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Abstract

Small regulatory RNAs and antisense RNAs play important roles in the regulation of gene expression in bacteria but are
underexplored, especially in natural populations. While environmentally relevant microbes often are not amenable to genetic
manipulation or cannot be cultivated in the laboratory, extensive metagenomic and metatranscriptomic datasets for these
organisms might be available. Hence, dedicated workflows for specific analyses are needed to fully benefit from this
information. Here, we identified abundant sSRNAs from oceanic environmental populations of the ecologically important
primary producer Prochlorococcus starting from a metatranscriptomic differential RNA-Seq (mdRNA-Seq) dataset. We
tracked their homologs in laboratory isolates, and we provide a framework for their further detailed characterization. Several
of the experimentally validated sSRNAs responded to ecologically relevant changes in cultivation conditions. The expression
of the here newly discovered SRNA Yfr28 was highly stimulated in low-nitrogen conditions. Its predicted top targets include
mRNAs encoding cell division proteins, a sigma factor, and several enzymes and transporters, suggesting a pivotal role of
Y{r28 in the coordination of primary metabolism and cell division. A cis-encoded antisense RNA was identified as a possible
positive regulator of atpF encoding subunit b’ of the ATP synthase complex. The presented workflow will also be useful for
other environmentally relevant microorganisms for which experimental validation abilities are frequently limiting although
there is wealth of sequence information available.

Introduction or which even cannot be cultivated in the laboratory,

enormously hampering the exploration of their respective

Non-coding (nc)RNAs such as frans-acting small (s)RNAs
and antisense RNAs (asRNAs) that overlap with other
transcripts in cis are important components in the global
control of gene expression in bacteria. Their functional roles
have been studied in detail in genetically tractable bacteria
such as Escherichia coli, Bacillus subtilis, Staphylococcus
aureus, Pseudomonas aeruginosa, and Vibrio cholera
(for reviews see [1-5]). However, there are many other
important groups of bacteria for which no genetic tools exist
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sets of regulatory RNAs. On the other hand, especially for
environmentally relevant microorganisms, frequently vast
quantities of sequence data are available from extensive
metagenomic and metatranscriptomic surveys, and such
information can be expected to become even more readily
available in the future.

The marine cyanobacterium Prochlorococcus is the most
abundant phototroph throughout the euphotic zone of the
vast oligotrophic areas of the oceans between 40°N and 40°
S [6]. On the basis of extrapolations, it has been calculated
that there are a total of 10?” Prochlorococcus cells on Earth,
which fix an estimated four gigatons of carbon per year,
comparable to the net primary production of all croplands in
the world [7]. Phylogenetically distinct ecotypes of Pro-
chlorococcus inhabit the oceans [8], which can be divided
into two groups according to their adaptation to low light
(LL) or high light (HL) conditions [9]. At the northern tip of
the Gulf of Aqaba (Station A, 29°28'N 34°55'E) - the
sampling site of this study — Prochlorococcus cells can
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reach a density of up to 2 x 10° per ml during the summer at
the height of stratification [10] and are dominated by HL
clade II (eMIT9312) and LL clade noncultured 1 (NC1),
which is most closely related to LL I (eNATL2a) [11].

Prochlorococcus genome sizes vary between 1.62 and
2.68 Mbp [12], which is very small for a free-living
photoautotroph. The highly streamlined genomes of
Prochlorococcus have been interpreted as an adaptation to
ultralow nutrient conditions [13]. The reduced genome size
correlates with a small number of protein regulators [8].
Therefore, the control of gene expression by sRNA reg-
ulators might have been particularly important during
the evolution of this phylum. Indeed, a relatively large
number of sSRNAs have been found in Prochlorococcus
by computational prediction, microarray analysis and high-
throughput sequencing [14-16]. However, despite the
wealth of available genome information, the knowledge of
the transcriptional architecture and the numbers and types of
potential regulatory RNA molecules is still largely frag-
mentary and limited to the HL-adapted MED4 strain [15]
and the LL-adapted MIT9313 strain [16].

We therefore collected seawater samples from three
different depths in the Gulf of Aqgaba, Red Sea, and
extracted RNA for RNA-seq. The sampling location was
chosen because it is (i) well characterized, (ii) has been
monitored for decades (including physicochemical proper-
ties and the planktonic community composition) and (iii) is
well known for the high abundance of Prochlorococcus
during summer, allowing the straightforward collection of
sufficient quantities of cells.

The identification of key RNA regulators within micro-
bial communities is still challenging, and a convenient
pipeline for in silico analysis and experimental verification
has not yet been deployed. Here, we present a computa-
tional workflow for the identification of putative sRNAs
based on the analysis of environmental transcriptome
datasets and their experimental validation. These analyses
led to the discovery of several new Prochlorococcus-spe-
cific SRNAs, which are likely of ecological importance.

Materials and methods
Preprocessing and global read assignment

For the identification of new sRNAs, we used three datasets
from samples that were collected at station A in the Red Sea
at depths of 60, 100, and 130 m [17]. The sequencing and
preprocessing of the reads included quality control, quality
trimming, and removal of ribosomal RNA reads, as
described previously [17]. The preprocessed datasets were
aligned to the NCBI nt database using discontiguous
MegaBLAST [18].

SPRINGER NATURE

We utilized MEGAN’s built-in “LCA” (Lowest Com-
mon Ancestor) function to achieve a higher taxonomic
assignment resolution by reassigning multimapped reads to
a higher taxonomic level [19]. Analyses were performed
with the default settings. For normalization and selection
of taxa of interest, we extracted global taxonomic tree
information (number of assigned reads per taxon) from
MEGAN [20]. Based on the three datasets, we computed a
comparative weighted Venn tree for the Cyanobacteria

phylum focusing on Prochlorococcus with CoVennTree
v1.6.0 [20].

Computational identification of SRNA candidates

From the MEGAN output, we extracted Prochlorococcus-
related reads in multi-FASTA format. For the computational
analysis of sSRNA candidates, we merged the three multi-
FASTA datasets (60, 100, and 130 m) into a single file,
which was further condensed into contigs using the de novo
assembler Trinity v2.1.1 [21]. Next, the contigs were
mapped against the well-annotated genomes of two Pro-
chlorococcus model strains, MED4 (accession number:
BX548174) and NATL2A (accession number: CP0O00095),
using segemehl [22, 23]. Only contigs that did not overlap
at all with a protein-coding gene were kept, and these
contigs were used as the input to search for homologs
throughout the entire cyanobacterial phylum using the
GLASSgo v1.220 algorithm [24]. The putative sRNA
homologs predicted by GLASSgo were aligned with Clustal
Omega v1.2.3 and scored with RNAz v2.1, which computes
a z-score based on secondary structure conservation and
thermodynamic stability [25, 26], using the default settings
for both the Clustal Omega and RNAz. Trinity results
(number of reads per contig), and the GLASSgo outputs in
conjunction with the RNAz predictions were compiled into
master tables (Tables S2, S3 for NATL2A and MED4,
respectively).

Culturing, RNA preparation and northern blot
analysis

Prochlorococcus NATL2A and MED4 cultures were
grown at 22 °C in AMP1 medium [27] under 10-30 pumol
quanta m > s~ of continuous white cool light to cell den-
sities of 1-3 x 10® cells per ml. Stress experiments were
performed as described previously [16]. In brief, the cells
were subjected to several stress conditions for 30 min: light
stress (light shifts from 10uE to 100 uE (NATL2A) or
30uE to 300 uE (MED4) or darkness) and temperature
stress (shifts from 22 °C to 12 °C or 32 °C, respectively).
For nitrogen starvation, the cells were washed twice in
nitrogen-free medium and grown in minus N medium for
2 days. Iron depletion was induced via the addition of
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0.6 uM DFB 2 days before sampling. The cells were har-
vested via filtration onto Supor-450 membranes, snap fro-
zen in liquid nitrogen in tubes containing 2 ml of PGTX
buffer [28] and subsequently stored at — 80 °C. Total RNA
was extracted following the hot phenol method [29].
Northern hybridizations were performed as described pre-
viously [30] using 5pg (small polyacrylamide gels and
denaturing agarose gels), 10 pug (large polyacrylamide gels)
or 50 ug (identification of new sRNAs on large poly-
acrylamide gels) of total RNA per sample. The primers used
for the generation of specific probes are listed in Table S1.

Primer extension

Transcript templates for in vitro RNA synthesis were
generated from purified PCR products or annealed com-
plementary  oligonucleotides using primers #17-20
(Table S1). The desired RNAs were transcribed using a
MEGAshortscript Kit (ThermoFisher Scientific), and resi-
dual DNA was removed by TURBO DNase I treatment,
with both steps performed according to the manufacturer’s
instructions. RNA was purified using RNA Clean & Con-
centrator columns (Zymo Research) following the manu-
facturer’s instructions. If required, in vitro-transcribed RNA
was separated on 7 M urea-10% polyacrylamide gels or on
2% nondenaturing agarose gels, and full-length fragments
were excised and purified using either a ZR small-RNA
PAGE Recovery Kit (Zymo Research) or a NucleoSpin Gel
and PCR-Clean-up kit (Macherey-Nagel) according to
the manufacturer’s instructions. The ppc_RT primer (#21,
Table S1) was labeled as described previously [30].
Annealing mixtures containing 0.2pmol of in vitro-
synthesized ppc target RNA and 2 pmol of the 5’ end-
labeled primer #21 (Table S1) without or with 40/80/
160 pmol of in vitro-synthesized sSRNA Yfr28 or 160 pmol
of in vitro-synthesized SRNA Yfr2 were heated for 10 min
at 70 °C and then chilled on ice for at least 5 min. cDNA
synthesis was performed for 2 h at 30 °C using SuperScript
I Reverse Transcriptase (ThermoFisher Scientific)
according to the manufacturer’s instructions. The reaction
was inactivated by incubation for 15 min at 70 °C, followed
by RNase H treatment for 20 min at 37 °C and a final heat
inactivation step of 5 min at 95 °C in RNA loading buffer.
DNA sequencing ladder reactions were performed with the
same 5’ end-labeled primer used for cDNA synthesis and
the same template DNA employed for the in vitro synthesis
of the target RNA using a USB Thermo Sequenase Cycle
Sequencing Kit (Affymetrix). The primer extension pro-
ducts and sequencing reactions were separated on 8.3 M
urea-6% polyacrylamide sequencing gels, and the vacuum-
dried gels were exposed to imaging plates. Signals were
visualized using a Typhoon FLA 9500 instrument (GE
Healthcare) with Quantity One software (Bio-Rad).

Results and discussion

Workflow for the identification and characterization
of sRNAs in environmentally relevant bacteria

Environmental samples were collected at Station A in the
northern Gulf of Aqaba, Red Sea [17]. During the prepara-
tion of these samples, the RNA was treated with terminator
exonuclease prior to library preparation [17] according to the
differential RNA-Seq protocol [31]. This modification has
several advantages, as it reduces the number of ribosomal
RNAs and other processed transcripts, allows the precise
mapping of transcriptional start sites, yields specific infor-
mation about SRNAs and has been demonstrated to work
well on environmental samples [32]. Here, all the sequenced
reads from the samples obtained from the three different
depths (60, 100, and 130 m) were processed as summarized
in the workflow in Fig. 1. After taxonomic read assignment,
we focused on the reads that could be assigned to genomic
sequences belonging to the genus Prochlorococcus. These
constituted 14.6, 8.1, and 0.7% of all reads from 60, 100,
and 130m. The known classification of Prochlorococcus
according to ecotype was clearly visible in the mapping of
the metatranscriptomic reads to distinct genomic sequences.
Whereas the majority of Prochlorococcus-specific reads
from 60 m mapped to Prochlorococcus of the HL ecotype,
such as the AS9601, MIT9301, MIT9312, MIT9202,
MIT9215, MED4, and MIT9515 strains, most of the reads
from the two greater depths mapped to representatives of the
LL ecotypes, such as the NATL1A, NATL2A, MIT9211,
and SS120 strains (Fig. 2). Similar distribution profiles were
detected by Shibl et al. [11] based on 16S-23S rRNA
internal transcribed spacer clone libraries that were gener-
ated from samples collected in September and October 2011
throughout the water column at the northern and southern
ends of the Red Sea.

The next steps of the analysis included reassignment of the
Prochlorococcus-related reads against the well-annotated
genome sequences of two Prochlorococcus model strains,
NATL2A (Files S1 and S2) [33] and MED4 [34]. We choose
the LL strain NATL2A because this was one of the strains to
which most of the reads could be assigned to within the LL
clade, and the HL strain MED4 because this is the strain for
which most information on Prochlorococcus sRNAs is
available. The reads that mapped to intergenic regions (IGRs)
and to ncRNAs (including housekeeping genes such as
tRNAs, mmpB, ffs, and yfrs) were collected, unified and used as
the input to search for homologs throughout the cyano-
bacterial phylum using the GLASSgo algorithm [24], which
yielded 389 and 982 IGRs and annotated ncRNAs for
NATL2A and MED4 (Tables S2 and S3). GLASSgo
homologs were subjected to RNAz, which scores multiple
sequence alignments of SRNA candidates based on secondary
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Fig. 1 Workflow for the identification of SRNA candidates through
mdRNA-Seq analysis of Prochlorococcus-related cDNA sequences
from environmental samples. The workflow was modified from

structure conservation and thermodynamic stability [25].
Based on the z-score (€ —1), a total of 104 and 152 IGRs in
NATL2A and MED4 were considered potential SRNA can-
didates (Tables S2, S3). Among these candidates, 34 in
NATL2A and 42 in MED4 were previously annotated as
tRNAs, housekeeping RNAs such as tmRNA and ffs, yfrs or
ribosomal RNAs (Tables S2, S3). Many of the RNA classes
were also found when searching in the RFAM database
[35, 36] (Tables S2, S3). In total, we detected 24 of the 30
previously identified Prochlorococcus sSRNAs [14-16] in the
three datasets (Table S5) suggesting that our workflow is
very suitable for the discovery of ncRNAs. The phylogenetic
distribution of the MED4 and NATL2A sRNA candidates
in other Prochlorococcus clades, cyanobacteria and other
bacteria is given in Table S4.

Following manual inspection, selected SRNA candidates
were experimentally validated and characterized in more
detail, and sets of homologous sSRNAs were subjected to
target prediction in parallel (Tables S6, S7) using the
CopraRNA package [37, 38]. The results will be presented
in the following section.

Validation and characterization of predicted sRNAs
and asRNAs in laboratory isolates

After the manual inspection of potential sRNAs, the
most promising candidates were subjected to northern
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expression data

Confirmation of predicted targets by
alternative approaches:

Heterologous GFP reporter system

Primer extension

In vitro footprinting assay

Novel sRNAs

previous publications [32, 54] and follows the recommendations given
in the reference [55].

hybridization, and five of the tested candidates could be
validated and showed typical sizes and structures (Fig. 3).
In a recent study, we observed the Prochlorococcus HL and
LL clade-specific occurrence of sSRNAs [16]. Except for
Y{r29, which was only present in MEDA4, all other newly
detected sRNAs were Prochlorococcus- or even clade-
specific, confirming our previous findings [16]. Because of
their mode of action, SRNAs are often coregulated with the
environmental conditions in which they play a role. With
the exception of the MED4-specific sSRNA Yfr29, all other
sRNAs responded to tested environmental fluctuations such
as variations in light intensity (Yfr107) and changes in
temperature (Yfr28 and Yfr108), with the strongest
responses being observed under nitrogen deprivation
(Yfr28) and in the stationary phase (Yfr106) (Fig. 4).
Interestingly, these were the same highly responsive con-
ditions that we observed in our previous study [16]. Sub-
sequently, we focused on the 72 nt-long sRNA Yfi28,
which occurred in both subclades HLI (MED4 and
MIT9515) and HLI (MIT9215, MIT9301, MIT9312,
AS9601, and MIT0604). The yfr28 gene is framed on the
opposite strand by the ftsQ and ftsZ genes, encoding cell
division proteins (Fig. 5d). The synteny is highly conserved
(Fig. S1). Next, we predicted targets for Yfr28 using
CopraRNA [37, 38] including all 7 Prochlorococcus strains
with a Yfr28 homolog (Table S6). First, to gain a better
understanding of the interaction of Yfr28 with its targets,
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Fig. 2 Metatranscriptomic read coverage from the mdRNA-Seq
analysis of Prochlorococcus genome sequences from samples from
three different depths in the Red Sea. Samples were collected from
60 m (blue circles), 100 m (red circles), and 130 m (yellow circles)
water depths. After the initial bioinformatic analysis (see workflow in

we investigated the temporal expression kinetics of Y{r28
during nitrogen-limiting conditions (Fig. 5a). The expres-
sion of Yfr28 was induced sevenfold after 3 h of nitrogen
depletion and continuously increased to almost 200-fold of
the initial expression value within 72 h (Fig. 5a). This is the
most strongly induced Prochlorococcus-related sRNA
identified in response to nitrogen starvation to date. In a
previous study, we observed a tenfold increase in response
to nitrogen limitation for the highly conserved and highly
abundant sSRNA Yfr2 [39]. The expression profiles are quite
similar for Yfr28 and Yfr2; however, the latter sSRNA
reached its maximum level after 48 h, whereas Y{r28 had
not yet reached its peak expression level after 72 h. Second,
we used primer extension to validate the interaction
between Yfr28 and the phosphoenolpyruvate carboxylase
mRNA (ppc, PMM1575), which was ranked as its third-best
predicted target (Fig. 5b). We observed distinct termination
signals of ppc that did not appear in the negative control
reaction with Yfr2 and ppc (Fig. 5a). These results are in
full agreement with the predicted Yfr28-ppc structure
complex, indicating that the synthesis of ppc cDNA ceased
when the interaction of the two RNAs started (Fig. 5¢). The
interaction site of Yfr28 is within the last 120 nt of the ppc
reading frame (Table 1). While the majority of characterized

Prochloro‘gchaceiﬁe
Psoudana$onacpae’ Pleuroca
Leplolyn&yaceae. /
Acaryoch "d{C% 8 /

Synec!

Merismopediaceae P
Chroococcidiopsidales

i Oscnllalowycndeae

/

Chamaes@lo atehs B
B ssrgne'nobaclena
Syn@ehoco ales

cnvrronmcnlal_sa‘s_Cyanobaclcria
TAKQ803 MIT_9107

Q@
o
envuomr’samples

Fig. 1), the weighted Venn tree was computed using CoVennTree [20].
The numbers in parentheses refer to weighted Venn decomposition
values. To enable comparisons, each library was normalized to
10,000,000 reads. Of the entire computed CoVennTree graph only the
cyanobacterial phylum is shown.

bacterial SRNAs act on the ribosome binding site (i.e., the 5/
UTR immediately upstream of the start codon), there are
several SRNAs that pair deeply within the coding sequence
[40-42]. Alternatively, or in addition, the regulation of this
mRNA species by Yfr28 might also affect the 3’ adjacent
gene PMM1574, encoding a GNAT family acetyltransfer-
ase. Looking at other targets, we noticed the pronounced
overlap between Yfr28 and the 5 UTR of the neighboring
ftsZ gene (Table 1, Figs. S1 and S2). This 5’ UTR derives
from an alternative promoter and is perfectly com-
plementary to the first 46 nt of Yfr28 (Fig. S2). Other
sRNAs with a regulatory function on ftsZ have been
described in Escherichia coli [43] and Sinorhizobium
meliloti [43, 44]. In Escherichia coli, it was shown that the
prophage-encoded sRNA DicF inhibits cell division via
direct base pairing with ftsZ mRNA to repress translation
and prevent new synthesis of the protein. Robledo et al.
demonstrated that Sinorhizobium meliloti sSRNA EcpRl1
posttranscriptionally modulates the regulation of cell cycle
genes under detrimental conditions [44]. Among the top
targets of Yfr28 is another cell division-related gene, the
trans target minE, which encodes an ATPase-activating
protein in the MinCDE system (Table 1). Interestingly,
minD, encoding a membrane-bound ATPase, was in the top

SPRINGER NATURE
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Fig. 3 Experimental verification of environmentally relevant
sRNAs and structure predictions. Verification of Prochlorococcus
NATL2A and MED4 sRNA candidates using 32P-radiolabeled spe-
cific probes. a In the well-analyzed strain MED4, two new sRNAs
(Yfr28 and Yfr29) were found, the first of which is only expressed
under nitrogen starvation (-N). Hybridizations with NTAL2A were
performed in technical duplicates (1 and 2). The numbers given with
the marker (M) are sizes in nt. b The consensus structures of HL
ecotype homologs of Yfr28 and of LL ecotype homologs of
Y{rs106-108 were predicted with RNAalifold [56]. The structure of
the MED4-specific SRNA Y{r29 was computed with RNAfold [57].

40 list of EcpR1 [44]. Collectively, our data suggest that
Y{r28 might play an important regulatory role affecting the
cell division genes ftsZ and minE as well as ppc during
nitrogen limitation. In addition, Yfr28 might be involved
in the regulation of the alternative sigma factor sigD
(PMMO0577), which is the top five predicted target of Y{r28.
The sigD homolog in Synechocystis sp. PCC6803 is
sl12012, which was shown to be beneficial during nitrogen
starvation, most probably because it ensures active function
of genes required for maximal protection against oxidative
stress and for keeping photosynthesis active [45].

SPRINGER NATURE

gene expression changes in log2

*
&

5
>
S
o

o =
& & g
1] < o
S ) b
3 <
> 4 )
® & <

Fig. 4 Expression responses of novel SRNAs to ambient pertur-
bations. Cultures of Prochlorococcus strain NATL2A (Yf{rs106-108)
or MED4 (Yfr28 and Yfr29) were exposed to various stress condi-
tions. Total RNA extracts were separated on PAA gels, transferred to
Hybond N + membranes and hybridized with the respective probes.
The fold changes (normalized against the internal standard 5 S rRNA)
observed under different stresses in comparison with the control
hybridization are given in log2 values. The horizontal dashed gray
lines indicate the border of a >twofold change.

One of the NATL2A sRNA candidates turned out to be
an asRNA and is located opposite the IGR of afpF and arpH
(encoding the b’ and delta subunits, respectively, of the
ATP synthase complex), extending to the 5’ region of the
atpF gene and the last 60 nt of the atpH gene (Fig. 6a).
The 370 nt-long asRNA that we named as_atpF was most
abundant in the 100 m sample (Fig. 6a), corresponding to
the depth with the most NATL2A reads (Fig. 2). However,
in northern hybridizations with total RNA from NATL2A
cultures we also observed a ~70 nt long fragment (Fig. S3A)
as well as longer, less distinct species of as_atpF
(Fig. S3B). We further explored the functional mode of
action of as_atpF by monitoring the differential expression
of as_atpF, atpF, and atpH in NATL2A laboratory cultures
during various stress conditions (Fig. 6b). The majority of
tested stresses led to repression of the transcript levels of all
three RNAs, and only modest induction of all three RNAs
was observed upon HL treatment and iron starvation, sug-
gesting that as_atpF stabilizes the mRNA of atpF and
possibly also the mRNA of atpH (Fig. 6b). Furthermore, we
noticed in some conditions the appearance of a short apF
mRNA fragment that is in the range of the coding sequence
(462 nt) or slightly shorter, when ATP synthase might need
to be stalled (especially darkness, stationary phase and cold
shock, Figure S3B). This organization resembles the
arrangement described for the E. coli asRNA GadY. GadY
is transcribed from a promoter in the intergenic spacer
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Fig. 5 Temporal changes in Yfr28 expression during nitrogen
starvation and target verification of ppc. a Y{r28 expression profile
of Prochlorococcus MED4 samples after 0, 3, 6, 12, 24, 48, and 72 h
of nitrogen starvation. The stress experiment was carried out in bio-
logical triplicates. Extracted RNA samples were separated on 7M
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hybridized with a Yfr28 probe. b Primer extension of 0.2 pmol of in
vitro-synthesized 5’ region ppc mRNA in the absence of any synthe-
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between the genes gadW and gadX in antisense orientation
to the 3’ end of gadX, which is an activator of the glutamate-
dependent acid resistance system [46]. Upon binding
of GadY, cleavage of the gadXW dicistronic mRNA is
triggered [47], resulting in a more stable monocistronic
gadX mRNA [48]. In MED4, similar transcriptional stress
responses for atpF and atpH have been observed under
darkness and HL. exposure [29] and under nitrogen- [49] or
iron-limiting conditions [50].

||
yfr28

[ hemN_}———

pmol Yfr2. The vertical red line denotes the primer extension termi-
nation signals of ppc in the presence of Yfr28. The vertical cyan line
indicates the interaction region predicted by INTARNA [58]. ¢ Cofolded
structures of ppc (white-circled nucleotides) and Yfr28 (royal blue-
circled nucleotides). The red and cyan border lines of the nucleotides
correspond to the vertical lines in (b). d Location of yfr28 (red box) in
the Prochlorococcus MED4 genome. Genes of known or unknown
function are indicated in blue and gray boxes, respectively, and genes
encoding small RNAs are indicated in orange boxes.

ffs

Conclusions and possible implications

Bacterial ncRNAs are at the heart of regulatory pathways
that allow bacteria to acclimate to changes in the environ-
ment, to adjust their metabolism, to regulate the expression
of virulence genes and to control many other functions
[51-53]. Here, we present a workflow for the identification
of ncRNAs that appears to be particularly applicable to
bacteria of high ecological relevance that are not amenable

SPRINGER NATURE



S. C. Lott et al.

1962

'9S 9[qeL Ul udAIS are sjinsar 9)o[dwod ayJ, “(Uopod e)s ay) 0) Surpuodsariod ¢6—[¢ suonisod pue SO 2Yy) 0) presar yum og— uonisod Je Ju oY) 0) Jurpuodsariod | yPIm) Soudd
aAnoadsar oy Jo suonisod Ju oY) 0} I10JOI SUOISAI UONOBINUI J105T8) ) J0J SIOQUINU A [, "Weansumop pue weansdn ju ()¢ Surpn[our ‘uorsal G MU 9y} J0J PajoIpaId a10M SUOTIORINUI [ENU)OJ

€PE  LEE 88980°8—  £998S6200°0  Iredar pue ‘uoneurquiodar ‘uonedidar YN aseS1] VNQ Iuopuadop-d LV g51  6L9TININA S9680ST 0SX)
soprodonu
8%S  8ES €L6T6Y—  LTLS90£000 pue ‘sapisodonu ‘sourpruukd ‘sourng aseuny ape[Apun  yquis ‘Hald  TTSOWIND  008T0SE 0SX
T0L T69 8EELE8—  €TEE6YT00°0 [eonayodAy ursjoxd Aqruuey ase[ojoyd/eworyooid4ro STHOININ  062T0SE 0$X
S60T 8LOT TTOPI'S—  S8I6CTT00°0 SISQYIUASOIq PIoE OUIUY asequis syeurnborpAyap-¢ goar  T8YOININA STIEOST S
891 091 8ICICL— STTILITOOO UOISIAIP [[9D) ‘sdssaooxd Te[nye) I0)oey Adyroads [eo13010d0) UOISIATP [[d Aui  OZEOWINA  $99T0ST 05X
01 T SYOIT'L—  €6L0OTETO00 [eonayodAH SPOTININD  S8+S0SI 0SX
06  SL 8€ES'L— 9ILLIST000 [eoneylodAH S8YOININ  ST9TOSI 0$X
LT L 8Y8EH'8—  LE£90LIT000 [eonayodAy ursjoxd SurureIuod-urewop (9N SO90ININA  0TTEOST 0SX
TEL  9TL SESTES—  99LLYHI000 surojord Surpurq pue podsuer], ASEJ LV A[qUISSSE JISND S-O Ofns TLOOWIN 08£00SI 0SX
SIQLLIBD pue
Th8  vT8  $L88°TI— T1008LC100°0 ‘sdnoid onoypsord ‘s1030e500 jo sisaypuksorg aseyuAs apeorsydorpAyrp d1of  0€80ININd  StHH0sI 05X
LS9  6V9 LSLY6'L— 669€€L000°0 SOLI0ZATEd JOYIO [-4¥ toyey dseafar ureyd dpndad  gons ‘vld  ZSTININA 00T80ST 0S¥
Th8  T€8  €19°01— L9669L000°0 surojoid Surpuiq pue jodsuel], aseounrad 1opodsuen Dy Snipynw qun - LL6ONIN  00TSOST 0SX)
Ised 1O

8  LE 9SOI0L— +6£17S000°0 suonouny A10je[nsay  SISAYPUAS (H¢)) [AYIOUOUTIEIAYIOWAXOGIED-G-OUIPLIN YN Aui 68TONINA 0860081 05X
EPPT vEPL 6£66£°S—  SST6E£Y000°0 [eoneyiod{H oseImesap 4 ,£-0 a2 99STININA  $8€80ST 05X)
LY9 LE9 966TS'L—  TLI9ETO000 sassadoid re[nye) I asepndad [eusis gda]  9090NINd  STTEOST 0SX)
09 IS SSPE0I— 6£SLLTIN000 uondudsuelr], J10)0e ()L-ewiSIs oserowA[od YN PRIoIp-YNA asis  LLSOININD  080€0ST 0Sx)
vl L T901+'9— 60+ 4d8S'L suonouny K1ojen3oy Jojen3ar Aqiwegtedns-11-d g19s  TITONIN  S6010ST0Sx)
v16T TO6T L9ITOI— 60 +HIST wstjoqejow ASroug ase[Axoqred aeanikdjoudoydsoyd odd  GISTININ SEF80SI 0$X)
€9. GSL L8E1'L— 80 +H9C7v surjord Surpuiq pue jodsuel], oseouwrad Auey podsuen 9jeuoqresiq judpuadap-wnipos Vigs  €ITOININA 00T 10T 0Sxd
L1 I SEI91—  +0+HSIT UOISIAIP [[3D) ‘s3ssao0xd Te[mya) u1a)01d UOISIAID [[30 ZSY  60STININA  STOLOSI 0SX)

pus

1Ie)s uoI3al

uonoeIANUI
1o31e], A310ug anfeA 4 A10391B0 [RUONOUN] uonoun, QWeu AU (] AT P[0 [ susn

8¢ ‘L€] VNYeidoD £q pajorpaid syesre) A +AHIN 0T doi oy Jo 1s1T | 3|qel

SPRINGER NATURE



A framework for the computational prediction and analysis of non-coding RNAs in microbial... 1963

A

100
75
50
25

0

T T T T T T T | T
1477400 1477600 1477800 1478000
position (nt)

\

I
1477200

number of reads

[ PMN2A_0984, atpF ]

25
50
75

100 ~

"] I as_atoF [ atpF [ atpH

0

gene expression changes in log2

& -
@ O &
& £ S
< . ~
< & S
S & <

Fig. 6 The gene expression of afpF is positively affected by a cis-
encoded asRNA. a Coverage plots of NATL2A mapped read regions
in the 60 m (red), 100 m (blue) and 130 m (gray) metatranscriptome
samples. The white boxes correspond to the positions of the afpF and
atpH genes (encoding the b’ and delta subunit, respectively, of the
ATP synthase complex). The black, orange and cyan boxes denote the
positions of the probes used for the northern hybridization of as_atpF,
atpF, and atpH. b Prochlorococcus NATL2A cultures were exposed
to various stress conditions, and total RNA extracts were separated on
PAA gels, transferred to Hybond N + membranes and hybridized with
the respective probes. The fold changes (normalized against the
internal standard 5 S rRNA) observed under the different stresses in
comparison with the control hybridization are given in log2 values.
The horizontal dashed gray line indicates the border of a >two fold
change. The northern blots that served as basis for this analysis are
shown in Fig. S3.

to direct manipulation. Starting with a metatranscriptomic
dataset, we focused on the important primary producer
Prochlorococcus and identified several ncRNAs that are
likely relevant. The SRNA Yfr28 plays a pivotal role in the
coordination of primary metabolism and cell division, as

indicated by its very high low-nitrogen-induced expression
and identified targets, which include mRNAs encoding the
cell division proteins FtsZ and MinE, phosphoenolpyruvate
carboxylase, the carbon uptake proteins SbtA and B and a
sigma factor. The likely effect of controlling cell division
and carbon metabolism under conditions of low-nitrogen
supply is physiologically reasonable. Another presented
example is the asRNA of afpF, which intriguingly showed,
with the exception of cold shock, the same expression
responses as the mRNA to typical environmental stress
conditions. The presented workflow is of particular interest
for environmentally relevant microorganisms, for which
experimental manipulation ability might be limiting, while
abundant sequence information may be available. All
scripts utilized in this workflow are freely available.
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