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In many species, sex-biased expression is widespread and thought to
contribute to sexual dimorphism. While bulk RNA-sequencing has been
instrumental in identifying strongly sex-biased genes, it lacks resolution
to assess variation across cell-types and tissue compartments. Using
single-nucleus expression data from the Fly Cell Atlas, we investigate
sex differences in adult Drosophila melanogaster. We find that differences
in cell-type composition between the sexes are not a major source of
sex-bias, as for the vast majority of genes, the degree of sex-bias is
similar regardless of whether sex differences in cell-type composition
are controlled for or not. Our analysis confirms a deficit of X-linked
male-biased genes in the body’s somatic tissues that is widespread across
cell-types. We also find the excess of X-linked female-biased genes to
be associated with nervous system cells in the head but with epithelial
cells in the body’s somatic tissues, showing that single-nucleus data
crucially resolves sex-bias at the cell-type level. We investigate dosage
compensation (DC) across 15 tissues and 17 cell-types. We observe that
it varies throughout the body. Surprisingly, we observe a lack of DC
in a cluster of main cells within the male accessory glands. This result
highlights the importance of understanding context-dependent DC.

1. Introduction

Sexual dimorphism is a striking form of phenotypic plasticity. The two sexes
can differ in their physiology, their morphology—the lion’s mane and the
peacock’s tail—and their behaviour—e.g. Drosophila courtship behaviour [1].
A large proportion of this plasticity between the sexes is thought to stem
from sex differences in gene expression [2]. These sex differences in gene
expression arise in spite of a shared genome and presumably because of
sex-specific fitness optima [3]. The fitness of a genotype is a function of how it
performs across diverse circumstances that include different tissues, cell-
types, developmental stages, environments [4] and even sexes [5]. Therefore,
studying gene expression variation between the sexes is key to describing
plasticity in a genome that is shared between females and males.

One way to study sexual dimorphism in gene expression is through the
characterization of sex-bias in bulk RNA sequencing (RNA-seq) data, where
RNA is extracted from a pooled sample of cells and then sequenced. A
large body of literature has described varying levels of sex-bias across taxa
(reviewed in [6]), ranging from 1% in rabbit [7] to approximately 90% in
Drosophila melanogaster inbred lines [8]. There is also variation between tissues
or organs [7,9], and there is substantial sex-bias in adult gonadal samples
[10] that is not observed in the soma [11]. Notably, sex-bias in Drosophila
heads is weak compared to other somatic tissues [12]. Sexually dimorphic
gene expression at the bulk level within a tissue can be generated as a result
of three different conditions: (i) genes are sex-biased in the same cell-types
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within a tissue; (ii) genes are sex-biased in one direction in some cell-types, but show sex-bias in the opposite direction in others; n
and (iii) there are differences in the proportion of different cell-types between females and males. Therefore, bulk RNA-seq
limits the resolution at which we can study sex-biased expression.

Gene expression differences between the sexes can also arise as a byproduct of other mechanistic and evolutionary processes
and, in that case, have deleterious effects. In an XY sex chromosome system, females have two copies of the X chromosome,
whereas males have only one. This dosage imbalance is assumed to be detrimental to males and to select for dosage compen-
sation (DC) mechanisms that regulate X-linked expression and re-establish optimal expression balance. Although there are
reported cases of variable DC within an organism, namely in the gonads [13-16] and across somatic tissues [12,17-19], we lack
a general understanding of why we observe such variation. Investigating DC at the cell-type level may clarify variation seen in
bulk RNA-seq studies.

Expression and dosage differences between the sexes have been extensively studied using bulk RNA-seq data. However,
we still lack a general understanding of whether sex-biased gene expression and DC vary at the cell-type level. Single-cell
RNA-seq data can improve the resolution at which we are able to detect sex differences. Cell-type clusters within a tissue can
be annotated, and sex differences can be estimated by comparing equivalent cell populations. Darolti & Mank [20] produced
a single-cell RNA-seq dataset from guppy somatic and reproductive tissues. They identified more sex-biased genes at the
cell-type level than when comparing female and male whole tissues. This points to the importance of considering differences
in cell-type abundance between the sexes. It also shows that non-isometric scaling in cell populations within each tissue, where
cell-type cluster sizes do not scale proportionally across female and male development, can inflate the amount of spurious
results. Therefore, bulk RNA-seq might provide an incomplete picture of evolutionary patterns in studies that investigate rates
of evolution. This variation in sex-bias suggests that a finer resolution is needed to understand the evolution of context-depend-
ent gene expression.
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The molecular mechanism that establishes DC in Drosophila male cells is a complex of proteins and long non-coding
RNA(IncRNAs). The male-specific-lethal (MSL) complex ensures that the transcription of genes in the male hemizygous X
matches the level produced in females. The MSL complex consists of five protein subunits (MSL-1, MSL-2, MSL-3, males absent
on the first—MOF and maleless—MLE), and two noncoding RNAs (roX1 and roX2). The complex, also referred to as Drosophila
DC complex (DCC), moves along the X chromosome and results in histone H4K16 acetylation in males (via MOF [21]; reviewed
in [22]). Understanding the role of the different components of the DCC is important for investigating how variation in DC can
be achieved. In male germline cells, lack of DC has been associated with absence of MSL expression: MLE is the only component
of the MSL complex that is expressed in these cells where acetylation of H4K16 is absent [23]. One study [19] found a link
between average X-to-autosome expression and MSL-2 expression across tissues, suggesting that MSL-mediated DC is involved
in tissue-specific variation in the extent of DC.

Here, we use single-nucleus data from the Fly Cell Atlas [24], annotate over 250 cell-types in D. melanogaster flies, and
identify and curate a list of marker genes for each cell-type. The dataset includes whole head and body with replicate samples,
as well as 15 other individual tissue samples of both females and males. This makes the Fly Cell Atlas suitable for investigating
differences in gene expression between the sexes at the tissue- and at the cell-type level. Li et al. [24] investigated sex-biased
expression by comparing all female to all male cells within each cell-type. In particular, the authors performed a differential
expression analysis for each gene within a cell-type cluster. They found that cell-types were typically either highly female- or
highly male-biased. However, detailed analyses of the set of genes that are sex-biased in different cell-types and tissues, how
much overlap there is between them and between results obtained from bulk RNA-seq, and the relationship between cell- and
tissue-level sex-bias have yet to be performed.

We first focus on sex differences in cell-type composition. Because sex-bias may be confined to specific cell-type populations,
it may be masked when analyses are conducted at the whole-tissue level. We therefore hypothesized that sex-bias could be
affected by sex differences in cell-type composition. Then, we examined sex differences in X-linked gene expression. While
distinct sex differences in the head and body have been described, less is known about differences at the cell-type level. We
explore whether the direction of sex-bias of X-linked genes is consistent across body parts and cell-types. To address these
questions, we implement complementary approaches that take advantage of the Fly Cell Atlas” replicated experimental design,
such as pseudo-bulk analyses, where expression data from cell-type clusters is aggregated across biological replicates. These
types of analyses can show greater power to infer differential expression [25]. Finally, we investigate X-linked-to-autosomal
gene expression ratios in females and males to determine how DC varies throughout the body. We then focus on the male
accessory glands, where the most extreme differences in DC were surprisingly detected.

2. Methods

(a) Data filtering and normalization

We used the 10x genomics single-nucleus RNA-seq datasets available on the Fly Cell Atlas website (https://flycellatlas.org/),
which include single-nucleus gene expression profiles for several tissues and body parts. We analysed RNA-seq counts from
15 individual tissue samples (antenna, body wall, fat body, gut, haltere, heart, leg, male reproductive glands, Malpighian
tubule, oenocyte, ovary, proboscis and maxillary palps, testis, trachea and wing), of which three were sex-specific (ovary,
testis, male reproductive glands). Whole head and carcass samples were also analysed. The carcass includes the thorax and
abdomen but excludes reproductive tissues, as we detail below. We downloaded the samples corresponding to the relaxed
dataset, which includes raw gene expression counts that were produced with the Fly Cell Atlas data processing pipeline for
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all annotated cell-types. Then, we performed a series of quality filtering and normalization steps which we now describe. We n
also implemented an alternative normalization step to the ‘counts per million’ normalization provided in the stringent Fly Cell
Atlas files. We have chosen sctransform (R package), which normalizes counts using a negative binomial regression model and
has been shown to be well suited for zero-inflated single-cell datasets, characterized by an excess of gene expression entries
with zero counts [26]. We started by filtering out cells found in somatic tissues present in both sexes that were annotated as
belonging to sex-specific cell-types, i.e. from the ovary, the testis or the male accessory gland. Moreover, we filtered out cells
annotated as 'artefact' from all samples. We then removed contamination from ambient RNA with DecontX (R package) [27].
Corrected counts were rounded using the base R function round(). Then, we filtered genes and cells using criteria identical to
the Fly Cell Atlas' stringent dataset filtering criteria. These include removing cells expressing fewer than 200 genes and 500 total
DecontX corrected gene counts, cells that show more than 5% mitochondrial content and cells whose median total counts and
number of expressed genes are three times greater than the deviation from the sample medians. We also removed genes that
were expressed in fewer than three cells. Finally, count normalization was performed using sctransform [26]. Here, the total
counts per cell and the percentage of mitochondrial content were regressed out since these potential confounding sources of
variation were already accounted for in previous quality control steps.

After removing cells annotated to the reproductive system and those annotated as artefact cells, we retained 40 650 female
and 27 954 male cells for the carcass. Carcass and head cells are, therefore, solely somatic to ensure sex-bias inference was
unaffected by the strongly sex-biased nature of the gonad. Similarly, after filtering, we retained 38 387 female and 37 713 male
cells for the head. We also analysed another 12 individual somatic tissue samples (antenna, body wall, fat body, gut, haltere,
heart, leg, Malpighian tubule, oenocyte, proboscis and maxillary palps, trachea and wing), for which replicate information was
not available and therefore differential expression analysis could not be performed, but which could still be used to infer mean
levels of sex-bias. Samples ranged from 2800 to 12 476 female and 3440 to 13 438 male cells.

Our study involved: (i) a pseudo-bulk differential expression analysis to infer sex differences in whole head and carcass;
and (ii) computing sex-bias with and without accounting for differences in cell-type composition to directly quantify the
contribution of said differences to sex-bias (electronic supplementary material, figure S1). We describe the analyses in detail
below.
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(b) Differential expression analysis

For head and carcass data, we performed a pseudo-bulk analysis where one sums gene expression counts across cells within a
tissue or cell-type cluster. With this approach, we do not treat each cell as an independent sample, as expression in cells from the
same biological sample is probably correlated. Therefore, we aggregated counts across the whole head and carcass—tissue-level
analysis—and across cell-type clusters within each body part—cluster-level analysis. For that, we used the aggregateAcrossCells()
function (scuttle R package) [28] to sum over cells within a category (tissue or cell-type cluster) and sample. Any gonad-specific
cell-types were removed from whole carcass data to avoid sex-biased expression patterns owing to the extremely sex-biased
nature of the ovary and testis. For the cluster-level analysis, we used the broader annotation which includes nine cell-type
categories: neurons, sensory neurons, glial cells, tracheolar cells, haemocytes, fat cells, epithelial cells, oenocytes and muscle
cells. We then performed a differential expression analysis to compare gene expression in females and males at the tissue- and
cluster-level, using DESeq2 (R package) [29], which fits a generalized linear model where counts are modelled with a negative
binomial distribution. A gene was characterized as sex-biased based on two criteria: (i) the gene’s absolute logfold change value
is greater than or equal to 1 (i.e. expression levels in one sex are twice those in the other); and (ii) the corrected p-value is less
than or equal to 0.05.

We investigated the distribution of sex-biased genes throughout the genome by calculating the ratio of observed to expected
female- and male-biased genes for each chromosome. The expected number of sex-biased genes was obtained by computing the
product of the proportion of genes in a given chromosome found in the dataset and the total number of female- and male-biased
genes inferred from our differential expression analysis. Then, we calculated odds ratios to compare X-linked and autosomal
sex-biased genes within a body part or cell-type cluster. With these odds ratios, we performed Fisher’s exact tests of significance
and calculated Benjamini-Hochberg corrected p-values.

To compare cell-type clusters within the male accessory glands, we performed a differential expression analysis using
a method that was designed to account for zero-inflated single-cell RNA-seq entries. Model-based analysis of single-cell
transcriptomics fits a generalized linear model and performs a likelihood-ratio test to compare two different groups [30].
We performed p-value false discovery rate correction (same as Benjamini-Hochberg correction; p.adjust() function from stats
package) and considered a gene to be differentially expressed between two groups if it has an adjusted p-value < 0.01.
Here, we do not impose a logpfold change threshold, but instead use a stricter p-value threshold. This allows for detecting
subtler expression differences between clusters of main cells. For further details see the electronic supplementary material,
Supplementary Methods.

(c) Estimating sex-bias at the tissue level

We calculated sex-bias at the tissue level for each gene to either (i) account for differences in cell-type composition between the
sexes or (ii) assume that females and males have the same proportion of a given cell-type in a tissue. Sex-bias was computed for
each somatic tissue as well as whole head and carcass using the following formulae:
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where n corresponds to the total number of cell-type clusters within a tissue, i is the cluster index, E¢; and Ep, ; are the mean
expression across female and male cells of type i, respectively, and p; is the proportion of cells of type i which is defined as:

1
pi= E(Pf,ﬁ P, 1)s

where p¢; and ppy, ; correspond to the proportion of female and male cells of type i within a tissue, respectively. Here, we assume
that females and males have the same number of cells per cell-type cluster (1 celis = Mim cells)- S€X-bias accounting for differences in
cell-type composition is calculated as below:

-9
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sex-biascey - type composition =

Here, we grouped cells using the Fly Cell Atlas’ broad annotation and computed sex-bias using mean expression (sctransform
normalized) counts for each cell-type cluster. To each proportion, we added 10” to avoid infinitely high numbers when
calculating logp(sex-bias). This quantity is biologically relevant when calculating proportional changes, i.e. fold changes
between females and males.

To assess the degree to which sex-biased cell-type composition contributes to differences in sex-biased expression, we fitted
a standard linear regression (sex-biasne cell - type differences ~ S€X-biaScell - type composition)- Outliers were calculated using an outlier test
that reports Bonferroni-corrected p-values with a 0.05 threshold (car R package [31]).

(d) Dosage compensation analysis

To investigate DC in this single-nucleus dataset, we calculated mean X-to-autosome expression ratios in whole heads and
carcass samples, as well as across all 15 individual tissues described above. Here, genes were assigned to the X chromosome or
to an autosome based on the complete D. melanogaster genome annotation Dmel 6.31 (FlyBase, June 2019). Then, we computed
mean X-to-autosome expression (X:A mean expression) for each cell. We investigated X:A ratio of densities in female and male
tissues or cell-type clusters within each tissue. In summary, we investigated cell-type clusters that are a part of the circulatory-
respiratory system (haemocyte, cardial cell, tracheolar cell and excretory system clusters), the nervous system (neuron and
sensory neuron clusters), the endocrine and immune system (glial cell, salivary gland, fat cell and oenocyte clusters), the
reproductive system (germline cell, reproductive system and male accessory gland) and other somatic cell clusters (muscle
cells, epithelial cells, antimicrobial epithelial cells and somatic precursor cells). Female and male densities were compared using
non-parametric Kolmogorov-Smirnov tests (ks.fest() R function). p-values were corrected for multiple comparisons using a
Bonferroni correction.

To further investigate DC in the male accessory gland, we performed immunofluorescence staining of a histone modifica-
tion—H4K16ac—that has been shown to mark the X chromosome to be upregulated. We dissected and stained male accessory
glands and testis. Sample acquisition and immunostaining are described in the electronic supplementary material, Supplemen-
tary Methods.

3. Results
(a) Cluster-specific expression contributes strongly to sex-bias, but cell composition does not

(i) More sex-biased genes at the cluster level when compared to bulk

Heterogeneity in sex-bias between different cell-types might influence differential expression analyses at the tissue level. We
hypothesized that, should most sex-bias be driven by sex differences that are limited to some cell-type clusters, it should be
more easily detected at the cluster than at the tissue level. To investigate sex-bias in the Fly Cell Atlas, we performed differential
expression analyses using data derived from whole head and carcass, for which several replicates were available (six female
and six male replicates). Our analysis found 77 and 1985 (0.6% and 13.4% of all genes) differentially expressed genes between
the sexes at the tissue-level in head and carcass, respectively (electronic supplementary material, table S1(A)). By contrast, we
found 207 and 2908 (1.7% and 19.6%, respectively) different sex-biased genes at the cluster-level (electronic supplementary
material, table S1(B)). The results are in line with our hypothesis: 64% (71 out of 110) and 59% (792 out of 1334) of female-biased
genes in the head and carcass, respectively, were restricted to the cluster-level analysis (figure 1). The remaining female-biased
genes were shared between the tissue- and cluster-level analyses. For male-biased genes, the patterns differed between head
and carcass: 84% (82 out of 97) of said genes in the head were only found to be male-biased at the cluster level. In carcass
samples, 50% (790 out of 1575) of male-biased genes were limited to the cluster-level analysis. Overall, only 26 genes were
shared between body parts in both the tissue- and the cluster-levels analyses (electronic supplementary material, table S2).
Relaxing threshold stringency —specifically, removing the logpfold change value cut-off —reveals a meaningful increase in
shared sex-biased genes across tissue- and cluster-level analyses (electronic supplementary material, figure S2). Nevertheless,

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.2471/5677161/rspb.2025.2471.pdf
by Institue of Science & Technology Austria user
on 16 February 2026

LVTST07 “€67 9905y 0l qdsy/jeunol/bioBusygndanosiefor



(A) Head (B) Carcass

9%
792
6%

1.2%

0.8%

Percentage of expressed genes

Percentage of expressed genes

0.49% | 12|
u ' h
0.0% 0%
W
= e ot & Qo
& “e,\ev o eV “eeuv\ew ot (e
Status . female-biased male-biased

200

100

Number of sex—biased genes

195 v
70
os
2323232|
20ﬁ““sﬂn AR W W
0 - I

carcass

neuron

sensory neuron

glial cell

tracheolar ceH

hemocyte

fat cell

ep\thellal cell
ocyte

muscle cell

Figure 1. Sex-biased genes are largely shared between the whole head (or carcass) and cell-type clusters within each of the two body parts. (A) Percentage of female-
(in blue) and male-biased (in yellow) genes for whole head (tissue-level only), all cell-type clusters combined (cluster-level only) and shared between whole head and
at least one cell-type cluster (shared). Each bar plot also includes the total number of sex-biased genes in each category. (B) Same as (A) but for the carcass. In the
carcass, 79 genes were included twice as they are both female- and male-biased in at least one cell-type cluster or whole tissue. (C) Upset plot that shows the total
number of sex-biased genes shared across the carcass and cell-type clusters within the carcass. Intersections under eight genes were excluded for simplicity.

many sex-biased genes are still detected only at the cluster-level. This highlights the importance of choosing appropriate
significance criteria to account for the inherent variability of RNA-seq data, especially with single-cell datasets. These patterns
suggest that bulk analyses of whole body parts have the potential to overlook sex-bias that is only detectable at the cluster level.

Moreover, we observe a greater proportion of sex-biased genes in the head only at the cluster-level when compared to the
carcass. This suggests that many sex differences in the head may only be detectable at the resolution of individual cell-type
clusters. Accordingly, we emphasize the value of single-nucleus RNA-seq studies for investigating sex differences in the head in
particular.

In light of these differences in power to detect sex-bias, we asked whether patterns observed in our differential expression
analysis are consistent with those reported in studies of bulk RN A-seq. Previous studies have found evidence of greater sex-bias
in the carcass than in the head [32] and an excess of male-biased compared to female-biased genes [33,34]. Our differential
expression analysis supports both observations, but the excess of male-biased genes is only observed in the carcass (figure 1).
In the head, there are more female-biased than male-biased genes (figure 1A) similar to [35]. These patterns are recovered both
at the tissue- and at the cluster-level (electronic supplementary material, table S1). We observe that approximately 52% and 46%
of sex-biased genes that are shared across tissue- and cluster-level analyses in carcass and head, respectively, have sex-biased
status in only one or two cell-type clusters (figure 1C; electronic supplementary material, figure S3). These results suggest that,
despite the different numbers of differentially expressed genes that are detected, broad patterns are consistent with studies that
used bulk RNA-seq.

Finally, we observed that some genes are sex-biased at the tissue-level but not at the cluster-level. That is the case for 23
genes in the head (10.0% of sex-biased genes in the head; figure 1A) and 656 genes in the carcass (18.4% of sex-biased genes in
the carcass; figure 1B). To understand why this many genes are not recovered by the cluster-level analysis, we examined their
expression levels per cell: the majority of these genes are expressed at low levels and in few cells. In the carcass, 28 out of 656
genes were reported as unbiased with a logpfold change that fell below the significance threshold (-1 < logyfold change < 1)
but a significant p-value (<0.05) in at least one cell-type cluster. Such subtle sex differences may be missed by the cluster- but
not tissue-level analysis, as pooling all cells in a tissue increases the power to detect them. On the other hand, many of these
tissue-only differences affect genes that are lowly and sparsely expressed and may reflect a high rate of false positives for such
low-expression genes in bulk analyses.

(ii) Sex-bias is mostly unaffected by differences in cell-type composition

Thus far, we have shown that cluster-level analyses can detect sex-bias that is cell-type-specific, which is indiscernible at the
tissue level. Next, we considered the impact of sex differences in cell-type composition on sex-bias estimates. Specifically, we
compared the extent of sex-bias for each gene when accounting for or not accounting for cell-type composition differences. We
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Figure 2. Sex-bias with and without differences in cell-type composition between females and males is highly correlated in the (A) carcass, (B) fat body, (C) proboscis
and maxillary palps and (D) oenocyte, regardless of sex differences in cell-type proportions. Total cell-type cluster size (left-hand side), female-to-male difference in
cluster proportion (centre) and sex-bias accounting for cell-type composition versus without cell-type composition (right-hand side) are shown for each tissue. Head
and carcass tissues are coloured in green and purple, respectively.

found that the two are highly correlated both in whole body parts (head and carcass) and in individual tissues (8 =1, r* =0.996;
figure 2; electronic supplementary material, figures $4-56), suggesting at most a minor contribution of cell-type composition
differences to sex-bias. This seems to be owing to the fact that sex differences in the proportion of each cell-type cluster are
themselves modest (average absolute difference approx. 3.3%). The largest absolute sex difference, 21.5%, is found in excretory
system cells within the Malpighian tubule, which show a male-biased proportion (electronic supplementary material, figure
S5). Even for tissues where the largest clusters were also the most sex-biased in proportion, the two sex-bias measures were
strongly correlated (figure 2). This indicates that sex differences in cell-type composition might generate inappreciable changes
to sex-biased expression.

To further confirm that the sex-bias detected through differential expression was not influenced by heterogeneity in cell-type
composition, we compared the ratio of female-to-male-biased gene ratios (no. female-biased/no. male-biased genes) with
female-to-male cells (logy(female cells : male cells)) per tissue or cell-type cluster (electronic supplementary material, figure
S7). We predict sex-biased gene expression not to scale with sex-biased cell count if composition is not a major driver of bias.
We fitted a linear model to assess the relationship between no. female-biased/no. male-biased genes and sex-bias in cell-type
abundance (logy(female : male cells)). Consistent with our prediction, there is no significant linear relationship between the
two variables (head: adjusted 7> approx. 0.05, p-value approx. 0.277, slope approx. —-0.592; carcass: r* 0.013, p-value 0.315, slope
approx. —0.35), again suggesting that cell-type abundance differences between the sexes do not explain differences in the
number of genes found to be sex-biased. If anything, some clusters with the highest number of sex-biased genes have more
male bias. For instance, muscle cells in the carcass are more than two times more abundant in females but show the highest
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number of male-biased genes among individual clusters of cells. These observations further confirm that differences in cell-type [ 7 ]
composition are unlikely to strongly affect differential expression analysis at the tissue level.

~

(iiii) Sex bias of X-linked genes: female-biased genes always enriched, male-biased genes deficient in the carcass

Previous studies have identified an enrichment of X-linked sex-biased genes in the head [4], in particular of male-biased genes
[12]. This enrichment was largest in the brain when compared to other body parts and gonads [12,35]. We expected to recover
this pattern at the single-nucleus level, and our results align with earlier findings, showing an enrichment of X-linked sex-biased
genes in the head (electronic supplementary material, figure S8(A) and table S3). Notably, X-linked male-biased genes are
significantly enriched in neurons (Fisher’s exact test p-value = 0.019). By contrast, we observed a deficit of X-linked male-biased
genes in the carcass, spanning most cell-type clusters (8 out of 10; electronic supplementary material, table 54), suggesting that
the lack of X-linked male bias is widespread among somatic cells, not limited to the male gonads. Additionally, the enrichment
of X-linked female bias in the head is driven by specific cell-type clusters—neurons (Fisher’s exact test p-value = 0.01), sensory
neurons (Fisher’s exact test p-value ~ 0.005) and glial cells (Fisher’s exact test p-value = 0.003) —whereas in the carcass, it is
mainly observed in epithelial cells (Fisher’s exact test p-value < 0.001).

(b) Dosage compensation varies across tissues and cell-types

(i) Tissue-dependent XA expression suggests that incomplete dosage compensation and overcompensation coexist

To assess whether DC varies across the body, we calculated the average X:A expression ratios for each cell. Then, we examined
the distributions of X:A mean expression for females and males. There was substantial variation at the tissue level, suggesting
that the overall expression of X-linked genes, as well as the extent of DC, is heterogeneous throughout the body. The female
and male density curves of X:A expression in whole head and carcass were significantly different (Kolmogorov-Smirnov test
p-value < 0.001), with female distributions centred around 1, the expectation under complete dosage balance, and male cells
X:A distribution centred slightly above 1 (figure 3; 'head' and 'carcass’). This might indicate that the majority of male cells in
somatic tissues show overexpression of X genes to the point where, on average, X-linked expression is higher than autosomal
gene expression. This trend is however not consistent across individual tissues, where only male antenna and wing peak above
1 (figure 3). Half of male tissues (body wall, fat body, gut, heart, leg, oenocyte, male accessory gland and testis) show X:A ratio
distributions centred below 1, with a subset also having significantly lower X:A than females, suggesting incomplete DC. In
addition, almost half of female tissues show X:A densities that peak just below 1. This result might suggest that not all X-linked
genes require high expression levels at all times in females. Alternatively, expression balancing in these tissues may involve a
down-regulation of the X, similar to the mechanisms of DC observed in many clades (e.g. nematodes and Lepidoptera).
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(ii) Sex differences in X:A expression differ between cell-types in somatic tissues

Females and males are significantly different in X:A expression in the majority of somatic tissues (figure 3; electronic supple-
mentary material, figure S9). These differences can either be homogeneous across the tissue or be cell-type-dependent. We
therefore investigated X:A expression ratios in different cell-types for all somatic tissues (electronic supplementary material,
figures 510-S13). In nine (out of 12) tissues, significant differences in X:A expression occur in less than 60% of the cell-type
clusters, i.e. between two and four cell-types.

Interestingly, the cell-type with the most differences between the sexes in X:A expression is epithelial cells, where X:A
distributions are significantly different in 8 out of 10 tissues. Other tissue-specific cell-types, including antimicrobial epithelial
cells, excretory system cells, salivary gland cells and tracheolar cells, which are found in only one tissue (gut, Malpighian
tubule and trachea, respectively), also show significant differences between the sexes. Additionally, somatic precursor cells in
the excretory system, also referred to as somatic stem cells, show significant differences in X:A expression between females and
males (gut p-value = 1 x 10™%; Malpighian tubule p-value = 4.61 x 10~*). These results suggest that X:A expression differences also
occur in specialized cell-types.

(iii) X:A expression in the reproductive tissues shows distinct patterns between females and males

In the ovaries, X:A expression is centred around 1 (figure 3A; 'gonad'). Testis, on the other hand, shows a nearly bimodal
distribution with one peak corresponding to germline cells (incomplete DC) and another around 1 (figure 3B). This lack of DC
in the male germline is well described, namely at the single-cell level [13,16,36]. These differences between male germline and
testis somatic cells are clear when comparing X:A distributions at a finer resolution (electronic supplementary material, figure
S14). Surprisingly, we also observe a clear bimodal distribution of X:A expression in the male reproductive glands that is shifted
towards much lower values with peaks around 0.8 and 0.6 (figure 3A). This result points to a possible lack of DC within a subset
of male reproductive gland cells.
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Figure 3. The distribution of average X:A expression ratios varies between females and males. Female (blue) and male (yellow) distribution profiles are plotted
separately for (A) five individual tissues plus head and carcass, and (B) for germline and somatic cells in the gonads. Panel (A) is divided into male X:A distributions
(i) that exhibit a maximum below 1, and (ii) those whose maximum is greater than or equal to 1. The total number of cells in each distribution is shown on the
right-hand side. Gonad refers to ovary and testis. Kolmogorov—Smirnov tests compare female and male X:A expression distributions. Significance levels: *p-value <
0.05; ***p-value < 0.001.

(iv) Main accessory gland cell clusters have reduced roX1 expression

To further investigate the apparent lack of DC in a subset of cells of the male accessory glands, we examined five cell-types:
main cells, secondary cells, anterior ejaculatory duct, ejaculatory bulb and ejaculatory bulb epithelium. Main cells are the
predominant secreting cell-type in the accessory gland epithelium. By contrast, secondary cells are interspersed among main
cells in the apical portion of the gland [37,38]. None of the five cell-types shows completely balanced X:A expression, with
median ratios ranging from 0.63 to 0.89 (figure 4). The lowest X:A expression is found among main and secondary cells. In
main cells, we observe a marked bimodal distribution similar to that described in figure 3. To identify the cells that show lack
of DC, we added X:A mean expression onto a UMAP plot of the male reproductive glands by colouring each cell according to
their respective X:A value (figure 4B). Two distinct clusters of main cells were described in an earlier single nucleus RNA-seq
dataset of accessory gland [39]. Similarly, cells annotated as “main cells’—i.e. those expressing main cell marker genes—formed
two separate clusters in the Fly Cell Atlas’ UMAP based on their remaining gene expression profiles. We observe a decisive split
in the degree of DC between these two main cell clusters. The central cluster corresponds to the lowest peak in the bimodal
distribution, the first observation of lack of DC in a somatic tissue in D. melanogaster.

To assess whether expression of MSL complex genes could explain differences in X:A ratios, we compared expression of
IncRNA : roX1 and IncRNA : roX2 in high DC and low DC main cells. Low X:A ratio cells show significantly lower IncRNA :
roX1 and IncRNA : roX2 expression when compared to high X:A ratio cells (figure 4C). The expression of other MSL complex
genes—msl-1, msl-2, msl-3, mle and mof—is very low across all accessory gland cells, such that no comparisons across cell-types
could be performed (electronic supplementary material, figure S15). To assess whether low DC main cells could be the result
of germline contamination, we determined the expression of known spermatogonia, spermatocyte and spermatid cell-type
markers across male accessory gland cell clusters. We confirmed the absence of germline marker expression in the accessory
glands, particularly in main cells (electronic supplementary material, figure S16), indicating that these cells are not the result of
contamination.

We hypothesized that these patterns could be caused by differences in expression of upstream sex determination pathway
genes. We started by investigating dsx—the gene responsible for the female and male developmental programs in Drosophila.
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Figure 4. Average X:autosomal gene expression across cell-types in the male accessory glands shows heterogeneity across cell-types that could be related to dosage
compensation. (A) Densities of X:A expression for ejaculatory bulb epithelium, ejaculatory bulb, anterior ejaculatory duct, secondary and main cells. Observations
are marked as dashes at the bottom of each plot. (B) UMAP plot as a visual representation of the different cell-types within the tissue. Each cell is coloured by X:A
expression ratio values (purple: lowest; yellow: highest). (C) Distribution of SxI, roX1 and roX2 in main cells with high (yellow) and low (purple) X: A expression.
Wilcoxon tests compare high and low DC clusters. Significance level: ***p-value < 0.001.

We observe that dsx expression is very low (medianggsy = 0) among main cells (similarly to most somatic tissues in the electronic
supplementary material, figure S17, where mediangsy = 0), and that there is higher expression of dsx in all other male accessory
gland cells (medianggy = 2; electronic supplementary material, figure S15). Finally, we compared the expression of Sex lethal
(Sxl), transformer (tra), transformer 2 (fra2) and fruitless (fru) across accessory gland cell-types. We found that all cell-types
show low tra, tra2 and fru expression, and that low X:A ratio cells show lower SxI expression when compared to high X:A ratio
main cells, secondary cells and anterior ejaculatory duct cells (figure 4; electronic supplementary material, figure S18).

To corroborate this result, we took advantage of a recent study by Majane ef al. [39], who generated a single-cell RNA-seq
dataset for the accessory gland and ejaculatory duct in three Drosophila species: D. melanogaster, Drosophila simulans and
Drosophila yakuba. Majane et al. [39] detected the two main cell clusters as separate cell-types in the three species, but did not
report a difference in DC. After calculating the X:A average expression for each cell in this dataset, we recovered a reduction in
X:A expression in main cell cluster 2 compared with main cell cluster 1 and other cell-types. This difference is consistent in all
three species (electronic supplementary material, figures S19 and S2), and again associated with reduced expression of IncRNA :
roX1 and roX2 in main cell cluster 2 (electronic supplementary material, figure S21), suggesting this is not an artefact of our
data.

Finally, we used immunofluorescence imaging to visualize DC in cell nuclei of the accessory gland and to investigate the
possibility that the two clusters of main cells could be the result of differential DC between nuclei within the same cell. Each
main accessory gland cell has been observed to be binucleated [37,38]. This process has been described as a cell cycle arrest
before eclosion [40] that allows for larger amounts of seminal fluid to be ejected [41]. Since the Fly Cell Atlas project sequenced
individual nuclei, rather than individual cells, we hypothesized that one nucleus is dosage compensated, while the other
lacks the H4K16ac modification, which marks the X chromosome to be upregulated. To test this hypothesis, we performed an
immunofluorescence staining protocol on dissected accessory glands (electronic supplementary material, text S1). We could
assess the presence of H4K16ac at each nucleus within each cell. Overall, approximately 70% of sampled nuclei (272 out of 387)
showed the presence of H4K16ac (red) staining (electronic supplementary material, figure S22(A)). We observed that cells which
show H4K16ac do so in both nuclei. As a control, we also assessed the presence of H4K16ac in the testis. Here, we expected
developing germline cells to lack H4K16ac as these cells do not require DC. Accordingly, we only observed the presence of
H4K16ac in cells at the periphery of the lumen, probably corresponding to somatic cells that support the development of sperm
cells (electronic supplementary material, figure S22(B)). In summary, our results show that, while some cells might not exhibit
the presence of H4K16ac, those that do, do so across the two nuclei in the cell.

4. Discussion

(a) Comparative analysis of single-nucleus and bulk RNA-seq reveals both shared and unique features

We investigated sex differences in gene expression in the Fly Cell Atlas [24] single-nucleus RNA-seq dataset. Using a pseudo-
bulk approach, we found that sex-bias varies at the cell-type level, having identified more sex-biased genes at the cluster-
than at the tissue-level in both head and carcass. This is consistent with Darolti & Mank [20] who observed a similar trend
in the skin, heart and gonads of guppies and generally supports the idea that cluster-specific bias may be relevant and has
been understudied in bulk studies. On the other hand, we found that sex-bias calculated while accounting for differences in
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cell-type composition is consistent with sex-bias without correcting for said differences. This is in contrast to Darolti & Mank’s m
[20] findings, who found that allometric scaling differences contributed to the observed patterns of sex-biased expression in
tissue- and cluster-level analyses. Our contrasting results might be explained by reduced sex differences in proportion for most
cell-type clusters. In fact, we observe that even in the tissues where the most sex-biased clusters are also the largest, sex-bias
accounting for differences in cell-type composition is highly correlated to sex-bias without sex differences in cluster proportions.
This suggests that, despite sexual dimorphism in body size, proportions of cell-type clusters might display isometric scaling
between female and male D. melanogaster and not contribute to increased sex-biased gene expression measures.

Encouragingly, the general patterns we observed were largely consistent with previous bulk RNA-seq studies: there is (i)
greater sex-bias in the carcass when compared to the head [42]; (ii) an enrichment of X-linked sex-biased genes in the head
([12,32] and [35]); (iii) and a deficit of male-biased genes on the X chromosome previously described by [4,43—-47]. On the
other hand, our findings on DC reveal substantial variation across tissues and cell-types. While DC has often been described
as relatively consistent throughout the body —aside from known exceptions such as the germline [14,48] —other studies have
noted context-dependent differences. Our results add to this body of work by highlighting particularly pronounced variation,
especially at the cell-type level. These findings suggest that the extent of X:A expression differences might be underestimated in
bulk RNA-seq studies of DC. Further studies of DC at the cell-type level will be needed to investigate whether similar variation
is possible in species where other molecular mechanisms of DC have evolved.

An advantage to analysing single-nucleus (or single-cell) RNA-seq is that one can investigate this heterogeneity in cellular
transcriptomes. Nevertheless, single-nucleus expression data are accompanied by certain caveats related to increased noise
and zero-inflated data entries. This captures variability associated with RNA transcription and degradation processes as well
as technical sampling error during library preparation. To overcome these limitations, we have chosen a method for count
normalization that accounts for overdispersion while removing effects of technical variation on sequencing depth (sctransform
[26]). Moreover, we benefited from the replicated experimental design of the Fly Cell Atlas to overcome the low statistical power
that is associated with highly variable datasets. Here, we chose a method to infer sex-bias that accounts for potential replicate
effects across genes (DESeq2 [29]). While these pseudo-bulk methods are powerful, non-random noise associated with the
different replicates may still generate spurious results. Therefore, the use of appropriate normalization methods coupled with
stringent significance thresholds is key to ensuring the reliability of the results. Furthermore, well-annotated cell-type clusters
are required to draw meaningful biological conclusions. Such information is more readily available for model organisms and
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their closely related species. Our analyses benefited from the well-characterized gene expression profiles of D. melanogaster
cells, contributing to the robustness of our study. Overall, the key features of our single-nucleus study enabled us to identify
sex-biased expression patterns that align with findings from bulk RNA-seq studies. In addition, we uncovered sex differences
that are exclusively detectable at the cluster-level, providing insights only observable at a finer resolution.

(b) Dosage compensation modulates sex-bias in a cell-type-specific manner

Epithelial and muscle cells emerge as the most sex-biased cell-type clusters in the carcass, suggesting that these cell-types
might contribute the most to sexual dimorphism at the organismal level. These patterns are consistent with phenotypic studies,
where sex differences in epithelial immune response, namely in the gut and in the genital tract [49], and in abdominal
pigmentation patterns [50] have been described. In the head, we found that nervous system cells—neurons, sensory neurons
and glial cells—rely on few male-biased genes to generate observable differences in behaviour, primarily those associated
with male-specific traits such as courtship song (reviewed in [1]). This occurs alongside genes with more localized expression,
such as fru, expressed in approximately 2% of male neurons [51], where the male splice-form functions as a key switch for
courtship behaviour [52]. Interestingly, despite a generally higher X:A expression in males, there is a marked deficit of X-linked
male-biased genes in the carcass. This suggests that DC mechanisms may not universally drive male-biased expression. By
contrast, this deficit is not observed in the head, where DC appears to facilitate male-biased expression. Together, these findings
highlight tissue- and cell-type-specific differences in the impact of DC on the expression and evolution of sex-biased genes.
DC may, therefore, provide a permissive environment that enables further upregulation in males in some contexts, while
representing an upper limit to male-biased expression in others.

(c) Enhanced resolution at the cluster level highlights dosage compensation heterogeneity

As discussed above, DC varies markedly across various cell-types. In particular, our analysis revealed a surprising reduction of
X:A expression in a population of main cells in the male accessory glands. Low DC main cells also showed lower expression
of Sxl, a key sex determination gene, and roX1 and roX2, two long non-coding RNAs associated with the MSL complex. The
presence of two clusters of main cells with different X:A expression may be linked to 54 protein-coding genes that are differen-
tially expressed between them. These genes are enriched in processes related to cell development and RNA transcription and
splicing (electronic supplementary material, table S5). This suggests that low DC main cells may be arresting differentiation
where reduced X-linked expression is associated with the deficit of accessory gland-specific genes on the X chromosome
[4,47,53]. This process is probably associated with RNA regulation. Additionally, five long non-coding RNAs—roX1, CR44909,
CR45097, CR43654 and CR43146 —were differentially expressed between the two main cell clusters. All differentially expressed
genes showed reduced expression in low X:A expression cells. Lastly, low X:A expression in these main cell clusters is
associated with increased autosomal expression when compared to the expression of X-linked genes (electronic supplementary
material, figure S23). Recently, reduced roX expression was associated with reduced H4Kl6ac on the X chromosome and
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H3K27me3 on autosomes in Drosophila [54]. This resulted in reduced X-linked expression and increased autosomal gene levels.
This increase in autosomal expression at low levels of roX gene expression could also contribute to the decreased X:A ratio,
especially as accessory gland-specific genes are depleted from the X chromosome.

The insights obtained from our cluster-level analyses are examples of how sex-specific regulation of X-linked and autosomal
expression is observable at a finer resolution. This could inform future studies of sex-bias on the importance of context-depend-
ent gene expression.

5. Conclusion

Our study contributes to the discussion on how sex-biased expression varies across the organism. Future research could
investigate if the sex differences in expression at the cell-type level we report here contribute to functional differences between
the sexes. Phenotypic studies that examine female and male differences in physiological traits and correlate these variations
with sex-biased expression could provide valuable insights. In addition, further research is required to understand how
context-dependent DC of the male X chromosome is achieved. For example, single-cell profiling of the histone modification
landscape, especially for H4K16ac, at the single-cell level might help elucidate the role of the MSL complex in this process.
This will further our understanding of the evolution of sexual dimorphism constrained by a genome that is shared between the
sexes.
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