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Abstract

Recombination suppression leads to the structural and functional differentiation of sex chromosomes and is thus a
crucial step in the process of sex chromosome evolution. Despite extensive theoretical work, the exact processes and
mechanisms of recombination suppression and differentiation are not well understood. In threespine sticklebacks
(Gasterosteus aculeatus), a different sex chromosome system has recently evolved by a fusion between the Y chromosome
and an autosome in the Japan Sea lineage, which diverged from the ancestor of other lineages approximately 2 Ma. We
investigated the evolutionary dynamics and differentiation processes of sex chromosomes based on comparative analyses
of these divergent lineages using 63 microsatellite loci. Both chromosome-wide differentiation patterns and phylogenetic
inferences with X and Y alleles indicated that the ancestral sex chromosomes were extensively differentiated before the
divergence of these lineages. In contrast, genetic differentiation appeared to have proceeded only in a small region of the
neo-sex chromosomes. The recombination maps constructed for the Japan Sea lineage indicated that recombination has
been suppressed or reduced over a large region spanning the ancestral and neo-sex chromosomes. Chromosomal regions
exhibiting genetic differentiation and suppressed or reduced recombination were detected continuously and sequentially
in the neo-sex chromosomes, suggesting that differentiation has gradually spread from the fusion point following the
extension of recombination suppression. Our study illustrates an ongoing process of sex chromosome differentiation,
providing empirical support for the theoretical model postulating that recombination suppression and differentiation
proceed in a gradual manner in the very early stage of sex chromosome evolution.
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chromosome evolution.

Introduction

Theoretical studies have extensively hypothesized that sex
chromosomes evolved from an ordinary pair of autosomes
that acquired a sex-determining role (Ohno 1969; Rice 1996;
Charlesworth et al. 2005; Bachtrog 2006a). According to a
widely accepted model, recombination between sex chromo-
somes is initially restricted in a limited region surrounding the
sex-determining gene, and recombination suppression ex-
tends along the entire chromosomes—apart from short pseu-
doautosomal regions. The lack of recombination allows the
accumulation of deleterious mutations in the sex-limited
chromosome, which in turn leads to the loss of function of
genes in the nonrecombining region of this chromosome.
Therefore, the suppression of recombination is a crucial
step in the process of sex chromosome evolution. Two
main hypotheses based on gradual and stepwise models
have been proposed to explain the processes of recombina-
tion suppression (Rice 1996; Charlesworth et al. 2005), which
is thought to occur through several mechanisms and ultimate
causes such as sexually antagonistic selection, chromosome
inversion, or other chromosomal rearrangements (Fisher
1931; Charlesworth and Hartl 1978; Bull 1983; Rice 1987;
Lahn and Page 1999; Charlesworth et al. 2005). Despite ex-
tensive theoretical studies on sex chromosome evolution, the

exact mechanisms and processes of recombination suppres-
sion and differentiation are not well understood.

The role of inversions in suppressing recombination be-
tween sex chromosomes has been highlighted in empirical
studies of several model organisms (Lahn and Page 1999;
Lemaitre et al. 2009; Wilson and Makova 2009). These studies
implied that distinct clusters of sex chromosomes have sup-
pressed recombination independently at different times,
potentially via a series of Y chromosome inversions, which
prevent crossing over due to the lack of chromosomal
homology (Navarro et al. 1997; Andolfatto et al. 2001). For
instance, the human X chromosome exhibits at least four
evolutionary strata, representing distinct evolutionary histo-
ries of recombination suppression (Lahn and Page1999;
Skaletsky et al. 2003; Ross et al. 2005; but see e.g, Katsura
et al. 2012). Similarly, evolutionary strata have been identified
in the sex chromosomes of the mouse (Sandstedt and Tucker
2004), cat (Pearks Wilkerson et al. 2008), cattle (Van Laere
et al. 2008), and chicken (Handley et al. 2004; Nam and
Ellegren 2008). Because therian and avian sex chromosomes
arose up to approximately 200 Ma, their Y or W chromo-
somes retain only a few active genes and consist mainly of
repetitive DNA elements, exhibiting only few clues about
their autosomal origin or the processes that resulted in
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their degeneration (Charlesworth B and Charlesworth D
2000). Therefore, it is not certain whether inversions are the
cause of recombination suppression or whether inversions
occur as a consequence of ceased recombination (Charles-
worth et al. 2005; Wimmer et al. 2005; Wilson and Makova
2009). In the case of the plant Silene latifolia, inversions are not
actually associated with the formation of evolutionary strata;
the progression of sex chromosome differentiation is gradual
rather than a result of large chromosomal rearrangements
(Bergero et al. 2007, 2008). Given a potential difference in
the evolutionary dynamics of sex chromosomes between
taxa—particularly between animals and plants (Bachtrog
2011)—more studies on several independently evolving Y
chromosomes from a wider taxonomic perspective are greatly
needed (Wilson and Makova 2009).

Molecular differentiation of sex chromosomes has been
extensively studied using model organisms, mainly focusing
on degeneration patterns in paralogous gene sequences
shared between the sex chromosomes (Wilson and Makova
2009; Ellegren 2011). Recent molecular genetic and cytological
analyses have shown diverse evolutionary histories and stages
of sex chromosomes across different taxa (Charlesworth and
Mank 2010; Janousek and Mrackova 2010; Otto et al. 2011).
Unlike mammals or birds, several lower vertebrates are
known to exhibit a rapid turnover of sex chromosomes,
which could be achieved by different mechanisms such as
the transposition of an existing sex-determining gene to an
autosome, the development of a new sex-determining gene
on an autosome, or by fusions between an ancestral sex chro-
mosome and an autosome (Woram et al. 2003; Takehana
et al. 2007; Cnaani et al. 2008; Ross et al. 2009). Because evo-
lutionarily younger sex chromosomes are expected to be less
degenerated, organisms with recently evolved sex chromo-
somes are suitable to address the initial phases of sex chro-
mosome evolution and thus can be better used to test
predicted models for the processes and mechanisms of re-
combination suppression and differentiation (Bachtrog
2006a). In addition, molecular processes of recombination
suppression and differentiation can be assessed with recently
formed neo-sex chromosomes, in which the newly fused
chromosomal regions are expected to be affected by the
same evolutionary forces as ancestral regions (Charlesworth
1996; Steinemann M and Steinemann S 1998; Charlesworth B
and Charlesworth D 2000). Studies on Drosophila showed
that the neo-Y chromosomes begin to degenerate rapidly
once recombination is suppressed (Bachtrog 2006b;
Bachtrog et al. 2008; Zhou and Bachtrog 2012). However,
little is known about the processes and paces of recombina-
tion suppression and differentiation in neo-sex chromosomes
in other taxonomic groups.

Comparative analyses of related species or intraspecific
variants can provide a time scale to study the process of
sex chromosome evolution. Thus far, such analyses have
been conducted mainly using interspecific comparisons
(Nicolas et al. 2005; Kondo et al. 2009; Ross et al. 2009;
Kaiser and Bachtrog 2010; Stock et al. 2011; Katsura et al.
2012; Pala, Hasselquist, et al. 2012). Fish exhibit diverse sex
determination and sex chromosome systems (Devlin and
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Nagahama 2002; Mank et al. 2006). Additionally, sex chromo-
some rearrangements have been found in several fish species
(Mank and Avise 2009; Cioffi et al. 2012; Kitano and Peichel
2012). Because of the rapid turnover of fish sex chromosomes,
they are presumed to be in the early stages of evolution
(Charlesworth 2004; Volff et al. 2007, Kondo et al. 2009;
Ross et al. 2009). In the stickleback family (Gasterosteidae),
closely related species have different sex determination and
sex chromosome systems (Ross et al. 2009). Moreover, in
threespine sticklebacks (Gasterosteus aculeatus), a different
sex chromosome system has formed as a result of a fusion
between the ancestral Y chromosome and an autosome in
the Japan Sea lineage (Kitano et al. 2009). This rearrangement
has occurred during or after the divergence from the ancestor
of other (Pacific and Atlantic) lineages, which is estimated to
have occurred approximately 2 Ma (Haglund et al. 1992;
Higuchi and Goto 1996). However, no chromosomal rearran-
gements have been found in the Pacific and Atlantic lineages,
having diverged from each other within the last 1 My (O'Reilly
et al. 1993; Orti et al. 1994; Deagle et al. 1996). Because the
neo-sex chromosomes of the Japan Sea lineage have recently
evolved, they are expected to be at an earlier stage of differ-
entiation than the ancestral sex chromosomes. Comparative
analyses of these divergent threespine stickleback lineages
provide a framework for understanding the evolutionary dy-
namics of both ancestral and neo-sex chromosomes, as well
as the molecular process of sex chromosome differentiation
on a relatively short evolutionary time frame.

A previous study found a high degree of genetic differen-
tiation between sex chromosomes in an Atlantic population
of threespine sticklebacks (Shikano et al. 2011). Given the
rapid turnover of sex chromosomes in stickleback species,
sex chromosomes might be evolving rapidly in threespine
sticklebacks as seen in the recent formation of a neo-sex
chromosome system in the Japan Sea lineage (Kitano et al.
2009). In this study, we aimed to investigate the evolutionary
dynamics and differentiation processes of both ancestral and
neo-sex chromosomes of threespine sticklebacks based on
intraspecific comparative analyses with the divergent lineages.
The ancestral and neo-sex chromosomes of this species have
been identified to correspond to linkage groups (LGs) 19 and
9, respectively (Peichel et al. 2004; Kitano et al. 2009). We
uncovered the physical locations of where genetic differenti-
ation has been achieved in these sex chromosomes using a
number of microsatellite markers, which are known to be
sensitive in detecting the genetic differentiation and phylog-
eny of sex chromosomes (Schlotterer 2000; Jobling and
Tyler-Smith 2003; Underhill and Kivisild 2007; Shikano et al.
2011). In addition, we explored the evolutionary history of the
sex chromosomes based on a phylogenetic approach using
nine globally distributed populations. Furthermore, detailed
recombination maps were constructed for the ancestral and
neo-sex chromosomes and compared with the physical map
data to assess the process and pace of recombination sup-
pression and differentiation. On the basis of these analyses, we
tested theoretical models to explain the process of sex chro-
mosome differentiation in the early stages of evolution. In
particular, we were interested in addressing the question
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whether recombination suppression and differentiation pro-
ceed according to a gradual or stepwise model.

Results

Genetic Differentiation of Sex Chromosomes

Chromosome-wide differentiation patterns in LGs 19 and 9
were assessed in three populations (P-SHI, A-HEL, and J-BIW)
from the three divergent lineages using 63 loci (fig. 1 and
supplementary tables S1 and S2, Supplementary Material
online). In LG 19, male-specific alleles were detected at 11
of 35 loci in P-SHI and A-HEL, and 13 of 31 loci in J-BIW
(figs. 2—4 and supplementary tables S3 and S4, Supplementary
Material online). Most of these loci exhibited significant Fst
values between females and males, as well as negative Fg
values in males (supplementary tables S3 and S4, Supplemen-
tary Material online). In contrast, no heterozygous individuals
were found in males at 19 loci in P-SHI and A-HEL and 14 loci
in J-BIW, implying male-specific null alleles (figs. 2-4 and
supplementary table S3, Supplementary Material online). Fis
values were significantly positive in males at all these loci
except for one locus (HSP90B) in A-HEL, at which only one
allele was found in males (supplementary table S3, Supple-
mentary Material online). No sex-specific allelic patterns, as
well as no differentiation between females and males, were
detected at the remaining five loci in P-SHI and A-HEL, and
four loci in J-BIW (figs. 2—4 and supplementary tables S3 and
S4, Supplementary Material online). These loci were located in
the first 2.5 Mb region of LG 19 in all populations. In the 29
loci commonly used for the analyses in the three populations,
male-specific alleles and null alleles were observed at identical
loci in P-SHI and A-HEL, whereas different allelic patterns were
detected at six loci in J-BIW (figs. 2—-4). These different pat-
terns were found in a chromosomal region between 4.5 Mb
and 12.5 Mb. All the loci located in the last 3.9 Mb region of
LG 19 exhibited male-specific null alleles in the three popu-
lations (figs. 2—4). The sex-determining locus has been
mapped to near this region (Peichel et al. 2004).

In LG 9, none of the 26 loci investigated showed significant
Fst between females and males or sex-specific Fs in P-SHI and
A-HEL (figs. 2 and 3 and supplementary tables S3 and S4,
Supplementary Material online). In J-BIW, male-specific alleles
were detected at 8 of 24 loci. All these eight loci were found in
the first 3.2 Mb region of LG 9, corresponding to 15.8% of the

A-MYV

P-WES A-KIN

A-MAI

Fic. 1. Sampling locations of nine study populations.

length (fig. 4 and supplementary table S4, Supplementary
Material online). Of these, seven showed significant Fsr
values between females and males and four showed negative
Fis values in males (supplementary tables S3 and S4,
Supplementary Material online). There was no indication of
male-specific null alleles in any of the loci located on LG 9.

In LGs 19 and 9, significant linkage disequilibrium between
loci was detected for 75 combinations of 1,830 in P-SHI, 43 of
1,830 in A-HEL, and 56 of 1,485 in J-BIW (supplementary
tables S5-S7, Supplementary Material online). In P-SHI and
A-HEL, most of the significant combinations were observed
within LG 19 (supplementary tables S5 and S6, Supplemen-
tary Material online). In contrast, significant linkage disequi-
librium was found in combinations between LGs 19 and 9
(18 comparisons), in addition to those within LG 19 (37 com-
parisons) in J-BIW (supplementary table S7, Supplementary
Material online). Most of the significant combinations ob-
served between LGs 19 and 9 occurred in comparisons with
the loci having male-specific alleles in LG 9.

Phylogenetic Analyses of Sex Chromosome Evolution

The differentiation patterns of sex chromosomes were inves-
tigated in an additional six populations using 23 loci (15 in LG
19 and eight in LG 9; fig. 1 and supplementary tables S1 and
S8, Supplementary Material online). In the populations of the
Pacific and Atlantic lineages, male-specific alleles and signifi-
cant Fst between sexes were detected for the same 11 loci in
LG 19 as in P-SHI and A-HEL (see previous section), except for
Gasm13 in A-MAI (supplementary table S9, Supplementary
Material online). Similarly, significantly high F,s values were
observed in males for the same four loci in LG 19 as in P-SHI
and A-HEL, implying the presence of male-specific null alleles
(supplementary table S8, Supplementary Material online).
No sex-specific patterns were detected for eight loci in LG 9
in any of these populations (supplementary table S8,
Supplementary Material online). In the J]-MAS population
from the Japan Sea lineage, male-specific alleles and null alleles
were indicated for the same loci as in J-BIW (see previous
section; supplementary tables S8 and S9, Supplementary
Material online).

The neighbor-joining (NJ) tree of D¢ distances was con-
structed using the 15 loci from LG 19 in which male-specific
alleles were identified. Each sex chromosome was clustered

JA-HEL
J-MAS

P-SHI

J-BIW

P-TOW
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Fic. 2. Observed heterozygosity (Ho) and Fis in females (black) and males (gray) and Fst between females and males at 35 loci on LG 19 (left) and at 26
loci on LG 9 (right) in P-SHI. Locus positions are indicated in the physical maps. The blue color represents the loci where male-specific alleles were
observed, and the red color indicates the loci where no heterozygous males were found.

together across all populations with a high bootstrap support
(99%), whereas no clustering was found for X and Y chromo-
somes in the respective populations (fig. 5A). The NJ tree for
each locus showed consistent differentiation patterns in most
of the loci, independent of chromosomal location (fig. 6).
Similarly, phylogenetic analyses based on eight loci in LG 9
showed that each neo-sex chromosome grouped together
with a high bootstrap support (100%) in the Japan Sea lineage
(fig. 5B).

Recombination and Differentiation in Ancestral and
Neo-sex Chromosomes

In the consensus analyses of three families in the Japan Sea
lineage, two LGs corresponding to LGs 19 and 9 were identi-
fied in the female meiosis with high LOD (logarithm of the
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odds) scores (>10.2) in each LG. The female-specific LG 19
map included nine loci, spanning 58.6 centimorgan (cM) with
an average intermarker distance of 7.3 cM (fig. 7A). The fe-
male-specific LG 9 map consisted of 17 loci, spanning 106.0
cM with an average intermarker distance of 6.6 cM (fig. 7A).
Recombination rates between adjacent loci were estimated to
be 0.00-9.63 cM/Mb with an average of 4.10 cM/Mb in LG 19
and 0.00-34.38 cM/Mb with an average of 8.00 cM/Mb in LG
9 (fig. 7A).

One LG was obtained for the male meiosis with a high LOD
score (56.8) between the adjacent linked loci of LGs 19 and 9.
The male-specific linkage map comprised 20 loci, spanning
145.0 cM with intermarker distances of 0.0-76.3 cM (fig. 7B).
Recombination rates between adjacent loci varied from 0.00
to 28.31 cM/Mb with an average of 4.10 cM/Mb (fig. 7B). No
recombination was detected between loci spanning from
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4.0 Mb of LG 19 to 7.0 Mb of LG 9, which resulted in a total
length of 23.2 Mb. The recombinationally suppressed region
reached 80.2% of LG 19 and 34.4% of LG 9, or 57.3% of LGs 19
and 9 combined. Furthermore, considerably low recombina-
tion rates (0.23-0.42 cM/Mb) were observed in the region
between 7.0 Mb and 15.4 Mb in LG 9, resulting in a shorter
linkage distance of this region in the male map (2.2 cM) than
in the female map (49.9 cM). The recombination rate in-
creased to 10.33 cM/Mb in the region between 15.4 Mb and
19.7 Mb and to 28.31 cM/Mb in the region between 19.7 Mb
and 20.2 Mbin LG 9, although no recombination was found in
the latter region in the female meiosis. Similarly, high recom-
bination rates (16.90-21.69 cM/Mb) were observed in the first
4.0 Mb region of LG 19 (fig. 7B). In this region, the linkage
distance in the male map was considerably longer (84.4 cM)
than that in the female map (18.4 cM).

The patterns of differentiation between the sex chromo-
somes were further assessed by the level of genetic differen-
tiation as measured by Dgst (fig. 7B). In LG 19, significant
genetic differentiation was observed in all loci except for
the three loci located in the first 1.6 Mb region (fig. 7B).
The Dgst was relatively constant (0.35-0.45) across the
region between 3.2 Mb and 7.0 Mb. Although considerably
high Dgst values (0.73-1.00) were observed for some loci,
the Dgst varied from 0.07 to 1.00 in the region between
74Mb and 159 Mb irrespective of chromosome location.
In this region, the lowest Dgst value (0.07) was found for
the locus where the numbers of X and Y chromosomal alleles
were remarkably high (29 and 11, respectively). In LG 9, the
highest Dgst value (0.55) was observed for the locus located
proximally at the left end (0.05 Mb) of this LG (fig. 7B). The
Dgst decreased gradually with increasing distance from the
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end in the first 5.7 Mb region (fig. 7B). No significant differ-
entiation was observed in the region between 5.7 Mb and
20.2 Mb.

Discussion

The results provide an overview of the genetic differentiation
and evolutionary dynamics of the ancestral and neo-sex chro-
mosomes of threespine sticklebacks. Contrasting levels of dif-
ferentiation were uncovered between the ancestral and
neo-sex chromosomes: Although the ancestral sex chromo-
somes were highly and extensively differentiated in all diver-
gent lineages, genetic differentiation was detected only in a
small region of the neo-sex chromosomes. The integrative
analyses of genetic differentiation and recombination

restriction provided a detailed picture of the process of
neo-sex chromosome differentiation. In what follows, we dis-
cuss these and related issues in the context of theoretical and
empirical knowledge regarding the processes of sex chromo-
some differentiation and evolution.

Evolutionary Pattern of Ancestral Sex Chromosomes

Stickleback fishes have experienced the rapid turnover of sex
determination and sex chromosome systems (Ross et al.
2009). As such, their sex chromosomes are believed to be at
an early stage of evolution. However, our results demon-
strated that the ancestral sex chromosomes of threespine
sticklebacks are highly differentiated from each other
throughout most of their length in all divergent lineages, as
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55 loci on LGs 19 and 9 in J-BIW (see fig. 4 for details).

shown by the chromosome-wide distributions of loci exhibit-
ing sex-specific allelic patterns. Had the sex chromosomes
evolved rapidly within the last 2 My, one would expect to
observe different allelic patterns at several loci among the
divergent lineages. However, our results revealed that allelic
patterns at many loci were identical among these lineages. In
addition, a putative pseudoautosomal region was confined in
the same chromosomal regjon in all lineages. Similarly, several
loci with male-specific null alleles were commonly found in a
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large chromosomal region in which a large deletion has been
identified in the Y chromosome of the Pacific lineage (Ross
and Peichel 2008). Thus, our results suggest that the contem-
porary genetic differentiation and organizations of the ances-
tral sex chromosomes have been formed mainly before the
divergence of the Japan Sea and other lineages. Furthermore,
the phylogenetic analyses based on X and Y chromosomal
alleles support the hypothetical scenario that the ancestral
sex chromosomes have extensively diverged before the split of
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these lineages. A similar divergence pattern was observed in
short fragment sequences around the putative sex-
determining locus (Peichel et al. 2004), although this could
be a consequence of a tight physical linkage between se-
quenced sites and the sex-determining locus. The results
from our chromosome-wide survey demonstrate a consistent
divergence pattern across the ancestral sex chromosomes,
implying that the genetic differentiation detected throughout
these chromosomes has evolved earlier than 2 Ma.

Although chromosomal organizations are apparently
highly conserved in the ancestral sex chromosomes among
the divergent lineages, different sex-specific allelic patterns
were identified in some of the loci located in the central
chromosomal region. All these different patterns were
based on the difference in Y chromosomal amplification be-
tween the Japan Sea and other lineages. Because Y chromo-
somal null alleles were not biased toward a particular lineage,
it is unlikely that these differences resulted from the fact that
all primers were designed based on the genomic sequences of
Pacific lineage individuals. Molecular cytogenetic analyses
with the Pacific lineage suggested possible multiple inversions
in the same region of the Y chromosome (Ross and Peichel
2008). Therefore, ancestral Y chromosome rearrangements
might have occurred differently between the Japan Sea line-
age and other lineages in this genomic region. Alternatively,
degeneration of the Y chromosome might have occurred
differently in this region. Furthermore, it is also possible
that the rearrangements and degeneration of the ancestral
Y chromosome in the Japan Sea lineage have been affected by
the formation of neo-sex chromosomes. Our results also in-
dicated varying levels of genetic differentiation between the
ancestral sex chromosomes in the region where multiple in-
versions were identified in the Y chromosome (Ross and
Peichel 2008). The different levels of differentiation might
have resulted from the Y chromosome rearrangements, al-
though other factors such as different mutation rates or evo-
lutionary histories of the loci cannot be ruled out. Further
comparative analyses of these divergent lineages with the Y
chromosome sequences would provide insight into what
kinds of rearrangements and degeneration have evolved
before and after the split of these lineages.

As commonly observed in organisms with highly differen-
tiated sex chromosomes (Bergero and Charlesworth 2009;
Gschwend et al. 2012), recombination has been extensively
suppressed between the ancestral sex chromosomes of the
Japan Sea lineage. Our results demonstrated that recombina-
tion frequency during male meiosis is not only reduced in the
sex-determining region but is also increased in the pseudoau-
tosomal region of these chromosomes. Increased recombina-
tion in the heterogametic sex relative to the homogametic sex
in a pseudoautosomal region has been reported in a limited
number of organisms, such as the human and mouse (Ellis
and Goodfellow 1989; Rappold 1993; Otto et al. 2011).
Recombination frequency in a pseudoautosomal region is
estimated to be 10-fold greater in males than females in the
human and 7-fold greater in the mouse (Rouyer et al. 1986;
Soriano et al. 1987). In fish, a similar result was observed in the
Japanese medaka (Kondo et al. 2001). A possible explanation

for this phenomenon is that at least one crossover is required
for the proper segregation of the sex chromosomes during
meiosis in many species, and consequently, recombination
occurs exclusively in a small pseudoautosomal region in the
heterogametic sex (Rouyer et al. 1986; Soriano et al. 1987).
Our study showed that recombination frequency in the pseu-
doautosomal region is 4.6 times higher in male than in female
meiosis in the threespine sticklebacks of the Japan Sea lineage.
In contrast, the ratio was estimated to be 1.3 times in the
males than females of the Pacific lineage (Otto et al. 2011).
The considerable difference observed between these lineages
could be due to the extensive recombination restriction
across the ancestral and neo-sex chromosomes caused by
the formation of a neo-sex chromosome system in the
Japan Sea lineage.

Genetic Differentiation of Neo-sex Chromosomes

Clearly distinct levels and patterns of genetic differentiation
were uncovered between the ancestral and neo-sex chromo-
somes of the Japan Sea lineage. In contrast to the ancestral sex
chromosomes, loci with sex-specific allelic patterns were ob-
served only in a small region at one end of the neo-sex chro-
mosomes. Furthermore, no male-specific null alleles were
detected at any loci, offering no indications of an identifiable
inversion or deletion. In the region where male-specific alleles
were identified, the level of genetic differentiation was highest
at the end of the chromosomes and decreased with increasing
distance from the chromosome end. Thus, our results suggest
that genetic differentiation was initiated at the fusion point in
the neo-sex chromosomes followed by gradual spread to
neighboring regions. The analyses of recombination frequency
further provided a detailed picture of the processes of recom-
bination restriction and differentiation in the neo-sex chro-
mosomes. For instance, it is evident that recombination
restriction has extensively and continuously evolved in a
large region spanning the ancestral and the neo-sex chromo-
somes, implying that the neo-Y chromosome of this region
cosegregates with the sex-determining locus. In the neo-sex
chromosomes, recombination is suppressed over a larger
chromosomal region (7.0 Mb) than the region where genetic
differentiation is observed (3.2 Mb). In addition, recombina-
tion is apparently reduced at a distance as far as 15.4 Mb.
Because differentiation of sex chromosomes occurs after re-
combination suppression (Bengtsson and Goodfellow 1987),
it appears that genetic differentiation of the neo-sex chromo-
somes has gradually spread from the end where the neo-Y
chromosome has fused to the ancestral Y, following the ex-
tension of recombination suppression. Thus, our results sug-
gest that the progression of differentiation between the
neo-sex chromosomes of the threespine stickleback is grad-
ual, rather than a consequence of large inversions or other
chromosomal rearrangements.

A recent study of birds found that neo-sex chromosomes
were formed in Sylvioidea species as a result of the fusion of a
part of an autosome to the ancestral sex chromosomes (Pala,
Naurin, et al. 2012). Similar to our results, differentiation
patterns of the neo-sex chromosomes suggested that
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suppression of recombination has spread from the distal
region closely proximate to the ancestral sex chromosomes
(Pala, Hasselquist, et al. 2012). These observations are in line
with the theoretical expectation that recombination between
neo-sex chromosomes ceases due to translocation of autoso-
mal elements into nonrecombining ancestral sex chromo-
somes, emphasizing the importance of physical linkage for
the initial differentiation of neo-sex chromosomes (Rice 1987;
Davisson and Akeson 1993; Vieira et al. 2003; Charlesworth
and Mank 2010). Furthermore, selection that favors linkage
between the sex-determining locus and sexually antagonistic
genes might have promoted a reduction of recombination
between the neo-sex chromosomes (Rice 1987; Bergero and
Charlesworth 2009). Interestingly, it has been shown that the
newly formed neo-sex chromosomes of the threespine stick-
leback are involved in male courtship behavior, which might
be subject to sexually antagonistic selection (Kitano et al.
2009). However, a genomic region determining this trait is
located on the opposite side of the chromosomal region to
where differentiation and recombination suppression have
been established. In addition, there is little evidence for link-
age disequilibrium between sex-linked loci in the ancestral sex
chromosomes and the genomic region determining court-
ship behavior in the neo-sex chromosomes. Thus, it is unlikely
that restriction of recombination between the neo-sex chro-
mosomes was induced by genes responsible for this trait.
The evolutionary dynamics of neo-sex chromosomes have
been intensively studied in Drosophila as a model of sex chro-
mosome evolution (Kaiser and Bachtrog 2010). Although the
neo-sex chromosomes of Drosophila miranda were formed
approximately 1 Ma due to a fusion between the ancestral Y
chromosome and an autosome (Bachtrog and Charlesworth
2002), the entire region of these chromosomes has ceased
recombining simultaneously after the rearrangement event,
leading to a rapid differentiation (Bachtrog et al. 2008).
Approximately half of the genes on the neo-Y chromosome
have lost function due to the degeneration of this chromo-
some (Bachtrog et al. 2008). Moreover, dosage compensation
has partially evolved in the neo-X chromosome (Steinemann
M and Steinemann S 1998; Bachtrog 2006b). It has also been
demonstrated that deleterious mutations have already accu-
mulated in the neo-Y chromosome of D. albomicans, which
was formed only 0.12 Ma (Zhou et al. 2012). Based on the
assumption that the fusion between the ancestral Y and the
neo-Y chromosomes had a role in the divergence of ancestral
threespine sticklebacks of the Japan Sea and Pacific lineages
(Kitano et al. 2009), a reduction of recombination between
the neo-sex chromosomes could have initiated approximately
2 Ma. In contrast to Drosophila with achiasmatic meiotic
systems, the progression patterns of recombination restric-
tion and differentiation are apparently gradual and continu-
ous in the neo-sex chromosomes of the threespine
stickleback. It has been also suggested that the levels of dif-
ferentiation and degeneration in ancestral sex chromosomes
might affect the process of neo-sex chromosome differentia-
tion (Charlesworth et al. 2005; Bachtrog 2011). In fact, the
ancestral sex chromosomes of Drosophila are likely to be
much older than those of the threespine stickleback, in
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which dosage compensation has not evolved yet (Leder
et al. 2010). However, despite the highly evolved ancestral
sex chromosomes of birds, the neo-sex chromosomes of
the Sylvioidea appear to have been recombining over a con-
siderable period of evolutionary time after the fusion event,
exhibiting a gradual reduction of recombination as in the
threespine stickleback (Pala, Hasselquist, et al. 2012). These
studies highlight a variety of factors potentially influencing
neo-sex chromosome evolution. However, because such em-
pirical studies are still scarce, more work is required for a
better understanding of the evolutionary dynamics of neo-
sex chromosomes and molecular mechanisms underlying re-
combination suppression and differentiation.

Microsatellite analyses provided a clear picture of the dif-
ferentiation state of evolutionarily young neo-sex chromo-
somes. In addition, phylogenetic analyses based on these
loci verified the evolutionary origin and divergence of these
chromosomes. The great advantage of microsatellites lies in
their high mutation rate, as estimated to be approximately
10~* in fish (Estoup and Angers 1998; Shimoda et al. 1999;
Lippe et al. 2006). This rate is considerably higher than that of
single-nucleotide polymorphisms, which is considered to be
10%-10""° (Baer et al. 2007). Despite a progressive reduction
of recombination in up to approximately 2 My of evolution-
ary time, allelic reduction and differentiation could be appar-
ent at microsatellite loci owing to their high sensitivity to
population bottlenecks and genetic drift, which are expected
to increase in nonrecombining sex chromosomes due to their
smaller effective population sizes when compared with auto-
somes (Ellegren 2009). In addition, new mutations could arise
at microsatellite loci even in such a short evolutionary time
scale, which would increase the chance to minimize the back-
ground signatures of ancestrally shared polymorphisms
(Schlotterer 2000). Our study identified a gap between the
regions showing genetic differentiation and recombination
restriction in the neo-sex chromosomes. This gap could
result from a time lag until certain alleles or new mutations
accumulate on different neo-sex chromosomes after recom-
bination cessation. In contrast to microsatellites, less poly-
morphic markers with lower mutation rates are likely to be
less sensitive in detecting genetic differentiation in recently
evolved sex chromosomes.

Conclusions

Our comparative analyses of different threespine stickleback
lineages revealed genetic transitions in the ancestral and neo-
sex chromosomes in a short evolutionary time period. The
results further suggest that the processes of reduced recom-
bination and genetic differentiation between the neo-sex
chromosomes are gradual, rather than a consequence of
large inversions or other chromosomal rearrangements.
Thus, our study empirically supports the theoretical model
that recombination suppression and differentiation proceed
in a gradual manner in the very early stage of sex chromo-
some evolution. The findings also suggest that recombination
restriction in the neo-sex chromosomes was induced by the
physical linkage between the ancestral and neo-Y chromo-
somes. In addition, although the ancestral sex chromosomes
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are highly differentiated and evolutionarily stable, recombina-
tion in the pseudoautosomal region is likely accelerated due
to extensive and continuous recombination suppression
across the ancestral and neo-sex chromosomes as a conse-
quence of the new formation of a neo-sex chromosome
system. Thus, our results emphasize the potential importance
of interaction between the ancestral and neo-sex chromo-
somes in their evolutionary context. Based on our study, the
sex chromosome system of the Japan Sea lineage promises to
serve as an important model for further understanding of the
molecular processes of sex chromosome differentiation and
evolution.

Materials and Methods

Samples

Threespine sticklebacks were collected from nine globally
distributed populations using minnow traps and nets (fig.
1 and supplementary table S1, Supplementary Material
online). These populations were classified into the Pacific
(P-SHI, P-TOW, and P-WES), Atlantic (A-HEL, A-KIN,
A-MYV, and A-MAI), and Japan Sea lineages (J-BIW and
J-MAS), based on their distribution and morphological char-
acteristics (Haglund et al. 1992; Higuchi and Goto 1996;
Higuchi et al. 1996). For each population, 46-54 adult fish
were used for genetic analyses (supplementary table ST,
Supplementary Material online). Phenotypic sex was deter-
mined by secondary sex characteristics and visual inspec-
tions of the gonads. Genetic differentiation of sex
chromosomes were intensively analyzed using three popu-
lations (P-SHI, A-HEL, and J-BIW) representing the three di-
vergent lineages with 63 microsatellite loci. Genetic analyses
of the remaining six populations were conducted using the
23 loci where male-specific alleles were detected for at least
one population in the initial survey (see Results for details).
This enabled comparative analyses on the amplification and
differentiation of X and Y chromosomal alleles at the 23 loci
across the nine populations, as well as phylogenetic analyses
based on X and Y chromosomal alleles at these loci.
Genotyping data for 14 loci in A-HEL population were ob-
tained from a previous study (Shikano et al. 2011).

For recombination and linkage analyses in the ancestral
and neo-sex chromosomes of the Japan Sea lineage, three
full-sib families were produced in J-BIW population by
means of artificial crosses with wild parental fish according
to Shimada, Shikano, Kuparinen, et al. (2011). These F; fish
were held in three 90 -| aquaria at 17 °C up to 400 days after
hatching. In total, 197 individuals consisting of six parents and
the191 F; offspring (63 or 64 per family) were genotyped for
36 loci in which no male-specific null alleles were identified in
this population (see Results).

Genotyping

Tissue samples were digested with proteinase K, and total
genomic DNA was extracted using a silica-based purification
method (Elphinstone et al. 2003). A total of 63 microsatellite
loci, comprising 36 loci on LG 19 and 27 on LG9, were selected
to span widely these chromosomes based on their physical

locations in the reference genome sequence of the threespine
stickleback (supplementary table S2, Supplementary Material
online). Of these, 38 loci were chosen from previous studies
(Peichel et al. 2001; Mikinen et al. 2008; Shikano et al. 2017;
Shimada, Shikano, Merild, 2011). Novel primer pairs were de-
veloped for additional 25 loci with the genome sequence
using WebSat (Martins et al. 2009). These primers were de-
posited in the National Center for Biotechnology Information
Probe Database (PUIDs 16584713-16584737; supplementary
table S2, Supplementary Material online). Polymerase chain
reaction (PCR) amplifications of microsatellite loci were con-
ducted using the Qiagen Multiplex PCR Kit (Qiagen) in a
reaction volume of 10 pl consisting of approximately 20 ng
of template DNA, 1x Multiplex PCR Master Mix, 0.5x
Q-Solution, and 2 pmol of each primer. Thermocycling con-
ditions were as follows: initial denaturation at 95°C for
15 min, followed by 30 cycles of 30s at 94°C, 90s at 53°C,
and 60s at 72°C and a final extension at 60°C for 5min.
Amplified fragments were visualized with a MegaBACE 1000
automated sequencer (Amersham Biosciences) using ET-ROX
550 size standard (Amersham Biosciences) and analyzed using
Fragment Profiler 1.2 (Amersham Biosciences). All alleles were
scored by H.M.N. and double checked by TS.

Data Analyses

The number of alleles, observed and expected heterozygos-
ities, and Fs were calculated using FSTAT 2.9.3 (Goudet 1995).
The significance of Fis was determined by 10,000 permuta-
tions. These parameters were estimated for each population,
as well as for respective sexes to investigate amplification of X
and Y chromosomal alleles and differentiation between these
alleles. Linkage disequilibrium between all pairs of loci was
tested in each population using Genepop 4.0 (Rousset
2008). Genetic differentiation between sex chromosomes
was evaluated based on Fsr between females and males, as
well as the presence of male-specific alleles. Fs values and
their significance were determined using Genepop with
Markov chain parameters of 10,000 dememorization steps,
100 batches, and 5,000 iterations per patch. Male-specific al-
leles were identified by comparing allele distributions and
genotypic frequencies between males and females using
GenAlEx 6.5 (Peakall and Smouse 2012). In theory, Fis has a
tendency to be negative in heterogametic males but not in
homogametic females when Y-specific alleles are present. In
the regions where Y chromosome degeneration, deletion, or
inversion has occurred, no heterozygous individuals can be
observed in males due to no amplification of Y chromosomal
alleles. Accordingly, observed heterozygosity and Fs are ex-
pected to be largely different between sexes in these regions,
exhibiting significantly positive Fis in males but not in females.
In contrast, significantly positive Fs values can be found in-
dependently of sex when null alleles are commonly present in
both X and Y chromosomes. Because such patterns were
identified at Gasm14 and GR1 in P-SHI, at Gasm10 and
Gasm30 in A-HEL, and at Gasm28 and Gasm?29 in J-BIW
(supplementary table S3, Supplementary Material online),
these loci were removed from the analyses of sex chromo-
some differentiation. In addition, because no amplification or
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polymorphism was detected for Gasm3, Gasm17, PKMa,
Gasm11, Gasm7, and Gasm22 in J-BIW, for Gasm16 and
Gasm26 in P-TOW, and for HSP90B and Gasm26 in A-MYV
(supplementary tables S3 and S8, Supplementary Material
online), these loci were not included in the analyses.
Standard Bonferroni corrections were applied for all multiple
comparisons.

To address whether the ancestral sex chromosomes have
genetically differentiated from each other before or after the
divergence of the three lineages, phylogenetic relationships
were assessed in terms of sex chromosomes and populations
using Cavalli-Sforza—Edwards distances (Dcg Cavalli-Sforza
and Edwards 1967), which do not assume constant popula-
tion sizes or constant mutation rates across loci. This analysis
was conducted based on the X and Y chromosomal alleles
identified in males using the loci where male-specific alleles
were detected. Phylogenetic relationships were constructed
with the NJ method using Populations 1.2.31 (Langella 1999).
Confidence in tree nodes was determined with 1,000 boot-
straps across loci. Phylogenetic relationships were also inves-
tigated for each locus to assess whether heterogeneous
differentiation patterns are observed across the ancestral
sex chromosomes. In addition, phylogenetic analyses were
conducted for neo-sex chromosomes using the neo-X and
neo-Y chromosomal alleles identified in males. Because no
sex-specific alleles were expected to be observed in the Pacific
and Atlantic lineages due to the absence of the neo-sex chro-
mosome system, male data of these populations were used
for the analyses.

Recombination and linkage analyses in the Japan Sea line-
age were conducted for female and male meioses using
JoinMap 4.1 (Stam 1993; Van Ooijen 2006). In each family,
pairwise recombination frequencies were calculated based on
a threshold range from 0.50 to 0.00 with a step value of —0.05.
Linkage between loci was detected based on these estimates.
In all the three full-sib families used for the analyses, two LGs
were identified in the female meiosis and one in the male
meiosis. Locus orders and distances in consensus linkage
maps were determined by the mean recombination frequen-
cies and combined LOD scores of three family data using the
regression mapping approach with a LOD threshold of 3.0
and goodness-of-fit jump threshold of 3.0. In the consensus
analyses, significant linkage was detected for 26 loci in the
female meiosis and 20 loci in the male meiosis. The Kosambi
mapping function was used to convert recombination fre-
quencies to map distances in cM. Recombination rates were
given as cM/Mb based on the genetic and physical distances
between adjacent loci. Recombination frequencies in a pseu-
doautosomal region were calculated for female and male
meioses based on map distances following Otto et al. (2011).

For comprehensive analyses of sex chromosome differen-
tiation in the Japan Sea lineage, the degree and patterns of
genetic differentiation between sex chromosomes were as-
sessed based on X and Y chromosome haplotypes. The
pseudo-Bayesian ELB algorithm as implemented in Arlequin
3.5 (Excoffier and Lischer 2010) was used to determine the
most probable haplotype constitution (Excoffier et al. 2003).
The analysis was conducted for LGs 19 and 9 separately under
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the following settings: Dirichlet prior alpha value, 0.01; epsilon
value, 0.2; heterozygote site influence zone, 5; gamma value,
0.01; sampling interval, 500; no. of samples, 2,000; burn-in
steps, 100,000; and recombination steps, 0%. Loci with
male-specific null alleles were removed from the analysis.
Two loci, Stn235 and Stn190, on LG 19 were not included
in the haplotype estimation because male-specific alleles were
erroneously assigned to X chromosome alleles due to no
polymorphism in females. The X and Y haplotypes of each
individual were determined based on male-specific alleles.
The level of genetic differentiation between X and Y chromo-
somes was evaluated using the actual differentiation Dgst
proposed by Jost (2008), which is independent of heterozy-
gosity, and is thus suitable for highly polymorphic markers
such as microsatellites (Jost 2008; Gerlach et al. 2010). The
analysis was performed using SMOGD (Crawford 2010) with
1,000 bootstraps to estimate the 95% confidence interval of
each locus.

As the genome sequence of the Y chromosome is not
available in the threespine stickleback, the physical locations
of marker loci were determined based on the reference
genome sequence of a female individual in the Pacific lineage
(supplementary table S2, Supplementary Material online).
The orientation of six loci in the supercontig 3 (3.8—-
20.2 Mb) of LG 19 in our genetic linkage map was inverted
when compared with the reference genome sequence (see
Results) due to a possible error in the genome sequence (Ross
and Peichel 2008), as observed for the loci of this supercontig
in a linkage map of the Pacific lineage (Peichel et al. 2004).
Therefore, marker locations on LG 19 were determined by
reversing the supercontig 3 sequence (supplementary table
S2, Supplementary Material online), according to Ross and
Peichel (2008). Similarly, the orientation of 10 loci in the
supercontig 8 (4.3-17.9 Mb) of LG 9 was consistently reversed
when compared with the reference genome sequence
(see Results). Because the order of loci in this region is also
inverted in a linkage map of the Pacific lineage (Peichel et al.
2001), this could be due to an error in the reference genome
sequence rather than a lineage-specific chromosomal rearran-
gement. Therefore, the same correction was implemented for
marker locations on this supercontig (supplementary table
S2, Supplementary Material online).

Supplementary Material

Supplementary tables S1-S9 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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