene product). The other two
groups, however, differ between the X and Y chromo-
somes. One category contains testis-specific genes with
widespread expression of the X-linked homolog (dosage
compensation of the X copy allows the Y copy to ac-
quire male-enhancing functions). The final category
contains testis-specific multicopy genes with no homo-
logs on the X chromosome (these are thought to have
originated through retrotransposition from autosomes).
These categories reflect the diminishing contribution of
Y-chromosomal alleles to various developmental pro-
cesses (Mitchell 2000).

In white campion, sexual dimorphism and its con-
trol by an XY sex chromosome system probably evolved
relatively recently, as other species in the genus are her-
maphroditic or gynodioecious (Desfeux et al. 1996).
Based on sequence divergence for the internal tran-
scribed spacer (ITS) sequences of ribosomal DNA (Des-
feux et al. 1996), using accepted rates of silent site sub-
stitutions in plants (Gaut 1998), we estimate that in the
genus Silene, the sex chromosomes probably evolved
about 20 MYA. Plant sex chromosomes therefore rep-
resent a unique opportunity to study early steps of sex
chromosome evolution. For such work, it is clear that
molecular characterization of sex-linked loci is required.
We have therefore started a search for sex-linked loci in
S. latifolia. The first Y-linked gene described, SlY1 (De-
lichère et al. 1999), has a very similar X-chromosomal
copy, and molecular evolutionary studies of these loci
suggest reduction of the Y-chromosome effective pop-
ulation size, showing that some selective processes must
affect this plant Y chromosome (Filatov et al. 2000).

In this paper, we describe the characterization of a
novel Y-linked gene from S. latifolia, SlY4. Like SlY1
(Delichère et al. 1999), SlY4 also has a homolog on the
X chromosome, SlX4. SlY4 and SlX4 are both expressed
in all of the tissues tested and are predicted to encode
fructose-2,6-bisphosphatases, the sequences of which
are reported for the first time in plants. SlY4/SlX4 and
SlY1/SlX1 are the first reported active genes located on
plant sex chromosomes. Both the Y-linked genes were
isolated from a cDNA library, and their expression was
detected in several tissues. In addition, analysis of the
rates of synonymous substitutions (Ks) and nonsynony-
mous substitutions (Ka) for each pair of sex-linked loci
revealed selective constraints, suggesting that they en-
code functional proteins. Furthermore, this analysis in-
dicates that the two loci characterize Y-chromosome re-
gions that have ceased recombining at different times
during the evolution of sex chromosomes.

Materials and Methods
Plant Material

The plants used for this study were as described in
Delichère et al. (1999). The developmental stages of the
flowers used for RNA extraction were defined according
to Farbos et al. (1997). Male flowers at stage 1 (,1 mm
long) contain floral meristems to anthers at the tetralobal
stage. Male flowers at stage 2 (1–2.5 mm long) contain

anthers before and during meiosis. Female flowers at
stage 1 (,1 mm long) contain floral meristems to gy-
noecium with five distinct locules. Female flowers at
stage 2 (1–2.5 mm long) contain carpels with differen-
tiated tissues and vascularization established.

Screening of cDNA and Genomic Libraries

The screening of the cDNA library of male flowers
at premeiotic and meiotic stages with the Y-derived
probe was as described by Delichère et al. (1999). The
genomic library of male plants (a kind gift from P. Gil-
martin) was constructed into Lambda FIX II (Stratage-
ne). One million plaques were transferred onto Hybond
N1 nylon membranes (Amersham) and were hybridized
with the two cDNAs, SlY1 and SlY4. DNA was extracted
from the phages containing inserts hybridizing to the
probes, and restriction fragments were subcloned into
pBluescript plasmid (Stratagene).

Genomic Southern Blot Analysis and Northern Blot
Analysis

Genomic Southern blot analysis and Northern blot
analysis protocols were as described by Delichère et al.
(1999).

PCR

Rapid amplification of cDNA ends (RACE)-PCR
and reverse-transcribed (RT)-PCR were as described by
Delichère et al. (1999). For RACE-PCR, the primers
95S1 (CCACTGGGAAGGTTGCCCTCGTTCT) and
95S3 (CCGAAGCTCCATTAGCGAACCGAATAC)
were used for the 39 amplification, and the primer
95AS4 (GACGTCGGCTCCTACGGACAGTT) was
used for the 59 amplification. The gene-specific primers
used for both RT-PCR and PCR from genomic DNA for
SlY4 were CAACCTGACTTCTCCGCTCCTTCTGG
and CAACATGAGCTCCTCGTGAGCACGGCG, and
those for SlX4 were CCACTGGGAAGGTTGCCCTC
GTTCT and CCGAAGACAGTAAACCGTCAACCCA
ACC. For the SlY4-specific set of primers, the conditions
were as follows: 3 3 (30 s at 958C, 30 s at 658C, 2 min
at 728C); 3 3 (30 s at 958C, 30 s at 628C, 2 min at
728C); 27 3 (30 s at 958C, 30 s at 598C, 2 min at 728C).
For the SlX4-specific set of primers, the conditions were
as follows: 3 3 (30 s at 958C, 30 s at 688C, 2 min at
728C); 3 3 (30 s at 958C, 30 s at 658C, 2 min at 728C);
27 3 (30 s at 958C, 30 s at 628C, 2 min at 728C).

Cloning and Sequencing

Cloning and sequencing were done as described by
Delichère et al. (1999).

Sequence Comparisons

Sequence data were initially analyzed using
BLAST and BESTFIT (GCG7.3 version) using the blos-
um62.cmp matrix. Multiple protein sequence alignments
were performed using the program MEGALIGN
(DNASTAR). To assess amino acid sequence conser-
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FIG. 1.—Segregation analysis of a male-specific fragment and
characterization of SlY4 and SlX4. Genomic DNA isolated from two
parent plants (male and female) and from their male (males 1–4) and
female (females 1–4) progeny was restricted by HindIII and analyzed
by Southern blot. Genomic DNA was hybridized with the cDNA insert
obtained through screening with the Y-derived probe. The sizes of the
fragments which hybridize to the probe are indicated. According to
their segregation behavior, the identities of these different fragments
are indicated. The 8-kb fragment which segregates with the male sex
is labeled with a Y (left). The other two fragments (3.5 and 2.3 kb,
respectively) correspond to two allelic forms of the X-linked gene, as
two alleles are present in the females and only one is present in the
males. These fragments are therefore labeled Xa and Xb (left).

vation, Ka and Ks values were calculated with the
MEGA program (Kumar et al. 2000) using P-distances
(the proportion of sites at which the two sequences com-
pared are different, without correction for transition-vs.-
transversion bias in substitutions). No correction was
made for multiple substitutions at the same site, which
is conservative for our purposes, as it underestimates
silent substitutions between highly diverged sequences
and therefore underestimates the degree of conservation
of amino acids (Li 1997). For Silene conica, portions of
the genes orthologous to SlX4/SlY4 and SlX1/SlY1 were
sequenced from genomic DNA and analyzed after re-
moval of intron sequences. In both cases, the PCR prod-
ucts were single sequences, suggesting that only one ho-
molog of both genes is present in the S. conica genome.

Results
Identification of SlY4 and SlX4 and Deletion Mapping

Screening of a male flower cDNA library with a
microdissected Y-chromosome–derived probe (Delich-
ère et al. 1999) resulted in the identification of five
cDNA clones showing sex-linked polymorphism. A first
clone that yielded the SlX1 and SlY1 genes was reported
previously (Delichère et al. 1999). In this paper, we de-
scribe the characterization of a new clone which was
shown to be sex-linked by Southern blot analysis on a
segregating population. HindIII-restricted DNAs from
two parents and 28 progeny plants (14 males and 14
females) were tested. The results obtained for 10 rep-
resentative plants are shown in figure 1. An 8-kb frag-
ment was always detected in male plants but was never
detected in female plants, demonstrating that it carries
a Y-linked gene. Following the same nomenclature used
for the first gene, we named this fragment SlY4. Two
additional restriction fragments, of 3.5 and 2.3 kb, were
detected, as shown in figure 1. They exhibited the ex-
pected pattern for an X-linked polymorphism (two al-
leles in females but only one in males). We thus con-
clude that the 3.5- and 2.3-kb fragments correspond to
two allelic forms of the X-linked gene homologous to
SlY4 (which we denote SlX4). Genomic Southern blot
analysis showed that SlY4 and SlX4 were the only genes
in the S. latifolia genome that hybridize to this cDNA.

As for SlY1 (Delichère et al. 1999), genomic South-
ern blot analysis revealed no deletion of SlY4 in our Y
deletion mutants, which covered 90% of the p-arm (Far-
bos et al. 1999; Lardon et al. 1999) and 30% of the q-
arm (data not shown). Since the p-arm nondeleted por-
tion essentially contains the pericentric heterochromatic
domain (Farbos et al. 1999; Lardon et al. 1999), it seems
unlikely that the two genes are located on the p-arm. In
addition, population genetics analyses have revealed that
both Y-linked genes never recombine with their X-ho-
mologs, indicating they are not in the pseudoautosomal
region (PAR). As a consequence, they probably localize
somewhere along the q-arm of the Y chromosome out-
side the PAR and outside the 30% deleted in our dele-
tion mutants. Interestingly, deletions in the q-arm cause
various types of male sterility, indicating that several
active genes controlling anther development and pollen

fertility are located there. The recent identification of a
spontaneous male sterile plant in which SlY4 is appar-
ently deleted (unpublished data) is consistent with this
gene being in the q-arm.

Analysis of SlY4 and SlX4 Transcripts

In order to identify complete cDNAs for both SlY4
and SlX4, we performed RACE-PCR and RT-PCR ex-
periments. The longest cDNA obtained was 1,713 bp
(excluding the polyA tail). Given the estimated size of
about 1,750 bases from Northern blot analysis shown in
figure 2A, we believe that this transcript is nearly or
entirely complete. Consistent with this view, the 59 re-
gion of the cDNA contains stop codons and is rich in
CT motifs (9.8% in the 194 bp of the putative 59 un-
translated region vs. 4% in the open reading frame), as
previously observed in 59 untranslated regions of other
cDNAs from S. latifolia (unpublished data). These data
suggest that our cDNA contains a complete open read-
ing frame.

Two types of homologous transcripts were isolated
from male flower buds. PCR primers specific for each
of them were designed and used for amplification from
genomic DNA from male and female plants. The results
are shown in figure 2B. As expected, one pair of primers
amplified a fragment with DNA from male plants only,
whereas the other one amplified a fragment from both
male and female plants. This allowed the identification
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FIG. 2.—Expression of SlY4 and SlX4. A, Northern blot analysis.
Flower development stages are as described in Materials and Methods.
Fifteen micrograms of total RNA from different tissues of male or
female plants were loaded in each lane: Fb1 and Fb2 5 flower buds
at stages 1 and 2, respectively; L 5 leaves; sh 5 shoot; st 5 stem; se
5 seedlings (mixture of males and females). The RNAs were hybrid-
ized with the initial cDNA (corresponding to SlY4), as for the Southern
blot analysis in figure 1. On the right, the sizes of the transcripts are
indicated in bases. B, SlY4- and SlX4-specific primers (see Materials
and Methods) were used in PCR experiments with genomic DNA from
male and female plants. C, RT-PCR analysis. Total RNA from the same
tissues in A were used as template for reverse transcription from an
oligo-dT primer and subsequent PCR amplification using SlY4- and
SlX4-specific primers (as in B). The PCR products were separated on
an agarose gel and hybridized with the cDNA probe (the same as for
Southern and Northern blot analyses).

of SlY4 and SlX4 cDNA sequences. The complete Y-
linkage of SlY4 and X-linkage of SlX4 were confirmed
by analyzing unrelated individuals from several natural
populations (data not shown).

A Northern blot analysis of total RNA is shown in
figure 2A. Transcripts homologous to the cDNA are de-
tected in all of the tissues tested: premeiotic (stage 1)
and postmeiotic (stage 2) flower buds from both males
and females, and leaves, shoots, stems, and seedlings
from mixtures of male and female plants. To test for
tissue-specific expression patterns of SlY4 and SlX4, RT-
PCR experiments were performed using the gene-spe-
cific primer sets used on genomic DNA (fig. 2B). The
results, shown in figure 2C, demonstrate that both SlY4
and SlX4 are expressed in all of the tissues in which
Northern blotting detected transcripts (fig. 2A). In fe-
male plants, SlX4 was also detected in pre- and post-

meiotic flower buds. These results suggest that both
SlY4 and SlX4 are ubiquitously expressed in S. latifolia.

SlY4 and SlX4 May Encode Fructose-2,6-
Bisphosphatases

The polypeptide sequences deduced from the SlY4
and SlX4 cDNAs (respectively, 422 and 425 amino acids
long) were compared with sequences in the databases.
The two highest protein similarity scores were obtained
with two predicted proteins from Arabidopsis thaliana:
the first one (SPTNEW BAB01224, on chromosome 3)
shared 65.8% identity with SlY4 and 68.1% with SlX4.
The second (SPTNEW AAF78490, on chromosome 1)
shared 64.6% identity with SlY4 and 65.4% with SlX4.
Protein sequence alignments showed significant homol-
ogy between SlY4, SlX4 and the two homologous pro-
teins from A. thaliana, and the bisphosphatase domain
of the 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
phatases (bifunctional 6PF–2-K/Fru-2,6-P2ases) from
animals (42.5%–48.3% similarity, based on 133 amino
acids). The important residues were conserved, indicat-
ing that the plant genes analyzed probably encode
monofunctional fructose-2,6-bisphosphatases. Surpris-
ingly, these fructose-2,6-bisphosphatases have higher
similarity to animal than to plant bifunctional enzymes.

Comparative Analysis of the Two X- and Y-Linked
Loci

In order to investigate the genomic organization of
the two sex-linked loci characterized so far, SlY4/SlX4
and the previously described SlY1/SlX1 (Delichère et al.
1999), we used the cDNAs as probes on a male genomic
library. A genomic clone was isolated for each gene.
The entire nucleotide sequence was determined for SlX1,
and almost all of it was determined for SlY1. For SlX4,
the 59 part of the cDNA was not present in our genomic
clone, so the first exon is missing. Finally, the first intron
of the SlY4 genomic clone was not sequenced. Align-
ment with the corresponding cDNA sequences allowed
the localization of the introns.

The genomic structures of the two loci are shown
in figure 3. SlY1 and SlX1 were very similar in structure.
Both contained 14 introns which had the same locations
and were highly conserved in both size and sequence:
the average identity was 96.8%, with a range of 93.2%–
99%. The genomic structures of the SlY4 and SlX4 genes
were also similar, with both genes having at least two
long introns in the same positions. The intron sizes dif-
fered considerably, however. The second intron of SlX4
was 2,853 bp long, while that of SlY4 was 4,167 bp
long, and they shared no significant identity, even
locally.

Sequence Divergence Analysis

To test for conservation of protein sequences, we
estimated Ks and Ka from our sequence data. Two types
of comparison are possible: between species and within
species. To compare the S. latifolia Y- and X-linked se-
quences with the sequences of homologous genes from
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FIG. 3.—Genomic structure of SlY1/SlX1 and SlY4/SlX4 loci. The genomic structures of the two loci are shown. The exons are represented
by boxes and are numbered above. Dotted lines represent missing sequence data. For each locus, the scale is indicated in base pairs. The cDNAs
are represented by boxes, and the coding sequences are filled in black. The top part of the figure represents the genomic and cDNA sequences
of SlY1 and SlX1. The bottom part of the figure represents SlY4 and SlX4 genomic and cDNA sequences. The deletions observed in the cDNA
sequences are indicated with arrowheads. Note that the size of the second intron is larger (by approximately 1,300 bp) for SlY4 than for SlX4.

Table 1
Comparison of Divergence in Coding Sequences Between the Silene latifolia or X- and Y-Linked Genes and the Silene
conica Homolog (between-species comparisons), and Between the X- and Y-Linked Genes of S. latifolia (within-species
comparisons)

Genes and Species
Compared

No. of
Codons

Replacement
Sites
(Ka)

Silent Sites
(Ks) Ka/Ks

Comparisons of the same gene between species
SlX1 S. latifolia vs. S. conica. . . . .
SlY1 S. latifolia vs. S. conica . . . . .
SlX4 S. latifolia vs. S. conica. . . . .
SlY4 S. latifolia vs. S. conica . . . . .

321
321
373
373

0.009 6 0.004
0.011 6 0.004
0.015 6 0.004
0.023 6 0.005

0.101 6 0.020
0.101 6 0.020
0.172 6 0.023
0.200 6 0.024

0.089
0.109
0.087
0.115

Comparisons of X- and Y-linked genes within species
SlX1 vs. SlY1 S. latifolia. . . . . . . . .
SlX4 vs. SlY4 S. latifolia. . . . . . . . .

472
373

0.0018 6 0.0013
0.030 6 0.006

0.040 6 0.011
0.181 6 0.0235

0.045
0.166

another species, we used S. conica, a hermaphroditic
species that is thought to be closely related to S. latifolia
(Desfeux et al. 1996). The results shown in table 1 in-
dicate clearly that in both Y-linked genes, amino acid
replacements are much less frequent than silent changes,
taking into account the relative numbers of silent and
replacement sites estimated in our sequences. The sec-
ond comparison was between the S. latifolia Y-linked
sequences and their X-linked homologs. The SlY1 and
SlX1 cDNA sequences were 98% identical overall; in
the coding region, the Ka value was 0.0018 (table 1),
and the two corresponding proteins shared 99.6% iden-
tity (and 99% similarity). In contrast, SlY4 and SlX4
cDNAs were 92.3% identical, and in the coding regions,
their Ka value was 0.03 (table 1), and the two proteins
were 94.8% identical (95.7% similar); the SlY4 protein
product had three amino acid deletions compared with
the corresponding SlX4 protein: two at positions 22 and

23 and one at position 61 in the SlX4 protein sequence.
The deletion at amino acid 61 is not present in the se-
quence of the S. conica homolog, which supports the
conclusion that this is a deletion in the S. latifolia Y-
linked genes, rather than an insertion in SlX4 (the other
codons were not included in our sequence data from S.
conica). There was also a longer deletion, of 21 bases
(from base 78 to base 98 in SlX4), in the 59 noncoding
region of SlY4 with respect to SlX4. The coding regions
of the two genes differed at 3% of amino acid replace-
ment sites and at 18% of silent sites (table 1).

Discussion
The Gene Content of the S. latifolia Y Chromosome

Our results shed some light on the gene content of
the Y chromosome of S. latifolia. Interestingly, both of
the plant Y-linked genes discussed here are ubiquitously
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expressed housekeeping genes with X homologs: SlY1
and SlX1 encode WD-repeat proteins that are probably
involved in cell proliferation (Delichère et al. 1999), and
SlY4 and SlX4 encode proteins that are probably in-
volved in carbohydrate metabolism. We know from ge-
netic studies that, in addition to the genes involved in
sex determination, the Y chromosome carries loci in-
volved in stamen differentiation, microsporogenesis, and
sex ration bias (Farbos et al. 1999; Lardon et al. 1999).

The sex chromosomes of S. latifolia evolved re-
cently (Desfeux et al. 1996), whereas genetic degener-
ation probably requires large amounts of evolutionary
time. Recent evolution may therefore increase the
chance of finding Y-linked genes that have detectable X
homologs and are transcribed and encode functional
proteins. Our finding of two such genes does not nec-
essarily reflect a low level of degeneration for this Y
chromosome, but may simply represent a bias due to the
fact that only transcribed genes would be detected by
our approach. To determine what proportion of X-linked
genes remain as expressed loci on the Y chromosome,
it will be necessary to test an unbiased set of X-linked
genes. To date, only one such gene (MROS3) has been
tested, and its Y-linked counterpart was found to have
degenerated (Guttman and Charlesworth 1998).

The fact that both of the Y-linked genes have low
Ka/Ks ratios in both inter- and intraspecies comparisons
indicates that amino acid replacements are much less
frequent than silent changes, given the relative numbers
of silent and replacement sites in the sequences. This is
good evidence that both the SlY1 and the SlY4 genes
have encoded functional proteins during most or all of
the period since their evolutionary divergence from their
respective X homologs and that their coding sequences
are evolving as expected for genes encoding proteins
with substantial natural selection against amino acid se-
quence changes. The possibility that the Y-linked genes
have only recently ceased to encode functional proteins
is disproved by the observation that the SlY4 and SlX4
are much more diverged from one another than are SlY1
and SlX1. It is highly unlikely that the SlY1 and SlY4
genes both lost their function recently, despite their very
different divergence times. In addition, all of these genes
have been shown to be transcribed. The sequences of
these genes give no other indications of loss of function,
such as stop codons or frameshifts.

Cessation of Recombination in the S. latifolia Y
Chromosome

The characterization of these first two X- and Y-
linked loci allows us to compare the evolution of plant
sex chromosomes with those of mammals. The human
X and Y chromosomes have been proposed to have at
least four ‘‘evolutionary strata’’ with different amounts
of divergence (Lahn and Page 1999). In S. latifolia, the
divergence between SlY4 and SlX4 is much greater than
that between the SlY1 and SlX1 genes. Silent-site diver-
gence between S. latifolia SlY4 and SlX4 is about 18%,
compared with 4% between SlY1 and SlX1, and amino
acid differences between SlY4 and SlX4 are also much

greater than those between SlY1 and SlX1 (table 1). The
SlY4/SlX4 silent-site divergence is similar to the esti-
mated value of about 19% between the X-linked MROS3
gene and the degenerated Y-linked copy, which has been
evolving in a neutral manner (Guttman and Charles-
worth 1998). However, this finding is based on only a
short sequence, as only a 159-bp region has high ho-
mology between the X- and Y-linked homologs. Assum-
ing a synonymous molecular clock with a rate of about
0.6%/Myr (Gaut 1998), we can then estimate that SlY4
and SlX4, and also the MROS3-X and MROS3-Y gene
pair, stopped recombining about 15 MYA. This is con-
sistent with the age of this sex chromosome system as
estimated from ITS sequences (Desfeux et al. 1996), but
it is much longer ago than the estimate for SlY1 and
SlX1 (3.3 Myr). A molecular clock with a constant rate
for synonymous sites is, of course, an approximation,
but the more than fourfold smaller synonymous-site di-
vergence between SlY1 and SlX1 compared with the X-
and Y-linked members of the other two gene pairs cur-
rently available suggests a difference in their divergence
times. Out of 14 genes compared between A. thaliana
and Arabidopsis lyrata (mean Ks 5 0.21), the least di-
verged gene has 42% of the Ks value of the most di-
verged (Lagercrantz and Axelsson 2000). As for human
XY-linked genes, the plant sex-linked loci analyzed
therefore probably ceased recombining at very different
times in the evolutionary history of the sex chromo-
somes. This conclusion should be tested further if ad-
ditional sex-linked loci can be discovered in this plant.

Genes on an X/Y chromosome pair will start di-
verging as soon as they become isolated from one an-
other by suppression of recombination. This suppression
could have progressed along the sex chromosomes dur-
ing evolution by successive inversions, as has been pro-
posed for the human sex chromosomes (Lahn and Page
1999). If this hypothesis is true, SlX1 should be closer
than SlX4 to the pseudoautosomal region. An alternative
is that the chromosome region containing SlX1 could
have been translocated relatively recently onto both
members of an X/Y chromosome pair that already car-
ried diverged SlY4/SlX4 genes, similar to the XAR re-
gion that has been proposed for mammalian sex chro-
mosomes (Graves 1995). For either of these hypotheses,
the results presented here identify two distinct ‘‘strata’’
within the Y chromosome according to Ks values found
for the X- and Y-chromosome gene pairs (Lahn and
Page 1999).

Where are these strata located on the Y chromo-
some? Available results from Y deletion mapping stud-
ies in sexual mutants suggest that the two potential strata
identified in this work, carrying SlY1 and SlY4, probably
localize somewhere along the q-arm of the Y chromo-
some outside the pseudoautosomal region. Additional
genes located on these plant sex chromosomes are need-
ed to improve the resolution of these first results and to
determine more precisely how sex chromosomes have
evolved in the plant kingdom.

Supplementary Material
Sequences were submitted to GenBank under the

following accession numbers: AJ310655 (SlY1 gene),
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AJ310656 (SlX1 gene), AJ310657 (SlY4 gene),
AJ310658 (SlX4 gene), AJ310659 (SlY4 mRNA), and
AJ310660 (SlX4 mRNA).
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