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Postmating reproductive isolation is often manifested as hybrid male sterility, for which X-linked genes are over-
represented (the so-called large X effect). In contrast, X-linked genes are significantly under-represented among testis-
expressing genes. This seeming contradiction may be germane to the X:autosome imbalance hypothesis on hybrid ste-
rility, in which the X-linked effect is mediated mainly through the misexpression of autosomal genes. In this study, we
compared gene expression in fertile and sterile males in the hybrids between two Drosophila species. These hybrid males
differ only in a small region of the X chromosome containing the Ods-site homeobox (OdsH) (also known as Odysseus) locus
of hybrid sterility. Of genes expressed in the testis, autosomal genes were, indeed, more likely to be misexpressed than
X-linked genes under the sterilizing action of OdsH. Since this mechanism of X:autosome interaction is only associated with
spermatogenesis, a connection between X:autosome imbalance and the high rate of hybrid male sterility seems plausible.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE21734, and
the RNA-seq data have been submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra)

under accession no. SRA012675.]

Whole-genome expression studies have revealed that the X chro-
mosome and autosomes do not play proportionately equal roles in
gametogenesis (Lindsley and Lifschytz 1972; Strausberg et al. 1999;
Reinke et al. 2000; Wang et al. 2001; Parisi et al. 2003; Sturgill et al.
2007). Most strikingly, the X chromosome genes tend to be ex-
pressed at lower rates in the testis (Reinke et al. 2000; Parisi et al.
2003; Sturgill et al. 2007). A plausible explanation is that the X
chromosome spends only one-third of the time in males, as opposed
to the autosomes, which spend equal time in both sexes. Since the X
chromosome is associated with females more often, it may tilt to-
ward female functions at the expense of male activities when genes
experience sexual antagonism (Rice 1992). In this explanation,
X-linked genes have a tendency to become “demasculinized” (Wu
and Xu 2003).

The X-demasculinization hypothesis is one of several that have
been invoked to explain differences between the X chromosome
and the autosomes in gene expression and gene content (for other
hypotheses, see Lercher et al. 2003; Khil et al. 2004). These expres-
sion and gene content differences include the precocious X in-
activation in the germline of XY males (Wu and Xu 2003; Hense
et al. 2007; Sturgill et al. 2007), the distribution of male-biased and
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testis-expressed genes between X and autosomes (Reinke et al. 2000;
Meiklejohn et al. 2003; Parisi et al. 2003; Ranz et al. 2003; Sturgill
et al. 2007), and the transposition of genes among chromosomes
during evolution (Betran et al. 2002). Several studies have suggested
that the expression of X-linked genes may be restricted to early
spermatogenesis, when it shares features with early oogenesis (Xu
1996; Wang et al. 2001; Wu and Xu 2003; Reinke et al. 2004). In
contrast, the expression of autosomal genes continues until meiosis.

The predominance of autosomal gene expression in sper-
matogenesis contrasts with the genetics of hybrid male sterility.
Although X-linked genes make up a smaller portion of those in-
volved in spermatogenesis, they nonetheless seem to play a larger
role in male hybrid sterility (Hollocher and Wu 1996; True et al.
1996; Tao et al. 2003; Masly and Presgraves 2007). This phenom-
enon is sometimes referred to as “the large X-effect” of hybrid
sterility. The large X effect is part of an ensemble of phenomena
associated with interspecific hybridization (for details, see Wu and
Davis 1993; Supplemental material).

To address the seeming incongruity in the genetics of hybrid
male sterility and testicular gene expression, we investigate the
influence of hybrid male sterility on gene expression. We did not
use F, hybrids in interspecific crosses in our study because F; hy-
brid sterility is the manifestation of complex genic interactions
between the entire genomes of two species. Instead, we ask the
following question: Among those genes expressed in the testes, are
autosomal genes more prone to be misregulated than the X-linked
ones when males are sterile due to the effects of an X-linked gene?
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For this purpose, we chose to study the transcriptional con-
sequence of a single X-linked gene, the Ods-site homeobox (OdsH)
(also known as Odysseus) gene, which causes male sterility in the
Drosophila simulans background when cointrogressed with closely
linked factors from Drosophila mauritiana (Ting et al. 1998). OdsH,
a homeobox gene that has been suggested to encode a hetero-
chromatin-binding protein (Bayes and Malik 2009), mainly func-
tions in spermatogenesis; its absence reduces the fertility of young
males (Sun et al. 2004). It is reasonable to suspect that the mech-
anism by which OdsH acts is through transcriptional regulation;
indeed, misexpression of a number of genes in D. simulans—
D. mauritiana sterile hybrid males does appear to be linked to the
OdsH locus (Michalak and Noor 2004).

In this study, we compared gene expression between D. simu-
lans males that carried either a fertile or sterile introgression (referred
to as F or S males, respectively) from D. mauritiana. The introgres-
sions span approximately one-tenth of the X chromosome, but the
difference between the two introgressions is only ~3 kb, which
contains exons 3—4 of OdsH. Thus, the sterile introgression harbors
a full OdsH gene from D. mauritiana, whereas the fertile one has
the critical homeodomain of OdsH from D. simulans (Ting et al.
1998; Sun et al. 2004). In short, F and S males have the same genetic
background with respect to species origin, except the source of a
portion of the OdsH gene. Therefore, any detected expression dif-
ferences will not be confounded by differential hybridization effi-
ciency due to sequence divergence between the lines.

Results

Testes were dissected from both F (for fertile introgression) and S
(sterile introgression) males. RNA extracts from either sample were
hybridized to Affymetrix expression arrays three times each, as de-
scribed in Methods. In the testis samples, a total of 10,986 tran-
scripts (60%), including five on the Y, 1683 on the X, and 9298 on
the autosomes, were detected.

In Figure 1A, we plot the expression levels of genes from the
S males against those of the F males. It is clear that the majority
of genes are expressed at a comparable level (r* = 0.9663) between
the two samples, which differ in only ~3 kb of their respective ge-
nomes. Of interest is the subset of genes that are differently expressed
between the F and S males. A list of the genes that were found to
differ significantly is shown in Supplemental Tables S1 and S2.

A salient observation of this study is the different represen-
tation of X-linked and autosomal genes that are misexpressed in
S males. With A = 1.6 (corresponding to FDR < 1%), 14.5% (1348/
9298) of the expressed genes on autosomes but only 7.66% (129/
1683) of X-linked genes are misregulated in S males (Table 1). The
difference is highly significant (P < 0.0005, Fisher’s exact test).
When each autosomal arm is examined individually, the per-
centages across the four arms are very close (ranging from 14.0%
to 16.3% for A = 1.6), and each arm has more misexpressed genes
than the X (all comparisons having P < 0.0005) (Supplemental
Table S3).

We also use a less stringent set of criteria for misexpression in
Smales (Table 1). By this set, a gene is included in the S # F category
if P < 0.05 by t-test and |log,(f/s)| > 0.2, where fand s are the ex-
pression levels of F and S males, respectively. Indeed, the X-A
contrast in the proportion of misregulated genes in S males is ob-
served at all levels of expression (Fig. 2; see also Supplemental
Fig. S1), thus ruling out the possibility of reduced sensitivity in
detecting expression differences among X-linked genes as an ex-
planation for the X-A contrast.

16 Testis

Logs (Expression) in S males

4 . . L 1 L
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Log, (Expression) in F males

16 Abdomen

R® = 0. 9866

Logz (Expression) in S males
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4 6 8 10 12 14 16

Log, (Expression) in F males

Figure 1. The correlation in the expression level of F and S males in
testis (A) and abdomen (B). B serves as the negative control (see text).

There may be two concerns about the technical validity of the
observed X:A bias. The first one is the reliability of using micro-
arrays for analyzing gene expression in D. simulans. We have
therefore verified the microarray results by the RNA-seq procedure
(Cloonan et al. 2008). A total of more than 50 million reads were
collected from the RNAs of the fertile and sterile testes. Among
them, 24,383,254 and 14,308,455 unique reads were mapped to
the D. simulans genome in the fertile and sterile lines, respectively.
In Methods and Supplemental Table S6, the quality and quantity
of the data are evaluated in detail and the disparity in read numbers
is explained. (The reason is technical, rather than biological.)

By Fisher’s exact test, Supplemental Figure S3 shows that the
X:A bias is evident at all P-values, ranging from 102 to 10~ '6. Given
the large number of reads, the level of significance is necessarily
much higher in the RNA-seq data than in the array data. Thus, in
Table 1, we chose two levels of significance at which data from the
two platforms can be compared. The X:A bias is, indeed, observable
in the RNA-seq data, as in the array data (Table 1). The bias in the
former is smaller, albeit only moderately so, than in the latter.

There is another notable aspect to the X:A bias. When the
misexpressed genes in the sterile males are separated into over- and
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Table 1.
introgression lines

Expression differences between males from the fertile (f) and sterile (s)

observable only after the completion of
meiosis, when gene expression becomes

Percentage® (and number) of
genes for which s # f

quiescent (Perez et al. 1993). Hence, the
changes in expression reported in Table 1

take place in the testes before the changes
in cell morphology or composition. These

Tissue and
platform Method of analysis® X Autosomes
Testis data

Microarray© t-test 17.41% (293) 27.69% (2575)

SAM (A = 1.6)
Fisher’s exact (P < 0.005)°

RNA-seq
Fisher’s exact (P < 0.001)¢

5.96% (84)
Abdomen data
Microarray t-test

0.56% (7)
SAM (A = 1.6) 0

7.66% (129)
7.45% (105)

expression changes eventually lead to
spermatogenic failure (see also Sun et al.
2004).

Most interesting, these misexpressed
genes are disproportionately more com-
mon on the autosomes than on the X.
While OdsH is located on the X chromo-

14.50% (1348)
12.07% (921)
9.48% (723)

2.71% (157)
0.22% (13)

2See Methods.

PPercentage of genes that show an expression difference among those with detectable expression.
Genes with log,(signal intensity) > 6.2 for the array data and with RKPM > 1 for the RNA-seq data are

regarded as expressed genes (see Methods).

“Drosophila array version 1 was used for the abdomen samples, and Drosophila 2 array for the testis
samples. Approximately 13,500 and 18,500 D. melanogaster transcripts are represented on the Dro-

sophila 1 and 2 arrays, respectively (see Methods).

dp < 0.005 and P < 0.001 are based on the transformed RPKM data, as explained in Methods, for the
purpose of comparing across the microarray and RNA-seq platforms. Both P < 0.005 and P < 0.001 in
this table correspond to P < 108 in Supplemental Figure $3, which was based on the untransformed

raw data.

underexpressed categories, X-linked genes tend to be underex-
pressed, whereas autosomal genes are more evenly distributed
between the two categories (see Supplemental Table S5). However,
because the relative abundance of the two categories is strongly
affected by the level of expression and by the expression differ-
ences, the robustness of this observation will need to be further
explored.

A second concern with the results so far is the need for
anegative control. As the OdsH gene is expressed primarily in testes
(Sun et al. 2004) and affects male fertility but not viability (Perez
et al. 1993), one would naturally expect little differences in gene
expression between F and S males in nontesticular tissues. Due to
the tedious and slow process of removing testes, we used abdom-
inal samples for this purpose. In Figure 1B, the correlation of the
abdominal expression in the F and S males is shown. The correla-
tion in Figure 1B at * = 0.9866 is even higher than that in Figure 1A
for testes because genes are not differentially expressed between F
and S males in most tissues of the abdomen (except testes). In Table
1, the abdominal data indeed show much reduced numbers of
misexpressed genes in the F/S comparison.

Interestingly, in the abdominal samples, of which a fraction is
testis RNA, the X:A bias in misexpression is still weakly observable.
By the t-test, 0.56% and 2.71% of genes on X and autosomes, re-
spectively, are misexpressed in S males. The difference is significant
(P < 0.001, Fisher’s exact test). At A = 1.6, there are too few mis-
expressed genes to yield a significant test, but the trend is in the
expected direction.

Discussion

The presence of the X-linked OdsH gene from D. mauritiana in the
D. simulans background (which carries the introgression from D.
mauritiana), indeed, causes the misexpression of several hundred
genes. Perez et al. (1993) reported that the testes of sterile males are
slightly smaller than those of fertile males. Their sperm is in
characteristic disarray, and sperm bundles are defective. It should
be noted that many of the changes in cell morphology become

some, the genes it regulates (directly or
indirectly) tend not to be. In Supplemen-
tal Table S4, we list the proportion of such
genes in each functional category accord-
ing to the Gene Ontology (Ashburner et al.
2000) classification. The distribution of
misregulated genes is rather broad across
functional categories. Moreover, the pro-
portion of genes located on the autosomes
is comparably higher than on the X chro-
mosome for almost every category.

The patterns discussed above sug-
gest a general transcriptional basis for X:autosome imbalance
whereby interaction between X-linked genes, which tend to be ex-
pressed early during spermatogenesis (Wang et al. 2001; Wu and Xu
2003), and autosomal genes, expressed later in spermatogenesis, leads
to hybrid dysfunction. Specifically, factors such as OdsH that reside
on the X chromosome, when expressed at early stages of sperm de-
velopment, will fail to properly regulate genes on the autosomes,
with cascading detrimental effects.

The above mechanism of X:A imbalance suggests that the large
X effect on hybrid male sterility and the predominant autosomal
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Figure 2. Proportion of genes that are significantly misregulated in the

testes of S males as a function of the cutoff in calling presence in ex-
pression. Misregulation is called by SAM at A = 1.6. See Supplemental
Figure S2 for further analysis.
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expression in spermatogenesis are not incongruous observations.
Since X-linked genes tend to be expressed in early spermatogenesis
(Wang et al. 2001; Parisi et al. 2003; Wu and Xu 2003), their effects
on hybrid sterility may be correspondingly larger. On the other
hand, the sterility effect tends to be exerted on autosomal genes,
which continue to be expressed in later stages of spermatocytes after
the X has been inactivated (Wu and Xu 2003; Reinke et al. 2004;
Sturgill et al. 2007). The temporal difference in X versus autosomal
expression is widespread, observable in mammals, Drosophila, and
nematodes (Wu and Xu 2003).

The X:autosome imbalance hypothesis was originally pro-
posed by Muller (1942) to explain Haldane’s rule (Haldane 1922)
whereby the hemizygous sex (XY or ZW) among interspecific hy-
brids is more severely affected than the homozygous sex (XX
or ZZ). Muller’s reasoning was that the hemizygous sex has the X
chromosome from only one species, whereas the autosomes are
from both species, potentially resulting in expression imbalance.
(The homozygous sex has a more “balanced” genotype, with one
full haploid genome from both species.)

Support for the X:A imbalance hypothesis on Haldane’s rule
declined, primarily in connection with experiments on hybrid
sterility (for review, see Wu et al. 1996). There has been a long
history of debate on the explanations for Haldane’s rule and the
several components of this rule. In the Supplemental material, we
provide an account of this debate and the relevance of this current
study to the various issues surrounding it. A main issue is that, in
comparison with hybrid inviability or hybrid female sterility, hy-
brid male sterility has evolved 10-100 times faster in species with
XX-XY sex determination (Wu 1991; Wu and Davis 1993; Wu et al.
1996). It has not been clear why X:autosome interactions should
have a large effect on the fertility of XY males, but not on their
viabilities. Our analysis of gene misexpression under the sterilizing
effect of OdsH suggests that spermatogenesis may be particularly
susceptible to the effect of X:autosome interactions, resulting in
prevalent hybrid male sterility.

Methods

RNA preparation and oligonucleotide arrays

The fertile and sterile introgression lines were constructed and
maintained as described in Ting et al. (1998). To obtain 5~10 pg of
RNA for one microarray hybridization, we collected on average 150
adult male flies aged 3—-4 d from each line for testis dissection, and
50 flies for abdomen dissection. Flies were collected at different
times in order to incorporate among-culture variation into the
hybridizations. The testes were dissected on ice in RNALater and
transferred into TRIzol reagent (Invitrogen). The abdomens were
separated from whole body in dry ice and immediately homoge-
nized in TRIzol. Total RNA was isolated according to the manu-
facturer’s instructions, further purified with phenol-chloroform
extraction, and precipitated with isopropanol. Three separate ex-
tractions and hybridizations were carried out for the RNA samples
derived from testes and abdomens in each of two introgression
lines.

GeneChip Drosophila Genome Arrays (Drosophila 1; Affymetrix)
were used for the fly abdomen samples, and Drosophila Genome
2.0 Arrays (Drosophila 2; Affymetrix) for the testis samples. Target
synthesis for GeneChips, hybridization, and scanning were per-
formed according to the standard protocol outlined in the Affy-
metrix GeneChip expression Analysis Technical Manual, and the
protocols are available at http://fgf.bsd.uchicago.edu/facility/
microarray.htm.

Array data analysis

The probe sets represented on the Drosophila 1 and Drosophila
2 arrays are complementary to ~13,500 and 18,500 Drosophila
melanogaster transcripts (http://www.affymetrix.com), respectively.
GeneChip images were quantified and gene expression values (sig-
nal intensity) were calculated by Affymetrix Microarray Suite Ver-
sion 5.0 (MAS 5.0). Further details of the Affymetrix platform and
their algorithms can be found at http://www.affymetrix.com. The
GEO accession number for the array data is GSE21734.

The genetic background of the fertile and sterile lines is
mostly that of D. simulans, which is significantly diverged from the
D. melanogaster sequence on the array. For this reason, it may not
be appropriate to use the assignments of presence and absence that
depend on the comparison of perfect match and mismatch probes.
Therefore, we calculated expression for each gene using robust
multichip average (RMA) (Irizarry et al. 2003) as implemented in
Bioconductor (Gentleman et al. 2004), which considers only the
perfect match probes in its estimation of expression levels for each
probe set. The gene expression values (log,-based) were estimated
using convolution background correction, quantile normaliza-
tion, and median-polish summarization. We applied a filtering
procedure to expression array data from testes and abdomen. The
transcripts with expression intensities over 6.2 (log, value) were
considered detected on the array. The choice of cutoff is arbitrary
and does not affect the results of any analysis (Supplemental Fig.
S2). The transcripts that do not have annotation information in
FlyBase or are unmapped or regarded as heterochromatic se-
quences were excluded from further analysis.

Expression differences were calculated using significance
analysis of microarrays (SAM) (Tusher et al. 2001). For each gene,
SAM calculates the relative difference, d(i), between the two sample
groups:

o 30 = ()

W= s
where Xs(i) and xg(i) are the mean expression levels of a given gene
in the sterile and fertile lines, respectively, s(i) is the standard de-
viation of repeated measurements for each gene, and s is a factor
chosen to minimize the effect of expression level on variance in
d(i). The d(i) values are ordered so that d(1) = d(2) = ... = d(p). The
sample groupings are then permuted, d(i) values are calculated for
each gene, which are again ordered, and the mean of the ordered
d(i)s from these permutations is used as the expected value. Genes
are called significantly differentially expressed if the difference
between d(i)expectea aNd d(i)opservea €Xceeds a chosen threshold A.
While choice of A is somewhat arbitrary, false discovery rates can
be calculated for each value of A, allowing for the determination of
an appropriate cutoff. In this study, weuse A=1.6 and A=4.1 as the
false discovery rate is nearly constant beyond these points in the
testis and abdomen, respectively (see Supplemental Fig. S2). Our
results of the expression difference between fertile and sterile lines
are not sensitive to the choice of A.

We calculated the difference (|log,(f/s)|) of the gene expres-
sion level in fertile and sterile lines. Since there are few genes
expressed differently in abdomen, in order to include an adequate
number of genes for comparison, we used a cutoff of 0.2 (log, value
subtraction, equal to f/s of 1.15).

RNA-seq library construction and sequencing

The testes with accessory glands from about 500 males (2-4 d
after eclosion) of each line were dissected on ice and were homog-
enized in TRIzol reagent (Invitrogen). Approximately 100 u.g of to-
tal RNA of each line was extracted according to the manufacturer’s
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instructions. Poly(A)* mRNA was isolated from total RNA using
Oligotex (QIAGEN). The trancriptome libraries construction for
fertile and sterile lines commences with RNA fragmentation using
RNase III. The 100-200-bp RNA fragments were isolated after gel
electrophoresis. Single-strand cDNA was made from RNA frag-
ments using reverse transcriptase followed by second-strand syn-
thesis using the Applied Biosystems SOLiD Whole Transcriptome
Analysis Kit as described in the Whole Transcriptome Library
Protocol (updated 4/29/09; http://solid.appliedbiosystems.com).
Emulsion PCR and SOLiD sequencing were performed according to
the Applied Biosystems SOLiD System manufacturer’s instructions.
The 50-base sequences were obtained on a 1/4 SOLiD v3 slide for
each line.

RNA-seq data analysis

The 50-bp reads from the sterile or fertile lines were generated on
the 1/4 slide of SOLiD and were mapped to the D. simulans genome
(droSiml, Apr.2005) by the software provided by Applied Bio-
system (Corona_lite_v4.0r2.0; http://solidsoftwaretools.com/gf/
project/corona/). The 50-bp sequencing reads were first mapped to
the genome, allowing for five color base mismatches. Reads that
cannot be mapped to the genome were mapped again after trim-
ming to 45 bp with four mismatches, then 40 bp with four mis-
matches, and finally 35 bp with three mismatches. The Short Read
Archive accession number for the RNA-seq data is SRA012675.

After filtering multiple mapped reads, the unique mapped reads
were annotated to RefSeq genes from UCSC (http://hgdownload.
cse.ucsc.edu/goldenPath/droSim1/database/) by mapping location.
In total, 24,383,254 and 14,308,455 unique reads were mapped to
the genomes of the fertile and sterile lines, respectively (Supple-
mental Table S6). The difference was mainly due to the lower pro-
portion of beads suitable for emulsion PCR when preparing the
sterile sample for sequencing. Other than bead numbers, RNAs
from the fertile and sterile lines are of comparable quality by three
criteria. First, the measurements of RNA quality are indistinguish-
able between the fertile and sterile samples (e.g., the OD ratio at
wavelength 260 vs. 280 is 2.10 and 2.06 for S and F lines, respec-
tively). Second, as shown in Supplemental Figure S4a, the correla-
tion of expression level in the two lines is high, at r=0.894. Third,
Supplemental Table S6 further shows that the genomic distribu-
tions of reads in exons, introns, exon—-intron junctions, and non-
coding regions are also nearly identical between the two lines.

Using the mapped reads of nearly 40 million between the
fertile and sterile lines, 20%—-40% of genes are differently expressed
by Fisher’s exact test at different P-values of Supplemental Figure
$3. The X:A bias is observed at all P-values. With the large number
of reads, the sensitivity in detecting expression differences by the
RNA-seq method is extremely high (see Supplemental Fig. S3). In
order to compare these results with the array data, we also used
a conservative method as described below. Reads located in exons
or exon-intron junction regions (Supplemental Table S6) were
used to calculate RPKM (reads per kilobase of exon model per
million mapped reads) for each gene using the standard formula:

10°C
RPKM = N

where C is the number of unique mapped reads in the merged
exonicregion, N is the total number of unique mapped reads in the
experiment, and L is the length of the exons (Mortazavi et al.
2008). Levels of significance of expression differences were then
calculated using Fisher’s exact test on the rounded RPKM values.
The numbers of differently expressed genes under this conserva-
tive method are given in Table 1 for P < 0.005 and P < 0.001. The
DEGseq package (Wang et al. 2010) was used in the statistical

analysis. Scatterplot and the MA plot that compare expression
profiles of sterile and fertile lines in Supplemental Figure S4 were
also done by this package.
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