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Abstract

In Drosophila melanogaster and D. simulans head tissue, 60% of orthologous genes show evidence of sex-biased ex-
pression in at least one species. Of these, ~39% (2,192) are conserved in direction. We hypothesize enrichment of
open chromatin in the sex where we see expression bias and closed chromatin in the opposite sex. Male-biased ortho-
logs are significantly enriched for H3K4me3 marks in males of both species (~89% of male-biased orthologs vs. ~76%
of unbiased orthologs). Similarly, female-biased orthologs are significantly enriched for H3K4me3 marks in females of
both species (~90% of female-biased orthologs vs. ~73% of unbiased orthologs). The sex-bias ratio in female-biased
orthologs was similar in magnitude between the two species, regardless of the closed chromatin (H3K27me2me3)
marks in males. However, in male-biased orthologs, the presence of H3K27me2me3 in both species significantly re-
duced the correlation between D. melanogaster sex-bias ratio and the D. simulans sex-bias ratio. Male-biased ortho-
logs are enriched for evidence of positive selection in the D. melanogaster group. There are more male-biased genes
than female-biased genes in both species. For orthologs with gains/losses of sex-bias between the two species, there is
an excess of male-bias compared to female-bias, but there is no consistent pattern in the relationship between
H3K4me3 or H3K27me2me3 chromatin marks and expression. These data suggest chromatin state is a component
of the maintenance of sex-biased expression and divergence of sex-bias between species is reflected in the complexity
of the chromatin status.

Introduction interlocus and intralocus conflict (reviewed in Rice and
Chromatin accessibility is important for multiple levels of Holland 1997; Chapman et al. 2003; Tregenza, et al. 2006;
gene regulation, as well as in large scale modifications of Bonduriansky and Chenoweth 2009; Cox and Calsbeek

expression such as in dosage compensation of sex chromo-
somes. Chromatin remodeling genes have roles in sex de-
termination. For example, the sex determination gene fru
aids in recruiting of histone deacetylase Rpd3 and hetero-
chromatin protein 1A encoded by Su(var)205 (lto, et al.
2012) and the expression of fru decreases with mutation
of a histone demethylase kdm4 (Lorbeck, et al. 2010).
Sexually dimorphic chromatin modifications such as
H3K9me2 (associated with closed chromatin) and
H4K16ac (associated with open chromatin) have been re-
ported (Brown and Bachtrog 2014). Therefore, we hy-
pothesized that sex-bias in gene expression may be
influenced by chromatin.

Sexual conflicts arise when the optima for a specific trait
differ between the sexes and therefore selection differs be-
tween the sexes. These conflicts can come in two forms:

2009; Schenkel, et al. 2018). Intralocus conflict occurs
when the optimal fitness of a shared trait/locus is different
between males and females, with different alleles favored
in males and females. It has been argued that the degree
of observed sexual dimorphism can signify the extent to
which intralocus sexual conflict has been fully or partially
resolved (Cox and Calsbeek 2009). In the whole fly, a small
proportion (8.5%) of sex-biased genes have evidence of
current intralocus conflict, or sexually antagonistic selec-
tion (Innocenti and Morrow 2010), indicating that in the
majority of cases, any sex-biased expression observed in
this study that is associated with intralocus conflict reso-
lution would be expected to result from a history of par-
tially or fully resolved intralocus conflict, rather than
ongoing intralocus conflict. Little is known about possible
mechanisms associated with changes in sex bias and
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putative conflict resolution. The approach taken in this
study provides one entry point to addressing potential
molecular mechanisms by examining the relationship be-
tween sex bias, divergence in sex bias, and chromatin state.

Sexually dimorphic gene expression tends to be rapidly
evolving (e.g, Ellegren and Parsch 2007; Zhang, et al. 2007;
Harrison, et al. 2015). Sex dimorphism of gene expression
in Drosophila brain, eye, and antennal genes has been
shown to be associated with sexually dimorphic behavior
and sensory perception (Landry, et al. 2007; Kopp, et al.
2008; Shiao, et al. 2015; reviewed in Anholt, et al. 2020).
Head tissue has also been observed to have an association
between chromatin regulation and allelic imbalance in
D. melanogaster-D. simulans interspecific hybrid expression
(Graze, et al. 2012). Specifically, D. simulans-biased alleles
were enriched for genes associated with “H3K4 methyltrans-
ferase activity,” and D. melanogaster-biased alleles were
enriched for genes associated with “H3K9 methyltransferase
activity” (Graze, et al. 2012). This finding led us to hypothesize
that there may be divergence in chromatin patterns between
the species. We note that the potential increase of H3K4
methylation in D. simulans (Graze, et al. 2012) may not direct-
ly lead to more H3K4me3 marks but instead more alternative
H3K4 methylation marks (me1 or me2) which were not
evaluated in the study presented here. Similarly, H3K9
methylation, correlated with closed chromatin and silenced
expression (reviewed in Boros 2012; Kimura 2013), may not
necessarily be related to H3K27me3 presence.

Sex determination among Drosophila is conserved, with
the splicing mechanisms and functions of the terminal
transcription factors fruitless (fru) and doublesex (dsx) con-
served across a multitude of insect species (Salvemini, et al.
2010; Shukla and Nagaraju 2010). Fru™ is the male-specific
transcription factor encoded by fru and is a primary regu-
lator of sex dimorphism in the Drosophila brain (lto, et al.
1996; Ryner, et al. 1996; Kido and Ito 2002; Demir and
Dickson 2005; Manoli, et al. 2005; Stockinger, et al. 2005;
Rideout, et al. 2007; Kimura, et al. 2008; von Philipsborn,
et al. 2011). Drosophila brains contain of a type of neuron
that expresses specific isoforms of fru, called
fru-P1-expressing neurons. These neurons have been impli-
cated in male-specific courtship behaviors (von
Philipsborn, et al. 2011; Tanaka, et al. 2017; Ding, et al.
2019; Sato, et al. 2020; Liang, et al. 2021) with an excess
of male-biased expression previously observed in the
fru-P1-expressing neurons (Newell, et al. 2016). In
fru-P1-expressing neurons of 1-day-old D. melanogaster
adults, genes with H3K4me3 present in the TSS are en-
riched in males compared to females, while the reverse is
true in 10- to 12-day-old adults. These sex differences at
the TSS support the role of fru-P1-expressing neurons in di-
recting sex-specific behaviors (lto, et al. 1996; Ryner, et al.
1996; Demir and Dickson 2005; Manoli, et al. 2005;
Stockinger, et al. 2005; Goldman and Arbeitman 2007; re-
viewed in Yamamoto and Koganezawa 2013) and suggest
sexually dimorphic chromatin accessibility is stage and
cell-type specific (Palmateer, et al. 2021).

The extent to which sex-bias in expression is conserved in
head tissue and the relationship between sex-bias and chro-
matin in heads have not been well explored. In combination
with the wealth of resources available for Drosophila as a
model organism, the comparison of D. melanogaster and
D. simulans provides an exceptionally tractable model in
which to explore the relationship between chromatin marks
and sex-bias in expression in an evolutionary context. To
this end, we assess the relationship between sex-biased ex-
pression and chromatin accessibility, specifically using the
H3K4me3 and H3K27me2me3 marks, within and between
these two closely related Drosophila species.

Results

We assayed males and females in the sister species, D. mel-
anogaster and D. simulans, for gene expression (n = 48; 2
sexes X 2 genotypes X 2 species X 6 replicates), and chro-
matin (n = 24; 2 sexes X 1 genotypes X 2 species X 6 repli-
cates). For each sample ChlP for the open chromatin mark,
H3K4me3, and closed chromatin marks, H3K27me2me3
and input were collected. We compared the two sexes
within each species, trends of sex-bias between species,
and one-to-one orthologous loci for gene expression and
chromatin. We evaluated the relationship between sex-
bias in gene expression and chromatin status. In D. melano-
gaster, 2,556 genes on the X chromosome and 14,114 genes
on the autosomes, and in D. simulans, 2,305 genes on the X
and 12,504 genes on the autosomes had evidence of gene
expression and/or chromatin marks. We performed exten-
sive quality control of the data (supplementary sections 4
through 7, Supplementary Material online). For example,
to evaluate whether genome quality affected the results,
all analyses were also performed with both species mapped
to D. melanogaster (FlyBase r6.17) and both species
mapped to D. simulans (FlyBase r2.02). While there were
a few genes with map bias, there was no evidence that gen-
ome quality impacted mapping (mapping rates were simi-
lar between species and slightly higher in D. simulans) and
no trends reported were affected by the choice to map
each species to its own genome rather than mapping
both to one of the two genomes (supplementary section
5.3, Supplementary Material online).

Exonic regions were separated into nonoverlapping exo-
nic features where alternative donor/acceptor sites were
quantified separately from shared exonic regions, in order
to capture the potential sex-specific exonic features in
each gene (Newman, et al. 2018). Nonoverlapping exonic
features were quantified as Cj; = (Z(d,-js)/N;) X (Q/Uy),
where d is the depth of reads at nucleotide j of feature i,
N is the length of the feature, U; is the upper quartile of
(Z (dUS)/N;) values in sample s, and Q is the median of
all U; values within the given species (Bullard, et al. 2010;
Dillies, et al. 2013).

If all exonic features in a gene were detected in only one
sex, the gene was labeled as sex-limited. There were 764 genes
(~6% of expressed genes) determined to be sex-limited in
D. melanogaster and 530 genes (~4% of expressed genes)
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in D. simulans (supplementary file 1, Supplementary Material
online, supplementary file 2, Supplementary Material online,
flag_sex_limited==1). Differential expression analyses were
performed separately for each exonic feature detected in
both sexes of each species. Genes were considered sex-biased
in expression if at least one exonic feature was statistically
significantly differentially expressed between sexes. Genes
with both significantly male- and female-biased exonic features
were designated “male-biased and female-biased” and are
expected in some genes that are sex-specifically alternatively
spliced, such as the sex determination gene dsx
(supplementary fig. S1, Supplementary Material online).

ChIP samples were compared to input controls for gen-
omic features (transcription start sites, 5/, 3" UTR’s, exonic
features and introns). Genomic features were considered de-
tected above the input control (DAI) in H3K4me3 if
Cs, is > Cinput, is» in more than 50% of the replicates for that
species-sex combination, and as Cy,is > Cinpur, iss  for
H3K27me3me4. ChIP data were found to be high quality
and conform with general expectations for detection of the
marks (supplementary sections 7.1-7.2, Supplementary
Material online). A gene was considered as having a mark if
at least one exonic feature in the gene was DAI A gene
was considered sex-limited (male/female) when marks were
detected in only one sex.

Consistent Sex Bias in Gene Expression Between
Orthologs

Gene expression in head tissues was measured in inde-
pendent replicates of males and females for each species
(n =48, 2 species X 2 sexes X 2 genotypes X 6 replicates).
In this experiment of head tissue, 60% of genes show evi-
dence of sex-bias in at least one of the two species. Of these
~39% (2,192) are conserved in direction and magnitude
between the two species (table 1, fig. 1). To compare the
relative magnitude of sex bias between the sexes and spe-
cies, we calculate a sex-bias ratio defined between 0 and
1. For genes with male-biased expression this ratio is
(1 —%) and for female-biased expression this ratio is

(1 —?) ; where m is the normalized male expression,

and ]‘ is the normalized female expression. We compared
the linear relationship between the sex-bias ratio in D. mel-
anogaster to D. simulans for orthologs with consistent sex-
biased expression between the species: female-biased
orthologs (Pearson’s r;=0.69; T-test Hpry=0, P<
0.0001) and male-biased orthologs (Pearson’s r,, = 0.49;
T-test Ho:rpy =0, P <0.0001) (fig. 1A). A linear regression
of the sex-bias ratio of D. melanogaster onto D. simulans
would have a regression coefficient of 1 if the sex-bias ratio
was the same between the two species, and less than 1 if
D. melanogaster sex-bias ratios were larger than D. simulans
across orthologs. We observed greater sex-bias ratios in
D. melanogaster compared to D. simulans for both female-
biased orthologs (T-test Ho:3;; <1, P <0.0001) and male-

biased orthologs (T-test Hp:3,,, <1, P <0.0001).

Excess of Male-bias Compared to Female-bias in Both
Species and in Gains/Losses in Sex-bias

There is substantial evidence for excess of male bias in the
head tissue for both species. There are more genes ex-
pressed only in males (male-limited) than genes expressed
only in females (female-limited) in both species (D. mela-
nogaster, 566/198, Binomial P < 0.0001; D. simulans, 340/
190, binomial P < 0.0001). There are more orthologs with
consistent male-limited expression between the species
compared to female-limited expression (31/12, binomial
P =~ 0.005). When genes are expressed in both sexes, there
is an excess of male-biased expression compared to female-
biased expression observed in both D. melanogaster (2723/
2185, binomial P < 0.0001) and D. simulans (2160/1873,
Binomial P < 0.0001) and the same trend is observed in
consistently sex-biased orthologs although it is not signifi-
cant after correcting for multiple testing (1153/1038, bino-
mial P =~ 0.01, table 1).

In orthologous genes expressed in both sexes, sex bias
can be gained/lost between the species. In these genes
there is an enrichment for male-bias gains/losses com-
pared to female-bias gains/losses, regardless of which of
the two species shows the sex-bias (table 1, rows 11 vs.
12 and 14 vs. 15; supplementary fig. S2C, Supplementary
Material online). While some gains/losses of sex-bias may
be due to small shifts in the expression bias, we find that
most of the orthologs with significant sex-bias ratio in
one species have values close to zero in the other species,
demonstrated by the highest density of gene sex-bias ra-
tios closest to the horizontal/vertical line, as indicated by
the ellipses (fig. 1B and C). Male-biased gains/losses tend
to have larger magnitudes of sex-bias, as well as greater
variability in sex-bias ratio, compared to female-biased
gains/losses (fig. 1B and C).

Male-bias in Orthologs Is Associated With Signatures
of Positive Selection

We hypothesized that there may be differences in adaptive
evolution for specific patterns of sex-bias in expression or
chromatin marks. The comparative genomics database,
flyDIVas (Clark, et al. 2007; Stanley and Kulathinal 2016)
provides gene-level estimates of divergence with nonsy-
nonymous (dN) to synonymous substitution (dS) rates
(dN/dS) and tests of positive selection using PAML
(Yang 1997) for the melanogaster subgroup (D. melanoga-
ster, D. simulans, D. sechellia, D. yakuba, D. erecta), melano-
gaster group (melanogaster subgroup and D. ananassae),
and the 12 Drosophila species (melanogaster group and
D. pseudoobscura, D. persimilis, D. willistoni, D. mojavensis,
D. virilis, and D. grimshawi). These different group allow for
evaluation of selection across these three levels of phylo-
genic depth; however, the number of orthologous loci
does decline as the distance from melanogaster increases
and the tests at the 12 genome level are to be thought
of as suggestive (Stanley and Kulathinal 2016). The null hy-
potheses tested are codon-based tests of positive
Darwinian selection based on dy/d; (®) ratios estimated

3

€202 AIne 61 uo Josn AysiaAluN uIngny Aq 00/9% L £/8.L0PESW/S/0/9[0IME/aqW/Ww0d dNod1Wapeo.//:sd)ly Wol) papeojumod


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
https://doi.org/10.1093/molbev/msad078

Nanni et al. - https://doi.org/10.1093/molbev/msad078

MBE

Table 1. Sex Bias in Expression.

Pattern of sex-bias D. melanogaster D. simulans Orthologs
1 Male-biased 2723 2160 1153 } P=0.01
2 Female-biased 2185 1873 1038
3 Male- and Female-biased 142 100 10
4 Unbiased 6666 7410 3815
5 Reversal Male Female 113
6 Reversal Female Male 70
7 Gain/loss Male Male and female 42
8 Gain/loss Female Male and Female 16
9 Gain/loss Male and Female Male 31
10 Gain/loss Male and Female Female 35
1 Gain/loss Male Unbiased 1049 } P < 0.0001
12 Gain/loss Female Unbiased 872
13 Gain/loss Male and Female Unbiased 53
14 Gain/loss Unbiased Male 657 } P ~ 0.0001
15 Gain/loss Unbiased Female 525
16 Gain/loss Unbiased Male and female 26
17 Expressed 11,716 11,543 9505

The pattern of sex-bias is defined based on mutually exclusive categories. In rows 1-4, the number of genes following the pattern of sex-bias are given in columns 3 (D.
melanogaster) and 4 (D. simulans), and the number of orthologous is given in column 5. Binomial test probabilities are indicated to the right of the table for the comparison
of male-biased versus female-biased for consistent orthologs and gains/losses. P-values are in black if below the threshold of P = 0.001 and gray if above the threshold. Reversal
of sex-bias is rare, only two percent (183/9508) of orthologs. Genes on chromosome 4 and on scaffolds, as well as those that change location, were omitted. Values for the X
and autosomes separately are in supplementary table S1, Supplementary Material online. Each of the categories represented are indicated in supplementary File 1,
Supplementary Material online for D. melanogaster, supplementary File 2, Supplementary Material online for D. simulans, and supplementary File 8, Supplementary

Material online for orthologs.

by PAML model M0 (Yang 1997). FDR corrected P-values
for likelihood ratio tests comparing pairs of site-specific
models were obtained from the flyDIVas database to de-
termine if: 1) model M2a (positive selection) has better
fit than M1a (nearly neutral), 2) model M8 (beta+w>1)
(Yang 1997) has better fit than M7 (beta-distributed),
and 3) model M8a (beta+®w=1) (Swanson, et al. 2003;
Wong, et al. 2004) has better fit than model M8 (beta
+®>1). Each of these comparisons can be used to infer
the presence of positive selection, but vary slightly in stat-
istical properties (Wong, et al. 2004). This resulted in a set
of nine tests of association corresponding to patterns of
sex-biased expression and sex-biased marks (e.g., consist-
ent male-biased expression) for each phylogenetic group
and model comparison (supplementary table S2,
Supplementary Material online). We used P < 0.001 as
the significance threshold and find that only the
D. melanogaster-D. simulans male-biased orthologs are
consistently significantly enriched for positive selection.
This is a consistent inference for 8 of the 9 tests with the
exception being test M8 versus M8a in the 12 species compari-
son (y’: P=0.10) (supplementary table S2, Supplementary
Material online). We also found evidence of positive selection
in many cases for the D. melanogaster subgroup and
D. melanogaster group among genes with sex-specific
H3K27me2me3 in males or females.

Sex-bias Is Associated With H3K4me3

We propose a model, “Open in Same sex and/or Closed in
Opposite” (OS-CO), as an expectation of chromatin accessi-
bility states for genes with sex-biased expression (fig. 2;
supplementary fig. S3, Supplementary Material online). We

4

expect chromatin in male-biased genes to have 1)
H3K4me3 chromatin marks (“open”) in males, and/or 2)
H3K27me2me3 chromatin marks (“closed”) in females. We
test this expectation by comparing the chromatin state in
male-biased orthologs to unbiased orthologs using Fisher ex-
act test (Fisher 1934). Under the null hypothesis that chro-
matin is independent of sex-bias there should be no
difference in the proportion of genes with H3K4me3 in
males in these two groups. Similarly, we compare the pres-
ence of H3K4me3 chromatin marks in females between
female-biased orthologs and unbiased orthologs. In both
species, H3K4me3 chromatin marks in females are more like-
ly to occur in female-biased orthologs relative to unbiased
orthologs (D. melanogaster, P < 0.0001; D. simulans, P <
0.0001; fig. 3A) and H3K4me3 chromatin marks in males
are enriched in orthologs with consistent male expression
bias compared to orthologs with consistent unbiased ex-
pression (D. melanogaster, P < 0.0001; D. simulans, P <
0.0001; fig. 3B). In orthologous genes with gains/losses of
sex bias, D. melanogaster and D. simulans show similar trends
for the H3K4me3 chromatin marks and for the female
H3K27me2me3 (fig. 3C and D). However, female-biased
gains/losses in D. simulans have an enrichment for male
H3K27me2me3, a pattern not observed in D. melanogaster
and not present in orthologs with consistent female-bias.

Sex-biased Orthologs Have Conserved Presence of
H3K4me3 Marks

In both species, the vast majority sex-biased orthologs
have H3K4me3 marks in the sex with greater expression
(fig. 3; supplementary fig. S6, Supplementary Material on-
line) consistent with our model (fig. 2; supplementary fig.

€202 AIne 61 uo Josn AysiaAluN uIngny Aq 00/9% L £/8.L0PESW/S/0/9[0IME/aqW/Ww0d dNod1Wapeo.//:sd)ly Wol) papeojumod


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
https://doi.org/10.1093/molbev/msad078

Sex-Biased Expression Is Associated With Chromatin State - https://doi.org/10.1093/molbev/msad078

MBE

1.0 — y=x
—— y=0.4680x+0.1283
—— y=0.6428x+0.0779

0.8

0.6

0.4

D. simulans sex-bias ratio

0.2

0.0

0.0 0.2 0.4

0.6 08 1.0

D. melanogaster sex-bias ratio

0.8 4

0.6 4

0.2 4

D. simulans ratios

=
=

-0.24
=3 95% D. melanogaster male-biased only
= Jd 95% D. simulans male-biased only

—0.41 Male-biased in one species only
|

—0.4 ~02 0.0 02 0.4 06 08 10
D. melanogaster ratios

Cc

1.0

1 95% D. melanogaster female-biased only
= 95% D. simulans female-biased only
0.8 Female-biased in one species only

0.6 1

0.4 4

0.2 4

D. simulans ratios

0.0

—0.24

—0.44

—0.4 0.2 0.0 02 0.4 06 08 10
D. melanogaster ratios

Fic. 1. Sex-bias ratios in orthologs. Sex-bias ratio in D. melanogaster (X-axis) and D. simulans (Y-axis). Female sex-bias is plotted in red, and male-
bias is in blue. A value close to 1 indicates extreme sex-bias, while a value close to 0 indicates low sex-bias. (Panel A) Orthologous genes where
sex-bias is in the same direction between the two species. A linear regression line with ellipses representing the 95th percentile of the observed
data for males and females separately. The gray line represents the value of the regression if the sex-ratio is equal in the two species
(y=x f=1).(Panel B) Gains and losses in male sex-bias. (Panel C) Gains and losses in female sex-bias. The solid ellipses represent the 95th
percentile of the orthologs with significant sex-bias in D. melanogaster. The dashed ellipses represent 95th percentile of the orthologs with sig-

nificant sex-bias in D. simulans.

S3, Supplementary Material online). Male-biased orthologs
are significantly enriched for conserved H3K4me3 marks in
males (~89% of male-biased orthologs vs. ~76% of un-
biased orthologs; x*: P < 0.0001). Similarly, female-biased
orthologs are significantly enriched for conserved H3K4me3
marks in females (~90% of female-biased orthologs vs.
~73% of unbiased orthologs; ¥*: P < 0.0001). Our model pre-
dicts that sex-bias in expression may also result from repres-
sion of expression in the opposite sex (closed in opposite sex,
CO). We find that the relationship of sex-biased expression
and H3K27me2me3 repressive marks in the opposite sex of
the sex bias depends upon the direction of the sex-bias (fig.
3A and B), indicating the sexes may have evolved to have dif-
ferent mechanisms of sex-biased expression regulation. When
male-biased orthologs have conserved H3K4me3 marks in
males, the sex-bias ratio in the two species is more similar
when there are no H3K27me2me3 mark in females (fig. 4A;
B;o =050), than when both species have a female
H3K27me2me3 mark (fig. 4G B;c =0.18; B;5 Vvs. Byt P<
0.0001). When the female H3K27me2me3 mark is not con-
served between the species (present in either species but
not both), the sex-bias ratio is similar (although

trending lower, B3 =0.41) to when both species have
the female H3K27me2me3 mark (fig. 4B; P, vs. Big: P
~ 0.16). In contrast, the relationship in the sex-bias ratio
between the species does not change in female-biased
orthologs based on the presence of the male
H3K27me2me3 chromatin mark (fig. 4D and F; B,p vs.
Bie: P = 0.47, Byp vs. By P = 0.93).

Discussion

In D. melanogaster and D. simulans head tissue, ~60% of
genes show evidence of sex-bias in at least one of the
two species. Of these, ~39% (2,192) are conserved in direc-
tion between the two species. The direction of sex-bias in
expression agreed between the two species much more
frequently than expected by chance (male-bias: k = 0.41,
P < 0.0001; female bias: k¥ = 0.45, P < 0.0001). This agree-
ment in presence/absence of sex-bias between D. melano-
gaster and D. simulans may be due to the short
evolutionary time and the maintenance of the ancestral
state, where the sex-bias in the common ancestor is ran-
dom. Under the null hypothesis that the direction of
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Fic. 2. “Open in Same and/or Closed in Opposite” (OS-CO): a model for chromatin accessibility patterns for sex-biased expression. Genes with
female-biased expression (left) are expected to have open chromatin marks (H3K4me3) in females and/or closed chromatin marks
(H3K27me2me3) in males. Genes with male-biased expression patterns are expected to have open chromatin marks (H3K4me3) in males
and/or closed chromatin marks (H3K27me2me3) in females. Not all sex-biased genes are expected to have these marks as there are other chro-

matin marks and regulatory factors that influence chromatin state.
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Fic. 3. Chromatin association differs between consistent and inconsistent sex-biased expression. Orthologs with consistent sex-biased expression
in D. melanogaster and D. simulans (A, B) and with gains/losses of sex-bias between the species (C, D). The Y-axis of each graph represents the
percent of genes with a chromatin mark shown in the cartoon below the graph. Numbers of genes in each category are given in table 1. For
female-biased (F) and male-biased (M) genes and unbiased (U). (A) Consistent female-biased orthologs, (B) Consistent male-biased orthologs,
(C) Gains/losses in female-bias (D) Gains/losses in male-bias. P-values are reported for a one-sided Fisher’s exact test (Fisher 1934). Significant
P-values (P < 0.001) are in black. Tests separating the X and autosomes are in supplementary figure S6, Supplementary Material online.

bias is random, we expect to see approximately an even
number of gains/losses in transitions between the two spe-
cies from unbiased to male- or female-biased. In a binomial
test, the null hypothesis of equal probability for male/
female gain/loss (P =0.5) is rejected for both transitions
from unbiased genes in D. melanogaster to sex biased genes

6

in D. simulans (~55% male-biased, Binomial P < 0.0001)
and unbiased genes in D. simulans to sex-biased genes in
D. melanogaster (~56% male-biased, Binomial P =
0.0001). There is also more male-bias than female-bias in
sex-limited expression (P < 0.0001 for both species) and

€20z AINF 61 U0 Jasn Aysioaiun ungny Aq 0029+ | 2/8.0PESW/S/0t/9191HE/2GUI/W00"dNo"ojwapese//:sdny woly papeojumoq


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad078#supplementary-data
https://doi.org/10.1093/molbev/msad078

Sex-Biased Expression Is Associated With Chromatin State - https://doi.org/10.1093/molbev/msad078

MBE

K4 Both Species

K4 Both Species

K4 Both Species

No K27 K27 One Species Only K27 Both Species
L0 [— y=x 1.0 [— y=x — y=x
—— y=0.5024x+0.1005 —— y=0.4104x+0.1352 —— y=0.1809x+0.2467
0.8
o o 0.81 - 0.8 k-]
o 3 g 2
I E £ 06l
8 o £ g
£ E €
T I
2 ¢ g g
@ @ ]
g S 0.2 S 0.2 g o2
0.0 0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
D. melanogaster male-biased D. melanogaster male-biased D. melanogaster male-biased
T
10 JR———— Lo — y=x
=X
3 S— ;’:0‘6023)(-#0‘0739 4 = y=0.6511x+0.0960 = y=0.5935x+0.1224
T 3osq g 3 0.8
- 2 H b
m = z
] & @ 0.6 L.
@ F0° ; o
— E T @
© E ‘:‘ 0.4 [
£ oo 5o $oa
3 g g
Q E i =
[ G 02 5021 502
0.0 0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 08 1.0

D. melanogaster female-biased

D. melanogaster female-biased

D. melanogaster female-biased

Fic. 4. Male and female biased orthologs. Orthologous genes where sex-bias is in the same direction between the two species. A linear regression
line for the regression of the sex-bias ratio in D. melanogaster (X-axis) on D. simulans (Y-axis). (Panel A; ; = 0.50) presence of male H3K4me3 and
absence of female H3K27me2me3 (K27) in both species, (Panel B; B, =0.41) presence of male H3K4me3 in both species and female
H3K27me2me3 in either species, and (Panel G ; = 0.18) presence of male H3K4me3 and female H3K27me2me3 in both species. For female-
biased orthologs: (Panel D; B; = 0.60) presence of female H3K4me3 and absence of male H3K27me2me3 in both species, (Panel E; B, = 0.65)
presence of female H3K4me3 in both species and male H3K27me2me3 in either species, and (Panel F; ; =0.59) presence of female

H3K4me3 and male H3K27me2me3 in both species.

the number of male-biased orthologs are greater than the
number of female biased orthologs.

There is conservation in the splicing regulation ob-
served in the Drosophila sex determination pathway
(Salvemini, et al. 2010; Shukla and Nagaraju 2010). In
this study 19 genes in the sex-determination pathway
were expressed in both sexes and species. Eleven of these
were consistent in sex-bias between the two species, in-
cluding the terminal transcription factors of the sex de-
termination pathway, dsx and fru. We hypothesized
that the conservation of sex-biased splicing in these
transcription factors may contribute to consistent sex-
bias between the two species. Both genes have male-
and female-specific isoforms (supplementary fig. S1,
Supplementary Material online) and dsx contributes to
the regulation of sexual dimorphism in the brain of
both sexes (Rideout, et al. 2007, 2010; Kimura, et al.
2008; Arbeitman, et al. 2016). Male-biased orthologs
were enriched for genes regulated by dsx (x> P<
0.0001). The other transcription factor, fru, is highly con-
served in sex-specific splicing across insects (Salvemini,
et al. 2010) and Fru™ is associated with chromatin re-
modeling factors (Lorbeck, et al. 2010; Ito, et al. 2012).
Male-biased orthologs were enriched for genes regulated
by the Fru™ protein in D. melanogaster males (x*: P <

0.0001) and female-biased orthologs were depleted for
signatures of Fru™ (x* P =0.002).

Sex-bias is conserved in magnitude, as well as direction,
between D. melanogaster and D. simulans. Intriguingly, sex-
bias ratios for expression are more similar between the spe-
cies in females than males, suggesting there may be less
evolutionary constraint in males, or potentially a differ-
ence in selection between the sexes. There is evidence
for positive selection in male-biased orthologs, but not
in female-biased orthologs. Further, in male-biased ortho-
logs, the magnitude of sex-bias differs between male-
biased orthologs where there are female H3K27me2me3
chromatin marks in both species compared to male-biased
orthologs where there are no H3K27me2me3 chromatin
marks in females.

The findings that when female H3K27me2me3 marks
are absent in both species the male sex-bias ratio is
more similar between the species than when there is a
mark in only one species, suggests that the
H3K27me2me3 chromatin marks may play a role in resolv-
ing the ongoing sexual conflict in males. The divergence in
the degree of male-bias is associated with female
H3K27me2me3 marks which are predicted to reduce ex-
pression in females. It is possible that this reflects a mech-
anism of resolving cases of intralocus conflict in which
expression of an allele in females has deleterious effects.
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Some evidence toward this hypothesis is the observation
that in genes with female bias in D. simulans (and unbiased
in D. melanogaster) there is an excess of H3K27me2me3 in
males of D. simulans compared to unbiased orthologs. This
may suggest that genes with female-biased expression in D.
melanogaster either 1) do not involve deleterious effects in
D. melanogaster males, 2) involve genes that are important
for male fitness and are incompatible with H3K27me2me3
marks and gene silencing, or 3) do not involve resolution of
intralocus sexual conflict. These overall patterns reveal
specific testable hypotheses regarding the role of activa-
tion and repression via chromatin modifications in the
resolution of intralocus sexual conflict for future experi-
ments. It is likely that our observations using these specific
marks do not completely reflect final active or repressed
states of expression resulting from the chromatin state
as a whole, as we assayed only two of the many possible
marks. Our study does not demonstrate a causal relation-
ship between chromatin accessibility and sex-biased ex-
pression, nor do we claim to provide a comprehensive
survey of chromatin accessibility. Rather, our findings likely
reflect the role of different regulators that impact chroma-
tin states. We have demonstrated that a surprising number
of orthologs have consistent sex-bias and that H3K4me3
and H3K27me2me3 provide potential insight into the
maintenance of sex-bias between the two closely related
species D. simulans and D. melanogaster.

Methods

Experimental Design

Isogenic male and female D. melanogaster (DGRP r153 and
r301) (Mackay, et al. 2012) and D. simulans (Winters lines
sz11 and sz12) (Signor 2017) flies were raised on standard
Bloomington recipe medium at 25 °C with a 12-h light/
dark cycle. There were 2 sexes and 2 genotypes for each
species with 6 replicates for a total of 48 samples. These
samples were collected as part of a larger project that in-
cluded exposure to ethanol. The analyses presented here fo-
cus on sex and species differences. Samples were flash frozen
in liquid nitrogen and freeze dried (supplementary fig. S7,
Supplementary Material online).

For RNA-seq, 12 heads from each sample were collected.
MRNA purification, cDNA synthesis, and dual index bar-
coding library preparation were carried out by Rapid
Genomics (Gainesville, FL, http://rapid-genomics.com).
Individual libraries (n = 48) were pooled in equimolar ra-
tios as estimated by Qubit and sequenced on7 lllumina
lanes at Rapid Genomics (paired-end 2 X 100 3 lanes
with HiSeq 3000 and paired-end 2 X 150 2 lanes with
HiSeq X and 2 lanes with NovaSeq 6000). External RNA
Control Consortium spike-in control was used to evaluate
the quality of all RNA-seq sequencing libraries (Jiang, et al.
2011).

For ChIP-seq, ~200 heads from each sample of D. mela-
nogaster r301 and D. simulans sz11 were collected (2 spe-
cies X 6 replicates X 2 sexes X 1 genotype =24 samples).
Each sample was used to assay histone marks H3K4me3
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(open chromatin), H3K27me2me3 (closed chromatin),
and input. (3 antibodies/input X 24 samples = 72 assays).
One r301 female untreated sample contained ~175 heads
and one 2 sz11 male ethanol treated sample contained
~120 heads, and one sz11 ethanol treated female sample
contained ~50 heads. Despite this low number, ChIP was
successful in this sample. A full protocol for the ChIP
(supplementary file 3, Supplementary Material online, de-
veloped by NM and RR) is available in supplementary file 1,
Supplementary Material online. ChIP samples were in-
dexed, pooled, and sequenced on one lane of an lllumina
HiSeq2500 (paired-end 2 X 100) at the University of
Florida, ICBR (Gainesville, FL, https://biotech.ufl.edu/).

Genome Annotations

All genome and annotation versions used were from
FlyBase release FB2017_04 (http://www.flybase.org) D. mel-
anogaster FlyBase r6.17 and D. simulans FlyBase r2.02. The
FlyBase gene OrthoDB ortholog report (Waterhouse, et al.
2013) (supplementary File 4, Supplementary Material on-
line) was used to identify one-to-one orthologous gene
pairs (one gene in D. melanogaster associating with one
gene in D. simulans, and vice versa).

We created BED files for both genic features (exons, exo-
nic features, TSS +/— 150 bp, 5" UTR, 3'UTR, and introns)
and intergenic features (defined as the non-genic features
greater than 50 bp in length) for each reference from the
relevant GFF annotation file. We note that in areas where
there were overlapping exons (where intron/exon bound-
aries vary by transcript), alternative donor and acceptor
sites were defined as exonic and tracked as separate fea-
tures in downstream analyses (Newman, et al. 2018).
Counts of each unique feature type are in
supplementary table S4, Supplementary Material online.
We note that there are fewer genic features annotated
in D. simulans compared to D. melanogaster.

RNA-seq and ChIP-seq

Results were consistent with high quality data for the tech-
nology deployed. Sequencing adapters were removed from
both RNA-seq and ChlP-seq reads using Cutadapt version
2.1 (Martin 2011) with a max error rate of 0.1 and a min-
imum overlap of 3 nt. Forward and reverse reads were
merged using BBMerge (Bushnell, et al. 2017). Reads less
than 14 bp + 50% original read length were not considered
further. Identical reads were identified (fastqSplitDups.py)
and removed. The resulting processed reads consisted of 1)
merged reads (‘single-end’), 2) unmerged reads without a
proper pair ('single-end’), and 3) unmerged reads with
proper pairs (‘paired-end’).

Processed RNA-seq and ChIP reads were aligned to the
corresponding genome reference (D. melanogaster reads
mapped to D. melanogaster FlyBase r6.17 and D. simulans
reads mapped to D. simulans FlyBase r.202) using
BWA-MEM v0.7.15 (Li 2013) as single-end or paired-end
with default parameters. To determine if there was any sys-
tematic reference bias, processed RNA-seq reads from
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D. melanogaster samples were mapped to the D. simulans
FlyBase r.202 genome, and D. simulans samples were
mapped to the D. melanogaster FlyBase r6.17 genome. A
small bias was observed toward mapping to the D. simulans
genome. In both species female samples tended to have, on
average, slightly higher mapping rates in the ChIP experi-
ment. Sensitivity to mapping bias was examined and results
are described in detail in (supplementary section 5.3,
Supplementary Material online).

RNA-seq Feature Detection

A feature was considered detected by RNA-seq if at least
one read was present in more than 50% of the replicates
for a species-sex combination (e.g, present in at least 7
of the 12 female or male replicates for a given species).
The number of detected features for each species-sex com-
bination is summarized in supplementary table S5,
Supplementary Material online. There are fewer features
in D. simulans and, despite the slightly higher mapping
rates found in D. simulans samples, there are slightly fewer
features detected in D. simulans samples compared to
D. melanogaster across all feature types except for 3’
UTR. The 3'UTR features have a higher proportion of de-
tection in D. simulans compared to D. melanogaster, sug-
gesting there may be a systematic bias in the 3'UTR
regions of the two species of either an over-annotation
of these regions in D. melanogaster or an under-annotation
in D. simulans. If this is due to under-annotation in D. simu-
lans, then we expect more expression in intergenic features
in D. simulans compared to D. melanogaster. However, there
is a lower proportion of detected intronic and intergenic fea-
tures in D. simulans samples compared to D. melanogaster
samples. Exonic feature detection was similar between the
species, with slightly higher detection rates in D. melanogaster
males. A feature was considered sex-limited if the feature was
detected in only one of the 2 sexes. Approximately 4% of exo-
nic features were sex-limited in D. melanogaster samples
(2,530 in males, 1,195 in females) and D. simulans (1,801 in
males, 1,506 in females).

For the gene expression analysis, exonic regions were se-
parated into non-overlapping exonic features where alter-
native donor/acceptor sites were quantified separately
from shared exonic regions in order to capture the poten-
tial sex-specific structures in the gene (Newman et al.
2018). Genes were defined as detected if at least one exo-
nic feature was detected for either sex. There are a similar
number but proportionally more genes detected in D. si-
mulans (11,543 of 15,385, ~75%) compared to D. melano-
gaster (11,716 of 17,737, ~66%). This indicates that there
are no large quality differences in the D. simulans genome
compared to the D. melanogaster genome despite the dif-
ferences in annotation.

To compare genes across D. melanogaster and D. simu-
lans, we focus on annotated orthologs from the OrthoDB
ortholog report (Waterhouse, et al. 2013) to identify
one-to-one orthologous gene pairs (one gene in D. melano-
gaster associating with one gene in D. simulans, and vice ver-
sa) (supplementary file 4, Supplementary Material online).

There are 14,601 orthologous gene pairs between the spe-
cies, 12,386 of which are one-to-one orthologs. Genes on
chromosome 4, the Y chromosome, and scaffolds of either
species (138 orthologs) were excluded from further analysis.
There were 8 genes on the X chromosome of D. melanoga-
ster with orthologs on autosomes of D. simulans, and 1 gene
on the X of D. simulans with an ortholog on an autosome of
D. melanogaster. These 9 genes were also excluded. The re-
maining 12,239 one-to-one orthologous genes on the X
(n=1,877) and autosomes (n=10,362) of both species
were carried forward. Of these, 11,937 (1,840 on the X
and 10,097 on the autosomes) had evidence of expression
and/or chromatin accessibility.

RNA-seq Differential Expression

For each species, exonic features were quantified as
Cs = (Z (d,js)/Ni) X (Q/Uy), where d is the depth of reads
at nucleotide j of feature i, N is the length of the feature, U
is the upper quartile of (Z (dUS)/N;) values in sample s,
and Q is the median of all U values within the given spe-
cies (Bullard, et al. 2010; Dillies, et al. 2013) (supplementary
file 5, Supplementary Material online). Distributions of
upper quartile values across exonic features were evalu-
ated for each sample mapped to the genome of the sample
species (supplementary fig. S8, Supplementary Material
online). Median upper quartile values and associated dis-
tributions were strikingly similar across all samples in
both species except for one D. simulans sz12 male repli-
cate, which was removed from further analysis.

For each species separately, differential expression be-
tween males and females was evaluated for exonic features
detected in both sexes. We used the linear fixed effect
model Y,, = u + gy + &, where Y is the log-transformed
UQ normalized C; values for the x th sex
(x =male, female), p th replicate (p =1, 2, , 12). We
accounted for potential heteroscedasticity of variance be-
tween the sexes (Graze, et al. 2012) and used the
Kenward—-Roger adjustment for the degrees of freedom
(Kenward and Roger 1997). Normality of residuals was
tested using the Shapiro-Wilk test (Shapiro and Wilk
1965). Fold-change ratios were calculated for each exonic
feature i, r; = (3 (fp)/k)/ (X (mi)/n), where f; is the
UQ normalized Cjs for exonic region i in female replicate
p =1...k total female replicates, and mj is the UQ nor-
malized C;; for exonic region i in male replicate [=1...n
total male replicates. Exonic features were classified as
male-biased (or female-biased) if the nominal P-value
was less than or equal to 0.05 and the fold-change less
than (or greater than) 1.

ChlIP-seq Feature Detection

While peak calling is a common method of ChIP-seq ana-
lysis, it is highly dependent on the algorithm used and the
parameters selected (Yang, et al. 2014), especially for ChIP
marks that are predicted to show broad peaks such as cer-
tain histone modifications (Park 2009; Pepke, et al. 2009;
Dahl, et al. 2016). To have a consistent method for
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evaluation and comparison of ChIP results across different
marks and between males and females, and to compare
ChIP results directly to the RNA-seq results in cis, we use
ChlIP-seq reads to quantify features based on the annota-
tions of the reference genomes (Katz, et al. 2010;
Anders, et al. 2012; Zhang, et al. 2012; Yang, et al. 2014;
Newman, et al. 2018). By focusing on features rather
than MACS2 peaks, many more detections above input
control are identified at the feature-level and at the gene-
level (supplementary section 7.1, Supplementary Material
online for detailed results from MACS2).

For both species, features were quantified as
Cis = (Z(dc,-js)/N,') X (M¢/R.s), where d is the depth of
reads at nucleotide j of feature i, N is the length of the fea-
ture, M is the median read count, and R is the total read
count for ChIP ¢ (H3K4me3, H3K27me2me3, Input con-
trol) in sample s (Dillies, et al. 2013). A feature was consid-
ered detected above the input control (DAI) for H3K4me3
or H3K27me3me4 if Cy4 is > Cinput, iss in more than 50% of
the replicates for that species-sex combination. A gene was
considered as having a mark if at least one exonic feature in
the gene was DAL A gene was considered male-limited (or
female-limited) if only male-limited (or female-limited)
exonic features were identified in the gene. The agreement
between histone marks for males and females, and be-
tween H3K4me3 and H3K27me2me3 marks within each
sex, was estimated using Cohen’s kappa (Cohen 1960;
Fleiss 1981) in order to account for marginal frequencies
and provide a more accurate assessment of the relation-
ship between sexes and the marks (supplementary fig.
S5, Supplementary Material online).

Chromatin and Expression

Histone modifications change the availability of chromatin
for transcription (Santos-Rosa, et al. 2002; Schneider, et al.
2004; Wang, et al. 2008; Juan, et al. 2016); therefore, we ex-
amined the impact of chromatin marks on expression.
When sex-biased expression is observed, this may be due
to open marks in the sex with the higher expression, or
to closed marks in the other sex. Specifically, if there is
male-biased expression, we expect open (H3K4me3) marks
in males or closed (H3K27me2me3) marks in females for
that gene, and if there is female-biased expression, we ex-
pect open (H3K4me3) marks in females or closed
(H3K27me2me3) marks in males (fig. 2; supplementary
fig. S3, Supplementary Material online). As chromatin
marks in males do not influence expression in females,
or vice versa, the appropriate statistical comparison is
not a test of general association between expression and
chromatin marks between the sexes.

For males, the presence/absence of the chromatin
marks, H3K4me3 and H3K27me2me3, was compared to
presence/absence of gene expression in males and evalu-
ated for agreement using Cohen’s kappa coefficients
(Cohen 1960; Fleiss 1981) (supplementary table S3,
Supplementary Material online). Females were examined
separately in the same manner. For genes with detected
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expression in both sexes, the presence/absence of sex
bias in males was compared to the presence/absence of
male H3K4me3 marks using Fisher exact test (Fisher
1934). A one-sided test was used with the alternative hy-
pothesis that male open chromatin marks would be
more likely in male-biased expression compared to
non-male-biased expression. For genes with sex-biased ex-
pression in males, the presence/absence of H3K27me2me3
marks in females was tested using Fisher exact test (Fisher
1934). A one-sided test was used with the alternative hy-
pothesis that female closed chromatin marks would be
more likely in genes with male-biased expression com-
pared to nonmale-biased expression. Analogous tests
were performed for the presence/absence of sex bias in fe-
males compared to the presence/absence of female
H3K4me3 and presence/absence of male H3K27me2me3
using Fisher exact test (Fisher 1934).

List Enrichment

Genes with sex-biased gene expression conserved between
D. melanogaster and D. simulans in this study were com-
pared to genes identified in previous studies of sex-biased
expression in D. melanogaster head tissue (Chang, et al.
2011) using Pearson’s chi-square () test (Pearson 1900).
Additionally, conserved male-biased (or female-biased)
genes were compared to genes previously identified as
male-biased (or female-biased) in D. melanogaster head tis-
sue and in fru-P1-expressing neurons (Newell, et al. 2016)
using Pearson’s chi-square () test (Pearson 1900). Based
on the extensive knowledge of the sex-specifically spliced
Drosophila sex determination gene fru (Ryner, et al.
1996; Heinrichs, et al. 1998; reviewed in Salvemini, et al.
2010), we expected fru to play a role in conserved sex-
biased expression. Genes with male-biased and female-
biased expression conserved between D. melanogaster
and D. simulans in this study were compared to genes
regulated by the Fru™ protein in D. melanogaster males
(Dalton, et al. 2013) using Pearson’s chi-square (x°) test
(Pearson 1900).

Divergence of the targets of the terminal sex determin-
ation genes may contribute to the divergence of sex-biased
expression between the species. To evaluate this, species-
specific sex-biased genes identified in this study were
compared to genes in a study of dsx regulation in dsx
null females and dsx pseudomales of D. melanogaster
(Arbeitman, et al. 2016) and to genes observed to be regu-
lated downstream of fru in D. melanogaster males (Dalton,
et al. 2013) using Pearson’s Chi-square (x*) test (Pearson
1900). To validate the patterns of open and closed chro-
matin in males and females, gene-level presence of open
(H3K4me3) and closed (H3K27me2me3) chromatin marks
in D. melanogaster males and females found in this study
were compared to previous observations of H3K4me3
and H3K27me3 marks in D. melanogaster male and female
(elav-expressing) neurons (Palmateer, et al. 2021) using
Pearson’s chi-square () test (Pearson 1900). Tests of
agreement between these datasets were carried out for
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males and females separately using Cohen’s kappa coeffi-
cients (Cohen 1960; Fleiss 1981) (supplementary table S3,
Supplementary Material online).

To evaluate if the patterns of the chromatin marks in
the head tissue described here are consistent with patterns
of chromatin marks in neurons known to direct male and
female reproductive behaviors (Demir and Dickson 2005;
Manoli, et al. 2005; Stockinger, et al. 2005; Kvitsiani and
Dickson 2006), the genes we detected with open (or
closed) chromatin marks were compared to genes with
H3K4me3 (or H3K27me3) marks in D. melanogaster male
and female fru-P1-expressing neurons (Palmateer, et al.
2021) using Pearson’s chi-square (y°) test (Pearson 1900).
We also compared genes we detected with male-limited
and female-limited open (or closed) chromatin to the
genes with H3K4me3 (or H3K27me3) marks in D. melano-
gaster male and female fru-P1-expressing neurons
(Palmateer, et al. 2021) using Pearson’s chi-square (x%)
test (Pearson 1900). Tests of agreement of the comparable
marks between head tissue and fru-P1-expressing neurons
were also evaluated for males and females separately using
Cohen’s kappa coefficients (Cohen 1960; Fleiss 1981)
(supplementary table S3, Supplementary Material online).

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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