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Abstract

The fungal pathogen Botrytis cinerea causes gray mold disease on various hosts, which
results in serious economic losses. Over the past several decades, many kinds of fungicides
have been used to successfully control the disease. Meanwhile, the uses of fungicides lead
to environmental pollution as well as a potential threat to the human health by the chemical
residues in tomato fruit. Also, the gray mold disease is difficult to control with fungicides.
Therefore, exploring alternative measures such as biological controls could be the best
choice to control the disease and alleviate damages caused by fungicides. In this study, we
isolated and identified a novel Pseudomonas strain termed as QBA5 from healthy tomato
plant based on the morphological, biochemical characteristics and molecular detection. The
antifungal activity assays revealed that, in the presence of QBA5, conidia germination, germ
tube elongation and mycelial growth of B. cinerea were significantly inhibited. Most impor-
tantly, QBA5 exerted a significant preventive effectiveness against gray mold on tomato
fruits and plants. The possible mechanism of QBAS5 involved in the inhibition of B. cinerea
was investigated. It revealed that the conidia plasma membrane of B. cinerea was severely
damaged by QBADS. Further, four different antifungal compounds in the supernatant of
QBAG5 were separated by preparative high performance liquid chromatography (PHPLC).
Overall, the data indicate that there is a considerable potential for QBAS5 to reduce the dam-
age caused by gray mold disease on tomato.

Introduction

The fungal pathogen Botrytis cinerea Pers.:Fri. (teleomorph Botryotinia fuckeliana (de Bary)
Whetzel) infects plants causing gray mold disease. It is a devastating disease on tomato leading
to serious economic losses in many countries worldwide [1, 2, 3, 4]. Under the suitable envi-
ronmental conditions, especially under high humidity and low temperature, the typical symp-
toms of this disease can be visualized on tomato fruit and every part of the tomato plant
infected by the pathogen [2, 4]. Usually the pathogen is quiescent in the host tissues for a long
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period of time, hence, the symptoms of this disease appear much later than hosts infection.
Consequently, some apparently healthy tomato fruit rot rapidly during the storage period or
during the transport to the market. Therefore, the gray mold disease causes damage both
before and after tomato harvesting.

Furthermore, the pathogen is very difficult to control for several reasons. First, the patho-
gen has a wide range of plant hosts, by reports, including more than 200 crop species [4, 5].
Second, the pathogen can survive as mycelia and/or conidia or sclerotia in crop debris in or
after the plant’s growth season [4]. Third, gene mutation of the pathogen occurred rapidly
and fungicide resistance of the pathogen developed easily in the fields. Over the past several
decades, many kinds of fungicides have been used to successfully control the disease. However,
evidence demonstrates that isolates of B. cinerea have developed some specific resistances to
several fungicides including dicarboximides, benzimidazole, phenylpyrrole and hydroxyani-
lide [6, 7, 8, 9, 10]. Worse still, misuse and excessive use of fungicides for years result in envi-
ronmental pollution, disturbance of natural ecosystems, and pose a potential threat to human
health because of the high level of toxic residues of fungicides in tomato fruit [1, 3, 11, 12]. In
order to overcome the obstacles resulting from the chemical fungicides, there is an urgent
need for alternative measures that could safely and effectively control gray mold disease on
tomato. The biological control is undoubtedly the best choice.

In general, microbial biological control agents (BCAs) such as fungi, bacteria and actinomy-
ces can effectively control plant diseases by antibiosis [13, 14, 15], competition for nutrients
and niches [16], parasitism [17, 18], volatile organic compounds (VOCs) [1, 19, 20] or induc-
tion of plant resistance [21, 22, 23]. It is well demonstrated that some bacterial species of the
Bacillus and Pseudomonas genus could effectively control plant diseases by producing antibiot-
ics [24, 25, 26, 27] or stimulating the host resistance [28, 29]. Most interestingly, some BCAs
play their biological control roles in multiple patterns. For instance, Clonostachys rosea can
control gray mold disease not only by suppressing development and sporulation of B. cinerea
but also by inducing the resistance of tomato plants against B. cinerea [12, 30, 31].

There is growing evidence that a large number of microorganisms from the phyllosphere
and rhizosphere act as antagonists to plant pathogens [32, 33]. With the aim to acquire some
antagonists to B. cinerea in this work, we isolated and detected the antifungal activity of the
bacteria strains from healthy tomato leaves. Finally, we isolated and identified a novel Pseudo-
monas strain termed as QBAS5 based on its morphology, biochemical characteristics and
molecular detection. We examined the inhibitory effects of the QBAS5 on B. cinerea with its
cell-free supernatant. Furthermore, we investigated the underlying mechanism of the QBA5
inhibitory effect on B. cinerea. We also tested the effectiveness of QBAS5 on disease severity
reduction using detached tomato leaves and fruit. Overall, the data presented in this work
show that QBA5 can function as an efficient BCA to reduce the severity of gray mold disease
caused by B. cinerea on tomato.

Materials and methods
Plant materials and chemicals

The work was carried out using tomatoes (Lycopersicon esculentum Mill.) (cv. Laifen No.1).
The seedlings were friendly presented by Yifeng agricultural high-tech garden. In vitro assays,
plants were cultured in pots in growth chambers with a 16 h light (90 umol photons s™' m?)/8
h dark photoperiod and at a constant temperature of 22°C. In vivo assays, plants were planted
in green house under normal conditions. All the seedlings and tomato fruits used for ex-
periments were healthy and uniform. They had not been exposed to any pathogens. The com-
mercial fungicide Methylthio diethofencarb wettable powder (thiophanate-methyl: 52.5%,
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diethofencarb: 12.5%) (Shandong Aovit Pesticide Co. Ltd, China) was used as the positive
control.

The causal pathogen of B. cinerea

B. cinerea isolate BcHY05 isolated from diseased tomato fruit with typical gray mold symptoms
was used. Virulence of BcHY05 on tomato leaves was previously confirmed by us. In this
work, BcHY05 was incubated on potato dextrose agar (PDA) in a growth chamber at 23°C for
8 d in order to collect conidia. The conidia were suspended with sterile distilled water contain-
ing 0.1% v/v Tween 80 and then filtered through four layers of sterile cheesecloth.

Isolation and identification of Pseudomonas strain QBA5

To isolate the bacteria strains on the leaf surface, the discs of healthy leaves of tomato plants
were immersed into the sterile distilled water (0.5 mL cm™) in a 50-mL tube, and then they
were vortexed for 10 min. The supernatant was diluted in a 107", 107%, and 10~ series and
finally spread on a Luria Broth (LB) solid medium, which was incubated at 28°C for 24 h.

To identify the bacterial strain, the morphological characteristics and motility were
observed using an optical microscope. Biochemical tests were performed according to Dong &
Cai [34]. For molecular detection, the bacterium strain was inoculated into 3 mL of LB liquid
medium with shaking at 28°C overnight. DNA extractions were done using a DNA prepara-
tion kit (TTANGEN) following the manufacturer’s standard protocol. 16S rDNA was amplified
by standard PCR using universal primers 27f (5’ ~AGAGTTTGATCCTGGCTCAG-3" ) and
1492r (5" = TACGGCTACCTTGTTACGACTT -3"). The resulting PCR product was purified
with a Gel DNA Extraction kit (TTANGEN) and directly used for sequencing. The DNA
sequence was finally analyzed using the NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and was deposited in the GenBank.

Preparation of the cell-free supernatant of QBA5 and its in vitro assay on B.
cinerea

To obtain the cell-free supernatant, the QBA5 was incubated in a 100 mL flask containing 15
mL YEPD (yeast extract 3 g, peptone 10 g, dextrose 20 g per liter) liquid medium at 40°C while
shaking at 130 rpm for 3 d. The culture was harvested and centrifuged at room temperature to
collect the supernatant. Then the resulting supernatant was filter sterilized (0.22 pm pore
diameter, Nantong Filterbio Membrane Co., Ltd, China).

For in vitro assay on B. cinerea, the inhibitory effects of the cell-free supernatant of QBA5
on conidia germination and germ tube elongation of B. cinerea were checked following the
methods described by Wang et al. [3]. Conidia germination was verified if the length of germ
tube was equal to or more than the conidia [35]. The conidia of B. cinerea were incubated in
100%, 75%, 50%, 25% and 10% cell-free supernatant at 23°C while shaking at 130 rpm, respec-
tively. As a negative control, the conidia were incubated in YEPD. For each treatment, at least
200 conidia were examined microscopically for germination rate and germ tube length when
at least 90% of the conidia in the YEPD control germinated. In each treatment, the final con-
centration of the conidia was adjusted to 5 x 10° conidia mL ™. The inhibitory effect on myce-
lial growth was performed as described by Wang et al. [36]. Briefly, 3 mycelial disks of B.
cinerea with a 0.5 cm diameter were incubated in 100%, 50% and 10% cell-free supernatant at
23°C while shaking at 130 rpm, respectively. After 10 d of incubation, the mycelia were har-
vested and dried. The inhibition rate of mycelial growth was calculated based on the formula
[inhibition rate = (the mycelial weight of the control—the mycelial weight of treatment) / (the
mycelial weight of the control) x 100%]. The colony plugs incubated in YEPD served as the
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negative control. Simultaneously, the inhibition rate resulting from Methylthio diethofencarb
was also performed as the positive control. Methylthio diethofencarb was diluted according to
the manufacturer’s instructions (final concentration: 667 mg LY. Each trial was established
for 3 replicates. And the results were the mean + SE (standard error) of 3 independent
experiments.

Measurement of plasma membrane integrity

The conidia of the B. cinerea (final concentration: 5 x 10° conidia mL!) were incubated in
undiluted cell-free supernatant of QBA5 at 23°C without shaking. As the negative control, the
conidia were incubated in sterile distilled water. After 0, 2, 4, 6 and 8 h incubation, conidia
samples were centrifuged at 8000 x g, and then staining and observations of conidia pellets
were performed as described [3, 11, 37]. Briefly, the conidia were stained in 10 ug mL ™" propi-
dium iodide (PI) for 5 min at 30°C and then centrifuged. The pellets were washed twice with
the sodium phosphate buffer (pH 7.0). Observations were performed with a Zeiss Axioskop 40
microscope (Carl Zeiss, Oberkochen, Germany) equipped with an rhodamine filter set (Zeiss
no. 15: excitation BP 546/12 nm, emission LP 590 nm). Three fields of view from each slide

(at least 200 conidia) were chosen randomly, and the number of conidia in bright-field was
defined as the total number. Membrane integrity (MI) was calculated according to the formula
[MI = (the No. of total conidia—No. of stained conidia) / (the No. of total conidia) x 100%].

Effect of cell-free supernatant of QBA5 on Botrytisinfection of detached
tomato leaves

Detached leaves from six-week-old tomato plants (cv. Laifen No.1) without any wounds and
lesions were selected and surface-sterilized by soaking in a 2% aqueous sodium hypochlorite
for 3 min. These leaves were then thoroughly rinsed with sterile distilled water, dried and
placed into Petri dishes containing water-soaked filter paper. For inoculation treatments, each
tomato leaf was divided into two parts along the vein: one part was sprayed on the leaf surface
evenly with undiluted cell-free supernatant of QBAS5, and the other part was sprayed with
YEPD liquid medium as the negative control or sprayed with Methylthio diethofencarb as the
positive control. Each treatment consisted of nine detached leaves. As soon as the surface of
detached leaves dried, an 8 uL conidia suspension of B. cinerea with the final concentration of
2 x 10° conidia mL™" in 0.1% Tween 80 containing 0.5 mg mL™" of glucose and 0.5 mg mL™" of
KH,PO, [3] was dropped for the inoculation. All detached leaves were maintained at 23°C in
the dark. After three days, the disease severity was assessed. The index of disease severity was
rated on a scale of 0-4 (0: no disease symptom, 1: 0.1-5%, 2: 5.1-20%, 3: 20.1-40%, 4: 40.1-
100%) as described by Lee et al. [38]. The value of disease severity was calculated using the fol-
lowing formula: Disease index (DI) = ((Z (the number of diseased leaves x disease severity
index) / (4 x the number of leaves rated)) x 100. The efficacy of QBA5 was calculated accord-
ing to Abbott Formula [% effectiveness = (C — T) / C x 100], wherein C refers to DI of the neg-
ative control, and T refers to DI of the relevant treatment [3]. The results were the mean + SE
of three independent experiments.

Effect of cell-free supernatant of QBA5 on Botrytisinfection of ripe tomato
fruit
In this experiment, the ripe tomato fruit (cv. Laifen No.1) was infected as described by Liu

etal. [11]. Each fruit was wounded (3 mm deep and 3 mm wide) with a sterile nail at the equa-
tor. Then the same volume (15 pL) of undiluted cell-free supernatant of QBA5, Methylthio
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diethofencarb WP (wettable powder) as the positive control and YEPD liquid medium as the
negative control, was put into each wound, respectively. After 4 h, a 6 pL conidia suspension of
B. cinerea with the concentration of 2x10° conidia mL™" was added to each wound. Then all
samples were kept in 0.2 m x 0.13 m x 0.15 m plastic boxes with sterile water to maintain a
high humidity at 23°C in the dark for three days. The necrotic lesion on the tomato fruit
around the wound was measured following Zhang et al. [39]. Each treatment consisted of 10
fruits, and the experiment was repeated for three times.

Effect of cell-free supernatant of QBA5 on gray mold in tomato plant

Six-week old tomato plants of cv. Laifen No.1 planted in green house were used in this experi-
ment. The plants were sprayed with the undiluted cell-free supernatant of QBA5 4h before and
after the pathogen inoculation in the preventive and curative activity examination, respec-
tively. The plants sprayed with liquid YEPD served as negative control, and plants sprayed
with Methylthio diethofencarb WP served as positive control. For inoculation in all treat-
ments, conidia suspension of B. cinerea with the final concentration of 5 x 10° conidia mL™" in
0.1% Tween 80 containing 0.5 mg mL™ of glucose and 0.5 mg mL™" of KH,PO, was used.
Every treatment consists of 10 plants and repeated 3 times. The results were evaluated 10 d
after inoculation. The DI of the gray mold and the efficacy of QBAS5 were calculated as above.

Extraction and purification of the bioactive compounds of QBA5

QBAS5 was cultured in a 1 L flask containing 500 mL YEPD liquid midium at 40°C with shak-
ing at 130 rpm for 3 days. The supernatant was collected as mentioned above and extracted
three times with an equal volume of chloroform. Then the organic phase was dried by rotary
evaporation. And the resulting residue was dissolved in 20% methanol and passed through a
0.22 pm filter. To separate the active compounds, preparative high performance liquid chro-
matography (PHPLC) was conducted on a Waters 2545 series instrument (Waters, USA)
equipped with a OBD-C18 column (19 mm x150 mm, 10 pm, Waters, USA). The mobile
phase used for PHPLC was methanol/H,O (1:4, v/v), applied with a flow rate of 8 mL/min,
and ultraviolet detection was a 210 nm. The active fractions were collected based on the ultra-
violet detection.

In vitro assay of the bioactive compounds of QBA5 on conidia germination

To confirm the antifungal activity of the separated compounds of QBA5, the inhibition effect
of the compounds on conidia germination were examined. In this assay, the conidia of B.
cinerea were incubated in 100%, 75% and 10% of each compound separated by PHPLC. The
conidia incubation and germination rate calculation were performed as above in this text.

Statistical analysis

The data presented are the means of three independent experiments (means + SE). All the sta-
tistical analyses were conducted using SPSS version 16.0 (SPSS InC., Chicago, IL, USA). Analy-
sis of variance (ANOV A) was carried out to determine the effects of the treatments, and those
means were compared by Duncan’s multiple range tests.

Results
Isolation and identification of Pseudomonas strain QBA5

In total, 68 bacterial strains were isolated from the healthy tomato leaves, among which one
strain was selected for the subsequent experiments based on its inhibitory activity on conidia
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germination. This strain was termed as QBA5. To identify the strain, we carried out morpho-
logical, biochemical and DNA homologous analyses. The results revealed that QBA5 was nega-
tive Gram and may be belonged to the genus Pseudomonas based on its similarity in slight
yellow colony, rod shape and mobility et al. (shown in Table 1). DNA homologous analysis
showed that 16S rDNA of QBA5 (accession No. SUB2991790 QBAS5 MF782453) shared 99%
identity with a Pseudomonas clone YJQ-12 (accession number AY569288.1) in the GenBank
database. Overall, the results would thus indicate that QBA5, a promising antifungal agent,
was successfully isolated and identified to be a member of Pseudomonas.

Cell-free supernatant of QBAS5 significantly inhibited conidia germination
and germ tube growth of B. cinerea

To evaluate antifungal efficiency of QBA5, we carried out conidia germination and germ tube
growth of B. cinerea with the cell-free supernatant of QBA5. As shown in Fig 1A, the conidia
germination was significantly inhibited, especially when the concentration of cell-free super-
natant is more than 50% (p<0.01). After incubation for 8 h, the conidia germination rate was
over 90% in the control. However, no conidium was detected to germinate in the 100% cell-
free supernatant (Fig 1B). Furthermore, the inhibitory effect was positively related to the con-
centration of the cell-free supernatant. The results of the assays presented here indicate that
the cell-free supernatant of QBA5 plays an important role in inhibition of conidia germination
and germ tube growth of B. cinerea.

The cell-free supernatant of QBAS5 significantly inhibited the mycelial
growth of B. cinerea

To further evaluate antifungal efficiency, we also examined the mycelial dry weight of B.
cinerea incubated in the cell-free supernatant of QBAS5 for 10 d. As shown in Table 2, the dry
weight of the mycelia was remarkably decreased by the cell-free supernatant of QBA5
(p<0.01) which indicated that the mycelial growth of B. cinerea was significantly inhibited.
Moreover, the inhibitory effect was positively related to the concentration of the cell-free

Table 1. Morphological and biochemical characteristics of the bacterial stain QBA5.

Characteristics QBA5

Color Light yellow on LB medium
Shape Rod

Motility +

Gram -

Arginine dihydrolase -

V-P test -

Glucose fermentation +

Urease -

Lipase +

Benzazole test -
Denitrification -
Gelatin liquefaction +
Catalase -
Amylohydrolysis -
Fluorescence -
Nitrate reduction -
Methyl Red -

https://doi.org/10.1371/journal.pone.0190932.t001
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Fig 1. Cell-free supernatant of QBA5 significantly inhibited conidia germination and germ tube growth of B.
cinerea. A: The germination rate of B. cinerea conidia after 8 h incubation with different concentrations of the cell-free
supernatant of QBAS5 at 23°C. B: Germ tube growth of B. cinerea at two time points after incubation with different
concentrations of the cell-free supernatant of QBA5 at 23°C. Columns with different letters are significantly different.
(p<0.01).

https://doi.org/10.1371/journal.pone.0190932.9001

supernatant. There is no significant difference in the inhibitory rate between the cell-free
supernatant and the Methylthio diethofencarb WP (p<0.01). The result indicates that the cell-
free supernatant of QBA5 could serve as an efficient alternative to Methylthio diethofencarb in
controlling the mycelial growth of B. cinerea.

The cell-free supernatant of QBA5 destroyed plasma membrane integrity
of B. cinerea

To investigate the underlying mechanisms by which the cell-free supernatant of QBA5 exhib-
ited the inhibition to conidia germination and mycelial growth, we detected the plasma mem-
brane integrity of B. cinerea conidia. As shown in Fig 2A, the plasma membrane integrity of B.
cinerea conidia was seriously damaged by the cell-free supernatant of QBA5. Moreover, with
elongation of the incubation time, the membrane integrity of B. cinerea conidia declined rap-
idly (p<0.05). The direct evidence was shown in Fig 2B, the red fluorescence emitted from
conidia with destroyed plasma membranes was observed under the fluorescence microscope,
while no fluorescence could be detected from conidia with intact plasma membranes. After
incubation in the cell-free supernatant of QBA5 for 24 h, cell wall degradation of some conidia
were observed (Fig 3). The data presented here indicate that the damage of the plasma mem-
brane and the degradation of the cell wall might contribute together to the inhibiton of B.
cinerea by supernatant of QBAS.

Cell-free supernatant of QBA5 greatly inhibited disease severity not only
on detached leaves but also on fruits

As shown in Fig 4A, lesions caused by a B. cinerea infection on the detached tomato leaves
were found in all treatments. However, there is significant difference in the disease severity

Table 2. Inhibitory effect of the cell-free supernatant of QBAS5 on the mycelial growth of B. cinerea (p<0.01).

Treatment Average dry weight (g) Inhibition (%)
YEPD 0.718+0.012 a 0
10% cell-free supernatant 0.501+0.106 d 30.8
50% cell-free supernatant 0.379+0.011 ¢ 47.6
100% cell-free supernatant 0.021+0.003 b 97.03
Methylthio dirthofencarb (667mg/L) 0.017+0.002 b 97.68

https://doi.org/10.1371/journal.pone.0190932.t1002
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Fig 2. The cell-free supernatant of QBA5 destroyed plasma membrane integrity of B. cinerea. A: Percentage of
plasma membrane integrity of B. cinerea conidia. B: Microscopy images of B. cinerea conidia after 8 h incubation and
stained with propidium iodide (PI). The images on the left were captured under bright field, and the images on the
right were captured under excitation light field. a: Conidia suspended in distilled water as the control. b: Conidia
treated with cell-free supernatant of QBA5. Bar = 20um.

https://doi.org/10.1371/journal.pone.0190932.9002

between the leaves treated by supernatant of QBA5 and in the negative control (p<0.05). The
supernatant of QBA5 exhibited an inhibitory effect on the gray mold (the disease index = 12.5,
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Fig 3. The cell-free supernatant of QBAS5 had dramatic inhibitory effects on conidia of Botrytiscinerea. A: Conidia
suspended in sterile distilled water as control. B: Conidia treated with the cell-free supernatant of QBAS5 for 24 h.
Bar = 10um.

https://doi.org/10.1371/journal.pone.0190932.9003

the effectiveness = 70.0%), whereas in the positive control, Methylthio diethofencarbit exhib-
ited a much higher inhibitory effect than the supernatant of QBAS5 (the disease index = 3.2, the
effectiveness = 94.9%).

The results of the inoculation assays on tomato fruits showed that B. cinerea caused necrotic
lesion on all tomato fruits in every treatment. Compared with the negative control, as showed
in Fig 4B, the supernatant of QBA5 exhibited a strong inhibitory effect on the gray mold dis-
ease on tomato fruits. The infection of B. cinerea leads to just a little hygrophanous lesion
around the inoculation point on tomato fruits which were pretreated with the supernatant of
QBAS, the average diameter of lesions is 0.34 cm. There is no significant difference in the aver-
age diameter of necrotic lesions between the tomato fruits treated by the supernatant of QBA5
and Methylthio diethofencarbit (p<0.05). However, the infection of B. cinerea caused a large
necrotic lesion with a thick layer of gray mycelia on the tomatoes in the negative control, the
average diameter of lesions reaches 1.81 cm. The results of the inoculation demonstrated that
supernatant of QBA5 has a very strong inhibition to B. cinerea on tomato plant and fruit.

Cell-free supernatant of QBA5 exhibited higher effect on the gray mold on
tomato plants in preventive treatment

To examine the inhibitory effect of QBAS5 on the gray mold on tomato plants, the assay was
arranged in a green house. As shown in Table 3, the DI is 39.34 and 56.96 on the tomato plants
sprayed with cell-free supernatant of QBA5 in preventive and curative treatment, respectively.
While the DI on the tomato plants in the negative control is 83.14. The result indicated that
the development of gray mold on tomato plants was inhibited by cell-free supernatant of
QBAS5. The control effect of the cell-free supernatant of QBAS5 is 52.68% in the preventive
treatment while is 31.49% in the curative treatment. The result indicated that cell-free superna-
tant of QBAD5 played a better inhibitory role on gray mold disease in a preventive manner.

Four bioactive compounds with distinct antifungal activity were collected
from the cell-free supernatant of QBA5

To separate the active components with antifungal activity in the supernatant of QBA5, the
supernatant of QBAS5 was extracted with chloroform. And the antifungal activity of the chloro-
form extracts was then assayed with B. cinerea. The result showed that conidia germination of
the B. cinerea was significantly inhibited by the chloroform extracts which indicated that the
bioactive compounds were mostly contained in the chloroform extracts. So, the bioactive com-
pounds were further separated with PHPLC. As shown in Fig 5, four different compounds
were collected based on the ultraviolet absorb peak occurred at 3.10 min, 5.33 min, 7.07 min
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lesion diameter (cm)

QBA-5 Positive control

Negative control

Fig 4. The cell-free supernatant of QBAS5 greatly inhibited disease severity not only in detached leaves but also
fruits. A: Disease severity of gray mold on tomato leaves. 1 and 4: leaves treated with cell-free supernatant of QBAS5. 2:
Leaves treated with YEPD as the negative control. 3: Leaves treated with Methylthio diethofencarb (667mg/L) as the
positive control. B: Disease severity of gray mold on tomato fruits. a: Tomato fruit treated with YEPD as the negative
control. b: Tomato fruit treated with the cell-free supernatant of QBA5. ¢: Tomato fruit treated with Methylthio
diethofencarb (667mg/L) as the positive control. Columns with different letters are significantly different. (p<0.05).

https://doi.org/10.1371/journal.pone.0190932.9004

Table 3. The preventive and curative effects of the QBA5 100% cell-free supernatant on the infection of B. cinerea
on tomato plants.

Treatment Preventive treatment Curative treatment
DI control value (%) DI control value (%)

gative control 83.14 0 83.14 0

100% cell-free supernatant 39.34 52.68 56.96 31.49

Positive control 26.42 68.22 22.56 72.86

Negative control: the tomato plants were sprayed with YEPD.
Positive control: the tomato plants were sprayed with Methylthio dirthofencarb (667mg/L).

https://doi.org/10.1371/journal.pone.0190932.t003
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Fig 5. The bioactive compounds in the supernatant of QBA5 were separated with preparative high performance
liquid chromatography (PHPLC). Four distinct eluent peaks were detected at 3.10 min, 5.33 min, 7.07 min and 7.73
min by their ultraviolet absorption at 210 nm.

https://doi.org/10.1371/journal.pone.0190932.9005

and 7.73 min, respectively. The antifungal activity of the four compounds was examined. The
results (Fig 6) showed that the four compounds have different inhibitory effects on the conidia
germination. Furthermore, the plasma membrane integrity of the conidia treated by the com-
pounds collected at 3.10 min and 7.73 min was detected. The results showed that the plasma
membrane integrity of the conidia was severely damaged by the former compound but was
not damage by the later compound. These results indicated that the inhibition of B. cinerea by
QBAS5 resulted from multiple bioactive compounds together with different mechanisms.

Discussion

The phyllosphere is an important microorganism source of BCA for controlling plant diseases.
With the aim to acquire some antagonists to control gray mold on tomato, in this study, we
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Fig 6. The inhibitory effect of the four active compounds on the conidia germination of B. cinerea. A, B, C, and D
represent the compounds collected at 3.10 min, 5.33 min, 7.07 min and 7.73 min from the supernatant of QBA5 by
preparative high performance liquid chromatography (PHPLC), respectively.

https://doi.org/10.1371/journal.pone.0190932.g006
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isolated the bacterial strains from healthy tomato leaves. As a result, we identified one strain
belonging to the member of the genus Pseudomonas based on its morphological, biochemical
characters and DNA sequence. The bacterial strain was termed as QBA5 exhibiting significant
antifungal activity against B. cinerea. Compared with the liquid cultures of QBAS5, in in vitro
assays, the cell-free supernatant of QBA5 has almost the same inhibitory effect on conidia ger-
mination, germ tube elongation and mycelial growth of B. cinerea. This implies that QBA5
may play its inhibitory roles against B. cinerea by some secreted bioactive components. There-
fore, in our experiments, the cell-free supernatant of QBAS5 was used to examine the inhibitory
effect and underlying mechanism of QBA5 against B. cinerea.

Antibiosis is a principal mechanism of biological control by which antagonists can kill or
inhibit potential pathogens [40, 41]. It has been reported that some Pseudomonas spp. success-
fully achieved their biocontrol functions by producing some bioactive metabolites, such as lipo-
peptides, 2,4-diacetylphloroglucinol (DAPG) and phenazine-1-carboxylic acid (PCA) [42, 43,
44]. Based on the fluorescence from the conidia treated by PI in this study, it was believed that
some bioactive metabolites produced by QBAS5 played crucial roles in inhibiting B. cinerea. The
bioactive metabolites destroyed the plasma membrane of conidia, and led to the entrance of PI
into the cell. Cell wall-degrading enzymes (CWDEs) are important bioactive substances against
fungal pathogens of some biological control bacterial species [45, 46, 47]. The cell wall degrada-
tion of the conidia treated by cell-free supernatant of QBA5 was also observed. It implied that
some active degradation-related enzymes might be produced by QBA5 and make functions
against B. cinerea. Taking into account the fact that the damage to integrity of plasma mem-
brane occurred much earlier than the degradation of the cell wall, we proposed in our study
that the injury of plasma membrane would be a primary mechanism of QBAS5 to inhibit the B.
cinerea. The discovery of the bioactive compound without activity to membrane damage makes
a well interpretation to the difference between the effect on conidia germination (Fig 1) and
plasma membrane integrity (Fig 2) of the supernatant. The result indicated that the inhibition
to the conidia germination by the supernatant is a joint action of those different compounds.

In this study, the action mode of QBAS5 against gray mold disease was also investigated. The
significant inhibitory effect of QBA5 was observed when the tomato fruits and plants were
treated with cell-free supernatant for 4 h before pathogen inoculation. However, if the patho-
gen inoculation was carried out for 4 h prior to treatment with the cell-free supernatant, the
inhibitory effect was much lower both on tomato fruits and plants. Therefore, it suggested that
QBAS5 plays its biocontrol roles against gray mold in a preventive manner, and inhibition to
the conidia germination should be the dominant role of QBA5 to control the gray mold caused
by B. cinerea. The inoculation results showed that gray mold disease on tomato fruits and
plants was significantly inhibited by QBAS5, which indicates that QBAS5 could be a considerably
potential alternative for chemical fungicides in reducing the damage of gray mold disease.

Conclusion

In this study, we isolated a novel Pseudomonas strain QBAS5 which exhibited significantly anti-
fungal activity through multiple bioactive compounds with distinct mechanism. Based on the
inhibitory effect on the development of gray mold on tomato fruits and plants, the strain
QBAS5 might be a considerably potential to reduce the damage caused by gray mold disease on
tomato in the future.

Acknowledgments

We will give thanks to the National Key R&D Program of China and the Key R&D Program of
Shandong Province for the financial support.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190932 January 10, 2018 12/15


https://doi.org/10.1371/journal.pone.0190932

@° PLOS | ONE

Pseudomonas strain QBAS inhibits the gray mold on tomato

Author Contributions

Formal analysis: Pan Gao, Jiaxing Qin, Delong Li.

Funding acquisition: Shanyue Zhou.

Investigation: Pan Gao.

Methodology: Shanyue Zhou.

Supervision: Shanyue Zhou.

Writing - original draft: Shanyue Zhou.

Writing - review & editing: Shanyue Zhou.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Huang R, Li GQ, Zhang J, Yang L, Che HJ, Jiang DH, et al. Control of post-harvest Botrytis fruit rot of
strawberry by volatile organic compounds of Candida intermedia. Phytopathology. 2011; 101: 859-869.
https://doi.org/10.1094/PHYTO-09-10-0255 PMID: 21323467

Soylu EM, Kurt S, Soylu S. In vitro and in vivo antifungal activities of the essential oils of various plants
against tomato gray mold disease agent Botrytis cinerea. Int J Food Microbiol. 2010; 143(3): 183-189.
https://doi.org/10.1016/j.ijfoodmicro.2010.08.015 PMID: 20826038

Wang J, Xia XM, Wang HY, Li PP, Wang KY. Inhibitory effect of lactoferrin against gray mold on tomato
plants caused by Botrytis cinerea and possible mechanisms of action. Int J Food Microbiol. 2013; 161
(161): 151-157.

Williamson B, Tudzynski B, Tudzynski P, Van Kan JAL. Botrytis cinerea: The cause of grey mould disease.
Mol Plant Pathol. 2007; 8: 561-580. https://doi.org/10.1111/.1364-3703.2007.00417.x PMID: 20507522

Agrios GN.“Botrytis diseases,”in Plant Pathology, 5th Edn., ed Dreibelbis D. ( San Diego, CA: Elsevier
Academic Press), 2005; 510-514.

Dianez F, Santos M, Blanco R, Tello JC. Fungicide resistance in Botrytis cinereaisolates from straw-
berry crops in Huelva (Southwestern Spain). Phytoparasitica 2002; 30:529-534.

Fernandez-Ortufio D, Chen F, Schnabel G. Resistance to pyraclostrobin and boscalid in Botrytis
cinereaisolates from strawberry fields in the Carolinas. Plant Dis. 2012; 96: 1198—1203.

Myresiotis CK, Karaoglanidis GS, Tzavella-Klonari K. Resistance of Botrytis cinereaisolates from vege-
table crops to anilinopyrimidine, phenylpyrrole, hydro-xyanilide, benzimidazole, and dicarboximide fun-
gicides. Plant Dis. 2007; 91: 407—413.

Shim CK, Kim MJ, Kim YK, Jee HJ. Evaluation of lettuce germplasm resistance to gray mold disease
for organic cultivations. Plant Pathol. 2014; 30: 90-95.

Yourman LF, Jeffers SN. Resistance to benzimidazole and dicarboximide fungicides in greenhouse iso-
lates of Botrytis cinerea. Plant Dis. 1999; 83:569-575.

Liu J, Tian SP, Meng XH, Xu Y. Effects of chitosan on control of post-harvest diseases and physiological
responses of tomato fruit. Postharvest Biol Tec. 2007; 44: 300-306.

Ongouya Mouekouba LD, Zhang ZZ, Olajide EK, Wang AJ, Wang AX. Biological control of Botrytis
cinerea in tomato leaves. International Conference on Agriculture and Biotechnology. 2013.

Di Francesco A, Martini C, Mari M. Biological control of post-harvest diseases by microbial antagonists:
how many mechanisms of action? Eur J Plant Path. 2016; 145(4): 711-717.

Lugtenberg B, Kamilova F. Plant-growth—promoting rhizobacteria. Annu Rev Microbiol. 2009; 63: 541—
556. https://doi.org/10.1146/annurev.micro.62.081307.162918 PMID: 19575558

Raaijmakers J, Mazzola M. Diversity and natural functions of antibiotics produced by beneficial and
pathogenic soil bacteria. Annu Rev Phytopathol. 2012; 50: 403—424. https://doi.org/10.1146/annurev-
phyto-081211-172908 PMID: 22681451

Dinesh R, Anandaraj M, Kumar A, Bini YK, Subila KP, Aravind R. Isolation, characterization, and evalu-
ation of multi-trait plant growth promoting rhizobacteria for their growth promoting and disease sup-
pressing effects on ginger. Microbiol Res. 2015; 173: 34—43. https://doi.org/10.1016/j.micres.2015.01.
014 PMID: 25801969

Druzhinina IS, Seidl-Seiboth V, Herrera-Estrella A, Horwitz B A, Kenerley CM, Monte E, et al. Tricho-
derma: The genomics of opportunistic success. Nat Rev Microbiol. 2011; 9: 749-759. https://doi.org/
10.1038/nrmicro2637 PMID: 21921934

PLOS ONE | https://doi.org/10.1371/journal.pone.0190932 January 10, 2018 13/15


https://doi.org/10.1094/PHYTO-09-10-0255
http://www.ncbi.nlm.nih.gov/pubmed/21323467
https://doi.org/10.1016/j.ijfoodmicro.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20826038
https://doi.org/10.1111/j.1364-3703.2007.00417.x
http://www.ncbi.nlm.nih.gov/pubmed/20507522
https://doi.org/10.1146/annurev.micro.62.081307.162918
http://www.ncbi.nlm.nih.gov/pubmed/19575558
https://doi.org/10.1146/annurev-phyto-081211-172908
https://doi.org/10.1146/annurev-phyto-081211-172908
http://www.ncbi.nlm.nih.gov/pubmed/22681451
https://doi.org/10.1016/j.micres.2015.01.014
https://doi.org/10.1016/j.micres.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25801969
https://doi.org/10.1038/nrmicro2637
https://doi.org/10.1038/nrmicro2637
http://www.ncbi.nlm.nih.gov/pubmed/21921934
https://doi.org/10.1371/journal.pone.0190932

@° PLOS | ONE

Pseudomonas strain QBAS inhibits the gray mold on tomato

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

Mela F, Fritsche K, de Boer W, van Veen JA, de Graaff LH, van den Berg M, et al. Dual transcriptional
profiling of a bacterial/fungal confrontation: Collimonas fungivorans versus Aspergillus niger. Int Society
Microb Ecol. 2011; 5: 1494—1504.

Di Francesco A, Ugolini L, Lazzeri L, Mari M. Production of volatile organic compounds by Aureobasi-
dium pullulansas a potential mechanismof action against post-harvest fruit pathogens. Biol Control.
2014; 81:8-14.

Huang R, Che HJ, Zhang J, Yang L, Jiang DH, Li GQ. Evaluation of Sporidiobolus pararoseus strain
YCXTS3 as biocontrol agent of Botrytis cinerea on post-harvest strawberry fruit. Biol Control. 2012; 62:
53-63.

Pieterse CMJ. Prime time for transgenerational defense. Plant Physiol. 2012; 158: 545. https://doi.org/
10.1104/pp.112.900430 PMID: 22308198

Schenk ST, Stein E, Kogel KH, Schikora A. Arabidopsis growth and defense are modulated by bacterial
quorum sensing molecules. Plant Signal Behav. 2012; 7: 178-181. https://doi.org/10.4161/psb.18789
PMID: 22307043

Yang J, Kloepper JW, Ryu CM. Rhizosphere bacteria help plants tolerate abiotic stress. Trends Plant
Sci. 2009; 14: 1-4. https://doi.org/10.1016/j.tplants.2008.10.004 PMID: 19056309

Dimkic I, Zivkovi S, Beri T, Ivanovi Z, Gavrilovi V, Stankovi S, et al. Characterization and evaluation of
two Bacillus strains, SS-12.6 and SS-13.1, as potential agents for the control of phytopathogenic bacte-
ria and fungi. Biol Control. 2013; 65: 312—-321.

Kefi A, Ben Slimene |, Karkouch |, Rihouey C, Azaeiz S, Bejaoui M, et al. Characterization of endophytic
Bacillus, strains from tomato plants (Lycopersicon esculentum) displaying antifungal activity against
Botrytis cinerea, Pers. World J Microbiol Biotechnol. 2015; 31(12): 1967-1976. https://doi.org/10.1007/
§11274-015-1943-x PMID: 26347324

Pal KK, Gardener MS. Biological Control of Plant Pathogens. Plant Health Instructor. 2006; 202: 147.

Pretorius D, Van Rooyen J, Clarke KG. Enhanced production of antifungal lipopeptides by Bacillus amy-
loliquefaciens for biocontrol of post-harvest disease. N Biotechnol. 2015; 32: 243-252. https://doi.org/
10.1016/j.nbt.2014.12.003 PMID: 25541516

Kilian M, Steiner U, Krebs B, Junge H, Schmiedeknecht G, Hain R. Fzb24 bacillus subtilis—mode of
action of a microbial agent enhancing plant vitality. Pflanzenschutz-Nachrichten Bayer. 2000.

Ongena M, Jacques P. Bacillus lipopeptides: versatile weapons for plant disease biocontrol. Trends
Microbiol. 2008; 16: 115-125. https://doi.org/10.1016/}.tim.2007.12.009 PMID: 18289856

Li GQ, Huang HC, Kokko EG, Acharya SN. Ultrastructural study of mycoparasitism of Gliocladium
roseum on Botrytis cinerea. Bot Bull Acad Sin. 2002; 43:211-8.

Sutton JC, Li DW, Pen G, Yu H, Zhang P, Valdebenito-Sanhueza RM. Gliocladium roseum, a versatile
adversary of Botrytis cinereain crops. Plant Dis. 1997; 81: 316-328.

Mendes R, Garbeva P, Raaijmakers JM. The rhizosphere microbiome: significance of plant beneficial,
plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol rev. 2013; 37: 634-663.
https://doi.org/10.1111/1574-6976.12028 PMID: 23790204

Mdller T, Ruppel S. Progress in cultivation-independent phyllosphere microbiology. FEMS Microbiol
Ecol. 2014; 87:2—-17. https://doi.org/10.1111/1574-6941.12198 PMID: 24003903

Dong XZ, Cai MY. Common Bacterial System Identification Manual [M]. Beijing: Science Press. 2001.

Vicedo B, Leyva MD, Flors V, Finiti I, del Amo G, Walters D, et al. Control of the phytopathogen Botrytis
cinerea using adipic acid monoethyl ester. Arch. Microbiol., 2006; 184: 316-326. https://doi.org/10.
1007/s00203-005-0048-6 PMID: 16261314

Wang ST, Cao KQ, Zhang FQ, Hu TL. Inhibitory effect of extract of Flos syzygii aromatic against Botry-
tis cinerea and its biological control on tomato gray mold. Acta Phytopathologica Sinia. 2005; 35(6):
91-94.

Qin G, Liu J, Cao B, Li B, Tian S. Hydrogen peroxide acts on sensitive mito-chondrial proteins to induce
death of a fungal pathogen revealed by proteomic analysis. PLoS One. 2011; 6: e21945. hitps://doi.
org/10.1371/journal.pone.0021945 PMID: 21755012

Lee JP, Lee SW, Kim CS, Son JH, Song JH, Lee KY, et al. Evaluation of formulations of Bacillus licheni-
formis for the biological control of tomato gray mold caused by Botrytis cinerea. Biol Control 2006; 37:
329-337.

Zhang QH, Zhang J, Yang L, Zhang L, Jiang DH, Chen WD, et al. Diversity and biocontrol potential of
endophytic fungi in Brassica napus. Biol Control, 2014; 72(9):98-108.

Diallo S, Crépin A, Barbey C, Orange N, Burini JF, Latour X. Mechanisms and recent advances in bio-
logical control mediated through the potato rhizosphere. FEMS Microbiol Ecol. 2011; 75: 351-364.
https://doi.org/10.1111/j.1574-6941.2010.01023.x PMID: 21204870

PLOS ONE | https://doi.org/10.1371/journal.pone.0190932 January 10, 2018 14/15


https://doi.org/10.1104/pp.112.900430
https://doi.org/10.1104/pp.112.900430
http://www.ncbi.nlm.nih.gov/pubmed/22308198
https://doi.org/10.4161/psb.18789
http://www.ncbi.nlm.nih.gov/pubmed/22307043
https://doi.org/10.1016/j.tplants.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19056309
https://doi.org/10.1007/s11274-015-1943-x
https://doi.org/10.1007/s11274-015-1943-x
http://www.ncbi.nlm.nih.gov/pubmed/26347324
https://doi.org/10.1016/j.nbt.2014.12.003
https://doi.org/10.1016/j.nbt.2014.12.003
http://www.ncbi.nlm.nih.gov/pubmed/25541516
https://doi.org/10.1016/j.tim.2007.12.009
http://www.ncbi.nlm.nih.gov/pubmed/18289856
https://doi.org/10.1111/1574-6976.12028
http://www.ncbi.nlm.nih.gov/pubmed/23790204
https://doi.org/10.1111/1574-6941.12198
http://www.ncbi.nlm.nih.gov/pubmed/24003903
https://doi.org/10.1007/s00203-005-0048-6
https://doi.org/10.1007/s00203-005-0048-6
http://www.ncbi.nlm.nih.gov/pubmed/16261314
https://doi.org/10.1371/journal.pone.0021945
https://doi.org/10.1371/journal.pone.0021945
http://www.ncbi.nlm.nih.gov/pubmed/21755012
https://doi.org/10.1111/j.1574-6941.2010.01023.x
http://www.ncbi.nlm.nih.gov/pubmed/21204870
https://doi.org/10.1371/journal.pone.0190932

@° PLOS | ONE

Pseudomonas strain QBAS inhibits the gray mold on tomato

41.

42,

43.

44.

45.

46.

47.

Frey-Klett P, Burlinson P, Deveau A, Barret M, Tarkka M, Sarniguet A. Bacterial-fungal interactions:
hyphens between agricultural, clinical, environmental, and food microbiologists. Microbiol Mol Biol Rev.
2011; 75:583-609. https://doi.org/10.1128/MMBR.00020-11 PMID: 22126995

Montesinos E. Antimicrobial peptides and plant disease control. FEMS Microbiol Lett. 2007; 270: 1-11.
https://doi.org/10.1111/j.1574-6968.2007.00683.x PMID: 17371298

Raaijmakers J, Bruijn |, Nybroe O, Ongena M. Natural functions of lipopeptides from Bacillus and Pseu-
domonas: more than surfactants and antibiotics. FEMS Microbiol Rev. 2010; 34: 1037-1062. https://
doi.org/10.1111/j.1574-6976.2010.00221.x PMID: 20412310

Weller DM. Pseudomonas biocontrol agents of soilborne pathogens: Looking back over 30 years. Phy-
topathology. 2007; 97: 250-256. https://doi.org/10.1094/PHYTO-97-2-0250 PMID: 18944383

Chen Z. Research and application of bio-fungicide with Bacillus spp. Chinese J Biol Control 2015; 31
(5): 723-732.

Gomaa EZ. Chitinase production by Bacillus thuringiensis Bacillus licheniformis their potential in anti-
fungal biocontrol. J Microbiol. 2012; 50: 103—111. https://doi.org/10.1007/s12275-012-1343-y PMID:
22367944

Gutiérrezroman MI, Holguinmeléndez F, Bellomendoza R, Guillénnavarro K, Dunn M F, Huertapalacios
G. Production of prodigiosin and chitinases by tropical serratia marcescens strains with potential to con-
trol plant pathogens. World J Microbiol Biotechnol. 2012; 28(1): 145-53. https://doi.org/10.1007/
$11274-011-0803-6 PMID: 22806790

PLOS ONE | https://doi.org/10.1371/journal.pone.0190932 January 10, 2018 15/15


https://doi.org/10.1128/MMBR.00020-11
http://www.ncbi.nlm.nih.gov/pubmed/22126995
https://doi.org/10.1111/j.1574-6968.2007.00683.x
http://www.ncbi.nlm.nih.gov/pubmed/17371298
https://doi.org/10.1111/j.1574-6976.2010.00221.x
https://doi.org/10.1111/j.1574-6976.2010.00221.x
http://www.ncbi.nlm.nih.gov/pubmed/20412310
https://doi.org/10.1094/PHYTO-97-2-0250
http://www.ncbi.nlm.nih.gov/pubmed/18944383
https://doi.org/10.1007/s12275-012-1343-y
http://www.ncbi.nlm.nih.gov/pubmed/22367944
https://doi.org/10.1007/s11274-011-0803-6
https://doi.org/10.1007/s11274-011-0803-6
http://www.ncbi.nlm.nih.gov/pubmed/22806790
https://doi.org/10.1371/journal.pone.0190932

