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ARTICLE INFO ABSTRACT

Keywords: The antifungal properties and the induction of resistance by e-poly-1-lysine (e-PL) and chitooligosaccharide
Tomato (COS) were examined to find an alternative to synthetic fungicides currently used in the control of the devas-
Botrytis cinerea tating fungal pathogen Botrytis cinerea, the causal agent of grey mould disease of tomatoes. As presented herein,

e-Poly-L-lysine (e-PL)
Chitooligosaccharide (COS)
Synergistic effect (combined treatment)

this combined treatment (200 mg/L e-PL + 400 mg/L COS) was found to have optimal in vitro antifungal ac-
tivities, achieving an inhibition rate of 90.22%. In vivo assays with these combined bio-fungicides, under
greenhouse conditions using susceptible tomato plants, demonstrated good protection against severe grey
mould. In field tests, the combined bio-fungicides had a control effect of up to 66.67% against tomato grey
mould. To elucidate the mechanisms of the combined bio-fungicide-induced resistance in the tomato, plants
were subjected to three treatments: 1) inoculation with B. cinerea after spraying with 200 mg/L &-PL alone, 2)
inoculation with the combined bio-fungicides, and 3) inoculation with 400 mg/L COS alone. Compared to the
control (sterile water), increases in salicylic acid (SA) and jasmonic acid (JA) levels and increased phenylalanine
ammonia lyase (PAL), peroxidase (POD), and superoxide dismutase (SOD) activities were observed. Catalase
(CAT) activity and abscisic acid (ABA) and gibberellin (GA) levels decreased, particularly in the combined bio-
fungicide-treated plants. Altogether, these findings reveal that the combined bio-fungicides (200 mg/L e-
PL + 400 mg/L COS) should be an excellent biocontrol agent candidate that combines direct antifungal activity

against B. cinerea with plant resistance.

1. Introduction

Botrytis cinerea, the causal agent of grey mould, causes large eco-
nomic losses worldwide, including on a variety of soft fruits, vegetables
and flowers, and especially greenhouse-grown tomatoes (Lycopersicon
esculentum). In addition to having a broad range of hosts, this pathogen
produces large numbers of spores and is able to survive in a dormant
state in soil. B. cinerea infects the leaves, stems, flowers, and fruits of
plants via multiple strategies, including the secretion of cell wall-de-
grading enzymes, phytotoxic metabolites, and cell death elicitors
(Huang et al., 2012). A high relative humidity, free moisture on plant
surfaces and moderate temperatures are considered the most important
environmental factors that promote infection by B. cinerea (O'Neill
et al., 1997). Consequently, tomato production loss due to B. cinerea can
reach 20%, and under the worst conditions, tomato production could be
reduced by 40-50% (Zhao et al., 2011). Due to a lack of resistant to-
mato germplasm, no effective B. cinerea-resistant tomato cultivars have
been bred to date. Currently, chemical control remains the main
method to reduce tomato grey mould in greenhouses. However, the
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indiscriminate use of chemical agents may result in problems such as
the development of pathogen resistance in addition to leaving toxic
residues in fruit and posing potential risks to the environment, human
and animal health (Nakajima and Akutsu, 2014). The development of
pesticide-resistant strains, which would eliminate the use of pesticides,
is a goal of considerable interest within the framework of a sustainable,
economically profitable agriculture. Consequently, these issues require
innovative alternative control methods to successfully increase agri-
cultural productivity and meet future food demands in a sustainable
manner (Luna, 2016).

e-Poly-1-lysine (e-PL) is a homo-poly-amino acid characterized by
the peptide bond between the carboxyl and a-amino groups of -lysine.
It is composed of a series of 25-35 1-lysine monomers and has a mo-
lecular weight of around 5000 Da. Shima and Sakai (1977) found e-PL
to be one of the Dragendorff-positive compounds in the culture filtrate
of an actinomycete, Streptomyces albulus 346, isolated from soil. e-PL
exhibits a broad spectrum of inhibitory activities against Gram-positive
and negative bacteria, fungi, yeasts, and bacteriophages (Chang et al.,
2010; Shima et al., 1984). The antimicrobial activity of e-PL occurs as a
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physical action on the cytoplasmic membrane, and antimicrobial me-
chanism of e-PL being an electrostatic interaction with the microbial
cell surface, followed by disorganization of the membrane and ab-
normal distribution of the cytoplasm ultimately leading to physiological
damage of the microbial cells (Yamanaka and Hamano, 2010). Due to
its efficacy and safety, e-PL has GRAS status (Generally Recognized As
Safe) in a variety of food applications and is nontoxic to eukaryotic cells
in chronic and acute animal studies using high dosages (Hiraki et al.,
2003). However, ¢-PL can be subject to rapid depletion after initial
application and lose activity quickly (Bi et al., 2016). Studies have been
carried out to improve the effectiveness of e-PL, such as through com-
bination with organic acids (Geornaras and Sofos, 2005) and its cova-
lent immobilization to multi-walled carbon nanotubes for constructing
a nanocomposite with enhanced antibacterial activity (Zhou and Qi,
2011).

The attraction of concertedly using multiple preparations to control
the same pathogen is that the likelihood of selection for resistance to
each individual preservative is greatly reduced. In recent years, all-
natural methods for controlling grey mould have become increasingly
applicable and are quickly becoming very important in plant protec-
tion. Thus, we chose to investigate any possible synergies between e-PL
and chitooligosaccharide, two all-natural substances with antimicrobial
properties.

Chitooligosaccharides (COS) are the degraded products of chitosan
or chitin, which have been produced recently by several methods such
as enzymatic and acidic hydrolysis (Kim et al., 2003). Generally, the
molecular weights of COS are 10kDa or less. The formation of poly-
electrolyte complexes between COS and negatively charged groups on
the cell surface directly interferes with the growth and normal phy-
siological functions of fungi, suggesting that the charge distribution of
COS has a correlation with its antifungal activity (Hirano and Nagao,
1989). Plant-origin COS have been shown to elicit defence responses
and to induce protection against B. cinerea in grapevine, cucumber
plants and tomato fruits (Aziz et al., 2006; Badawy and Rabea, 2009;
Ben-Shalom et al., 2003).

Plants have evolved a series of effective defence mechanisms against
pathogen invasion that result in highly coordinated sequential changes
at the cellular level, including altered levels of signaling molecules.
These signaling molecules are involved in plant defence mechanisms
and include phytohormones such as salicylic acid (SA), jasmonic acid
(JA), abscisic acid (ABA), indole acetic acid (IAA), and gibberellin (GA).
These molecules trigger changes in the expression of defence genes,
resulting in metabolic alterations that increase plant defence responses
(Mai and Kinga, 2014; Quazi et al., 2015). Additionally, defence en-
zymes play pivotal roles in host plant resistance against pathogen in-
vasion, and reductions in disease severity in stressed plants have been
attributed to changes in the activities of defence enzymes (Binutu and
Cordell, 2000; Marrs, 1996), such as phenylalanine ammonia lyase
(PAL), catalase (CAT), peroxidase (POD), and superoxide dismutase
(SOD).

The objectives of this study were to study the synergistic action of
the combined substances (e-PL and COS) against B. cinerea by (a)
evaluating the antifungal activity of the combined (e-PL and COS) in
vitro and in vivo, (b) investigating the mechanism by which changes in
signaling molecules (SA, JA, ABA, IAA, GA) and defence enzyme (CAT,
PAL, POD, SOD) activity induce resistance. Our study will contribute to
understanding the mechanisms of B. cinerea biocontrol by the combined
bio-fungicides (e-PL and COS) in an effort to further improve resistance
to grey mould disease in the tomato.

2. Materials and methods
2.1. Fungal isolation and storage

Botrytis cinerea strain B05.10 was provided by the Laboratory of Plant
Pathology, College of Plant Protection, Huazhong Agricultural University,
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Wuhan, China. Valsa mali, Alternaria solani, Pseudocercospora fijiensis, Fusarium
oxysporum, Rhizoctonia cerealis, Gloeosporium musarum, Sclerotinia sclerotiorum,
Cercospora fagopyri, Sclerotium cepivorum, Glomerella cingulata, Cochliobolus
sativus and B. squamosa were kindly provided by College of Plant Protection,
Northwest A&F University, Shaanxi province, China. These pathogens were
cultured on potato dextrose agar (PDA) medium.

2.2. Preparation of spore suspensions

B. cinerea spore suspensions were prepared using spores collected
from a one-week pathogen culture suspended in sterile water supple-
mented with 0.3% Tween-80. The spore suspension was filtered to
adjust the concentration of the suspension to 1.0 x 10° conidia/mL
using a sterile sieve. The conidial spore concentration was measured
using a Biirker chamber.

2.3. Synergistic effect of combined treatment on the mycelial growth of B.
cinerea

The antifungal activity of the combined substances (e-PL and COS) was
assessed by the radial growth test on PDA. The COS solutions at four dif-
ferent concentrations (2 X 10%, 4 x 10%, 8 x 10% and 1.6 x 10° mg/L)
were prepared with sterile water supplemented with 0.3% Tween 80. Two
experiments were performed. Experiment 1 measured the mycelial growth
of B. cinerea after treatment with different concentrations of COS.
Experiment 2 measured the mycelial growth of B. cinerea after treatment
with the combined substances e-PL (2 x 10> mg/L) and different con-
centrations of COS. Different solutions were mixed with sterile PDA to
prepare PDA mediums. PDA solutions were poured into 90 mm Petri dishes,
and 5 mm plugs of B. cinerea, collected in the outer areas of active cultures,
were inoculated onto the prepared plates. Three replicate plates for the
fungus were incubated with a regular photoperiod of 12 h light/12 h dark at
23°C. Procymidone (80% wettable powder, WP, Shaanxi Meibang
Agrochemical Co., Ltd.) was the positive control. Control plates containing
the medium mixed with sterile water (10%, by volume) were included.
After incubation for 4 days, the diameter of mycelium growth of the fungus
(mm) in both treated (T) and control (C) Petri dishes was measured in
perpendicular directions until the fungus growth in the control dishes was
almost complete. The percentage of growth inhibition (I) was calculated
using the formula:

I1(%) = [(C = T)/(C = Cy)] x 100.

Co means the diameter of the test fungus agar discs (5 mm).

Similarly, the antifungal activity of the combined substances
(200 mg/L &-PL + 400 mg/L COS) against twelve fungal species was
calculated by contact assay based on mycelial growth inhibition using
PDA medium. Different control plates containing the medium mixed
with sterile water (10%, by volume) were included for each species. On
the basis of the optimum growth habit of different species, the plates
were incubated at 22-28 °C for 3-5 days until the fungus growth in the
control dishes was almost complete. The percentage of growth inhibi-
tion was calculated using the above formula. This experiment was re-
plicated three times.

2.4. The combined treatment induction to resistance in the pot experiments

Tomato seeds (L. esculentum, Oulong) were obtained from the
College of Plant Protection, Northwest A&F University, Shaanxi, China.
Seeds were surface sterilized with 3% sodium hypochlorite for 3 min
and immediately rinsed with sterile distilled water three times. Each
seed was planted in a 15 cm diameter pot filled with sterile soil in the
greenhouse. At the 5-6 leaf stage, different bio-fungicides were sprayed
onto the leaves 3 days prior to inoculation by B. cinerea B05.10 myce-
lium discs (0.5 cm diameter) (Sun et al., 2017). Each treatment con-
sisted of three replicates, with six potted plants sprayed with 40 mL bio-
fungicide each replicate. The greenhouse temperature was maintained
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at 23 °C, and the relative humidity was between 90% and 95%. The size
of lesions was measured on the 3rd day after inoculation (Cheng et al.,
2014). These experiments were repeated three times. The following
treatments were investigated: (A) e-PL (200 mg/L); (B) COS (400 mg/
L); (C) e-PL (200 mg/L) + COS (400 mg/L); (D) procymidone (positive
control); and (E) distilled water (negative control).

2.5. Control effect of combined treatment against B. cinerea in the field

The experiment with five treatments, (A) e-PL (200 mg/L); (B) COS
(400 mg/L); (C) e-PL (200 mg/L) + COS (400 mg/L); (D) procymidone
(positive control); and (E) tap water (negative control) were carried out
from January 2016 to May 2017 in the field (Yangling, China). This
field experiment adopted a random block design with four replicates.
The day and night temperatures and relative humidity were between 20
and 25°C and 14-18°C and 70%-85% RH. Each treatment was com-
posed of three 90 m? (6 m x 15m) plots. Oulong, a susceptible tomato
line, was planted with row and plant spaces of 40 cm and mulched with
plastic film. Tomato leaves were sprayed evenly with the different test
agents and the spraying quantity was 18 L per 90 m? tomato plants. All
of the sprayings were conducted at the same time.

Disease development was recorded on the 7th day after each ap-
plication. Disease severity on leaves was scored using the following
scale: 0 = no diseased leaves; 1 = 0-5% of leaves covered with lesions;
3 = leaves with infection lesions making up 6-10%; 5 = leaves with
infection lesions making up 11%-20%; 7 = leaves with infection le-
sions making up 21%-40%; and 9 = leaves with infection lesions
making up 41%-100%. The disease index was calculated using the
following equations:

Disease index (DI)
= [Z (the number of diseased plant leaves at a disease score

xthe disease score)/(total plant leaves investigatedx9)] x 100%.

Following the protocol enacted by the Bioassay Lab, Institute for the
Control of Agrochemicals, Ministry of Agriculture, China (1993), the
control effects were calculated using the following formula:

E = [(C - T)/C] x 100

where E is the control effect (%), C is the DIs of tap water to the control
plot, and T is the DIs of the chemical application in the test plot.

2.6. Determination of SA, JA, ABA, IAA, and GA contents

The assays for measuring SA, JA, ABA, IAA, and GA levels are de-
scribed by Cui et al. (2015). Tomato leaves from pot experiments were
used for the phytohormone assays. Different bio-fungicides or water
was applied 3 days prior to B. cinerea spores inoculation. In total, we
analyzed four conditions: sprayed with sterile water (control), sprayed
with 200 mg/L e-PL, sprayed with combined bio-fungicides (200 mg/L
e-PL + 400 mg/L COS), and sprayed with 400 mg/L COS. Leaves
treated with the chemicals were then separately collected 0, 12, 24, and
48h after inoculation according to Gong et al. (2017), with some
modification. 0.6 g of leaves was ground into a powder in liquid ni-
trogen and extracted over 12 h using 20 mL of 80% cold aqueous me-
thanol (< 0°C) in the dark at 4 °C. This extract was then centrifuged at
5,000 X g at 4 °C for 15 min. The supernatant was retained. The residue
was extracted three times using fresh methanol. The total methanolic
extract was collected by washing three times with 0.6% acetic acid
followed by concentration at 40 °C in a rotary evaporator. These solu-
tions were prepared in a 2 mL volumetric flask. Samples were filtered
through a 0.45 um membrane and analyzed using HPLC (Waters, USA).

2.7. Defence-related enzyme (CAT, PAL, POD, and SOD) activity assays

To explore the physiological mechanisms of the combined-enhanced
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plant disease resistance, we studied the effects of different bio-fungi-
cides on the defence-related enzyme (CAT, PAL, POD, and SOD) ac-
tivities in tomato leaves. Tomato leaves on pot experiments were used
for defence-related enzyme assays. Different bio-fungicides were ap-
plied 3 days prior to B. cinerea spores or water inoculation. In total, we
analyzed four conditions: sprayed with sterile water (control), sprayed
with 200 mg/L e-PL, sprayed with combined bio-fungicides (200 mg/L
e-PL + 400 mg/L COS), and sprayed with 400 mg/L COS. Leaves
treated with these chemicals were then separately collected 0, 6, 12, 24,
and 48h after inoculation according to Lu et al. (2013), with some
modification. The superoxide dismutase (SOD) activity was determined
using the nitroblue tetrazolium (NBT) photochemical reduction method
described by Giannopolitis and Ries (1977). The inhibition rate of NBT
reduction was determined at 560 nm. The peroxidase (POD) activity
was determined using the guaiacol colorimetric method described by
Cakmak and Marschner (1992). The kinetic change of OD 470 in 1 min
was used to calculate the enzymatic reaction rate. The catalase (CAT)
activity was determined using the method described by Beers and Sizer
(1952). The kinetic changes of OD540 in 1 min were used to calculate
the enzymatic reaction rate. The phenylalanine ammonia lyase (PAL)
activity was determined using the method described by Brueske (1980).

2.8. Data processing

Statistical analyses were performed using SAS (ver. 9.2). All mea-
surements made at specific times were compared using Student's t-test
at P < 0.05.

3. Results
3.1. Synergistic effect of combined treatment on B. cinerea

The inhibition rate was markedly increased following the combined
treatment (200 mg/L e-PL + 400 mg/L COS) compared with the e-PL
used alone (Table 1). Four days after inoculation with B. cinerea, single
bio-fungicide COS significantly inhibited mycelial growth (P < 0.05)
at all concentrations. However, the combined treatment showed a
stronger inhibition effect than a single COS at the same concentration.
COS could increase the inhibitory effect of e-PL against B. cinerea and
the synergistic effect of the combined treatment significantly increased
with the increase of its COS concentration. The combined treatment
(200 mg/L e-PL and =400 mg/L COS) obviously inhibited the mycelial
growth, but this inhibition did not differ significantly from procymi-
done (P > 0.05). The inhibition ratio of the combined treatment
(200 mg/L &-PL + 400 mg/L COS) reached 90.22%. Based on these

Table 1
Mycelial growth (mm) of B. cinerea on PDA media supplemented with e-PL and
COS.

Compound fungicide concentration (mg/L)  Growth (mm) Inhibition rate (%)

¢-PL cos

0 200 69.00 + 1.26°  16.53 * 1.64¢
0 400 61.17 + 3.77°  26.74 = 4.92¢
0 800 18.50 = 0.50¢  82.39 * 0.65°
0 1600 18.67 + 2.0¢ 82.17 + 2.72°
200 0 35.00 + 4.04° 60.87 + 5.27°
200 200 18.33 + 1.86¢ 82,61 * 2.42°
200 400 12,50 + 0.76%  90.22 + 1.00°"
200 800 11.75 + 2.18%  91.20 + 2.85%
200 1600 6.00 = 0.00° 98.70 + 0.00%
80% procymidone 6.00 + 0.00° 98.70 + 0.00%
Sterile water (control) 81.67 + 1.67% 0.00 = 0.00°

Colony diameters were measured 4 days after inoculation. In the table, values
are mean * SE. In the same columns, different superscript letters indicate
significant differences at P < 0.05 using Duncan's test.
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Table 2
Antifungal spectrum of combined treatment (200 mg/L e-PL + 400 mg/L COS).
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Table 4
Control efficiencies of e-PL and COS on tomato grey mould in the field.

Pathogenic fungi Growth (mm) Inhibition rate (%)

Valsa mali 37.83 = 2.17 58.96 * 2.71¢
Alternaria solani 13.17 = 1.31 88.44 + 1.85%
Pseudocercospora fijiensis 33.50 = 1.04 62.13 + 1.38¢
Fusarium oxysporum 49.33 + 2.05 44.23 + 2.58°
Rhizoctonia cerealis 42.83 = 1.92 46.96 + 2.69°
Gloeosporium musarum 24.67 + 1.45 74.35 + 1.89°¢
Sclerotinia sclerotiorum 9.67 = 2.17 94.17 + 2.717
Cercospora fagopyri 14.75 = 0.00 86.41 + 0.00"
Sclerotium cepivorum 11.50 = 0.75 91.78 + 0.95%®
Glomerella cingulata 60.58 + 3.86 23.86 + 5.28°
Cochliobolus sativus 19.58 = 0.55 77.96 + 0.83¢
Botrytis squamosa 8.70 = 0.13 90.33 + 2.67%°

Colony diameter was measured when each fungus growth in the control dishes
was almost complete. Different control plates containing the medium mixed
with sterile water (10%, by volume) were included for each species. In the
table, values are mean *+ SE. In the same columns, different superscript letters
indicate significant differences at P < 0.05 by Duncan's test.

results, the combined treatment (200 mg/L ¢-PL + 400 mg/L COS) was
selected for further testing of its control efficiency in vivo and its me-
chanism of action.

3.2. Antifungal spectrum of combined treatment e-PL and COS

The antifungal activity of the combined treatment (200 mg/L e-
PL + 400 mg/L COS) was estimated using various plant pathogenic
fungi, including Valsa mali, Alternaria solani, Pseudocercospora fijiensis,
Fusarium oxysporum, Rhizoctonia cerealis, Gloeosporium musarum,
Sclerotinia sclerotiorum, Cercospora fagopyri, Sclerotium cepivorum,
Glomerella cingulata, Cochliobolus sativus and B. squamosa. The com-
bined treatment exerted a potent antifungal activity against plant pa-
thogenic fungi and is therefore a broad spectrum antifungal formulation
(Table 2). This combined treatment exhibited high antifungal activity
against B. squamosa, Sclerotinia sclerotiorum, and Sclerotium cepivorum,
with inhibition rates of 90.33%, 94.17%, and 91.78%, respectively
(P < 0.05). Additionally, a varying inhibition effect was achieved in
other fungi.

3.3. The treatments induce resistance in tomato plants

As shown in Table 3, on the 3rd day after spraying the combined
bio-fungicides (200 mg/L e-PL + 400 mg/L COS) onto plants, the lesion
size on tomato plants was less compared with the control plants. The
control efficiency was quantified at approximately 60%, but this in-
hibition did not differ significantly from procymidone (P > 0.05).
After spraying e-PL or COS, the control efficiencies were found to

Table 3
Control efficiencies of e-PL and COS through resistance induction in the pot
experiment.

Treatment Lesion size (mm?) Control efficiency (%)
A 212.49 + 5.60¢ 34.37 + 2.00°
B 270.26 + 2.74° 13.79 * 0.98°
C 139.32 + 5.47¢ 60.44 + 1.95%
D 126.13 + 1.88° 59.17 + 2.08%
E 308.98 + 2.67° 0.00 + 0.00¢

A Single bio-fungicide e-PL (200 mg/L).

B Single bio-fungicide COS (400 mg/L).

C Combined bio-fungicides (200 mg/L e-PL + 400 mg/L COS).

D 80% procymidone.

E Sterile water (control).

In the table, values are mean + SE. In the same columns, different superscript
letters indicate significant differences at P < 0.05 by Duncan's test.

Treatment DI Control efficiency

(%)

Before spraying 7 days after Increment
spraying
A 2.10 = 0.77 4.73 = 1.50 2.63 = 1.03 35.22 = 1.33b
B 1.22 = 1.23 412 + 1.64 290 + 0.23 28.57 + 1.20c
C 1.67 = 1.29 2.89 + 1.16 1.22 + 0.82 66.67 + 2.60a
D 1.53 = 0.51 2.77 = 1.03 1.24 + 0.66 65.17 + 2.39a
E 222 = 1.71 6.28 = 1.99 4.06 = 1.52 0.00 = 0.00d

A Single bio-fungicide e-PL (200 mg/L).

B Single bio-fungicide COS (400 mg/L).

C Combined bio-fungicides (200 mg/L e-PL + 400 mg/L COS).

D 80% procymidone.

E Sterile water (control).

In the table, values are mean = SE. In the same columns, different superscript
letters indicate significant differences at P < 0.05 by Duncan's test.

gradually decrease to 34.37% and 13.79%, respectively.

3.4. Ability of treatments to reduce grey mould in the field

The combined bio-fungicides (200 mg/L e-PL + 400 mg/L COS) and
procymidone significantly reduced tomato grey mould in the field.
Application of the combined bio-fungicides significantly decreased DI
in comparison with the sterile water control (Table 4). The combined
bio-fungicides and procymidone had significant control efficiencies of
66.67% and 65.17% (P < 0.05) respectively, and there was no math-
ematically significant difference between the combined application and
procymidone.

3.5. The influence of treatments on phytohormone content in the tomato

The SA content in the control changed little, but higher levels of SA
were observed in treatments by the single bio-fungicide ¢-PL and the
combined bio-fungicides. In treatment by the single bio-fungicide &-PL,
rapid SA production was observed with a maximum at 12h. The SA
content decreased rapidly by three treatments, reaching a minimum at
24 h. In treatment with 200 mg/L e-PL + 400 mg/L COS, the SA content
reached its highest level of 149.2 ug-g~! at 48 h and was > 2 times that
the control group (Fig. 1A).

The maximum JA content, an increase of 193.2% compared with the
control plants, occurred in treatment by 200 mg/L e-PL + 400 mg/L
COS at 12h (Fig. 1B). The JA content decreased thereafter. Similarly,
the JA content peaked at the 12 h after inoculation in treatment by the
single bio-fungicides e-PL and COS, and the peaks were 1.37 and 1.98
times that in control group, respectively.

The ABA content in the control changed little, but a lower level of
ABA was observed in treatment by the combined bio-fungicides
(Fig. 1C). In treatment by 200 mg/L e-PL + 400 mg/L COS, the ABA
content was lowest at 12 h, with a minimum level 50.1% lower than
that of the control. After the peak, large declines were observed in
treatment by the single bio-fungicide COS.

The GA content began to decline at O h and reached its minimum
value at 12 h in treatment by the single bio-fungicide e-PL, and we then
observed a peak at 24 h. In treatment with 200 mg/L e-PL + 400 mg/L
COS, the GA content peaked at the 12 h after inoculation, and this peak
was 0.91 times that the control group (Fig. 1D). As time went on, the
GA content gradually decreased in the treatment by the single bio-
fungicide COS.

The concentration of IAA in the control remained broadly steady
throughout the treatment period. The IAA content was stable and
higher in the control group than in the treatment by the single bio-
fungicide e-PL. At 48 h, the IAA content was highest in the 200 mg/L e-
PL + 400 mg/L COS treatment (Fig. 1E). In treatment with the single
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Fig. 1. The effect of combined bio-fungicides (200 mg/L e-PL + 400 mg/L COS) and sterile water (control) on phytohormone levels in tomatoes. The combined bio-
fungicides or water was applied 3 days prior to B. cinerea spores inoculation (107 cfu spores mL~1). Tomato leaves were treated with the chemicals then stored at
25°C and 95% RH for 0, 12, 24, and 48 h before extractions were obtained. Error bars represent the standard deviation across three independent replicates.
Significant differences between the treatments and control were analyzed by ANOVA, and the results are represented by * (P < 0.05). A: Changes in SA levels in
tomato leaves subjected to different treatments. B: Changes in JA levels in tomato leaves subjected to different treatments. C: Changes in ABA levels in tomato leaves
subjected to different treatments. D: Changes in GA levels in tomato leaves subjected to different treatments. E: Changes in IAA levels in tomato leaves subjected to

different treatments.

bio-fungicide COS, the IAA content did not change significantly but
included a small peak at 12 h.

3.6. Changes in defence-related enzyme activity

CAT activity exhibited a sharp decrease after treatment by 200 mg/L
e-PL + 400 mg/L COS and reached the lowest enzyme activity at 12h,
at a level 0.41-fold lower than in the control (Fig. 2A). After 12h, CAT
activity significantly increased in treatment by the single bio-fungicide
e-PL, and reached its highest level, 1.81 times that in the control group
at 24h (P < 0.05).

Compared to the control, PAL activity increased from the beginning
of the monitoring period up to 48 h in all treatments (Fig. 2B). Before
48h, PAL activity was higher in the treatment by 200mg/L e-
PL + 400 mg/L COS than in all other treatments, and reached a peak at
12 h. Additionally, PAL activity was higher with treatment by the single
bio-fungicide COS than in treatments by the single bio-fungicide e-PL
before 24 h; PAL activity was subsequently higher in treatments by the
single bio-fungicide ¢-PL, but both treatments exhibited similar patterns
of change thereafter.

Compared to the control, POD activities in the treatments increased
to different levels after Oh. Exhibiting large changes, POD activity
reached its peak in treatments by 200 mg/L e-PL + 400 mg/L COS at
24 h, and this peak was > 2 times that of the control group (Fig. 2C).
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Treatment by the single bio-fungicide COS exhibited a minimum value
at 12h, and increased slightly to exceed the control level.

SOD activity increased similarly at a gradual rate in all treatments
before 24 h, reaching a peak at 12h and subsequently declining. The
SOD content peaked at 12h after inoculation in treatments with
200 mg/L &-PL + 400 mg/L COS, and that peak was 1.09 times that in
the control group (Fig. 2D). However, SOD activity was higher in the
control group than in treatments by the single bio-fungicides COS and -
PL at 12h.

4. Discussion

Although B. cinerea can be inhibited by a e-PL dose of up to
1200 mg/L (Sun et al., 2017), ¢-PL can be subject to rapid depletion
after initial application and lose activity quickly (Bi et al., 2016).
Therefore, reducing the e-PL dose for an inhibition of B. cinerea through
a combined treatment is important. The combined treatment can con-
tribute to a reduction of grey mould and reduce the dosage or use of
fungicides for disease control (Cia et al., 2007). In this study, the in-
hibition rate of combined bio-fungicides (200 mg/L e-PL + 400 mg/L
COS) against B. cinerea was investigated, and as demonstrated, was
observed to have a higher specific activity than the single bio-fungicides
e-PL and COS, or similarly tested compounds (Mufoz and Moret, 2010;
Najjar et al., 2009). The antimicrobial activity of e-PL is electrostatic
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Fig. 2. The effect of combined bio-fungicides (200 mg/L e-PL + 400 mg/L COS) and sterile water (control) on the activities of defence-related enzymes in tomatoes.
The combined bio-fungicides or water was applied 3 days prior to B. cinerea spores inoculation (107 cfu spores mL~!). Tomato leaves were treated with the chemicals
then stored at 25 °C and 95% RH for 0, 6, 12, 24, and 48 h before extractions were obtained. Error bars represent the standard deviation for three independent
replicates. Significant differences between inoculations and control were analyzed by ANOVA, and the results are represented by * (P < 0.05). A: Changes in CAT
activity in tomato leaves subjected to different treatments. B: Changes in PAL activity in tomato leaves subjected to different treatments. C: Changes in POD activity in
tomato leaves subjected to different treatments. D: Changes in SOD activity in tomato leaves subjected to different treatments.

interaction with the microbial cell surface (Yamanaka and Hamano,
2010). The formation of polyelectrolyte complexes between COS and
negatively charged groups on the cell surface interferes with the growth
and normal physiological functions of fungi (Hirano and Nagao, 1989).
In this study, our results demonstrate that the combined bio-fungicides
(200 mg/L &-PL + 400 mg/L COS) could effectively control tomato grey
mould caused by B. cinerea, and in a process that we hypothesize is the
result of the induction of disorganization of the membrane and ab-
normal distribution of the cytoplasm, resulting in physiological damage
to B. cinerea hyphae. Additionally, our study shows that these combined
bio-fungicides have a broad antagonistic spectrum, as they inhibited the
mycelial growth of 12 species of plant pathogenic fungi. This work
provides evidence that the effective control of tomato grey mould can
be achieved by using multiple antifungal agents with different me-
chanisms of action, which in turn is likely to provide synergistic action
of combined substances against B. cinerea (Leistner, 2000). Thus, these
combined bio-fungicides can be good alternative biological resources
for biocontrol of tomato grey mould.

The majority of work initiated so far has concentrated on the effects
of combined fungicides on inhibition of fungal mycelial growth under in
vitro conditions (Ettayebi et al., 2000; Liu et al., 2015). Unlike such in
vitro studies, very few studies have been conducted under in vivo con-
ditions to show fungicidal properties of e-PL and COS against B. cinerea.
The application of bio-fungicide on the tomato leaves 3 days before
fungal inoculation had a significant control of B. cinerea by inducing
resistance (Sun et al., 2017), so this method for inoculation was chosen.
Unique to this study, our findings highlighted that the combined bio-
fungicides (200mg/L &-PL + 400 mg/L COS) against tomato grey
mould could likely serve as a preventive measure in potted experi-
ments. And the control efficiency of these combined bio-fungicides was
significantly better than achieved by the single bio-fungicides e-PL or
COS. It is logical that combined bio-fungicides with different modes or
sites of activity achieve higher antifungal efficiency while significantly
diminishing the likelihood that the pathogen will develop resistance to
one or more antifungal agents (Leistner, 2000). Further studies on these
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combined bio-fungicides are necessary to fully elucidate the defence-
associated signaling processes. Additionally, both the combined bio-
fungicides and procymidone had significant control efficiencies of this
disease in the field. These results are consistent with the report of Xu
et al. (2016). There are many factors, such as temperature, humidity,
pH and microorganisms, which consistently impact the efficacy of the
combined bio-fungicides in the field experiments. So some problems
remain that need to be addressed, such as the best period for preventive
spraying, environmental behavior of the combined bio-fungicides and
the control efficiency of the combined bio-fungicides in different cli-
matic zones.

In this study, we observed significant changes in SA, JA, GA, and
ABA levels, though IAA levels decreased only marginally, in the treat-
ment groups. SA, JA, GA, and ABA are likely involved in the develop-
ment of resistance to B. cinerea in tomatoes, whereas IAA may not be
involved or may only have a small role in the process.

Priming of defence is not only induced by biotic stimuli but also by
abiotic agents including a variety of chemicals (Conrath et al., 2015).
As a master regulator, SA plays an important role in systemic resistance
as well as plant-microbial interactions (Lan et al., 2013; Li and Zou,
2017). In our study, the SA content in the control changed little, but
higher levels of SA were observed in treatments with the single bio-
fungicide ¢-PL and with combined bio-fungicides. It appears that SA has
a regulatory role in activating biochemical pathways associated with
tolerance mechanisms (Sticher et al., 1997). The important role of SA in
protecting plants is probably its ability to induce expression of genes
coding not only for PR-proteins but also for the extension gene, as found
in Arabidopsis (Merkouropoulos et al., 1999).

In this study, we observed that within 12 h of treatment, the content
of JA was higher in tomato plants treated with the combined bio-fun-
gicides than in tomatoes treated only with e-PL or COS, suggesting that
the combined bio-fungicide induction leads to increased accumulation
of JA, and the production of a stronger defence response against pa-
thogens, which could effectively prevent pathogenic infection or reduce
disease severity (Thuleau et al., 2013). We hypothesize that the



G. Sun et al.

intervention or production of JA may induce the expression of several
defence-related genes in plants, such as genes encoding PAL, PR-10/
chitinase, -1, 3-glucanase and others (Mouekouba et al., 2014).

GA regulates all aspects of the life history of plants, from seed
germination to vegetative growth and flowering (Ritchie and Gilroy,
1998). In the current study, tomato leaves infected with B. cinerea ex-
hibited a higher GA level than did the other treatment groups, which
suggests that GA, associated with the natural fungicide e-PL or COS
treatment, may participate in providing resistance against this disease
pathogen. This result is in agreement with the results of Robert-
Seilaniantz et al. (2011), who demonstrated that GA had an opposite
effect on resistance and that plants with high levels of GA are more
susceptible to pathogen infection.

ABA is known for its protective effect, as it stimulates stomatal
closure in order to minimize water loss, and it mediates stress damage
to plants through activation of many stress-responsive genes, which
collectively increase the plant's stress tolerance (Aroca et al., 2008;
Herrera-Medina et al., 2007). In this study, compared with the control
group, the combined bio-fungicides significantly reduced ABA genera-
tion after 12 h, suggesting that ABA plays an indirect and negative role
in managing B. cinerea infection. Several studies have suggested that the
growth inhibitor ABA negatively regulates the defence system against
biotic stress (Liu and Kracher, 2015). The ABA content was higher at
24 h in treatment by e-PL or COS compared to treatment with 200 mg/L
e-PL + 400 mg/L COS, perhaps because e-PL and COS are involved in
inducing the expression of genes that function as negative regulators of
ABA biosynthesis. Interestingly, several lines of evidence indicate that
this immune-suppressive effect of ABA is due at least in part to sup-
pression of SA-mediated defenses that normally serve to limit pathogen
growth (Xu et al., 2013).

IAA is an essential hormone that improves different defence re-
sponses, thus protecting plants from stress conditions. IAA may induce
or suppress expression of specific genes associated with disease re-
sistance (Zhang et al., 2011). In the present study, tomato plants treated
with the combined bio-fungicides exhibited a lower level of IAA at 24 h
than did plants treated with water, and we attribute this decrease to
IAA's role in inducing resistance against B. cinerea. Our current findings
confirm the previous reports of Blanco-Ulate et al. (2013), who de-
monstrated that the ABA-deficient mutant sitiens could increase tomato
resistance to B. cinerea. On the basis of these results, we suggest that SA,
JA, GA, TIAA, and ABA may be involved in the defence signaling of the
combined bio-fungicides that influence tomato resistance to B. cinerea.

Defence enzymes are involved in the biosynthesis of signaling mo-
lecules. We observed that the combined bio-fungicides could effectively
inhibit grey mould formation and significantly change CAT, PAL, POD,
and SOD enzyme activities in tomato plants.

CAT is vital for maintaining the balance of active oxygen, and
converts H>O, to H>O and O, . The increase in SA content may have
resulted in elevated H,O; levels by inhibiting the activity of plant CAT,
and higher H,0, levels may have contributed to the inducement or
activation of other biochemical processes related to plant disease re-
sistance (Chen et al., 1993). In this study, high elicitor-induced re-
sistance could efficiently decrease CAT activity, and we revealed lower
CAT activity in tomatoes treated with the combined bio-fungicides than
in the other treatments. These results are in agreement with those of
Ciepiela (1989). Gong et al. (2017) observed lower CAT activity in the
B. cinerea treatments, with increases in SA content and H,O, levels at
the initial stage of infection. These results suggest that the combined
bio-fungicides may be an effective inhibitor of CAT activity for com-
bating B. cinerea.

PAL is a key enzyme of the phenylpropanoid pathway for producing
phenylpropanoids and phenols, and SA can also be synthesized via this
pathway (Wang et al., 2011). In this study, the treated tomato plants
exhibited an increase in PAL activity, particularly when treated with
200 mg/L e-PL + 400 mg/L COS. These results match those obtained by
Gong et al. (2017) who reported a marked increase in PAL activity in
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tomatoes infected with Clonostachys rosea. PAL levels increased in
treatments by single e-PL or COS but remained lower than those in
treatment by 200 mg/L ¢-PL + 400 mg/L COS, suggesting that PAL is
involved in inducing disease resistance in tomatoes. It has also been
reported that plants may excite their maximum energy for self-defence
when an inducer is provided before inoculation (Ahmad et al., 2014).
Hence, the resistance of tomato to grey mould disease may be
strengthened by the combined bio-fungicide application.

POD, a group of heme-containing glycosylated proteins, are known
to be induced by various types of stresses including pathogen infection
(Sasaki et al., 2004). Su et al. (2014) illustrated that POD is involved in
the MAPKs pathway, which contributes to the resistance of tomato fruit
to invasion and expansion of B. cinerea infections. SOD is the major
antioxidative enzyme in plants (Apel and Hirt, 2004). Castoria et al.
(2003) found that a higher antagonistic activity of Cryptococcus laurentii
LS-28 against B. cinerea was associated with greater resistance to ROS-
generated oxidative stress in apple fruit wounds. These enzymes are
involved in many plant functions including the generation of ROS
during plant defence response (Bindschedler et al., 2006; Martinez
et al., 1998) and pathogen resistance (Johrde and Schweizer, 2008).
Unique to this study, tomato plants treated with the combined bio-
fungicides exhibited higher levels of POD activity at 24h after in-
oculation than did plants with other treatments, and we attribute this
increase to POD's role in inducing resistance against B. cinerea. Inter-
estingly, SOD activity increased similarly at a gradual rate in all
treatments before 24 h, reaching a peak at 12h and subsequently de-
clining. It seems that SOD accumulation is the earlier defence activation
signal which might be attributed to the biological effect of the com-
bined bio-fungicides and their components causing an oxidative burst
by accumulation of ROS (Singh et al., 2006), mainly produced by SOD.
In fact, the ROS have various effects on plant defence responses, in-
cluding defensive gene activation, as well as defensive compound in-
duction (Levine et al., 1994). Such results can be justified by the fact
that POD and SOD activities may be generally considered important in
host resistance of tomatoes to B. cinerea.

In conclusion, we evaluated antifungal activity of the combined bio-
fungicides (200 mg/L ¢-PL + 400 mg/L COS) to detect new natural
agents to be used as combined bio-fungicides against B. cinerea. This
combined bio-fungicide has been shown to reduce growth of B. cinerea
on solid media (in vitro) and to control infection of tomatoes by B. ci-
nerea (in vivo). Since e-PL and COS exhibit the characteristics of water
solubility, biodegradability, stability and low toxicity (Yoshida and
Nagasawa, 2003), the possibility of developing this combined bio-fun-
gicide for use in crop protection may be an attractive venture. However,
further studies need to be conducted to evaluate the cost and efficacy of
the combined bio-fungicide on wide range of diseases in commercial
greenhouses. Additionally, this study confirmed that the combined bio-
fungicide induces resistance to B. cinerea in tomatoes. Although some
clear differences were observed, the protein expression profiles were
similar in all treatments. Thus, it can be concluded that the mechanisms
of action differ in the various treatments but share some common dis-
ease-resistance pathways.

Acknowledgements

This research was supported by the Special Fund for Agro-scientific
Research in the Public Interest (Grant No. 201303025) and by the 111
Project from the Education Ministry of China (Grant No. B07049).

References

Ahmad, A., Shafique, S., Shafique, S., 2014. Intracellular interactions involved in induced
systemic resistance in tomato. Sci. Hortic. 176, 127-133.

Apel, K., Hirt, H., 2004. Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annu. Rev. Plant Biol. 55, 373-399.

Aroca, R., Alguacil, M.M., Vernieri, P., Ruiz-Lozano, J.M., 2008. Plant responses to
drought stress and exogenous ABA application are modulated differently by


http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0005
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0005
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0010
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0010
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0015
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0015

G. Sun et al.

mycorrhization in tomato and an ABA-deficient mutant (Sitiens). Microb. Ecol. 56,
704-719.

Aziz, A., Trotel-Aziz, P., Dhuicq, L., Jeandet, P., Couderchet, M., Vernet, G., 2006.
Chitosan oligomers and copper sulfate induce grapevine defense reactions and re-
sistance to gray mold and downy mildew. Phytopathology 96, 1188-1194.

Badawy, M.E., Rabea, E.I., 2009. Potential of the biopolymer chitosan with different
molecular weights to control postharvest gray mold of tomato fruit. Postharvest Biol.
Technol. 51, 110-117.

Beers, R.F., Sizer, .W., 1952. A spectrophotometric method for measuring the breakdown
of hydrogen peroxide by catalase. J. Biol. Chem. 195, 133-140.

Ben-Shalom, N., Ardi, R., Pinto, R., Aki, C., Fallik, E., 2003. Controlling gray mould
caused by Botrytis cinerea in cucumber plants by means of chitosan. Crop Prot. 22,
285-290.

Bi, L., Yang, L., Bhunia, A.K., Yao, Y., 2016. Emulsion stabilized with phytoglycogen
octenyl succinate prolongs the antimicrobial efficacy of e-poly-L-lysine against
Escherichia coli 0157:H7. LWT-Food Sci. Technol. 70, 245-251.

Bindschedler, L.V., Dewdney, J., Blee, K.A., Stone, J.M., Asai, T., Plotnikov, J., Denoux,
C., Hayes, T., Gerrish, C., Davies, D.R., Ausubel, F.M., Bolwell, G.P., 2006.
Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required for pathogen
resistance. Plant J. 47, 851-863.

Binutu, O.A., Cordell, G.A., 2000. Gallic acid derivative from Mezoneuron benthamianun
leaves. Pharm. Biol. 38, 284-286.

Blanco-Ulate, B., Vincenti, E., Powell, A.L., Cantu, D., 2013. Tomato transcriptome and
mutant analyses suggest a role for plant stress hormones in the interaction between
fruit and Botrytis cinerea. Front. Plant Sci. 4, 142. http://dx.doi.org/10.3389/fpls.
2013.00142.

Brueske, C.H., 1980. Phenylalanine ammonia lyase activity in tomato roots infected and
resistant to the root-knot nematode, Meloidogyne incognita. Physiol. Plant Pathol. 16,
409-414.

Cakmak, I., Marschner, H., 1992. Magnesium deficiency and high light intensity enhance
activities of superoxide dismutase, ascorbate peroxidase, and glutathione reductase in
bean leaves. Plant Physiol. 98, 1222-1227.

Castoria, R., Caputo, L., De Curtis, F., De Cicco, V., 2003. Resistance of postharvest
biocontrol yeasts to oxidative stress: a possible new mechanism of action.
Phytopathology 93, 564-572.

Chang, S., Lu, W.W., Park, S., Kang, D.H., 2010. Control of foodborne pathogens on ready-
to-eat roast beef slurry by epsilon-polylysine. Int. J. Food Microbiol. 141, 236-241.

Chen, Z., Silva, H., Klessig, D.F., 1993. Active oxygen species in the induction of plant
systemic acquired resistance by salicylic acid. Science 262, 1882-1886.

Cheng, G.L., Huang, Y., Yan, H., Liu, F., 2014. Streptomyces felleus YJ1: potential bio-
control agents against the Sclerotinia stem rot (Sclerotinia sclerotiorum) of oilseed
rape. J. Agric. Sci. 6, 91-98.

Cia, P., Pascholati, S.F., Benato, E.A., Camili, E.C., Santos, C.A., 2007. Effects of gamma
and UV-C irradiation on the postharvest control of papaya anthracnose. Postharvest
Biol. Technol. 43, 366-373.

Ciepiela, A., 1989. Biochemical basis of winter wheat resistance to the grain aphid,
Sitobion avenae. Entomol. Exp. Appl. 51, 269-275.

Conrath, U., Beckers, G.J.M., Langenbach, C.J.G., Jaskiewicz, M.R., 2015. Priming for
enhanced defense. Annu. Rev. Phytopathol. 53, 97-119.

Cui, K.Y, Lin, Y.Y., Zhou, X, Li, S.C., Liu, H., Zeng, F., Zhu, F., Ouyang, G.F., Zeng, Z.X.,
2015. Comparison of sample pretreatment methods for the determination of multiple
phytohormones in plant samples by liquid chromatography-electrospray ionization-
tandem mass spectrometry. Microchem. J. 121, 25-31.

Ettayebi, K., Yamani, J.E., Rossi-Hassani, B.D., 2000. Synergistic effect of nisin and
thymol on antimicrobial activities in Listeria monocytogenes and Bacillus cereus. FEMS
Microbiol. Lett. 183, 191-195.

Geornaras, 1., Sofos, J.N., 2005. Activity of e-polylysine against Escherichia coli 0157:H7,
Salmonella typhimurium, and Listeria monocytogenes. J. Food Sci. 70, 404-408.

Giannopolitis, C.N., Ries, S.K., 1977. Superoxide dismutases II. Purification and quanti-
tative relationship with water-soluble protein in seedlings. Plant Physiol. 59,
315-318.

Gong, C., Liu, Y., Liu, S.Y., Cheng, M.Z., Zhang, Y., Wang, R.H., Chen, H.Y., Li, J.F., Chen,
X.L., Wang, A.X., 2017. Analysis of Clonostachys rosea-induced resistance to grey
mould disease and identification of the key proteins induced in tomato fruit.
Postharvest Biol. Technol. 123, 83-93.

Herrera-Medina, M.J., Steinkellner, S., Vierheilig, H., Bote, J.A.O., Garrido, J.M.G., 2007.
Abscisic acid determines arbuscule development and functionality in the tomato
arbuscular mycorrhiza. New Phytol. 175, 554-564.

Hiraki, J., Ichikawa, T., Ninomiya, S., Seki, H., Uohama, K., Seki, H., Kimura, S.,
Yanagimoto, Y., Barnett, J.W., 2003. Use of ADME studies to confirm the safety of
epsilon-polylysine as a preservative in food. Regul. Toxicol. Pharmacol. 37, 328-340.

Hirano, S., Nagao, N., 1989. Effects of chitosan, pectic acid, lysozyme and chitinase on the
growth of several phytopathogens. Agric. Biol. Chem. 53, 3065-3066.

Huang, R., Che, H.J., Zhang, J., Yang, L., Jiang, D.H., Li, G.Q., 2012. Evaluation of
Sporidiobolus pararoseus strain YCXT3 as a biocontrol agent of Botrytis cinerea on post-
harvest strawberry fruits. Biol. Control 62, 53-63.

Johrde, A., Schweizer, P., 2008. A class III peroxidase specifically expressed in pathogen-
attacked barley epidermis contributes to basal resistance. Mol. Plant Pathol. 9,
687-696.

Kim, J.Y., Lee, J.K., Lee, T.S., Park, W.H., 2003. Synthesis of chitooligosaccharide deri-
vative with quaternary ammonium group and its antimicrobial activity against
Streptococcus mutans. Int. J. Biol. Macromol. 32, 23-27.

Lan, A., Huang, J., Zhao, W., Peng, Y., Chen, Z., Kang, D., 2013. A salicylic acid-induced
rice (Oryza sativa L.) transcription factor OSWRKY77 is involved in disease resistance
of Arabidopsis thaliana. Plant Biol. 15, 452-461.

Leistner, L., 2000. Basic aspects of food preservation by hurdle technology. Int. J. Food
Microbiol. 55, 181-186.

Levine, A., Tenhaken, R., Dixon, R., Lamb, C., 1994. H,0, from the oxidative burst

53

International Journal of Food Microbiology 276 (2018) 46-53

orchestrates the plant hypersensitive disease resistance response. Cell 79, 583-593.

Li, L., Zou, Y., 2017. Induction of disease resistance by salicylic acid and calcium ion
against Botrytis cinerea in tomato (Lycopersicon esculentum). Emirates J. Food Agric.
29, 78-82.

Liu, S.A., Kracher, B., 2015. Negative regulation of ABA signaling by WRKY33 is critical
for Arabidopsis immunity towards Botrytis cinerea 2100. Elife Sci. 4, 1-27.

Liu, F., Liu, M., Du, L., Wang, D., Geng, Z., Zhang, M., Sun, C., Xu, X., Zhu, Y., Xu, W.,
2015. Synergistic antibacterial effect of the combination of e-polylysine and nisin
against Enterococcus faecalis. J. Food Prot. 78, 2200-2206.

Lu, L.F,, Ye, C.Z., Guo, S.H., Sheng, K., Shao, L.X., Zhou, T., Yu, T., Zheng, X.D., 2013.
Preharvest application of antagonistic yeast Rhodosporidium paludigenum, induced
resistance against postharvest diseases in mandarin orange. Biol. Control 67,
130-136.

Luna, E., 2016. Using green vaccination to brighten the agronomic future. Outlooks Pest
Manag. 27, 136-140.

Mai, V.C., Kinga, D., 2014. Differential induction of Pisum sativum defense signaling
molecules in response to pea aphid infestation. Plant Sci. 221-222, 1-12.

Marrs, K.A., 1996. The functions and regulation of glutathione S-transferases in plants.
Plant Physiol. 47, 127-158.

Martinez, C., Montillet, J.L., Bresson, E., Agnel, J.P., Dai, G.H., Daniel, J.F., Geiger, J.P.,
Nicole, M., 1998. Apoplastic peroxidase generates superoxide anions in cells of cotton
cotyledons undergoing the hypersensitive reaction to Xanthomonas campestris pv.
malvacearum race 18. Mol. Plant-Microbe Interact. 11, 1038-1047.

Merkouropoulos, G., Barnett, D.C., Shirsat, A.H., 1999. The Arabidopsis extension gene is
developmentally regulated, is induced by wounding, methyl jasmonate, abscisic and
salicylic acid, and codes for a protein with unusual motifs. Planta 208, 212-219.

Mouekouba, L.D., Zhang, L., Guan, X., Chen, X., Chen, H., Zhang, J., Zhang, J., Li, J.,
Yang, Y., Wang, A., 2014. Analysis of Clonostachys rosea-induced resistance to tomato
gray mold disease in tomato leaves. PLoS One 9, €102690.

Munoz, Z., Moret, A., 2010. Sensitivity of Botrytis cinerea to chitosan and acibenzolar-S-
methyl. Pest Manag. Sci. 66, 974-979.

Najjar, M.B., Kashtanov, D., Chikindas, M.L., 2009. Natural antimicrobials e-poly-L-lysine
and nisin A for control of oral microflora. Probiot. Antimicrob. Proteins 1, 143-147.

Nakajima, M., Akutsu, K., 2014. Virulence factors of Botrytis cinerea. J. Gen. Plant Pathol.
80, 15-23.

O'Neill, T.M., Shtienberg, D., Elad, Y., 1997. Effect of some host and microclimate factors
on infection of tomato stems by Botrytis cinerea. Plant Dis. 81, 36-40.

Quazi, S.A., Meon, S., Jaafar, H., Ahmad, Z.A., 2015. The role of phytohormones in re-
lation to bakanae disease development and symptoms expression. Physiol. Mol. Plant
Pathol. 90, 27-38.

Ritchie, S., Gilroy, S., 1998. Gibberellins: regulating genes and germination. New Phytol.
140, 363-383.

Robert-Seilaniantz, A., Grant, M., Jones, J.D.G., 2011. Hormone crosstalk in plant disease
and defense: more than just jasmonate-salicylate antagonism. Annu. Rev.
Phytopathol. 49, 317-343.

Sasaki, K., Iwai, T., Hiraga, S., Kuroda, K., Seo, S., Mitsuhara, 1., Miyasaka, A., Iwano, M.,
Ito, H., Matsui, H., Ohashi, Y., 2004. Ten rice peroxidases redundantly respond to
multiple stresses including infection with rice blast fungus. Plant Cell Physiol. 45,
1442-1452.

Shima, S., Sakai, H., 1977. Polylysine produced by Streptomyces. Agric. Biol. Chem. 41,
1907-1909.

Shima, S., Matsuoka, H., Iwamoto, T., Sakai, H., 1984. Antimicrobial action of epsilon-
poly-i-lysine. J. Antibiot. (Tokyo) 37, 1449-1455.

Singh, H.P., Batish, D.R., Kaur, S., Arora, K., Kohli, R.K., 2006. a-Pinene inhibits growth
and induces oxidative stress in roots. Ann. Bot. 98, 1261-1269.

Sticher, L., Mauch-Mani, B., Métraux, J.P., 1997. Systemic acquired resistance. Annu.
Rev. Phytopathol. 35, 235.

Su, Y., Guo, J., Ling, H., Chen, S., Wang, S., Xu, L., Allan, A.C., Que, Y., 2014. Isolation of
a novel peroxisomal catalase gene from sugarcane, which is responsive to biotic and
abiotic stresses. PLoS One 9, e84426.

Sun, G.Z., Wang, H., Shi, B.B., Shangguan, N.N., Wang, Y., Ma, Q., 2017. Control effi-
ciency and expressions of resistance genes in tomato plants treated with e-poly-1-
lysine against Botrytis cinerea. Pestic. Biochem. Physiol. 143, 191-198.

Thuleau, P., Aldon, D., Cotelle, V., Briére, C., Ranty, B., Galaud, J.P., Mazars, C., 2013.
Relationships between calcium and sphingolipid-dependent signaling pathways
during the early steps of plant-pathogen interactions. Biochem. Biophys. Acta. 1833,
1590-1594.

Wang, A.Y., Lou, B.G., Xu, T., Lin, C., 2011. Defense responses in tomato fruit induced by
oligandrin against Botrytis cinerea. Afr. J. Biotechnol. 10, 4596-4601.

Xu, J., Audenaert, K., Hofte, M., De, V.D., 2013. Abscisic acid promotes susceptibility to
the rice leaf blight pathogen Xanthomonas oryzae pv oryzae by suppressing salicylic
acid-mediated defenses. PLoS One 8, e67413.

Xu, S.J., Park, D.H., Kim, J.Y., Kim, B.S., 2016. Biological control of gray mold and
growth promotion of tomato using Bacillus spp. isolated from soil. Trop. Plant Pathol.
41, 169-176.

Yamanaka, K., Hamano, Y., 2010. Biotechnological Production of Poly-e-1-Lysine for Food
and Medical Applications, Amino-acid Homopolymers Occurring in Nature. Springer-
Verlag, Berlin, Germany, pp. 61-75.

Yoshida, T., Nagasawa, T., 2003. e-Poly-L-lysine: microbial production, biodegradation
and application potential. Appl. Microbiol. Biotechnol. 62, 21-26.

Zhang, R., Wang, Y., Wang, C., Wei, Z.G., Xia, D., Wang, Y.F., Liu, G.F., Yang, C.P., 2011.
Time-course analysis of levels of indole-3-acetic acid and expression of auxin-re-
sponsive GH3, genes in Betula platyphylla. Plant Mol. Biol. Report. 29, 898-905.

Zhao, T.M., Yu, W.G., Zhao, L.P., Dong, Y.L., Chen, H.G., Li, Y.C., Yang, M.L., 2011.
Research progress in breeding of tomato resistance to Botrytis cinerea. Jiangsu J.
Agric. Sci. 27, 1141-1147 (in Chinese).

Zhou, J., Qi, X., 2011. Multi-walled carbon nanotubes/epsilon-polylysine nanocomposite
with enhanced antibacterial activity. Lett. Appl. Microbiol. 52, 76-83.


http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0015
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0015
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0020
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0020
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0020
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0025
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0025
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0025
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0030
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0030
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0035
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0035
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0035
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0040
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0040
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0040
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0045
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0045
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0045
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0045
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0050
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0050
http://dx.doi.org/10.3389/fpls.2013.00142
http://dx.doi.org/10.3389/fpls.2013.00142
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0060
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0060
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0060
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0065
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0065
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0065
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0070
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0070
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0070
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0075
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0075
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0080
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0080
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0085
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0085
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0085
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0090
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0090
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0090
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0095
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0095
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0100
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0100
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0105
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0105
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0105
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0105
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0110
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0110
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0110
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0115
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0115
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0120
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0120
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0120
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0125
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0125
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0125
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0125
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0130
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0130
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0130
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0135
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0135
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0135
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0140
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0140
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0145
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0145
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0145
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0150
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0150
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0150
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0155
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0155
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0155
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0160
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0160
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0160
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0165
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0165
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0170
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0170
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0175
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0175
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0175
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0180
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0180
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0185
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0185
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0185
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0190
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0190
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0190
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0190
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0195
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0195
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0200
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0200
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0205
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0205
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0210
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0210
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0210
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0210
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0215
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0215
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0215
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0220
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0220
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0220
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0225
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0225
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0230
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0230
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0235
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0235
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0240
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0240
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0250
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0250
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0250
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0255
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0255
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0260
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0260
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0260
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0265
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0265
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0265
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0265
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0270
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0270
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0275
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0275
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0280
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0280
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0285
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0285
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0290
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0290
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0290
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0295
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0295
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0295
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0300
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0300
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0300
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0300
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0305
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0305
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0310
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0310
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0310
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0315
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0315
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0315
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0320
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0320
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0320
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0325
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0325
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0330
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0330
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0330
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0335
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0335
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0335
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0340
http://refhub.elsevier.com/S0168-1605(18)30147-8/rf0340

	Synergistic effect of the combined bio-fungicides ε-poly-l-lysine and chitooligosaccharide in controlling grey mould (Botrytis cinerea) in tomatoes
	Introduction
	Materials and methods
	Fungal isolation and storage
	Preparation of spore suspensions
	Synergistic effect of combined treatment on the mycelial growth of B. cinerea
	The combined treatment induction to resistance in the pot experiments
	Control effect of combined treatment against B. cinerea in the field
	Determination of SA, JA, ABA, IAA, and GA contents
	Defence-related enzyme (CAT, PAL, POD, and SOD) activity assays
	Data processing

	Results
	Synergistic effect of combined treatment on B. cinerea
	Antifungal spectrum of combined treatment ε-PL and COS
	The treatments induce resistance in tomato plants
	Ability of treatments to reduce grey mould in the field
	The influence of treatments on phytohormone content in the tomato
	Changes in defence-related enzyme activity

	Discussion
	Acknowledgements
	References




