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PopW, a protein elicitor, reduces tomato bacterial spot disease caused by Xanthomonas euvesicatoria (X.e.)
with a significantly decreased titer of X.e., achieving more than 50% biocontrol efficacy. Along with
phenotype changes, apparent reactive oxygen species (ROS) burst and callose deposition were triggered
by PopW at the cellular level; The mRNA abundance of PAMP-triggered immunity (PTI)-associated
marker genes (PTI5, LRR22, GRAS2) was increased by PopW at the molecular level. These results
demonstrated that PopW, as a PAMP, triggers early immunity of tomato against X.e. to reduce tomato

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Tomato bacterial spot disease is a widespread foliar disease in
tomato and pepper caused by Xanthomonas euvesicatoria (X.e.). X.e.
infection affects the foliage, fruit, blossoms, and stems of tomato
plants, causing more than 60% yield loss during high temperature
and humidity [1].

Chemical control and culture management are the most selec-
tive measures in the field [2]. Along with green consumerism
turning into the mainstream of our daily life, biocontrol has been
adopted for controlling crop diseases because of its lack of pollution
and harm. Previous studies showed that mutants of X.e. strain 75-3
(hrpG, hrpX, hrpF and hrpE1) were useful for controlling bacterial
spot disease under greenhouse and field conditions, achieving
21-58% biocontrol efficacy [3]. Plant growth-promoting rhizobac-
teria (PGPR), systemic acquired resistance inducers and host-
specific unformulated bacteriophages were also evaluated with
20—60% biocontrol efficacy in the greenhouses [4,5].

PopW is a harpin protein composed of pectase and harpin do-
mains from Ralstonia solanacearum ZJ3721 [6]. PopW has shown a
broad-spectrum biocontrol capacity and plant growth-promoting
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ability in both greenhouse and field conditions, displaying high
potential for industrialization [7—9]. Moreover, PopW significantly
decreased titers of X.e. in tomato leaves, achieving more than 50%
biocontrol efficacy. This study analyzes the mechanism of PopW-
triggered tomato resistance against X.e.

PAMPs (Pathogen-Associated Molecular Patterns) trigger plant
early immunity, which is known as PTI (PAMP-Triggered Immu-
nity). PTI is an innate immunity based on recognition of PAMPs via
PRRs (Pathogen-Recognition Receptors) located on plant cells [10].
A series of events in PTI, such as reactive oxygen species (ROS)
burst, callose deposition and expression of PTI-associated marker
genes, take place in a few minutes to several days [11—13]. On the
other hand, plant pathogenic bacteria have to overcome PTI before
they can successfully infect plant cells.

In this study, we attempted to associate PTI triggered by PopW,
as a PAMP, with its actual role as a biocontrol agent (BCA) to better
understand the mechanism of biocontrol of tomato bacterial spot
disease by PopW.

2. Materials and methods
2.1. Plant conditions and PopW and X.e. preparation

Tomato seeds (Solanum lycopersicum cultivar Hezuo 903 devel-
oped by the Shanghai Tomato Research Institute in Shanghai,
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China) were sown in artificial soil composed of black clay and
vermiculite in a ratio of 4:1. Two-week-old tomato seedlings with
3—4 true leaves were transferred into a pot (upper
diameter = 14.7 cm, lower diameter = 12.8 cm, height = 11 cm)
containing artificial soil and incubated in a greenhouse maintained
at 25—28 °C with a relative humidity of 70% and a 16/8 h day/night
photoperiod. Two weeks after being transferred, the plants were
used to conduct the experiment.

The extraction and purification of PopW was performed as
described previously [6]. X.e. was grown in liquid NYGA medium
(yeast extract 3 g, peptone 10 g and glycerin 20 g for 1 L, pH
7.0—7.2), containing 100 mg of rifampicin per liter at 28 °C for 72 h.
Cultured X.e. cells were pelleted by centrifugation (4 °C, 6000 rpm
for 10 min) and then resuspended in sterile water with 0.01% Silwet
L-77 (vol/vol), and adjusted to 3 x 108 CFU/mL by serial dilutions for
spray inoculation.

Additionally, flg22 peptide at a final concentration of 1 pM
(synthesized by Zhongya Co., Beijing, China) was used for the
following experiment based on previous reports [14].

2.2. Biocontrol assay of tomato bacterial spot disease

Tomato seedlings with 3—4 true leaves were transferred into a
pot. After 2 weeks, 25, 50, 125 and 250 mg/L PopW was sprayed
onto the leaves of seedlings with 0.01% Silwet L-77 (vol/vol), and
X.e. with 0.01% Silwet L-77 (vol/vol) was spray-inoculated onto the
tomato leaves after 5 days. Tomato plants were grown under 100%
humidity conditions for one week to promote X.e. infection and
then transferred to normal growth conditions (greenhouse condi-
tions at 25—28 °C with a relative humidity of 70% and a 16/8 h day/
night photoperiod). The disease index was calculated as described
by Horsfall and Barratt [15], from bacterial spot occurrence to no
visually increased bacterial spots for water controls.

2.3. Monitoring of X.e. proliferation in tomato leaves

Tomato leaves were treated with PopW and X.e. as described in
Section 2.2. To monitor X.e. growth in plants, tomato leaves were
sampled at 0, 1, 3 and 4 days post-inoculation with X.e., and 0-day
samples were collected at 2 h post-X.e. inoculation. Each sample
(1 g) was soaked in 70% ethanol for 30—40 s for surface sterilization,
washed 2—3 times in sterile water, air dried, and then homogenized
in 9 mL sterile 0.85% NaCl with 0.5 g silica sand using a sterile pestle
and mortar. Subsequently, appropriate dilutions were plated onto
NYGA agar supplemented with 100 mg of rifampicin per liter at
28 °C. After incubation for 72 h, X.e. colonies grown with rifampicin
resistance were counted on plates, and X.e. density in the leaves
was determined (CFU per gram of leaf fresh weight (fw)). Three
replicates were performed for each treatment, and each experi-
ment was repeated two times.

2.4. Detection of hydrogen peroxide

ROS burst was determined as described by Niu et al. [16]. To-
mato leaves were sampled at 10 and 24 h. Each sample (four leaves)
was soaked in 1 mg/mL diaminobenzidine (DAB, pH 3.8) for 8 h at
25 °C for staining. Stained leaf tissues were boiled in 95% ethanol
for 20 min for destaining. Then, leaf tissues were suspended with
sterile water and observed under a fluorescence microscope. H,0;
as a main form of ROS was also quantitatively determined by ELISA
with an H,0, detection kit (produced by Jiancheng Biotech, Nanj-
ing) according to the manufacturer's protocol.

2.5. Determination of callose deposition

Callose deposition was determined as described by Reuber et al.
[17]. Tomato leaves were sampled at 10 and 24 h. To destain the
samples, each sample was soaked in destaining solution
(phenol:glycerol:lactate:water:ethanol = 1:1:1:1:8), infiltrated by
applying a vacuum for 5—10 min, and boiled at 100 °C until all of the
samples were completely destained. To stain callose, the destained
samples were vacuum-treated in 0.01% aniline blue solution
(150 mM K;HPQg4, PH = 9.5) for 5—10 min, placed in the dark for
8 h at 25 °C, rinsed in sterile water, and then photographed in UV
light by a fluorescence microscope.

2.6. Q-PCR analysis of mRNA abundance

Tomato leaves were treated with PopW or water and then
inoculated with X.e. after 5 days. Each sample (0.1 g) was collected
at 6,12, 36 and 48 h and ground with liquid N, into powder. Total
RNA was extracted by using 1 ml TRIZOL reagent (Invitrogen Co.)
and was treated with RNase-free DNAse (Takara Co.) to remove
genomic DNA. Reverse transcription of RNA was performed with
1 pg of total RNA using M-MLV reverse transcriptase according to
the manufacturer's protocol (Invitrogen Co.). The primers used
were listed by Kim et al. [18]. A constitutively expressed gene (18S
rRNA) was used as a housekeeping gene in quantitative real-time
PCR analysis. Three replicates were performed for each treatment.

2.7. Statistical analysis

Data were statistically analyzed for significance by a least sig-
nificant difference (LSD) test (P < 0.05) using the statistical soft-
ware Data Processing System (DPS version 7.05).

3. Results
3.1. PopW shows potential biocontrol capacity toward X.e

The first bacterial spot was initially observed in tomato leaves
treated with PopW or water 9 days after X.e. inoculation. How-
ever, the disease index in PopW treatments was obviously lower
than water controls from 9 through 29 days post-inoculation
(dpi), and the lowest disease index was obtained with 50 mg/L
PopW (Fig. 1A). PopW (50 mg/L) achieved the best biocontrol
efficacy (54.57%) at 30 dpi, and the other PopW treatments (250,
125 and 25 mg/L) obtained more than 40% biocontrol efficacy
(Table 1).

To determine the effect of PopW on plant resistance toward X.e.
infection, we monitored the growth of X.e. in tomato leaves of
seedlings treated with 50 mg/L PopW or water at 0, 1, 3 and 4 dpi.
The density of X.e. was less at 0, 1 and 3 dpi in tomato leaves of
seedlings treated with PopW and was significantly reduced at 4 dpi
by PopW relative to leaves pretreated with water (Fig. 1B).

3.2. PopW elevates the level of ROS burst in tomato leaves

ROS, as an important immunity system in plants under stress,
might activate a series of resistance reactions in plant cells as a
second messenger [19,20]. Considering the ROS burst as a non-
negligible segment of PTI in plant immunity [13,21], experiments
were designed to investigate the timing for PopW to induce the ROS
burst in treated tomato plants. By DAB-histochemical staining of
ROS formation in vivo, it was shown that PopW apparently triggers
the ROS burst at 10 and 24 (hours post-treatment) hpt in treated
tomato leaves compared with water controls (Fig. 2A). The ROS
burst was also enhanced in tomato leaves treated with PopW
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Fig. 1. The effect of PopW to control tomato bacterial spot disease. Tomato seedling
leaves were sprayed with (A, B) 50 mg/L PopW or water and spray-inoculated with
3 x 10% CFU/mL X.e. after 5 days. (A) The disease index in tomato leaves pretreated
with water or PopW at different concentrations (25, 50, 125 and 250 mg/L) after
challenge inoculation with X.e. (B) The growth of X.e. in tomato leaves of seedlings
treated with water or PopW. The density of X.e. in tomato leaves was detected at 0,1, 3
and 4 dpi, and the 0 dpi sample was collected at 2 hpi. Each column represents an
average of three replicates, and the bars indicate SD. The asterisk indicates a significant

difference (least significant difference test, P < 0.05) in the density of X.e. in tomato
leaves pretreated with PopW relative to leaves pretreated with water.
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Table 1
Effects of PopW at various concentrations on resistance induction in tomato against
X.e. (30 dpi).

Treatment Disease index (%) Biocontrol efficacy (%)
250 mg/L PopW 35 + 1.04b 41.38

125 mg/L PopW 34 + 0.60b 43.68

50 mg/L PopW 27 + 2.06c 54.57

25 mg/L PopW 35+ 1.53b 42.41

Mock 60 + 1.04a /

Note: Data represent means + SD; Different letters indicate statistically significant
differences between treatments (least significant difference test; P < 0.05).

PopW - + -

Fig. 2. PopW activates ROS burst and callose deposition in tomato leaves against
X.e. Tomato seedlings were sprayed with 50 mg/L PopW or water and spray-inoculated
with 3 x 108 CFU/mL X.e. after 5 days. (A) The ROS burst in tomato leaves at 10 and
24 h. (B) Callose deposition in tomato leaves at 10 and 24 h.

followed by X.e. at 10 and 24 (hours post-inoculation) hpi relative
to leaves treated with X.e. and water (Fig. 2A). Quantitative detec-
tion of H,0, showed that PopW (50 mg/L) obviously increased the
level of H,0; in tomato leaves from 6 h through 48 h without X.e.
pressure (Fig. 3A) and from 10 h through 72 h under the pressure of
X.e. (Fig. 3B).

A previous study showed that flg22-induced H,0, accumulation
is an early signaling event that occurs within a few minutes [22].
Flg22 is a reported PAMP factor. To determine if PopW activates an
early PTI-associated signaling event, we detected the level of H,0,
at 5 min after treatment with PopW or flg22. PopW significantly
increased H,0, accumulation at 5 min in tomato leaves, which was
similar to leaves treated with flg22 (Fig. 3C). These results imply
that PopW might act as a PTI inducer in the early stage of con-
trolling tomato bacterial spot disease.
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Fig. 3. Dynamic accumulation of H,0, in tomato leaves in response to PopW. To-
mato seedling leaves were sprayed with (A, B and C) 50 mg/L PopW, water or 1 pM
flg22 and spray-inoculated with (B) 3 x 10°% CFU/mL X.e. after 5 days. The gprot/mL
stands for grams of the protein per milliliter of liquid. (A) H,O, accumulation in a 72-
h period was observed in tomato leaves treated with PopW or water. (B) H,0, accu-
mulation in a 72-h period was observed in tomato leaves inoculated with X.e. after
PopW or water treatment. (C) H,0, accumulation in tomato leaves treated with PopW,
flg22 or water at 5 min. These data represent one experiment. The experiment was
performed twice. Data represent means + SD, n = 3. The asterisk indicates a significant
difference (least significant difference test, P < 0.05) relative to water controls.
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3.3. PopW activates callose deposition in tomato leaves

Different from the ROS burst, cell wall defenses, exemplified by
callose deposition, are typically triggered by PAMPs [12]. To
further analyze the function of PopW as a PAMP factor, we deter-
mined the callose deposition in tomato leaves treated with PopW.
As shown in Fig. 2B, massive callosities accumulated in PopW-
treated tomato leaves at 10 and 24 hpt compared to tomato
leaves treated with water. Additionally, callose deposition was
obviously more intensive in tomato leaves treated with PopW
followed by X.e. than in tomato leaves treated with water followed
by X.e. at 10 and 24 hpi. These results demonstrated that callose
deposition is involved in the plant resistance triggered by PopW
against X.e. (Fig. 2B).

3.4. PopW increases mRNA abundance of PTI marker genes

Three marker genes of PTI were analyzed by Q-PCR to determine
whether they were induced in tomato leaves against X.e. in
response to PopW [18]. The three marker genes included the
following: (1) PTI5, which encodes a transcription factor in the
ethylene response factor family; (2) LRR22, which encodes a tomato
homolog of the Arabidopsis LRR22 receptor-like kinase; and (3)
GRAS2, which encodes a transcription factor linked to abiotic and
biotic stress [18]. The mRNA level of PTI5, LRR22 and GRAS2 was
significantly increased by PopW in tomato leaves inoculated with
X.e. at 6 and 12 hpi relative to leaves treated with water followed by
X.e. (Fig. 4). The increased mRNA abundance of the above three
marker genes indicated that PTI is triggered by PopW in tomato
leaves against X.e. infection.
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Fig. 4. PopW increases the mRNA abundance of tomato PTI-related genes at early
stages after X.e. inoculation. Tomato leaves were treated with PopW (50 mg/L) or
water and spray-inoculated with 3 x 10® CFU/mL Xe. after 5 days. Relative mRNA
levels of (A) LRR22, (B) GRAS2, (C) PTI5 at 6 and 12 h in tomato plants inoculated with
X.e. after PopW treatment or water treatment. The mRNA levels of all of the genes
were determined by quantitative real-time PCR. Relative mRNA levels were normalized
using the transcripts of SI18S rRNA. Each column represents an average of three rep-
licates, and the bars indicate SD. The asterisk indicates a significant difference (least
significant difference test, P < 0.05) in mRNA abundance in tomato leaves treated with
PopW followed by X.e. relative to leaves treated with water followed by X.e.

4. Discussion

As a newly identified harpin protein, PopW manifests potential
broad-spectrum biocontrol capacity in controlling many plant
diseases, e.g., tobacco mosaic virus disease caused by tobacco
mosaic virus (TMV) [7], cucumber downy mildew disease caused by
Pseudoperonospora cubensis [8], tomato leaf mold disease caused by
Fulvia fulva and rice false smut disease caused by Ustilaginoidea
virens [9]. The salicylic acid (SA) signaling pathway is responsible
for the tomato resistance induced by PopW against TMV [7].
Meanwhile, PopW transgenic tobacco lines acquired resistance
against TMV and R. solanacearum, and SA and jasmonic acid/
ethylene signaling pathways are involved in transgenic tobacco
resistance against R. solanacearum [23,24]. In this study, our data
showed that PopW decreases the titers of X.e. in tomato leaves and
achieves more than 50% biocontrol efficacy (Fig. 1 and Table 1).
However, the association of PopW with changes in tomato leaves in
response to X.e. infection is unknown.

Previous studies showed that the ROS burst rapidly occurs in
response to PAMPs. The ROS burst peaks at 5—10 min in plants
triggered by flg22 [12,14,21], at 10—20 min by elongation factor Tu
(EF-Tu) [25], and at 35—40 min by Pseudomonas syringae [26]. In our
study, the accumulation of HyO;, as a main form of ROS, peaks at
5 min in tomato leaves triggered by PopW (Fig. 3C).

The quantitative analysis of the dynamics of H,0, accumulation
in tomato leaves triggered by PopW was examined. The data indi-
cated that PopW prolongs H,0, accumulation for more than 48 h
compared to water controls (Fig. 3A), while flg22-induced H,0;
accumulation lasted up to more than 24 h [27]. When tomato leaves
of seedlings were challenge inoculated with X.e., H,02 accumula-
tion was triggered again by PopW and lasted more than 72 h
(Fig. 3B). That H,0, accumulation is reactivated by PopW in the
pressure of X.e. (Fig. 3B) seems to priming—an enhanced capacity
to mobilize infection-induced cellular defense [28].

PAMP-induced callose deposition in the leaves of Arabidopsis
has emerged as an important marker response to study the
signaling pathways controlling PTI. Callose deposition is normally
determined in PTI, including induction by flg22 and chitosan [27]
and suppression by effectors from pathogen [29,30]. In this study,
PopW intensively activates callose deposition under the pressure of
X.e. (Fig. 2B). The result suggested that PopW might prime PTI in
tomato leaves against X.e.

The PTI relevant genes PTI5, GRAS2 and LRR22 were selected as
PTI marker genes [18]. Kim et al. showed that PTI is suppressed by
XopN (X.e. T3S Effector), and at 6 hpi, the mRNA abundance for all
three genes was significantly higher in leaves inoculated with an
XopN mutant compared to X.e. wild-type strain controls. In our
study, the mRNA abundance of PTI5, GRAS2 and LRR22 was
increased by PopW at 6 and 12 h (Fig. 4). These data indicated
that PopW induces the plant PTI process at the genetic level in
tomato.

Stomatal immunity is now a well-documented subdiscipline of
PTI [31,32], and X.e. is reported to infect plant tissue through sto-
mata on the leaf surface. We intend to investigate whether PopW
modulates the closure of stomata to prevent the access of patho-
genic bacteria into plant tissues.
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