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Summary

In this work, we surveyed the genome of P. protegens
CHAO in order to identify novel mRNAs possibly
under the control of the Gac-Rsm cascade that might,
for their part, serve to elucidate as-yet-unknown func-
tions involved in the biocontrol of plant pathogens
and/or in cellular processes required for fithess in
natural environments. In view of the experimental evi-
dence from former studies on the Gac-Rsm cascade,
we developed a computational screen supported by a
combination of sequence, structural and evolutionary
constraints that led to a dataset of 43 potential novel
mRNA targets. We then confirmed several mRNA tar-
gets experimentally and next focused on two of the
respective genes that are physically linked to the
orfamide biosynthetic gene cluster and whose pre-
dicted open-reading frames resembled cognate
LuxR-type transcriptional regulators of cyclic lipo-
peptide clusters in related pseudomonads. In this
report, we demonstrate that in strain CHAO, orfamide
production is stringently dependent on a functional
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Gac-Rsm cascade and that both mRNAs encoding
transcriptional regulatory proteins are under direct
translational control of the RsmA/E proteins. Our
results have thus revealed a hierarchical control over
the expression of orfamide biosynthetic genes with
the final transcriptional control subordinated to the
global Gac-Rsm post-transcriptional regulatory
system.

Introduction

In Pseudomonas spp., the ubiquitous and global regula-
tory two-component system GacS-GacA controls sensi-
tive traits like cell-cell communication, secondary
metabolite production and motility (Lapouge et al,
2008). In Pseudomonas protegens Pf-5, the global regu-
lation by GacA extends to more than 10% of the anno-
tated genes, whereas in P aeruginosa M18 that system
influences the expression of some 15% of the encoded
genes (Hassan et al., 2010; Wei et al,, 2013). Such a
striking impact on global gene expression operates
mainly at the post-transcriptional level through the action
of GacA-responsive small, noncoding and trans-acting
regulatory RNAs (sRNAs) of the Csr/Rsm family
(Lapouge et al., 2008). The entire global regulatory
pathway, known as the Gac-Rsm cascade in the genus
Pseudomonas, is also present in other members of the
vy-proteobacteria, thus tracing the ancestral and pivotal
role of that cascade in gene regulatory networks
(Lapouge et al., 2007).

In the biocontrol strain P protegens CHAO the Gac-
Rsm cascade upregulates the expression of genes
required for production of all secondary metabolites that
have been identified as relevant to the biocontrol of fun-
gal and oomycete plant pathogens and to insect toxicity,
as well as to escaping predation by bacterivorous proto-
zoa and nematodes, for example, 2,4-diacetylphorogluci-
nol (DAPG), pyoluteorin, HCN and exoprotease A (Haas
and Defago, 2005; Jousset et al., 2006; Romanowski
et al., 2011; Flury et al, 2017). The histidine kinase
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GacS responds to an unknown cellular signal that accu-
mulates upon leaving the exponential phase of growth
(Heeb et al., 2002). As a consequence, the response
regulator GacA becomes active and induces expression
of the three molecular mimic sRNAs RsmX, RsmY and
RsmZ (Kay et al., 2005), which transcripts exploit their
molecular-mimicry decoying capabilities to compete with
mRNAs for ligation to the translational repressor RNA
binding proteins RsmA and RsmE (Reimmann et al,
2005), thus inactivating those proteins so as to permit
ongoing translation of the products of the aforemen-
tioned biocontrol genes. Genetic and structural data
accumulated in studies of the Gac-Rsm system of P
protegens CHAO provided insights into the nucleotide-
sequence requirement and topology amenable to the
molecular decoying of the RsmA/RsmE proteins by
those sRNAs and target mRNAs. Both RNA-binding pro-
teins display a high susceptibility to binding to the
sequence motif ANGGA exposed in the loop of short
hairpin turns (Lapouge et al., 2007; Schubert et al.,
2007). If those same motifs are near to or they overlap
the ribosome-binding site (RBS) of an mRNA, binding of
either of the RsmA/E proteins will interfere with the
translation initiation. Thus, unidentified mRNAs under
translational control by the proteins of the Gac-Rsm cas-
cade should contain the RsmA/E recognition motif in the
periphery of its RBS, particularly so with respect to an
ANGGA segment as part of a stem-loop structure
exposing the trinucleotide GGA (Valverde et al., 2004;
Lapouge et al, 2013). Moreover, if such post-
transcriptional control is instrumental for bacterial fitness
in a set of phylogenetically related species, we could
predict that the sequence-structure decoy required for
Gac-Rsm control has to be evolutionarily conserved in
functional homolog mRNA sequences and could serve
as well as a reliable criterion for identifying candidate
genes that might be under Gac-Rsm regulation.

The production of cyclic lipopeptides (CLPs) — they
considered as relevant agents effecting the biocontrol of
different plant pathogens (D’Aes et al., 2010)- has been
characterized at the biochemical and genetic level in
several Pseudomonas species. The CLPs are bimodular
molecules, with a variable fatty acid tail linked to a
lactone-cyclized oligopeptide ring. The peptide module
comprises 8 to 25 amino acids, and is assembled by
nonribosomal peptide synthetases (NRPSs). Variations
in the chemical nature of the fatty-acid tail and the pri-
mary structure of the oligopeptide have given rise to and
thus characterize a number of CLP families (Raaij-
makers et al, 2010). The vast chemical diversity of
these biomolecules, along with their surfactant and anti-
fungal activity, prompted their consideration as novel bio-
products with applications in agronomy for the control of
plant pests (Ongena and Jacques, 2008). Of interest to

us is that the gene encoding the NRPSs are generally
found in defined clusters together with other genetic ele-
ments involved in the regulation of expression and
exportation of CLPs (Raaijmakers et al, 2010). The
main CLP produced by P protegens CHAO and by that
strain’s close phylogenetic relative P protegens Pf-5 is
orfamide A (Gross et al., 2007). Orfamide A induces the
lysis of zoospores from the oomycetes Phytophtora
ramorum and Pythium ultimum, inhibits formation of
appressoria in the fungal pathogen Magnaporthe ory-
zae, and it also contributes to the insect oral toxicity of
strain CHAO with respect to the cabbage moth Plutella
xylostella (Ma et al., 2016; Flury et al, 2017). Even
though the involvement of sRNA elements in the control
of CLP production has been reported in other pseudo-
monads (Song et al, 2015), the operation of post-
transcriptional regulation over the expression of the orfa-
mide A biosynthetic genes in strain CHAO has not been
yet characterized.

In the experiments reported here, a computational
prediction of mMRNAs that may be subject to direct con-
trol of the Gac-Rsm system in the biocontrol model
strain P protegens CHAO led us to identify a pair of
genes encoding LuxR-type transcriptional regulators
flanking the biosynthetic operon for the CLP orfamide A,
which alleles were subsequently validated experimen-
tally as novel authentic targets of the Gac-Rsm cascade.

Results and discussion

In silico prediction of novel Gac-Rsm mRNA targets in
P. protegens CHAO and experimental validation

As stated above, the Gac-Rsm cascade of P protegens
CHAO controls the expression of genes involved in pro-
duction of secondary metabolites for the biocontrol of
fungal phytopathogens and for escaping predation by
bacterivorous protozoa and nematodes (Jousset et al.,
2006; Lapouge et al., 2008; Romanowski et al., 2011).
Genes under direct control by the Gac-Rsm system
include the hcn operon (for synthesis of hydrogen cya-
nide), aprA (for the extracellular metalloprotease A),
phIACBDE (for the antibiotic DAPG) and pltA (part of
the plt operon for the antibiotic pyoluteorin) (Lapouge
et al., 2013). Evidence has been garnered from related
pseudomonads that the Gac-Rsm cascade has a much
broader influence on gene expression than previously
estimated (Valverde and Haas, 2008; Hassan et al.,
2010; Wei et al., 2013); likewise, the molecular details of
the RNA motifs that are recognized by RsmE protein
(Lapouge et al., 2007; Schubert et al, 2007; Lapouge
et al., 2013) suggest that other mRNAs might exist that
could constitute direct targets of RsmE as well as of
RsmA proteins. We, therefore, carried out an in silico
survey to encounter novel targets of the Gac-Rsm
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cascade in the genome of P protegens CHAO (Jousset
et al., 2014), which search was based on the experi-
mental evidence available for this system (Schubert
et al., 2007). The in silico pipeline (Supporting Informa-
tion Fig. 1) took into consideration the sequence, struc-
tural and evolutionary features of the putative RNA
recognition sites preferred by the RsmA/E proteins. The
prediction was focused on a 300-bp DNA sequence
around every annotated open-reading frame (ORF),
ranging from 250 bp upstream to 50 bp downstream
from the start codon. The reasons for this selection
were: (1) RsmA/E-targeted binding sites distant from the
RBS cannot be excluded (Lapouge et al, 2007); (2)
mRNAs usually exhibit a relaxed structure that facilitates
ribosome binding and translation along the first 40-50
bp within the coding region (Kudla et al., 2009); and (3)
possible misannotation of the start codon during auto-
matic genome curation. All 300-bp DNA sequences
retrieved were queried for the presence of the RsmE
decoy 5-WCANGGANGW-3' (Schubert et al., 2007).
The high degree of identity between RsmA and RsmE
and the successful functional exchange reported for
these two proteins (Reimmann et al., 2005), prompted
us to consider that the search may also identify mRNA
targets for RsmA. One disadvantage of this approach is
that putative RsmA/E targets located within the coding
region or in the 3-UTR of mRNAs (Holmqvist et al.,
2016) might have been disregarded.

The search resulted in a total of 116 putative DNA
fragments with matching sequence motifs (Supporting
Information Fig. 1a and Supporting Information Table 1).
Almost 2/3 of the hits contained the motif within the 5'-
UTR, 25% overlapped the start codon and fewer than
10% of the hits had the motif within the first 50 bp of the
coding region (Supporting Information Fig. 1b). With
regards to the central pentamer of the query string
(ANGGA), ACGGA was the rarest combination (<15%),
with AAGGA, AGGGA and AUGGA being present at
comparable frequencies (ranging 25-33%) (Supporting
Information Fig. 1c). Within the 5-UTRs, most of the
motifs overlapped the Shine-Dalgarno sequence
(Supporting Information Fig. 1d). The primary list was
narrowed down upon application of the following three
filter criteria: (1) the putative RsmA/E-binding site must
be located at or near the Shine—-Dalgarno sequence; (2)
the site sequence must fold into a stem-loop structure
exposing the trinucleotide GGA in the loop; (3) the
sequence motif must be evolutionarily conserved in the
5-UTRs of the orthologous genes in phylogenetically
related pseudomonads. Upon application of these filters,
we arrived at a list of 45 putative mRNA targets for
RsmA/E proteins (Supporting Information Table 2) that
included two well characterized Gac-Rsm mRNA tar-
gets, hcnA and aprA (Blumer et al, 1999), thus
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supporting our predictive strategy and the resulting out-
put (Supporting Information Table 2). Two of the known
Gac-Rsm targets (phlA and pltA) were not detected by
our approach, because of a slight divergence in the
decoy present in these two 5-UTRs from the RsmE-
consensus recognition motif (Lapouge et al., 2013).

Four putative novel target mRNAs were chosen for
experimental confirmation of their regulated expression
by the Gac-Rsm system in P. protegens CHAO. A ‘lacZ
translational-reporter fusion with the 5’-UTR of a bona-
fide Gac-Rsm target gene must be induced in the transi-
tion from exponential to stationary phase in the wild-type
strain CHAOQ; be strongly downregulated in a gacS, gacA
or rsmX/Y/Z mutant background; and be upregulated in
an rsmA/E mutant background (Kay et al., 2005; Crespo
and Valverde, 2009). Three out of the four genes tested
matched the requirements for Gac-Rsm regulation (Sup-
porting Information Fig. 2): PFLCHAO_c00250 (dprA, for
the DNA-processing chain A) (Mortier-Barriere et al.,
2007), PFLCHAO_c02690 (pksPF, encoding a small puta-
tive acyl-carrier protein) and PFLCHAO_c21910 (encod-
ing an ortholog of a LuxR-type transcriptional factor).
The fourth gene tested, PFLCHAO_c04880 (soj1),
involved in the cell-division process (Murray and Erring-
ton, 2008), did not contain a typical pattern correspond-
ing to a Gac-Rsm target, possibly because of the lack of
a proper secondary structure (Supporting Information
Fig. 2c). For reasons that will become clear below, we
focussed this study on the newly identified Gac-Rsm tar-
get gene PFLCHAO_c21910.

Control of expression of the two mRNAs encoding
transcriptional regulators of the orfamide biosynthetic
gene cluster by Gac-Rsm

The expression pattern of a PFLCHAO_c21910-‘lacZ
fusion strictly matched that of a true Gac-Rsm target
mRNA (Fig. 1A). The gene PFLCHAO_c21910 encodes
an ortholog of a LuxR-type transcriptional factor that is
located downstream from a cluster encoding the biosyn-
thetic proteins for the CLP orfamide A (Fig. 1A) (Ma
et al., 2016). The production of orfamide has been
recently demonstrated in P. protegens CHAO (Ma et al.,
2016; Flury et al, 2017), but that CLP’s genetic-
regulatory features remain obscure. This lack of informa-
tion prompted us to investigate the regulation of orfa-
mide production by the Gac-Rsm cascade in strain
CHAO. The architecture of the orfamide-gene cluster in
strain CHAO is syntenic to clusters for CLP biosynthesis
from other pseudomonads containing two flanking genes
for LuxR-type transcription regulators encoded within a
single locus, PFLCHAO_c21910 located downstream
and PFLCHAO_c21850 upstream from the biosynthetic
genes (Supporting Information Fig. 3). We will hereafter
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refer to these alleles as orfR1 and orfR2, respectively.
As our in silico search (Supporting Information Fig. 1)
did not reveal a putative RsmA/E binding site for orfR2,
we manually inspected the genomic annotation and real-
ized that the true start codon was at 57 nucleotides (19
codons) downstream from the location originally pre-
sumed and, therefore, had been previously automatically

misannotated. After this correction, a bona-fide RsmA/E
binding site (UCAAGGAUGA) was detected at positions
—8 to —17 relative to the true start codon (Fig. 1B) and
for this reason had been missed in our original search
(Supporting Information Fig. 1). The expression pattern
of a ‘lacZ translational fusion also indicated a typical
activation of the orfR2 gene during the transition from
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Fig. 1. Control of expression of the two genes encoding transcriptional regulators of the orfamide-biosynthetic gene cluster, orfR1 and orfR2,
by the Gac-Rsm system of P. protegens CHAO. Impact of the gacS, rsmA/rsmE, and rsmX/Y/Z mutations on the expression of a plasmid-
borne orfR1-‘lacZ (A) or orfR2-‘lacZ (B) translational fusion. f-Galactosidase activity (left ordinates) was determined in strains CHAO (open
circles, wild-type context), CHA19 (open triangles, gacS mutant), CHA1144 (open diamonds, rsmXYZ mutant) and CHA1009 (open squares,
rsmAE mutant), following procedures reported elsewhere (Valverde et al., 2004). The corresponding solid symbols represent the growth curves
of each strain (right ordinates on an exponential scale). Each value represents the average of the data from three separate cultures * standard
deviation. The scheme above each panel illustrates the genomic context of orfR1 and orfR2 in the CHAO genome. The panels to the right
depict the Mfold secondary-structure prediction (set to default parameters at 30°C) of the RsmA/E-binding motif identified for the orfR71 and
orfR2 5'-UTRs along with the corresponding standard free energy (Zuker, 2003) and the evolutionary conservation of the 5-UTR RNA
sequence and its secondary structure as inferred by locARN. The block pattern in grey beneath the sequences depicts the degree of nucleo-
tide conservation at each position of the alignment. The string of dots and parentheses on top of the alignment represents the consensus sec-
ondary structure of the alignment. Base pairs in the structure are indicated by corresponding opening and closing parentheses. Compatible
base pairs are colored in the alignment, where the hue shows the number of different types C-G, G-C, A-U, U-A, G-U or U-G of compatible
base pairs in the corresponding columns. Thus, the hue shows sequence conservation of the base pair. The saturation decreases with the
number of incompatible base pairs, and indicates the structural conservation of the base pair (Will et al., 2012). Pen, P. entomophila; Pfl, P. flu-
orescens; Ppo, P. poae; Ppr, Pprotegens; Psy, P. syringae pv. tomato; C) Gac-Rsm control strength over orfR1 and orfR2. The local structure
and folding energy (below) were predicted with Mfold set to default parameters at 30°C (Zuber et al., 2003). The base positions are relative to
the first coding nucleotide. The characteristic single-stranded GGA triplets regarded as essential for RsmA/E binding (Valverde et al., 2004)
are highlighted with grey circles. The RsmA/E binding sites of hcnA and aprA (Blumer et al., 1999) are included for comparison. For each
translational fusion, the GacS activation factor is the CHAO/CHA19 expression ratio, the RsmA/E repression factor is the CHA1009/CHAO
expression ratio, and the Gac-Rsm control factor represents the product of the GacS activation factor X the RsmA/E repression factor. The
factors were calculated from the f-galactosidase activities shown in (A) and (B), and correspond to cultures sampled at early stationary phase
(i.e., 7 h for orfR1™-lacZ (a) and 9 h after inoculation for orfR2’-lacZ (B). The hcnA’-‘lacZ and aprA’-‘lacZ factors were calculated from pub-

lished data (Reimmann et al., 2005).

exponential to stationary phase in wild-type CHAO
(Fig. 1B) and a strong downregulation in the absence of
functional GacS-sensor or RsmX/Y/Z sRNAs (Fig. 1B);
in contrast, the upregulation in an rsmAE mutant was
only evident in the exponential phase and the expres-
sion was indistinguishable from that of the wild-type
CHAO in stationary phase (Fig. 1B). Nevertheless, the
conclusion is that both orfR1 and orfR2 seem to be
direct targets of the Gac-Rsm riboregulatory network in
P. protegens CHAOQ. The comparison of the quantitative
impact that the Gac and Rsm mutations have on the
expression of each translational fusion suggested that
the Gac-Rsm pathway exerts a more stringent control
over orfR1 than over orfR2 (Fig. 1C).

Activation of orfamide production in P. protegens CHAO
by the Gac-Rsm cascade

In view of the finding that both putative transcriptional
regulators flanking the orfamide-biosynthetic cluster
exhibit a typical Gac-Rsm-dependent expression (Fig.
1), we decided to investigate whether or not the produc-
tion of this CLP is subordinated to the Gac-Rsm cas-
cade in strain CHAO. When grown in King’s B medium,
P. protegens CHAO produces a set of CLP isoforms that
correspond to orfamide derivatives differing in the fatty-
acid moiety and in the fourth amino acid residue (Ma
et al, 2016). Indeed, the drop-collapse activity in the
supernatant of wild-type CHAO was activated in the early
stationary phase (Fig. 2B), strongly resembling the
expression pattern of HCN production and exoprotease
activity (Blumer et al, 1999). Moreover, the drop-
collapse activity was abolished in gacS and rsmXYZ
mutants, but was stimulated in the rsmAE mutant, thus

revealing a positive regulation by the Gac-Rsm pathway
(Fig. 2A and B). The reverse-phase HPLC profile of puri-
fied CLPs from the wild-type CHAO and its isogenic
Gac-Rsm mutants confirmed that the production of orfa-
mide variants is under strict Gac-Rsm control (Fig. 2C)
and that this phenotype is consistent with the pattern of
drop-collapse activity in the culture supernatants (Fig.
2A). The identity of the major peak eluted at 60 min,
both from the wild-type CHAO and from the rsmAE
mutant CHA1009, was confirmed as orfamide A by
MALDI-TOF-MS fragmentation (Fig. 2C). All together,
these results demonstrate that in P. protegens CHAO the
Gac-Rsm pathway orchestrates orfamide production,
possibly (at least partly) through a direct control over the
expression of orfR1 and orfR2, those alleles most likely
encoding the Lux-type transcriptional regulators of the
CLP biosynthetic cluster.

OrfR1 and OrfR2 as functional homologues of the P.
fluorescens SBW25 viscosin-transcription regulators
ViscAR and ViscBCR

A phylogenetic analysis suggested that the products of
the orfR1 and orfR2 genes had coevolved indepen-
dently from each other and from other members of the
family that are involved in quorum sensing (Supporting
Information Fig. 4). For those CLP gene clusters
encoded within one chromosomal locus, one LuxR-type
transcriptional regulator is typically encoded upstream
from the biosynthetic genes (e.g., orfR2 in CHAO),
whereas a second is encoded downstream from that
gene cluster (e.g., orfR1 in CHAO) (Supporting Informa-
tion Fig. 3). In P fluorescens strain SBW25, viscAR
and visBCR are the two nonredundant LuxR-type tran-
scriptional regulators required for full production of
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Fig. 2. Activation of orfamide production in P. protegens CHAO by the Gac-Rsm cascade.

A. Drop-collapse activity of stationary-phase cell-free-culture supernatants of P. protegens CHAO wild-type and mutant strains lacking different
genetic elements of the Gac-Rsm cascade. The standard drop-collapse assay was conducted as described previously (de Bruijn and Raaij-
makers, 2009).

B. Time course (abscissa in h) for the onset of the drop-collapse activity (left ordinate) of wild-type and mutant strains along the corresponding
growth curve in nutrient broth. CHAO (open circles, wild-type context), CHA19 (open triangles, gacS mutant), CHA1144 (open diamonds,
rsmXYZ mutant) and CHA1009 (open squares, rsmAE mutant). The corresponding solid symbols represent the growth curves of each strain.
Each value is the average of the data from three separate cultures = standard deviation.

C. CLP HPLC profile of the wild-type and Gac-Rsm mutants (ordinates in arbitrary units, AU). The arrow points to the major peak present in
the wild-type and in the rsmAE mutant strain CHA1009, whose identity was confirmed as orfamide A. The culture lipopeptides were isolated by
acid precipitation and purified by RP-HPLC essentially as described (Alvarez et al., 2012). The P. protegens strains were grown in PSFM
medium without FeCl; (De La Fuente et al., 2004) for 24 h at 28°C with agitation (150 rpm). Precipitated lipopeptides were suspended in
100% methanol and injected into an HPLC system (Infinity LC Grad, Agilent) equipped with an Analytical Zorbax C18 reverse-phase column
(4.6 mm X 150 mm, Agilent) and an ultraviolet detector (Agilent). The compounds were eluted at a flow rate of 1 ml/min with an increasing
gradient of acetonitrile from 10 to 100%. Elution was performed as follows: 10% for 0—10 min, 35-80% for 10—45 min, 80% for 45-55 min and
80-100% for 55-65 min. The identity of the lipopeptides eluted in the fractions corresponding to orfamide peaks were confirmed by MALDI-
TOF mass spectrometry analysis at the CEQUIBIEM facility (Center of Chemical and Biochemical Studies by Mass Spectrometry — Buenos
Aires University).

D. Functional complementation of P, fluorescens SBW25 mutants lacking either of the two transcriptional regulators for viscosin production,
ViscAR and ViscBCR, by the P. protegens CHAO transcriptional regulators OrfR2 and OrfR1, respectively. The upper row illustrates the drop-
collapse activity of stationary-phase cell-free culture supernatants of the corresponding strains indicated above the panel as compared to water
as a negative control. The lower row depicts the swarming phenotype of the same strains. The complemented AviscAR and AviscBCR mutant
strains contained a low-copy plasmid-borne allele of P protegens orfR1 or orfR2 genes. The swarming motility of the P. fluorescens SBW25
strains was assessed on soft (0.6% [w/v] agar) standard succinate agar medium (de Bruijn and Raaijmakers, 2009).

viscosin (de Bruijn and Raaijmakers, 2009). Thus, in CHAO genes. Viscosin production (evidenced by the
order to test if orfR2 and orfR1 are respective func- drop-collapse activity of culture supernatants and the
tional homologs of viscAR and viscBCR, we comple- swarming motility of the strains) was fully restored
mented SBW25 AviscAR or AviscBCR mutants with when each cognate ortholog transcriptional-regulator
low-copy plasmids carrying the respective orthologous gene was present in a plasmid (Fig. 2D). Thus, orfR2
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Fig. 3. Impact of point mutations within the putative RsmA/E-binding site on the Gac-Rsm control over orfR7-‘lacZ and orfR2-‘lacZ transla-
tional fusions. Comparison of the translational activity of wild-type and mutant orfR7-‘lacZ (A), or wild-type and mutant orfR2-‘lacZ (B), at the
transition from exponential to early stationary phase (9 h after inoculation) in strains lacking different elements of the CHAO Gac-Rsm cascade.
In the figures, the B-galactosidase activity is plotted on the ordinate for each of the genotypes indicated on the abscissa. Key to the genotypes
denoted by the bar shades: black, wild-type; dark grey, rsmA/E mutant; medium grey, gacS mutant; light grey, rsmX/Y/Z mutant.

and orfR1 proved to be functional LuxR-type transcrip-
tional regulators of the viscAR and viscBCR families
(Fig. 2D; Supporting Information Figs 3 and 4).

Evidence of direct control by RsmA/E over the 5-UTR
region of the orfR1 and ofrR2 genes

To confirm that the sequence motifs identified within the
5-UTR of orfR1 and orfR2 were responsible for the
observed Gac-Rsm-dependent regulation (Fig. 1), we
introduced point mutations in both translational fusions.
For orfR1, the GG—CC replacement within the UGGA
tetraloop completely abolished the expression of the
fusion, most probably resulting from an ablation of the
Shine—Dalgarno sequence (Fig. 3A). In contrast, a G—A
replacement disrupting the original GGA motif within the
tetraloop resulted in an active translational fusion with a
full loss of Gac-Rsm regulation (Fig. 3A). For the second
LuxR-transcriptional regulator gene orfR2, we obtained
essentially similar results: a G—A replacement produc-
ing an AAGA tetraloop resulted in a translationally inac-
tive fusion (Fig. 3B); the alternative A—G replacement
to generate an AGGG tetraloop strongly reduced Gac-
Rsm-regulatory expression (Fig. 3B). As with orfR1, the
predicted binding site is essential for full Gac-Rsm con-
trol over orfR2 expression; but, in contrast to orfR1, a
residual dependence on Gac-Rsm in the mutant fusion
bearing the AGGG tetraloop was observed, which rela-
tionship may be attributable to the presence of a second
RsmA/E binding site in the vicinity of the start codon
(i.e., AAGGA, at 6 nucleotides downstream from the
identified motif). The relevance of this second neigh-
bouring GGA for RsmA/E binding remains to be
elucidated.

Finally, to garner independent evidence for a direct
interaction of RsmA/E and the detected motifs within the
orfR1 and orfR2 5-UTRs, we performed RNA-
retardation assays using purified functional histidine-
tagged versions of the repressor proteins RsmA and
RsmE (Supporting Information Fig. 5), and synthetic
RNA 20-mers spanning the putative binding sites. Both
RsmA-Hisg and RsmE-Hise shifted the wild type 20-mer
of the orfR1 5-UTR at protein:RNA molar ratios of at
least 0.5 (RsmA-Hisg) and 1.5 (RsmE-Hisg; Fig. 4A and
B). The single base replacement within the UGGA tetra-
loop that abolished in vivo Gac-Rsm control of the corre-
sponding orfRT-‘lacZ fusion (Fig. 3A), impeded the
binding of RsmA-Hisg or RsmE-Hisg (Fig. 4A and B).
The wild-type 20-mer representing the RsmA/E target
site within the orfR2 5'-UTR, also formed discrete com-
plexes with RsmA-Hiss and RsmE-Hisg at protein:RNA
molar ratios of at least 0.3 (RsmA-Hisg) and 2.4 (RsmE-
Hisg; Fig. 4C).

All together, the results of the impact of the point
mutations under investigation here on the Gac-Rsm con-
trol over translational fusions (Fig. 3) and the findings on
the RNA-mobility-shift assays (Fig. 4), strongly support
the notion that the identified sequence and/or structural
motifs within the 5'-UTRs of orfR7 and orfR2 constitute
the binding sites for the translational-repressor proteins
RsmA and RsmE and are instrumental in activation of
the translation of the mRNAs at the post-transcriptional
level upon GacS/GacA signal transduction followed by
the decoying of the molecular mimic sRNAs RsmX/Y/Z
(Fig. 5). The involvement of the Gac-Rsm cascade in
the control of CLP production in plant probiotic pseudo-
monads has been reported more than a decade ago in
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Pseudomonas sp. strain DSS73 in relation to the pro-
duction of amphisin (Koch et al, 2002) and more
recently with respect to the synthesis of, at once, sclero-
sin in Pseudomonas sp. DF41 (Berry et al., 2012), the
CLP white-line-inducing principle (WLIP) in P putida
RW10S2 (Rokni-Zadeh et al, 2012) and the CLP
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massetolide in P, fluorescens SS101 (Song et al., 2015).
A direct post-transcriptional control was inferred upon
inspection of the 5-UTR of massAR (encoding the
CHAO orfR2 ortholog) and detection of a putative RsmA/
E-binding motif overlapping the RBS, but the second
massetolide-regulator gene massBCR was not detected
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Fig. 4. Binding of histidine-tagged RsmA and RsmE proteins to RNA oligonucleotides encompassing the predicted target sites of the orfR1
and orfR2 5'-UTRs. Different concentrations of RsmA-Hisg or RsmE-Hisg were incubated with each 20-mer RNA oligonucleotide shown above
the panel before fractionation on nondenaturing gels, staining with GelRed, and imaging.

A. Wild-type (left panel) or mutant (right panel) orfR1 motif versus RsmA-Hisg.

B. Wild type (left panel) or mutant (right panel) orfR71 motif versus RsmE-Hiss. The replaced base is shaded in the mutant 20-mer.

C. Wild-type orfR2 motif versus RsmA-Hisg (left panel) or versus RsmE-Hisg (right panel). F and B indicate the positions of the respective free-
and bound-RNA species. The asterisks on the right side of the gel denote the migrating position of RNA species co-purified with the recombi-
nant proteins loaded in the wells not containing the 20-mers. P. protegens CHAO RsmA-Hisg or RsmE-Hisg were expressed in E. coli, and puri-
fied by Ni-NTA chromatography as described (Reimmann et al., 2005). The eluted proteins were dialyzed against 10 mM Tris.acetate pH 8.0,
quantified by Bradford Coomassie-blue colorimetry with BSA as a standard, and stored at —20°C. The 20-nucleotide RNA fragments used in
this study were purchased from Invitrogen Argentina SRL. The oligonucleotides were resuspended in diethyl-pyrocarbonate-treated water at
100 uM. The RNA fragments were preheated at 70°C for 5 min and incubated for a further 5 min at room temperature. Binding reactions (10
ul) contained 10 mM Tris (pH 7.5), 10 mM MgCl,, 50 mM NaCl, 50 mM KCI and 5% (w/v) glycerol, the RNA oligonucleotides at 2.5 M, and
different concentrations of the RsmA or RsmE proteins. The mixtures were incubated for 20 min at 37°C for complex formation. Samples were
loaded onto a 15% (w/v) PAGE. Electrophoresis was performed in Mini-PROTEAN III cells (Bio-Rad Laboratories) in 0.5Xx TBE buffer under
nondenaturing conditions at 20 mA for 2 h at room temperature. After electrophoresis the gel was stained with the fluorescent dye GelRed
(1:10 000 dilution in diethyl-pyrocarbonate-treated water) for 30 min and the bands were visualized in a conventional transilluminator.

as a putative RsmA/E target. Nevertheless, no experi-
mental support for the direct control of RsmA/E over
massAR has been reported (Song et al., 2015). In the P,
protegens group, the requirement of a functional Gac-
Rsm system for orfamide production has been recently
documented in P protegens Pf-5. For instance, a
directed gacA inactivation resulted in a 64-fold reduction
in orfamide-A production (Hassan et al., 2010), but also
spontaneous mutations in gacA or gacS produced a
decreased orfamide-A synthesis (Song et al, 2016).
Both studies also reported a downregulation of the
orfR1 ortholog Pfl_2150 (Hassan et al, 2010; Song
et al., 2016) and of the orfR2 ortholog Pfl_2143 (Song
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orfR1 ( translationalN orfR2
mRNA repression mRNA
OrfR1

OrfR2
N e
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Fig. 5. Model of the hierarchical control by the Gac-Rsm cascade
of the transcriptional regulators of the orfamide biosynthetic gene
cluster in P. protegens CHAO.

et al.,, 2016) in the absence of a functional GacA protein,
which control could be a consequence of an enhanced
mRNA turnover following the translational arrest. Our
results (Figs 3 and 4) provide the first evidence of a
direct Gac-Rsm control over the genes encoding the two
transcriptional regulators of CLP biosynthesis in
Pseudomonas.

Conclusions and perspectives

In P. protegens CHAO, the post-transcriptional control of
gene expression through the Gac-Rsm pathway has a
major impact on secondary metabolism and, as a con-
sequence, on several phenotypes linked to the ability of
this soil bacterium to biocontrol different phytopathogens
and regulate its interaction with eukaryotes (Haas and
Defago, 2005). In the present work, we carried out an in
silico search of novel genes and processes that may be
subject to control by the Gac-Rsm cascade on the basis
of sequence, structural and evolutionary constraints for
the RsmA/E binding site (Supporting Information Fig. 1).
The approach detected a set of 43 novel candidate tar-
gets of the Gac-Rsm pathway (Supporting Information
Table 2). Indeed, two of the most prominent ones dis-
covered in our in silico survey corresponded to a pair of
LuxR-type transcriptional regulators (orfR1 and orfR2)
encoded in the immediate vicinity of the gene cluster for
orfamide-A production (Fig. 1 and Supporting Informa-
tion Fig. 3). From these results, we now provide solid
evidence of a direct control of Gac-Rsm over the trans-
lation of both the orfR71 and orfR2 mRNAs (Figs (1 and
3) and 4), and consequently over orfamide production in
P. protegens CHAO (Fig. 2). That OrfR1 and OrfR2 were
able to functionally replace the viscosin transcriptional
regulators ViscAR and ViscBCR of P fluorescens
SBW25 (Fig. 2D) suggests the direct involvement of
OrfR1 and OrfR2 in activating the expression of the
orfamide-A biosynthetic cluster at the transcriptional
level in strain CHAO. This possibility is currently under
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study in our laboratory. Nevertheless, we have demon-
strated thus far that orfamide production is another trait
that is part of the Gac-Rsm regulon in P protegens
CHAOQ.

Several questions arise from the identification of these
transcriptional  regulators  flanking the orfamide-
biosynthetic gene cluster as Gac-Rsm targets. These
queries include the issues regarding which signal(s) con-
trol the transcription of orfR1 and orfR2 and whether or
not orfR1 and orfR2 are autoregulated like other Lux-
type transcriptional elements (Chatterjee et al, 1996).
Moreover, since OrfR1 and OrfR2 seem not to be func-
tionally redundant (Fig. 2D), the further question arises
as to whether those proteins have specific and indepen-
dent binding sites in the promoter of the orfamide-
biosynthetic operon and whether they form hetero-
dimers. Further experiments are required to test all
these hypotheses. Nevertheless, irrespective of the
transcriptional-regulatory pattern of orfR1 and orfR2, our
data clearly show that expression of these alleles is sub-
ject to control by the Gac-Rsm pathway at the transla-
tional level. Thus, the activation of orfamide production
is coordinated with the induction of several other biosyn-
thetic pathways producing secondary metabolites in P
protegens CHAO following stimulation of the Gac-Rsm
cascade (Fig. 5). Finally, the regulation of orfamide pro-
duction in P. protegens CHAO represents an instance of
hierarchical post-transcriptional control over transcrip-
tional regulators, which example is added to a list of
reported cases of regulatory networks already docu-
mented involving small noncoding RNAs that directly
control transcription factors — for example, LuxO, LuxR
and AphA in Vibrio spp. (Feng et al., 2015) and FIhDC
and CsgD in Enterobacteriaceae (Mika and Hengge,
2013). To our knowledge, this work represents the first
demonstration of a direct post-transcriptional control by
the Gac-Rsm cascade over a pair of transcriptional reg-
ulators in Pseudomonas spp.
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Supplementary Table 1. List of 5-UTRs (-250 to +50 rela-
tive to the annotated start codon) from the genome of
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P. protegens CHAO that contain sequence motifs matching
the query 5-WCANGGANGW-3' (Schubert et al., 2007).
Supplementary Table 2. Predicted RsmA/RsmE binding
sites in the 5'-UTR of annotated genes in the chromosome
of P protegens CHAO.

Supplementary Table 3. Strains, plasmids and oligonu-
cleotides used in this study. Pseudomonas spp. and
Escherichia coli were grown on nutrient agar (NA; blood
agar base 40 g/l, yeast extract 5 g/l) and in nutrient yeast
broth (NYB; nutrient broth 25 g/, yeast extract 5 g/l) at
28°C and 37°C, respectively. When required, antibiotics
were added to the medium in the following concentrations:
125 pg/ml tetracycline for Pseudomonas protegens; 25 ng/
ml tetracycline, 100 pg/ml ampicillin for E. coli. P. protegens
strains were grown at 35°C to improve their capacity to
accept heterologous DNA in electrotransformation with plas-
mids (Valverde et al., 2004).

Supp. Fig. 1. Panel a) Schematic representation of the in
silico workflow utilized to predict novel mRNAs that are
direct targets of the Gac/Rsm cascade in the genome of P,
protegens CHAOQ. The procedure stated in brief: the 5'-
untranslated regions (UTRs) of all annotated genes were
recruited from the CHAO genome, and the string search
WCANGGANGW was carried out with the DNA-pattern tool
from the RSAT server (Medina-Rivera et al., 2015). The
RNA secondary prediction was done with the mFOLD
server (Zuker, 2003). Sequence conservation of the candi-
date motifs was conducted by obtaining the orthologous
genomic segments from other Pseudomonas spp. genomes
(www.pseudomonas.org, (Winsor et al., 2016)). Multise-
quence alignments were carried out through the use of
CLUSTAL OMEGA (Sievers et al., 2011). Panel b) Distribu-
tion frequency of RsmA/E binding motif locations relative to
mRNA regions. c) Distribution frequency of pentanucleoti-
des within the central portion of the identified motifs. Panel
d) Location of the predicted RsmA/E binding sites (solid
circles) and of the corresponding RBSs within the 5'-UTRs
of the identified mRNA targets (open circles). The relative
position on the abscissa is referred to the first nucleotide of
the corresponding coding sequence (CDS). The Shine-
Dalgarno sequence of every open reading frame (ORF) of
P. protegens CHAQ was obtained by retrieving 30 nucleoti-
des from —10 to +20 relative to the first nucleotide of the
annotated start codon through the RSAT server (Medina-
Rivera et al, 2015). Then, sequences were queried for
the presence of the core consensus sequence string
5-GGAGG-3' (Shine and Dalgarno, 1975), with up to one
mismatch permitted, through the use of the DNA-pattern
tool from the RSAT server (Medina-Rivera et al., 2015).
Supp. Fig. 2. Experimental validation of Gac/Rsm transla-
tional control of selected putative target mRNA genes. The
impact of the gacS, rsmA/rsmE, and rsmX/Y/Z mutations
on the expression of (a) PFLCHAO_c00250 (dprA), (b) PFL
CHAO_c02690 (pksP), (¢) PFL CHAO_c04880 (soj1) and (d)
PFL CHAO_c21910 (orfR1). The candidate target
PFLCHAO_c00250 -automatically annotated as smf, or
aprA, for DNA-processing chain A- is a broadly conserved
protein family with the ability to bind to single-stranded DNA
to protect the ligated stretch from degradation (Mortier-Bar-
riere et al., 2007) and it has been implicated in the process
of natural DNA transformation in different species; such as

Haemophilus influenzae (Karudapuram et al., 1995), Strep-
tococcus pneumoniae (Berge et al., 2003) and Bacillus sub-
tilis (Tadesse and Graumann, 2007). The candidate target
gene PFLCHAO_c02690 (pksP) encodes a small putative
acyl carrier protein (Pseudomonas Orthologous Group
POGO019731), and is located within a region containing
gene functions related to fatty acid modifications; pksP
homologues are apparently restricted to a few pseudomo-
nad genomes including the P protegens cluster (Winsor
et al., 2016). The candidate target PFLCHAO_c04880 (soj1)
is involved in the cell-division process (Murray and Erring-
ton, 2008). B-Galactosidase expression of plasmid-borne
translational ‘lacZ fusions was determined in strains CHAO
(in MU on the left ordinates; open circles, wild-type context),
CHA19 (open triangles, gacS mutant), CHA1144 (open dia-
monds, rsmXYZ mutant) and CHA1009 (open squares,
rsmAE mutant). The corresponding solid symbols represent
the growth curves of each strain as plotted on the right ordi-
nates in an exponential scale and expressed as the optical
density at 600 nm (ODegp). Each value is the average of
the data from three different cultures * standard deviation.
The images above each panel show, to the left, the geno-
mic context of each target gene in the CHAO genome, and
to the right, the evolutionary conservation of the 5-UTR-
RNA sequence and its secondary structure as inferred by
locARN (Will et al., 2012). See the legend to Fig. 1 for the
explanation of the secondary structure conservation analy-
sis. The Mfold prediction of the identified RsmA/E binding
motif with the corresponding standard free energy indicated
below the loop structures (Zuker, 2003) is shown to the
right of each panel.

Suppl. Fig. 3. Synteny of the CLP biosynthetic locus in
related pseudomonads. Genes involved in the biosynthesis
of the correspondingly CLPs are indicated with solid black
arrows, whereas loci encoding predicted or experimentally
verified transcriptional regulators of the biosynthetic genes
are indicated with open white arrows. The upper grey box
encloses CLP gene clusters encoded within a single locus,
whereas the lower box encloses genes that are encoded by
two unlinked loci.

Suppl. Fig. 4. Evolutionary relationships of the correspond-
ingly dedicated LuxR-type transcriptional regulators. The
evolutionary history was inferred through the use of the
Maximum Likelihood method based on the JTT matrix-
based model (Jones et al., 1992). The tree with the highest
log likelihood (-5752.9238) is shown. Initial tree(s) for the
heuristic search were obtained automatically by applying
neighbour-joining and BioNJ algorithms to a matrix of pair-
wise distances estimated using a JTT model, and then
selecting the topology with superior log likelihood value.
The analysis involved 30 amino acid sequences from the
following Pseudomonas strains: P fluorescens Pf-5
(Pfl_2143 and Pfl_2150, GenBank accessions YP_259250
and YP_259257), P. syringae pv. syringae B64 (SalA, Gen-
Bank accession ELS42861.1), P. fluorescens SBW25 (Vis-
cAR and ViscBCR, GenBank accessions CAY50418 and
CAY48792), P, syringae pv tomato DC3000 (Pspto2833 and
SyfR, GenBank  accessions NP_792637.1 and
NP_792632.1), P fluorescens Pf-01 (Pf01_2216 and
Pf01_2210, GenBank accessions ABA73959 and
ABA73953), P, fluorescens SS101 (MassAR and MassBCR,
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GenBank accessions QOPH96 and EIK62142), P putida
PCL1445 (PsoR and LuxR-like protein PCL1445, GenBank
accession DQ151887), P. sp. MIS38 (Orf1, GenBank acces-
sion AB107223), P, cichorii JBC1 (CichofactinR1 and Cicho-
factinR2, GenBank accessions BH81_RS12990 and
BH81_RS13015), P fluorescens BW11P2 (BanG and
BanH, GenBank accession KX437753), P poae RE*1-1-14
(PoaAR and PoaBCR, GenBank accessions H045_10955
and HO045_07055), P. entomophila L48 (EtIR, GenBank
accession PSEEN3335), P putida BW11M1 (XtIR, Gen-
Bank accession KC297505), P putida RW10S2 (WIpR,
GenBank accession KC297505). Other LuxR-type regula-
tors included in the analysis are Vibrio fischeri LuxR (Gen-
Bank accession AAQ90196), P. aeruginosa PAO1 LasR and
RhIR (GenBank accessions BAA06489 and NP_252167), P,
putida PpuR (GenBank accession AAZ80478) and the full-
length ATP/dATP-binding protein MalT of E. coli (GenBank
accession AAA83888). All positions containing gaps and
missing data were eliminated. There were a total of 155
positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 (Kumar et al., 2016).

Suppl. Fig. 5. The C-terminal histidine-tagged RsmA and
RsmE derivatives are functional repressors of Gac-
dependent genes in P. protegens CHAO. The functionality of
the His-tagged version of both repressor proteins was
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tested in different phonotypical assays: (a) qualitative exo-
protease activity was detected on skim-milk nutrient agar
(Valverde et al., 2003); (b) HCN production (Voisard et al.,
1989); B-galactosidase expression of chromosomal hcnA'-
‘lacZ (c) and aprA-‘lacZ (d) fusions (Reimmann et al.,
2005); (e) stabilization of the sSRNA RsmY upon induction of
each RNA binding protein, as revealed by Northern blotting
(Valverde et al, 2004). (f) co-purification of the sRNA
RsmY with the His-tagged repressor proteins during Ni-
affinity purification from the ArsmAE strain CHA1009, as
revealed by Northern blotting of phenol extracts (Reimmann
et al, 2005). In Panel a, isopropyl B-D-thiogalactoside
(IPTG) was added to the plate when appropriate. In Panel
b, the concentration of HCN generated (uM) per unit of
ODggo is plotted on the ordinate for each of the strains
grown on nutrient yeast broth (NYB) indicated on the
abscissa either in the presence (grey bars) or absence
(white bars) of IPTG. In panels ¢ and d, B-galactosidase
activity in MU is plotted on the ordinates for each of the
strains indicated on the abscissas. Panel e depicts the cel-
lular level of RsmY sRNA at the time denoted after His-
tagged RsmA/E induction as visualized by the Northern-blot
density. Panel f shows the amount of RsmY sRNA co-
purified with the His-tagged RsmA/E for the strains indi-
cated above each lane.
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