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To help understand the evolution of suppressed recombination between sex chromosomes, and its consequences for
evolution of the sequences of Y-linked genes, we have studied four X-Y gene pairs, including one gene not previously
characterized, in plants in a group of closely related dioecious species of Silene which have an X-Y sex-determining
system (S. latifolia, S. dioica, and S. diclinis). We used the X-linked copies to build a genetic map of the X chromosomes,
with a marker in the pseudoautosomal region (PAR) to orient the map. The map covers a large part of the X
chromosomes—at least 50 centimorgans. Except for a recent rearrangement in S. dioica, the gene order is the same in
the X chromosomes of all three species. Silent site divergence between the DNA sequences of the X and Y copies of the
different genes increases with the genes’ distances from the PAR, suggesting progressive restriction of recombination
between the X and Y chromosomes. This was confirmed by phylogenetic analyses of the four genes, which also
revealed that the least-diverged X-Y pair could have ceased recombining independently in the dioecious species after
their split. Analysis of amino acid replacements vs. synonymous changes showed that, with one possible exception, the
Y-linked copies appear to be functional in all three species, but there are nevertheless some signs of degenerative
processes affecting the genes that have been Y-linked for the longest times. Although the X-Y system evolved quite
recently in Silene (less than 10 million years ago) compared to mammals (about 320 million years ago), our results
suggest that similar processes have been at work in the evolution of sex chromosomes in plants and mammals, and
shed some light on the molecular mechanisms suppressing recombination between X and Y chromosomes.
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Introduction

Newly evolved sex chromosome systems, such as those in
plants [1] and fish [2] allow study of the evolutionary
processes causing degeneration of Y chromosomes. The
genetic theory of sex chromosome evolution [3] predicts that
initially one part of a chromosome pair containing the sex-
determining genes evolves reduced recombination. Two
questions are then particularly interesting. First, how is
recombination suppressed throughout most of the initially
homologous X and Y chromosomes, as in mammalian and
Drosophila sex chromosomes and some plants [1], but not
others [4]? Second, why does recombination suppression lead
to genetic degeneration? Processes leading to degeneration in
large nonrecombining genome regions have been well studied
theoretically [5], and empirical data on the first stages of
degeneration are starting to be obtained from the plant
genus Silene [6,7] and from the neo-sex chromosomes of
Drosophila miranda [8]. Recent neo-sex chromosome systems in
Drosophila are excellent for studying the rate and causes of
degeneration, but cannot shed light on question (i).

Studies of the evolutionary divergence of gene pairs on
mammalian X and Y chromosomes suggest that recombina-
tion between the X and nonrecombining parts of the Y was
successively suppressed. In many X-Y systems, including that
in mammals, there is a ‘‘pseudoautosomal’’ region (PAR)

where the X and Y recombine, and it has been found that
DNA sequence divergence between homologous X- and Y-
linked genes increases with distance from this region. This
pattern has been termed ‘‘evolutionary strata’’ [9,10]. Part of
the reason for different sequence divergence is that mamma-
lian sex chromosomes are ancient neo-sex chromosomes [11].
In addition, the ‘‘strata’’ suggest a series of Y inversions
disrupting X-Y recombination [9]. Strata have also been
found in the chicken Z chromosome, which, like the Y, is
present only in one sex (females in birds) and does not
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recombine with its homolog [12]. To further understand the
evolution of suppressed recombination between X and Y
chromosomes, we describe results from the plant genus Silene.
This genus is a model for the study of plant sex chromosome
evolution, since the sex chromosomes evolved recently [7,13].

One group of closely related dioecious Silene species (i.e.,
species with separate sexes) includes S. latifolia, S. dioica, and S.
diclinis, which have an X-Y sex-determination system with a
male-determining Y [1,14], while many Silene species are
hermaphroditic or gynodioecious (i.e., some plants bear
hermaphrodite flowers and others female flowers). Dioecy
and sex chromosomes thus probably evolved within this
genus [13]. All diploid Silene species have n = 12 chromo-
somes [15], so there is no evidence for neo-sex chromosome
formation, although an autosomal region of unknown size has
been duplicated on the Y [16].

Several sex-linked genes from S. latifolia have recently been
identified and sequenced (Table 1), allowing progress in
understanding the evolution of these sex chromosomes. Four
genes have functional X- and Y-linked homologues. Very
different X-Y divergence of two gene pairs suggested that
different Y chromosome regions probably ceased recombin-
ing at different times in these species’ evolutionary history
[17]; testing this hypothesis requires knowing the genes’
locations on the sex chromosomes. We here describe a new
gene pair in S. latifolia, SlX3 and SlY3 (together termed locus 3;
Table 1), and present the first genetic map for the X
chromosomes in three dioecious species. Divergence between
the X and Y chromosomal copies of the different genes
indeed correlates with increased distance from the PAR, but
the time scale is very different from that in mammals. Three
genes (locus 3, the SlX4-SlY4 pair [termed locus 4], and DD44)
ceased recombining long before the three dioecious species
split, whereas the X and Y copies of SlX1-SlY1 (termed locus
1) continued to recombine until recently. We discuss the
implications of these results for the mechanism of recombi-
nation arrest between the sex chromosomes.

Results

Characterization of Gene 3
Locus 3 was identified from S. latifolia cDNA. The SlX3 open

reading frame of 575 amino acids encodes a protein sequence
similar to calcium-dependent protein kinases (CDPKs) from
tobacco, rice, and Arabidopsis thaliana (the best BLAST hits had

75%–80% amino acid identity, based on more than three-
fourths of the length). CDPKs are associated with various
kinds of stress responses [18]. Thus, locus 3 is probably a sex-
linked housekeeping gene, like the previously characterized
X-Y-linked genes in S. latifolia [17,19].

Phylogenetic Analysis of the Four Sex-Linked Genes
Figure 1 shows the estimated phylogenetic relationships

based on single X and Y copies of the four loci from each
species in which sex linkage has been confirmed. Except for
locus 1 (discussed below), each gene falls into distinct X and Y
clades, showing that these genes ceased recombining well
before the split of the present dioecious species, consistent
with large X-Y divergence in both S. latifolia and S. dioica
[17,20]. Not surprisingly for such closely related species [13],
the phylogenies of the three dioecious species are incon-
sistent for these genes. For example, one Y-linked gene
supports each of the possible clades latifolia-dioica, latifolia-
diclinis, and dioica-diclinis (Figure 1).
Gene 1 X-Y divergence is much less than that of the other

genes studied [17]. We therefore tested whether divergence
between the X and Y copies started before or after the
speciation event. The grouping of this gene by species in
Figure 1 suggests independent X1-Y1 divergence in the three
dioecious lineages. For such closely related sequences,
however, analysis using single X and Y sequences from each
species confounds fixed differences between species with
within-species polymorphisms, and can be misleading, given
that S. latifolia is a highly variable species [21]. Ancestral
polymorphisms persisting through the speciation event also
obscure close phylogenetic relationships, particularly infer-
ences using X-linked genes, which have large within-species
polymorphism [7,22]. Finally, the well-documented introgres-
sion between S. latifolia and S. dioica [23] may contribute to the
phylogenetic discrepancies.
We therefore analyzed the X1-Y1 gene pair separately,

using multiple sequences from two species. If X1-Y1 diver-
gence started sufficiently long before the species split, some
sites should share the same fixed differences between X and Y
sequences in both S. latifolia and S. dioica. The number of such
sites depends on the amount of time after recombination
ceased; for the genes other than gene 1, this number is large
(see above), but for gene 1 no such sites were found. If, on the
other hand, X1 and Y1 diverged after the species split, some
sites should differ between the species, but not between X and

Table 1. Description of the Four X-Y Gene Pairs and the PAR Marker Used in the Analyses

Gene Pair Gene
Designation

Deduced Function Copy Number Alignment
Length

References
for S. latifolia or
S. dioica Sequences

SlX1 / SlY1 1 WD repeat proteins 4–5 1,374 (49)a 19

DD44X / DD44Y DD44 Potential oligomycin sensitivity-conferring proteins 1b 651 (75)a 20

SlX3 / SlY3 3 Putative CDPK 1 954 (99)a This paper

SlX4 / SlY4 4 Fructose-2,6-bisphosphatases 1 1,089 (126)a 17

ScOPA09 OPA No apparent function 1 – 41

a For the four genes, the alignments include coding sequences of both X and Y copies in S. latifolia, S. dioica, and S. diclinis, and the orthologous sequence from a close outgroup (S. vulgaris or S. noctiflora). The values correspond to the

number of sites with no gaps or ambiguous bases). Values in parentheses indicate the numbers of diverged sites.
b DD44 is also single-copy in S. latifolia [20], but at least two copies are found in other Silene species, including S. dioica (V. Laporte, unpublished data) and other species (J. Ironside, Univ. of Birmingham, UK, unpublished data).In our S. dioica

material, there are three tightly linked X-linked copies (B. Janousek, unpublished data). Thus this duplication does not affect our mapping conclusions.

DOI: 10.1371/journal.pbio.0030004.t001
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Y of the same species. This is found for mammalian and bird
sex chromosomes, and phylogenetic analysis suggests that
some X and Y (or, in birds, Z and W) genes ceased
recombining independently in different taxa [24,25]. How-
ever, because the dioecious Silene species are very closely
related [13], there are few fixed differences, and, using global
gap removal to be conservative, none between the X1
sequences. However, some Y variants are exclusive to each
species; we found five nucleotide variants fixed only in the S.
latifolia Y (plus nine indel variants), and ten fixed only in S.
dioica Y (plus one indel). Since only 11 S. dioica Y sequences
were analyzed, the number of fixed Y variants is probably
overestimated, however (some may actually be polymorphic
in this species). Furthermore, in a tree estimated excluding
these sites with fixed differences in the Y-linked sequences (as
is appropriate for such closely related species), the Y
sequences are nested within those of the X of each species
(Figure 2), implying suppression of X-Y recombination within
these species. This suggests the possibility of independent
cessation of recombination after speciation. However, we
cannot exclude the possibility that recombination stopped
shortly before the dioecious species split. Under this
alternative, if the Y1 genes retained some polymorphism,
variants in the Y1 genes would become fixed differences when
Y chromosome diversity was lost within each species;
according to this hypothesis, however, each species must, by
chance, have retained Y1 variants closest to its own X
sequences.

Correlation between X-Y Divergence and Position on the
X Chromosome
The gene order is the same in S. latifolia and in the S. diclinis

3 S. latifolia hybrid (Figure 3A). Locus 1 is closest to the PAR.
If the S. diclinis and S. latifolia maps differed by an inversion or
other rearrangement, the map using hybrid parents should
contain a non-recombining region; this was not observed.
Thus, the gene order determined in the S. diclinis x S. latifolia
hybrid must also apply in S. diclinis. In S. dioica, however, the
map order of locus 1 and DD44 is reversed relative to the
other species (Figure 3A).
Synonymous divergence (dS) between the X and Y

sequences of S. latifolia and S. diclinis (dSX-Y) correlates with
the gene’s distance from the PAR in the X chromosome
genetic map (Figure 3B). X-Y synonymous divergence in S.
latifolia does not differ significantly between genes 3 and 4,
but these genes’ synonymous divergence values differ
significantly from that for genes 1 or DD44 (with p , 0.01).
X-Y synonymous divergence also differs significantly between
genes 1 and DD44 (p = 0.01). These results suggest
progressive suppression of the recombination between X-
and Y-linked alleles of different genes. In S. dioica, the same
correlation exists, using the S. latifolia or S. diclinis gene order;
thus, the rearrangement probably arose recently in S. dioica,
consistent with its absence in the other dioecious species. A
recent rearrangement, such as an inversion, after the DD44-X
and -Y sequences had diverged for some time, would not
affect this gene’s X-Y divergence relative to that of gene 1. In

Figure 1. Phylogenetic Trees for DD44 and Loci 1, 3, and 4

All trees were estimated from coding sequence alignments (using all sites except gaps) under the BIONJ method with Kimura-two-parameters
corrected distances, using Phylo_Win software [43]. Other methods (maximum parsimony and ML) give very similar results. Branch lengths
correspond to total sequence divergence under the model assumed (see scale bars). Values indicated at the nodes are bootstrap values exceeding
50% (based on 500 replicates). S. vulgaris was used as an outgroup (except for locus 1, for which a closer outgroup, S. noctiflora, was used). Dic = S.
diclinis, Dio = S. dioica, Lat = S. latifolia. The numbers of sites analyzed are in Table 1.
DOI: 10.1371/journal.pbio.0030004.g001
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mouse species, where rearrangements have occurred, evolu-
tionary strata corresponding to those on other mammalian X
chromosomes are still plainly discernible [26].

Comparing Sequence Divergence of X and Y Copies
Analysis of the coding sequences shows that all four Y-

linked genes appear to encode functional sequences; in each
case, the nonsynonymous divergence (dN) was less than dS for
divergence between X and Y sequences (dN/dS values in Table
2); although dN is high for the DD44 gene pair, it is
considerably below dS. These results are consistent with
cDNA representation of all sequences except the Y-linked
copy of gene 3; despite repeated attempts, this copy never

amplified from leaf cDNA, whereas the X chromosome copy
amplified consistently (see Materials and Methods).
The Y copies of all genes have higher dS, dN, and dN/dS

values than the X-linked copies, except for DD44 (Table 2).
However, the differences are significant only for dN. The
differences in the numbers of synonymous differences are
also nonsignificant, taking into account diversity within
species. Synonymous site evolution is significantly faster in
DD44-X than in DD44-Y, in contrast to the other genes, where
the Y tends to evolve faster than X copies (although the
differences are nonsignificant; Table 2). Exon 1 of DD44 is
particularly divergent [20], but our results for this gene are
similar if we exclude this exon (unpublished data). The results

Figure 2. Phylogenetic Tree for Gene 1,

including Within-Species Diversity

The tree was estimated using PHYML
software [52] from a DNA alignment
including coding sequences and introns
of 12 X and 11 Y S. dioica alleles, and 26 X
and 22 Y from S. latifolia [22]. There were
973 sites, excluding gap regions, among
which 154 variable sites were used. The
estimation used the BIONJ algorithm
with global gap removal. The percentage
of invariant sites, the transition-trans-
version ratio, and the a parameter of a c
distribution of substitution rates, were
estimated by the program, and we
assumed four categories of evolutionary
rates, to take into account the different
evolutionary dynamics of coding and
intron sites. The HKY substitution model
was used. Bootstrap values exceeding
50% (based on 100 replicates) are in-
dicated at the nodes, but some bootstrap
values exceeding 50% for terminal nodes
are omitted because of lack of space.
DOI: 10.1371/journal.pbio.0030004.g002
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for gene 1 presented in Table 2 cannot be interpreted reliably
because of polymorphisms within the species (see above),
which would cause overestimation of numbers of substitu-
tions. Overall, therefore, dN is clearly higher in the Y copies
of genes 3 and 4, but its mutation rate is not higher, since X-Y
differences in dS are nonsignificant; combining the proba-
bilities from the likelihood ratio (LR) tests for these two
genes, the dN/dS difference between Y and X is highly
significant (v2 = 11.7, with 4 degrees of freedom). Our
observation of similar dS values contrasts with previous
analyses [27], probably because we used only synonymous
sites, rather than synonymous plus noncoding sites. The S.
diclinis Y3 gene also seems to evolve faster than the other Y3
genes (see Figure 1); for this gene, the difference is seen for
both synonymous sites (6-fold increase) and nonsynonymous
ones (3.6-fold increase), but it is significant only for
synonymous sites.

Discussion

Progressive Differentiation of the X and Y Chromosomes
The correlation of dSX-Y of these dioecious plants with

distances from the PAR in the X chromosome genetic map
suggests that suppression of recombination between X and Y
genes progressed, starting from an ‘‘ancient’’ sex chromoso-
mal region (presumably containing the primary sex deter-
mining loci) and moving toward the current PAR. This
pattern resembles the ‘‘evolutionary strata’’ for mammalian
X-Y gene pairs based on Ks values, a measure of divergence
per site similar to dS [9,10]. However, the time scale is much
shorter for the plant sex chromosomes. The largest dSX-Y
values among our four gene pairs is 26% for locus 3 in S.
diclinis. This overlaps the values for the mammalian stratum 4
and 3 genes (mean Ks values 8% and 30%, respectively); these
strata are inferred to have ceased recombining between the X
and Y 30–50 million years ago (MYA) for stratum 4, and 80–
130 MYA for stratum 3, whereas strata 1 and 2 diverged 130–
320 MYA [9,11].

The S. latifolia, S. dioica, and S. diclinis X-Y sequence
divergence data show that X-Y differentiation was already
advanced in the common ancestor of these species, except for
locus 1. The maximum synonymous X-Y divergence observed
for our genes is approximately 25%, including SlAp3, which
probably transposed from an autosome onto the Y soon after
the sex chromosomes evolved [16]; all these genes appear to
be functional. This divergence is also similar to that for
MROS3-X/Y, whose Y-linked copy is degenerated [6]. Unless
genes with higher divergence are discovered in the male-
determining region of Y chromosomes of dioecious Silene
species, the Silene sex chromosomes must have evolved much
more recently than mammalian sex chromosomes.

There are few reliable absolute molecular clock calibra-
tions in plants [28], and none for Silene. For the nuclear genes
Chs and Adh in the family Brassicaceae, estimated rates are,
respectively, 1.4 3 10–8 to 2.2 3 10–8 substitutions per
synonymous site per year [29], and a similar value was
estimated for Ipomoea [30]. Using synonymous site divergence
values suggests an age estimate of 5–10 MYA for the sex
chromosomes of the S. latifolia group of species. However,
substitution rates for some plant Adh genes are almost ten
times slower, particularly for plants with long generation
times [31]. Thus, a greater age cannot be excluded. It is

nevertheless clear that the X and Y copies of genes3, 4, and
DD44 differentiated before the S. dioica–S. latifolia–S. diclinis
speciation, whereas gene 1 may have ceased recombining
after this, perhaps independently in S. latifolia and S. dioica; no
analysis can be done in S. diclinis without diversity data for
this species, but suppression of X-Y recombination within
this species after its split from the other dioecious species is
also possible (Figure 1). If this event occurred shortly before
the dioecious species split, our results show that it must have
happened in such a way that the Y-linked copy of gene 1
retained some diversity, in other words, by some mechanism
other than an inversion (see below). Suppression of X-Y
recombination (diminution of the PAR) has occurred quickly,
and probably independently, in different mammalian and
bird lineages [24,25,32].
The mechanism suppressing X-Y recombination is un-

known. Recombination could be reduced either by inversions
(or other major recombination rate changes), and/or by
modifiers reducing local crossover rates. The ‘‘strata’’ of
different divergence in mammalian sex chromosomes may
have resulted from a series of Y inversions disrupting X-Y
recombination [9]. Inversions exist between human X and Y
chromosomes [10], but have not yet been explicitly related to
the strata, so they may not be the sole cause of the divergence
differences. Moreover, new pairs of X-Y linked genes recently
analyzed do not suggest clear-cut boundaries between strata;
divergence values for strata 3 and 4 genes are not
discontinuous [10]. Finally, the amelogenin gene, at the strata
3–4 boundary, is not disrupted by an inversion [25]. Thus,
gradual modification of recombination rates may have played
a part in reducing recombination in some regions of the X-Y
pair, in both Silene and mammals. Testing this for the
dioecious Silene species requires a Y-chromosome map. The
present map, based on deletion mutants in Silene [20,33],
requires further markers and deletions for detailed compar-
ison with the genetic map of the X chromosome. S. latifolia Y
deletion mutants with altered meiotic X-Y pairing (unpub-
lished data) suggest that the S. latifolia Y may carry genes
suppressing recombination, and should help test whether
mechanisms other than inversions contributed to reduction
of the PAR.
The mechanism of recombination reduction between X

and Y chromosomes is important for understanding the
diversity in loci that recently ceased recombining, such as
gene 1 in Silene. Recombination suppression may be selec-
tively favored to preserve advantageous Y-linked combina-
tions of alleles at different loci, such as genes that are
advantageous in males but not in females [34], although it
seems unlikely that all three dioecious species studied here
could recently have acquired advantageous Y-linked genes.
Involvement of selectively favored inversions causing the
formerly pseudoautosomal gene 1 to become Y-linked might
be detectable from sequence data, since a selective sweep
would be expected. This would contribute to low diversity for
all the Y-linked genes, consistent with the long branches in Y
lineages (Figures 1 and 2). However, although Y-linked
diversity is low, there is no evidence of such events in the
frequency spectra of the genes [7,22].

Degeneration of the Y Chromosome
Our analyses suggest that both reduction of recombination

and Y degeneration may be in progress for Silene sex
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chromosomes. Degeneration is likely, since genotypes with a
Y but no X chromosome are inviable [1,35], but so far, only
one degenerated plant Y-linked gene has been found,
MROS3-Y in S. latifolia [6]. The extent of genetic degeneration
and gene loss in the Silene Y is uncertain, because most
currently known sex-linked genes in these plants were
ascertained from a cDNA-based search for Y-linked genes.
Bacterial artificial chromosome clone sequencing may pro-
vide unbiased comparisons of homologous X- and Y-linked
regions, and this has been started in papaya [4]. Some
degeneration of Y-linked genes in Silene can also be inferred
when dN values in the Y are elevated compared with X
lineages. This is seen for the two ‘‘old’’ Silene Y-linked genes,
locus 3 and locus 4 (Table 2). Differences in dS are system-
atically lower than in dN (the ratio of dS values for X and Y
lineages is close to 1, but dN is roughly 3-fold larger overall
for Y lineages). Thus the higher dN in the Y-linked alleles is
not due to a higher mutation rate (higher dS) in the Y than
the X. Moreover, the Y-linked copy of locus 3 fails to amplify
in RT-PCR experiments, and may be degenerated.

These observations, plus those for gene 1 (see Results),
suggest that Y copies of genes loci 1, 3, and 4 evolve faster
than X copies, due either to a higher rate of fixation of
advantageous mutations in the Y copies or to accumulation of
slightly deleterious amino acid variants in the Y copies (Y
degeneration). To discriminate between these hypotheses,
McDonald-Kreitman tests can be done to compare fixed
differences (divergence) and polymorphisms and test for an
excess of selectively advantageous nonsynonymous substitu-
tions [36]. At present, this is possible only for genes 1 and 4;
there were no nonsynonymous polymorphisms for DD44, and
no diversity data have yet been obtained for gene 3. The
result of this test was nonsignificant; there is thus no evidence
that Y1 and Y4 evolution is driven by selection. There is,
however, very low polymorphism in the Y copies, so the test
has low power [27].
Genetic degeneration is supported by low levels of poly-

morphism of Y- compared with X-linked genes, taking into
account the lower Y effective population size [7,22]. This
difference is predicted in a degenerating Y chromosome,

Figure 3. X Genetic Maps in the Three

Dioecious Species versus Plot of Synon-

ymous Divergence

(A) Gene orders and the map positions of
the genes. The PAR is not drawn to scale,
as there is only one marker, and the map
shows only the portion of the X chromo-
some containing our marker genes. Ver-
tical lines connect the homologous genes
in the three species, and the chromoso-
mal rearrangement in S. dioica, are shown
by crossed lines for locus 1 and DD44.
(B) Plot of synonymous divergence be-
tween X and Y pairs (dSX-Y), estimated
using PAML, against the map position
using the gene order in S. latifolia and S.
diclinis (see text). Synonymous divergen-
ces are statistically significantly distin-
guished for the following three groups of
genes: locus 1, the DD44 gene, and loci 3
and 4 (see text). The figure also indicates
minimum and maximum X-Y divergence
time estimates for the genes, assuming a
molecular clock and 1.8 3 10–8 synon-
ymous substitutions per synonymous site
per year (the mean of the values 1.4310–8

and 2.23 10–8 discussed in the text).
DOI: 10.1371/journal.pbio.0030004.g003
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because various hitchhiking processes leading to degener-
ation, including selective sweeps, background selection, and
weak Hill-Robertson effects [5] reduce diversity, even at loci
that are not themselves degenerating.

Why is degeneration so slight for our Silene Y-linked genes?
Our analyses suggest that degeneration of the genes studied
here is partial, at most, consistent with a recent origin of the
Silene sex chromosomes. However, there has probably been
enough time for degeneration, since this occurred rapidly for
genes on the neo-Y chromosomes of D. miranda [8], which are
much younger than the Silene Y. Silene sex chromosomes are
more advanced in sex chromosome evolution than in some
other plants. The papaya sex-determining region is just a
small nonrecombining part of one chromosome, yet there is
evidence for considerable differentiation, including addition
of repeat sequences and some evidence for gene loss [4]. More
likely, the Y-linked genes we have studied (which are all
housekeeping genes) are under selective constraints. The
lower effective population size of Y-linked genes, and thus the
expected reduced efficacy of selection ([5]) may thus be too
slight to allow the Y copies of these genes to lose function, but
merely allows higher amino acid substitution. Our findings
parallel those for most loci on the D. miranda neo-Y
chromosome [37], the bird W chromosome [38], and in other
situations in which effective population size in reduced, such
as protein-coding genes of the endosymbiont Buchnera [39]. In
all these cases, genes evolving without recombination retain
homology with their ancestral copies, but undergo faster
amino acid replacement (including several frameshift and
deletion mutations in the D. miranda neo-Y [37]), suggesting
that the common factor is weakened ability of natural
selection to preserve adaptation.

Materials and Methods

Plants used and nucleic acid extraction. S. latifolia plants were from
Edinburgh (D. Charlesworth personal collection) and from Fontaine-
bleau forest (France). S. dioica plants were collected in Corrèze
(France). S. dioica plants from the Sherringham population (Sherring-
ham, England), used for isolation of the ScOpa09 marker, were kindly
provided by D.L. Mulcahy (Department of Biology, University of
Massachussetts). S. noctiflora and S. vulgaris were obtained from the
seed collection of the Lyon Botanical Garden (Lyon, France). Seeds of
S. diclinis were obtained from the seed collection of the Institute of
Biophysics in Brno (Czech Republic). Interspecific hybrid Silene diclinis
3 latifolia plants were generated by pollination of a S. diclinis female
with pollen of an MAV line male (S. latifolia) kindly provided by S.

Matsunaga (Department of Biotechnology, Osaka University). The S.
latifolia U9 line, which was used for pollination of the interspecific
hybrid, was kindly provided by S. Grant (Department of Biology,
University of North Carolina).

Genomic DNA was extracted from leaves as described [19]. For RT-
PCR from total leaf RNA, first-strand cDNA was reverse transcribed
using RevertAid M-MuLV RT (Fermentas, Vinius, Lithuania) and the
oligo-dT primer T11VN (59- TTTTTTTTTTTVN-39).

Isolation of SlX3/SlY3. Locus 3 was identified in S. latifolia by the
approach that yielded loci 1 (SlX1/SlY1 [19]) and 4 (SlX4/SlY4 [17]).
From an initial partial cDNA sequence of a clone that hybridized to a
probe containing Y-linked sequences, both 39 and 59 RACE-PCR were
performed [19], and the final coding sequence was obtained by
sequencing the RT-PCR product obtained using primers 11S10 (59-
ATCACCATCATCATTTCCACC-39) and 11AS11 (59-CAGT-
GAAATCTTTCATTTACCACG-39). Segregation analysis (see below)
showed that this sequence corresponds to SlX3. The SlY3 sequence
was obtained from genomic DNA by PCR genomic walking [40], using
the specific primers 11AS15 (59-TCAGTGTCTCCTTGAGTTTCTTG-
CAC-39) and 11AS15C (59-TGCACAAGATGGACTGGCTACAA-
TACG-39) for the first and second PCR, respectively, and Ex Taq
polymerase (Takara Bio, Otsu, Shiga, Japan) for both PCR reactions.
Similarly to gene 4 [17], Southern blot analysis showed that gene 3 is
present as a single copy in the S. latifolia genome.

Amplification and sequencing of orthologous sequences. The
orthologs of each of the four gene pairs in Table 1 were amplified in
S. dioica, S. diclinis, and S. noctiflora or S. vulgaris using primers designed
from S. latifolia sequences (Table 3, which also provides GenBank
accession numbers). All sequences were amplified from cDNA, except
for Y3, which was amplified from genomic DNA. The PCR conditions,
using Taq polymerase (Amersham Pharmacia, Piscataway, New Jersey,
United States), were as follows. One incubation at 94 8C for 5 min; 35
cycles of: denaturation at 94 8C for 30 s, annealing at a temperature
that depended on the primers for 30 s, and elongation at 72 8C for a
time depending on the length of the amplicon (Table 3); and a final
extension at 72 8C for 5 min.

All genes, except gene 1, are single-copy (see Table 1). In S. latifolia,
three or four copies of gene 1 are detected in Southern blots [19], and
the A. thaliana genome has five copies, AtMSI4 (GenBank accession
number AF028711) being the probable ortholog of SlY/X1. In S.
latifolia, some of the copies have been shown not to be sex-linked (F.
Monèger, personal communication). Southern blots were not done in
S. dioica or S. diclinis, but RT-PCR reactions in all the dioecious species
always amplified a single sequence in the females plus another very
similar sequence in males, clearly representing the expected X and Y
copies. Thus, for the analyses presented later, this gene can be treated
as a single-copy gene, as was also the case in previous mapping work
[20].

For locus 3, the 39 two-thirds of the coding sequences of S. dioica, S.
diclinis, and S. vulgaris were amplified, either by RT-PCR (X copies) or
from genomic DNA (Y copies). PCR products were cloned into
pGEM-T Easy vector (Promega, Madison, Wisconsin, United States),
and multiple clones were sequenced for each gene. Sequencing
reactions were carried out with ABI Big Dye Terminator V1.1 DNA
sequencing kit, on an Applied Biosystems 3100 sequencer (Applied
Biosystems, Foster City, California, United States).

Sex linkage and genetic mapping. Sex linkage of three gene pairs
studied here was previously demonstrated in either S. dioica or S.
latifolia. We have now confirmed sex linkage of all four loci by
segregation analysis in all three dioecious species (Figure 4), and, for
genes 1, 4, and DD44, by population studies using allele-specific PCR
reactions to show that the putative Y-linked alleles are consistently
present only in males, while the X-linked ones amplify in both sexes
[17,22] and unpublished data).

Only X-linked genes can be mapped genetically, because the Y
chromosome recombines with the X only in the PAR. For each locus,
gene-specific primers were used to amplify X alleles from genomic
DNA of potential seed parents. The PCR product was directly
sequenced and the chromatograms inspected for polymorphisms
scorable by restriction enzyme digestion (Table 4). Progeny of
heterozygous mapping family females were sexed and genotyped
for the maternal alleles. In S. diclinis, no suitable polymorphisms were
found, so the loci were ordered in a S. diclinis3 S. latifolia hybrid plant
pollinated by a S. latifolia male.

To orient the X genetic map, we used a pseudoautosomal marker.
For this, we cloned and sequenced a RAPD fragment incompletely
linked to the X chromosome of the pollen donor of the S. dioica family
in which this marker was originally developed [41]. The sequence
encodes a protein with similarity to an Oryza sativa putative non-long
terminal repeat reverse transcriptase (E value = 2.5310–10; accession

Table 2. Comparison of Evolutionary Rates in the X and Y Clades

Gene dS dN dN/dS

1 X = Y RYX = 1.93 X , Ya RYX = 14.26 X = Y

0 0.126

DD44 X . Yb RYX = 0.23 X = Y RYX = 0.89 X , Ya

0.181 0.738

3 X = Y RYX = 1.07 X , Ya RYX = 2.85 X = Y

0.047 0.142

4 X = Y RYX = 0.93 X , Ya RYX = 2.95 X = Y

0.124 0.277

LR tests between models with X = Y and X \ne Y were performed using the ML-based software HyPhy. RYX is the X/Y

ratio of dS or dN values. For the dN/dS analyses, the values in the table are the dN/dS values for X and Y lineages.

Nonsignificant differences are indicated as ‘‘X = Y.’’
a Significance of the LR test is p , 53 10�2.
b Significance of the LR test is p , 53 10�3.

DOI: 10.1371/journal.pbio.0030004.t002
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number Q9FW98 in the UniProt/TrEMBL database, but contains stop
codons. Primers (ScOPA09F1: 59-GCAATTCACCATCCTCTGCT-39
and ScOPA09R1: (59-ATGGTCTTTGGGCCCTTATC-39) were de-
signed from this sequence. In plants grown from seeds of this family,
presence or absence of the expected amplified fragment accords
exactly with results using the original pseudoautosomal RAPD

marker primer OPA09. With our primers, S. dioica plants from the
Corrèze population were genotyped by digesting PCR products with
the restriction enzyme TaqI; the recombination frequency between
the marker locus and sex was approximately 2.5%, confirming the
pseudoautosomal location. In S. latifolia, genotyping was done using
the same primers and an AluI site polymorphism. Genotype data
were analyzed by both three-point and multipoint mapping, using
JoinMap version 1.4 [42]. Thus the gene orders are well established;
Table S1 gives estimated genetic distances between markers and their
standard errors.

Phylogenetic analysis. The primer sequences were removed before
sequence analyses. For each gene, the nucleotide sequences were
aligned using the corresponding amino acid sequences as a guide,
using ClustalW with the Seaview interface (http: / /pbil .
univ-lyon1.fr/) [43]. Alignment lengths are given in Table 1.

Phylogenetic trees were estimated including all sites except those
with gaps by neighbor joining (NJ), maximum parsimony, and
maximum likelihood (ML), using Phylo_Win (http://pbil.univ-
lyon1.fr/) [43]. For NJ trees, we used Kimura two-parameter corrected
distances; results with other distances corrected for multiple hits
were similar, as the sequences are not highly diverged and have
similar GC content (unpublished data). Branches were tested by
bootstrapping (500 replicates). Trees were edited with NJplot (http://
pbil.univ-lyon1.fr/) [44] and TreeView (http://taxonomy.zoology.gla.a-
c.uk/rod/treeview.html) [45].

Divergence analysis. Both dS and dN site divergences were
estimated using PAML 3.13 (http://abacus.gene.ucl.ac.uk/software/
paml.html) [46] and JaDis (http://pbil.univ-lyon1.fr/) [47]. Estimates
of dS and dN are similar under various substitution models (namely,
Goldman and Yang 1994 [46], Yang and Neilson 2000 [48], and Nei
and Gojobori 1986 [49], implemented in PAML; and Li 1993 [50]
using JaDis). We report values from the ML approach based on the
Goldman and Yang 1994 codon-based model [46].

Values for dS or dN of X and Y sequences were compared using
HyPhy 0.99 (Kosakovsky Pond, personal communication; http://
www.hyphy.org), using the alignment and NJ tree for each gene,
including the outgroup species (Figure 4) to polarize the synonymous
and nonsynonymous substitutions between X and Y genes into X-
specific and Y-specific lineages, using ML. To build the likelihood
function, we used the MG94xHKY85 codon-based substitution model
with different transversion and transition rates. We compared dS
values under two models for each gene. Model 1 (‘‘relative
synonymous rates’’) expresses dS values for Y lineages as multiples
of values for X lineages: Rsyn = dSY/dSX. In model 2 (‘‘equal
synonymous rates’’), Rsyn was constrained to be equal to 1 (dSY =
dSX). We compared the ML values by a LR test with model 2 as the
null hypothesis. We used the same approach to compare dN values
(with dN/dS replacing Rsyn). To compare dN/dS using LR tests, we again
defined two models. Model 1 assumed two global variables (dN/dS)X
and (dN/dS)Y so that the nonsynonymous rates of branches of the X
lineage were expressed in terms of the synonymous rate (dN/dS)X, and
similarly using (dN/dS)Y for Y branches (‘‘shared dN/dS’’), while model
2 (‘‘shared and equal dN/dS’’) assumed (dN/dS)X = (dN/dS)Y.

To test whether S. diclinis Y3 evolves faster than other Y3 sequences,
we assumed a common Rsyn for S. dioica and S. latifolia, as in model 1
above, but added a further parameter, the dSY/dSX ratio for S. diclinis
(model 1*). We compared models 1 and 1* using a LR test as above;
we tested dN and dN/dS differences similarly.

McDonald-Kreitman tests were done using DNAsp software,

Table 3. Primers and Annealing Temperatures Used for RT-PCR Amplification of the Genes Listed in Table 1

Gene Primer Sequences Annealing Temperature (8C) Elongation Time

1 57S14 (59-AGAGATGACGGAGAAAGGGAAAGGAGGC-39)

57AS37 (59-TCAAGCAGAATGATTAACGTC-39)

60 1 min 30 s

DD44 11S36 (59-GACAGCCGATATACAGAGAAAGATGC-39)

11AS15 (59-TCAGTGTCTCCTTGAGTTTCTTGCAC-39)

55 1 min 40 s

3 11S36 (59-GACAGCCGATATACAGAGAAAGATGC-39)

11AS15 (59-TCAGTGTCTCCTTGAGTTTCTTGCAC-39)

55 1 min 40 s

4 95S17 (59-CCAAATGGGTTCGAATCAATCAGCCCA-39)

95AS4 (59-CTGCAGCCGAGGATGCCTGTCAA-39)

60 1 min 30 s

DOI: 10.1371/journal.pbio.0030004.t003

Figure 4. Segregation Analysis of Locus 3 in S. dioica

To test for sex linkage, the female and male parents of the family and
six progeny of each sex were genotyped. Genomic DNA preparations
from these plants were used in PCR amplifications. The PCR products
were separated by electrophoresis and visualized using ethidium
bromide.
(A) With primers specific for the X3 allele, the restriction enzyme
RsaI reveals an allelic polymorphism. The maternal plant is
heterozygous and has both cut and uncut alleles while the male
parent has only the uncut allele. Female progeny always have the
uncut allele (like the father), and male progeny have one of the
maternal alleles, but never both, corresponding to the expected
segregation of the X chromosome.
(B) Primers specific for the Y gametolog. A product amplifes only
with male DNA, corresponding to the expected segregation of the Y
chromosome.
DOI: 10.1371/journal.pbio.0030004.g004
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version 3.95 [51]. The divergence and polymorphism data used are
from previous work and were available only for genes 1 and 4 [17];
there were no nonsynonymous polymorphisms for DD44, and no
diversity data are yet available for gene 3.

To test for differences in divergence between the X and Y
sequences of different genes, we compared numbers of fixed X-Y
differences in S. latifolia by contingency tests, using DNAsp. To infer
fixed differences rigorously, we used diversity data within S. latifolia
for genes 1, 4, and DD44. For gene 3 no diversity data are yet
available; however, because this gene pair has high X-Y divergence,
raw divergence values should suffice, so for this gene we estimated
numbers of differences from single X and Y sequences.

Analysis of gene 1. To test whether X and Y sequences of gene 1
continued recombining and started to diverge after the dioecious
species split, a C program was written to find fixed differences in a set
of multiple S. latifolia and S. dioica Y and X sequences, plus one
sequence from each of two outgroup species, S. vulgaris and S. conica;
this enables us to identify whether the changes were in the X or Y
lineages, using parsimony. With global gap-removal, the program
unambiguously distinguishes fixed differences, including insertions
and deletions, from polymorphisms within species. The outgroup
sequences are shorter than the other sequences, so some fixed
differences in the S. dioica Y could not be analyzed.

As this dataset includes the first approximately 2,000 sites of gene
1, including coding and intron sequences [22], a more sophisticated
model for sequence evolution is required for phylogenetic analysis
than for the coding sequences analyzed above. We estimated the
percentage of invariant sites, and the transition to transversion ratio,
and fitted a GAMMA distribution, estimating its ALPHA parameter

with four categories of sites evolving at different rates, using the HKY
(Hasegawa, Kishino, Yano [52]) model as the global substitution
model. The tree was estimated using NJ (BIONJ) with global gap
removal, using a fast ML-based program, PHYML (http://
www.lirmm.fr/~guindon/phyml.html) [53], excluding fixed differences
from the multiple alignment (to avoid conflicting phylogenetic
signals between fixed and polymorphic differences). The statistical
support for the tree was estimated by bootstrapping (100 replicates),
using SEQBOOT, followed by CONSENSE to make a consensus tree
with the resulting 100 PHYML trees.

Supporting Information

Table S1. Recombination Fractions (Rf) between the Loci, and
Standard Errors of Rf Values

Found at DOI: 10.1371/journal.pbio.0030004.st001 (36 KB DOC).

Accession Numbers

The GenBank (http://www.ncbi.nlm.nih.gov/) accession number for
AtMSI4 is AF028711; the UniProt/TrEMBL (http://www.ebi.ac.uk/
trembl/) accession number the ScOpa09 marker is Q9FW98.
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Table 4. Primers Used for Mapping

Locus S. latifolia S. dioica S. latifolia 3 S. diclinis

1 Primers 57S35:

59-TGGACTTCCACTGGAATTCGAT-39

57S1:

59-ATTCGCTCTTGCAATGTGCTCTTCTGAA-39

57S1:

59-ATTCGCTCTTGCAATGTGCTCTTCTGAA-39

57vAS12:

59-AGGGTGCCATTTCATTACCTC-39

57AS34:

59-GTCACTGGTGTCAATCCAGCTCTTG-39

57AS34:

59-GTCACTGGTGTCAATCCAGCTCTTG-39

Polymorphism CAPS (HpaI) CAPS (EarI) DFLP

Accession

numbers

Y18519, Y18518 AJ631218, AJ631219 S. diclinis AJ631220, AJ631221

3 Primers 11S1:

59-AGAAATGGCAAGAGCTGTCACAAAGAGC-39

11S1:

59-AGAAATGGCAAGAGCTGTCACAAAGAGC-39

11S18:

59-ATGTTAAACGAGAAGTGAAGATACTGAA-39

11AS2:

59-CATTCTGGGGGTGAAAGTGTAAAACAGC-39

11AS11:

59-CAGTGAAATCTTTCATTTACCACG-39

11AS13:

59-GGTGATGACGCCAATACTCC-39

Polymorphism CAPS (EcoRI) CAPS (RsaI) DFLP

Accession

numbers

AJ631223, AJ631224 AJ631225, AJ631226 AJ631227, AJ631228

DD44 Primers DD44F1:

59-GTGTTCGACATGTCCATCAGAACC-39

DD44F1:

59-GTGTTCGACATGTCCATCAGAACC-39

DD44S3:

59-CCAAGAGGTTTTCAGAGCTAAC-39

DD44R1:

59-CCATCACTTCTTATTTTATGCAGG-39

DD44R1:

59-CCATCACTTCTTATTTTATGCAGG-39

DD44AluR:

59-TTTCCTTCAGTTCTTTCTCCTCA-39

Polymorphism CAPS (AluI) CAPS (MspI) CAPS (AluI)

Accession

numbers

AJ631230, AJ631231 AJ631232, AJ631233 AJ631234, AJ631235

4 Primers 95vS11:

59-GTGGCCTGGGCGTCTATGTG-39

95S1:

59-CCACTGGGAAGGTTGCCCTCGTTCT-39

95S17:

59-CCAAATGGGTTCGAATCAATCAGCCCA-39

95vAS3:

59-AATTACCGAAGACAGTAAAGCGTC-39

95AS6:

59-GGTCAATCACACAGTTGATA-39

95AS20:

59-GAATAAACAGCATTAAACCTAACACC-39

Polymorphism DFLP CAPS (NciI) CAPS (MwoI)

Accession

numbers
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ScOPA09a Primers OPASHF1:

59-GCAATTCACCATCCTCTGCT-39

OPASHF1:

59-GCAATTCACCATCCTCTGCT-39

OPASHF3:

59-TCCGACCAGTCCCTATCAAG-39

OPASHR1:

59-ATGGTCTTTGGGCCCTTATC-39

OPASHR1:

59-ATGGTCTTTGGGCCCTTATC-39

OPASHR1:

59-ATGGTCTTTGGGCCCTTATC-39

Polymorphism CAPS (AluI) CAPS (TaqI) CAPS (KpnI)

Accession

number

ND AJ716329 ND

Included here are primers used for mapping the four X-Y gene pairs and the PAR marker; nature of the polymorphisms used as markers (i.e., DFLP indicates length polymorphism of amplified fragments; restriction enzymes used for CAPS

analysis are included in parentheses); and accession numbers of either the partial cDNA sequences obtained by RT-PCR (listed as X sequence, Y sequence) or the genomic sequence of the pseudoautosomal sequence. Details of PCR primer

annealing temperatures for the different species are available from the authors on request. ND, no data.
a The annealing temperature for ScOPA09 was 55 8C, and elongation time was 1 min 30 s.

DOI: 10.1371/journal.pbio.0030004.t004
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