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SUMMARY

Several studies have reported effects of the plant phenolic acids
cinnamic acid (CA) and salicylic acid (SA) on the virulence of soft
rot enterobacteria. However, the mechanisms involved in these
processes are not yet fully understood. Here, we investigated
whether CA and SA interfere with the quorum sensing (QS) system
of two Pectobacterium species, P. aroidearum and P. carotovorum
ssp. brasiliense, which are known to produce N-acyl-homoserine
lactone (AHL) QS signals. Our results clearly indicate that both
phenolic compounds affect the QS machinery of the two species,
consequently altering the expression of bacterial virulence factors.
Although, in control treatments, the expression of QS-related
genes increased over time, the exposure of bacteria to non-lethal
concentrations of CA or SA inhibited the expression of QS genes,
including expl, expR, PC1_1442 (luxR transcriptional regulator)
and /uxS (a component of the Al-2 system). Other virulence genes
known to be regulated by the QS system, such as pecS, pel, peh
and yheO, were also down-regulated relative to the control. In
agreement with the low levels of expression of expl and expR, CA
and SA also reduced the level of the AHL signal. The effects of
CA and SA on AHL signalling were confirmed in compensation
assays, in which exogenous application of N-(B-ketocaproyl)-L-
homoserine lactone (eAHL) led to the recovery of the reduction in
virulence caused by the two phenolic acids. Collectively, the results
of gene expression studies, bioluminescence assays, virulence
assays and compensation assays with eAHL clearly support a
mechanism by which CA and SA interfere with Pectobacterium
virulence via the QS machinery.
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INTRODUCTION

Pectobacterium spp., which were formerly considered to be
members of the genus Erwinia, are plant pathogens of the
Enterobacteriaceae family that cause soft rot on many types of
fruit, ornamentals and vegetables (Ma et al., 2007; Park et al.,
2012; Toth et al., 2003, 2011). Like other soft rot enterobacteria,
Pectobacterium induces characteristic soft rot decay through the
disruption of host cell integrity, which is promoted by a variety of
plant cell wall-degrading enzymes (PCWDEs) secreted by the bac-
terium (Davidsson et al., 2013; Toth and Birch, 2005). The synthe-
sis of PCWDESs in Pectobacterium and other soft rot enterobacteria
is mediated by quorum sensing (QS) (Barnard and Salmond, 2007;
de Kievit and Iglewski, 2000; Pirhonen et al., 1993).

QS is a cell-to-cell communication system that allows bacteria
to monitor the environment and to modulate gene expression
according to population density (Fuqua et al., 1994). It is largely
governed by the production, secretion, detection and response to
freely diffusible chemical signal molecules, called auto-inducers.
Of these molecules, the most studied are the N-acyl-homoserine
lactones (AHLs) (Fuqua et al., 2001; Waters and Bassler, 2005). QS
plays an essential role in the virulence of pathogenic bacteria
(Antunes et al., 2010; Deep et al., 2011; Rutherford and Bassler,
2012). Among soft rot enterobacteria species, the QS systems of
Pectobacterium atrosepticum, Pectobacterium carotovorum and
Dickeya spp. have been the subject of several studies (Crépin
etal., 2012; Faure and Dessaux, 2007; Liu et al., 2008; Nasser
etal., 1998).

Pectobacteria utilize 3-oxohexanoyl-L.-homoserine lactone
(3-ox0-C6-AHL) and 3-oxooctanoyl-L-homoserine lactone (3-oxo-
(C8-AHL) as QS signalling molecules (Jafra et al., 2006; Pollumaa
etal., 2012). These molecules are synthesized by Expl and
detected by the receptor protein ExpR (Barnard and Salmond,
2007; Engebrecht and Silverman, 1984; Liu et al., 2008). ExpR is a
transcriptional regulator that undergoes a conformational change,
which subsequently decreases the expression of the rsmA gene.
The products of this gene are negative regulators of the genes
involved in the synthesis of PCWDEs (Barnard and Salmond, 2007;
Barnard et al., 2007; Pollumaa et al., 2012; Toth et al., 2003).
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Therefore, the repression of rsmA ensures high levels of expression
of PCWDEs, as well as type Il secretion and other virulence factors
(Burr et al., 2006; Cui et al., 2005; Smadja et al., 2004). Collec-
tively, AHL-mediated effects switch bacteria into a brute-force
mode to promote the rotting of the host tissue (Liu et al., 2008).

The recognition of the crucial role of QS in bacterial virulence
has made QS an attractive target for new control strategies
against bacterial infections. QS inhibitors have been shown to
successfully reduce or attenuate the virulence of Pseudomonas
aeruginosa (Hentzer et al., 2003; O’Loughlin et al., 2013), Vibrio
harveyi (Manefield et al., 2000), Staphylococcus aureus (Murray
et al., 2014) and P. carotovorum (Manefield et al., 2001). More-
over, the expression of heterologous AHL lactonase and
co-inoculation with bacteria producing this or other AHL-
degrading enzymes have been shown to be effective, novel bio-
control strategies for the management of P. carotovorum and
Erwinia amylovora (Dong et al., 2001; Molina et al., 2003, 2005).

The development of QS interference strategies is becoming an
increasingly important approach for the control of bacterial infec-
tions (Defoirdt et al., 2013; Galloway et al., 2012; Helman and
Chernin, 2015; Kalia, 2013). Some plant phenolic compounds, such
as coumaric acid and salicylic acid (SA), have been shown to
interfere  with the QS system of the plant pathogens
Agrobacterium tumefaciens and P. carotovorum (Bodini et al.,
2009; Lagonenko et al., 2013; Yuan et al., 2007). The elucidation
of the mechanisms underlying the action of these compounds may
pave the way to the development of effective measures for the
control of soft rot pectobacteria.

Lagonenko et al. (2013) showed that SA inhibits the biofilm
formation and motility of P. carotovorum and Pseudomonas
syringae pv. syringae. Moreover, SA has been found to reduce
infection in tissue-cultured potato infected by Dickeya solani
(Czajkowski et al., 2015). In agreement with these findings, we
have shown recently that non-lethal concentrations of several
plant phenolic compounds, including SA and cinnamic acid (CA),
affect several virulence-associated traits and reduce the virulence
of several Pectobacterium strains in different hosts (Joshi et al.,
2015). To unravel the mechanism by which plant secondary
metabolites, such as CA and SA, affect soft rot bacterial virulence,
we investigated the effect of these compounds on the expression
patterns of selected virulence-related genes in Pectobacterium
aroidearum and P. carotovorum ssp. brasiliense. The virulence
genes were categorized as follows: (i) QS system (Al-1 and Al-2)
genes; (ii) QS-regulated genes; and (iii) other genes (related to
membrane transporters, type Il secretion, flagella and motility).
Next, we attempted to elucidate the effect of CA and SA on AHL
production using reporter bacteria that detect QS signals. Finally,
bacterial infection assays were performed in the presence and
absence of CA and SA to evaluate the effects of these compounds
on virulence. Virulence assays were also performed to assess the
ability of exogenous application of QS signal molecules to

compensate for the impaired virulence caused by the phenolic
compounds.

RESULTS

Expression of QS genes in the presence of
phenolic compounds

We have shown previously that several plant phenolic compounds,
including CA and SA, influence virulence-associated traits and
reduce the virulence of several Pectobacterium species on differ-
ent hosts when applied at non-lethal concentrations (Joshi et al.,
2015). To further investigate the mechanism by which plant phe-
nolic compounds influence bacterial virulence factors, we assessed
the effects of CA and SA on the expression of selected genes of
two bacterial strains representing two Pectobacterium species:
P. aroidearum PC1 and P. carotovorum ssp. brasiliense Pcb1692.
Exponentially growing bacterial cells of these strains were used to
inoculate fresh Lysogeny-Broth (LB) with or without non-lethal
concentrations of CA or SA (0.25 and 0.21 mg/mL, respectively) at
an initial bacterial concentration of 107 colony-forming units
(CFU)/mL. Gene expression levels in the presence of the com-
pounds were measured by quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) at three time points that
corresponded to different bacterial growth phases: acclimatization
[1 h after inoculation (hai)], exponential phase (8 hai) and station-
ary phase (24 hai), as described in Experimental Procedures. At
each of the mentioned time points, bacterial cell growth was
evaluated by serial dilution plating to verify that bacterial concen-
trations of SA-/CA-treated and control cultures were at similar
levels (Fig. S1, see Supporting Information).

Under these conditions, in the two strains, both CA and SA
affected the expression of exp//expR QS system genes (Fig. 1) and
the expression patterns of several genes whose expression is
mediated by this QS system (Fig. 2). In control treatments, the
relative expression of expl and expR increased with time and, after
24 h of growth, the expression of these genes was increased
significantly (P =0.05). At this time point, we observed an
increase of about 2.5- and four-fold for exp/ in PC1 and Pcb1692,
respectively, and an increase of about 10- and four-fold for expR in
strains PC1 and Pch1692, respectively, relative to the expression of
these genes measured after 1 h of growth (Fig. 1). In contrast,
during the same time period, bacterial cultures of both strains
grown in the presence of CA and SA did not display such a
time-dependent increase in the expression of these genes, which
was significantly lower than that of the untreated bacteria.

The expression levels of PCT_1442 (luxR transcription regulator
belonging to the AI-1 system) also increased significantly
(P =0.05) with time under control conditions in both strains,
whereas exposure to the phenolic compounds did not allow for an
increase in PC_1442 expression over time (Fig. 1). Interestingly,
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treatments for each time point in each
gene/strain combination.

similar results were also observed for the expression of the /uxS
gene, which is part of the Al-2 system (Fig. 1).

Overall, under control conditions, a significant increase
(P =0.05) in the relative expression of all of the tested QS system
genes was observed following 8 h of growth, whereas no such
increase in the relative expression of these genes was observed
following exposure to CA and SA (Fig. 1).

Expression of QS-regulated genes in the presence of
phenolic compounds

To further characterize the response of the Pectobacterium strains
to CA and SA, we also analysed the expression of genes contrib-

IuxS L luxS

oo

Time (h)

uting to production of PCWDEs: pecS, pel, peh and yheO, and their
negative regulator rsmA (Fig. 2). These genes are located down-
stream of the QS cascade and are considered to be QS dependent
(Barnard and Salmond, 2007; Barnard et al., 2007; Koiv et al.,
2013; Liu et al., 2008; Smith et al., 2006). The relative expression
of yheO increased significantly (P =0.05), in a gradual manner,
during the experiments, reaching a maximum at 24 h in the
control cultures. A pattern of increased expression over time was
also observed for pecS, pel and peh. In contrast, the expression of
these genes in the CA- and SA-treated cultures did not change
substantially with time under the experimental conditions, with
significantly lower expression levels (P = 0.05) observed in these
cultures relative to controls after 24 h (Fig. 2).
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In contrast with pecS, pel, peh and yheO, expression levels of
the post-transcriptional master regulator of PCWDEs, rsmA,
decreased significantly (P = 0.05) at the stationary phase (24 h) in
the controls of both strains (Fig. 2). Exposure to the phenolic

ab

bc

8h

YheO pel, peh and yheO in DNA-free RNA prepared
from the bacterial strains grown in
Lysogeny-Broth (LB) medium (28 °C, continuous
shaking at 150 rpm) with or without CA and SA
were determined by quantitative reverse
transcription polymerase chain reaction

oo (gRT-PCR). Means + standard errors (SE) of
relative expression of each gene (three replicates
per treatment) are shown. Different letters
indicate significant differences (P = 0.05) among
treatments for each time point in each
gene/strain combination.

24h

compounds did not alter significantly rsmA expression over time in
either strain. In contrast with the untreated cells, for which a
significant (P = 0.05) reduction in the expression of rsmA was
observed at 24 h relative to 8 h, CA- and SA-treated cells did not
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exhibit this reduction in the relative expression of this gene. More-
over, relative rsmA expression values at 24 h were significantly
(P =0.05) higher in the CA- and SA-treated cells relative to the
controls, with the exception of the SA treatment in PC1, in which
a higher level of expression was observed in the control.

Expression of other virulence genes in the presence of
phenolic compounds

In this study, we also assessed the effects of CA and SA on the
relative expression of genes that have been associated with viru-
lence, but whose expression is not necessarily associated with QS
(Table 1). This group of genes included efflux pump genes (acrD
and PC7_3330), a membrane transporter gene (nssA), hypersen-
sitive response genes (hrpN and hrpL) and a stress-related gene
(mtiD). Overall, in contrast with the effects observed among QS
and QS-regulated genes, the expression of most of the above
genes was not affected by exposure to CA or SA over time (Fig. 3).
Moreover, QS-independent transcription activators (hor and hrpS),
which were also tested, were not affected by phenolics treatment
(Fig. S2, see Supporting Information).

Table 1 Genes assessed in this study.
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Effects of CA and SA on the production of QS
signalling molecules

AHLs are known signalling molecules in QS systems that control
the synthesis of PCWDEs in Pectobacterium spp. and other soft rot
bacteria (de Kievit and Iglewski, 2000), among other processes. To
gain further insight into the effects of CA and SA on QS and on the
virulence of Pectobacterium, we assessed how these compounds
influence the production of AHLs, using bacterial reporter strains.
The first assay was based on the reporter bacterium
Chromobacterium violaceum CV026. In the presence of external
AHLs, this strain produces the purple pigment violacein (McClean
et al., 1997). Figure 4A clearly shows that PC1 and Pcb1692 cells
pretreated with CA or SA induced lower purple coloration in
C. violaceum CV026. The effect was also studied quantitatively
using an Escherichia coli strain carrying the bioluminescence QS
reporter plasmid pSB401. Supernatants of PC1 and Pcb1692 cul-
tures grown with or without (control) exposure to CA or SA were
compared for their ability to induce bioluminescence in the
reporter strain. Supernatants of cell cultures that were exposed
to both SA and CA induced lower bioluminescence levels, as

Genes/gene ID Description of function

References

QS (Al-1 system) expl QS signal generator; acyl-homoserine lactone synthase Nasser et al. (1998)
(8135146)
expR QS transcriptional regulator Nasser et al. (1998)
(8135145)
PC1_1442 Transcriptional regulator of LuxR-like proteins; alignment score NCBI
(8132381) showing 71% similarity with expR

QS (Al-2) fux$ S-Ribosylhomocysteinase; QS autoinducer-2 production Schauder et al. (2001); Taga et al. (2001)
(8134173)

Genes regulated rsmA Controls the production of PCWDESs, carbon storage and cell Broberg et al. (2014); Kéiv et al. (2013)

by QS (8134182) motility

pecS Transcriptional regulator that controls the production of various Hommais et al. (2008); Praillet et al. (1996);
(8133198) virulence factors including pectinase and cellulase. Reverchon et al. (1994)
pel Secretion of pectate lyase NCBI
(8133114)
peh Secretion of polygalacturonase NCBI
(8131918)
PC1_2249 yheO domain-containing protein; DNA-binding protein Lee et al. (2013)
(yheO) controlling the production of pectolytic enzymes
(8133193)

Other genes acrD Multidrug efflux pump NCBI
(8134910)
nssA Putative sodium/sulfate symporter or membrane transporter NCBI
(8130937)
mtlD Mannitol dehydrogenase; protects against multiple types of Hema et al. (2014)
(2885531) stress (high salt and oxidative stress)
hrpN Hypersensitive response gene Jang et al. (2006)
(8133133)
hrpl Controls expression of hrp genes, including hrph; elicits Wei and Beer (1995)
(8133148) hypersensitive response
PC1_3330 Efflux pump membrane protein; multidrug resistance protein NCBI
(8134303)

Gene IDs mentioned in this table were taken from GenBank (National Center for Biotechnology Information, NCBI).

PCWDEs, plant cell wall-degrading enzymes; QS, quorum sensing.
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Fig. 3 Effects of cinnamic acid (CA;

0.25 mg/mL) and salicylic acid (SA; 0.21 mg/mL)
on transcript levels of other genes (associated
with transporters, efflux pumps and multidrug
resistance) in Pectobacterium aroidearum PC1
and Pectobacterium carotovorum ssp. brasiliense
Pch1692. The transcript levels of acrD, hrplL,
hrpN, mtID, nssA and PC1_3330 in DNA-free
RNA prepared from the strains grown in
Lysogeny-Broth (LB) medium (28 °C, continuous
shaking at 150 rpm) with or without CA and SA
were determined by quantitative reverse
transcription polymerase chain reaction
(qRT-PCR). Means =+ standard errors (SE) of
relative expression of each gene (three replicates
per treatment) are shown. Different letters
indicate significant differences (P = 0.05) among
treatments for each time point in each
gene/strain combination.
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Fig. 4 Effects of cinnamic acid (CA; 0.25 mg/mL) and salicylic acid (SA; 0.21 mg/mL) on the production of quorum sensing (QS) signalling molecules by
Pectobacterium aroidearum PC1 and Pectobacterium carotovorum ssp. brasiliense Pcb1692. (A) Purple colour exhibited by CV026, as response to
N-acyl-homoserine lactones (AHLs) produced by PC1 (top) or Pch1692 (bottom) that were grown with (control) and without non-lethal concentrations of CA or SA.
(B) Intensity of luminescence produced by Escherichia coli pSB401 induced by supernatants of strains PC1 (top) and Pcb1692 (bottom) grown with or without
non-lethal concentrations of CA or SA. Luminescence (250 ms) and absorbance (600 nm) were measured every 30 min for 14 h, and the relative luminescence
(RLU = LU/ODggo nm) Was calculated. Blank was £. coli pSB401 grown in the absence of supernatants of Pectobacterium strains, and also E. coli pSB401 was
supplemented with exogenous N-(B-ketocaproyl)-L-homoserine lactone (eAHL) at 100 nm. Each data point represents the mean =+ standard error (SE) of eight
replicates per treatment of one experiment, representative of two independent experiments with similar results. OD, optical density; LU, light units; RLU, relative

light units.

compared with the bioluminescence induced by supernatants of
control cells (Fig. 4B).

Restoration of virulence of CA- or SA-treated cells by
the addition of exogenous AHL

We have reported recently that CA, SA and other plant phenolics
significantly reduce the virulence of Pectobacterium strains on
Zantedeschia aethiopica (calla lily) and Solanum tuberosum
(potato) (Joshi et al., 2015). To determine whether the impairment
of the virulence in Pectobacterium by CA and SA is associated with
the direct interference of these compounds with the QS system,
we assessed whether exogenous application of AHL can restore
wild-type levels of virulence in PC1 and Pch1692 cells pretreated
with CA or SA. Bacterial cultures of strains PC1 and Pcb1692 were

grown in the absence (controls) or presence of non-lethal concen-
trations of CA or SA. Next, each culture was divided into two
groups: in one group, N-(B-ketocaproyl)-L-homoserine lactone
(eAHL) was added at a final concentration of 100 nm and the other
group served as a no-eAHL control. Bacterial cultures were used in
virulence assays on calla lily leaf discs and potato tubers as
described in Experimental Procedures.

Untreated bacterial cultures (controls) produced characteristic
tissue necrosis in both hosts (Fig. 5), typical of the development of
soft rot and indicative of extensive exoenzyme-mediated tissue
damage. The addition of eAHL to the control cultures did not
increase disease severity in either host, relative to the control
(data not shown). As expected from previous studies (Joshi et al.,
2015), CA- and SA-treated bacterial cultures failed to induce
disease symptoms (Fig. 5). However, exogenous application of AHL
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Fig. 5 Effects of cinnamic acid (CA; 0.74 mg/mL), salicylic acid (SA; 0.42 mg/mL) and N-(B-ketocaproyl)-L-homoserine lactone (eAHL) on the virulence of
Pectobacterium aroidearum PC1 and Pectobacterium carotovorum ssp. brasiliense Pcb1692 on calla lily (A) and potato (B). Bacterial strains were exposed to
non-lethal concentrations of CA and SA before they were used to inoculate the plant tissue. Parts of the CA- and SA-treated cultures were supplemented with

100 nM of eAHL before inoculation. Calla lily leaf discs and potato tubers were injected with 10 uL of bacterial suspension [10° colony-forming units (CFU)] and
incubated at 28 °C. Virulence was determined as the percentage of decayed tissue 15 and 48 h after the inoculation of the calla lily leaf discs and potato tubers,
respectively, relative to the decay induced by untreated bacterial cultures (control). Data represent the means + standard errors (SE) of two independent experiments
with 10 replicates for calla lily and four replicates for potato in each experiment. Treatments that are not labelled with the same letter in each panel are
significantly (P = 0.05) different. Representative photographs of infected discs of calla lily and potato tubers are shown for each treatment.

to these cultures successfully restored their virulence on both of virulence relative to untreated controls was observed. This was
hosts (Fig. 5). In some of the treatments, exogenous application of the case for both strains on calla lily. Importantly, however, in all
AHL to CA- or SA-treated cells fully complemented their virulence cases, disease severity induced by CA/eAHL- and SA/eAHL-treated
(i.e. CA-treated cultures of PC1 and both CA- and SA-treated cultures was significantly higher (P = 0.05) than that induced by
cultures of Pch1692 in potato). In other cases, a partial restoration CA and SA treatments (Fig. 5). Overall, these results support the
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hypothesis that SA and CA affect bacterial virulence, at least in
part, by impairing the QS machinery, as also evidenced by gene
expression and AHL reporter assays.

DISCUSSION

Plant colonization by Pectobacterium spp. is a very complex
process in which a variety of factors, including the secretion and
activity of PCWDEs, are involved. Several studies have suggested
that, in soft rot enterobacteria, PCWDE activity is strictly under the
control of the QS system (Barnard and Salmond, 2007; Barnard
etal., 2007; Jones et al., 1993; Liu et al., 2008). The best-studied
QS systems are dependent on AHL signalling molecules which, at
high cell densities, bind to receptor proteins belonging to the LuxR
family of transcriptional regulators, resulting in altered gene
expression (Jones et al., 1993). In soft rot enterobacteria, these
systems have been reported to regulate not only PCWDEs, but
other virulence factors, including the virulence regulators expR,
rsmA and virR (Liu et al., 2008).

There is increasing evidence indicating that pectobacteria
attack the cell wall and simultaneously target host defence
mechanisms (Liu et al., 2008). However, plants respond to patho-
gen attack by the activation of defence responses. In this regard,
small plant molecules, such as phenolic acids, are known to play a
role in the elicitation of plant defence responses and also contrib-
ute to plant defence by exerting direct antimicrobial activity or by
targeting virulence factors of the pathogen (Daglia, 2012; Matern
and Kneusel, 1988). Indeed, some plant phenolic compounds have
been reported to directly affect the production of virulence factors
by P. carotovorum and Ps. syringae pv. syringae (Lagonenko et al.,
2013; Sova, 2012). For example, SA has been shown to reduce the
production of AHL in Ps. aeruginosa and P. carotovorum, and also
to interfere with the QS system of A. tumefaciens (Chang et al.,
2014; Lagonenko et al., 2013; Yuan et al., 2007). Furthermore,
o-coumaric acid and t-cinnamic acid enhance the expression of
type lIl secretion system (T3SS) genes in Dickeya dadantii 3937
(Yang et al., 2008). In contrast, p-coumaric acid has been shown to
repress the T3SS genes of the same pathogen, indicating that
different phenolics, including different isomers of certain phenolic
acids, can induce or repress the expression of the same set of
genes in a given pathogen (Li et al., 2009; 2015). Phenolic acids
are also known to regulate the infection efficiency during the
exchange of signals between legumes and rhizobia (Mandal et al.,
2010). However, despite the known effects of phenolic compounds
on bacterial virulence, the mechanisms of action behind them are,
as yet, unresolved (Chow etal., 2011; Mirzoeva et al., 1997,
Prithiviraj et al., 2005).

Recently, we have shown that non-lethal concentrations of
various phenolic compounds affect PCWDE activity, biofilm forma-
tion and the motility of several Pectobacterium species, as well as
their virulence in interactions with various host plants (Joshi et al.,
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2015). In the present study, we investigated the effects of two
phenolic acids, CA and SA, on the expression of several virulence-
associated genes in pectobacteria. As a result of the demonstrated
role of QS in PCWDE activity in soft rot enterobacteria, our efforts
were focused on QS genes and on genes that are known to be
regulated by the QS machinery in these bacteria. Two strains
that are considered to be type strains of two Pectobacterium
species, PC1 (P. aroidearum) and Pcb1692 (P. carotovorum ssp.
brasiliense), were used in this study (Nabhan et al., 2013; Onkendi
and Moleleki, 2014). Pathogens belonging to these species are
able to infect monocot and dicot hosts of agricultural importance,
especially under warm conditions (Nabhan et al., 2012, 2013;
Onkendi and Moleleki, 2014).

In the present study, we explored the direct effects of CA and SA
on the expression of virulence genes in Pectobacterium, distinct
from their recognized role as bactericidal compounds (Daglia,
2012), or as signal molecules involved in plant defence, a well-
known role of SA (Zhang et al., 2010). The direct mechanism of
action of such compounds on pectobacteria has hardly been
studied, and the accumulation of information with regard to this
subject from other soft rot enterobacterial models points to the
importance of the examination of this mechanism. On the basis of
previous studies, several virulence genes reported to be involved
in Pectobacterium virulence were selected and their expression
over time was analysed quantitatively using gRT-PCR with and
without exposure to the phenolic acids. As QS is a cell density-
dependent phenomenon, we followed the bacterial densities in
treated and untreated cultures under the experimental conditions,
with the results showing no differences between treatments in
this parameter. Moreover, bacterial levels in all treatments consid-
erably exceeded the threshold level required for the production of
QS signalling molecules by Pectobacterium (Liu et al., 2008). We
also studied the transcriptional patterns of QS system (Al-1 and
Al-2) genes, QS-regulated genes and other genes, mainly coding
for membrane transporters and efflux pumps.

The most significant effects of the two phenolic acids were
observed for the QS system genes expl, expR and PC1_1442,
which are part of the Al-1 QS system, and /uxS, which is involved
in the Al-2 QS system. expl and expR define the Al-1 QS system
and are involved in a two-component signal transduction system
in Pectobacterium (Marchler-Bauer et al., 2013; Pollumaa et al.,
2012). The increased expression of QS system genes from the
exponential growth phase and onwards was observed in both
P. aroidearum PC1 and P. carotovorum ssp. brasiliense Pch1692.
Similar observations have been reported in several studies, where
the efficient performance of the QS system was observed under
high cell densities, represented by higher levels of AHL in
Photobacterium fischeri and Ps. aeruginosa (Nealson et al., 1970;
Wagner et al., 2003). However, neither of the Pectobacterium spp.
displayed such an increase in QS system genes in the presence of
CA or SA, although bacterial densities were similar to those of
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untreated controls, indicating that CA and CA directly repress the
QS system. Our findings are also in line with those of Bandara
et al. (2006) and Yang et al. (2009), who claimed that SA is a
potential QS inhibitor in Ps. aeruginosa.

The second group of genes included a negative regulator of
PCWDEs (rsmA) and four genes (pecS, pel, peh and yheO) that are
involved in synthesis of PCWDEs identified in previous studies
(Table 1). The regulator displayed a different expression pattern,
with the lowest level of expression observed at a later stage of
growth, when expression levels of QS system genes and genes
contributing to the secretion of PCWDEs were at their peak. In
addition, rsmB (small regulatory RNA of Rsm system) displayed a
high level of expression, whereas rsmC (post-transcriptional regu-
lator of Rsm system), similar to rsmA, showed a low level of
expression (data not shown). This observation fits the existing QS
model already defined in P. atrosepticum, according to which
rsmA negatively regulates the secretion of PCWDE (Chatterjee
et al., 1995; Mole et al., 2007; Mukherijee et al., 1996; Pollumaa
etal., 2012). These findings are in line with those of Cui et al.
(2005), indicating that the availability of AHL (synthesized by Expl)
engages ExpR, thus making it unavailable for its target (rsmA
promoter) and resulting in decreased rsmA production. The smaller
amount of rsmA followed by higher levels of pecS, pel, peh and
yheO expression in control treatment at the last stage of growth is
typical of negative regulation of rsmA, which accounts for synthe-
sis of virulence factors, such as PCWDEs. (Table 1; Charkowski
et al., 2012). Exposure of the bacteria to CA or SA did not allow
the normal expression pattern of the regulator rsmA or of the
PCWDE genes pecS, pel, peh and YheO. Furthermore, the inhibi-
tion of any increase in the expression of QS genes might have
contributed to the down-regulation of virulence genes (such as
pecS, pel, peh and yhe0), downstream of the QS apparatus, and
consequently the impairment of bacterial virulence (Chatterjee
et al., 2005; Cui et al., 2005). No response of genes related to
membrane transport was observed following the exposure to CA
or SA, suggesting that efflux pumps and type Il secretion were not
part of the inhibitory effect of the compounds.

The inhibitory effects of CA and SA on the expression of
QS-related genes made it reasonable to assume that these com-
pounds might affect directly the accumulation of QS signalling
molecules (AHL in Pectobacterium).This hypothesis was confirmed
employing two commonly used reporter assays for the presence of
AHL molecules (Krishnan et al., 2012; McClean et al., 1997). Our
results clearly demonstrate that treatment of PC1 and Pcb1692
with CA and SA reduces the production/accumulation of AHL.

To further clarify the results, virulence assays were conducted
on two hosts representing two taxonomic plant groups, namely
the monocot host calla lily and the dicot host potato. According to
our hypothesis, if exposure to SA or CA actually affects virulence
via QS signalling, the exogenous application of QS molecules
(eAHL) might compensate for the deficiency of AHL molecules,

leading to the recovery of virulence. As expected from our previous
findings (Joshi et al., 2015), exposure of both Pectobacterium
strains to CA and SA impaired their virulence. However, the supply
of eAHL to the CA- or SA-treated bacteria prior to infection
restored bacterial virulence, fully in potato tubers and partially in
calla lily leaves. This differential recovery might be a result of the
nature of the tissue, where potato is a storage organ, rich in
starch, whereas the calla lily leaf is a less favourable target. The
time of exposure to the bacteria was also different, 48 h for potato
and 15 h for calla lily, as no remarkable disease symptoms were
developed in potato after 15 h. Nevertheless, this observation
indicates that CA and SA interfere directly with the QS machinery
of pectobacteria. Also, it indicates that, during plant infection, the
accumulation of the AHL signal is sufficient for efficient PCWDE
production, even in the absence of the auto-inducer Al-2, which,
according to gene expression analyses, is also suppressed by CA or
SA. In agreement with this notion, Laasik et al. (2006) observed
that an Al-2 mutant of P. carotovorum does not substantially differ
from the wild-type in PCWDE activity.

To conclude, the results of this work strongly support the
hypothesized existence of a mechanism by which the plant phe-
nolic acids CA and SA act through the QS machinery. CA and SA
reduce the virulence of Pectobacterium spp., apparently by the
inhibition of AHL production/accumulation and, ultimately, the
production and secretion of PCWDEs. Further work is required to
determine what is/are the exact site(s) of action of these com-
pounds. The understanding of such aspects could hold potential
for the future development of control measures against soft rot
bacteria, as well as other plant pathogenic bacterial species that
rely on AHL-mediated QS systems for their fitness and virulence.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 2. PC1, Pch1692
and CV026 were cultivated at 28 °C, whereas E. coli pSB401 was culti-
vated at 37 °C. All strains were grown in LB medium (Difco Laboratories,
Detroit, MI, USA) under continuous shaking (150 rpm) in a TU-400 incu-
bator shaker (MRC, Holon, Israel). Murashige and Skoog minimal medium
(MS; Duchefa, Haarlem, the Netherlands) was used for plant inoculation
assays.

RNA extraction and cDNA preparation

Pectobacterium strains were grown overnight at 28 °C in LB medium
under continuous shaking. Then, 20-40 L from these cultures were trans-
ferred to 10 mL of fresh LB containing non-lethal concentrations of
cinnamic acid (CA, 0.25 mg/mL) or SA (0.21 mg/mL), and brought to a
concentration of 107 CFU/mL. Controls were treated in the same manner,
but with the absence of CA or SA. The fresh cultures were then grown at
28 °C under continuous shaking. Two-millilitre samples were collected at
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Table 2 Strains used in this study.
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Strain Description

Reference/source

Pectobacterium aroidearum PC1
PRJINA31289
Pectobacterium carotovorum ssp.
brasiliense Pch1692
Chromobacterim violaceum CV026

Monocot strain isolated from Ornithogalum dubium, NCBI Accession no.
Dicot strain isolated from Solanum tuberosum, NCBI Accession no. PRINA31121

Mini-Tn5 mutant derived from C. violaceum ATCC 31532 Hg®, cvil::Tn5 xylE, Kanf,

Yishay et al. (2008)
Yishay et al. (2008)

McClean et al. (1997)

plus spontaneous Str*. AHL (C,—Cg) biosensor, produces violacein (pigment) only in

the presence of eAHL
Escherichia coli pSB401

luxRlux!' (Photobacterium fischeri [ATCC 7744))::luxCDABE (Photorhabdus

Winson et al. (1998)

luminescens [ATCC 29999)) fusion; pACYC184-derived, Tet®, AHL bioluminescent

biosensor

AHL, N-acyl-homoserine lactone; eAHL, N-(B-ketocaproyl)-L-homoserine lactone; Hg?, hygromycin-resistant; Kan®, kanamycin-resistant; NCBI, National Center for

Biotechnology Information; Str*, streptomycin-resistant; Tet®, tetracycline-resistant.

1, 8 and 24 h (corresponding to lag, log and stationary phases, respec-
tively; Fig. S3a, see Supporting Information) for RNA extraction. RNA was
extracted using the EZ-RNA Il kit (Biological Industries, Kibbutz Beit
Haemek, Israel) following the manufacturer’s instructions. Extracted RNA
was employed to prepare cDNA using a cDNA synthesis kit (Applied
Biosystems, Foster City, CA, USA). A minimum of 1 ug of RNA was used
with a total reaction volume of 20 uL. The cDNA reverse transcription
reaction was performed using a programmable thermal controller (MJ
Research, St. Bruno, QC, Canada) programmed to one cycle at 42 °C for
30 min, followed by inactivation at 95 °C for 2 min, after which the cDNA
was stored at —20 °C for future use.

Quantification of mRNA by qRT-PCR

Virulence genes from P. aroidearum and P. carotovorum ssp. brasiliense
were divided into three different categories, as described in Table 1: QS
genes, QS-regulated genes and others. These two bacterial strains were
found to contain a similar gene repertoire for the QS and Rsm systems
(with high sequence similarity, >90%) as established in P. atrosepticum.
Primers employed for mRNA reverse transcription were designed using the
National Center for Biotechnology Information (NCBI) primer BLAST soft-
ware (http://www.ncbi.nlm.nih.gov/tools/primer-blast/), and are detailed
in Table S1 (see Supporting Information). The primers were designed to
generate 100-120-bp-sized amplicons and primer melting temperatures
were designed for 60 °C, with a melting temperature difference of less
than 5 °C for each primer pair. Primer sequences were subjected to BLAST
analysis (using NCBI BLAST software) against the database for the genus
Pectobacterium to eliminate the likelihood of non-specific binding. qRT-
PCR mixtures contained 3.4 ulL (17 ng) of cDNA, 5 uL of fast Syber green
master mix (Applied Biosystems) and 0.8 uL (5 um) of each forward and
reverse primer. Reactions were performed using a Step One Plus Real-Time
PCR system (Applied Biosystems) with the following cycling parameters:
holding stage, 95 °C for 20 s; cycling stage for 40 cycles of 95 °C for 3 s
and 60 °C for 30 s; and melting curve stage, 95 °C for 15 s, 60 °C for 1 min
and 95 °C for 15 s. The data were analysed by the comparative Cr (AAGy)
method, with expression normalized to the expression of the reference
gene recA, as described by Takle et al. (2007).

Qualitative assays for the detection of AHL molecules

Strain CV026 is a mini-Tn5 mutant of C. violaceum in which the purple
pigment violacein is induced in the presence of AHL compounds with

N-acyl C,—Cg side chains (McClean et al., 1997). This assay was performed
as a qualitative tool to assess the effect of CA and SA on the production
of AHLs in Pectobacterium strains. PC1 and Pch1692 were grown in LB
overnight as described above. Cultures were then centrifuged (7000 g,
5 min, at 28 °C) and bacterial pellets were resuspended in fresh LB sup-
plemented or not with non-lethal concentrations of CA or SA, and incu-
bated for 8 h at 28 °C. The reporter strain CV026 was grown in fresh LB
medium supplemented with kanamycin (10 ug/mL). Then, CV026 and
Pectobacterium strains were spread perpendicularly (in a T-shape) on LB
plates, with the reporter strain being spread a few millimetres away from
the tested bacteria. The plates were incubated overnight at 28 °C and the
intensity of the purple colour exhibited by the reporter strain was then
assessed.

Quantitative assay for AHL molecules using a
bioluminescence-based assay

Escherichia coli pSB401 is a bioluminescence-based QS biosensor, which
was generated on the background of E. coli strain JM109. This strain
carries the plasmid pSB401, which possesses the luxRI”luxCDABE biolu-
minescent reporter gene fusion (Winson et al., 1998). This system can
detect AHLs with acyl chains ranging from six to eight carbons in length
(C6—Cs AHLs; Middleton et al., 2002). This strain was used to quantitatively
assess the secretion of AHL molecules by Pectobacterium strains PC1 and
Pch1692 in the presence of CA and SA. Bacteria were grown overnight
(PC1 and Pch1692 at 28 °C and E. coli pSB401 at 37 °C) in liquid LB
medium under continuous shaking (150 rpm), centrifuged (7000 g, 5 min,
at 28°C) and the supernatants were removed. Bacterial pellets of
Pectobacterium strains were suspended in fresh LB supplemented (or not)
with non-lethal concentrations of CA (0.25 mg/mL) or SA (0.21 mg/mL),
and incubated for 8 h at 28 °C, whereas psB401 was suspended in fresh LB
with tetracycline (10 png/mL) and incubated at 37 °C. Control and treated
suspensions of strains PC1 and Pcb1692 were then centrifuged (7000 g,
5 min, at 28 °C) and 10 pL of supernatant were mixed with 190 uL of
5 x 10° CFU/mL E. coli pSB401 in fresh LB medium in 96-well microtitre
plates. The supernatant used (10 pL) contained CA and SA, diluted 20-fold,
to a final volume of 200 pL of fresh LB. As the concentration used for the
Pectobacterium strains did not affect the growth of psB401 (Fig. S3b, see
Supporting Information), the effect of the diluted phenolics concentration
on the reporter strain could be neglected. Two hundred microlitres of the
reporter strain were used as a blank for the experiment and 100 nm of

© 2015 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2016) 17(4), 487-500



498 J. R. JOSHI et al.

synthetic eAHL (Sigma, St. Louis, MO, USA) was added to the reporter
strain as a positive control. The plates were incubated at 37 °C for 15 hin
an Enspire 2300 multilabel reader (Perkin-Elmer, Santa Clara, CA, USA).
Bioluminescence and optical density (OD) were automatically and simul-
taneously determined every 30 min at 250 ms and 600 nm, respectively.
Bioluminescence was calculated as the number of relative light units (RLU)
per unit of optical density at 600 nm, which accounted for the influence of
the different treatments on total bioluminescence, as described by Winzer
et al. (2000).

AHL virulence compensation assays

Virulence was measured by the assessment of symptom severity in two
plants, Zantedeschia aethiopica (calla lily) and Solanum tuberosum
(potato) ‘Lady Rosetta’, as described by Yishay et al. (2008). To explore the
effect of eAHL, higher concentrations of CA and SA (0.74 mg/mL and
0.42 mg/mL, respectively) were used in these experiments. These concen-
trations did not lead to the development of visible symptoms within 12 h
of infection and were found to reduce the growth of the strains by 50%
(Joshi et al., 2015). The experiment was performed on fully expanded
young leaves of calla lily and small (about 25-50 g) potato tubers that
were surface sterilized by soaking in 0.4% sodium hypochlorite for 20 min,
and then washed twice with sterilized distilled water. In the case of calla
lily, leaf discs (20 mm in diameter) were excised from disinfected leaves
and transferred to Petri dishes containing MS medium. Whole disinfected
potato tubers were used for infection assays. Bacterial strains were grown
overnight in LB liquid medium at 28 °C with continuous shaking and
diluted to 10® CFU/mL (ODgyo = 0.1) in sterile double-distilled water con-
taining CA or SA alone or in combination with 100 nm eAHL. The bacterial
suspensions were shaken (150 rpm) in a TU-400 incubator shaker for 2 h
at 28 °C before inoculation. Leaf discs and potato tubers were then
pierced at the centre with a sterile tip and inoculated with 10 uL of
bacterial suspension (10° CFU). The inoculated plant material was incu-
bated at 28 °C. For calla lily, the disease severity was expressed as the
percentage of decayed tissue relative to the total area of the disc, and was
recorded 15 h after inoculation. For potato tubers, the disease severity was
expressed as the percentage of rotten tissue, which was determined by
weighing decayed tissues after 48 h of inoculation. Two independent
experiments were carried out, with 10 and four replicates for each treat-
ment, for the leaf disc and tuber assays, respectively.

Data analysis

Data were analysed by one-way analysis of variance (ANOVA) using JMP
software (Version 5, Medmenham, Buckinghamshire, UK). When ANOVA
indicated a significant difference (P < 0.05), a Tukey—Kramer multiple com-
parison test was performed. Graphs were generated with Sigma Plot
Version 10.0 (Systat Software, San Jose, CA, USA).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 Effects of cinnamic acid (CA) and salicylic acid (SA) on the
growth of Pectobacterium aroidearum PC1 and Pectobacterium
carotovorum ssp. brasiliense Pcb1692. The strains were grown in
liquid Lysogeny-Broth (LB) and LB with non-lethal concentrations of
CAorSA(0.25 mg/mLand 0.21 mg/mL, respectively). After 1, 8 and
24 h of growth, the bacterial cultures were serially diluted and
plated on LB agar plates. The numbers of colonies were counted
and CFU (colony forming units)/mL are expressed on a logarithmic
scale.

Fig. S2 Effects of cinnamic acid (CA; 0.25 mg/mL) and salicylic
acid (SA; 0.21 mg/mL) on the transcript levels of hor and hrpS.
These genes are transcriptional regulators, which were not
affected by the supplied phenolic compounds.

Fig. S3 (a) Growth curve of Pectobacterium strains (P. aroidearum
PC1 and P. carotovorum ssp. brasiliense Pcb1692) in the control
and in the presence of non-lethal concentrations of cinnamic acid
(CA) and salicylic acid (SA). Bacteria were grown at 28 °C under
continuous shaking for 24 h under control and treatment condi-
tions, and growth was assessed by measuring the absorbance
(optical density, 0.D.) at 600 nm every hour. The data represent
means * standard errors with at least five replicates for each
experiment. (b) Growth curves of psB401 in control and in the
presence of non-lethal concentrations of CA and SA. Bacteria were
grown at 37 °C under continuous shaking with measurements
taken every 30 min for 24 h.

Table S1 Primers used for real-time polymerase chain reaction
(PCR).
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