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HIGHLIGHTS

® Stimuli-responsive carrier was pre-
pared employing pectin as the gate-
keeper of MSNs.

® Pro@MSN-Pec improved the translo-
cation of prochloraz in rice.

® Prochloraz release of Pro@MSN-Pec
depended on pectinase of rice blast
disease.

® Pro@MSN-Pec had a longer duration
and excellent antifungal activity.
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ABSTRACT

Stimuli-responsive carriers as delivery systems of agrochemicals into plants can increase the utilization effi-
ciency of pesticides against target pests and reduce hazards on nontarget living organisms and the environment.
In the present work, prochloraz was loaded into mesoporous silica nanoparticles (MSNs) and coated by pectin on
the particle surface as a gatekeeper to study the translocation and distribution of prochloraz@MSN-pectin (Pro@
MSN-Pec) in rice plants. The results showed that Pro@MSN-Pec was successfully fabricated and had an average
size of 70.89 nm and a good loading efficiency (30% w/w). The MSNs were labeled using fluorescein iso-
thiocyanate (FITC) to track the distribution of the carriers in the rice plants. Confocal scanning analysis showed
that MSN-FITC could be transported to all rice parts from the treated leaves or roots. The release of prochloraz
(Pro) from Pro@MSN-Pec was pectinase-dependent. Compared with the commercial emulsifiable concentrate
(EC formulation) of Pro, the Pro@MSN-Pec formula had a better uptake and translocation in rice plants as well
as a longer duration and better antifungal activity against rice blast disease (Magnaporthe oryzae). The final
residue level of Pro in the rice plants was lower than the maximum residue limits. These results suggest that the
use of stimuli-responsive carriers as pesticide-delivery systems in plants can be potentially implemented in
applied agriculture.
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ARTICLE INFO ABSTRACT

Keywords: Improving pesticide efficacy, which depends on the smart delivery of pesticides in the field, has been the basis
Thiamethoxam for reducing the use of agricultural chemicals to an optimal level. Herein, a temperature-responsive release
Temperature-responsive release formulation (THI@HMS@P(NIPAM-MAA)) that can regulate pesticide release based on the relationship between
Hybrid material pesticide efficacy and ambient temperature is proposed. The THI@QHMS@P(NIPAM-MAA) was prepared by

Nilaparvata lugens (Stl)

Bioactivit seeded precipitation polymerization, wherein hollow mesoporous silica (HMS) was employed as the core; a
1oactivity

commonly used thermoresponsive copolymer, poly(N-isopropylacrylamide-co-methacrylic acid) (P(NIPAM-
MAA)), was used as the outer shell; and a type of positive temperature coefficient insecticide, thiamethoxam
(THI), was selected as the model pesticide. The prepared THI@QHMS@P(NIPAM-MAA) can effectively protect
THI against degradation under UV irradiation and showed strong adhesion to rice leaves. The bioactivity results
showed that the mortality of THI@QHMS@P(NIPAM-MAA) against Nilaparvata lugens (Stdl) (Hemiptera:
Delphacidae) was positively correlated with temperature and mainly benefitted from the temperature-induced
variation in the release rate. Furthermore, the THI@QHMS@P(NIPAM-MAA) possessed long-term bioactivity
(14 days) and showed negligible effects on rice seedling growth. This temperature-responsive release formula-
tion may be extended to other positive temperature coefficient pesticides in the future, thus greatly advancing
smart pesticide formulation development.
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ABSTRACT

a-Amylase-responsive carrier for controlled release of avermectin (AVM) was prepared based on a-cyclodextrin
(a-CD) anchored hollow mesoporous silica (HMS) using a-CD as a capping molecule. The release of AVM was
studied at different temperatures, pH values and in the presence or absence of a-amylase. The results revealed
that the AVM-encapsulated controlled release formulation (AVM-CRF) has a drastic enzymatic dependence, an
excellent encapsulation efficacy reaching 38%, and outstanding UV and thermal shielding ability. The AVM-CRF
biological activity survey shows excellent toxicological properties against Plutella xylostella larvae, which con-
firms that a-CD caps could be uncapped enzymatically in vivo and release AVM, inducing P. xylostella larval
death. AVM-CRF has a notable capability to keep 0.6mgL~"' AVM biologically active until 14th day with
83.33% mortality of the target insect, which was 40% higher than that of treated with AVM commercial for-
mulation. The study provides a theoretical basis for the application of pesticide reduction.
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Controlled release formulation of pesticides is a highly desirable way to increase the efficiency of the
pesticide as well as help reduce environmental pollution issues. In the present study, a novel adhesive
organic-inorganic hybrid material with a uniform size and morphology was fabricated employing hollow
mesoporous silica (HMS) as an inlayer material and poly(diacetone acrylamide) (PDAAM) as an outer
layer material. HMS was fabricated using polystyrene (PS) spheres as a hard template. Then, HMS was
functionalized with 3-aminopropyltriethoxysilane and 2-bromoisobutyryl bromide after removal of PS.
Finally, PDAAM was grafted onto HMS using surface-initiated atom transfer radical polymerization.

K ds: .. o . . . . . .
C?r’lz%rllesd release Cyantraniliprole (CNAP) utilized as a model pesticide was incorporated into hybrid material to prepare
Adhesive controlled release formulation. The results showed that both CNAP—loaded HMS and HMS—PDAAM had

extraordinary loading efficiencies (approximately 50% w/w). Kinetic studies of CNAP release demon-
strated that CNAP—loaded HMS—PDAAM exhibited a sustained release property for at least 25 days. The
stability test identified that CNAP—loaded HMS and HMS—PDAAM were much more stable under UV
irradiation and thermal conditions than CNAP technical. Tests of the adhesive properties showed that the
adhesive property of HMS—PDAAM was far stronger than that of HMS on rice leaves. Given the ad-
vantages of HMS—PDAAM, this hybrid material may be applied to other photosensitive pesticides,
especially those used for foliar spraying.

Cyantraniliprole
Hollow mesoporous silica
Poly(diacetone acrylamide)

© 2017 Published by Elsevier Inc.

1. Introduction sustained release, thus achieving the desired results [5]. It has been

remarked as a seed of new technology and has been widely used in

Pesticides play an irreplaceable role in integrated pest man-
agement due to their efficient, fast, economical, and easily imple-
mentation. However, more than 90% of the active ingredients of
conventional pesticide formulations applied in the field are lost to
the environment and cannot reach the target organisms due to
wind, UV light, washing away, evaporation, precipitation and other
factors [1]. This not only increases the application amount of pes-
ticides for pest control, but also leads to environmental pollution
[2—4]. Controlled release technology defined as a system in which
the concentration of an active substance is preset and has a

* Corresponding author.
** Corresponding author.
E-mail addresses: heshun@mail.hzau.edu.cn (S. He), jianhl@mail.hzau.edu.cn

(. Li).

http://dx.doi.org/10.1016/j.micromeso0.2017.07.025
1387-1811/© 2017 Published by Elsevier Inc.

the fields of food, medicine, environmental engineering, coatings,
cosmetics and pesticides [6—11]. Controlled release formulation of
pesticides can remarkably protect active ingredients against
degradation, can prolong the duration, and regulate the release of
active ingredients required for effective pest control, and it is highly
desirable for attaining the most effective utilization of the pesticide
as well as for reducing environmental pollution [12—16].
Organic-inorganic nanocomposites, commonly achieved by
locating the inorganic particles on the surface of polymer grains or
by adding modified nanoparticles into the polymer matrices, are
used in a wide range of applications in various fields, such as
sorption of toxic ions and controlled drug-delivery systems [17,18].
Mesoporous silica nanoparticles, due to their porous structure,
large surface area, good drug loading capacity relying on large pore
volumes, excellent biocompatibility, and modifiable surface
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Synthesis and Insecticidal Activity of Enzyme-Triggered
Functionalized Hollow Mesoporous Silica for Controlled Release

Amir E. Kaziem, *® Yunhao Gao," Shun He,*'® and Jianhong Li*"

"Hubei Insect Resources Utilization and Sustainable Pest Management Key Laboratory, College of Plant Science and Technology,

Huazhong Agricultural University, Wuhan 430070, China

T'Department of Environmental Agricultural Science, Institute of Environmental Studies and Research, Ain Shams University, Cairo

11566, Egypt
© Supporting Information

ABSTRACT: In the present study, enzymatic responsive controlled release formulations (CRFs) were fabricated. The CRFs
were achieved by anchoring mechanically interlocked molecules using a-cyclodextrin onto the surface pore rims of hollow
mesoporous silica (HMS). The CRFs were characterized using Fourier transform infrared spectroscopy, scanning electron
microscopy, transmission electron microscopy, and thermogravimetric analysis. The results showed that the CRFs had
extraordinary loading ability for chlorantraniliprole (42% w/w) and could effectively preserve chlorantraniliprole against
degradation under thermal conditions and UV radiation. The CRFs have been proven to be enzyme-sensitive. The release ratio
of chlorantraniliprole from CRFs can be accelerated observably when external a-amylase was introduced. The persistence of
CRFs was evaluated by regular sampling feeding experiment using Plutella xylostella as the target insect. The results showed that
the larval mortality of P. xylostella was much higher than that of Coragen under all concentrations after 14 days, which proved

that CRFs had remarkable persistence.

KEYWORDS: chlorantraniliprole, hollow mesoporous silica, controlled release, a-amylase sensitivity, biological activity survey

Bl INTRODUCTION

Chewing insects are considered the most injurious enemy for
crops, not only for their feeding consequences on shoots and
roots but also leavinfg plants vulnerable to infections with virus,
fungi, and bacteria.” Over the last several decades, pesticide
preparation has focused on extending the active ingredient
validity period in the ecosystem as much as possible” but did not
consider the environmental exposure period.” This dilemma can
be overcome by using nanoformulation technologies, a process
that involves a polymeric particle matrix that carries pesticide
molecules inside.” The loaded pesticide is then released in a
controlled manner in response to external stimuli. The synthesis
of hollow mesoporous silica (HMS) with scalable structures and
different synthesis mechanisms™® and properties”® has stimu-
lated significant attention in the last several decades. HMS
containers have multilateral intrinsic characteristics, such as
excellent biocompatibility,”'" high stability,'" high loading
capacity, and non-immunogenicity. In addition to its capability
of encompassing a gatekeeper on the outer surface,'>”'® being
nontoxic to living cells'” is its most environmentally valuable
feature. Since the first gated silica mesoporous particle was
developed,'® a variety of such systems of silica nanoparticles with
stimuli-responsive gatekeepers have been presented to control
the release of drug molecules in restraint of outward stimulators,
such as light,"” ™" redox potential,”>** pH,”* and enzymes.”> >
Further systems, including pseudorotaxanes,29 carboxylates,30
and complexes such as cyclodextrin,”" cucurbit[6]uril,** and
cucurbit[7]uril,”® have also been prepared. In addition, addi-
tional preliminary studies that use alternate exterior stimuli, such
as temperature”* and the presence of specific anions,** have also
been reported. Countless nanocarriers had been synthesized for

-4 ACS Publications  ©2017 American Chemical Society

7854

the delivery of pesticides, such as polymeric nanospheres,**~**

microcapsules,””~** solid lipid nanoparticles,”** layered double
hydroxides and clays,”~* nanosized metals and metal oxides,*’
and carbon nanotubes.’’ Nevertheless, programmed silica
nanocontainers that are capable of pH and enzyme responsive
release of pesticide molecules are currently under intensive
investigation.””>” This not only can strengthen some active
ingredients (AI) to withstand deterioration factors that may
adversely affect the active substances performance but can also
prolong the Al bioavailability.”* Chlorantraniliprole (CLAP) is a
new compound that belongs to the family of anthranilic diamides
as selective insecticides and presents a novel mode of action by
stimulating the insect ryanodine receptors (RyRs). CLAP in
water can be deteriorated by both chemical and photochemical
procedures.>” One goal is to utilize the advantage of carbohydrate
digestion and the digesting technique in pesticide formulation
technology. a-Cyclodextrin (@-CD) is a cyclic oligosaccharide
composed of a-(1,4) linked glucopyranose subunits that can be
enzymatically hydrolyzed by a-amylase. Whereas enzymes are
assimilation keys and exist in any digestive system, a-amylase is
our liberation key that exists in the salivary glands and midgut of
larvae with chewing mouthparts.***”

Orienting the pesticide particles to be released inside a specific
group of insects is a new promising research field in pesticide
formulation science that depends on the insect’s feeding type. In
particular, insects that eat plant leaves may be specifically
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Keywords:

Nanopesticide

Cnaphalocrocis medinalis (Guénee)
Chilo suppressalis (Walker)

Field trial

Biosafety

Nanopesticides with antiwashing capacity on leaves are the most promising new approaches for sustainable pest
management and have been fully evaluated in the laboratory. However, few studies have tested these nano-
pesticides on pests, and their efficacy under field conditions has not been investigated. In this study, an adhesive
hollow mesoporous silica hybrid with well-defined spherical shape and good monodispersity was used as a
nanocarrier of cyantraniliprole (CNAP) to fabricate an adhesive nanopesticide (CNAP-HMS-PDAAM). The con-
trol efficacy of CNAP-HMS-PDAAM was tested under field conditions. The results indicated that the efficacy of
four doses of CNAP-HMS-PDAAM (30.0-69.0 g a.i./ha) against Cnaphalocrocis medinalis (Guénee) 3, 7, and
14 days after spraying did not significantly differ from that of Benevia (34.5 g a.i./ha). Twenty-eight days after
spraying, the efficacy of all four doses of CNAP-HMS-PDAAM was significantly better than that of Benevia.
Additionally, the efficacy of CNAP-HMS-PDAAM at doses of 34.5, 39.0 and 69.0 g a.i./ha against Chilo sup-
pressalis (Walker) were significantly higher than that of Benevia (34.5 g a.i./ha). Thus, CNAP-HMS-PDAAM
showed long-term control efficacies against C. medinalis (Guénee) and C. suppressalis (Walker), mainly due to its
strong adhesive property on rice leaves and its sustained release properties. In addition, the nanocarriers showed

good biocompatibility and had no obvious influence on the growth of rice.

Introduction

Rice (Oryza sativa) is the leading cereal crop grown worldwide be-
cause of its great importance to global food security (Khuhro et al.,
2017; Wing et al., 2018). Cnaphalocrocis medinalis (Guénee) and Chilo
suppressalis (Walker) are two important insect pests of rice; their larval
leaf folding and stem boring behaviours greatly reduce the photo-
synthetic ability and vigor of rice plants, resulting in enormous reduc-
tions in rice yield (Padmavathi et al., 2013; Sun et al., 2018). To control
these pests, many effective insecticides are applied annually in paddy
fields worldwide, and the long-term use of which can lead to insect
resistance and groundwater pollution (Chagnon et al., 2015; Mao et al.,
2019). Therefore, there is a need to develop novel technologies to re-
duce pesticide use and protect rice from pests via sustainable means.

In recent years, research into nanotechnology applications in pes-
ticide delivery has received much attention (White and Gardea-
Torresdey, 2018; Lombi et al., 2019; Kah et al., 2019). By utilizing the

* Corresponding authors.

benefits of nanomaterials, nanopesticides achieve smart release, im-
prove the stability of active ingredients (Als) in the environment, and
prolong the effect duration (Nuruzzaman et al., 2016; Zhao et al., 2018;
Lowry et al., 2019; Gao et al., 2020). Among them, nanopesticides with
strong adhesion force on leaves have been widely studied. For example,
Xiang et al. modified natural nanoclay with a high-energy electron
beam to fabricate an effective matrix with nanonetworks, which pos-
sessed high antiwashing capacity and low chlorpyrifos amount loss on
the peanut leaf surface (Xiang et al., 2014). Sharma et al. prepared anti-
drift nanostickers made of graphene oxide for chlorpyrifos delivery,
which effectively controlled the drift loss of chlorpyrifos on the cauli-
flower leaf via the piercing effect and the 2-D structure of graphene
oxide (Sharma et al., 2017). In another case, Cui et al. reported on
catechol group-modified avermectin nanoparticles, which showed good
adhesion properties and long retention time on cucumber and broccoli
foliage surfaces (Liang et al., 2018).

Taken together, these results indicate that nanopesticides with

E-mail addresses: guomingcheng@agri.gov.cn (M. Guo), heshun@mail.hzau.edu.cn (S. He).
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Carboxylesterase genes in nitenpyram-resistant brown
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Introduction

Abstract Carboxylesterases (CarEs) represent one of the major detoxification enzyme
families involved in insecticide resistance. However, the function of specific CarE genes
in insecticide resistance is still unclear in the insect Nilaparvata lugens (Stél), a notorious
rice crop pest in Asia. In this study, a total of 29 putative CarE genes in N. lugens were
identified, and they were divided into seven clades; further, the B-esterase clade was signif-
icantly expanded. Tissue-specific expression analysis found that 17 CarE genes were abun-
dantly distributed in the midgut and fat body, while 12 CarE genes were highly expressed
in the head. The expression of most CarE genes was significantly induced in response
to the challenge of nitenpyram, triflumezopyrim, chlorpyrifos, isoprocarb and etofenprox.
Among these, the expression levels of NICarE2, NICarE4, NICarE9, NICarE17 and NI-
CarE24 were increased by each insecticide. Real-time quantitative polymerase chain re-
action and RNA interference assays revealed the NICarE1l gene to be a candidate gene
mainly involved in nitenpyram resistance, while simultaneously silencing NICarEl and
NICarE19 produced a stronger effect than silencing either one individually, suggesting
a cooperative relationship in resistance formation. These findings lay the foundation for
further clarification of insecticide resistance mediated by CarE in N. lugens.

Key words carboxylesterase; expression profiling; insecticide induction; Nilaparvata
lugens; nitenpyram resistance

Satoh & Hosokawa, 2006; Montella et al., 2012). In-
sect CarE genes have been classified into nine subfam-

Carboxylesterases (CarEs) belong to the «/B-hydrolase
fold superfamily, and they are widely present in microor-
ganisms, flora and fauna; these enzymes are involved in
the hydrolysis of a variety of ester-containing xenobi-
otics, neural signal transmission, pheromone degradation,
and reproductive development (Wheelock et al., 2005;
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ilies («-esterase, B-esterase, integument esterase, juve-
nile hormone esterase, acetylcholinesterase, gliotactin,
neuroligin, glutactin, and neurotactin) based on homol-
ogy and function differences (Ranson et al., 2002). With
the development of whole genome sequencing and tran-
scriptome sequencing of insects, members of these nine
subfamilies have been identified in the following in-
sect species: Drosophila melanogaster, Musca domes-
tica, Anopheles sinensis, Acyrthosiphon pisum, and Bom-
byx mori (Oakeshott et al., 1999; Yu et al., 2009; Ramsey
et al., 2010; Feng et al., 2018; Wu et al., 2018). Mem-
bers of the a-esterase clade, S-esterase clade and acetyl-
cholinesterase clade have been implicated in insecticide
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Hormetic Effects of Mixtures of Carbendazim and Iprodione on the Virulence

of Botrytis cinerea
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Abstract

Hormetic effects of fungicides on mycelial growth and virulence of plant
pathogenic fungi have been reported, but the effects of fungicide mix-
tures on virulence hormesis of plant pathogens remain to be investigated.
In this study, hormetic effects of mixtures of carbendazim and iprodione
on the virulence of two carbendazim-resistant isolates of Botrytis cinerea
were determined. Spraying carbendazim alone at 3 to 800 pg/ml
exhibited hormetic effects on virulence to cucumber leaves, and carben-
dazim at 10 pg/ml had the maximum stimulation of 16.7% for isolate
HBtom451. Spraying iprodione alone at 0.0001 to 0.0625 pg/ml
exhibited hormetic effects on virulence, and iprodione at 0.025 wg/ml
had the maximum stimulation of 18.7% for isolate HBtom451. However,
spraying simultaneously carbendazim at 800 wg/ml and iprodione at
0.0625 pg/ml showed inhibitory effects on virulence to cucumber leaves.
The mixture of carbendazim at 3 pg/ml and iprodione at 0.0001 pg/ml
had much higher virulence stimulations than either fungicide at the same
concentration alone. The maximum stimulation for the mixtures occurred

at 10 and 0.0005 pg/ml for carbendazim and iprodione, respectively, and
these concentrations were much lower than the concentration of their re-
spective fungicide alone eliciting the maximum stimulations. The maxi-
mum stimulation amplitude for the mixture was slightly higher than that
of each fungicide alone. These results demonstrated that carbendazim
and iprodione mainly had dose-additive rather than amplitude-additive
interactions when sprayed simultaneously with regard to virulence stim-
ulations. Studies on virulence stimulations for mycelia treated with fun-
gicide in potato dextrose agar showed that the maximum stimulation for
the mixtures occurred at concentrations much lower than the concentra-
tion of carbendazim alone, indicating a dose-additive interaction when
compared with carbendazim hormesis. Studies on potential physiological
mechanisms of hormesis showed that increased tolerance to H,O, may be
one of the mechanisms for virulence hormesis for the mixtures of ipro-
dione and carbendazim. These studies will advance our understanding
of hormesis of fungicide mixtures.

The necrotrophic plant pathogenic fungus Botrytis cinerea Pers.
Fr. can infect more than 1,400 plant species in 586 genera across
the world. The extremely broad host spectrum mainly comprises di-
cotyledonous plants, many of which are economically important fruit
and vegetable crops (Elad et al. 2015; Van Kan et al. 2017). Gray
mold caused by B. cinerea usually leads to serious economic losses
to the production of many fruit and vegetable crops such as grapes
and tomatoes. So far, no crop cultivars with complete resistance to
this pathogen have been successfully developed. B. cinerea can pro-
duce huge amounts of conidia in a favorable environment and form
highly resistant sclerotia as a survival structure in an adverse environ-
ment. B. cinerea has evolved exquisite infection tactics to efficiently
attack a fairly wide range of plants, making it one of the most suc-
cessful plant pathogenic fungi on earth (Amselem et al. 2011; Wil-
liamson et al. 2007). Therefore, it has been traditionally difficult to
control this intractable pathogen. Among the integrated management
tactics, fungicides remain a primary approach to controlling B. cin-
erea (Mbengue et al. 2016; Nakajima and Akutsu 2014).

Among the various fungicides registered in China for control of
gray mold, the benzimidazole fungicide carbendazim is one of the
most widely used compounds, although mainly as mixtures with
other fungicides of different modes of action or different chemical
groups such as pyrimethanil, iprodione, and diethofencarb (http://
www.chinapesticide.org.cn/hysj/index.jhtml). Carbendazim is a typ-
ical single site of action fungicide, and point mutations of E198A/G/
K/V and F200Y in the target (3-tubulin gene usually lead to high and
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moderate levels of resistance in plant pathogenic fungi (Banno et al.
2008). The Fungicide Resistance Action Committee (FRAC 2018)
lists the benzimidazole fungicides as having a high risk for resistance
development. The resistance of B. cinerea to benzimidazole fungi-
cides is prevalent, and carbendazim resistance has been reported
across the world (Konstantinou et al. 2015; Rupp et al. 2016; Saito
etal. 2016). In China, although carbendazim has been primarily used
as mixtures with other fungicides for control of gray mold in the last
several decades, different levels of carbendazim resistance have also
been reported (Liu et al. 2014; Zhang et al. 2006; Zhou and Ye 1987).

The development and prevalence of fungicide resistance have se-
rious implications for control of plant pathogens. High levels of re-
sistance will result in control failures for fungicide in the field.
More importantly and unexpectedly, fungicides applied in the field
may stimulate rather than inhibit plant pathogens in some situations,
especially for resistant strains. In fact, some farmers have witnessed
more serious disease outbreaks after application of fungicides than
the nontreated control. In the fields, pathogens will be exposed to
sublethal doses of the applied fungicides because of the drift of
sprayed droplets, degradation of fungicides, and different penetra-
tions through crop canopies. Concentrations recommended on the
packaging labels are effective to the sensitive strains of the target
pathogen and will become sublethal or relatively low dosages for
the resistant strains (Garzén and Flores 2013). Low dosages of fun-
gicides may stimulate mycelial growth and virulence of plant patho-
genic fungi. Stimulatory effects of carbendazim on the virulence of
resistant isolates of B. cinerea have been reported recently (Cong
et al. 2018). Our previous studies also reported stimulatory effects
of low doses of dimethachlone (Zhou et al. 2014) on mycelial growth
and virulence, and trifloxystrobin (Di et al. 2016a), carbendazim (Di
et al. 2015, 2016b), and flusilazole (Lu et al. 2018a, b) on the viru-
lence of Sclerotinia sclerotiorum. In addition, stimulatory effects
of low doses of fungicides on a variety of fungi have also been docu-
mented, such as stimulatory effects of sublethal doses of thiabenda-
zole on spore germination of Penicillium expansum (Baraldi et al.
2003), propamocarb on mycelial growth of Lyophyllum palustre
(Landry et al. 2011), prothioconazole on the production of the myco-
toxin deoxynivalenol in Fusarium graminearum (Audenaert et al.
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Abstract

Hormetic effects of fungicides are highly relevant to fungicide applications
and management of plant-pathogenic fungi. Preconditioning (i.e., early ex-
posure to relatively low doses of a toxicant) is a special form of hormesis,
and fungicide preconditioning of phytopathogenic fungi is inevitable in
the field. The present study showed that spraying the demethylation inhibitor
(DMI) fungicide flusilazole at 0.1 pg/ml had stimulatory effects on the vir-
ulence of Sclerotinia sclerotiorum inoculated at 1 and 24 h after spraying.
Flusilazole sprayed at 10 p.g/ml showed inhibitory effects on the virulence
of S. sclerotiorum inoculated during the first 3 days after spraying. Inocula-
tions on the 5th, 7th, and 10th day after spraying did not show any significant
inhibitory or stimulatory effects on the virulence. After growing for 2 days
on potato dextrose agar (PDA) amended with flusilazole at a dose range from
0.0005 to 0.25 pg/ml as preconditioning treatments, mycelia were trans-
ferred onto PDA without fungicide and subsequent mycelial growth was
slower than the nonpreconditioned control. However, after the precondi-
tioned colonies were transferred onto PDA supplemented with flusilazole

at 0.2 pg/ml, percent stimulations of mycelia growth compared with the con-
trol had a parabolic shape across the preconditioning flusilazole concentra-
tion range. Similarly, the mycelial growth of the preconditioned mycelial
plugs on PDA amended with other DMI fungicides (prochloraz or tebucona-
zole) also showed a typical hormetic response, whereas mycelial growth on
PDA amended with carbendazim or dimethachlone was inhibited in a dose-
dependent manner. Preconditioning S. sclerotiorum with flusilazole on rape-
seed plants elicited virulence stimulations in a dose-dependent manner similar
to those on mycelial growth on PDA. After disease lesions developed on
rapeseed leaves sprayed with flusilazole as the preconditioning treatment
were inoculated onto rapeseed plants, virulence was inhibited on leaves with-
out fungicide or sprayed with carbendazim or dimethachlone compared with
the nonpreconditioned control, whereas virulence was stimulated on leaves
sprayed with flusilazole, prochloraz, or tebuconazole, and the maximum per-
cent stimulation was 10.2%. These results will advance our understanding of
hormetic effects of fungicides and of preconditioning hormesis in particular.

Due to different distributions and penetrations through crop cano-
pies, spraying a fungicide in the field will inevitably lead to exposure
of plant pathogens to sublethal doses of the applied fungicide (Flores
and Garzén 2013). Exposure of pathogens to sublethal doses of a fun-
gicide may result in increased virulence to crops, and this phenomenon
belongs to a common biological concept called hormesis (Di et al.
2015). Hormesis is a kind of dose-response relationship characterized
by low-dose stimulation and high-dose inhibition (Calabrese 2015a).
Hormesis is a fundamental and general biology concept, and hormetic
responses have been reported in a wide range of biological models and
across a large variety of chemical classes (Calabrese 2015a). Up to
2011, approximately 9,000 cases of hormesis had been included in a
relational retrieval hormesis database (Calabrese and Blain 2011).
Qualitative and quantitative features of hormesis such as frequency,
stimulation amplitude, and dose range of chemicals have been thor-
oughly reviewed, mainly by Calabrese (2013, 2015a,b, 2016a,b) and
Calabrese and Mattson (2017). Stimulatory effects of sublethal doses
of fungicides on mycelial growth and virulence of bacteria, oomycetes
(Flores and Garzén 2013; Garzon et al. 2011), and fungi (Baraldi et al.
2003; Di et al. 2015, 2016a,b) have been reported. These studies pri-
marily focused on the stimulatory effects of low doses of fungicides
on plant pathogens, in vitro or in planta. However, in the field, fungi-
cides are applied at relatively high doses, and the pathogen may arrive
at the surface of crops after a period of time. The time profile of the
effects of fungicides on the virulence of plant pathogens is not yet clear
and, thus, merits studies.
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Preconditioning is a specific type of hormesis (Calabrese 2016a,b).
Preconditioning hormesis refers to the phenomenon where early expo-
sure to low to moderate doses of a toxicant or stress will lower the dam-
age caused by subsequent relatively high doses of related or unrelated
toxicants or stresses. Fungicide preconditioning has significant implica-
tions for plant pathogen management strategies. In the field, plant path-
ogens exposed to moderate doses of a fungicide may be partially
inhibited but not completely eradicated. The inhibited (i.e., precondi-
tioned) spores and mycelia will infect crop plants some time later, and
the effects of earlier fungicide exposure on later virulence are not clear.
In addition, a fungicide is usually sprayed twice with a time interval of
about 2 weeks in a growing season. It is highly possible that a pathogen
may have been preconditioned by the first application when exposed to
the second spraying. Although preconditioning hormesis has been ex-
tensively studied and reviewed recently (Calabrese 2016a,b; Calabrese
et al. 2007), to the best of our knowledge, no systematic studies have
been reported thus far on the quantitative features of fungicide precon-
ditioning. Sclerotinia sclerotiorum is a devastating necrotrophic plant-
pathogenic fungus with a wide host range and it often causes heavy yield
losses to many economically important crops (Boland and Hall 1994;
Bolton et al. 2006; USDA 2016; Wang et al. 2014). The sterol demethy-
lation inhibitor (DMI) fungicide flusilazole is a broad-spectrum fungi-
cide with high preventative and curative efficacies against S. sclerotiorum
(Lu et al. 2015), and stimulatory effects of low doses of flusilazole on
the virulence of S. sclerotiorum have been reported (Lu et al. 2018).
The objectives of the present study were to (i) assess the effects of dif-
ferent concentrations of flusilazole on the virulence of S. sclerotiorum
myecelial plugs inoculated at different time points after spraying the fun-
gicide, (ii) evaluate preconditioning hormetic effects of flusilazole on
mycelial growth of S. sclerotiorum on potato dextrose agar (PDA),
and (iii) determine preconditioning hormetic effects of flusilazole on
the virulence of S. sclerotiorum on rapeseed plants.

Materials and Methods

Collection and preservation of S. sclerotiorum isolates. Two
S. sclerotiorum isolates, HN-24 and GS-7, which had been used in pre-
vious studies on toxic and hormetic effects of flusilazole, were collected
in 2012 from rapeseed fields of Hunan and Gansu provinces, respectively
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Abstract

The ascomycete plant-pathogenic fungus Botrytis cinerea infects more than
1,400 plant species worldwide. Stimulatory effects of sublethal doses of fun-
gicides on plant pathogens are of close relevance to disease management. In
the present study, stimulatory effects of carbendazim on the virulence of
B. cinerea to cucumber plants were investigated. Spraying carbendazim on
cucumber plants at 3 to 200 wg/ml had stimulatory effects on the virulence
of carbendazim-resistant isolates of B. cinerea and the maximum percent
stimulations were 16.7 and 13.5% for isolates HBtom451 and HBstr491, re-
spectively. Preconditioned mycelia (i.e., mycelia grown on potato dextrose agar
[PDA] amended with carbendazim at concentrations of 10, 50, or 200
pg/ml) also showed increased virulence, and the maximum percent stimulations

for isolates HBtom451 and HBstr491 were 7.9 and 9.5%, respectively. Com-
pared with mycelia grown on PDA without carbendazim, virulence stimulation
magnitudes of spraying carbendazim on leaves increased moderately but the
concentrations of carbendazim that elicited the maximum stimulation increased
20- and 8-fold for preconditioned isolates HBtom451 and HBstr491, respec-
tively. The time course of infection indicated that virulence stimulation
was mediated by a direct stimulation mechanism. Studies of the physiological
mechanism for stimulation demonstrated that carbendazim had no significant
effects on tolerance to hydrogen peroxide, or on oxalic acid production in
B. cinerea. These studies will deepen our understanding of quantitative fea-
tures of hormetic effects of sublethal doses of fungicides on plant pathogens.

The ascomycete fungus Botrytis cinerea Pers. is a necrotrophic plant
pathogen notorious for its extremely broad host range. B. cinerea can
infect 586 genera, including more than 1,400 plant species worldwide
(Elad et al. 2015; Van Kan et al. 2017). B. cinerea mainly infects dicot-
yledonous plants, many of which are economically important fruit and
vegetable crops. Pre- and postharvest losses caused by this pathogen
are usually enormous due to its wide host range, huge amounts of con-
idia, highly resistant sclerotia as a survival structure, and exquisite in-
fection tactics (Amselem et al. 2011; Williamson et al. 2007). No crop
cultivar with complete resistance to this pathogen has been reported to
date. Due to limited gene resources for plant resistance, fungicides re-
main a primary approach to controlling B. cinerea (Mbengue et al.
2016; Nakajima and Akutsu 2014). Fungicides used for control of Bo-
trytis and related genera such as Sclerotinia and Monilinia account for
about 8% of the global fungicide market (Fillinger and Walker 2015).
The benzimidazole fungicide carbendazim has been widely employed
in China to control a variety of fungal plant pathogens since the 1970s.
Extensive and repeated applications of single-site fungicides such as
carbendazim have resulted in the emergence and development of fun-
gicide resistance in B. cinerea around the world (Konstantinou et al.
2015; Rupp et al. 2017; Saito et al. 2016). Since the earliest report of
carbendazim resistance in B. cinerea in 1971 (Bollen 1971), different
levels of carbendazim resistance have been reported around the world
(Liu et al. 2014; Zhang et al. 2006; Zhou and Ye 1987). In spite of
extensive and high levels of resistance, carbendazim is still used in
China, mainly as a partner ingredient mixed with other fungicides such
as pyrimethanil and diethofencarb, to control B. cinerea (http://www.
chinapesticide.gov.cn/hysj/index.jhtml). Therefore, it is of practical
significance to investigate stimulatory effects of sublethal doses of
carbendazim on B. cinerea.

Plant pathogens will be inevitably exposed to sublethal doses of a
fungicide in the field due to drift of spray droplets, the decay of the ac-
tive ingredient, and differential penetration through crop canopies.
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Fungicide applied at label-recommended concentrations for function-
ally sensitive pathogens will become sublethal to the resistant strains
(Garzo6n and Flores 2013). Sublethal doses of fungicide may increase
rather than decrease mycelial growth and pathogenicity of plant path-
ogens. The high-dose inhibitory and low-dose stimulatory effects of
fungicide on plant pathogens conform well to a more general biological
concept called hormesis (Di et al. 2015; Zhou et al. 2014). A hormesis
database has been established and approximately 9,000 hormetic dose-
response cases had been included up to 2011 (Calabrese and Blain
2011). Quantitative features and mechanisms of hormesis have been
extensively studied and reviewed (Calabrese 2013, 2015a,b, 2016a,b).

With respect to fungicide hormesis, numerous stimulatory responses
to sublethal doses of fungicides have been reported such as stimulation
of mycelial growth of Pythium aphanidermatum by low doses of prop-
amocarb and cyazofamid (Flores and Garzén 2013), mycelial growth
and virulence of P. aphanidermatum by mefenoxam (Garzoén et al.
2011; Moorman and Kim 2004), mycelial growth of Phytophthora
infestans by metalaxyl (Zhang et al. 1997), spore germination of Pen-
icillium expansum by thiabendazole (Baraldi et al. 2003), and mycelial
growth of Lyophyllum palustre by propamocarb (Landry et al. 2011).
Sublethal doses of prothioconazole increase production of the myco-
toxin deoxynivalenol in Fusarium graminearum (Audenaert et al.
2010). Our laboratory reported stimulatory effects of dimethachlone
(Zhou et al. 2014), carbendazim (Di et al. 2015, 2016b), and trifloxy-
strobin (D1 et al. 2016a) on the pathogenicity of Sclerotinia sclerotio-
rum. Although fungicide hormesis has been reported in many plant-
pathogenic fungi and oomycetes involving fungicides with different
modes of action, to the best of our knowledge, no hormetic responses
have been reported for the agriculturally important phytopathogenic
fungus B. cinerea. In order to design judicious fungicide application
strategies for management of B. cinerea, it is necessary to explore hor-
metic effects of fungicides on the virulence of this notorious pathogen.
Tolerance to hydrogen peroxide (H,O,) may increase the virulence of
a pathogen because host plants release reactive oxygen species as an
early defense response to initial pathogen challenges (Williams et al.
2011). B. cinerea produces oxalic acid both in vitro and in planta.
Oxalic acid is an important cofactor in pathogenesis and can stimulate
cell-wall-degrading enzymes such as polygalacturonase (Williamson
et al. 2007). Investigating effects of sublethal doses of carbendazim
on oxalic acid production and tolerance of B. cinerea to H,O, may
shed light on mechanisms of virulence stimulation. The objectives of
the present study were to (i) assess stimulatory effects of sublethal
doses of carbendazim on the virulence of B. cinerea and (ii) explore
potential hormetic mechanisms for virulence stimulation.
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ARTICLE INFO ABSTRACT

Keywords: Baseline sensitivity of Sclerotinia sclerotiorum to the succinate dehydrogenase inhibitor (SDHI) fungicide boscalid
Sclerotinia sclerotiorum was established by determining the effective concentration causing mycelial growth inhibition by 50% (ECsc)
Boscalid

values. The mean ECs, values of 76 isolates collected in 2008 and 77 isolates collected in 2014 were 0.0383 and
0.0395 pg/mlL, respectively. There was no significant difference (P = 0.695) in boscalid sensitivity between the
two years, and the frequency distribution of ECso values was unimodal, but right-skewed. Correlation analysis
showed that there was a statistically significant positive correlation (R*> = 0.856, P < 0.001) of sensitivity be-
tween boscalid and thifluzamide, but no significant correlation (R? = 0.01, P = 0.650) was detected between
boscalid and the demethylation inhibitor (DMI) fungicide prochloraz. Both preventive and curative efficacies of
boscalid were significantly higher (P < 0.05) than those of the reference fungicide carbendazim. Boscalid in
potato dextrose agar (PDA) at 0.04-0.16 pg/mL significantly reduced the number of sclerotia per plate, but the
weight of sclerotia increased slightly. Light microscopic observations showed that boscalid in PDA caused hy-
phae to branch more at the tip. Transmission electron microscopy (TEM) observations showed that mitochondria
were deformed for the mycelia grown on boscalid-amended PDA. Boscalid at 0.01 or 0.05 pg/mL had no sig-
nificant effect on mycelial cell membrane permeability of S. sclerotiorum. These results will deepen our under-
standing of the toxic action of boscalid, and the baseline sensitivity can be used as a reference point in future

Baseline sensitivity
Toxic actions

boscalid resistance monitoring programs.

1. Introduction

Sclerotinia sclerotiorum (Lib.) de Bary is a worldwide plant patho-
genic fungus, which causes disease on more than 400 plant species. The
host range includes many economically important crops and vegetables
such as oilseed rape, soybean, chickpea, peanut, dry pea, and sunflower
(Boland and Hall, 1994; Bolton et al., 2006). Sclerotinia stem rot (SSR)
caused by S. sclerotiorum is a devastating disease of oilseed rape in many
countries, including the USA (Bolton et al., 2006), Australia (Letham
et al., 1976), Canada (Bardin and Huang, 2001), and China (Ma et al.,
2009; Wang et al., 2014). Annual rapeseed yield losses caused by SSR
range from 10 to 20% in China, and may be up to 80% during severe
SSR outbreaks seasons (Li et al., 2006). Leaves, stems, and pods of ra-
peseed can be infected. S. sclerotiorum produces sclerotia in adverse
environments, and sclerotia can remain viable in the soil for up to 8
years (Bolton et al., 2006), thus making crop rotation problematic as a
control strategy.

Control of SSR is usually difficult due to the lack of resistant culti-
vars. Chemical control is still the primary method for managing SSR of

* Corresponding author.
** Corresponding author.

rapeseed (Wang et al., 2014). The benzimidazole fungicide carben-
dazim has been widely used to control SSR since the early 1980s in
China. Due to repeated applications, carbendazim resistance has been
frequently reported since the middle 1990s (Pan, 1998; Shi et al., 2000;
Zhang et al., 2003; Wang et al., 2014; Zhu et al., 2016). The di-
carboximide fungicide dimethachlone was registered in China around
the year 2000 to control SSR. After several years of applications, re-
duced dimethachlone sensitivity in S. sclerotiorum was reported in 2009
(Ma et al., 2009) and field resistance was reported in 2014 (Zhou et al.,
2014a). Therefore, introducing alternative fungicides with different
modes of action is necessary for control of this devastating pathogen.

Boscalid is a carboxamide fungicide, which binds to the ubiquinone
reduction site of complex II of the mitochondrial electron transport
chain to suppress the activity of succinate dehydrogenase (SDH),
thereby inhibiting fungal respiration (Avenot and Michailides, 2010).
Owing to its unique mode of action (MoA), boscalid is an effective
fungicide for control of a variety of plant diseases such as powdery
mildew, leaf spot, grey mold, and stem rot. However, site-specific MoA
implies a high risk for resistance development (Brent and Hollomon,

E-mail addresses: heshun@mail.hzau.edu.cn (S. He), zhufuxing@mail.hzau.edu.cn (F. Zhu).
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Recent progress in the application of mesoporous silica nanoparticles to

controlled pesticides delivery system

HE Shun, GAO Yunhao, WANHu, MA Hongju, LI Jianhong"
(College of Plant Science & Technology, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: Research and development of mesoporous silica nanoparticles (MSNs) has gained worldwide
interest due to its unique properties such as biocompatibility, large surface area, tunable pore size and
facile surface functionalization. This review discussed the research progress of the preparation methods
of MSNs (soft-template method, hard-template method and self-templating method), characterization
techniques (transmission electron microscopy, TEM; scanning electron microscopy, SEM; X-ray
diffraction, XRD; physical adsorption analysis; thermal gravimetric analysis and differential thermal
analysis, TGA-DTA; fourier-transform infrared spectroscopy, FT-IR) and their application in the field
of pesticide science. Potential problems of employing MSNs as pesticides controlled release carriers and
its prospective were also discussed.

Keywords: mesoporous silica; nanoparticles; pesticides controlled release; preparation methods;

characterization techniques
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GSTs MR E BALEA R ARHF ZF. L L4 R R, REEMMEH (EST 42 P450) T i 2
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EEEHA R, AT WA KRARW REE;, MAMK, M £

hESHS: S482.3; TQ450.2 SRR : A XERE: 1008-7303(2018)04-0439-06

Sensitivity of Sogatella furcifera to cycloxaprid at different temperatures

REN Zhijie, MAO Kaikai, LI Pengyue, LIU Chaoya, WANG Yue,
LI Jianhong, WAN Hu, HE Shun’

(Hubei Insect Resources Utilization and Sustainable Pest Management Key Laboratory, College of Plant Science &
Technology, Huazhong Agricultural University, Wuhan 430070, China)

Abstract: In order to clarify the sensitivity of Sogatella furcifera to cycloxaprid at different
temperatures, the toxicity of cycloxaprid to S. furcifera at different temperatures from 18 ‘C to 32 C
was determined by leaf dipping method. The effects of temperatures on the secretion of honeydew and
detoxification enzymes (EST, P450 and GSTs) were also detected. The results showed that cycloxaprid
was a positive temperature coefficient insecticide. The toxicity of cycloxaprid against S. furcifera
increased with temperature. The toxicity of cycloxaprid against S. furcifera at 32 ‘C was 15.6 times as
high as that at 18 °C. The feeding capacity and the amount of honeydew excretion increased with the
increase of temperature. The activities of EST and P450 of S. furcifera also changed with temperature.
With the elevation of temperature, the activity of EST increased first and then decreased. The P450
enzyme activity decreased at higher temperature. However, the activity of GSTs has no significant
difference under different temperatures. The susceptibility variation of S. furcifera to cycloxaprid under

different temperatures is closely related to its feeding capacity and detoxification activity (EST and

WS HE: 2018-02-26; R EHA: 2018-06-26.

EEWHE: EXRESUKEI (2016YFD0200500).
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