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Different Genetic Sources Contribute to the Small RNA Population in the Arbuscular Mycorrhizal Fungus Gigaspora margarita
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RNA interference (RNAi) is a key regulatory pathway of gene expression in almost all eukaryotes. This mechanism relies on short non-coding RNA molecules (sRNAs) to recognize in a sequence-specific manner DNA or RNA targets leading to transcriptional or post-transcriptional gene silencing. To date, the fundamental role of sRNAs in the regulation of development, stress responses, defense against viruses and mobile elements, and cross-kingdom interactions has been extensively studied in a number of biological systems. However, the knowledge of the “RNAi world” in arbuscular mycorrhizal fungi (AMF) is still limited. AMF are obligate mutualistic endosymbionts of plants, able to provide several benefits to their partners, from improved mineral nutrition to stress tolerance. Here we described the RNAi-related genes of the AMF Gigaspora margarita and characterized, through sRNA sequencing, its complex small RNAome, considering the possible genetic sources and targets of the sRNAs. G. margarita indeed is a mosaic of different genomes since it hosts endobacteria, RNA viruses, and non-integrated DNA fragments corresponding to mitovirus sequences. Our findings show that G. margarita is equipped with a complete set of RNAi-related genes characterized by the expansion of the Argonaute-like (AGO-like) gene family that seems a common trait of AMF. With regards to sRNAs, we detected populations of sRNA reads mapping to nuclear, mitochondrial, and viral genomes that share similar features (25-nt long and 5′-end uracil read enrichments), and that clearly differ from sRNAs of endobacterial origin. Furthermore, the annotation of nuclear loci producing sRNAs suggests the occurrence of different sRNA-generating processes. In silico analyses indicate that the most abundant G. margarita sRNAs, including those of viral origin, could target transcripts in the host plant, through a hypothetical cross-kingdom RNAi.
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INTRODUCTION

RNA interference (RNAi) or RNA silencing is a conserved eukaryotic pathway involved in the repression of gene expression at transcriptional or post-transcriptional level (Moazed, 2009; Wilson and Doudna, 2013; Ipsaro and Joshua-Tor, 2015). RNAi carries out several biological functions, such as gene regulation, defense against mobile repetitive DNA sequences, retroelements, transposons, and viruses. The process is mediated by small RNAs (sRNAs) of about 20–30 nucleotides that direct, by sequence complementarity, the recognition and silencing of the target genetic elements. The RNAi pathway relies on three core enzymes: Dicer-like (DCL), Argonaute-like (AGO-like), and RNA-dependent RNA polymerase (RdRp). DCL are ribonuclease III (RNase III) proteins that cleave double-stranded RNAs (dsRNAs) or single-stranded hairpin RNAs producing sRNAs that are then loaded onto AGO-like which, guided by sRNAs, are responsible for the silencing of the specific target sequences. RdRp generally play a dual role, both triggering the RNAi pathway and/or amplifying the silencing signals through the synthesis of dsRNAs from aberrant RNAs.

In 2013, Weiberg et al. (2013) discovered that RNAi is also a key molecular component of interspecies communication: sRNAs can be transferred across the contact interface of two interacting organisms and, acting as pathogen effectors, they silence specific genes in host cells in order to favor colonization. This phenomenon, known as cross-kingdom RNAi, occurs in several pathogenic and parasitic interactions (Weiberg et al., 2013; Mayoral et al., 2014; Zhang et al., 2016; Shahid et al., 2018; Chow et al., 2019; Cui et al., 2019) where it can function as an attack or a defense strategy. Interestingly, it was also recently described in the legume-rhizobium symbiosis where bacterial transfer RNA (tRNA)-derived small RNA fragments are signal molecules that modulate host gene expression and nodule formation (Ren et al., 2019). It has been proposed that sRNAs can also be exchanged between the partners of the arbuscular mycorrhizal (AM) symbiosis (Huang et al., 2019), a very ancient mutualistic association established between the roots of most plants and the obligate biotrophic fungi belonging to Glomeromycotina (Mucoromycota phylum; Spatafora et al., 2016), known as arbuscular mycorrhizal fungi (AMF) (Lanfranco et al., 2018). Indeed, host-induced (HIGS) and virus-induced gene silencing (VIGS) have been successfully employed to silence AMF genes expressed during root colonization (Helber et al., 2011; Kikuchi et al., 2016; Tsuzuki et al., 2016; Xie et al., 2016; Voß et al., 2018).

The RNAi machinery and the sRNA populations in AMF have been characterized only in the model AMF species Rhizophagus irregularis (Lee et al., 2018; Silvestri et al., 2019). The availability of the full genome sequence of Gigaspora margarita (Venice et al., 2019) offered the possibility to explore how conserved are RNAi features in AMF. G. margarita is of particular interest as it belongs to Gigasporaceae, an early diverging AMF group, well separated from Glomeraceae that includes R. irregularis (Krüger et al., 2012). It has a complex genomic structure with the largest fungal genome so far annotated (773 Mbp) and a rich content (64%) in transposable elements. In addition, the isolate used for the genome project (BEG34) can be treated as a meta-organism, since it hosts the obligate endobacterium Candidatus Glomeribacter gigasporarum (CaGg; Ghignone et al., 2012) and six viral species (Turina et al., 2018), whose genome sequences are available. Notably, for the four mitoviruses present in G. margarita we could also prove the existence of DNA fragments corresponding to portions of their genome: this feature, never found in mycoviruses, has been described as an anti-viral response in insects (Goic et al., 2016).

In this work we described the RNAi-related gene components in G. margarita and the sRNA population originating from its metagenome. G. margarita, in analogy to R. irregularis, is equipped with a complete set of RNAi-related genes, characterized by the expansion of the AGO-like family, as well as sRNAs. A population of nuclear DNA mapping sRNAs substantially different from that of R. irregularis was found. The high level of sRNA reads mapping to viral genomes suggests that G. margarita RNAi machinery is able to provide an antiviral defense. Furthermore, through an in silico analysis, we identified a group of plant genes that can be potentially targeted by the most expressed G. margarita sRNAs.



MATERIALS AND METHODS


Biological Material

The spores of G. margarita strain BEG34 were obtained from Trifolium repens plants inoculated with 100–150 spores. After 3 months of growth with night/day temperature conditions of 21 (night) and 23°C (day), new spores were collected by wet sieving technique, divided in batches of 100 and vernalized in distilled water for a week in the dark at 4°C. Spores were then surface-sterilized with chloramine T (3% W/V) and streptomycin sulfate (0.03% W/V), washed with sterile distilled water and incubated in 1 ml of sterile distilled water for a week in the dark at 30°C to allow germination. Finally, germinated spores were collected, immediately frozen in liquid nitrogen, lyophilized and stored at −80°C.



RNA Extraction for sRNA-Seq

Batches of 100 germinated spores were ground in a bead beater with 3-mm tungsten beads at 18 Hz/s for 3 min. Total RNA was extracted with Direct-zolTM RNA MiniPrep (Zymo Research) kit, performing the in column DNase I treatment as recommended by the manufacturer. RNA concentration and quality were assessed with a Nanodrop1000 (Thermo Scientific). Three biological replicates (SG1, SG2, and SG3) were prepared pooling together, for each replicate, same amount of RNA extracted from two independent biological samples (so a total of six biological samples were used). Samples were then delivered to Macrogen (South Korea) for RNA integrity check, library preparations, and sequencing.



Identification and Phylogenetic Analyses of RdRp, DCL, and AGO-Like

Screening the Pfam annotation of the G. margarita proteome (Venice et al., 2019), we retrieved all the sequences containing a “Piwi” (Pfam ID: PF02171.17), an “RdRP” (Pfam ID: PF05183.12), or two “Ribonuclease_3” (Pfam ID: PF00636.26) domains, and we considered them as AGO-like, RdRp, or DCL, respectively. The whole amino acid sequences of DCL, AGO-like, and RdRp were aligned with MAFFT v7.310 (option: –auto) (Katoh and Standley, 2013) together with fungal sequences analyzed in Silvestri et al. (2019). Their phylogenetic relationships were inferred by the Maximum-Likelihood method implemented in the IQ-TREE software (options: -m TEST -bb 1000 -alrt 1000 -o “root”) (Nguyen et al., 2015). The software performed model selection (Kalyaanamoorthy et al., 2017), tree reconstruction, and branch support analysis by ultra-fast bootstrap method (1000 replicates) (Hoang et al., 2018). Trees were reshaped on root with Newick Utilities v1.6 (command: nw_reroot) (Junier and Zdobnov, 2010) and visualized with Evolview v3 (Subramanian et al., 2019).



Bioinformatics Pipeline

Raw sRNA-seq reads were checked for quality with FastQC (Babraham Bioinformatics) and then cleaned from adapters (TGGAATTCTCGGGTGCCAAGG), artifacts (default parameters), and low quality reads (-q 28 -p 50) with Fastx Toolkit (Hannon Lab). Further filtering of raw reads was performed with Bowtie (Langmead et al., 2009), by removing the reads that mapped with up to 1 mismatch to the tRNA, rRNA, snRNA, and snoRNA sequences from Rfam 12.0 database (Nawrocki et al., 2015), and those mapping with 0 mismatches to all the “ribosomal RNA” sequences present in GenBank for Mucoromycota taxonomy; we finally kept only the 18- to 35-nt long reads. Filtered reads were mapped with no mismatch with bowtie to the unmasked versions of G. margarita nuclear (Venice et al., 2019), mitochondrial (Pelin et al., 2012), CaGg (Ghignone et al., 2012), and viral (Turina et al., 2018) genomes. A set of Bash, Perl, and R scripts were used for the analysis and visualization of nucleotide length distribution, 5′-end nucleotide composition, and reads redundancy. For the analysis of nucleotide length distribution of sRNAs in R. irregularis, reads from “extra-radical mycelium” libraries of a previous study (Silvestri et al., 2019) were mapped to mitochondrial (NCBI accession: JQ514224.2) and nuclear genomes (Chen et al., 2018) of R. irregularis with no mismatch using bowtie.

ShortStack v.3.8.5 (Johnson et al., 2016) was used for genome-guided sRNA-generating loci prediction and annotation on G. margarita nuclear genome (options: –mismatches 0 –foldsize 1000 –dicermin 18 –dicermax 35 –pad 200 –mincov 10.0rpmm). BEDTools (Quinlan and Hall, 2010) was used to compare the genomic locations of sRNA-generating loci with those of annotated protein-encoding genes and of annotated transposable elements (Venice et al., 2019). PCA on sRNA-generating loci was performed in R with “FactoMineR” v1.42 (Lê et al., 2008) and “factoextra” v1.0.51 packages. HDBSCAN clustering was performed (parameters: minPts = 20) with dbscan R package v1.1-4 (Hahsler et al., 2019). Homology analysis of G. margarita-(Gma)-sRNA-generating loci with fungal repetitive elements from RepBase 23.042 was performed with tblastx (E-value ≤ 0.00005) (Camacho et al., 2009). The miRNA-like locus was annotated by ShortStack v. 3.8.5 (Johnson et al., 2016) and its secondary structure was predicted and visualized with StrucVis v.0.33.

For target prediction analysis, we selected the 21-nt long sRNAs with expression level greater than 100 RPM (“Reads Per Million mapped reads”; considering only the 21–24-nt long reads mapped to G. margarita genome) and the 21-nt viral sRNAs with expression level >100 RPM among all viral sRNAs. These sRNA reads were then used to predict targets in M. truncatula A17 transcriptome (v.4.0 cDNAs on EnsemblPlants database; Zerbino et al., 2018) through psRNAtarget (2017 update; Dai et al., 2018) with default parameters and we kept only the predictions with expectation <3. GO enrichment analysis of target transcripts was performed with AgriGO (p-value < 0.01; statistical test: Fisher’s test with Yekutieli correction; Tian et al., 2017), using Plant Go Slim ontology. Similarly, two further target prediction analyses on M. truncatula transcriptome were performed as described above using only the most abundant 21-nt long sRNAs of the AMF R. irregularis (>100 RPM, considering only the 21–24-nt long reads mapping on the genome) from “mycorrhizal roots” libraries described in Silvestri et al. (2019) and the most abundant 21-nt long sRNAs of the non-AMF Aspergillus fumigatus (>100 RPM before genome mapping; Özkan et al., 2017). To identify the A. fumigatus sRNA sequences, two already published sRNA-seq libraries (SRA ID: SRR1583955, SRR1583956; Özkan et al., 2017) were cleaned from adapters (AGATCGGAAGAGCACACGTCT), artifacts, low qualities reads and tRNA-, rRNA-, snRNA-, and snoRNA-related sequences as described above. The remaining reads were mapped with no mismatch with bowtie to the unmasked version of A. fumigatus Af293 genome from Ensembl database (ASM265v1). We kept, for the target prediction on the M. truncatula transcriptome, only the 21-nt long genome mapped sRNAs with an abundance greater than 100 “reads per million reads” of the whole filtered sRNA libraries.



RESULTS AND DISCUSSION


The Comparative Analysis of Fungal RNAi-Related Proteins Reveals Common AMF Traits

Recent surveys of two AMF genomes allowed a first characterization of the RNAi components (DCL, AGO-like, and RdRp) in this group of obligate biotrophs (Lee et al., 2018; Silvestri et al., 2019). These works highlighted that the two analyzed AMF, R. irregularis and R. clarus, are equipped with a RNAi machinery characterized by 26–40 AGO-like, 3–21 RdRp, and 1–2 DCL proteins. Here we analyzed the genome of the AMF G. margarita (Venice et al., 2019) in order to define the conservation level of the RNAi-related genes in the Glomeromycotina subphylum. Keeping only one virtual transcript for each gene, we obtained a total of 11 AGO-like, 6 RdRp, and 1 DCL corresponding proteins.

In analogy to the other analyzed AMF, R. irregularis, and R. clarus, G. margarita is characterized by an expansion, even if less pronounced compared to both Rhizophagus species, of the AGO-like gene family. Other filamentous fungi in the Ascomycota and Basidiomycota, in fact, typically possess 1–4 AGO (Chang et al., 2012). Only 5 out of the 11 G. margarita AGO-like proteins (g74.t1, g25280.t1, g11769.t1, g13419.t1, and g17397.t1) show all the typical AGO domains (piwi, PAZ, MID, and N-terminal) (Poulsen et al., 2013); the remaining 6 (g16172.t1, g19042.t1, g19043.t1, g24476.t1, g19778.t1, and g20012.t1) lack at least one of the non-piwi domains (Figure 1). We can speculate that those atypical AGO-like can play different biological functions, unrelated to the classic RNAi pathway. A phylogenetic analysis of fungal AGO-like revealed that 10 out of 11 G. margarita proteins (g74.t1, g16172.t1, g19042.t1, g19043.t1, g24476.t1, g19778.t1, g20012.t1, g25280.t1, g11769.t1, and g13419.t1) belong to a well-supported clade containing only proteins from Mucoromycota species (G. margarita, Mucor circinelloides, and R. irregularis; Mucoromycota-specific clade) while the remaining one (g17397.t1) groups with some AGO from Ascomycota (Cryphonectria parasitica, Neurospora crassa, and Magnaporthe oryzae), and 5 R. irregularis AGO-like (non-Mucoromycota-specific clade; Figure 1). Interestingly, the Mucoromycota-specific clade can be further divided in two subgroups, one that is AMF specific (G. margarita and R. irregularis). A third group, non-related to the previous two, contains only some Ascomycota AGO-like proteins (C. parasitica, M. oryzae, N. crassa, and Schizosaccharomyces pombe; Ascomycota-specific clade). Moreover, G. margarita is not equipped with small peptide-encoding ORF containing only the piwi domain that were found in R. irregularis but not in R. clarus (Silvestri et al., 2019). Despite the different number of AGO-like, R. irregularis and G. margarita are equipped with the same core set of homologous sequences: G. margarita possesses at least one AGO-like protein for each phylogenetic subgroup present in R. irregularis.
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FIGURE 1. Phylogenetic analysis and PFAM domains of AGO-like proteins. Sequences are discernible by species according to a two-letter prefix and/or a color code: Mo, Magnaporthe oryzae; Nc, Neurospora crassa; Mc, Mucor circinelloides; Sp, Schizosaccharomyces pombe; Cp, Cryphonectria parasitica; gray, Rhizophagus irregularis; red, Gigaspora margarita. Protein ID (NCBI or JGI): MoAGO1 = XP_003716704.1, MoAGO2 = XP_003717504.1, MoAGO3 = XP_003714217.1, NcQDE-2 = XP_011394903.1, NcSMS-2 = EAA29350.1, SpAGO1 = O74957.1, McAGO-1 = 104,161, McAGO-2 = 195,366, McAGO-3 = 104,163, CpAGL1 = ACY36939.1, CpAGL2 = ACY36940.1, CpAGL3 = ACY36941.1, CpAGL4 = ACY36942.1. R. irregularis proteins are identified by JGI numeric codes. G. margarita proteins are identified by Venice et al. (2019) annotation code. The numbers at the nodes are bootstrap values (%) for 1000 replications. Tree was rooted using Arabidopsis thaliana Argonaute 6 (NCBI Reference Sequence: NP_180853.2). Tree was reshaped on root with Newick Utilities v1.6 and visualized with Evolview v3.


With regards to the RdRp, we found six proteins in G. margarita, more than the one to five generally possessed by non-AMF (Chang et al., 2012; Chen et al., 2015). In our previous work we reported 21 RdRp in R. irregularis, although Lee et al. (2018), using more stringent annotation criteria, only reported three.

The RdRp phylogenetic analysis revealed the presence of three main clades, each containing at least one protein sequence from G. margarita (Figure 2). A first clade includes, considering only the Mucoromycota, 2 G. margarita (g20441.t1, g4496.t1), 15 R. irregularis, and 2 M. circinelloides sequences, which are related to the N. crassa SAD-1. The second clade contains a single G. margarita (g5332.t1) and three R. irregularis sequences, which are related to N. crassa RRP-3, while the third one, including the homologous of N. crassa QDE-1, contains three G. margarita (g26014.t1, g25422.t1, and g15894.t1) and three R. irregularis sequences. The presence in G. margarita and R. irregularis of homologous sequences of the three well characterized N. crassa RdRp (Nakayashiki et al., 2006) suggests that AMF are equipped with a complete set of RdRp involved in the canonical N. crassa fungal RNAi pathway. Remarkably, one G. margarita RdRp (g15894.t1), which is distantly related to other fungal proteins, is characterized by the presence of some unusual “AAA” domains (“ATPases associated with diverse cellular activities”) at its C-terminal, which may suggest a distinct molecular function. Furthermore, we did not detect in G. margarita the occurrence of the small RdRp peptides found in R. irregularis (Silvestri et al., 2019).
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FIGURE 2. Phylogenetic analysis and PFAM domains of RdRp proteins. Sequences are discernible by species according to a two-letter prefix and/or a color code: Mo, Magnaporthe oryzae; Nc, Neurospora crassa, Mc, Mucor circinelloides; Sp, Schizosaccharomyces pombe; Cp, Cryphonectria parasitica; gray, Rhizophagus irregularis; red, Gigaspora margarita. Protein ID (NCBI or JGI): MoRdRP1 = XP_003721007.1, MoRdRP2 = XP_003711624.1, MoRdRP3 = XP_003712093.1, NcQDE-1 = EAA29811.1, NcSAD-1 = XP_964248.3, NcRRP-3 = XP_963405.1, SpRDP1 = NP_001342838.1, McRdRP-1 = 111871, McRdRP-2 = 104159, CpRDR1 = 270014, CpRDR2 = 35624, CpRDR3 = 10929, CpRDR4 = 339656. R. irregularis proteins are identified by JGI numeric codes. G. margarita proteins are identified by Venice et al. (2019) annotation code. The numbers at the nodes are bootstrap values (%) for 1000 replications. Tree was rooted using Caenorhabditis elegans RdRP (NCBI Reference Sequence: NP_495713.2). Tree was reshaped on root with Newick Utilities v1.6 and visualized with Evolview v3.


Interestingly, we also found a protein of 232 amino acids (g12004.t1; not shown in the phylogenetic tree) containing an “RdRp_1” PFAM domain, which is a typical C-terminal domain of RdRp found in many eukaryotic viruses (Interpro ID: IPR001205). A blastp analysis against “non-redundant protein sequences” database on NCBI (E-value ≤ 1e−5) revealed that g12004.t1 is similar to a number of hypovirus- and fusarivirus sequences; the best viral hit is the polyprotein of Cryphonectria hypovirus 4 (NCBI accession: YP_138519.1). Notably, the same blast analysis highlighted five protein sequences of the phylogenetically related AMF Gigaspora rosea (NCBI accession: RIB25480, RIB25479, RIB01634, RIB24634, RIB12248). This result provides evidence of an endogenization event of a hypovirus presumably occurring in an ancestor of the Gigaspora lineage. It is worth noting that no hypovirus has ever been reported in AMF.

Concerning the DCL phylogeny, the single G. margarita protein sequence clusters together with the R. irregularis one (Figure 3). However, the presence of one DCL may not be a common AMF trait, since we previously reported two sequences in R. clarus (Silvestri et al., 2019).
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FIGURE 3. Phylogenetic analysis and PFAM domains of DCL proteins. Sequences are discernible by species according to a two-letter prefix and/or a color code: Mo, Magnaporthe oryzae; Nc, Neurospora crassa; Mc, Mucor circinelloides; Sp, Schizosaccharomyces pombe; Cp, Cryphonectria parasitica; gray, Rhizophagus irregularis; red, Gigaspora margarita. Protein ID (NCBI): MoMDL1 = XP_003714515.1, MoMDL2 = XP_003715365.1, NcSMS-3 = XP_961898.1, NcDCL-2 = XP_963538.3, SpDCR1 = NP_588215.2, McDCL-1 = CAK32533.1, McDCL-2 = CAZ65730.1, CpDCL-1 = ABB00356.1, CpDCL-2 = ABB00357.1. R. irregularis proteins are identified by JGI numeric codes. G. margarita proteins are identified by Venice et al. (2019) annotation code. The numbers at the nodes are bootstrap values (%) for 1000 replicates. Tree was rooted using Drosophila melanogaster Dicer 1 (NCBI Reference Sequence: NP_524453.1). Tree was reshaped on root with Newick Utilities v1.6 and visualized with Evolview v3.


We then searched for evidence of expression of the genes encoding for the RNAi-related proteins exploiting the transcriptomic data published by Venice et al. (2019) obtained from four different conditions: germinating spores, strigolactone-treated spores, extraradical, and intraradical mycelium. All the genes are expressed in all the conditions (Supplementary Figure 1) with the only exception of the endogenized viral fragment (g12004.t1), which shows no expression or very low expression levels in symbiotic (extraradical and intraradical mycelium) and in the asymbiotic (spores) conditions, respectively.

In conclusion, the data confirmed that AMF are equipped with an RNAi machinery, characterized by the expansion of the AGO-like and, to some extent, the RdRp gene families. It would be interesting to understand whether these gene expansions were followed by functional differentiation, as happened to plant AGO (Poulsen et al., 2013).

It is tempting to speculate that this uncommonly high number of AGO-like could be related to the large amount of transposable elements of AMF genomes (Muszewska et al., 2017). In this context, we hypothesize that specific classes of AGO-like may be involved in the defense against mobile elements. It is worth noting that G. margarita lacks some genome defense mechanisms characterized in other fungi, such as fungal repeat-induced point (RIP) mutation and meiotic silencing of unpaired DNA (MSUD) (Venice et al., 2019); furthermore, based on AMF so far sequenced, TEs invasion seems to be specific of Gigasporaceae. In this context an efficient and fine-tuned anti-transposable elements defense system based on RNAi-related pathway could be instrumental in maintaining genome integrity. Moreover, since recent indirect evidences suggest that sRNAs are exchanged between plant and fungi in the AM symbiosis (Helber et al., 2011; Kikuchi et al., 2016; Tsuzuki et al., 2016; Xie et al., 2016; Voß et al., 2018), we speculate that the AGO-like gene expansion (and possibly their functional differentiation) in AMF mirrors the need to process, in a finely tuned way, the information that may come from the host plant. Further functional analyses will be needed to validate this hypothesis.



G. margarita Is Characterized by a Peculiar Small RNA Population

The role of sRNAs in AMF is still largely unknown. A preliminary characterization has been so far reported only for the model species R. irregularis (Silvestri et al., 2019). In this context the main focus of this work was to characterize the small RNAome of G. margarita, a species hosting a complex viral and endobacterial population (Ghignone et al., 2012; Turina et al., 2018) which has not been found in R. irregularis and G. rosea isolates so far. We sequenced three G. margarita sRNA libraries, each constructed with RNA extracted from germinated spores. The Illumina platform produced a total of 73,308,493 sRNA reads which were first cleaned up from adapters, artifacts, low-quality reads; after the removal of tRNA-, rRNA-, snRNA-, and snoRNA-related sequences, a total of 31,101,040 18–35-nt long reads were kept for further analysis (Supplementary Data Sheet 1). The resulting sRNA sequences were mapped with no mismatches to the nuclear and mitochondrial genomes of G. margarita (Pelin et al., 2012; Venice et al., 2019), to the genome of the endobacterium CaGg (Ghignone et al., 2012) and to the genomes of the six viruses (four mitoviruses, one Giardia-like, and one Ourmia-like virus) identified in G. margarita (Turina et al., 2018). Sixty-one to 64% of the reads, depending on the sRNA library, mapped exclusively to the nuclear genome, about 6% to the mitochondrial genome and the 0.3–0.8% to the endobacterial genome. The amount of reads uniquely mapping to the mitoviral genomes varied from 2.3 to 3.3% for Mitovirus 1 to 0.5–0.7% for Mitovirus 4. About 0.01% of the reads mapped to the genome of the Ourmia-like virus, while only about 0.0002% of total reads were associated with the Giardia-like virus (Figure 4). The reads mapped to both strands of viral genomes with different percentages (Supplementary Table 1). A limited number (0.13%) of total sRNA reads mapped to both nuclear genome and mitochondrial or endobacterial or mitoviral genomes (Supplementary Figure 2).
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FIGURE 4. Relative mapping frequencies of small RNA to Gigaspora margarita metagenome (SG1, SG2, and SG3 refer to different libraries of “germinated spores” samples).


The redundant and non-redundant sRNA reads mapping to all the different genomes, with the exception of the endobacterial one, were characterized by a similar unimodal nucleotide length distribution in which the most representative class consisted of the 25-nt long sequences (and 24-nt as the second most abundant class for all of them) (Figure 5). The accumulation of sRNAs with specific nucleotide lengths is commonly associated with the presence of an active sRNA-generating pathway (Mueth et al., 2015), since fungal species that do not possess a functional RNAi, such as S. cerevisiae (Drinnenberg et al., 2009), or DCL knock-out mutants (Raman et al., 2017) are not characterized by peaks over 20 nt. The nucleotide length distribution of the reads mapping to the endobacterial genome showed no evident peak; these sRNAs are likely to have originated by random degradation of longer transcripts, in accordance with the model that does not contemplate the presence of active RNAi mechanism in prokaryotes.
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FIGURE 5. Nucleotide size distribution of sRNA reads (redundant and non-redundant) mapping to G. margarita metagenome.


The nucleotide size distribution observed for G. margarita nuclear DNA mapping sRNAs (Gma-sRNAs; unimodal with maximum at 25-nt) is different from that of R. irregularis (bimodal with maxima at 24- or 26-nt and 31- to 33-nt; Silvestri et al., 2019). This result is not surprising considering that the length of the sRNAs seems not to be a conserved trait in fungi, even among species from the same genus, such as Fusarium oxysporum and Fusarium graminearum (Chen et al., 2014, 2015). For example N. crassa mainly produces 25-nt long sRNAs (Fulci and Macino, 2007), M. circinelloides 21- and 25-nt (Nicolás et al., 2003), Aspergillus nidulans 25-nt (Hammond and Keller, 2005), M. oryzae 19–23-nt (Kadotani et al., 2003), Cryptococcus neoformans 22-nt (Dumesic et al., 2013), Trichoderma atroviride 20–21- and 24-nt (Carreras-Villaseñor et al., 2013), F. graminearum 27- and 28-nt (Chen et al., 2015), F. oxysporum 19- and 21-nt (Chen et al., 2014), Sclerotinia sclerotiorum 22-nt (Derbyshire et al., 2019), and Puccinia striiformis 22-nt (Mueth et al., 2015).

The differences of the nuclear small RNAome composition between the two AMF can also be partially explained by the different experimental setups: while for R. irregularis we sequenced sRNAs from symbiotic conditions (fungal mycelium growing inside or outside plant roots), for G. margarita we sequenced sRNAs from asymbiotic condition (axenically germinated spores).

A further interesting observation was the high level of sRNA reads mapping to genomes of the four mitoviruses identified in G. margarita (Turina et al., 2018). Mitoviruses generally replicate in their host’s mitochondria (Hillman and Cai, 2013) thus in this case, exploiting the mitochondrial translation machinery, they rely on the mitochondrial translation code (such as the UGA codon for tryptophan, which in nuclear genetic code is a stop codon). Interestingly, G. margarita mitoviral genetic code lacks UGA codons and can be virtually translated in both cytosol and mitochondria (Turina et al., 2018). Recently, the sRNA response to a strictly mitochondrial plant mitovirus (Chenopodium quinoa mitovirus 1) was characterized: it has been shown that the mitovirus escaped the antiviral RNAi that normally originates 21–22 nt sRNA for cytoplasmic viruses. The overall number of sRNA of mitoviral origin was very low compared to a cytoplasmic virus, and the most represented length was 17 nt (Nerva et al., 2019), corresponding to the average size of sRNA originated inside plant mitochondria. In another study the sRNA response to a mitovirus in F. circinatum also pointed to a protection from the cytoplasmic antiviral RNAi since, also in this case, a relatively low accumulation of sRNA had the same length distribution of mitochondrial sRNAs (Muñoz-Adalia et al., 2018). A similar situation has been observed for the mitovirus infecting the ascomycete C. parasitica (Shahi et al., 2019). The analysis of mitoviral sRNA in G. margarita did not allow us to discern whether mitoviruses replicate in mitochondria or cytosol since, contrary to what happens in plants, we do not detect differences in the nucleotide length profiles for sRNAs with nuclear and mitochondrial origins. Both are in fact characterized by 25-nt long sRNA peaks, the same of sRNAs with mitoviral origin, suggesting the presence of similar sRNA-generating processes in the two cell compartments. Notably, this seems to be a specific feature of G. margarita; the analysis of nucleotide length profile of R. irregularis sRNAs (exploiting sRNA-seq data previously published; Silvestri et al., 2019) revealed that the population of mitochondrial DNA mapping sRNAs (decreasing curve from 18- to 35-nt) clearly differs from the population of nuclear DNA mapping sRNAs (Supplementary Figure 3).

The very high number of sRNA accumulating during mitovirus infection seem to suggest that, contrary to some of the systems described above, their RNA is indeed targeted by cytoplasmic RNAi, possibly during promiscuous replication (both mitochondrial and cytoplasmic). If this is a true antiviral response remains to be established. Another characteristic of G. margarita mitoviruses is the production during replication of episomic DNA fragments corresponding to their sequence (Turina et al., 2018): our sRNA analysis also aimed at searching for evidence of a specific anti-viral response originated by such DNA fragments, in analogy to the PIWI sRNA response originated by DNA fragments to control RNA viruses in insects (Goic et al., 2016). However, we could not detect any peculiar population of viral-derived sRNA (such as the insect PIWI sRNA) that allowed us to envisage a similar role for G. margarita viral DNA fragments.

Mapped sRNA reads were also analyzed for their 5′-end nucleotide composition (normalized on nucleotide composition of each genome). A general enrichment in uracil was observed for 23–26-nt long sequences with few differences depending on their genomic origin (Figure 6). Interestingly, the 23–26 nt range also corresponded to the group of the most expressed sRNAs (Figure 5), with the only exception of the endobacterium and the Giardia-like virus, the latter however characterized by very few total mapped reads. The 5′-ends enrichment in uracil, which is a rather common feature of fungal sRNA (Nicolás et al., 2003; Dumesic et al., 2013; Mueth et al., 2015; Nguyen et al., 2018; Derbyshire et al., 2019; Silvestri et al., 2019), for the 23–26-nt long G. margarita sRNAs (the most expressed ones), could be a further indication of a functional role. Remarkably, the nucleotide composition of the 5′-end of sRNAs affects their ability to be loaded onto different classes of AGO proteins; in A. thaliana the uracil at the 5′-end is indeed associated with the sRNA loading onto AGO1 and AGO10, while cytosine is associated with AGO5, and adenine with AGO2, AGO4, AGO6, AGO7, and AGO9 (Borges and Martienssen, 2015). Furthermore, it is worth noting that the 5′-end nucleotide compositions of the 23–26 nt range mitoviral sRNAs is enriched in uracil. This is a common feature observed for several mycoviruses (Donaire and Ayllón, 2017).
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FIGURE 6. Relative nucleotide frequency of the 5′-ends of the sRNAs reads mapping to Gigaspora margarita metagenome (normalized on nucleotide composition of each genome).


All these findings suggest the presence of active molecular pathways producing sRNAs, with different genomic origins (nuclear, mitochondrial, or viral). The sRNA peaks at 25 nt for all the reads mapping to different genomes (with the exception of the endobacterial one), together with the uracil enrichment at their 5′-end, suggests the presence of an RNAi pathway in G. margarita able to process sRNAs with nuclear and mitochondrial origin and also able to specifically target viral sequences.



G. margarita Is Characterized by Different Populations of Nuclear sRNA-Generating Loci

Using ShortStack (Johnson et al., 2016) we performed a prediction and annotation of G. margarita nuclear genome loci producing sRNAs (Gma-sRNA-generating loci). Applying the same parameters used in a previous study (Silvestri et al., 2019), we predicted 4575 loci of which 3422 (75%) localized in intergenic regions and 1153 (25%) overlapped with predicted protein-encoded genes (i.e., loci that shared, for at least one nucleotide, the same genomic positions of elements reported as “mRNA” in the annotation file; Supplementary Data Sheet 2). A different situation was reported in R. irregularis that showed a predominance of sRNA-generating loci overlapping with protein-encoding genes (67% of the total; Silvestri et al., 2019). This could be due to a higher occurrence of intergenic regions in the genome of G. margarita considering that its very large genome contains a number of predicted genes similar to R. irregularis (Venice et al., 2019).

A total of 762 (17%) Gma-sRNA-generating loci showed similarity to fungal repetitive elements from RepBase 23.04 (Supplementary Data Sheet 2), in analogy to the 11% observed in R. irregularis (Silvestri et al., 2019). A further analysis of the genomic positions of the 4575 Gma-sRNA-generating loci revealed that 3635 (79%) overlapped for at least one nucleotide with G. margarita transposable elements (Supplementary Data Sheet 2); 672 of these loci overlapped on both transposable elements and protein-encoding genes.

A PCA analysis (Figure 7) on nuclear sRNA-generating loci was then performed, as previously proposed (Fahlgren et al., 2013), taking into account 19 independent variables per locus (locus length in nucleotide, total number of mapped reads, and their nucleotide size proportion from 18- to 35-nt). The 23.4 and 9.4% of the total variance were explained by PC1 (principal component 1) and PC2, respectively. Six variables (the proportion of 30-, 31-, 29-, 28-, and 25-nt long sequences) contribute for >50% to PC1 (Figure 7A), which mainly separates the loci in two groups, as confirmed by HDBSCAN (density-based spatial clustering of applications with noise) algorithm (Campello et al., 2015; Figure 7B). The two clusters, “cluster 1” and “cluster 2,” were composed by 172 and 4180 loci, respectively, while the remaining 223 loci were not clustered (we renamed this group as “cluster 0”; Supplementary Data Sheet 2). The nucleotide size distributions of the sRNA reads mapping to the loci belonging to the three clusters showed different average profiles. In particular, we observed an unimodal curve with the maximum peak at 25 nt for cluster 2, and a flat curve for cluster 0 and cluster 1, the latter however slightly enriched in 22–26 nt long sequences (Figure 8).
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FIGURE 7. Characterization of Gigaspora margarita(Gma)-sRNA generating loci. (A) Biplot of principal components 1 and 2 of PCA based on the length of loci, the total number of mapped reads and the nucleotide size proportion of Gma-sRNAs (from 18 to 35 nt) defining each locus (19 total variables). (B) HDBSCAN clustering reveals the presence of two distinct populations of data (Clusters 1 and 2). (C) Overview of the relative genomic positions of the loci compared to those of protein-encoding genes. (D) Overview of the homology of Gma-sRNA-generating loci with fungal repetitive elements in RepBase 23.04 (tblastx: E-value ≤ 0.00005).
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FIGURE 8. Nucleotide size distribution of sRNA reads that define the Gigaspora margarita-sRNA-generating loci of Cluster 1, Cluster 2, and Cluster 0 (the latter containing the non-clustered loci) according to HDBSCAN clustering. Black lines refer to the nucleotide size distribution of the sRNA reads defining the individual loci and red lines to the average nucleotide size distribution of each cluster.


The loci belonging to cluster 2 could be further differentiated in different groups based on their maximum peaks. In fact, while 25 nt was the most represented size for the majority of them (3091 loci), the remaining were characterized by maximum peaks at 23 nt (31 loci), 24 nt (901 loci), 26 nt (113 loci), 27 nt (2 loci), or at both 24 and 25 nt (22 loci) (Supplementary Figure 4). The presence of loci producing sRNAs of different length suggests the existence of at least partially different sRNA-generating processes, specifically acting on each group of sRNA-generating loci from “cluster 2.” Unfortunately, the lack of stable genetic transformation protocols for AMF, and so the possibility to obtain DCL knock-out mutants, makes it difficult to understand whether all these non-25-nt-sRNA-generating loci are dependent, for sRNA production, on the single G. margarita DCL or whether other DCL-independent processes are involved, as reported in the basal fungus M. circinelloides (Torres-Martínez and Ruiz-Vázquez, 2016). The setup of complementation assays, in which G. margarita DCL is expressed in M. circinelloides DCL knock-out mutants, could help understanding whether the G. margarita single DCL participate in the biogenesis of the non-25-nt long sRNAs.

The loci belonging to different clusters also differentiated on the base of their relative genomic positions, with an amount of intergenic loci of about 62 and 78% for cluster 0 and cluster 2, respectively, as opposed to the 23% from cluster 1 (Figure 7C). A further differentiation was evident analyzing the percentage of repetitive elements homologous, with only 2 and 1% of the total loci from cluster 0 and cluster 1, opposed to the 18% from cluster 2 (Figure 7D).

The comparison with R. irregularis revealed that the sRNA-generating loci belonging to “Cluster 2” in both species share several features, such as the relative amount of intergenic loci (63 vs. 78%; R. irregularis vs. G. margarita) and repetitive elements homologs (16 vs. 18%) and the average length of mapped sRNAs (unimodal curve with maximum at 24-nt vs. unimodal curve with maximum at 25-nt). Instead, for “Cluster 1,” the differences between the two species are more relevant, relative to both percentage of total loci belonging to cluster (52 vs. 4%) and average length of mapped sRNAs (decreasing curve from 18- to 35-nt with no evident peaks vs. flat curve slightly enriched in 22- to 26-nt long sequences).

A blastn analysis revealed that 261 Gma-sRNA-generating loci are highly similar to 132 R. irregularis-sRNA-generating loci (E-value ≤ 1e−5); 135 out of 261 are intergenic loci (of which 18 correspond to transposable elements), while the remaining ones overlap with annotated genes (Supplementary Data Sheet 2). The presence of different populations of nuclear loci producing sRNAs may indicate the occurrence of different sRNA-generating processes.

One sRNA-generating locus (Locus 1809) was predicted as miRNA-like by ShortStack (Figure 9). Together with the 10 previously annotated in R. irregularis, this is the first evidence of the presence miRNA-like loci in basal fungi as no miRNA-like sequence was described in M. circinelloides (Torres-Martínez and Ruiz-Vázquez, 2016).
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FIGURE 9. Predicted secondary structures of the putative Gigaspora margarita miRNA-like (Locus 1809; scaffold_534:156601-156872, positive strand) with color-coded sRNA-seq coverage per nucleotide.


Finally, we observed that the genomic coordinates of the gene encoding for the endogenized viral RdRp fragment (g12004.t1; scaffold_323, bp from 157181 to 157959, positive strand) is totally contained inside the genomic boundaries of the sRNA-generating locus 1266 (scaffold_323; bp from 155733 to 160403) but on the opposite strand (since about the 98% of locus 1266 sRNAs mapped to the negative strand with a coverage of about 317 reads per million; Supplementary Data Sheet 2). Considering that the RNA-seq data from germinated spores pointed to a very low expression level for g12004.t1 (Supplementary Figure 1), we can hypothesize that the occurrence of abundant antisense sRNAs is evidence of a silencing activity toward the endogenized virus fragment.



G. margarita Fungal/Viral sRNA Can Potentially Target Plant Transcripts

Cross-kingdom RNAi is nowadays recognized as a key mechanism involved in several plant–microbe interactions (Huang et al., 2019). Some experiments, which applied HIGS and VIGS techniques on mycorrhizal plants, suggested that sRNAs can also be exchanged between plants and AMF (Helber et al., 2011; Kikuchi et al., 2016; Tsuzuki et al., 2016; Voß et al., 2018), including G. margarita (Xie et al., 2016). In this context, we performed an in silico analysis in order to identify G. margarita sRNAs potentially able to silence plant transcripts, using Medicago truncatula as model organism (Bell, 2001). Our work is based on the assumption that some sRNAs from germinated spores are also maintained in the symbiotic phase; we focused therefore only on the most expressed (>100 RPM) 21-nt long Gma-sRNAs. The 21-nt long sRNAs are indeed generally involved in plants post-transcriptional gene silencing and, in addition, they are generally loaded onto AGO1 (Axtell, 2013), the only class of AGO known so far to be involved in cross-kingdom RNAi (Weiberg et al., 2013; Wang et al., 2016; Cui et al., 2019; Ren et al., 2019). Following this approach, we identified 292 M. truncatula mRNAs potentially targeted by 27 Gma-sRNAs (Supplementary Data Sheet 3), enriched in three GO terms: “signal transducer activity” (GO:0004871), “molecular transducer activity” (GO:0060089), and “lipid binding” (GO:0008289), according to Plant GO Slim ontology. A similar analysis, conducted on the most abundant (>100 RPM) 21-nt long sRNAs of the AMF R. irregularis (Rir-sRNAs; Silvestri et al., 2019), revealed 663 M. truncatula transcripts as putative targets of 57 Rir-sRNAs (Supplementary Data Sheet 4). Eleven plant mRNA sequences were predicted as targets of both Gma-sRNAs and Rir-sRNAs (Supplementary Table 2); notably, three of them – a “chitinase” (AES62408), an “expansin A10” (AES77475), and a “CCR4-NOT transcription complex protein” (AET01158) encoding genes – are targeted at the same site by sRNAs of both AMF (Supplementary Data Sheets 3, 4), reinforcing the hypothesis of a possible involvement of these sRNAs in host gene regulation in the AM symbiosis.

Since we assumed a possible high rate of false positives of these in silico prediction, as a negative control, we also performed a further target prediction on M. truncatula transcriptome using sRNAs from the unrelated non-mycorrhizal fungus Aspergillus fumigatus (Özkan et al., 2017). We identified 309 plant mRNA targets of 43 abundant (>100 RPM) A. fumigatus sRNAs (Afu-sRNAs; Supplementary Data Sheet 5). Among these, six plant mRNAs were predicted as targets of both Gma-sRNAs and Afu-sRNAs, six of both Rir-sRNAs and Afu-sRNAs and one (KEH44371, an “Ubiquitin-conjugating enzyme E2”) of sRNAs from all three fungal species (Supplementary Table 2). These results confirm that in silico target prediction analyses must only be intended as a preliminary step for the identification of target genes, especially in plant–microbe cross-kingdom interactions. In vivo experiments would be necessary to demonstrate the AMF sRNA silencing effect against in silico identified target M. truncatula sequences (Zanini et al., 2018). Our results also suggest that additional sRNA data from a higher number of AMF species will be instrumental to increase the robustness of in silico target prediction to identify conserved AMF sRNA effectors as well as plant targets.

We also investigated the potential involvement of G. margarita viral sRNAs in the regulation of plant mRNAs through cross-kingdom RNAi: we detected, by the in silico analysis, 248 plant transcripts potentially targeted by the 55 most expressed (>100 RPM) 21-nt long sRNAs derived from G. margarita mitoviruses (Supplementary Data Sheet 6). Although the role of viral-derived sRNAs in host plant gene regulation has been extensively studied and characterized (Shimura et al., 2011; Smith et al., 2011; Adkar-Purushothama et al., 2015; Yang et al., 2019), this is a first evidence of their potential implication in cross-kingdom RNAi from a fungus to a plant.

In conclusion, our work indicates that several AM fungal/viral sRNAs could potentially target plant transcripts and could act, if they are transferred into plant host cells, as RNA effectors in the AM symbiosis. Further experiments are needed to validate these putative fungal/viral sRNA – plant mRNA target pairs.



CONCLUSION

Our work demonstrates that AMF G. margarita is equipped with a complete RNAi machinery and, in analogy to Rhizophagus species, shows a peculiar expansion of the AGO gene family. We also provided the first characterization of the small RNAome of a complex symbiotic meta-genome that involves a fungus permanently associated to bacteria and viruses. Furthermore, our results point to a possible cross-kingdom interaction with the plant host mediated by some of these sRNAs, including those of viral origin.

Mining additional AMF genomes and small RNAome will provide new insights on how these ancient microbes are able to establish long-lasting interactions with plants, bacteria, and viruses.
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