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A B S T R A C T

Xanthomonas oryzae pv. oryzae (Xoo) is the casual agent of bacterial blight, which is one of the most serious
diseases of rice. The antibiotic phenazine-1-carboxylic acid (PCA), which is primarily produced by Pseu-
domonas spp., was found and previously reported very effective against Xoo. However, the biological effects
of PCA on Xoo remain unclear. In this study, we found that PCA increased the accumulation of reactive
oxygen species (ROS) and reduced the activities of catalase (CAT) and superoxide dismutase (SOD) in Xoo.
Xoo was more sensitive to H2O2 than Xanthomonas oryzae pv. oryzicola (Xoc), and had a much lower ex-
pression of CAT genes. In addition, proteomic analysis indicated that PCA inhibited carbohydrate metabolism
and nutrient uptake in Xoo, and analysis of carbon source utilization further confirmed that carbohy-
drate metabolism in Xoo was repressed by PCA. In conclusion, PCA acted as a redox-cycling agent that
disturbed the redox balance in Xoo and reduced CAT and SOD activities, resulting in higher accumula-
tion of ROS, altered carbohydrate metabolism, and lower energy production and nutrient uptake. Moreover,
a deficient antioxidant system in Xoo made it very sensitive to PCA.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Phenazine-1-carboxylic acid (PCA), an antibiotic that is primar-
ily produced by Pseudomonas spp., inhibits many microorganisms’
growth including various plant pathogens [1,2]. With the common
name of shenqinmycin, PCA has received a Pesticide Registration
Certification from the Ministry of Agriculture in China against Fu-
sarium wilt infecting watermelon, Phytophthora blight on pepper
and sheath blight on rice because of its high efficiency against various
plant pathogens, low toxicity to humans, and environmental com-
patibility [3]. PCA belongs to the phenazine family of compounds,
which because of their redox activity play important roles in iron
acquisition, respiration, redox balancing, signaling, and communi-
ty development in their producers; in addition, phenazine producing
microorganisms possess multiple mechanisms that are likely to in-
crease their tolerance to potentially toxic compounds and to increase
their superoxide dismutase activity [4,5]. However, phenazines gen-
erate reactive oxygen species (ROS) [6], leading to cell death in
organisms lacking such tolerance mechanisms.

Xanthomonas oryzae pv. oryzae (Xoo) is the casual agent of bac-
terial blight of rice, which is a serious disease that can reduce rice
yields of susceptible varieties by as much as 50% under favorable
conditions [7]. Currently, use of resistant cultivars of rice is the major
method that is employed to control this disease, but bactericide ap-
plication is much to be explored as a viable option [8,9]. Although
bismerthiazol and streptomycin are commonly used to control bac-
terial blight of rice in China, Xoo has developed resistance to both
of these bactericides [10,11]. Thus, new bactericides are required
to be explored for control of Xoo. In an earlier study, we found that
PCA was very effective against Xoo both in vitro (baseline sensitiv-
ity was assayed) and in vivo [12]. Although phenazine compounds
have been reported to affect a wide variety of fungi and gram-
positive bacteria [1,2,13–17], some phenazine compounds like
clofazimine have been reported ineffective against gram-negative
bacteria [18]. However, we found that PCA is very effective against
Xoo, which is a gram-negative bacterium.

Multiple mechanisms of inhibition have been reported for phen-
azine compounds, including inhibition of K+ transport [19–21],
binding to DNA [22,23], inhibition of nitric oxide prodrug action [24],
inhibition of RNA synthesis [14], and disturbance of the redox balance
and electron transport of the respiratory chain [25,26]. However,
the biological effects of PCA on Xoo remain unclear. In the present
study, we exploited biochemical and proteomic methods to inves-
tigate how PCA affects Xoo.
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2. Materials and methods

2.1. Bactericides, bacterial strains, and culture conditions

PCA (98%) was provided by Shanghai Nongle Biological Prod-
ucts Co., Ltd (China). For addition to cultures, PCA was dissolved in
acetone as indicated. PCA concentrations used in different assays
were optimized according to the original bacterial concentrations.
Wide-type ZJ173 strain of Xoo and RS105 strain of Xoc, that are com-
monly used in China, were used in this study. ZJ173 or RS105 were
grown at 28 °C in nutrient broth (NB) medium in flasks or on nu-
trient broth agar (NA) medium in plates as described previously
[10]. NA medium was prepared with 3 g of beef extract, 5 g of
polypeptone, 1 g of yeast extract, 10 g of sucrose, and 15 g of agar
powder per liter of distilled water. NB medium contained the same
components but lacked agar powder. XCM medium (minimal
medium) was prepared with 10.5 g of K2HPO4, 4.5 g of KH2PO4, 1 g
of (NH4)2SO4, 1 mM MgSO4, 20 mM succinic acid, and 0.15% casein
acid hydrolysates per liter of distilled water.

2.2. ROS accumulation in Xoo as affected by PCA

ROS accumulation was measured with a ROS assay kit (Beyotime,
China) according to the instruction manual. In brief, bacteria
cultures at late-log phase were collected by centrifugation
(6000 × g, 10 min, room temperature) and resuspended in 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) solution (1:1000
diluted with XCM medium). The bacterial suspensions were then
incubated at 37 °C for 20 min in the centrifuge tubes, which were
inverted every 5 min. After extracellular DCFH-DA was removed by
centrifugation (6000 × g for 10 min at room temperature, three times
with XCM medium washes), the cells were resuspended in XCM
medium and added to microplates. The wells were treated with an
acetone solution with or without PCA to achieve final PCA concen-
trations of 0, 1, or 2 mg/L and a final acetone concentration of 0.4%
(v/v). As a positive control, the XCM medium contained Rosup (a
compound mixture, provided by the assay kit). As a negative control,
the XCM medium contained no agent (no acetone, PCA, or Rosup).
The microplates were kept at 28 °C, and a Spectra Max M5 fluo-
rescence microplate reader (Molecular Devices Corp.) was used to
record the fluorescence for 4 h with an excitation wavelength of
488 nm and an emission wavelength of 525 nm. Each treatment was
represented by three replicates, and the experiment was con-
ducted three times.

2.3. Activities of superoxide dismutase (SOD) and catalase (CAT) in
Xoo as affected by PCA

ZJ173 was cultured to early-log phase (OD600 ≈ 0.2) in NB medium,
which was then supplemented with acetone solution without or with
PCA to achieve a final PCA concentration of 0 or 2 mg/L and a final
acetone concentration of 0.4% (v/v). Bacterial cells were collected
after incubation at 28 °C for 1, 2, 4, and 8 h, and were washed with
precooled 0.1 M PBS (pH 7.8). The washed bacteria were lysed by
grinding in liquid nitrogen and resuspended in precooled 0.1 M PBS
(pH 7.8). The cell debris were removed by centrifugation (8000 × g
for 10 min at 4 °C), and the protein concentrations were deter-
mined with the Bradford protein assay kit (Sangon Biotech, China).
Enzyme activities of SOD and CAT were assayed and calculated with
SOD assay kit (Total SOD) and CAT assay kit (visible spectropho-
tometry) according to the instruction manual (Nanjing Jiancheng
Bioengineering Institute, China). The absorption values were re-
corded with a Spectra Max M5 fluorescence microplate reader
(Molecular Devices Corp., USA). Each treatment was represented by
three replicates, and the experiment was conducted three times.

The results were analyzed with SPSS 20.0 (independent-samples
t-test).

2.4. Sensitivity of Xoo and Xoc to H2O2

ZJ173 or RS105 was cultured to OD600 ≈ 1.0 in NB medium. The
bacterial suspension was diluted 3 fold or 9 fold with NB medium.
After that, 5 μL of undiluted, one third, or one ninth bacterial sus-
pension was spotted onto NA plates containing 0 mM, 0.1 mM,
0.25 mM, 0.5 mM or 0.75 mM H2O2. The plates were incubated at
28 °C until the diameter of undiluted bacterial colony on 0 mM H2O2

plate reached 1 cm. Each treatment was represented by three rep-
licates, and the experiment was repeated three times.

2.5. CAT genes expression level of Xoo and Xoc

ZJ173 or RS105 was cultured to OD600 ≈ 0.5 in NB medium. The
bacterial cells were collected by centrifugation (12,000 × g for 2 min
at 4 °C). Total RNA was extracted with RNAprep pure cell/bacteria
kit (TIANGEN Biotech, Beijing, China) and reverse transcribed into
cDNA with PrimeScript RT reagent kit (TaKaRa, Japan) according to
the instruction manual. Three CAT genes were tested, including
XOO0417/XOC_4325, XOO0447/XOC_4290, and XOO3423/XOC_1265,
and gyrB was used as reference gene. qRT-PCR was conducted with
Applied Biosystems 7500 Real-Time PCR System (Life technolo-
gies, USA) using SYBR green supermix (Bio-Rad, USA). Primers used
in this study are listed in Supplementary Table S2.

2.6. The proteome of Xoo as affected by PCA

Protein samples were prepared as described previously with mod-
ification [12]. In brief, after cells were cultivated to the early-log
growth phase (OD600 ≈ 0.2) at 28 °C with shaking at 175 rpm, the
cultures were treated with acetone without or with PCA to achieve
a final PCA concentration of 0 or 2 mg/L and a final acetone con-
centration of 0.4% (v/v). After incubation for 4 h at 28 °C, bacterial
cells were harvested and washed thoroughly with 10 mM PBS
(pH 7.4). The washed bacteria were lysed by sonication (with cooling
on ice) with lysis buffer containing 8 M urea, 2 M thiourea, 65 mM
DTT, 4% (w/v) CHAPS, 0.2% (w/v) Bio-Lyte (pH 3–10), 0.001% (w/v)
bromophenol blue, 1 mM PMSF, and 2 mM EDTA. The unbroken cells
and cell debris were removed by centrifugation (25,000 × g for 1 h
at 4 °C), and the supernatant was further purified with a 2-D cleanup
kit according to the instruction manual (Bio-Rad, USA). The pro-
teins were collected and dissolved in lysis buffer as described above.
Protein concentrations were determined with the Bradford protein
assay kit (Sangon Biotech, China).

Immobilized pH gradient (IPG) strips (Bio-Rad, USA; 17 cm, pH 4–
7) were passively rehydrated with approximately 150 μg of proteins
in 300 μL of lysis buffer; the strips were incubated for 16 h at 20 °C.
Isoelectric focusing (IEF), equilibration, and SDS-PAGE were per-
formed as described previously [12]. The gels were stained with a
modified silver stain method [27]. The stained gels were then
scanned with a GS-800 scanner (Bio-Rad, USA). Three biological and
three analytical replicates were conducted, and the spots were ana-
lyzed with PDQuest 8.0 software (Bio-Rad, USA). The spot volume
was normalized with the local regression model, and spots with fold-
changes ≥1.5 (Student’s t-test, p < 0.05) were considered differentially
expressed. Most of the differentially expressed proteins could be
found in the Xoo proteome reference database established previ-
ously in our laboratory [12]. The unmatched spots were digested
with trypsin and identified with MALDI-TOF/TOF MS as described
previously [27].
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2.7. Utilization of carbon sources by Xoo as affected by PCA

All the materials and instruments used in this experiment were
purchased from Biolog Co., Ltd. (USA). Cells from a single colony
of ZJ173 growing on NA were inoculated into inoculating fluid A
with a sterile cotton tipped swab, and the turbidity was adjusted
to 90–98% with a turbidimeter. As before, acetone alone or with
PCA was added to the inoculating fluid A to obtain a final PCA con-
centration of 0 or 0.2 mg/L and a final acetone concentration of
0.4% (v/v). Lower PCA concentration (0.2 mg/L) was used in this
assay because the original bacterial concentration was much lower
than other experiments. The suspension was then added to the
Gene III microplates with a multichannel pipette (100 μL each well).
The microplates were kept moist with moistened paper and incu-
bated at 28 °C for 7 days. The absorption values at 590 nm and
750 nm were recorded with the Gen III Microstation every 24 h.
The average well color development (AWCD) was calculated with

the formula Σ(Ci − R)/n, in which Ci stands for OD590–OD750 of each
calculated well, R stands for the C value of the negative control
A1, and n is the number of calculated wells; for wells in which
Ci − R < 0, AWCD was recorded as 0. This experiment was per-
formed three times. The data set was analyzed with SPSS 20.0
(independent-sample t-test).

3. Results

3.1. ROS accumulation in Xoo as affected by PCA

As evident from Fig. 1, ROS accumulated in Xoo when treated
with PCA or Rosup (the positive control), and the accumulation was
greater with 2 mg/L of PCA than with 1 mg/L of PCA. However, ROS
accumulation was not detected in the negative control or acetone
treatment.

3.2. Activities of superoxide dismutase (SOD) and catalase (CAT) in
Xoo as affected by PCA

As shown in Fig. 2, SOD and CAT activities in Xoo were found re-
pressed by PCA at all sampling times except for SOD activity at 2 h
and CAT activity at 8 h. No significant difference was found between
the two treatments for SOD activity at 2 h and CAT activity at 8 h.
Interestingly, CAT activities were found much lower in Xoo than in
plants or other Xanthomonas pathogens (data not shown).

3.3. Sensitivity of Xoo and Xoc to H2O2

As shown in Fig. 3, Xoo was found extremely sensitive to H2O2,
and didn’t grow even at 0.1 mM. In contrast, Xoc was much more
tolerant to H2O2. It grew well at 0.5 mM and also grew quite well
at 0.1 mM even if diluted nine fold.

3.4. CAT genes expression level of Xoo and Xoc

Three CAT gene (XOO0417/XOC_4325, XOO0447/XOC_4290, and
XOO3423/XOC_1265) expression levels in Xoo and Xoc were deter-
mined by qRT-PCR and it was found that all three genes showed
higher expression levels in Xoc than Xoo (Fig. 4). Interestingly,
XOC_4325 and XOC_1265 expressed more than 11 fold and 3 fold
higher in Xoc, respectively.

Fig. 1. ROS accumulation in Xoo as affected by PCA. The treatments included PCA
in acetone, acetone alone (a negative control), Rosup (a positive control), or none
of these agents (a negative control). Values are means and standard deviations from
three independent experiments.

Fig. 2. SOD (A) and CAT (B) activities of Xoo as affected by PCA. The treatments included PCA in acetone and acetone alone. Values are means and standard deviations from
three independent experiments. Statistical differences were detected with independent-samples t-tests.
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3.5. The proteome of Xoo as affected by PCA

A total of 43 protein spots were differentially expressed by Xoo
that was treated or not treated with PCA (Fig. 5). The 43 spots in-
cluded 40 that were down-regulated and three that were up-
regulated (Table 1). Of the 43 spots, 37 were found in the Xoo
proteome reference database established previously in our labora-
tory, and the six unmatched spots were identified with MALDI-
TOF/TOF MS (Supplementary Table S1). Of the differentially expressed
protein spots, >30% are involved in carbohydrate metabolism, and
27.9% are transportation-related proteins (Fig. 6).

3.6. Utilization of carbon sources by Xoo as affected by PCA

The Gene III MicroPlate consists of 71 carbon sources, 23
chemical-sensitive assays, one negative control, and one positive
control. The 71 carbon sources are classified as carbohydrates, amino
acids, alcohols, hexose acids, and carboxylic acids, esters, and fatty
acids. Treatment of Xoo with PCA reduced the overall AWCD from
day 3 through day 7 (Fig. 7A). On day 7, PCA had significantly reduced
the AWCDs for all carbon sources, carbohydrates, and carboxylic
acids, esters, and fatty acids (Fig. 7B); however, PCA had not sig-
nificantly changed the AWCDs for amino acids and had significantly
increased the AWCDs for hexose acids and alcohols (Fig. 7B). Among
the 71 carbon sources, the AWCDs of 15 species were >0.1 and were
changed by ≥1.5-fold when treated with PCA (Fig. 7C). The AWCDs
of the 23 chemical-sensitive assays were not significantly changed
by PCA treatment, and no AWCD among them was >0.1 and changed
by ≥1.5-fold.

4. Discussion

As noted earlier, the antibiotic PCA belongs to the phenazine family
of compounds, which have been reported to be effective against many
fungi and gram-positive bacteria but not against gram-negative bac-
teria [1,2,13–15,18]. Interestingly, we previously found that PCA is very
effective against Xoo, which is a gram-negative bacterium [12].
However, we also found that PCA is not very effective against Xoc,
and ineffective against Xanthomonas campestris pv. campestris and

Fig. 3. Sensitivity of Xoo and Xoc to H2O2. Bacterial suspension was spotted on NA
plates containing different concentrations of H2O2. Photographs were taken when
the diameter of undiluted bacteria colony on 0 mM H2O2 plates reached 1 cm.

Fig. 4. CAT gene expression level in Xoo and Xoc. Three CAT genes (XOO0417/
XOC_4325, XOO0447/XOC_4290, and XOO3423/XOC_1265) were tested with
qRT-PCR.

Fig. 5. 2DE maps of Xoo treated with PCA (B) or without PCA (A). PCA treatment caused a ≥1.5-fold difference in expression for 43 protein spots (Student’s t-test, p < 0.05).
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Xanthomonas axonopodis pv. citri (data not shown), indicating that
Xoo may be unusual among gram-negative bacteria with respect to
PCA sensitivity. Although multiple mechanisms of inhibition have been
reported for several phenazine compounds, the biological effects of

PCA on Xoo remain unclear. In this study, we investigated the effects
of PCA on various aspects of Xoo biology.

Phenazines have been categorized as antibiotics that generate
ROS [6]. In this study, a DCFH-DA fluorescence probe method was

Table 1
Differentially expressed proteins in Xoo treated with acetone solution of PCA or acetone alone.

Spot Fold changea Protein descriptionb GI in NCBI Functional category

1 −1.61 TonB-dependent receptor 84623344 Transportation
2 −1.68 Bifunctional aconitate hydratase 2/2-methylisocitrate dehydratase 58582485 Carbohydrate metabolism
3 −2.76 TonB-dependent receptor 58580573 Transportation
4 −1.99 30S ribosomal protein S1 58581803 Translation
5 −1.54 TonB-dependent outer membrane receptor 188578441 Transportation
6 −1.88 Two-component system regulatory protein 122879024 Signal transduction
7 −1.65 Isocitrate dehydrogenase 58583790 Carbohydrate metabolism
8 −2.41 Iron transporter 58424234 Transportation
9 −1.9 Pyruvate dehydrogenase subunit E1 84625667 Carbohydrate metabolism

10 −1.91 Transketolase 58580799 Carbohydrate metabolism
11 −1.61 Dihydrolipoamide dehydrogenase 58424939 Carbohydrate metabolism
12 −1.7 Ferrichrome-iron receptor 3 58580249 Transportation
13 1.53 Phosphomannose isomerase; GDP-mannose pyrophosphorylase 58580419 Carbohydrate metabolism
14 −1.65 Fumarate hydratase 58581959 Carbohydrate metabolism
15 −1.52 Bifunctional phosphoribosylaminoimidazolecarboxamide formyltransferase/IMP cyclohydrolase 58580162 Nucleotide metabolism
16 −2.58 Outer membrane protein 58584205 Transportation
17 −2.82 Phosphoglucomutase; phosphomannomutase 58580420 Carbohydrate metabolism
18 −2.79 Polyphosphate-selective porin O 58582083 Transportation
19 −3.11 Phosphoglucomutase 21230101 Carbohydrate metabolism
20 −1.91 Xylose isomerase 58428634 Carbohydrate metabolism
21 −3.06 Ferric enterobactin receptor 58581227 Transportation
22 −2.35 Replicative DNA helicase 58581148 Replication and repair
23 −2.06 Outer membrane protein 58583319 Transportation
24 −1.61 Outer membrane protein 58583319 Transportation
25 −1.65 3-Isopropylmalate dehydrogenase 58580563 Amino acid metabolism
26 −2.05 Phosphoglycerate kinase 58583038 Carbohydrate metabolism
27 −2.44 Regulator of pathogenicity factors 58582436 Transportation
28 −2 Initiation factor eIF-2B 58426624 Translation
29 −1.77 Fructose-1,6-bisphosphatase 58424232 Carbohydrate metabolism
30 −1.55 Hypothetical protein XOO1659 58581282 Unknown
31 −1.56 Hypothetical protein XOO4006 58583629 Unknown
32 −1.55 Chaperonin GroEL 58583911 Protein folding and degradation
33 −1.93 Beta-ketoacyl- synthase III 58425095 Lipid metabolism
34 −1.56 Phosphoribosylaminoimidazole-succinocarboxamide synthase 188575052 Nucleotide metabolism
35 −1.6 Pantoate-beta-alanine ligase 84623901 Amino acid metabolism
36 −1.61 Sugar kinase 84625406 Carbohydrate metabolism
37 −1.81 Hypothetical protein XOO4409 58584032 Unknown
38 −1.59 Outer membrane protein 58580340 Transportation
39 −1.8 Hypothetical protein XOO4199 58583822 Unknown
40 −1.51 Two-component system regulatory protein 21233365 Signal transduction
41 3.82 50S ribosomal protein L25/general stress protein Ctc 58583225 Translation
42 2.1 Endonuclease 58580820 Replication and repair
43 −1.5 Septum formation inhibitor 84624993 Replication and repair

a Fold-changes in Xoo treated with acetone solution of PCA compared with Xoo treated with acetone alone.
b Detailed information (scores, molecular weight and isoelectric point, sequence coverage, peptide sequences, and taxonomy) are shown in Table S1.

Fig. 6. Functional distribution of protein spots differentially expressed in Xoo. Functional categories were assigned according to the KEGG and NCBI databases.
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used to quantify ROS accumulation in Xoo treated by PCA. When
treated with PCA or positive control Rosup, substantial ROS accu-
mulated in Xoo. This result indicated that PCA, like other phenazine
compounds, generates ROS in Xoo and that ROS generation is likely
to be an important mechanism of PCA action, as is the case with
the phenazines clofazimine and 5MPCA [25,26]. In addition, PCA in-
hibited SOD and CAT activities in Xoo at most sampling times, which

would reduce ROS scavenging ability. Therefore, the accumulation
of ROS in Xoo could be a combined effort of PCA redox reaction and
lower ROS scavenging ability.

In CAT activities experiment, we found that CAT activities of Xoo
were unexpectedly low. Therefore, we compared H2O2 sensitivity
of Xoo with another pathovar of Xanthomonas oryzae known as Xoc,
which was about 33 fold (EC50) more resistant to PCA than Xoo (data
not shown). Interestingly, Xoo was extremely sensitive to H2O2, while
Xoc is much more tolerant. We also tested three CAT genes’ expres-
sion levels both in Xoo and Xoc, and found that two of them had a
much higher expression level in Xoc. These results indicated that
Xoo has a deficient antioxidant system which made it very sensi-
tive to PCA.

Proteomic analysis of Xoo showed that 43 protein spots were dif-
ferentially expressed in response to PCA treatment. As shown in
Fig. 6, more than 30% of the differentially expressed protein spots
were involved in carbohydrate metabolism, and all the protein spots
were down-regulated in response to PCA except for phosphomannose
isomerase (spot 13). Among the down-regulated proteins, isocitrate
dehydrogenase (spot 7), pyruvate dehydrogenase subunit E1 (spot
9), dihydrolipoamide dehydrogenase (spot 11), and fumarate
hydratase (spot 14) are important enzymes in the tricarboxylic acid
cycle; transketolase (spot 10) is an important enzyme in the pentose
phosphate pathway; phosphoglucomutase (spots 17, 19) is the first
enzyme in glucuronate pathway; and phosphoglycerate kinase (spot
26) is an important enzyme in glycolysis [28]. These results indi-
cated that PCA inhibited carbohydrate metabolism in Xoo. In addition,
transportation-related proteins accounted for nearly 28% of the dif-
ferentially expressed protein spots (Fig. 6), and these protein spots
were down-regulated. TonB-dependent receptor (spots 1 and 3),
TonB-dependent outer membrane receptor (spot 5), iron transport-
er (spot 8), ferrichrome-iron receptor 3 (spot 12), and ferric
enterobactin receptor (spot 21) belong to the TonB-dependent re-
ceptor family proteins, which are extremely important for the uptake
of iron complexes, vitamin B12, carbohydrates, nickel, and even some
antibiotics in Xoo [29]. Many reports have shown that the TonB-
dependent transportation system is energy-dependent [30–35], and
lower energy production caused by reduced carbohydrate metab-
olism would certainly affect this system. These results indicated that
PCA also inhibited nutrient uptake by Xoo. Clofazimine was previ-
ously reported to inhibit K+ uptake by mycobacteria [19,20], which
is similar to our result. Moreover, membrane damage such as mem-
brane lipid peroxidation caused by accumulation of ROS [36] would
also affect the transportation system of Xoo. 50S ribosomal protein
L25/general stress protein Ctc (spot 41) and endonuclease (spot 42)
were the most up-regulated protein spots, but there is no evi-
dence that they are associated with the mode of action of PCA.

To verify whether the carbohydrate metabolism of Xoo was in-
hibited by PCA, we assessed the ability of Xoo to use different carbon
sources with the Gen III Microstation. The Gene III microplates
include 71 carbon sources, 23 chemical-sensitive assays, one neg-
ative control, and one positive control, and carbon source utilization
was evaluated based on average well color development (AWCD).
PCA treatment of Xoo significantly reduced the overall AWCD of the
71 carbon sources but did not affect the 23 chemical-sensitive assays
after 7 days of incubation, indicating that the ability of Xoo to utilize
carbon sources was reduced by PCA, and the chemical enduring
ability was not significantly affected. With respect to the groups of
carbon sources, the AWCDs of carbohydrates and carboxylic acids,
esters, and fatty acids were significantly reduced by PCA, while the
AWCDs of amino acids were not significantly changed. Interest-
ingly, the AWCDs of hexose acids and alcohols increased significantly
when Xoo was treated with PCA. This is probably because Xoo could
use these as alternative carbon sources when its ability to utilize
the original carbon source was inhibited. In addition, the AWCDs
of the following 15 carbon sources were greater than 0.1 and were

Fig. 7. Carbon source utilization by Xoo as affected by PCA. (A) Average well color
development (AWCD) of all 71 carbon sources over time; (B) AWCDs of different
groups of carbon sources on day 7; (C) AWCDs that were greater than 0.1 and that
were changed by ≥1.5-fold on day 7 for particular carbon sources. A5, D-cellobiose;
A7, sucrose; B5, D-salicin; B7, N-acetyl-β-D-mannosamine; C1, α-D-glucose; C2,
D-mannose; C5, 3-methyl glucose; D8, D-aspartic acid; E7, L-histidine; E8,
L-pyroglutamic acid; G2, methyl pyruvate; G4, L-lactic acid; G5, citric acid; G8, L-malic
acid; H8, acetic acid. Values are means and standard deviations from three inde-
pendent experiments. Statistical differences were detected with independent-
sample t-tests (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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changed by ≥1.5-fold when treated with PCA: D-cellobiose, sucrose,
D-salicin, N-acetyl-β-D-mannosamine, α-D-glucose, D-mannose,
3-methyl glucose, D-aspartic acid, L-histidine, L-pyroglutamic acid,
methyl pyruvate, L-lactic acid, citric acid, L-malic acid, and acetic
acid. Interestingly, ATP or NADH/NAD+ is involved in the utiliza-
tion of sucrose, D-cellobiose, α-D-glucose, D-mannose, D-aspartic
acid, L-lactic acid, citric acid, and L-malic acid [28], suggesting that
energy production may be disturbed by PCA.

PCA is a redox-cycling agent that can be reduced both in vitro
(Supplementary Fig. S1) and in vivo. As shown in Fig. 8, the reac-
tion would generate a reduced form of PCA. The reduced form PCA
reacts with O2 and generates ROS, which would damage the cell.
Reduced SOD and CAT activities also contribute to the ROS accu-
mulation. When the redox balance in Xoo was disturbed,
carbohydrate metabolism and energy production would be reduced.
Nutrient uptake would also be affected because of lower energy pro-
duction caused by reduced carbohydrate metabolism and upset redox
balance. In addition, low CAT activities in Xoo led to trouble in scav-
enging H2O2, which made it very sensitive to PCA.
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