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Abstract

A genome’s ability to produce two separate sexually dimorphic phenotypes is an intriguing biological mystery. Microarray-
based studies of a handful of model systems suggest that much of the mystery can be explained by sex-biased gene
expression evolved in response to sexually antagonistic selection. We present the first whole-genome study of sex-biased
expression in the red flour beetle, Tribolium castaneum. Tribolium is a model for the largest eukaryotic order, Coleoptera, and
we show that in whole-body adults, ~20% of the transcriptome is differentially regulated between the sexes. Among T.
castaneum, Drosophila melanogaster, and Anopheles gambiae, we identify 416 1:1:1 orthologs with conserved sex-biased
expression. Overrepresented functional categories among sex-biased genes are primarily those involved in gamete
production and development. The genomic distribution of sex-biased genes in T. castaneum is distinctly nonrandom, with
the strongest deficit of male-biased genes on the X chromosome (9 of 793) of any species studied to date. Tribolium also
shows a significant enrichment of X-linked female-biased genes (408 of 793). Our analyses suggest that the extensive female
bias of Tribolium X chromosome gene expression is due to hyperexpression of X-linked genes in both males and females. We
propose that the overexpression of X chromosomes in females is an evolutionary side effect of the need to dosage
compensate in males and that mechanisms to reduce female X chromosome gene expression to autosomal levels are
sufficient but imperfect.

Key words: dosage compensation, sex chromosomes, microarrays, Tribolium.

Introduction species (Sturgill et al. 2007; Zhang et al. 2007) and tissues
within a species (Yang et al. 2006).

In addition to demonstrating that much of the genome is
regulated differently between sexes, genome-wide surveys
show that the distribution of sex-biased genes is not consis-
tent across the genome. In particular, the proportion of sex-
biased genes on the shared sex chromosome (X or Z) often
differs significantly from what is expected based on the
chromosome size and genome-wide proportion of sex-

The genomes of organisms with separate sexes constantly
experience selection to maintain two distinct, and poten-
tially antagonistic, gender-specific phenotypes. In some
cases, a beneficial phenotype for one sex will pose a fitness
cost to the other sex. Because the difference in gene com-
position between sexes in species with chromosomal sex de-
termination is typically limited to a few genes on the Y (or W)
chromosome, mitigation of these trade-offs is accomplished

primarily via sex-specific gene regulation (Rinn and Snyder biased genes. For instance, the X chromosome of fruit flies
2005; Ellegren and Parsch 2007). Genes with differential ex- and nematodes has fewer than expected male-biased genes
pression between sexes are termed “sex-biased genes.” The (Parisi et al. 2003; Ranz et al. 2003; Reinke et al. 2004),
relatively few species surveyed for sex-biased genes show whereas the X chromosome of human (Lercher et al.
that the proportion of the genome that is more highly ex- 2003) and mouse (Wang et al. 2001; Yang et al. 2006) ap-
pressed in males (male biased) or females (female biased) is pears to be enriched for male-biased genes (but see Khil
often extensive but can vary widely among closely related etal. 2004). In the ZW sex determination systems of chicken
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(Kaiser and Ellegren 2006; Storchova and Divina 2006) and
silkworm (Arunkumar et al. 2009), the deficit of female-
biased genes found on the Z chromosome is similar to
the pattern in fruit flies and nematodes—a deficit of hetero-
gametic sex-biased genes on the shared sex chromosome
—but the underlying causes are different.

Several hypotheses have been put forward to explain the
peculiar genomic distribution of sex-biased genes. First, Rice
(1984) proposed that hemizygosity could explain inequita-
ble distributions of sex-biased genes under a model of sex-
ually antagonistic selection. In XY systems, recessive
mutations that benefit males are able to increase in fre-
guency on the X chromosome until balanced by the fitness
cost of homozygosity in females. Subsequent modifiers that
restrict expression to the appropriate sex may result in fix-
ation of the male beneficial mutation. Assuming optimiza-
tion in this scenario is achieved by higher expression of the
original recessive mutation, theory predicts a net excess of
male-biased genes (and/or deficit of female-biased genes)
on the X. Alternatively, X-linked mutations that are domi-
nant are governed by their increased residence time in fe-
males, such that 2/3 of the alleles are available to
selection in females. In this case, selection for expression
modifiers is ultimately expected to yield excess female-
biased genes (and/or deficit of male-biased genes) on the
X. Although there is evidence for sexual antagonism (Rice
1987), it remains unclear whether this is a general explana-
tion for the distribution of sex-biased genes among chromo-
somes. Unigue, a priori predictions for the distribution of
X-linked sex-biased genes are difficult based on this hypoth-
esis because the expectations depend on the dominance of
new mutations, something that is rarely known.

A second potential explanation for observed deficits of X-
linked male-biased genes is avoidance of meiotic sex chro-
mosome inactivation (MSCI) during spermatogenesis (Hense
et al. 2007; Potrzebowski et al. 2008). Under this hypoth-
esis, translocation of testes-expressed genes from the X
to an autosome may be favored by selection if it is beneficial
for the gene to be expressed during a time when it would
otherwise be inactivated during male meiosis. The hypoth-
esis predicts a deficit of male-biased X-linked genes
expressed during meiotic and postmeiotic stages of sper-
matogenesis, a pattern consistent with observations in
mouse (Khil et al. 2004) and Drosophila melanogaster
(Vibranovski, Lopes, et al. 2009). Also consistent with the
MSCI hypothesis is the bias of X to autosome retrotranspo-
sitions that often maintain (or acquire) testes expression
(Betran et al. 2002; Emerson et al. 2004), and in some mam-
mals, genes retrotransposed from the X to autosomes may
functionally compensate for their X-linked parental genes
(Potrzebowski et al. 2008). The generality of the MSCI hy-
pothesis is challenged by the paucity of X-linked male-
biased genes in tissues that do not experience X inactivation
(Parisi et al. 2003; Sturgill et al. 2007), and the pattern of X

to autosome movement for duplicative events other than
retrotransposition is unclear (cf. Vibranovski, Zhang, and
Long 2009; Meisel et al. 2010). Furthermore, prior to the
initiation of meiosis, the mouse X is enriched for genes ex-
pressed in spermatogonia, a pattern initially ascribed to the
sexual antagonism hypothesis summarized above (Wang
et al. 2001; Khil et al. 2004).

A third hypothesis proposes that the observed paucity of
male-biased genes on the X chromosome is a limitation im-
posed by dosage compensation (Vicoso and Charlesworth
2009). When dosage compensation is attained by hyper-
transcription of the X chromosome, all else being equal, it
may be more difficult to increase transcription of an X-linked
gene in males. A unique prediction of this hypothesis is that
the magnitude of expression of male-biased genes should be
negatively correlated with the frequency of occurrence on
the X chromosome (i.e., fewer highly expressed male-biased
genes). The available data for sex-biased genes in Drosophila
fit the predictions. However, counter to the expectation,
nonbiased genes with high expression are actually overrep-
resented on the fly X chromosome and mammals do not
show the same paucity of X-linked male bias in spite of X
hypertranscription (Vicoso and Charlesworth 2009).

Finally, overrepresentation of female-biased genes on the
X or male-biased genes on the Z could simply reflect incom-
plete compensation for the 2:1 ratio of gene dose (XX fe-
male vs. XY male or ZZ male vs. ZW female). This does
not seem to be the case in most of the well-studied XY sys-
tems because although they solve the problem differently,
Drosophila, Caenorhabditis elegans, and mammals (except
platypus; Deakin et al. 2008), all dosage compensate such
that the average expression level of X and autosomes is bal-
anced in males and females (X/A = 1), and average X chro-
mosome expression is the same between sexes (Xfemale/
Ximale = 1) (Straub and Becker 2007). Additionally, the recent
discovery of incomplete dosage compensation in a fish with
XY sex determination may be due to limited divergence
between the nascent sex chromosomes (Leder et al.
2010). Unlike XY systems, the dramatic overrepresentation
of male-biased genes on chicken, zebra finch, and silk moth
Z chromosomes suggests that a lack of chromosome-wide
dosage compensation is common among ZW sex determi-
nation systems (Ellegren et al. 2007; Itoh et al. 2007; Zha
etal. 2009). Results from the ZW taxa challenge the decades
old paradigm that differentiation of the sex chromosomes
into X and Y (or Z and W) must be accompanied by a mech-
anism to modify gene expression levels to compensate for
the gene dosage imbalance between sexes (Charlesworth
1978). Interestingly, this paradigm has been so widely ac-
cepted that initial descriptions of sex bias in chicken con-
cluded that overrepresentation of male-biased Z-linked
genes was due to sexually antagonistic selection rather than
lack of global dosage compensation (Kaiser and Ellegren
2006; Storchova and Divina 2006). Because not all Z-linked
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genes are sex biased, it has also been argued that either 1)
dosage compensation occurs locally (i.e., on a gene-by-gene
basis) (Mank and Ellegren 2009) or 2) the Z is dosage com-
pensated to the extent necessary for maintenance of critical
biochemical pathways and the disproportionate number of
male-biased genes is a product of stronger sexual selection
on males, male-biased mutation, and increased residence of
Z chromosomes in males (Naurin et al. 2010).

Following, we report the first genome-wide survey of
transcriptional differences between males and females of
Tribolium castaneum, the red flour beetle. Tribolium casta-
neum is a world-wide pest of stored grains and serves as
a model organism for the most speciose eukaryotic order,
Coleoptera. We hybridize samples from whole, virgin, adult
males and females between 48 and 168 h old to custom 385
k NimbleGen microarrays containing probes for >98% of
known and predicted expressed sequences. Comparing
male and female expression, we describe the proportions
of sex-biased genes (including splice variants) and their
functional representation, genomic distribution, and
conservation among T. castaneum, D. melanogaster, and
Anopheles gambiae. Our analyses reveal a significant over-
representation of female-biased genes on the X chromosome,
a result of chromosome-wide hyperexpression of the X in
females. We propose that the gene expression imbalance
in females represents a novel resolution to the antagonistic
dosage compensation requirements of males and females.

Materials and Methods

Microarray and Experimental Design

In collaboration with Roche/NimbleGen Inc. we designed
a custom 385 k microarray to target each of the genes in
the consensus set identified by the Tribolium genome se-
quencing consortium (Richards et al. 2008). In total, 80%
(56,919/71,259) of T. castaneum exons are present on
the array, and multiple (if not all) exons are present for
98% (16,130/16,434) of the genes. An additional 304 re-
gions (custom ranges) not annotated as coding sequences
are also represented on the array based on evidence for ex-
pression from tiling array data generated in conjunction
with the genome project (Richards et al. 2008). Some of
these custom ranges are likely to be unannotated exons,
whereas other may be noncoding RNAs. Ninety-six percent
of exons and custom ranges are queried by three, 60-mer
probes with the remainder having only 1 or 2 probes per se-
guence for a total of 167,538 unique probes. Each probe is
printed on the array in duplicate.

Ga-2 strain T. castaneum (genome reference strain) were
originally provided by Dr Richard W. Beeman, United States
Department of Agriculture—Agricultural Research Service.
Beetles were reared on standard medium (95% organic
whole-wheat flour with 5% Brewers yeast) at 29 °C. Each
sex was replicated by four samples of 20 adult 2- to 7-day-

old virgin beetles. One replicate of each sex was split and
hybridized to separate arrays to provide an estimate of tech-
nical reproducibility. Groups of adults for each sample were
placed directly into lysis solution and homogenized in micro-
centrifuge tubes by pestle and syringe. RNA was extracted
from resulting homogenate using the Qiagen Rneasy Kit fol-
lowing the manufacturer’s instructions. All extractions were
performed on the same day.

RNA samples were initially checked for quality with
a Nanodrop ND 1000 Spectrophotometer. Total RNA sam-
ples were converted to double-stranded cDNA using the In-
vitrogen Superscript Double-Stranded cDNA Synthesis Kit.
Quality of cDNA was assessed by Nanodrop and gel electro-
phoresis. We submitted >2.5 pug of cDNA for each sample
to Roche/Nimblegen (NimbleGen Systems), who subse-
quently performed additional quality control analyses,
Cy3-labeling, array hybridizations, data acquisition, and
normalization.

MIAME-compliant data sets are provided in the Gene Ex-
pression Omnibus (GEO) at the National Center for Biotechnol-
ogy Information (http:/Avww.ncbi.nlm.nih.gov/geo/) and can
be accessed through GEO series accession number GSE18087.

Computational Methods

Average normalized log, expression intensity values were
exported for each exon or custom range with ArrayStar
3.0 (DNASTAR Inc). For gene-based analyses, we averaged
the normalized expression values across exons. Significant
female- and male-biased genes were identified at false dis-
covery rate (FDR) < 0.01 (o = 0.01721235) using the opti-
mal discovery procedure (Storey et al. 2007) as implemented
in EDGE (Leek et al. 2006). We used Blast2GO (Conesa et al.
2005) to obtain gene ontology (GO) terms and implement
Fisher's exact test with multiple testing correction to assess
overrepresentation of sex-biased genes relative to all anno-
tated genes in the Tcas_3 reference set.

To identify instances of alternative splicing between
sexes, we tested for a sex-by-exon interaction with the pro-
gram R (http://www.R-project.org), using the following
linear model: Yjx = p + a; + b; + ab; + €j, where Yj is
the expression intensity for sex /, exon j, and replicate k.
w is the overall mean of expression intensity for that gene,
a is the effect of sex, b is the effect of exon, ab is the effect of
the interaction between sex and exon, and e is the error. We
used the program Q-value (Storey and Tibshirani 2003) to
evaluate P values with FDR < 0.01. Expected values for
the number of alternatively spliced genes per chromosome
were calculated as the product of the genome-wide propor-
tion of alternatively spliced genes and the number of genes
on a particular chromosome.

Similarly, expected values for the number of sex-biased
genes on each chromosome were calculated as the product
of the number of genes on a chromosome and the genome-
wide proportion of genes that were significantly sex biased
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at FDR < 0.01. Expected values for the number of female- or
male-biased genes on each chromosome were calculated as
the product of the number of genes on a chromosome and
the genome-wide proportion of female- or male-biased
genes at FDR < 0.01.

To assess universal dosage compensation of the X chro-
mosome in males, we compared expression of ribosomal
proteins in males and females. Fifty-two autosomal and four
X-linked ribosomal proteins were retrieved from GenBank
annotations. Two of the autosomal genes had expression
patterns that were clearly outliers. These proteins seem
unlikely to be involved in the ribosomal complex and were
excluded from the analysis.

To identify homologous genes with a similar pattern of
sex-biased expression between the beetle, fruit fly, and
mosquito, we used the D. melanogaster composite data
set from the Sex Bias Database (Gnad and Parsch 2006)
and the A. gambiae data set from Marinotti et al. (2006)
as downloaded from VectorBase (Lawson et al. 2007). All
data sets were screened for sex-biased expression at
FDR < 0.01, and peptide sequences were assigned using
Tcas_3 from BeetleBase (Wang et al. 2007), Dmel_r5.21
from FlyBase (Tweedie et al. 2009), and AgamP3.5 from Vec-
torBase (Lawson et al. 2007). FASTA version 35 (Pearson and
Lipman 1988) was used to search for homology at an £ value
cutoff of 0.0001.

Data Deposition
GEO series accession number GSE18087.

Results

Analysis of four hybridizations for each sex and one technical
replicate for each sex indicates good reproducibility among
experiments. The correlation among duplicate probes within
an array is 0.99. The correlation between technical replicates
is 0.99 for males and 0.98 for females. The average corre-
lation among biological replicates among male samples is
0.95 and 0.87 among females. Due to the high reproducibil-
ity of expression estimates within sexes, we are able to de-
tect significant expression differences at fold changes as low
as 1.08. The mean and median fold change among signif-
icantly sex-biased genes were 2.53 and 1.74, respectively.

Overall Sex Bias

We identified 3,209 (~20%) differentially transcribed genes
between adult male and female T. castaneum (FDR < 0.01).
Of these, a slight majority (58%; 1,870/3,209) are more
highly expressed in females. However, at a threshold of
2-fold difference, 75% (1,023/1,359) are male-biased,
and as the degree of expression bias increases, the propor-
tion of male-biased genes increases rapidly, such that at 4-
fold difference, 90% (715/795) are male-biased and 95%
(418/442) at 8-fold (fig. 1). Reassuringly, the most significant

Male intensity (log,)

6 8 10 12 14 16
Female intensity (log,)

Fic. 1.—Genome-wide sex-biased expression. Colors indicate
higher expression in females (red) or males (blue). Light shades
indicate >2-fold, medium shades indicate >4-fold, and darkest shades
indicate >8-fold difference between sexes. Black indicates <2-fold
difference in expression.

sex-biased GO terms include gene families clearly involved in
sex-specific reproductive functions (e.g., oogenesis and fla-
gellar motililty). A complete list of sex-biased genes with GO
annotations is given in supplementary table S1 (Supplemen-
tary Material online).

In addition to whole genes that are sex biased, we iden-
tified 265 genes that have significant sex-by-exon interac-
tions, indicating that they are differentially spliced
between the sexes (FDR < 0.01). These genes have a variety
of functions, such as protein binding, ion binding, nucleic
acid binding, and transcription factor activity (supplemen-
tary table S2, Supplementary Material online). Examining
the chromosomal distribution of these genes shows more
genes with sex-specific expression of alternative transcripts
on the X chromosome than expected (23 observed, 13 ex-
pected, chi-square = 7.91, P < 0.005); no significant devia-
tions are observed on autosomes. These 265 genes
represent 2% of the genes with multiple exons in T. casta-
neum (265/11,382) compared with 85% (9,694/11,382) of
all genes with multiple exons that have significantly different
expression among exons but no significant sex-by-exon
interaction (FDR < 0.01).

Evolutionary Conservation of Expression Bias

Among T. castaneum, A. gambiae, and D. melanogaster, we
identified 2,583 orthologs with female-biased expression
and 1,103 with male-biased expression in at least one spe-
cies. There are 977 female-biased and 415 male-biased
genes with conserved sex-biased expression between at least
two of the taxa compared (fig. 2). Except for female-biased
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Fic. 2.—Conservation of sex-biased genes across Tribolium
castaneum, Drosophila melanogaster, and Anopheles gambiae. Orthol-
ogous genes with conserved female-biased (A) or male-biased (B)
expression. Numbers in regions of overlap reflect 1:1 or 1:1:1 orthologs.
Genes shown to be unique to a species are homologous to a nonbiased
gene in at least one of the other two species. The number of sex-biased
genes in each species where no homology was found in the other
taxa: female-biased Tcas = 431, Dmel = 248, Agam = 104; male-
biased: Tcas = 467, Dmel = 632, Agam = 93.

genes shared between A. gambiae and D. melanogaster, the
largest categories for both male- and female-biased genes
are those that have unique expression in each species. How-
ever, there are still many genes (261 female-biased genes
and 155 male-biased genes) that have conserved sex-biased
expression in all three species. Analysis of GO categories re-
veals that while some of the genes in this core set are

Chromosome

Fic. 3.—Average expression of genes on each chromosome in
females (pink) and males (blue). Median (black lines), +25th-75th
quartile (box), and range of chromosome-wide hybridization intensities.
Red (female) and blue (male) lines highlight the median expression
values of the X chromosome in each sex relative to the autosomes.

involved in spermatogenesis or oogenesis, the overrepre-
sented GO terms indicate a role in basic cellular and meta-
bolic functions. The complete list of orthologous sex-biased
genes and associated GO terms are provided in supplemen-
tary table S3 (Supplementary Material online).

Chromosomal Distribution
Comparison of average expression levels between sexes and
across chromosomes indicates that the most transcription-
ally active chromosome is the X in females (fig. 3). Unlike any
of the previously studied XY systems, where chromosome-
wide dosage compensation results in Xmaie/Xtemale = Amale/
Afemale = 1; in beetle, there is a clear shift toward higher
expression of the X in females such that while A 51e/Atemale
~ 1, Xmale/Xfemale = 0.79 (fig. 4). The imbalance of X chro-
mosome expression is further born out by the X/autosome
ratios within each sex. On average, males express X-linked
genes at approximately the same level as autosomal genes
(median X nale/Amale = 1.0; mean = 0.83), whereas females
express X-linked genes at a higher level than autosomal
genes (median Xsemale/Atemale = 1.53; mean X/A = 1.12).
Overall, 53% (417/793) of genes on the X chromosome
are significantly sex biased (FDR < 0.01; fig. 5). Thisis a 2.6-
fold excess over the expectation from the genome-wide pro-
portion of sex-biased genes and the total number of genes
on the X chromosome (417 observed, 162 expected, chi-
square = 401.61, P < 0.0001). Among the X-linked sex-
biased genes, there is a significant excess of female-biased
genes (408 observed, 243 expected, chi-square = 112.66,
P < 0.0001) and a significant paucity of male-biased genes
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Fig. 4.—The female/male gene expression ratio for each chromo-
some illustrating the female-biased shift in X chromosome expression
relative to autosomes. Higher expression in females is indicated by
positive values on the x axis. Horizontal bars below the histogram mark
female/male expression ratios for each gene.

(9 observed, 174 expected, chi-square = 156.81, P <
0.0001). Furthermore, the male-biased genes are nonran-
domly distributed, with 8 of the 9 genes residing within
a 240-kb window (fig. 6). The remarkable bias and spatial
distribution found on the X chromosome stands in stark
contrast to the autosomes which each contain ~20%
sex-biased genes (range 17-21%) that are split roughly
equally between male and female bias (figs. 5 and 6).

Discussion

The overall proportion of genes exhibiting sex-biased ex-
pression in T. castaneum (~20%) is consistent with what
has been seen in comparable studies of other taxa. A study
of whole-body adults for seven Drosophila species shows
the overall proportion of sex-biased genes to be between
12% and 32% (Zhang et al. 2007). Unlike Tribolium, most
Drosophila species tested (5 of 7) have more male-biased
genes at FDR < 0.01. The difference is due in part to the
unique bias of the Tribolium X discussed below but be-
cause the pattern of increased proportion of male-biased
genes with increasing fold difference is the same in the two
species, statistical differences in the power to detect sex
bias at low fold change may also contribute. It is worth not-
ing here that even comparisons across other whole-body
expression studies are complicated by the inability to sep-
arate the number of sex-biased genes from the statistical
power to detect them. For example, using very high rep-
lication, Ayroles et al. (2009) found that 88% of D. mela-
nogaster genes showed statistically significant sex-biased

X 2 3 4 5 6 7 8 9 10
100 ] [T S— iy Se— S S— m— S ——

90
80

704

Genes (%)

60

504

45

o< —

Fic. 5.—Proportion of genes with nonbiased (gray), female-biased
(red), and male-biased (blue) expression on each chromosome. Sex-
biased expression with the lightest color is significant at FDR < 0.01 but
<2-fold enrichment, medium is >2-fold, darker shading is >4-fold, and
darkest is >8-fold. The X chromosome (outlined) is the only
chromosome that differs significantly from the expected distribution
of sex-biased genes.

expression; a much higher proportion than previous re-
ports for whole flies.

That 20% of genes in whole-body adult Tribolium are sex
biased should be viewed as a conservative estimate for other
reasons as well. First, Yang et al. (2006) showed that as the
number of tissues that are individually analyzed increases,
the number of sex-biased genes increases. Because we in-
vestigated whole-body adults, our study will miss differen-
ces among tissues or in the number of tissues where a gene
is expressed in each sex. Second, sex-biased expression at
other life stages and or under different physiological condi-
tions may involve other genes. For example, like Tribolium,
A. gambiae shows excess female-biased genes at low fold
difference (Hahn and Lanzaro 2005; Marinotti et al. 2006);
but in contrast to Tribolium and Drosophila, the proportion
of female-biased genes increases with fold difference. The
reason for overall female bias in the A. gambiae genome
may be explained by their unique biology wherein only
the females take blood meals in preparation to reproduce.
Marinotti et al. (2005) compared male A. gambiae with non-
blood-fed females and blood-fed females and found that
blood feeding caused an increase in the number of sex-
biased genes as females switched their metabolism and be-
gan egg production. Additionally, in Daphnia pulex, mature
females have a higher proportion of female-biased genes
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than juvenile females (Eads et al. 2007), and D. melanogast-
er reared under better nutritional conditions show exagger-
ated expression bias (Wyman et al. 2010).

Evolutionary Conservation of Expression Bias

In spite of the statistical and sampling considerations above,
we were able to identify a substantial number of genes with
conserved sex-biased expression across D. melanogaster, A.
gambiae, and T. castaneum. Genes with sex-biased expres-
sion often evolve more rapidly than nonbiased genes, both
in sequence and expression (reviewed in Ellegren and Parsch
2007; Zhang et al. 2007). In particular, several studies have
shown that male-biased genes are among the most rapidly
diverging proteins in the genome (e.g., Zhang et al. 2004;
Baines et al. 2008). It is unclear whether the overall paucity
of male-biased orthologs relative to female-biased orthologs
across our data set (compare fig. 2A vs 2B) is due to protein
divergence or gene loss, but the absence is particularly in-
teresting in Drosophila and Tribolium where the total num-
ber of male-biased genes in each genome is similar to, or
greater than, female-biased genes. Rapid turnover of
male-biased genes would be consistent with interspecific
Drosophila comparisons where male-biased genes have
higher rates of turnover and sequence divergence than fe-
male-biased genes or nonbiased genes (Zhang et al. 2007,
but see Jiang and Machado 2009). In any case, since there
are many more male-biased genes in each species that lack

orthologs (and consequently cannot have conserved expres-
sion), limiting our analyses to orthologous genes artificially
inflates the proportion identified as having conserved ex-
pression and makes the proportions in each sex appear
the same (38%) when in fact conservation is lower in males.

Female Bias of the Tribolium X: Chromosome-Wide
Process or Gene-By-Gene Selection?
Among all X-linked genes, 51% (408/793) are significantly
female biased, whereas only 1% (9/793) are male biased
(fig. 5). Though the deficit of male-biased genes on the X
chromosome is in the same direction as observed in several
Drosophila species (Zhang et al. 2007), C. elegans (Reinke
et al. 2004), and meiotic mouse testes (Khil et al. 2004), Tri-
bolium is far more extreme than any of these reports. Sev-
eral lines of evidence suggest that extensive feminization of
the Tribolium X chromosome is predominantly due to imper-
fect resolution of the chromosome-wide antagonistic dos-
age compensation requirements of males and females.
First, the distribution of sex-biased genes across the X
chromosome is difficult to explain by hypotheses that re-
quire evolution in response to gene-by-gene selection pres-
sures (e.g., sexually antagonistic selection or escape of
meiotic X inactivation). All but one of the nine X-linked
male-biased genes reside in a 240-kb region, and with
few exceptions, the rest of the chromosome exhibits varying
degrees of female bias (fig. 6). Although gene-by-gene
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Fig. 7.—Regression of X-linked and autosomal genes highlighting
ribosomal protein gene expression. The solid lines represent the
regression of all autosomal (black) and all X-linked (red) expression
between sexes. Dotted lines represent 2-fold expression difference.

processes probably contribute to unique sex bias in mam-
mal, fly, and worm X chromosomes (Reinke et al. 2000;
Wang et al. 2001; Parisi et al. 2003; Khil et al. 2004; Hense
etal. 2007; Sturgill et al. 2007), the end result is a more het-
erogeneous spatial distribution than the male-biased win-
dow we observe in Tribolium.

The odd distribution of sex bias on the Tribolium X is puz-
zling. One possible explanation is that the region is pseu-
doautosomal (i.e., also present on the Y), and the rest of
the X lacks complete dosage compensation. Alternatively,
the region may simply experience regional dosage compen-
sation that is more finely tuned than the rest of the X. None
of the annotated genes in the window have conspicuously
male-related functions (i.e., expressed in gonads or re-
production) which would suggest a history of strong selec-
tion to maintain male-biased expression (supplementary
table S2, Supplementary Material online), but additional
studies are required to distinguish between these alternative
hypotheses.

The average expression level of X and autosomes also
suggest that feminization of the X is due to broad scale dos-
age compensation inequities rather than gene-by-gene
mechanisms (figs. 3 and 4). Although the overall pattern
in Tribolium is consistent with recently reported ZW systems
that lack chromosome-wide dosage compensation (Ellegren
etal. 2007; Itoh et al. 2007; Zha et al. 2009), the underlying
mechanism appears to be different. In the bird and moth
examples, extensive Z-linked male bias arises because the
hemizygous sex (female) fails to increase transcription of
the Z to autosomal levels. However, in Tribolium, the hemi-
zygous sex (male) does appear to increase X expression to

autosomal levels, and the expression imbalance arises
because the homogametic sex (female) also increases X
expression.

Given that the X chromosome in male Tribolium appears
to be dosage compensated, we further explored the Vicoso
and Charlesworth (2009) hypothesis that dosage compen-
sation may limit male-bias expression on the X (although it
would still not explain excess female-biased genes). We ex-
amined the distribution of sex-biased genes on the X chro-
mosome at low, medium, and high expression to see if the
degree of male bias differs according to the absolute mag-
nitude of gene expression. If hypertranscription of the X is
limiting males’ ability to further increase expression, we ex-
pect male-biased genes to be underrepresented in the high
expression category; however, the nine X-linked genes with
significant male-biased expression are evenly distributed
across high, medium, and low expression intensity. With
only nine genes having significant male-biased expression
on the X chromosome, firm conclusions await additional
tissue-specific experiments. So, although our present results
suggest that dosage compensation plays a role in the ex-
treme deficit of X-linked male-biased genes in Tribolium,
it is not for the reason proposed by Vicoso and Charlesworth
(2009).

To further explore whether the observed deficit of male-
biased genes and enrichment of female-biased genes on the
X chromosome is due to a chromosome-wide effect, we fol-
lowed the approach of Parisi et al. (2003) who examined the
expression of genes that encode ribosomal proteins. Ribo-
somal proteins provide a good test set because they are
present on both the X and autosomes, and they are ex-
pected to maintain 1:1 stoichiometry. If there is a chromo-
some-wide regulatory effect in either sex, we expect the
relationship between X-linked ribosomal proteins to differ
from that of the autosomal proteins because of the imbal-
ance in gene dose between sexes. We identified 54 ribo-
somal protein genes in the current Tribolium annotation
(see supplementary table S4, Supplementary Material on-
line); 50 of them are on autosomes and 4 are on the X chro-
mosome. The small sample of X-linked genes limits the
strength of conclusions based on this analysis, but the ex-
pression of X and autosomal ribosomal proteins in males
and females are similar (fig. 7). This suggests that X-linked
and autosomal gene expression are balanced for at least
some genes. However, we believe this compensation is lo-
calized, or gene specific, rather than chromosome-wide
because: 1) one of the ribosomal protein genes is in the
male-biased region, 2) a second one is adjacent to the out-
lying male-biased gene, and 3) the remaining two are
among the most female biased of the ribosomal proteins
(fig. 6). Furthermore, if we consider expression of all genes
in a similar way to the ribosomal protein subset, X-linked
genes are clearly skewed toward high expression in females
compared with autosomes (fig. 7).
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Do Female Beetles Lack “Counter-Compensation” for
Evolution of X Hypertranscription in Males?
Although dosage alteration of one or a few genes can be
buffered through biochemical pathways with no or limited
consequences to an organism'’s phenotype; simultaneously
altering expression of many genes (e.g., large segmental
duplications or deletions or aneuploidy) is typically lethal
(Oliver 2007). So how do Tribolium females survive with
what appears to be functional aneuploidy of the X chromo-
some? Although we cannot answer this question conclu-
sively with our current data, evidence from other XY
systems is instructive. In humans, mice, Drosophila, and
C. elegans males increase expression of their single X chro-
mosome to the same level as autosomes. This hypertran-
scription of the X in males poses the same potential
“overcompensation” problem for females in each of these
species that we see in Tribolium; if the dosage compensation
machinery is not sex specific upregulating the X in females
results in expression ratios of Xtemaie/Afemale = 1. The other
XY systems each resolve this antagonism differently. In
mammals, females inactivate one X, whereas leaving the
other hyperexpressed (Lin et al. 2007). In C. elegans, her-
maphrodites suppress expression of both X chromosomes
to bring expression in line with autosomes (Gupta et al.
2006). In Drosophila, the dosage compensation complex
(DCCQ) is not assembled in females, so they avoid the neces-
sity of counter—-compensation. However, Zhang and Oliver
(2010) recently demonstrated that the chromatin structure
of the D. melanogaster X is different from autosomes in
both males and females. Combined with their earlier
reports of slightly elevated female X chromosome expres-
sion (Gupta et al. 2006; Sturgill et al. 2007), these recent
results suggest that the evolution of male X chromosome
hypertranscription may collaterally increase female tran-
scription even in the absence of the DCC.

Our results suggest that Tribolium has followed a similar
trajectory in the evolution of dosage compensation to that
of other XY systems. However, female beetles somehow
avoid the necessity of complete counter-compensation
for X chromosome hypertranscription. Without more infor-
mation about the molecular mechanisms responsible for up-
regulation of the X chromosome, it is impossible to know
whether the current status in Tribolium is an intermediate
stage in the evolution of complete dosage compensation
in both sexes or a stable alternative (i.e., females do com-
pensate to the degree that it is physiologically necessary).
Given that the sex chromosomes in Tribolium are probably
quite old, perhaps predating the origin of the superfamily
Tenebrionoidea at >100 MYA (Sokoloff 1972; Hunt et al.
2007), the later alternative seems more probable to us.

Because so little is known about dosage compensation in
Tribolium, we used TBlastN (Altschul et al. 1997) to search
Beetlebase (Wang et al. 2007) for homologs of the dosage
compensation systems of other well-studied systems

(Drosophila, C. elegans, and mammals). We only found clear
homologs for three genes of the Drosophila DCC (mle, msi3,
and mof). One of these, ms/3, has two copies in Tribolium
(male-specific lethal like 1 on LG10 = TCO11005 and male-
specific lethal like 1 on LG6 = TC015251). Homologs of the
mle, msl3, and mof genes are responsible for histone ace-
tyltransferase activity in a wide range of higher eukaryotes,
including humans (Smith et al. 2005). Their role in male
dosage compensation is so far unigue to Drosophila and in-
volves male-specific translation of ms/2 to localize the DCC
to the male X chromosome. As far as we can tell, ms/2 is
absent in Tribolium, and our expression data show that each
of the DCC homologs present in Tribolium are expressed in
both sexes. Consequently, although our data provide evi-
dence for male dosage compensation in Tribolium, the pre-
cise genetic mechanism is unclear and will require additional
experiments to elucidate.

Conclusions

In addition to being the first description of sex-biased ex-
pression in the largest eukaryotic order and identifying con-
servation of sex-biased genes across three insect species, our
study provides the first example of an XY sex determination
system where there is an imbalance between X and auto-
some gene expression that is not due to gene dose. Tribo-
lium males dosage compensate their X chromosomes so
that X:Autosome gene expression ratios are near 1:1; but
the X is also upregulated in females, making them function-
ally XXX(X):AA. We propose that the overexpression of X
chromosomes in females is an evolutionary side effect of
the need to dosage compensate in males and that this
may reflect a stable equilibrium wherein females have struck
a sufficient, though imperfect, balance between X and au-
tosomal gene expression. If our hypothesis is correct, it may
offer further evidence that males are more sensitive to dos-
age imbalance than females; an idea proposed by Mank
(2009) in response to the dichotomy between the presence
or absence of dosage compensation between XY and ZW
systems.

Supplementary Material

Supplementary tables S1-S4 are available at Genome
Biology and Evolution online (http://www.oxfordjournals.
org/our_journals/gbe/).
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