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Abstract 
 

MicroRNAs (miRNA) are small non-coding RNAs, of approximately 

22 nucleotides in length, which play an important role in the post-tran-

scriptional regulation of gene expression. Post-transcriptional regula-

tion by miRNAs is achieved by direct translational inhibition or decay 

of other RNA molecules, or a combination of both of these mecha-

nisms. miRNAs are implicated in a large number of developmental pro-

cesses across the animal kingdom, underscoring their importance to bi-

ological research, and in particular, research relating to diseases states 

as a result of aberrant development. Investigation of the precise role of 

individual miRNAs or groups of miRNAs within cells requires the ac-

curate identification of miRNA targets. Limitations in experimental 

methods for the identification of miRNA targets, necessitates the use of 

computational algorithms for this purpose. However, accurate compu-

tational identification of miRNA targets can be difficult, due to the short 

six or seven nucleotide seed sequence of the miRNA which is used for 

the recognition of targets, leading to a large number of false positive 

predictions being made. In this thesis, I demonstrate how data from 

transcriptome-wide bulk RNA sequencing experiments can be used to 

increase the accuracy of miRNA target prediction workflows. Firstly, I 

show how data of this type can be used to generate 3’UTR annotations 

specific to the biological context in which sequencing occurred, and 

secondly, how it can be used to remove lowly expressed mRNA tran-

scripts from the target prediction process. Implementation of both of 

these steps in miRNA predictions workflows is shown in this thesis to 

increase prediction accuracy. In addition, I explore how data from bulk 

RNA Sequencing can be used in combination with data generated from 
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small RNA sequencing experiments in order to infer the regulatory ac-

tivity of individual miRNAs during given developmental processes. 
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Chapter 1: Introduction 
 

As miRNAs play a key role in the regulation of a wide range of devel-

opmental processes in animal species, it is important to understand how 

miRNAs act within cells in order to enact developmental change. To 

achieve this goal, we first must come to an understanding of how miR-

NAs target mRNA molecules in the cell, and next how miRNAs effect 

developmental change by acting concurrently on an ensemble of tar-

geted, cellular mRNA transcripts. In order to examine miRNA regula-

tory activity, it is helpful to gauge relative mRNA abundance levels 

within a cell for different experimental conditions or developmental 

time points. Bulk RNA sequencing technologies provide a method of 

determining mRNA expression levels across the combined transcrip-

tomes of a large number of cells. This enables researchers to examine 

the effect of miRNA perturbation on a potentially large number of tran-

scripts, making it a particularly useful tool for achieving the aims de-

scribed above. In this thesis, I demonstrate how data from RNA-Seq 

experiments can be used to increase the accuracy of miRNA target pre-

diction, and also how this data can be used in combination with small 

RNA sequencing data in order to determine the key regulators of devel-

opmental processes amongst a list of differentially expressed miRNAs. 

 

In the second chapter, background information is provided which will 

aid understanding of the remaining contents of this thesis. I examine the 

available literature in order to provide a more thorough description of 

the role of miRNAs within the cell, their evolution within diverse eu-

karyotic lineages, their biogenesis, as well as their relationship to other 

cellular small RNAs, allowing a greater understanding of miRNAs 
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within the context of general RNA and cellular biology. Important 

methodological research is also described including experimental and 

computational methods for predicting miRNA targets, as well as an as-

sessment of the accuracy, utility and limitations of these published 

methods. In addition, processes for the evaluation of miRNA and 

mRNA expression levels using RNA sequencing data, as well as meth-

ods used to annotate these classes of RNA molecules, with a focus on 

the annotation of the 3’UTRs of mRNA molecules, are discussed.  

 

In the third chapter, I detail the design, development, implementation 

and performance metrics of two different software applications relating 

to the identification of putative miRNA targets in animal species. With 

FilTar, I have released a dedicated command-line application which 

acts as a configurable animal miRNA target prediction workflow using 

previously released target prediction algorithms, as well as the imple-

mentation of additional pre-processing (i.e. 3’UTR reannotation) and 

post-processing (i.e. expression filtering) steps in order to improve pre-

diction accuracy. To complement FilTar, I also have released a web ap-

plication, FilTarDB, which provides the user with a graphical user in-

terface in order to allow them to interrogate a database of results gen-

erated using the FilTar workflow. 

 

In the fourth chapter, I assess the biological validity of using the Fil-

Tar approach for identifying putative miRNA targets. In particular, I 

evaluate the effects of both expression filtering and 3’UTR reannotation 

on target prediction accuracy by observing the effects of implementing 

these steps on analyses of data deriving from miRNA perturbation ex-

periments. In these experiments, miRNA mimics are transfected into 
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cell cultures which subsequently undergo RNA sequencing. RNA se-

quencing is also performed on mock transfected cell cultures. By per-

forming a differential expression analysis on data deriving from these 

two types of transfected cell cultures, the accuracy of different miRNA 

target prediction methods can be inferred. 

 

In the fifth chapter, using the specific biological context of tran-

scriptomic post-mating responses in Drosophila melanogaster (com-

mon fruit fly), I examine how RNA-Seq data can be used to not only to 

help infer direct miRNA-mRNA interactions, but also to help determine 

the regulatory activity and effectiveness of differentially expressed 

miRNAs for a given developmental process. This is achieved by exam-

ining the degree of repression of all predicted mRNA targets of a dif-

ferentially expressed miRNA in comparison to that of predicted non-

targets of the same miRNA.  

 

In chapter six, I perform a similar, but distinct analysis, though this 

time in the context of the naturally occurring sex transition develop-

mental process known to occur in Lates calcarifer (Asian seabass). In 

doing so, I highlight the utility of using combined mRNA-Seq and 

sRNA-Seq data to help infer key miRNA regulators for a diversity of 

developmental processes. 

 

Finally, in chapter seven, I conclude with a summary of the contents 

and main findings reported in this thesis, and also discuss future work 

which would be hoped to both extend the software applications devel-

oped as part of this thesis, and also advance knowledge and understand-

ing in this general research area. 
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Chapter 2: Background 
 

2.1  Overview 
 

miRNAs are short RNA molecules of approximately 22nt in length 

which guide the repression of other RNA molecules. They predomi-

nantly arise from a primary pol II-transcribed RNA transcript, which 

are processed to produce ~70nt stem-loop precursor miRNA structures. 

The miRNA precursor is then cleaved to produce the canonical ~22nt 

miRNA duplex, one strand of which is loaded into the argonaute effec-

tor protein (Bartel, 2018). 

  

In bilaterian animals, nucleotides 2-7 of the miRNA from the 5’ end 

determines the specificity of the miRNA-argonaute complex, and 

guides this complex to corresponding recognition elements on other 

RNA molecules, leading to the repression of these RNA targets (Bartel, 

2018). 

 

The primary function of miRNAs within the cell is to provide a post-

transcriptional layer of gene expression regulation, including, in partic-

ular the regulation of protein-coding genes, and sometimes within the 

context of intricate interaction networks between coding and non-cod-

ing RNAs. 

 

miRNA pathways can best be understood as one of three parallel arms, 

along with piwi-interacting RNAs (piRNAs) and short-interfering 

RNAs (siRNAs) of a general RNA interference (RNAi) pathway 
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(Almeida, et al., 2019). Therefore, in order to understand the specific 

biology of miRNAs within cells, it is appropriate to compare and con-

trast their biogenesis, structure and function with that of both piRNAs 

and siRNAs. 

 

As piRNAs and endogenous siRNAs can be described as having broad 

roles in genomic defence (Billi, et al., 2012), the specific role of miR-

NAs within the milieu of RNA-mediated control and regulation can be 

described as the post-transcriptional regulation of the expression of ca-

nonical, non-invading (i.e. ‘self’) genes of the genome, which has broad 

roles in development and general cellular homeostasis. This is in con-

trast to the role of piRNAs in regulating transposon expression and the 

generally unclear and heterogeneous role of siRNAs in animals. Figure 

2.1 summarises some of the known commonalities and differences be-

tween these three classes of small RNA (Bartel, 2018; Okamura and 

Lai, 2008; Weick and Miska, 2014): 

 

 

Figure 2.1 - A comparison of structural (blue text), biogenesis (green text) and 

functional (red text) differences and similarities between three different classes 

miRNA
siRNA

piRNA

• Similar length distributions
• sRNA duplexes are 5’ 

phosphorylated with a 2nt 3’ 
overhang on either end

• sRNA duplexes mostly 
generated from dicer molecules

• miRNAs duplexes are 
mostly generated from 
hairpin-like stem loop RNA 
structures ~70nt in length

• Precursor miRNA 
transcripts are themselves 
(mostly) generated from 
pol II transcripts

• Tend to be generated from long 
segments of dsRNA

• Multiple phased siRNA duplexes can be 
produced from the same dsRNA 
precursor 

• Possible species-specific function
• In some species, function can include 

repression of transposons, viral nucleic 
acid, protein-coding genes as well as the 
regulation of transcription

• Germline specific expression and 
functionality in some cases

• Generally ambiguous and 
heterogeneous functionality

• Guides argonaute 
proteins in order to 
repress gene expression

• Seed-based targeting 
mechanism

• Greater length distribution than 
miRNAs or siRNAs – up to ~31 nt

• Biogenesis distinct to that of 
siRNAs and piRNAs

• Is thought to predominantly 
function in silencing of transposon 
expression in the germline

• Evidence of phased 
sRNA production
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of small RNA involved in cellular gene silencing mechanisms: miRNAs, piR-

NAs and siRNAs. All three classes of sRNA can be distinguished in terms of their 

unique biogenesis. There are many structural similarities between these sRNA clas-

ses, and whilst miRNAs and piRNAs are functionally distinct – the function of en-

dogenous siRNAs seem to be heterogeneous and to a degree, unknown. 

 

2.2  Evolution of miRNAs 
 

miRNAs are found in a large and diverse number of basal eukaryotic 

lineages (Moran, et al., 2017). The origin of miRNAs cannot be traced 

to a single monophyletic group within the domain Eukarya, and basal 

lineages within this domain which possess miRNAs, such as the plant 

and animal kingdoms, lack miRNA sequence homology with each other 

(Bartel, 2004; Kozomara and Griffiths-Jones, 2010) suggesting the in-

dependent and thus convergent evolution of miRNAs on multiple occa-

sions through the course of eukaryote evolution (Axtell, et al., 2011; 

Jones-Rhoades, et al., 2006; Tarver, et al., 2012). A relatively rapid gain 

and loss of miRNA gene families and sequences within plants and non-

bilaterian animals (Moran, et al., 2017) could however suggest diver-

gent evolution with subsequent rapid change in miRNA gene function-

ality as an alternative explanation for these findings (figure 2.2). The 

existence of orthologues to the common miRNA protein machinery 

found in species ancestral to plants and animals supports this hypothesis 

(Moran, et al., 2017). Despite opposing views, there is a consensus that 

high quality miRNA annotations for a diverse number of species sam-

pled under diverse conditions are necessary to resolve issues of conten-

tion; either by revealing some previously undiscovered miRNA gene 

homology between species (Moran, et al., 2017), or by identifying false 

positive designations of miRNA gene loss (Tarver, et al., 2018). 
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Figure 2.2 - A model for the evolution of miRNA targeting mechanisms in dif-

ferent eukaryotic lineages as proposed in Moran et al. 2017 (Moran, et al., 

2017). In this model, all extant miRNA pathways divergently evolved from basal 

RNA-interference or ‘miRNA-like’ pathways, with subsequent loss of miRNA 

functionality in some clades. In addition, the seed match miRNA targeting mecha-

nism is proposed to have evolved in bilateria. 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: 

Springer Nature, Nature Ecology & Evolution, The evolutionary origin of plant and 

animal miRNAs, Moran, Y., Agron, M., Praher, D., & Technau, U., Copyright 2017 

(https://www.nature.com/articles/s41559-016-0027). 

 

At the molecular level, there are a number of mechanisms by which new 

miRNAs can evolve. Most simply, paralogous miRNAs can be formed 

from the duplication of existing miRNAs with subsequent nucleotide 
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substitution (Nozawa, et al., 2010). New miRNA genes can also be 

formed from the inverted duplication of existing genetic elements, such 

as protein-coding genes and transposable elements (Smalheiser and 

Torvik, 2005). Other known mechanism of miRNA formation are from 

introns of protein-coding genes, or from the formation of miRNAs from 

random sequences with a substantial degree of self-complementarity 

(De Felippes, et al., 2008). As regulatory elements, miRNAs only exist 

in relation to their targets, and perhaps unsurprisingly, a large degree of 

coevolution between miRNAs and their targets have been observed: Not 

only do predicted target sites generally exhibit greater conservation than 

surrounding regions (Lewis, et al., 2005), but the predicted targets of 

conserved miRNA seed families exhibit greater conservation than those 

of species-specific miRNA seed families (Penso-Dolfin, et al., 2018). 

In addition, another study found that in general, once evolved, that 

miRNA target site loss is generally disfavoured, and even mutations that 

alter the strength of existing target sites are also disfavoured, indicating 

the functional importance of not only the existence of miRNA target 

sites but the precise magnitude of their effect on the transcriptome 

(Simkin, et al., 2019).  

 

2.3  Biogenesis and crosstalk with RNAi pathways 
 

The biogenesis of miRNAs exists as one entry point, amongst others, 

of the broader regulatory pathway termed RNA interference (RNAi) 

(Fire, et al., 1998; Hannon, 2002; Sharp, 2001). RNAi involves the 

loading of double-stranded RNA (dsRNA) into the RNA-induced si-

lencing complex (RISC), followed by a selective degradation of one of 

the dsRNA strands (termed the passenger strand) and retention of the 
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remaining strand (i.e. the guide strand), which is subsequently used to 

guide RISC to RNA molecules with complementarity to the guide RNA 

(gRNA) for subsequent repression (Hannon, 2002). 

 

Before the initial discovery in 1998 by the labs of Andrew Fire and 

Craig Mello of the specific potency of dsRNA in directing RNA inter-

ference as opposed to the relatively weak effects of single-stranded 

RNA (ssRNA) (Fire, et al., 1998), it had long been known that both 

sense (Guo and Kemphues, 1995) and antisense (Fire, et al., 1991; Guo 

and Kemphues, 1995; Izant and Weintraub, 1984) ssRNA could lead to 

the repression of cognate RNA molecules. The mechanism by which 

the dsRNA led to the repression of ssRNA molecules, after these initial 

discoveries was unclear. In parallel to work completed in animal model 

organisms such as Drosophila melanogaster (common fruit fly) and 

Caenorhabditis elegans (a species of nematode worm), was work relat-

ing to the silencing of viral genes and transgenes in plants species: Cru-

cially, in the lab of David Baulcombe, it was discovered that ~25 nu-

cleotide antisense RNA molecules accumulated in samples in which 

there had been post-transcriptional gene silencing of a transgene and 

viral RNA (Hamilton and Baulcombe, 1999). In the study, it was hy-

pothesised that ‘...the 25-nucleotide antisense RNA is likely synthe-

sized from an RNA template...’ which was later experimentally con-

firmed for some cases when it was discovered that a plant RNA-de-

pendent RNA polymerase (RdRP) was necessary for transgene silenc-

ing but not for the silencing of RNA belonging to a virus (which en-

codes its own RNA polymerase) (Dalmay, et al., 2000). Transgene si-

lencing was also known to occur in cases of inverted repeated 

transgenes (Stam, et al., 1997), and in the case of sense and antisense 
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transgene co-expression (Waterhouse, et al., 1998), which was hypoth-

esised to lead to dsRNA formation by an RdRP-independent mecha-

nism (Dalmay, et al., 2000). These discoveries together linked the pro-

cesses of transcription, dsRNA formation, post-transcriptional gene si-

lencing, and the accumulation of small RNA antisense to targeted tran-

scripts. 

 

Further work was conducted in order to elucidate a mechanism for 

RNAi. Gregory Hannon and colleagues discovered RISC when they 

had taken extracts from Drosophila cells transfected with dsRNA in 

vivo, and co-fractionated a nuclease associated with a ~25nt RNA 

which degraded antisense transcripts (Hammond, et al., 2000). Addi-

tional work in the Hannon lab led to the discovery that an RNase III 

enzyme named dicer, possessing both helicase and endoribonuclease 

domains, could produce short, approximately ~22nt guide RNA from 

dsRNA, which is subsequently associated with RISC (Bernstein, et al., 

2001). In addition, it was discovered that it is an ATP-dependent un-

winding of the dsRNA into ssRNA which is necessary for the formation 

of the active RISC complex (Nykänen, et al., 2001). Further work re-

vealed that the argonaute-2 protein (AGO2) is an essential component 

of functional RISC complexes assembled as a response to dsRNA trans-

fection in D. melanogaster (Hammond, et al., 2001), which was later 

discovered to derive from AGO2’s role in the endonucleolytic cleavage 

of the target molecule (Liu, et al., 2004; Meister, et al., 2004). 

As mentioned previously, miRNA biogenesis serves as a one entry 

point into the more general RNA interference pathway. Experiments 

described so far elucidating the RNAi pathway mostly involved the 

transfection of exogenous RNA, or otherwise the viral infection or 
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transformation of plants by foreign genetic material. The discovery of 

miRNAs revealed one particular pathway by which RNA interference 

is activated by endogenous RNA. 

 

The discovery of miRNAs occurred in parallel to that of RNA interfer-

ence, although the relationship between miRNA processing and func-

tion and RNA interference was initially unclear or not known. In the 

labs of Victor Ambros and Gary Ruvkun it was discovered that in c. 

elegans, the lin-4 small RNA represses the LIN-14 protein, which was 

hypothesised to result from the antisense complementarity between lin-

4 and the 3’UTR of the lin-14 mRNA (Lee, et al., 1993; Wightman, et 

al., 1993). The generality of this proposed targeting mechanism for 

multiple c. elegans genes, and also across many species however was 

not initially realised. Many years later it was discovered that a second 

small RNA, let-7, with complementarity to the lin-14 3’UTR and many 

other c. elegans genes, regulated LIN-14 expression levels (Reinhart, et 

al., 2000). Crucially, unlike lin-4, let-7 was found to be conserved in a 

large number of bilaterian species (Pasquinelli, et al., 2000), suggesting 

the evolution of a highly conserved mechanism for the post-transcrip-

tional regulation of gene expression by endogenously produced small 

RNA molecules. The term ‘heterochronic’ was initially used to describe 

these RNA species, and later ‘small temporal RNAs’ (Ambros, 2001) 

to reflect observations that these RNA molecules are expressed at dif-

ferent stages of development, and regulate the transition between de-

velopmental states. The term ‘microRNA’ (Lagos-Quintana, et al., 

2001) came to be coined and extensively used for what was now a large 

number of discovered ~21-24nt RNA molecules which were predicted 

to derive from larger RNA molecules with hairpin like structures 

(Lagos-Quintana, et al., 2001; Lau, et al., 2001; Lee and Ambros, 
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2001), most of which were transcribed from genomic clusters of 3-6 

miRNA genes (Lagos-Quintana, et al., 2001).  

 

Studies provided evidence that miRNAs were utilising components of 

the RNA interference protein machinery in order to regulate develop-

mental timing: Inactivation of dicer and argonaute orthologues in C. 

elegans led to similar phenotypes as observed in lin-4 and let-7 mutants 

(Grishok, et al., 2001), whereas in D. melanogaster it was discovered a 

precursor RNA was cleaved in a dicer-like mechanism to produce let-

7, and that inactivation of dicer mRNA led to accumulation of the let-7 

precursor in humans (Hutvágner, et al., 2001).  

 

Although the previously described short-hairpin miRNA structures 

were known to be produced endogenously, at the beginning of the cen-

tury, their exact biogenesis was still unclear. By 2004, it was discovered 

that miRNA genes are transcribed by RNA polymerase II (Pol II), pro-

ducing transcripts which are both 5’ capped and polyadenylated at the 

3’ terminus (Cai, et al., 2004; Lee, et al., 2004), which came to be re-

ferred to as the primary miRNA (pri-miRNA). Within the pri-miRNA 

are one or several miRNA hairpin-like structures corresponding to the 

number of miRNA sequences controlled by a single promoter at the 

miRNA gene or miRNA gene cluster locus. In animals, the hairpin 

miRNA structures, termed precursor miRNAs (pre-miRNAs) are ex-

cised from the primary transcript through the action of the micropro-

cessor complex, composed of a dsRNA binding protein called DGCR8, 

and a RNase III enzyme, drosha (Denli, et al., 2004; Gregory, et al., 

2004), which cleaves the stem-loop structures within the pri-miRNA, 

generating isolated precursor RNA molecules with a 2nt overhang at 
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the 3’ end. Alternatively, pre-miRNAs can be generated independently 

of the microprocessor complex if the miRNA hairpin structures are 

found in intronic regions of a precursor messenger RNA, and lack the 

basal region of a long stem, which is used for recognition by the micro-

processor complex. Termed ‘mirtrons’, these miRNA sequences are re-

moved during splicing of the mRNA, forming a lariat-like structure 

which is subsequently debranched, generating a pre-miRNA molecule 

(Berezikov, et al., 2007; Okamura, et al., 2007; Ruby, et al., 2007). An 

exportin protein (XPO5) mediates the export of the pre-miRNA from 

the nucleus to the cytosol (Bohnsack, et al., 2004; Yi, et al., 2003), 

where it associates with dicer, and hence at this point the miRNA pro-

cessing pathway merges with the canonical RNA interference pathway. 

A visual summary of these described processes is given in figure 2.3. 

  



 38 

 

Figure 2.3 - summary of miRNA biogenesis in animals. A) The biogenesis of a 

typical miRNA: Metazoan miRNA genes are transcribed from RNA polymerase II, 

generating a primary miRNA transcript (pri-miRNA). The microprocessor com-

plex, which includes drosha and DGCR8, endonucleolytically cleaves both strands 

of the pri-miRNA, generating an RNA hairpin with an approximately two-nucleo-

tide overhang at the 3’ end referred to as the precursor miRNA (pre-miRNA). Ex-

portin 5, in complex with the Ran cofactor is used to facilitate export of the pre-

miRNA into the cytoplasm where the ‘loop’ structure of the RNA hairpin is excised 

by dicer, generating a miRNA duplex with an ~2nt 3’ overhang at either end. Each 

5’ end of the RNA duplex is phosphorylated. The passenger strand is degraded, 

whilst the guide strand is loaded into an AGO protein. B) Different transcriptomic 

sources of pri-miRNAs: pri-miRNAs can derive from either non-coding transcripts, 

or the introns of precursor mRNA (pre-mRNA) molecules.1 

                                                
1 Reprinted from Cell, 173(1), Bartel DP., Metazoan miRNAs, 20-51., Copyright (2018), with per-
mission from Elsevier. 
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2.4  The relationship between miRNAs and other 

classes of metazoan sRNAs 
 

Knowledge of the miRNA biogenesis pathway, and its relationship to 

other sRNA pathways in the cell is important for distinguishing miR-

NAs from other classes of sRNA. Some of these other classes of sRNA 

at some point interact with one or more components of miRNA and 

RNAi pathways. Small interfering RNA (siRNA) is the name given to 

sRNAs derived from long segments of perfectly complementary dou-

ble-stranded RNA (Bernstein, et al., 2001). This structure contrasts with 

that of the pre-miRNA, which contains a much shorter dsRNA region, 

and usually contain several symmetric or asymmetric bulges. Common, 

ancestral roles of siRNAs was as a defence for cells against nucleic ac-

ids external to (e.g. viral RNA), and within (e.g. transposable elements) 

the cell. In most bilaterian species, these functions have mostly been 

superseded by the interferon (Okamura and Lai, 2008) and piRNA path-

ways respectively. Although endogenous siRNA genes are still found 

in bilaterian species, their roles are generally unclear (Okamura and Lai, 

2008). In contrast, piRNAs, found in animals, are between 21-30nt in 

length, are enriched in germline tissue, and have a clearly identified 

function in the defence of germline genomes (Weick and Miska, 2014). 

The name ‘piRNA’ which is an abbreviation of the term ‘piwi-interact-

ing RNA’, refers to the piwi proteins which bind piRNAs, and are a 

subfamily of the argonaute protein family. The piRNA-piwi ribonucle-

oprotein is involved in the repression of the activity of transposable el-

ements (Höck and Meister, 2008). Small RNAs can also be derived 

from a class of larger RNA molecules called Y RNAs, which are be-

lieved to have roles in the initiation of DNA replication (Christov, et 
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al., 2006), and the inhibition of Ro60, a protein believed to be involved 

in processes relating to the quality control of some RNA molecules 

(Hall, et al., 2013). Small RNAs are derived from Y RNAs during apop-

tosis, and some of these small RNAs have been shown via CLIP exper-

iments to be in the miRNA size range (Rutjes, et al., 1999) and associ-

ated with argonaute proteins (Thomson, et al., 2014). However, some 

of these sRNAs have been shown to be produced in a dicer-independent 

manner, and are not associated with AGO2 (Nicolas, et al., 2012), the 

member of the argonaute protein sub-family which exhibits cleavage 

activity. These Y RNA derived sRNA also failed to exhibit repression 

of candidate targets during dual luciferase reporter assays (Meiri, et al., 

2010; Thomson, et al., 2014), suggesting together that these sRNAs do 

not operate in miRNA or RNA interference type pathways. Similarly, 

small RNAs derived from vault RNAs and small nuclear RNAs whilst 

shown to be AGO-bound, have not so far exhibited repressive activity 

(Thomson, et al., 2014). Conversely, there is abundant evidence to sug-

gest that tRNA-derived small RNA fragments (tRF) operate at least par-

tially in miRNA/RNA interference-like pathways: PAR-CLIP data 

demonstrates complexing of tRFs and human argonaute proteins 

(Hafner, et al., 2010; Kumar, et al., 2014), and further evidence from 

CLASH (cross-linking and sequencing of hybrid) data demonstrates a 

proximity between AGO proteins, tRFs and messenger RNA (Helwak, 

et al.). Crucially, these small RNAs also repress mRNA targets with 

complementary sequences in their 3’UTRs, in an argonaute-dependent 

and dicer-independent manner, potentially in association with GW182 

(Kuscu, et al., 2018), a protein of the miRNA-RISC complex necessary 

for the translation repression and decay of mRNA (Eulalio, et al., 2008). 

Similarly, there is evidence to suggest that sRNAs derived from small 

nucleolar RNAs (snoRNAs) and ribosomal RNAs (rRNAs) can act in a 
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miRNA-like manner at high abundances (Ender, et al., 2008; Thomson, 

et al., 2014). 

 

2.5  miRNA annotation and database resources 
 

The number of existing sRNA classes, as well as the existence of sRNA 

molecules with no identifiable functional role in the cell can make it 

difficult to discern genuine miRNAs from other sRNA molecules in se-

quencing datasets. This can be a particular problem considering the 

common use of high-throughput sequencing of small RNAs popula-

tions as a method of profiling miRNA expression levels in a given sam-

ple, and for annotating novel miRNAs. To resolve this problem, criteria 

for annotating miRNA have been established (Ambros, et al., 2003), 

including criteria relating to the expression of the mature miRNA, and 

relating to the identity of the predicted miRNA precursor molecule from 

which the mature miRNA molecule derives. Using such criteria or sim-

ilar criteria, algorithms have been developed to identify miRNAs from 

deep sequencing datasets (Friedländer, et al., 2008; Friedländer, et al., 

2011; Moxon, et al., 2008). As the knowledge of miRNA and their bi-

ogenesis has increased with continued research, methods of annotating, 

and systems of naming miRNAs continue to be proposed (Fromm, et 

al., 2015), and methods for detecting miRNAs continue to be developed 

(Mapleson, et al., 2013; Paicu, et al., 2017; Vitsios, et al., 2017), indi-

cating the continued active research in this area. 

 

Data associated with miRNA research is typically deposited in dedi-

cated databases, which are publicly available and accessible by the re-
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search community. For example, miRBase (Kozomara, et al., 2018) re-

ports information relating to both mature and precursor miRNA se-

quences, their genomic co-ordinates, relevant gene or sequence identi-

fiers, experimental evidence supporting miRNA annotations, as well as 

hyperlinks to online resources relating to published research supporting 

annotations, and crucially allows user to submit their own sequence 

data and annotations for possible entry in the database. The initial re-

lease of a precursor version of miRBase was as a database and web 

interface termed the ‘miRNA registry’ (Griffiths-Jones, 2004) hosted 

by the Wellcome Sanger institute, which predominantly acted as a sys-

tem to assign names to putatively annotated miRNA sequences prior to 

publication, but later was developed to include more sequence infor-

mation, as well as information relating to predicted miRNA targets 

(Griffiths-Jones, et al., 2006; Griffiths-Jones, et al., 2007). In later iter-

ations of the database, there was an increased emphasis in incorporating 

miRNAs annotations and data relating to sRNA high-throughput se-

quencing experiments (Kozomara and Griffiths-Jones, 2010; Kozomara 

and Griffiths-Jones, 2014), as well as a greater emphasis on trying to 

report the function of miRNA entries in the database (Kozomara, et al., 

2018). In addition, because of the problem of low quality submissions 

to miRBase, a set of ‘high-confidence’ miRNA annotations within miR-

Base have been defined (Kozomara and Griffiths-Jones, 2014), which 

relates to defined criteria based on the number of sequencing reads 

aligning to precursor hairpins, the thermodynamic stability of predicted 

hairpin structures, as well as the consistency of aligned reads to known 

product signatures of drosha/dicer processing. 
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As miRBase is a database which does not generally manually curate 

miRNA annotations deriving from next-generation sequencing da-

tasets, the contamination of the database with erroneously annotated 

miRNAs is a known issue (Fromm, et al., 2015; Ludwig, et al., 2017). 

Sources of noise in miRBase are RNA degradation products misanno-

tated as miRNAs (Ludwig, et al., 2017), poor discrimination between 

miRNAs and other sRNA classes (e.g. endogenous siRNAs), a failure 

to provide evidence of pre-miRNA processing by dicer, a failure to em-

ploy phylogenetic approaches when assessing the validity of candidate 

miRNA loci – as well as the incorrect and inconsistent naming of 

miRNA loci (Taylor, et al., 2017). 

 

In an attempt to mitigate against this problem, miRBase have intro-

duced a set of ‘high-confidence’ miRNA annotations within miRBase 

(Griffiths-Jones, et al., 2006), which relates to defined criteria based on 

the number of sequencing reads aligning to precursor hairpins and the 

pattern of alignment of reads to the hairpin. For example, the expecta-

tion would be, that a proportionately larger number of reads would align 

to the locus corresponding to the canonical miRNA, rather than the 

miRNA* (i.e. the miRNA found on the passenger strand of the miRNA 

precursor). The thermodynamic stability of predicted hairpin structures 

is also a factor, as well as the consistency of aligned reads to known 

product signatures of drosha/dicer processing, such as a 2nt 3’ overhang 

on the precursor miRNA as a result of processing by the microprocessor 

complex, as well as a 2nt 3’ overhang on either end of the mature 

miRNA duplex after dicer processing. An additional strategy to validate 

miRNA annotations found in miRBase, is to, where possible, download 

the original high-throughput sRNA sequencing data, and to run on this 

data high-quality miRNA prediction annotation algorithms (e.g. 



 44 

(Friedländer, et al., 2011; Paicu, et al., 2017)), in order to determine 

whether reported miRNAs can be recapitulated using these algorithms, 

especially if executed using stringent parameters. Manual curation of 

the output of miRNA prediction algorithms using rule-based ap-

proaches is also one strategy to increase the stringency of miRNA an-

notations and to reduce noise (e.g. (Penso-Dolfin, et al., 2016)). 

 

Complementing miRBase, is the mirGeneDB database, which empha-

sises strict evolutionarily informed miRNA naming and nomenclature 

systems, and also strict manual curation of putative miRNA sequences 

even if they have been designated as miRNAs in peer-reviewed publi-

cations (Fromm, et al., 2015; Fromm, et al., 2019). As well as dedicated 

miRNA databases, miRNA information can also be found in more gen-

eral online data stores, such as RNA-specific databases and web inter-

faces such as rfam (Kalvari, et al., 2017; Kalvari, et al., 2018) and 

RNAcentral (2018), allowing miRNA data to be accessed, viewed and 

understood within the broader context of RNA biology. 
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2.6  Roles of miRNAs in the cell 
 

An understanding of the existence and function of different classes of 

non-coding small RNA within the cell is helpful for coming to an un-

derstanding of the particular role of miRNAs. Perhaps with the excep-

tion of tRFs, evidence suggests that none or only a relatively small num-

ber of small RNAs derived from other classes of ncRNA operate within 

miRNA or RNA interference pathways, which suggests marginally or 

non-overlapping molecular functions between these small ncRNA clas-

ses and miRNAs. Conversely, as discussed, there is pronounced overlap 

between the miRNA and RNA interference pathways. The ancestral, 

and in some eukaryotic lineages, extant function of siRNAs, is to pro-

tect the cell against foreign genetic material deriving from viruses or 

transposable elements. The suggestion within the literature is that miR-

NAs evolved as an exaptation of the pre-existing siRNA gene regula-

tory mechanism, in order to selectively regulate non-transposable ele-

ment host genes, in effect creating a post-transcriptional layer of gene 

regulation (Moran, et al., 2017). In addition, miRNAs have been found 

to affect protein levels not only by mRNA destabilisation and decay, 

but also by a process of directly inhibiting translational initiation (Pillai, 

et al., 2005). 

 

This raises the question of the function and necessity of post-transcrip-

tional and translational regulation of gene expression levels given pre-

existing transcriptional and post-translational gene regulatory mecha-

nisms. Presumably, the most efficient method of regulation is at the 

level of transcription, to minimise the energetic cost of producing un-

wanted mRNA and proteins. However, regulating gene expression at 
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this level cannot alter pre-existing mRNA and protein. By clearing pre-

existing mRNAs, the miRNA can influence or ‘reprogramme’ cell fate 

and identity (Guan, et al., 2013; Pauli, et al., 2011). There is abundant 

evidence for this role of miRNAs for many processes during embryo-

genesis and general organism development: miR-430 is instrumental in 

first arresting the translation of maternal transcripts (Bazzini, et al., 

2012), before a process of mRNA degradation (Giraldez, et al., 2006) 

during the maternal-to-zygotic transition. In the transition of human 

embryonic stem cells to a state of pluripotency, miR-145 has been 

shown to target several pluripotency associated transcription factors, 

and to be sufficient in inhibiting the self-renewal of these stem cells 

(Xu, et al., 2009). miR-430 as well as performing functions in the zy-

gote, also targets components of the nodal signalling pathway in order 

to promote the formation of endoderm and mesoderm during germ layer 

specification in early embryogenesis (Choi, et al., 2007). In addition, 

there is evidence that miR-21 represses tumour repressor genes such as 

PTEN and PDCD4 in order to promote a mesenchymal cell fate with its 

associated motile and invasive cell properties (Asangani, et al., 2008; 

Frankel, et al., 2008; Pauli, et al., 2011).  

 

Not only do miRNAs have an essential role in the transition between 

cell identities, but they also have an essential role in the maintenance of 

a particular cellular state. Once a set of mRNAs associated with a par-

ticular cell state has been cleared from the cytosol, it is necessary to 

maintain low abundances of these messengers, in order to maintain the 

existing cell state. This may be necessary because of the inherently 

noisy nature of eukaryotic gene expression (Blake, et al., 2003; Thattai 

and Van Oudenaarden, 2001). This perspective corroborates the work 

of Oudenaarden and colleagues demonstrating that miRNA can highly 
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repress genes which are not transcribed at rates above a threshold 

(Mukherji, et al., 2011), and reduce the variability in protein expression 

of lowly expressed genes (Schmiedel, et al., 2015). Conversely, once 

transcription rates exceed a given threshold, the function of the miRNA 

is proposed to convert from that of a ‘switch’ of gene expression to a 

‘fine-tuner’ in which the miRNAs buffers the gradual increase of par-

tially complementary mRNA target levels in the cytosol (Mukherji, et 

al., 2011). As a result of this type of activity, miRNAs have been theo-

rised as being heavily involved in the canalisation of animal develop-

mental processes i.e. ‘genetic buffering that has evolved under natural 

selection in order to stabilise the phenotype and decreases its variabil-

ity’ (Hornstein and Shomron, 2006). Indeed, miRNAs not only act in 

relation to developmentally pre-programmed events, but also in relation 

to external stressors (Ambros, 2003), implicating miRNAs in more gen-

eral homeostatic mechanisms for the regulation of gene expression.  

 

Together this evidence supports the perspective that the role of miRNAs 

is to provide the post-transcriptional and translational components of 

regulatory networks which drive the transition between, and maintain 

different cell states (Chakraborty, et al., 2019). In favour of this view, 

many authors have identified a corresponding relationship between 

miRNA evolution, multicellularity and general organismal complexity 

(Bartel, 2004; Grimson, et al., 2008; Peterson, et al., 2009; Tarver, et 

al., 2015). Arguments against this view, are that miRNAs are found in 

some unicellular species, whilst some multicellular organisms do not 

possess miRNAs. However, this could rather demonstrate the necessity 

but not the sufficiency of miRNAs for the listed features, and secondly, 

multicellular organisms not containing miRNAs may substitute the 
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functionality of these molecules for miRNA-like classes of RNA such 

as endogenous siRNAs (Calcino, et al., 2018; Lee, et al., 2010). 

 

2.7  Molecular mechanisms of miRNA-mediated tar-

get repression 
 

The principles of miRNA targeting in bilaterian species is distinct from 

that of miRNA targeting in plants and more basal (i.e. earlier branching) 

eukaryotic lineages, and also the targeting principles observed during 

RNA interference. In the latter cases, targeting of the sRNA bound 

RISC complex to single stranded RNA molecules, and subsequent 

cleavage of the target molecule requires perfect or near perfect comple-

mentarity between the guide and target RNA molecules (Allen, et al., 

2005; Martinez, et al., 2002; Schwab, et al., 2005). In contrast, in ani-

mals, hybridisation between the  5’ seed region, typically at nucleotides 

2-7 of the miRNA, can be sufficient to induce degradation or direct 

translational inhibition of the miRNA target (Lewis, et al., 2003). 

 

There is however overlap between siRNA and miRNA targeting prin-

ciples in animals: RISC complexes bound with siRNA can repress par-

tially complementary target mRNA molecules, accounting for some of 

the widely observed ‘off-target’ effects in RNA interference (Doench, 

et al., 2003; Jackson, et al., 2006). In addition, miRNAs can cause 

cleavage of targets when there is extended complementarity between 

the miRNA and its target, and the miRNA is loaded specifically into 

paralogues of argonaute with endoribonuclease functionality, such as 

AGO2 in humans (Meister, et al., 2004; Yekta, et al., 2004). This evi-

dence suggests that once the miRNA or siRNA duplex is loaded into 
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argonaute, and the passenger strand degraded, then the miRNA-RISC 

complex is agnostic to the origins of the sRNA molecule which it is 

using as its guide. 

 

Despite the endonuclease activity of some AGO2-bound miRNAs, the 

predominant method by which bilaterian miRNAs destabilise RNA tar-

gets, is through partial complementary targeting, leading to deadenyla-

tion, 5’ decapping and exonucleolytic digestion of the target 

(Huntzinger and Izaurralde, 2011). These post-hybridisation events are 

mediated by the protein GW182, which interacts directly with argo-

naute (Eulalio, et al., 2008), and recruits downstream effector proteins 

(Braun, et al., 2011). Whilst the N-terminal domain of GW182 interacts 

with AGO, the C-terminal domain interacts with PABPC, a poly-A 

binding protein (Huntzinger, et al., 2010), and the PAN2-PAN3 and 

CCR4-NOT deadenylation complexes (Braun, et al., 2011). Deadenyl-

ation is coupled to 5’ decapping through a DDX6 mediator (Chen, et 

al., 2014; Mathys, et al., 2014) triggering the DCP2 decapping protein 

(Rehwinkel, et al., 2005). The uncapped transcript is subsequently de-

graded in the 5’-3’ direction by the XRN1 exoribonuclease (Huntzinger 

and Izaurralde, 2011). Many of the molecular components identified in 

this form of miRNA-mediated repression have been found to be local-

ised in subcellular structures, phase-separated from the remaining cyto-

sol, called p-bodies (Kulkarni, et al., 2010). However, miRNA-medi-

ated gene silencing has been observed to occur in cells lacking detecta-

ble p-bodies, suggesting that these structures are not necessary for gen-

eral miRNA activity, and may instead exist as a result of miRNA si-

lencing activity (Eulalio, et al., 2007). 
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Figure 2.4 - A summary of miRNA-mediated destabilisation and translation 

repression of mRNA molecules. The mRNA-bound miRISC complex associates 

with the GW182 protein via the AGO-binding domain (ABD) of GW182. The si-

lencing domain (SD) of GW182 contains a PAM2 (poly-A binding protein inter-

acting motif 2) motif and a tandem of tryptophan motifs which binds with PABPC 

(cytoplasmic poly-A binding protein), the PAN2 and PAN3 deadenylase com-

plexes, and also the CCR4-NOT complex which also catalyses the deadenylation 

of the mRNA target. The PAN2-PAN3 complex is thought to catalyse the first stage 

of deadenylation, which is then continued by the action of the CCR4-NOT complex. 

5’ decapping is facilitated by DCP2 (decapping protein 2), a process stimulated by 

multiple DCP and EDC (enhancer of decapping) proteins as well as DEAD box 

protein (DDX6). After decapping, 5’ to 3’ degradation of that target is catalysed by 

an exonuclease (XRN1) (not shown). miRNA-mediated translation repression is 

thought to involve the eIF4F eukaryotic translation initiation protein complex. This 

complex contains proteins related to cap-binding (eIF4E), protein scaffolding 

(eIF4G) and RNA helicase (eIF4A) activity.  

 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: 

Springer Nature, Nature Reviews Genetics, Towards a molecular understanding of 
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miRNA-mediated gene silencing, Jonas, S. Izaurralde, E., Copyright 2015 

(https://www.nature.com/articles/nrg3965). 

 

As well as destabilisation of the RNA molecule, miRNAs can mediate 

gene expression by direct translational repression of a transcript inde-

pendent of RNA decay mechanisms resulting in a decrease in protein 

production, but stable mRNA abundance levels (Huntzinger and 

Izaurralde, 2011). Although the precise mechanism is still somewhat 

unclear, repression is thought to most likely occur at the initiation stage 

of translation, partially due to evidence that miRNAs do not repress 

mRNAs translated through use of internal ribosome entry sites (IRES) 

which bypasses the 5’ cap altogether (Humphreys, et al., 2005; Pillai, 

et al., 2005), as well as evidence that miRNAs are unable to repress 

transcripts with artificial cap structures which are unable to recruit 

translation initiation factors (Mathonnet, et al., 2007). However, despite 

miRNAs role in the repression of translation, mRNA destabilisation is 

still thought to be the major contributor to the regulation of protein-

coding transcripts by miRNA, and has been estimated to contribute ‘≥ 

84%’ of  miRNA-related decreased protein production (Guo, et al., 

2010). A summary of the mechanisms by which miRNAs repress tar-

geted mRNA transcripts is given in figure 2.4. 

 

2.8  Non-coding RNA targets of microRNAs 
 

miRNAs are also known to target other non-coding RNA molecules, 

including long non-coding RNAs and (lncRNAs) and circular RNAs 

(circRNAs). The potential role of these molecules in this context, in 

concert potentially with other classes of RNA molecule in the cell, is to 
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act as molecular ‘sponges’ for the miRNA (Ebert, et al., 2007; Ebert 

and Sharp, 2010). It is proposed that this sponging effect would provide 

a form of competitive inhibition for miRNA activity, and thereby dere-

press the protein-coding targets of miRNA molecules, in what is known 

as the ‘competitive endogenous RNA’ or ‘ceRNA’ model of general 

miRNA-RNA interactions (Salmena, et al., 2011). Research has been 

conducted arguing against the validity of this model, with arguments 

made that the total target site abundance for a single miRNA is at such 

a high level, that unphysiological levels of ceRNA would be needed in 

order to mediate derepression of, for example, mRNA targets of the 

miRNA (Denzler, et al., 2014; Denzler, et al., 2016). In the Denzler et 

al. 2016 study, thresholds of additional sites required to mediate dere-

pression of targets are stated as ‘∼10%–40%’ of a single miRNA’s total 

3’UTR target site abundance. In this study, it is argued because each 

transcript type (i.e. individual transcript identifier) typically possesses 

‘< 5%’ of total 3’UTR target site abundance, then a single transcript 

type is very unlikely to mediate derepression of other miRNA targets 

via a ceRNA type sponging mechanism. However, it is not unlikely that 

multiple RNA molecules could act co-operatively to mediate a dere-

pressive ceRNA effect on miRNA-targeted mRNA molecules. Such 

competitive endogenous RNA effects have been experimentally ob-

served, for example, in a mouse brain ncRNA network involving a 

lncRNA, a circRNA and two miRNAs (Kleaveland, et al., 2018), in 

which binding of miR-7 by the Cyrano lncRNA, prevents repression of 

Cdr1as circRNA. This sponging effect can be attenuated, as in this par-

ticular case, by the process of target-directed miRNA degradation 

(TDMD) (Ameres, et al., 2010; Baccarini, et al., 2011), which can occur 

in cases where there is extensive complementarity between the miRNA 
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and its target. In addition, multiple closely spaced miRNA target sites 

can mediate a stronger ceRNA depressive effect (Denzler, et al., 2016). 

 

2.9  Experimental validation of miRNA targets 
 

2.9.1  3’UTR reporter assays 

 

There exist many experimental methods that can be used to identify 

miRNA targets. 3’UTR reporter assays are commonly used to perform 

low-throughput assays of potential miRNA targeting activity, in which 

a candidate 3’UTR of interest is typically cloned into an expression 

plasmid replacing the 3’UTR of a reporter gene. Once the cell or organ-

ism is transformed with the expression vector, the efficacy of the 

3’UTR for transcript repression can be assayed using the reporter gene. 

Such a reporter system was used in the identification of the first bona 

fide miRNA-mRNA interaction in which for a lacZ reporter system, X-

Gal staining was used to confirm the interaction between the lin-14 

mRNA and the lin-4 miRNA, at a particular stage in C. elegans devel-

opment (Wightman, et al., 1993). The luciferase reporter system has 

also been used for this purpose (Kertesz, et al., 2007), in which light 

emitted by the luminescent luciferase protein has been used as an indi-

cator of target site effectiveness. A dual luciferase reporter system is 

commonly used, using both firefly and Renilla luciferase within the 

same reporter construct, one of which will contain a cloned 3’UTR of 

interest, and the other luciferase gene serving as a negative control for 

miRNA activity. GFP, YFP and mCherry reporter systems have also 

been successfully used to assay miRNA activity (McJunkin and 

Ambros, 2017; Mukherji, et al., 2011). In more recent years, massively 
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parallel reporter assays have been designed and implemented in order 

to assay miRNA activity using higher throughput methods. In these as-

says, large numbers of candidate 3’UTR sequences are cloned into ex-

pression vectors in parallel, and their activity assayed (Litterman, et al., 

2019; Slutskin, et al., 2018). 

 

Noise considerations must also be evaluated when considering 3’UTR 

reporter assays for the detection of miRNA targets. As in the case of 

miRNA mimic transfection experiments, unwanted variance is re-

moved via normalisation against a negative control condition. In the 

negative control condition, a different reporter is co-transfected of a 

similar but distinct reporter construct (e.g. Renilla luciferase) in which 

the fused 3’UTR reporter does not contain a predicted miRNA target 

site. Alternatively, both reporter systems can be contained within the 

same cloned construct. In a massively parallel reporter assay, utilising 

a dual reporter system for each construct, it was shown when examining 

protein fold repression values between constructs containing and not 

containing a predicted miRNA response element, that the median rela-

tive standard deviation between constructs differing only by their bar-

codes was 10.5%, indicating a small amount of technical noise in this 

system (Slutskin, et al., 2018).  

 

2.9.2  miRNA perturbation and sequencing 

 

The activity of miRNAs can be investigated more indirectly by deter-

mining bulk cellular expression profiles upon perturbation of intracel-

lular concentration of a single, or multiple miRNAs. Perturbation is 
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usually achieved by transfection of miRNA mimics into cells using lip-

osome vectors (Agarwal, et al., 2015). Negative control transfections 

are also performed using plasmids or scrambled oligonucleotides. The 

abundance levels of RNA can be assayed using microarray and RNA-

Seq technologies in order to compare treatment and negative control 

conditions, in order to gauge the effect of the perturbed miRNA on de-

stabilising a given RNA, or set of RNAs. As this method does not test 

for a direct chemical interaction between the perturbed miRNA, and 

potential targets, it may detect RNA molecules only indirectly repressed 

or perturbed as a result of miRNA activity. As this method involves the 

assaying of RNA expression levels, rather than that of protein, as seen 

in the use of 3’UTR reporter systems, it is not sensitive to genes which 

are directly translationally repressed by the miRNA without associated 

changes in RNA stability levels, however, as previously discussed, di-

rect translational inhibition is not thought to be a major contribution to 

miRNA activity in animals (Guo, et al., 2010). There are reports, as 

evidenced by northern blotting, that miRNA transfection leads to su-

praphysiological, ~100-fold increases in intracellular miRNA levels of 

the perturbed miRNA, and therefore should be used with caution (Jin, 

et al., 2015). However, it has also been noted that methods for assaying 

increases in miRNA abundance levels such as northern blotting and 

qPCR do not distinguish active AGO-bound miRNA, from inactive 

miRNA sequestered in vesicles, and hence the effect of miRNA trans-

fection may not be as potent as once thought (Thomson, et al., 2013). 

Quantitative proteomics approaches have also been used to assay the 

effect of miRNA perturbation on intracellular protein levels (Baek, et 

al., 2008). 
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There are both biological and technical sources of noise in miRNA 

mimic transfection assays. Biological noise can arise from differences 

in gene expression upon the transfection of a nucleic acid which is un-

related to the investigated effect (i.e. miRNA targeting). For example, 

Agarwal et al. (Agarwal, et al., 2015) discovered a considerable asso-

ciation between transfection of a nucleic acid, and the dysregulation of 

transcripts according to their 3’UTR length, and also the AU content of 

their 3’UTRs. Technical sources of variation and noise for this assay 

include ‘stochastic biochemistry during library preparation’, the ran-

dom sampling of cDNA fragments during sequencing, and non-deter-

ministic processes during the computational analysis of reads. 

 

A common method for accounting for noise in miRNA mimic transfec-

tion assays is to make a direct comparison between the log fold change 

cumulative distribution function (CDF) of predicted miRNA targets 

with the corresponding CDF of the predicted non-targets, and perform-

ing null-hypothesis significance testing using the Kolmogorov-

Smirnov (KS) test. As the non-target distribution is expected to contain 

both biological and technical sources of noise, and the target distribu-

tion is expected to contain both this noise and the biological signal of 

interest (i.e. repression due to miRNA targeting), then comparing the 

target and non-target distributions using the KS tests acts as a form of 

normalisation in which biological signal is distinguished from noise. 

 

It is helpful to quantify the proportion of the signal arising from this 

assay which is constituted by noise. One method of doing this is to con-

ceptualise an idealised log fold change distribution for the condition of 

the mock transfection in which no noise at all is present within the sys-

tem. For such an idealised distribution, all log fold change values are 0. 
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The deviation from the idealised ‘no-noise’ distribution can then be 

computed by taking the root of the average square fold change value for 

each distribution. The signal-noise ratio in the system can then be cal-

culated as a ratio between the average deviation in the ‘signal’ target 

and ‘noise’ non-target log fold change distributions. The reciprocal of 

the signal-noise metric provides a measure of the proportion of the 

measured signal which is noise. This process can be formalised with the 

following equation: 
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Where ) and 0 are arrays of target and non-target log fold change values 

respectively, and ./ and .3 give the number of elements (i.e. number 

of transcripts/genes) in . and 0 respectively. )* and )1 give the 5th and 

6th elements of ) and 0 respectively, where 7)*, 019 	 ∈ 	ℝ. SNR is the 

estimated signal-noise ratio. 

 

2.9.3  Cross-linking and immunoprecipitation 

 

A more recent set of approaches to identify miRNA targets is to use 

cross-linking of protein and bound RNA followed by immunoprecipi-

tation chemistry in order to identify protein-RNA interactions 

(Niranjanakumari, et al., 2002), which in the context of miRNA biology 

is used specifically to identify AGO-RNA interactions. A commonly 
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used variant of this methodology is the cross-linking and immunopre-

cipitation (CLIP) approach (Ule, et al., 2003). In this methodology, ul-

traviolet light (UV) is typically used (although formaldehyde has been 

used in previous cross-linking protocols (Niranjanakumari, et al., 2002) 

) to create cross-links between RNA and proteins bound in ribonucleo-

protein (RNP) complexes. Cell lysis then follows cross-linking. An 

RNase removes any overhanging unprotected RNA from the RNP. An-

tibodies are used to select for and pulldown a protein of interest, which 

due to crosslinking, will be pulled down as an RNP. RNP RNA is radi-

olabelled via phosphorylation, which is followed by gel electrophoresis 

and subsequent autoradiography. Relevant bands are excised. The pro-

tein is digested, leaving the previously crosslinked RNA free for 

adapter ligation, reverse transcription to cDNA, PCR amplification and 

subsequent high-throughput sequencing. Such protocols have been 

used to investigate chemical interactions between AGO and RNA in 

vivo (Chi, et al., 2009). A number of modifications and enhancements 

of CLIP approach have since been developed (Hafner, et al., 2010; 

Huppertz, et al., 2014; Van Nostrand, et al., 2016). Use of CLIP proto-

cols per se, will identify segments of the guide or the target RNA bound 

to AGO, but will not identify both the guide RNA and target RNAs 

simultaneously, as a result, there is no direct inference of guide-target 

interactions from CLIP. To resolve this issue, protocols have been de-

veloped, labelled as CLIPL protocols (i.e. CLIP and ligation) (Wang, 

2016), in which CLIP protocols are developed with an extra ligation 

step for the purposes of ligating the AGO-bound guide RNA and the 

target RNA, generating chimeric guide-target RNAs which can be se-

quenced (Grosswendt, et al., 2014; Helwak and Tollervey, 2014; Kudla, 

et al., 2011). In this way, the guide-target interaction can be unambigu-
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ously identified. However, the functionality of many miRNA-target in-

teractions identified using CLIP approaches has been contested 

(Agarwal, et al., 2015).  

 

Like 3’UTR reporter assays and miRNA transfection experiments, 

CLIP assays contain many sources of noise (Darnell, 2010). Sources of 

noise include insufficient specificity of protein purification, an over-

abundance of competing low complexity RNA sequence, transient 

RNA-protein interactions, and PCR amplification artefacts. Such issues 

can be partially mitigated by ensuring stringent reagents and conditions 

for protein purification, filtering of unique reads, analysis of read clus-

ters as opposed to individual reads, and filtering of reads for those 

matching a given RNA-protein binding motif. In addition, the use of 

negative control RNA binding proteins can be used to identify, and nor-

malise against non-specific RNA-protein interactions (Darnell, 2010). 

 

Algorithms have been developed for downstream analysis of read data 

from CLIP experiments in order to mitigate against this noise. In Om-

niclip (Drewe-Boss, et al., 2018), the strength of the protein-RNA in-

teraction as well as the relative abundance of the mRNA is taken into 

account when calling CLIP peaks. Firstly, a series of generalised linear 

models (for peak and non-peak states) are created taking background 

gene expression from RNA-Seq data into account, in order to model the 

probability of peak and non-peak states given the coverage profile from 

RNA-seq and CLIP for different positions along the genome. Secondly, 

a multinomial Dirichlet mixture model is used to model nucleotide tran-

sitions which are artefacts of CLIP experiments (Kishore, et al., 2011). 

The coverage profile models and the diagnostic event models are used 



 60 

together in order to parameterise a hidden Markov model from which 

the nucleotide-nucleotide ‘peak-state’ of the genome can be inferred.  

 

2.9.4  Databases of validated miRNA interactions 

 

Databases of validated miRNA interactions can help miRNA research-

ers easily identify high-confidence miRNA interactions, as well as the 

experiment type, and the specific publication from which the reported 

interaction derives. Both DIANA-TarBase (Karagkouni, et al., 2017) 

and miRTarBase (Chou, et al., 2017) are publicly available databases 

which are released for this purpose. 

 

2.10  Principles of miRNA targeting 
 

Despite these experimental advances, there is still no high-throughput 

method for identifying direct, functional targets of miRNAs, underlying 

the continued necessity of computational approaches for identifying pu-

tative targets. In addition, implementation of library preparation and se-

quencing protocols for these purposes is not always simple or cost-ef-

fective in terms of material resources, and skilled personnel required. 

 

Primarily, target prediction is mostly performed using criteria relating 

to antisense complementarity between the miRNA and its target, phys-

ical and thermodynamics factors relating to the possibility of duplex 

formation, and the conservation of miRNA target sites between closely 

related species (Ritchie and Rasko, 2014). 
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2.10.1  Canonical models of miRNA targeting 

 

If we examine criteria for the complementarity between miRNAs and 

putative targets further, we can broadly distinguish between two classes 

of miRNA target prediction algorithm; namely, canonical target pre-

diction requiring full complementarity between the miRNA seed region 

(Lewis, et al., 2003), and conversely, non-canonical prediction meth-

odologies which do not use this requirement. As described previously, 

the seed region constitutes nucleotides 2-8 of the miRNA, or less strin-

gently nucleotides 2-7 of the miRNA. Unlike plant miRNAs, an enrich-

ment of fully complementary targets of mature miRNAs for bilaterian 

species in their respective transcriptomes was not detected (Rhoades, et 

al., 2002). In addition, when developing one of the first seed-based al-

gorithm, named TargetScan (Lewis, et al., 2003), it was noted that ob-

servations had been made that the conservation of the miRNA was 

greater at the 5’ end (Lim, et al., 2003). Additionally, the validity of the 

identified seed region was tested by permuting the position of the des-

ignated seed region on the miRNA across its entire length, and subse-

quently examining the number of conserved miRNA targets detected. 

It was shown that the 2-8nt heptamer performed most successfully on 

this test, in addition, this particular heptamer location was shown to be 

the most conserved for all heptamer location permutations (e.g. 3-9nt, 

4-10nt etc.) along the length of the miRNA (Lewis, et al., 2003). The 

seed-based approach to target prediction has been used for all further 

iterations of the TargetScan algorithm released from the Bartel lab 

(Agarwal, et al., 2015; Friedman, et al., 2009; Garcia, et al., 2011; 

Grimson, et al., 2007; Lewis, et al., 2005). 
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The original seed model was extended by dividing and categorising a 

set of different seed target sites types that could be used to aid target 

recognition (Lewis, et al., 2005). This divergence from the strict use of 

the original 2-8 nucleotide heptamer seed match, was the discovery that 

a conserved adenine base commonly occupied the ‘t1’ position of the 

target immediately opposite the first nucleotide of the miRNA. This 

was irrespective of whether the first nitrogenous base of the miRNA 

was the Watson-Crick (WC) base complement of t1. It was also discov-

ered that hexamer sequences position at nucleotide 2-7 were conserved 

above background across five mammalian genomes. This additional ev-

idence led to defining seed types by using a combination of previously 

discovered features which were thought to be conducive to miRNA tar-

geting, and also an evaluation of their relative strengths: The hexamer 

2-7nt seed target (later commonly referred to in the literature as the 

6mer) exhibited the weakest sequence homology above background 

levels. A hexamer sequence with an A in the t1 position (7mer-A1), 

corresponding to the first nucleotide of the miRNA, considerably in-

creased the signal-noise ratio from this core seed sequence. Indeed, the 

signal-noise ratio for 7mer-A1 target sites almost equalled that of target 

sites with 7 contiguous base pairs at nucleotides 2-8 of the miRNA, but 

without an adenine at t1 (7mer-m8). Perhaps unsurprisingly, the most 

conserved target site was the one that combined the features of the 

7mer-A1 site and the 7mer-m8 site i.e. the 8mer site. Though it should 

be noted that 7mer-A1 and 8mer target sites only contain 6 and 7 Wat-

son-Crick base pairs between the guide RNA and the target respectively 

(Lewis, et al., 2005). The specificity of this model has been validated 

in numerous experiments in which intracellular miRNA abundance lev-

els have been perturbed in vitro via the transfection of miRNA mimics, 

or antagomiR oligonucleotides complementary to the miRNA for a 
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miRNA knock-down effect. These experiments also demonstrated the 

7mer-m8 site tends to confer stronger repression than the 7mer-A1 site 

(Agarwal, et al., 2015; Friedman, et al., 2009; Garcia, et al., 2011; 

Grimson, et al., 2007). 

 

Additional support for the seed model is provided from structural work 

relating to the argonaute effector, and more generally argonaute com-

plexes containing the bound guide RNA. In 2012, Schirle and MacRae 

released a 2.3 angstrom (Å) resolution crystal structure of the human 

AGO2 protein (figure 2.5) (Schirle and MacRae, 2012). They discov-

ered electron density in their structure attributable to an 8nt single-

stranded RNA spanning the Mid and Piwi domains of AGO2. From this 

it was determined within the protein, that nucleotides 1-7 of the guide 

RNA are bound to the AGO2 molecule in a likely sequence independent 

manner, by a series of weak, non-specific and non-covalent interactions 

such as hydrogen bonds and van der Waals forces presumably to allow 

flexible association and dissociation between argonaute and the guide 

RNA. Crucially however, nucleotides 2-6 were found to be positioned, 

in an A-form conformation, so as to be exposed to the cytosol, aiding 

recognition by the seed region of different RNA elements. In subse-

quent work, the same authors crystallised the guide-RNA bound AGO2 

structure, with only four nucleotides in the middle of the guide RNA 

unresolved (Schirle, et al., 2014). The first 5’ nucleotide of the guide 

RNA was found to be anchored to the Mid domain of AGO2, poten-

tially explaining the lack of use of the first gRNA nucleotide for Wat-

son-Crick base-pairing to the target. Nucleotides positioned at the 3’ 

end of the guide RNA were found to be locked in to the N-Paz channel 

of the protein, and facing away from the cytosol. Further crystal struc-

tures with bound target RNA to the 5’ end of the guide RNA determined 
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that base-pairing between the guide and its target within this region 

causes a conformational change of helix-7 of the AGO-structure away 

from the RNA duplex. This is thought to enable base-pairing of guide 

RNA bases 6 and 7, which could cause disruption to the AGO-RNA 

complex, and potential dissociation of the bound target if there are mis-

matches or mispairing in this region, allowing the miRNA-AGO com-

plex to rapidly accept or dismiss putative targets depending on their 

complementarity to the guide in this region (Klum, et al., 2018). This 

method of dynamically searching for targets by staged probing of target 

complementarity is thought to enable, coupled with lateral diffusion of 

the AGO-RNA complex along the target molecules, a rapid traversal of 

the cytosolic RNA search space (Chandradoss, et al., 2015). This con-

formational change of argonaute helix 7 is extended to nucleotides 11-

16 of the guide RNA, enabling previously documented (Bartel, 2009) 

supplementary and compensatory binding of target nucleotides to this 

region of the guide RNA. Crucially, this additional pairing does not 

preclude the validity of the seed model, as pairing in the seed region is 

necessary to trigger the conformational changes in the argonaute pro-

tein which are required for 3’ base pairing. In addition, further work 

from this lab demonstrated that the t1 adenine nucleotide is anchored to 

a pocket on the surface of the argonaute molecule, through a network 

of hydrogen-bonding water molecules, the effect of which is to increase 

the dwell time of argonaute on the target molecule and increase the 

probability that target repression occurs (Schirle, et al., 2015). 





The number and percentage of annotated protein-coding tran-
scripts which are used in FilTar’s 30-UTR reannotation workflow,
for each sample after expression filtering, are given in
Supplementary Table S3. Only those transcripts possessing a pre-
existing 30-UTR annotation spanning only a single exon are selected
(see Materials and methods).

3.2 30-UTR extension
Newly gained miRNA target predictions deriving from FilTar’s
refined 30-UTR annotations of protein-coding transcripts (i.e.
miRNA targets deriving from the elongation of existing 30-UTR
annotations), generally exhibited similar levels of repression to
miRNA target predictions deriving from Ensembl 30-UTR annota-
tions (Fig. 2 and Supplementary Fig. S4). Anomalies were results
deriving from the transfection of miR-107 and miR-10a-5p miRNA
mimics into HeLa cells in which newly identified miRNA target pre-
dictions did not exhibit a log fold change distribution commensurate
with that exhibited by already existing miRNA target predictions
(Supplementary Fig. S4).

3.3 30-UTR truncation
Conversely, miRNA target transcripts that were removed as a result
of FilTar truncating 30-UTR annotations relative to standard
Ensembl annotations, exhibited repression similar to that of anno-
tated non-target transcripts (Fig. 3 and Supplementary Fig. S5). In a
minority of datasets analysed, removed target transcripts exhibited
significantly less repression than target transcripts, but nonetheless
exhibited greater repression than annotated non-target transcripts.
In these datasets, the removed target log fold change distribution
tended to align with the non-target distribution at the negative ex-
tremity, but not at small negative fold change value ranges—indicat-
ing that for a minority of datasets, labelled ‘removed targets’ may be
mildly repressed by targeting miRNAs. Additional analysis demon-
strated that for these datasets, such targets exhibited significantly
weaker repression in response to miRNA transfection than 6-mer

targets, which are the weakest canonical miRNA target site type
(Bartel, 2018) (Supplementary Fig. S6).

3.4 Cumulative effect of filtering and reannotation
When the FilTar reannotation and miRNA target prediction work-
flow was applied transcriptome-wide, to multiple organs and cell
lines, using all annotated miRBase human miRNAs, there was a
mean average gain and loss of miRNA target sites corresponding to
0.18% and 1.5% of the total original miRNA target sites predicted
deriving from Ensembl 30-UTR annotations (Fig. 4). This corre-
sponds to a gain and loss of total miRNA seed sides in the tens and
hundreds of thousands, respectively (Supplementary Table S4).
Although a much larger proportion of miRNA seed sites (mean aver-
age of 26.3%) are lost through expression filtering (Supplementary
Fig. S7), representing a loss of millions of miRNA seed sites
(Supplementary Table S4). This is commensurate with the mean
average of 34.0% of 30-UTR bases lost when removing lowly
expressed transcripts (<0.1 TPM) from target predictions
(Supplementary Table S5), which is greater than the mean average
of 2.0% of bases lost through 30-UTR reannotation (Supplementary
Table S6). When considering the combined effect of expression fil-
tering and 30-UTR reannotation, a mean average 36.1% of 30-UTR
bases are lost, affecting a mean average of 53.4% of protein-coding
30-UTRs (Supplementary Table S7).

4 Discussion

Results show that FilTar is successfully able to utilize RNA-Seq data
to reannotate protein-coding 30-UTR sequences and filter based on
expression data leading to a gain in specificity and sensitivity of tar-
get prediction evidenced through tests using experimental data.

Expression filtering target transcripts at even a modest expres-
sion threshold of 0.1 TPM leads to a loss of millions of seed sites in
most datasets analysed (Supplementary Table S4), representing a
radical reduction in the number of false-positive predictions associ-
ated with miRNA target prediction. This is indicative of the
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Fig. 2. 30-UTR elongation by FilTar leads to the identification of additional valid
miRNA targets. Curves show the cumulative log2 fold change distributions of: (i)
protein-coding non-target transcripts (black), (ii) protein-coding seed target tran-
scripts (orange) and (iii) predicted target transcripts deriving from FilTar 30-UTR
annotations but not Ensembl 30-UTR annotations (blue). Approximate P-values
were computed using one-sided, two-sample, Kolmogorov–Smirnov tests between
pre-existing target and newly identified target fold change distributions. Otherwise
as in Figure 1
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Fig. 3. 30-UTR truncation by FilTar leads to the removal of false-positive miRNA
target predictions. Curves are plotted of the cumulative log2 fold change distribu-
tions of expression filtered: (i) protein-coding non-target transcripts (black), (ii) pro-
tein-coding seed target transcripts (orange) and (iii) predicted target transcripts
deriving from Ensembl 30-UTR annotations but not FilTar 30-UTR annotations
(red). Approximate P-values were computed using one-sided, two-sample,
Kolmogorov–Smirnov tests between non-target and discarded miRNA target fold
change distributions. Otherwise as in Figure 1
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importance of considering the biological plausibility of candidate
miRNA interactions. The positive relationship between the expres-
sion threshold chosen and the extent of repression of retained
mRNA transcripts is evidence for the robustness of this effect
(Supplementary Fig. S3a). The increase in specificity conferred by
expression filtering does, however, seem to be accompanied by a
corresponding loss of sensitivity of miRNA target prediction when
large expression threshold values are chosen (Supplementary Fig.
S3b), indicating that sufficient caution ought to be exercised by the
user when choosing expression threshold values. However, even for
larger expression thresholds, the reduction in sensitivity is less than
the increase in specificity conferred by expression filtering
(Supplementary Fig. S3a).

The number of newly predicted miRNA target sites deriving
from FilTar elongated 30-UTR sequences is generally relatively low.
For cell line datasets analysed, the maximum of number of newly
predicted miRNA targets made for any single miRNA was 63, with
the majority of datasets analysed yielding less than 15 newly pre-
dicted targets (Fig. 2 and Supplementary Fig. S4). The number of
newly identified target transcripts is commensurate with the univer-
sally low proportion of 30-UTRs extended, and the small proportion
of bases added to the total of the 30-UTR annotation
(Supplementary Table S6), even though this still represents a sub-
stantial increase in the number of miRNA seed target sites identified.
This is in contrast to 30-UTR truncation in which the proportion of
30-UTRs truncated and bases removed from the 30-UTR annotation
total are much greater. Analysis shows that there is a strong positive
correlation between the number of 30-UTR bases reannotated, and
the number of predicted miRNA target sites gained or lost through
reannotation (Supplementary Fig. S8a and b). The bias in 30-UTR
truncation as opposed to elongation can possibly be explained by ei-
ther a pre-existing bias in standard Ensembl 30-UTR annotations to
generate long 30-UTR models, or rather a bias in the FilTar reanno-
tation workflow for 30-UTR truncation rather than elongation.
A potential bias in the standard Ensembl annotation workflow
could potentially be explained by the method of transcript annota-
tion, in which, although transcript models are built on a tissue-

specific basis, transcript models incorporated into the final Ensembl
gene set typically only derive from the merging of RNA-sequencing
reads from multiple different tissue samples (Aken et al., 2016),
therefore, creating a bias towards the annotation of longer 30-UTRs.
This effect may be exacerbated or supplemented by the existence of
30-UTR isoforms within a given sample and transcript—creating
relatively low abundance isoforms towards the distal end of the 30-
UTR, making annotation difficult and likely generating a large
amount of uncertainty, biases and variability in different methods
used to model 30-UTRs.

Another possibility is that the shortening and extension of exist-
ing 30-UTR annotations are qualitatively different problems requir-
ing different respective sequencing depths. Within a given sample, a
read sampling analysis demonstrates that there is a positive relation-
ship, up to a point of saturation between sequencing depth and the
number of bases used to elongate existing 30-UTRs (Supplementary
Fig. S9a). In addition, the saturation point for the addition of bases
to 30-UTRs is still substantially less than the proportion of bases
removed at 30-UTRs even at relatively low sequencing depths indi-
cating that the discrepancy between proportion of 30-UTR bases
added or subtracted from the 30-UTRs cannot be explained by insuf-
ficient sequencing depth. A similar positive relationship is observed
between sequencing depth and the number of based truncated from
existing 30-UTRs (Supplementary Fig. S9b), although far fewer reads
seem to be required for saturation to occur, indicating a weaker reli-
ance on sequencing depth for 30-UTR truncation compared to
30-UTR elongation.

Although as mentioned previously, the sequencing depth does
seem to influence the extent of 30-UTR reannotation, for a set of dif-
ferent biological samples, sequencing depth alone seems to have lim-
ited predictive value for this variable (Supplementary Fig. S10a and
b). The likely explanation being that as well as sequencing depth,
the extent of 30-UTR reannotation is also determined by other key
variables such as the cell type being analysed, read length used for
sequencing, library preparation protocol, the use of single-end or
paired-end sequencing, as well as additional researcher or lab-
specific batch effects (Leek et al., 2010). For example, as some cell
types are biased towards shorter 30-UTRs (Mayr and Bartel, 2009),
while others towards longer 30-UTRs (Miura et al., 2013), generat-
ing radically different reannotation statistics irrespective of sequenc-
ing depth used.

As mentioned previously, there was generally a much larger
number of miRNA target sites predicted to be removed than added
during 30-UTR reannotation. This is despite FilTar permitting 30-
UTR truncations only occurring on moderately-to-highly expressed
transcripts, after discovery that the reannotation of the 30-UTRs of
lowly expressed transcripts generated a relatively large number of
what seemed to be false-positive predictions (Supplementary Fig.
S11). The likely cause being that low transcript expression leads to
sporadic and inconsistent coverage across the 30-UTR, in which
there is insufficient information to correctly call 30-UTR truncation.
The default behaviour of the FilTar tool therefore is to only truncate
the 30-UTRs of transcripts which are not poorly expressed (i.e. TPM
! 5).

When examining 30-UTR truncations further, for a minority of
datasets analysed, some removed predicted miRNA targets seem to
be marginally effective, with some transcripts exhibiting low levels
of repression upon transfection of the miRNA mimic. Further ana-
lysis indicates that these marginally repressed transcripts exhibit
even weaker repression than 6-mer targeted transcripts
(Supplementary Fig. S6), one of the least effective canonical miRNA
target types (Bartel, 2018), indicating that the efficacy of these site
types is marginal. A possible explanation for the existence of these
site types is that, for some transcript annotations for which the 30-
UTR was truncated, there may exist a small proportion of isoforms
with longer 30-UTRs, which are too low in abundance to be detected
by APAtrap, but nonetheless still confer a marginal level of repres-
sion to the transcript, and hence is detectable when analysing experi-
mental data.

Investigations into the effect of utilising expression data when
making transcriptome-wide miRNA target predictions can be
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extended by closer examination of not only the refinement of 30-
UTR annotations across different biological contexts, and its effects
on miRNA target prediction, but more precisely the definition of
specific 30-UTR profiles, incorporating information about 30-UTR
isoforms within a given cellular context (Agarwal et al., 2015). This
enables the weighting of miRNA target prediction scores on the
basis of sequencing data applied by the user themselves, enabling
even further and extended tailoring of miRNA target prediction to
the specific biological context being researched. Previous analyses
indicate that the most effective target predictions occur when those
predictions are weighted on the basis of 30-UTR isoform ratios
(Nam et al., 2014). In addition, the scope of FilTar’s functionality
can be increased by enabling the annotation of novel 30-UTR
sequences for transcripts without a current annotated 30-UTR, and
also for those 30-UTRs which themselves span multiple exons. In
addition, both the configurability and precision of FilTar can be
improved in the future by, respectively, enabling use of additional
tools for 30-UTR reannotation (Gruber et al., 2018a, b) and explor-
ing the greater transcriptomic resolutions enabled by nascent single
cell sequencing technologies.

5 Conclusion

FilTar utilizes RNA-Seq data to increase the accuracy of miRNA
target predictions in animals by filtering for expressed mRNA tran-
scripts and reannotating 30-UTRs for greater specificity to a given
cellular context of interest to the researcher. FilTar’s compatibility
with user-generated RNA-Seq data confers functionality across a
wide range of potential biological contexts.
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Divergence in Transcriptional and 
Regulatory Responses to Mating  
in Male and Female Fruitflies
Emily K. Fowler  1*, Thomas Bradley  1,2, Simon Moxon  1 & Tracey Chapman  1

Mating induces extensive physiological, biochemical and behavioural changes in female animals of 
many taxa. In contrast, the overall phenotypic and transcriptomic consequences of mating for males, 
hence how they might differ from those of females, are poorly described. Post mating responses 
in each sex are rapidly initiated, predicting the existence of regulatory mechanisms in addition to 
transcriptional responses involving de novo gene expression. That post mating responses appear 
different for each sex also predicts that the genome-wide signatures of mating should show evidence 
of sex-specific specialisation. In this study, we used high resolution RNA sequencing to provide the first 
direct comparisons of the transcriptomic responses of male and female Drosophila to mating, and the 
first comparison of mating-responsive miRNAs in both sexes in any species. As predicted, the results 
revealed the existence of sex- and body part-specific mRNA and miRNA expression profiles. More 
genes were differentially expressed in the female head-thorax than the abdomen following mating, 
whereas the opposite was true in males. Indeed, the transcriptional profile of male head-thorax tissue 
was largely unaffected by mating, and no differentially expressed genes were detected at the most 
stringent significance threshold. A subset of ribosomal genes in females were differentially expressed in 
both body parts, but in opposite directions, consistent with the existence of body part-specific resource 
allocation switching. Novel, mating-responsive miRNAs in each sex were also identified, and a miRNA-
mRNA interactions analysis revealed putative targets among mating-responsive genes. We show that 
the structure of genome-wide responses by each sex to mating is strongly divergent, and provide new 
insights into how shared genomes can achieve characteristic distinctiveness.

Mating is well-known to induce extensive behavioural and physiological changes in animals of many taxa. These 
include changes to fecundity, longevity, immunity, chemical signalling and sexual receptivity1–4. Post mating 
responses (PMRs) can be initiated within seconds or minutes or may build up over several hours or days5,6. They 
also vary in duration and may be sustained either temporarily, or permanently throughout life7. PMRs may act to 
optimise physiological and behavioural processes in mated individuals to facilitate subsequent reproductive effort 
or behaviour. However, the form of PMRs is expected to diverge significantly between the sexes. For example, in 
species in which both sexes mate multiply, mated females often show refractory responses associated with low-
ered willingness to mate and their removal from the mating arena in order to support and sustain the production 
of fertile eggs, at least until sperm supplies become depleted and sexual receptivity returns. In contrast, mated 
males are likely to be subject to selection pressures to minimise any refractory period, replenish ejaculates and 
rapidly re-enter reproductive competition in the mating arena.

PMRs are particularly well-studied in females of Drosophila melanogaster (reviewed in8,9). During copula-
tion, a male D. melanogaster transfers a suite of well over 150 seminal fluid proteins (Sfps) along with thousands 
of sperm to the female10,11. Many of the changes which occur in females following mating are induced by Sfps, 
and the magnitude of female PMRs appears to be dependent upon the quantity and relative composition of 
Sfps received in the ejaculate12,13. Sfp receipt increases oogenesis, ovulation and feeding14, reduces siesta sleep15, 
increases female aggression towards other females16 and reduces sexual receptivity toward males17. Other phys-
iological effects of Sfps include facilitation of sperm storage and retention18,19, changes to immune gene expres-
sion20,21 and to nutrient and water balance22,23. The adaptive modulation of PMRs appears to be facilitated by the 
highly precise24 and socially-flexible25,26 expression of Sfp-encoding genes.
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In contrast, in males surprisingly little is known about the physiological or behavioural changes associated 
with mating. Some type of refractory period is generally noted, as following mating, both sperm and Sfps must 
be replenished. Data are scarce, but it is suggested that in general seminal fluids are in more limited supply than 
are sperm themselves27–30. The refuelling of a full complement of Sfps in particular is known in some cases to take 
time, e.g. over 24 h in D. melanogaster males29–31. Potentially associated with this, physiological changes to the 
ejaculatory duct have also been noted in mated D. melanogaster males32,33. Aside from these responses, there is 
some evidence from targeted gene expression studies that males invest in immune response molecules following 
mating, similarly to females34. In contrast, while females increase and adapt their nutritional intake following 
mating, the same is not true for males35.

Since males and females share the vast majority of their genome, sexually dimorphic traits such as PMRs are 
predicted to arise from the sex-specific regulation of gene expression36. Hence measurements of genome-wide, 
mating-responsive gene expression profiles can provide insight into the underlying mechanisms involved in 
PMRs in both sexes. Transcriptomic profiles of PMRs have been generated for females of multiple insect species, 
e.g. the Mediterranean fruitfly Ceratitis capitata37; the honey bee Apis mellifera38; mosquitoes Anopheles gambiae39 
and Aedes aegypti40 and the seed beetle Callosobruchus maculatus41. In transcriptomic studies of PMRs in female 
D. melanogaster, several have focussed on profiling responses in the whole female fly42–47. Others have profiled 
individual body parts, such as the female reproductive tract48–50, or heads51 which has helped to reveal additional 
complexity which can sometimes be obscured by whole body arrays and profiles52. Several other studies have also 
profiled the responses of females to the receipt of sperm or Sfps44,45,53,54. Collectively, this work has revealed that 
PMRs can induce pervasive, genome-wide gene expression changes in reproductive, sensory and immune system 
genes with some similarities between signatures of mating and aging processes46.

In contrast to females, transcriptomic studies of PMRs in males are scarce. Gene expression profiles of male 
and female C. capitata and C. maculatus revealed the presence of distinct, sex-specific transcriptional responses to 
mating37,41. However, for D. melanogaster, no direct comparison of the transcriptomic mating response by males 
and females has previously been undertaken, and data on male responses are restricted to a single study using 
head tissue55.

The timing of the different facets of PMRs in both sexes is also highly variable and distinct. This suggests that 
mechanisms in addition to expression changes in coding genes are likely to be important contributors to PMRs 
and should themselves show sex-specificity. Some PMRs are extremely rapid and may rely upon the release of 
neurotransmitters56 or the actions of regulatory molecules. We have scant data so far of these aspects of PMRs, 
particularly in how changes in gene regulation versus gene expression are linked. Hence a significant part of our 
mechanistic understanding of the responses of both sexes to mating is still missing. Consistent with the idea that 
PMRs are achieved by a range of qualitatively different responses, recent data in female D. melanogaster show that 
regulatory molecules, such as miRNAs, can also change in response to mating46,57. miRNAs are a group of small 
non-coding RNA molecules which play a key role in post-transcriptional gene regulation by binding complemen-
tary mRNA transcripts, inhibiting their translation into peptides. Well-known for their role in gene regulation 
during development, miRNAs are increasingly implicated in the expression of adult phenotypes, including the 
regulation of Sfps24, male and female fertility and ovary morphology58. These recent findings predict significant 
changes to the expression of coding and regulatory non-coding genes following mating in both sexes, but as yet 
there has been no genome-wide analysis of non-coding RNA responses to mating in males. Study of the expres-
sion profiles of miRNAs in tandem with mRNAs also offer the potential for new insights into the regulatory 
processes underlying the changes in transcript abundance.

In this study, we addressed the omissions noted above by testing two predictions: (i) that there are significant 
changes to the expression of both coding and regulatory non-coding genes between virgin and mated flies in both 
sexes, and (ii) that the mode and nature of PMR gene expression profiles of each sex are markedly different. The 
data supported both predictions. For the female head-thorax (HT) and male abdomen (Ab) tissues, >2000 genes 
were differentially expressed (DE) between virgin and mated status. Interestingly, for the female HT the majority 
of DE genes were downregulated following mating, while many of the same genes were upregulated in the mated 
male Ab. In contrast, only 125 genes were DE after mating in the female Ab, while mating did not significantly 
impact gene expression in the male HT. The magnitude of genome-wide change showed sex specificity and was 
much greater in females, with ~50% vs 15% of DE genes showing greater than two-fold change in females vs 
males, respectively. We identified novel mating-induced miRNAs in the abdomens of both sexes, with changes 
occurring in fewer miRNAs in males than in females.

Results
Sequencing QC. To determine the transcriptomic profiles of mated and virgin flies, we conducted 
high-throughput RNA sequencing (RNA-seq). We extracted the mRNA and small RNA (sRNA) fractions from 
a total of 16 samples, consisting of two treatments (virgin vs. three hours post-mated), two sexes, two body-
parts (HT and Ab) and two biological replicates. FASTQ files generated from the sequencing reads were checked 
using FastQC (Babraham Bioinformatics) and no significant quality issues were discovered. RNA-seq reads had 
an average pseudo-alignment rate of 77.61% to the transcriptome (min 64.63%, max 85.1%, Supplementary 
Table S1a), and sRNA reads had an average of 84.97% alignment rate to the genome (min 82.49%, max 88.63%, 
Supplementary Table S1b). PCA plots showed clustering by sample for both mRNA-seq and sRNA-seq datasets 
(Fig. 1). Variation between replicates was generally very low. During differential expression analysis using the 
DESeq2 package59, coding genes or miRNA exhibiting high variability in expression values between replicates are 
penalised, so genes are only called DE if the variation between treatments is over and above that attributable to 
the replicates. Size distribution profiles of sRNA read length showed peaks at 22 and 23 nt, corresponding to the 
expected length for miRNAs (Supplementary Table S1c). In previous Drosophila sequencing studies, we and oth-
ers46,60 have noted a read length peak at 30 nt, accounting for >90% of the total reads. This fraction may contain 
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some longer sRNA species such as piRNAs, but is dominated by reads corresponding to the highly abundant 30 
nt 2S rRNA fraction found in insect species. To remove this fraction, we incorporated a complimentary “blocking 
oligo” into the library construction60, which successfully prevented adaptor ligation of 2S rRNA, thus increasing 
the proportion of reads derived from miRNAs.

Mating-Responsive mRNAs. The total numbers of genes showing DE in response to mating varied widely 
across sex and tissue type (Table 1; Supplementary Table S2a–d), as did the magnitude of the fold change in 
expression. The female HT and male Ab tissues had the greatest number of mating-responsive genes, with over 
2000 in each case. In contrast, the number of genes affected by mating was much lower in the female Ab, in which 
only 125 genes were DE between the virgin and mated treatments. Strikingly, no genes were DE between the HT 
of virgin versus mated males with a q-value of < 0.05. Replicate to replicate variability of virgin and mated male 
head-thorax samples was comparable with other samples (Supplementary Fig. S1). Therefore, the absence of sta-
tistically significantly differentially expressed genes cannot be explained by replicate variability and appears to be 
a biologically relevant effect. The magnitude of change in gene expression was greater in females than males, with 
~50% of DE genes showing greater than two-fold change regardless of body-part. Gene expression changes in the 
male abdomen, though involving numerous genes, were more subtle, with only 15% of DE genes showing over 
two-fold change. To detect signatures of enriched function amongst the DE genes we performed gene ontology 

Figure 1. Principle component analyses of mRNA-sequencing (A) and miRNA sequencing data (B). Points are 
coloured by sample type: mated (m), virgin (v), male (♂), female (♀), abdomen tissue (Ab) or head-thorax tissue 
(HT).

Significance threshold Total DE genes Upregulated in mated flies (>2 fold) Downregulated in mated flies (>2 fold)
mRNA

♀ abdomen
p < 0.05 628 475 (110) 153 (32)
FDR q < 0.05 125 106 (50) 19 (12)

♀ head-thorax
p < 0.05 3372 1206 (224) 2166 (1036)
FDR q < 0.05 2040 628 (144) 1412 (804)

♂ abdomen
p < 0.05 3607 2273 (355) 1334 (38)
FDR q < 0.05 2068 1507 (296) 561 (19)

♂ head-thorax
p < 0.05 329 265 (19) 64 (2)
FDR q < 0.05 0 0 0

miRNA

♀ abdomen
p < 0.05 16 12 4
FDR q < 0.05 4 3 1

♀ head-thorax
p < 0.05 10 4 6
FDR q < 0.05 0 0 0

♂ abdomen
p < 0.05 9 2 7
FDR q < 0.05 2 0 2

♂ head-thorax
p < 0.05 2 2 0
FDR q < 0.05 0 0 0

Table 1. Total numbers of mating-responsive mRNAs and miRNAs in male (♂) and female (♀) head-thorax 
and abdomen tissues. Numbers of significant DE genes with a fold-change difference of >2 are shown in 
parentheses.
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(GO) enrichment analyses on all sets of mating responsive genes (Table 2, Supplementary Table S3a–h). We also 
carried out GO analyses on the subset of genes in each sex/tissue type which exceeded a fold-change threshold of 
two (Supplementary Table S4a–f).

DE in the female abdomen. 125 protein coding genes were responsive to mating in female abdomens. Most of 
these (106) were upregulated in mated females. A GO enrichment analysis of all upregulated genes revealed a 
significant over-representation (FDR q-value < 0.05) of 30 biological process terms (Supplementary Table S3a). 
Many of the terms were related to translation and peptide synthesis due to the presence of 17 ribosomal protein 
encoding genes. More generally, “protein metabolism” was enriched which, aside from ribosomal protein genes, 
involved 16 peptidase-encoding genes, including the spermathecal endopeptidases Send1 and Send2. At least 
six terms were related to “multi-organism process” and two terms involving response to heat were also enriched, 
generated by the presence of 13 genes encoding immune system, or stress response proteins. Additionally, the 
term “electron transport chain” was enriched, associated with six genes – blw, CG3835, CG3731, CG4169, ND75 
and RFeSP. Of the 106 significantly upregulated genes, 50 exceeded the two fold-change threshold. A GO analysis 
of these revealed four significant biological process terms, three of which were related to “response to bacterium”, 
and involved eight different genes. The other enriched term, “proteolysis”, consisted of 12 genes (Supplementary 
Table S4a). Of the 19 genes which were downregulated in mated female abdomens, there were no terms with an 
FDR q-value < 0.05. However, five genes related to “carbohydrate metabolic process” were present in this subset: 
CG32444, Mal-A1, Mal-A7 and Mal-A8, and tobi (Supplementary Table S3b).

DE in the female head-thorax. 2040 genes showed DE between virgin and mated females in the HT. Of these, 
628 had higher expression in mated females. An enrichment analysis of the upregulated genes did not return any 
terms with an FDR q-value < 0.05, although terms associated with ncRNA processing fell just below the signifi-
cance threshold (Supplementary Table S3c). Excluding low fold-change (<2 FC) DE genes from the GO analysis 
highlighted enrichment in two terms related to rRNA processing (Supplementary Table S4b). Of the 1412 down-
regulated genes, 141 biological process terms were significantly over-represented (Supplementary Table S3d). 
Almost all were linked to metabolic processes involving the generation of precursor metabolites and energy and 
the oxidation-reduction process, nucleoside phosphate metabolic process, and organonitrogen compound meta-
bolic process. There were also terms associated with carbohydrate metabolism and oxoacid metabolism. Specific 
terms which were significantly enriched included “translation”, “ATP biosynthetic process”, “glycolytic process”, 
“muscle contraction” and “drug metabolic process”. More than half of the downregulated HT genes exceeded the 
two fold-change threshold. A GO analysis on this subset returned 106 enriched biological process terms, again 
mostly related to organonitrogen compound biosynthesis and energy metabolism, as well as carbohydrate metab-
olism and many other metabolic processes (Supplementary Table S4c).

DE in the male abdomen. 2068 protein-coding genes were DE between virgin and mated male abdomens, and 
1507 of these were upregulated in the mated flies. A GO enrichment analysis of the upregulated genes returned 
97 biological process terms with an FDR q-value < 0.05 (Supplementary Table S3e). At least 35 of the terms 
were related to the transport and localization of organic substances and proteins, and protein folding. Another 
two terms were related to proteolysis. The remaining terms were connected to metabolic processes. Similarly 
to the downregulated genes in the female HT, these included terms related to translation and energy genera-
tion. Additionally, the term “translational initiation” was enriched, driven by the presence of genes encoding 
eukaryotic translation initiation factor. Only 20% of the upregulated male abdomen genes had a fold change of 
over two, but this subset was enriched for 32 terms, mostly generated by the presence of ~50 ribosomal protein 
genes (Supplementary Table S4d). These terms included “translation” and “organonitrogen compound biosyn-
thesis”. Terms involving energy generation also remained overrepresented. Among the higher fold-change subset, 
“defence response to Gram-positive bacterium” was enriched, whereas the terms connected to protein transport 
and folding were absent. The 561 downregulated genes were not significantly enriched for any biological process 
terms, although the term “response to nutrient levels” fell just below the significance threshold (Supplementary 
Table S3f). Only 19 genes were over two-fold DE in the downregulated set. A GO analysis of this subset also did 
not return any significantly enriched terms. However, six terms had a p-value of > 0.05 and were all connected 
to glutamate receptor signalling, involving four genes – Rdl, Syt1, CG32447 and mtt (Supplementary Table S4e).

DE in the male head-thorax. Strikingly, no mating-responsive genes met the stringent q-value < 0.05 threshold 
in the comparison of virgin and mated male head-thorax tissue. However, a GO enrichment analysis on 329 DE 
genes with a p-value < 0.05 showed that, similarly to the male abdomen, terms involving ribosomal protein genes, 
such as “translation” were over-represented in the 264 upregulated genes (Supplementary Table S3g). When we 
analysed the 19 upregulated genes with greater than two-fold DE, 11 terms associated with defence response were 
enriched, represented by five genes – AttB, CecA2, LysX, CecC and Drsl2 (Supplementary Table S4f). GO analysis 
of the 64 downregulated genes returned terms involving molybdopterin cofactor processing, caused by three 
genes – cin, Mocs2 and CG42503 (Supplementary Table S3h). All but two of the downregulated genes had a fold 
change of over two, so no further GO analyses were carried out on these genes.

Comparison of sex- and tissue-specific profiles of mRNAs. We compared the mating responsive genes in each sex 
and tissue type to one another, to examine differences in the transcriptomic profiles between males and females 
and between different body parts (Fig. 2). For comparisons of female HT and abdomen tissues, and female and 
male abdomens, we were able to use the set of DE genes with an FDR q-value of < 0.05 (Table 1). However, since 
there were no such genes falling below that cut-off in the male HT, we produced extended DE gene lists with a 
p-value of < 0.05 for the male HT, Ab and the female HT. This less stringent threshold for DE calling allowed us 
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Biological process term ♀ Ab (up) gene count ♀ HT (down) gene count ♂ Ab (up) gene count
electron transport chain 6 44 35
translation 17 79 91
organic substance biosynthetic process 25 227 231
organonitrogen compound metabolic process 45 395 436
primary metabolic process 56 543 589
organic substance metabolic process 60 599 643
metabolic process 67 694 720
mitochondrial protein processing 5 5
cell redox homeostasis 16 19
generation of precursor metabolites and energy 70 44
cofactor metabolic process 58 48
organophosphate metabolic process 73 63
oxidation-reduction process 136 93
cellular amide metabolic process 94 120
macromolecule biosynthetic process 117 125
organonitrogen compound biosynthetic process 153 148
small molecule metabolic process 168 149
cellular nitrogen compound biosynthetic process 154 160
cellular biosynthetic process 222 223
biosynthetic process 230 234
cellular nitrogen compound metabolic process 260 293
cellular macromolecule metabolic process 281 316
nitrogen compound metabolic process 481 535
cellular metabolic process 572 613
cellular process 843 899
cellular response to unfolded protein 8
translational initiation 15
cellular component biogenesis 16
Golgi organization 28
rRNA metabolic process 30
Golgi vesicle transport 31
protein folding 48
protein-containing complex subunit organization 90
macromolecule localization 109
organic substance transport 123
establishment of localization in cell 124
proteolysis 129
cellular localization 132
catabolic process 136
cellular protein metabolic process 226
protein metabolic process 329
macromolecule metabolic process 453
regulation of autophagy of mitochondrion 5
muscle system process 9
reactive oxygen species metabolic process 11
cellular aldehyde metabolic process 12
mitochondrial transport 22
antibiotic metabolic process 25
monovalent inorganic cation transport 29
cellular homeostasis 43
carbohydrate metabolic process 56
carbohydrate derivative metabolic process 80
drug metabolic process 81
rRNA 3′-end processing 3
response to heat 7
multi-organism process 13

Table 2. Representative GO biological process terms significantly enriched among the mating-responsive genes 
in the female abdomen (♀ Ab), male head-thorax (♂ HT) and male abdomen (♂ Ab). Term enrichment analysis 
was performed using GOrilla.
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to explore the most significant changes in gene expression in the mated male HT, and make fair comparisons with 
the male Ab and female HT. GO analyses were conducted on the overlapping genes (Supplementary Table S5) to 
detect shared signatures of functional enrichment.

We first compared the DE genes in the female HT and female Ab, and found a total overlap of 70 genes (Fig. 2a). 
Of these, 13 genes were upregulated in response to mating in both the Ab and HT tissues, including the turan-
dot protein genes TotA, TotC and TotX, and the gene encoding juvenile hormone esterase (Jhe) (Supplementary 
Table S5a). There were also 11 genes downregulated in both tissues in females, including the five genes predicted 
to be involved in carbohydrate metabolism, mentioned earlier (Supplementary Table S5b). Another 46 genes 
were differentially expressed in both body-parts, but in opposing directions. All but one of the opposing genes 
were downregulated in response to mating in the HT, and upregulated in the Ab. Over-represented among these 
were 14 ribosomal protein genes, and six genes encoding proteins involved in oxidative phosphorylation (ND-75, 
RFeSP, UQCR-C1, UQCR-C2, COX8, blw) (Supplementary Table S5c).

We next considered whether the mating responsive genes of the female Ab were also DE in the male Ab 
(Fig. 2b). In this case almost all overlapping genes were expressed in the same direction, i.e. 51 genes were upreg-
ulated in both the female and male Ab in response to mating. Again, a GO analysis on the 51 genes revealed an 
enrichment in the terms “translation”, and “electron transport chain” (Supplementary Table S5d). Using the less 
stringent DE calling, we next compared all DE genes with a p-value < 0.05 in the male HT, to those from the 
male Ab (Fig. 2c). In contrast to the female, overlapping DE genes in the male tissues were always DE in the same 
direction (with the exception of one gene), i.e. 223 genes were upregulated in both HT and Ab, and 29 genes were 
downregulated in both tissues. Once again, GO terms associated with translation were enriched amongst the 223 
overlapping upregulated genes, while there were no significantly enriched terms for the downregulated genes 
(Supplementary Table S5e,f).

Finally, we compared the male and female HT body parts (Fig. 2d). Unlike in the Ab samples, where over-
lapping DE genes tended to be expressed in the same direction in both sexes, in the HT they were more likely to 

Figure 2. Overlap of the identities of up- and downregulated genes in response to mating in the different 
transcriptomes. (a) Numbers of DE genes upregulated (↑ ), or downregulated (↓ ) in response to mating in female 
abdomen (Ab) or head-thorax (HT). (b) Numbers of DE genes up- or downregulated in female or male Ab 
tissues. (c) Numbers of DE genes upregulated, or downregulated in response to mating in male Ab or HT (d) 
Numbers of DE genes upregulated, or downregulated in response to mating in female (♀) or male (♂) HT tissue. 
*DE calling based on a significance threshold of p < 0.05.
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be expressed in opposite directions. For example, we found 197 genes that were upregulated in the male HT, but 
downregulated in the female HT. GO analysis of the overlapping genes again revealed an enrichment of terms 
related to translation, and organonitrogen compound metabolism (Supplementary Table S5g).

Comparison of mRNA profiles with existing studies. Several previous studies have investigated transcriptomic 
changes in response to mating in D. melanogaster females, with variation in the tissue type analysed, and the 
time-point captured following mating (Supplementary Table S6a). To compare the mating-responsive genes 
found in previous studies with our data here, we selected the studies most closely matching our experimental 
protocol. For example, we compared our female Ab samples to those studies that used either whole females, or 
reproductive tracts, and our female HT samples to those using heads or whole females. A summary of the studies 
and the numbers of mating-responsive genes identified in each one can be found in Supplementary Tables S6a,b.

First we examined the number of mating-responsive genes in our dataset which were also DE in other studies, 
regardless of the direction in expression change (Supplementary Table S6b–f). For our female abdomen samples, 
65% of DE genes were also found to be mating-responsive in at least one other study. For the HT samples there 
was less, but still considerable, agreement with 29% of our DE genes also responding to mating in at least one 
other study. When we also considered the direction of DE, for the female Ab samples, 34.9% of our upregulated 
genes were also upregulated in at least one other study, and 63.2% of downregulated genes were downregulated 
in other studies. For the HT, 19.4% of genes increasing expression following mating in our study also did so in 
at least one previous study. For the downregulated genes in the head-thorax, agreement with other studies fell 
to 8.9% when direction of expression was taken into account. Interestingly, the female HT genes which showed 
opposing direction of DE in our study compared to previous studies were enriched for genes involved in transla-
tion, which we have shown to exhibit opposing expression in the head-thorax in comparison to abdomen sam-
ples. Studies measuring transcriptomic responses in whole flies would not have captured these body-part specific 
patterns.

To identify individual genes consistently found to be mating-responsive throughout the literature, we exam-
ined in more detail the DE genes found in our study and at least three previous studies. For upregulated genes in 
the abdomen, four genes were found to increase expression following mating in three other studies (Uro, jhamt, 
CG17234, CG3290), two were found in four other studies (su(r) and CG17239) and another two in five other 
studies (CG31324 and Send2). For upregulated genes in the head-thorax, CG6910, CG3036 and Uro were found 
in three other studies, CG31324 was found in four other studies and fit was found in five other studies.

Sex- and tissue-specific miRNA profiles. Reads from the sRNA-Seq output aligned to 401 mature miR-
NAs. The principle component analysis revealed that the miRNA profiles of HT and Ab tissues were distinct 
(Fig. 1). Furthermore, the miRNA profile of male and female Ab body parts differed significantly. This was in 
contrast to the HT, in which both sexes had similar profiles (Fig. 1). To investigate the sex- or tissue-bias in 
miRNA expression, we conducted a differential expression analysis between sexes and tissues (Supplementary 
Table S7a–d). A comparison of HT and Ab body-parts revealed that 83 miRNAs and 71 miRNAs were HT or Ab 
biased, respectively, in both sexes (Table 3). For the Ab-biased miRNAs, 45 were biased in males only, and 29 in 
females. There were fewer HT-biased miRNAs which were specific to one sex - 21 miRNAs were HT-biased in 
males only, and 14 miRNAs were HT-biased in females only. When males were compared to females, as expected 
from the PCA, most sex-biased miRNAs were specific to the Ab (97 male-biased, 42 female biased), with fewer 
miRNAs specific to the head-thorax (9 male-biased, 12 female-biased). There were also some miRNAs that were 
male- or female-biased in both body parts (8 male-biased, 12 female-biased) (Table 4). We examined the identi-
ties of the sex- and tissue-biased miRNAs and found strong concordance with a meta-analysis on sex-bias using 
publicly available sRNA-Seq data61. Of the 37 female-biased miRNAs identified in the meta-analysis, 31 were also 
female-biased in this study. Similarly, 26 of the 28 male-biased miRNAs identified were also male-biased here. 
The fact that the majority of sex-biased miRNAs were also abdomen-biased in this study is consistent with the fact 
that male- or female-biased miRNAs tend to be expressed in the testes or ovaries, respectively61.

Mating-Responsive miRNAs. Significantly (padj <0.05) differentially expressed miRNAs in response to 
mating were found in the Ab tissue of both males and females (Table 1, Supplementary Table S8a–d). In the 
female Ab, three miRNAs were significantly upregulated in response to mating (miR-14-3p, miR-997-5p, and 
miR-184-5p), and one miRNA was downregulated (miR-286-3p). In the male Ab, both strands of miR-927 were 
significantly downregulated in response to mating. No miRNAs were significantly DE in the HT of either sex.

mRNA-miRNA interactions. A number of mating-responsive mRNA targets of the differentially expressed 
miRNAs were identified, including genes which were dysregulated in the opposite direction of the targeting 
miRNA (i.e. an upregulated target of a downregulated miRNA, or a downregulated target of an upregulated 
miRNA) (Supplementary Table S9). Of the upregulated miRNAs, only miR-184-5p in the female abdomen was 
linked to any significantly downregulated targets, with one gene identified. For downregulated miRNAs, miR-
286-3p of the female abdomen contains four significantly upregulated targets. For the male abdomen, there 
were 50 and 114 significantly upregulated targets for the downregulated miRNAs miR-927-3p and miR-927-5p, 
respectively. Six of these significantly upregulated genes are predicted to be targeted by both miR-927-3p and 
miR-927-5p, namely Rpl37a, CG5707, Slh, twi, Su(w[a]) and Nop60B. Network visualisations of miR-927-3p and 
miR-927-5p interactions with all putative, mating-responsive mRNA targets (regardless of direction of differen-
tial expression) revealed the extensive targeting of both upregulated and downregulated mRNAs, including an 
additional 13 downregulated mRNAs targeted by both strands of miR-927 (Supplementary Fig. S3,a,b). To test 
whether the predicted targets of miR-927 were functionally linked, we conducted a GO enrichment analysis on 
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the upregulated predicted targets of each strand of miR-927. However, the analysis did not yield any enriched 
terms with an FDR q-value > 0.05.

When comparing predicted target and non-target transcripts of each differentially expressed miRNA for each 
comparison (e.g. mated versus virgin female Ab), the Kolmogorov-Smirnov analyses did not show differences 
between the fold change distributions of predicted targets and non-targets (Supplementary Fig. S6). Similarly we 
found no evidence for the overrepresentation of miR-184-5p, miR-286-3p or miR-927 targets amongst the corre-
sponding set of mating-responsive mRNAs, when compared to all mRNAs (Fisher’s Exact Test).

Discussion
We tested two major predictions (i) that there are significant changes to the expression of coding and regula-
tory non-coding genes following mating in both sexes, and (ii) that the mode and nature of PMR gene expres-
sion profiles of each sex are markedly different. The results supported both predictions and revealed significant 
insights into sex-specific functional variation in post-mating responses. Our data showed strong signatures of 
mating-responsive gene expression profiles that were unique, and spatially distinct, in each sex. In females, differ-
ential expression was generally of larger magnitude than in males. Gene expression in the female head-thorax was 
radically altered by mating, with 2040 genes showing differential expression of substantial magnitude, while 125 

Head-thorax biased miRNAs Abdomen biased miRNAs
Both sexes (83) Both sexes (71)
bantam-3p, 5p miR-193-3p, 5p miR-4952-5p miR-1007-5p miR-306-5p miR-960-3p, 5p
let-7-5p miR-210-3p, 5p miR-4960-3p miR-1012-3p miR-308-3p, 5p miR-961-3p, 5p
miR-1000-3p, 5p miR-219-5p miR-4968-5p miR-1015-3p miR-310-3p miR-962-3p, 5p
miR-1001-3p, 5p miR-2489-3p miR-7-5p miR-10-3p, 5p miR-311-3p, 5p miR-963-3p, 5p
miR-1004-3p, 5p miR-252-3p, 5p miR-87-3p, 5p miR-12-3p, 5p miR-312-3p, 5p miR-964-3p, 5p
miR-1005-3p miR-263b-5p miR-927-5p miR-184-5p miR-313-3p, 5p miR-982-5p
miR-1006-3p miR-276a-3p, 5p miR-929-3p miR-2494-3p, 5p miR-314-3p, 5p miR-983-3p, 5p
miR-1009-3p miR-276b-3p, 5p miR-932-3p, 5p miR-263a-3p, 5p miR-316-3p, 5p miR-984-3p, 5p
miR-1017-3p miR-277-3p, 5p miR-9383-3p miR-275-3p miR-31a-5p miR-991-3p
miR-11-3p miR-278-3p miR-957-3p, 5p miR-279-3p, 5p miR-31b-5p miR-997-5p
miR-124-3p, 5p miR-284-3p, 5p miR-969-3p miR-281-1-5p miR-33-5p miR-9b-3p, 5p
miR-125-5p miR-285-3p, 5p miR-970-3p, 5p miR-281-2-5p miR-4919-3p, 5p miR-9c-5p
miR-133-3p, 5p miR-2c-3p, 5p miR-971-3p, 5p miR-281-3p miR-92a-3p miR-iab-4-3p
miR-137-5p miR-307a-3p miR-981-3p, 5p miR-282-5p miR-956-3p, 5p miR-iab-8-5p
miR-13a-3p, 5p miR-315-3p, 5p miR-987-5p miR-283-3p, 5p miR-958-3p, 5p
miR-13b-1-5p miR-317-5p miR-990-5p miR-304-3p, 5p miR-959-3p, 5p
miR-1-3p, 5p miR-34-3p, 5p miR-993-3p, 5p Females only (29)
miR-14-3p miR-4945-5p miR-998-5p miR-1008-5p miR-2a-3p miR-92b-3p
miR-190-5p miR-4951-5p miR-999-3p miR-1014-5p miR-2b-2-5p miR-9372-5p
Females only (14) miR-11-5p miR-2b-3p miR-989-3p, 5p
miR-100-3p miR-307a-5p miR-4956-5p miR-13b-2-3p miR-306-3p miR-994-3p, 5p
miR-1007-3p miR-317-3p miR-4976-5p miR-13b-3p miR-318-3p, 5p miR-995-3p
miR-1011-3p miR-3-3p miR-929-5p miR-275-5p miR-4917-3p miR-996-3p, 5p
miR-274-5p miR-375-3p, 5p miR-9a-3p, 5p miR-282-3p miR-79-3p, 5p miR-998-3p
Males only (21) miR-2a-1-5p miR-92a-5p miR-9c-3p
miR-1003-3p miR-263b-3p miR-7-3p Males only (45)
miR-1010-3p miR-2a-2-5p miR-954-3p, 5p miR-1014-3p miR-4977-3p miR-978-3p, 5p
miR-137-3p miR-2a-3p miR-969-5p miR-125-3p miR-4985-5p miR-979-3p, 5p
miR-13b-3p miR-2b-2-5p miR-988-3p miR-2498-3p, 5p miR-8-3p, 5p miR-980-5p
miR-14-5p miR-2b-3p miR-995-3p miR-2499-3p, 5p miR-929-5p miR-982-3p
miR-219-3p miR-307b-5p miR-998-3p miR-274-5p miR-9369-3p, 5p miR-985-3p
miR-2535b-3p miR-4952-3p miR-303-5p miR-9370-5p miR-986-3p

miR-307b-3p miR-972-3p miR-992-3p
miR-31a-3p miR-973-3p, 5p miR-997-3p
miR-33-3p miR-974-3p, 5p miR-iab-4-5p
miR-375-3p, 5p miR-975-5p miR-iab-8-3p
miR-4966-3p, 5p miR-976-3p
miR-4976-5p miR-977-3p, 5p

Table 3. miRNAs with tissue-biased expression in both sexes, or in males or females only. Numbers in 
paratheses are the total miRNAs in each category, inclusive of 3p and 5p strands where both are differentially 
expressed.
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genes responded to mating in female abdomens. In contrast, in males there were no mating-responsive expression 
changes in the head-thorax at all under the same significance criteria, whereas male abdomens showed differen-
tial expression in 2068 genes.

The large number of DE genes in the female head-thorax and male abdomen is consistent with known PMR 
activity and phenotypes in those different body-parts. For example, the receipt of the ‘sex peptide’ seminal fluid 
protein from males during mating causes neurological changes in the female brain that affect feeding behaviour, 
sleep patterns, sexual receptivity and aggression levels14–16. Hence even if the primary site of Sfp receipt is within 
the female reproductive tract in the abdomen, Sfps can cause many changes in other parts of the body by binding 
to receptors located in the nervous system including the brain62. Our knowledge of PMR phenotypes in males 
is limited, but biological processes known to be affected by mating are located within the abdomen, namely the 
replenishment of ejaculate components and morphological changes to the ejaculatory duct31,33. The low numbers 
of DE genes seen in the female abdomen and male head-thorax suggests there is lower activity of biological pro-
cesses in those body-parts following mating, or a low requirement for active de novo gene transcription. However, 
it is also possible that gene expression changes in different tissues and cell types within the major body parts tested 
are occurring, but counteracting one another. The gene expression patterns we describe are supported by specific 
validated genes reported from other studies. Previous transcriptomic studies on females varied considerably in 
the numbers of DE genes detected in response to mating, from just 3843 to over 200044 in whole females assayed a 
few hours after mating. One study49 also found a ten-fold difference in the numbers of mating-responsive genes 
in the spermatheca compared to the seminal receptacle, indicating that tissues with related functions can also 
show distinctive responses.

Female biased miRNAs Male biased miRNAs
Whole fly (12) Whole fly (8)
miR-286-3p miR-956-5p miR-1006-3p miR-252-5p miR-2c-3p
miR-2b-2-5p miR-989-3p miR-10-5p miR-263a-5p miR-993-3p
miR-308-3p, 5p miR-994-5p miR-133-3p miR-263b-3p
miR-318-3p miR-9b-3p Abdomen only (97)
miR-92a-3p miR-9c-5p let-7-5p miR-314-3p miR-970-3p, 5p
miR-92b-3p miR-1000-5p miR-315-5p miR-972-3p
Abdomen only (42) miR-100-3p miR-316-5p miR-973-3p, 5p
bantam-3p miR-311-3p, 5p miR-1004-3p miR-317-3p miR-974-5p
miR-1003-3p miR-312-3p, 5p miR-1013-3p miR-31a-3p, 5p miR-975-5p
miR-1010-3p miR-313-3p, 5p miR-1015-3p miR-31b-5p miR-976-3p
miR-11-5p miR-318-5p miR-10-3p miR-3-3p miR-977-3p, 5p
miR-13b-2-5p miR-7-5p miR-12-3p miR-34-3p, 5p miR-978-3p, 5p
miR-13b-3p miR-79-3p miR-125-3p, 5p miR-375-3p, 5p miR-979-3p, 5p
miR-184-3p miR-92a-5p miR-12-5p miR-4919-3p miR-980-5p
miR-2489-3p miR-9372-5p miR-1-3p miR-4966-3p, 5p miR-981-3p
miR-275-3p miR-988-3p miR-2498-3p, 5p miR-4976-5p miR-982-3p, 5p
miR-279-3p miR-989-5p miR-2499-3p miR-6-3p miR-983-3p, 5p
miR-282-3p, 5p miR-994-3p miR-263a-3p miR-8-3p, 5p miR-984-3p, 5p
miR-284-3p, 5p miR-995-3p miR-274-5p miR-87-3p miR-985-3p
miR-2a-1-5p miR-996-3p, 5p miR-276b-3p miR-929-5p miR-986-3p
miR-2a-3p miR-998-3p, 5p miR-277-3p, 5p miR-9369-3p, 5p miR-987-5p
miR-2b-3p miR-999-3p miR-278-3p miR-9370-5p miR-991-3p
miR-306-3p, 5p miR-9b-5p miR-281-1-5p miR-959-3p, 5p miR-992-3p
miR-310-3p miR-9c-3p miR-281-2-5p miR-960-3p, 5p miR-997-5p
Head-thorax only (12) miR-281-3p miR-961-3p, 5p miR-9a-3p, 5p
miR-281-1-5p miR-375-3p miR-303-5p miR-962-3p, 5p miR-iab-4-3p
miR-283-5p miR-8-3p miR-304-3p, 5p miR-963-5p miR-iab-8-5p
miR-314-3p, 5p miR-956-3p miR-307a-5p miR-964-3p, 5p
miR-316-5p miR-958-3p, 5p miR-307b-3p miR-969-3p
miR-33-5p miR-980-3p Head-thorax only (9)

miR-1017-3p miR-210-5p miR-990-5p
miR-124-3p, 5p miR-932-3p miR-998-3p
miR-190-3p miR-957-3p

Table 4. miRNAs with sex-biased expression in both body-parts (whole fly), or in the head-thorax or abdomen 
only. Numbers in paratheses are the total miRNAs in each category, inclusive of 3p and 5p strands where both 
are differentially expressed.
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We also observed sex-specific functional enrichment amongst mating-responsive genes. For example, in male 
abdomens, the predominant response was an upregulation in genes associated with protein folding, localization 
and processing through the Golgi apparatus and endoplasmic reticulum. Genes encoding signal recognition par-
ticles (SRP), SRP receptors, translocation channel proteins and p24 family proteins63 were upregulated, as well as 
genes encoding coatomer-proteins that form COPI and COPII vesicles64,65. This sex-specific response implies an 
increase in the production of secreted or transmembrane proteins, and is consistent with male replenishment of 
Sfps that become depleted following mating31. Most of the secretory pathway transcripts were upregulated less 
than two-fold in mated versus virgin males, which suggests a complex coordinated and on-demand regulation 
machinery for the production of Sfp proteins. In female abdomens, the transcription of genes encoding immune 
effectors was elevated following mating, consistent with previous observations43,46,47,50. The significance of this 
robust response is not yet clear but may stem from either the transfer of pathogens through mating, damage to the 
female genital tract, or induction by ejaculate proteins20,66.

As well as sex-specific responses, a core set of shared genes were differentially expressed in both male and 
female abdomens. Among these was an over-representation of ribosomal protein (RP) genes and genes involved 
in the electron transport chain. This implies that both sexes have an increased requirement for translation and 
energy generation following mating. In males, increased translation in the abdomen is consistent with the replen-
ishment of Sfps. Indeed, a previous study reported a burst of ribosome synthesis in the accessory glands (the main 
site of Sfp production) of males between 30 minutes and 6 hours following mating67. Increased translation in 
mated female abdomens may be required for egg activation and the progression of vitellogenic oocytes, requiring 
the translation of maternal mRNAs and enhanced yolk protein synthesis, respectively68,69.

Interestingly, some mating-responsive processes that were upregulated in the abdomen of both sexes were 
downregulated in the female head-thorax. Indeed, downregulated genes constituted the majority of DE genes in 
the female head-thorax, in direct contrast to all other comparisons, in which DE was generally due to the upreg-
ulation of genes in response to mating. Reduced expression of RP genes and genes associated with energy gen-
eration in the head-thorax, and elevation of those same genes in the abdomen, is suggestive of a mating-induced 
‘switch’ in tissue-specific resource allocation. This could reflect a compensatory mechanism to counterbalance the 
increased demand for energy and translation in the abdomen, an idea that would be interesting to test.

It can be somewhat difficult to directly compare transcriptomic studies across different laboratories, given 
the variance in experimental design, diet, fly strain, tissue, transcriptomic methods and analysis. Nevertheless, 
there are some interesting contrasts to explore with existing studies of the transcriptomic responses of female D. 
melanogaster to mating42–49,51. To minimise confounding variation, we compared our data with studies that had 
used similar time points and tissues and in general, there was good overlap. Specific genes were robustly differ-
entially expressed in response to mating across multiple studies. These included fit, CG31324 and Send2 which 
were upregulated in response to mating in this and in five other studies. Send2 encodes the serine protease sper-
mathecal endopeptidase 2 which, along with Send1, is exclusively expressed in secretory cells of the female sper-
matheca70. Although the exact function of Send2 itself is unknown, products of the spermathecal secretory cells 
are required for the recruitment of sperm for storage, and sustained egg laying70. The gene product of CG31324, 
which was also consistently upregulated in the mated female abdomen, is currently unknown. The product of fit is 
associated with feeding behaviour. In females, it is downregulated in starvation conditions71 and acts as a negative 
feedback regulator to suppress the intake of protein-rich food72. Mated females have an increased appetite14, and 
a preference for protein-rich food when compared to virgins73. Therefore the upregulation of fit following mating 
may be triggered by the protein-component of an increased food intake.

Our data revealed that post-mating changes in both sexes have the potential to be regulated by small RNA 
molecules, as has been reported previously for females46,57. The pluripotentiality of miRNA targeting allows mul-
tiple genes to be regulated simultaneously under the influence of miRNA ‘hubs’24. This facilitates the coordinated 
expression of genes with related functions in response to an appropriate single stimulus, such as mating. At the 
most stringent significance threshold, we identified four miRNAs that differed in expression between virgin and 
mated female abdomens, and two in male abdomens. Both the 3p and 5p strands of miR-927 were downregulated 
in males following mating. In support of a role for this miRNA in regulating reproductive processes, deletion of 
miR-927 in male D. melanogaster is reported to reduce adult fertility58. Interestingly, both strands of miR-927 
were also among the most significantly downregulated miRNAs in the female abdomen (albeit below the padj 
threshold of 0.05), suggesting that this miRNA may play a role in the regulation of post-mating responses com-
mon to both sexes.

Of the four miRNAs that were significantly differently expressed in mated females, the two with the greatest 
fold change were miR-184-5p and miR-997-5p. Increased expression of miR-184 is consistent with the essential 
role of this miRNA in the regulation of oogenesis. Females lacking miR-184 show an age-progressive failure to 
produce eggs74 and their fecundity is unaffected by the presence of sex peptide57. Interestingly, overexpression 
of miR-184 in both sexes causes a severe reduction in lifespan75 and this may offer clues to the mechanisms 
underlying reduced lifespan in mated females. miR-997 was completely absent in virgin females and in female 
head-thorax tissue, but was detectable in female abdomens following mating. Notably, in males, miR-997 expres-
sion was also restricted to the abdomen, but is stably expressed regardless of mating status. One possibility is 
that miR-997 is expressed solely by males and transferred to females during mating. Extracellular miRNAs can 
be transported stably within microvesicles, which are released into the ejaculate by secondary cells of the male 
accessory gland76,77. Once in the female, miRNAs contained within the microvesicles have the potential to target 
female mRNA molecules, and thus alter female post-mating responses76.

The miRNA-mRNA interaction analysis identified a number of genes that were differentially expressed in the 
opposite direction to significantly upregulated or downregulated miRNAs, indicating a potential response of the 
coding transcriptome to miRNA differential expression after mating. However, global differences in expression 
between all predicted targets and non-targets of differentially expressed miRNAs were not observed. A potential 
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explanation is that miRNA differential expression influences physiological change by mediating the repression of 
a restricted set of predicted targets. The signal for this type of repression would be obscured in a global analysis of 
all predicted targets and nontargets. The global correlation analysis of mating-responsive miRNAs and mRNAs 
also revealed that a number of differentially expressed mRNAs in the male abdomen had the potential to be 
targeted by miR-927-3p or 5p strands. Of the mRNA targets that were expressed in the opposite direction to miR-
927, at least 38 are described as having a role in developmental processes, although there was no overall significant 
enrichment of functional terms, suggesting that putative targets of miR-927 have diverse functions. Interestingly, 
a number of DE mRNAs were predicted to be targets of both strands of miR-927, opening up the possibility that 
the two mature miRNAs are acting cooperatively to mediate repression.

Conclusion
Our results provide the first direct comparison of the transcriptomic responses of male and female Drosophila 
to mating, and the first comparison of mating-responsive miRNAs in both sexes in any species. Our data reveal 
that there were marked sex- and body part-specific responses to mating, in profiles of mRNAs and miRNAs in D. 
melanogaster. However, some transcriptional responses were also shared by males and females. There were also 
sex-specific differences in the magnitude of gene expression changes, with females generally showing a greater 
magnitude of DE. In addition, while many of the same genes were differentially expressed between body-parts 
and sexes, the direction of DE of these genes was sex- or tissue-specific. Taken together, our results show that 
while both males and females invest in enhanced protein and energy production in the abdomen, males have 
a much broader response than females, and additionally invest in the production of secretory protein pathway 
components. In contrast, in the head-thorax, females showed the greatest transcriptional response through the 
downregulation of both small- and macro-molecule metabolism and energy production, while the transcriptional 
profile of males remained largely unchanged. Our results reveal the extent of quantitative and qualitative variation 
in sex-specific responses to mating and highlight novel potential roles for regulatory molecules in shaping the 
expression of sex differences.

Materials and Methods
Sample preparation. Wildtype D. melanogaster flies were from a large laboratory population originally 
collected in the 1970s in Dahomey (Benin). Flies were reared on standard sugar yeast (SY) medium (100 g brew-
er’s yeast powder, 50 g sugar, 15 g agar, 30 ml Nipagin (10% w/v solution), and 3 ml propionic acid, per litre of 
medium) in a controlled environment (25 °C, 50% humidity, 12:12 hour light:dark cycle). Larvae were raised at 
a standard density of 100 per vial (glass, 75 × 25 mm, each containing 7 ml SY medium). Male and female adults 
were separated within 6 hours of eclosion using ice anaesthesia and stored in single sex vials at a density of 10/vial 
for 6 days. For the mated treatment, a single male was placed with a female and the time of mating was recorded. 
Immediately after mating the male was removed to a separate vial to prevent further matings. All mated flies were 
then flash frozen at 3 hours after start of mating in liquid N2. For the virgin treatment, males and females were 
housed individually in vials for ~3–4 hours before flash freezing. Frozen flies were stored at −80 °C until use. The 
sample size for each treatment was 50 males and 50 females. The entire experiment was repeated exactly, using 
fresh egg collections to generate two biological replicates. Therefore, in total 16 samples were generated: 2 sexes × 
2 treatments (mated/virgin) × 2 body parts (HT and Ab) × 2 replicates.

RNA extraction. To prepare tissue for RNA extraction, 50 flies from each sex, treatment and biological 
replicate were separated into HT and Ab tissues on dry ice, and the body parts were then pooled for RNA extrac-
tion (note that both body parts were intact, and thus the Ab contained the germline). Tissues were disrupted by 
grinding under liquid nitrogen, then total RNA was extracted using the miRvana miRNA isolation kit (Ambion, 
AM1561), according to the kit protocol. RNA was eluted in RNA storage solution (1 mM sodium citrate, pH 6.4 
+⁄− 0.2, Ambion). Samples were DNase treated to remove residual genomic DNA (Ambion Turbo DNA-free kit, 
AM1907). RNA was assessed for quantity and quality using a NanoDrop 8000 spectrophotometer.

Library construction and sequencing. The 16 samples were sent to the Earlham Institute provider 
(Norwich Research Park, UK) for mRNA and sRNA library construction, and sequencing. Libraries were con-
structed using the Illumina TruSeq kit. For the sRNA libraries, a modified ‘blocking oligo’ was also used to 
preclude adapter ligation to the highly abundant 30 nt 2S rRNA60. Non-directional, single end RNA-seq was 
conducted using the Illumina HiSeq. 2500 platform with 50nt read length.

Sequencing analysis. Kallisto version 0.46.078 was used to pseudoalign reads to the Berkeley Drosophila 
Genome Project 6 (BDGP6) cDNA sequences downloaded from Ensembl (release 8979). A kallisto index was 
created using the “kallisto index” command (k-mer size 31). Kallisto quant was used to obtain transcript count 
estimates and parameters were set to include 100 bootstrap samples and to perform sequence bias correction. 
Transcript to gene mappings were obtained using biomaRt80 and transcript counts were aggregated in Sleuth 
(version 0.28.1)81 before calling pairwise differential expression between mated and virgin samples of the same 
body part and sex. Small RNA reads were converted from FASTQ to FASTA format and then processed to 
trim sequencing adaptors using a custom Perl script (avalible in the Supplementary Material) recognising the 
first 8 bases of the adapter sequence (‘TGGAATTC’). Trimmed reads were then aligned to miRBase (v22.0) 
D. melanogaster mature miRNA sequences using PatMaN82 (parameters -e 0 -g 0). A custom Perl script (see 
Supplementary Material) was used to parse the alignment files and generate an aligned read count table across all 
samples. DESeq2 (version 1.14.1)59 was used for normalisation of counts between samples and calling differen-
tially expressed miRNAs.
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miRNA target prediction. Prediction of miRNA target sites were conducted using the TargetScan algo-
rithm (version 4.1 – ‘TargetScanS’)83, which predicted targets on the basis of complementarity of the 3′ untrans-
lated region (3′UTR) to the mature miRNA seed sequence83,84. In order to run TargetScan, using custom shell 
scripts, mature miRNA sequences were downloaded from miRBase, filtered for D. melanogaster miRNAs, and 
processed to produce a tab-delimited three column file, with columns sequentially referring to miRNA name, 
miRNA seed sequence (i.e. nucleotides 2–8 of the miRNA from the 5′ end), and NCBI taxonomic ID (i.e. ‘7227’ 
for D. melanogaster). The R (v3.5.1)85 biomaRt package (v2.38.0)80,86 was used for the download of D. melano-
gaster 3′UTR sequences necessary for the running of TargetScan, along with transcript-gene mappings: The use-
Mart function was used to select the Ensembl mart. For the selected mart, the useDataset function was used to 
select D. melanogaster ensembl gene models for release 89 of Ensembl. Afterwards the getBM function was used to 
extract stable gene and transcript ids, external gene names and 3′UTR sequences for all D. melanogaster transcript 
models. Otherwise default parameter values were used when calling biomaRt functions. For each gene model, 
the transcript splice-isoform (denoted by the ensembl transcript ID) with the longest annotated 3′UTR was des-
ignated as being representative for that gene. In cases where a gene model possessed multiple transcript isoforms 
corresponding to the maximum 3′UTR length for that gene, one transcript isoform was selected at random. Gene 
models in which none of the corresponding transcript models possessed an annotated 3′UTR sequence was not 
used for miRNA target prediction with TargetScan. For use with TargetScan, 3′UTR data were deposited in a 
three-column tab-delimited text file sequentially containing an identifier column containing the ensembl gene ID, 
ensembl transcript ID, and the external gene name; a column containing the D. melanogaster NCBI taxonomic ID 
(i.e. ‘7227’), and a final column containing the 3′UTR sequence. TargetScan was then subsequently executed with 
the 3′UTR data file and the previously described miRNA data file.

Comparison of miRNA predicted targets and nontargets. Transcript expression data was 
pre-processed before statistical testing: The mean average relative abundance for each mRNA, in units of nor-
malised transcripts per million (TPM)87, was computed from both replicates for each sample type (e.g. female 
abdomen). mRNA with average normalised TPM values equal to zero were discarded for each sample type and 
not used for further analysis. A pseudocount (AKA offset) of 1 was added to all remaining average normal-
ised TPM values. Log2 fold change values were computed from offset average normalised TPM values for each 
individual differential expression analysis (e.g. virgin male abdomen vs. mated male abdomen). The log2 fold 
change was subsequently used as a metric of the magnitude of mRNA differential expression between condi-
tions. Exploratory Data Analysis, in which cumulative plots of upregulated, downregulated and not differentially 
expressed genes were constructed with respect to 3′UTR length and 3′UTR predicted target site frequency, indi-
cated that 3′UTR length was a potential confounding variable when examining mRNA dysregulation between the 
virgin and mated conditions (Supplementary Figs S2ab and S4ab). A simulation, in which TargetScan was ran as 
described previously, but using 401 randomly generated miRNA seed sequences instead of 401 D. melanogaster 
miRNA seed sequences, and with subsequent cumulative plot construction with respect to 3′UTR target site fre-
quency, provided further evidence that 3′UTR length was a confounding variable (Supplementary Fig. S5a,b). In 
subsequent analyses, a sampling method was used to normalise 3′UTR length for mRNA expression data when 
comparing predicted target 3′UTRs to predicted nontarget 3′UTRs for any given comparison: A histogram of 
3′UTR sequence lengths was constructed separately for predicted target and nontarget datasets, starting from 
0, in increments of 200nt, and to a maximum representing the maximum sequence length from both target and 
non-target datasets. Each break of the two histograms are iterated through, and for each iteration, log fold change 
values for predicted target and nontarget datasets are subsetted to fall within the 3′UTR sequence length range 
given by the individual histogram breaks. Within this range, of the target and nontarget log fold change vectors, 
if vector sizes are unequal, the vector with the largest number of records is sampled to match the number of 
observations contained within the smaller vector. Log fold change values for both predicted target and nontarget 
datasets are concatenated for each iteration, in order to create log fold change distributions which are normal-
ised for 3′UTR length. In the case of the Fisher Exact test, an identical sampling procedure is implemented with 
the exception that transcript identifiers are sampled instead of log fold change values. We investigated whether 
changes in mRNA expression could be influenced by the changes in expression of differentially expressed miR-
NAs, by a process of miRNA targeting. Two-sample, one-sided Kolmogorov-Smirnov (KS) tests (using the ks.test 
function of the R stats package) were implemented to test for the inequality between miRNA target and miRNA 
nontarget fold change distributions for a given miRNA, and the one-sided Fisher Exact Test (using the fisher.test 
function of the R stats package) to test for an enrichment of the target sites of differentially expressed miRNAs in 
mRNAs differentially expressed in the opposite direction. For the KS test, the value of the ‘alternative’ parameters 
was set to ‘greater’ when testing the effect of upregulated miRNAs, and set to value of ‘less’ when testing the effect 
of downregulated miRNAs. For the Fisher test, the value of the ‘alternative’ parameter was always set to a value of 
‘greater’. Otherwise, default parameters were used for both statistical test functions. Fisher Exact and KS tests were 
also similarly conducted to test for potential combinatorial effects of different pairwise combinations of miRNAs 
which were differentially expressed in the same direction with predicted target sets designated as those mRNAs 
with predicted targets for both differentially expressed miRNAs. The false discovery rate (FDR) was set at 0.05, 
with the Benjamini-Hochberg method used to correct for multiple comparisons88. To counteract the stochasticity 
introduced by the sampling described previously, for each test, p-values were calculated 100 times, and the mean 
average p-value was taken as being representative.

Network visualisations. Network visualisations of predicted interactions between differentially expressed 
coding genes and differentially expressed miRNA for the mated male abdomen were completed using Cytoscape 
(v3.4.0)89. Network visualisations were not completed for other comparisons, which either did not possess any 
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differentially expressed miRNAs, or the number of differentially expressed coding genes predicted to be targeted 
by differentially expressed miRNAs was judged to be too low for network visualisations to be informative.

Gene ontology enrichment analysis. GO analyses were conducted using the GOrilla enrichment analysis 
and visualisation tool using the default parameter settings90,91. Unranked target lists of genes were compared to a 
background of genes for which reads were obtained in our sequencing analysis. Background reference lists were 
tailored to each sex and body part, to minimise sampling bias92. The cut-off for statistical significance was an FDR 
q-value < 0.05.

Data archiving. Raw sequencing data for this study is stored at the Sequence Read Archive (SRA) using the 
BioProject accession: PRJNA521155.
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