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One of the main conditions of the species splitting from a common precursor lineage is the prevention of a gene flow between diverging populations. The study of Drosophila interspecific hybrids allows to reconstruct the speciation mechanisms and to identify hybrid incompatibility factors that maintain post-zygotic reproductive isolation between closely related species. The regulation, evolution, and maintenance of the testis-specific Ste-Su(Ste) genetic system in Drosophila melanogaster is the subject of investigation worldwide. X-linked tandem testis-specific Stellate genes encode proteins homologous to the regulatory β-subunit of protein kinase CK2, but they are permanently repressed in wild-type flies by the piRNA pathway via piRNAs originating from the homologous Y-linked Su(Ste) locus. Derepression of Stellate genes caused by Su(Ste) piRNA biogenesis disruption leads to the accumulation of crystalline aggregates in spermatocytes, meiotic defects and male sterility. In this review we summarize current data about the origin, organization, evolution of the Ste-Su(Ste) system, and piRNA-dependent regulation of Stellate expression. The Ste-Su(Ste) system is fixed only in the D. melanogaster genome. According to our hypothesis, the acquisition of the Ste-Su(Ste) system by a part of the ancient fly population appears to be the causative factor of hybrid sterility in crosses of female flies with males that do not carry Y-linked Su(Ste) repeats. To support this scenario, we have directly demonstrated Stellate derepression and the corresponding meiotic disorders in the testes of interspecies hybrids between D. melanogaster and D. mauritiana. This finding embraces our hypothesis about the contribution of the Ste-Su(Ste) system and the piRNA pathway to the emergence of reproductive isolation of D. melanogaster lineage from initial species.
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GRAPHICAL ABSTRACT. The Stellate-Su(Ste) genetic system is maintained only in the D. melanogaster genome. X-linked testis-specific Stellate genes are repressed in the testes of wild-type flies with the aid of piRNAs derived from the homologous Y-linked Su(Ste) locus that is essential for male fertility. Derepression of Stellate genes in the testes of hybrids of D. melanogaster with closely related D. mauritiana leads to the crystalline aggregate formation and causes strong meiotic failures and male hybrid sterility. Thus, the Stellate-Su(Ste) system and the piRNA pathway contribute to the emergence of the reproductive isolation of D. melanogaster from initial species.


INTRODUCTION

At the beginning of the XXI century, a new class of small regulatory RNAs, piRNAs, was discovered in the testes of Drosophila melanogaster (Aravin et al., 2001, 2004; Vagin et al., 2006). X-linked Stellate genes, encoding proteins with homology to the regulatory β-subunit of protein kinase CK2, are currently known as the main targets of piRNA silencing in D. melanogaster testes (Nishida et al., 2007; Ryazansky et al., 2016; Kotov et al., 2019) and the maintenance of their repressed state is essential for male fertility (Palumbo et al., 1994; Bozzetti et al., 1995). Stellate genes are repressed via complementary piRNAs derived from transcripts of the homologous Y-linked Suppressor of Stellate [Su(Ste)] locus. The Ste-Su(Ste) family is present in the genome as abundant homologous tandem repeats found exclusively in D. melanogaster (Livak, 1984, 1990; Balakireva et al., 1992; Tulin et al., 1997). Loss of the Su(Ste) locus leads to Stellate derepression, accumulation of abundant crystalline aggregates in spermatocytes and to meiotic disorders (Hardy et al., 1984; Palumbo et al., 1994; Bozzetti et al., 1995). However, the biological functions of the Ste-Su(Ste) system have remained enigmatic for a long time. Currently, numerous data have been accumulated allowing the reconstruction of the essential stages of Ste-Su(Ste) evolution and piRNA-mediated regulation of Stellate gene expression. Our analysis involving interspecies hybrids reveals the contribution of the Ste-Su(Ste) system to hybrid male sterility. This is the first finding that the disruption of piRNA silencing of a protein-coding gene is able to cause the reproductive isolation of closely related species. In this review, we focus on analyzing the recent advances in understanding of the functional significance of the Ste-Su(Ste) genetic system and novel functions of piRNAs in reproductive isolation.



DISCOVERY OF THE CRYSTAL-STELLATE SYSTEM AND THEIR STRUCTURAL ORGANIZATION

The crystal-Stellate genetic system was discovered by studying the testes of D. melanogaster males with a missing Y chromosome (X/0) using the phase contrast microscopy. Crystalline aggregates of star-like and needle-like shape were found in the nuclei and cytoplasm of primary spermatocytes in these testes (Meyer et al., 1961). It was later shown that the testes of X/0 males also exhibited defects in the condensation and segregation of meiotic chromosomes, such as frequent chromosome non-disjunctions, and X/0 males were sterile (Lifschytz and Hareven, 1977; Hardy et al., 1984).

Now it is established that the crystal-Stellate genetic system contains several interacting loci mapping to the X and Y chromosomes. The Y chromosome of D. melanogaster is completely heterochromatic and contains only a few genes, mainly responsible for male fertility (Charlesworth, 2001; Hoskins et al., 2002; Chang and Larracuente, 2019). The first uncovered locus of the crystal-Stellate system was mapped to the h11 region of the mitotic prometaphase map of the Y chromosome. The loss of this locus or even its partial deletion was found to be sufficient for the crystal accumulation in spermatocytes (Hardy et al., 1984). Thus, the locus was named crystal (cry), but later it was renamed to Suppressor of Stellate [Su(Ste)] (Hardy et al., 1984). Along with the generation of crystalline aggregates in the testes of males with a deficiency in the cry locus (X/Y cry1), similar defects of chromosome condensation and segregation with the X/0 male testes were found (Palumbo et al., 1994).

The components of the system include two Stellate (Ste) loci, one of which resides in euchromatic cytolocation 12E1-2 of the X chromosome, whereas the other is mapped to pericentromeric heterochromatin of the X chromosome (the h26 region of the mitotic prometaphase map) (Hardy et al., 1984; Livak, 1984; Palumbo et al., 1994; Tulin et al., 1997). Molecular analysis revealed that the crystal and Stellate loci consist of multiple homologous tandemly repeated sequences (Livak, 1984, Figure 1). The severity of meiotic abnormalities, abundance and shape of crystals in the cry1 testes have been shown to depend on the Ste allele (Livak, 1984; Palumbo et al., 1994). The low-copy Ste + allele contains a small number of Stellate repeats (15–50 copies) and leads only to the appearance of little needle-like aggregates, weak meiotic disturbances and reduced male fertility, whereas the high-copy Ste allele (150–400 copies) leads to the formation of a multitude of crystals, visible under phase contrast as star-shaped entities, severe meiotic defects and complete sterility. Non-disjunction of the XY- and 2nd chromosomes, fragmented chromatin, and chromatin bridges have been found among the intrinsic meiotic defects in the testes of cry1 males. However, in the examined natural and laboratory lineages of D. melanogaster, the Ste+ alleles significantly predominate over the Ste ones (Palumbo et al., 1994). The severity of male fertility defects and the degree of meiotic disorders are associated with the number of Stellate copies and independent from the ratio of euchromatic and heterochromatic Stellate repeats. The boundary for fertility is considered to be 50–60 Stellate copies; the presence of more copies in the genome leads to complete male sterility (Palumbo et al., 1994). Stellate genes are expressed in the testes of cry1 males as 750 nt polyadenylated transcripts (Livak, 1990), and their abundance is proportional to the number of repeats in both Stellate loci (Palumbo et al., 1994). In the cry1 testes Stellate transcripts from both loci are translated generating small proteins of about 17–18 kDa, which have homology with the regulatory β-subunit of protein kinase CK2, CK2β (Livak, 1990; Bozzetti et al., 1995; Egorova et al., 2009; Olenkina et al., 2012b). Stellate proteins, products of the heterochromatic and euchromatic clusters, possess high intra-cluster homogeneity, having minor differences in amino acid sequence between themselves and slightly different electrophoretic mobility (Olenkina et al., 2012b). Immunostaining of the cry1 testes with anti-Stellate antibodies reveals that Stellate is main or the only component of crystalline aggregates (Bozzetti et al., 1995; Egorova et al., 2009, Figures 2A,D). In wild-type flies, Stellate gene expression is strongly suppressed and no Stellate proteins are detected (Figure 2B).
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FIGURE 1. General scheme of Stellate and Su(Ste) repeats. Promoters are indicated by a blue color bar, introns are depicted by green lines, intergenic spacers are depicted by gray lines. Stellate gene contains an ORF (brown color bar) and two introns (green lines). An individual Su(Ste) repeat carries the region homologous to the Stellate ORF (brown color bar), Y-specific region (orange bar) and an insertion of the defective hoppel transposon (violet bar) flanked by inverted repeats (not shown) in the promoter. Start sites of sense transcription of Stellates and Su(Ste) and multiple starts of antisense Su(Ste) transcription within the body of hoppel are indicated by black arrows [modified from Aravin et al. (2001)].
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FIGURE 2. Distribution of derepressed Stellate protein in the testes of D. melanogaster. (A–C) Internal confocal slices of stained testis preparation of cry1 males (A,C) and wild-type control (B). Testes were immunofluorescently stained with anti-Stellate (green) and anti-lamin (red) antibodies, chromatin was stained with DAPI (cyan). Anti-lamin staining indicates nuclear membrane position. (A,C) Diffuse Stellate signals in the nuclei (arrows in A) and bright needle-like and dot-like crystalline Stellate aggregates mainly in the cytoplasm are seen in spermatocytes of cry1 males. (C) The nuclei of mature spermatocytes. (D) 3D reconstruction of the stained testis preparation of cry1 males. (A–C) are reproduced from Figure 2 in Egorova et al. (2009). (D) is reproduced from Figure 2 in Kibanov et al. (2013) by permission of Elsevier (Licenses ## 4913121387410 and 4913131090753).


The organization of the Su(Ste) locus has also been studied in detail. According to previously published data in most laboratory strains of D. melanogaster the number of Su(Ste) repeats comprises about 80 copies, whereas in natural populations, strains with 240 repeats were found (Lyckegaard and Clark, 1989; Balakireva et al., 1992; McKee and Satter, 1996). However, recent Y chromosome assembly using the Iso1 strain of D. melanogaster with improved annotation of both protein-coding genes and repeats contains more than 500 Su(Ste) copies (Chang and Larracuente, 2019). The size of a typical complete Su(Ste) repeat is about 28 000 nt. It consists of three main parts: the region homologous to Stellate gene, the AT-rich region specific for the Y chromosome, and the insertion of transposable element hoppel (1360) into the promoter sequence (Figure 1). Su(Ste) repeats are transcribed and processed to polyadenylated mRNAs, however, unlike Stellate transcripts, they contain numerous frameshift mutations due to point mutations and deletions (Balakireva et al., 1992; Shevelyov, 1992). Translation products of Su(Ste) repeats are not detected. The insertion of a defective transposon hoppel copy is responsible for antisense transcription of Su(Ste) repeats (Aravin et al., 2001).



RECONSTRUCTION OF STE-SU(STE) SYSTEM ORIGIN IN THE D. MELANOGASTER GENOME

Analysis of published data allows to partially reconstruct the origin and evolution of the Ste-Su(Ste) system in the D. melanogaster genome (Figure 3). A unique gene mapping to the 60D1-2 euchromatic region of the 2nd chromosome is considered a precursor of the Ste-Su(Ste) family (Kalmykova et al., 1997). This gene, called SSL (Su(Ste)-like) or CK2βtes, encodes a functional testis-specific β-subunit of the protein kinase CK2 (Kalmykova et al., 1997, 2002). Identical exon-intron structure of the CK2βtes and Stellate genes is observed. The introns of CK2βtes and Stellate are of the same length and are highly homologous. The amino acid sequence of the CK2βtes shows 45% identity to CK2β and 53% identity to Stellate protein. However, the C-terminus of CK2βtes is 40 amino acids longer than that of Stellate. It has been assumed that CK2βtes gene itself originated from a retroposition of a semi-processed transcript of the canonical β-subunit of protein kinase CK2 (CK2β). The retroposition appears to be accompanied by the loss of all introns except the fourth one, which remains conserved for both CK2β and CK2βtes. At the same time, a new intron was acquired in the non-conserved 5′-region of the CK2βtes ORF. High homology between CK2βtes and Stellate, along with the results of the analysis of the ratio between non-synonymous and synonymous substitutions, suggests that Ste-Su(Ste) repeats originated from CK2βtes via translocation from the autosome to the sex chromosomes and subsequent amplification (Kalmykova et al., 1997).
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FIGURE 3. Reconstruction of the basic steps of the origin and evolution of Ste-Su(Ste) repeats in the D. melanogaster genome. Non-homologous recombination between the promoter of βNACtes genes and Y-linked βCK2tes copy led to the formation of a chimeric intermediate. Subsequently, the ancestral copies with the acquired promoters were amplified in the sex chromosomes. Insertion of the hoppel transposon in the Su(Ste) promoter region allowed the acquisition of Stellate repressor functions. The homologous sequences are marked by the same color. The model is developed with the usage and modification of ones from Usakin et al. (2005), Chang and Larracuente (2019).


However, the promoter regions of CK2βtes gene and Ste-Su(Ste) family do not show sequence similarity to each other. BLAST search revealed extremely high homology of the promoter sequences of Ste-Su(Ste) repeats with the promoter of an unrelated gene family located as a single cluster in 12DE region of the X chromosome (Figure 3). These genes maintain testes-specific expression and were called βNACtes owing to their homology with bicaudal gene, which encoding β-subunit of NAC (Nascent polypeptide-Associated Complex) (Usakin et al., 2005). Alignment of the promoters of the Ste-Su(Ste) and βNACtes families demonstrates a striking similarity of 180 nt nucleotide regions before the transcription start site—up to 95% identity. Taken together with the data about testis-specific expression of a transgene construct containing a 134 bp part of the promoter region of Stellate gene (Aravin et al., 2004), these results confirm the defining role of the new promoter region for testis-specific transcription of both gene families, Ste-Su(Ste) and βNACtes. The common promoter of Ste-Su(Ste) and βNACtes genes has been functionally mapped and three cis-regulatory E-box sites have been determined within this region. Transgene constructs carrying the promoter with the disruption of all three E-boxes do not express the reporter in the testes (Olenkina et al., 2012a,b). E-boxes are known as cis-acting elements for the recognition by transcription factors of the basic helix-loop-helix (bHLH) family (Ledent and Vervoort, 2001), and one of them, dUSF, from testis nuclear extract, is able to interact with oligonucleotide fragments of the Stellate promoter in vitro (Olenkina et al., 2012a). βNACtes genes are present in all closely related Drosophila species and are considered to be more ancient than the Ste-Su(Ste) system (Usakin et al., 2005; Kogan et al., 2012). Thus, a precursor of the Ste-Su(Ste) family captured an alien promoter during evolution of D. melanogaster to acquire testis-specific expression.

The first step of precursor generation of the Ste-Su(Ste) repeats appears to occur through a duplication of SSL (CK2βtes) gene and translocation of the latter to the Y chromosome (Danilevskaya et al., 1991). Indeed, recently a set of 122 pseudogenes that are similar to the initial duplication of SSL and carry the ancestral promoter was mapped on the Y chromosome of the new assembly (Chang and Larracuente, 2019). They were designated as pseudo-CK2βtes repeats on the Y chromosome (PCKRs) (Figure 3). PCKRs are located proximal to Su(Ste) repeats, between WDY and Pp1-Y1 genes (Chang and Larracuente, 2019). A presumed subsequent Ste-Su(Ste) evolution step is the creation of a chimeric intermediate, as a result of putative non-homologous recombination between the X-linked βNACtes promoter and the Y-linked SSL gene. In support of this hypothesis, sequenced scaffold AE003039 has been found earlier in the non-annotated region of the Y chromosome that possesses a pseudogene that could be considered as a chimeric precursor of the Ste-Su(Ste) family (Usakin et al., 2005). This pseudogene carries the βNACtes-derived promoter fused with a damaged ORF having exon-intron structure which is identical to Ste-Su(Ste)-SSL. The 5′-region upstream the transcription start site of this pseudogene contains a fragment of about 200 nt with high homology to the sequence adjacent to the promoter of the βNACtes3 gene and other sequences specific for the βNACtes cluster (Usakin et al., 2005), implying that a recombination event may occur between the X and Y chromosomes. Following the initial duplication of SSL in the Y chromosome, the ancestral copies with the acquired testes-specific promoters were amplified independently in the sex chromosomes with the possible participation of the Helitron family transposable elements (Kogan et al., 2012), which led to the formation of both euchromatic and heterochromatic clusters of Stellate genes on the X chromosome and Su(Ste) repeats on the Y. The X-linked Stellate genes and Y-linked Su(Ste) copies were amplified independently. The insertion of the hoppel transposon in the Su(Ste) promoter region is considered as a key event responsible for the acquisition of repressor functions by Su(Ste) repeats. This insertion defined the antisense transcription of Su(Ste) repeats and subsequent generation of Su(Ste) piRNAs (Aravin et al., 2001, 2004). Note that the promoter region of heterochromatic Stellate genes contains no traces of hoppel insertion and is closest to the parental βNACtes promoter. However, euchromatic Stellate genes carry a 16 bp deletion in the corresponding region of the promoter, which could be a sign of the insertion and subsequent imperfect excision of hoppel (Olenkina et al., 2012a). This data argues for the hypothesis according to which ancestral copies of euchromatic and heterochromatic Stellate clusters translocate on the X chromosome independently and at different stages of the evolutionary history of the Ste-Su(Ste) family. Phylogenetic analysis provided recently (Chang and Larracuente, 2019) supports that euchromatic and heterochromatic Stellate clusters are amplified independently of each other. Both euchromatic and heterochromatic Stellate repeats are fixed in the D. melanogaster genome and contain intact ORFs (Tulin et al., 1997; Kogan et al., 2000). Polymorphism in their coding regions is mainly determined by synonymous substitutions. Apparently, translational selection supports high homogeneity of Stellate genes. Intra-locus divergence between adjacent heterochromatic Stellate genes is nearby 0.1–0.2% (Tulin et al., 1997), and divergence between randomly selected Stellate pairs does not exceed 2.5% (McKee and Satter, 1996).

It should be noted that the Ste-Su(Ste) genetic system is found only in D. melanogaster. The genomes of three closely related Drosophila species have diverged from D. melanogaster. Analysis of recent genome assemblies of the simulans clade species reveals that pseudo-βCK2tes repeat (PCKR) duplications are present in the Y chromosome of all three sibling species, D. simulans, D. mauritiana, and D. sechellia, in the range from 22 to 117 copies (Chakraborty et al., 2020). These findings allow suggesting that the first stages of the Ste-Su(Ste) system formation occurred before the splitting of D. melanogaster from the common precursor, but subsequent dynamics of the evolution process led to species diversification.



PROPERTIES OF STELLATE PROTEINS

The derepression of Stellate genes causes the emergence of protein crystals both in the cytoplasm and nuclei of spermatocytes of cry1 males. Stellate appears to be the predominant or the exclusive component of these crystals (Bozzetti et al., 1995, Egorova et al., 2009). The needle-like shape of crystalline aggregates indicates their generation in a head-to-tail manner (Figures 2A,D). Mass-spectrometry analysis points to the presence in their content of protein products of both euchromatic and heterochromatic Stellate clusters (Olenkina et al., 2012b). Since Stellate protein possesses 38% homology with the canonical regulatory β-subunit of the protein kinase CK2 (CK2β) (Livak, 1990; Bozzetti et al., 1995), it is suggested that Stellate is able to interact with the catalytic α-subunit of CK2 (CK2α) in certain conditions. Protein kinase CK2 (also known as casein kinase 2) is a multi-functional ubiquitous heterotetrameric α2β2 complex, which takes part in numerous signaling cascades, cell differentiation, proliferation and surviving (Pinna, 2002; Bibby and Litchfield, 2005; Bandyopadhyay et al., 2016). CK2 phosphorylates protein substrates at serine or threonine residues embedded in an S/TXXD/E motif, where X could be any amino acid residue except the basic ones (Allende and Allende, 1995). Among the established CK2 targets in D. melanogaster there are nuclear proteins such as HP1 (Heterochromatin Protein 1) (Zhao and Eissenberg, 1999), topoisomerase II (Ackerman et al., 1985, 1988), Mi-2 (Bouazoune and Brehm, 2005), transcription factor GAGA (Bonet et al., 2005), and other proteins with a predominance of transcription factors (Bandyopadhyay et al., 2016). The regulatory subunits CK2β modulate the substrate specificity of CK2α and its phosphotransferase activity and also ensure the stability of the holoenzyme (Bibby and Litchfield, 2005).

Bozzetti and colleagues showed that recombinant Stellate protein was able to interact in vitro with recombinant CK2α, and its 17-fold excess somewhat stimulated the basal activity of CK2α (Bozzetti et al., 1995). However, the functional interaction of Stellate present in the form of insoluble aggregates in spermatocytes with CK2α seems to be problematic and doubtful. Accordingly, the two-hybrid assay did not detect any interaction of Stellate with CK2α, in contrast to canonical CK2β subunits of D. melanogaster, testis-specific subunits CK2β′, and CK2βtes (SSL) (Karandikar et al., 2003). Stellate protein lacks the conserved C-terminal domain with the aid of which CK2β interacts with CK2α. Unlike the other β-subunits of Drosophila, Stellate was not able to compensate for the absence of CK2β and did not rescue the defects of ionic homeostasis when it was expressed in Saccharomyces cerevisiae strains with deletion of yeast genes encoding their own β-subunits (Karandikar et al., 2003). However, biochemical and immunofluorescence studies have shown that hyperexpression of Stellate protein causes the accumulation Stellate crystalline aggregates mainly in the cytoplasm of premeiotic spermatocytes, whereas soluble Stellate protein is clearly detected in the spermatocyte nuclei of the cry1 testes (Egorova et al., 2009) (Figures 2A,C). The soluble Stellate appears in the spermatocytes in the mid-G2 phase and persists throughout meiotic interphase. It is coimmunoprecipitated with CK2α, despite the lack of canonical CK2β C-terminal domain (Egorova et al., 2009), which indicates possible formation of heterotetrameric holoenzyme CK2 via alternative contacts. The biological significance of this interaction is not clear. It is possible that at some stage of D. melanogaster evolution the appearance of Stellate gene encoding the alternative testis-specific β-subunit of CK2 was supported by positive selection, but later its functions turned out to be dispensable or harmful.

One more surprising circumstance is in agreement with this assumption. Immunochemical and mass-spectrometry data confirmed that both forms of Stellate proteins, soluble and crystalline, undergo trimethylation of lysine residue K92. Endogenous Stellate proteins are recognized with a high affinity by antibodies against histone H3 trimethylated at K9 lysine residue (Egorova et al., 2009). Thus, the methylated site of Stellate proteins mimics the epigenetic modification of histone H3, H3K9me3, that is a hallmark of transcriptionally repressed heterochromatin (Kouzarides, 2007; Allis and Jenuwein, 2016; Ninova et al., 2019). Three histone methyltransferase, Su(var)3-9, dG9a, and dSETDB1, are involved in the H3K9 methylation in Drosophila (Tachibana et al., 2001; Schotta et al., 2002; Schultz et al., 2002). While Stellate does not exhibit similarity to the corresponding histone H3 sequence (–TARK9ST–), the methylated site of Stellate, –MHRK92YL/M–, contains an –RK– dipeptide motif that has been shown to be the principal determinant for lysine methylation provided by methyltransferase G9a (Rathert et al., 2008). The site for lysine methylation has emerged and has been fixed only in Stellate sequence because sequences of other Drosophila CK2β subunits, including CK2βtes, do not contain it (Egorova et al., 2009). The functional significance of the trimethylation of Stellate is still obscure. Proteins of the highly conserved Heterochromatin Protein 1 family are known as H3K9me3 readers aided by their N-terminal chromo domain (Vermaak and Malik, 2009; Ninova et al., 2019). The H3K9me3 modification is recognized by HP1 that is essential for the formation of heterochromatin genomic regions (Fischle et al., 2005; Kouzarides, 2007; Vermaak and Malik, 2009). Both hypo- and hyper-expression of HP1 lead to disturbances in the compaction of pericentromeric heterochromatin and abnormalities in centromeric cohesion and segregation of chromosomes (Inoue et al., 2008; Vermaak and Malik, 2009). Besides the K92me3 site mimicking the H3K9me3 mark, Stellate also possesses two -P(L)XVXL- motifs, known as potential sites for interaction with the chromo shadow domain of HP1 (Lechner et al., 2005). Taking into account the above-mentioned observations, it can be proposed that thrimethylated Stellate is able to interact with HP1 or other chromo domain-containing proteins in premeiotic spermatocytes. However, the functional significance of these possible interactions is unexplored to date.



STELLATE GENES AS A MAJOR TARGET OF PIRNA SILENCING IN THE TESTES OF D. MELANOGASTER

At the beginning of the XXI century, in 2001, a new class of small non-coding RNAs, piRNAs, 23–30 nt in length, associated with silencing of Stellate genes has been discovered in the testes of Drosophila melanogaster by Aravin and colleagues (Aravin et al., 2001). The piRNA pathway is conserved in a wide range of animals from fungi to mammals (Aravin et al., 2007; Malone et al., 2009; Gainetdinov et al., 2018). The piRNA pathway provides both innate and adaptive immune defense against the activity of transposable elements protecting genome integrity in germinal tissues. It also contributes to the maintenance of germline stem cells, ensures expression regulation of protein-coding genes, functions in the establishment of embryonic patterning (in Drosophila), and provides trans-generational epigenetic inheritance (Malone et al., 2009; Le Thomas et al., 2014; Rojas-Ríos et al., 2017; Rojas-Ríos and Simonelig, 2018; Ozata et al., 2019). The piRNAs mainly function in the gonads and are characterized by extreme diversity existing as millions of unique piRNA sequences (Huang et al., 2017), unlike other main classes of small non-coding RNAs, siRNAs and microRNAs. RNA-induced silencing complexes (RISCs) operate in all pathways with the participation of small RNAs, and ARGONAUTE proteins are the key players of different RISCs (Czech and Hannon, 2016; Huang et al., 2017). piRNAs load to PIWI subfamily of ARGONAUTE family proteins: Piwi, Aubergine (Aub) and ARGONAUTE 3 (AGO3) in Drosophila (Aravin et al., 2001; Vagin et al., 2006; Li et al., 2009; Malone et al., 2009). AGO3 and Aub are expressed only in the germline, while Piwi is also found in somatic cells of gonads. Complementary base pairing with a small RNA guides the piRISC to a specific RNA target, generally providing silencing via its direct cleavage or translational repression. Mature piRISC complexes have a different destiny depending on the protein component. Piwi loaded by piRNA enters the nucleus, where it participates in co-transcriptional silencing, whereas Aub and AGO3 reside in cytoplasmic granules and function in post-transcriptional silencing.

Early classification of piRNAs based on the peculiarities of their biogenesis divided piRNAs into two main groups: primary and secondary piRNAs. The main sources of primary piRNAs are long transcripts originating from piRNA clusters, specific genome loci residing mainly in heterochromatin and generally representing transposon “graveyards” (Brennecke et al., 2007; Czech and Hannon, 2016; Huang et al., 2017). In germ cells of Drosophila gonads primary or maternally inherited piRNAs initiate the formation of secondary piRNAs. The cyclic mechanism called “ping-pong” provides amplification of the piRNA pool for the rigorous repression of selfish element activity. Ping-pong was discovered in Drosophila ovarian nurse cells (Brennecke et al., 2007) and was subsequently defined as the conserved property of the piRNA pathway (Aravin et al., 2007; Gainetdinov et al., 2018). Piwi- and Aub-associated piRNAs are found to be enriched with uridine at the 1st position from the 5′-end. AGO3-related piRNAs are enriched with adenosine at the 10th position and do not have a clear preference for the 1st position. Consistent with the initially proposed model, Aub complexed with a primary antisense piRNA, derived from a piRNA cluster transcript, recognizes and trims the transcript of a transposable element, creating the 5′-end of a secondary sense piRNA. All PIWI proteins cleave their target transcripts between nucleotides 10 and 11 of the paired piRNA guide. Thus, the first 10 nucleotides of a secondary piRNA possess complementarity to the first 10 nucleotides of a primary piRNA directing the cleavage act. This secondary piRNA precursor is loaded into AGO3 and matures via trimming at the 3′-end. The sense piRNA-AGO3 complexes in turn, recognize and process a long transcript of a piRNA cluster to form a new antisense piRNA with the sequences that are identical or very similar to the original primary one. This process is repeated cyclically (Figure 4A). Ping-pong processing increases the piRNA pool quantitatively, but it does not create new piRNA sequences. The maturation of piRNA intermediates, associated with Aub or Piwi, can also take place through the production of phased piRNAs from adjacent regions of the transcript (Han et al., 2015; Mohn et al., 2015; Senti et al., 2015; Wang et al., 2015). It can be considered as a mechanism of adaptation to the targets through diversification of piRNA sequences. Thus, at least in the germline, the separation of primary and secondary piRNA biogenesis is rather provisional, since both variants of processing are more closely related than previously thought (Czech and Hannon, 2016; Huang et al., 2017; Gainetdinov et al., 2018).
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FIGURE 4. The piRNA biogenesis in the nuage granules of Drosophila spermatocytes. (A) Long transcripts of Su(Ste) piRNA precursors are exported from the nucleus and are presumably cleaved by endonuclease Zucchini located on the outer membrane of mitochondria, forming the 5′-end of the future piRNA. The cleaved transcript is loaded into Aubergine, and then trimmed from the 3′-end by an unknown trimmer nuclease. Aubergine loaded with guide antisense piRNAs recognizes and cleaves the complementary Stellate mRNAs producing the 5′-end of a new sense piRNA. The new piRNA is loaded into AGO3 and in turn performs cleavage of the complementary Su(Ste) transcript. This step generates a new antisense piRNA that is identical or very similar to the initiating piRNA (ping-pong cycle). (B) Vasa and Aubergine are colocalized in the periphery lobes of the piNG-body. (C) AGO3 is located in the central lobe of the piNG-body and does not colocalized with Vasa. (B,C) Confocal slices (left) and 3D images (right) of premeiotic spermatocytes in testis preparations are reproduced from Figure 3 in Kibanov et al. (2011) by permission of MBoC. Under the License and Publishing Agreement, authors grant to the general public, the non-exclusive right to copy, distribute, or display the manuscript subject to the terms of the Creative Commons-Non-commercial-Share Alike 3.0 Unported license (http://creativecommons.org/licenses/by-nc-sa/3.0). Scale bars are 3 μm.


Cytoplasmic electron-dense perinuclear granules called nuage are considered to be centers of piRNA biogenesis and piRNA-mediated post-transcriptional silencing in the germline of Drosophila. To date, the organization and functions of the nuage are described in some details (Findley et al., 2003; Snee and Macdonald, 2004; Lim and Kai, 2007; Lim et al., 2009; Patil and Kai, 2010; Kibanov et al., 2011; Nosov et al., 2014; Webster et al., 2015). Among the known components that are concentrated in the nuage, three classes of proteins prevail: PIWI proteins (Aub and AGO3), RNA helicases, and Tudor-domain-containing proteins. The nuage contains RNA as an essential component. A growing body of evidence suggests that nuage formation is based on the principles of liquid–liquid phase separation (Brangwynne et al., 2009; Nott et al., 2015). A number of proteins are necessary for piRNA-mediated repression of Stellates in the testes and retrotransposons in the ovarian germline are located in or associated with the nuage: Aub, AGO3, Vasa, Spindle-E, Armitage, Tudor, Tejas, Krimper, Maelstrom, Squash, Qin/Kumo, Zhuccini, etc. (Aravin et al., 2004; Vagin et al., 2006; Lim and Kai, 2007; Pane et al., 2007; Malone et al., 2009; Patil and Kai, 2010; Kibanov et al., 2011; Zhang et al., 2011; Anand and Kai, 2012). Vasa and Spindle-E are ATP-dependent RNA helicases. Vasa takes part in the different stages of the piRNA silencing, it presumably mediates nuclear export of piRNA precursors (Zhang et al., 2012) and has basic architectural functions in nuage formation, being the top component of the nuage hierarchy. vasa mutations lead to a loss of nuage granules, mislocalization of Aub, AGO3 and other components in the cytoplasm, and to the disruption of piRNA silencing both in the ovaries and testes (Lim and Kai, 2007; Li et al., 2009; Malone et al., 2009; Patil and Kai, 2010; Kibanov et al., 2011). Tudor, Spindle-E, Qin/Kumo, Tejas and Krimper proteins possess the TUDOR-domains, which recognizes post-translationally methylated lysine residues in PIWI proteins, which are essential for the nuage assembly (Kirino et al., 2009; Nishida et al., 2009; Kibanov et al., 2011).

In Drosophila spermatocytes, among small nuage granules, a large granule, the piNG-body was uncovered, that was more than 50 times larger than the smaller ones (Kibanov et al., 2011). The piNG-body is present in primary spermatocytes as one giant nuage granule per cell. piNG-bodies move around the outer surface of the nuclei (Nosov et al., 2014) and persist in spermatocytes throughout the entire meiotic interphase. The large size of the piNG-body allowed to determine a specific pattern of piRNA pathway component distribution: Spindle-E, Aub, and Tudor are colocalized with Vasa in the periphery lobes of the piNG-body, while AGO3 is found only in the central lobe (Kibanov et al., 2011, 2013; Ryazansky et al., 2016) (Figures 4B,C). These results are consistent with data indicating different subcellular localization of Aub and AGO3 and independent mechanisms of their recruitment to the nuage in the ovaries (Webster et al., 2015). With the aid of fluorescence recovery after photobleaching (FRAP) experiments, the existence of a dynamic exchange of GFP-tagged Vasa between the piNG-body and the cytoplasm in spermatocytes under normal conditions was shown (Nosov et al., 2014). A similar exchange of Vasa, Aub, AGO3, Tudor, Tejas, and Spindle-E molecules was observed between the nuage and their cytoplasmic pool in the ovaries (Snee and Macdonald, 2004; Xiol et al., 2014; Webster et al., 2015). Only 71% recovery after photobleaching of the Vasa-GFP signal in the piNG-bodies indicates the existence of at least 29% stationary fraction that is not involved in the rapid exchange with the cytosolic mobile fraction (Nosov et al., 2014). Liquid–liquid phase separation is proposed to slow this exchange down owing to the higher viscosity of nuage granules supported by specific protein-protein interactions (Ozata et al., 2019).

Historically, the first example of piRNA-mediated gene repression is Stellate gene silencing in the Drosophila testes with the aid of piRNAs derived from Y-linked Su(Ste) repeats (Aravin et al., 2001). To date, the mechanism of Sellate repression has been clarified in some details. Su(Ste) represents the major testis piRNA cluster producing about 43% of total piRNAs (Kotov et al., 2019; Chen et al., 2020) unlike the situation in the ovarian germline, where 42AB in pericentromeric region of the 2nd chromosome is found to be the most active piRNA cluster (Malone et al., 2009). Chronologically, antisense Su(Ste) transcripts appear in the nuclei of early spermatocytes before the sense ones. Antisense transcription is initiated from several sites within the hoppel transposon inserted in the Su(Ste) promoter (Aravin et al., 2001, Figure 1). In the nuclei of mature primary spermatocytes sense and antisense Su(Ste) transcripts are found to be colocalized (Aravin et al., 2004). However, antisense Su(Ste) transcripts are much more abundant (more than 20-fold) than sense ones and provide a great amount of piRNAs with high complementarity to Stellate transcripts (Kotov et al., 2019). Stellate gene transcription starts in early spermatocytes. Deletion of the bulk part of Su(Ste) caused increased accumulation of spliced, but not non-spliced Stellate transcripts in the nuclei and cytoplasm of spermatocytes (Kotelnikov et al., 2009), indicating the post-transcriptional mode of Stellate silencing. Analysis of Su(Ste)-Stellate piRNAs reveals strong U1 (78%) and A10 (54%) nucleotide biases for antisense and sense piRNAs, respectively. This points to the existence of piRNA pairs with a 10-nt overlap generated through the ping-pong mechanism (Ryazansky et al., 2016; Kotov et al., 2019, Figure 4A). Expression and silencing of Stellate genes coincide with the organization of the piNG-bodies, that contain the components of the piRNA machinery in a high concentration. Mutations of vasa, aub and ago3 cause the destruction of the piNG-bodies that results in Stellate derepression. Note that the ago3 mutation does not lead to the disappearance of the small nuage granules, indicating that a high concentration and compartmentalization of the piRNA pathway components achieved in the piNG-body are essential for successful silencing (Kibanov et al., 2011).

The piRNA pathway has evolved to keep a high level of sequence complementarity between a piRNA and its target in the germline (Kotov et al., 2019; Chen et al., 2020). Expression of Stellate genes is perfectly repressed by Su(Ste) piRNAs in the testes of wild-type males. Other gene encoding testis-specific β-subunit of CK2, CK2βtes, possesses a significant homology with Su(Ste) and Stellates, about 70% identity of nucleotide sequence. However, CK2βtes is expressed in the male germline at a high level (Kalmykova et al., 2002, 2005) and does not undergo targeting by Su(Ste) piRNAs. The second major piRNA cluster in the testes, AT-chX, resides in the pericentromeric region of the X chromosome and also contains internal tandem repeats (Kotov et al., 2019; Chen et al., 2020). This cluster produces abundant and diverse piRNAs with 76% homology to vasa transcripts mainly in antisense orientation. However, in contrast to the previously published data (Nishida et al., 2007) we found that sequence similarity between AT-chX-derived piRNAs and vasa transcripts is not enough for their repression in the testes and ovaries of D. melanogaster (Kotov et al., 2019). On the whole, these data suggest that effective piRNA silencing at least in premeiotic germ cells of Drosophila testes requires a high level of sequence complementarity between piRNAs and their targets to prevent harmful off-target effects.



CONTRIBUTION OF THE STE-SU(STE) SYSTEM TO HYBRID STERILITY AND REPRODUCTIVE ISOLATION BETWEEN D. MELANOGASTER AND CLOSELY RELATED SPECIES

Despite the deep insight into the evolution and regulation of Stellate genes expression, functions and biological significance of the Ste-Su(Ste) system have been obscure for a long time. According to one early hypothesis, the Ste-Su(Ste) system exists as a parasitic self-maintaining genetic system that only mimics functions crucial for meiosis (Bozzetti et al., 1995). According to another assumptions, the Ste-Su(Ste) system is similar to toxin-antitoxin systems, which are widely found in prokaryotes (Aravin, 2020). However, the most common fate for insignificant duplicated genes is their rapid degeneration and loss of function (Conant and Wolfe, 2008). The energy-consuming maintenance of multiple highly homogenous copies of Stellate genes in the genome and their permanent silencing indicate the existence of selective forces that prevent the loss of long-lived Stellate genes. Thus, the Ste-Su(Ste) system is fixed in the D. melanogaster genome and maintained under positive selection. Stellate genes are normally completely repressed in the male germline by piRNAs generated from Y-linked Su(Ste) repeats. A deletion of the cry1 locus or a loss of the entire Y chromosome leads to Stellate derepression in spermatocytes and to subsequent meiotic disorders causing complete or partial male infertility. Tandem Stellate genes are only found in the D. melanogaster genome, but not in other Drosophila species, as mentioned above. We have hypothesized that Stellate genes may function in the reproductive isolation of D. melanogaster from closely related species lacking Su(Ste) repeats in the Y chromosomes.

Highly homogenous AT-chX repeats are also fixed in D. melanogaster and not found in other Drosophila species. Strikingly, we revealed that vasa sequences from closely related species, D. simulans, D. sechellia and D. mauritiana, that have diverged from an ancestor common with D. melanogaster 2.0–5.4 million years ago (Russo et al., 1995; Tamura et al., 2004), maintain more than 90% complementarity with piRNAs from AT-chX repeats of D. melanogaster compared with only 76% for vasa of D. melanogaster itself (Kotov et al., 2019). In line with this observation, we have proposed that AT-chX piRNAs could repress alien vasa transcripts in the gonads of interspecies hybrids.

The studying of viable interspecific hybrids is a way to identify hybrid incompatibility factors that cause reproductive isolation between species. It has been shown earlier that the Hmr mutation significantly rescues survival of F1 male hybrid progeny of crosses between D. melanogaster females and males of the simulans clade (Barbash et al., 2000; Barbash and Ashburner, 2003). We raised hybrid males by crossing Hmr1 D. melanogaster females and D. mauritiana males to test our hypotheses (Kotov et al., 2019). The hybrid males inherit the maternal X chromosome carrying Stellate genes and the AT-chX piRNA cluster, and the paternal Y chromosome that does not contain Su(Ste) repeats. We uncovered that the piRNA biogenesis was not disrupted in the testes of hybrids, because the analysis of small RNAs reveals the presence of 23–30 nt piRNAs mapped to various transposable elements (Kotov et al., 2019). These piRNAs exhibit U1-bias for antisense piRNAs, whereas the sense ones possess A10-bias, indicating that the piRNA pathway is still functional. We have observed a strong silencing of D. mauritiana vasa by trans-acting piRNAs from the AT-chX cluster in hybrid testes, whereas vasa of D. melanogaster does not undergo repression. The majority of hybrid testes has reduced size and contains just a few or no germ cells. We assumed that selective repression of one allele of the vasa gene in diploid hybrids might cause haploinsufficiency of vasa functions and disruption of germ cell development at early stages, appearing to contribute to hybrid male sterility. However, the molecular basis of hybrid dysfunction is not characterized yet in this case. For the analysis of Stellate gene regulation we selected only perfectly developed hybrid testes with maximal germ cell content (Kotov et al., 2019). These wild-type size testes are filled a large number of germ cells at different stages of spermatogenesis. Expectedly, Su(Ste) piRNAs are not generated in the testes of the hybrids. Immunostaining of the testis preparations reveals the presence of abundant Stellate aggregates in spermatocytes of the hybrid testes (Figures 5A,B), but not in the testes of parent flies. Spermatocytes in the hybrid testes do not progress through meiosis, haploid spermatids are absent at the distal end of the testes and the seminal vesicles do not contain mature sperm. Giant conglomerations of decondensed chromatin at the distal end of these testes indicate a severe meiotic catastrophe (Kotov et al., 2019, Figure 5C). Thus, strong Stellate derepression in the testes of hybrid males definitely leads to their infertility.


[image: Figure 5]
FIGURE 5. Derepression of Stellate genes in the testes of interspecies hybrids D. melanogaster with D. mauritiana. (A–C) Hybrid testes were stained with anti-Vasa (red) and anti-Stellate (green) antibodies, chromatin was stained with DAPI (cyan). 3D images are present for apical (A) and distal (B) testes ends; an internal confocal slice is present for the distal testis end stained with DAPI (C). Scale bars are 30 μm for (A) and (B), 15 μm for C. Stellate genes are derepressed in spermatocytes of hybrid testes and generate abundant crystals (A,B). Spermatids are absent at the distal end of hybrid testes (B). Giant conglomerations of decondensed chromatin (yellow arrows) are found at the distal ends of hybrid testis (C) indicating a severe meiotic catastrophe. (D) Derepession of Stellate genes in the testes of hybrids causes meiotic failures and male hybrid sterility. (A–D) Images are reproduced from Figure 6B in Kotov et al. (2019), and the scheme is adapted from Figure 7B in Kotov et al. (2019) by permission of Oxford University Press (http://global.oup.com/academic) without the need to obtain written permission from OUP and payment as authors of this publication.




CONCLUSIONS AND PERSPECTIVES

One of main condition of species splitting from a common precursor lineage is the prevention of gene flow between diverging populations. Thus, reproductive isolation caused by hybrid lethality or sterility is a necessary condition for speciation (Orr, 2005; Castillo and Barbash, 2017). Postzygotic reproductive isolation emerges as a consequence of gradual accumulation of genetic differences between isolated populations of the ancient precursor. These differences, emerging due to selection or genetic drift, lead to lower fitness or sterility of hybrid progeny. The well-known Dobzhansky–Muller model suggests that a common cause of genetic incompatibility between closely related species is the divergence among alleles at two or more loci (Dobzhansky, 1936; Muller, 1940; Muller and Pontecorvo, 1942). We did not identify new Dobzhansky–Muller gene pairs in parental genomes. However, we showed that abnormal regulatory divergence triggered by the piRNA pathway provides two opposite harmful effects in the testes of interspecies hybrids: loss of Su(Ste) piRNAs leads to derepression of Stellate genes causing defects in male meiosis (Figure 5D), whereas silencing of D. mauritiana vasa by AT-chX piRNAs originating from the D. melanogaster genome appears to contribute to defects of early spermatogenesis stages (Kotov et al., 2019). In accordance with these findings a recently published study leads to the speculation that rapid intrinsic divergence of human pachytene piRNA loci among placental mammals also may be an undescribed driver of reproductive isolation (Özata et al., 2020). It would be attractive to test in future the derepression of Stellate genes in the interspecific hybrids of D. melanogaster with D. simulans or D. sechellia as well. However, to date our attempts to cross D. melanogaster females with males of these species have resulted in hybrid males with severely reduced testes that did not contain germ cells. This indicates a failure in germ cell maintenance at earlier stages of testis development. It can be proposed that the repression of one of the vasa alleles affects this phenotype. But this hypothesis requires a further investigation that is strongly hampered owing to a loss of germ cells. Potential advances in this field can be provided by studies of the ovaries of hybrid females, since the AT-chX piRNA cluster is shown to be active in the ovaries of D. melanogaster and produce abundant piRNAs (Chen et al., 2020). The generation and usage of female hybrid offspring with developed ovaries may allow to study the impact of vasa misregulation on the maintenance of early germ cells and fertility in the hybrid genomic background.

The studies of hybrid male sterility in Drosophila allowed to uncover that reproductive isolation can occur due to a small number of genes misexpressed in hybrids (Michalak and Noor, 2003; Haerty and Singh, 2006; Moehring et al., 2007; Wei et al., 2014). The acquisition of the Ste-Su(Ste) system by a part of the ancient fly population appears to be one of the causative factors of hybrid sterility in crosses of female flies with males that do not carry Y-linked Su(Ste) repeats. In our experiments, we reproduced this putative scenario by directly demonstrating Stellate derepression in the background of interspecies hybrids between D. melanogaster and D. mauritiana (Figure 5). The results embrace our hypothesis about the contribution of the Ste-Su(Ste) system and its epigenetic regulation by the piRNA pathway in reproductive isolation of the D. melanogaster lineage. By studying the molecular and genetic events that lead to the emergence of reproductive isolation between lineages originating from a single ancestral population, we have pieced together some of the processes that cause D. melanogaster divergence from closely related species to improve our understanding of the process of speciation.
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