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ABSTRACT

Genes are often differentially expressed between males and females. In Drosophila

melanogaster, the analysis of sex-biased microRNAs (short non-coding regulatory molecules)

has revealed striking differences with protein-coding genes. Mainly, the X chromosome is

enriched in male-biased microRNA genes, although it is depleted of male-biased protein-coding

genes. The paucity of male-biased genes in the X chromosome is generally explained by an

evolutionary process called demasculinization. I suggest that the excess of male-biased

microRNAs in the X chromosome is due to high-rates of de novo emergence of microRNAs, a

tendency of novel microRNAs in the X chromosome to be expressed in testis, and to a lack of a

demasculinization process. To test this hypothesis I analysed the expression profile of

microRNAs in males, females and gonads in D. pseudoobscura, in which an autosome

translocated into the X chromosome effectively becoming part of a sex chromosome (neo-X). I

found that the pattern of sex- biased expression is generally conserved between D. melanogaster

and D. pseudoobscura. Also, orthologous microRNAs in both species conserve their

chromosomal location, indicating that there is no evidence of demasculinization or other

inter-chromosomal movement of microRNAs. D. pseudoobscura-specific microRNAs in the

neo-X chromosome tend to be male-biased and particularly expressed in testis. In summary, the

apparent paradox resulting from male-biased protein-coding genes depleted in the X

chromosome and an enrichment in male-biased microRNAs is a consequence of different

evolutionary dynamics between coding genes and short RNAs.
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INTRODUCTION

Gene expression is tightly regulated by mechanisms that make gene products to be expressed in

specific organs at specific times. This spatiotemporal control of gene expression determines the

development of fertilised eggs into adult organisms (Wolpert et al. 2006; Davidson 2006). In

organisms with two sexes a large fraction of genes are also differentially expressed between

males and females (Parisi et al. 2003; Ranz et al. 2003). Also, most male or female specific

expression occurs in the gonads, alhough other tissues also show sex-expression bias (Parisi et

al. 2004; Chang et al. 2011). Female biased genes tend to be located in the X chromosome (in

XY systems) although male-biased genes tend to be depleted in the X chromosome (Parisi et al.

2003; Ranz et al. 2003; Khil et al. 2004).

In the model species Drosophila melanogaster the study of sex-biased expression indicates that

male-biased genes often appear in the X chromosome (Arguello et al. 2006; Levine et al. 2006;

Begun et al. 2007; Chen et al. 2007), but they are later retroposed (copied) to an autosome and

the original copy is eventually lost (Zhang et al. 2010b). This process, called

‘demasculinization’, was predicted already by early theoretical models (Rice 1984), and recent

works seems to support it (Jiang and Machado 2009; Bachtrog et al. 2010; Zhang et al. 2010a;

b), although there is still some controversy around it alternative models should be taken into

consideration (Meiklejohn and Presgraves 2012). However, these conclusions cannot be

extrapolated to all gene products, as most work on sex-biased expression has been focused on a

specific type of gene: protein-coding genes. Characterising the distinct evolutionary dynamics of
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different types of genes is paramount in evolutionary biology, as it can reveal how genetic and

genomic features influence, and ultimately determine, the fate of genes (Lynch 2007).

MicroRNAs, short RNA post-transcriptional regulators [reviewed in (Bartel 2004; Axtell et al.

2011; Marco et al. 2013a)], are also expressed differently in males and in females (Marco et al.

2013b; Marco 2014, 2015). Although an early investigation suggested that they were also subject

to demasculinization (Zhang et al. 2010b), a more recent work indicates that this is probably not

the case (Marco 2014). Indeed, male microRNAs tend to be enriched in the X chromosome

(Mishima et al. 2008; Li et al. 2010), contrary to what is observed in protein-coding genes. In D.

melanogaster novel microRNAs in the X chromosome are often expressed in testis and most are

evolutionarily young (Marco 2014). To investigate the evolutionary dynamics of microRNAs in

the X chromosome  I characterised the sex-biased microRNA complement of the species

Drosophila pseudoobcura, which diverged from D. melanogaster about 25 Myr ago, and had an

autosome translocated into an X-chromosome, becoming a recently evolved X-chromosome (or

neo-X).

MATERIAL AND METHODS

Sample collection: The work was done with a Drosophila pseudoobscura stock kindly donated

by Tom Price (University of Liverpool) and Nina Wedell (University of Exeter), collected in

Show Low (Arizona, USA). All flies were kept at 18ºC on cornmeal based media, with 12 hours

light/dark cycles. Adult males and females were collected at age 7 days. Fertilized eggs were
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collected from virgin females in population cages (about 30-50 females) in cycles of 12 hours.

Virgin females were allowed to lay eggs in control vials to ensure they were virgins. We

discarded population cages with females coming from control vials having larvae within two

weeks (in these experiments, it only happened once). Eggs were collected with a sieve and

washed with wash solution (NaCl 100 mM, Triton X-100 0.7 mM) and water.

RNA extraction and sequencing: Total RNA from samples was extracted using TRIzol (Life

Technologies) as recommended by the manufacturer. RNA was dissolved in RNase-free water.

For small RNA sequencing I used the TruSeq Small RNA Sample Preparation Kit (Illumina) to

generate the cDNA library using selected constructs of sizes 145 to 160 bp in a 6% PAGE gel,

and precipitated in ethanol. DNA integrity was checked with TapeStation (Agilent). Samples

were sequenced in-house with an Illumina MiSeq sequencing machine.

Data analysis: Reads were mapped to the Drosophila pseudoobscura genome sequence

assembly 104 (Liao et al. 2021) with HISAT2 version 2.2.1 (Kim et al. 2019) using default

parameters. Raw reads were deposited in Gene Expression Omnibus (GEO) at NCBI with

accession number GSE179989. Additionally, reads from other D. pseudoobscura samples were

retrieved from GEO: GSE98013 (Mohammed et al. 2018) (two males and one female samples) and

GSE48017 (Lyu et al. 2014) (one ovary and one testis samples) and also mapped to the same

reference genome. Reads from D. melanogaster SRR016854, SRR018039, SRR069836 and

SRR069837 (Chung et al. 2008; Roy et al. 2010) were mapped with the same method to the

reference genome dm6 (Hoskins et al. 2015). Adapters were trimmed with Cutadapt 1.18 (Martin
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2011) prior to mapping. Read counts were obtained with featureCounts 2.0.2 (Liao et al. 2014)

using the annotation coordinates from miRBase release 21 (Kozomara et al. 2018) and the

additional microRNAs annotated by (Mohammed et al. 2018), and microRNAs not supported by

this study were also removed from the analysis. Differential gene expression was conducted with

DESeq2 version 1.24.0 (Love et al. 2014 p. 2) with local fitting, using the model expression ~

batch + sex, where batch is the sequencing run. All data generated and scripts to reproduce

the full analysis is available from GitHub: https://github.com/antoniomarco/miRpseudoobscura

RESULTS

In order to characterize differentially expressed microRNAs between males and females in D.

pseudoobscura I generated and sequenced small RNA libraries from males and young

unfertilised females (see Methods). There are available small RNA datasets for males and

females of this species (Mohammed et al. 2018). However, these datasets have either no

biological replicates, or they have been sequencing using different library construction methods.

Hence, I sequenced male and female samples in two paired sequencing reactions (one male

sample and one female sample in each sequencing array) using the same protocols. The

differential gene expression analysis was performed taking into account batch (paired) effects. In

any case, the log2 fold-changes computed for both sets of experiments (ours and the already

available) were similar, and a linear model to predict log2 fold-changes in the external dataset

from our values fitted very well (p < 0.001; R2 = 0.35; Supplementary Information).
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The analysis identified 21 microRNAs with a clear sex-biased expression profile at a False

Discovery Rate (FDR) of 10%, 10 overexpressed in females and 11 in males (Figure 1A). I then

reanalysed our previously generated D. melanogaster small RNA libraries using the method here

described. There were 100 orthologous microRNAs conserved between D. melanogaster and D.

pseudoobscura. The chromosome in which the microRNA is located (Muller element) is

conserved for all studied sequences, although some evidence of translocations and inversion are

observed within chromosomes (Figure 2). Importantly, there is not a single case of a microRNA

in one of the Drosophila species that moved to a different chromosome in the other species. In

other word, the analysis did not identify a single microRNA that moved out of a sex

chromosome to an autosome (or vice versa), a phenomena that is well described for

protein-coding genes, and it generally due to retroposition (see Discussion).

To investigate whether the expression profile of microRNAs change in a different chromosomal

context, I compared the sex-bias in expression of orthologogous microRNAs between both

Drosophila species. A scatter plot of the log2 fold-change values for pairs of orthologs reveals

that the expression bias is conserved between both species (Figure 1B). The female/male

expression bias is also conserved in microRNAs that are autosomal in D. melanogaster but that

are in the new-X chromosome in D. pseudoobscura (Figure 1B; fitted linear model p = 0.007

R2=0.3), showing evidence that the chromosomal context (sex versus autosomal) does not

change the sex-biased expression pattern.
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To evaluate the expression-bias of novel and conserved microRNAs depending on the

chromosomal context, I compared the expression bias (log2 fold-change) of novel and conserved

microRNAs in both autosomes and the X chromosome in D. pseudoobscura. Novel microRNAs

that emerged in the X chromosome tended to be male expressed compared to the other

microRNAs, although the difference was small (Figure 1C). However, when I compare the testis

to ovary expression ratio for microRNAs expressed in the gonads, it is clear that novel

microRNAs in the X tend to be overexpressed in testis (Figure 1D; p = 0.00018 Mann-Whitney

test).

DISCUSSION

In this work I characterised the sex expression patter of microRNAs in Drosophila

pseudoobscura to investigate the evolutionary dynamics of male expressed microRNAs. By

comparing the expression profile of D. pseudoobscura and D. melanogaster it was evident that

the sex-bias of microRNAs is largely conserved between both species. This is also the case for

microRNAs that were located in an autosome which became the neo-X arm after a translocation,

supporting that the relative expression between males and females does not depend on the

chromosomal context. In other words, male-biased microRNAs may acquire their expression

profile early during evolution, but then their expression is maintained even if the chromosome

acquires a sex chromosome status. The conservation of the expression bias as well as the

conservation of the chromosome in which microRNAs are located provides strong evidence

against demasculinization having any impact in microRNAs.
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The demasculinization model described in the Introduction assumes that male-expressed

(male-benefitial) genes are more likely to be evolutionarily lost if they are located in the X

chromosome, as damaging mutations are often lethal in hemizygosis (Figure 3A). Hence, gene

copies in the autosome are favoured while the ancestral X located copy is eventually lost

(Sturgill et al. 2007). The genes are copied by retroposition (Figure 3B), in which a reverse

transcriptase makes a DNA copy of the processed transcript which is inserted (by a retroviral

integrase) in the genome. The original copies of genes retroposed into the autosomes are

eventually lost (Figure 3C). This mechanism is highly unlikely, if not impossible, in microRNAs

since processed microRNA precursors leaving the nucleus (and therefore exposed to endogenous

reverse transcriptases) are short (less than 100 nucleotides) RNA molecules with an internal

hairpin structure (Bartel 2004), lacking a polyadenylation sequence that could be used as a

primer by the endogenous reverse transcriptases (Wei et al. 2001).

This work supports an alternative model of evolution. MicroRNAs have a high rate of turn-over.

That is, novel microRNAs appear at high frequencies (Figure 3D), which is less common in

protein-coding genes. Novel genes are often male-biased (Metta and Schlötterer 2008), and if

they are in the X they are frequently highly expressed in testis (this work). This bias in gene

expression of newly emerged microRNAs, together with the high rate of evolutionarily young

microRNA loss (Figure 3E) eventually leads to an enrichment of male (testis) expressed

microRNAs in the X chromosome (Figure 3F).

It is also important to keep into consideration that male-biased expression does not necessarily

mean beneficial for males, or that losing the gene males fertility will be compromised. Indeed,
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genes whose lack of function lead to infertility are male expressed, but the converse does not

hold true, male-biased genes are not generally fertility genes (Lindsley et al. 2013). Putting all

this together, this work strongly suggest that the X-chromosome is enriched in male-biased

microRNAs as a consequence of mutation bias (tendency of novel microRNAs in the X to be

male biased), lack of retroposition, and a conservation of the expression-bias independently of

the chromosomal context. In summary, the evidence supports that the chromosomal location of

sex-biased microRNAs is non-adaptive.
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FIGURE LEGENDS

Figure 1. Sex-biased expression of microRNAs in Drosophila pseudoobscura. (A) Smear plot

of expressed microRNAs. Black dots are differentially expressed genes between males and

females. The log2 fold-change in the Y-axis is positive for male-biased genes and negative for

female-biased genes. (B) Scatter-plot of log2 fold-change expression values of D. melanogaster

and D. pseudoobscura. Black dots represent microRNAs located in the neo-X chromosome in D.

pseudoobscura, and the other microRNAs are in grey, and black and grey straight lines represent

the linear model fitted to both groups respectively. Dashed line is the 1:1 ratio. (C) Log2

fold-change of male versus female expression for conserved or D. pseudoobscura specific

(novel) microRNAs, either autosomal (A) or in the X chromosome (X). (D) Log2 fold-change of

testis versus ovary expression.

Figure 2. Comparison of the chromosomal location of microRNAs between D. melanogaster

and D. pseudoobscura. Homologous chromosomes of both species are paired, and grey lines

connect the location of orthologous microRNAs.

Figure 3. Models of protein-coding and microRNA genes evolution. (A) Effect of deleterious

mutations in male genes. (B) Retroposition out of the X chromosome. (C) Deletion of the

original copy of a retroposed gene. (D) Emergence of novel microRNAs in the X chromosome

highly-expressed in testis (in blue) and in autosomes. (E) Random deleterious mutations in

microRNA genes. (F) Enrichment of male-biased microRNAs in the X chromosome. Details of

the models are in the main text.
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Figure 3
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Supplementary Figure 1

Supplementary Figure 1. Log2 fold-change values estimated with DESeq2 for male versus

female expression levels, for the dataset here described (GSE179989) and a previous set of

sequencing experiments (GSE98013).
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