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Our previous studies have shown that the plant defense
signal, salicylic acid (SA), activates the RpfB-dependent DSF
turnover by altering the culture and cytoplasmic pH of Xcc.25

Xcc can sense the SA signal via the novel sensor HepR and
then activate the efflux pump HepABCD to tolerate SA stress
and to induce QS signal turnover.26 As a vascular
phytopathogen, Xcc is exposed to diverse phenolic compounds
during host plant infection. In addition to the plant defense
signal SA, HCAs are among the stressors encountered during
Xcc infection in host plants. How the phytopathogen Xcc
tolerates HCAs stress to survive in plants remains unclear.

In this study, we aimed to determine the role of HCAs in
Xcc quorum sensing and how these metabolites are sensed and
effluxed by Xcc during its infection inside host plants. Three
HCAs were shown to directly act on the QS level of invading
pathogens to induce DSF signal turnover. The signaling
pathway by which HCAs activate RpfB-dependent DSF
turnover was identified. An HCA sensor protein and an
RND (resistance-nodulation-cell division) family efflux pump
were shown to sense and efflux the three HCAs. These results
provide new insights into the roles of HCAs in plant−pathogen
interactions and the molecular interactions between host plants
and the bacterial pathogen Xcc.

■ MATERIALS AND METHODS
Bacterial Strains and Culture Conditions. The bacterial strains

used in this study are detailed in Table S1 in the Supporting
Information. Xcc wild-type strain XC1 and its derivatives were
cultivated at 28 °C in XYS medium (0.7 g L−1 K2HPO4, 0.2 g L−1

KH2PO4, 1 g L−1 (NH4)2SO4, 0.1 g L−1 MgCl2·6H2O, 0.01 g L−1

FeSO4·7H2O, 0.001 g L−1 MnCl2·4H2O, 5 g L−1 sucrose, and
0.0625% yeast extract, pH 7.0), NYG medium (5 g L−1 peptone, 3 g
L−1 yeast extract, and 20 g L−1 glycerol). Peptone and yeast extract
were sourced from Sangon Biotech (Shanghai, China). When
necessary, the following antibiotics were added to the medium for
selection: 25 μg mL−1 rifamycin (Rif), 50 μg mL−1 kanamycin (Km).
Bacterial growth was assessed by measuring the optical density at a
wavelength of 600 nm (OD600).

Gene Deletion and Functional Complementation Analysis.
Xcc in-frame deletion mutants were generated using previously
described methods.14 Briefly, the fusion DNA fragment containing
∼500 bp upstream and ∼500 bp downstream regions of the target
gene were cloned into the suicide vector pK18mobsacB using a
ClonExpress MultiS one-step cloning kit (Vazyme Biotech Co., Ltd.,
Nanjing, China). The constructed recombinant plasmid was then
introduced into XC1 through mating. The recombinant plasmid was
transformed into E. coli S17-1 λpir and then transferred to Xcc by
diparental mating. In succession, colonies with Km and Rif resistance
and sucrose sensitivity were selected on NRK (NYG with Km and
Rif) and NAS media (NA containing 5% sucrose), respectively.
Deletion of the target gene was verified by PCR, and subsequent
sequencing was performed using the primers listed in Table S2.

For complementation analysis, the target gene was PCR amplified
and cloned into the multiple cloning site of the versatile delivery
vector mini-Tn7T-Gm. The resultant constructs were then transferred
into Xcc strains.27

Extraction and Quantitative Analysis of HCAs in Xcc
Cultures. HCAs level was quantified using high performance liquid
chromatography (HPLC), following established methods. Briefly, 0.5
mL of the XC1 strain culture supernatant and its derivatives were
collected and adjusted to pH 4.0. They were then extracted with 1 mL
of ethyl acetate, and the ethyl acetate fractions were collected,
evaporated, and dissolved in 0.1 mL of methanol for HPLC analysis
using a C18 reversed-phase column (Zorbax XDB; 5 μm, 4.6 mm ×
150 mm, Agilent, Santa Clara, California). Fractions were eluted with
a mixture of methanol and water, each containing 0.05% formic acid,
in a 25%/75% (v/v) ratio at a flow rate of 1 mL min−1. Commercially

available CA, 2-HCA, 3-HCA, and 3-HCA were purchased from
Sigma (USA).

Generation of gusA-Fusion Reporter Strains and β-
Glucuronidase (GUS) Activity Assays. The construction of gusA-
fusion reporter strains was constructed for hepRABCD following the
methodology previously described by Chen et al.28 Briefly, the DNA
fusion fragments, comprising the T0T1 terminator, promoter region,
and gusA gene, were subsequently cloned into the Mini-Tn7T-Gm
plasmid, thereby generating the mini-Tn7-T0T1-promoter-gusA
plasmid. The mini-Tn7-T0T1-promoter-gusA plasmid was integrated
into strain XC1 by electroporation.

The reporter strains were cultured in XYS medium at 28 °C for
12−36 h. A 1 mL culture sample was collected and centrifuged at
8000 rpm for 10 min using a Thermo Scientific Legend Micro 17R
centrifuge (Waltham, Massachusetts). The pellet was then washed
once with phosphate-buffered saline (PBS). Bacterial cells were
suspended in 200 μL of PBS buffer, and 20 μL of lysis solution
(TieChui, ACE Biotechnology, Nanjing, China) was added. After
centrifugation at 8000 rpm for 5 min, 10 μL of the supernatant was
mixed with 200 μL MUG solution (1 mM 4-methylumbelliferyl β-D-
glucuronide, 50 mM PBS, 5 mM DTT, and 1 mM EDTA, pH 8.0).
The reaction mixtures were incubated at 37 °C for 10 min. Each 200-
μL reaction was terminated by adding 800 μL of 0.4 M Na2CO3
solution. The GUS activity was detected using a 96-well plate and a
fluorescence microplate reader (SpectraMax M5, Molecular Devices,
San Jose, California), with excitation and emission wavelengths of 365
and 455 nm, respectively.

Extraction, Purification, and Quantitative Analysis of DSF
using HPLC and UPLC-TOF MS. For each strain, 10 mL of liquid
culture was collected and adjusted to pH 4.0 before extraction with 10
mL of ethyl acetate. Ethyl acetate was then removed by rotary
evaporation at 30 °C. The residues were dissolved in 0.1 mL of
methanol and analyzed using both HPLC (Agilent, Santa Clara,
California) and UPLC-TOF MS (Agilent, Santa Clara, California)
with a C18 reversed-phase column (Zorbax XDB; 5 μm, 4.6 mm ×
150 mm, Agilent, Santa Clara, California). For HPLC analysis, the
sample was eluted using a mobile phase of methanol and water
containing 0.1% acetic acid in a 70:30 (v/v) ratio at a flow rate of 1
mL/min. For UPLC-TOF MS analysis, the sample was eluted with a
mobile phase of methanol and water containing 0.1% formic acid in
an 80:20 (v/v) ratio at a flow rate of 0.4 mL/min.

SPR Assays. The surface plasmon resonance (SPR) assay for
analyzing protein−ligand interaction was conducted using Biacore 8K
(Cytiva, Uppsala, Sweden) with PBS + 0.25% Tween 20 as the
running buffer at 25 °C. His-tagged HepR was immobilized on Sensor
Chip CM5 (Cytiva, Uppsala, Sweden) using a standard amine-
coupling procedure in 10 mM sodium acetate (pH 5.0).26 3.9−125
μM CA or 3.9−62.5 μM 2-HCA was injected onto the sensor chip at
a flow rate of 30 μL/min for 120 s, followed by 120 s of buffer flow.
The Kd value was determined using Biacore 8K evaluation software
and steady state analysis of the data at equilibrium.

Electrophoretic Mobility Shift Assay. Electrophoretic mobility
shift assay (EMSA) was performed according to the established
protocol.28 Briefly, different purified His-HepR concentrations were
mixed with Cy5-labeled promoter fragment Phep in 20 μL of binding
buffer (20 mM Tris pH 7.9, 2 mM dithiothreitol, 10 mM MgCl2, 5%
glycerol, 40 μg/mL bovine serum albumin, 100 ng/mL sonicated
salmon sperm DNA). The mixtures were then loaded on a 4.5%
nondenaturing poly(acrylamide gel) and subjected to electrophoresis
in 0.5 × tris-borate-EDTA (TBE) buffer for 90 min. In the gel, the
Cy5 fluorophore was detected using an Amersham Typhoon RGB
Biomolecular Imager (Cytiva, Uppsala, Sweden).

Tolerance of Xcc to HCAs Assay. To facilitate an intuitive
assessment of Xcc’s tolerance to HCAs, single colonies were
inoculated into NYG medium supplemented with Rif and incubated
at 28 °C for 12 h. The bacterial cultures were then harvested via
centrifugation at 12 000 rpm for 5 min and thoroughly washed twice
with 1 × PBS. The resulting bacterial pellet was resuspended in 1 mL
of 1 × PBS. The resuspension was inoculated into XYS medium, with
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or without 2.5 mM HCAs, at a concentration of 1%. The growth of
different mutants was then assessed by measuring OD600.

Colony Formation of Xcc Strains. The Xcc strains were grown
in XYS liquid medium supplemented with 100 μM HCAs for 24−48
h, and 1 mL of the culture was collected at 24 and 48 h
postinoculation (hpi) and centrifuged at 8000g for 5 min. The
resultant cell pellet was resuspended in 1 mL of PBS, and further
diluted 100, 101, 102, 103, 104, and 105 times with PBS. A 2 μL sample
of each diluent was plated onto an XYS agar plate supplemented with
25 μg/mL Rif and incubated for 48 h for colony formation.

To quantitatively determine the colony-forming units (CFUs) of
Xcc strains, a 100-μL aliquot of the diluted PBS cultures were plated
onto XYS agar plates supplemented with 25 μg/mL rifampicin. The
visible CFUs were recorded for each treatment at 48 hpi.

Extracellular Polysaccharides Production and the Cellulase
and Protease Activity. Extracellular polysaccharides (EPS)
production and extracellular enzyme activity were quantitatively
determined following methods previously described by Zhou et al.10

Briefly, 10 mL of XYS cultures were collected at 24 and 36 hpi and
centrifuged at 12 000 rpm for 30 min to prepare the supernatant. The

Figure 1. XC1 is not unable to degrade CA, 2-HCA, and 3-HCA while strain ΔhcaL cannot degrade 4-HCA. (A) Chemical structures of HCAs
used in this study. (B) Growth time course of XC1 or ΔhcaL in XYS cultures supplemented with 100 μM HCAs. (C) HCAs levels in XYS cultures
of strain XC1 or ΔhcaL. The averages of three independent experiments and the standard deviations are shown.

Figure 2. Exogenous HCAs addition induces DSF turnover in strain Δrpf C or Δrpf CΔhcaL. (A) DSF level in the XYS culture of Δrpf C
supplemented with 10−100 μM CA at 36 hpi, (B) Δrpf C supplemented with 10−100 μM 2-HCA at 36 hpi, (C) Δrpf C supplemented with 10−
100 μM 3-HCA at 36 hpi, (D) Δrpf CΔhcaL supplemented with 10−100 μM 4-HCA at 36 hpi. The averages of three independent experiments and
standard deviations are shown. Statistically significant differences are indicated by one (p < 0.05) or two asterisks (p < 0.01).
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supernatant was then mixed with 2 volumes of absolute ethanol and
kept at −20 °C for 20 min. The precipitated EPS was spun down and
dried in a 55 °C oven overnight before determining the dry weight.

The extracellular cellulase and protease activity in the culture
supernatants of XC1 was analyzed according to the method described
previously.29,30

Statistical Analyses. All experiments were conducted independ-
ently, at least in triplicate. Analysis of variance (ANOVA) was
performed on all experimental data sets using the JMP software
program (version 5.0). The significance of the different treatments
was assessed by F values. Differences with significant F tests were
further analyzed using Fisher’s protected least significant difference
test, with a significance level set at p < 0.05.

■ RESULTS
Exogenous Addition of HCAs Induces DSF Turnover.

In this study, we first investigated whether Xcc can degrade
CA, 2-HCA, 3-HCA, and 4-HCA in the XYS medium, which
mimic the growth conditions during Xcc infection inside the
host plant. To this end, Xcc growth was determined in XYS
cultures supplemented with 100 μM CA, 2-HCA, 3-HCA, and
4-HCA (Figure 1A). Addition of these HCAs had no
significant effect on Xcc growth (Figure 1B). The CA, 2-
HCA, and 3-HCA contents remained stable throughout Xcc
growth (Figure 1C). These results suggest that Xcc cannot
degrade CA, 2-HCA, and 3-HCA in XYS culture.

In contrast, the 4-HCA content decreased over time in the
XC1 culture. This is highly consistent with our previous
findings that Xcc degrade 4-HCA via a hcaLDH gene cluster.16

In the XYS culture of the mutant strain ΔhcaL, the 4-HCA
level remained relatively constant (Figure 1C).

We then investigated the effects of these four HCAs on the
level of QS signal DSF. The addition of 10, 50, and 100 μM
CA, 2-HCA, or 3-HCA to the XYS culture of the DSF-
overexpression strain Δrpf C significantly induced DSF turn-
over at 36 hpi in a dose-dependent manner (Figure 2A−C). At
36 hpi, the DSF levels were 0.177, 0.654, and 0.266 μM in the
presence of 100 μM CA, 2-HCA, and 3-HCA, respectively,
which corresponded to approximately 7.9, 29.2, and 11.9% of
the basal concentration (2.239 μM) observed in the absence of
HCAs. The addition of 10−100 μM 4-HCA to the XYS culture
of the strain Δrpf C had no significant effect on DSF turnover
at 36 hpi. However, when 10−100 μM 4-HCA was added to
the XYS culture of the Δrpf CΔhcaL mutant, significant
induction of DSF turnover was observed at 36 hpi in a dose-
dependent manner (Figure 2D). These results suggest that
exogenous addition of CA, 2-HCA, 3-HCA, and 4-HCA to the
XYS culture induces DSF turnover in Xcc strain XC1.

Cumulative Effect on DSF Turnover between SA and
CA or 2-HCA. Previous studies demonstrated that SA
significantly induced DSF turnover in Xcc.25 In this study,
we compared the effects of SA, CA, 2-HCA, 3-HCA, and 4-
HCA on DSF turnover in XC1. SA was found to be the most
effective in reducing the DSF levels of Δrpf C, followed by CA,
3-HCA, and 2-HCA (Figure 3A). Since both SA and HCAs are
plant-derived secondary metabolites, we explored whether they
have cumulative effects in DSF turnover. The DSF level in the
XYS culture supplemented with both 10 μM SA and 10 μM
CA or 2-HCA at 36 hpi is significantly lower than that
supplemented with SA or CA or 2-HCA (Figure 3B). These
results suggest a cumulative effect of SA and HCAs on DSF
turnover in Δrpf C.

HCA-Induced DSF Turnover is Dependent on rpf B.
RpfB has been identified as a fatty acyl-CoA ligase that

converts DSF into DSF-CoA, and is responsible for DSF
turnover in Xcc.14 To determine whether rpf B is essential for
HCA-induced DSF turnover, the DSF levels of strains Δrpf BC
(rpf B and rpf C double deletion mutant) and Δrpf BC::rpf B
(Δrpf BC complemented with a single copy of rpf B at the
attTn7 genomic site) were compared in the absence and
presence of 100 μM HCAs in XYS medium. The addition of
100 μM HCAs had no effect on the DSF level in strain
Δrpf BC. Conversely, HCAs addition significantly induced DSF
turnover in strain Δrpf BC::rpf B (Figure 4A). For instance, the
DSF levels in Δrpf BC::rpf B treated with CA, 2-HCA, and 3-
HCA were 0.09, 0.98, and 0.15 μM, at 36 hpi, respectively,
which are significantly lower than concentrations observed in
the absence of HCAs (2.42 μM) (Figure 4B). Similarly, 100
μM 4-HCA failed to induce DSF turnover in ΔhcaLΔrpf BC
but significantly induced DSF turnover in ΔhcaLΔrpf BC::rpf B
(Figure 4B). These results indicated that HCA-induced DSF
turnover is dependent on RpfB.

HCAs Have No Effect on rpf B and rpf F Expression.
The levels of DSF family signals in Xcc are determined by the
relative activities of RpfF-dependent biosynthesis and RpfB-
dependent degradation.31 To explore the molecular mecha-
nisms underlying HCA-induced DSF turnover, reporter strains
XC1::PrpfB-gusA and XC1::PrpfF-gusA were generated to
monitor rpf B and rpf F transcriptional activity (Figure S1A).
HCAs addition did not significantly affect rpf B transcript
levels. Similarly, no significant differences were found between

Figure 3. Cumulative effect on DSF turnover between SA and CA or
2-HCA (A) DSF level in the XYS culture of Δrpf C or Δrpf CΔhcaL
supplemented with 100 μM CA, 2-HCA, 3-HCA, 4-HCA, and SA at
36 hpi; (B) DSF levels in strains Δrpf C in XYS medium
supplemented with individual 10 μM CA, 2-HCA, SA, and different
combinations. Three independent experiments were conducted and
averages along with standard deviations are shown. Statistically
significant differences are indicated by one (p < 0.05) or two (p <
0.01) asterisks.
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the XC1::PrpfF-gusA and XC1::PrpfF-gusA strains treated with
100 μM HCAs (Figure S1BC). Furthermore, Western blot
analysis revealed that RpfF and RpfB protein levels exhibited
no significant variations in the XC1 strain between normal and
HCAs treatment conditions (Figure S1D). These findings
suggest that the impact of HCAs on DSF turnover is not
mediated by transcriptional or translational regulation of rpf B
or rpf F.

Exogenous HCAs Addition Significantly Prevents a
pH Decrease in Xcc Culture. Previous findings indicated
that Xcc growth in XYS medium leads to an acidic
environment and a reduction in cytoplasmic pH.25 Addition-
ally, the exogenous addition of SA significantly prevents
decreases in both the culture pH and cytoplasmic pH.25 In this
study, HCAs were also observed to prevent the decrease of
culture pH. The addition of 10−100 μM CA did not
significantly impact culture pH at 12 hpi; however, notable
increases were observed at 24 and 36 hpi (Figure 5A). At 36
hpi, the culture pH of the Δrpf C strain was at 5.03, 4.95, and
4.87 in the presence of 100 μM CA, 2-HCA, and 3-HCA,
respectively. These values represented increases of 0.58, 0.50,
and 0.42, respectively, compared to the baseline pH of 4.45 in
the absence of HCAs (Figure 5B).

HCA-Induced DSF Turnover is Dependent on hepR.
The hepRABCD gene cluster has been shown to regulate
culture pH and DSF turnover by SA.26 HepR negatively

regulates the expression of the hep gene cluster by specifically
binding to an AT-rich region of Phep.

26 To determine whether
the hep gene cluster is involved in HCA-induced DSF turnover,
the culture pH and DSF levels of Δrpf CΔhepR and
complementation strain Δrpf CΔhepR::hepR were measured
in the absence and presence of HCAs. The addition of 100 μM
HCAs to the XYS cultures of Δrpf CΔhepR did not
significantly impact DSF turnover at 36 hpi (Figure 6A).
Similarly, this treatment did not significantly alter the culture
pH at 36 hpi (Figure 6B). These findings suggest that HCA-
induced DSF turnover depends on hepR.

Furthermore, using the reporter strain XC1::Phep-gusA, our
results showed that the transcriptional activity of Phep increased
with CA and 2-HCA concentrations ranging from 10 to 100
μM (Figure 6C). In contrast, no significant variations in
transcriptional activity were observed in the ΔhepR::Phep-gusA
strain (Figure 6D). These findings show that HCAs induce the
expression of the hep gene cluster.

HepR is an HCA Sensor. HepR is a transcriptional
regulator belonging to the MarR family and has been identified
as an SA sensor in Xcc.26 In this study, SPR analysis revealed
that CA and 2-HCA bound to HepR dimers, with Kd values of
42.5 and 28.0 μM, respectively (Figure 7A,B). Moreover,
HCAs addition to the EMSA reaction mixture inhibited the
binding of HepR (0.5 ng) and Phep in vitro (Figure 7C). These
results suggest that HepR functions not only as a sensor for SA
but also for HCAs in Xcc.

Xcc Can Efflux CA, 2-HCA, and 3-HCA through the
HepABCD Efflux Pump. It is known that HCA and its
derivatives possess antimicrobial activities. In XYS medium, 2.5
mM HCAs inhibited Xcc growth. Among the tested

Figure 4. HCA-induced DSF turnover is dependent on RpfB. (A)
DSF level in strains Δrpf CΔrpf B and ΔhcaLΔrpf BΔrpf C grown in
XYS medium supplemented with 100 μM HCAs and (B) strains
Δrpf BΔrpf C::rpf B and ΔhcaLΔrpf BΔrpf C::rpf B grown in XYS
medium supplemented with 100 μM HCAs. The averages of three
independent experiments and standard deviations are shown.
Statistically significant differences are indicated by one (p < 0.05)
or two asterisks (p < 0.01). ns: not significant.

Figure 5. Exogenous HCAs addition significantly prevents the pH
decrease of XC1 culture. (A) Time course of XC1 culture pH in the
presence of 10−100 μM CA. (B) Culture pH of XYS culture
supplemented with 100 μM CA, 2-HCA 3-HCA, SA, or 4-HCA at 36
hpi. The averages of three independent experiments and standard
deviations are shown. Statistically significant differences are indicated
by one (p < 0.05) or two asterisks (p < 0.01).
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compounds, CA displayed the most potent inhibitory effect on
XC1 growth, followed by 3-HCA and 2-HCA (Figure 8A).

Successful phytopathogens employ various mechanisms to
defend against toxic compounds produced by host plants.
RND family efflux pumps are recognized as a method for
bacteria to extrude antimicrobials from their cells. Previous
studies have indicated that HepABCD is involved in SA
efflux.26 Given the importance of RND efflux pumps in
bacterial detoxification, HCAs may be substrates of Hep-
ABCD, contributing to their detoxification. To further verify
that HepABCD is responsible for HCAs efflux, the tolerance of
various Xcc strains to high levels of HCAs was assessed. In the
absence of HCAs, the growth rates of strains XC1, ΔhepR, and
ΔhepABCD were comparable in XYS medium (Figure 8B).
However, in the presence of 2.5 mM HCAs, ΔhepR, which
overexpresses the hepABCD genes, demonstrated significantly
higher tolerance than the wild-type strain XC1, while
ΔhepABCD exhibited lower tolerance compared to XC1.
These findings suggest that Xcc can effectively efflux CA, 2-
HCA, and 3-HCA through the HepABCD efflux pump.

HCAs Positively Regulate the Viability of XC1 in XYS
Medium. Xcc produces the DSF QS signal, which positively
regulates the production of EPS and various extracellular
enzymes that are crucial for pathogenesis.12 In this study, EPS
production and the cellulase and protease activity of XC1 in
XYS medium were determined in the absence and presence of
HCAs. HCAs induced DSF turnover but did not significantly
impact EPS and extracellular enzyme production (Figure
S2A−C). However, HCAs significantly increased EPS levels in
Δrpf C and Δrpf B mutants. This suggests that there might be
an alternative HCA signaling pathway in Xcc (Figure S2D).
Additionally, ΔhepR mutant activated HepABCD to efflux
HCAs, resulting in a significant reduction in the intracellular
concentration of HCAs, and HCAs had no significant effect on
the EPS level of the ΔhepR mutant (Figure S2D).

HCAs are mainly recognized as potent antioxidants, thereby
being involved in the prevention of several human diseases
connected to oxidative stress.32 The effects of HCAs on XC1
colony formation were examined to explore the mechanisms
underlying HCA-induced virulence factor production. XC1

Figure 6. HCA-induced DSF turnover and pH decrease are dependent on hepR. (A) DSF level in strains Δrpf CΔhepR and Δrpf CΔhepR::hepR
grown in XYS medium supplemented with 100 μM CA or 2-HCAs at 36 hpi. (B) The pH in strains Δrpf CΔhepR and Δrpf CΔhepR::hepR grown in
XYS medium supplemented with 100 μM CA or 2-HCAs at 36 hpi. (C) Phep-dependent GUS activity in XC1 and (D) ΔhepR cultured in XYS
supplemented with 10−100 μM CA or 2-HCA at 36 hpi. The averages of three independent experiments and standard deviations are shown.
Statistically significant differences are indicated by one (p < 0.05) or two asterisks (p < 0.01). ns: not significant.
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was cultured in XYS liquid medium supplemented with 100
μM HCAs for 24−48 h. The culture was then diluted between
100 and 105 times, and the dilutions were plated on XYS agar
plates to count the number of (CFUs). At 24 hpi, HCAs had
no significant effect on XC1 CFUs (Figure 9A). However, XC1
treated with SA, CA, 2-HCA, and 3-HCA produced
significantly more CFUs than nontreated XC1 at 48 hpi
(Figure 9A). Specifically, the number of CFUs produced by
nontreated XC1 was 2.67 × 105, and the number of CFUs of
XC1 treated with CA, 2-HCA, and 3-HCA was 1.40 × 1010,
1.62 × 1010, and 9.00 × 109 CFU/mL, respectively (Figure
9B). These results suggest that HCAs increase the viability of
Xcc.

■ DISCUSSION
Successful infection of plants by phytopathogens is a complex
process involving multiple factors. Plants respond to pathogen
invasion by producing antimicrobial compounds and activating
a series of immune responses. HCA, an aromatic carboxylic
acid naturally found in a variety of plants, contributes to plant
defense by exerting direct antimicrobial activity.33 Numerous
studies have shown that hydroxycinnamic acid and its
derivatives have activity against phytopathogens.19,34 Con-
versely, phytopathogens have evolved various mechanisms to
protect themselves from toxic compounds produced by host
plants. For example, previous studies have indicated that SA
produced by cabbage directly acts on Xcc to induce DSF QS
signal turnover.25 HepR serves as a SA sensor, regulating the

Figure 7. HepR is an HCA sensor protein. (A) SPR analysis of the binding of CA to HepR and (B) 2-HCA to HepR. (C) EMSA assay to show that
HCAs interfere with the binding of HepR to the Phep promoter.
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Figure 8. RND family efflux pump HepABCD is responsible for HCAs efflux. (A) Growth of XC1 in XYS culture supplemented with 2.5 mM
HCAs. (B) XC1, ΔhepR, and ΔhepABCD in XYS, (C) XC1, ΔhepR, and ΔhepABCD in XYS supplemented with 2.5 mM CA, (D) XC1, ΔhepR, and
ΔhepABCD in XYS supplemented with 2.5 mM 2-HCA, and (E) XC1, ΔhepR, and ΔhepABCD in XYS supplemented with 2.5 mM 3-HCA. The
averages of three independent experiments and the standard deviations are shown.

Figure 9. HCAs treatment significantly increases the CFUs of XC1 at 48 hpi. (A) The colony-forming units (CFUs) were determined for the XC1
strain grown in XYS medium supplemented with 100 μM HCAs at 24 and 48 hpi. (B) Quantitative analysis of the CFUs of XC1 strain grown in
XYS medium supplemented with 100 μM HCAs at 48 hpi. The averages of three independent experiments and the standard deviations are shown.
Statistically significant differences are denoted by one asterisk (p < 0.05).
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expression of the hepABCD gene cluster, which encodes an
RND efflux pump that facilitates SA efflux. The present study
further showed that HCAs can directly affect Xcc, inducing
DSF signal turnover. We also discovered that HepR functions
as an HCA sensor, leading to the increased expression of
hepABCD and activating HCA efflux from Xcc cells. Following
HCA sensing, the number of CFUs produced by Xcc
increased. These findings reveal a mechanism for a plant−
microbe interaction in which host plants produce HCAs to
inhibit the phytopathogen QS signal, thereby reducing
virulence. In response, Xcc senses the HCAs and activates
the efflux pump to ensure its survival and enhance virulence in
susceptible host plants.

Several studies have reported that HCAs inhibit QS signals
in bacteria. Specifically, CA suppresses AHL QS signal
production in Pectobacterium spp. and reduces the production
and secretion of plant cell wall-degrading enzymes.23 At
sublethal concentrations, HCAs effectively inhibit both QS-
dependent virulence factor production and biofilm formation
in P. aeruginosa without affecting bacterial viability.24 In
Agrobacterium tumefaciens, treatment with 4-HCA decreases
the expression of the QS signal synthase gene traI, resulting in
reduced production of the QS signal 3-oxo-C8-HSL.35 In this
study, HCAs addition significantly reduced the DSF level of
Xcc dependent on rpf B in XYS medium (Figure 3). However,
HCAs had no effect on the transcriptional levels of rpf F and
rpf B, which encode two key enzymes responsible for DSF
biosynthesis and biodegradation (Figure S1). Previous research
has demonstrated that SA-mediated DSF turnover in Xcc
occurs not at the transcriptional level but through pH-
dependent activation of RpfB.25 This study also observed a pH
increase in HCA-treated Xcc cultures. Additionally, HCAs
induced the expression of the hep gene cluster via hepR, which
also plays a role in facilitating DSF turnover. The regulatory
mechanism of hepRABCD on the DSF QS signal level is being
further studied.

The MarR family of transcriptional regulators are essential
for the regulation of the specialized functions of molecules
associated with plant hosts and involved in plant−bacteria. The
conversion of in planta signals into changes in bacterial
physiology and behavior enables bacteria to colonize plants
effectively and establish successful infections.36 MarR family
proteins can detect various antibiotics, aromatic compounds,
and metal ions and serve as pH and redox sensors to regulate
bacterial stress responses, virulence, and toxic compounds
degradation.37−39 In species such as Rhodopseudomonas
palustris, Agrobacterium fabrum C58, Acinetobacter sp. ADP1,
Pseudomonas fluorescens BF13, and Sphingobium sp. SYK-6,
MarR family regulators bind to HCAs or HCA-CoA to regulate
HCAs degradation.40−42 HepR, an SA sensor in Xcc, is
conserved across a variety of bacterial plant pathogens, as
previously reported.26 HepR negatively regulates the tran-
scription of hepABCD RND family efflux pump-encoding
genes, which are associated with the virulence of Xcc.26 This
study showed that HepR has broad substrate-binding
capabilities, sensing both SA and HCAs (Figure 7). Although
HepR showed relatively weak binding affinities, with Kd values
of 19.3 ± 3.7 μM for SA, 42.5 ± 3.1 μM for CA, and 28.0 ±
2.3 μM for 2-HCA, our unpublished results indicate an
additive effect on the induction of hep gene cluster expression.
Further, we did observe a cumulative effect of SA and HCAs in
reducing DSF levels (Figure 3B). This suggests that HepR acts
as a sensor for plant phenolic compounds in Xcc, facilitating

the timely expression of efflux pumps with the stress caused by
these compounds. We are currently resolving the crystal
structures of HepR complexes with these compounds to
elucidate the structural basis for their broad substrate
specificity. Further characterization of HepR’s regulatory
signaling pathways in Xcc is necessary to gain a comprehensive
understanding of its role.

This study found that HCAs treatment increased the
number of CFUs produced during the stationary phase (48
hpi), with no observable effect during the exponential phase
(24 hpi). HCAs present in plants function as antioxidants,
either by donating protons or electrons, thereby protecting
cells from free radical damage. RND family multidrug
resistance efflux pumps play a crucial role in safeguarding
bacterial cells against a broad range of antimicrobial
compounds including HCAs. RND efflux pumps are
particularly important for bacterial physiology, including
oxidative stress tolerance.43 Future investigations should
focus on whether the hepRABCD gene cluster mediates the
regulation of cell viability in Xcc in response to HCAs.

The results of this study support the hypothesis that
molecular interactions between host plants and Xcc involve
HCA signaling. HCAs bind to HepR, leading to the induction
of the hepRABCD transcription. The activity of the HepABCD
RND family efflux pump facilitates HCAs transport out of Xcc
cells, resulting in the depletion of the proton motive force and
subsequently creating both chemical and electrical potential
across the cell membrane. This increase in cytoplasmic pH
enhances the enzymatic activity of RpfB, thereby promoting
DSF turnover. HCAs also activate the expression of hepABCD,
which encodes a multidrug efflux pump in the plant pathogen
Xcc, thus enhancing bacterial survival in the presence of plant-
derived antimicrobial chemicals. This ability of plant-
pathogenic bacteria to exploit plant defense signaling
molecules to activate multidrug efflux pumps may have
evolved to ensure bacterial survival in susceptible host plants.
Ongoing studies focused on the specific interactions between
SA or HCAs and HepR, as well as the HepR regulon and the
HepR signaling pathway in Xcc, aim to further elucidate the
complex dynamics of sensing and signaling between pathogens
and hosts. The insights from these studies may be crucial for
developing effective control measures against Xanthomonas
pathogens.
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