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A B S T R A C T

Plant wilt disease caused by the soilborne bacterial pathogen Ralstonia pseudosolanacearum is one of the most
devastating plant diseases; however, no effective protection against this disease has been developed. Coumarins
are important natural plant-derived compounds with a wide range of bioactivities and extensive applications in
medicine and agriculture. In the present study, three hydroxycoumarins (Hycs), umbelliferone (UM), esculetin
(ES) and daphnetin (DA) significantly inhibited the growth of R. pseudosolanacearum on solid medium in a
concentration-dependent manner, and the minimum inhibitory concentration (MICs) of these compounds was
325 mg L−1, 125mg L−1 and 75mg L−1, respectively. The percentage of live cells of R. pseudosolanacearum
when supplemented with UM, ES, and DA was 63.61%, 17.81% and 7.23%, respectively, which were sig-
nificantly lower than the DMSO treatment with 92%. Furthermore, irrigating roots with hydroxycoumarins
(Hycs) 24 h before inoculation with R. pseudosolanacearum significantly delayed the occurrence of tobacco
bacterial wilt, with the control efficiency of the DA treatment (the most efficient of Hycs treatment) 80.03%,
69.83%, 59.19%, 45.49%, 44.12%, 38.27% at 6, 8, 10, 12, 14, and 16 days after inoculation, respectively.
Compared with the DMSO treatment, the pathogen populations of tobacco stems supplemented with 100mg L−1

DA were the lowest, with population significantly reduced by 22.46%, 27.34%, and 18.06% at 4, 7, and 10 days
after inoculation, respectively. Based on this study, these Hycs could be applied as potential protective agents in
the management of tobacco bacterial wilt.

1. Introduction

Bacterial wilt is a lethal systemic vascular disease caused by
Ralstonia solanacearum, one of the world’s most important bacterial
plant pathogens (Genin and Denny, 2012; Mansfield et al., 2012). This
pathogen is a Gram-negative soil borne bacterium that can survive and
persist in soils and water bodies for long periods and invades host plants
through root openings (Álvarez et al., 2010). When the pathogen enters
a host, growth is rapid and high cell densities (> 1010 CFU/g stem) are
reached in the stem, causing wilting and death of the host (Genin,
2010). Recent studies propose to separate Ralstonia solanacearum spe-
cies complex into three species: R. solanacearum (phylotype II), R.
pseudosolanacearum (phylotype I and II), and R. syzygii (phylotype IV)
(Safni et al., 2014; Prior et al., 2016). The phylotype I strains reported
in China comprise 15 sequevars and phylotype II strains are consisting
of 2 sequevares (Xu et al., 2009; Liu et al., 2017a,b). Because of the
aggressiveness, large host range of more than 450 plant species and
broad geographical distribution, bacterial wilt is difficult to control and
causes severe yield losses of many economically important crops such

as tobacco, tomato, potato, pepper, banana and eggplant (Peeters et al.,
2013; Yuliar et al., 2015).

Recently, many strategies have been developed to control bacterial
wilt, and include biological, chemical, cultural, and integrated man-
agement approaches (Huet, 2014; Liu et al., 2016; Paret et al., 2010;
Yuliar et al., 2015). However, the successes have been few because of
the high survival capacity of R. solanacearum in a complex environment
with pathogenicity factors that are complex (Peeters et al., 2013). The
use of traditional chemical control methods with streptomycin and
thiodiazole-copper for controlling bacterial wilt shows few positive
effects in the field (Li et al., 2015a; Xu et al., 2012). Moreover, the
frequent and excessive use of these chemicals often results in adverse
environmental effects, such as inducing successive development of
pesticide-resistant strains, disturbing the ecological balance of soils,
and causing safety problems in the environment (Gutiérrez-
Barranquero et al., 2013; Xu et al., 2010). The breeding of cultivars
resistant to bacterial wilt is considered the most environmentally
friendly, economical, and effective method of disease control. However,
the resistance to bacterial wilt in many crops is negatively correlated
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with yield and quality (Yuliar et al., 2015). In addition to benefiting the
maintenance of soil structure and organic matter, crop rotation can also
contribute to pathogen control (Mbuthia et al., 2015), in contrast to
continuous cropping with the same susceptible host plant, which can
lead to the establishment of pathogenic populations of bacterial wilt, as
frequently occurs in many regions cultivated of tobacco in China (Niu
et al., 2017). Interest in biological control methods has increased be-
cause of concerns over the general use of chemicals (Whipps, 2001).
Biological control agents (BCAs) and organic matter (plant residues,
animal wastes and simple organic compounds) have potential for ef-
fective biological control of bacterial wilt (Yuliar et al., 2015). For
biological control, the primary mechanism of action is likely anti-
microbial activity, followed by indirect suppression of the pathogen by
improving physical, chemical, and biological soil properties (Cardoso
et al., 2006). Moreover, simple organic compounds such as amino acids,
sugars, and organic acids can improve the soil microbial community
structure such that more rapid death of the pathogen occurs (Posas and
Toyota, 2010; Posas et al., 2007). However, plant bacterial wilt disease
remains a challenging problem in agricultural crop protection. There-
fore, new, effective and alternative strategies for the control of soil-
borne bacterial wilt are required immediately.

Previous studies show that many plant-derived compounds (PDCs),
including lansiumamide B, methyl gallate, and protocatechualdehyde
suppress the survival of the soilborne pathogen R. solanacearum through
strong antibacterial activities (Li et al., 2014; Li et al., 2016; Yuan et al.,
2012). Additionally, some studies reveal that PDCs inhibit the expres-
sion of virulence-associated factors, particularly the type III secretion
system and biofilm formation (Khokhani et al., 2013; Li et al., 2015b;
Lowe-Power et al., 2016; Yang et al., 2017). Because the sources are
abundant and the compounds are environmentally friendly and not
susceptible to bacteria developing resistance, PDCs are regarded as a
potentially useful method for the control of bacterial wilt.

Coumarins and their derivatives are naturally occurring PDCs
composed of fused benzene and α-pyrone rings, and the antimicrobial
activity of many of these compounds on plant pathogenic bacteria and
fungi has been extensively investigated (Céspedes et al., 2006;
Gnonlonfin et al., 2012). Our previous studies show that coumarin
significantly inhibits the propagation of R. pseudosolanacearum and
demonstrates a bactericidal effect in vitro and in vivo (Chen et al.,
2016). Coumarins demonstrate strong antibacterial activity against R.
pseudosolanacearum, and hydroxylation at the C-6, C-7 or C-8 position
significantly increases the antibacterial activity (Yang et al., 2016).
However, little information is available on the effects of Hycs on the
control of bacterial wilt in vivo and in vitro. Therefore, to evaluating
the control efficiency of these compounds for tobacco bacterial wilt and
to identify optimal concentrations and method of application, the effect
of Hycs on suppressing the survival of R. pseudosolanacearum must be
investigated.

The objectives of the current study were to evaluate the effects of
Hycs on population of the plant pathogen R. pseudosolanacearum and
tobacco bacterial wilt. We used culture amendment assays to in-
vestigate the antibacterial activity of three Hycs (UM, ES, and DA)
against R. pseudosolanacearum. We also used epifluorescence micro-
scopy to evaluate the percentage survival of R. pseudosolanacearum
supplemented with these Hycs. Furthermore, the control efficiency of
these compounds on tobacco bacterial wilt and the suppression of R.
pseudosolanacearum populations in tobacco were investigated.

2. Materials and methods

2.1. Materials and bacterial strain

The plant pathogen R. pseudosolanacearum CQPS-1 (phylotype I,
race 1, biovar 3) was used in this study (accession number
NZ_CP016914.1). The wild-type strain was collected by the Laboratory
of Natural Products Pesticides, and was originally isolated from an

infected tobacco plant in Chongqing, China (Liu et al., 2017a,b). The
pathogen R. pseudosolanacearum was grown at 30 °C in rich B medium
(10 g/L bactopeptone, 1 g/L yeast extract and 1 g/L casamino acids).

The Hycs (HPLC≥ 98%) used in the study were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China) and
Nanjing Chunqiu Bio-Technology Co., Ltd. (Nanjing, China). The com-
pounds were dissolved in dimethyl sulfoxide (DMSO) to prepare a final
concentration of 100mgmL−1, and this compound solvent was also
added to the rich B or B agar medium to prepare different concentra-
tions.

2.2. Antibacterial activity of the Hycs against R. pseudosolanacearum in
solid medium

The culture amendment assay used to investigate the antibacterial
activity of Hycs against R. pseudosolanacearum followed a description in
a previous study with minor modifications (Paret et al., 2010). Briefly,
an overnight-cultured suspension of R. pseudosolanacearum
(108–109 CFU per mL) was used to initiate a 10-fold dilution series
(10−1–10−6), and 100 μL of each dilution suspension was spread on
agar plates supplemented with a final concentration of 25, 50 and
100mg L−1 Hycs. Then, the populations of R. pseudosolanacearum were
assessed after incubation at 30 °C for 48 h. Each plate contained ten
milliliters of medium, and plates with 0.1% DMSO were used as con-
trols. Each treatment had triplicate plates, and all assays were con-
ducted with two biological replications.

2.3. Determination of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of the Hycs on R.
pseudosolanacearum was determined using the agar dilution method
with a series of final concentrations ranging from 25 to 425mg L−1, as
previously described with minor modifications (Li et al., 2014). Briefly,
100 μL of overnight-cultured bacterial suspension (108 to 109 CFU per
mL) was spread directly on each antibiotic-containing agar dilution
plate. The agar plates were incubated at 30 °C for 48 h, and MIC was
defined as the lowest concentration at which no visible growth occurred
of the pathogen R. pseudosolanacearum. All assays were performed at
least in triplicate.

2.4. Effect of the Hycs on surviving percentage of R. pseudosolanacearum
using fluorescence microscopy

The percentage of live and dead R. pseudosolanacearum cells was
determined as described previously (Paret et al., 2010). A live-dead
BacLight bacterial viability kit (L13152) was used in this assay, which
contains Syto9 green fluorescent stain and propidium iodide red
fluorescent stain. Briefly, an overnight-cultured suspension of R. pseu-
dosolanacearum (108–109 CFU per mL) was added to fresh B medium
and adjusted to an OD600= 0.4. Ten milliliters of the adjusted bacterial
suspension was mixed with 10 μL of the Hycs to give a final con-
centration of 100mg L−1, and then the mixture was incubated at 30 °C
for 4 h with shaking at 180 rpm/min. After harvest by centrifugation in
a microcentrifuge at 8000 rpm for 5min, the cells were resuspended in
1mL of 0.85% NaCl. Ten microliters of treated sample was added into
96-well microtiter plates and incubated for 45min. The cells were
stained with 10 μL of the mixed Syto9 stains (6 μM) and propidium
iodide (30 μM) for 15min in the dark. Control cell samples were treated
with 0.1% (vol/vol) DMSO. Five microliters of the stained bacterial
suspension was placed between a glass slide and a 10-mm coverslip,
and then cells were observed with an inverted fluorescence microscope
(Axio Observer D1; Zeiss, Jena, Germany). Each treatment was ana-
lyzed in triplicate. Syto9 stains cells with intact (live) and damaged
(dead) membranes, whereas propidium iodide only strains cells with
damaged membranes. The percentage of live cells were calculated ac-
cording to the following equation:
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Where F cell,green= the number of bacterial cells strained by Syto9, F
cell,red= the number of bacterial cells strained by propidium iodide.

2.5. Control efficiency of the Hycs on tobacco bacterial wilt under
greenhouse conditions

The naturalistic soil soak assay was used to evaluate the control
efficiency of the Hycs on tobacco bacterial wilt as described in a pre-
vious study with minor modifications (Wu et al., 2015). Briefly, un-
wounded, six-week-old tobacco plants (Yunyan 87) were irrigated with
15mL Hycs and thiodiazole copper to make a final concentration of
100mg g−1 soil, same volume with 0.1% DMSO was used as negative
control. After irrigation for 24 h, individual plants were inoculated by
pouring 15mL of bacterial suspension into the soil to create a final
inoculation density of 1× 107 CFU g−1 soil. In an alternative appli-
cation method, plants were first inoculated with R. pseudosolanacearum
(final density of 1× 108 CFU/g soil), and then 24 h after inoculation,
each plant was irrigated with DMSO or 100mg L−1 Hycs treatment.
Inoculated plants were placed in the climate room at 28 °C with a 14/
10 h light/dark cycle. The symptoms of each plant were scored daily
using a disease index scale from 0 to 4 (0, no symptoms appeared; 1,
1–25% of leaves wilted; 2, 26–50% of leaves wilted; 3, 51–75% of
leaves wilted; 4 indicated 76–100% of leaves wilted). Individual
treatments contained 16 plants for each independent experiment, and
the assay was repeated three times. To determine disease index and the
control efficiency, we used the following formula:

∑
=

×

×
×

ni vi
N

Disease index
( )

4
100

Where ni= the number of plants with respective disease index,
vi = disease index (0, 1, 2, 3, 4), and N= the total number of plants
used in each treatment.

=
−

×
CK T

CK
Control efficiency 100

Where T= the disease index of treatment, CK= the disease index of
control group.

To determine R. pseudosolanacearum populations in plant stems,
200mg of tissue was destructively harvested at the base of stems 4, 7,
and 10 d after inoculation with R. pseudosolanacearum. The tissues were
disinfected in 75% alcohol for 1min, rinsed twice with sterile water and
transferred into a 2.5mL sterile centrifuge tube, grinded with sterile
glass beads on MP Biomedicals FastPrep (FastPrep-24™, M. P.
Biomedicals, Santa Ana, California, USA). The tissue was diluted in
sterile water from 10−1 to 10−4, and 100 μL of stem tissue suspension
dilution was plated on SMSA medium to quantify CFUs. Each treatment
included 16 plants, and the entire experiment was performed three
times. The semi-selective SMSA medium used in the assay was pre-
viously described (Elphinstone et al., 1996). Water-inoculation by
plants was used to quantify bacterial density in root tissue of tobacco
supplemented with DMSO or the Hycs (Yang et al., 2017). Briefly, we
chose 4-week-old tobacco plants (Yunyan 87), cleared the medium and
placed the tobacco root into 0.1% DMSO or 100mg L−1 Hycs for 5min.
The plants were then placed into 50mL triangular bottles filled with
30mL of MS medium. After 24 h, each plant was inoculated with 150 μL
of R. pseudosolanacearum (108 CFU per mL) to make the final inocula-
tion density of 5×105 CFUmL−1. Four days after inoculation, the root
tissue of tobacco was collected and weighed, then the roots were dis-
infected in 75% alcohol for 1min, rinsed twice with sterile water and
transferred into a 2.5mL sterile centrifuge tube, grinded with sterile
glass beads on MP Biomedicals FastPrep (FastPrep-24™, M. P. Biome-
dicals, Santa Ana, California, USA). The tissue was diluted in sterile
water from 10−1 to 10−2, and bacteria quantified by dilution tissue

suspension on SMSA medium.

2.6. Assessment of the effect of the Hycs on tobacco growth

A pot experiment was used to investigate the effect of the three Hycs
on tobacco growth as described in a previous study with minor mod-
ifications (Lakshman, 2010). Fourteen days after the soil irrigated with
15mL 0.1% DMSO or Hycs, the final concentration of Hycs was 100mg
per gram of soil, we measured the fresh weight and height of tobacco
above ground, and the length of roots. Then, the plant dry weight was
measured after drying at 100 °C in an incubator for 2 h. Individual
treatments contained 16 plants for each independent experiment, and
the assay was repeated twice.

2.7. Statistical analyses

The data were analyzed with the SPSS 17.0 statistical software
program (SPSS Inc. Chicago, IL) using ANOVA and Student’s t-test
under the significance level of 0.05 (P-value=0.05).

3. Results

3.1. Antibacterial activity of the Hycs against R. pseudosolanacearum on
agar plates

Antibacterial activity of three Hycs (UM, EA, and DA) on tobacco R.
pseudosolanacearum was tested with culture amendment assay. The re-
sults showed that R. pseudosolanacearum did not grow on plates sup-
plemented with ES at 100mg L−1 or DA at 50 and 100mg L−1.
Moreover, the population of R. pseudosolanacearum was significantly
lower on plates supplemented with UM at 100 mg·L−1 and DA at
25mg L−1 (ca. 6 log CFUmL−1) than that on controls plates (ca. 9 log
CFUmL−1) (Fig. 1). The results demonstrated a concentration-depen-
dent effect of the antibacterial activity of these Hycs against R. pseu-
dosolanacearum on plates.

Fig. 1. The antibacterial activity of three Hycs against R. pseudosolanacearum in
solid medium. An overnight-cultured suspension of R. pseudosolanacearum
(108–109 CFU per mL) was used to initiate a 10-fold dilution series
(10−1–10−6), and 100 μL of each dilution suspension was spread on agar plates
supplemented with a final concentration of 25, 50 and 100mg L−1 Hycs. DMSO
used as the positive control, and CK was the untreated treatment. Data shown
are the means of independent experiments with a least three replicates. Error
bars indicate the standard deviation and different letters indicate significant
differences between Hycs treatment and the DMSO treatment (P< 0.05,
Duncan’s test).
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3.2. Minimum inhibitory concentration (MIC) of the Hycs on R.
pseudosolanacearum

To further determine the antibacterial activity of the three Hycs on
R. pseudosolanacearum, the minimum inhibitory concentration (MIC)
was measured using the serial two-fold agar dilution method. As shown
in Fig. 2, the MIC values for UM, ES, and DA were 325mg L−1,
125mg L−1 and 75mg L−1, respectively. The Hycs completely in-
hibited the growth of R. pseudosolanacearum at these concentrations.

3.3. Effect of the Hycs on the percentage of live cells of R.
pseudosolanacearum

A live-dead BacLight bacterial viability kit (L13152) was used to
stain the live and dead cells of R. pseudosolanacearum. The results
showed that 92% of R. pseudosolanacearum cells supplemented with
DMSO (control) were stained green, indicating a high percentage of live
cells after 4 h of incubation (Fig. 3). However, in the UM, ES and DA
treatments, the percentage of live cells was 63.61%, 17.81% and 7.23%,
respectively, which were significantly lower than that of the control
(Fig. 3B). Compared with controls, the larger masses of cellular debris
that were observed in ES and DA treatments, suggested that cell
membranes were completely damaged and ruptured because of the
treatment (Fig. 3A).

3.4. Control effect of the Hycs on bacterial wilt in tobacco inoculated with
R. pseudosolanacearum

Based on the strong antibacterial activity of the three Hycs at a
concentration of 100mg L−1 against R. pseudosolanacearum, the control
effect of the Hycs (UM, ES, DA at 100mg L−1) on the progression of
tobacco bacterial wilt disease in pot experiments was evaluated. As
shown in Fig. 4, we examined a treatment with irrigated roots with
Hycs 24 h before inoculation with R. pseudosolanacearum. The Hycs
significantly altered the disease index of bacterial wilt. As shown in
Fig. 4A, compared with DMSO, the Hycs significantly suppressed the
disease index, particularly the DA treatment accelerated the wilting of
inoculated plant [P < 0.05; repeated-measures analysis of variance
(ANOVA)]. Further, DA treatment at 100mg L−1 with control efficiency
of 80.03%, 69.83%, 59.19%, 45.49%, 44.12% and 38.27% at 6, 8, 10,
12, 14, and 16 days after inoculation, respectively. For comparison, the
control efficiency of the positive control thiodiazole-copper treatment
was 38.36%, 4.89%, 15.86%, 17.92%, 17.06%, and 15.44%, which
were values significantly lower than those of the DA treatment. The

Fig. 2. The minimum inhibitory concentration (MIC) of Hycs on R. pseudoso-
lanacearum was determined using the agar dilution method treated with the
following: (A) UM at concentrations ranging from 300 to 425mg L−1; (B) ES at
concentrations ranging from 75 to 200mg L−1; and (C) DA at concentrations
ranging from 50 to 175mg L−1. Fig. 3. The antibacterial activity of three Hycs against R. pseudosolanacearum

determined using epifluorescence microscopy after supplemented with DMSO
(control) and Hycs at 100mg L−1 (UM, ES and DA). (A) The green and red
stained cells indicate live and dead cells, respectively. (B) The percentage of
live cells supplemented with Hycs after incubation for 4 h. Error bars indicate
the standard deviation and different letters indicate significant differences be-
tween Hycs treatment and the DMSO treatment (P<0.05, Duncan’s test). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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control efficiency of ES treatment were 69.42%, 57.65%, 47.78%,
42.98%, 31.93%, 24.21% at 6, 8, 10, 12, 14, and 16 days after in-
oculation, respectively. Another Hycs treatment UM at 100mg L−1 with
control efficiency of 67.14%, 46.55%, 37.58%, 35.88%, 29.25% and
28.03% (Fig. 4C). Compared with DMSO, the Hycs at 100mg L−1 sig-
nificantly altered the disease progress of bacterial wilt (P < 0.05); in
particular, irrigate roots with the DA 24 h after inoculation had a very
significant effect on suppression on bacterial wilting disease. The con-
trol efficiency of the DA treatment on tobacco bacterial wilt was
63.13%, 47.05%, 33.24%, 31.58%, and 27.71% (Fig. S1).

As shown in table S1, tobacco plants in the 100mg L−1 Hycs
treatment had similar root length, number of leaves and dry weight to
those of the control treatment in R. pseudosolanacearum-free soil.
However, tobacco plants pre-treated with Hycs at 100mg L−1 were
significantly taller and produced more fresh plant weight than those of
the control treatment.

3.5. Hycs treatments reduced bacterial density of R. pseudosolanacearum in
the roots and base stems of tobacco

As shown in Fig. 5, Hycs treatment significantly reduced R.

pseudosolanacearum populations in tobacco roots in a concentration-
dependent manner after incubation following four dips in the water
inoculation assay (Fig. 5A), Additionally, the Hycs at 100mg L−1 sig-
nificantly reduced the populations at the base of tobacco plant stems. In
the DMSO treatment, bacterial populations of R. pseudosolanacearum
tended to increase in tobacco stems following soil-soak inoculation
(Fig. 5B). Compared with the DMSO treatment, the pathogen popula-
tions of tobacco stems supplemented with DA at 100mg L−1 were the
lowest and were significantly reduced by 22.46%, 27.34%, and 18.06%
at 4, 7, and 10 days after inoculation, respectively. The tobacco stem
colonization of ES treatment were 7.6×103 CFU per g stem, 9.5× 105

CFU per g stem, 1.7× 106 CFU per g stem at 4, 7, and 10 days after
inoculation, respectively. The pathogen populations in tobacco stems of
UM treatment were 6.8× 103 CFU per g stem, 1.6×105 CFU per g
stem, 4.4× 106 CFU per g stem at 4, 7, and 10 days after inoculation,
respectively. Which were significantly lower than the DMSO treatment
with 4.6× 104 CFU per g stem, 3.5× 106 CFU per g stem, 1.9× 107

CFU per g stem at 4, 7, and 10 days after inoculation, respectively.

Fig. 4. The effect of Hycs on control of
tobacco bacterial wilt applied 24 h be-
fore inoculation with R. pseudosolana-
cearum. (A) The disease index of to-
bacco wilt supplemented with UM, ES,
DA at 100mg L−1 with DMSO the ne-
gative control, and thiodiazole copper
treatment with 100mg L−1 was used as
positive control. Error bars indicate the
standard deviation. (B) The occurrence
of tobacco bacterial wilt supplemented
with DMSO or Hycs 16 d after in-
oculation. (C) The control effect of the
Hycs on tobacco bacterial wilt. These
results reflect three biological re-
plicates and error bars indicate the
standard deviation. Different letters
indicate significant differences between
Hycs treatment and the thiodiazole
copper treatment (P < 0.05, Duncan’s
test).

Fig. 5. Hycs treatments reduced bacterial populations of R. pseudosolanacearum in the roots and stems of tobacco. (A) Bacterial density in root tissue was quantified
by dilution plating roots from water-inoculated plants. Error bars indicate the standard deviation and asterisks indicate P < 0.05 (Student’s t-test). (B) R. pseu-
dosolanacearum population in the stem was quantified by dilution tissue suspensions from 10−1 to 10−4, with 100 μL of stem tissue suspension on SMSA medium.
Error bars indicate the standard deviation and asterisks indicate significant differences between Hycs treatment and the thiodiazole copper treatment (P < 0.05,
Student’s t-test).
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4. Discussion

Tobacco bacterial wilt widely occurs in 14 of the 22 primary to-
bacco-growing regions in China and has caused at least $11.56 million
in economic losses in the most recent 3 years (Jiang et al., 2017; Liu
et al., 2017a,b). The traditional chemical control methods using
streptomycin and thiodiazole-copper for controlling bacterial wilt show
few positive effects in the field (Li et al., 2015a). As a landmark dis-
covery in the study, R. pseudosolanacearum was impair by certain plant-
derived compounds (Guo et al., 2016; Paret et al., 2010). In the present
study, it is found that Hycs (UM, ES, and DA) are effective antibacterial
compounds against R. pseudosolanacearum. Greenhouse experiments
demonstrated that irrigating roots with the Hycs 24 h before inocula-
tion with R. pseudosolanacearum provided significant control of tobacco
bacterial wilt, particularly DA treatment with concentration of
100mg L−1. It would develop as a new type of plant-type antibacterial
agents, and fulfilled its structural modification of DA as a lead com-
pound.

Hydroxycoumarins (Hycs) are a large group of natural plant-derived
compounds (PDCs) composed of fused benzene and α-pyrone rings, and
because of their wide range of biological activities, including anti-
bacterial, anticancer, antifungal and anti-inflammatory properties, have
been the focus of extensive research (Barot et al., 2015; Grover and
Jachak, 2015). However, few studies have focused on the antibacterial
activity of Hycs and the innovative application of this property in
agriculture. Our results proved that the MICs of UM, ES, and DA was
325mg L−1, 125mg L−1 and 75mg L−1, respectively. Which were
consistent with hydroxylation at the C-6, C-7 or C-8 position sig-
nificantly increased the antibacterial activity of hydroxycoumarins
against the soilborne pathogen R. pseudosolanacearum (Yang et al.,
2016).

According to some research, the cell membrane is the primary target
for the antimicrobial activity of most phytochemicals (Chen et al.,
2016; Fan et al., 2014). These compounds destabilize the membrane
structure through interaction with the lipid bilayer of the cytoplasmic
membrane that increase the space between fatty acid chains (Paret
et al., 2012; Setzer et al., 2016). Recently, Hycs, as a naturally plant
derived phenolic compounds with antibacterial activity, were con-
sidered for use against medical pathogens, such as Escherichia coli and
methicillin-resistant Staphylococcus aureus (Lee et al., 2014; Zuo et al.,
2016). Based on the fluorescence microscopy results, these Hycs might
destroy the cell membrane of R. pseudosolanacearum, causing the death
of pathogen bacteria. Consistent with these results, in previous studies,
coumarin damaged bacterial cell membranes and prevented swarming
motility and biofilm formation of R. pseudosolanacearum, with hydro-
xycoumarins also destroying the cell membranes and inhibiting biofilm
formation (Chen et al., 2016; Yang et al., 2016).

The formation and accumulation of coumarins are induced in plant
following various stresses or chemical treatment (Prats et al., 2006;
Prats et al., 2002). These compounds are identified as phenylpropa-
noids, which based on modifications of the aromatic amino acid phe-
nylalanine, are derived from the shikimate pathway (Grosskinsky et al.,
2012). Recently, studies demonstrated that phytoalexins can be induced
by several pathogens in many different plant species, and the hydro-
xycoumarin scopoletin is considered one of the most important phy-
toalexins in tobacco to be induced in response to tobacco mosaic virus
(Costet et al., 2002; Schmelz et al., 2011). The control effect of irrigated
roots with Hycs 24 h before inoculation with R. pseudosolanacearum was
much better than that of the other application method, which was to
irrigate roots with the Hycs 24 h after inoculation with R. pseudosola-
nacearum. Furthermore, we found that these Hycs significantly reduced
bacterial populations of R. pseudosolanacearum in the roots and stems of
tobacco. R. pseudosolanacearum invades a host from soil through root
openings and then colonizes the root cortex from which the bacteria
rapidly reaches the xylem vessels and proliferates to high cell densities
(> 109 CFU/g stem) (González and Allen, 2003). Which indicated the

Hycs inhibited the ability of R. pseudosolanacearum to adhere to and
colonize tobacco roots. In this scenario, Hycs arrive at the tobacco plant
and may directly adsorb to the root, and then Hycs alter the coloniza-
tion, biofilm formation and architecture of R. pseudosolanacearum by
destroying cell membranes and causing the death of pathogen bacteria.
However, when R. pseudosolanacearum invades the host through roots
and colonizes the root cortex, the pathogen then rapidly reaches the
xylem vessels in which growth leads to high cell densities, causing to-
bacco wilt. Therefore, the most effective application for Hycs against
tobacco bacterial wilt is to irrigate or dip roots before tobacco trans-
plant.

In summary, the three Hycs (UM, ES, and DA) have high anti-
bacterial activity and application prospects as plant-derived anti-
bacterial agents in the management of tobacco bacterial wilt. This study
was a systematic report on the antibacterial activity of Hycs against the
soilborne bacteria R. pseudosolanacearum, and a reasonable application
method for the control of tobacco bacterial wilt was determined.
However, we acknowledge that this study was conclude from labora-
tory tests, the effect of Hycs application in tobacco field and the control
effect of Hycs on tobacco bacterial wilt in different geographic areas,
different climates need to be performed in further research. In addition,
further studies should be focused the mechanisms of antibacterial ac-
tivity on R. pseudosolanacearum and the structural modification to
synthesis of Hycs analogs to analysis the quantitative structure-activity
relationship.

Funding

This work was supported by The National Natural Science
Foundation of China (31572041), Fundamental Research Funds for
Central Universities (XDJK2017D166), and The key project of the China
National Tobacco Corporation (110201502019).

Author contributions

Conceived and designed the experiments: WD, LY. Performed the
experiments: LY, LW, XY, JW, SZ. Analyzed the data: LY, SL. Wrote the
paper: WD LY.

Competing interests

The authors declare no competing interests.

References

Álvarez, B., Biosca, E.G., López, M.M., 2010. On the life of Ralstonia solanacearum a de-
structive bacterial plant pathogen. Curr. Res. Technol. Educ. Top. Appl. Microbiol.
Microb. Biotechnol. 1, 267–279.

Barot, K.P., Jain, S.V., Kremer, L., Singh, S., Ghate, M.D., 2015. Recent advances and
therapeutic journey of coumarins: current status and perspectives. Med. Chem. Res.
24 (7), 2771–2798.

Céspedes, C.L., Avila, J.G., Martínez, A., Serrato, B., Calderon-Mugica, J.C., Salgado-
Garciglia, R., 2006. Antifungal and antibacterial activities of Mexican tarragon
(Tagetes lucida). J. AgrIC. Food Chem. 54 (10), 3521–3527.

Cardoso, S.C., Soares, A.C.F., Brito, A.D.S., Laranjeira, F.F., Ledo, C.A.S., Santos, A.P.D.,
2006. Control of tomato bacterial wilt through the incorporation of aerial part of
pigeon pea and crotalaria to soil. Summa Phytopathologica. 32 (1), 27–33.

Chen, J., Yu, Y., Li, S., Ding, W., 2016. Resveratrol and coumarin: novel agricultural
antibacterial agent against Ralstonia solanacearum in vitro and In vivo. Molecules 21
(11), 1501.

Costet, L., Fritig, B., Kauffmann, S., 2002. Scopoletin expression in elicitor-treated and
tobacco mosaic virus-infected tobacco plants. Physiol. Plantarum. 115, 228–235.

Elphinstone, J.G., Hennessy, J., Wilson, J.K., Stead, D.E., 1996. Sensitivity of different
methods for the detection of Ralstonia solanacearum in potato tuber extracts. EPPO
Bull. 26 (3–4), 663–678.

Fan, W.W., Yuan, G.Q., Li, Q.Q., Lin, W., 2014. Antibacterial mechanisms of methyl
gallate against Ralstonia solanacearum. Australas. Plant. Path. 43 (1), 1–7.

Genin, S., Denny, T.P., 2012. Pathogenomics of the Ralstonia solanacearum species com-
plex. Annu. Rev. Phytopathol. 50, 67–89.

Genin, S., 2010. Molecular traits controlling host range and adaptation to plants in
Ralstonia solanacearum. New. Phytol. 187 (4), 920–928.

Gnonlonfin, G.J.B., Sanni, A., Brimer, L., 2012. Review scopoletin – a coumarin

L. Yang et al. Microbiological Research 215 (2018) 15–21

20

http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0005
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0005
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0005
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0010
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0010
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0010
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0015
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0015
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0015
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0020
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0020
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0020
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0025
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0025
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0025
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0030
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0030
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0035
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0035
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0035
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0040
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0040
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0045
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0045
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0050
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0050
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0055


phytoalexin with medicinal properties. Crit. Rev. Plant. Sci. 31 (1), 47–56.
González, E.T., Allen, C., 2003. Characterization of a Ralstonia solanacearum operon re-

quired for polygalacturonate degradation and uptake of galacturonic acid. Mol. Plant.
Microbe. Interact. 16 (6), 536–544.

Grosskinsky, D.K., van der Graaff, E., Roitsch, T., 2012. Phytoalexin transgenics in crop
protection–fairy tale with a happy end? Plant. Sci. 195, 54–70.

Grover, J., Jachak, S.M., 2015. Coumarins as privileged scaffold for antiinflammatory
drug development. RSC Adv. 5 (49), 38892–38905.

Guo, B., Zhang, Y.Q., Li, S.L., Lai, T., Yang, L., Chen, J.N., Ding, W., 2016. Extract from
maize (Zea mays L.): antibacterial activity of DIMBOA and its derivatives against
Ralstonia solanacearum. Molecules 21 (10), 1397.

Gutiérrez-Barranquero, J.A., de Vicente, A., Carrión, V.J., Sundin, G.W., Cazorla, F.M.,
2013. Recruitment and rearrangement of three different genetic determinants into a
conjugative plasmid increase copper resistance in Pseudomonas syringae. Appl.
Environ. Microb. 79 (3), 1028–1033.

Huet, G., 2014. Breeding for resistances to Ralstonia solanacearum. Front. Plant. Sci. 5,
715.

Jiang, G.F., Wei, Z., Xu, J., Chen, H.L., Zhang, Y., She, X.M., Macho, A.P., Ding, W., Liao,
B.S., 2017. Bacterial wilt in China: history, current status, and future perspectives.
Front. Plant Sci. 8, 1549.

Khokhani, D., Zhang, C., Li, Y., Wang, Q., Zeng, Q., Yamazaki, A., Hutchins, W., Zhou, S.,
Chen, X., Yang, C.H., 2013. Discovery of plant phenolic compounds that act as type III
secretion system inhibitors or inducers of the fire blight pathogen, Erwinia amylo-
vora. Appl. Environ. Microb. 79 (18), 5424–5436.

Lakshman, Q.H.A.D.K., 2010. Effect of Clove Oil on Plant Pathogenic Bacteria and bac-
terial wilt of tomato and garanium. J. Plant Pathol. 92, 701–707.

Lee, J.H., Kim, Y.G., Cho, H.S., Ryu, S.Y., Cho, M.H., Lee, J., 2014. Coumarins reduce
biofilm formation and the virulence of Escherichia coli O157:H7. Phytomedicine 21
(8–9), 1037–1042.

Li, L., Feng, X., Tang, M., Hao, W., Han, Y., Zhang, G., Wan, S., 2014. Antibacterial ac-
tivity of Lansiumamide B to tobacco bacterial wilt (Ralstonia solanacearum).
Microbiol. Res. 169 (7–8), 522–526.

Li, P., Shi, L., Gao, M.N., Yang, X., Xue, W., Jin, L.H., Hu, D.Y., Song, B.A., 2015a.
Antibacterial activities against rice bacterial leaf blight and tomato bacterial wilt of
2-mercapto-5-substituted-1, 3, 4-oxadiazole/thiadiazole derivatives. Bioorg. Med.
Chem. Lett. 25 (3), 481–484.

Li, Y., Hutchins, W., Wu, X., Liang, C., Zhang, C., Yuan, X., Khokhani, D., Chen, X., Che,
Y., Wang, Q., Yang, C.H., 2015b. Derivative of plant phenolic compound inhibits the
type III secretion system of Dickeya dadantii via HrpX/HrpY two-component signal
transduction and Rsm systems. Mol. Plant Pathol. 16 (2), 150–163.

Li, S., Yu, Y., Chen, J., Guo, B., Yang, L., Ding, W., 2016. Evaluation of the antibacterial
effects and mechanism of action of protocatechualdehyde against Ralstonia solana-
cearum. Molecules 21 (6), 754.

Liu, L., Sun, C., Liu, X., He, X., Liu, M., Wu, H., Tang, C., Jin, C., Zhang, Y., 2016. Effect of
calcium cyanamide, ammonium bicarbonate and lime mixture, and ammonia water
on survival of Ralstonia solanacearum and microbial community. Sci. Rep. 6, 19037.

Liu, Y., Wu, D., Liu, Q., Zhang, S., Tang, Y., Jiang, G., Li, S., Ding, W., 2017a. The se-
quevars distribution of Ralstonia solanacearum in tobacco-growing zones of China is
structured by elevation. Eur. J. Plant Pathol. 147 (3), 541–551.

Liu, Y., Tang, Y.M., Qin, X.Y., Yang, L., Jiang, G.F., Li, S.L., Ding, W., 2017b. Genome
sequencing of Ralstonia solanacearum CQPS-1, a phylotype I strain collected from a
Highland area with continuous cropping of tobacco. Front. Microbiol. 8, 974.

Lowe-Power, T.M., Jacobs, J.M., Ailloud, F., Fochs, B., Prior, P., Allen, C., 2016.
Degradation of the plant defense signal salicylic acid protects Ralstonia solanacearum
from toxicity and enhances virulence on tobacco. MBio 7 (3), e00656–00616.

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S.V., Machado, M.A., Toth, I., Salmond, G., Foster, G.D., 2012. Top
10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant Pathol. 13 (6),
614–629.

Mbuthia, L.W., Acosta-Martínez, V., DeBruyn, J., Schaeffer, S., Tyler, D., Odoi, E.,
Mpheshea, M., Walker, F., Eash, N., 2015. Long term tillage, cover crop, and ferti-
lization effects on microbial community structure, activity: implications for soil
quality. Soil Biol. Biochem. 89, 24–34.

Niu, J., Chao, J., Xiao, Y., Chen, W., Zhang, C., Liu, X., Rang, Z., Yin, H., Dai, L., 2017.
Insight into the effects of different cropping systems on soil bacterial community and

tobacco bacterial wilt rate. J. Basic Microb. 57 (1), 3–11.
Paret, M.L., Cabos, R., Kratky, B.A., Alvarez, A.M., 2010. Effect of plant essential oils on

Ralstonia solanacearum race 4 and bacterial wilt of edible ginger. Plant Dis. 94 (5),
521–527.

Paret, M.L., Sharma, S.K., Alvarez, A.M., 2012. Characterization of biofumigated Ralstonia
solanacearum cells using micro-Raman spectroscopy and electron microscopy.
Phytopathology 102 (1), 105–113.

Peeters, N., Guidot, A., Vailleau, F., Valls, M., 2013. Ralstonia solanacearum, a widespread
bacterial plant pathogen in the post-genomic era. Mol. Plant. Pathol. 14 (7), 651–662.

Posas, M.B., Toyota, K., 2010. Mechanism of tomato bacterial wilt suppression in soil
amended with lysine. Microbes Environ. 25 (2), 83–94.

Posas, M.B., Toyota, K., Islam, T.M., 2007. Inhibition of bacterial wilt of tomato caused by
Ralstonia solanacearum by sugars and amino acids. Microbes Enciron. 22 (3),
290–296.

Prats, E., Rubiales, D., Jorrín, J., 2002. Acibenzolar-S-methyl-induced resistance to sun-
flower rust (Puccinia helianthi) is associated with an enhancement of coumarins on
foliar surface. Physiol. Mol. Plant. Pathol. 60 (3), 155–162.

Prats, E., Bazzalo, M.E., León, A., Jorrín, J.V., 2006. Fungitoxic effect of scopolin and
related coumarins on Sclerotinia sclerotiorum: a way to overcome sunflower head
rot. Euphytica 147 (3), 451–460.

Prior, P., Ailloud, F., Dalsing, B.L., Remenant, B., Sanchez, B., Allen, C., 2016. Genomic
and proteomic evidence supporting the division of the plant pathogen Ralstonia so-
lanacearum into three species. BMC Genom. 17 (1), 90.

Safni, I., Cleenwerck, I., De Vos, P., Fegan, M., Sly, L., Kappler, U., 2014. Polyphasic
taxonomic revision of the Ralstonia solanacearum species complex: proposal to
emend the descriptions of Ralstonia solanacearum and Ralstonia syzygii and re-
classify current R. syzygii strains as Ralstonia syzygii subsp. Syzygii subsp. nov., R.
solanacearum phylotype IV strains as Ralstonia syzygii subsp. indonesiensis subsp.
nov., banana blood disease bacterium strains as Ralstonia syzygii subsp. celebesensis
subsp. nov. and R. solanacearum phylotype I and III strains as Ralstonia pseudoso-
lanacearum sp. nov. Int. J. Syst. Evol. Microbiol. 64 (9), 3087–3103.

Schmelz, E.A., Kaplan, F., Huffaker, A., Dafoe, N.J., Vaughan, M.M., Ni, X., Rocca, J.R.,
Alborn, H.T., Teal, P.E., 2011. Identity, regulation, and activity of inducible di-
terpenoid phytoalexins in maize. Proc. Natl. Acad. Sci. U. S. A. 108 (13), 5455–5460.

Setzer, M.S., Sharifi-Rad, J., Setzer, W.N., 2016. The search for herbal antibiotics: an in-
silico investigation of antibacterial phytochemicals. Antibiotics 5 (3), 30.

Whipps, J.M., 2001. Microbial interactions and biocontrol in the rhizosphere. J. Exp. Bot.
52, 487–511.

Wu, D., Ding, W., Zhang, Y., Liu, X., Yang, L., 2015. Oleanolic acid induces the type III
secretion system of ralstonia solanacearum. Front. Microbiol. 6, 1466.

Xu, J., Pan, Z.C., Prior, P., Xu, J.S., Zhang, Z., Zhang, H., Zhang, L.Q., He, L.Y., Feng, J.,
2009. Genetic diversity of Ralstonia solanacearum strains from China. Eur. J. Plant.
Pathol. 125 (4), 641–653.

Xu, Y., Zhu, X.F., Zhou, M.G., Kuang, J., Zhang, Y., Shang, Y., Wang, J.X., 2010. Status of
streptomycin resistance development in Xanthomonas oryzae pv. Oryzae and
Xanthomonas oryzae pv. Oryzicola in China and their resistance characters. J.
Phytopathol. 158 (9), 601–608.

Xu, W.M., Han, F.F., He, M., Hu, D.Y., He, J., Yang, S., Song, B.A., 2012. Inhibition of
tobacco bacterial wilt with sulfone derivatives containing an 1,3,4-oxadiazole
moiety. J. Agric. Food Chem. 60 (4), 1036–1041.

Yang, L., Ding, W., Xu, Y., Wu, D., Li, S., Chen, J., Guo, B., 2016. New insights into the
antibacterial activity of hydroxycoumarins against ralstonia solanacearum. Molecules
21, 468.

Yang, L., Li, S.L., Qin, X.Y., Jiang, G.F., Chen, J.N., Li, B.D., Yao, X.Y., Liang, P.B., Zhang,
Y., Ding, W., 2017. Exposure to umbelliferone reduces ralstonia solanacearum bio-
film formation, transcription of type III secretion system regulators and effectors and
virulence on tobacco. Front. Microbiol. 8, 1234.

Yuan, G.Q., Li, Q.Q., Qin, J., Ye, Y.F., Lin, W., 2012. Isolation of methyl gallate from
Toxicodendron sylvestreand its effect on tomato bacterial wilt. Plant Dis. 96 (8),
1143–1147.

Yuliar, Nion, Y.A., Toyota, K., 2015. Recent trends in control methods for bacterial wilt
diseases caused by Ralstonia solanacearum. Microbes Environ. 30 (1), 1–11.

Zuo, G.Y., Wang, C.J., Han, J., Li, Y.Q., Wang, G.C., 2016. Synergism of coumarins from
the Chinese drug Zanthoxylum nitidum with antibacterial agents against methicillin-
resistant Staphylococcus aureus (MRSA). Phytomedicine 23 (14), 1814–1820.

L. Yang et al. Microbiological Research 215 (2018) 15–21

21

http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0055
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0060
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0060
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0060
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0065
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0065
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0070
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0070
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0075
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0075
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0075
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0080
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0080
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0080
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0080
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0085
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0085
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0090
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0090
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0090
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0095
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0095
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0095
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0095
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0100
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0100
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0105
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0105
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0105
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0110
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0110
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0110
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0115
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0115
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0115
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0115
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0120
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0120
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0120
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0120
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0125
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0125
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0125
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0130
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0130
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0130
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0135
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0135
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0135
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0140
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0140
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0140
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0145
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0145
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0145
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0150
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0150
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0150
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0150
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0155
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0155
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0155
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0155
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0160
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0160
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0160
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0165
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0165
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0165
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0170
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0170
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0170
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0175
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0175
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0180
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0180
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0185
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0185
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0185
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0190
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0190
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0190
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0195
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0195
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0195
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0200
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0200
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0200
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0205
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0210
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0210
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0210
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0215
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0215
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0220
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0220
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0225
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0225
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0230
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0230
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0230
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0235
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0235
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0235
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0235
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0240
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0240
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0240
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0245
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0245
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0245
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0250
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0250
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0250
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0250
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0255
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0255
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0255
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0260
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0260
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0265
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0265
http://refhub.elsevier.com/S0944-5013(18)30077-6/sbref0265

	Hydroxycoumarins: New, effective plant-derived compounds reduce Ralstonia pseudosolanacearum populations and control tobacco bacterial wilt
	Introduction
	Materials and methods
	Materials and bacterial strain
	Antibacterial activity of the Hycs against R. pseudosolanacearum in solid medium
	Determination of minimum inhibitory concentration
	Effect of the Hycs on surviving percentage of R. pseudosolanacearum using fluorescence microscopy
	Control efficiency of the Hycs on tobacco bacterial wilt under greenhouse conditions
	Assessment of the effect of the Hycs on tobacco growth
	Statistical analyses

	Results
	Antibacterial activity of the Hycs against R. pseudosolanacearum on agar plates
	Minimum inhibitory concentration (MIC) of the Hycs on R. pseudosolanacearum
	Effect of the Hycs on the percentage of live cells of R. pseudosolanacearum
	Control effect of the Hycs on bacterial wilt in tobacco inoculated with R. pseudosolanacearum
	Hycs treatments reduced bacterial density of R. pseudosolanacearum in the roots and base stems of tobacco

	Discussion
	Funding
	Author contributions
	Competing interests
	References




