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ABSTRACT 21 

Sex chromosomes frequently differ from the autosomes in the frequencies of genes with 22 

sexually dimorphic or tissue-specific expression. Multiple hypotheses have been put forth to 23 

explain the unique gene content of the X chromosome, including selection against male-24 

beneficial X-linked alleles, expression limits imposed by the haploid dosage of the X in males, 25 

and interference by the dosage compensation complex (DCC) on expression in males. Here, we 26 

investigate these hypotheses by examining differential gene expression in Drosophila 27 

melanogaster following several treatments that have widespread transcriptomic effects: 28 

bacterial infection, viral infection, and abiotic stress. We found that genes that are induced (up-29 

regulated) by these biotic and abiotic treatments are frequently under-represented on the X 30 

chromosome, but so are those that are repressed (down-regulated) following treatment. We 31 

further show that whether a gene is bound by the DCC in males can largely explain the paucity 32 

of both up- and down-regulated genes on the X chromosome. Specifically, genes that are bound 33 

by the DCC, or close to a DCC high-affinity site, are unlikely to be up- or down-regulated after 34 

treatment. This relationship, however, could partially be explained by a correlation between 35 

differential expression and breadth of expression across tissues. Nonetheless, our results 36 

suggest that DCC binding, or the associated chromatin modifications, inhibit both up- and down-37 

regulation of X chromosome gene expression within specific contexts. We propose multiple 38 

possible mechanisms of action for the effect, including a role of Males absent on the first (Mof), 39 

a component of the DCC, as a dampener of gene expression variance in both males and 40 

females. This effect could explain why the Drosophila X chromosome is depauperate in genes 41 

with tissue-specific or induced expression, while the mammalian X has an excess of genes with 42 

tissue-specific expression.   43 
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INTRODUCTION 44 

 Many animal species, as well as some plants and other eukaryotes, have sex 45 

chromosomes, which are often under different transcriptional regulation than the autosomes. 46 

Sex chromosomes can be grouped into several different categories, with XY and ZW systems 47 

amongst the most common in animals (Bachtrog et al. 2014). X and Z chromosome gene 48 

expression can be controlled by transcriptional regulators and histone modifications that are 49 

unique from the autosomes (Lucchesi et al. 2005; Ferrari et al. 2014; Gu et al. 2019). For 50 

example, one copy of the mammalian X chromosome is silenced (via the recruitment of 51 

facultative heterochromatin) in somatic tissues of XX females by a combination of non-coding 52 

RNAs and proteins (Lyon 1961; Brown et al. 1991; Chow et al. 2005). In contrast, the 53 

Drosophila dosage compensation complex (DCC) up-regulates gene expression on the X 54 

chromosome in males using a combination of RNAs and proteins (Lucchesi and Kuroda 2015). 55 

The DCC only assembles in male somatic tissues, where it initiates the acetylation of lysine 16 56 

in histone H4 (H4K16ac) specifically on the X chromosome, compensating for the haploid dose 57 

(Gelbart et al. 2009). Furthermore, in the male germline of some animal species, there is 58 

evidence for silencing of the single X chromosome (Lifschytz and Lindsley 1972; Turner 2007), 59 

although the extent of this meiotic sex chromosome inactivation (MSCI) varies across taxa 60 

(Bean et al. 2004; Meiklejohn et al. 2011; Turner 2015).  61 

 The unique transcriptional and chromatin environments of X chromosomes, along with 62 

their hemizygosity in males, create selection pressures on X-linked genes that differ from the 63 

autosomes, resulting in X-autosome differences in gene content that are taxon-specific. For 64 

example, the mammalian X chromosome is enriched for genes that are expressed specifically in 65 

male reproductive tissues, such as the prostate and testis (Wang et al. 2001; Lercher et al. 66 

2003; Mueller et al. 2008, 2013; Meisel et al. 2012a). In contrast, the Drosophila melanogaster 67 

X chromosome contains very few genes that are expressed primarily in the male-specific 68 

accessory gland, a reproductive organ analogous to the mammalian prostate (Swanson et al. 69 

2001; Ravi Ram and Wolfner 2007; Meisel et al. 2012a). The Drosophila X chromosome also 70 

contains a paucity of genes with male-biased expression (i.e., up-regulated in males relative to 71 

females) relative to the autosomes (Parisi et al. 2003; Sturgill et al. 2007). Taxon-specific X-72 

autosome differences in gene content further extend to genes with non-reproductive functions. 73 

In D. melanogaster, for instance, the X chromosome is deficient for genes that have narrow 74 

expression in non-reproductive tissues, whereas the mammalian X is enriched for genes with 75 

tissue-specific expression (Lercher et al. 2003; Mikhaylova and Nurminsky 2011; Meisel et al. 76 

2012a).  77 

Multiple hypotheses have been proposed to explain the differences in gene content 78 

between X chromosomes and autosomes (Table 1). One of these hypotheses is based upon the 79 

prediction that sexually antagonistic selection will favor recessive male-beneficial mutations (or 80 

dominant female-beneficial alleles) on the X chromosome (Rice 1984; Charlesworth et al. 81 

1987). This sexual antagonism hypothesis has numerous limitations (Fry 2010), including the 82 

inability to explain differences between Drosophila and mammalian X chromosomes in their 83 

deficiency or enrichment, respectively, of genes expressed in male reproductive tissues (Meisel 84 

et al. 2012a). A second hypothesis focuses specifically on the male germline, where MSCI 85 

silences the X chromosome (Lifschytz and Lindsley 1972) and may favor duplication of genes to 86 

the autosomes (Betrán et al. 2002; Emerson et al. 2004; Potrzebowski et al. 2008; Vibranovski 87 
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et al. 2009). However, there is not a deficiency of testis-biased genes on the D. melanogaster X 88 

chromosome (Meisel et al. 2012a; Meiklejohn and Presgraves 2012), limiting the ability of MSCI 89 

to explain the unique gene content of the Drosophila X chromosome. Third, the haploid dose of 90 

the X in males may impose a maximal gene expression level lower than the autosomes, 91 

selecting against X-linked genes with high expression (Wolfner et al. 1997; Vicoso and 92 

Charlesworth 2009; Hurst et al. 2015). This “dosage limit” hypothesis may even apply in species 93 

where the haploid X is dosage compensated by up-regulation of X-linked expression. For 94 

example, in D. melanogaster there may be a transcriptional limit beyond which expression 95 

cannot be exceeded or some genes may not be dosage compensated in males (Meisel et al. 96 

2012a). 97 

 98 

Table 1. Hypotheses to explain the unique gene content of the Drosophila X chromosome. 99 

Hypothesis Predicted X-autosome differences 

Sexual antagonism Excess or deficiency of X-linked genes with sex-specific functions 
and/or expressed in reproductive tissues 

MSCI Deficiency of X-linked testis-expressed genes 

Dosage limit Deficiency of highly expressed or induced X-linked genes 

DCC-interference Deficiency of DCC-bound genes highly expressed in males 

Variance dampening Deficiency of X-linked genes up- or down-regulated in specific 
contexts (e.g., tissues, infections, abiotic treatments) 

 100 

Here, we focus on the effect of the DCC on X chromosome expression and gene content 101 

in D. melanogaster. The DCC most strongly binds to more than 100 so-called chromatin entry or 102 

high affinity sites (HAS), from which it is thought to spread across the X chromosome (Kelley et 103 

al. 1999; Alekseyenko et al. 2008; Straub et al. 2008). Bachtrog et al. (2010) observed that 104 

genes near an HAS or bound by the DCC are less likely to have male-biased expression, and 105 

genes further from an HAS have a larger magnitude of male-biased expression. This led them 106 

to hypothesize that the DCC interferes with acquisition of male-biased expression on the X 107 

chromosome.  108 

There is mixed evidence for the hypothesis that DCC-interference is responsible for the 109 

unique gene content of the X chromosome. Consistent with the DCC-interference hypothesis, 110 

when Belyi et al. (2020) measured expression of a reporter construct that was inserted at 111 

random locations on the X chromosome, they found reduced expression in male somatic tissues 112 

for transgenes inserted at chromosomal loci closer to endogenous DCC binding sites. However, 113 

when genes with testis-biased expression are excluded or when somatic tissues are analyzed 114 

separately, there is no relationship between male-biased expression and distance from an HAS 115 

for endogenous genes (Vensko and Stone 2014; Gallach and Betrán 2016). In addition, genes 116 

with male-biased expression in brain or head are over-represented on the D. melanogaster X 117 

chromosome and closer to DCC binding sites (Huylmans and Parsch 2015), which is opposite 118 

of what is predicted by the DCC-interference hypothesis. 119 
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Our analysis addresses a fifth hypothesis, specifically whether the Drosophila DCC 120 

creates an unfavorable environment for X-linked genes that are differentially expressed in 121 

specific contexts. The D. melanogaster X chromosome is depauperate in genes with narrow 122 

expression in specific tissues (Mikhaylova and Nurminsky 2011; Meisel et al. 2012a), and X-123 

linked genes further from an HAS or not bound by the DCC have more tissue-specific 124 

expression (Meisel et al. 2012b). In contrast, X-linked genes with female-biased expression, 125 

which also tend to be broadly expressed (Meisel 2011), are more likely to be bound by the DCC 126 

(Gallach and Betrán 2016). This suggests that the DCC creates an unfavorable environment for 127 

X-linked genes that are up- or down-regulated in specific tissues, possibly because the DCC 128 

prevents the differential regulation of gene expression across contexts. Consistent with this 129 

hypothesis, there is evidence that Mof, one of the proteins in the DCC, dampens transcriptional 130 

variation on the D. melanogaster X chromosome (Lee et al. 2018). Moreover, genes that are 131 

bound by the DCC have less genetic variation for gene expression than X-linked unbound 132 

genes (Meisel et al. 2012b), and transgenes inserted on the D. melanogaster X chromosome 133 

have less intra-locus expression variation in males than females (Belyi et al. 2020). Both of 134 

these observations are also consistent with the DCC dampening transcriptional variance. This 135 

“variance dampening” by the DCC, or Mof specifically, may inhibit context-dependent gene 136 

expression by reducing the ability of transcription factors to regulate expression subsequent to 137 

DCC-associated chromatin modifications that are already up-regulating expression (Table 1).  138 

We used bacterial infection, viral infection, and abiotic stressors as model systems to 139 

test the hypothesis that the Drosophila DCC is a variance dampener that reduces differential 140 

expression of X-linked genes in specific contexts. Biotic and abiotic stress represents a notable 141 

contrast to previous studies of context-dependent expression involving X-autosome 142 

comparisons of genes with tissue-specific expression (e.g., Mikhaylova and Nurminsky 2011; 143 

Meisel et al. 2012a). Bacterial infection, for example, causes the dramatic induction of gene 144 

expression, including effectors of the humoral immune system that are expressed more than 145 

100 times higher within 12 hours (De Gregorio et al. 2001; Troha et al. 2018; Schlamp et al. 146 

2021). Curiously, none of the 30–40 D. melanogaster genes encoding antimicrobial peptides 147 

(AMPs, a class of effectors) are found on the X chromosome (Hill-Burns and Clark 2009), 148 

providing a priori evidence consistent with selection against X-linked genes induced by infection.  149 

We analyzed multiple RNA-seq studies of gene expression after biotic and abiotic treatments to 150 

test the hypothesis that the DCC inhibits context-dependent differential expression, which would 151 

explain the paucity of genes with tissue- or environment-specific expression on the Drosophila X 152 

chromosome. 153 

RESULTS 154 

Genes differentially expressed after infection are under-represented on the Drosophila 155 

melanogaster X chromosome 156 

We tested if the D. melanogaster X chromosome is depauperate for genes induced (i.e., 157 

up-regulated) by bacterial infection regardless of functional annotation. To those ends, we 158 

analyzed RNA-seq data in which D. melanogaster males were infected with one of 10 different 159 

bacteria versus a control (Troha et al. 2018). From those infection experiments, we selected 160 

results from the five bacterial treatments with >50 differentially expressed (DE) genes, in order 161 

to have sufficient power to detect X-autosome differences. For three out of five bacterial 162 
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infections we considered, there was a significant deficiency of induced genes on the X 163 

chromosome (Figure 1A). For the remaining two bacterial infections, the observed number of 164 

induced genes on the X chromosome was less than expected, although the difference was not 165 

significant. It is unlikely to observe fewer induced X-linked genes than expected for all five 166 

treatments, assuming a null hypothesis of equal proportions above and below the expectation 167 

(p=0.031 in a binomial exact test). In addition, when we considered all Gram-positive or Gram-168 

negative bacteria (with a statistical model that has bacterial strain nested in treatment) from the 169 

experiment together, there was a significant deficiency of induced genes on the X chromosome 170 

in both cases (Figure 1A). Moreover, genes that were up-regulated by at least one, two, three, 171 

or four different bacteria were also significantly under-represented on the X chromosome 172 

(Figure 1B). Therefore, genes that are induced by bacterial infection are generally under-173 

represented on the D. melanogaster X chromosome regardless of the criteria used to categorize 174 

induction. This is consistent with the deficiency of X-linked AMP genes (Hill-Burns and Clark 175 

2009).  176 

There was not a significant deficiency of X-linked D. melanogaster genes down-177 

regulated after infection with any of the five bacterial treatments or when we considered all 178 

Gram-positive or Gram-negative bacteria (Figure 1C). Similarly, genes that were downregulated 179 

by one or more different bacteria were not significantly under-represented on the X 180 

chromosome (Figure 1D). However, in most cases, the number of down-regulated X-linked 181 

genes was less than the expectation, albeit not significant. The failure to detect a significant 182 

deficiency of down-regulated X-linked genes may have been caused by low statistical power—183 

there were fewer down-regulated genes than up-regulated genes in most bacterial treatments. 184 

We examine this further by considering other experiments with more down-regulated genes 185 

below.  186 

The total number of DE genes (either induced or repressed after infection) on the X 187 

chromosome was significantly less than the expectation for 4 of 5 individual bacterial 188 

treatments, Gram-positive bacteria, and Gram-negative bacteria (Figure 1E). The X 189 

chromosome also has significantly fewer genes that were DE in at least one or more of the 190 

bacterial treatments (Figure 1F). Therefore, both up-regulated and DE genes are under-191 

represented on the X chromosome.  192 

To further evaluate if the X chromosome is anomalous, we tested if any individual 193 

autosomes had a deficiency (or excess) of induced, repressed, or DE genes following bacterial 194 

infection. Notably, the left arm of the second chromosome (2L) had an excess of induced genes 195 

in every treatment (Supplemental Figures S1-S2). This is surprising because none of the 196 

annotated D. melanogaster AMP genes are on chromosome 2L, and only 10/74 immune 197 

effector genes are found on 2L (Sackton et al. 2007). Chromosome 2L therefore has an excess 198 

of genes induced by bacterial infection (Supplemental Figures S1-S2), despite having a 199 

significant deficiency of effector genes (p=0.006 comparing effector and non-effector immune 200 

genes on chromosome 2L with the other chromosomes in a Fisher’s exact test). The right arm 201 

of the third chromosome (3R), in contrast, has a deficiency of DE genes (Supplemental Figures 202 

S1-S2), even though it contains at least five AMP genes and has neither an excess nor a 203 

deficiency of effector genes (p=0.7 comparing effectors and non-effectors between 3R and 204 

other chromosomes in Fisher’s exact test). We next ranked each chromosome arm within each 205 

treatment by the percent of induced, repressed, or DE genes (excluding the diminutive 206 
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chromosome 4 because it has <100 genes). On average, the X chromosome has the lowest 207 

percentage of induced, repressed, or DE genes across all treatments, and chromosome 3R has 208 

the second lowest (Supplemental Figures S3-S4). Therefore, the X chromosome is anomalous 209 

from each of the autosomes in its deficiency of up-regulated and DE genes after bacterial 210 

infection.  211 

 212 

 213 
Figure 1. Genes that were differentially expressed after bacterial infection in D. melanogaster males are 214 

under-represented on the X chromosome. Bar graphs show the number of X-linked genes that were up-215 

regulated (A-B), down-regulated (C-D), or differentially expressed (E-F) after infection with individual 216 

bacteria, combined Gram-negative (Gram–) bacteria, combined Gram-positive (Gram+) bacteria, (A, C, 217 

E), or across multiple bacterial treatments (B, D, F). Dots connected by broken lines show the expected 218 

number of X-linked genes in each category based on the fraction of autosomal genes that are 219 

differentially expressed after infection. Black asterisks represent significant differences between observed 220 

and expected counts in a Fisher’s exact test (*P<0.05, **P<0.005, ***P<0.0005).   221 

 222 

If the X chromosome has a maximal expression that prevents up-regulation of individual 223 

genes (i.e., a dosage limit), we should observe a difference in the distribution of log2FC values 224 

between X-linked and autosomal genes (Meiklejohn et al. 2011; Meiklejohn and Presgraves 225 

2012). If we do not observe such a difference, it would suggest that there is not a dosage limit 226 

that selects against induced X-linked genes (Table 1). The X chromosome did not have a 227 
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significantly lower log2FC than the autosomes in any of the five bacterial treatments 228 

(Supplemental Figure S5). In two of the five bacterial treatments (M. luteus and S. marcescens 229 

Db11), X-linked genes possess a higher median log2FC than autosomal genes (Supplemental 230 

Figure S5), which is opposite of the direction predicted by the dosage limit hypothesis. 231 

Therefore, the paucity of X-linked genes up-regulated after infection cannot be explained by an 232 

overall reduced dose of X chromosome gene expression.  233 

 234 

 235 
Figure 2. Genes that were differentially expressed after bacterial infection in D. melanogaster are under-236 

represented on the X chromosome. Bar graphs show the number of X-linked genes that were up-237 

regulated (A), down-regulated (B), or differentially expressed (C) after infection with P. rettgeri in either 238 

males (top) or females (bottom). Dots connected by broken lines show the expected number of X-linked 239 

genes in each category based on the fraction of autosomal genes that are differentially expressed after 240 

infection. Black asterisks represent significant differences between observed and expected counts in a 241 

Fisher’s exact test (*P<0.05).   242 

 243 

 We next tested if genes that are induced or repressed in female D. melanogaster 244 

following infection are also under-represented on the X chromosome. To those ends, we 245 

identified DE genes in D. melanogaster males and females 8 h after infection with P. rettgeri 246 

(Duneau et al. 2017), one of the bacteria that induced a deficiency of X-linked genes in males 247 

(Figure 1A). We report results for multiple log2FC cutoffs because raw data or p-values are not 248 

available for this experiment. Surprisingly, we observed a significant deficiency of X-linked 249 

genes up-regulated in males at only one of the eight log2FC cutoffs we considered (Figure 2A). 250 

In contrast, at five of the eight log2FC cutoffs, there was a significant deficiency of X-linked 251 

genes up-regulated in females after infection (Figure 2A). Similarly, at 5 of 8 log2FC cutoffs 252 

there was a deficiency of X-linked genes down-regulated in females (Figure 2B). Considering 253 

genes that were DE after infection, regardless of up- or down-regulation, there was a significant 254 

deficiency on the X chromosome at 7 and 4 log fold-change cutoffs in females and males, 255 

respectively (Figure 2C). Therefore, there is a significant deficiency of X-linked DE genes after 256 

infection in both male and female D. melanogaster.  257 
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 258 

 259 
Figure 3. Genes that were differentially expressed at different time points after immune challenge in 260 

D. melanogaster males are under-represented on the X chromosome. Bar graphs show the number of X-261 

linked genes that were up-regulated (A), down-regulated (B), or differentially expressed (C) after 262 

D. melanogaster males were injected with E. coli-derived crude lipopolysaccharide. Dots connected by 263 

broken lines show the expected number of X-linked genes in each category based on the fraction of 264 

autosomal genes that are differentially expressed after infection. Black asterisks represent significant 265 

differences between observed and expected counts in a Fisher’s exact test (*P<0.05).   266 

 267 

 We also tested if there is a paucity of X-linked genes induced at different time points 268 

following immune challenge by analyzing RNA-seq data from 1–120 h after D. melanogaster 269 

males were injected with E. coli-derived crude lipopolysaccharide (Schlamp et al. 2021). There 270 

was a significant deficiency of X-linked genes up-regulated at 16 of 19 time points (Figure 3A). 271 

Similarly, at 9 of 19 timepoints, there was a significant deficiency of X-linked genes 272 

downregulated (Figure 3B). Furthermore, there was a significant deficiency of X-linked DE 273 

genes (regardless of up- or down-regulation) at all time points (Figure 3C). Therefore, both up- 274 

and down-regulated genes are under-represented on the X chromosome across the full 275 

temporal spectrum during the response to infection.  276 

 These results show that there is a paucity of DE genes on the X chromosome after 277 

infection across a wide range of bacterial pathogens, in both sexes, and across a dense 278 
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sampling of timepoints. The paucity of X-linked DE genes can be attributed to a deficiency of 279 

both up- and down-regulated genes. This suggests the deficiency of X-linked DE genes is 280 

robust to experimental variation, and also that gene dosage in males cannot fully explain the 281 

pattern. 282 

 283 

 284 

 285 
Figure 4. Genes that are differentially expressed after viral or abiotic treatments can be  under- or over-286 

represented on the X chromosome. Bar graphs show the number of X-linked genes that were up-287 

regulated (A), down-regulated (B), or differentially expressed (C) after D. melanogaster were subjected to 288 

a viral or abiotic treatment. The treatments are listed on the x-axis, and bars are colored based on the sex 289 

of the flies used in the experiment. Dots connected by broken lines show the expected number of X-linked 290 

genes in each category based on the fraction of autosomal genes that are differentially expressed after 291 

treatment. Black asterisks represent significant differences between observed and expected counts in a 292 

Fisher’s exact test (*P<0.05; *****P<0.000005).   293 

 294 

Genes differentially expressed under viral or abiotic stress are usually under-represented 295 

on the Drosophila melanogaster X chromosome 296 

 We next tested if genes induced by viral infection are under-represented on the 297 

D. melanogaster X chromosome. We found fewer X-linked genes than expected were induced 298 

by Zika or Kallithea virus, albeit at insignificant differences (Figure 4A). Neither viral infection 299 
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resulted in a significant deviation from the expected number of X-linked down-regulated genes 300 

either (Figure 4B). The Kallithea virus data were collected from both males and females, and 301 

genes that were up-regulated in females after Kallithea infection were significantly under-302 

represented on the X chromosome (Figure 4A). There was also a deficiency of X-linked down-303 

regulated genes following Kallithea virus infection in males (Figure 4B). In addition, genes that 304 

were DE after Zika virus infection were under-represented on the X chromosome (Figure 4C).  305 

We also tested if genes induced by four different abiotic treatments are under-306 

represented on the X chromosome. These data include copper treatment for genotypes that are 307 

sensitive to copper and those that are resistant, which we analyzed separately. The data also 308 

included starvation treatments in which gene expression was measured in whole flies, adult 309 

brains after complete starvation, and adult brains after sugar starvation. Both radiation and 310 

sugar starvation resulted in a significant deficiency of X-linked induced genes (Figure 4A). 311 

Complete starvation (with expression measured in the brain) was the only abiotic treatment that 312 

resulted in a significant deficiency of X-linked down-regulated genes (Figure 4B). There was 313 

also a deficiency of X-linked DE genes after both radiation and starvation (Figure 4C). In 314 

contrast to all other biotic and abiotic treatments, there was an excess of X-linked genes up-315 

regulated after complete starvation and cocaine treatment (Figure 4A). There was also an 316 

excesss of X-linked down-regulated and DE genes after exposure to cocaine, regardless of the 317 

sex of the flies (Figure 4). Both the complete starvation and cocaine treatments measured gene 318 

expression in the brain, suggesting that the brain may be an outlier with an excess, rather than 319 

a deficiency, of X-linked up-regulated genes (or DE genes in general) following abiotic stress.  320 

We further tested if any individual autosomes had a deficiency (or excess) of DE genes 321 

following viral infection or abiotic treatments. None of the autosomal chromosome arms had a 322 

consistent excess or deficiency of induced, repressed, or DE genes after viral or abiotic 323 

treatment (Supplemental Figure S6). When we ranked each chromosome arm within each 324 

treatment by the percent of induced, repressed, or DE genes, the X chromosome had the lowest 325 

percentage of induced, repressed, or DE genes when averaged across all treatments 326 

(Supplemental Figure S7). This provides additional evidence that the X chromosome is an 327 

outlier with a deficiency of DE genes.  328 

In summary, out of six total viral and abiotic treatments, the observed number of X-linked 329 

up-regulated genes was less than expected in most treatments, and significantly so in three 330 

treatments (Figure 4A). Down-regulated and DE genes were also under-represented on the X 331 

chromosome in some treatments (Figure 4B-C). In addition, we observed similar patterns 332 

regardless of sex or genotype of the flies used in the experiments, although sex did affect 333 

whether differences were statistically significant (Figure 4). The notable exceptions to this 334 

pattern are the effects of starvation or cocaine on gene expression in the brain, which were the 335 

only treatments (biotic or abiotic) that resulted in a significant excess of X-linked genes that 336 

were up-regulated (Figure 4).  337 

DE genes are less likely to be bound by the DCC 338 

 We evaluated the hypothesis that the DCC prevents the induction of X-linked genes by 339 

testing if there is a relationship between induction and DCC binding. In total, a smaller fraction 340 

of DCC-bound genes were up-regulated than X-linked unbound genes for nearly all bacterial, 341 

viral, and abiotic treatments (Figure 5A), if we do not consider whether the difference is 342 

significant. Within individual treatments, DCC-bound genes were significantly less likely to be 343 
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up-regulated, relative to X-linked unbound genes, following P. entomophila infection, radiation 344 

treatment, starvation (in brain), copper exposure (for resistant flies), and cocaine feeding 345 

(Supplemental Figure S8A). The negative effect of DCC binding on up-regulation following 346 

cocaine was observed for both male and female flies. These results are in accordance with what 347 

would be expected if the DCC prevents induction of X-linked genes.  348 

 349 

 350 
Figure 5. Genes that are differentially expressed (DE) after treatment are less likely to be bound by the 351 
dosage compensation complex (DCC). The percent of genes that are DE given that they are autosomal 352 

(white), X-linked and bound by the DCC (back), or X-linked and unbound (gray) is plotted for each 353 
treatment. Data are shown for genes up-regulated after a treatment (A), genes down-regulated after a 354 
treatment (B), and all DE genes (C). Red asterisks show significant differences between the number of 355 
genes that are DE and not DE when comparing autosomal vs DCC bound or unbound X-linked genes 356 

(*P<0.05 in Fisher’s exact test).  357 
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 We next tested if DCC binding could explain the paucity of up-regulated genes on the X 359 

chromosome. To those ends, we determined if there is a difference in the proportion of up-360 

regulated genes when we compare the autosomes with either DCC-bound or unbound genes on 361 

the X chromosome. If DCC binding explains the paucity of up-regulated genes, we expect a “V-362 

shaped” pattern when we plot the %DE genes amongst autosomes, DCC-bound X-linked 363 

genes, and unbound X-linked genes (Figure 5). There was a significant deficiency of DCC-364 

bound up-regulated genes relative to the autosomes across 7 different treatments 365 

(S. marcescens Db11, P. rettgeri, P. entomophila, S. aureus, radiation, copper, and cocaine), 366 

among genes up-regulated in at least one bacterial treatment, and for genes up-regulated by 367 

Gram-positive bacteria (Figure 5A). This deficiency is the bottom of the V-shape. In contrast, 368 

there was only one treatment (Kallithea virus in females) in which there was a significant 369 

deficiency of up-regulated X-linked genes unbound by the DCC relative to autosomal genes 370 

(Figure 5A). Most other treatments had the V-shape, with no significant differences in the 371 

fraction of DE genes between autosomal and unbound X-linked genes. In addition, unbound X-372 

linked genes were significantly more likely to be up-regulated by cocaine than autosomal genes 373 

(Figure 5A). Therefore, the evidence for a paucity of X-linked up-regulated genes is much 374 

greater for DCC-bound than unbound genes (creating the V-shape in Figure 5A), which is 375 

consistent with the expectation if the DCC prevents the induction of X-linked genes.  376 

 We also observed that X-linked genes bound by the DCC were less likely to be down-377 

regulated after treatment than X-linked unbound genes (Figure 5B). In three different viral or 378 

abiotic treatments (Kallithea virus, radiation, and copper), X-linked down-regulated genes were 379 

significantly less likely to be DCC-bound than unbound (Supplemental Figure S8B). The same 380 

results were observed for Kallithea viruses when we considered female samples only, and 381 

similar trends were observed for males (although not significant because of small sample sizes 382 

of down-regulated genes). Therefore, the DCC appears to interfere with both up- and down-383 

regulation of gene expression. The cumulative effect of the DCC on both up- and down-384 

regulation can be seen in the significant deficiency of DCC-bound DE genes for five unique 385 

treatments (Supplemental Figure S8C). 386 

 DCC-bound genes were also significantly less likely to be down-regulated than 387 

autosomal genes in four different treatments—Kallithea virus, radiation, starvation, and copper 388 

(Figure 5B). Similarly, DCC-bound genes were less likely to be DE than autosomal genes after 389 

most treatments (Figure 5C). In contrast, X-linked unbound genes were significantly more likely 390 

to be down-regulated or DE than autosomal genes after Kallithea virus infection, copper 391 

treatment, or cocaine (Figure 5). Therefore, down-regulated and DE genes also tend to have the 392 

V-shaped distribution. These results are all consistent with the expectations if the DCC prevents 393 

down-regulation of X-linked genes.  394 

Our results provide consistent evidence that DCC binding can largely explain the paucity 395 

of X-linked up-regulated, down-regulated, and DE genes. Notably, we observed much stronger 396 

evidence for a deficiency of X-linked DE genes when we considered DCC-bound genes, and 397 

only weak (or no) evidence for unbound genes (the V-shapes in Figure 5). This is consistent 398 

with the hypothesis that the DCC is a variance dampener that prevents both up- and down-399 

regulation of X-linked genes. However, there is a deficiency of up-regulated X-linked unbound 400 

genes relative to autosomal genes in some treatments (Figure 5A), suggesting that DCC 401 

binding alone cannot completely explain the paucity of up-regulated genes on the X 402 
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chromosome. Therefore, other factors, such as a dosage limit, may also be necessary to 403 

explain the exclusion of up-regulated genes from the Drosophila X chromosome.  404 

Differentially expressed genes are further from DCC high affinity sites 405 

A complementary way to assess the effect of the DCC on differential gene expression is 406 

to measure the distance to the nearest DCC high affinity site (HAS) for each gene. We cannot 407 

test for differences in distance to HAS between DE genes and non-DE genes because there are 408 

too few X-linked DE genes for statistical testing. Instead, we calculated the correlation between 409 

distance to the nearest HAS and log2 fold-change between treatment and control (log2FC) for all 410 

genes, regardless of whether they are significantly DE.  411 

 412 

 413 

 414 
Figure 6. Correlations between distance from a dosage compensation complex high affinity site (HAS) 415 

and the log2 fold-change in expression between treatment and control (log2FC). Each dot is the rank order 416 

correlation (𝜌) between distance to the nearest HAS and log2FC. Error bars show the 95% confidence 417 

interval determined by bootstrap resampling the data 1,000 times. The X-axis shows the specific 418 

treatment. Dots and error bars are colored based on the sex of the flies used in the experiment (see 419 

legend). HAS were obtained from two different data sets (Alekseyenko et al. 2008; Straub et al. 2008), 420 

with results from the two different data sets shown separately in the two columns. Correlations are plotted 421 

with |log2FC| values for all genes (A), only genes with log2FC>0 (B), and only genes with log2FC<0 (C).  422 

 423 
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First, we considered |log2FC| as a measure of the extent of differential expression, 424 

regardless of up- or down-regulation. In nearly all combinations of treatments, HAS data sets, 425 

and sexes, there was a positive correlation between |log2FC| and distance from an HAS (Figure 426 

6A). Therefore, X-linked genes further from an HAS were more differentially expressed following 427 

bacterial infection, viral infection, or abiotic treatment. This is consistent with the hypothesis that 428 

the DCC inhibits differential expression (i.e., both up- and down-regulation).  429 

To specifically evaluate if proximity to an HAS affects up-regulation, down-regulation, or 430 

both, we separately considered genes with log2FC>0 and log2FC<0 (regardless of whether the 431 

deviation from 0 is significant). When we considered only genes with log2FC>0, there was 432 

evidence for a positive correlation between log2FC and distance from an HAS for most 433 

treatments (Figure 6B). In comparison, when we considered genes with log2FC<0, there was a 434 

negative correlation between log2FC and distance from an HAS for most treatments (Figure 6C). 435 

Both of these correlations indicate that genes further from an HAS were more likely to be either 436 

up- or down-regulated after bacterial infection, viral infection, or abiotic treatment. These results 437 

are consistent with the hypothesis that the DCC inhibits both up- and down-regulation of gene 438 

expression.  439 

Differential expression, dosage compensation, and expression breadth 440 

We next considered if expression breadth could explain the correlations between log2FC 441 

and distance from an HAS. This analysis was motivated by the previously described observation 442 

that genes bound by the DCC or closer to an HAS are narrowly expressed in fewer tissues than 443 

X-linked unbound genes and those further from an HAS (Meisel et al. 2012b). Here, we 444 

calculated partial correlations (Schäfer and Strimmer 2005) between log2FC, distance from an 445 

HAS, and expression breadth. We quantified expression breadth using 𝜏, which ranges from 0 446 

(for genes expressed in many tissues ) to 1 (for genes highly expressed in a single tissue) 447 

(Yanai et al. 2005). We confirmed the positive correlation between 𝜏 and distance from an HAS, 448 

even when log2FC is included in the analysis (Supplemental Figures S9–S12). We also found 449 

that |log2FC| was positively correlated with 𝜏 (Supplemental Figures S9–S12). Moreover, there 450 

was a positive correlation between log2FC and 𝜏 for genes with log2FC>0, and there was a 451 

negative correlation for genes with log2FC<0 (Supplemental Figures S9–S12). Therefore, genes 452 

that were more up- or down-regulated tended to also be more narrowly expressed. 453 

Unsurprisingly, genes induced by bacterial infection were narrowly expressed in the fat body, 454 

which is the primary organ of the humoral immune response (Lemaitre and Hoffmann 2007). 455 

When we considered the correlation with 𝜏, many partial correlations between log2FC 456 

and distance from an HAS were no longer significantly different from zero (Figure 7; 457 

Supplemental Figure S13). This is true regardless of whether sex-specific reproductive tissues 458 

are included in the calculation of 𝜏. Therefore, the correlations between log2FC and distance 459 

from an HAS could often be explained by the correlations between 𝜏 and both log2FC and 460 

distance from an HAS. However, some partial correlations between log2FC and distance from 461 

an HAS still remained significantly different from 0 (Figure 7). These significant correlations 462 

were almost always in a direction consistent with genes further from an HAS being more up-463 

regulated or more down-regulated (i.e., a positive correlation for |log2FC| or log2FC>0, or a 464 

negative correlation for log2FC<0). The one exception to this rule was a positive partial 465 

correlation between log2FC and distance from an HAS for genes with log2FC<0 after copper 466 

treatment in resistant flies (Figure 7D). This negative correlation is suggestive that genes closer 467 
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to an HAS are more down-regulated following copper treatment. However, there were very few 468 

genes down-regulated after copper treatment in resistant flies (Figures 4–5), suggesting that 469 

this positive correlation may be an artifact of a small range of negative log2FC values.  470 

 471 

 472 
Figure 7. Partial correlations between log2 fold-change in expression between treatment and 473 

control (log2FC) and distance from a dosage compensation complex high affinity site (HAS). 474 

Partial correlations were calculated based on rank order correlations between log2FC, distance 475 

from an HAS, and tissue expression breadth. Each dot shows the partial correlation between 476 

log2FC and distance from an HAS, with the error bars representing 95% confidence intervals from 477 

1,000 bootstrap replicates of the data. The X-axis shows the specific treatment. Dots and error 478 

bars are colored based on the sex of the flies used in the experiment (see legend). HAS were 479 

obtained from the Alekseyenko et al. (2008) data set; results from the Straub et al. (2008) data 480 

are shown in the supplemental material. Expression breadth was calculated using microarray 481 

data from either 14 unique adult tissues (left) or 10 adult tissues that are not sex-specific (right). 482 

Partial correlations are plotted with log2FC values for all genes (A), |log2FC| values for all genes 483 

(B), only genes with log2FC>0 (C), and only genes with log2FC<0 (D).   484 
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DISCUSSION 485 

 We analyzed RNA-seq data from D. melanogaster subjected to bacterial, viral, or abiotic 486 

treatments. We found that DE genes—both up- and down-regulated—were often depauperate 487 

on the X chromosome regardless of the sex of the flies or the type of treatment (Figures 1–4). 488 

We additionally determined that DE genes were less likely to be bound by the DCC, and that 489 

DCC binding can largely explain the deficiency of X-linked DE genes (Figure 5). In addition, 490 

genes that are further from an HAS were more differentially expressed, regardless of whether 491 

the genes were up- or down-regulated (Figure 6). However, much of the relationship between 492 

differential expression and distance from an HAS could be explained by both variables being 493 

correlated with tissue-specific gene expression (Supplemental Figures S9–S12). Nonetheless, a 494 

significant correlation between log2FC and distance from an HAS remained for some treatments 495 

after controlling for expression breadth across tissues (Figure 7).  496 

Chromosome 2L has a complementary gene content to the X chromosome 497 

 An excess of chromosome 2L genes were up-regulated in many conditions, in contrast 498 

to the deficiency of X-linked DE genes. We found an excess of chromosome 2L genes induced 499 

in every bacterial treatment (Supplemental Figures S1-S4), even though no AMP genes (and 500 

only 10 of 74 immune effectors) are on chromosome 2L (Sackton et al. 2007). An excess of 501 

chromosome 2L genes were also induced after copper treatment (Supplementary Figure S6). 502 

Previous analyses revealed that chromosome 2L (also known as Muller element B) has an 503 

excess of genes with male-biased expression in multiple Drosophila species, in contrast to the 504 

paucity of X-linked genes up-regulated in males (Parisi et al. 2003; Meisel et al. 2012a). In 505 

addition, chromosome 2L has an excess of genes encoding accessory gland proteins, while the 506 

X chromosome is depauperate (Ravi Ram and Wolfner 2007). The expression level in 507 

accessory gland is also higher for chromosome 2L genes, and lower for X-linked genes, than 508 

other chromosomes (Meisel et al. 2012a). Moreover, chromosome 2L genes have narrower 509 

expression in specific tissues than genes on other chromosomes, in contrast to X-linked genes 510 

that tend to be more broadly expressed (Meisel et al. 2012a). Future work could address why 511 

chromosome 2L has a complementary pattern to the X chromosome.  512 

Minimal support for the dosage limit hypothesis  513 

 Our analysis allowed us to test the dosage limit hypothesis, which predicts that highly 514 

expressed genes (i.e., those that are up-regulated in specific contexts) are under-represented 515 

on the X chromosome because of its haploid dose in males (Vicoso and Charlesworth 2009; 516 

Meisel et al. 2012a; Hurst et al. 2015). We determined that D. melanogaster genes that are 517 

either up- or down-regulated following biotic or abiotic treatments are frequently under-518 

represented on the X chromosome (Figures 1–4). The paucity of down-regulated X-linked genes 519 

is inconsistent with the dosage limit hypothesis, which only predicts that up-regulated genes will 520 

be under-represented on the X chromosome (Table 1). Moreover, we frequently observed a 521 

deficiency of up-regulated X-linked genes in females, but not males, when data from both sexes 522 

were available (Figures 2 and 4). A female-specific paucity of X-linked up-regulated genes is 523 

also not predicted by the dosage limit hypothesis. Furthermore, there was an excess of X-linked 524 

up-regulated genes following cocaine treatment in both males and females (Figure 4), which is 525 

also inconsistent with the dosage limit hypothesis.  526 
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 Our results thus provide strong evidence that the dosage limit hypothesis cannot 527 

completely explain the unique gene content of the Drosophila X chromosome. However, we also 528 

cannot explain the paucity of X-linked up-regulated genes based on proximity to an HAS alone 529 

(Figure 5). A dosage limit may therefore be partially responsible for some aspects of the unique 530 

gene content of the X chromosome. The dosage limit hypothesis may be especially important in 531 

testis, where the haploid dose of the X chromosome does not appear to be compensated 532 

(Meiklejohn et al. 2011). Specifically, the reduced dosage of the X chromosome could explain 533 

the biased duplication of genes from the X to the autosomes, with the autosomal derived 534 

paralogs expressed primarily in testis in order to compensate for under-expression of the X 535 

(Betrán et al. 2002; Meisel et al. 2009, 2010). In addition, the dosage limit hypothesis is also 536 

consistent with the observation that genes expressed specifically in the male accessory gland 537 

are under-represented on the X chromosome (Swanson et al. 2001; Ravi Ram and Wolfner 538 

2007; Meisel et al. 2012a). Therefore, both dosage limits and DCC binding may act in concert to 539 

exclude up-regulated genes from the Drosophila X chromosome.  540 

Evidence for the DCC as a variance dampener that inhibits X-linked DE genes 541 

 Our results add evidence in support of the hypothesis that the DCC is a variance 542 

dampener (Lee et al. 2018), which prevents both up- and down-regulation of gene expression 543 

on the Drosophila X chromosome. First, there is a significant deficiency of down-regulated 544 

genes on the X chromosome, in addition to a paucity of X-linked up-regulated genes, in a 545 

variety of treatments (Figures 2–4). Second, the X-linked genes that are up- or down-regulated 546 

tend not to be bound by the DCC, and DCC-binding largely explains the X-autosome differences 547 

in up-regulated, down-regulated, and DE genes (Figure 5). Lastly, the magnitude of differential 548 

expression is correlated with distance from an HAS for both up- and down-regulated genes 549 

(Figures 6 and 7). Because we observe similar results for both up- and down-regulated genes, 550 

we hypothesize that the DCC is a variance dampener that inhibits both induction and repression 551 

of gene expression (Table 1).  552 

 We further hypothesize that the variance dampening effect of the DCC can explain other 553 

aspects of X chromosome gene content. For example, there is a paucity of genes with tissue-554 

specific expression on the Drosophila X chromosome (Mikhaylova and Nurminsky 2011; Meisel 555 

et al. 2012a). The genes with tissue-specific expression that are on the X chromosome are less 556 

likely to be DCC-bound than broadly expressed X-linked genes (Meisel et al. 2012b). Tissue-557 

specific expression can be thought of as a form of context-dependence in which the context is 558 

developmental, rather than environmental. Therefore, the variance dampening effect of the DCC 559 

may prevent tissue-specific induction, or repression, of gene expression.  560 

 There are at least two explanations for how the variance dampening effect of the DCC 561 

could lead to a deficiency of genes with context-specific expression on the X chromosome. First, 562 

in what we will call the mechanistic explanation, the DCC itself may affect gene expression in 563 

the experiments from which we obtained data. While this mechanism is feasible for gene 564 

expression in males, it is less obvious how it could explain the deficiency of X-linked DE genes 565 

in females (Figures 2 and 4) because the DCC does not assemble in females (Lucchesi and 566 

Kuroda 2015). The lack of a complete DCC in females occurs because the Msl-2 protein is only 567 

expressed in males (Kelley et al. 1997). However, Mof, the component of the DCC responsible 568 

for H4K16ac, is expressed in both sexes, and there is evidence that it serves as a variance 569 

dampener in both males and females (Lee et al. 2018). In addition, the Drosophila X 570 
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chromosome has a distinct chromatin environment from the autosomes in females, including 571 

histone marks associated with dosage compensation (Zhang and Oliver 2010). These chromatin 572 

modifications, possibly mediated by Mof, may serve to dampen variance in X-linked gene 573 

expression in both sexes, and therefore reduce differential expression on the X chromosome. 574 

Furthermore, there is a complex interplay between heterochromatin and dosage compensation 575 

in Drosophila (Makki and Meller 2021), which could also contribute to a variance dampening 576 

effect in both sexes.  577 

 Alternatively, in what we call the evolutionary explanation, we may have observed an 578 

evolved difference between the X and autosomes in the experimental data we analyzed. These 579 

evolved differences would be a result of selection against genes with context-dependent gene 580 

expression on the X chromosome as a result of the variance dampening effect of the DCC, or 581 

perhaps only Mof. This explanation is attractive because it allows for selection in males only 582 

(where the DCC assembles) to shape the gene expression profile of the X chromosome in both 583 

sexes, where we observe the paucity of X-linked genes with context-dependent expression. 584 

This is analogous to how a shared genome prevents the evolution of sexual dimorphism 585 

because of inter-sexual phenotypic correlations (Rowe et al. 2018). Consistent with the 586 

evolutionary explanation, DCC bound genes have slower evolving gene expression levels than 587 

X-linked unbound genes (Meisel et al. 2012b), suggesting that the DCC may inhibit the 588 

evolution of gene expression. Similarly, X-linked genes whose expression levels changed more 589 

during a laboratory evolution experiment were further from an HAS (Abbott et al. 2020). It is 590 

worth noting, however, that the mechanistic and evolutionary explanations are not mutually 591 

exclusive, and additional work is necessary to evaluate how well each can explain the effect of 592 

the DCC, or Mof in particular, on the unique gene content of the Drosophila X chromosome.   593 

Regardless of the mode of action, the variance dampening hypothesis could also explain 594 

the differences in gene content between mammalian and Drosophila X chromosomes. The 595 

mammalian X has an excess of genes with tissue-specific expression (Lercher et al. 2003; 596 

Meisel et al. 2012a), in contrast to the deficiency of genes with context-dependent expression 597 

on the D. melanogaster X chromosome. A dosage limit hypothesis has been proposed to 598 

explain the excess of narrowly expressed genes on the mammalian X chromosome because 599 

broadly expressed genes have a higher maximal expression (Hurst et al. 2015). Evidence for 600 

large-scale up-regulation of the mammalian X is much weaker than the evidence that the 601 

Drosophila DCC up-regulates X-linked expression (Xiong et al. 2010; Pessia et al. 2012; Lin et 602 

al. 2012; Deng et al. 2013; Mank 2013; Gu and Walters 2017; Deng and Disteche 2019). 603 

Therefore, the taxon-specific peculiarities of dosage compensation could explain the differences 604 

in X chromosome gene content between Drosophila and mammals. Specifically, only in 605 

Drosophila is there evidence for a variance dampener that targets X-linked genes, whereas 606 

dosage limits may be more pronounced in mammals.  607 

Exceptions to the rules are also evidence for the DCC as a variance dampener 608 

 We observed exceptions to the general relationships between DE genes, X-linkage, and 609 

the DCC within specific treatments. For example, there was an excess of DE genes on the X 610 

chromosome after cocaine or starvation treatments (Figure 4). In addition, some of the 611 

correlations between log2FC and distance from an HAS were in opposite directions depending 612 

on the treatment (Figures 6 and 7). We discuss these exceptions below, explain how they are 613 

consistent with the variance dampener hypothesis despite the atypical patterns, and describe 614 
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how they can help us discriminate between the mechanistic and evolutionary explanations for 615 

the reduced DE on the X chromosome.  616 

 Excess of X-linked DE genes in brain: In both of the brain samples analyzed (starvation 617 

and cocaine treatments), we observed an excess of X-linked DE genes (Figure 4). The cocaine 618 

treatment resulted in an excess of both up- and down-regulated genes, whereas the starvation 619 

treatment only caused an excess of up-regulated genes. There is a similar enrichment of X-620 

linked genes with male-biased expression in D. melanogaster brain (Huylmans and Parsch 621 

2015). Multiple genes that encode DCC proteins, including msl-2 and mle, are highly expressed 622 

in brain (Chintapalli et al. 2007; Straub et al. 2013; Vensko and Stone 2014; Huylmans and 623 

Parsch 2015), as are the non-coding RNAs that assemble with the DCC (Amrein and Axel 1997; 624 

Meller et al. 1997). If the DCC inhibits context-dependent differential expression, we may expect 625 

fewer X-linked DE genes in the brain because of the high expression of the DCC components. It 626 

is therefore surprising that we observe the opposite pattern in the brain.  627 

Despite the excess of X-linked up-regulated genes in the brain after either starvation or 628 

cocaine, we observed that DE genes in both treatments are less likely to be bound by the DCC, 629 

consistent with most other treatments (Figure 5). Moreover, X-linked DE genes after cocaine 630 

treatment were further from an HAS, similar to other treatments (Figure 7). These observations 631 

are consistent with the hypothesis that the DCC is a variance dampener, but they do not explain 632 

why the unbound X-linked genes are more likely to be DE in the brain than in other tissues.  633 

 One explanation for an excess of X-linked DE genes in the brain is the heterogeneity of 634 

dosage compensation across the X chromosome in brain cells. Belyi et al. (2020) observed 635 

greater position effects on brain gene expression than expression in non-brain head tissus for 636 

transgenes inserted on the X chromosome. This suggests that the X chromosome is more of a 637 

patchwork of DCC-bound and unbound regions in the brain than in other tissues. The unbound 638 

regions may allow for context-dependent transcriptional regulation of X-linked genes in the brain 639 

more than in other tissues where DCC-binding is more uniform.  640 

Excess of X-linked DE genes after cocaine treatment:  The excess of X-linked DE genes 641 

after cocaine treatment points to a possible mechanism to explain the context-dependent 642 

transcriptional regulation of X-linked genes unbound by the DCC. Cocaine affects chromatin in 643 

neural cells by reversing trimethylation of histone H3 at lysine 9 (H3K9me3), a repressive 644 

chromatin mark, leading to de-repression of genes and repetitive elements that would normally 645 

be silenced (Kumar et al. 2005; Renthal et al. 2007; Maze et al. 2011; Covington et al. 2011). 646 

We observed that the majority of X-linked genes that were up-regulated following cocaine 647 

treatment in D. melanogaster brain were not bound by the DCC (Figure 5A), and previous work 648 

showed that unbound genes are more likely to be associated with repressive chromatin marks 649 

than DCC-bound genes (Meisel et al. 2012b). Therefore, the X-linked DE genes after cocaine 650 

treatment are probably located in chromatin that was unbound by the DCC, and cocaine 651 

induced a conversion from repressive to transcriptionally active chromatin. Importantly, this 652 

interpretation is consistent with the hypothesis that the DCC is a variance dampener and X-653 

linked genes unbound by the DCC are more likely to have context-dependent expression. 654 

Future work should evaluate if chromatin state was in fact altered in X-linked unbound genes in 655 

neuronal cells following cocaine treatment.  656 

Genotypic differences help discriminate between mechanistic and evolutionary 657 

explanations: We observed different patterns following copper treatment depending on whether 658 
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the flies were sensitive or resistant. Many more X-linked genes were down-regulated in 659 

sensitive flies, and this was accompanied by an equivalent enrichment of down-regulated 660 

autosomal genes (Figure 4B). The down-regulated X-linked genes were extremely biased 661 

toward those unbound by the DCC (Figure 5B), consistent with our hypothesis that the DCC is a 662 

variance dampener. However, there was a difference between sensitive and resistant flies in the 663 

correlation of log2FC and distance from an HAS. In sensitive flies, the correlation was positive 664 

when we considered |log2FC| or genes with log2FC>0 (Figure 7A–B), consistent with more 665 

differential expression further from an HAS. In resistant flies, the correlation was positive for 666 

genes with log2FC<0 (Figure 7C), suggesting that genes further from an HAS were less down-667 

regulated. One possible explanation for this discrepancy is that, because there were so few DE 668 

genes in resistant flies, the correlation between log2FC and distance from an HAS differed from 669 

other treatments (possibly because few genes have extreme negative log2FC values). This 670 

explanation is not well supported because other treatments had even fewer DE genes (e.g., 671 

Zika virus and starvation), yet the correlations between log2FC and distance from an HAS in 672 

those other treatments were in the same directions as in the treatments with more DE genes 673 

(Figures 6 and 7). Alternatively, resistance to copper (or any treatment) may affect the 674 

relationship between gene expression and the DCC.  675 

Regardless of the causes of the differences between copper sensitive and resistant flies, 676 

the comparison is informative for evaluating the mechanistic and evolutionary explanations for 677 

the relationship between DE genes and DCC binding. Copper resistant flies are likely to 678 

resemble genotypes that would emerge following adaptation to copper exposure. As described 679 

above, X-linked DE genes in copper resistant flies were not necessarily further from an HAS 680 

(Figure 7). In contrast, X-linked DE genes in copper sensitive flies were further from an HAS, 681 

similar to what was observed in most other treatments (Figure 7). Therefore, adaptation may not 682 

necessarily lead to the evolved relationship between X-linked DE genes and the DCC that we 683 

observed, which could be interpreted as support for the mechanistic explanation for X-autosome 684 

differences. However, there are clear evolved differences between the X and autosomes, such 685 

as the absence of X-linked AMP genes (Hill-Burns and Clark 2009) and deficiency of X-linked 686 

accessory gland expressed genes (Swanson et al. 2001; Ravi Ram and Wolfner 2007; Meisel et 687 

al. 2012a), which cannot be explained by the mechanistic explanation. This leads us to 688 

conclude that both mechanistic effects of the DCC (or Mof) and evolved X-autosome differences 689 

are responsible for the paucity of X-linked DE genes. The evolved X-autosome differences are 690 

likely the result of selection against X-linked genes with context-dependent expression in 691 

response to both the variance dampening effects of the DCC/Mof and dosage limits of the 692 

haploid X chromosome in males.  693 

MATERIALS AND METHODS 694 

General statistical analysis 695 

 The analyses and figure generation were performed in R (R Core Team 2019) using the 696 

following packages: boot (Davison and Hinkley 1997; Canty and Ripley 2021), corpcor (Schäfer 697 

and Strimmer 2005; Schafer et al. 2017), ggplot2 (Wickham 2016), ggridges (Wilke 2021), and 698 

cowplot (Wilke 2020). Additional R packages were used for specific analyses, as described 699 

below.  700 
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RNA-seq data analysis 701 

 We analyzed available RNA-seq data to test for differential expression between control 702 

D. melanogaster and flies that received a bacterial, viral, or abiotic treatment (Supplementary 703 

File 1). In one dataset, D. melanogaster adult males were infected with one of ten different 704 

bacteria or a control treatment (Troha et al. 2018). For that experiment, we used RNA-seq data 705 

from 12 hours post treatment for only live (not heat-killed) bacteria, which we downloaded as 706 

fastq files from the NCBI sequence read archive (BioProject PRJNA428174). We only included 707 

bacterial treatments with at least 50 DE genes relative to the control condition (see below for 708 

methods used to identify DE genes), which was 5/10 treatments. In another data set, we 709 

compared gene expression 8 h following injection of Providencia rettgeri with uninfected flies, in 710 

males and females separately (Duneau et al. 2017). In a third data set, we analyzed the 711 

response to infection at 19 different timepoints from 1 h to 120 h after injection of E. coli-derived 712 

crude lipopolysaccharide (Schlamp et al. 2021). Other datasets include exposure to one of two 713 

different viral infections, copper, starvation, radiation, and cocaine (Palmer et al. 2018; Prasad 714 

and Hens 2018; Harsh et al. 2020; de Oliveira et al. 2021; Green et al. 2021; Baker et al. 2021). 715 

A full list of accession numbers is provided in Supplementary File 1.  716 

Raw RNA-seq reads were assigned to annotated D. melanogaster transcripts (r6.22) 717 

using kallisto v0.44.0 (Bray et al. 2016). Read counts for all transcripts from each gene were 718 

summed to obtain gene-level expression estimates, and the counts per gene were then rounded 719 

to the nearest integer. For a given treatment, we only considered genes with at least 10 mapped 720 

reads total across all replicates from control and treatment samples. The integer counts were 721 

used as input into DESeq2 (Love et al. 2014), which we used to identify DE genes between the 722 

treatment and control samples (see below). We performed a principal component analysis 723 

(PCA) on regularized log transformed read counts to identify replicate samples that were 724 

outliers relative to other replicates of the same sample type. We identified one outlier male 725 

control replicate in the Kallithea virus data, which we excluded from all subsequent analyses.  726 

We identified DE genes based on the false-discovery rate (FDR) corrected p-value (pADJ) 727 

and log2FC of treatment to control expression. Genes were considered up-regulated in a 728 

treatment if pADJ < 0.05 and log2FC > 1 (i.e., a significant 2-fold increase upon treatment). 729 

Similarly, genes were considered downregulated if pADJ < 0.05 and log2FC < -1 (i.e., a significant 730 

2-fold decrease upon treatment). DE genes are those that are either up- or down-regulated in a 731 

given treatment (i.e., pADJ < 0.05 and |log2FC| > 1). We only included datasets with at least 50 732 

DE genes between treatment and control samples.  733 

We also analyzed the bacterial infection data considering all Gram-negative or Gram-734 

positive bacteria from Troha et al. (2018) as a treatment group. In this case, we used a 735 

statistical model that examined the effect of treatment (bacteria or control), with strain nested 736 

within bacterial treatment. This was done separately for all Gram-negative bacteria and all 737 

Gram-positive bacteria. DE genes, as well as up- and down-regulated genes, were identified 738 

using the same pADJ and log2FC criteria described above.  739 

In cases where both female and male RNA-seq data were available (cocaine and 740 

Kallithea virus), we performed two separate analyses focusing on the effect of the treatment 741 

(i.e., not on the effect of sex) on gene expression. First, we analyzed the male and female data 742 

together using a linear model that included the effect of treatment and the interaction of 743 

treatment and sex. From this analysis, we extracted genes that were DE based on the treatment 744 
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effect. Second, we analyzed data from the two sexes separately using a model that only 745 

included the effect of treatment (i.e., the same way we analyzed data from other treatments 746 

without separate sex samples).  747 

We did not analyze raw RNA-seq data (i.e., Illumina sequence reads) for two of the 748 

infection datasets. First, we obtained previously identified DE genes from the time course 749 

analysis of expression following infection (Schlamp et al. 2021). Second, raw data were not 750 

available from an experiment in which male and female D. melanogaster were infected with 751 

bacteria (Duneau et al. 2017), but processed data were available from FlySexsick-seq 752 

(http://flysexsick.buchonlab.com). For those data, we compared gene expression between 753 

unchallenged flies and 8 h following injection of Providencia rettgeri. Only expression levels 754 

(and no p-values) were provided for these data, and we therefore considered genes to be 755 

differentially expressed based on a variety of log2FC cutoffs.  756 

We determined a null expectation for the number of X-linked DE genes by multiplying 757 

the fraction of autosomal genes that are DE by the total number of X-linked genes with 758 

expression measurements. Similar calculations were performed to determine a null expectation 759 

for up- or down-regulated X-linked genes.  760 

DCC binding 761 

 Data on DCC binding in the D. melanogaster genome was obtained from a published 762 

chromatin immunoprecipitation followed by microarray (ChIP-chip) experiment in which genes 763 

were classified as bound by the DCC in SL2 embryonic cells, clone 8 wing imaginal disc cells, 764 

and embryos (Alekseyenko et al. 2006). For the purpose of our analysis, we considered a gene 765 

to be bound by the DCC if it was bound in at least one of the three samples. We also obtained 766 

HAS locations from two different published data sets (Alekseyenko et al. 2008; Straub et al. 767 

2008). Using these HAS locations, we calculated the distance of each X chromosome gene to 768 

the nearest HAS in nucleotides.  769 

Tissue-specific expression 770 

We obtained microarray measurements of gene expression from 14 unique adult 771 

D. melanogaster tissues from FlyAtlas (Chintapalli et al. 2007). Of the 14 tissues, 4 are sex-772 

specific (testis and accessory gland from males, and ovary and spermatheca from females), and 773 

the remaining 10 tissues (brain, eye, thoracicoabdominal ganglion, salivary gland, crop, midgut, 774 

malpighian tubule, hindgut, heart, and fat body) are shared by both males and females (i.e., 775 

non-sex-specific). We used these data to calculate expression breadth (𝜏) for each gene:  776 

 777 

𝜏=
∑ 1−

log𝑆𝑖
log𝑆𝑚𝑎𝑥

𝑁
𝑖=1

𝑁−1 , 778 

 779 

where 𝑁 is the number of tissues analyzed (10 for the non-sex-specific tissues, and 14 for all 780 

adult tissues), 𝑆𝑖 is the gene expression level in tissue 𝑖 (measured as average signal intensity 781 

for all microarray probes assigned to that gene), and 𝑆𝑚𝑎𝑥 is the maximum 𝑆𝑖 across all 𝑁 782 

tissues (Yanai et al. 2005). All 𝑆𝑖 < 1 were set to 1 so that 𝑙𝑜𝑔 𝑆𝑖 ≥ 0, as done previously 783 

(Larracuente et al. 2008; Meisel 2011; Meisel et al. 2012a). Values for spermatheca from mated 784 

and unmated females were averaged to create a single 𝑆𝑖 for spermatheca (Meisel 2011). We 785 

calculated 𝜏 separately for all 14 unique adult tissues and for the 10 non-sex-specific tissues. 786 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 28, 2022. ; https://doi.org/10.1101/2021.11.22.469548doi: bioRxiv preprint 

https://paperpile.com/c/lRefLe/AYSu
https://paperpile.com/c/lRefLe/AYSu
https://paperpile.com/c/lRefLe/AYSu
https://paperpile.com/c/lRefLe/ZZbG
https://paperpile.com/c/lRefLe/ZZbG
https://paperpile.com/c/lRefLe/ZZbG
https://paperpile.com/c/lRefLe/0j5ar
https://paperpile.com/c/lRefLe/0j5ar
https://paperpile.com/c/lRefLe/0j5ar
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XwjoS+wuCNm
https://paperpile.com/c/lRefLe/XdTLl
https://paperpile.com/c/lRefLe/XdTLl
https://paperpile.com/c/lRefLe/XdTLl
https://paperpile.com/c/lRefLe/uCS3J
https://paperpile.com/c/lRefLe/uCS3J
https://paperpile.com/c/lRefLe/uCS3J
https://paperpile.com/c/lRefLe/5NzRj+5Jco+UbzDm
https://paperpile.com/c/lRefLe/5NzRj+5Jco+UbzDm
https://paperpile.com/c/lRefLe/5NzRj+5Jco+UbzDm
https://paperpile.com/c/lRefLe/5NzRj+5Jco+UbzDm
https://paperpile.com/c/lRefLe/5NzRj+5Jco+UbzDm
https://paperpile.com/c/lRefLe/5NzRj
https://doi.org/10.1101/2021.11.22.469548
http://creativecommons.org/licenses/by-nc/4.0/


 

24 

We also identified the tissue where expression is highest for every gene that has 𝑆𝑚𝑎𝑥 > 100 787 

and where expression was detected for at least one probe in all 4 replicate arrays in that tissue.  788 

 789 
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Supplemental Figures 1033 

 1034 
Supplemental Figure S1. The percent of genes on each chromosome arm that are differentially 1035 

expressed following infection with one of five bacteria in male D. melanogaster is shown. Genes are 1036 

either (A) up-regulated, (B) downregulated, or (C) differentially expressed (sum of up- and down-1037 

regulated). The percent of differentially expressed genes across the entire genome is shown as a dashed 1038 

line. Asterisks indicate chromosomes where the percent of genes is significantly different from the rest of 1039 

the genome (*P<0.05, **P<0.005, or ***P<0.0005 in Fisher’s exact test).  1040 
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 1042 
Supplemental Figure S2. The percent of genes on each chromosome arm that are differentially 1043 

expressed following infection with at least 1, 2, 3, or 4 different bacteria in male D. melanogaster is 1044 

shown. Genes are either (A) up-regulated, (B) downregulated, or (C) differentially expressed (sum of up- 1045 

and down-regulated). The percent of differentially expressed genes across the entire genome is shown as 1046 

a dashed line. Asterisks indicate chromosomes where the percent of genes is significantly different from 1047 

the rest of the genome (*P<0.05, **P<0.005, or ***P<0.0005 in Fisher’s exact test).  1048 
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 1050 
Supplemental Figure S3. The rank order of chromosome arms is shown according to the percent of 1051 

differentially expressed genes in each of five different bacterial treatments. The chromosome arm that 1052 

has the highest percent of differentially expressed genes is ranked as 5, and the chromosome with the 1053 

lowest percent is ranked as 1. Genes are either (A) up-regulated, (B) downregulated, or (C) differentially 1054 

expressed (sum of up- and down-regulated). The mean ranks for each chromosome are shown as black 1055 

dots and solid lines.    1056 
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 1057 
Supplemental Figure S5. The rank order of chromosome arms is shown according to the percent of 1058 

differentially expressed genes in at least one, two, three, or four bacterial treatments. The chromosome 1059 

arm that has the highest percent of differentially expressed genes is ranked as 5, and the chromosome 1060 

with the lowest percent is ranked as 1. Genes are either (A) up-regulated, (B) downregulated, or (C) 1061 

differentially expressed (sum of up- and down-regulated). The mean ranks for each chromosome are 1062 

shown as black dots and solid lines.    1063 
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 1064 
Supplemental Figure S5. Distributions of log2FC following bacterial infection for X-linked (X) and 1065 

autosome (A) genes in D. melanogaster males. Asterisks show significant differences between X and 1066 

autosomes within a treatment (**P<0.005; *****P<0.000005; Mann-Whitney test).  1067 
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Supplemental Figure S6. The percent of genes on each chromosome arm that are differentially 1070 

expressed following viral and abiotic treatments is shown. Bars are colored by the sex of the flies used in 1071 

each treatment (see legend). Genes are either (A) up-regulated, (B) downregulated, or (C) differentially 1072 

expressed (sum of up- and down-regulated). The percent of differentially expressed genes across the 1073 

entire genome is shown as a dashed line. Asterisks indicate chromosomes where the percent of genes is 1074 

significantly different from the rest of the genome (*P<0.05, **P<0.005, or ***P<0.0005 in Fisher’s exact 1075 

test).  1076 

 1077 
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 1079 
Supplemental Figure S7. The rank order of chromosome arms is shown according to the percent of 1080 

differentially expressed genes in viral and abiotic treatments. The chromosome arm that has the highest 1081 

percent of differentially expressed genes is ranked as 5, and the chromosome with the lowest percent is 1082 

ranked as 1. Genes are either (A) up-regulated, (B) downregulated, or (C) differentially expressed (sum of 1083 

up- and down-regulated). The mean ranks for each chromosome are shown as black dots and solid lines.    1084 
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 1085 
Supplemental Figure S8. The percent of X-linked DCC-bound (black) and unbound (gray) genes that are 1086 

up-regulated (A), down-regulated (B), or differentially expressed (C) are shown for each treatment and 1087 

sample type (in parentheses). Asterisks show a significant difference in the percent between DCC-bound 1088 

and unbound genes (*P<0.05 in Fisher’s exact test).  1089 
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 1091 
 1092 

Supplemental Figure S9. Partial correlations between distance from a DCC high affinity site (HAS), 1093 

tissue-specificity (tau), and log2FC (LFC) are shown for each treatment. Error bars show the 95% 1094 

confidence interval from 1,000 bootstrap replicate samples of X-linked genes. The analysis was 1095 

performed on absolute values of log2FC of all genes (A), genes with positive log2FC>0 (B), or genes with 1096 

negative log2FC<0 (C). Tissue-specificity values (𝜏) were calculated using all 14 adult tissues. HAS were 1097 

taken from Alekseyenko et al. (2008).  1098 
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 1100 
 1101 

Supplemental Figure S10. Partial correlations between distance from a DCC high affinity site (HAS), 1102 

tissue-specificity (tau), and log2FC (LFC) are shown for each treatment. Error bars show the 95% 1103 

confidence interval from 1,000 bootstrap replicate samples of X-linked genes. The analysis was 1104 

performed on absolute values of log2FC of all genes (A), genes with positive log2FC>0 (B), or genes with 1105 

negative log2FC<0 (C). Tissue-specificity values (𝜏) were calculated using all 14 adult tissues. HAS were 1106 

taken from Straub et al. (2008).  1107 
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 1109 
 1110 

Supplemental Figure S11. Partial correlations between distance from a DCC high affinity site (HAS), 1111 

tissue-specificity (tau), and log2FC (LFC) are shown for each treatment. Error bars show the 95% 1112 

confidence interval from 1,000 bootstrap replicate samples of X-linked genes. The analysis was 1113 

performed on absolute values of log2FC of all genes (A), genes with positive log2FC>0 (B), or genes with 1114 

negative log2FC<0 (C). Tissue-specificity values (𝜏) were calculated using 10 non-sex-specific tissues. 1115 

HAS were taken from Alekseyenko et al. (2008).  1116 
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 1118 
 1119 

Supplemental Figure S12. Partial correlations between distance from a DCC high affinity site (HAS), 1120 

tissue-specificity (tau), and log2FC (LFC) are shown for each treatment. Error bars show the 95% 1121 

confidence interval from 1,000 bootstrap replicate samples of X-linked genes. The analysis was 1122 

performed on absolute values of log2FC of all genes (A), genes with positive log2FC>0 (B), or genes with 1123 

negative log2FC<0 (C). Tissue-specificity values (𝜏) were calculated using 10 non-sex-specific-tissues. 1124 

HAS were taken from Straub et al. (2008).  1125 
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 1127 
 1128 

Supplemental Figure S13. Partial correlations between log2 fold-change in expression between 1129 

treatment and control (log2FC) and distance from a dosage compensation complex high affinity site 1130 

(HAS). Partial correlations were calculated based on rank order correlations between log2FC, distance 1131 

from an HAS, and tissue expression breadth. Each dot shows the partial correlation between log2FC and 1132 

distance from an HAS, with the error bars representing 95% confidence intervals from 1,000 bootstrap 1133 

replicates of the data. The X-axis shows the specific treatment. Dots and error bars are colored based on 1134 

the sex of the flies used in the experiment (see legend). HAS were obtained from the Straub et al. (2008) 1135 

data set. Expression breadth was calculated using microarray data from either 14 unique adult tissues 1136 

(left) or 10 adult tissues that are not sex-specific (right). Partial correlations are plotted with |log2FC| 1137 

values for all genes (A), only genes with log2FC>0 (B), and only genes with log2FC<0 (C).   1138 
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