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Slcyt, a Newly Identified Sex-Linked Gene, Has Recently Moved onto the X
Chromosome in Silene latifolia (Caryophyllaceae)

Vera B. Kaiser, Roberta Bergero, and Deborah Charlesworth
Institute of Evolutionary Biology, School of Biological Sciences, The University of Edinburgh, Edinburgh, United Kingdom

The sex chromosomes of the plant species Silene latifolia (white campion) are very young (only 5–10 My old), and all 11
X-linked genes so far described have Y-linked homologues. Theory predicts that X chromosomes should accumulate
a nonrandom set of genes. However, little is known about the importance of gene movements between the X and the
autosomes in plants, or in any very young sex chromosome system. Here, we isolate from cDNA a new gene, Slcyt, on
the S. latifolia X, which encodes a cytochrome B protein. We genetically mapped SlCyt and found that it is located
;1 cM from the pseudoautosomal region. Genes in this region of the X chromosome have low divergence values from
their homologous Y-linked genes, indicating that the X only recently stopped recombining with the Y. Genetic mapping
in Silene vulgaris suggests that Slcyt originally belonged to a different linkage group from that of the other S. latifolia
X-linked genes. Silene latifolia has no Y-linked homologue of Slcyt, and also no autosomal paralogues seem to exist.
Slcyt moved from an autosome to the X very recently, as the Cyt gene is also X linked in Silene dioica, the sister species
to S. latifolia, but is probably autosomal in Silene diclinis, implying that a translocation to the X probably occurred after
the split between S. diclinis and S. latifolia/S. dioica. Diversity at Slcyt is extremely low (psyn 5 0.16%), and we find an
excess of high frequency–derived variants and a negative Tajima’s D, suggesting that the translocation was driven by
selection.

Introduction

In the evolution of animal sex chromosomes, gene
movements occur both from and to the X chromosome.
There are grounds to believe that this is not random but that
selection acts to enrich the X (or Z in ZW systems) for genes
with sex-specific functions, including sexually antagonistic
genes, that is, genes that increase fitness in one sex but are
deleterious in the other sex (Rice 1984). In mammals and
Drosophila, the X chromosome has a nonrandom gene con-
tent, having an overrepresentation of male-specific genes in
mammals (Wang et al. 2001; Lercher et al. 2003; Khil et al.
2004; Mueller et al. 2008) and an underrepresentation
in Drosophila (Parisi et al. 2003; Oliver and Parisi 2004;
Vicoso and Charlesworth 2006); in the chicken, female-
specific genes are underrepresented on the Z chromosome
(Kaiser and Ellegren 2006). Nonrandom distributions of
sex-biased genes could evolve through the evolution of
biased expression of initially nonbiased genes that were
already located on the X. Alternatively, genes could be
recruited onto the X from the autosomes. For instance,
the Drosophila melanogaster Y carries mainly male func-
tion genes, none of which has an X-linked homologue
(Brosseau 1960; Carvalho 2002). It could be advantageous
for a female-beneficial antagonistic gene to move to the X if
the amount of gene product is directly related to its copy
number, because such a movement would lead to lower ex-
pression in males. However, this will depend on several fac-
tors, including details of the dosage compensation system.
If dosage compensation occurs, and it acts on the whole
chromosome or large X regions, such a change could be
either selectively neutral or deleterious. If, however, expres-
sion in the two sexes is equalized by upregulating the X
chromosome in males, as in Drosophila (Gupta et al.
2006), genes moved onto the X will not gain increased rel-
ative female expression. Finally, if dosage compensation

occurs in females, for example, by inactivating one X,
and increasing expression from the other X, as in mam-
mals (Nguyen and Disteche 2006), translocating female-
beneficial genes to compensated regions of the X might
be disfavored in females, because expression relative to
autosomal genes will often be reduced.

Both mammals and Drosophila have genetically de-
generated Y chromosomes, and gene movements to and
from their X chromosomes have been documented (Betrán
et al. 2002; Emerson et al. 2004). These movements oc-
curred over long evolutionary times, during most of which
dosage compensation operated for at least some X-linked
genes. The mammalian sex chromosomes evolved about
170 MYA, after the marsupial and Eutherian mammal lin-
eages split from the ancestor of the platypus (Veyrunes et al.
2008), consistent with very high X–Y sequence divergence
of a few genes (Lahn and Page 1999; Ross et al. 2005). In
Drosophila, the XY system is at least 39 My old, and in D.
melanogaster, the X is Muller’s chromosome element A,
the ancestral Drosophila X chromosome (Carvalho 2002;
Ashburner et al. 2005). The bird sex chromosomes also
stopped recombining very long ago (reviewed in Nam
and Ellegren 2008).

Studying the evolution of the X gene content in youn-
ger sex chromosome systems should shed light on how this
content evolves, and plants are of interest for such studies.
The highest silent site divergence values between homolo-
gous X- and Y-linked genes of Silene latifolia (Caryophyl-
laceae) are just over 20%, suggesting that the sex
chromosomes evolved only about 5–10 MYA (Filatov
2005; Nicolas et al. 2005; Bergero et al. 2007). Recombi-
nation in the regions nearest to the pseudoautosomal region
(PAR) ceased much more recently than in other regions,
and several genes near the S. latifolia PAR have X–Y silent
site divergence below 5% (Nicolas et al. 2005; Bergero
et al. 2007). Similarly, in mammals, genes on the X and
Y fall into four or five ‘‘strata’’ of diminishing evolutionary
ages as their locations get closer to the PAR, suggesting
stepwise or gradual recombination suppression, though
on a timescale much longer than in S. latifolia (Lahn
and Page 1999; Nam and Ellegren 2008). These findings
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are consistent with the hypothesis that, in both these X chro-
mosomes, sexually antagonistic genes may have accumu-
lated over time, leading to selective pressure for
suppressed recombination in regions where recombination
formerly occurred, to maintain associations between such
genes and the sex-determining genes.

However, this is indirect evidence, as is all other cur-
rently available evidence for sexually antagonistic genes on
evolving sex chromosomes (Ellegren and Parsch 2007;
Mank et al. 2008; Mank and Ellegren 2009). One reason
for studying plant sex chromosomes is the hope that such
genes may be discovered. Dioecious plants have few sec-
ondary sexual differences, but flowers and inflorescences of
males and females often differ (Lloyd and Webb 1977). In
S. latifolia, the two sexes differ in their optimum numbers
and sizes of flowers, leading to a genetic conflict, and fe-
males with fewer, larger flowers produce sons that have
fewer, larger flowers than the average male (Delph et al.
2002, 2004; Prasad and Bedhomme 2006). In other dioe-
cious plants, traits not associated with flower morphology
also differ between the sexes, for example, leaf resin con-
tent, leaf and stem morphology, senescence patterns, and
plant–herbivore interactions (Krischik and Denno 1990;
Merzouki et al. 1996; Cornelissen and Stiling 2005), sug-
gesting that genes expressed differentially in males and
females may be common in dioecious plants. Currently,
however, sex-specific expression in plants is known only
for genes expressed exclusively in reproductive tissue
(Sather et al. 2005; Yu et al. 2008).

The gene content of plant sex chromosomes is also
currently largely unknown, except for the Y chromosomes
of the moss Marchantia polymorpha (Ishizaki et al. 2002)
and S. latifolia. In S. latifolia, 11 Y-linked genes have now
been described, all apparently functional, except for the in-
complete MROS3-Y gene (Guttman and Charlesworth
1998) and possibly SlssY (Filatov 2008). Here, we describe
the first case of a gene movement to the S. latifolia X. The
gene, Slcyt, was recently translocated from an autosome in
S. latifolia and inserted close to the PAR of the X chromo-
some. This rearrangement could have led to suppressed
recombination in the region, and, as we discuss below,
the movement might have been driven by sexual antago-
nism. The Slcyt gene seems to have been affected by a recent
selective sweep. The only other gene movement known in
a plant sex chromosome system is the duplicative transpo-
sition of a gene to the Y, and the Y copy has increased ex-
pression in stamens, compared with the autosomal one,
suggesting that this was probably also an advantageous
gene movement (Matsunaga et al. 2003). Recently, it has
also been discovered by cytogenetic studies that Silene
diclinis has an X-autosome translocation not present in
S. latifolia (Howell et al. 2009). No genes in the added
region have yet been studied. Our present study suggests
that the X-autosome translocation involving the Slcyt gene
is a separate event from that in S. diclinis. It has so far been
generally accepted that no additions to this sex chromo-
some pair had occurred during its evolution, but that it
evolved from a single ancestral autosome that can be identi-
fied by its gene content (Filatov 2005), but these new
results show that at least part of the X near the PAR has re-
cently been added to one or both of the XY chromosome pair.

Materials and Methods
Silene DNA Samples

The study used S. latifolia, Silene dioica, S. diclinis,
and Silene vulgaris plants from natural populations, which
are described below. Silene dioica and S. diclinis have
the same XY system as S. latifolia, that is, genes in the
‘‘older’’ regions of the S. latifolia Y chromosome stopped
recombining with the X before this group of dioecious
species split; the sequences of these genes form distinct
X and Y clusters, rather than clustering by their species
of origin (Nicolas et al. 2005). Silene dioica is the sister
species to S. latifolia, and these species often hybridize in
nature (Baker 1948; Filatov et al. 2001; Laporte et al.
2005). Silene vulgaris, the outgroup species used in this
study, is gynodioecious and has no sex chromosomes
(Desfeux et al. 1996).

Individuals were grown in the greenhouse at the
University of Edinburgh and DNA was extracted from fresh
leaves using the Fast DNA kit (Q-biogene), following the
manufacturer’s instructions.

Sex-linked and autosomal genes were identified in the
mapping families F2005-4 and H2005-1, which are F2
families descended from crosses between geographically
distant populations (Bergero et al. 2007). For putatively
X-linked genes, we genotyped the two F1 individuals
(parents of the F2) of H2005-1 and scored 92 F2 offspring
for variants found in the maternal and/or paternal plant.
For each gene, the inheritance patterns of the two variants
within the family were compared with the pattern obtained
for previously published X-linked genes.

For mapping genes in S. vulgaris, two families (named
SV1 and SV2) were used, with 51 and 64 offspring, respec-
tively. These families were generated by crossing a female
plant (E2000 5/9, from Dijon, France) with two unrelated
hermaphroditic plants (H2000-4 and 99K-10-4, from
Flamanville, France, and Sussex, United Kingdom, respec-
tively). A linkage map of the markers was inferred using
the software JoinMap (Stam 1993).

Identifying Sex-Linked Genes

A set of S. latifolia gene sequences were isolated from
a cDNA library constructed by a simplified version of the
template-switching (TS) procedure of Matz et al. (1999).
First-strand cDNA was synthesized from total RNA
extracted from male leaf primordia, using 50 mM of
oligo(dT)21 (5#-GATCGATTTTTTTTTTTTTTTTTTTT-
TVN-3#), 30 mM MgCl2, and 200-U reverse transcriptase
Superscript II (Invitrogen, Paisley, United Kingdom), fol-
lowing the manufacturer’s recommendation. The TS
adapter (5#-GGTTTTGGTAGTTCTGTGTGTTGGG-3#)
was ligated to the 5# ends of cDNAs in a 50-ll reaction
containing 5 units of Klenow fragment 3# / 5# exo�

(New England Bioloabs, Ipswich, MA), 1� buffer 2
(New England Biolabs), 1 mM deoxynucleotide triphos-
phates, and 50 pmol of TS adapter. The reaction was carried
out at 16 �C, overnight. After incorporation of the TS
adapter, the cDNA was purified on a Qiagen spin column,
polymerase chain reaction (PCR) amplified using the
primer pair for the TS adapter and an oligo(dT)21 primer,
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and finally cloned in a T-tailing pBS vector (Stratagene, La
Jolla, CA). We refer to this as the TS library.

Candidate sex-linked genes in S. latifolia were iden-
tified using a combination of segregation analysis of intron
size variants (ISVS), using a universal primer (5#-GGT-
TGGAGCTAGTGTTGTG-3#) labeled with 6-FAM or
VIC (Applied Biosystems, Foster City, CA), and direct se-
quencing, as described in Bergero et al. (2007). Briefly, we
first identified putative intron positions by comparing the
S. latifolia cDNA sequences with the translated Arabidop-
sis thaliana and Oryza sativa (rice) genome sequences,
using BlastX at www.ncbi.nlm.nih.gov. PCR primers were
then designed from the S. latifolia cDNA sequences flank-
ing putative introns, using the Oligonucleotide Properties
Calculator available at http://www.basic.northwestern.
edu/biotools/oligocalc.html. The PCR conditions using
the labeled universal forward primer were generally as fol-
lows: 10 cycles of 94 �C for 30 s, 56 �C for 30 s, 72 �C for
1 min, followed by 25 cycles of 94 �C for 30 s, 50 �C for
30 s, 72 �C for 1 min; final extension at 72 �C for 30 min.
PCR conditions without the universal labeled forward
primer: 10 cycles of 94 �C for 30 s, 56 �C for 30 s,
72 �C for 1 min, followed by 25 cycles of 94 �C for
30 s, 52 �C for 30 s, 72 �C for 1 min. To detect size differ-
ences that could be used as genetic markers, the PCR prod-
ucts were run on 1.5% agarose gels and inspected visually.

For sequences that did not yield suitable size variants,
capillary electrophoresis was performed on an ABI 3730
capillary sequencer (Applied Biosystems). The labeled for-
ward primer allowed length variants among the PCR prod-
ucts to be scored using the Genemapper software package
3.7 (Applied Biosystems). PCR amplicons that showed no
length variants were directly sequenced, and sequences
were examined in Sequencher 4.5 to detect variants suitable
for segregation analysis after digestion with restriction en-
zymes. Finally, if no suitable restriction sites were found,
genotyping for segregation analysis was performed by
direct sequencing to detect polymorphic variants.

Obtaining the Complete Slcyt Sequence

Because the cDNA sequence that allowed us to deter-
mine whether Slcyt is sex linked (see Results) did not con-

tain the whole Slcyt coding sequence, nested PCR was used
to obtain the 5# end of the gene. The TS cDNA library was
used as template in a first round of PCR using a primer for
the TS adapter and the reverse gene-specific primer
Slcyt_b_R (supplementary table 1, Supplementary Material
online). One microliter of the first-round PCR mixture was
used in a second round PCR with primer for the TS adapter
and the gene-specific primer Slcyt_R, which binds inter-
nally to the PCR product from Slcyt_b_R (supplementary
table 1, Supplementary Material online). The PCR products
were cloned, sequenced in an ABI 3730 capillary sequenc-
ing machine (Applied Biosystems), and visualized using
Sequencher 4.5 software.

Intron 1 proved difficult to amplify but was amplified
with Phusion enzyme (Finnzymes, Espoo, Finland) and
a PIKO 24 thermal cycler (Finnzymes), following the man-
ufacturer#s instructions (PCR conditions: 40 s at 98 �C,
followed by 10 cycles of 5 s at 98 �C, 5 s at 62 �C, 5 min
at 72 �C; 25 cycles of 5 s at 98 �C, 5 s at 55 �C, 5 min
at 72 �C; final extension at 72 �C for 5 min).

Analyses of DNA Sequence Diversity

To study DNA sequence diversity of Slcyt within
S. latifolia, parts of the gene (starting within exon 2, and
including the whole of intron 2 and exon3, and parts of
the 3# untranslated region (UTR), see fig. 2) were amplified
in the same 48 European male plants, from 24 different Eu-
ropean populations, covering the entire native range of the
species (the samples are listed in supplementary table 2,
Supplementary Material online) that were used to confirm
absence of a Y-linked copy (see Results), using the primers
Slcyt_ex2_cons_F and Slcyt_3_R (3#UTR) (supplementary
table 1, Supplementary Material online). The PCR products
were directly sequenced and edited in Sequencher. Se-
quence diversity was analyzed using DnaSP software,
which was also used for several tests of neutrality, including
Tajima’s D, Fu and Li’s D* and F*, Fay and Wu’s H, and
Fu’s F statistics (Tajima 1989; Fu and Li 1993; Fu 1997;
Fay and Wu 2000). The significance levels for these tests
were calculated using coalescent simulations implemented
in DnaSp, assuming no recombination (Filatov 2008),
which is a conservative approach (Tajima 1989; Wall
1999). The Hudson-Kreitman-Aguadé (HKA) test (Hudson
et al. 1987) was used to compare Slcyt diversity levels with
those of X7, Cyp-X, X4, and SlX9, another new X-linked
gene, which will be described elsewhere (Kaiser VB,
Bergero R, Charlesworth D, in preparation).

In the course of studying sequence diversity of Slcyt,
we identified a polymorphic (TTA)n microsatellite in intron
1 (referred to below as SlX_STR1). This was scored using
the primers Slcyt-I1-F-univ.-1 and Slcyt-I1-R-2 (supplemen-
tary table 1, Supplementary Material online), and the sizes
of the amplicons were determined using GeneMapper 3.7.
Ten of 11 females from different natural populations were
heterozygous for SlX_STR1 (table 1). To further test for
complete sex linkage (and exclude a pseudoautosomal lo-
cation for Slcyt), SlX_STR1was amplified in the 48 males
listed in supplementary table 2, Supplementary Material on-
line. Finding heterozygous males would indicate the pres-
ence of a Y-linked copy, or a pseudoautosomal location.

Table 1
Lengths of the Region That Includes the Microsatellite
SlX_STR1 in Intron 1 of Slcyt in Female Silene latifolia
Individuals from Various Natural Populations

Individual Location
Length of

Amplicon (bp)

K2005-2B France 171, 176
K2005-1B2 Germany 161, 176
G2005-5/3 Greece 148, 161
G2005-4 Greece 135, 145
J2006-1/3 Denmark 159, 177
E2004-17/3 Netherlands 149, 177
K2005-3A/3 Poland 155, 171
K2005-4/3 Austria 174, 214
K2005-9/3 Estonia 162, 171
K2005-2A/3 France 165, 222
K2005-7/3 Norway 165

Slcyt, a Newly Identified Sex-Linked Gene 2345
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Results
Identification of Two New X-Linked Genes in S. latifolia

A total of 16 S. latifolia cDNA sequences were
screened for sex linkage using the ISVS method, direct se-
quencing, and/or restriction digestion (see Materials and
Methods). The PCR primers used for mapping are listed
in supplementary table 1, Supplementary Material online.
Two new genes were found to be sex linked, giving a total
of 13 genes so far identified on the X and/or Y chromosome
in this species. They were provisionally named Slcyt and
SlX9/SlY9.

Sex linkage of the first gene, Slcyt, was established by
direct sequencing and segregation analysis of an single nu-
cleotide polymorphism (SNP) variant (G/C) in intron 2. The
male parent of the F2005-4 mapping family previously stud-
ied (Bergero et al. 2007) carried a G, whereas the female par-
ent was homozygous for C. Seven male offspring were
scored, and all inherited the mother’s variant, whereas all four
female offspring scored were heterozygous for both variants,
strongly suggesting that the gene is X linked. Further evi-
dence for X-linkage is given below.

The other new sex-linked gene, SlX9, was mapped us-
ing the mapping family H2005-1 (Bergero et al. 2007), by
scoring a size variant in intron 2 directly on an agarose gel.
Variants in the SlX9/SlY9 gene found exclusively in the fa-
ther and male offspring (Y-linked sequences) were identi-
fied using segregation analysis of a marker that was
heterozygous in both the maternal and paternal plants. This
gene will be described in more detail elsewhere (Kaiser VB,
Bergero R, Charlesworth D, in preparation).

Genetic Mapping of Slcyt and SlX9

Slcyt and SlX9 were genetically mapped using segre-
gation analysis among the 92 F2 offspring of the mapping
family H2005-1. The maternal plant was heterozygous for
both genes. For Slcyt, the F2 offspring were scored for
SlX_STR1. Again, there were no heterozygous males
among the offspring, and no recombinants were found be-
tween Slcyt and SlX6b among the 92 offspring scored, sup-
porting the conclusion that Slcyt is X linked, and is located
in the part of the X that does not recombine with the Y in
males. SlX6b maps at a distance of ;1 cM from the pseu-
doautosomal marker, OPA (Bergero et al. 2007). One of the
mother’s 2 SlX_STR1 alleles appeared in only 2 of 43
males and 4 of 49 females. This aberrant ratio (v2 5
93.56, P , 0.001, 1df) is similar to results for SlX6b
(Bergero R, unpublished data) and suggests either a bias
in transmission via female gametophytes or higher mortal-
ity of offspring carrying this maternal X chromosome. No
such bias was detected in five other mapping families tested
(results not shown), but these families confirmed X-linkage
of Slcyt. No Y-linked copy was detected (see below).

The same intron size variant that was used to establish
sex linkage was also used to map SlX9 in relation to the
other known X-linked genes. SlX9 maps to the same posi-
tion as SlCypX, a previously described sex-linked gene lo-
cated about 14 cM from the pseudoautosomal marker
(Bergero et al. 2007).

Mapping Orthologues of X-Linked Genes in S. vulgaris

Because no Y-linked copy was detected, we tested
linkage of the Slcyt orthologue in S. vulgaris (which we de-
note by Svcyt), to test whether the gene has changed its
chromosomal location. Segregating indels in introns were
therefore used as markers to map as many S. vulgaris
orthologues of S. latifolia X-linked genes as possible.
Segregating ISVS and SNP markers were obtained for
six S. vulgaris genes, the homologues of the X-linked genes
SlX3, CypX, SlX7, SlX6a, DD44X, and SlX9 and scored in
the progeny of families SV1 and SV2 (see Materials and
Methods). Neither mapping family had segregating indels
in the introns of Svcyt, so the segregation of two SNPs in
intron 1 was scored in family SV1 by direct sequencing;
informative variants were present in both the maternal
and paternal parents. Figure 1 shows the consensus map
obtained for the two S. vulgaris families. The mapped genes
fall into a single S. vulgaris linkage group, spanning 25 cM,
except for Svcyt, suggesting that this gene moved to the X of
S. latifolia from another location. We next describe the
analysis of this gene in more detail.

Slcyt Gene Structure and Function

The complete coding sequence and most of the intron
sequences were obtained for Slcyt. The gene structure was
inferred by comparing the S. latifolia cDNA sequence with
the genomic sequence (fig. 2). BlastX searches were per-
formed at www.ncbi.nlm.nih.gov to identify homologous
genes in other organisms and their functions. The best
hit in the A. thaliana genome sequence was to a member

FIG. 1.—Genetic map of X-linked genes in Silene latifolia and their
homologues in Silene vulgaris. The cyt gene falls into a different linkage
group in S. vulgaris and is therefore not shown.
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of a family of cytochrome B5 proteins (Blast e-value 2e�41)
that has 61% amino acid identity to Slcyt. Slcyt also shows
significant similarity to cytochrome B proteins in the dicot-
yledonous plant Vernicia fordii (Euphorbiaceae), and in the
monocotyledons Sorghum bicolor and Triticum monococ-
cum (Blast e-values 1e�46 to 4e�34). The homologue of the
Slcyt gene was sequenced in S. vulgaris, S. dioica, and
S. diclinis. Divergence values between S. latifolia and
the other species are shown in table 2. The Slcyt gene
has probably remained functional in the species studied.
We isolated it from cDNA, showing that the gene is tran-
scribed, and we found no premature stop codons or frame-
shifts in any of the sequences, and, in comparisons between
S. latifolia and S. vulgaris, Ka is smaller than Ks, suggesting
that purifying selection has been acting on the gene.

Searches for a Y-Linked Copy of Slcyt in S. latifolia and
Its Close Relatives S. dioica and S. diclinis

No heterozygotes were found among 48 males
screened for the microsatellite SlX_STR1 in the Slcyt gene,
even though we found 19 length variants among these
males (supplementary table 2, Supplementary Material on-
line), and most females scored were heterozygous (table 1).
It therefore seems likely that there is no Y copy. Given that
Slcyt maps close to the PAR, divergence between the X-
linked gene and any Y-linked copy is expected to be
low, and conserved primers should amplify a Y-linked copy
of Slcyt, if present.

To more rigorously test for the possibility that a Y-
linked copy of Slcyt exists, several approaches were tried.
First, primers designed to match regions of conserved
amino acid identity between Slcyt in S. latifolia and the
A. thaliana or S. vulgaris homologues were used to amplify
genomic DNA and cDNA from male individuals. No het-
erozygous SNPs were detected in any of six males tested,
four of which were F1 individuals from crosses between
different populations. Second, 48 males from 24 different
European populations (see above) were sequenced in our
diversity analysis, and none carried any SNPs in the region.

We did not obtain any Slcyt sequence (not even the X
sequence) using an approach in which amplification re-
quires only one primer (either forward or reverse) to match
the Y-linked copy (Guttman and Charlesworth 1998). The
primers tested were Slcyt_ex3_cons_R, Slcyt–exon 2-R,
Slcyt_ex1_cons_F, Slcyt_F (exon 3), Slcyt_b_R (exon 3),
and Slcyt_ex2_cons_F.

To test whether there is a Y-linked copy in S. dioica,
we amplified the microsatellite SlX_STR1 in 20 offspring
of an S. dioica female from a population in Finland, whose
genotype at this locus is unknown, using the same primer
combination as for S. latifolia and scored the length variants
using Genemapper. Among the progeny, there were three
alleles, 146, 168, and 180 bp. Overall, nine females were
heterozygous (three 168/180 and six 146/180) and five were
146-bp homozygotes (table 3). In all six males, only one
allele was detected (either 146 or 180 bp, see table 3). This
suggests X linkage and no Y copy (assuming a heterozy-
gous 146/180 maternal parent, which mated with at least
three males, carrying 146, 180, and 168 bp variants on
the X). Autosomal inheritance is not excluded by these re-
sults alone (a 146/180 female mated with at least two
males). However, it is very unlikely that all six male off-
spring would be homozygous by chance (Fisher’s exact
test, df 5 1, P , 0.05).

We also genotyped 11 male and 6 female S. dioica,
sampled from the wild. All male individuals again each
had only one length variant, whereas four females were
heterozygotes (table 4).

In S. diclinis, however, all three males and three
females scored carried two length variants for Cyt. These
plants were derived from seeds collected from one female
from Spain and were therefore full or half siblings (family
A2000-13). Direct sequencing of one male and one female
individual from this family (individuals A2000-13-4 and
A2000-13-10) confirmed that the PCR products (which
span a region of 1,162 sites from exon 1 to within exon
3) were indeed two copies of Cyt, although they differ
by about 70 bp in length due to an insertion in intron 1.
There were, however, no SNP variants, which suggests that
these are two alleles of the same gene, rather than pa-
ralogues. Without a mapping family or population samples
from S. diclinis, we cannot currently test for sex linkage in
this species, so the two copies could be autosomal or in
the PAR of the X and Y. A pseudoautosomal location
would result in incomplete sex linkage of two paternal var-
iants in the F1 of a cross and in different variants being

FIG. 2.—Gene structure of Slcyt. Sizes in bp of exons and the
position of the microsatellite SlX_STR1are given. There is a gap in the
sequence of about 70 bp in intron 1, which has a total length of about
730 bp.

Table 2
Synonymous (Ks) and Nonsynonymous (Ka) Divergence
Values between Slcyt and the Sequences of the Orthologous
Cyt Gene in Three Related Species

Species Compared Ks (%) Ka (%)
Length of

Sequence (bp)

Silene latifolia–Silene Vulgaris 10 6 273
S. latifolia–Silene Dioica 1.6 1.3 288
S. latifolia–Silene diclinis 1.3 0.4 351

The lengths of the alignments are given in base pairs (bp).

Table 3
Lengths of the Region That Includes the Microsatellite
SlX_STR1 in Intron 1 of the Cyt Gene, in 20 Offspring of
a Silene dioica Female Sampled from a Wild Population
(Family A2009-1, See Text)

Lengths Observed (bp)
Number

of Females
Number
of Males146 168 180

� þ þ 3 0
þ � þ 6 0
þ � � 5 3
� � þ 0 3
Total 14 6
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incompletely associated with the sexes in population sam-
ples, so this is potentially testable in the future. It would be
interesting to test this, because the S. diclinis X is now
known to have undergone a translocation of an autosome
region.

Sequence Diversity Analyses

To test whether the movement of the Slcyt gene to the
S. latifolia X chromosome was a selected event, we ana-
lyzed this sequence further. Silene latifolia genomic
DNA sequences were obtained for a region starting within
exon 2, and including the whole of intron 2 and exon 3, and
parts of the 3# UTR, and diversity was analyzed using the
European sample of S. latifolia males described above. We
obtained direct sequences of 45 X-linked copies. The diver-
sity of Slcyt was very low: Synonymous diversity, pS, was
0.16% and nonsynonymous diversity, pA, was 0.07%,
based on 237 coding sites. The pA/pS ratio is 0.45. The
aligned noncoding positions (173 sites) also yielded
a low diversity estimate (0.16%).

The HKA test (Hudson et al. 1987) was used to com-
pare Slcyt diversity levels with those at four other X-linked
genes, SlX9, X7, X4, and Cyp-X, by testing the within-
species polymorphism of Slcyt, after correcting for diver-
gence from their S. vulgaris orthologues. The test was sig-
nificant for the comparisons of Slcyt versus SlX9, X4 and
Cyp-X (P , 0.05, P ,0.05, and P , 0.01, respectively);
for the comparison of X7 versus Slcyt, P , 0.06, but the

number of X7 sites available was much smaller than for
the other three genes (191 bp vs. 367, 863, 804 bp, for
SlX9, X4, and Cyp-X, respectively), and the power was
low. We therefore conclude that the low diversity at Slcyt
is unlikely to be explained by neutral processes alone, such
as a very low mutation rate at the locus.

The low Slcyt diversity suggests the possibility of a se-
lective sweep. We therefore performed Tajima’s D test,
which compares the two estimates of diversity, the nucle-
otide diversity, p, based on pairwise comparisons of allele
sequences, and h (which is based on the number of segre-
gating sites). At equilibrium under neutrality, the two esti-
mates are expected to be the same, and Tajima’s D will be
close to zero (Tajima 1989), whereas recent directional se-
lection (positive or purifying selection) leads to an excess of
low frequency variants, and a negative Tajima’s D. The
other tests shown in table 5 also detect variants at frequen-
cies differing from the neutral distribution. All the tests per-
formed on Slcyt were significant; a skewed frequency
spectrum at segregating sites, together with an excess of
high-frequency variants, which represent the derived state,
suggest the action of positive selection, rather than selection
against deleterious variants.

Discussion

The sex chromosomes in S. latifolia are believed to
have evolved from a single pair of ordinary autosomes, con-
sistent with the fact that all 11 sex-linked genes previously
described have Y-linked counterparts (Delichere et al.
1999; Atanassov et al. 2001; Moore et al. 2003; Filatov
2005; Nicolas et al. 2005; Bergero et al. 2007), and that
all four genes previously mapped in S. vulgaris (Filatov
2005) are on a single autosome, and so is the newly discov-
ered X-linked gene SlX9 mapped here. Slcyt is the first
gene discovered on the S. latifolia X that has been acquired
from a different genomic location in the course of X-
chromosome evolution in this genus, and is now located
close to the SlX6b gene. In female meiosis, both genes
map only about 1 cM from the pseudoautosomal marker,
OPA, discovered by Di Stilio et al. (1998). Divergence
between SlX6b and its Y-linked homologue is low (Ks 5
4.5%), showing that the X stopped recombining with the
Y chromosome only recently at this locus (Bergero et al.
2007). All 46 males from the different European populations
contained only a single, hemizygous copy of Slcyt. Thus,
a translocation was probably involved, which is now fixed
within the species. Because no autosomal paralogous copy
was detected, the chromosomal segment probably moved
onto the X chromosome only (and not the Y also) and was
lost from another genomic region at the same time.

It is unknown whether the event affected Slcyt alone or
whether neighboring genes were translocated in the same
event. Slcyt contains introns, showing that it is not a retro-
gene, so a larger, segmental event is possible, forming
a neo-X chromosome. If the event indeed translocated a
substantial region into the S. latifolia PAR, it might have
directly prevented recombination between the X and Y
chromosomes in this region (and, once fixed, would not
affect recombination between X chromosomes, though it

Table 5
Tests of Neutrality Statistics Slcyt

Tajima’s D
Fu and Li’s

D*
Fu and
Li’s F* Fu’s F

Fay and
Wu’s H

�1.6 �2.66 �2.72 �2.6 �1.82
P , 0.05 P , 0.01 P , 0.01 P , 0.05 P , 0.01

Table 4
Lengths of the Region That Includes the Microsatellite
SlX_STR1 in Intron 1 of Cyt in Male and Female Silene
dioica Individuals from Natural Populations

Individual Location Sex
Length of

Amplicon (bp)

99M24.2 Unknown Male 129
9-1 Unknown Male 146
FS01 Scotland Male 139
FS02 Scotland Male 136
FS03 Scotland Male 133
FS04 Scotland Male 136
FS05 Scotland Male 146
FS06 Scotland Male 139
FS07 Scotland Male 136
FS08 Scotland Male 136
FS09 Scotland Male 133
99K24.1 France Female 129,136
99K22.7 France Female 129,136
FS10 Scotland Female 136,146
FS11 Scotland Female 136,146
FS12 Scotland Female 139
FS13 Scotland Female 139
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might initially have been deleterious for female fertility in
heterozygotes, as is true for many translocations). This
event could be similar to that in the medaka fish, where a du-
plication created a new copy of the autosomal dmrt1 gene
on another autosome, immediately isolating a small region
close to the new copy from its homologue (Kondo et al.
2006). In medaka, unlike the case of Slcyt, the original
copy is still present. More information on S. vulgaris or
S. latifolia sequences, including sequencing bacterial arti-
ficial chromosome clones containing the S. latifolia Slcyt
gene, should allow genes adjacent to Slcyt to be found,
which would help determine the size of the insertion,
and whether any of these genes could have been under sex-
ually antagonistic selection, and could thus have selected
for the translocation. Another interesting consequence of
movement of a large genome region, containing several es-
sential genes, from an autosome to the X, is that this could
explain why YY plants in S. latifolia are inviable, because
these plants would entirely lack these genes. This alterna-
tive to classical genetic degeneration of the Y chromosome
has not previously been considered. Such a genome rear-
rangement would have to be sufficiently advantageous in
females to drive the change, however.

Our evidence gives some support for the hypothesis
that the translocation was driven by selection. Cyt appears
to be X linked in S. dioica as well as S. latifolia, but not
in S. diclinis, in which we found two copies in both fe-
males and males, so that it is probably still autosomal.
Thus Slcyt probably moved to the X after the split of
S. latifolia/S. dioica from S. diclinis. This is consistent
with a skew in the frequency spectrum still being observ-
able at segregating sites in the Slcyt gene. The combina-
tion of strongly reduced diversity and a highly skewed
frequency spectrum of segregating sites, reflecting a
recently reduced effective population size, suggests
positive selection when the translocation became fixed
(though we cannot exclude the possibility of a selective
sweep after its fixation). A recent rapid nonselective
fixation could also lead to a uniform haplotype at the
locus (Tajima 1990). It seems unlikely, however, that
such a nonselective event would produce the strongly
significant results we find for Tajima’s tests and the other
tests in table 5, but this possibility should be tested in the
future using neutral models.

If selection was involved, it need not have involved the
Slcyt locus itself. The protein encoded is probably used in
the mitochondrial electron transport system. Slcyt may
therefore be a housekeeping gene, in which case sexual an-
tagonism involving Slcyt itself might not be the main driver
behind the gene’s movement, and one would have to as-
sume selection on another gene translocated in the same
event (Jiang et al. 2001; Jin et al. 2001). However, a con-
nection is well established between mitochondrial electron
transport and cytoplasmic male sterility in plants, possibly
due to the high metabolic needs of anther development
(Warmke and Lee 1978; Chase 2007), and so it is possible
that Slcyt has some important function in males, and that its
loss would benefit females due to sexual antagonism. It will
thus be very interesting in the future to compare gene ex-
pression of Slcyt in males and females and in sex-specific
reproductive tissues.

Supplementary Material

Supplementary tables 1 and 2 are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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