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1  | INTRODUC TION

Botrytis cinerea (teleomorph: Botryotinia fuckeliana) can infect 
fruits, flowers, leaves and stems, causing grey mould in more 
than 200 plant species (Williamson, Tudzynski, Tudzynski, & Kan, 

2007). Grey mould can be responsible for significant yield losses 
(Myresiotis, Karaoglanidis, & Tzavella‐Klonari, 2007; Prokkola 
& Kivijärvi, 2007). The control of this disease depends mainly 
on chemical fungicides such as the benzimidazoles (MBCs, e.g., 
carbendazim), N‐phenylcarbamates (NPCs, e.g., diethofencarb), 
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Abstract
Grey mould, caused by the fungal pathogen Botrytis cinerea, is one of the most devas‐
tating tomato diseases, and the control of this disease is mainly by the application of 
chemicals. In this study, 512 isolates of B. cinerea were collected from tomato grown 
in greenhouses at 10 locations in 10 cities of Hebei Province from 2011 to 2016 
and tested for their sensitivities to carbendazim (Car), diethofencarb (Die), iprodione 
(Ipr) and pyrimethanil (Pyr). Of these tested isolates, 95.7%, 95.2%, 31.6% and 89.4% 
were resistant to Car, Die, Ipr and Pyr, respectively. There were nine fungicide‐re‐
sistant phenotypes in the tested isolates. CarRPyrRDieRIPRS and CarRPyrRDieRIPRR 
were the most common phenotypes, accounting for 59.6%, and 31.1% of the tested 
isolates, respectively. The field trials showed that the control efficacies (CE) of car‐
bendazim + diethofencarb (WP, 25% + 25%), pyrimethanil (EC, 40%) and iprodione 
(WP, 50%) at the recommended doses were 22.75%–29.23%, 58.44%–64.19% and 
61.02%–65.17%, respectively, significantly lower than those of boscalid (WG, 50%) 
and pyrisoxazole (EC, 25%). The resistance management trial conducted from 2015 
to 2017 indicated that the CE of tomato grey mould in the experimental fields was 
higher than 90% and the sensitivity to carbendazim, diethofencarb and pyrimethanil 
of B. cinerea isolates from the experimental fields increased on a yearly basis. These 
results showed that the frequency of resistance to Car, Die, Ipr and Pyr was high, 
and these four fungicides could not effectively control tomato grey mould. Tomato 
grey mould could be controlled by using biopesticides and newly synthesized fungi‐
cides with different modes of action. Our findings would be useful in designing and 
implementing fungicide resistance management spray programmes for the control of 
tomato grey mould.
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dicarboximides	(DCFs,	e.g.,	iprodione)	and	anilinopyrimidines	(APs,	
e.g., pyrimethanil).

Unfortunately, B. cinerea has been classified as a high‐risk patho‐
gen for fungicide resistance (Brent et al., 1998; Leroux et al., 2002). 
The multi‐fungicide‐resistant isolates of B. cinerea are commonly 
found in commercial strawberry and tomato greenhouses world‐
wide	 (Amiri,	 Heath,	 &	 Peres,	 2013;	 Bardas,	 Veloukas,	 Koutita,	 &	
Karaoglanidis, 2010; Fan, Li, Li, & Luo, 2016; Latorre & Torres, 2012; 
Leroch et al., 2013; Liu, Che, & Chen, 2016). The development of 
resistance by B. cinerea to used fungicides is a significant limiting 
factor	(Fan	et	al.,	2016;	Fernández-Ortuño,	Grabke,	Li,	&	Schnabel,	
2015;	Sun	et	al.,	2010).

In Hebei, carbendazim has been used to control grey mould 
since the late 1980s, but the resistant strains of B. cinerea were de‐
tected in the field years later (Ding, Liu, Wang, Wu, & Mu, 2001; 
Zhou, Ye, Huang, & Liu, 1990; Fan et al., 2017). Diethofencarb ex‐
hibits negative cross‐resistance to carbendazim. Therefore, a mix‐
ture	of	carbendazim	and	diethofencarb	 (Jonk;	Sumitomo	Chemical	
Company) has been extensively applied to control grey mould since 
the late 1990s. Resistance to these two fungicides in B. cinerea was 
conferred by point mutations at codon 198 or 200 in the β‐tubulin 
gene (Leroux et al., 2002; Malandrakis, Markoglou, & Ziogas, 2011; 
Yarden & Katan, 1993).

Since	the	late	1970s,	iprodione	has	been	used	to	control	B. cinerea 
and resistance has emerged on different crops in many areas where DCs 
had frequently been used (Leroux, Chapeland, Desbrosses, & Gredt, 
1999; Leroux et al., 2002). It has been reported that DC resistance is 
linked to the point mutations in the two‐component histidine kinase 
gene (also called Bcos1 or Daf1) in B. cinerea (Faretra & Pollastro, 1993).

At	 least,	 since	 1998,	 pyrimethanil	 has	 been	 widely	 used	 for	 the	
control of grey mould on vegetable crops in China (Ji et al., 2002). 
Pyrimethanil was believed to inhibit the biosynthesis of methionine, 
other amino acids and the secretion of hydrolytic enzymes involved in 
the B. cinerea	 infection	process	 (Latorre,	Spadaro,	&	Rioja,	2002).	The	
B. cinerea isolates resistant to pyrimethanil from the field have been re‐
ported in many countries (Ji, Qi, Wang, Cheng, & Zu, 2003; Ji et al., 2002; 
Latorre et al., 2002; Leroux et al., 1999; Liu et al., 2016; Myresiotis et al., 
2007;	Sun	et	al.,	2010;	Zhao,	Kim,	Huang,	&	Xiao,	2010).

We have often heard that the recommended fungicides, in all 
four classes, cannot effectively control tomato grey mould in the 
greenhouse. To understand the reason why these fungicides failed 
to control grey mould and clarify the control efficiency of these fun‐
gicides against tomato grey mould, we monitored the sensitivity of 

B. cinerea to carbendazim, diethofencarb, iprodione and pyrimeth‐
anil. Field trials were implemented to validate the control efficacies 
of the four fungicides on tomato grey mould, and fungicide resis‐
tance management trial was also performed. The objectives of the 
current study were to (a) test the sensitivity of 512 B. cinerea isolates 
collected from Hebei Province to the four fungicides carbendazim, 
diethofencarb, iprodione and pyrimethanil; (b) evaluate the control 
efficacies of these four fungicides; (c) determine the control effica‐
cies of fungicide resistance management strategies on grey mould; 
(d) test the sensitivity of B. cinerea to carbendazim, diethofencarb 
and pyrimethanil in greenhouses grown tomato, where the fungicide 
resistance management strategies were implemented.

2  | MATERIAL S AND METHODS

2.1 | Fungal isolates and fungicides

To detect the fungicide resistance of B. cinerea in tomato, diseased 
fruits and leaves were collected from various greenhouses in March 
and	April	from	2010	to	2016	in	Hebei	Province,	where	fungicides	be‐
longing to the four classes (benzimidazoles, dicarboximides, a mixture 
of N‐phenylcarbamates and benzimidazoles, and anilinopyrimidines) 
with different modes of action had been used for more than 10 years. 
Different greenhouses in the same city were at least 5 km apart. 
Greenhouses	in	different	cities	were	at	least	100	km	apart.	A	mixture	
of conidiophores and conidia was suspended in water, transferred 
onto 2% water agar plates and incubated at 22°C for 6 hr. Pieces of 
agar containing only one spore were removed from the water agar 
using	a	dissecting	scope	and	placed	onto	potato	dextrose	agar	(PDA;	
200 g of potato, 20 g of dextrose, 16 g of agar and 1 L of H2O) plates 
amended with streptomycin at 0.5 g/L to minimize contamination 
with	bacteria.	Mycelium	from	pure	cultures	was	transferred	to	PDA	
slants and stored at 4°C in the dark. In total, 512 single‐spore isolates 
of B. cinerea were obtained from these ten locations (Table 3).

2.2 | Fungicides

Technical‐grade carbendazim (98.3% active ingredient [a.i.]; 
Zhuozhou Huatai Fine‐chemical Factory) was dissolved in 0.1 M HCl 
to obtain a 10 g/L stock solution. Technical‐grade diethofencarb 
(95%	 a.i.;	 Shijiazhuang	 Pesticide	 Chemicals	 Factory),	 pyrimethanil	
(95% a.i. Hebei Guanlong Pesticide Co., Ltd.) and iprodione (96.5% 
a.i.	 Bayer	Crop	Science)	were	 each	dissolved	 in	 acetone	 to	obtain	

TA B L E  1   EC50 values of four fungicides used to divide the sensitivity type of Botrytis cinerea against carbendazim, diethofencarb, 
iprodione and pyrimethanil

Fungicide

EC50 values (mg/L)

Sensitive Low resistance Moderate resistance High resistance

Carbendazim EC50	≤	0.362 0.362 < EC50	≤	3.62 3.62 < EC50	≤	18.1 EC50 > 18.1

Diethofencarb EC50	≤	0.46 0.46 < EC50	≤	4.6 4.6 < EC50	≤	23 EC50 > 23

Pyrimethanil EC50	≤	0.911 0.911 < EC50	≤	9.11 9.11 < EC50	≤	45.55 EC50 > 45.55

Iprodione EC50	≤	2.299 2.299 < EC50	≤	22.99 22.99 < EC50	≤	114.95 EC50 > 114.95
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stock	solutions	of	10	mg/ml.	All	the	solutions	were	stored	at	4°C	in	
the dark to preserve fungicide activity and were added to the auto‐
claved media after cooling to approximately 50°C. The concentra‐
tion of HCl or acetone did not exceed 0.25%, and the concentration 
did not affect the mycelial growth of B. cinerea (data not shown). The 
controls always contained the same HCl or acetone concentration as 
the test samples in the experiments.

To evaluate the control efficacy and the effects of resistance 
management strategy on the development of fungicide resistance 
by B. cinerea in the field, commercial products of different fungicides 
were applied: Gold Wanmeiling (25% WP of carbendazim and 25% 
WP	of	diethofencarb;	Jiangsu	Lanfeng	Biochemical	Co.,	Ltd.),	Scala	
(400	g/L	EC	of	pyrimethanil	EC;	Bayer	Crop	Science	China	Co.,	Ltd.);	
Rovral	(50%	WP	of	iprodione;	Bayer	Crop	Science	Co.,	Ltd.);	Cantus	
(CT,	50%	WG	of	boscalid;	BASF	Co.);	Medallion	 (MD,	50%	WP	of	
fludioxonil;	Syngenta	Crop	Protection	Ltd.);	Junsiqi	(JSQ	25%	EC	of	
pyrisoxazole;	 Shenyang	 Sciencreat	 Chemicals	 Co.,	 Ltd.)	 Dacotech	

(DT,	75%	chlorothalonil	WP;	Syngenta	Crop	Protection	Ltd.),	biofun‐
gicide	BAB	(8	×	109	cfu/ml	AS	Bacillus subtilis	BAB-1;	Plant	Protection	
Institute,	 Hebei	 Academy	 of	 Agricultural	 and	 Forestry	 Sciences),	
Frowncide	(FSD500	g/L	fluazinam	SC,	Ishihara	Industries),	Merivon	
(MER	21.2%	pyraclostrobin	and	21.2%	fluxapyroxad	SC,	BASF	Co.,	
Ltd.).	 Mumeijun	 (MMJ,	 2	 ×	 108 cfu/g WP Trichoderma,	 Shandong	
Tenov Pesticide Co., Ltd.).

2.3 | Sensitivity to fungicides

To evaluate the sensitivity of the fungi to carbendazim, diethofen‐
carb and iprodione, a 5‐mm‐diameter agar plug was cut with a 
cork borer from the edge of a three‐day‐old colony growing on 
PDA	at	24°C	and	was	placed	upside-down	on	the	centre	of	each	
plate containing carbendazim (0, 0.01, 0.05, 0.1, 0.5, 1, 5 or 0, 
1, 5, 10, 50, 100, 500 mg/L), diethofencarb (0, 0.1, 0.5, 1, 5, 10, 
50 mg/L) and iprodione (0, 0.4, 0.8, 1.6, 3.2, 6.4 and 12.8 mg/L), 

TA B L E  3   Frequency of fungicide‐resistant phenotypes of Botrytis cinerea collected from greenhouses of tomato in Hebei Province from 
2011 to 2016

Phenotypes

Occurrence of phenotype (%)

Total (%)BD CZ HD HS LF QHD SJZ TS XT ZJK

Na 119 42 41 55 37 39 75 32 44 28 512

CarR 100.0 100.0 90.2 96.4 100.0 94.9 96.0 93.8 88.6 71.4 94.9

PyrR 97.5 97.6 68.3 94.5 94.6 97.4 90.7 81.3 88.6 35.7 88.5

DieR 99.2 92.9 87.8 92.7 97.3 100.0 100.0 75.0 93.2 82.1 94.1

IPRR 37.8 16.7 36.6 30.9 18.9 35.9 16.0 43.8 29.5 10.7 28.7

CarSPyrSDieRIPRS 0.0 0.0 9.8 0.0 0.0 2.6 4.0 3.1 9.1 25.0 3.9

CarRPyrSDieSIPRS 0.0 0.0 7.3 0.0 0.0 0.0 0.0 0.0 0.0 10.7 1.2

CarSPyrRDieRIPRS 0.0 0.0 0.0 3.6 0.0 2.6 0.0 3.1 2.3 3.6 1.2

CarRPyrSDieRIPRS 2.5 2.4 9.8 3.6 5.4 0.0 5.3 15.6 2.3 28.6 5.9

CarRPyrSDieRIPRR 0.0 0.0 4.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.6

CarRPyrRDieSIPRS 0.8 7.1 2.4 7.3 0.0 0.0 0.0 9.4 6.8 7.1 3.3

CarRPyrRDieSIPRR 0.0 0.0 2.4 0.0 2.7 0.0 0.0 15.6 0.0 0.0 1.4

CarRPyrRDieRIPRS 58.8 73.8 34.1 54.5 75.7 59.0 74.7 25.0 50.0 14.3 55.9

CarRPyrRDieRIPRR 37.8 16.7 29.3 29.1 16.2 35.9 16.0 28.1 29.5 10.7 26.8

Note:	Car,	carbendazim;	Die,	diethofencarb;	IPR,	iprodione;	Pyr,	pyrimethanil;	superscripts	R	and	S	indicate	resistance	and	sensitive,	respectively.
Regions	of	collection:	BD,	Baoding;	CZ,	Cangzhou;	HD,	Handan;	HS,	Hengshui;	LF,	Langfang;	QHD,	Qinghuangdao;	SJZ,	Shijiazhuang;	TS,	Tangshan;	
XT, Xingtai; ZJK, Zhangjiakou.
aNumber of isolates. 

TA B L E  2   The order and doses of fungicides applied in Xushui and Guangzonga

Location The order and the doses of fungicides

Xushui Order 1st 2nd 3rd 4th 5th 6th 7th 8th 9th   

Fungicidesa BAB MMJ BAB DT MD FSD CT JSQ MER   

Dose g−1 ha−1 6,000 2,000 6,000 2,250 90 200 360 200 200   

Guangzomg Order 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th

Fungicides DT BAB MMJ BAB DT MD FSD CT JSQ MER JSQ

Dose g ha−1 2,250 6,000 2000 6,000 2,250 90 200 360 200 200 200

aBAB,	Bacillus subtilis	BAB-1	(8	×	109	cfu/ml	AS);	MMJ,	Trichoderma	(2	×	108	cfu/g	WP);	DT,	chlorothalonil	(75%	WP);	MD,	fludioxonil	(50%	WP);	FSD,	
fluazinam	(500	g/L	SC),	CT,	boscalid	(50%	WG);	JSQ,	pyrisoxazole	(25%	EC);	MER,	pyraclostrobin	+	fluxapyroxad	(21.2%	+	21.2%	SC).	
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respectively.	Sensitivity	to	pyrimethanil	was	tested	on	a	series	of	
synthetic	medium	(SM)	amended	with	different	concentrations	of	
pyrimethanil (0, 0.01, 0.05, 0.1, 0.5, 1, 5 mg/L or 0.5, 1, 5, 10, 50, 
100 mg/L) (Chapeland, Fritz, Lanen, Gredt, & Leroux, 1999; Liu et 
al., 2016). Each isolate was incubated at 24°C for 3 days with three 
replicates in the dark. The mean colony diameter (minus the di‐
ameter of inoculation plug) was measured for each treatment and 
expressed as a percentage of growth inhibition. The EC50 values 
(effective concentration that reduces mycelial growth by 50%) of 
each isolate to the four fungicides were calculated by regressing 
the relative inhibition of mycelial growth against the log10 of fun‐
gicide concentration. The experiment was performed twice, and 
each concentration was repeated three times.

Based on the sensitivity‐baseline level of B. cinerea to carbendazim 
(0.036 mg/L) (Zhang, Yuan, & Liu, 1997), diethofencarb (0.046 mg/L) 
(Zhang et al., 1997), iprodione (0.2299 mg/L) (Li et al., 2007) and pyri‐
methanil (0.0911 mg/L) (Ji et al., 2002), isolates were divided into four 
classes: sensitive (EC50 less than 10 times the baseline sensitivity), low 
resistance, medium resistance and high resistance (Table 1).

2.4 | Evaluation of the control efficacy of fungicides 
in greenhouses

Field experiments were performed in March 2014. The tomato plants 
(cultivars Dongsheng and Kaisa) were grown following normal agro‐
nomic practices in greenhouses located at the cities of Baoding and 

Xingtai in Hebei Province. The six treatments were (a) carbendazim + di‐
ethofencarb (25% + 25% WP) applied at 900 g a.i./ha; (b) pyrimethanil 
(400 g/L EC) applied at 562.5 g a.i./ha; (c) iprodione (50% WP) applied 
at 750 g a.i./ha; (d) Boscalid (50% WG) applied at 360 g a.i./ha; (e) py‐
risoxazole (25% EC) applied at 225 g a.i./ha; and (f) a water treatment 
control.	Six	treatment	groups	with	four	replicates	were	arranged	 in	a	
randomized complete block design; each plot size was 18 m2 (6 by 3 m), 
with about 90 plants per plot. The application of each treatment began 
at the onset of naturally occurring disease symptoms and after the dis‐
eased leaves or fruits had been removed. The spray volume was 900 L/
ha.	The	sprayer	used	in	the	experiment	was	the	universal	AGROLEX	HD	
400	knapsack	hand	sprayer	(Singapore	Agriculture	Co.,	Ltd).	Fungicides	
were sprayed three times at 8‐day intervals.

Five different locations of each plot were selected randomly, 
and three plants were selected per location. The disease index of 
the plants in each plot was recorded at the initial fungicide appli‐
cation (the disease index was considered as zero) and 7 days after 
the final application of fungicides. Each leaf was scored according 
to a disease rating scale of 0–9 (GB/T, 2000), where 0 = no dis‐
ease and 1 = 0–5%, 3 = 6%–15%, 5 = 16%–25%, 7 = 26%–50% and 
51%–100% of leaves covered with lesions. Each fruit was scored 
according to the disease rating scale of 0–9, where 0 = no disease 
and one: diseased on residual petal or stigma; three: sepals de‐
cayed or the stigma diseased and spread to the umbilical cord; five: 
fruit navel showed an infiltrated spot not mould; seven: the um‐
bilicus of the fruit had a mildew layer but did not extend to other 

F I G U R E  1   The resistance frequency of Botrytis cinarea isolates to carbendazim (a), diethofencarb (b), pyrimethanil (c) and iprodione 
(d)	in	10	locations	of	Hebei	Province	S:	sensitive	isolate;	LR:	low-resistance	isolate;	MR:	medium-resistance	isolate;	HR:	high-resistance	
isolate. Location: BD, Baoding (n = 119); CZ, Cangzhou (n = 42); HD, Handan (n	=	41);	HS,	Hengshui	(n = 55); LF, Langfang (n = 37); QHD, 
Qinghuangdao (n	=	39);	SJZ,	Shijiazhuang	(n	=	75);	TS,	Tangshan	(n = 32); XT, Xingtai (n = 44); ZJK, Zhangjiakou (n = 28)
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parts; nine: the mildew layer on the umbilicus of the fruit extended 
to other parts. The numbers of diseased leaves or fruits were re‐
corded. The disease index on leaves/fruits and the control efficacy 
(CE) were calculated using the following equations: disease index 
=	[∑	(number	of	diseased	leaves	or	fruits	 in	each	score	×	disease	
score)]/(total	 leaves	or	 fruits	 investigated	×	9)×100%	and	CE	 (on	
leaf/fruit) = (DC	−	DT)/DC	×	100%,	where	DC = the disease index 
of leaves/fruits of untreated control plants after spraying, and DT 
= the disease index of leaves/fruits after treatment application.

2.5 | Resistance management in the control of 
tomato grey mould

Anti-resistance	 strategies	 are	 based	 on	 some	methods	 like	 avoid‐
ing the selection of fungicides to which resistance occurred in the 
field, stretching the spray intervals, using alternately fungicides 

with different modes of action, non‐chemical measures and so on. 
Between 2015 and 2017, resistance management technologies were 
applied in Xushui and Guangzong, Hebei Province, where the field 
resistance of B. cinerea to carbendazim, diethofencarb and pyrimeth‐
anil had occurred widely. The specific resistance management strat‐
egies adopted in this study include the following three aspects: (a) 
to reduce humidity in the greenhouse, various measures should be 
taken, such as using a no‐drip film and watering under a plastic film; 
(b) before the occurrence of tomato grey mould, there should be ro‐
tational use of fludioxonil, fluazinam, chlorothalonil, B. subtilis	BAB-1	
and Trichoderma which have no cross‐resistance with carbendazim, 
carbendazim and pyrimethanil; (b) when tomato grey mould occurs 
sporadically, alternately use fungicides with innovative mechanisms 
such as boscalid, pyrisoxazole and pyraclostrobin + fluxapyroxad.

In Xushui, tomatoes (Dongsheng) were planted in late December 
every year. Forty‐two greenhouses (about 2 ha) were used for 

TA B L E  4   Efficacy of three fungicides for suppression of tomato grey mould in greenhousesa

Fungicides ECb (g/ha)

7 days after last treatment

Xushui Guangzong

DI CE (%) DI CE (%)

L F L F L F L F

Carbendazim + diethofencarb 
(WP) (25%+25%)

900.0 2.05 5.48 22.8 c 24.1 c 1.88 4.86 26.9 c 29.2 c

Pyrimethanil (EC) 400g/L 562.5 1.13 2.72 58.4 b 62.1 b 0.93 2.45 62.6 b 64.2 b

Iprodione (WP) 50% 750.0 1.06 2.58 61.0 b 64.2 b 0.83 2.37 64.8 b 65.2 b

Boscalid (WG) 50% 360.0 0.44 0.89 85.6 a 87.3 a 0.39 0.91 85.1 a 86.6 a

Pyrisoxazole (EC) 25% 225.0 0.45 1.06 85.2 a 85.3 a 0.34 0.99 86.4 a 85.5 a

Water 0.0 2.58 7.31 — — 2.61 6.92 — —

Note: Mean values followed by the same letter in the columns were not significantly different according to Fisher's least significant difference 
test at p	=	0.05.	The	sprayer	used	in	the	experiment	was	the	universal	AGROLEX	HD	400	knapsack	hand	sprayer	(Singapore	Agriculture	Co.,	LTD).	
Fungicides were sprayed three times at 8‐day intervals.
Abbreviations:	CE,	control	efficacy;	DI,	disease	index;	CE,	control	efficacy;	L,	leafx.
aExperiments were performed in Xushui and Guangzong in Hebei Province in 2014. 
bEffective concentration (dose) of active ingredient. The volume of fungicide applied was 900 L/ha. 

TA B L E  5   Efficacy of resistance management techniques in controlling tomato grey moulda

Time Treatment

Xushui Guangzong

L F L F

DI CE DI CE DI CE DI CE

2015 Control 0.4 ± 0.1 92.6 ± 0.7 0.6 ± 0.2 96.7 ± 0.9 0.5 ± 0.1 92.3 ± 2.0 0.6 ± 0.1 96.1 ± 1.0

CK 5.3 ± 0.4 — 17.2 ± 1.8  6.0 ± 1.2  14.5 ± 3.1  

2016 Control 0.4 ± 0.1 91.6 ± 2.1 0.5 ± 0.1 96.6 ± 0.8 0.5 ± 0.1 92.0 ± 0.5 0.6 ± 0.2 95.8 ± 0.6

CK 4.9 ± 0.5  13.4 ± 1.0  5.8 ± 1.5  13.0 ± 2.6  

2017 Control 0.5 ± 0.2 91.3 ± 1.3 0.6 ± 0.1 95.9 ± 0.4 0.51 ± 0.1 92.4 ± 0.6 0.6 ± 0.1 95.7 ± 0.4

CK 5.5 ± 1.5 — 14.1 ± 1.0  6.7 ± 0.3  14.9 ± 1.4  

Note: Fungicides were applied about nine times, and 11 times, in Xushui and in Guangzong, respectively, every growing season with 10‐ to 15‐day 
intervals (Table 2). Mean values followed by the same letter in the columns were not significantly different according to Fisher's least significant dif‐
ference test at p = 0.05.
Abbreviations:	CE,	control	efficacy;	DI,	disease	index;	F,	fruit;	L,	leaf.
aExperiments were performed in Xushui and Guangzong in Hebei Province from 2015 to 2017. 
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anti‐resistance strategies trials, where fungicides were applied about 
nine times each growing season at 10‐ to 15‐day intervals (Table 2).

In Guangzong, tomatoes (Jinpeng) were planted in late November 
every year. Twenty‐one greenhouses (about 1.8 ha) were used for 
anti‐resistance strategy trials. In these greenhouses, fungicides were 
applied about 11 times each growing season at 10‐ to 15‐day inter‐
vals (Table 2).

At	each	location,	three	greenhouses	were	selected	randomly	and	
an area of about 35 m2, without using fungicides, was chosen for 
setting blank controls in each greenhouse every year. In late March, 
grey mould occurred commonly, the incidence of grey mould in the 
control area and treatment area was investigated as mentioned in 
2.4. The isolates of B. cinerea were obtained from the diseased fruits 
and leaves collected from the treatment area, and the sensitivity of 
these isolates to carbendazim, diethofencarb and pyrimethanil was 
tested as mentioned in 2.3.

2.6 | Statistical analysis

All	statistical	analyses	were	conducted	using	SPSS	17.0	(SPSS	Inc.).	
The EC50 values were calculated by performing a regression of the 
per cent of relative growth against the log10 fungicide concentration. 
To detect the differences between treatments, CE was assessed 
using a one‐way analysis of variance, and means were compared 
using Fisher's least significant difference test (p = 0.05).

3  | RESULTS

3.1 | Sensitivity to fungicides

The sensitivity of 512 isolates of B. cinerea from the greenhouses 
in ten different locations in Hebei Province to carbendazim, di‐
ethofencarb, iprodione and pyrimethanil was evaluated on the basis 

F I G U R E  2  Sensitivity	shift	of	Botrytis cinerea collected from Xushui (a, c, and e) and Guangzong (b, d, and f) to carbendazim (a and b), 
diethofencarb (c and d) and pyrimethanil (e and f) between 2014 and 2017. The number of B. cinerea obtained from the experimental fields 
of Xushui between 2014 and 2017 was 30, 38, 36 and 28, respectively. The number of B. cinerea obtained from experimental fields of 
Guangzong between 2014 and 2017 was 25, 31, 32 and 34, respectively
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of mycelia growth inhibition (Table 3). The percentages of isolates 
resistant to carbendazim, diethofencarb, iprodione and pyrimethanil 
were 95.7%, 95.2%, 31.6% and 89.4%, respectively. In terms of re‐
sistance phenotype, there were nine fungicide‐resistant phenotypes 
as follows: CarSPyrSDieRIPRS, CarRPyrSDieSIPRS, CarSPyrRDieRIPRS, 
CarRPyrSDieRIPRS, CarRPyrSDieRIPRR, CarRPyrRDieSIPRS, 
CarRPyrRDieSIPRR, CarRPyrRDieRIPRS, CarRPyrRDieRIPRR, accounting 
for 3.6%, 1.0%, 1.0%, 5.2%, 1.5%, 2.9%, 1.2%, 59.6% and 31.1% of 
the isolates, respectively. CarRPyrRDieRIPRS	and CarRPyrRDieRIPRR 
were the most common phenotypes, and the total frequency of 
both phenotypes was at least 53.1% in the tested locations, ex‐
cept Zhangjiakou (ZJK). The frequency of CarRPyrRDieRIPRS	 and 
CarRPyrRDieRIPRR at ZJK was only 14.3% and 10.7%, respectively. 
But the frequency of CarSPyrSDieRIPRS and CarRPyrSDieRIPRS was 
25.0% and 28.6%, respectively, at ZJK, which are higher compared 
to other regions.

Based on sensitivity determination and sensitivity types of B. ci‐
nerea to carbendazim, diethofencarb, iprodione and pyrimethanil, 
the frequency of the isolates highly resistant to carbendazim, lowly 
resistant to diethofencarb, highly resistant to diethofencarb and 
moderately resistant to pyrimethanil was 87.6%, 49.4%, 35.7% and 
60.4%, respectively (Figure 1). Isolates lowly resistant to iprodione 
were detected from the greenhouses, accounting for 32.5% of the 
isolates, but the isolates moderately and highly resistant to iprodi‐
one were undetected in the fields. These results indicated that most 
isolates of B. cinerea have developed multiple resistances to carben‐
dazim, diethofencarb, iprodione and pyrimethanil.

3.2 | Control efficacy of fungicides against tomato 
grey mould

In all experiments conducted in the greenhouses of Xushui county 
and Guangzong county in 2014, carbendazim + diethofencarb 
(25% + 25% WP), pyrimethanil (400 g/L EC) and iprodione (50% WP) 
could not effectively control tomato grey mould, after being applied 
three times at the recommended doses. The CE of carbendazim 
+ diethofencarb (25% + 25% WP) applied at 900 g a.i./ha ranged 
from 22.75% to 26.91% on leaves and 24.11% to 29.23% on fruits. 
Pyrimethanil (400 g/L EC) at the dose of 562.5 g/ha gave similar CE 
to iprodione (50% WP) at the dose of 750.0 g/ha. However, the CE 
of pyrimethanil (400 g/L EC) was significantly lower than that of bos‐
calid (WG) 50% under the dose of 360.0 g/ha and pyrisoxazole (EC) 
25% under the dose of 225.0 g/ha. This indicates that carbenda‐
zim + diethofencarb (25%+25% WP), pyrimethanil (400 g/L EC) and 
iprodione (50% WP) could not effectively control grey mould at the 
recommended doses (Table 4).

3.3 | Resistance management in the control of 
tomato grey mould

From 2015 to 2017, resistance management technique on B. cinerea 
was applied in Xushui and Guangzong. It produced a distinct reduc‐
tion in the severity of tomato grey mould. The CE of experimental 

fields ranged from 91.3% to 96.7% (Table 5). Three years after the 
implementation of resistance management technique, there was a 
decrease in the proportion of B. cinerea with the EC50 of carbenda‐
zim greater than 500 mg/L and EC50 of diethofencarb greater than 
10	 mg/L.	 Also,	 in	 the	 experimental	 fields,	 there	 was	 an	 increase	
in the proportion of B. cinerea with EC50 of pyrimethanil less than 
50 mg/L. There was a slight increase in the sensitivity of B. cinerea, 
obtained from the experimental fields, to carbendazim, diethofen‐
carb and pyrimethanil, but most of the isolates were still resistant to 
these three fungicides (Figure 2).

4  | DISCUSSION

In this study, the sensitivity of B. cinerea on tomato in Hebei, to the 
four fungicides, was tested. The results showed that many isolates 
were resistant to the four fungicides carbendazim, diethofencarb, 
iprodione and pyrimethanil, indicating that fungicide resistance in 
B. cinerea is a serious problem in Hebei Province. Multi‐fungicide 
resistance in B. cinerea is a well‐known and well‐described phenom‐
enon. In the present study, 90.7% of the isolates exhibited resistance 
to carbendazim, diethofencarb and pyrimethanil. This is higher than 
that reported in the Jiangsu and Henan provinces of China (Liu et 
al.,	 2016;	 Sun	 et	 al.,	 2010).	A	 total	 of	 512	B. cinerea isolates were 
obtained	from	diseased	tomato	plants	from	10	regions	of	Hebei.	At	
each collection site, the four fungicides (carbendazim, diethofencarb, 
iprodione and pyrimethanil) with different modes of action were ap‐
plied to tomato plants for more than 10 years. The application fre‐
quency of these four fungicides was more than three times per year.

In the current study, the percentages of resistance isolates to 
carbendazim, and diethofencarb were 99.2% and 81.7%, in Baoding 
and Xingtai, respectively. Most of the isolates were highly resis‐
tant to carbendazim. The CE of carbendazim + diethofencarb (WP 
25% + 25%) on tomato grey mould ranged from 22.75% to 29.23%, 
in Baoding and Xingtai. It showed that the resistance of B. cinerea 
to carbendazim and diethofencarb resulted in failure to control to‐
mato grey mould. In the field trial, the CE of pyrimethanil (400 g/L 
EC) at the dose of 562.5 g/ha on tomato grey mould was 58.4%–
64.2%, significantly lower than that of pyrimethanil (400 g/L EC) 
at	 the	dose	of	450	g/ha	 in	2005	 (Xu,	 Shi,	&	Guan,	2005).	 In	 this	
study, the percentages of lowly resistant, moderately resistant and 
highly resistant isolates to pyrimethanil were 8.2%, 55.8%, 31.2% 
in Baoding and 6.8%, 75.0%, 6.8% in Xingtai, respectively. The CE 
of pyrimethanil on tomato grey mould significantly reduced as a 
result of the resistance of B. cinerea to pyrimethanil.

In the trial of resistance management on B. cinerea, the CE of 
the resistance management technique used in the present study 
on tomato grey mould was higher than 90%. Resistance manage‐
ment technique based on the application of biopesticides and new 
fungicides with different modes of action and without cross‐re‐
sistance with carbendazim, diethofencarb and pyrimethanil was 
implemented in the greenhouses where isolates resistant to carben‐
dazim, diethofencarb and pyrimethanil predominated the B. cinerea 
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population. Three years after the application of resistance manage‐
ment technique, there was a slight increase in the sensitivity of B. 
cinerea isolates to carbendazim, diethofencarb and pyrimethanil, but 
most of the isolates were resistant strains to these three fungicides. 
These could lead to the speculation that the resistance of B. cinerea 
to carbendazim, diethofencarb and pyrimethanil was stable. These 
results are consistent with literature reports (Fan et al., 2016; Liu et 
al., 2016; Malandrakis et al., 2011).

In conclusion, fungicide resistance of B. cinerea is a serious 
problem in Hebei Province of China. Growers no longer rely on 
benzimidazole, N‐phenylcarbamate, anilinopyrimidine and dicar‐
boximide fungicides as primary management tools. To manage the 
resistance of B. cinerea to carbendazim, diethofencarb and pyri‐
methanil and effectively control grey mould, management strat‐
egies should focus on the integrated management of grey mould, 
including the use of biopesticides and newly synthesized fungi‐
cides with different modes of action such as pyrisoxazole, boscalid 
and fludioxonil, and changing the cultural and sanitation practices 
(removal of diseased leaves and tomatoes; Prokkola & Kivijärvi, 
2007). With the widespread use of management strategies, the 
sensitivity shift of B. cinerea against newly synthesized fungicides 
should be further studied.
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