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Abstract

MicroRNAs are a wide class of ~22 nt non-coding RNAs of metazoans capable of inhibiting 

target mRNAs translation by binding to partially complementary sites in their 3’UTRs. Due to their 

regulatory potential, miRNAs are implicated in functioning of a broad range of biological pathways 

and processes. Here we investigate the functions of the miR-959-964 cluster expressed 

predominantly in testes of Drosophila melanogaster. The deletion of miR-959-964 resulted in male 

sterility due to the disturbance of the spermatid individualization process. Analysis of the 

transcriptome by microarray followed by luciferase reporter assay revealed didum, for, fdl and 

CG10512 as the targets of miR-959-964. Moreover, the deletion of miR-959-964 is accompanied by

a decreased the expression of genes responsible for microtubule-based movement and spermatid 

differentiation. Thus, we suggest that miR-959-964 can control the process of spermatid 

individualization by direct and indirect modulating the expression of different components of the 

individualization process. In addition, we have shown that in comparison to other miRNAs, the rate 

of evolution of the testis-specific miR-959-964 cluster is unusually high, indicating its possible 

involvement in speciation via reproductive isolation.
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Introduction

MicroRNAs (miRNAs) are short 21-23 nt RNAs that are processed by Dicer and Drosha 

proteins from 5’- and 3’-end arms of 60-100 nt precursors having a characteristic hairpin-like 

secondary structure (pre-miRNAs). The genes of miRNAs are often located close to each other in 

the genome forming polycystronic clusters [1–3]. The most amazing feature of miRNAs is their 

ability to repress the expression of target genes on the post-transcriptional level. In animals, the 

recognition of the 3' untranslated regions (3'UTRs) of targets by partially complementary miRNAs 

causes mRNA degradation and/or blocking of translation, which is mediated by Argonaute (Ago) 

and other effector proteins [4–7]. The key region of a miRNA that is responsible for the recognition 

of target mRNAs is the so called ‘seed’ region embracing nucleotides 2 to 7 relative to its 5’-end 

(Bartel, 2009). In geneal, miRNA-mediated inhibition of target mRNAs is a powerful and flexible 

mechanism of tissue-specific regulation of gene expression and, as a result, the different pathways 

and processes.

The involvement of miRNAs in development and functioning of the male reproductive system 

is shown in a number of reports (see Reviews [8, 9] for futher details). The first indication of this 

possibility was the demonstration that Dicer, Ago and several testis-expressed miRNAs are co-

localized in the chromatoid bodies of male germinal cells [10]. The deletion of dicer or drosha 

associated with the decline of miRNA abundance results in the failure of spermatogenesis in 

mammals [11–15]. It is known that mammalian testes have a specific set of miRNAs [16–21]. 

Murine testis-specific miRNAs are mostly expressed in pachytene spermatocytes [19], and indeed 

the ablation of Dcr1 specifically impaired the meiotic and post-meiotic stages of spermatogenesis 

which finally led to infertility [14] . In some reports specific functions of particular miRNAs during 

spermatogenesis were demonstrated. miRNAs from the miR-17-92 cluster are able to inhibit the 

translation of E2F1 mRNA resulting in prevention of apoptosis in meiotic spermatocytes [22]. 

miRNA-21 regulates the self-renewal of germ stem cells of murine testes [23]. In somatic cells of 

the niche in testes of old-aged fruit flies let-7 represses the expression of Imp that is implicated in 

maintaining germ stem cells divisions [24]. It has recently been demonstrated that miR-34 and miR-

449 repress E2F, NOTCH1 and BCL2 in mammalian testes [20, 25, 26]. In addition to this, miR-

34c is able to enforce apoptosis of germ cells [27], and, being transmitted to the oocyte by sperm, is 

implicated in the initiation of the first zygotic division [28]. Murine Tnp2, encoding a transition 

protein involved in chromatin remodeling during spermatogenesis, is regulated by miR-122a [21].

It is known that mid spermatogenesis is characterized by a complete cease of gene 
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transcription, and therefore proteins required for later stages of spermatid differentiation must be 

produced by translation of mRNAs stored prior to the cease of transcription [29, 30]. Translation of 

such mRNAs is blocked at the mid stage and activated at the late stages, while their premature 

translation activation results in abnormal spermatogenesis and infertility. The described mechanisms

of translational repression that can occur in meiotic and post-meiotic cells include the binding of 

repressor proteins to the Y-box, poly(A) signals or AU motifs in the 3'UTR of mRNAs, and also the 

loading of mRNAs into ribonucleic protein particles (RNPs) that prevents them from degradation 

[29, 30]. Although the instances of miRNA functioning in early spermatogenesis are known, the 

degree of the contribution of miRNAs to post-transcriptional regulation of gene expression during 

late spermatogenesis is still under the question. Here we present the data demonstrating the 

possibility of the involvement of a whole cluster of miRNAs in the regulation of spermatid 

differentiation in testes of Drosophila melanogaster.

Materials and Methods

Analysis of small RNA libraries

Tissue expression profiling of miRNAs was conducted with small RNA libraries fetched from GEO:

GSM239041 (heads), GSM278695 (males), GSM278706 (females), GSM280085 (testes), 

GSM280082 (ovaries), GSM286604 (0-1h embryos), GSM286605 (2-6h embryos), GSM286607 

(6-10h embryos) and GSM272652 (S2). Small RNA reads have been mapped to dm3 genome 

assembly using bowtie [31] with the requirement of perfect matching. Reads were annotated 

according to UCSC Genome Browser [32] and miRBase [33] databases, and the counts of miRNAs 

were used to infer their expression profiles. 

Northern-blot hybridization

A total of 20 µg of RNA extracted from fly heads, germinal tissues, carcasses (bodies without 

germinal tissues), larvae, embryos and S2 cells, were resolved on 20% PAGE in denaturing 

conditions, transferred to Hybond N+ membrane (Amersham-Pharmacia Biotech, GE Healthcare 

Bio-Sciences) and fixed by UV radiation (Stratagene). Hybridization of 10 pmol of [γ-32P]ATP 

labeled probes (Table S1) was performed in Church buffer overnight at 37°C with subsequent 

double washing in 2x SSC/0.1% SDS. The signals were visualized with the STORM 

PhosphorImager System (Amersham-Pharmacia Biotech, GE Healthcare Bio-Sciences).
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FRT-FLP mediated deletion

The deletion of the region encompassing the miR-959-964 cluster was performed as described 

previously [34]. Fly stocks f07682 and f02063, carrying PiggyBac-based transgenic constructs with 

FRT sites and flanking the region of interest, were obtained from Harvard Stock Center. Fly stock 

#279 from Bloomington Stock Center was used as the source of FLP recombinase. The expression 

of FLP was activated by heat-shock treatment of flies (1h, 37°C) for five days. F2 progeny was 

screened for the presence of the deletion by site-specific PCR, as described [34] (primers as in Table

S1). The genotype of the obtained fly strain after isogenisation was iso w1118; ΔmiR-959-964/CyO; 

iso3. Flies with iso w1118; ΔmiR-959-964/CyO; iso3 and iso w1118; ΔmiR-959-964/ΔmiR-959-964; 

iso3 genotypes are designated throughout the text as ‘wild type’ and ΔmiR-959-964, respectively.

Fertility test

15 3-day old males of the tested genotype were individually crossed with five 3-day old virgin 

females of the control Df(1)yw67c23(2) strain. The parents were removed from vials after 5 days of 

crossing. The level of male fertility refers to the average number of hatched progeny obtained from 

the each cross.

Fly stocks

The transgenic fly strains ID#102675 and ID#100781 encoding the shRNA hairpins targeted 

CG18266 and CG31646 respectively were obtained from VDRC [35]. The fly strain expressing 

ProtB-eGFP was kindly provided by R. Renkawitz-Pohl and C. Rathke [36]. For testing rescue 

transgenic constructs the following Gal4 sources were used: ubiquitously-expressed tubP-GAL4 

(Bloomington Stock No. 5138); early-germline expressed nos-GAL4 (Bloomington Stocks No. 

7303, 27571 and 31777); testis-soma expressed tj-GAL4 (Bloomington Stock No. 50105 and 

50165) and C587-GAL4 (kindly provided by M. Buszczak); P{w[+mGT]=GT1}BG01278 

(Bloomington Stock No. 12608) and P{w[+mGT]=GT1}brat[BG02721] (Bloomington Stock 

#12820) active in late spermatogonia and early spermatocytes. The other fly strains are: 

Mi{ET1}CG31646MB09592 (Bloomington Stock No. 27790), Mi{MIC}CG31646MI03191 (Bloomington 

Stock No. 35926). Fly strains were grown under standard conditions at 25°C with the only 

exception of C587-GAL4 strain that was grown on 18°C.

Immunofluorescence and phase-contrast microscopy

Immunostaining of testes was performed as described [37] using mouse anti-histone (1:1200, 

Millipore) as primary antibodies and anti-mouse Alexa-Fluor-647 (Invitrogen) as secondary 
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antibodies. F-actin was stained by rhodamine phalloidin conjugate. Immunofluorescence and eGFP 

samples were examined using laser scanning confocal LSM 510 META microscope (Carl Zeiss) 

equipped with appropriate filters. Phase-contrast microscopy of slides with squashed testes was 

performed as described previously [38] on DM6000B microscope (Leica).

Microarray

Total RNA from testes of 3-5 day old males extracted using TRIzol reagent (Gibco) was treated 

with DNase I (Ambion) and reverse transcribed with SuperScript III (Invitrogen). After synthesis of

the second strand using SuperScript Choice System (Invitrogen), double-stranded cDNA was 

labeled with Cy3 or Cy5 dyes by using Dual-Color DNA Labeling Kit (NimbleGen, Roche Applied 

Science) and purified on microcon-30kDa (Amicon). Equal amounts (5-10 µg) of Cy3-cDNA from 

wild type and Cy5-cDNA from ΔmiR-959-964 testes were mixed, dried and re-dissolved in 10 µl of 

DIG Hyb buffer (Roche Applied Science) containing 100 µg of yeast tRNA (Invitrogen) and 100 µg

of salmon sperm DNA (Ambion). Hybridization was performed overnight at 37°C on FL003 

microarrays (FlyChip) in the Array Hybridization Cassette (Invitrogen) in a water bath. 

Immediately after slide washing by the Array Wash Buffers (NimbleGen), they were scanned using 

the GenePix 4400B microarray scanner (Molecular Devices). Each array was repeated twice with 

dye swap. The images with intensity signals were evaluated in GenePix Pro 6.0 (Molecular 

Devices) followed by analysis using limma package of R/Bioconductor [39]. Only spots with 

signal-to-noise ratio ≥3 in both channels were taken into account. After subtraction of background 

from signals, they were normalized within each array and between arrays by using loess and 

quantile methods, respectively. Microarray data are deposited in the ArrayExpress repository (E-

MTAB-3214). oligoMath program from Kent utilities was used for the search of motifs in the 

3’UTRs that were complimentary to the ‘seed’ regions of miRNAs. The analysis of Gene Ontology 

terms and KEGG pathways enrichment was evaluated using FlyMine project, v37.0 [40].

RT-qPCR

Total RNA from testes of 3-5 day old males extracted using TRIzol reagent (Gibco) was treated 

with DNase I (Ambion) and reverse transcribed with SuperScript II (Invitrogen). Quantitative real-

time PCR of cDNA was conducted on DT-96 (DNA Technology, Russia). Each PCR was performed

with two technical replicates, while final mean and standard deviations values were calculated on 

three biological replicates. The expression of house-keeping Rp49 gene was used for normalization.
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Dual-luciferase assay

Cluster miR-959-964, fusions of Renillia luciferase RLuc with 3’UTR fragments of genes 

containing the miRNA recognitions sites, and firefly luciferase Luc were cloned under the control of

actin promoter into pAc5.1/V5-His B vector (Invitrogen). Primers used for the amplification of 

miR-959-964 and 3’UTR fragments from genomic DNA are listed in Table S1. Three obtained 

plasmids encoding miR-959-964, RLuc-3’UTR and Luc were co-transfected using X-tremeGENE 

DNA reagent (Roche Applied Science) into S2 cell culture in 100:25:25 ng per well amounts, 

respectively. Each treatment was performed in triplicate in 96-well plates. The measurement of 

luminescence was performed after 48h of transfection with Dual-Luciferase Reporter Assay System 

(Promega) on Modulus Microplate Mulimode Reader (Turner BioSystems). Each assay was 

repeated three times.

Cloning of miR-959-964 rescue transgenic constructs

We have constructed two transgenic vectors contained either the whole miR-959-964 cluster (~1.6 

kb in total, pUAST-miR959-964), or pre-miR-963, pre-miR-964 and ~4 kb upstream region (~4.3 

kb in total, pUAST-pr.miR963-964). The genomic DNA was amplified by clu_d2/clu_r5 (pUAST-

miR959-964), or CG31646_1/CG31646_2 and CG31646_3/CG31646_4 pairs of primers (pUAST-

pr.miR963-964, sequences of primers in Table S1) by using high-fidelity polymerase (Evrogen). 

PCR amplicons were extracted, purified and digested by XhoI and XbaI (pUAST-miR959-964), and 

EcoRI and NotI or NotI and XbaI (pUAST-pr.miR963-964). The cloning of PCR fragments was 

performed into the pUASTattB vector that is designed specifically for using in the phiC31 

Drosophila transgenesis system [41]. For pUAST-pr.miR963-964 firstly CG31646_1/CG31646_2 

fragment was cloned followed by cloning of CG31646_3/CG31646_4 fragment.

Obtaining of transgenic fly strains

Transgenic fly strains carrying either pUAST-miR959-964 or pUAST-pr.miR963-964 transgenes 

were obtained by using phiC31 site-specific integration system [41]. For transgenesis strains with 

attP landing sites 68E1 (Bloomington Stock #24485; pUAST-miR959-964) or 75A10 (Bloomington 

Stock #24862; pUAST-miR959-964, pUAST-pr.miR963-964) were used. After balancing, the 

transgenic strains were used for obtaining the fly strains carrying rescue transgene (pUAST-

miR959-964 or pUAST-pr.miR963-964), ΔmiR959-964 deletion and transgene expressing one of 

the tissue-specific Gal4 drivers (see Result section for details). The males (10-50) of these strains 

were used for fertility test by crossings with virgin 3-5 day-old Df(1)yw67c23(2) females. In strains 

carrying tubP-GAL4 and P{w[+mGT]=GT1}BG01278 drivers we did not receive any adult males 
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while for C587-GAL4 driver only few males were obtained.

Phylogenetic reconstruction of cluster evolution

Multiple alignments of pre-miRNA encoding sequences from Drosophilidae species were 

extracted from UCSC Table Browser [32, 42]. After manual evaluation of correctness of each 

alignment, they were merged into one cluster alignment which was submitted to the PHYLIP 

program [43] for estimating the distances between species and construction of the phylogenetic tree.

The stabilities of secondary structures of pre-miRNAs were evaluated by using RNAfold 

[44] followed by randfold [45]. The rate of nucleotide substitution was measured by the Kimura 

model [46]  implemented in the BioPerl Toolkit [47].

Results

miR-959-964 cluster is expressed in testes

To identify the miRNAs that are presumably expressed in fly testes we reanalyzed the set of 

publicly available small RNA libraries from heads, bodies, testes, ovaries, embryos and S2 cells of 

D. melanogaster (as indicated in the Method section). Applying the strong requirement of at least 4-

fold enrichment of the abundance of miRNAs in the library from testes relative to any other 

analyzed tissue, allowed us to reveal 22 miRNAs expressed predominately in testes (Fig. 1A). 

Testis-specific miRNAs include miRNA-316, miRNA-375, miRNA-982, miRNA-983, miRNA-

985, miRNA-1004 and also 16 miRNAs from miR-959-964, miR-972-979 and miR-991-992 

clusters. Almost all of these miRNAs are found only in insects. The only exception is miRNA-375 

that is conserved among animals, and its expression in testes seems to be specific for flies since in 

mammals it is known as a tumor suppressor expressed in a broad range of tissues [48].

The testis-specific character of the miRNAs’ expression implies their possible important roles 

during spermatogenesis. To investigate the functions of miRNA clusters during spermatogenesis, we

chose to focus specifically on the miR-959-964 cluster. This cluster is encoded on the opposite 

DNA strand of the intronic region of the protein-coding gene CG31646, spanning ~1.2 kb and 

encompassing six miRNAs, including miRNA-959, miRNA-960, miRNA-961, miRNA-962, 

miRNA-963, and miRNA-964 (Fig. 1B). The transcription of the cluster is probably initiated at a 

putative transcription start site located at a distance of ~4 kb upstream (Table S3 of [2]). Although it

has recently been reported that miR-959-964 is expressed at some level in Drosophila heads where 

it is involved in the circadian control of feeding [49], our profiling of its tissue expression by 

Northern-blot (Fig. 1C) as well by the analysis of small RNA libraries (Fig. 1A; Fig. S1) clearly 
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showed that miR-959-964 cluster is expressed predominantly in the testes of adult flies.

Deletion of miR-959-964 causes male sterility and a failure in spermatid individualization

To elucidate possible functions of miR-959-964 during spermatogenesis we constructed a 

mutant fly strain carrying the deletion of the cluster. The deletion was produced by FLP-directed 

recombination between flanking PiggyBac-based transgenic constructs carrying FRT sites (Fig. 

S2A) [34]. To test the proposition that the absence of testis-specific miR-959-964 can affect 

spermatogenesis, we inspected the level of male fertility. Indeed, we have found that males, but not 

females, carrying this deletion are completely sterile (Fig. S2B, data not shown). The deletion also 

encompassed three other adjacent protein-coding genes with unknown functions (Fig. S2A). 

According to the modENCODE data [50], CG14010 and CG31646 not expressed in adult testes at a

detectable level (data not shown). Moreover, we have performed the nanos-driven RNAi-

knockdown of the CG18266 and CG31646 and found that it didn’t influence male fertility (Fig. 

S2C). We have also tested the male fertility of the couple of mutant fly strains carrying insertions of

transgenes upstream or within miR-959-964 cluster. We found that males of mutant 

Mi{ET1}CG31646MB09592 carrying the insertion of a transgene in CG31646 and upstream of miR-

959-964 are fertile (Fig. S2C) while 0-2 days old males carrying the Mi{MIC}CG31646MI03191 

insertion within miR-959-964 cluster are sterile (Fig. S2D). Thus, male sterility seems to be caused 

by the deletion of miR-959-964 but not any of the adjacent protein-coding genes.

In Drosophila testes the progeny of the first division of germinal stem cells (spermatogonium)

is encapsulated by somatic support cells forming a cyst. The spermatogonium proceeds through the 

series of mitotic and meiotic divisions resulting in 64 round spermatids. During the following 

differentiation, the spermatids are tailed, and the histones of elongating nuclei are replaced by 

transition proteins, which are subsequently replaced by protamine-like proteins. And finally, since 

the mitotic and meiotic divisions are characterized by incomplete cytokinesis, the elongated 

spermatids within the encysted bundles undergo the process of individualization [51]. To determine 

the nature of sterility of ΔmiR-959-964 males, we inspected mitotic divisions, meiotic divisions and 

spermatid differentiation stages of spermatogenesis using phase-contrast microscopy of squashed 

testes. We didn’t observe any noticeable alterations in mitosis and meiosis in testes of ΔmiR-959-

964 flies, and they contain all cell types that can be expected after successful proceeding of 

divisions (Fig. S3). At the same time, we found that deletion of miR-959-964 is accompanied by a 

failure of the last stage of spermatogenesis i.e. of the process of spermatid differentiation. In wild 

type testes the encysted spermatids are grouped in orderly and regularly structured bundles, 

enveloped by shared somatic support cells of the cyst. In contrast, in the case of the miR-959-964 
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deletion the spermatid bundles became looser with a clear tendency to lose the ordered structure of 

their organization (Fig. 2A; Fig. S3). Additionally, although the nuclei of the wild type spermatids 

are bundled within cysts at distal ends of testes (Fig. S4A,B), the nuclei of ΔmiR-959-964 

spermatids appear to have the so called 'scattered' phenotype (Fig. S4C,D,E) that is typical for 

mutants with abnormal spermatid differentiation [52].

The individualization process of the encysted and elongated spermatids includes the 

involvement of the actin-rich investment cones (ICs), assembled near each nucleus. During 

individualization, these structures are congregated with each other in a tight individualization 

complex and moved downward the spermatid axonema in a coordinated manner, accompanied by 

the formation of the separated individual sperm cells membranes and extruding the excess of the 

cytoplasm into the terminal waste bag. The loss of ordered organization of ΔmiR-959-964 spermatid

bundles may indicates that their individualization has not occurred properly. To test this possibility, 

we performed the staining of the ICs of the whole-mount testes by phalloidin. Indeed, we have 

found that although the ICs are appeared to assemble normally in testes of ΔmiR-959-964 flies, they

are not come together and moved asynchronically and independently of each other (Fig. 2B,C).

We also inspected the initial stage of the spermatid individualization in ΔmiR-959-964 testes. 

Normally, the process of spermatid individualization onsets after the replacement of histones to the 

protamine-like proteins in the nuclei of elongated spermatids, which is associated with the 

chromatin condensation and changing of the nucleus shape, from an elliptic to a needle-like one. By

using the ProtB-eGFP transgenic construct encoding the fusion of protamine B and eGFP [53] and 

immunostaining of histones, we have shown that although in the testes of ΔmiR-959-964 flies the 

replacement of histones occurred similar to wild type flies, spermatids either with histone- or 

protamine- containing nuclei lost their ordered packaging in the bundle-like structures (Fig. 2D). 

This finding can be explained by premature launching of the individualization process of mutant 

spermatids before the replacement of histones to protamine-like proteins. The alternative 

explanation is that the observed failure of coordinated individualization is the result of the loss of 

correct alignment of germ cells within cyst right after meiotic divisions. Since we didn’t find any 

strong evidences that ICs are able to be formed prior to the histones to protamine replacement in 

elongated spermatids of ΔmiR-959-964 testes (data not shown), we compelled that the second 

proposition is more plausible.

Identification and characterization of miR-959-964 targets

Having identified significant changes in the phenotype of the mutant strain, we sought to 

determine the putative targets of the miR-959-964 cluster. Assuming that deletion of miRNAs will 
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cause the target up-regulation, we compared the transcriptomes of testes from wild type and ΔmiR-

959-964 flies using the microarray technique. We have shown that the deletion of miR-959-964 

resulted in the up-regulation of 15 and down-regulation of 43 genes in testes (at least 2-fold change,

Padj-value≤0.05) (Table 1; Table S2). To determine the possible targets of miR-959-964, we 

searched sites complementary to the ‘seed’ region of miRNA (2-7 nt) in the 3’UTRs of up-regulated

genes. Indeed, we succeeded in finding that more than half of the up-regulated genes (9 among 15) 

contain putative recognition sites for -3p and -5p miRNAs (Table 1). The number of sites per 3'UTR

varied from a single one to six for up to four different miRNAs (Table 1). The gene didim has the 

largest number of miRNA recognition sites in its 3'UTR (6 sites for miRNA-959-3p, miRNA-962-

5p, miRNA-963-5p, and miRNA-964-5p) and it is also predicted as miR-959-964 target by 

TargetScanFly 6.2 program [54]. Other up-regulated genes include CG1597 with three recognition 

sites of miR-959-964, fdl, for, CG10512 and CG8924 with two sites, and debcl, Cyp12d1-d, 

CG2617 with one site (Table 1).

To further confirm the up-regulated genes as the genuine target genes, we performed the dual-

luciferase assay. For this, the fragments of the 3'UTRs containing the miRNA recognition sites of 

the corresponding genes were cloned downstream of Renillia luciferase RLuc gene driven by the 

strong constitutive the actin promoter and co-transfected with the miR-959-964 cluster under the 

actin promoter in the S2 cell line. For normalization of the luminescence between replicas we used 

a vector expressing the Firefly luciferese Luc, that was also co-transfected in S2 cells. As a negative

control either the vector expressing the anti-sense strand of the miR-959-964 cluster or the empty 

vector without the cluster were used. Using this system, we succeeded to confirm that the 

expression of tested constructs containing 3'UTRs of for, didum, CG10512 and fdl is repressed in 

the presence of miRNA encoding plasmid (Fig. 3A). The up-regulation of candidate targets in 

ΔmiR-959-964 testis is confirmed by RT-qPCR (Fig. 3B) and therefore indeed they can be 

considered as the miR-959-964 targets.

Additionally, to identify which pathways had a potential to be most influenced by the ΔmiR-

959-964 deletion, we performed the analysis of enrichment of Gene Ontology terms and KEGG 

pathways among the up- and down-regulated genes revealed by microarray. Since the functions of 

most up-regulated genes are not described, we succeeded in finding the enrichment among GO 

terms only for down-regulated genes (Table S2). Specifically, the biological functions of most of 

them are related to microtubule-based movement and the spermatid differentiation processes, and 

also they are annotated as the components of the axonemal dynein complex, which is responsible 

for the assembly and movement of the ICs (Table S3).
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Germline and somatic expression of miR-959-964 transgene on early-stages of 

spermatogenesis dose not rescue the sterility of ΔmiR-959-964

In the order to check on which stage of spermatogenesis and in what tissue miR-959-964 can 

be active, we obtained the transgeneic fly strains carrying the transgene with the whole miRNA-

959-964 under the control of UAS element. To test if this construct can rescue ΔmiR-959-964 

phenotype, its expression was activated in testis of ΔmiR-959-964 males by using the different 

sources of GAL4 driver. Such, we tested ubiquitously-expressed tubP-GAL4, spermatogoium-

expressed nos-Gal4, late-spermatogonium and early-speramtocyte expressed 

P{w[+mGT]=GT1}BG01278 and {w[+mGT]=GT1}brat[BG02721], early-soma expressed tj-Gal4 

and C587-Gal4 drivers. The expression of tub-GAL4 results to fly lethality on the very early stages 

of embryogenesis, that is consistent with the early observation where hypexpression of miR-959-

964 leads to the fly lethality [55]. In all of other cases we didn't observe the rescue of ΔmiR-959-

964 males sterility by transgene.

Recently it was shown that deletion of only two miRNAs from cluster – miRNA-963 and 

-964 – results to male sterility [56]. To test, if the expression of only two of these miRNA can 

rescue the mutant ΔmiR-959-964 phenotype, we have constructed the second transgenic construct 

encoding miRNA-963 and -964 and containing long ~4 kb upstream region encompassing the 

predicted promoter of miR-959-964. Similarly to the transgene encoding the whole miR-959-964 

cluster, in this case we didn't observe the rescue of fertility of ΔmiR-959-964 males by the using the 

above set of drivers. This construct alone, without any GAL4 driver, also did not rescue the mutant 

phenotype indicating that besides upstream 4kb region other cis-regions may be necessary for miR-

959-964 expression in male testis. In summary, these results show that expression of miR-959-964 

cluster may occur on the late stages of spermatogenesis, where none of the above used GAL4 

drivers are expressed.

miR-959-964 undergoes rapid evolution

The miR-959-964 cluster is unique to the Drosophilidae genus and absent in any other animals. 

All miRNAs from miR-959-964 can be attributed to different families since they are not related to 

one another or to any other drosophila miRNAs and also have different 'seed' regions (Fig. 4A). 

This observation suggests that formation of miR-959-964 has occurred without duplication of pre-

miRNAs emerged within the cluster independently of each other.

It has been reported earlier that mammalian testis-expressed miRNAs similarly to protein-

coding genes are characterized by a heightened rate of nucleotide substitutions that reflect their 

rapid evolution [57, 58]. In order to extend this observation for fly miRNAs, we reconstructed the 
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phylogenetic history of the whole miR-959-964 cluster. We found that the reconstructed tree of the 

cluster is highly similar to the phylogenetic tree of the Drosophilidae genus indicating the 

coincidence of miR-959-964 evolution with the evolution of the fruit flies (Fig. 4B). At the same 

time, although the structure of the miR-959-964 in Drosophilidae is almost the same within the 

genus, it have undergone notable changes during evolution (Fig. 4B,C). First, the size of miR-959-

964 varies from 4 to 7 miRNAs in the different species. Second, in some of the species the clustered

pre-miRNAs lost their ability to fold into the stable hairpin-like secondary structures due to 

mutational process (Fig. 4B). For example, in D. pseudoobscura and several other species we 

identified pre-miRNA-like sequence encoded between miRNA-962 and miRNA-963 (Fig. 4B; Fig. 

S5). In D. pseudoobscura this pre-miRNA-like sequence has a valid and stable secondary structure 

indicating its opportunity to be processed into the functional mature miRNAs. At the same time, the 

ortholog sequence of D. melanogaster is predicted to have no stable hairpin secondary structure 

(Fig. S5) that explains its missing in the previous genome-wide miRNA identification screens. 

Finally, we measured the rates of sequence evolution, and found that pre-miRNAs of the miR-959-

964 cluster in contrast to other pre-miRNAs have significantly higher rate of nucleotide 

substitutions (Fig. 4C). Taken together, these observations show that miR-959-964 has undergone 

relatively rapid evolutionary changes.

Discussion

The spermatogenesis is a very complex and multistage process including cell proliferation, 

meiosis and differentiation and the spatial and temporal regulation of gene expression is of vital 

importance. Several recent reports have shown, that mammalian testes are characterized by a 

specific and unique set of miRNAs that can contribute to gene regulation [16–18, 21, 59] . Here we 

found that testes of Drosophila melanogaster are also characterized by the expression of 22 testis-

specific miRNAs (Fig. 1A,B,C). Certainty, this set of miRNAs can be incomplete since we applied 

the quite strong requirement of at least 4-fold enrichment of miRNA abundance in testes in 

comparison to any other tissue. Indeed, some miRNAs in Drosophila (e.g. let-7, miRNA-34) are 

expressed at a relatively high level in several tissues and organs, and are reported to have specific 

functions in testes [24, 27, 29].

Intriguingly, 16 of the identified testis-specific miRNAs belong to only three miRNA clusters,

which indicate the possibility of involvement of miRNAs in each cluster in co-regulation of 

pathways. We have shown, that the deletion of one of them, miR-959-964 cluster, is accompanied 

by improper spermatid individualization and male infertility (Fig. S2B; Fig. 2). Specifically, the ICs
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of mutant testes are moved in asynchronic and independent of each other manner downward the 

tails of the encysted bundle of spermatids (Fig. 2B,C; Fig. S3; Fig. S4). The spermatid nuclei in the 

ΔmiR-959-964 testes are become to be separated before the replacement of histones to the 

protamine-like proteins in the elongated spermatids (Fig. 2D), that seemed to be the direct reason of

the following failure of the individualization process. The expression of miR-959-964 cluster on the

late stages of spermatogenesis is also indirectly confirmed by the fact that we failed to rescue the 

male sterility by the using of rescue transgene and several early-expressed GAL4 drivers.

To elucidate a possible mechanism of the observed phenotypic disorder, we identified the 

targets of miR-959-964 using the microarray technique followed by dual-luciferase assay validation

(Figs 3, 4). One of the identified targets, didum has the largest number of miRNA recognitions sites 

(six sites for four miRNA, Table 1) and so it can be considered as the shared target of miR-959-964 

cluster. It encodes the non-canonical, one-chain myosin of class V (MyoV) that is associated with 

the sperm nuclei during the maturation of the actin-rich ICs [60]. It has been suggested that MyoV 

contributes to the formation of the ICs and acts to coordinate as well as anchor these structures and 

other IC components. In didum mutant males, during the later stages of spermatogenesis, the ICs are

poorly assembled and no mature sperms are produced [60]. It was also observed, that MyoV is 

expressed in the somatic cells of cyst and involved in maintaining of the germ cell differentiation 

[61]. Our data indicate that MyoV may also contribute to anchoring of nuclei of differentiating post-

meiotic spermatids in proper positions near each other. Another interesting possibility is that miR-

959-964 regulates the start point of coordinated initiation of the individualization of spermatids 

through the spatial and temporal control of didum expression. In the case of miR-959-964 deletion, 

the translation of didum may be launched too early that leads to the improper assembly of the ICs 

and failure of spermatid differentiation.

The levels of the expression of the other targets of miR-959-964, for and CG10512 encoding 

cAMP-dependent protein kinase and oxidoreductase respectively, are moderate in testis in 

comparison to other tissues. The functions of CG10512 are unknown while for is involved in 

feeding behavior of larvae and adult flies as well as short-term memory formation [62, 63]. It is not 

clear what testis-specific functions these target genes may have, and this question requires the 

future study. Alternative explanation of our observation based on the recent finding, that miR-959-

964 in the head is involved in the circadian control of feeding [49]. If for is one of the miR-959-964

target that is responsible for such control, then our data may simply reflect the existence of residual 

and biologically unused regulation in adult testes.

It is considered that a high rate of evolution of testis-specific protein-coding genes is 

important for the speciation by reproductive isolation [64–66]. Recent reports indicate that several 
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testis-specific miRNAs of mammals and flies are also characterized by rapid evolutionary changes 

[57, 58, 67] raising the possibility of their roles in reproductive isolation. In agreement with these 

fundings, we have shown that cluster of testis-specific miR-959-964 also undergoes the relatively 

rapid evolutionary process (Fig. 4). The species-specific differences of miRNA sequences and 

composition of the cluster have to result in the difference in the set of their targets and other 

proteins from the pathways in which the targets are involved. One can also speculate that 

distinctions of the protein set carried by mature sperm cells can prevent their ability to recognize 

and fertilize the eggs of other species. Although currently we are unable to directly verify this 

proposition, we noticed that one of the miR-959-964 targets is the gene fdl (Table 1), which is 

conserved among Drosophilidae species [68]. fdl encodes β-N-acetylhexosaminidase associated 

with the cytoplasmic membrane of mature sperms and it is also considered to be the putative 

receptor for glycoconjugates on the egg surface [69]. The distinction in the miR-959-964 structure 

can lead to the species-specific differences in the amount of Fdl receptor on the sperm membrane 

that may be one of the possible mechanisms in the reproductive isolation of species. If so, it is 

possible to speculate that a barrier to interspecies crosses may arises because sperms with low level 

fdl expression of one species unable to efficiently recognize the oocyte envelope of another species 

that was evolutionary fitted to be recognized by sperms with a high Fdl content.

Analysis of GO terms enrichment among functions of the down-regulated genes in ΔmiR-959-

964 testes revealed that many of them are involved in microtubule-based movement and the 

spermatid differentiation processes (Table S2; Table S3). There are two alternative explanations of 

this observation: either the down-regulation of such genes was caused by the failure in the 

spermatid differentiation process or the improper differentiation itself at least partially has occurred 

due to the genes down-regulation. Although it is hard to discriminate between these possibilities, the

last alternative implies that genes down-regulation might be caused by the up-regulated miR-959-

964 targets. Since we failed to find any common motifs for known transcriptional factors in the 

promoters of the down-regulated genes (data not shown), we suggest that their putative regulation 

by the up-regulated targets possibly occurred on the post-transcriptional level. But regardless of 

which alternative is true obviously that miR-959-964 is involved in direct and indirect expression 

regulation of the set of genes necessary for the differentiation of spermatid.

Are all miRNAs from miR-959-964 cluster contribute equally to the regulation of the 

spermatogenesis? In the recent genome-wide systematic study of effects of miRNA genes' deletion 

on the fly phenotype was shown that the deletion of only miRNA-963 and miRNA-964 results to 

the male sterility while the deletion of miRNA-959, -960, -961 and -962 does not influence male 

fertility [56]. A little earlier the same group also reported that males carrying the deletion of the 
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miR-959-962 part of the cluster are fertile like wild-type males [49]. Therefore, it is reasonable to 

conclude that miRNA-963 and miRNA-964 are major regulators of spermatogenesis. The indirect 

evidence of this conclusion come from our own observation that the insertion of CG31646MI03191 

transgene occurred within miRNA-963 resulted to the reduced fertility of young males and that this 

fertility partially restored with age (Fig. S2D, compare the 0-1 day old males with 2-4 day old 

males). Possibly, the MI03191 insertion disturbs the transcription and/or expression of only miR-

963 and downstream miR-964, while the expression of the miRNAs located upstream of transgene 

insertion site are affected much lesser. In this way, the partial restoration of male fertility with age 

may occurred due to the decelerated rate of miRNA-959, -960, -961 and -963 accumulation and 

total absence of miRNA-963 and miR-964.

Because of transcriptional blockage, at the late stage of spermatogenesis the proteins are 

produced through the translation of mRNA synthesized only at the previous stage and regulation of 

gene expression occurred predominantly at the post-transcriptional level [29, 30]. Although there 

are several mechanisms of post-transcriptional gene expression regulation during late 

spermatogenesis are known [29, 30], it is reasonable to propose that miRNAs can also contribute to 

this process. To the best of our knowledge, the only example of the known involvement of miRNAs

in regulation at the late stages of the spermatogenesis is the repression of transition protein gene 

Tnp2 by miRNA-122 in mouse [21]. Although the precise mechanism of miR-959-964 involvement

in spermatogenesis still remains to be investigated, here we report that it may be involved in the 

control of the spermatid individualization process in late spermatogenesis in D. melanogaster. 

Didum, one of the identified targets of miR-959-964, is the most plausible candidate for being a 

gene, that is responsible for spermatid individualization. 3'-UTR mRNA of didum carries 6 miRNA 

recognition sites for miR-959-964 including 1 site for miRNA-963 and 2 sites for miRNA-964 

(Table 1). This rises the possibility that miR-959-964 may control the late spermatogenesis by 

regulating didum expression by miRNA-963/miRNA-964 that require the future investigation.
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Table 1. Protein-coding genes with increased level of expression in testes of ΔmiR-959-964 flies

(revealed by microarray). The adjustment of P-values for multiple hypothesis correction was 

evaluated with Benjamin-Hochberg algorithm. The -5p and -3p miRNAs of miR-959-964 that have 

putative recognition sites in the 3’-UTRs of corresponding genes are also listed.

Gene logFC P-value Padj-value miRNAs
CG30053 2.11 1.48E-09 1.16E-06
CG18477 1.70 1.02E-06 1.33E-04
CG8924 1.62 3.12E-06 3.05E-04 miRNA-959-5p, miRNA-963-3p
Cyp12d1-d 1.42 4.41E-05 2.66E-03 miRNA-963-3p
CG1597 1.29 2.03E-04 9.75E-03 miRNA-960-5p, miRNA-961-5p,

miRNA-964-5p
fdl 1.28 2.28E-04 1.07E-02 miRNA-959-3p, miRNA-962-5p
debcl 1.28 2.34E-04 1.08E-02 miRNA-964-5p
didum 1.27 2.11E-07 4.12E-05 miRNA-959-3p, miRNA-962-5p 

(2 sites), miRNA-963-5p, 
miRNA-964-5p (2 sites)

CG3781 1.20 5.42E-04 2.16E-02
CG2617 1.13 4.08E-06 3.55E-04 miRNA-964-3p
CG10512 1.12 1.19E-03 3.66E-02 miRNA-960-5p, miRNA-964-3p
CG10887 1.11 1.34E-03 3.94E-02
for 1.11 1.41E-03 4.00E-02 miRNA-964-3p, miRNA-964-5p
CG18598 1.10 1.51E-03 4.23E-02
CG8549 1.05 1.80E-05 1.36E-03
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Figure 1. Testis-specific miRNAs of Drosophila. 

(A) Tissue expression profiles of testis-specific miRNAs of Drosophila. The frequencies of each 

miRNA in each tissue were normalized to its frequency in the testes. (B) The structure of the miR-

959-964 cluster in D. melanogaster. Broken dashed arrow indicates the proposed TSS of cluster pri-

pre-miRNA. (C) Tissue expression profile of dme-miRNA-960 revealed by Northern-blot analysis. 

The hybridization on ubiquitously-expressed miRNA-bantam was used as loading control.
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Figure 2. Spermatid individualization in wild type and ΔmiR-959-964 testes. 

(A) Phase-contrast microphotographs of nuclei-contained heads of spermatid bundles. Scale bar, 10 

µm. (B,C) Confocal microscopy of the phalloidin-stained investment cones (ICs, red) of spermatids 

near their nuclei (ProtB-eGFP, green) (B) and on the tails (C). (C) represents more later stage of the 

individualization process in comparison to (B). The wild type ICs are come together in compact 

bundles and synchronically moved along the tails; the ICs in ΔmiR-959-964 testes didn’t congregate

in compact bundles and moved along the tails independently of each other. (D) Confocal 

microscopy of ProtB-eGFP and immunostained histones in the nuclei of elongated spermatids. 

(B,C,D) Scale bar, 20 µm.
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Figure 3. The regulation expression of miR-959-964 targets.

(A) The dual-luciferase assay for testing of miR-959-964 targets. The S2 cells were co-transfected 

by three vectors expressed RLuc-3'UTR, Luc, and either miR-959-964 (black bars) or control vector 

(gray bars). Control vector was either without any CDS ('empty') or carried the miR-959-964 

sequence in the anti-sense orientation. (B) Fold change of steady-state level of expression of the 

indicated gene targets in ΔmiR-959-964 testes relative to wild-type ones. The fold change of for, 

didum and fdl genes expressions are statistically significant (P-value ≤ 0.05).
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Figure 4. The phylogeny of miR-959-964.

(A) The sequences of -5p and -3p miRNAs of the miR-959-964. The 'seed' regions are highlighted 

by gray boxes. (B) The phylogenetic reconstruction of miR-959-964 structure in Drosophilidae 

genus. P-value evaluated by randfold [45] reflects the probability that minimum free energy of the 

given secondary structure is different from one of the random structures, and only hairpins with 

significant P-values can be considered as energetically stable ones (gray color). (C) The rate of 

nucleotide substitutions in pre-miRNAs of miR-959-964 relative to other Drosophila pre-miRNAs. 

The measurement of substitution rate was performed by applying the Kimura substitution model 

[43] to the corresponding pre-miRNA sequences from pair of species, D. melanogaster vs. D. 

sechellia, D. yakuba or D. erectus, as indicated in the plot legend. Error whiskers represent standard

errors; significant differences between rate means was evaluated by one-sided Student's t-test (P-

values are **<0.01 and *<0.05).
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