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Small RNAs (sRNAs) are a growing class of non-protein-coding transcripts that participate in the regulation of virtually every aspect of bacterial physiology. Heterocystous cyanobacteria are a group of photosynthetic organisms that exhibit multicellular behavior and developmental alternatives involving specific transcriptomes exclusive of a given physiological condition or even a cell type. In the context of our ongoing effort to understand developmental decisions in these organisms we have undertaken an approach to the global identification of sRNAs. Using differential RNA-Seq we have previously identified transcriptional start sites for the model heterocystous cyanobacterium Nostoc sp. PCC 7120. Here we combine this dataset with a prediction of Rho-independent transcriptional terminators and an analysis of phylogenetic conservation of potential sRNAs among 89 available cyanobacterial genomes. In contrast to predictive genome-wide approaches, the use of an experimental dataset comprising all active transcriptional start sites (differential RNA-Seq) facilitates the identification of bona fide sRNAs. The output of our approach is a dataset of predicted potential sRNAs in Nostoc sp. PCC 7120, with different degrees of phylogenetic conservation across the 89 cyanobacterial genomes analyzed. Previously described sRNAs appear among the predicted sRNAs, demonstrating the performance of the algorithm. In addition, new predicted sRNAs are now identified that can be involved in regulation of different aspects of cyanobacterial physiology, including adaptation to nitrogen stress, the condition that triggers differentiation of heterocysts (specialized nitrogen-fixing cells). Transcription of several predicted sRNAs that appear exclusively in the genomes of heterocystous cyanobacteria is experimentally verified by Northern blot. Cell-specific transcription of one of these sRNAs, NsiR8 (nitrogen stress-induced RNA 8), in developing heterocysts is also demonstrated.
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INTRODUCTION

Small RNAs (sRNAs) are involved in virtually every aspect of bacterial physiology and especially in adaptation to variable nutrient availability and biotic or abiotic stresses (Storz et al., 2011). Regulation of bacterial physiology can no longer be understood without analyzing the participation of sRNAs. Regulatory sRNAs exert posttranscriptional control by a variety of mechanisms, including in many cases the interaction with mRNAs at positions involved in translation initiation, therefore interfering with accumulation of the corresponding proteins (Wagner and Romby, 2015). In recent years, increasing efforts have been made to the identification of the diverse roles of these molecules in all groups of bacteria, from pathogens to environmentally relevant organisms (Wagner and Romby, 2015).

Photosynthetic cyanobacteria, considered the ancestors of chloroplasts, are the most abundant photosynthetic organisms on Earth and therefore crucial to the renewal of atmospheric oxygen and the food chain. Despite being vulnerable to certain stresses such as excess light or UV irradiation, their wide ecological distribution and metabolic versatility suggest the existence of complex regulatory processes leading to adaptation and likely involving sRNAs-controlled mechanisms. In addition, many filamentous cyanobacteria exhibit developmental alternatives, including differentiation of specialized nitrogen-fixing cells, the heterocysts, spore-like cells called akinetes, or motile filaments called hormogonia (Flores and Herrero, 2010). These developmental alternatives involve transcriptional programs that are induced exclusively under specific physiological situations or even in specific cells of the filaments. Differentiation of heterocysts, in which nitrogen fixation is confined, leads to a multicellular behavior in which two different cell types cooperate to achieve growth of the filament as a whole (Muro-Pastor and Hess, 2012). Heterocyst-differentiation, a developmental response to nitrogen deficiency, is ultimately regulated by NtcA, the Crp/Fnr family regulator that operates nitrogen control in cyanobacteria (Herrero et al., 2004), but also under control of HetR, a regulator of cell differentiation (Buikema and Haselkorn, 1991a). Recent data concerning bacterial regulatory circuits highlight the interplay between transcriptional control operated by transcription factors and posttranscriptional control operated by sRNAs (Mandin and Guillier, 2013).

Several examples of sRNA-mediated regulation have recently been described in cyanobacteria, a group of organisms in which posttranscriptional regulation mediated by non-coding RNAs is emerging as a new layer of control of key processes, including photosynthesis (Wilde and Hihara, 2015). Whereas light-regulated PsrR1 (photosynthesis regulatory RNA 1) affects photosynthetic functions (Georg et al., 2014), NtcA-regulated NsiR4 (nitrogen stress induced RNA 4) has recently been demonstrated to participate in posttranscriptional regulation of glutamine synthetase (Klähn et al., 2015). In both cases, the interaction of the sRNA with its target mRNA(s) takes place at positions that include the start codon, therefore interfering with translation. In heterocystous cyanobacteria, HetR-dependent NsiR1 (nitrogen stress induced RNA 1) has been identified as a very early marker of cells undergoing differentiation as heterocysts (Muro-Pastor, 2014) and could be involved in regulation of this developmental process.

The use of advanced methodologies for massive transcriptomic analysis has revealed that primary transcriptomes of bacteria include an unexpectedly high amount of non-coding transcripts (Sorek and Cossart, 2010; Lasa et al., 2012). In the cyanobacterial transcriptomes analyzed so far, including those of Synechocystis (Mitschke et al., 2011a; Kopf et al., 2014), Nodularia spumigena (Voss et al., 2013), Trichodesmium erythraeum (Pfreundt et al., 2014), or heterocyst-forming cyanobacterium Nostoc sp. PCC 7120 (Mitschke et al., 2011b), transcription of non-coding sequences accounts for more than 10% of the active promoters.

Global approaches to the identification of sequences possibly encoding sRNAs in cyanobacterial genomes have been carried out by a variety of procedures, including computational prediction followed by experimental validation (Axmann et al., 2005; Voss et al., 2009; Ionescu et al., 2010), microarray-based approaches (Steglich et al., 2008; Georg et al., 2009), and RNA sequencing (Mitschke et al., 2011a,b; Voss et al., 2013; Kopf et al., 2014; Pfreundt et al., 2014). For a recent review see (Kopf and Hess, 2015). Differential RNA-Seq (dRNA-Seq; Sharma and Vogel, 2014), a variant of RNA-Seq that allows precise identification of all active transcription start sites (TSSs) proved as the most powerful approach to the identification of RNAs being actually transcribed. We have previously applied this technique to the analysis of the transcriptome of Nostoc (Anabaena) sp. PCC 7120, a model heterocyst-forming cyanobacteria, resulting in a genome-wide map of all the positions in which active promoters lead to transcription of different types of RNAs, including antisense and putative sRNAs (Mitschke et al., 2011b). Because nitrogen deprivation leads to dramatic transcriptional changes and ultimately to differentiation of heterocysts, the transcriptional responses to nitrogen step-down were analyzed both in the wild type and in a hetR mutant unable to differentiate heterocysts. Two major categories of nitrogen-regulated transcripts, NtcA-dependent and HetR-dependent, were defined, the latter likely involved in differentiation of heterocysts (Mitschke et al., 2011b).

In this work we have undertaken a predictive approach to the identification of sequences transcribed as sRNAs in cyanobacteria, using Nostoc sp. PCC 7120 as reference genome. We have combined the positions of active TSSs from intergenic regions and predicted Rho-independent transcriptional terminators. The sequences of all possible intergenic segments flanked by a TSS and a transcriptional terminator are taken as potentially transcribed and further analyzed. Additionally, because conservation of non-coding sequences can be hypothesized to suggest functionality (of a sRNA in this case), we compare all sequences possibly encoding sRNAs in the reference genome with all other genomes available for cyanobacteria with the exception of the fast-evolving clade of Prochlorococcus and marine Synechococcus. Experimental validation confirms transcription of several previously unknown sRNAs predicted by the algorithm implemented, including NsiR8 (nitrogen stress induced RNA 8), a new HetR-dependent heterocyst-specific sRNA.

MATERIALS AND METHODS

Strains and Growth Conditions

Cultures of wild-type Nostoc sp. PCC 7120, hetR mutant 216 (Buikema and Haselkorn, 1991b) and ntcA mutant CSE2 (Frías et al., 1994) were bubbled with an air/CO2 mixture (1% v/v) and grown photoautotrophically at 30°C in BG110C medium (Rippka et al., 1979) lacking NaNO3 but containing 6 mM NH4Cl, 10 mM NaHCO3, and 12 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid-NaOH buffer (pH 7.5) until exponential phase. To induce nitrogen deficiency, cells grown in the presence of ammonium were collected by filtration using nitrocellulose membranes (0.45 μm pore diameter), washed with and resuspended in nitrogen-free BG110C medium. RNA samples were isolated from cells taken at the time points indicated after removing combined nitrogen from the media. For the experiment shown in Figure 4D, the cells were grown at 30°C in BG11C medium containing NaNO3 (Rippka et al., 1979).

Plasmid Construction and Fluorescence Microscopy

The transcriptional fusion between the promoter region of NsiR8 (PCR-amplified with oligonucleotides NC-7-4 and NC-7-5, see Table S1) and gfpmut2 was constructed and placed in a neutral site in the alpha megaplasmid of Nostoc sp. PCC 7120 as described (Muro-Pastor, 2014). Fluorescence of green fluorescent protein was monitored by collection across a window of 500–538 nm as described (Muro-Pastor, 2014).

RNA Isolation, Northern Blot, and Primer Extension Analysis

Total RNA was isolated using hot phenol as described (Mohamed and Jansson, 1989) with the following modifications. Hot phenol was added to the cells immediately after addition of the lysis buffer and incubation was carried out at 65°C for 5 min. Further extractions were carried out (once each) with hot phenol, phenol:chloroform (1:1) and chloroform, followed by precipitation of RNA by addition of one volume of isopropanol. Northern blot and primer extension analysis of 5′ ends was performed as previously described (Muro-Pastor et al., 1999, 2002; Steglich et al., 2008). 32P-labeled probes for Northern blot were prepared with Taq DNA polymerase using a PCR fragment as template in a reaction with α-32P-dCTP and one single oligonucleotide as primer (corresponding to the complementary strand of the sRNA). 32P-labeled oligonucleotides (labeled with polynucleotide kinase and γ-32P-dATP) were used for primer extension analysis and Northern blot of the RNA transcribed from position 4547237r. Oligonucleotides used for primer extension and to amplify PCR products used as templates to prepare 32P-labeled probes are shown in Table S1.

Prediction of Transcriptional Terminators

The seven replicons (chromosome and six plasmids) of the reference genome used (Nostoc sp. PCC 7120) were downloaded from RefSeq (NCBI Reference Sequence Database). Rho-independent transcriptional terminators were predicted on each replicon using TransTermHP 2.08 with default parameters (Kingsford et al., 2007).

Homology Searches

A local database with 89 cyanobacterial genomes (Table S2) downloaded from NCBI was created using makeblastdb, part of BLAST+ (Camacho et al., 2009). In the case of unfinished genomes, the most advanced assembly of scaffolds was downloaded manually (12/20/2014). Comparisons of sequences selected by the algorithm from the genome of Nostoc sp. PCC 7120 with all other genomes was carried out locally using BLASTn with default parameters. Only those hits showing identity over at least 35% of the length of the query were taken as positives. For the definition of RNA families all possible segments transcribed as sRNAs in the reference genome were combined in a local database and each possible sRNA compared to the rest of the sequences in the database.

Multiple Alignments and Prediction of Secondary Structure of sRNAs

Multiple alignments of homologous sequences were obtained using ClustalW 2.0 with default parameters (Larkin et al., 2007). The secondary structure of sRNAs was predicted using RNAalifold (using the multiple alignment previously created by ClustalW as input) or mLocARNA with default parameters (Bernhart et al., 2008; Will et al., 2012).

Prediction of Putative Small ORFs

RNAcode (Washietl et al., 2011) was run for every alignment containing more than three sequences. Only putative peptides potentially translated from the same strand as the predicted sRNAs with a p-value lower than 0.05 were taken as positives. Web logo (Crooks et al., 2004) was used to analyze the sequence of peptides that could be translated from ncl0160 homologs.

Script

The pipeline described in this work, including all software involved, was implemented in a single script using Python 3.7, with some Biopython modules (Cock et al., 2009). Details on the script are available upon request. Several parameters can be modified at user's will. The set of results obtained depends on the specific parameters used concerning size of the predicted sRNAs (ranging from 45 to 350 nucleotides in the results presented), length of the homologous segment used as threshold in the search of homologs by BLASTn (35% of the length of the input segment), length of hairpin in the transcriptional terminator, etc. Modifications of these parameters depending on specific needs might produce different outputs therefore reducing/expanding the number of predicted sRNAs.

The final output of 327 predicted sRNAs shown in Table S3 (see Section Results and Discussion) takes into account two additional criteria. When several TSSs are associated with one terminator, only the TSS with the highest number of RNA-Seq reads was included. When several TSS with similar numbers of reads are associated with one terminator but one of the predicted sRNAs had a greater number of detected homologs this TSS was chosen for inclusion in the table.

RESULTS AND DISCUSSION

Genome-Wide Identification of Sequences Potentially Transcribed as sRNAs in Nostoc sp. PCC 7120

We have carried out a prediction of genomic sequences that could encode sRNAs using a TSS dataset from a dRNA-Seq-based transcriptomic analysis of Nostoc sp. PCC 7120. Such dataset comprises 13,705 active TSSs that where identified on the basis of more than 50 RNA-Seq reads mapped to the same 5′ end (Mitschke et al., 2011b). In order to extend the prediction also to sRNAs that could be under-represented in RNA-Seq data (see below), we implemented a much lower threshold and therefore used an extended dataset comprising the 48,539 positions for which at least 8 reads were mapped to the same 5′ end. We then selected only those TSS located in intergenic regions (at least 200 nt upstream from the closest annotated gene on the same strand) and therefore likely corresponding to transcription of non-coding RNAs (annotated as nTSS). A prediction for Rho-independent transcriptional terminators in the genome of Nostoc sp. PCC 7120 was carried out for each of the seven replicons of this organism (chromosome and six plasmids, obtained from the RefSeq database) rendering a total of 3364 possible terminators.

We implemented a pipeline (outlined in Figure 1) that starts by combining all positions corresponding to the 4422 transcriptional start sites annotated as nTSSs and the 3364 predicted Rho-independent transcriptional terminators (see Section Materials and Methods for details). Segments that start at a TSS (from the TSS dataset) and end at a Rho-independent terminator (from the prediction) are taken as potentially transcribed. Such segments, with size limits arbitrarily set between 45 and 350 nucleotides including the predicted terminator hairpin, but not the poly U, were selected for further analysis. In those cases where several terminators could be associated to one single TSS, only the shortest segment was selected, since transcription likely ends at the first terminator encountered by RNA polymerase. In those cases where several TSS could be associated to one terminator, all possible segments were selected by the algorithm. A total of 672 segments, associated to 356 terminators, were therefore selected and grouped.
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FIGURE 1. Outline of the procedure used for prediction of sRNAs. The approach for initial selection of segments potentially corresponding to sRNAs and the decisions taken in cases where several predicted terminators can be associated to one single TSS or multiple TSS can be associated to one single predicted terminator are shown.



Upon inspection of the selected sequences we noticed that for some of the predicted sRNAs there were several nearly identical copies in the reference genome that appeared among the sequences selected by the algorithm, indicating that more than one copy was associated to a nTSS defined by RNA-Seq (and therefore being actively transcribed under the growth conditions used). Thus, we pooled all predicted sequences resulting from the algorithm and compared them by BLASTn, so that identical sequences were further grouped into families. Each family is represented by only one member in the output table (usually corresponding to the TSS with the highest number of reads, but see Section Materials and Methods for details), therefore leading to a final number of 327 entries. The complete table containing all results for the seven replicons is presented in Table S3. Each predicted sRNA is identified with the position of the TSS in the corresponding replicon followed by f (forward) or r (reverse) to indicate the strand. For each TSS, the number of RNA-Seq reads (Mitschke et al., 2011b) for the two strains (wild type and hetR mutant) and the two nutritional conditions analyzed (growth in the presence of ammonia or in the absence of combined nitrogen for 8 h) is also included.

As a first verification of the performance of the algorithm the results were compared to previously available information on non-coding RNAs of Nostoc sp. PCC 7120. Previously described NsiR1 (Ionescu et al., 2010) and NsiR3 (Mitschke et al., 2011b), as well as the homologs of widely conserved cyanobacterial RNAs Yfr1 and Yfr2, first identified in relatively distant, unicellular strains (Axmann et al., 2005; Voss et al., 2007, 2009; Gierga et al., 2009) were among the results of the prediction (See Table S3). Some well characterized RNAs are however not expected to appear in the prediction because they are longer than the fixed size threshold of 350 nucleotides (rnpB encoding the RNA component of RNase P and ssrA encoding tmRNA) or because their TSS are not annotated as nTSS in the RNA-Seq dataset (ssaA encoding 6S RNA and ffs encoding 4.5S RNA). The latter is also the case for NsiR4 (Klähn et al., 2015), transcribed in close proximity and tail to tail with alr3725 from a TSS annotated as antisense TSS. As an additional validation of the results of the algorithm, we analyzed transcription of 14 previously undescribed predicted sRNAs by Northern blot. In all cases transcription of an RNA of the predicted size was confirmed, demonstrating the reliability of the prediction (Table S3, see below).

Strong Conservation of Several Predicted sRNAs across Cyanobacterial Lineages

Phylogenetic conservation can provide additional clues concerning possible relevance or function of a putative sRNA and must be evaluated for each particular case. Although lack of conservation does not preclude that one particular sRNA is in fact functional, strong phylogenetic conservation would suggest the existence of selective pressure and therefore functional relevance associated to a conserved sRNA.

We therefore implemented homology searches between each of the 627 segments extracted from the reference genome (Nostoc sp. PCC 7120) and other 88 completed or draft genomes from phylogenetically diverse cyanobacteria (Table S2), 26 of which correspond to the clade of heterocystous strains that includes the model organism used as reference. The marine Prochlorococcus/Synechococcus lineage was excluded because genomes in this group show strong divergence from the rest of cyanobacterial genomes. Because of the wide range of genomes included in the comparison and to reduce false positives, in addition to applying the default e-value of BLASTn, only segments with a minimum length of homology corresponding to 35% of the input sequence were taken as positives in the automatic classification of results. Two columns in the output table (Table S3) include the counts of homologs for each predicted sRNA in all 89 genomes or specifically in the 27 genomes of heterocystous cyanobacteria. The alignments generated by the algorithm for each predicted sRNA and its homologs in other cyanobacterial genomes were visually inspected, manually curated and used as input for RNAcode (Washietl et al., 2011), a software that predicts protein coding regions in a set of homologous nucleotide sequences. Several sRNAs in the output of the algorithm were predicted to encode small proteins (annotated in Table S3).

The presence of homologs to the possible sRNAs predicted from the reference genome in all other 88 genomes is presented in a graphic map (Figure 2). Only the 151 predicted sRNAs with homologs in more than 10 genomes are included for clarity. Note that, as expected from the fact that the reference genome used for the prediction corresponds to a heterocystous strain, homologs to the predicted sRNAs are more abundant among heterocystous strains (represented in pink and blue).
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FIGURE 2. Graphic map of the presence of homologs to predicted sRNAs from Nostoc sp. PCC 7120 in cyanobacterial genomes. Only the 151 predicted sRNAs with at least 10 homologs are included. Genomes are arranged and color-coded as in Table S2 (Shih et al., 2013) as follows: filamentous non-heterocystous in green, heterocystous ramified in blue, heterocystous non-ramified in pink, baeocystous in orange, and unicellular in black. sRNAs are arranged according to phylogenetic conservation (sRNAs with highest number of homologs appear in the right side of the map). The positions corresponding to previously described sRNAs, or new sRNAs experimentally validated in this work are labeled under the map. The reference organism is marked with a red triangle on the left side. The position of several validated sRNAs with homologs identified only in the genomes of heterocystous cyanobacteria is indicated with black triangles above the map.



Sequences encoding several predicted sRNAs appear very strongly conserved across the whole phylum. For instance, homologs to previously described Yfr1 (cyanobacterial functional RNA1) appear in every cyanobacterial genome analyzed (Figure 3). Yfr1, initially described (Axmann et al., 2005) as a 54-57-nt RNA in the marine Prochlorococcus/Synechococcus lineage was later identified in several cyanobacterial lineages (Voss et al., 2007), including four heterocystous strains. Our approach identifies the Yfr1 homolog as a transcribed sRNA in Nostoc sp. PCC 7120 (TSS 56433f in Table S3). Similarly, homologs of Yfr2 (cyanobacterial functional RNA 2) (Axmann et al., 2005) and ncl0160 (Mitschke et al., 2011a), previously identified in Synechocystis sp. PCC 6803, are widely distributed in both heterocystous and non-heterocystous strains according to the homology searches implemented in our pipeline.
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FIGURE 3. Alignment of Yfr1 homologs and predicted secondary structure of Yfr1 from Nostoc sp. PCC 7120. (A) Alignment of sequences encoding Yfr1 homologs in 89 cyanobacterial genomes. The predicted transcript in Nostoc sp. PCC 7120 is shown in red. The described Yfr1 for Synechocystis sp. PCC 6803 (Mitschke et al., 2011a) is shown in blue. Genomes of heterocystous cyanobacteria are indicated with a black bar on the left side. (B) Predicted secondary structure of Yfr1 from Nostoc sp. PCC 7120. The sequence of a fully conserved motif is shown in yellow.



Careful inspection of some of the alignments for sRNAs with many homologs allows the identification of conserved features. For instance, conservation of the sequence 5′CACUCCUCACACC3′ in all the homologs of Yfr1 (Figure 3), points to this presumably unpaired region as critical for Yfr1 function, as previously suggested on the basis of a smaller number of homologs (Voss et al., 2007). Similarly, the alignment of all homologs of ncl0160 (including those for the 27 heterocystous strains) reveals a strongly conserved region that could be translated as a conserved small 23–25 aa peptide (Figure S1). The predicted start codon for this small peptide (mostly ATG, but also GTG in a few cases) is always preceded by sequences potentially conforming a ribosome binding site. All three possible stop codons are observed among the 83 homologs identified (47 occurrences of TAA, 34 of TAG, and 2 of TGA). Therefore, ncl0160 is likely translated as a small peptide. The predicted secondary structure of the ncl0160 homolog in Nostoc sp. PCC 7120 and a weblogo obtained for the putatively translated peptide in 83 strains are shown in Figure S2. The two above described examples, Yfr1 and ncl0160, show that the identification of conserved sequences in sRNA homologs that are present in a large number of cyanobacterial genomes might help in the identification of relevant features.

Phylogenetically Conserved sRNAs Represented by Low Numbers of Reads in the RNA-Seq Dataset

The approach we described here is based on a dataset of transcriptional start sites defined by dRNA-Seq. The number of reads associated to each TSS by RNA-Seq is influenced by several factors, including size of the transcript (transcripts with small sizes are under-represented) or transcription under specific physiological conditions different from the standard growth conditions (nutrient limitation, stationary phase, changes in light intensity, etc). Also, sRNAs that are processed in the 5′ end are under-represented because the dRNA-Seq procedure counter-selects processed, non-primary 5′ ends. In this context we hypothesized that the analysis of phylogenetic conservation of possibly transcribed sequences could facilitate the identification of true sRNAs with small numbers of reads. As an example, among the phylogenetically conserved predicted sRNAs (with homologs in more than 10 heterocystous strains), we have experimentally verified transcription of one of the predicted sRNAs with the lowest number of reads (Figure 4).
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FIGURE 4. Predicted sRNA transcribed from position 4547237r in Nostoc sp. PCC 7120. (A) Alignment of homologs found in the genomes of heterocystous cyanobacteria. The identifiers for the genomes are described in Table S2. (B) Consensus secondary structure prediction by RNAalifold (Bernhart et al., 2008). (C) Primer extension of RNA samples from the wild type Nostoc sp. PCC7120 (WT) and the hetR mutant subjected to combined nitrogen deficiency for the number of hours indicated. Extension products corresponding to position 4547237r are indicated with a black triangle. (D) Northern blot showing increased expression of the predicted sRNA (indicated with a black triangle) with density of the cultures. Lower panel shows hybridization to a 5S probe.



According to our predictive approach, transcription from position 4547237r, for which only eight reads are mapped in dRNA-Seq, would produce an sRNA slightly above 50 nucleotides in size, therefore in the lower size limit for the fractionated RNA sample used in RNA-Seq. 12 out of the 27 genomes for heterocystous strains included in the homology search contain sequences that the algorithm identifies as homologs with the parameters used (Figure 4A). The consensus secondary structure is shown in Figure 4B. We verified transcription of this potential sRNA by primer extension and Northern blot. A small sRNA of the expected size was in fact transcribed from position 4547237r in cells growing under different physiological situations, including a long period of nitrogen deficiency (Figure 4C), or advanced stages of growth in the presence of combined nitrogen (Figure 4D). Therefore, even with only eight RNA-Seq reads associated to TSS 4547237r, transcription of the corresponding sRNA could be readily detected by Northern blot, confirming the accuracy of the predictive algorithm. This sRNA seems to be induced under stressful situations such as prolonged nitrogen deficiency or stationary phase but, interestingly, homologs are exclusively found in the genomes of heterocystous strains (see below).

sRNAs in Heterocystous Cyanobacteria

Heterocystous cyanobacteria, represented by 27 genomes in our study, constitute a phylogenetically coherent group of strains that share the ability to differentiate heterocysts, a specialized cell type devoted to fixation of N2. The TSS dataset for the model heterocystous cyanobacterium Nostoc sp. PCC 7120 contains combined information for the transcriptome of the wild-type strain and a hetR mutant (heterocyst-defective) both in the presence of combined nitrogen and after 8 h of nitrogen deficiency (Mitschke et al., 2011b). Because we are interested in the identification of regulatory sRNAs that might be involved in adaptation to changes in nitrogen supply and specifically in the differentiation of heterocysts, we have further analyzed predicted sRNAs that seem exclusive of this group of bacteria.

Table 1 contains information on selected predicted sRNAs with homologs found exclusively in heterocystous cyanobacteria. RNA-Seq data (Mitschke et al., 2011b) indicate that some of them are strongly transcribed and also appear regulated by the availability of combined nitrogen. Homologs of predicted sRNAs starting at positions 268249f (608,990 total reads in RNA-Seq) and 2462444f (151,091 total reads in RNA-Seq) would be encoded in 18 and 24 of the 27 genomes for heterocystous cyanobacteria, respectively, according to the automatic homology search implemented in the pipeline. Northern blot confirmed that both predicted sRNAs were actually transcribed as transcripts of the expected size, according to the predicted transcriptional terminators (340 and 258 nucleotides, respectively; Figure 5). In agreement with RNA-Seq data, expression of both sRNAs was induced in the wild type strain under nitrogen limitation, but the induction also took place in ntcA or hetR mutants, indicating that the transcriptional regulation of these sRNAs is independent of the two major regulators of the response to nitrogen deficiency (NtcA) and differentiation of heterocysts (HetR). Therefore, we expect these two sRNAs to be involved in the response to other stresses as well.

Table 1. Selecteda predicted sRNAs from Nostoc sp. PCC 7120 with homologs in some of the 27 genomes of heterocyst forming cyanobacteria.
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FIGURE 5. Expression of several predicted sRNAs in Nostoc sp. PCC 7120. RNA samples were isolated from cells of the wild type (WT) or ntcA and hetR mutants subjected to nitrogen deficiency for the number of hours indicated and subjected to Northern blot with probes corresponding to sRNAs 268249f, 2462444f, and NsiR8 (membrane 1), NsiR9 (membrane 2), and NsiR3, included for comparison (membrane 3). rnpB (membrane 1) or 5S RNA (membranes 2 and 3) were used as loading and transfer controls.



In addition to previously described NsiR3 (Mitschke et al., 2011b), several other predicted sRNAs would be transcribed from N-regulated TSS and were therefore named nitrogen stress induced RNAs. Northern blot showed that transcripts with sizes that are in good agreement with those predicted by the algorithm were observed for 4547556r (171 nt), named NsiR8, and 4451847f (122 nt), named NsiR9. Consistent with dRNA-Seq data included in Table 1 (Mitschke et al., 2011b), whereas the induction of expression of NsiR3 (included for comparison) required NtcA but not HetR, expression of NsiR8 or NsiR9 (Figure 5) was not induced in a hetR mutant, therefore suggesting the last two sRNAs could be related to heterocysts differentiation or function. An schematic representation of the genomic context of the sRNAs included in Figure 5 is shown in Figure S3 using Artemis (Rutherford et al., 2000).

Transcription of NsiR8 is Heterocyst-Specific

Because transcription of NsiR8 and NsiR9 required HetR, we hypothesized that these sRNA could be related to the differentiation of heterocysts and, similar to HetR-dependent NsiR1 (Ionescu et al., 2010), perhaps expressed in cells undergoing differentiation (Muro-Pastor, 2014). The promoter of NsiR8 was fused to the gfpmut2 gene encoding a version of green fluorescent protein and the construct was introduced in Nostoc sp. PCC 7120. Expression of GFP under control of the promoter of NsiR8 was analyzed by confocal fluorescence microscopy as previously described (Muro-Pastor, 2014) and found to take place specifically in developing heterocysts (Figure 6).
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FIGURE 6. Expression of PnsiR8-gfp in nitrogen-fixing filaments of Nostoc sp. PCC 7120. (A) Confocal fluorescence image of a filament growing on top of nitrogen-free medium. The green (green fluorescent protein) and bright field channels are merged. (B) Quantification of the green signal along the filament shown in (A). The position of heterocysts is indicated with numbers.



CONCLUDING REMARKS

Differential RNA-Seq-based datasets containing genome-wide maps of active promoters provide unprecedented details on transcription in bacteria. Using a previously available dataset for the model organism Nostoc sp. PCC 7120, we have implemented a pipeline for global prediction of sequences potentially encoding sRNAs in cyanobacterial genomes, with a special focus on heterocystous cyanobacteria. The procedure we have implemented could be applied to any group of bacteria for which a dRNA-Seq approach has been undertaken. Although published dRNA-Seq datasets are somewhat variable in their depth and coverage, the pipeline described here does not require a large number of reads mapped for any given TSS. The requirement for the presence of a transcriptional terminator provides further strength to the prediction of a transcribed sequence as a potential sRNA-encoding gene. In fact, transcription of most sRNAs involved in adaptation to certain physiological situations takes place only under those specific circumstances, and therefore their TSSs are under-represented in RNA-Seq datasets obtained under standard culture conditions. Using the predicted sRNA transcribed from position 4547237r, we have demonstrated that, even in the case of a TSS with very low numbers of reads (because of low transcription or small size), the algorithm identifies a transcribed sRNA.

Phylogenetic conservation of sequences predicted to be transcribed as sRNAs in related (or even distant) genomes provides additional information concerning a possible functional role. In the case of Nostoc sp. PCC 7120, whereas some of the sRNAs predicted by the algorithm appear widely distributed among relatively distant cyanobacterial strains (e.g., Yfr1, Yfr2), homologs to a few predicted sRNAs are exclusively found in the genomes of heterocystous strains (closely related to the reference genome and therefore sharing common specific physiological traits). For some of the predicted sRNAs, in particular those that are specifically transcribed in heterocysts (e.g., NsiR8) a possible function related to heterocyst differentiation or function can be suspected. Finally, phylogenetic conservation of certain sequences in the predicted sRNAs can suggest translation of a peptide (e.g., in the case of ncl0160 homologs) or possible interactions with other RNA or protein molecules (e.g., in the case of the fully conserved, presumably single-stranded motif in the homologs of Yfr1). The predicted sRNAs described in this work, several of them experimentally validated here, constitute a set of potentially regulatory elements to be analyzed in further detail in heterocystous cyanobacteria.
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