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Genome-wide profiling of Hfg-binding
RNAs uncovers extensive post-transcriptional
rewiring of major stress response and symbiotic
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The RNA chaperone Hfq is a global post-transcriptional regulator in bacteria. Here, we used RNAseq to analyze RNA
populations from the legume symbiont Sinorhizobium meliloti that were co-immunoprecipitated (ColP-RNA) with a FLAG-
tagged Hfq in five growth/stress conditions. Hfg-bound transcripts (1315) were largely identified in stressed bacteria and
derived from small RNAs (sRNAs), both trans-encoded (6.4%) and antisense (asRNAs; 6.3%), and mRNAs (86%). Pull-down
with Hfq recovered a small proportion of annotated S. meliloti SRNAs (14% of trans-sRNAs and 2% of asRNAs) suggesting
a discrete impact of this protein in SRNA pathways. Nonetheless, Hfq selectively stabilized ColP-enriched sRNAs, antici-
pating that these interactions are functionally significant. Transcription of 26 Hfg-bound sRNAs was predicted to occur
from promoters recognized by the major stress o factors ot or o2, Recovery rates of sRNAs in each of the ColP-RNA
libraries suggest a large impact of Hfg-assisted riboregulation in S. meliloti osmoadaptation. Hfq directly targeted 18%
of the predicted S. meliloti mRNAs, which encode functionally diverse proteins involved in transport and metabolism,
of2-dependent stress responses, quorum sensing, flagella biosynthesis, ribosome, and membrane assembly or symbiotic
nitrogen fixation. Canonical targeting of the 5’ regions of two of the ABC transporter mRNAs by the homologous Hfg-
binding AbcR1 and AbcR2 sRNAs leading to inhibition of protein synthesis was confirmed in vivo. We therefore provide
a comprehensive resource for the systems-level deciphering of hitherto unexplored S. meliloti stress and symbiotic post-
transcriptional regulons and the identification of Hfg-dependent sSRNA-mRNA regulatory pairs.

Introduction

Deep sequencing of cDNA libraries (RNAseq) has uncov-
ered an unexpected complexity in the structure and regulation
of prokaryotic transcriptomes.! A significant proportion of the
bacterial transcriptional output consists of small untranslated
RNA molecules (sRNAs) that mostly act as post-transcriptional
regulators of gene expression to fine-tune the cellular responses
to changing environments.” A large fraction of these sRNAs
modulate translation and/or turnover rates of #rans-encoded tar-
get mRNAs by short and discontinuous antisense interactions,
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which are commonly assisted by the widespread RNA chaperone
Hfq.>

The impact of Hfq in the cell physiology has been addressed
by reverse genetics approaches in bacterial species represent-
ing widely diverse lifestyles (for a review, see ref. 5). In the vast
majority of cases, loss of Hfq compromises bacterial fitness to the
environment altering a wide range of phenotypes, e.g., growth
kinetics, cell morphology, motility, adaptation to abiotic stresses,
host colonization, or virulence. High-throughput profiling of
Hfq RNA ligands in some of these bacteria has revealed that
the RNA-binding capacity of this protein extends beyond its
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Figure 1. Identification of Hfg-binding transcripts in S. meliloti. (A) Experimental setup. Chromosomal hfg region in S. meliloti with indication of tagging
in the Sm2B3001 derivative strain Smhfg¢ (coordinates according to the annotation of the reference S. meliloti 1021 genome). Below is a western blot
probed with Anti-FLAG M2® antibodies showing the specific recognition and recovery of the FLAG-tagged Hfq in the different protein fractions from TY
exponential cultures of Smhfg™4¢ during ColP. As a control the same fractions from the wild-type (wt) strain Sm2B3001 were similarly probed. ColP-RNA
was recovered from Hfg—RNA complexes (IP fraction) derived from Sm2B3001, SmpWsin/™4®, and Smhfg4 strains grown to exponential and stationary
phases in TY and upon cold, heat, and salt shocks. cDNA libraries for sequencing were generated from control and Hfq ColP-RNA samples (see text for
details). (B) Classification of Hfg-bound transcripts. A schematic of the different types of Hfg RNA species according to the MTU model described in
Materials and Methods is shown on the upper panel. Lower panels show the number of Hfg-bound RNAs in both each category (left circle diagram) and
cDNA library (right Venn diagram).
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Figure 2. Identification of Hfg-associated sRNAs. (A) Number of annotated and newly identified trans-sRNAs and asRNAs scored as Hfg-bound and
their replicon distribution in S. meliloti. Latter values are relative to the sizes (Mb) of chromosome (Chr.) and megaplasmids pSymB and pSymA. (B)
IGB visualization of the clone distribution over selected Hfg-dependent and -independent sRNAs. Shown are cDNA clusters corresponding to tmRNA
(ssrA), SmelA060 (trans-sRNA), and SMc_Hfq_asRNA_11 (asRNA) in control and Hfq ColP-RNA as indicated. The vertical axis indicates the number of
sequencing reads that were obtained. Relevant genomic information for each sRNA is provided in the schematics below the plots. The asterisk indicates
the tmRNA processing site. (C) Selective stabilization of ColP-enriched sRNAs by Hfq. Northern analysis of Smr7C, SmelC289, and SmelC457 decay in
Sm2B3001 (wt) and its hfg deletion mutant derivative (Ahfg) upon transcription arrest with rifampicin. Samples of exponentially growing bacteria in TY
were withdrawn prior to or at the indicated time-points (in min) after antibiotic addition. Hybridization signal intensities were normalized to those of the
5S rRNA in each RNA sample to calculate the half-life of the transcripts (indicated in min). IGB plots for these sSRNAs (as in B) are shown above each panel.

association with #rans-encoded sRNAs (¢rans-sRNAs) and their
mRNA partners to target transcripts expressed antisense to pro-
tein coding genes (i.e., cis-encoded antisense RNAs; asRNA) and
even tRNAs.*" Moreover, post-transcriptional regulation of cer-
tain Hfg-associated mRNAs can be exerted by the protein itself in
a sRNA-independent manner involving translational repression
or regulation of mRNA decay dependent on polyadenylation.'*"

The soil-dwelling a-proteobacterium Sinorhizobium meliloti
belongs to the group of microorganisms collectively referred

www.landesbioscience.com

to as rhizobia that fix nitrogen in endosymbiosis with legume
plants. Rhizobia induce the de novo formation of nodules on
the roots of their cognate legumes, where invading bacteria are
accommodated intracellularly upon a profound morphologi-
cal differentiation to their nitrogen-fixing competent form, the
bacteroids.'® Successful transition of rhizobia from a competi-
tive free-living state in soil to their final intracellular residence
within nodules involves extensive transcriptional reprogramming
of gene expression that has been intensively investigated.® In .
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Figure 3. Expression profiling of the Hfg-dependent sRNAs. (A) Venn diagrams indicating the number of Hfg-bound trans-sRNAs and asRNAs identified
in each ColP-RNA library. (B) Northern analysis of the expression of selected Hfg-bound sRNAs. Total RNA was obtained from strain Sm2B3001 grown
in the conditions of ColP experiments. Growth in GMS medium was included as the reference for osmotic upshift induction. Sizes of each transcript as
inferred from RNAseq data are indicated with a double arrowhead to the right. RPKM-normalized recovery rates of these sSRNAs in each Hfq ColP-RNA
library were plotted under the blots according to the color scale shown in the middle.

meliloti, transcriptional control of adaptive responses to changing
environments can be exerted by a large set of transcription factors
(8.7% of the S. meliloti protein-coding genes) and 15 alternative
RNA polymerase holoenzymes (o factors), of which 11 belong
to the extracytoplasmic function (ECF) subfamily.” RpoH1/2
(o2 homologous to E. coli heat shock 0°?) and the ECF o factor
RpoE2 (6™, functionally analogous to the enterobacterial global
stress regulator RpoS) have been shown to be major regulators
of the general (stationary phase), heat shock, and hyperosmotic
stress responses.'®? However, the impact of post-transcriptional
regulation in free-living and symbiotic gene expression has
remained largely unexplored.

Random chemical mutagenesis screenings in the legume
symbiont Azorhizobium caulinodans early identified Hfq as an
activator of translation of one of the master regulators of nitro-
gen-fixation, NifA.>* Such a positive contribution of Hfq to the

566 RNA Biology

post-transcriptional regulation of 74 has also been observed in
other free-living and symbiotic a-proteobacterial diazotrophs.?>*
More recently, a series of studies on S. meliloti revealed a much
broader regulatory role of Hfq in rhizobia. Deletion of the chromo-
somal S. meliloti hfgq gene resulted in delayed growth, alterations in
the metabolism of certain nitrogen sources, changes in the profiles
of quorum sensing (QS) signals, reduced swarming and swim-
ming motilities, and increased vulnerability to oxidative, heat, or
pH stresses in free-living bacteria.”*' This pleiotropic phenotype
is partially explained by the large Hfq-dependent changes in gene
expression observed in cultured bacteria. Remarkably, the S. meliloti
hfq mutants evidenced massive misregulation of transport systems,
which anticipates a major role of Hfq in controlling the metabolic
versatility of this bacterium.?®#>3"3? Not unexpectedly, this global
influence of Hfq on §. meliloti physiology was also found to com-
promise an array of symbiotic traits, including competitiveness for
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Figure 4. Functional distribution of the Hfg-bound mRNAs according to the COG database. ‘

infection, nodule development, intracellular survival of bacteroids,
and efficiency of the nitrogen fixation process.””?° Similatly, 4fg
mutants of animal and plant pathogens closely related to S. meliloti
(e.g., Brucella sp. and Agrobacterium tumefaciens) have been also
shown to be severely impaired in virulence, further evidencing
a universal role of Hfq in the establishment and maintenance of
chronic microbial infections on eukaryotic hosts.*%

As reported for other bacteria, at least part of the rhizobial
Hfq-dependent pathways are expected to be post-transcription-
ally regulated by the concerted activity of Hfq and its cognate
partner sSRNAs. Several computational comparative genomics
and high-throughput surveys (i.e., microarray hybridyzation and
RNAseq) have revealed the complexity of the S. meliloti non-
coding RNome.?*#*° The biological functions of the vast major-
ity of the identified sRNAs remain to be elucidated, although
a few have been already shown to bind Hfq.?*%"** In this work
we have used a generic strategy relying on the combination of
co-immunoprecipitation (ColP) of an epitope-tagged Hfq and
its associated RNA with RNAseq to generate an atlas of S. meli-
loti Hfq-bound transcripts. Our data reveal that major S. meliloti
stress response and symbiotic gene networks are extensively sub-
jected to Hfq-mediated post-transcriptional regulation.

Results

Identification of S. meliloti Hfq RNA targets

To comprehensively identify Hfg-bound transcripts in S.
meliloti strain Sm2B3001, RNA was co-immunoprecipitated
with the chromosomally encoded FLAG epitope-tagged Hfq
variant (Hfq™4¢) expressed by the Sm2B3001 derivative strain
Smhfg™4°. HEq™AS was specifically recognized by monoclonal

www.landesbioscience.com

anti-FLAG antibodies in cell extracts of the recombinant strain
and fully recovered in the procedure (Fig. 1A). ColP-RNA
populations derived from bacteria grown under five different
conditions (pools of two biological replicates per condition) were
reverse transcribed to generate strand-specific cDNA libraries,
henceforth referred to as Hfqg-log (exponential growth phase
TY cultures), Hfg-stat (stationary TY cultures), Hfg-cold (cold
shock), Hfg-heat (heat shock), and Hfg-salt (osmotic upshift).
Simultaneously, ColP-RNA from exponential and station-
ary phase TY cultures of Sm2B3001 (wild-type) and from
SmpWsinI™4¢ (expressing a FLAG-tagged Sinl protein, which
has no known RNA-binding activity) upon cold, heat, and salt
shocks, were pooled to obtain two additional ¢cDNA libraries
termed C-wt and C-Sinl, respectively. Both strains, Sm2B3001
and SmpWisin/™4¢, encode an untagged Hfq and were used as
controls to assess unspecific RNA binding to either the agarose
beads used for CoIP or the FLAG tag itself.

[lumina-based sequencing of all seven ¢cDNA libraries deliv-
ered an average of approximately 4000000 reads per library of
which 1250199 (C-wt library), 1028776 (Hfg-log), 1155531
(Hfg-stat), 906528 (C-Sinl), 1178 600 (Hfq-cold), 326 838 (Hfq-
heat), and 1413343 (Hfg-salt) unambiguously mapped to unique
locations within the S. meliloti reference genome (Table S1). Read
counts on annotated and putative novel S. meliloti features/genes
were then computed from the sets of uniquely mapped reads. The
relatively low number of such reads in the Hfg-heat library results
from imperfect rRNA depletion during library preparation.

Enrichment of transcripts in each of the five Hfq CoIP-RNA
libraries was calculated upon normalization of feature read counts
to their control library pair, i.e., Hfg-log and Hfq-stat libraries
were normalized independently with C-wt and so were Hfg-cold,
Hfq-heat, and Hfg-salt with C-Sinl. Transcripts represented by at
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Figure 5. Enrichment patterns of Hfg-associated RNA species derived from mRNAs. (A) Recovery of mRNAs of major metabolic, stress, and symbiotic
pathways. The clone distribution over the mRNAs is represented by an IGB stairstep diagram of fold enrichment in the indicated Hfg—ColP RNA with
respect to the control ColP. The vertical axis indicates the enrichment factors. ORFs of the mRNAs are shown by arrows under each IGB plot. Numbers
denote genomic positions of the recovered transcripts according to Table S3. TSSs are indicated if known. (B) Alternative distribution patterns of cDNA
clusters over Hfg-bound mRNAs. Information has been diagrammed as in (A). Data correspond to the recovery of these three mRNAs in the Hfg-salt
library.
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least 30 reads and exceeding a fold change threshold of 5 in the
experimental library with respect to the control were regarded as
Hfg-bound (i.e., Hfq RNAs). Collectively, this analysis identified
1315 S. meliloti Hfq RNAs, which based on their genomic context
with respect to a minimal transcription unit (MTU) model, were
further cataloged as (Fig. 1B) (1) mRNAg, if matched the sense
strand of protein-coding regions, including their experimentally
determined or virtual 5'/3" untranslated regions (UTR) (1127;
86% of the Hfq RNAs), (2) trans-sRNAs, if mapped to intergenic
regions (IGRs) (85/6.4%), and (3) asRNAs, if encoded on the
strand opposite to annotated mRNAs (83/6.3%). Additionally,
19 Hfq RNAs mapped to repeat regions and one corresponded to
tRNA-Gly encoded by the SMc02206 gene.

Considering each growth condition independently, we found
that only 8.3% (110) of the identified Hfq RNAs were recov-
ered specifically from exponentially growing bacteria, whereas
24.8% (326) were likely expressed at the stationary phase alone
(Fig. 1B). Cold, heat, and salt shocks specifically contributed to
the recovery of 21.5% (283), 3% (40), and 13.2% (174) of the
Hfq RNAs, respectively. These data further support that Hfq
functions as a global post-transcriptional regulator of bacterial
responses to stress.

Hfq-associated sSRNAs

About 13% of the transcripts enriched by Hfq ColP were
cataloged as either #rans-sRNAs (85) or asRNAs (83) (Fig. 2A,
left panel). Of the 168 Hfg-bound sRNAs, 110 were already
identified in previous RNAseq-based transcriptomics surveys
(67 trans-sRNAs and 43 asRNAs),?* and of those, 20 trans-
sRNAs had been shown to be conserved to varying extend in
the Rhizobiales by bioinformatics methods.*** The same stud-
ies provided evidences of transcription for 29 more Hfq sRNAs
(eight trans-sRNAs and 21 asRNAs) which, nonetheless, did not
pass the established cutoff scores and were filtered out from the
final lists of candidates. The remaining 29 Hfg-bound sRNAs
represent newly discovered S. meliloti transcripts (10 trans-
sRNAs and 19 asRNAs). Genomic distribution of the Hfq sSRNA
loci relative to the size of the three S. meliloti replicons evidenced
a localization bias toward the symbiotic megaplasmid pSymA
(Fig. 2A, right panel). The coordinates of the Hfq sSRNAs in the
S. meliloti 1021 genome as well as their enrichment in each of
the five ColP ¢DNA libraries with respect to the controls are
provided in Table S2.

Upon normalization, the distribution of the sequencing reads
from control and Hfq cDNA libraries over the S. meliloti 1021
genome was visualized using the integrated genome browser
(IGB, Affymetrix). As an example, Figure 2B shows the clone
distribution of cDNA sequences mapped to tmRNA, SmelA060,
and SMc_Hfq_asRNA_11 sRNA loci. S. meliloti tmRNA has
been shown to be transcribed as an unstable precursor that is
processed into two abundant 82-nt and 214-nt RNA species.®
Both mature tmRNA forms were represented in smaller numbers
in the Hfq than in the control CoIP-RNA libraries and so scored
as Hfg-independent transcripts. As expected, similar unspecific
recovery was obtained for other housekeeping sRNAs, namely

6S, RNase P, and 4.5S RNAs (Fig. S1).

www.landesbioscience.com

Conversely, SmelA060 and SMc_Hfq_asRNA_11 were sig-
nificantly enriched by Hfq CoIP and are shown in Figure 2B
as representatives of Hfq-dependent #ans-sRNAs and asRNAs,
respectively. SmelA060 is one of the most abundant among the
identified Hfq #rans-sRNAs, according to the number of cDNA
sequences, particularly in the Hfg-stat library (> 100000 reads)
in which it is enriched by 624-fold in comparison to the con-
trols (Table S2). Furthermore, the genomic positions deter-
mined by the borders of the cDNA cluster over the SmelA060
locus fully correlate with published 5'/3" end mapping data of
this SRNA.?** Remarkably, this is the case for most of the Hfq
sRNAs listed in Table S2 (additional examples are provided in
Fig. S1). SMc_Hfq_asRNA_11 exemplifies the identification of
a novel chromosomal asRNA, highly enriched (-40-fold) by Hifq
ColP in lysates of bacteria grown to stationary phase, which is
complementary to the 3" region (including the putative 3'-UTR)
of the /ipB (SMc01268) mRNA (Fig. 2B). This type seems to
be predominant among the asRNAs identified in our study, but
a number of Hfq RNAs antisense to the 5'-region or internal to
mRNA coding sequences were also detected (Fig. S1).

As further experimental evidence to validate the transcripts
listed in Table S2 as Hfg-binding sSRNAs, we determined the
Hfq-dependent decay of a new set of sRNAs (Smr7C, SmrC9,
and SmelC457) upon transcriptional arrest of exponential cul-
tures with rifampicin (Fig. 2C). In S. meliloti, Smr7C (also
known as SmelC023) exists in two forms, i.e., the primary
150-nt transcript and the 106-nt processed RNA, neither of
which had been detected on northern blots of Hfq ColP-RNA
from S. meliloti 1021.% Accordingly, the enrichment pattern
of Smr7C in the Hfg-log library with respect to the control
resembled that of the housekeeping Hfg-independent sRNAs.
In agreement with these findings, the half-life of both RNA
species determined in the wild-type strain (33/36 min) was not
significantly affected in the absence of Hfq (half-life of 30/43
min in the A/fg genetic background) (Fig. 2C). In contrast, the
trans-sRNA Smr9C (also termed SmelC289) and the asRNA
SmelC457 have been cataloged as Hfg-bound according to
their enrichment in CoIP-RNA (specifically 14- and 10-fold,
respectively, in the Hfg-log library; Table S2). Previous north-
ern blot probing of Hfq ColP-RNA derived from the S. meliloti
reference strain 1021 anticipated that Smr9C is an Hfg-binding
sRNA.? SmelC457 was identified in previous RNAseq-based
surveys, but its expression had not been verified by Northern
hybridization.?** Probing of total RNA with a 25-mer oligo-
nucleotide targeting specifically the 5" region of this sSRNA
yielded a signal for a small transcript, which size correlates with
that inferred from RNAseq data. The half-life of these sSRNAs
in the wild-type Sm2B3001 background was approximately 11
min for SmrC9 and 12 min for SmelC457. Lack of Hfq strongly
compromised stability of both transcripts; SmrC9 decayed with
a more than 5-fold reduced half-life (2 min) whereas SmelC457
was undetectable in the Asfg mutant (Fig. 2C). Altogether,
these data validate our approach as a reliable strategy to iden-
tify Hfq-dependent sSRNAs at nucleotide-level resolution in S.
meliloti strains.
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Figure 6. For figure legend, see page 571.

Differential expression of the Hfq sSRNAs

A common feature of the regulatory sRNAs is their expres-
sion under specific stress conditions. Overall, Hfq sSRNAs were
mostly recovered from bacteria subjected to an osmotic upshift,
an observation that was particularly evident for the trans-sRNAs
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(Fig. 3A). Of the 85 Hfq trans-sRNAs, 56 (66%) were identified
in the Hfq-salt library, with 27 (32%) likely induced specifically
by this abiotic stress. Similarly, up to 38 out of the 83 Hfq asR-
NAs (45%) were expressed in the presence of salt (25 were exclu-
sive of the Hfg-salt library) but the cold shock also contributed
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Figure 6 (see opposite page). Targeting of the SMa0495 (A) and prbA (B) mRNAs by the AbcR1 and AbcR2 sRNAs. IntaRNA predicted duplexes are
shown, with the RBS and AUG start codons of the SMa0495 and prbA mRNAs underlined. In these diagrams, numberings denote positions relative to the
AUG start codon of the mRNA and the TSS of AbcR1 and AbcR2. The predicted minimum hybridization energy (E) is indicated in each case. The IGB dia-
grams show the fold enrichment (vertical axis) of these mRNAs in the indicated Hfq ColP-RNA library. Schematics of the reporter fusions cloned in plas-
mid pR-EGFP are shown below the genomic information of each mRNA. The histograms show the fluorescence of the reporter S. meliloti double deletion
mutant (AR1/2) co-transformed with the target fusions and plasmids pSRK (empty control vector), pSRK-R1 (R1+), or pSRK-R2 (R2+). Values reported are
means and standard deviation of 48 fluorescence measurements, i.e., four determinations in three independent exponential cultures of four double
transconjugants representing each plasmid combination. Fluorescence values were normalized to culture OD, , (F/OD). Background fluorescence from
strains harboring pSRK and the empty pR-EGFP plasmid instead of the target fusions was subtracted from the fluorescence of target fusions. Relevant
subsections of 2D-PAGE gels revealing downregulation of the periplasmic protein PrbA (double arrowhead) by both AbcR1 and AbcR2 sRNAs are also
shown. Periplasmic protein extracts were obtained from exponential cultures of S. meliloti single mutants ART and AR2 carrying pSRK or either pSRK-R1
(R1+) or pSRK-R2 (R2+) as indicated. Expression/absence (+/-) of AbcR1 and AbcR2 (R1/2) in each strain is indicated in brackets. Note that AbcR1 is highly

expressed from the chromosome whereas AbcR2 is almost absence in exponentially growing bacteria.*

significantly to extend this catalog of transcripts (29 Hfq asRNAs
were only identified in the Hfg-cold library). To further compare
the abundance of the Hfq sSRNAs in the five CoIP-RNA libraries
RPKM values (cDNA reads per kilobase transcript per million
mapped reads) for each transcript were calculated (Table S2).
RPKM-normalized data were plotted into heat maps provided in
Figures S2 (trans-sSRNAs) and S3 (asRNAs).

Sequence signatures recognized by the dual RpoH (H1 and/
or H2) or the RpoE2 o factors were predicted in the promoter
regions of 14 (seven trans-sRNAs and seven asRNAs) and 12 (10
trans-sRNAs and 2 asRNAs) Hfq sRNAs, respectively, and thus,
could explain the differential accumulation of these transcripts in
our conditions (Table S§2). The expression profiles of two of these
sRNAs, SmelB126 (RpoE2 promoter) and SmelB075 (RpoH1/2
promoter), were assessed by northern blot hybridization (Fig. 3B,
upper panels). Both are pSymB-encoded trans-sRNAs identified
by previous RNAseq surveys but their expression had not been
confirmed by independent approaches.”* Nonetheless, reported
microarray data provided evidence for RpoE2-dependent tran-
scription of SmelB126.% For these experiments, total bacterial
RNA was obtained from identical growth phases and stress con-
ditions as applied for CoIP experiments. RNA from exponentially
growing bacteria in glucose mannitol salt (GMS) medium was also
probed as the reference of induction by salt stress. Oligonucleotide
probes specific for each SRNA detected on gels small transcripts
that accumulated differentially in the conditions tested. In both
cases, the strongest hybridization signals were evident on RNA
obtained from bacteria grown to stationary phase and subjected
to heat and salt shocks (Fig. 3B, upper panels). These expression
profiles are in agreement with those expected from RpoE2- and
RpoH-dependent genes. Furthermore, the sizes of the RNA spe-
cies detected on gels and their relative abundance under each bio-
logical condition were in overall good correlation with RNAseq
data (i.e., length of cDNA clusters and RPKM values). Probing of
the same membranes for detection of the newly identified #ramns-
sRNA SMc_Hfq_ncRNA_6 and asRNA SMc_Hfq_asRNA_18
further revealed such correlation (Fig. 3B, lower panels).

Our data set thus provides insights into the expression pro-
files of the identified sSRNAs, which collectively suggest a major
impact of Hfg-dependent riboregulation on S. meliloti responses
to high environmental salinity.

Hfq-dependent mRNAs

The most abundant class of RNAs enriched by Hfq ColP
derived from mRNAs (cistrons) (1127; 86%). According to the
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COG (Clusters of Orthologous Groups) database up to 30% of
the proteins encoded by these Hfq mRNAs have no predictable
function whereas the remaining ones could be putatively assigned
to widely diverse functional categories; 48% are involved in
transport and metabolism of small molecules, 12% in other cel-
lular processes such as post-transcriptional modification, motil-
ity or signal transduction and 10% in the storage and processing
of genetic information (Fig. 4). The full-length mRNA encoded
by the conserved Afg—hfIX tandem was found to be Hfq-bound
(Fig. 5A), further supporting that these genes are co-transcribed
and autoregulated by Hfq as reported previously.?® Table S3 lists
all 1127 Hfq mRNAs identified in our study.

A compilation of published transcriptomic/proteomic data
rendered a joint list of 940 S. meliloti protein-coding genes (i.e.,
approximately 15% of the annotated ORFs) reported as deregu-
lated in S. meliloti hfg mutants.”®**3"32 Despite of relevant dif-
ferences in the experimental setups (i.e., biological conditions
tested) preclude direct comparison of the mRNAs of the Hfq
regulon and those scored as Hfg-associated in our study, an over-
lap of 322 genes was found between both data sets (Table S3).
Almost half of these genes (158) encode transport proteins (mostly
ABC transporter membrane complexes), cytoplasmic metabolic
enzymes such as the phosphoenolpyruvate carboxykinase (PckA;
Fig. 5A) or components of the electron transport chain, thus con-
firming a major impact of Hfq in the post-transcriptional control
of S. meliloti uptake systems and energy production pathways.

A significant subset of the direct Hfq mRNA targets spec-
ify cellular functions related to stress responses known to be
altered in S. meliloti strains lacking Hfq.?”*! For example, rpoH2
(SMc03873) and four out of the 11 ECF o factor mRNAs (rpoE1
[SMc01419], rpoE2 [SMc01506], rpoE4 [SMc04051], and rpoES
[SMb21484]) annotated in the S. meliloti genome were specifi-
cally recovered by Hfq ColP. In particular, the mRNAs encod-
ing RpoE2 and its anti-o factor SMc01505 were highly enriched
in the Hfq-stat library (56- and 10-fold, respectively) (Fig. 5A).
S. meliloti RpoE2 has been shown to activate the expression of
more than 200 protein-coding genes under various stress condi-
tions that include heat and salt shocks, and carbon or nitrogen
starvation.?>?"# In our study, 127 mRNAs from genes currently
assigned to the RpoE2 regulon were regarded as Hfg-associated
(49 with recognizable RpoE2 promoter signatures; Table S3).
These include 7poE5 and rpoH2 as well as mRNAs for determi-
nants of oxidative stress resistance (sodC and katC) (Fig. 5A) or
proteins operating under nutrient deprivation (ndiA-1, ndiA-2,

RNA Biology 571

. Do not distribute

l0Science

©2014 Landes B



Global stress responses |

Motility. and

~ ~
o)
chemotaxis Y

|
|
* )

E;’S m Ribosomes
biosynthesis 9 0
Membrane proteins |
Other processes I

Transport and metabolism

prba; ABC Transporters
SMa0495

LivK

nlfHDKE

-—

Nitrogen fixation

CM

periplasmic space; CM; cytoplasmic membrane.

Figure 7. Summary of the Hfg—RNA interactions in S. meliloti. Double arrowheads stand for direct targeting by Hfg of sSRNAs and mRNAs encoding trans-
port and metabolic enzymes, proteins of the ExpR/Sin and global stress regulons, regulators of nitrogen fixation, and ribosome and membrane compo-
nents. Single arrowheads denote reported transcriptional regulation. Hfg-bound sRNAs could be on the basis of the post-transcriptional regulation of
some mRNA genes. This work extended the list of validated AbcR1/2 targets to the prbA and SMa0495 ABC transporter mRNAs. OM, outer membrane; P,

and ndiB). The rpoE2, sodC (SMc02597), and katC (SMb20007)
genes have been also found consistently downregulated in S. mel-
iloti hfgq mutants.?®*

Some other known S. meliloti hfg mutant phenotypes such
as alteration of the N-acyl-homoserine lactones (AHLs) profile,
reduced motility, or defects in root hair invasion, depend largely
on functions controlled by the ExpR/Sin QS system. The sin/
mRNA (§Mc00168) encoding the S. meliloti AHLs synthase,
which is upregulated in the absence of Hfq,?® was enriched by ~11-
fold in the Hfqg-stat library (Fig. 5A). Upon activation by AHLs,
the LuxR-type regulator ExpR directly or indirectly controls the
expression of at least 570 genes.**” Major outcomes of this regu-
latory activity are activation of galactoglucan (EPS II) produc-
tion and repression of flagella biosynthesis. Hfq ColP-RNA was
enriched in 159 mRNAs from genes downstream of ExpR in the
QS pathway (Table S3). This set of transcripts includes most of
the mRNAs coding for structural elements of the flagellar appa-
ratus (Fig. 5A) and some belonging to the wge cluster involved
in the synthesis and secretion of EPS II. Consistent with both
impaired motility and upregulation of sin/, flagellar genes have
been reported to be downregulated in a S. meliloti hfg mutant.”®

It has also been shown that the abundance of S. meliloti fixK
and 7if4 mRNAs, encoding the transcriptional activators of the
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symbiotic nitrogen fixation genes, is positively influenced by
Hfq.?”* Despite of the presumed null or very low expression of the
nitrogen fixation genes in acrobically growing free-living rhizo-
bia, we found that the 74 mRNA as well as the FixK-dependent
mRNA cluster coding for components of the electron transport
chain associated to the nitrogenase complex (i.e., fixNOQGHIS)
were enriched in CoIP-RNA (Fig. 5A). Interestingly, the mnRNA
encoding RpoN (SMc01139), the ¢°* factor of the RNA poly-
merase holoenzyme that drives transcription of the nifHDKE
(nitrogenase components) and fixABCX (proteins involved in
electron transport) operons, was also cataloged as Hfq-bound.

Finally, another large set of mRNAs found to be highly
enriched in ColP-RNA (50-to 100-fold in some libraries)
encodes proteins involved in translation, particularly elongation
factors (six mRNAs) and the large and small ribosomal subunits
(40 mRNAs) (Table S3).

Enrichment patterns of mRNAs in CoIP-RNA

Unlike the identified Hfq sRNAs, the enrichment patterns
of mRNAs in ColP RNA were more complex (Fig. 5). In a
subset of cases (including most of the genes mentioned above),
c¢DNA reads mapped over the entire length of monocistronic or
polycistronic mRNAs, covering also virtual or experimentally
determined 5'/3’-UTRs (Fig. 5A). However, many other Hfq
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mRNAs were not evenly enriched in the ColP-RNA libraries,
but rather most cDNA reads clustered over defined stretches of
the transcripts. The ABC transporter mRNAs taud (SMb21526),
SMal646, and potG (SMc00771), all enriched in the Hfqg-salt
library, exemplify the three different clustering patterns of cDNA
reads over particular mRNA portions (Fig. 5B). The tauA gene
is the first in the operon encoding a putative taurine ABC trans-
porter and specifies the periplasmic component of the complex.
cDNAs from tauA mainly clustered in the 5 region of this
mRNA ranging from the transcription start site (TSS) into the
N-terminal coding sequence. Both SMa1646 and potG mRNAs
code for the ATP-binding protein of ABC systems for the uptake
of nitrogen compounds (amino acids and polyamines). SMal1646
corresponds to the last cistron of a likely polycistronic transcript,
whose cDNA sequences almost exclusively mapped to an 83-nt
region immediately downstream of the SMal646 stop codon.
Finally, cDNAs from potG were almost exclusively derived from
a 159-nt stretch internal to the coding sequence. This type of dis-
tribution of cDNA reads over the Hfq-bound mRNAs has rarely
been found in our study, being the sin/ mRNA another example
(Fig. 5A). This variety of enrichment patterns in ColP-RNA
could be related to the primary binding sites of Hfq as well as to
the Hfg-dependent mechanisms of post-transcriptional regula-
tion of each particular mRNA.

Validation of predicted Hfg-dependent sSRNA-mRNA regu-
latory pairs

Enrichment by Hfq CoIP combined with misregulation in
the /fg mutant may indicate post-transcriptional control of cer-
tain mRNAs by Hfq-dependent sRNAs. In S. meliloti targeting
of the /ivK mRNA by the so-called AbcR1 sRNA is the only
sRNA-mRNA pair experimentally validated to date.”> AbcR1
and its homologous AbcR2 sRNA are tandemly encoded in a
S. meliloti chromosomal IGR and both have been reported to be
Hfqg-dependent.?#4> Accordingly, these sSRNAs were enriched
in our Hfq CoIP-RNA libraries (Fig. S4A). Similarly, the /ivK
mRNA (§Mc01946), which codes for the periplasmic component
of an ABC transporter involved in branched-chain amino acid
uptake, has been reported to be negatively regulated by Hfq and
cataloged as Hfq-bound in this study (Fig. S4B). A number of
additional target mRNAs of AbcR1 and/or AbcR2, mostly cod-
ing for ABC transport systems, have been computationally pre-
dicted.’*2 We selected three of these mRNAs, namely SMz0495,
prbA (SMc01642), and oppA (SMb21196), which as livK code for
amino acid binding proteins, are Hfq-bound and upregulated in
an /fqg mutant (Table S3), to further assess their regulation by
AbcR1/2 in vivo using a double-plasmid reporter system.* This
assay failed to demonstrate targeting of oppA (not shown) but
revealed downregulation of SMa0495 and prbA by both AbcR1
and AbcR2 (Fig. 6).

As for livK,”® AbcR1 and AbcR2 are predicted to target specifi-
cally the ribosome binding site (RBS) and flanking nucleotides
in the SMa0495 and prbA mRNAs through anti Shine-Dalgarno
motifs (positions 21-31 or 50-59 within the sRNAs) (Fig. 6).
SMa0495 and prbA were enriched in the Hfg-log and Hfg-
salt libraries, respectively, with ¢cDNA reads mostly clustering
over their 5'-regions, including the respective 5'-UTR (Fig. 6).
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Therefore, two genomic DNA fragments spanning from the
native TSS to the 16th and 18th codons of SMa0495 and prbA
mRNAs, respectively, were translationally fused to the N ter-
minus of EGFP in plasmids pRSMa0495::¢¢fp (Fig. 6A) and
pRprbA::egfp (Fig. 6B). These plasmids were used as reporters of
AbcR1 and AbcR2 activity in a S. meliloti 1021 AbcR1/2 double
deletion mutant (AR1/2). Fluorescence of exponential cultures of
the reporter strains co-expressing pRSMa0495::egfp and AbcR1
or AbcR2 from plasmids pSRK-R1 (R1+) or pSRK-R2 (R2+) was
25% less than that of control strains co-transformed with the same
target fusion and the empty vector pSRK (Fig. 6A). Similarly,
expression of both AbcR1 and AbcR2 resulted in reduction of the
fluorescence activity of plasmid pRprbA::egfp by 33% (Fig. 6B).

A previous analysis of the S. meliloti 1021 AbcR1- and AbcR2-
dependent periplasmic proteome from exponentially growing
TY bacterial cultures unequivocally demonstrated downregu-
lation of LivK by AbcR1.” However, a deeper examination of
the same Coomassie-stained 2D gels revealed a few more subtle
changes in protein abundance that, nonetheless, had not been
further confirmed by other approaches. Interestingly, mass spec-
trometry (MALDI-TOF) identified PrbA (MW 58.4 kDa and
pl 5.84) as one of these differentially accumulated polypeptides
(Fig. 6B, right panel). Gels resolved two forms of PrbA (probably
because of a post-translational modification) whose accumula-
tion decreased in S. meliloti 1021 single deletion mutants AR1
and AR2 transformed with plasmids pSRK-R1 and pSRK-R2,
respectively, when compared with that in control strains carrying
pSRK (Fig. 6B, right panel). This finding correlates with the
AbcR1/2-dependent fluorescence of pRprbA::egfp, further sup-
porting direct downregulation of prbA by both sRNAs.

Alrogether, these data validate pbrA and SMa0495 as common
targets of AbcR1 and AbcR2 sRNAs, thus rendering our data set
as a valuable tool to search for mRNAs targeted by other S. meli-
loti trans-acting SRNAs in an Hfq-dependent manner.

Discussion

The Sm-like protein Hfq is increasingly recognized as a major
hub in RNA transactions underlying virtually any adaptive
reprogramming of gene expression in bacteria. The model legume
symbiont S. meliloti encodes a functional Hfq homolog, which,
as its characterized counterparts in related o-proteobacteria,
has been shown to influence a diversity of free-living traits and
the symbiotic interaction.”’** Here we have explored the RNA-
binding features of S. meliloti Hfq by deep sequencing character-
ization of the population of transcripts specifically associated in
vivo to a FLAG-tagged variant of the protein. To our knowledge,
such a study has no precedent in the group of a-proteobacteria
interacting with eukaryotes. Our findings thus provide the first
global insights into the Hfq-mediated post-transcriptional con-
trol of relevant S. meliloti gene networks that to date have been
almost exclusively viewed from the perspective of transcriptional
regulation (Fig. 7).

Originally described in Salmonella, the methodology
used here is emerging as the generic approach of choice for
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successful genome-wide identification of Hfq RNA substrates in
bacteria.”?!'** To target a broad fraction of the transcriptome,
we analyzed ColP-RNA representing several rather than a single
growth/stress condition. This strategy delivered a large catalog of
RNA species, almost exclusively derived from putative regulatory
sRNAs and mRNAs. Hfg-binding RNAs were mostly recovered
from bacteria grown under stress, further highlighting the major
impact of this protein into bacterial adaptive traits.

Limited but functionally significant influence of Hfq in S.
meliloti SRNA pathways

Trans-acting sSRNAs are likely the predominant class of Hfq
partner transcripts in certain bacterial species. Consequently,
pull-down with Hfq has been an ideal strategy to successfully
recover most of the expressed zrans-sRNAs in these bacteria
(e.g., Salmonella).””'* However, our screen failed to identify
as Hfq-bound a large fraction (-86%) of the ~600 annotated
S. meliloti trans-sRNAs,* confirming preliminary observa-
tions on a very small subset of these transcripts.”” Furthermore,
the number of newly identified transcripts represents a minor
addition (< 3%) to this catalog. This finding could be partially
explained by the reduced number of biological conditions tested
compared with previous RNAseq surveys (5 vs 16 growth/stress
conditions)?? and the stringent threshold (= 5-fold enrichment
with respect to the controls) imposed to score the RNA species
as Hfg-bound. However, current data more likely anticipate that
in S. meliloti the impact of Hfq in trans-sSRNA activity could be
more limited than expected from the paradigms learned from
model enterobacteria, as suggested also for some Gram-positive
bacteria.'>*® A plausible candidate to complement or even ful-
fill the role of Hfq in riboregulation is the widely conserved
Argonaute-like protein YbeY (SMc01113), whose loss-of-func-
tion has been shown to produce phenotypes and to compromise
trans-sRNA stability similar to Hfq in S. meliloti> In contrast
to trans-sSRNAs, asRNAs seem to be a minor fraction of the Hfq
substrates in bacteria.””!"" Nonetheless, Hfq has been shown to
negatively regulate transposition in E. coli by promoting pairing
of an asRNA to the IS0 transposase mRNA >>* RNAseq-based
transcriptomic profiling of S. meliloti has evidenced pervasive
antisense transcription involving approximately 35% of the
annotated protein-coding genes.?”? ColP recovered only 2% of
the annotated S. meliloti asRNAs, none of which transcribed
opposite to genes encoding transposable elements, further sup-
porting the presumably discrete influence of Hfq in asRNA-
mediated regulation of gene expression. Considering the sizes
of the three S. meliloti replicons, both Hfq-bound #rans-sRNAs
and asRNAs were overrepresented on megaplasmid pSymA.
This replicon bias had been observed for the whole set of S. mel-
iloti trans-sSRNAs but not for the asRNAs.?? Rhizobial species
exhibit a multi-replicon pangenomic structure, being pSymA a
major source of intraspecific genetic and phenotypic variabil-
ity.* Hfq has been shown to assist the activity of horizontally
acquired genes in Salmonella.”*'* Therefore, it is reasonable to
speculate that this protein may also aid to integrate acquired
sRNAs into core S. meliloti pathways.

A major role of Hfq in riboregulation is promoting sRNA
stability, more likely by protecting non-coding transcripts from
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ribonucleolytic degradation.”®*® However, binding alone does not
necessarily imply requirement of Hfq for effective target regula-
tion.”® Previous studies have revealed that Hfq also influences
the stability of trans-sRNAs in S. meliloti.***>' Our results show
that Hfq selectively stabilizes ColP-enriched #rans-sRNAs and
asRNAs, suggesting that binding to Hfq is required for the activ-
ity of these transcripts in vivo.

The differential expression of the bacterial riboregulators is
usually a predictor of their physiological function. Approximately
94% of the Hfg-bound sRNAs (both #rans-sSRNAs and asRNAs)
identified in this study were retrieved from bacteria grown under
abiotic stress conditions and most under salt stress. The S. meliloti
o factors RpoH1/2 and RpoE2 have been shown to govern large
and scarcely overlapping arrays of genes activated in response
to a variety of stress conditions including heat shock, oxidative
stress, pH oscillations, hyperosmolarity, and entry into station-
ary phase upon carbon or nitrogen starvation, which are often
faced by rhizobia both in soil and in planta.’**> The available
genome-wide map of S. meliloti TSS and promoter motifs along
with predictions on the newly identified SRNA loci assigned 26
Hfq-bound sRNAs to either the RpoH1/2 or RpoE2 regulons,*
which further explains the dynamics of these sSRNAs as inferred
from their RPKM-normalized recovery rates.

Several factors such as differences in specificity of binding to
Hifq and yields of reverse transcription over particular secondary
structures can bias the recovery of some sRNAs by pull-down
with Hfq. However, expression profiling of a subset of Hfq-bound
sRNAs by northern blot probing, either reported previously (e.g.,
SmelC289, SmelA075, SmelA060, AbcR1, and AbcR2)%%¥42 or
presented here (SmelB126, SmelB075, SMc_Hfq_ncRNA_6,
and SMc_Hfq_asRNA_18), suggest accumulation profiles of
these transcripts that, overall, paralleled their relative recovery
rates in ColP-RNA. Therefore, our data set provides a reliable
reference for the identification of sSRNAs potentially involved in
major S. meliloti pathways underlying general stress adaptation
and the hyperosmotic stress response.

Hfq mostly targets mRNAs of major stress response and
symbiotic regulons

The largest fraction of transcripts directly targeted by Hfq
derived from mRNAs corresponding to approximately 18% of
the predicted S. meliloti protein-coding genes. This avidity for
mRNA binding is similar to that reported in Salmonella and
Bacillus subtillis/>'*'® but markedly higher than that of the
a-proteobacterium Rhodobacter sphaeroides Hfq, for which only
47 mRNA ligands have been identified.!" Gram-positive bacteria
and a-proteobacteria (including S. meliloti and R. sphaeroides)
encode Hfq homologs that lack the C-terminal region of their
enterobacterial counterparts, which has been largely assumed to
be required for mRNA binding and regulation.’® In the diver-
gent bacterial species E. coli and S. meliloti, Hfq has been shown
to regulate its own translation likely by direct binding to the
hfg mRNA leader.’®® Further supporting its ability for effec-
tive autoregulation, the 4fg mRNA was found within the pool
of RNA substrates of the naturally truncated S. meliloti and R.
sphaeroides Hfq homologs in this and previous studies, respec-
tively."! Therefore, this data adds uncertainty to the role of the
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C-terminal domain of the bacterial Hfq proteins in mRNA
regulation.”®

Our study revealed that S. melilot: Hfq associates to mRNAs
encoding functionally diverse proteins involved in cellular pro-
cesses relevant to both the free-living and symbiotic rhizobial
lifestyles namely, transport and metabolism, flagella biosynthe-
sis, QS, ribosome and membrane assembly, global stress responses
mediated by alternative ¢ factors, and symbiotic nitrogen fixa-
tion (Fig. 7). Many of these processes are similarly impacted by
Hfq in a diversity of phylogenetically distant bacteria, further
pointing to the existence of broadly conserved Hfq-dependent
pathways fundamental for maintaining cell homeostasis.”!»!3¢!

A significant subset of mRNAs previously found to be down-
regulated in the absence of Hfq were unambiguously scored as
Hfq-bound in our survey, thus providing further understanding
to the phenotypic pleiotropy associated to the deletion of Afgin S.
meliloti*’** The reported overall sensibility to abiotic stress (e.g.,
heat shock, pH alterations, or nutrient limitation) and reduced
infection rates of the 4fg mutants can be partly explained by the
requirement of Hfq for the expression of large groups of genes
encoding certain metabolic enzymes, QS and motility and che-
motaxis determinants, almost half of the S. meliloti alternative
o factors, and key components of the RpoE2 regulon. The lat-
ter include enzymes involved in detoxification of reactive oxy-
gen species (ROS) produced during aerobic growth and legume
infection. Similarly, direct positive Hfq-mediated regulation of
structural and regulatory genes (fix and nif) specifying nitrogen
fixation traits provides additional explanations to the symbiotic
defects of the mutants.®

Inferring Hfq-dependent regulatory mechanisms

cDNA clusters from most of the mRNAs positively regu-
lated by Hfq were found to be evenly distributed over the entire
sequence of the corresponding genes. This enrichment pattern
hints at Hfg-mediated stabilization of these transcripts either in
an sSRNA-independent manner involving active competition with
RNase E for binding to a large number of sites in the mRNAs>
or through the activity of Hfq-dependent #rans-sSRNAs.®>%4
Activation of the expression of these genes could also involve pro-
motion of translation by a SRNA® or directly by Hfq. The latter
scenario has been suggested for the Rhizobium leguminosarum bv.
viciae 744 mRNA.?® The proposed mechanism involves Hfq-
mediated recruitment of RNase E for specific cleavage within the
5'-UTR of the mRNA, leading to disruption of inhibitory struc-
tures over the RBS.

In certain cases, specific regions of the mRNAs, rather than
the full-length transcripts, appeared enriched in the ColP-RNA
libraries. These fragments, mostly derived from UTRs, could
correspond to novel Hfq-dependent #rans-sRNAs resulting from
parallel transcriptional output or post-transcriptional processing
of certain mRNAs.'*6¢% Alternatively, these enrichment pat-
terns likely reveal primary high-affinity binding sites for Hfq
that remain protected during exoribonucleolytic degradation of
the message upon base pairing with a #rans-acting sSRNA. Indeed,
these cDNA clusters preferentially mapped to the 5 regions of
the S. meliloti mRNAs, which are the most common binding
sites of this type of riboregulators in bacteria.’
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The classical model of RNA cycling on Hfq predicts that
the hexameric Hfq ring uses its two faces to simultaneously
bind the sSRNA-mRNA regulatory pairs for antisense interac-
tion.*” In line with this notion, many targets of well-character-
ized Salmonella sSRNAs have been identified within the pool of
Hfq-associated transcripts.” Similarly, among the identified Hfq-
bound mRNAs, those encoding the ABC transporters PrbA and
SMa0495 were validated here as new negatively regulated tar-
gets of the S. meliloti Hfg-dependent AbcR1 and AbcR2 sRNAs.
The reported upregulation of prbA and SMa0495 in the absence
of Hfq and the overrepresentation of their 5’ regions in ColP-
RNA are consistent with a canonical mechanism for AbcR1 and
AbcR2 activity involving antisense interaction with complemen-
tary sequences within or in the vicinity of the RBS of their tar-
gets, leading to blocking of translation and subsequent mRNA
decay. Our findings further support the hypothesis that the
AbcR family of a-proteobacterial sSRNAs is involved in the fine-
tuning of nutrient uptake by selective repression of multiple ABC
transporters of nitrogen compounds, similar to GevB sRNA in
enterobacteria.*>7%74

In conclusion, the comprehensive catalog of primary RNA
targets of the global regulator Hfq in S. meliloti provides a valu-
able resource to dissect unprecedented stress response and sym-
biotic post-transcriptional regulons as well as the regulatory
mechanisms underlying Hfq and sRNA activity.

Materials and Methods

Bacterial strains, plasmids, media, and growth conditions
for ColP experiments

All the bacterial strains and plasmids used in this work with
their relevant characteristics are listed in Table S4. Rhizobial
strains were routinely grown in complex tryptone—yeast TY
medium” at 30 °C. E. coli strains were grown in Luria—Bertani
(LB) medium at 37 °C. Media were supplemented with antibi-
otics if required at the following final concentrations (pg/ml):
streptomycin (Sm) 250, ampicillin (Ap) 200, tetracycline (Tc)
10, erythromycin (Er) 100, gentamicin (Gm) 45, and kanamycin
(Km) 50 for E. coli and 180 for rhizobia.

The S. meliloti strains used in ColP experiments were
Sm2B3001 as the wild-type strain,/® SmpWsinl™4¢ (express-
ing a C-terminal 3xFLAG-tagged Sinl protein), and SmAfg™4¢
(expressing a C-terminal 3xFLAG-tagged Hfq protein). For
construction of strain SmpWsin/™4¢, the Sinl coding sequence
devoid of its TGA stop codon was PCR amplified using
Sm2B3001 genomic DNA as template and primers sinl-Ndel-
fwd and sinl-FX-rev (Table S5), the latter carrying the 3xFLAG
sequence followed by a TGA stop codon. The PCR product was
restricted with NVdel and Xbal and inserted into the correspond-
ing sites of the pPSRKGm vector,”” which carries an inducible Lac
promoter closely upstream the Ndel restriction site. The resule-
ing plasmid was mobilized to Sm2B3001 by conjugation. Strain
Smhfg™4¢ was obtained by allelic replacement of the chromo-
somal Sm2B3001 /fg gene using the pK18mobsacB-derived sui-
cide plasmid pK18Hfq3xFlag.”’
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For ColP, strain SmAfg™4“ was cultured in 200 ml broth
under five different growth/stress conditions. Exponential and
stationary cultures were obtained in TY medium by growing bac-
teria to OD,, 0.6 and 2.8, respectively. Temperature shifts for
cold (20 °C) and heat (40 °C) shocks were applied for 30 min
to exponentially growing bacteria in T'Y. Salt stress was imposed
by addition of 0.4 M NaCl for 1 h to exponential cultures in
minimal GMS medium.”® Strains Sm2B3001 and SmpWsin/4¢,
both expressing untagged Hfq, were used as controls in the
experiments. Sm2B3001 was cultured in TY to exponential and
stationary phases whereas SmpWiin/¢ was subjected to cold,
heat, and salt shocks as described in the presence of 1 pM IPTG
to induce sinf™¢ expression. Two independent cultures were
obtained for each strain and growth condition.

CoIP-RNA preparation and RNAseq

ColP was performed in rhizobial lysates using the ANTI-
FLAG M2 affinity gel (Sigma #A220) according to a published
protocol.?” The process was monitored by western blot analysis
with an ANTI-FLAG monoclonal antibody (Sigma #F7425) as
reported.”’ ColP-RNA was further purified from the isolated
RNA-protein complexes by phenol/chloroform/isoamyl alcohol
extraction and ethanol precipitation. Equivalent ColP-RNA
quantities from the two independent pull-down experiments
with SmAfg™4% in each of the five growth conditions were finally
pooled. Similarly, two control samples were obtained by pooling
the ColP-RNAs from strains Sm2B3001 and SmpWsin/™4°.

CoIP-RNA  pools further processed by Vertis
Biotechnologie AG to generate a total of seven strand-specific
cDNA libraries, namely Hfqg-log, Hfq-stat, Hfg-cold, Hfq-heat,
Hfg-salt (from strain Sm/fg™4“), C-wt (from Sm2B3001), and
C-Sinl (from SmpWsin/™¢). For this, ColP-RNA samples were
poly(A)-tailed using poly(A) polymerase. Then, the 5'PPP struc-
tures were removed using tobacco acid pyrophosphatase (TAP).
Afterwards, an RNA adaptor was ligated to the 5'-phosphate of
the RNA. First-strand cDNA synthesis was performed using an
oligo(dT)-adaptor primer and the M-MLV reverse transcriptase.
The resulting cDNAs were PCR-amplified to about 20-30 ng/pl
using a high fidelity DNA polymerase. During PCR cycles, barcode
sequences were attached to the 5’-ends of the cDNAs. The cDNAs
were purified using the Agencourt AMPure XP kit (Beckman
Coulter Genomics) and analyzed by capillary electrophoresis.

were

The primers used for PCR amplification were designed for
TruSeq sequencing according to the instructions of Illumina.
Adaptor sequences flanking the cDNA inserts were harbored
by primers TrueSeq_Sense_primer and TrueSeq Antisense
NNNNNN primer Barcode (Table S5). The combined length
of the flanking sequences is 146 bases.

The libraries were sequenced on an Illumina GAIlx sequencer
with 100 cycles. After sequencing, reads were demultiplexed
based on their barcodes and adapters were removed.

Identification of Hfq-dependent transcripts/features

Genome sequences and annotations of S. meliloti refer-
ence strain 1021 (accessions NC_003037, NC_003047 and
NC_003078) were downloaded from the Rhizogate Portal.””
Next to 6296 protein-coding genes, the annotation of S. meliloti
1021 includes 545 zrans-sRNAs, 3028 asRNAs, and the positions
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of TSS defining the 5'-UTR of 2832 mRNAgs, all discovered in
previous studies.?>%

Sequencing reads from the five Hfq and the two control (C)
ColP ¢cDNA libraries were preprocessed and individually mapped
to the S. meliloti 1021 genome using Segemehl with standard
parameters.’’ Reads that did not map to the reference genome
were trimmed to remove alien nucleotide sequences (e.g., polyA
tails or adaptor sequences) and then subjected to a second map-
ping round. Reads mapping to a unique genomic location were
kept for further analysis.

For detection of Hfg-dependent features, changes of rela-
tive transcript abundance between Hfg- and C-ColP libraries
were assessed. The quantification of transcript abundances was
done for each sample and started with the aggregation of reads
over all annotated S. meliloti 1021 genomic features. In case of
protein-coding genes, the genomic coordinates of the UTRs, if
available, were included in the analysis. Read counts per feature
were obtained in a three-step procedure. Initially, reads overlap-
ping single features were assigned to these features. To determine
the origin of a read which overlapped multiple features, the defini-
tion of the intersection-nonempty counting mode of the HTSeq
framework was applied.®' Reads that could be disambiguated were
assigned to their originating features. In an intermediate step,
for each feature, an RPKM value was calculated from the read
counts. Finally, the remaining ambiguous reads were allocated to
the corresponding features in the ratio of their RPKM values.®

After the calculation of feature read counts for the individual
libraries, each of the five Hfg- and their corresponding C-ColP
library pairs were normalized, using the normalization strategy of
the DESeq software.®? Starting with feature read counts as input,
DESeq estimated global size factors to normalize each library. The
resulting normalized feature read counts (i.e., the relative tran-
script abundances) were the basis for the fold change calculation.

Features were defined to be bound by Hfq if (1) in at least
one Hfq—ColP library increased transcript abundance, relative
to the control, by a factor higher than 5-fold was estimated, and
(2) they were represented by at least 30 reads in the respective
Hfq—ColIP library.

Identification of novel sSRNAs

In addition to the discovery of Hfg-dependent features, a
global screen to identify new unannotated rans-sRNAs and asR-
NAs was performed. First, reads from all five Hfq—ColP librar-
ies were pooled and clustered to transcripts. Transcripts with a
minimal length of 50 nt and a continuous coverage of at least 10
reads were selected if they also met the Hfq dependency criteria.
Transcripts that passed the filter step were classified based on the
genomic position relative to annotated features. As missing UTR
information can lead to misclassified transcripts, we applied the
minimal transcriptional unit (MTU) model to the S. meliloti
annotation.”” The MTU model extends the annotation of a pro-
tein coding gene, which has incomplete UTR annotations, by
virtual 5'- and 3’-UTRs of length 54 nt and 20 n, respectively.

Transcripts represent trans-encoded sRNAs if they do not
overlap any features, while transcripts overlapping a gene in anti-
sense orientation are classified as cis-encoded antisense sSRNA.
The resulting novel #rans-sRNAs and asRNAs were named
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according to the following conventions, SMx_Hfq_ncRNA_n
and SMx_Hfq_asRNA_n, respectively, where “x” stands for
the S. meliloti genomic replicon (i.e., ¢, chromosome; a, plasmid
pSymA; b, plasmid pSymB).

Novel sSRNA promoter profile search

Based on established promoter models,? profile searches for
putative promoters specific for RpoD, RpoE2, RpoH1, RpoH2,
RpoH1/2, and RpoN were performed upstream of the novel
sRNAs using PoSSuMsearch.*

RNA isolation and northern analysis

Total RNA from strain Sm2B3001 grown under the con-
ditions of ColP experiments was isolated by acid phenol/
chloroform extraction as reported previously.*® To assess Hfqg-
dependent sSRNA decay, Sm2B3001 and its derivative SmAAfg,
obtained by deletion of the chromosomal Sm2B3001 Afg gene
using the suicide plasmid pK18AAfg,%* were grown in 150 ml of
TY broth until exponential phase, and transcription was termi-
nated by rifampicin addition at final concentration of 800 pg/
ml. Aliquots (10 ml) of the cultures were withdrawn immediately
before rifampicin addition and at different time-points after the
arrest of transcription for RNA extraction.

For northern analysis RNA samples (10 pg) were separated on
6% polyacrylamide/7M urea gels, blotted onto nylon membranes,
and probed with 5’-end radiolabeled 25-mer oligonucleotides spe-
cific for selected sSRNAs (Table S5) as described.** Hybridization
signal intensities were quantified with the Quantity One soft-
ware package (Bio-Rad).

Validation of predicted AbcR1 and AbcR2 mRNA targets

Antisense interactions between AbcR1/2 and their putative
target mRNAs were searched for with IntaRNA.® Reporter
plasmids, pRSMa0495::e¢fp and pRprbA::egfp, constitutively
expressing translational fusions of the 5" regions of SMa0495
and prbA (containing the predicted AbcR1/2 interaction site)
to the N terminus of EGFP were then constructed by insertion
of DNA fragments amplified from the Sm2B3001 genome with
the primer pairs SMa0495_F/SMa0495_R and SMc01642_F/
SMc01642_R, respectively (Table S5), into the low-copy pR-
EGFP vector.

Reporter plasmids were individually transferred by conju-
gation to a S. meliloti 1021 AbcR1/2 double deletion mutant
(AR1/2) harboring plasmids pSRK-R1, pSRK-R2 (constitutively

expressing AbcR1 and AbcR2 sRNAg, respectively), or the empty
vector pSRK.*> Four double transconjugants for each pSRK-tar-
get fusion combination were grown in TY medium to exponen-
tial phase and fluorescence of 100 pl of bacterial cell cultures
was measured on Tecan Infinite M200 reader (Tecan Trading
AG) using in 96-well microtiter plates (Greiner). Background
fluorescence was determined from strains harboring pSRK and
the empty pR-EGFP plasmid instead of the target fusions and
subtracted from the fluorescence of target fusions.

The AbcR1/2-dependent periplasmic proteome was previ-
ously determined.” New spots corresponding to differentially
accumulated polypeptides were excised from gels and further
processed for protein identification as reported.*
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