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Abstract
Diverse sex-chromosome systems are found in vertebrates, particularly in teleost fishes, where different systems can be 
found in closely related species. Several mechanisms have been proposed for the rapid turnover of sex chromosomes, 
including the transposition of an existing sex-determination gene, the appearance of a new sex-determination gene on an 
autosome, and fusions between sex chromosomes and autosomes. To better understand these evolutionary transitions, a 
detailed comparison of sex chromosomes between closely related species is essential. Here, we used genetic mapping and 
molecular cytogenetics to characterize the sex-chromosome systems of multiple stickleback species (Gasterosteidae). 
Previously, we demonstrated that male threespine stickleback fish (Gasterosteus aculeatus) have a heteromorphic XY pair 
corresponding to linkage group (LG) 19. In this study, we found that the ninespine stickleback (Pungitius pungitius) has a 
heteromorphic XY pair corresponding to LG12. In black-spotted stickleback (G. wheatlandi) males, one copy of LG12 has 
fused to the LG19-derived Y chromosome, giving rise to an X,X2Y sex-determination system. In contrast, neither LG12 nor 
LG19 is linked to sex in two other species: the brook stickleback (Culaea inconstans) and the fourspine stickleback (Apeltes 
quadracus). However, we confirmed the existence of a previously reported heteromorphic ZW sex-chromosome pair in the 
fourspine stickleback. The sex-chromosome diversity that we have uncovered in sticklebacks provides a rich comparative 
resource for understanding the mechanisms that underlie the rapid turnover of sex-chromosome systems.
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Introduction

Genetic sex determination (GSD) is prevalent in vertebrates and 
is often accompanied by the presence of a heteromorphic 
chromosome pair in one sex. Birds and snakes have a ZW 
heteromorphic pair, where the W sex chromosome is female- 
limited: however, neither the bird nor the snake sex determination 
locus has been identified (reviewed in (l ]). Most mammals have an 
XY heteromorphic pair (2], and the male-limited Y sex 
chromosome bears SRT. a male-determining gene (3-5] that is 
found in all but a handful of mammals (6—10]. However, this 
broad conservation of sex-chromosome systems across large 
taxonomic groups is not universal in vertebrates. Both simple 
(XY and ZW) and complex (polygenic) forms of GSD. as well as 
environmental sex determination (ESD). are seen in teleost fish, 
lizards, turtles and amphibians (1], Even closely related species 
within a genus might have different sex-determination systems. For 
example, the only other known vertebrate sex-determining gene. 
DMT  in the medaka fish (hyiias latipes (11.12], is not found in 
many closely related Chyims species (13.14].

Comparative studies of sex-chromosome systems have support
ed the assertion that sex-chromosome pairs were autosomes prior 
to the acquisition of a sex-determination locus (15]. Sex-

chromosome heteromorphy initially arises as a consequence of 
selection for a loss of recombination between linked sex- 
determining loci 116]. Once recombination is suppressed, 
intrachromosomal inversions and deletions and mobile sequence 
elements tend to accumulate in the nonrecombining region of the
Y or W chromosome (2.1 7-20], These physical changes to the sex 
chromosome result in heteromorphy seen in metaphase chromo
some spreads, although it is not possible to state a priori whether the 
hemizygous sex chromosome will be the larger or smaller 
chromosome of a heteromorphic pair (21].

Theoretical studies have suggested that a further reduction of 
recombination on a sex chromosome might be favored when genes 
with alleles of sexually-antagonistic effect are linked to a sex- 
determination locus {SEX) (22]. For example, an allele that 
increases male fitness and reduces female fitness in an XY system 
benefits from absolute linkage with the male-determining SEX 
locus. Selection for linkage of sexually-antagonistic genes to SEX 
might also explain the rapid turnover of sex-determination loci 
and sex chromosomes between closely related species (23], Several 
mechanisms could bring about this rapid turnover, including the 
appearance of a novel SEX locus on an autosome (15], the 
transposition of a SEX locus between chromosomes in different 
lineages (24], or fusions of an existing sex chromosome with an
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Sex chromosomes have independently evolved many 
times in animals, plants, and fungi. Although some sex 
chromosomes have been maintained across different 
species for over a hundred million years, there are other 
systems in which sex chromosomes appear to turn over 
within a few million years. Because sex determination is 
such a fundamental biological process, this rapid turnover 
of sex chromosomes is puzzling. Theoretical work has 
attempted to identify the mechanisms that might underlie 
the transitions between sex-chromosome systems. How
ever, there are few empirical data to test these hypotheses. 
In this study, we have uncovered an unanticipated 
diversity of sex-chromosome systems in the stickleback 
fishes (Gasterosteidae). We have found that each stickle
back species examined has a unique sex-chromosome 
system, with evidence for two independent XY systems, a 
derived Y-autosome fusion that has created an X,X2Y neo
sex chromosome, and a ZW system. Thus, stickleback 
fishes are excellent model species for investigating the 
mechanisms that lead to rapid turnover of sex chromo
somes.

A uthor Sum mary

autosome [25], Investigation of the process of sex-chromosome 
turnover requires detailed molecular, genetic, cytogenetic and 
phylogenetic analyses of sex determination systems that differ 
between closely related species.

Teleost fishes are a particularly useful group to explore turnover 
of sex chromosome systems because different sex-determination 
mechanisms exist in closely related species [26-29]. For example, 
there is evidence for the evolution of a novel SEX locus in Oryzias
[28] and transposition of the existing SEX  locus in salmonids [24],

Furthermore, both XY and ZW GSD systems have been identified 
in species of Oryzias [28.30.31], Xiphophorm [32], and tilapiine 
cichlids [29.33.34], Thus, teleost fishes also provide the opportu
nity to ask whether distinct forms of GSD found in closely related 
species have interconverted or evolved independently.

Among fishes, the sticklebacks (Gasterosteidae) provide a 
particularly interesting system in which to investigate the evolution 
of sex determination and sex chromosomes. The first cytogenetic 
survey in this family reported the presence of a heteromorphic XY 
pair in the black-spotted stickleback (Gastemstnis icheatlandij and a 
heteromorphic ZW pair in the fourspine stickleback [Apelles 
quadraais) [35], In the same study, evidence of a heteromorphic 
pair was not seen in the threespine stickleback (G. aadeatus). The 
findings of this 1970 study, along with phylogenetic relationships 
between the stickleback species, are summarized in Figure 1.

Although later studies [36.37] also did not find evidence of a 
heteromorphic sex-chromosome pair in G. aadeatus. genetic 
mapping subsequently identified the presence of XY genetic sex 
determination on linkage group (LG) 19 in this species [38], Using 
fluorescence in situ hybridization (FISH), we have recently 
demonstrated that there is a heteromorphic XY pair correspond
ing to LG19 in G. aadeatus [39], Genetic mapping has now 
demonstrated that the sex-determination locus in the ninespine 
stickleback (Pungilius pungilius) maps to LG 12. which is distinct from 
the G. aadeatus sex chromosome LG19 [40], Taken together, these 
data suggest that different sex-determination systems and sex 
chromosomes have evolved within the stickleback clade. Com
bined with the recent development of genetic and genomic 
resources for both G. aadeatus and P. pungilius [40-43]. these small 
teleost fish are an excellent system in which to study the evolution 
of sex chromosomes and GSD.

To systematically characterize the relationships between the 
sex-determination mechanisms and sex-chromosome systems in

Figure 1. Phylogeny of North American stickleback fishes (G asterosteidae). A summary of the 1970 cytogenetic data [35] and the present 
data (incorporating [38-40]). The stickleback phylogeny is based on [61,62]. The common and scientific name of each species is given, along with the 
diploid number of chromosomes, type of sex determination system, linkage group to  which SEX maps, and presence of a heteromorphic sex 
chromosome pair. In 6. wheatlandi, females have the diploid chromosome number originally reported (2n = 42); the number of chromosomes in 
males (M) is 41. — indicates that no data are available. 
doi:10.1371/journal.pgen.1000391.g001
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the stickleback family, we genetically m apped sex-determ ination 
loci and  searched for heterom orphic sex-chrom osom e pairs using 
FISH  in the N orth  A m erican stickleback species: G. wheatlandi, P. 
pungitius, the brook  stickleback (Culaea inconstans), and  A . quadracus. 
Using F IS H  in P. pungitius, we identified a heterom orphic X Y  pair 
corresponding to LG  12, w here the sex-determ ination locus has 
been m apped  in this species [40]. W e confirm ed the presence o f a 
heterom orphic p a ir in G. wheatlandi, although we find that males of 
this species have a diploid chrom osom e num ber o f 41, not 42 as 
previously reported  [35]. G enetic m apping and  m olecular 
cytogenetics dem onstrate th a t the G. wheatlandi Y  chrom osom e 
consists o f  a fusion betw een LG  12 and  LG 19, resulting in an 
X jX 2Y sex-chrom osom e system. How ever, neither LG  12 nor 
L G  19 is associated with a sex-determ ination locus o r a 
heterom orphic sex-chrom osom e p a ir in C. inconstans o r A. 
quadracus. C onsistent with previous w'ork [35], we find that A. 
quadracus has a heterom orphic Z W  pair, w'hile C. inconstans has no 
heterom orphic sex-chrom osom e pair. T h e  results we report here, 
sum m arized in Figure 1, dem onstrate the rem arkable diversity of 
genetic m echanism s and  chrom osom al systems of sex de term ina
tion that can  be p resent w ithin a clade o f teleost fish that diverged 
approxim ately tw enty m illion years ago (MYA) [44].

Results

SEX Is Linked to Both LG12 and LG19 in G. wheatlandi
M aster sex-determ ination loci m ap to different Y chrom osom es 

in G. aculmtus (LG 19) and P. pungitius (LG 12) [38,40], T he 
relationships betw een linkage groups in these two species w'ere 
established by including m arkers o f know'n genom ic locations 
derived from  G. aculeatus in the P. pungitius linkage m ap [40]. 
Furtherm ore, the sequences o f the P. pungitius microsatellite 
m arkers used for m ap  construction w'ere BLASTed against the 
G. aculeatus genom e (h ttp ://w w w .ensem bl.o rg /G asterosteus_  
acu lea tus/In fo /Index), and the positions o f 92%  (156/169) w'ere 
unam biguously identified [40], T h e  nom enclature for the P. 
pungitius linkage groups corresponds to the G. aculeatus nom encla
ture, and  LG  12 and  LG  19 represent distinct chrom osom es in 
these two species [40],

T o  determ ine w'hether m arkers from  either sex-chrom osom e 
p a ir (LG 12 or LG  19) are linked to S E X  in G. wheatlandi, we 
genotyped the 80 progeny (41 females and  39 males) o f  three G. 
wheatlandi crosses with LG  12 and  LG 19 m arkers derived from  both  
G. aculeatus and  P. pungitius (Table SI). Five m arkers from  LG  19 
and six m arkers from  LG  12 w'ere heterozygous in at least one of 
the parents o f the three crosses (Table SI). For the nine m arkers 
that w'ere heterozygous in a male paren t, there w'as perfect 
concordance betw een the m arker genotype inherited from  the 
father and  the sex phenotype o f the progeny (Table S2), 
dem onstrating  that G. wheatlandi males are the heterogam etic 
(XY) sex and  that m arkers from  bo th  LG 12 and LG  19 are sex- 
linked in G. wheatlandi. For all five LG  19 m arkers, the Y-linked 
allele is a null allele (i.e. no P C R  p ro duct is amplified), w'hile none 
o f the Y-linked alleles o f LG  12 m arkers are null.

T o  fu rther explore the relationship betw een LG 12 and  LG  19 
m arkers in these G. wheatlandi crosses, the com plete genotypes of 
the ten  m arkers inform ative in all three crosses w'ere used to create 
a linkage m ap. U sing a stringent L O D  score o f 10.0, all ten 
m arkers w'ere found in a single linkage group (Figure 2A). W hen 
only the male m eiotic data  w'ere used to create a linkage m ap, all 
m arkers w'ere com pletely linked to each o ther and to S E X  
(Figure 2B). How ever, w'hen only the female meiotic data  w'ere 
used to create a linkage m ap, two independent linkage groups 
representing LG 12 and LG  19 w'ere found (Figure 2C).

Cytogenetic Evidence of a Fusion between LG12 and 
LG19 in G. wheatlandi Males

O u r genetic m apping d a ta  suggest that one chrom osom e 12 and 
one chrom osom e 19 m ight be fused in m ale, bu t not female, G. 
wheatlandi. C onsistent with these results, a karyogram  m ade from  a 
m ale G. wheatlandi m etaphase spread (Figure 3A) contained 41 
chrom osom es (19 pairs and three unpaired). T h e  presence of 41 
chrom osom es in m ale som atic tissue w'as seen in m ultiple 
m etaphase spreads from  multiple individuals from  two different 
populations (Table 1; M aterials and  M ethods). T he three unpaired  
chrom osom es consist o f a large subm etacentric, a m edium  
subm etacentric, and a m edium  acrocentric chrom osom e. By
contrast, the female karyogram  comprises 21 chrom osom e pairs 
(Figure 3B). Absence o f the large subm etacentric chrom osom e 
from  the female karyogram  defines it as the Y (Figure 3A).

T o  exam ine the relationship betw een LG  12 and L G  19 in G. 
wheatlandi, G. aculeatus and  P. pungitius, we hybridized LG 12 and 
L G  19 FISH  probes to m etaphase spreads from  females and  males 
o f all three species. In  females o f all three species, the LG  12 and 
LG 19 pairs appear hom om orphic (Figure 4). W e had  previously- 
dem onstra ted  th a t the G. aculeatus LG  19 is heterom orphic in males 
[39]; here we dem onstrate that LG  12 is hom om orphic in males 
(Figure 4). T h ere  is a heterom orphic p a ir in the m ale P. pungitius 
karyogram  (Figure 5A) that is absent from  the female karyogram  
(Figure 5B). How ever, we found th a t LG  12, and not LG  19, 
comprises the heterom orphic p a ir in m ale P. pungitius (Figure 4). 
Because bo th  copies o f chrom osom e 12 (the X  chrom osom e) in 
female P. pungitius are m etacentric, the m etacentric chrom osom e 
12 in P. pungitius males is the X , and the subm etacentric 
chrom osom e 12, w'hich appears larger than  the X , is the Y 
chrom osom e (Figure 4; Figure 5A).

In  m ale G. wheatlandi m etaphase spreads, bo th  the L G  12 probe 
and the LG  19 probe for the Stn303  locus [39] hybridized to a large 
unpaired  subm etacentric chrom osom e, w'hich is the Y chrom o
some (Figure 3A: Figure 4). T h e  LG  12 probe  also hybridized to 
the m edium  unpaired  acrocentric chrom osom e, w'hile the LG  19 
probe hybridized to  the m edium  unpaired  subm etacentric 
chrom osom e (Figure 4). In  female G. wheatlandi m etaphase spreads, 
the LG  12 probe  hybridized to a p a ir o f acrocentric chrom osom es, 
and the LG  19 probe  hybridized to a p a ir o f subm etacentric 
chrom osom es (Figure 4). Based on a com parison o f chrom osom e 
m orphologies across species, we define the subm etacentric 
chrom osom e 19 to be  X] and the acrocentric chrom osom e 12 
to be  X 2 for G. wheatlandi males (Figure 3A: Figure 4).

T o  further assess the physical relationship betw een the G. 
wheatlandi and  G. aculeatus Y  chrom osom es, we used two additional 
LG 19 F IS H  probes, one from  the Idh locus and one from  the W tla  
locus [39]. Each probe  hybridized to a chrom osom e p a ir  in female 
G. wheatlandi. How ever, each probe  only hybridized to a single 
chrom osom e in males and  did not hybridize to the large 
subm etacentric Y (Figure 6), indicating that loci p resent on the 
G. aculeatus Y  m ight be  deleted from  the G. wheatlandi Y. These data 
are consistent with the finding of null Y-linked alleles for all five 
LG 19 m arkers used to genotype the G. wheatlandi m apping crosses.

SEX Is Not Linked to LG12 or LG19 in C. inconstans or A. 
quadracus

W e next asked w 'hether SEA'-linked m arkers from  LG  12 or 
LG 19 w'ere associated with a single locus controlling m ale or 
female sexual developm ent in two additional stickleback species. 
W e genotyped a single G. inconstans cross and  a single A . quadracus 
cross and  found no such associations (Table SI). Seven LG  12 
m arkers (4 from  G. aculeatus and  3 from  P. pungitius) w'ere
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Figure 2. G enetic linkage m aps of th e  G. w h e a tla n d isex-chrom osom e pair. (A) combined male and female meiotic data. (B) male meiotic 
data only. (C) female meiotic data only. 
doi:10.1371 /joumal.pgen.1000391 ,g002

informative in our A. quadracus cross, yet none were linked to SEX 
(Table SI). Similarly, two LG19 markers. Sin 194 and Pun! 17, were 
linked to SEX  in G. aadeatus but not in A. quadracus (Table SI). 
Although very/ few LG 12 and LG 19 markers were informative in 
our C. inconstans cross, neither the LG12 marker Pun'234 nor the 
four LG 19 markers. Sin 186, Cypl9b, Pun 168, and Pun'268, were 
linked to SEX in C. inconstans fFable SI).

To determine whether any G. aadeatus or P. pungilius genetic 
markers are linked to a sex-determination locus in these species, 
we genotyped the C. inconstans cross and the A. quadracus cross with 
all available G. aadeatus and P. pungilius markers [40,41], There was 
no evidence for an association between any marker and sex 
phenotype in either species. However, many G. aadeatus and P. 
pungilius markers either failed to work in C. inconstans or A. quadracus, 
or were not heterozygous in the parents of the crosses f  Fable S3). 
Therefore, we were unable to test markers from all G. aadeatus and 
P. pungilius linkage groups.

A quadracus Has a ZW Sex Chromosome System
We hybridized LG12 and LG19 FISH probes to metaphase 

spreads from A. quadracus and C. inconstans males and females. 
Consistent with the genetic mapping data in these species, neither 
of the chromosome pairs identified by hybridization with LG 12

and LG 19 probes were heteromorphic in either sex of either 
species (Figure SI). There was no evidence for obvious hetero- 
morphy of any chromosome pair in C. inconstans males or females 
(Figure S2). By contrast, there is a heteromorphic chromosome 
pair in the female A. quadracus karyogram, in which the female- 
limited W chromosome appears larger than the Z at metaphase 
(Figure 7).

D isc u ss io n

Identification of Heteromorphic Sex-Chromosome Pairs 
in Sticklebacks

Our cytogenetic survey of the family Gasterosteidae has 
uncovered a diversity of sex- chromosome systems not previously 
identified [35]. Although initial cytogenetic surveys of stickleback fish 
did not find a heteromorphic XY pair in P. pungilius [35.36], genetic 
mapping has shown that P. pungilius have an XY pair corresponding 
to LG12 [40]. Here, we used FISH to demonstrate that chromosome 
12 is a heteromorphic pair in P. pungilius males (Figure 4). Although 
we only examined karyotypes from a single Canadian population of 
P. pmigitius, our results are very/ similar to those obtained in a recent 
cytogenetic study of two Polish populations, in which a heteromor
phic XY pair was also identified [45].
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A  G . w h e a t l a n d i  m a l e

a n
*  f t  ’  I  A l # 4

x x
1(LG19) 2(LG12) Y

A  A  ;  | | M  I M « «

I I M t l  • •

B  G . w h e a t l a n d i  f e m a l e
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Figure 3. Karyogram s of G. wheatlandi. (A) 6. wheatlandi male. The Y chromosome and two presumed X chromosomes are indicated. (B) 6. 
wheatlandi female.
doi:10.1371 /journal.pgen.1000391 .g003

While our G. wheatlandi male karyogram supports the prior 
report of a heteromorphic XY pair, the same study also reported a 
male diploid chromosome number of 42 [35], Our karyogram 
shows that male G. wheatlandi have a 2n = 41 karyotype, while 
females are 2n = 42 (Figure 3). It is unlikely that presence of an odd 
diploid chromosome number in males is due to experimental

PLoS Genetics | www.plosgenetics.org

artifact, as this result w as obtained in multiple metaphase spreads 
from multiple individuals obtained from natural populations in 
Canada and Massachusetts (Table Materials and Methods). 
Furthermore, the genetic mapping data supporting the physical 
linkage between LG 12 and LG 19 was obtained using a third G. 
wheatlandi population from Maine. Although we have not found
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T ab le  1. Karyotype data for stickleback fishes.

Species Sex #  individuals #  meta phases analyzed Mode 2n % metaphases w ith mode 2n 2n range

G. wheatlandi Male 4 56 41 87% 36-41

Female 3 20 42 85% 40-42

P. pungitius Male 1 16 42 69% 39-42

Female 5 33 42 85% 39-43

C. inconstans Male 3 40 46 78% 41-47

Female 4 40 46 65% 40-47

A. quadracus Male 10 17 46 59% 41-47

Female 11 49 46 85% 35-47

For both sexes of each species, column 3 gives the number of individuals from whom diploid chromosome number counts were obtained; the total number of 
metaphase spreads analyzed is given in column 4. The mode diploid chromosome number, which we present as the true diploid chromosome number, is in column 5. 
The percentage of total metaphases analyzed having the mode chromosome number is shown in column 6, and the range of chromosome counts for all metaphase 
spreads is given in column 7. The identification of fewer chromosomes than the mode in a metaphase spread is likely due to chromosomes overlapping in a metaphase 
spread and being counted as one, or to nearby cellular debris obscuring chromosomes. The identification of more chromosomes than the mode in a metaphase spread
could be due to chromosomes having tortuous morphology or uneven DAPI staining and being counted as two or more chromosomes, or to the presence of 
chromosomes from neighboring nuclei near the metaphase spread, 
doi: 10.1371 /journal.pgen.1000391 ,t001

L G 1 9
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L G 1 2
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L G 1 9

e m a l e

L G 1 2

T h r e e s p i n e *

X  Y

J f  * V  • >

X  X

t  *

B l a c k - s p o t t e d
J t A % • • € 

-  % \ }  1̂41
Y x 2 x ,  x , x 2 x 2

N i n e s p i n e •1
X  Y

•  • I t
X  X

Figure 4. Fluorescence in situ hybridization analyses of LG12 and  LG19 in G. aculeatus, G. wheatlandi, and  P. pungitius. The LG19 probe 
CH213-180J08 (M/f/o) probe was used in all experiments except for the 6. wheatlandi male, where the LG19 probe CH213-035N15 (Stn303) was used. 
The LG19 probes are green and the LG12 probe (CH213-140B10) is purple. For each sex of each species, chromosomes from a single metaphase 
spread are shown. The 6. aculeatus LG19 sex chromosome pair is heteromorphic in males, while LG12 is not. The P. pungitius male LG12 pair is 
heteromorphic, while LG19 is not. In 6. wheatlandi males, one distinct copy each of LG12 and LG19 is present, while probes to  both LGs hybridize to 
the two arms of a large, submetacentric, male-specific chromosome (the Y). LG12 and LG19 are homomorphic in females of all three species. The 
chromosome sizes cannot be compared between sexes or species because they were obtained from different metaphases. 
doi:10.1371/journal.pgen.1000391.g004
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A  P  p u n g i t i u s  m a l e

•l
X Y

B  P. p u n g i t i u s  f e m a l e

|C«I IIIYHI
11.. * * ' IIUll*

Figure 5. Karyogram s of P. p u n g itiu s . (A) P. pungitius male. The presumed X and Y chromosomes are indicated. (B) P. pungitius female. 
doi:10.1371 /journal.pgen.1000391 .g005

evidence for intraspecific polymorphism in the stickleback sex 
chromosomes studied here, we cannot rule this out as a possible 
reason for the discrepancy between the current study and previous 
work [35], However, we believe that the higher resolution of the 
molecular cytogenetic techniques used here explain our findings of 
additional heteromorphic sex-chromosome systems in the Gaster
osteidae.

An X-|X2Y Sex Chromosome System in G. wheatlandi
Genetic and cytogenetic evidence support the conclusion that a 

fusion between the G. amkatus Y chromosome (Ylgih) and an

PLoS Genetics | www.plosgenetics.org

autosome (LG 12) created a neo-Y chromosome in G. wheathndi 
males. This fusion created an X ; X Y  sex chromosome system, 
which explains the odd diploid chromosome number in G. 
wheatlandi males. Our data suggest that the X ; X Y  system in G. 
wheatlandi is derived from the G. amkatus Y chromosome, rather 
than the P. pungitius Y chromosome. All available phylogenies 
support a closer relationship between G. amkatus and G. wheathndi 
than between G. wheathndi and P. pungilius (Figure I). Our 
cytogenetic and FISII data also support a closer relationship 
between the G. acukatus and G. wheathndi karyotypes: LG !2 is 
acrocentric in G. acukatus and G. wheatlandi females, but
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211 = 43 in males, rather than the observed 2 a -4 1  (Figure SA). 
These data suggest that derived Y ehromosome-autosome fusions 
might be the predominant source of XjXoY sex chromosome 
systems in teleost fishes, although alternative mechanisms likely 
account for XjXoY systems discovered in insects and mammals 
[481.

Our FISII data further suggest that the fusion of the ancestral 
Yu;ih chromosome and the acrocentric LG 12 autosome resulted 
in loss of one arm of the YUjih in (’■ wheatlandi males (Figure 6). 
The two G. aculeatus LG 19 FISH probes that did not hybridize to 
the G. wheatlandi Y (Figure 6) are from the q arm of the G. aculeatus
Y (Yq) [39], while the LG19 probe that did hybridize to the G. 
wheatlandi Y (Figure 4) is from the p arm of the G. aculeatus Y [39]. 
Furthermore, the Y-linked alleles of all four G. aculeatus Yq markers 
segregated as null alleles in G. wheatlandi, consistent with loss of the 
q arm. In further support of the hypothesis that LG 12 was 
autosomal prior to fusion with the Y, none of the LG 12 markers 
have null alleles, suggesting that extensive degeneration has not yet 
occurred on the LG12-derived region of the G. wheatlandi Y. This is 
consistent with the interpretation that one copy of LG 12 fused to 
the existing Yujih chromosome in G. wheatlandi males in the past 
10 million years since G. wheatlandi and G. aculeatus diverged [44]. 
The loss of one arm of YLGiy is consistent with the creation of the 
G. wheatlandi Y by an unbalanced Robertsonian translocation 
between a metacentric Y and an acrocentric autosome.

To more precisely map the rearrangements that have occurred 
between the two X chromosomes and the Y chromosome in G. 
wheatlandi, we will need a more extensive cytogenetic analysis as we 
have accomplished for the G. aculeatus X and Y [39]. However, the 
current data suggest that additional deletions of Y chromosome 
material have occurred on the G. wheatlandi Y relative to the G. 
aculeatus Y. No hybridization of FISH probes containing the fVtla 
or Idh genes is observed on the G. wheatlandi Y chromosome 
(Figure 6), although these two probes do hybridize to the G. 
aculeatus Y chromosome [39], In particular, the deletion of the 
region around the Idh FISH probe on the G. wheatlandi Y 
(Figure 6B) explains why a male-specific allele of this locus was not 
identified in our previous study [38], leading to the erroneous 
conclusion that the Y chromosomes of these two species were 
unrelated. Finally, the putative loss of an entire arm of the Y 
chromosome in G. wheatlandi males, as well as the existence of a 
6 Mb deletion on the G. aculeatus Y chromosome [39], suggests 
that dosage compensation mechanisms may have evolved in 
sticklebacks. We plan to investigate this possibility in the future.

Figure 6. Certain LG19 FISH probes do  no t hybridize to  th e  G.
w h e a tla n d i Y . In male G. wheatlandi metaphase spreads, the LG19 
probes (A) CH213-180J08 (W tla) and (B) CH213-101E08 (Idh) in green 
do not hybridize to  the Y, while the LG12 probe (CH213-140B10) in 
purple does hybridize to  the Y. Both LG19 probes hybridize to  the Xt 
(LG 19).
doi:10.1371/journal.pgen.1000391 ,g006

metacentric in P. pungitius females, while LG 19 is the submeta- 
centric X chromosome in G. aculeatus and G. wheatlandi, but 
metacentric in P. pungitius (Figures 3-5).

Our data are consistent with other studies in teleost fish, where 
species with XjXoY systems often have one less chromosome than 
sister taxa [46,47]. If the G. wheatlandi XjXoY male karyotype had 
been created by fission of an ancestral X rather than a Y-autosome 
fusion, we should have observed the diploid chromosome number

The Evolutionary History of XY GSD in Sticklebacks
Our data suggest that XY sex chromosomes have been 

independently derived on LG 19 and LG 12 in the Gasterostms 
and Pungitius lineages, respectively. It is possible that sex 
determination also arose independently in these lineages. Prece
dent for the independent evolution of XY sex determination in 
closely related species exists in the teleost clade Oryzias [28]. 
However, it is also possible that G. aculeatus, G. wheatlandi, and P. 
pungitius all share a common sex-determining locus, but that SEX 
has transposed between LG12 and LG19 in the two lineages; a 
similar transposition of the SEX locus to four different chromo
somes has been seen in salmonids [24]. Finally, although we have 
argued that the G. wheatlandi Y was derived from the G. aculeatus Y, 
it is possible that sex determination arose independently in these 
species. In order to distinguish these possibilities, the identity of 
■SEX in these three species must be determined. If all three species 
share a common sex-determining factor, then transposition of SEX  
between linkage groups has likely occurred; the identification of 
different sex-determining factors in the three species would
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Figure 7. Karyogram s of A. quadracus. (A) A  quadracus male. (B) A  quadracus female, w ith the W and presumed Z chromosomes labeled. 
doi:10.1371/journal.pgen.1000391. g007

provide evidence of the independent evolution of XY sex 
determination in sticklebacks.

In any of these scenarios, LG 12 appears to have been selected 
for SEX  linkage at least two independent times: by fusion to the 
Y lg i9 chromosome in G. wheatlandi and by acquisition of either a 
transposed or nevvlv evolved SEX locus in P. pungitius. It has been 
suggested that selection for linkage between autosomal genes with 
sexually antagonistic effects and SEX  might drive Y-autosome 
fusions [25], the appearance of a new SEX locus on an autosome 
[23], or the transposition of an existing .S7'1V locus to an autosome 
[23], Thus, linkage between LG12 and .S7£A*in both G. wheatlandi 
and P. pungitius suggests that LG 12 might have an abundance of

genes with differential fitness effects in males and females and thus 
be predisposed to becoming a sex chromosome. Comparative 
genomic analysis of the autosomal and sex-linked forms of LG 12 
in the different stickleback species might yield insight into the 
presence and types of sexually antagonistic alleles that play an 
important role in the evolution of sex chromosomes in sticklebacks.

Transitions between XY and ZW Systems
In addition to multiple XY systems, we also found evidence for 

both XY and ZW systems in sticklebacks. Both cytogenetic and 
genetic data suggest that the ZWT system of A. quadracus is not 
related to the XY systems of G. aculeatus, G. wheatlandi or P. pungitius,
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raising the possibility that the Z W  system arose independently. 
H owever, we do no t know' w hat the ancestral sex-chrom osom e 
state is for the sticklebacks, so an accurate parsim ony-based 
reconstruction o f  the evolution o f  X Y  and Z W  G SD  in 
sticklebacks is not currently  possible. It will be useful to karyotype 
the E uropean fifteenspine stickleback [Spinachia spinachia), a close 
relative o f A . quadracus, to determ ine w 'hether it too has 46 
chrom osom es and a heterom orphic Z W  pair. W e are currently 
working to identify 5EA-linked sequences in A . quadracus using 
unbiased m ethods and to identify the linkage group com prising the 
Z and W  chrom osom es by FISH  with G. aadeatus BAG probes. 
T hese studies will allow' us to determ ine w'hich autosome(s) gave 
rise to this Z W  pair.

A dditional efforts will focus on identifying the sex determ ination 
m echanism  o f  C. inconstans. A lthough we have not yet identified 
sex-linked m arkers in either C. inconstans o r A . quadracus, these 
studies have been lim ited by the availability o f  polym orphic 
m arkers. Therefore, it is still possible that there is a simple genetic 
sex determ ination m echanism  in C. inconstans. However, it is also 
possible that C. inconstans uses ESD or com plex G SD. K now ing the 
sex determ ination  m echanism  in C. inconstans m ight shed light on 
the transitions betw een X Y  and Z W  systems in this family.

T ransitions betw een X Y  and Z W  G SD  occur via indirect or 
direct m echanism s. For exam ple, an interim  period  o f  ESD m ight 
facilitate an indirect transition betw een two forms o f G SD  [1], A 
m ore direct transition betw een X Y  and Z W  forms m ight occur, as 
exemplified by recent w'ork. In tilapiine fishes, two species 
(Oreochromis aureus and  0 . mossambicus) have com plex genetic sex 
determ ination in w'hich LG1 and LG3 are bo th  associated w ith sex 
determ ination loci [29,33], T h e  phylogenetic positions o f these 
species provide a direct link betw een two related species in w'hich 
LG1 is associated with a simple X X /X Y  system and two other 
species in w'hich LG3 is associated with a simple Z Z /Z W  system
[29], A sim ilar link exists in the platylish (Xiphophoms maculatus'), 
w'here some populations have W , X , Y and Z chrom osom es and 
closely-related species have either X Y  or Z W  G SD  [32], In the 

Japanese  frog [R. rugosa), there is evidence that an existing X Y  sex 
chrom osom e becam e a Z W  sex chrom osom e in a derived 
population  [49], Finally, com parative m apping  o f the platypus 
sex chrom osom e chain suggests that the m onotrem e X Y  GSD 
system m ight have directly evolved from  a bird-like Z W  system, 
while the therian  X Y  system m ight have evolved independently  
[1,10,50,51], A dditional genetic and genom ic analyses o f all 
stickleback species m ight elucidate w 'hether the Z W  and X Y  
systems directly interconverted o r w'ere independently  derived in 
sticklebacks.

Conclusions
Teleost fishes are useful organism s in w'hich to study the 

evolution o f sex determ ination  and sex chrom osom es. In 
particular, several teleost fish species have X jX 2Y sex chrom o
some systems [46,47,52-57], W hile a benefit o f fusion o f sex 
chrom osom es to  autosomes has been suggested [25], to our 
knowledge this is the first report o f  the evolution o f an X jX 2Y 
system in w'hich the fused Y comprises two chrom osom es that are 
used as distinct Y chrom osom es in two closely related species. 
X jX 2Y sex chrom osom e systems are no t reported  as frequently as 
X Y  or Z W  systems, w'hich could m ean  that they lead  to 
evolutionary dead ends or exist as transitional states [58], For 
exam ple, following the fusion o f  a Y to an autosom e, the X ] and 
X 2 chrom osom es m ight fuse to restore diploidy. T h e  discover)/ o f 
an X |X 2Y system in G. wheatlandi, sister species to G. acukatus, for 
w'hich m any  m olecular, genetic and genom ic tools have been 
developed [41-43], will facilitate fu rther characterization o f the

m echanism s and evolutionary forces underlying the transition 
betw een simple X Y  sex chrom osom es and X jX 2Y neo-sex 
chrom osom es. Furtherm ore, the availability o f these tools in 
sticklebacks will also be im portan t to im prove our understanding 
o f the transition betw een m ale and female heterogam ety that is 
evident in this group o f fishes with diverse sex chrom osom e 
systems.

Materials and Methods

Ethics Statement
All anim al w'ork w'as approved by  the Fred H utchinson C ancer 

R esearch C en ter Institutional Anim al C are  and Use C om m ittee 
(protocol #1575).

Genetic Crosses
T h ree  G. wheatlandi crosses w'ere generated using males and 

females collected from  Wells, M E in M ay 2003. Sperm  from  a 
single G. wheatlandi m ale w'as used to fertilize the eggs o f a single G. 
wheatlandi female (cross 1); the sperm  o f a second G. wheatlandi male 
w'as used to fertilize the eggs o f  two different G. wheatlandi females 
(crosses 2 and 3). T h e  progeny o f each o f  the three crosses w'ere 
grown in separate tanks. A single C. inconstans cross w'as generated 
using a female collected from  Fox Holes Lake (Northwest 
Territories, C anada) and a m ale collected from  Pine Lake (Wood 
Buffalo N ational Park, A lberta, C anada) in Ju n e  2005. A sing led . 
quadracus cross w'as generated  using a single female and a single 
m ale collected from  Pilgrim Lake (Cape C od  N ational Seashore, 
MA) in M ay 2004. For all crosses, the sex o f the progeny w'as 
determ ined by  visual inspection o f the gonads. DN A  w'as p repared  
from  the caudal fin o f  each individual by  phenol-chloroform  
extraction, followed by e thanol precipitation.

Microsatellite Genotyping
P C R  genotyping with G. acukatus m icrosatellite m arkers and P. 

pungitius m icrosatellite m arkers w'as perform ed as previously 
described [40,41], except th a t the reactions w'ere run  on an ABI 
3100 and the genotypes w'ere analyzed using ABI G eneM apper
3.7 (Applied Biosystems).

Linkage Analysis
Genetic linkage m aps w'ere created  in JoinM apS.O  [59] using 

default param eters. Both Kruskal-W allis tests for significant 
associations betw een genotype and sex phenotype, as w'ell as 
interval m apping, w'ere perform ed in M apQ T L 4.0  [60],

Cytogenetic Analysis
M etaphase spreads w'ere p repared  as described [39] using G. 

wheatlandi males collected from  Baie de L ’Isle-Verte N ational 
W ildlife A rea (Quebec, C anada) in M ay 2003, G. wheatlandi males 
and females collected from  D em arest Lloyd State Park (D art
m outh , MA) in M ay 2005 and  M ay 2007, P. pungitius and  C. 
inconstans males and females collected from  Pine Lake (Wood 
Buffalo N ational Park, A lberta, C anada) in Ju n e  2007, A . quadracus 
males collected from  Pilgrim Lake (Cape C od N ational Seashore, 
MA) in M ay 2005, and A . quadracus males and  females collected 
from  D em arest Lloyd State Park (D artm outh, MA) in M ay 2005 
and 2007.

Fluorescence in situ hybridization (FISH) experim ents w'ere 
perform ed on m etaphase spreads as described [39], Bacterial 
artificial chrom osom es (BACs) from  the G. acukatus C H O R I-213  
library [42] w'ere used as FISH  probes. Linkage group (LG) 19 
probes [Stn303: C H 213-035N 15; Idlr. C H 2 1 3-101E08; and W tla: 
C H 213-180J08) were identified previously [39], T h e  LG  12 probe
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(CH213-140B10), spanning 0.35 to 0.56 M bp on the G. aculeatus 
public genom e assembly o f scaffold 6 (part o f  the L G 12 sequence), 
was found to contain genetic m arker S tn l4 4  [41] a t 0.51 M bp 
using a com putational approach  [39].

Supporting Information
F ig u re  S I Fluorescence in situ hybridization analyses o f  LG  12 
and LG  19 in C. inconstans and  A . quadracus. T h e  LG  19 probe 
(C H 2 13-180J08) is green, and  the LG  12 probe (C H 2 13-140 B 10) is 
purple. For each sex o f  each species, only chrom osom es hybridized 
by probe in a single m etaphase spread are shown. LG  12 and 
LG  19 appear hom om orphic in both sexes o f  both species.
Found at: do i:10 .1371/journal.pgen.l000391.s001 (2.24 M B TIF)

F ig u re  S2 K aryogram s o f  C. inconstans. (A) C. inconstans male. (B)
C. inconstans female.
Found at: doi:10 .1371/journal.pgen .l000391 .s002  (6.62 M B TIF)

T a b le  S I Sex-linked G. aculeatus and  P. pungitius microsatellite 
markers used for genotyping. For each marker, the G. aculeatus linkage 
group (LG) designation and position in the G. aculeatus genome 
assembly (http: / / w w w.ensem bl.org/G asterosteus_aculeatus/index, 
html) identified by BLAT are indicated. I f  a m arker was also m apped 
in G. wheatlandi o r P. pungitius, the LG designation in that species is also 
indicated. FP (failed PCR) indicates that P C R  product was not 
obtained for a m arker in a given species. N I (not informative) 
indicates that a PC R  product was obtained in the species, but wras not 
informative in a cross. N T  (not tested) refers to markers for w'hich sex 
linkage in a species could not be tested.
Found at: do i:10 .1371/journal.pgen. 1000391.s003 (0.08 MB 
D O C )

T a b le  S2 M arker genotype-sex phenotype associations in G. 
wheatlandi. For each m arker from  G. aculeatus LG  12 o r LG  19, the 
Kruskal-W allis test statistic wras used to determ ine w 'hether there

w'ere significant differences in phenotype m eans betw een the four 
possible segregating genotypes “ ac” , “ a d ” , “ be” and  “ b d ” . For 
each m arker, the m other wras assigned genotype “ a b ” and  the 
fa ther wras assigned genotype “cd” . T h e  female sex phenotype wras 
assigned a score o f “ 0 ” and  the male sex phenotype wras assigned a 
score o f  “ 1” . T h e  total num ber o f individuals w ith a given m arker 
genotype are indicated (»).
Found at: doi: 10.1371 /jo u rn a l.p g en .l0 0 0 3 9 l.s004 (0.05 MB 
D O C )

T a b le  S3 Genom e-wide microsatellite m arkers used for geno
typing C. inconstans and  A . quadracus.
Found at: doi: 10.1371 /jo u rn a l.p g en .l0 0 0 3 9 l.s005 (0.03 MB 
D O C )

Acknowledgments
We thank Ken Oliviera, Bill Rowland, Melissa Lieutenant-Gosselin, and 
Louis Bernatchez lor assistance in collecting lish: Jun Kitano lor helpful 
discussions: the Broad Institute and Stanford Human Genome Center for 
making BAG end sequences, the stickleback genome sequence, and initial 
assembly available prior to publication: and Julie Kerns, Jun Kitano, Judith 
Mank, and Tom Near for valuable comments on this manuscript. Fish 
collections were performed with the permission of the Commonwealth of 
Massachusetts, Division of Marine Fisheries (permit numbers 8002 and 
152769), the Cape Cod National Seashore (permit number CACO-2005- 
SCI-0014), the Department of Fisheries and Oceans, Canada (permit 
numbers SLE-04/05-215 and S-07/08-2005-HR), the Aurora Research 
Institute (permit numbers 13810R and 14163R), and Wood Buffalo 
National Park (permit numbers WB05-1010 and WB-2007-1007).

Author Contributions
Conceived and designed the experiments: JAR CLP. Performed the 
experiments: JAR JRUJB CLP. Analyzed the data: JAR JRU JB CLP. 
Contributed reagents/materials/analysis tools: MDS. Wrote the paper: 
JAR CLP.

References
1. E z a z  T ,  S lig le c  R ,  V e y r u n e s  F , G r a v e s  J A M  (2006) R e la t io n s h ip s  b e tw e e n  

v e r te b r a te  Z W  a n d  X Y  se x  c h r o m o s o m e  sy s te m s . C u i r  B io l 16: R 736- R 743.

2. G r a v e s  J A M  (2006) S e x  c h r o m o s o m e  s p e c ia l iz a t io n  a n d  d e g e n e r a t io n  in  
m a m m a k  C e l l  124: 901- 914.

3. S in c la i r  A H ,  B e r ta  P , P a lm e r  M S , H a w k in s  J R ,  G r if f i th s  B L , e l  a l. (1990} A  g e n e  
fr o m  th e  h u m a n  s e x - d e te r m in in g  re g io n  e n c o d e s  a  p r o t e in  w i th  h o m o lo g y  to  a  

c o n s e rv e d  D N A - b in d in g  m o tif . N a tu r e  346: 240- 244.

4. G u b b a y  J ,  G o l l ig n o n  J ,  K o o p m a n  P , G a p e l  B , E c o n o m o u  A ,  e l  a l . (1990} A  g e n e  
m a p p in g  lo  th e  s e x - d e le r m in in g  re g io n  o f  th e  m o u s e  Y  c h r o m o s o m e  is a  

m e m b e r  o f  a  n o v e l  fa m ily  o f  e m b ry o n ic a l ly  e x p r e s s e d  g e n e s . N a tu r e  346: 
245- 250.

5. K o o p m a n  P , G u b b a y  J ,  V iv ia n  N ,  G o o d l 'e l lo w  P , L o v e l l -B a d g e  R  (1991} M a le  
d e v e lo p m e n t  o f  c h r o m o s o m a lly  f e m a le  m ic e  t ra n s g e n ic  fo r  Sry. N a tu r e  351:

117- 121.
6. F r e d g a  K ,  G r o p p  A , W in k in g  H ,  F r a n k  F  (1976} F e r t i le  X X -  a n d  X Y - ty p e  

fe m a le s  in  th e  w o o d  le m m in g  Myopui schisdcolor. N a tu r e  261: 225- 227.

7. J u s t  W , B a u m s ta r k  A , H a m e i s t e r  H ,  S c h r e in e r  B , R e is e r t  I ,  e l  a l. (2002} T h e  sex  
d e t e r m in a t io n  in  Ellobias lutescens r e m a in s  b iz a r r e .  G y to g e n e t  G e n o m e  R e s  96:
146- 153.

8. W a te r 's  P D ,  W a llis  M G , G r a v e s  J A M  (2007} M a m m a l i a n  se x  - O r ig in  a n d  
e v o lu t io n  o f  th e  Y  c h r o m o s o m e  a n d  SRY. S e m in  C e l l  D e v  B io l 18: 389- 400.

9. H o e k s tr a  H E ,  H o e k s tr a  J M  (2001} A n  u n u s u a l  s e x - d e te r m in a t io n  sy s te m  in  
S o u th  A m e r ic a n  fie ld  m ic e  (G e n u s  A k o d o n } : T h e  r o le  o f m u l a l i o n ,  s e le c t io n , a n d  
m e io t ic  d r iv e  in  m a in t a in in g  X Y  fe m a le s . E v o lu t io n  55: 190- 197.

10. W a llis  M C ,  W a te r s  P D ,  D e lb r id g e  M L , K i rb y  P J , P a s k  A ] ,  e t  a l . (2007} S e x  
d e t e r m in a t io n  in  p la ty p u s  a n d  e c h id n a :  a u to s o m a l  l o c a tio n  o l'SOX3 c o n f ir m s  th e  
a b s e n c e  o f  SRY f r o m  m o n o t r e m e s .  C h r o m o s o m e  R e s  15: 949- 959.

11. N a n d a  I , K o n d o  M , H o r n u n g  L ',  A s a k a w a  S , W in k le r  G , e l  a l. (2002} A  
d u p l ic a te d  c o p y  of DMRT1 in  ih e  s e x - d e le r m in in g  re g io n  o f  ih e  Y  c h r o m o s o m e  
o f  th e  m e d a k a ,  Oryztas latipes. P r o c  N a l l  A c a d  S c i L ' S  A  99: 11 778-11 783.

12. M a l s u d a  M ,  N a g a h a m a  Y , S h in o m iy a  A , S a lo  T ,  M a l s u d a  G , e l  a l. (2002} DMY 
is a  Y -sp e c if ic  D M - d o m a in  g e n e  r e q u ir e d  fo r  m a le  d e v e lo p m e n t  in  ih e  m e d a k a  
fish . N a tu r e  417: 559- 563.

13. K o n d o  M , N a n d a  I , H o r n u n g  L ', S c h m id  M ,  S c h a r t l  M  (2004} E v o lu t io n a ry  
o r ig in  o f  th e  m e d a k a  Y  c h r o m o s o m e .  G u r r  B io l 14: 1664—1669.

14. K o n d o  M , N a n d a  I ,  H o r n u n g  L ', A s a k a w a  S , S h im iz u  N ,  e l  a l. (2003} -A bsence 

o f  t h e  c a n d id a t e  m a le  s e x - d e le r m in in g  g e n e  dmrtlb(Y) o f  m e d a k a  f ro m  o i l ie r  fish  
sp e c ie s . G u r r  B io l 13: 416—120.

15. O h n o  S  (1967} S e x  C h r o m o s o m e s  a n d  S e x -L in k e d  G e n e s .  B e rlin :  S p r in g e r  - 
V e r la g .  192 p .

16. C h a r le s w o r ih  B , C h a r le s w o r ih  D  (1978} A  m o d e l  fo r  th e  e v o lu t io n  o f d io e c y  a n d  

g y n o d io e c y . A m  N a t  112: 975- 997.
17. R ic e  W R  (1987} G e n e t ic  h i tc h h ik in g  a n d  th e  e v o lu t io n  o f  r e d u c e d  g e n e t ic  

a c tiv ity  o f  th e  Y  se x  c h r o m o s o m e .  G e n e t ic s  116: 161- 167.

18. C h a r le s w o r ih  B , C h a r le s w o r ih  D  (2000} T h e  d e g e n e r a t io n  o f Y  c h r o m o s o m e s . 
P h ilo s  T r a n s  R  S o c  L o n d  B  B io l S c i 355: 1563- 1572.

19. C h a r le s w o r ih  D ,  C h a r l e s w o r ih  B , M a r a i s  G  (2005} S te p s  in  th e  e v o lu t io n  o f  
h e l e r o m o r p h ic  s e x  c h r o m o s o m e s .  H e r e d i ty  95: 118- 128.

20. S le in e m a n n  S, S le in e m a n n  M  (2005} R e l r o e le m e n is :  to o ls  fo r  s e x  c h r o m o s o m e  
e v o lu t io n . G y lo g e n e l  G e n o m e  R e s  110: 134—143.

21. G r a v e s  J A  (1995} T h e  o r ig in  a n d  fu n c tio n  o f  ih e  m a m m a l i a n  Y  c h r o m o s o m e  
a n d  Y - b o r n e  g e n e s - a n  e v o lv in g  u n d e r s ta n d in g .  B io E ssa y s  17: 31 1- 320.

22. R ic e  W R  (1987} T h e  a c c u m u la t io n  o f  s e x u a lly  a n ta g o n is t ic  g e n e s  as  a  se le c tiv e  
a g e n i  p r o m o t in g  th e  e v o lu t io n  o f  r e d u c e d  r e c o m b in a t io n  b e tw e e n  p r im i tiv e  sex  
c h r o m o s o m e s . E v o lu t io n  41: 911- 914.

23. v a n  D o o r n  G S , K i r k p a lr ic k  M  (2007} T u r n o v e r  o f  s e x  c h r o m o s o m e s  in d u c e d  by  
s e x u a l  c o n f lic t. N a tu r e  449: 909- 912.

24. W o r a r n  R \ ,  G h a r b i  K ,  S a k a m o to  T ,  H o y h e im  B , H o lm  L -E , e l  a l. (2003} 
C o m p a r a t iv e  g e n o m e  a n a ly s is  o f  ih e  p r im a r y  s e x - d e le r m in in g  lo c u s  in  s a lm o n id  
fishes . G e n o m e  R e s  1 3: 272- 280.

25. C h a r le s w o r ih  D ,  C h a r l e s w o r ih  B  (1980} S e x  d i f fe re n c e s  in  Illn ess  a n d  s e le c tio n  
fo r  c e n t r ic  fu s io n s  b e tw e e n  s e x - c h ro m o s o m e s  a n d  a u lo s o m e s . G e n e t  R e s  35: 
205- 214.

26. M a n k  J E ,  P r o m is lo w  D E ,  A v ise  J G  (2006} E v o lu t io n  o f  a l te r n a t iv e  sex - 
d e l e r m in in g  m e c h a n is m s  in  le le o s l  fishes . B io l J  L in n  S o c  87: 83- 93.

27. D e v lin  R H ,  N a g a h a m a  Y  (2002} S e x  d e t e r m in a t io n  a n d  s e x  d if fe re n t ia t io n  in  

fish : a n  o v erv ie w ' o f  g e n e t ic ,  p h y s io lo g ic a l , a n d  e n v i r o n m e n ta l  in f lu e n c e s . 
A q u a c u l tu r e  208: 191—364.

28. T a n a k a  K ,  T a k e h a n a  Y , N a r u s e  K ,  H a m a g u c h i  S , S a k a iz u m i  M  (2007} 

E v id e n c e  fo r  d i f le r e n l  o r ig in s  o f  s e x  c h r o m o s o m e s  in  c lo se ly  r e la te d  O r y z ia s

PLoS Genetics | www.plosgenetics.org 11 February 2009 | Volume 5 | Issue 2 | e l000391

http://www.ensembl.org/Gasterosteus_aculeatus/index
http://www.plosgenetics.org


Stickleback Sex Chromosomes

fish e s : s u b s t i t u t i o n  o f  t h e  m a s t e r  s e x - d e t e r m in in g  g e n e .  G e n e t i c s  177:
2075 2081.

29. C n a a n i  A , L e e  B -Y , Z i lb e r m a n  N ,  O z o u f - C o s ta z  C , H u la t a  G , e l  al. (2008) 
G e n e t ic s  o f  sex  d e t e r m in a t io n  in  t i la p i in e  s p e c ie s . S e x  D e v  2: 43 54.

30. T a k e h a n a  Y , D e m iy a h  D ,  N a r u s e  K ,  H a m a g u c h i  S . S a k a iz u m i M  (2007) 
E v o lu t io n  o f  d i f f e re n t  Y  c h r o m o s o m e s  in  tw o  rn e d a k a  sp e c ie s . Oryzias dancena a n d  
0. talipes. G e n e t ic s  175: 1335 1340.

31. T a k e h a n a  Y , N a r u s e  K , H a in a g u c h i  S , S a k a iz u m i  M  {2007} E v o lu t io n  o f  Z Z /  

Z W  a n d  X X / X Y  s e x - d e te r m in a t io n  sy s te m s  in  t h e  c lo s e ly - re la te d  r n e d a k a  
sp e c ie s  Oryzias hubbsi a n d  0. dancena. C h r o m o s o m a  116: 463 470.

32. V o l f f J - N ,  S c h a r l l  M  (2001) V a r ia b i l i ty  o f  g e n e t ic  sex  d e t e r m in a t io n  in  p o e c i li id  
fishes'. G e n e t i c a  111: 101 110.

33. L e e  B -Y , H u la t a  G ,  K o c h e r  T  {2004} T w o  u n l in k e d  lo c i  c o n t r o l l in g  th e  sex  o f  
b lu e  l i la p ia  {Oreochromis aureus). H e r e d i ty  92: 543 549.

34. L e e  B -Y . P e n m a n  D J , K o c h e r  T D  {2003} I d e n ti f ic a t io n  o f  a  s e x - d e te rm in in g  
re g io n  in  N i le  l i la p ia  {Oreochromis nitolicus) u s in g  b u lk e d  s e g r e g a n l  a n a ly sis . A n im  
G e n e t  34: 379 383.

35. C h e n  T - R ,  R e i s m a n  H M  {1970} A  c o m p a r a t iv e  c h r o m o s o m e  s tu d y  o f  th e  N o r th  
A m e r ic a n  sp ec ie s  o f  s t ic k le b a c k s  { T e le o ste i: G a s te ro s te id a e } . C y to g e n e t ic s  9:
321 332.

36. K l in k h a r d t  M B , B u u k  B {1990} K a ry o lo g is c h e  s tu d ie n  a n  v e r s c h ie d e n e n  
S iiB w a s s e rf is c h a r le n  a u s  b r a c k ig e n  K u s te n g e w a s s e rn  d e r  s u d w c s t l ic h e n  O s ts e e . 
Z o o l  A n z  225: 341 352.

37. C u f ia d o  N ,  B a rr io s  J ,  M ig u e l  E S , A m a r o  R ,  F e r n a n d e z  C , e t  al. {2002} 
S y n a p to n e m a l  c o m p le x  a n a ly s is  in  o o c y te s  a n d  s p e r m a to c y te s  o f  th r e e s p in e  
s t ic k le b a c k  Gasterosteus acutealus (T e le o s te i , G a s te ro s te id a e } . G e n e t i c a  114: 53 56.

38. P e ic h e l  G L , R o s s  J A ,  M a ts o n  C K ,  D ic k s o n  M , G r ir n w o o d  J ,  e l  al. {2004} T h e  
m a s t e r  s e x - d e le r m in a l io n  lo c u s  in  t h r e e s p in e  s t ic k le b a c k s  is o n  a  n a s c e n t  Y  
c h r o m o s o m e .  C u r r  B io l 14: 1416 1424.

39. R o s s  J A ,  P e ic h e l  C L  {2008} M o le c u la r  c y to g e n e t ic  e v id e n c e  o f  r e a r r a n g e m e n ts  
o n  ih e  Y  c h r o m o s o m e  o f  i h e  th r e e s p in e  s t ic k le b a c k  fish . G e n e t ic s  179: 
2173 2182.

40. S h a p i r o  M D , S u m m e r s  B R , B a la b h a d r a  S , M ille r  A L , C u n n in g h a m  C , e l  a l. {in 
rev iew } T h e  g e n e t ic  a r c h i te c tu r e  o f  sk e le ta l  c o n v e rg e n c e  a n d  sex  d e t e r m in a t io n  
in  n in e s p in e  s tic k le b a c k s .

41. P e ic h e l  C L , N e r e n g  K S , O h g i  K A , C o le  B L E , C o lo s im o  P F , e l  a l. {2001} T h e  
g e n e t ic  a r c h i te c tu r e  o f  d iv e rg e n c e  b e tw e e n  th r e e s p in e  s t ic k le b a c k  s p e c ie s . N a tu r e  
414: 901 905.

42. K in g s le y  D M , Z h u  B , O s o e g a w a  K , d e  J o n g  P J , S c h e in  J ,  e l  al. {2004} N e w  
g e n o m ic  to o ls  fo r  m o le c u la r  s tu d ie s  o f  e v o lu t io n a ry  c h a n g e  in  s tic k le b a c k s . 
B e h a v io u r  141: 1331 1344.

43. K in g s le y  D M , P e ic h e l  C L  {2007} T h e  m o le c u la r  g e n e tic s  o f  e v o lu t io n a ry  c h a n g e  

in  s t ic k le b a c k s . In :  O s t lu n d - N i l s s o n  S , M a y e r  I , H u n t in g f o r d  F , e d s . B io lo g y  o f  
t h e  T h r e e - S p in e d  S tic k le b a c k . B o c a  R a to n :  C R C  P re s s , p p  41 81.

44. B e ll M A  {1994} P a le o b io lo g y  a n d  e v o lu t io n  o f  th r e e s p in e  s t ic k le b a c k . In : 
B e ll M A , F o s te r  S A , e d s . E v o lu t io n a ry  B io lo g ) ' o f  t h e  T h r e e s p in e  S tic k le b a c k . 
O x f o rd :  O x f o r d  U n iv e r s i ty  P re s s , p p  438 471.

45. O c a le w ic z  K ,  F o p p - B a y a l  D ,  W o z n ic k i  P , J a n k u n  M  {2008} H e te r o m o r p h ic  sex 
c h r o m o s o m e s  in  th e  n in e s p in e  s t ic k le b a c k  Pungitius pungitius. J  F is h  B io l 73:
456 462.

46. U y e n o  T ,  M i l le r  R R  {1971} M u l t ip le  sex  c h r o m o s o m e s  in  a  M e x ic a n  
c y p r in o d o n t id  fish . N a tu r e  231: 452 453.

47. d e  A lm e id a - T o le d o  L F , D a n ie l -S i lv a  M F , L o p e s  C E ,  T o le d o - F i lh o  S A  {2000} 
S ex  c h r o m o s o m e  e v o lu t io n  in  fish . I I .  S e c o n d  o c c u r r e n c e  o f  a n  X jX ^ Y  sex 
c h r o m o s o m e  s y s te m  in  G y m n o t i fo rm e s .  C h r o m o s o m e  R e s  8: 335 340.

48. W h i te  M J D  {1973} A n im a l  c y to lo g y  a n d  e v o lu t io n . C a m b r id g e :  U n iv e r s i ty  P ress . 
961 p .

49. O g a ta  M , H a s e g a w a  Y , O h l a n i  H ,  M m e y a x n a  M , M iu r a  I  {2008} T h e  Z Z / Z W  
s e x - d e t e r m in in g  m e c h a n i s m  o r i g i n a t e d  tw ic e  a n d  i n d e p e n d e n t ly  d u r i n g  
e v o lu t io n  o f  t h e  fro g , Ram rngosa. H e r e d i ty  100: 92 99.

50. V e y ru n e s  F , W a te r s  P D , M ie th k e  P , R e n s  W , M c M il la n  D ,  e l  al. {2008} B ird -lik e  
sex  c h r o m o s o m e s  o f  p la ty p u s  im p ly  r e c e n t  o r ig in  o f  m a m m a l  sex  c h r o m o s o m e s . 
G e n o m e  R e s  18: 965 973.

51. G r u tz n e r  F , R e n s  W , T s e n d - A y u s h  E , E l - M o g h a r b e l  N ,  O ’B r ie n  P C ,  e l  al. 
{2004} I n  t h e  p la ty p u s  a  m e io t ic  c h a in  o f  t e n  sex  c h r o m o s o m e s  s h a r e s  g e n e s  w ith  
t h e  b i r d  Z  a n d  m a m m a l  X  c h r o m o s o m e s . N a tu r e  432: 913 917.

52. d e  A lm eid a . T o le d o  L F , F o re s l i  F  {2001} M o rp h o lo g ic a lly  d i f f e r e n t ia te d  sex 
c h r o m o s o m e s  in  n e o t r o p ic a l  f r e s h w a te r  fish . G e n e t i c a  111: 91 100.

53. d e  A lm e id a  T o le d o  L F , F o re s l i  H ,  d e  A lm e id a  T o le d o  F ilh o  L F  {1984} C o m p le x  
sex  c h r o m o s o m e  sy s te m  in  Eigenmarma sp . {P isces, G y m n o tifo rm e s } . G e n e t ic a  64: 
165 169.

54. A l in e id a - T o le d o  L F , F o re s l i  F , D a n ie l  M F ,  T o le d o - F i lh o  S A  {2000} S ex  
c h r o m o s o m e  e v o lu t io n  in  fish: t h e  f o r m a t io n  o f  t h e  n e o - Y  c h r o m o s o m e  in  
Eigenmannia { G y m n o tifo rm e s} . C h r o m o s o m a  109: 197 200.

55. B e r lo llo  L A , O liv e i r a  C ,  M o l in a  W T , M a r g a r id o  V P , F o n le s  M S ,  e l  a l. {2004} 
C h r o m o s o m e  e v o lu t io n  in  t h e  e r y lh r in id  fish , Erylhrinus erylhrinus '(T e leoste i: 
C h a ra c ifo rm e s } . H e r e d i ty  93: 228 233.

56. C e n lo f a n le  L , B e r lo llo  L A , M o r e ir a - F i lh o  O  {2006} C y to g e n e t ic  c h a r a c t e r i z a t io n  
a n d  d e s c r ip t io n  o f  a n  X X / X Y |Y ^  sex  c h r o m o s o m e  sy s te m  in  c a tf is h  Harllia 
carvathoi (S ilu r ifo rm e s , L o r ic a r i id a e ) .  C y lo g e n e l  G e n o m e  R e s  112: 320 324.

57. S a i to h  K  {1989} M u ltip le  s e x - c h ro m o s o m e  sy s te m  in  a  lo a c h  fish . C y lo g e n e l  C e ll  
G e n e t  52: 62 64.

58. C h a r le s w o r lh  D ,  C h a r le s w o r lh  B {2005} S e x  c h r o m o s o m e s :  e v o lu t io n  o f  ih e  
w e ir d  a n d  w o n d e r fu l .  C u r r  B io l 15: R 129 R 131.

59. V a n  O o i j e n  J W ,  V o o r ip s  R E  (2001} J o in M a p  3.0: S o f tw a r e  fo r  t h e  c a lc u la t io n  o f  
g e n e t ic  l in k a g e  m a p s .  W a g e n e n in ,  ih e  N e th e r la n d s :  P la n t  R e s e a r c h  I n t e r n a 
t io n a l .

60. V a n  O o i j e n  J W ,  M o e r  M P , J a n s e n  R C ,  M a l i e p a a r d  C  {2002} M a p  Q T L  4.0: 
S o f tw a r e  fo r  t h e  c a lc u la t io n  o f  Q T L  p o s i tio n s  o n  g e n e t ic  m a p s .  W a g e n e n in ,  th e  
N e th e r la n d s :  P la n t  R e s e a r c h  I n t e r n a t io n a l .

61. M a t t e r n  M Y  {2004} M o le c u la r  p h y lo g e n y  o f  th e  G a s te ro s te id a e :  t h e  im p o r ta n c e  
o f  u s in g  m u l tip le  g e n e s . M o l  P h y lo g e n e t  E v o l  30: 366 377.

62. K a w a h a r a  R ,  M iy a  M ,  M a b u c i i  K ,  N e a r  T J ,  N i s h id a  M  {2009} S tic k le b a c k  
p h y to g e n ie s  re so lv e d : E v id e n c e  f r o m  m i to c h o n d r i a l  g e n o m e s  a n d  11 n u c le a r  
g e n e s . M o l  P h y lo g e n e t  E v o l  50: 401 404.

PLoS Genetics | www.plosgenetics.org 12 February 2009 | Volume 5 | Issue 2 | e1000391

http://www.plosgenetics.org

