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Abstract

Given that the genome of males and females are almost identical with the exception of genes on the Y (or W)
chromosome or sex-determining alleles (in organisms without sex chromosomes), it is likely that many downstream
processes resulting in sexual dimorphism are produced by changes in regulation. In early stages of sex chromosome
evolution, as the Y-chromosome degenerates, gene expression should be significantly impacted for genes residing on the
sex chromosome pair as regulatory mutations accumulate. However, this has rarely been examined because most model
organisms have clearly diverged sex chromosomes. Fish provide a unique opportunity to examine the evolution of sex
chromosomes because genetic sex determination has evolved quite recently in some groups of fish. We compared sex-
specific transcription in threespine stickleback (Gasterosteus aculeatus) liver tissue using a long-oligo microarray. Of the
1,268 genes that were differentially expressed between sexes, a highly significant proportion (23%) was concentrated on
chromosome 19, corresponding to the recently described nascent sex chromosomes. The sex-biased genes are enriched for
different functional categories in males and females, although there is no specific functional enrichment on the sex
chromosomes. Female-biased genes are concentrated at one end of the sex chromosome, corresponding to a deletion in
the Y, suggesting a lack of global dosage compensation. Prior research on threespine sticklebacks has demonstrated various
degrees of dissimilarity in upstream regions of genes on the Y providing a potential mechanism for the observed patterns
of female-biased expression. We hypothesize that degeneration of the Y chromosome results in regulatory mutations that
create a sex-specific expression pattern and that this physical concentration of sex-biased expression on the nascent sex
chromosome may be a key feature characterizing intermediate phases of sex chromosome evolution.
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poeciliids (Volff and Schartl 2001), cichlids (Cnaani et al.
2008), salmonids (Woram et al. 2003), and sticklebacks
(Ross et al. 2009).

It has been suggested that the early stages of vertebrate
sex chromosome evolution begin with the development of
barriers to recombination between the proto-Y (or W) and
the X (or Z) in the region containing the sex-determining
locus (Charlesworth et al. 2005; Bachtrog 20062). This sup-
pression of recombination leads to the degeneration of the
Y (or W) resulting in morphologically distinct chromo-
somes (Rice 1987; Charlesworth B and Charlesworth D

Introduction

Understanding the molecular mechanisms controlling sex
determination and the evolution of sex-specific differences
are fundamental problems in biology. Although dimorphic
sex chromosomes have evolved repeatedly in animals
(Charlesworth 1996), many vertebrates not only lack
dimorphic sex chromosomes but also genetic sex determi-
nation (Ezaz et al. 2006). Much of the research on the evo-
lution of sex chromosomes in nonmammalian vertebrates
has come from cytogenetic studies and genetic mapping
(reviewed in Ezaz et al. 2006), but little is known about

the evolution of the genetic composition within sex chro-
mosomes in these organisms. Fish provide a unique oppor-
tunity to examine the evolution of sex chromosomes since
they exhibit large variation in sex determination and sex
chromosome systems (Ezaz et al. 2006). Of the 1,700 fish
species that have been karyotyped, only 176 have morpho-
logically distinct sex chromosomes (Devlin and Nagahama
2002). In addition, genetic sex determination may have
evolved quite recently in some groups of fish, including

2000). Additionally, hitchhiking of genes closely linked to
the sex-determining locus and reduced recombination in
this region favor the evolution of sexually dimorphic traits
by allowing sexually antagonistic alleles to persist (Rice
1984; Bachtrog 2006a).

Regardless of whether or not an organism has genetic
sex determination, once the decision to become male or
female has been made, a sex-specific pattern of gene ex-
pression must be maintained to continue that trajectory.
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Expression differences occur in tissues specifically involved
in reproduction (e.g,, gonads Santos et al. 2007; Mank et al.
2008) but also in other tissues (Yang et al. 2006; Mank et al.
2008), resulting in sex-specific morphology, physiology,
and behavior. Because many human diseases exhibit sex--
specific patterns of susceptibility, onset, and symptoms,
understanding the evolution of sex-specific expression pat-
terns thus has important implications for human health
(e.g, Williams et al. 2003; Woods et al. 2003).

The evolution of sex-biased gene expression patterns
may be tightly linked to the evolution of sex chromosomes
in the same manner as morphological sexual dimorphism is
suggested to be linked to sex chromosome evolution (Rice
1984). However, as previous studies of sex-biased expres-
sion have either focused on organisms with well-developed
X/Y or W/Z chromosome systems (e.g, Ranz et al. 2003;
Yang et al. 2006) or on organisms with no sex chromo-
somes (Santos et al. 2007, 2008), the potential importance
of expression modification during the intermediate stages
of sex chromosome evolution has rarely been investigated.
In Drosophila Miranda, it has been observed that many
genes on the neo-Y chromosome are downregulated re-
gardless of whether or not the gene produces a functional
product, suggesting random inactivation (Bachtrog
2006b). Further examination of organisms with newly
emerging sex chromosomes will allow for a better under-
standing of the degeneration process and how it affects
gene expression.

The threespine stickleback (Gasterosteus aculeatus) is an
ideal target for such a study. In addition to the availability
of a detailed linkage map (Peichel et al. 2001, 2004) and
genome sequence information (http://www.ensembl.org
/Gasterosteus_aculeatus/Info/Index), it has been recently
suggested that one pair of chromosomes, chromosome
group 19, are actually nascent sex chromosomes because
the sex-determining locus maps to this chromosome,
and this chromosome pair exhibits other characteristics
typical of sex chromosomes, such as reduced recombina-
tion, an excess of repetitive elements, and lower sequence
homology (Peichel et al. 2004). Through a combination of
linkage mapping (Peichel et al. 2004; Ross and Peichel 2008)
and cytogenetic (Ross and Peichel 2008) approaches, it
has been revealed that these are distinct heteromorphic
chromosomes. Additionally, cytogenetic evidence using
fluorescentinsitu hybridization (FISH) of BAC clones contain-
ing known markers have identified regions that are inverted
in the Y chromosome as well as a large fragment that is mis-
sing from the Y (Ross and Peichel 2008). Given the above
evidence supporting a recently evolved sex chromosome
system in threespine sticklebacks, a significant feature is that
the Y chromosome has begun to degenerate (Peichel et al.
2004; Ross and Peichel 2008). Hence, the question becomes:
what is the impact of chromosome degeneration on the
transcription pattern of genes on these chromosomes? A
better understanding of such processes provides important
information for understanding the intermediate phases of
sex chromosome evolution and the evolution of sexual
dimorphism.
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Materials and Methods

Sampling of the Study Populations and Rearing of
the Offspring

Fish from three study populations were included in this
study, which was part of a study examining expression in
different populations under thermal stress. The three pop-
ulations were: Helsinki (Baltic Sea; 60°10"N, 25°00’ E), Lake
Pulmanki (Finnish Lapland; 69°58'N, 27°58'E), and Lake
Vittern in Sweden (58°54'N, 14°24'E). Full-sib F1 families
were created by crossing parental fish at the sampling sites,
and fertilized eggs were transported to the laboratory. Ini-
tially, the offspring were maintained with waterat 17 = 1°C
and photoperiod of 18 h light 6 h dark, and six months after
hatching, the environmental conditions were gradually
changed to complete darkness (24-h dark) and 9 £ 1 °C
to simulate wintering conditions. After five months, the en-
vironmental conditions were changed back to 18/6 h L/D
photoperiod, 17 £ 1 °C, and new crosses were made to ob-
tain F2 offspring from each population. At the time of the
experiments, the F2 offspring were approximately 20 months
old. They were adult fish although they were reproductively
inactive at the time of the experiment.

Experimental Sampling

Twenty fish from each population were randomly selected.
Equal numbers of fish from each population were allocated
randomly to two identical tanks with recirculating water,
and each fish was kept in a separate container that allowed
water to flow through. Fish were acclimated overnight. In
the morning, one tank was heated approximately 1 °C per
hour for 6 h (from 17 °C to 24 °C). As fish were sampled
from the tanks, they were immediately euthanized in a le-
thal dose of MS-222 anesthetic. Livers were removed from
fish immediately, frozen in liquid nitrogen, and stored at
—80 °C. Twelve fish per population were used for the mi-
croarrays (six per treatment). Because fish were not repro-
ductively active, it was impossible to determine sex before
the treatment. After treatment, fish were dissected and sex
was determined by examining internal morphology. There
were equal numbers of females in the treatment and con-
trol groups (four each), but the resulting sex ratio was
skewed toward males with eight females and 28 males used
for the arrays. The treated group contained one female and
five males from Lake Pulmanki, one female and five males
from Lake Vittern, and two females and four males from
Helsinki. The control group contained 6 males from Lake
Pulmanki, two females and four males from Lake Vittern,
and two females and four males from Helsinki. As discussed
below, there was no statistically significant interaction be-
tween treatment and sex or population and sex, so the re-
sults reported here are discussed only in terms of
differences related to sex.

Microarray Design

Microarrays were designed using the custom gene expres-
sion 4 x 44 K platform from Agilent (Agilent, Santa Clara,
CA) which consists of four arrays per slide with 45,220
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features, 43,793 of which are user-designed 60-bp oligonu-
cleotide probes (Leder et al. 2009).

Sample Preparation and Array Hybridization

Total RNA was isolated by means of Tri Reagent (Sigma, St
Louis, MO) using the manufacturer’s protocol. RNA was
treated with DNase (Promega, Madison, WI) and reisolated
using Tri Reagent. RNA concentration was quantified using
a Nanodrop ND-1000, and RNA quality was assessed using
an Experion automated electrophoresis system (Bio-Rad,
Hercules, CA).

RNA labeling, hybridizations, and scanning were per-
formed by an Agilent certified commercial service provider,
the Finnish DNA Microarray Centre. Briefly, total RNA
(400 ng) was amplified and Cy3-labeled with Agilent’s
Low RNA Input Linear Amplification Kit PLUS, One color
(Agilent) along with Agilent’s One-Color RNA Spike-in Kit
following the manufacturer’s protocols. After the labeling,
the cRNA was examined with the Nanodrop ND-1000 and
the Experion Automated Electrophoresis System cRNA to
assess the concentration and quality of the labeling. Each
sample (1.65 pg) was hybridized to the custom-designed
stickleback array at 65 °C overnight (17 h) using Agilent’s
GE Hybridization Kit. Washes were conducted as recom-
mended by the manufacturer using Agilent’s Gene Expres-
sion Wash Pack without any stabilization or drying
solution. Arrays were scanned with Agilent Technologies
Scanner, model G2505B. Spot intensities and other quality
control features were extracted with Agilent’s Feature Ex-
traction Software version 9.5.3.1.

Data Analysis

Array quality was assessed through the use of Agilent con-
trol features as well as spike-in controls (Agilent One-Color
Spike-in Kit for RNA experiment). Due to poor hybridiza-
tion, one array from the RNA experiment (one male) was
removed from further analysis. Processed signals from the
Feature Extraction Software (v 9.5.3.1) were used for the
analysis in the Limma analysis package of R/Bioconductor
(Smyth 2005). The Feature Extraction Software automati-
cally flags features that are above background at the 99%
confidence interval but to further filter the data within
each population and within each sex, only probes with
a background-corrected median intensity value of greater
than 50 across the respective group were kept for analysis.
Because probes with very low-expression levels may not be
reliable, this is similar to keeping only the probes that are
more than two times as intense as background levels be-
cause the median background for most features was less
than 50.

Arrays were normalized using quantile normalization
(Smyth and Speed 2003), and significance was determined
using a linear model with a Bayesian method to moderate
the standard errors (Smyth 2004). The variables in the
model were population, treatment, and sex and the inter-
actions sex by treatment and population by treatment. The
interactions between the population and sex were not used
because the sample sizes for females within each popula-

tion were too low (see above). The interactions between
sex and treatment and population and treatment were
not significant at the 0.05 level with the Benjamini and
Yekutieli (2001) false discovery rate correction for multiple
tests, so the model was reapplied without the interaction
terms.

Significant Gene Lists

Because many genes were represented by more than one
unique probe, genes were deemed significant if at least one
probe was significant with the correction for multiple tests,
and the remaining probes were expressed in the same di-
rection and significant at the 5% level without the correc-
tion for multiple tests. Thirty-nine genes were removed
from further analysis because they did not meet these cri-
teria. For sex-biased expression, the significance was based
on the comparison between male expression and female
expression, and it was considered female-biased if expres-
sion in females was higher than expression in males. Like-
wise, expression was considered male-biased when male
expression was higher than female expression.

Ortholog Annotation

Threespine stickleback genes were initially matched to their
human orthologs using Biomart from Ensembl (http:
//www.ensembl.org/biomart/martview/). Blast searches
were also used to increase the annotation information.
For genes with a human ortholog, an Entrez gene ID
was obtained if possible to facilitate further analysis. Ap-
proximately 1,700 genes (out of 11,238) that had a signifi-
cant intensity were not assigned a human Entrez identifier.

Functional Enrichment Analysis

The Database for Annotation, Visualization, and Integrated
Discovery (DAVID) was used to determine if there was any
significant overrepresentation of genes with particular func-
tional categories, that is, functional enrichment, among sex-
biased genes (http://david.abcc.ncifcrf.gov/) (Dennis et al.
2003). DAVID will accept several identifiers, but human En-
trez gene identifiers gave the most comprehensive annota-
tion lists for stickleback orthologs. DAVID uses Gene
Ontology terms at several levels to cluster genes by related
functional terms, and the significance of the cluster is as-
sessed using a modified Fisher’s exact test (Hosack et al.
2003). Enrichment is assessed by comparing the functional
categories of the gene list (genes of interest) with theoretical
proportions of gene functional categories which are deter-
mined from the functional categories of a background ge-
nome or population list. Several comparisons were
conducted to determine if there were any patterns related
to sex-biased expression and gene function on chromosome
19. The numbers of genes used for the comparisonsin DAVID
are less than the original numbers of significant genes due to
genes with unmapped identifiers (i.e, no functionalinforma-
tion in the database). All female-biased, all male-biased, and
all sex-biased genes on chromosome 19 were each used asan
input gene list with all active genes as the background pop-
ulation list. Female-biased and male-biased genes were
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FiG. 1. Proportion of threespine stickleback genes upregulated by sex for a given chromosome. For example, there were 627 genes that were
actively expressed on chromosome 1, of these, 24 were female-biased (0.038). For chromosome 19, the graph is presented with all the biased
genes which has a significance of P = 3.74 x 1072 for females and P = 0.031 for males for nonuniform distribution of biased genes among
chromosomes. When the approximate deleted region of the Y chromosome (12-20.2 Mb) is removed from the analysis, there is still significant
nonuniform distribution for sex-biased genes among chromosomes (i, females P = 1.72 x 107°" and males P = 123 x 107%), as the
proportion of female-biased genes is 0.26 and male-biased genes is 0.13 (not shown).

further examined by fold change. Additionally, sex-biased (supplementary table 1, Supplementary Material online),
genes on chromosome 19 were tested for enrichment using 704 of which showed upregulation in females relative to
all sex-biased genes as the background population. males (female-biased), and 564 showed upregulation in

males relative to females (male-biased). Genes with sex-bi-
ased mRNA expression were assigned to chromosomes

Results based on the currently available threespine stickleback ge-
We compared female and male transcription patterns in nome sequence (http://www.ensembl.org/Gasterosteus_
threespine stickleback liver tissue using a custom-designed aculeatus/index.html). These sex-biased genes showed an
long-oligo DNA microarray representing 19,275 genes of uneven distribution with respect to the 21 known chromo-
the estimated 20,700 genes in the stickleback genome. Be- some groups with almost a quarter (23.2%) of the genes
cause these fish were also involved in a thermal stress ex- concentrating on chromosome 19 (fig. 1) that corresponds
periment, we examined the interaction of thermal stress to the nascent sex chromosomes (Peichel et al. 2004; Ross
and sex for significant sex by treatment effects but found and Peichel 2008). Additionally, the majority of sex-biased
no significant interaction. Because the thermal stress treat- genes on chromosome 19 exhibited female-biased expression
ment did not appear to differentially impact either sex, we (82.7%).

proceeded with a separate analysis of sex-biased expression. The distribution of sex-biased genes along chromosome
Of the 11,239 genes with significant signal intensities, 1,268 19 was examined to see if biased expression occurred at
(11.3%) were differentially transcribed between the sexes specific sites or regions along the chromosome (fig. 2).
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sequence data but are modified according to Ross and Peichel (2008). The black box above the histogram indicates the approximate region
absent from the Y chromosome (Ross and Peichel 2008). The gray box indicates the approximate region that is no longer recombining between
the X and Y due to ancestral inversions (Ross and Peichel 2008). Numbers of genes expressed and numbers of sex-biased genes per interval are
presented in supplementary table 3 (Supplementary Material online).
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Table 1. Comparison of the Significance of Uneven Distribution
of Sex-Biased Genes among Different Regions of the Sex
Chromosomes.

P for even distribution

Chromosome (19) region Female-biased Male-biased
1-11.9 Mb 1.72 X 10~ 1.23 X 10~%
1-3.2 Mb 0.225 0.509
3.3-11.9 Mb 2.90 x 107 570 X 10~°
1-20.2 Mb (all) 3.74 X 107%¢° 0.031

NoTe—P values are for y* tests comparing the expected genome-wide
distribution of female-biased and male-biased genes using the proportion of
sex-biased genes in that region of chromosome 19.

Because it was discovered that the orientation of markers
on chromosome 19 of the genetic map do not correspond
to the orientation of supercontig 3 of chromosome 19 in
Ensembl (Ross and Peichel 2008), this supercontig was flip-
ped and the gene positions renumbered accordingly for
this analysis. With the new gene order, there appear to
be very few male-biased genes in the second half of the
chromosome (from 10 to 20.2 Mb), and the proportion
of female-biased genes is significantly greater than in the
beginning of the chromosome (3> P = 337 x 107
fig. 2).

As it has been documented that there is a deletion at the
end of the male copy of chromosome 19, the distribution of
sex-biased genes among chromosomes was reanalyzed with
these genes omitted to determine if these genes were the
sole cause of the bias. It is unclear where the exact break
point is located, but it is estimated that it is after the iso-
citrate dehydrogenase (IDH2) gene (at 11.2 Mb), so even
though this corresponds to a larger deletion than suggested
by Ross and Peichel (2008), 8.2 Mb instead of 6 Mb, we
removed the genes from 12 Mb to the end of the chromo-
some (20.2 Mb) from the analysis. Although there were
many female-biased genes in this deleted region, there
was still a highly significant nonuniform distribution with
respect to female-biased genes in the nondeleted region
(table 1). There was also a significant nonuniform distribu-
tion of male-biased genes, although there were still signif-
icantly more female-biased genes on chromosome 19 (i,
P = 3.30 x 10~ ). Additionally, if only the nonrecombining
portion is used (3.2-11.9 Mb), there is a significant nonuni-
form distribution among chromosomes for both males and
females, but if the recombining portion of the chromosome
is used (1-3.2 Mb), there is no significant difference for the

Table 2. Chromosomes with Overrepresentation or Underrepre-
sentation of Sex-Biased Genes by Fold Change.

Fold change All sex-biased Male-biased Female-biased

>1.2 — — 19
>1.5 19 — (1,7,812) 19
>2.0 (4, 5,9, 11, 14) 19 19 (4, 9, 11, 14, 20) 19
>3.0 (2,4) 19 19 19

Note.—Underrepresented chromosomes are in parentheses. Those that are still
significant at the 0.05 level after Bonferroni correction for multiple comparisons
are in bold.

distribution of sex-biased genes among chromosomes for
females or males.

The distribution of sex-biased genes among chromo-
somes was further categorized by the degree of fold change.
For smaller fold changes, between 1.2 and 1.5, only chro-
mosome 19 had a slightly significant overrepresentation of
female-biased genes (table 2), but this was not significant
after correcting for multiple tests using the Bonferonni cor-
rection. Considering all sex-biased genes, chromosome 19
had a significant overrepresentation for all other categories
of fold change (>1.5, >2, >3). This was also the case for
female-biased genes which is likely driving the significance
for all sex-biased genes because the male-biased genes are
only significantly overrepresented for the >3 fold-change
category when using the multiple testing correction. Sev-
eral chromosomes had an underrepresentation of sex-biased
genes, but none of these were significant after Bonferonni
corrections.

Because genes residing on the sex chromosomes have
unique effects on the separate sexes due to dosage differ-
ences, we examined the functions of the genes that ex-
hibited sex-biased expression. Functional categories for
sex-biased genes were examined with DAVID functional
annotation tool. Of the 11,239 genes that were actively ex-
pressed on the array, 9,484 had had human orthologs with
Entrez identifiers, although only 8,264 of these were map-
ped to unique DAVID ids. Overall, female-biased genes and
male-biased genes represented different functional catego-
ries (table 3, supplementary table 2, Supplementary Mate-
rial online). Female-biased genes were enriched for genes
involved in ribosome-related activities, translation, and in-
tracellular activities, whereas male-biased genes were more
involved in signaling and extracellular activities. Interest-
ingly, despite containing almost 25% of the sex-biased
genes, chromosome 19 had no specific functional enrich-
ment when compared with either the active genes on all
other chromosomes or the sex-biased genes on the other
chromosomes.

Sex-biased genes were further divided into fold-change
categories to determine if a particular level of differential
expression (e.g., greater than 2-fold) was characterized by
specific functional categories. In females, genes that ex-
hibited higher fold changes compared with males (greater
than 2-fold and greater than 3-fold) exhibited no significant
functional enrichment, nor did genes that had low levels of
differential expression (greater than 1.2-fold) and high lev-
els of differential expression (greater than 3-fold) in males.
The majority of functional categories that exhibited sig-
nificant enrichment, when separated by fold-change, were
a subset of the overall functional enrichment by sex. How-
ever, there were three categories that were enriched for
female-biased genes at the greater than 1.2-fold level
but were not enriched when all female-biased genes were
considered: cellular protein metabolic process, cellular
macromolecule metabolic process, and regulation
of translational initiation. For male-biased genes, the bi-
ological process “organ development” was enriched for
genes at the greater than 1.5-fold level but not when
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Table 3. Representative Functional Terms for Genes That Exhibited Enrichment for Female- and Male-Biased Genes.

Female-biased genes

Male-biased genes

Biological process (432)
Ribosome biogenesis and assembly-35
Gene expression-152
rRNA metabolic process-25
rRNA processing-24
Translation-59
Cellular biosynthetic process-85
Cellular metabolic process-317
Macromolecule biosynthetic process-63
Macromolecule metabolic process-269
Cellular component (442)
Intracellular-386
Intracellular non-membrane-bound organelle-108
Cytosolic ribosome (sensu Eukaryota)-21
Chaperonin-containing T-complex-6
Ribonucleoprotein complex-56
Eukaryotic translation initiation factor 3 complex-7
Molecular function (471)
Structural constituent of ribosome-33
Translation factor activity, nucleic acid binding-19
Structural molecule activity-42
Methyltransferase activity-19
Nucleotidyltransferase activity-18

Biological process (363)
Circulatory system process-16
Cell adhesion-35
Cell surface receptor linked signal transduction-53
Blood circulation-16
Amino acid catabolic process-12
Amine catabolic process-13
Biological adhesion-35
Multicellular organismal process-117
Nitrogen compound catabolic process-13
Cellular component (393)
Extracellular region-62
Proteinaceous extracellular matrix-27
Extracellular space-30
Cytoskeleton-48
Plasma membrane-69

Molecular function (389)
Calcium ion binding-46

Note.—The numbers after the headings are the number of genes that had annotation for that process from the input gene list. The numbers after the enrichment
categories are the number of genes representing that category in the input gene list. Full lists of terms are provided in supplementary table 2 (Supplementary Material

online).

all male-biased genes were considered (supplementary
table 2, Supplementary Material online).

Discussion

Although sex-biased expression has been demonstrated in
other organisms (Ranz et al. 2003; Yang et al. 2006; Santos
et al. 2007, 2008; Mank et al. 2008), the threespine stickle-
back transcription pattern presented here is unique: There
is an extreme concentration of female-biased genes on the
sex chromosomes, it is from somatic tissue (liver), and it has
no functional enrichment on the sex chromosomes (e.g,
reproductive function). In contrast, zebra fish, a species
that lacks heteromorphic sex chromosomes and exhibits
environmental sex determination, female-biased genes were
not concentrated on any specific chromosome (Santos
et al. 2008). At the other end of the evolutionary scale,
in species with dimorphic sex chromosomes, genes which
exhibit sex-biased expression on sex chromosomes are not
nearly so biased toward the homogametic sex (Ranz et al.
2003; Yang et al. 2006; Mank et al. 2008), and in mammals
are mostly biased toward males (Lercher et al. 2003; Yang
et al. 2006). Additionally, in the few cases, when sex-biased
genes are biased toward the homogametic sex on the sex
chromosomes, it is from mRNA expression in gonadal
tissue and is therefore involved in reproductive function
(Parisi et al. 2003; Mank et al. 2008).

In mice, female-biased expression on the X chromosome
occurs in liver tissue but only when considering genes with
less than a 1.2-fold increase (Yang et al. 2006). When consid-
ering genes with a stronger expression bias (>1.2 or more),
there is no significant overrepresentation for female-biased

1500

genes on the X chromosome, although the Y chromosome
has an overrepresentation of male-biased genes for all fold
changes (Yang et al. 2006). It is likely that the lack of fe-
male-biased expression on the X chromosome in mouse liver
tissue is due to dosage compensation that inactivates one of
the X chromosomes in females in order to compensate for
the hemizygous state in the males (Charlesworth 1996). Be-
cause stickleback sex chromosomes are in the early stages of
evolution, this female-biased expression pattern may be in-
dicative of a lack of dosage compensation.

It is known that sex chromosomes have evolved repeat-
edly as the genes on the sex chromosomes of chicken and
human are not homologous (Nanda et al. 2000) and the
gene complement on the pseudoautosomal portion of
the mammalian Y chromosomes is not the same across
mammalian lineages (Waters et al. 2007). Additionally,
the sex-determining region is located on nonhomologous
chromosomes in at least four species of salmonids (Woram
et al. 2003), and there is evidence for the independent or-
igin of sex chromosomes in the guppy (Tripathi et al. 2009)
and medaka (Takehana et al. 2007). However, there is ev-
idence for homologous chromosomes becoming the sex
chromosome in two different stickleback species (Ross
et al. 2009). Theoretical modeling has demonstrated
how linkage disequilibrium between a sex-determining lo-
cus and a sexually antagonistic allele can drive the turnover
of sex chromosomes, assuming nonheteromorphic chro-
mosomes as well as recombining chromosomes (van Doorn
and Kirkpatrick 2007). Therefore, it seems likely that within
closely related groups that sex chromosomes could origi-
nate either from homologous chromosomes as in some
stickleback species or from nonhomologous chromosomes
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as in medaka. A main factor affecting which route is taken
would be the timing of speciation in relation to the timing
of sex chromosome divergence.

When considering current models of sex chromosome
evolution (Charlesworth 1996; Charlesworth et al. 2005;
Bachtrog 2006a), the lack of functional enrichment on
the nascent sex chromosomes of threespine stickleback fits
with predictions of the early stages of Y chromosome di-
vergence. Specifically, the overall gene content on the chro-
mosome in which the sex-determining locus resides when
genetic sex determination first becomes fixed and recom-
bination is suppressed may be considered somewhat ran-
dom. As the evolution of sex chromosomes is thought to be
quite dynamic, genes will migrate on and off the sex chro-
mosomes depending on whether there is a selective advan-
tage for a given gene to reside on that chromosome
(Sturgill et al. 2007; Bachtrog et al. 2008). Hence, we hy-
pothesize that, as observed in this study, genes that are
present on the newly forming sex chromosomes as the
X and Y begin to differentiate should be arbitrary with re-
spect to function, and thus sex-biased expression patterns
on those chromosomes would not initially show specific
functional enrichment.

In sticklebacks, the majority of sex-biased transcription on
chromosome 19 was biased toward upregulation in females
relative to males, and thisis consistent with expression differ-
ences resulting from Y chromosome degeneration. More
specifically, lack of recombination and accumulation of re-
petitive DNA on the Y chromosome may result in mutations
in regulatory regions. This could reduce male expression due
to misregulated Y genes and give the appearance of female-
biased expression. It has already been demonstrated from
female- and male-specific BAC clones from chromosome
19 that intergenic regions have much reduced homology
in threespinestickleback (Peicheletal.2004). Areas upstream
ofthe codingregionsandintrons contain largeinsertionsand
deletions as well as having reduced homology (Peichel et al.
2004), and it is likely that there are cis-regulatory elements
present in these regions that would affect transcription in
the different sexes. Furthermore, it has been demonstrated
that sex-biased patterns of transcription are a result of
regulation differences (Kopp et al. 2000; Yang et al. 2006;
Williamsetal.2008), soitis feasible that regulatory mutations
due to Y chromosome degeneration could create this
pattern of sex-biased expression in the same manner as
misregulation occurs between species hybrids, as a result
of nonhomologous regulatory regions (Wittkopp etal. 2004).

Regulatory differences have been suggested to be a major
source of expression variation between the sexes (Yang
et al. 2006) as well as among individuals (Stranger et al.
2007). However, in the case of sex chromosomes, due to
the lack of recombination and subsequent degeneration
of the Y, it is possible that some of the expression differ-
ences between the sexes are due to sequence divergence
within the mRNA or coding sequence. In D. miranda,
47% of 118 genes on the neo-Y were nonfunctional due
to deletion, frameshift mutations, or premature stop co-
dons (Bachtrog et al. 2008). In threespine sticklebacks, cod-

ing sequence mutations could impact the observed
expression between the sexes in two different ways. First,
insertion or deletion mutations could create frameshift
mutations resulting in premature or overdue stop codons
and the resulting abnormal transcripts would be degraded
through nonsense-mediated decay. This would result in fe-
male-biased expression because only transcripts originating
from the Y should be affected. However, this could not be
the cause of male-biased expression which, although was
much less than female-biased expression, was also signifi-
cantly higher than expected in the 3.2-12 Mb region of
chromosome 19.

A second possibility is that there are mutations in the
mRNA that still produce functional products, such as syn-
onymous substitutions or 3" UTR mutations, but cause re-
duced binding with the probes. However, due to the array
design, it is unlikely that this could contribute to a large
proportion of the genes involved. The majority of threes-
pine stickleback genes were represented by at least two
separate probes per gene on the array, although in some
cases, the probes had a large overlap (Leder et al. 2009).
Of the 294 significant genes on the sex chromosomes,
275 were represented by more than one probe, and 104
(37.8%) of these probes were not overlapping. Additionally,
43 genes (15.6%) had probes that overlapped 50% or less,
therefore more than half of the probes would cover from 90
to 120 bases of the target gene. The probe sequence cov-
erage is important if there is potential for sequence diver-
gence. Without sequencing each significant gene, it is
impossible to determine the sequence divergence, but
based on data from Peichel et al. (2004), coding sequences
are not as diverged as intronic or intergenic regions. For
two genes examined that study, the divergence was
1.65% for 545 bp of exon sequence and 4.06% for 271
bp of 3'UTR sequence.

Based on studies of mismatch probes, there are many
factors contributing to the hybridization signal of long ol-
igonucleotide probes with the main factors being number
of mismatches, position of mismatched bases within the
probe sequence, G/C content of the probe sequence,
and hybridization temperature (Letowski et al. 2004). A sin-
gle-base mismatch within a 60-bp probe can reduce me-
dian intensity from 0% to 25% depending on the
position of the mismatch, with centered mismatches hav-
ing the greatest effect (Rennie et al. 2008). These data were
from inbred strains of mice where the mismatches were
homozygous. In the stickleback, any mismatch between
X and Y chromosomes would be heterozygous so any re-
duction in intensity due to a mismatch is likely to be even
lower. For individuals with multiple probes and little to no
overlap, the array design would allow for a small degree of
mismatch without any affect on the overall results. For in-
stance, a one-base mismatch corresponds to a 1.67% diver-
gence, and if multiple probes are representing a given gene,
the number of tolerated mismatches could be even higher
depending on how they are distributed within the probes.

Mutations are also occurring on the Y on a much larger
scale and may be contributing to the observed expression
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patterns. It has been determined that there has been
a 6-Mb deletion in the Y after the IDH2 gene (located
at 11.2 Mb) in threespine stickleback of Pacific and North
American origin (Ross and Peichel 2008). The high propor-
tion of female-biased genes and the paucity of male-biased
genes in the last 10 Mb of chromosome 19 support these
data and suggest that a global dosage compensation mech-
anism has yet to evolve in sticklebacks. However, there may
be some local dosage compensation because not all the
genes in the deleted region were upregulated in females,
and there are even genes that are male-biased in this region.

Itis further suggested that only the first 3.2 Mb of the sex
chromosomes are recombining (Ross and Peichel 2008). In
these data, there are much fewer sex-biased genes in the
first 3 Mb than in any other 3 Mb region on the sex chro-
mosomes which is more similar to the frequency of sex-bi-
ased genes in the autosomes. As such, when this region is
analyzed separately, there is no significant difference in the
proportion of sex-biased genes in this region compared
with the proportion of sex-biased genes on the autosomes.

Cytogenetic experiments have revealed a different gene
order for some genes on the sex chromosomes that may
have been the result of several pericentric inversions in
the Y chromosome (Ross and Peichel 2008). Overall it is
estimated from 3.2 to 11.8 Mb (based on the female se-
quence) was affected by inversions, but multiple inversions
in the same region may have reverted a portion of the
Y chromosome to its original gene order. Without a Y-
specific sequence, it is impossible to determine the exact
boundaries. The impact of these inversions on gene expres-
sion does not seems to be obvious, but it is hypothesized
that the whole area is not recombining (Ross and Peichel
2008) and thus genes on the X and the Y could be ex-
pressed differently due to regulatory mutations. It should
also be noted that the positioning of the genes on the chro-
mosome (fig. 2) is not accurate for the Y chromosome,
however, there are similar numbers of male-biased genes
throughout the affected region so it is likely that the pat-
tern would be similar if we could determine the exact lo-
cation of the genes on the Y chromosome.

Our data provide an important insight into the evolu-
tion of sex chromosomes and indicate that physical con-
centration of genes with sex-biased expression may be a key
feature characterizing the intermediate phases of sex chro-
mosome evolution. This study also provides the first whole-
genome study linking intermediate phases of sex chromo-
some evolution, Y-chromosome degeneration, and sex-bi-
ased expression. To include these data into the current
models of chromosome evolution, it follows that as recom-
bination is reduced and repetitive DNA increases on the Y
chromosome, mutations in the regulatory regions alter the
expression patterns of the proto-Y chromosome resulting
in a concentration of sex-biased expression in the region of
reduced recombination. Additionally, coding sequence
mutations could result in truncated products that get de-
graded and result in biased expression in the homogametic
sex. It is predicted that further evolution of the sex chro-
mosomes should result in the evolution of a dosage com-
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pensation mechanism as well as migration of male-biased
genes off the X chromosome (Charlesworth 1996; Charles-
worth et al. 2005; Bachtrog 2006a; Sturgill et al. 2007).
Future examination of sex-biased gene regulation as well
as sequence divergence on the Y chromosome in threes-
pine sticklebacks and closely related species should allow
for further insight into the specific mechanisms of sex-
biased gene expression and its relationship to the interme-
diate phases of sex chromosome evolution.

Supplementary Material

Supplementary tables 1-3 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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