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Abstract: Botrytis cinerea is the pathogen of gray mold disease affecting a wide range of plant
hosts, with consequential economic losses worldwide. The increased frequency of fungicide
resistance of the pathogen challenges its disease management, and thus the development of
alternative control strategies are urgently required. In this study, we showed excellent synergistic
interactions between resveratrol and pyrimethanil. Significant synergistic values were recorded
by the two-drug combination on the suppression of mycelial growth and conidia germination
of B. cinerea. The combination of resveratrol and pyrimethanil caused malformation of mycelia.
Moreover, the inoculation assay was conducted on table grape and consistent synergistic suppression
of the two-drug combination was found in vivo. Our findings first revealed that the combination
of resveratrol and pyrimethanil has synergistic effects against resistant B. cinerea and support the
potential use of resveratrol as a promising adjuvant on the control of gray mold.
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1. Introduction

Botrytis cinerea is an airborne phytopathogenic fungus responsible for invasive gray mold
causing significant economic losses during harvesting and subsequent handling, storage, marketing,
and after consumer purchase [1,2]. Control of gray mold based on chemical fungicide application
in the field is mainly achieved by botryticides belong to benzimidazoles, anilinopyrimidines
and dicarboximides [3]. The anilinopyrimidine fungicides such as pyrimethanil, cyprodinil and
mepanipyrim have been launched for the control of various ascomycetes pathogens, especially the
gray mold on fruits, vegetables and ornamentals [4,5]. Anilinopyrimidines are synthetic drugs and
although effective, resistant isolates have been frequently reported due to the increasing amounts of
applied fungicides [6,7]. Moreover, B. cinerea is one of the high frequencies of drug-resistant pathogens
due to its high genetic variability, short life cycle, and prolific reproduction [8]. Furthermore, excessive
fungicide application causes various side effects on human health and environment [9], and therefore it
is of great importance to search for novel active ingredients with potent antifungal activity via targeted
modes of action to mitigate against resistance development.

Resveratrol, a natural phenolic compound is widespread in higher plant and a vital target in
drug discovery due to its role in plant defense against different stress conditions such as pathogen
invasion [10,11], UV radiation [12-14], temperature variation [15] and severe drought [16]. Also,
resveratrol affects a broad range of biological processes due to its broad-spectrum antimicrobial [17-19],
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antiviral activities [20] as well as growth modulatory effects on various organisms [21]. Moreover,
resveratrol displays significant antifungal effects toward several plant pathogens [22-24], and our
previous study indicated the excellent efficacy of resveratrol on the control of gray mold of table
grape [25]. Various pharmacological and biological properties of resveratrol have made it an attractive
candidate for the plant disease control.

Combination therapy of two or more antibiotics has emerged as an attempt to prevent or delay
the emergence of resistance, enhance the activity of antibiotics and reduce the application amounts of
fungicides [26,27]. Plant phenolics, as natural secondary metabolites, have been reported to enhance
the activity of classical antibiotics and represent promising adjuvants of antibacterial and antifungal
drugs [28-30]. To our knowledge, however, no studies have been conducted on the synergistic effects
of phenolic compounds in combination with fungicides against B. cinerea.

In this study, the antifungal activity of selected phenolic resveratrol alone and in combination
with conventional fungicide pyrimethanil against B. cinerea was evaluated by microdilution method.
Additionally, their synergistic effects on mycelial growth and conidia germination of B. cinerea in vitro,
and the suppression of table grape gray mold disease were also explored.

2. Results

2.1. Sensitivity of B. cinerea Isolates to Pyrimethanil and Cyprodinil

The ECsq values for inhibition of mycelial growth of B. cinerea isolates were used to determine
the sensitivity of tested isolates to anilinopyrimidine fungicides pyrimethanil and cyprodinil. Six B.
cinerea isolates, GBW, TGM, SGB, GMR, BGM and BRB, named according to the location and cultivar of
infected grape berries, were tested. Among the tested isolates, four isolates (GBW, TGM, SGB and GMR)
were classified in categories with ECs5g values ranges from 4.5 to 45 mg/L and exhibited moderate
resistance to pyrimethanil, two isolates (BGM and BRB) exhibited high resistance to pyrimethanil
with the ECsy values >70 mg/L (Table 1). For cyprodinil, the GMR isolate was sensitive with an ECsg
value of 1.3 mg/L. Three isolates including TGM, SGB and BRB had an ECsj value ranged from 10 to
20 mg/L and were considered as moderately resistant isolates, and two isolates GBW and BGM were
resistant to cyprodinil (Table 1). In this study, only one isolate was sensitive to cyprodinil, the other
five tested isolates displayed moderate to high resistance to pyrimethanil, and moderate to complete
resistance to cyprodinil. Moreover, all tested isolates had the ECsy values hundred times higher than
0.09 mg/L pyrimethanil, the baseline sensitivity level reported by Ji et al. [31]. Therefore, pyrimethanil
was selected in this study to search for suitable natural compounds as synergist on delaying/blocking
drug-resistance development and reducing application amount of fungicides.

Table 1. Sensitivity of Botrytis cinerea isolates to pyrimethanil and cyprodinil.

Pyrimethanil Cyprodinil
Isolates
Phenotype ECsp (mg/L) Phenotype ECsp (mg/L)
GBW MR 33.8 R 66.5
TGM MR 39.9 MR 10.4
SGB MR 22.8 MR 15.1
GMR MR 11.9 S 1.3
BGM HR 70.7 R 22.1
BRB HR 88.0 MR 11.1

S, MR, R and HR indicate sensitive, moderately resistant, resistant and highly resistant.



Molecules 2018, 23, 1455 3o0f12

2.2. Determination of MICs and Interaction Analysis

The MICs of pyrimethanil alone or in combination with resveratrol against B. cinerea are
shown in Table 2. The MICs of pyrimethanil alone against moderately resistant isolates (GBW,
TGM, SGB and GMR) and highly resistant isolates (BGM and BRB) were 0.625-1.25 mg/L and
2.5 mg/L, respectively. The MICs of pyrimethanil in combination with resveratrol were reduced to
0.07813-0.3125 mg/L. Similarly, the MICs of resveratrol alone were 5-80 mg/L and were reduced to
1.25-5 mg/L when combined with pyrimethanil. The in vitro antifungal activity assay showed that
the MICs of pyrimethanil used in combination with resveratrol against B. cinerea were reduced up to
16 times compared to the MICs of pyrimethanil used alone, indicating the strong synergistic antifungal
activities between resveratrol and pyrimethanil.

We further examined the synergistic effects between resveratrol and pyrimethanil by the FICI
values (see detailed description in Materials and Methods): the FICI for the moderately resistant
isolates (GBW, TGM and GMR) and highly resistant isolates (BGM and BRB) ranged from 0.125-0.3125.
However, the FICI of moderately resistant isolate SGB was higher than 0.5, indicating that the two-drug
combination showed no synergistic antifungal activity against isolate SGB.

Table 2. Interactions of resveratrol with pyrimethanil against Botrytis cinerea isolates.

MICs (mg/L)

FICs
Isolates Alone In Combination
MIC, MICg Ca Cg FIC, FICg FICI IN

GBW MR 40 0.625 25 0.15625  0.0625 0.25 0.3125 SYN
TGM MR 80 1.25 5 0.078125 0.0625  0.0625 0.125 SYN
SGB MR 40 0.625 25 0.3125  0.0625 0.5 0.5625 IND
GMR MR 20 1.25 1.25 0.078125 0.0625  0.0625 0.125 SYN
BGM HR 5 25 1.25 0.15625 0.25 0.0625  0.3125 SYN
BRB HR 20 25 1.25 03125  0.0625 0.125 0.1875 SYN

MR and HR indicate the B. cinerea isolates moderately resistant and highly resistant to pyrimethanil, respectively.
MICs were read as the minimal concentrations that inhibit mycelial growth compared with control group. MIC, and
MICjg represent the MICs of resveratrol and pyrimethanil used alone, C5 and Cg represent the MICs of resveratrol
and pyrimethanil used in combination, respectively. FICs indicate the fractional inhibitory concentration, FIC 5
and FICg represent the FICs of resveratrol and pyrimethanil, respectively. FICI was calculated using the fomula:
FICI = FICA + FICg = C5 /MICy + Cg/MICp, and used as a determinant for drug interaction, defined as: FICI < 0.5
for synergism, FICI > 4.0 for antagonism and 0.5 < FICI < 4.0 for no interaction. IN, interpretation; SYN, synergism;
IND, independence.

2.3. Synergistic Effect of Resveratrol and Pyrimethanil on Mycelial Growth

Mycelial growth of six B. cinerea isolates, including four moderately resistant isolates (GBW,
TGM, SGB and GMR) and two highly resistant isolates (BGM and BRB), were assessed with treatment
of resveratrol (50 mg/L) and pyrimethanil (3.125 mg/L), alone and in combination. As shown in
Figure 1A,B, all tested isolates displayed significant sensitivity towards the combination of resveratrol
and pyrimethanil (p < 0.05), even though some isolates (TGM, GMR and BRB) were not sensitive to
pyrimethanil treatment. Microscopic examination of control (untreated) and drug combination-treated
mycelia showed that the untreated mycelia were regular and homogeneous in morphology, while the
mycelia treated with drug combination displayed curve and malformed appearance (Figure 1C).
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Figure 1. Inhibition on Botrytis cinerea mycelial growth by resveratrol and pyrimethanil treatment, alone
or in combination. Six tested isolates were cultured on the PDA medium without (control) or with drugs
(resveratrol at 50 mg/L, pyrimethanil at 3.125 mg/L and their combination). Mycelial growth diameter
was measured (A) and photographed (B) at 72 h post incubation. Also, the morphology of untreated
myecelial (control) or mycelia treated with two-drug combination for 72 h were observed and imaged by
optical microscopy (C). RES and PYR represent resveratrol and pyrimethanil used alone, respectively.
RES+PYR represent resveratrol and pyrimethanil used in combination. Data was presented as mean
=+ SE (standard error), and same isolate followed by different letters indicate significant (p < 0.05)
differences according to Duncan’s multiple range test.

2.4. Synergistic Effect of Resveratrol and Pyrimethanil on Conidia Germination

Next, we examined the suppression of B. cinerea conidia germination treated with two-drug,
alone or in combination. Our result showed that individual treatment with each drug or treatment in
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combination significantly inhibit the conidia germination (p < 0.05), and the combination of resveratrol
and pyrimethanil has strong synergistic antifungal activity against moderately resistant isolate TGM
(Figure 2A) and highly resistant isolate BRB (Figure 2B). After 6 h of incubation, the conidia germination
of moderately resistant isolate treated with resveratrol, pyrimethanil and combination group was
lower than the control group by 0.7, 0.7 and 1.1-fold, respectively (Figure 2A). Consistent results
were obtained from the highly resistant isolate under the same condition, as the conidia germination
decreased to about 0.3, 0.3 and 1.4-fold compared to the control group, when treated with resveratrol,
pyrimethanil and their combination, respectively (Figure 2B). The 12 h incubation yield consistent
inhibitory activity as 6 h incubation. Overall, our results illustrated that two-drug combination
treatment significantly suppressed B. cinerea conidia germination compared to untreated or single-drug
treated group (p < 0.05) (Figure 2).
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Figure 2. Suppression of B. cinerea conidia germination by resveratrol and pyrimethanil. Conidia
suspension of B. cinerea isolate TGM (A) and BRB (B) was subject to different drug treatment and the
conidia germination was measured at 6 h and 12 h post incubation. RES and PYR represent resveratrol
and pyrimethanil used alone, respectively. RES+PYR represent resveratrol and pyrimethanil used in
combination. Data was presented as mean =+ SE (standard error), and same set of columns followed by
different letters indicate significant (p < 0.05) differences according to Duncan’s multiple range test.

2.5. Synergistic Effect of Resveratrol and Pyrimethanil on Table Grape Gray Mold Disease Control

In vivo effect of resveratrol (1 g/L), pyrimethanil (50 mg/L), and their combination on the control
of gray mold on table grape were determined, and the disease symptom was documented in each
treatment (Figure 3A). After 7 days storage at 22 °C, grape berries in two-drug combination treatment
group displayed minimal lesion around the inoculation site (wound), while berries in the control
(untreated) group and single-drug treatment group had apparent rot beyond the wounded area
(Figure 3A). Two-drug combination treatment significantly reduced the disease incidence and lesion
diameter compared to the control group (p < 0.05) (Figure 3B,C). After 4 days and 7 days of inoculation,
the lesion diameter of gray mold treated with combination group was significantly lower than control
group by 4.7 and 3.6-fold, respectively (p < 0.05) (Figure 3C). Furthermore, lesion diameter of berries
treated with combination group significantly reduced compared to that in resveratrol- or pyrimethanil-
treated group alone (p < 0.05) (Figure 3C), which reflected the synergistic effect between resveratrol
and pyrimethanil on gray mold disease control in table grape.



Molecules 2018, 23, 1455 6 of 12

A control RES+PYR B oo - 4d m7d
- "
[0]
(8]
G 60
o
| (5}
£
i o 40
[2]
©
| 2
a 20 A
0
Control RES+PYR
C1o 4d m7d
E 8
£
5
B 91
€
o
T 4
o
[7]
o I l
0
Control RES+PYR

Figure 3. Control of table grape gray mold by resveratrol and pyrimethanil. Harvested grape berries
were subject different drug treatment along with B. cinerea inoculation and kept at 22 °C. Symptoms
were assessed and photographed at 7 days post inoculation (A). Disease incidence (B) and lesion
diameter (C) were measured at 4 days and 7 days post inoculation, presented as bar charts. RES and
PYR represent resveratrol and pyrimethanil treatment individually. RES+PYR represent resveratrol and
pyrimethanil used in combination. Data was presented as mean+ SE (standard error), and same set of
columns followed by different letters indicate significant (p < 0.05) differences according to Duncan’s
multiple range test.

3. Discussion

Resveratrol, a natural phenolic compound generated by various plants, including grapes,
berries and peanuts was found to have antioxidant [32], anti-cancer [33], anti-inflammation [34],
anti-aging [35] and anti-microbial effects against infectious disease of human [36,37]. In this study,
resveratrol alone was proven to be effective in suppressing mycelial growth and conidia germination,
which are consistent with previous studies in terms of the antifungal activity of resveratrol against
B. cinerea [19,25,38].

The novel developed strategy that combines antifungal agents with natural compounds to manage
various pathogenic fungal infections may be an ideal therapy, which effectively reduces toxicity and
the emergence of multidrug resistance [39]. Resveratrol has been proposed as a promising strategy in
combination with various antibiotics to cope with clinical resistant fungal infections and succeeded in
reaching the excellent synergistic effects [40—-42]. Our study represents the first report on resveratrol as
a fungicide adjuvant which significantly enhanced the activity of pyrimethanil. The strong synergistic
interaction between resveratrol and pyrimethanil against B. cinerea was confirmed by FICI method on
six tested isolates.

Conidium of B. cinerea shows remarkable flexibility in germinating in different environment once it
adheres to the plant tissues. This is considered as the primary mean of diffusion and prevalence among
plants by obtaining nutrients from the host plant and germinating into mycelium [2]. Our present
finding showed that the combination of resveratrol and pyrimethanil significantly inhibited the conidia
germination and mycelial growth, and this is of particular significance as it prevents the further
dissemination of B. cinerea. The findings of this study clearly demonstrated that two-drug combination
will help to suppress the development of pathogen, which consistent with previous study focused
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on the combination of plant extracts and fungicides to control several plant pathogens, including
Phytophthora infestans [43], Cercospora beticola [44], Uncinula necator [45].

In addition, positive interaction of resveratrol and pyrimethanil on the control of gray mold
was confirmed by inoculation assay with table grape cv “Crimson seedless”, further indicating the
significant synergy between resveratrol and pyrimethanil in disease control. Although combined
resveratrol and pyrimethanil treatment did not make significant difference on the disease incidence, it
significantly reduced the diameter of disease lesion, compared to that in pyrimethanil treatment. Thus,
the combination of resveratrol with pyrimethanil represents an attractive alternate approach for the
new plant disease management strategy. Moreover, taken into consideration the price of resveratrol,
grape pomace and pruning branch and leaves, which contained rich resveratrol and other phenolic
compounds, can be considered as a good low cost source to obtain extract and applied together with
pyrimethanil to control the gray mold.

4. Materials and Methods

4.1. Pathogen and Chemical Agents

Six B. cinerea isolates (TGM, BGM, GMR, GBW, BRB and SGB) used in this study were isolated
from infected berries and maintained on PDA (Potato dextrose agar medium, 200 g potato, 20 g
dextrose and 15 g agar per liter) at 4 °C until use. Phenolic compound resveratrol (Figure 4) was
purchased from Sigma-Aldrich (St. Louis, MO, USA, V900386) and with a purity grade higher than
98%. Anilinopyrimidine fungicides pyrimethanil and cyprodinil (Figure 4) used in this study were
kindly provided by Department of Agriculture of Guangdong Province. Pyrimethanil was reagent
grade and the stock solution prepared by dissolving into methanol, cyprodinil was the commercial
product with the reagent grade of 50% (Syngenta, Suzhou, China, PD20142387) and was dissolved into
sterile water.

OH
CHs
T .
N X
HaC N N
OH

Resveratrol Pyrimethanil Cyprodinil

Figure 4. Chemical structures of resveratrol and two tested fungicides.

Fresh table grape berries (cv Crimson seedless) with pedicels intact were carefully removed from
the rachis by hand and surface sterilized in a 2% sodium hypochlorite solution for 2 min, washed with
sterilized water and air dried at room temperature.

4.2. Determination of the Fungicide Sensitivity of Tested Isolates

To assess sensitivity of tested isolates to pyrimethanil and cyprodinil, mycelial plugs (5 mm
diameter) were cut from the growing edge of a 3-day-old colony and transferred to PDA mediums
containing different concentrations of pyrimethanil or cyprodinil, with methanol (0.8%, v/v) as solvent
control. All plates were cultured at 22 °C in the dark for 72 h before measurement of colony diameter.
Myecelial growth inhibition was presented as percentage as described by Sun et al. [46]. The effective
concentration that reduced mycelial growth by 50% (ECsg) for each isolate were calculated by linear
regression of relative percentage of growth inhibition against log transformed fungicide concentration.
This experiment was conducted in twice with four replicates for each concentration.
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4.3. Classification of Resistance Level

To determine the sensitivity to pyrimethanil, the EC5y value of each isolate was used as
described [47], with minor modifications. In this study, the concentration (0.4555 mg/L) with 5 times
of the reported baseline sensitivity (0.0911 mg/L) was used as the threshold value. Mildly resistant
isolates were defined as those having ECsy range from five times to ten times of threshold value
(4.5 mg/L > EC50 > 2.5mg/L), moderately resistant isolates were defined as those having ECs
range from ten times to hundred times of threshold value (45 mg/L > EC50 > 4.5 mg/L) and highly
resistant isolates were defined as those having EC5y hundred times greater than threshold value
(ECsg > 45 mg/L). The sensitivity of B. cinerea to cyprodinil was classified based on the sensitivity
level described by Fernandez-Ortufio et al. [48].

4.4. Determination of Minimal Inhibitory Concentration (MIC)

The MIC values of resveratrol and pyrimethanil against six isolates were determined using the
two-fold serial microdilution method. Briefly, tested resveratrol and pyrimethanil were dissolved in
methanol and added into PDA medium, and the final concentration of resveratrol and pyrimethanil
were 1.25-160 mg/L and 0.3125-40 mg/L, respectively. An equal volume of methanol was added into
PDA medium as solvent control. Mycelial plugs of 5 mm diameter were placed in the center of PDA
plate and all plates were incubated at 22 °C in the dark for 72 h before colony diameter was measured.
Three replicates were performed for each concentration and isolate treatment, and this experiment was
performed twice.

4.5. Determination of MICs in the Drug Combination

To evaluate the drug interactions in vitro, the concentration of resveratrol and pyrimethanil was
prepared in six concentrations, namely 1 x MIC, 1/2 x MIC, 1/4 x MIC, 1/8 x MIC, 1/16 x MIC
and 1/32 x MIC. Then the mycelial growth at different concentrations of drug combination or solvent
control (methanol) was measured after 72 h post incubation at 22 °C. MIC end points were defined
as the lowest concentration of drugs prevented visible mycelial growth compared to the drug-free
control. Each concentration was conducted in triplicate.

4.6. Analysis of Drugs Interaction

The in vitro interaction between resveratrol and pyrimethanil was assessed according to Loewe
additivity (LA) theory using fractional inhibitory concentration index (FICI) to interpret drug
interactions [49,50]. The FICI was defined by the equation: FICI = FIC5 + FICg = C5o/MICp +
Cgp/MICg, where MIC 4 and MICg represent the MICs of resveratrol and pyrimethanil when tested
alone, Cp and Cp represent the MICs of resveratrol and pyrimethanil in combination, respectively.
Interactions were categorized as synergism (FICI < 0.5), indifference (0.5 < FICI < 4.0) and antagonism
(FICI > 4.0).

4.7. Mycelial Growth Assay

The effect on B. cinerea mycelial growth treated by resveratrol and pyrimethanil alone or in
combination was tested by inoculating B. cinerea on PDA medium without drug (0.8% methanol as
solvent control) or with individual or combined drugs (resveratrol at 50 mg/L and pyrimethanil at
3.125 mg/L, based on the MIC of each drug for all tested isolates). All plates were cultured at 22 °C in
the dark for 72 h before colony diameter was measured. This experiment was conducted in twice with
three replicates in each concentration treatment.

4.8. Conidia Germination Assay

To investigate the germination of B. cinerea conidia treated by resveratrol and pyrimethanil alone
or in combination, experiment was conducted according to the method described by Xu et al. [25].
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Conidia suspension (5 x 10* conidia per mL) was prepared by washing conidia with PDB (Potato
dextrose broth medium, 100 g potato, 20 g dextrose per liter) from fungal cultures and then treated with
resveratrol (10 mg/L)/pyrimethanil (0.625 mg/L) by adding two-drugs individually or in combination
into conidia suspension. Equal volume of methanol was added into conidia suspension as the solvent
control. All treatments were incubated at 22 °C for different time intervals (0, 6 and 12 h) before
conidia germination was documented. This experiment was conducted twice with three replicates for
each instance.

4.9. Pathogenicity Assay

The inhibition effect on gray mold was assessed with table grape cv “Crimson seedless” treated
by resveratrol and pyrimethanil individually or in combination. Table grape berries were wounded
with dissected needles and inoculated with 5 pL of drug solutions (50 mg/L pyrimethanil, 1 g/L
resveratrol individually or their combination). After air-dried at room temperature for 30 min, each
berry was inoculated with 5 pL of conidia suspension (5 x 10* conidia per mL) of B. cinerea isolate
TGM at the wounded site [25]. Control berries were treated with 5 uL. of methanol and inoculated with
pathogen as described above. This experiment was repeated twice with four replicates, each consisting
of 60 berries per treatment. All berries were placed in plastic containers and kept at 22 °C in the dark
for 4 to 7 days, disease incidence was calculated by counting the percentage of infected berries and rot
lesion diameter was measured.

4.10. Statistical Analysis

All data in this study were subjected to ANOVA using Duncan’s multiple range tests and
significant difference was determined at 5% level (IBM SPSS Statistics 22, USA).

5. Conclusions

Our previous study showed that resveratrol exhibited significant antifungal activity against
B. cinerea, which proved its efficacy as potential antifungal agent against gray mold. Interesting
resveratrol showed excellent synergistic interactions with established fungicide pyrimethanil against
mycelial growth and conidia germination of B. cinerea, which suggest that the combination of
resveratrol and pyrimethanil can be expected to act as alternate treatment on the suppression of
B. cinerea. This study further demonstrated that resveratrol and pyrimethanil could be used in
combination for disease control of table grape gray mold at post-harvest period, providing evidence
for the potential of resveratrol used as an adjuvant against this fungus.

Author Contributions: Z.J. and L.G. conceived and designed the experiments; D.X. performed all the experiments,
analyzed the data and drafted the manuscript; G.Y. and X K. performed the mycelial growth assay and analyzed the
data; P.X. and Q.W. gave the concepts of work. All authors read and approved the final version of this manuscript.

Acknowledgments: This work was supported by earmarked grants for China agriculture research system
(CARS-33-11) and (CARS-29-bc). We thank Yi Zhen Deng (South China Agricultural University) for discussion
and suggestion in manuscript writing, and Stephen Dela Ahator for his help in manuscript editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Romanazzi, G.; Smilanick, J.L.; Feliziani, E.; Droby, S. Integrated management of postharvest gray mold on
fruit crops. Postharvest Biol. Technol. 2016, 113, 69-76. [CrossRef]

2. Williamson, B.; Tudzynski, B.; Tudzynski, P.; Van Kan, J.A.L. Botrytis cinerea: The cause of grey mould disease.
Mol. Plant Pathol. 2007, 8, 561-580. [CrossRef] [PubMed]

3. Myresiotis, C.K.; Karaoglanidis, G.S.; Tzavella-Klonari, K. Resistance of Botrytis cinerea isolates from vegetable
crops to anilinopyrimidine, phenylpyrrole, hydroxyanilide, benzimidazole, and dicarboximide fungicides.
Plant Dis. 2007, 91, 407—413. [CrossRef]


http://dx.doi.org/10.1016/j.postharvbio.2015.11.003
http://dx.doi.org/10.1111/j.1364-3703.2007.00417.x
http://www.ncbi.nlm.nih.gov/pubmed/20507522
http://dx.doi.org/10.1094/PDIS-91-4-0407

Molecules 2018, 23, 1455 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mosbach, A.; Edel, D.; Farmer, A.D.; Widdison, S.; Barchietto, T. Anilinopyrimidine resistance in Botrytis
cinerea is linked to mitochondrial function. Front. Microbiol. 2017, 8, 2361. [CrossRef] [PubMed]
McQuilken, M.P,; Thomson, ]J. Evaluation of anilinopyrimidine and other fungicides for control of grey
mould (Botrytis cinerea) in container-grown Calluna vulgaris. Pest Manag. Sci. 2008, 64, 748-754. [CrossRef]
[PubMed]

Zhao, H.; Kim, YK.; Huang, L.; Xiao, C.L. Resistance to thiabendazole and baseline sensitivity to
fludioxonil and pyrimethanil in Botrytis cinerea populations from apple and pear in Washington State.
Postharvest Biol. Technol. 2010, 56, 12-18. [CrossRef]

Chatzidimopoulos, M.; Psomopoulos, F.; Malandrakis, E.E.; Ganopoulos, I.; Madesis, P.; Vellios, EK.;
Drogoudi, P. Comparative genomics of Botrytis cinerea strains with differential multi-drug resistance.
Front. Plant Sci. 2016, 7, 554. [CrossRef] [PubMed]

Leroux, P; Fritz, R.; Debieu, D.; Albertini, C.; Lanen, C. Mechanisms of resistance to fungicides in field
strains of Botrytis cinerea. Pest Manag. Sci. 2002, 58, 876-888. [CrossRef] [PubMed]

Komarek, M.; Cadkova, E.; Chrastny, V.; Bordas, F.; Bollinger, ]J. Contamination of vineyard soils with
fungicides: A review of environmental and toxicological aspects. Environ. Int. 2010, 36, 138-151. [CrossRef]
[PubMed]

Gabeaston, J.; Richard, T.; Biais, B.; Waffo-Teguo, P.; Pedrot, E.; Jourdes, M.; Corio-Costet, M.; Merillon, J.
Stilbenes from common spruce (Picea abies) bark as natural antifungal agent against downy mildew
(Plasmopara viticola). Ind. Crop. Prod. 2017, 103, 267-273. [CrossRef]

Jeandet, P,; Bessis, R.; Sbaghi, M.; Meunier, P. Production of the phytoalexin resveratrol by grapes as a
response to Botrytis attack under natural conditions. J. Phytopathol. 1995, 143, 135-139. [CrossRef]

Pinto, E.P; Perin, E.C.; Schott, I.B.; Da Silva Rodrigues, R.; Lucchetta, L.; Manfroi, V.; Rombaldi, C.V. The
effect of postharvest application of UV-C radiation on the phenolic compounds of conventional and organic
grapes (Vitis labrusca cv. ‘Concord’). Postharvest Biol. Technol. 2016, 120, 84-91. [CrossRef]

Jeandet, P,; Breuil, A.C.; Adrian, M.; Weston, L.A.; Debord, S.; Meunier, P.; Maume, G.; Bessis, R. HPLC
analysis of grapevine phytoalexins coupling photodiode array detection and fluorometry. Anal. Chem. 1997,
69, 5172-5177. [CrossRef]

Breuil, A.C.; Jeandet, P.; Adrian, M.; Bessis, R. Changes in the phytoalexin content of various Vitis spp. in
response to Ultraviolet C elicitation. J. Agric. Food Chem. 1999, 47, 4456—4461. [CrossRef]

Azuma, A.; Yakushiji, H.; Koshita, Y.; Kobayashi, S. Flavonoid biosynthesis-related genes in grape skin
are differentially regulated by temperature and light conditions. Planta 2012, 236, 1067-1080. [CrossRef]
[PubMed]

Varela, M.C.; Arslan, I.; Reginato, M.A.; Cenzano, A.M.; Luna, M.V. Phenolic compounds as indicators of
drought resistance in shrubs from Patagonian shrublands (Argentina). Plant Physiol. Biochem. 2016, 104,
81-91. [CrossRef] [PubMed]

Gallucci, M.N.; Carezzano, M.E.; Oliva, M.M.; Demo, M.S.; Pizzolitto, R.P.; Zunino, M.P,; Zygadlo, J.A.;
Dambolena, ].S. In vitro activity of natural phenolic compounds against fluconazole-resistant Candida species:
A quantitative structure-activity relationship analysis. J. Appl. Microbiol. 2014, 116, 795-804. [CrossRef]
[PubMed]

Adrian, M.; Jeandet, P.; Veneau, J.; Weston, L.A.; Bessis, R. Biological activity of resveratrol, a stilbenic
compound from grapevines, against Botrytis cinerea, the causal agent for gray mold. J. Chem. Ecol. 1997, 23,
1689-1702. [CrossRef]

Adrian, M.; Jeandet, P. Effects of resveratrol on the ultrastructure of Botrytis cinerea conidia and biological
significance in plant/pathogen interactions. Fitoterapia 2012, 83, 1345-1350. [CrossRef] [PubMed]

Ozcan, T.; Akpinar-Bayizit, A.; Yilmaz-Ersan, L.; Delikanli, B. Phenolics in human health. Int. ]. Chem.
Eng. Appl. 2014, 5, 393-396. [CrossRef]

Jing, S.; Zhang, X, Yan, L.J. Antioxidant activity, antitumor effect, and antiaging property of
proanthocyanidins extracted from Kunlun Chrysanthemum flowers. Oxid. Med. Cell. Longev. 2015, 2015,
983484. [CrossRef] [PubMed]

Kato, E.; Tokunaga, Y.; Sakan, F. Stilbenoids isolated from the seeds of Melinjo (Gnetum gnemon L.) and their
biological activity. J. Agric. Food Chem. 2009, 57, 2544-2549. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fmicb.2017.02361
http://www.ncbi.nlm.nih.gov/pubmed/29250050
http://dx.doi.org/10.1002/ps.1552
http://www.ncbi.nlm.nih.gov/pubmed/18286666
http://dx.doi.org/10.1016/j.postharvbio.2009.11.013
http://dx.doi.org/10.3389/fpls.2016.00554
http://www.ncbi.nlm.nih.gov/pubmed/27200028
http://dx.doi.org/10.1002/ps.566
http://www.ncbi.nlm.nih.gov/pubmed/12233177
http://dx.doi.org/10.1016/j.envint.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19913914
http://dx.doi.org/10.1016/j.indcrop.2017.04.009
http://dx.doi.org/10.1111/j.1439-0434.1995.tb00246.x
http://dx.doi.org/10.1016/j.postharvbio.2016.05.015
http://dx.doi.org/10.1021/ac970582b
http://dx.doi.org/10.1021/jf9900478
http://dx.doi.org/10.1007/s00425-012-1650-x
http://www.ncbi.nlm.nih.gov/pubmed/22569920
http://dx.doi.org/10.1016/j.plaphy.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27017434
http://dx.doi.org/10.1111/jam.12432
http://www.ncbi.nlm.nih.gov/pubmed/24387763
http://dx.doi.org/10.1023/B:JOEC.0000006444.79951.75
http://dx.doi.org/10.1016/j.fitote.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22516542
http://dx.doi.org/10.7763/IJCEA.2014.V5.416
http://dx.doi.org/10.1155/2015/983484
http://www.ncbi.nlm.nih.gov/pubmed/25628774
http://dx.doi.org/10.1021/jf803077p
http://www.ncbi.nlm.nih.gov/pubmed/19222220

Molecules 2018, 23, 1455 11 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lambert, C.; Bisson, J.; Waffo-Teguo, P.; Papastamoulis, Y.; Richard, T.; Corio-Costet, M.; Merillon, J.;
Cluzet, S. Phenolics and their antifungal role in grapevine wood decay: Focus on the Botryosphaeriaceae
family. . Agric. Food Chem. 2012, 60, 11859-11868. [CrossRef] [PubMed]

Chalal, M.; Klinguer, A.; Echairi, A.; Meunier, P.; Vervandier-Fasseur, D.; Adrian, M. Antimicrobial activity
of resveratrol analogues. Molecules 2014, 19, 7679-7688. [CrossRef] [PubMed]

Xu, D.; Deng, Y.; Han, T.; Jiang, L.; Xi, P.; Wang, Q.; Jiang, Z.; Gao, L. In vitro and in vivo effectiveness of
phenolic compounds for the control of postharvest gray mold of table grapes. Postharvest Biol. Technol. 2018,
139, 106-114. [CrossRef]

Vestergaard, M.; Paulander, W.; Marvig, R.L.; Clasen, J.; Jochumsen, N. Antibiotic combination therapy can
select for broad-spectrum multidrug resistance in Pseudomonas aeruginosa. Int. J. Antimicrob. Agents 2016, 47,
48-55. [CrossRef] [PubMed]

Anju, S.; Kumar, N.S.; Krishnakumar, B.; Kumar, B.S.D. Synergistic combination of violacein and azoles that
leads to enhanced killing of major human pathogenic dermatophytic fungi Trichophyton rubrum. Front. Cell.
Infect. Microbiol. 2015, 5, 57. [CrossRef] [PubMed]

Zacchino, S.A.; Butassi, E.; Liberto, M.D.; Raimondi, M.; Postigo, A.; Sortino, M. Plant phenolics and
terpenoids as adjuvants of antibacterial and antifungal drugs. Phytomedicine 2017, 37, 27-48. [CrossRef]
[PubMed]

Lu, M,; Li, T.; Wan, J.; Li, X,; Yuan, L.; Sun, S. Antifungal effects of phytocompounds on Candida species alone
and in combination with fluconazole. Int. . Antimicrob. Agents 2017, 49, 125-136. [CrossRef] [PubMed]
Yang, S.; Tseng, C.; Wang, P; Lu, P.; Weng, Y.; Yen, F; Fang, ]. Pterostilbene, a methoxylated resveratrol
derivative, efficiently eradicates planktonic, biofilm, and intracellular MRSA by topical application.
Front. Microbiol. 2017, 8, 1103. [CrossRef] [PubMed]

Ji, M;; Qi, Z,; Zhao, P; Cheng, G.; Gu, Z.; Wang, Y. Primary study on resistance of Botrytis cinerea to
pyrimethanil in Tomato. . Shenyang Agric. Univ. 2002, 33, 345-347.

Fibach, E.; Prus, E.; Bianchi, N.; Zuccato, C.; Breveglieri, G.; Salvatori, F,; Finotti, A.; Lipucci, D.PM.;
Brognara, E.; Lampronti, I; et al. Resveratrol: Antioxidant activity and induction of fetal hemoglobin in
erythroid cells from normal donors and beta-thalassemia patients. Int. J. Mol. Med. 2012, 29, 974-982.
[PubMed]

Anya, A.; Rachel, S.S.; Naomi, S.S.; Adi, Y.B.; Sara, L.W.; Marina, K.H. Combination of rapamycin and
resveratrol for treatment of bladder cancer. J. Cell. Physiol. 2017, 232, 436—446.

Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A. Resveratrol regulates neuro-inflammation and
induces adaptive immunity in Alzheimer’s disease. |. Neuroinflamm. 2017, 14, 1. [CrossRef] [PubMed]

De la Lastra, C.A; Villegas, I. Resveratrol as an anti-inflammatory and anti-aging agent: Mechanisms and
clinical implications. Mol. Nutr. Food Res. 2005, 49, 405-430. [CrossRef] [PubMed]

Bostanghadiri, N.; Pormohammad, A.; Chirani, A.S.; Pouriran, R.; Erfanimanesh, S. Comprehensive review
on the antimicrobial potency of the plant polyphenol resveratrol. Biomed. Pharmacother. 2017, 95, 1588-1595.
[CrossRef] [PubMed]

Jung, H.J.; Seu, Y.B.; Lee, D.G. Candicidal action of resveratrol isolated from grapes on human pathogenic
yeast C. Albicans. ]. Microbiol. Biotechnol. 2007, 17, 1324. [PubMed]

Caruso, F; Mendoza, L.; Castro, P.; Cotoras, M.; Aguirre, M.; Matsuhiro, B.; Isaacs, M.; Rossi, M.; Viglianti, A.;
Antonioletti, R. Antifungal activity of resveratrol against Botrytis cinerea is improved using 2-furyl derivatives.
PLoS ONE 2011, 6, €2542110. [CrossRef] [PubMed]

Endo, E.H.; Garcia Cortez, D.A.; Ueda-Nakamura, T.; Nakamura, C.V.; Dias Filho, B.P. Potent antifungal
activity of extracts and pure compound isolated from pomegranate peels and synergism with fluconazole
against Candida albicans. Res. Microbiol. 2010, 161, 534-540. [CrossRef] [PubMed]

Mendes, D.S.D.; Gross, L.A.; Neto, E.; Lessey, B.A.; Savaris, R.F. The use of resveratrol as an adjuvant
treatment of pain in endometriosis: A randomized clinical trial. ]. Endocr. Soc. 2017, 1, 359-369. [CrossRef]
[PubMed]

Alayev, A.; Berger, S.M.; Kramer, M.Y.; Schwartz, N.S.; Holz, M.K. The combination of rapamycin and
resveratrol blocks autophagy and induces apoptosis in breast cancer cells. J. Cell. Biochem. 2015, 116, 450-457.
[CrossRef] [PubMed]

Lee, S.H.; Koo, B.S.; Park, S.Y,; Kim, Y.M. Anti-angiogenic effects of resveratrol in combination with
5-fluorouracil on B16 murine melanoma cells. Mol. Med. Rep. 2015, 12, 2777-2783. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/jf303290g
http://www.ncbi.nlm.nih.gov/pubmed/23145924
http://dx.doi.org/10.3390/molecules19067679
http://www.ncbi.nlm.nih.gov/pubmed/24918540
http://dx.doi.org/10.1016/j.postharvbio.2017.08.019
http://dx.doi.org/10.1016/j.ijantimicag.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26597931
http://dx.doi.org/10.3389/fcimb.2015.00057
http://www.ncbi.nlm.nih.gov/pubmed/26322275
http://dx.doi.org/10.1016/j.phymed.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29174958
http://dx.doi.org/10.1016/j.ijantimicag.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/28040409
http://dx.doi.org/10.3389/fmicb.2017.01103
http://www.ncbi.nlm.nih.gov/pubmed/28659908
http://www.ncbi.nlm.nih.gov/pubmed/22378234
http://dx.doi.org/10.1186/s12974-016-0779-0
http://www.ncbi.nlm.nih.gov/pubmed/28086917
http://dx.doi.org/10.1002/mnfr.200500022
http://www.ncbi.nlm.nih.gov/pubmed/15832402
http://dx.doi.org/10.1016/j.biopha.2017.09.084
http://www.ncbi.nlm.nih.gov/pubmed/28950659
http://www.ncbi.nlm.nih.gov/pubmed/18051601
http://dx.doi.org/10.1371/journal.pone.0025421
http://www.ncbi.nlm.nih.gov/pubmed/22022392
http://dx.doi.org/10.1016/j.resmic.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20541606
http://dx.doi.org/10.1210/js.2017-00053
http://www.ncbi.nlm.nih.gov/pubmed/29264492
http://dx.doi.org/10.1002/jcb.24997
http://www.ncbi.nlm.nih.gov/pubmed/25336146
http://dx.doi.org/10.3892/mmr.2015.3675
http://www.ncbi.nlm.nih.gov/pubmed/25936796

Molecules 2018, 23, 1455 12 of 12

43.

44.

45.

46.

47.

48.

49.

50.

Nyankanga, R.; Njogu, M.; Muthomi, J.; Olanya, M. Efficacy of fungicide combinations, phosphoric acid
and plant extract from stinging nettle on potato late blight management and tuber yield. Arch. Phytopathol.
Plant Prot. 2012, 45, 1449-1463. [CrossRef]

Gado, E. Management of Cercospora leaf spot disease of sugar beet plants by some fungicides and plant
extracts. Egypt. ]. Phytopathol. 2007, 35, 1-10.

Abdu-Allah, G.A.M.; Abo-Elyousr, K.A.M. Effect of certain plant extracts and fungicides against powdery
mildew disease of Grapevines in Upper Egypt. Arch. Phytopathol. Plant Prot. 2017, 50, 957-969. [CrossRef]
Sun, H.; Wang, H.; Chen, Y.; Li, H.; Chen, C.; Zhou, M. Multiple resistance of Botrytis cinerea from vegetable
crops to carbendazim, diethofencarb, procymidone, and pyrimethanil in China. Plant Dis. 2010, 94, 551-556.
[CrossRef]

Liu, S.; Che, Z.; Chen, G. Multiple-fungicide resistance to carbendazim, diethofencarb, procymidone, and
pyrimethanil in field isolates of Botrytis cinerea from tomato in Henan Province, China. Crop Prot. 2016, 84,
56-61. [CrossRef]

Fernandez-Ortuno, D.; Chen, F.; Schnabel, G. Resistance to cyprodinil and lack of fludioxonil resistance in
Botrytis cinerea isolates from strawberry in North and South Carolina. Plant Dis. 2013, 97, 81-85. [CrossRef]
Katragkou, A.; McCarthy, M.; Alexander, E.L.; Antachopoulos, C.; Meletiadis, ].; Jabra-Rizk, M. A ; Petraitis, V.;
Roilides, E.; Walsh, T.J. In vitro interactions between farnesol and fluconazole, amphotericin B or micafungin
against Candida albicans biofilms. . Antimicrob. Chemother. 2015, 70, 470-478. [CrossRef] [PubMed]

Liu, X,; Li, T.; Wang, D.; Yang, Y.; Sun, W. Synergistic antifungal effect of fluconazole combined with
licofelone against resistant Candida albicans. Front. Microbiol. 2017, 8, 2101. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds resveratrol and pyrimethanil are available from the authors.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/03235408.2012.676818
http://dx.doi.org/10.1080/03235408.2017.1407471
http://dx.doi.org/10.1094/PDIS-94-5-0551
http://dx.doi.org/10.1016/j.cropro.2016.02.012
http://dx.doi.org/10.1094/PDIS-06-12-0539-RE
http://dx.doi.org/10.1093/jac/dku374
http://www.ncbi.nlm.nih.gov/pubmed/25288679
http://dx.doi.org/10.3389/fmicb.2017.02101
http://www.ncbi.nlm.nih.gov/pubmed/29163396
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Sensitivity of B. cinerea Isolates to Pyrimethanil and Cyprodinil 
	Determination of MICs and Interaction Analysis 
	Synergistic Effect of Resveratrol and Pyrimethanil on Mycelial Growth 
	Synergistic Effect of Resveratrol and Pyrimethanil on Conidia Germination 
	Synergistic Effect of Resveratrol and Pyrimethanil on Table Grape Gray Mold Disease Control 

	Discussion 
	Materials and Methods 
	Pathogen and Chemical Agents 
	Determination of the Fungicide Sensitivity of Tested Isolates 
	Classification of Resistance Level 
	Determination of Minimal Inhibitory Concentration (MIC) 
	Determination of MICs in the Drug Combination 
	Analysis of Drugs Interaction 
	Mycelial Growth Assay 
	Conidia Germination Assay 
	Pathogenicity Assay 
	Statistical Analysis 

	Conclusions 
	References

