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ABSTRACT Dosage compensation mechanisms equalize the level of X chromosome expression between sexes. Yet the X chromosome
is often enriched for genes exhibiting sex-biased, i.e., imbalanced expression. The relationship between X chromosome dosage
compensation and sex-biased gene expression remains largely unexplored. Most studies determine sex-biased gene expression without
distinguishing between contributions from X chromosome copy number (dose) and the animal’s sex. Here, we uncoupled X chromo-
some dose from sex-specific gene regulation in Caenorhabditis elegans to determine the effect of each on X expression. In early
embryogenesis, when dosage compensation is not yet fully active, X chromosome dose drives the hermaphrodite-biased expression of
many X-linked genes, including several genes that were shown to be responsible for hermaphrodite fate. A similar effect is seen in the
C. elegans germline, where X chromosome dose contributes to higher hermaphrodite X expression, suggesting that lack of dosage
compensation in the germline may have a role in supporting higher expression of X chromosomal genes with female-biased functions
in the gonad. In the soma, dosage compensation effectively balances X expression between the sexes. As a result, somatic sex-biased
expression is almost entirely due to sex-specific gene regulation. These results suggest that lack of dosage compensation in different
tissues and developmental stages allow X chromosome copy number to contribute to sex-biased gene expression and function.
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MALESand females exhibitmanyphenotypicdifferences,
termed sexual dimorphisms. With the exception of the

gene-poor Y chromosome, the two sexes share identical ge-
nomes. Thus, sexual dimorphisms stem from differences in
gene expression between sexes. Genes that are expressed
differently between sexes include those expressed exclusively
(sex specific) or at a higher level in one sex (sex biased). Sex-
biased expression allows a gene to be more active in the sex
that it benefits without a potential cost to the opposite sex.
Sex-biased gene expression is common throughout meta-
zoans. Previous studies indicate up to 60% of all genes show
sex-biased expression [in mice (Khil et al. 2004; Yang et al.
2006; Reinius et al. 2012), flies (Parisi et al. 2003; Ranz et al.

2003; Allen et al. 2013; Kaiser and Bachtrog 2014), and
nematodes (Reinke et al. 2004; Thomas et al. 2012;
Albritton et al. 2014)].

Previous genome-wide studies found that compared to
autosomes, the X chromosome generally harbors more genes
with female-biased expression and fewer genes with male-
biased expression [in mice (Khil et al. 2004; Yang et al. 2006;
Reinius et al. 2012), flies (Parisi et al. 2003; Ranz et al. 2003),
and nematodes (Reinke et al. 2004; Thomas et al. 2012;
Albritton et al. 2014)]. However, this observed enrichment
of female bias and depletion of male bias from the X is a
generalization that may not apply universally to every tissue
type or developmental stage. For instance, while genes
expressed during later spermatogenesis are depleted from
the X, genes expressed during early spermatogenesis are
enriched on the mouse X chromosome compared to auto-
somes (Khil et al. 2004). This switch from enrichment
to depletion has been linked to the onset of meiotic sex
chromosome inactivation (MSCI), which acts to silence the
single male X during spermatogenesis, driving male-biased
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genes to the autosomes. Germ-cell-specific genes located on
the X are silenced by MSCI, during male meiosis, while au-
tosomal genes are largely unaffected (Wang et al. 2005).
However, a subset of germ-cell-specific X-linked genes is reac-
tivated later in spermatids (Mueller et al. 2008). Indeed,
newly acquired genes on human X chromosomes show spe-
cific expression in testis (Bellott et al. 2010; Mueller et al.
2013). In flies, MSCI may not be the sole force driving de-
pletion of male-biased genes from the X chromosome; male-
biased genes that are expressed in somatic tissues are also
depleted from the X (Parisi et al. 2003; Sturgill et al. 2007). In
nematodes, genes exhibiting high male-biased expression in
the germline are depleted from the X chromosome, while
genes that show lower levels of male-biased expression are
enriched on the X (Albritton et al. 2014). Thus, sex-biased
gene expression on the X chromosomes is shaped by the mech-
anisms that regulate X chromosome expression in different
tissues and species.

While someX chromosomal genes show sex-biased expres-
sion, others are expressed equally between sexes due to X
chromosome dosage compensation mechanisms. The strate-
gies of dosage compensation differ between different species.
The three best-studied cases of dosage compensation are
mammalian female X inactivation, male-specific X upregula-
tion in Drosophila melanogaster, and hermaphrodite-specific
X downregulation in Caenorhabditis elegans (reviewed in
Ercan 2015). In each of these cases, a multisubunit protein
complex specifically binds and regulates transcription of the
X chromosome in one of the two sexes. Inmammals, Xist RNA
coats one of the two female X chromosomes, resulting in
transcriptional silencing. In Drosophila, the MSL complex
binds to the single X chromosome in males and upregulates
transcription approximately twofold. In C. elegans, the dos-
age compensation complex (DCC) binds to both X chromo-
somes in hermaphrodites and represses transcription of each
approximately twofold.

In C. elegans, hermaphrodites have two X chromosomes
and males have a single X (C. elegans males do not have a Y
chromosome). Sex is determined by the ratio of X chromo-
somes to autosomes (Madl and Herman 1979). Hermaphro-
dites have an X:A ratio of 2:2 and males have a ratio of 1:2.
This difference leads to differential expression of xol-1, which
triggers the male sex determination pathway (Figure 1A)
(Miller et al. 1988; Rhind et al. 1995). Lack of xol-1 expres-
sion steers the pathway toward hermaphrodite development
(Miller et al. 1988). xol-1 represses sdc-1, sdc-2, and sdc-3,
named for their role in sex determination and dosage com-
pensation (Rhind et al. 1995). SDC-1, SDC-2, and SDC-3
regulate dosage compensation by forming part of the DCC
and regulate sex determination by repressing the autosomal
male-promoting gene her-1 (Villeneuve and Meyer 1987;
Nusbaum and Meyer 1989; DeLong et al. 1993; Klein and
Meyer 1993; Dawes et al. 1999; Chu et al. 2002). In hermaph-
rodites, the lack of her-1 expression activates transmembrane
receptor TRA-2A (Hunter andWood 1990; Perry et al. 1993).
This represses three fem (feminizing when mutated) genes:

fem-1, fem-2, and fem-3, which inhibit tra-1 (Hodgkin 1986).
As a consequence, tra-1 is active in hermaphrodites and in-
active in males (Figure 1A). tra-1 regulates expression of
genes that create sexually dimorphic cells and tissues in her-
maphrodites by repressing genes that promote male dif-
ferentiation (Hodgkin 1987; Villeneuve and Meyer 1990;
Berkseth et al. 2013).

Sex-specific gene regulation is accomplished by transcrip-
tion factors that control sex-biased expression of their target
genes. Sex-specific gene regulation that creates sex-biased
gene expression on theX chromosome is directly countered by
dosage compensation working to balance X expression be-
tween the sexes. It is possible that these processes evolved
independently and that the effect of one mechanism is super-
imposed onto the other, such that the net effect is additive.
Alternatively, it may be that the twomechanisms interact. For
instance, a mammalian gene escaping X inactivation would
showtwofoldhigher expression in females (i.e., female-biased
expression). In both C. elegans and D. melanogaster, dosage
compensation machinery “fine tunes” transcription by reduc-
ing or increasing X-linked gene expression twofold, respec-
tively. Any imprecision could lead to sex-biased gene expression.
For example, a lack of repression by the C. elegans DCC would
result in hermaphrodite-biased expression.

Comparing gene expression between sexes cannot distin-
guish between the effects of sex-specific gene regulation and
dosage compensation on the establishment of sex-biased gene
expression. As a result, it is not clear to what extent X
chromosome number contributes to chromosomal distribu-
tion of sex-biased genes,which is important to understand the
evolution of X chromosomes (Mank et al. 2011; Dean and
Mank 2014). Here, we addressed this question by uncoupling
sex from X chromosome number using well-characterized sex
determination pathway mutants in C. elegans. We performed
messenger RNA sequencing (mRNA-seq) analysis of wild-
type XX hermaphrodites, wild-type XO males, and mutants
that produce XO hermaphrodites and XX males. To study
potential differences between tissues, we performed the anal-
yses in L3 larvae and in young adults, before and after sexually
dimorphic organs developed, respectively. Our data untangle
the contribution of sex-specific gene regulation and X dose to-
ward the establishment of sex-biased gene expression of the X
chromosome. Moreover, we reveal differences between devel-
opmental stages and tissues. We find that sex-biased gene ex-
pression is more prevalent in young adults than larvae and X
chromosome number contributes to sex-biased expression
among early zygotic and gonadal genes.

Material and Methods

Worm strains and growth

XX hermaphrodites and XO males were from the N2 Bristol
strain. XO hermaphrodites were collected from strain
TY2205 her-1(e1520) sdc-3(y126) V; xol-1(y9) X (Chuang
et al. 1996; Yonker and Meyer 2003), and XX males were
collected from CB5362 tra-2(ar221) II; xol-1 (y9) X (Hodgkin
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2002). Unless otherwise noted, strains were maintained at 20�
on NGM agar plates using standard C. elegans growth methods.
Larvae were collected after growing hatched L1s for 24 hr
(L3 larvae) on NGM plates at room temperature. Young adults
were synchronized by growing hatched L1s for 44 hr at 25� and
collected prior to the accumulation of fertilized embryos in the
gonad. Developmental stages were assessed by observing
DAPI-stained nuclei, assessing gonad, male tail, and vulva
morphology.

mRNA-seq

A summary of all the data sets including replicates, read
numbers, mapping percentages and correlations between
replicates is provided in Supplemental Material, File S1. In
short, three to four biological replicates were collected for
each condition and independent sequencing libraries cre-
ated. The replicates were well correlated, as measured by
Spearman’s rank correlation coefficients, between 0.90 and
0.99. Raw data files and RNA-seq fragments per kilobase of
exon per million fragments mapped (FPKM) values are pro-
vided at Gene Expression Omnibus database (http://www.
ncbi.nlm.nih.gov/geo/) under accession nos. GSE67650 and
GSE77794. For RNA preparation, samples in TRIzol were
frozen and thawed three to five times to freeze-crack worms,
and the total RNA was cleaned up using the Qiagen RNeasy
kit. mRNA was purified using Sera-Mag oligo(dT) beads

(Thermo Scientific) from 0.5 to 10 mg of total RNA. Stranded
mRNA-seq libraries were prepared based on incorporation of
deoxyuridine triphosphates (dUTPs) during complementary
DNA (cDNA) synthesis using a previously described protocol
(Parkhomchuk et al. 2009). Single-end 50-bp sequencing
was performed using the Illumina HiSeq-2000. Reads were
mapped to the C. elegans genome version WS220 with
TopHat version 1.4.1 (Trapnell et al. 2009) using default
parameters. Gene expression was quantified using Cufflinks
version 2.0.2 (Trapnell et al. 2012) with default parameters
and supplying WS220 gene annotations. Gene expression
values for each gene were calculated from the mean of at
least three biological replicates, and are provided in File S2.
Differential expression analysis was performed using DESeq2
version 1.0.17 (Love et al. 2014) in R version 3.0.2, and the
results are given in File S3. RNA-seq data clustering was
performed by K-means clustering using the Hartigan–Wong
method in R version 3.02. Gene ontology (GO) term analysis
was performed using GOrilla (Eden et al. 2009). The list of
genes in identified clusters and the details of the GO terms
are provided in File S4.

Analysis of sex-biased expression

Biased gene expression was defined based on our previously
published methods (Albritton et al. 2014). We first identified
those genes that were differentially expressed between two
conditions (DESeq2, P-adj, 0.05). Genes with FPKM. 1 in
at least one conditionwere considered “expressed” (FPKM, as
calculated by Cufflinks). The “biased” genes had FPKM. 1 in
one condition and FPKM . 0 in the other. The magnitude of
bias was calculated as the log2 ratio of expression values be-
tween the two sexes (DESeq2). Genes that have FPKM. 1 in
one sex and FPKM = 0 in the other were categorized as
“specific” genes. The “nonbiased” genes were not called dif-
ferentially expressed by DESeq2 (P-adj. 0.05), had FPKM.
1 in both sexes, and showed less than twofold expression
difference between the sexes. We categorized genes with
high and low sex-biased expression based on a log2 expres-
sion ratio cutoff of 3. The cutoff was previously selected based
on a breakpoint in the distribution of sex-biased expression
ratios (Albritton et al. 2014). Sex-biased expression greater
than a log2 expression ratio of 3 is largely driven by gonadal
expression. Approximately 1% of expressed genes showed
more than twofold difference between sexes, but were not
called significant by DESeq2 (File S4). Due to the uncertain
nature of the bias in these genes and their low frequency
(0.2–3.2%), we chose to exclude them from our analyses.

Strain and data availability

Strains are available from the CaenorhabditisGenetics Center.
File S1 contains descriptions of all the data and their GEO
submission nos. File S2 contains mean expression values for
each data set. File S3 contains the results of the differential
expression analyses. File S4 contains gene classifications and
GO analyses. Gene expression data are available at GEO with
the accession no. GSE77794.

Figure 1 Uncoupling X chromosome number from sex in C. elegans. (A)
When comparing wild-type hermaphrodites and males, both sex and X
chromosome dose differ. Previous studies used sex determination path-
way (adapted from Zarkower 2006) mutations that uncouple sex from X
dose by creating XX males and XO hermaphrodites (for details on the
mutations, refer to the text). Briefly, in C. elegans, X chromosome dose
regulates the xol-1 gene, which controls both sex determination and
dosage compensation. In males, xol-1 represses the DCC and activates
the male-determining gene her-1. In hermaphrodites, xol-1 is repressed,
thus the DCC is activated and her-1 is repressed, activating the hermaph-
rodite pathway. The downstream pathway leads to tra-1, which encodes
a transcription factor that represses male development. Mutant genes
that create XX males and XO hermaphrodites are indicated. (B) Compar-
ing mutant strains to wild-type males or hermaphrodites allows isolation
of sex and X dose effect.
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Results

Uncoupling X chromosome number from
sex determination

Because SDC proteins control both sex determination and
dosage compensation, the effects of those two processes on
gene regulation are coupled. To separate the effects of sex-
specific regulation from those of X chromosome dose, we
compared gene expression in wild-type worms (XX hermaph-
rodites and XO males) to mutant strains that produce XO
hermaphrodites and XX males (Figure 1B). The XO hermaph-
rodite strain TY2205 bears three mutations: her-1(e1520) and
xol-1(y9) mutations result in hermaphrodite sexual fate; sdc-
3(y126) mutation disables dosage compensation. TY2205 lar-
vae are viable phenotypic hermaphrodites that do not activate
dosage compensation (Csankovszki et al. 2009; Pferdehirt et al.
2011). The XX male strain CB5362 contains tra-2(ar221) that
results in male sexual fate and xol-1 (y9) that enhances mascu-
linization (Hodgkin 2002). Because tra-2 is downstreamofDCC
activation, dosage compensation is still activated in these XX
males (Hodgkin 2002; Chandler et al. 2009; Kalis et al. 2010).
To determine expression differences due to sex-specific gene
regulation, we compared gene expression between XX her-
maphrodites and XX males and between XO hermaphrodites
and XO males (Figure 1B). To determine expression differ-
ences due to X chromosome dose, we compared expression
between XX and XO hermaphrodites and between XX and
XO males.

X chromosome expression is balanced between the
sexes in L3 larvae

We first analyzed sex-biased gene expression in L3 larvae. At
this stage, sexually dimorphic organs, such as the gonad and
the male tail are not yet fully developed (Kimble and Hirsh
1979; Hubbard and Greenstein 2005; Wolff and Zarkower
2008). In adults, germline cells outnumber somatic cells
2:1, but in L3 larvae, most cells are somatic. Previous work
demonstrated that X chromosome dosage compensation is
fully active by the L3 stage (Kramer et al. 2015). We made
L3 collections of XX hermaphrodites, XO hermaphrodites, and
XX males. Because the male tail is not fully developed by L3, we
could not distinguish wild-type XO males and XX hermaphro-
dites. As a proxy for wild-type XO males, we used data from
mixed populations of XO males and XX hermaphrodites
(Kramer et al. 2015). Mixed sex larvae were isolated by crossing
males and hermaphrodites of obligate an outcrossing strain [fog-
2(oz40)] to ensure a 50% male population. As a result, the
magnitude of sex-biased expression will be reduced by �50%
in this comparison. We analyzed sex-biased expression of genes
that were deemed expressed, by using FPKM. 1 cutoff. Similar
results were observed using expression cutoffs of 0.1 FPKMs and
10 FPKMs to determine expressed genes (Figure S1).

Compared to adults (Thomas et al. 2012; Albritton et al.
2014), there were fewer genes showing sex-biased expres-
sion in L3 larvae (Figure 2A). This result is expected, as most
sexually dimorphic tissues develop after the L3 stage (Kimble

and Hirsh 1979). Comparing wild-type XX hermaphrodites to
mixed-sex populations, only 59 and 221 genes showed her-
maphrodite and male-biased expression, respectively. Simi-
larly, comparison between XX hermaphrodites and XX males
also revealed few genes with sex-biased expression (Figure
2B). The contribution of X chromosome dose to sex-biased
expression was also small (Figure 2C). We grouped genes
into sex-specific, high sex-biased, low-sex biased, and non-
biased expression categories with the same cutoffs from our pre-
vious work (Albritton et al. 2014; see Materials and Methods).
Consistent with the observation that the X chromosome is dos-
age compensated extensively in L3 larvae (Kramer et al. 2015),
genes with sex-biased expression were distributed similarly be-
tween the X and autosomes (Figure 2D). Because the geneswith
sex-biased expression are found at similar proportions on the X
and autosomes (9.0% of X genes vs. 8.1% of autosomal genes),
the differences are likely caused by non-X specific effects such as
strain or developmental differences. These results indicate that X
chromosome dose and sex-specific gene regulation create little
sex-biased expression at the L3 stage.

We noticed that the comparison betweenwild-type XX and
the mutant XO hermaphrodites showed a higher number of
differentially expressed genes (Figure 2D). However, similar
distribution of these genes on X and autosomes indicated that
the differential expression is not driven by X chromosome
dose. We reason that the observed differential expression re-
flects subtle developmental timing differences between the
wild-type XX and mutant XO hermaphrodites. Indeed, genes
differentially expressed between XX and XO hermaphrodites
were enriched for GO term functions related to growth on both
the X and autosomes (File S4). These included cuticle genes
such as col-146 and col-58, which are upregulated prior to
molting. The absence of an X-specific XX-biased expression
suggests that in L3s, X chromosome dosage compensation ef-
fectively represses X expression in XX worms by twofold to
equalize expression to that of XO worms.

Correlation between DCC regulation and sex-biased
gene expression in larvae

Wenext asked if the DCC has a role in creating any sex-biased
expression in L3 larvae. We reasoned that if the DCC contrib-
utes to sex-biased gene expression, then X-linked genes that
are not repressed by theDCCwould be hermaphrodite biased.
Similarly, genes that are over-repressed (more than twofold)
by the DCCwould bemale biased. This scenario should result
in a negative correlation between XX-biased expression and
change in expression upon DCC knockdown on the X chro-
mosome.TomeasureDCCregulation,we lookedatexpression
changes caused by RNA interference (RNAi) depletion of dpy-
27 in L3 XX hermaphrodites (Kramer et al. 2015). We sepa-
rately calculated correlations for biased expression observed in
three pairwise comparisons that separate sex and X dose (XX
hermaphrodites vs.XOmales; XX hermaphrodites vs.XXmales;
and XX hermaphrodites vs. XOhermaphrodites). For both the X
and the autosomes, we found a weak negative correlation be-
tween DCC-mediated repression and XX-biased expression due
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to sex, and no correlation due to X dose (Figure 3A, Spearman’s
rank correlation). These weak correlations that are not X chro-
mosome specific suggest that the potential role of the DCC in
sex-biased expression must be subtle or applies to few genes
that escape X chromosome dosage compensation.

Escape from dosage compensation is rare in L3 larvae

To determine if escape from DCC-mediated repression is re-
sponsible for the XX-biased expression of the X chromosomal
genes in L3s, we looked for individual genes that escape
dosage compensation. To be considered an escaper, a gene
must be located on the X chromosome, sensitive to X chro-
mosomedose, andnot transcriptionally repressedby theDCC.
Aprevious studyusedsimilar criteria to identify293genes that

escape dosage compensation in mixed-stage embryos (Jans
et al. 2009). However, dosage compensation is incomplete until
after the comma stage of embryogenesis (Kramer et al. 2015),
thus the large number of previously identified escaper genes is
inflated. Since the DCC is fully active by the L3 stage, our
escaper analysis is not susceptible to this inflation.

Genes sensitive to X chromosome dose were identified as
being upregulated in XX hermaphrodites compared to XO
hermaphrodites (DESeq2 P-adj , 0.05). We then found
genes whose expression does not change upon dpy-27 RNAi.
While most methods identify genes that are differentially
expressed between RNAi and control conditions, a lack of
differential expression does not necessarily mean that genes
are statistically similarly expressed. We identified genes that

Figure 2 Contribution of sex and X chromosome copy number (X dose) to sex-biased gene expression in L3 larvae. (A) Scatter plot compares expression
of X chromosomal (purple) and autosomal (gray) genes in XX hermaphrodites and mixed sex (XO males/XX hermaphrodites). Expression values were
calculated as FPKM and are the mean of at least three biological replicates. Diagonal line represents equal expression. (B) As in A, but comparison
measures the effect of sex alone: XX hermaphrodites vs. XX males. (C) As in A, but comparison measures the effects of X dose alone: XX vs. XO
hermaphrodites. (D) Genes with high and low sex-biased expression, sex-specific expression, and nonbiased expression were identified from each
comparison that analyzed the effect of sex and X dose (wild type), sex only, or X dose only. Bar plots show the proportion of each class on the X and
autosomes. Blue indicates male or XO bias. Pink indicates hermaphrodite or XX bias. Darker colors indicate stronger bias. In L3s, sexually dimorphic
organs are not yet developed, thus there is less sex-biased expression compared to adults. In addition, X chromosome number did not significantly
increase the distribution of hermaphrodite-biased genes on the X compared to autosomes, suggesting that dosage compensation is effective in L3s.
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are statistically similarly expressed between dpy-27RNAi and
control conditions by constructing a 95% confidence interval
around each gene’s fold change upon dpy-27RNAi and taking
genes that fell entirely below a 1.3-fold difference in expres-
sion. Using these strict criteria, we found five genes that
escape dosage compensation in L3 larvae: F09B9.4, csq-1,
gpd-3, dhs-30, andmec-7 (Figure 3B).mec-7 and dhs-30were
previously found to escape dosage compensation in embryos
(Jans et al. 2009). These genes’ expression was not signifi-
cantly more sex biased compared to other genes expressed
from the X chromosome (Figure 4B, Wilcoxon rank-sum test,
P = 0.3729) and were not enriched for any functional GO
term annotations.We next used more lenient criteria to find
genes that escape dosage compensation, this time requiring the
genes to have,1.5-fold change upon dpy-27 RNAi, which is a
reasonable cutoff as 94% of autosomal genes (9,926 of 10,554
expressed) showed a ,1.5-fold change upon dpy-27 RNAi.

Using this lenient approach, 4.5% of expressed X chromosomal
genes escape dosage compensation (84 of 1881 genes, Figure
3B). A total of 21 of these genes were previously found to
escape dosage compensation in embryos, an overlap slightly
more than expected by chance (Fisher’s exact test, P = 0.01).
Among the 84 genes that escape dosage compensation, hrg-1 is
categorized as hermaphrodite biased. A total of 82 of the es-
caper genes are nonbiased and one, F09C8.1 is male biased.
Therefore, similar to the 5 escaper genes identified by the
stricter criteria, these 84 genes did not show significantly more
sex-biased expression (Figure 3C, Wilcoxon rank-sum test, P=
0.37) and were enriched for one functional annotation (oxido-
reductase activity, P = 8.4 3 1024). Lack of a clear hermaph-
rodite bias for the identified dosage compensation escapees
(Figure 3E) suggest that some of these genes were identified
due to strain effect between XX and XO hermaphrodite com-
parison. From these results, we conclude that escape from

Figure 3 Little escape from X
chromosome dosage compensa-
tion in L3 larvae. (A–C) The corre-
lation between the level of
repression by the DCC (dpy-27/
control RNAi) and the level of
sex-biased expression due to sex
and X dose (A, XXh vs. XOm),
sex alone (B, XXh vs. XXm), and
dose alone (C, XXh vs. XOh). A
negative correlation is expected
for each of the comparisons if es-
cape from DCC repression creates
XX-biased expression. Spearman’s
rank correlation values were simi-
lar on the X and autosomes, sug-
gesting that the DCC does not
specifically regulate sex-biased
expression of X chromosomal
genes. (D) Genes that escape dos-
age compensation in L3 larvae
were identified using either strict
(5 genes in red) or lenient
(84 genes in dark purple) criteria
to find X chromosomal genes that
are sensitive to X dose and not
repressed by the DCC (see Mate-
rials and Methods). The scatter
plot shows the level of repression
by the DCC (y-axis) to XX biased
expression due to X chromosome
number (x-axis) for all X genes
and escapees. (E) Genes that
escape dosage compensation
showed similar levels of sex-
biased expression compared to
other X genes in both the wild-
type (left panel) or sex-only com-
parisons (right panel) (Wilcoxon
rank-sum test, P . 0.05).
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dosage compensation is rare in L3 larvae and does not signifi-
cantly contribute to sex-biased gene expression.

Function of dosage compensated genes
during development

A large number of genes on the X chromosome show her-
maphrodite-biased expression prior to the L3 stage (Kramer
et al. 2015). Here, without using any cutoff for dosage com-
pensation, we identified groups of genes that are expressed

similarly between sexes across different developmental
times. We used published expression data from hermaphro-
dite and mixed-sex populations at three stages of develop-
ment: early embryos (,40 cell), comma embryos, and L3
larvae (Kramer et al. 2015). We performed K-means cluster-
ing of expression ratio between sexes for each X-linked gene
(Figure 4A) and grouped genes in five clusters (Figure 4B).
Clusters 1 and 2 consist of genes that show male bias in
early embryos but have unbiased expression in comma-stage

Figure 4 Function of genes that are similarly dosage compensated during development. (A) To determine groups of genes that are similarly dosage
compensated during development, we used K-means clustering of expression ratios between sexes for genes on the X chromosome in early embryos,
comma embryos, and L3 larvae. Genes are sorted into five clusters. (B) Line plots indicate the level of hermaphrodite-biased expression (y-axis) at each
time point for individual genes, separated by clusters determined in A. Red line shows equal expression between the sexes. (C) GO term analysis of
enrichments within each cluster from A. (D) Cluster 4 consists of genes that are hermaphrodite biased in early embryos and become dosage
compensated in comma stage embryos. Compared to other X chromosomal genes, genes in cluster 4 show less sensitivity to dpy-27 mutation in early
embryos and slightly higher sensitivity to dpy-27 RNAi in older embryos (Wilcoxon rank-sum test, P-value = 4.7 3 10212 and 2.8 3 1025, respectively).
(E) Genes in cluster 4 show higher expression compared to other clusters in hermaphrodite embryos before the DCC is fully active (Wilcoxon rank sum
test, P-value , 1.0 3 1027). This suggests that cluster 4 contains sex-determination genes that are expressed before DCC activation, thus escaping
dosage compensation in early embryos when their hermaphrodite-biased expression is important for sex determination.
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embryos and in larvae. Cluster 3 consists of genes with
hermaphrodite-biased expression in early and comma em-
bryos but unbiased expression in L3 larvae. Cluster 4 is made
up of genes with initial hermaphrodite-biased expression in
early embryos that become unbiased in comma embryos and
L3 larvae. Cluster 5 is made up of genes with unbiased ex-
pression between sexes throughout development. GO term
analysis of the genes in cluster 5 showed functions associated
with basic cellular processes including “membrane organiza-
tion,” “single-organism metabolic process,” and “protein
transport” (Figure 4C). These genes included nmy-1 (non-
muscle myosin heavy chain), hpl-1 (HP1 heterochromatin
protein homolog), and his-24 (H1 linker histone). Overall,
these dosage-compensated genes are involved with basic cel-
lular processes that may be similar between the two sexes.

Delayed dosage compensation in early embryos
contributes to sex-biased expression and function

Cluster 4 genes show hermaphrodite bias only in the early
embryo. To determine if lack of repression by the DCC con-
tributes to this observed early bias, we examined previously
published dpy-27 mutant data in early embryos and dpy-27
RNAi data from older, mixed-stage embryos (Kramer et al.
2015). If lack of DCC-mediated repression is responsible for
the observed bias, we expect that genes in cluster 4 should be
unaffected by DCC mutation in early embryos. Consistent
with this hypothesis, in early embryos, cluster 4 genes were
significantly less derepressed in dpy-27 mutant compared to
all expressed genes on the X (Figure 4D, median 1.3-fold
change vs.median 1.34-fold change for all expressed X genes,
Wilcoxon rank-sum test, P-value = 4.6 3 10212). In mixed-
stage embryos, DCC disruption affected cluster 4 genes sim-
ilarly to all expressed X genes (Figure 4D, median 1.25-fold
change vs.median 1.24-fold change for all expressed X genes,
Wilcoxon rank-sum test, P-value = 0.0014), suggesting that
cluster 4 genes escape DCC repression early, but are re-
pressed later. The mechanism of escape is likely to be expres-
sion of cluster 4 genes before the DCC is recruited to bind to
the X chromosomes. Indeed, cluster 4 genes are expressed
significantly higher in early embryos (,40 cell) compared to
genes in other clusters (Figure 4E, median expression 35.2
FPKM vs. 2.5-19.0 FPKMs for other clusters, Wilcoxon rank
sum test, P-value , 1.0 3 1027). Additionally, analysis of
independently published data from 15- to 20-cell hermaph-
rodite embryos (Hashimshony et al. 2015) confirmed that a
higher proportion of genes in cluster 4 (77%) were highly
expressed (FPKM . 10) compared to other clusters (19–
60%). These results indicate that genes in cluster 4 are
expressed earlier than other genes on the X chromosome
and thus escape dosage compensation.

Interestingly, cluster 4 includes X signal elements (XSEs)
ceh-39, sex-1, and fox-1, known to be dosage compensated
later in development after the critical time period for their
function has passed (Gladden et al. 2007). Cluster 4 is
enriched for genes involved in regulating developmental
processes (Figure 4C), including utx-1 (H3K27 demethyl-

ase); lin-15A and lin15B (Ras-signaling regulators); spat-3
(required for PAR protein-dependent cell-polarity and sex-
specific characteristics); the DCC subunits sdc-1 and sdc-2;
sex-determination genes ceh-39, sex-1, and fox-1; genes that
regulate migrating sex myoblasts sax-3 and ksr-1, which reg-
ulate migrating sex myoblasts; and pnk-4, which is required
later in development for hermaphrodite genitalia formation.
The functional composition of cluster 4 suggests that the de-
lay in dosage compensation contributes to early hermaphrodite-
biased expression and functions.

Sex-biased gene expression in young adults

We next measured the contributions of sex-specific gene
regulation and X chromosome dose to sex-biased gene ex-
pression in young adults, where sexual dimorphism is exten-
sive. Here, sex-biased expressionwas calculated for expressed
genes as defined by those that show FPKM. 1 in one ormore
of the samples. Similar results were achieved using expres-
sion cutoffs of 0.1 FPKMs and 10 FPKMs (Figure S2). The
level of sex-biased gene expression between wild-type XX
hermaphrodites and XO males was high (Figure 5A). Sex-
biased gene expression due to sex alone showed a similar
distribution of biased genes in XX (Figure 5B) and XO (Figure
5C) hermaphrodite–male comparisons. In contrast, X dose
caused fewer sex-biased genes and lower levels of bias, as
measured between XX and XO hermaphrodites (Figure 5D)
and XX and XO males (Figure 5E). Overall, high sex-biased
expression was mainly due to sex alone, which suggests that
sex-specific gene regulation in sexually dimorphic tissues
account for the majority of sex-biased expression seen in
adults.

Function of genes with sex-biased expression

In L3 larvae, we found 59 genes with low hermaphrodite-
biased expression and 221 genes with low male-biased
expression by comparing wild-type XX hermaphrodite to
mixed-sex expression. To determine if these genes with sex-
biased expression have shared functions, we performed GO
termanalysis (File S4). Among geneswith lowhermaphrodite-
biased expression, endocytosis function was enriched. These
genes included pro-2, known to regulate germline growth
and development (Voutev et al. 2006), and mrps-18B, which
plays a role in vulva formation (Ceron et al. 2007). Among
genes with low male-biased expression, lysosome-associated
genes were enriched, including rab-7, a Rab GTPase required
for lysosome trafficking. We also looked at the expression of
genes with known sex-biased functions in larvae or adults
(Table 1). For example, the male-tail transcription factors
dmd-3, mab-5, and egl-5 showed male-biased expression.
Among the genes with higher hermaphrodite expression,
we found nos-1, which functions in germline specification
and maintenance and is homologous to the Drosophila
Nanos; dpy-30, a member of the DCC and COMPASS com-
plexes; and tra-2, a transmembrane receptor required for
hermaphrodite sex determination. These genes with known
sex-biased functions showed significantly biased expression

362 M. Kramer, P. Rao, and S. Ercan

http://www.wormbase.org/db/get?name=WBGene00003776;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001995;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001898;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001086;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001086;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001086;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000460;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004786;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001484;class=Gene
http://www.wormbase.org/db/get?name=WBGene00017046;class=Gene
http://www.wormbase.org/db/get?name=WBGene00023498;class=Gene
http://www.wormbase.org/db/get?name=WBGene00023497;class=Gene
http://www.wormbase.org/db/get?name=WBGene00020496;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004745;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004746;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000460;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004786;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001484;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004729;class=Gene
http://www.wormbase.org/db/get?name=WBGene00002239;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006862;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.190298/-/DC1/FigureS2.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.190298/-/DC1/FileS4.xlsx
http://www.wormbase.org/db/get?name=WBGene00007413;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011759;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004271;class=Gene
http://www.wormbase.org/db/get?name=WBGene00012832;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003102;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001174;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003783;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001088;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006605;class=Gene


Figure 5 Contribution of sex and X chromosome number (X dose) to sex-biased gene expression in young adults (A) Scatter plot compares expression of X
chromosomal (purple) and autosomal (gray) gene expression in XX hermaphrodites and mixed sex (XO males/XX hermaphrodites). Expression values were
calculated as FPKM and are the mean of at least three biological replicates. Diagonal line represents equal expression. (B and C) As in A, but comparison
measures the effect of sex alone: (B) XX hermaphrodites vs. XX males and (C) XO hermaphrodites vs. XOmales. (D and E) As in A, but comparison measures the
effects of X dose alone: (D) XX vs. XO hermaphrodites and (E) XX vs. XO males. (F) Genes with high and low sex-biased expression, sex-specific expression, and
nonbiased expression were identified from each comparison that analyzed the effect of sex and X dose (wild type), sex only, or X dose only. Bar plots show the
proportion of each class on the X and autosomes. Blue indicates male or XO bias. Pink indicates hermaphrodite or XX bias. Darker colors indicate stronger bias.
Note that the proportion of genes with low hermaphrodite-biased expression on the X is lower in sex-alone comparison and higher in X-dose comparison. Wild-
type proportion of genes with low hermaphrodite-biased expression appears to be an average of the two, suggesting that X chromosome dose contributes to
hermaphrodite-biased expression in wild-type adults. Genes that show low male-biased expression on the X is higher in sex-alone comparison than X-dose
comparison. In wild-type young adults the distribution of sex-biased genes is a combination of contributions from sex and X dose.

Sex-Biased Expression of C. elegans X 363



in young adults (DESeq2, P-adj, 0.05) and were biased but
fell below the significance test in L3 larvae, presumably due
to being expressed in a small number of sex-specific cells in
the larvae.

In young adults, we identified many more genes with sex-
specific and sex-biased expression, reflecting the full devel-
opment of sexually dimorphic tissues. Overall, we found
4606 genes with hermaphrodite-biased expression and
4681 genes with male-biased expression. Compared to all
expressed genes, genes with hermaphrodite-biased expression
were enriched for reproductive and developmental functions,
including “embryo development,” “anatomical structure devel-
opment,” and “reproduction” (Table 2 and File S4). Genes with
male-biased expression were enriched for “signal transduc-
tion,” “G-protein coupled receptor signaling pathway,” and
“transmembrane transport.” Notably, the genes that show
male-biased expression were also enriched for several neuron-
associated functions such as “synaptic signaling” and “neuron
part.” This suggests that a large portion of male-biased gene
function is to create the nervous system specialization in
males.

Contribution of sex-specific gene regulation and X
chromosome number to sex-biased gene expression in
young adults

The expected contribution of X chromosome number to her-
maphrodite-biased expression is up to twofold; thus it can
mainly contribute to low-hermaphrodite biased gene expres-
sion. Therefore we analyzed high and low sex-biased expres-
sion separately (Figure 5F). When comparing number and
distribution of genes with high sex-biased expression, we find
that sex alone accounts for the enrichment of genes with high
hermaphrodite-biased expression and depletion of genes
with high male-biased expression on the X compared to au-
tosomes (Figure 5F, compare middle plot to wild type, Fish-
er’s exact tests, P . 0.05). Interestingly, sex alone does not
account for the enrichment of geneswith low hermaphrodite-
biased expression on the X. There are fewer genes that show
low hermaphrodite-biased expression in the sex-only com-
parisons compared to wild type. Instead, X chromosome dose
contributes to the presence of many more genes with low
hermaphrodite-biased expression on the X (303 low her-
maphrodite-biased genes in wild type vs. 633 and 706 in

X-dose comparisons, Fisher’s exact test, P , 10220). X chro-
mosome dose contributes to hermaphrodite-biased expres-
sion in wild-type animals as 75.2% of X chromosomal genes
with low hermaphrodite-bias in the wild-type comparison
were found to have hermaphrodite-biased expression in
X-dose-only comparison. In addition to analyzing the number
of genes with sex-biased expression, we analyzed the level of
sex-biased expression per gene, based on sex alone, X dose
alone, and both (wild type) separately on the X and
autosomes (Figure 6A). X chromosome dose created low
hermaphrodite-biased expression on the X chromosome but
not on autosomes. Collectively, our analyses in adults indi-
cate that while sex-specific gene regulation is the major con-
tributor to high sex-biased expression, X chromosome copy
number contributes to low hermaphrodite-biased expression
in adults.

X chromosome copy number contributes to
hermaphrodite-biased expression in the germline

X chromosome number may influence germline expression
more than that of soma, as the DCC is not expressed in the
meiotic germline (Lieb et al. 1996). To test if X chromosome
number contributes to hermaphrodite-biased expression spe-
cifically in the germline, we used germline and soma expres-
sion categories defined in a recent study that measured gene
expression in dissected hermaphrodite oogenic gonads (Ortiz
et al. 2014). We grouped genes with no, low, and high germ-
line expression using cutoffs FPKM, 1, 1, FPKM, 10, and
FPKM . 10, respectively. Here we focused on our XX vs. XO
hermaphrodite comparison where any expression differences
should be due to X dose. We found significantly higher XX
bias on the X chromosome compared to autosomes for both
low- and high-expressed germline genes (Figure 6B, middle
and right comparisons, Wilcoxon rank-sum test, P , 0.001).
X-linked genes with high germline expression showed the
greatest XX bias, with a median fold change of 1.77-fold,
slightly less than the 2-fold expected from a complete lack
of dosage compensation. In contrast, genes expressed only in
the soma did not show a difference in XX bias between X and
autosomes (Figure 6B, left comparison). These results sug-
gest that in the absence of dosage compensation, X dose
increases hermaphrodite-biased expression of the X chromo-
some in the XX hermaphrodite germline.

Table 1 Expression of genes with known sex-biased function

L3 Young adult

Gene XX herm. FPKM Mixed sex FPKM P-adj XX herm. FPKM XO male FPKM P-adj

Male function
dmd-3 1.5 11.0 0.13 0.2 5.3 1.40E-14
mab-5 11.8 15.2 0.59 2.2 11.2 3.80E-05
egl-5 8.2 19.1 NA 2.0 18.1 2.60E-16

Hermaphrodite function
nos-1 2.3 2.1 0.98 20.9 4.4 2.70E-25
tra-1 15.9 13.8 0.32 25.2 11.5 1.20E-12
dpy-30 247 235.4 0.94 270.8 176.2 3.10E-10
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Discussion

Role of X chromosome copy number in sex-biased
gene expression

Sex-biased gene regulation results in sexual dimorphisms that
are critical formanyanimals. SinceXchromosomedosediffers
between males and females, we wondered if it contributes to
sex-biased expression. Knowing that dosage compensation
mechanisms exist to balance X expression betweenmales and
females, we reasoned that escape from dosage compensation
might contribute to sex-biased expression on the X chromo-
some. Escape from dosage compensation has been best stud-
ied in mammals, where one of the two X chromosomes is
silenced in females. As a result, cells express only one allele of
any X-linked gene, thus biallelic expression indicates escape
from X inactivation. The proportion of X chromosomal genes
that escape inactivation is 15–25% in humans and 4–8% in
mice (Carrel and Willard 2005; Yang et al. 2010; Zhang et al.
2013; Berletch et al. 2015). Although some genesmay escape
inactivation due to having an ortholog on the Y chromosome
(Carrel and Willard 2005; Berletch et al. 2015), others may
escape due to potential female-biased function. For instance,
Kdm6a escapes X inactivation (Greenfield et al. 1998) and
activates the expression of Rhox6 and Rhox9, hox genes
expressed in reproductive tissues (Berletch et al. 2013). In-
terestingly, we found that the C. elegans homolog of Kdm6a, a
putative histone H3K27 demethylase utx-1, is also located on
the X and escapes dosage compensation in early embryos.
Female-biased expression due to X chromosome copy num-
ber is important, as human females with a single X chromo-
some (XO, Turner syndrome), exhibit several developmental
phenotypes perhaps due to insufficient expression of genes
that escape X inactivation.

Genes that escape mammalian dosage compensation lack
the typical Xist RNAbinding andH3K27me3associatedwithX
inactivation and instead are enriched for H3K4me3 (Khalil
and Driscoll 2007; Yang et al. 2010; Pinter et al. 2012; Wu
et al. 2014). In humans, escaper genes are clustered andmore
often found in evolutionarily young regions of the X chromo-
some, often far from the X inactivation center (Carrel and
Willard 2005). Mouse escaper genes are less clustered and
are found in regions of open chromatin marked by RNA Po-
lymerase II accessibility, DNase I hypersensitive sites, and
association with CTCF (Berletch et al. 2015). In C. elegans
L3 larvae, which is composed mostly of somatic cells, we

found few genes that escape dosage compensation, consis-
tent with previous results that DCC has a repressive effect
widely across the X chromosome (Kramer et al. 2015).

Reducing the effect of X chromosome copy number on
gene expression

In the soma, the DCC efficiently reduces the effect of X chro-
mosome copy number on expression difference between sexes.
In the germline where the DCC is not expressed, we found that
theXchromosomecopynumber contributed to�1.8-foldhigher
X expression. This is less than the expected 2-fold higher expres-
sion based on copy number difference between sexes. Similarly,
in C. elegans, embryos mutating the DCC resulted in �1.4- to
1.7-fold increase in X expression (Jans et al. 2009; Kruesi et al.
2013; Kramer et al. 2015). InD.melanogaster, theMSL complex
accounts for an �1.4-fold increase in male X expression, also
less than the 2-fold increase needed for complete dosage com-
pensation (Zhang et al. 2010; Larschan et al. 2011). While a
specific mechanism is yet undiscovered, a general buffering in
genetic networksmaymitigate the effect of X dose differences as
well as other aneuploidies (Zhang et al. 2010; Philip and Sten-
berg 2013; Chen andOliver 2015). Another way tomitigate the
effect of X chromosome number difference between sexes is to
reduce the need to dosage compensate. Indeed, C. elegans X
chromosome is depleted of predicted dosage-sensitive genes,
such as the haploinsufficient genes and genes that encode for
subunits of protein complexes (Albritton et al. 2014; Kramer
et al. 2015).

X chromosome copy number contributes to sex-biased
gene expression in the germline and in
early embryogenesis

We found that in young adults, X chromosome copy number
difference between the sexes increases the number of genes
that show low hermaphrodite-biased expression and reduces
the number of genes that show lowmale-biased expression on
the X (Figure 5F). Contribution of X dose to hermaphrodite-
biased expression in the absence of the DCC is seen in the
germline (Figure 6B). It is unclear if X dose-mediated her-
maphrodite-biased expression is functional or adaptive, but
there are some X chromosomal genes with low hermaphro-
dite-biased expression and hermaphrodite germline func-
tions. For example, mes-6 and cgh-1 are both required in
the germline and are expressed slightly more in hermaphro-
dites. mes-6 is a member of the Polycomb-like chromatin re-
pressive complex (Xu et al. 2001) and cgh-1 inhibits apoptosis

Table 2 Gene ontology analysis of genes that show sex-specific or sex-biased expression in young adults

Bias No. of genes in group GO term No. of genes in GO term P-adj

Hermaphrodite 4606 Embryo development 1645 2.39E-177
Anatomical structure development 1939 1.17E-173
Reproduction 1230 2.23E-135

Male 4681 Signal transduction 408 1.27E-26
G-protein-coupled receptor signaling 124 1.43E-26
Neuron part 161 2.08E-21
Synaptic signaling 76 3.65E-18
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in oocytes (Navarro et al. 2001). Consistent with the idea that
sex-biased expression correlates with sex-biased roles, we
find that genes with sex-biased expression are enriched for
reproductive and neuronal functions (Table 2), while genes
that are dosage compensated are known to be important in
both sexes (Figure 4C). Thus, sex-biased expression patterns
reflect sex-biased functions that underlie the development
and function of sexually dimorphic tissues.

In C. elegans early embryos, X chromosome dose directly
controls sex determination. As a result, we could not uncou-
ple sex and X chromosome copy number effects at this stage.
However, we did find a group of genes on the X chromosome
that showed hermaphrodite-biased expression that corre-
lates with a delay in DCC-mediated repression compared to
other genes in early embryos (Figure 4). Among these genes
were ceh-39, sex-1, and fox-1, whose XX-biased expression
determines sex. The fact that genes with clear sex-biased
functions show delayed DCC repression during embryogenesis

suggests that temporal regulation of DCC activity is impor-
tant for hermaphrodite-biased expression and function.
Similar to our results, in four species of Drosophila studied,
there was higher female-biased expression from the X chro-
mosome prior to activation of canonical dosage compensa-
tion (Paris et al. 2015). Such conservation suggests that
early embryonic X chromosomal genes have female-biased
functions.

In summary, our results show that sex-specific gene regu-
lation and X chromosome copy number together shape
sex-biased expression of the X chromosome in C. elegans. In
particular, X chromosome copy number contributes to her-
maphrodite-biased gene expression in early embryos when
the DCC is not fully active and in the germline where the DCC
is not expressed. Functional significance of X dose-mediated
hermaphrodite-biased expression is clear during early C. ele-
gans embryogenesis, as genes important for sex determi-
nation are expressed prior to DCC activation, creating

Figure 6 The X chromosome number contributes to XX hermaphrodite-biased expression in the C. elegans hermaphrodite germline. (A) K-means
clustering of expression ratios based on sex and X dose (wild type), sex only, and X dose only comparisons in young adults. Clustering was performed
separately for genes on the X chromosome (left) and on autosomes (right). X chromosome clustering showed similar patterns of high sex-biased
expression between wild-type and sex-only comparisons, suggesting that sex-specific regulation determines most of high sex-biased expression. For the
green cluster on the X, the low level of hermaphrodite bias in wild-type comparison is due to X chromosome number. (B) The level of XX-biased
expression for genes expressed only in the soma, and genes that are expressed lowly and highly in hermaphrodite gonad (also referred to here as the
germline genes). X chromosomal genes with germline expression showed significantly higher sensitivity to X dose compared to autosomal genes,
suggesting that X chromosome number contributes to higher expression of X genes in the germline (Wilcoxon rank-sum test, P, 0.05). (C) Contribution
of sex and X dose to hermaphrodite-biased expression of the X chromosome in the soma and germline. Total number of hermaphrodite-biased genes is
promoted (arrow toward left, XX) or hindered (arrow toward right, XO) by the X dose, sex, and the DCC. In the soma, dosage compensation balances the
effect of X chromosome dose. In the germline, lack of dosage compensation allows X dose to contribute to hermaphrodite bias, increasing the total bias
in the germline compared to the soma.
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hermaphrodite-biased expression at the time when their sex-
biased expression is critical for their function. While the
function of X dose-mediated sex-biased expression in the
C. elegans germline remains to be tested, in humans, repro-
ductive sterility is one of the phenotypes associated with XO
Turner syndrome, suggesting that the X chromosome copy
number contributes to female-biased function (Monk and
McLaren 1981; Baarends et al. 2005; Turner et al. 2005;
Turner 2007). We speculate that the conserved lack of dos-
age compensation in the gonad contributes to female-biased
expression of X-linked genes with female gonadal functions. In
summary, our work suggests that in different tissues and de-
velopmental stages, X chromosome copy number contributes to
functionally relevant sex-biased gene expression and function.
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Figure S1: Expression cutoffs do not change sex biased expression patterns in L3 larvae.
Genes with high and low sex-biased expression, sex-specific expression and nonbiased expression were 
identified from each comparison that analyzed the effect of sex and X dose (wild type), sex only or X dose 
only. Bar plots show the proportion of each class on the X and autosomes. Blue indicates male or XO bias. 
Red indicates hermaphrodite or XX bias. Darker colors indicate stronger bias. Three cutoffs for “expressed 
genes” were compared: 0.1 (A), 1 (B) and 10 (C) FPKMs.
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