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Abstract

Cucumber is one of the most profitable crops cultivated worldwide and the occurrence of gray mold, caused by Botrytis cinerea,
can dramatically decrease yield and fruit quality. This study investigated the potential of using silicon (Si), Clonostachys rosea,
and their interaction, to control gray mold and on the potentiation of biochemical mechanisms of host defense. The treatments
used in this study were: plants not-supplied with Si and not-receiving C. rosea (Cr) in the substrate before sowing (-Si -Cr plants),
plants not-supplied with Si and receiving C. rosea (-Si +Cr plants), plants supplied with Si and not-receiving C. rosea (Cr) (+Si-
Cr plants), and plants supplied with Si and receiving C. rosea (+Si+Cr plants). The foliar Si concentration significantly increased
by 78% for +Si-Cr plants and by 98% for +Si +Cr plants in comparison to -Si-Cr and -Si+Cr plants, respectively. Significant
increases of 70 and 73% for the incubation period of gray mold occurred for -Si+Cr and +Si+Cr plants, respectively, in
comparison to -Si-Cr plants. There were significant reductions of 41 and 51%, respectively, for -Si+Cr and +Si+Cr plants in
comparison to -Si-Cr plants for area under gray mold progress curve. The -Si+Cr and +Si+Cr plants showed high chitinase
activity at 5 and 7 days after inoculation (dai) and at 9 hai for +Si-Cr plants in comparison to -Si-Cr plants. For +Si-Cr plants at 3
and 7 dai and for +Si+Cr plants at 3 and 5 dai, (3-1,3-glucanase activity was significantly higher in comparison to -Si-Cr plants.
Polyphenoloxidase activity was significantly higher for +Si-Cr plants at 5 dai and for -Si+Cr plants at 7, 8, and 10 dai in
comparison to -Si-Cr plants. For -Si+Cr plants at 3 and 7 dai, +Si+Cr plants at 3 and 8 dai, and +Si-Cr plants at 7 and 8 dai,
peroxidase activity was significantly higher in comparison to -Si-Cr plants. This study brings new insights into the potential of
applying C. rosea and Si to boost cucumber resistance against gray mold with a bright prospect to be used in cucumber
production under greenhouse conditions.
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Cucumber (Cucumis sativus L.) is one of the most profitable
crops cultivated worldwide mainly in greenhouses, where it
achieves higher yield and the fruits show great quality
(Ramirez-Pérez et al. 2018). The importance of cucumber also
is linked to its form of human consumption, which could be
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fresh or industrialized. Gray mold, caused by the necrotrophic
fungus Botrytis cinerea Pers.:Fr. [teleomorph Botryotinia
fuckeliana (de Bary) Whetzel], is the second most common
disease in the world and can affect all aerial parts of the cu-
cumber plants (Cota et al. 2009). Gray mold causes plant
defoliation, flower death, and necrotic lesions on flowers,
fruits, leaves, and stems compromising, therefore, yield and
fruit quality (Elad et al. 1998). Fungal infection can also cause
significant economic losses during preharvest or postharvest
transport to distant markets (Cota et al. 2009). Gray mold
control is challenging to achieve because the pathogen is ca-
pable of infecting more than 200 plant species (e.g., cucum-
ber, tomato, strawberry, pepper, and kidney bean), has multi-
ple mechanisms of attack, and infect all aerial organs of the
cucumber plants (Cota et al. 2009). Resistant cultivars are not
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available to the growers due to the great aggressiveness of
B. cinerea and its high genetic variability (Elad et al. 1998;
Cota et al. 2009). Fungicides spray has been the most method
of control adopted by the growers, but there is concern regard-
ing their residues on fruits, the chance to select fungicide-
resistant isolates, and the waste resulting from spray drift
(Cota et al. 2009; Song et al. 2016).

Finding alternative methods for gray mold management is
necessary to avoid the yield losses caused by this disease now-
adays. The intensities of important root and foliar diseases on
crops of economic importance have been decreased with the
supply of silicon (Si) (Debona et al. 2017). The increased resis-
tance of plants supplied with Si against pathogens has been
associated with a physical barrier that prevents or slows fungal
penetration; this physical barrier is the result of an increase in
the density of the long and short silicate cells in the leaf epider-
mis or from a thick silica layer below cuticle as reported for the
rice-P. oryzae pathosystem (Debona et al. 2017). High concen-
trations of phenolics, lignin, and phytoalexins; an increase in
the activities of defense enzymes such as chitinases (CHI), -
1,3-glucanases (GLU), polyphenoloxidase (PPO), peroxidases
(POX), and phenylalanine ammonia-lyase (PAL) as well as the
rapid transcription of genes related to host resistance are the
mechanisms of host resistance potentiated by Si (Rodrigues
et al. 2005; Debona et al. 2017).

Biological control has been used to control gray mold on
some crops (Cota et al. 2008; Saraiva et al. 2014a, b). The
fungus Clonostachys rosea (Link: Fr.) Schroers, Samuels,
Siefert & Gams (formerly Gliocladium roseum Bainier) (Cr)
has excellent potential to reduce B. cinerea growth and spor-
ulation through hyperparasitism and competition for nutrients
(Chatterton et al. 2008; Saraiva et al. 2014a,b). The fungus
C. rosea is widely spread through the agricultural regions, can
colonize all plant tissues (alive, senescing, and dead tissues),
is endophytic in many plant species, and effective against
pathogens of different lifestyles infecting many crops
(Saraiva et al. 2014a, b).

The present study aimed to investigate the potential of Si,
C. rosea, and their interaction, on gray mold control in cu-
cumber plants and the possible potentiation of biochemical
mechanisms of host defense.

Cucumber seeds (cultivar “Caipira”) were surface sterilized
in 1% (v/v) NaOCI for 5 min, rinsed in sterilized water for
10 min, and sowed at the rate of six seeds per plastic pot filled
with 2 kg of substrate [1:1:1 mixture of pine bark, peat, and
expanded vermiculite; available Si (extracted with 0.01 M
CaCl,) of 17 mg/dm?]. One seedling was kept per pot.
Plants were growth in greenhouse (temperature of 25+5 °C
and relative humidity of 65 = 5%) and fertilized with nutrition
solution (100 ml/plant) composed of: 40 mM KNO;, 10 mM
NH4H,PO,4, 10 mM MgS0,4.7H,0, 15 mM Ca(NO3).4H,0,
2.4 mM ZHSO4.7H20, 3mM H3BO3, 10 mM K2$O4, 3.3 mM
CH4N,O, and 7.5 mM NH4H,SO, (Dallagnol et al. 2012)
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weekly. The isolate NCR 61/F of C. rosea was used in this
study because of its exceptional ability to establish on the
leaves of different hosts and suppress B. cinerea sporulation
(Nobre et al. 2005). The C. rosea was grown on Petri dishes
containing potato-dextrose-agar (PDA) medium. The dishes
were incubated in a growth chamber at 25 °C with a 12 h light/
12 h dark photoperiod for 15 days. After this period, conidia
were carefully removed from the dishes with a soft bristle
brush using sterile water. The conidial suspension was cali-
brated with a hemacytometer to obtain a concentration of 1 x

107 conidia/mL. Conidia suspension of C. rosea was applied
to each pot as a drench (20 mL/pot) 24 h before sowing. Pots
receiving sterile water served as the control treatment. Plants
were irrigated daily with 100 mL of a potassium silicate solu-
tion prepared using deionized water with a concentration of
2 mM Si/L (0.32 mL of K,SiOs/L; FertiSil®, 13% K0,
26.59% SiO,, and 12.2% soluble Si; PQ Corporation, Sao
Paulo, Brazil). The pH was adjusted to 5.5 using HCl 1 M.
In order to normalize the amount of potassium supplied to the
plants receiving potassium silicate solution with the plants
from control treatment, they were irrigated daily with
100 mL of a solution of KCI at the concentration of
1.23 mM K (Sigma-Aldrich, Sdo Paulo, Brazil) with pH ad-
justed to 5.5 using HCI 1 M (Dallagnol et al. 2012). The
isolate UFV-DFP Bcl of B. cinerea was used to inoculate
the plants. The fungus was grown in Petri dishes containing
PDA medium. The dishes were incubated in a growth cham-
ber at 20 °C with a 12 h light/12 h dark photoperiod for
12 days. After this period, conidia were carefully removed
from the dishes with a soft bristle brush using sterile water.
The conidial suspension was calibrated with a hemacytometer
to obtain a concentration of 1 x 10° conidia/ml. The conidial
suspension was sprayed on the leaves of plants (at 38 days
after emergence) with the aid of an atomizer (Paasche
Airbrush Co., Chicago). After inoculation, plants were kept
in a moist chamber at 18 °C for 48 h with 12 h light/12 h dark
photoperiod and relative humidity of 90 + 5%. Thereafter,
plants were transferred to a greenhouse (temperature of 25 +

3 °C and relative humidity of 80 +5%) until the end of the
experiments. The incubation period (IP) of gray mold was
determined by examining the five leaves per plant, from base
to apex, for the appearance of lesions every 6 h after inocula-
tion (hai). At4, 6, 8, 10, 12, 14, and 16 days after inoculation,
leaves were collected, scanned at 300 dpi resolution, and the
images were processed using the QUANT software to obtain
severity values (Resende et al. 2009). The area under gray
mold progress curve (AUGMPC) for each leaf was computed
using the trapezoidal integration of the gray mold progress
curve over time (Shaner and Finney 1977).

A total of 21 leaf discs (1 cm? in size) were obtained from the
first leaf of each plant per replication of each treatment at 72,
120, 168, 192, and 240 hai and also from the leaves of non-
inoculated plants (control treatment) to determine the electrolyte
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leakage (EL) according to Lima et al. (2002). The EL values
were used to calculate the area under EL progress curve
(AUELPC) for each sample using the trapezoidal integration
of EL progress curve over time (Shaner and Finney 1977).

The second, third, and fourth leaves of each plant per repli-
cation of each treatment were collected at 0, 72, 120, 168, 192,
and 240 hai to determine the activities of the defense enzymes
CHI, GLU, PPO, and POX. Leaf samples were kept in liquid
nitrogen during sampling and stored at —80 °C until analysis. A
total of 100 mg of leaf tissue was macerated with liquid nitro-
gen in a mortar with the addition of polyvinylpyrrolidone 1%
(wt/vol) to obtain a fine powder. The powder was homogenized
in 2 mL of 50 mM sodium phosphate (pH 6.5) containing
1 mM phenylmethylsulfonylfluoride and 0.1 mM acid
etilenodiaminotetracetic. The homogenized material was centri-
fuged at 20,000 g for 25 min at 4 °C and the supernatant was
used to determine the enzymes activities following the proce-
dures described by Rios et al. (2014), which were expressed on
the basis of protein quantified according to Bradford (1976).

Foliar Si concentration was determined on 0.1 g of dried
and alkali-digested tissue using the colorimetric analysis
(Resende et al. 2009).

A 2 x 2 x 2 factorial experiment, consisting of two Si doses
(0 and 2 mM Si, referred to -Si and +Si plants), non-
application or application of C. rosea (referred to -Cr and
+Cr plants), and non-inoculated or inoculated plants with
B. cinerea, was arranged in a completely randomized design
with six replications. Each experimental unit consisted of a
plastic pot containing one plant. The experiment was repeated
once. Data from the foliar Si concentration, AUGMPC, IP,
AUELPC, and the activities of CHI, GLU, PPO, and POX
from the two experiments were analyzed using the MIXED
procedure of the SAS software (Release 8.02 Level 02 MO for
Windows, SAS Institute, Inc. 1989, Cary, NC, USA) to deter-
mine if data from the two experiments could be combined
(Moore and Dixon 2015). Data were submitted to analysis
of variance and treatment means were compared by Tukey’s
test (P <0.05) using the SAS software.

The IP of gray mold significantly increased by 70 and 73%,
respectively, for the -Si +Cr and +Si +Cr plants in comparison
to -Si -Cr plants (Table 1). The AUGMPC was significantly
reduced by 41 and 51%, respectively, for -Si +Cr and +Si +Cr
plants in comparison to -Si -Cr plants (Table 1). For non-
inoculated plants, the foliar Si concentration significantly in-
creased by 81% for +Si -Cr plants and by 74% for +Si +Cr
plants in comparison, respectively, to -Si -Cr and -Si +Cr
plants (Fig. 1a). For inoculated plants, the foliar Si concentra-
tion significantly increased by 78% for +Si -Cr plants and by
98% for +Si +Cr plants in comparison, respectively, to -Si -Cr
and —Si +Cr plants (Fig. 1a). There was no significant differ-
ence among treatments for AUELPC from non-inoculated
plants (Fig. 1b). For inoculated plants, the AUELPC was sig-
nificantly lower by 26% for —Si +Cr plants and by 22% for

Table 1 Incubation period (IP) and area under gray mold progress
curve (AUGMPC) for cucumber plants non-supplied (-Si) or supplied
(+Si) with silicon (Si) and non-treated (-Cr) or treated (+Cr) with
Clonostachys rosea (Cr) and inoculated with Botrytis cinerea

Treatments IP (hours) AUGMPC
-Si-Cr 90 b 2207 a
-Si+Cr 153 a 1314 b
+Si -Cr 141 ab 2015 a
+Si +Cr 156 a 1089 b

Means of the treatments, in each column, followed by different letters are
significantly different (P <0.05) according to Tukey’s test. Data are from
two pooled experiments. n=12

+Si +Cr plants in comparison to -Si -Cr plants (Fig. 1a). The
AUELPC for inoculated plants was also significantly lower by
29% for -Si +Cr plants and by 25% for +Si +Cr plants in
comparison to +Si -Cr plants (Fig. 1a). The CHI activity
was significantly higher for —Si +Cr and +Si +Cr plants at 5
and 7 dai and for +Si -Cr plants at 8 hai in comparison to -Si -
Crplants (Fig. 2a). The GLU activity was significantly higher
for +Si -Cr plants at 3 and 7 dai and for +Si +Cr plants at 3 and
5 dai in comparison to -Si -Cr plants (Fig. 2b). The PPO
activity was significantly higher for +Si -Cr plants at 5 dai
and for -Si +Cr plants at 7, 8, 10 dai in comparison to -Si -
Crplants (Fig. 2¢). The POX activity was significantly higher
for —Si +Cr plants at 3 and 7 dai, for +Si +Cr plants at 3 and 8
dai, and for +Si -Cr plants at 7 and 8 dai in comparison to -Si -
Cr plants (Fig. 2d).

Many studies investigated the potential of Si (Rodrigues
et al. 2005; Dallagnol et al. 2012; Araujo et al. 2016;
Debona et al. 2017) and C. rosea (Cota et al. 2008, 2009;
Saraiva et al. 2014a, b) to decrease the intensities of diseases
affecting several profitable crops, including cucumber.
However, this is the first study, to the best of the authors’
knowledge, to present some biochemical evidence regarding
gray mold control using Si, C. rosea, and their interaction. The
use of C. rosea and its combination with Si increased the time
for the appearance of disease symptoms on the leaves and
lowered disease development. Even though the foliar Si con-
centration increased for Si-supplied plants, regardless of the
presence of C. rosea, the IP and AUDPC were not affected.
The AUELPC was lower for plants treated with C. rosea and
also for those supplied with Si and treated with C. rosea indi-
cating lower cellular damage caused by B. cinerea infection
and corroborating with the reduced disease symptoms on
those plants. Lower EE values on melon and rice leaves in-
fected by Podosphaera xanthii and Pyricularia oryzae, re-
spectively, were linked with lower disease severities
(Dallagnol et al. 2011, 2012; Debona et al. 2012).

Interestingly, the activities of the defense enzymes studied
seemed to be high for Si-supplied plants during the infection
process of B. cinerea and may have contributed somehow to
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impede B. cinerea colonization on leaf tissues. The Si-
mediated host resistance against pathogens infection has been
attributed to the potentiation of the phenylpropanoid pathway
or the formation of a physical barrier below the cuticle that
delays fungal penetration and lesions expansion (Rodrigues
et al. 2005; Dallagnol et al. 2012; Araujo et al. 2016;
Debona et al. 2017). Chérif et al. (1994) and Liang et al.
(2005) reported that Si potentiated the resistance of cucumber
plants against damping-off and powdery mildew through an
increase in the activities of PPO and POX. The CHI and GLU
catalyze the hydrolysis of chitin and 3-1,3-glucan, respective-
ly, in the fungal cell wall and may release elicitors to activate
defense responses (Ben-Shalom et al. 2003; Chérif et al. 1994;
Liang et al. 2005). Many studies showed evidence that Si was
involved in increasing cucumber resistance to foliar and root
diseases by enhancing the production of PR-proteins and an-
timicrobial compounds (Chérif et al. 1994; Liang et al. 2005).

Cucumber plants treated with C. rosea exhibited high CHI,
GLU, PPO, and POX activities as the infection process of
B. cinerea took place explaining, therefore, the longer IP for
gray mold and the reduced disease symptoms. Even though
the potential of using C. rosea in agriculture is very well
documented, the host defense mechanisms stimulated by this
fungus on plants need to be better elucidated (Saraiva et al.
2014a, b). Mouekouba et al. (2014) and Gong et al. (2017)
reported high activities of some PR-proteins in the leaves and
fruits of tomato plants sprayed with C. rosea that resulted in
lower disease severity caused by B. cinerea. Chitosan and
chitin oligomers induced higher CHI and POX activities in
cucumber plants infected by B. cinerea (Ben-Shalom et al.
2003). The enzymes POX and PPO are involved in the poly-
merization of phenolics that increase tissues lignification and
reducing the cellular damage caused by pathogens infection
(Dallagnol et al. 2012; Debona et al. 2012). It is plausible to
postulate that high activities of CHI, GLU, PPO, and POX on
the leaves of plants treated with C. rosae played an important
role to increase cucumber resistance against gray mold.

The results of the present study bring new insights of
the potential of applying C. rosea and Si to boost cu-
cumber resistance against gray mold with a bright pros-
pect to be used in cucumber production under green-
house conditions.

Acknowledgments This study was supported by grants from CNPq and
FAPEMIG. This study was financed in part by the Coordenagdo de
Aperfeigoamento de Pessoal de Nivel Superior — Brasil (CAPES) —
Finance Code 001.

Compliance with ethical standards

Conflict of interest There is no conflict of interest in this work. All
forms of financial support are acknowledged in the contribution. This
work does not involve any human participants or animals. All authors
have offered their consent for the submission.

References

Araujo L, Paschoalino RS, Rodrigues FA (2016) Microscopic aspects of
silicon-mediated rice resistance to leaf scald. Phytopathology 106:
132-141

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

Bradford MN (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248-254

Chatterton S, Jayaraman J, Punja Z (2008) Colonization of cucumber
plants by the biocontrol fungus Clonostachys rosea f. catenulata.
Biol Control 46:267-278

Chérif M, Asselin A, Bélanger R (1994) Defense responses induced by
soluble silicon in cucumber roots infected by Pythium spp.
Phytopathology 84:236-242

Cota LV, Maffia LA, Mizubuti ESG, Macedo PEF, Antunes RF (2008)
Biological control of strawberry gray mold by Clonostachys rosea
under field conditions. Biol Control 46:515-522

Cota LV, Maffia LA, Mizubuti ESG, Macedo PEF (2009) Biological
control by Clonostachys rosea as a key component in the integrated
management of strawberry gray mold. Biol Control 50:222-230

Dallagnol LJ, Rodrigues FA, DaMatta FM, Mielli MVB, Pereira SC
(2011) Deficiency in silicon uptake affects cytological, physiologi-
cal, and biochemical events in the rice-Bipolaris oryzae interaction.
Phytopathology 101:92-104

Dallagnol LJ, Rodrigues FA, Tanaka FAO, Amorim L, Camargo LEA
(2012) Effect of potassium silicate on epidemic components of pow-
dery mildew on melon. Plant Pathol 61:323-330

Debona D, Rodrigues FA, Rios JA, Nascimento KJT (2012) Biochemical
changes in the leaves of wheat plants infected by Pyricularia oryzae.
Phytopathology 102:1121-1129

Debona D, Rodrigues FA, Datnoff LE (2017) Silicon’s role in abiotic and
biotic plant stresses. Annu Rev Phytopathol 55:85-107

Elad Y, Kirshner B, Yehuda N, Sztejnberg A (1998) Management of
powdery mildew and gray mold of cucumber by Trichoderma
harzianum T39 and Ampelomyces quisqualis AQ10. BioControl
43:241-251

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 Tec
123:83-93

Liang YC, Sun WC, Si J, Romheld V (2005) Effects of foliar- and root-
applied silicon on the enhancement of induced resistance to pow-
dery mildew in Cucumis sativus. Plant Pathol 54:678—685

Lima ALS, DaMatta FM, Pinheiro HA, Totola MR, Loureiro ME (2002)
Photochemical responses and oxidative stress in two clones of
Colffea canephora under water deficit conditions. Environ Exp Bot
47:239-247

Moore KJ, Dixon PM (2015) Analysis of combined experiments
revisited. Agron J 107:763-771

Mouekouba LDO, 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

Nobre SAM, Maftia LA, Mizubuti ESG, Cota LV, Dias APS (2005)
Selection of Clonostachys rosea isolates from Brazilian ecosystems
effective in controlling Botrytis cinerea. Biol Control 34:132—143

Ramirez-Péreza LJ, Morales-Diazb AB, Benavides-Mendozaa A, De-
Alba-Romenusc K, Gonzalez-Moralesd S, Juarez-Maldonadoe A
(2018) Dynamic modeling of cucumber crop growth and uptake of
N, P and K under greenhouse conditions. Sci Hort 234:250-260

@ Springer



1262

JPlant Pathol (2020) 102:1257-1262

Resende RR, Rodrigues FA, Soares JM, Casela CR (2009) Influence of
silicon on some components of resistance to anthracnose in suscep-
tible and resistant sorghum lines. Eur J Plant Pathol 124:533-541

Rios JA, Rodrigues FA, Debona D, Resende RS, Moreira WR, Andrade
CCL (2014) Induction of resistance to Pyricularia oryzae in wheat
by acibenzolar-S-methyl, ethylene and jasmonic acid. Trop Plant
Pathol 39:224-233

Rodrigues FA, Jurick WM, Datnoff LE, Jones JB, Rollins JA (2005)
Silicon influences cytological and molecular events in compatible
and incompatible rice-Magnaporthe grisea interactions. Physiol
Mol Plant Pathol 66:144—159

Saraiva RM, Czymmek KJ, Borges AV, Caires NP, Maffia LA (2014a)
Confocal microscopy study to understand Clonostachys rosea and
Botrytis cinerea interactions in tomato plants. Biocontrol Sci Tech
25:56-71

@ Springer

Saraiva RM, Macedo PEF, Borges AV, Maffia LA (2014b) Uso e
perspectiva de Clonostachys rosea como agente de biocontrole.
Rev Ciénc Agricolas 31:78-91

Shaner G, Finney RE (1977) The effect of nitrogen fertilization on the
expression of slow-mildewing resistance in Knox wheat.
Phytopathology 67:1051-1056

Song Y, Zhang Z, Chen L, He L, Lu H, Ren Yupeng MW, Liu F (2016)
Baseline sensitivity of Botrytis cinerea to the succinate dehydroge-
nase inhibitor isopyrazam and efficacy of this fungicide. Plant Dis
100:1314-1320

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Silicon, Clonostachys rosea, and their interaction for gray mold management in cucumber
	Abstract
	References


