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With 3 figures

Abstract: The egg parasitoid Trichogramma japonicum (Hymenoptera: Trichogrammatidae) is used for biological control 
of lepidopteran pests, and it could be used for optimizing Integrated Pest Management (IPM) in rice crop. Chlorantraniliprole 
is a diamide insecticide broadly applied for pest control in rice cropping systems and it has been generally considered harm-
less to egg parasitoids. However, the impact of sublethal or low lethal concentrations of chlorantraniliprole on T. japonicum 
remains unclear. In this context, under laboratory conditions we assessed the acute toxicity of chlorantraniliprole on T. 
japonicum as well as sublethal effects of a low lethal concentration (LC10) on key biological traits of the parasitoid. In 
addition, we also evaluated the impact of chlorantraniliprole on the biocontrol service provided by T. japonicum on the pest 
Chilo suppressalis (Lepidoptera: Crambidae) under field conditions. The LC10 of chlorantraniliprole on adult parasitoids 
through exposure with residues was 0.110 mg/L, and this LC10 induced hormesis in exposed individuals; locomotory activ-
ity, respiratory metabolism and mass reproduction of T. japonicum were enhanced. Under field conditions, chlorantranilip-
role led to increased biocontrol service provided by T. japonicum (reduced pest damage). These results can be useful for 
optimizing further the use of Trichogramma parasitoids into IPM in rice crops. It also hints the importance of carrying out 
careful risk-assessment of pesticide non-lethal effects under field conditions when developing IPM.
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1 Introduction

Rice (Oryza sativa L.) is one of the most economically rele-
vant staple food crops in the world, it is widely consumed by 
the human population, with China and India being the largest 
producing countries (FAOSTAT 2022). A large number of 
insect pests, namely lepidopterans (Lepidoptera), frequently 
threaten plant growth and yield in rice fields. Chemical 
insecticides are extensively used as they represent the most 
effective and economic strategy to minimize crop losses.

Although these products are effective in pest control they 
show multiple issues notably risks of pesticide resistance and 
outbreaks in pests, as well as multiple side effects on non-
target organisms, e.g. through exposure to sublethal and/or 
low lethal concentrations (Mohammed et al. 2018; Wei et al. 
2019; Menail et al. 2020; Ricupero et al. 2020a). Sublethal 

concentrations of pesticides are concentrations that do not 
induce significant mortality in exposed populations, still they 
can cause multiple side effects in biocontrol agents, notably 
sublethal physiological and/or behavioral effects in exposed 
individuals (Desneux et al. 2007) but also hormesis phenom-
ena (Guedes et al. 2016; Cutler et al. 2022). Understanding 
the impact of sublethal effects of pesticides is key for eval-
uating their safety for beneficial insects in Integrated Pest 
Management (IPM) systems (Desneux et al. 2007; Lu et al. 
2012).

Chlorantraniliprole is a high-efficiency insecticide fre-
quently applied for pest control. As the first commercial 
insecticide of the anthranilic diamide class, it has been clas-
sified as a ryanodine receptor modulator (Cordova et al. 
2006). Chlorantraniliprole induced insect feeding cessation, 
lethargy, muscle paralysis and death by directly activating 
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ryanodine receptors which alter calcium release in muscle 
cells (Sattelle et al. 2008). Due to its high insecticidal activ-
ity, chlorantraniliprole is routinely used in rice fields to con-
trol various insect pests, although primarily lepidopterans 
such as Chilo suppressalis and Cnaphalocrocis medinalis 
(Zheng et al. 2011; Wei et al. 2019).

Parasitoid wasps of the genus Trichogramma 
(Hymenoptera: Trichogrammatidae) can parasitize eggs of 
various agricultural insect pests (Pizzol et al. 2010; Tabone 
et al. 2010; Qu et al. 2020). These parasitoids have been used 
notably for managing lepidopteran pests for more than 100 
years and they are routinely released in open fields (Huang 
et al. 2020; Zang et al. 2021). Trichogramma japonicum 
has been identified as an efficient biological control of lepi-
dopteran pests (Wang et al. 2021; Zhang et al. 2021) and is 
widely used in rice fields in China (Zang et al. 2021). For 
this reason, its use could help optimizing IPM programs for 
rice crops pending it is not negatively affected by pesticides 
already included in such packages (Chen et al. 2010; Zang 
et al. 2021).

The selectivity of chlorantraniliprole towards benefi-
cial arthropods has been assessed and yielded contrasting 
results (Biondi et al. 2012; Abbes et al. 2015; Ricupero et al. 
2020b). Previous studies generally considered chlorantra-
niliprole to be safe for parasitoids of Trichogramma genus 
(Preetha et al. 2009; Brugger et al. 2010; Khan and Ruberson 
2017; Yang et al. 2020). Nevertheless, recent studies hinted 
that low lethal concentrations (LC) of chlorantraniliprole 
could impact reproductive traits of T. brassicae and stressed 
that this insecticide has to be avoided in IPM (Parsaeyan et 
al, 2020; Nozad-Bonab et al, 2021). However, the impact of 
sublethal and low lethal concentrations of chlorantraniliprole 
on behaviors and biocontrol efficiency of T. japonicum in 
rice fields has not been evaluated yet.

In this context, we assessed the effects of a low lethal 
concentration of chlorantraniliprole (LC10) on various key 
traits of T. japonicum. We hypothesized that LC10 of chloran-
traniliprole can alter key biological traits of T. japonicum, 
affecting its behavioral and physiological activities. To test 
this, under laboratory conditions we first estimated the LC10 
of chlorantraniliprole by exposing T. japonicum adults to 
dry insecticide residues. Then, the impact of this LC10 was 
assessed on parasitism rate, locomotion, respiratory activi-
ties and mass reproduction under laboratory conditions. 
Moreover, the impact of LC10 of chlorantraniliprole on the 
biocontrol efficiency of T. japonicum against C. suppressalis 
on rice was also investigated in field conditions.

2 Materials and methods

2.1 Insect rearing
Trichogramma japonicum used for the experiments and 
laboratory colony were reared in the Institute of Plant 

Protection, Beijing Academy of Agricultural and Forestry 
Sciences. Newly emerged adults of T. japonicum were 
separated by sex and maintained in ventilated plastic boxes  
(10.0 × 8.0 × 5.0 cm) containing ca. 250–300 females per 
box. Ten percent of virgin females were selected for estab-
lishing the laboratory colony and, the remaining females 
were used in the following experiments within 2 days. The 
rearing of T. japonicum was conducted according to Wang 
et al. (2021).

A lab colony of Chilo suppressalis Walker (Lepidoptera: 
Crambidae) was initiated using individuals collected from 
rice fields at the research station of the Institute of Plant 
Protection, Jiangxi Academy of Agricultural Sciences, 
Nanchang, Jiangxi Province, China. Fifty pairs of C. sup-
pressalis were randomly selected and reared in ventilated 
plastic cylindrical arenas (D = 25.0 cm and H = 45.0 cm) 
containing from four to five young shoots (25 cm high) of 
Oryza sativa L. cv. “Liaoxing #1”. Rice plant seeds were 
provided by the Institute of Rice Crop Research, Liaoning 
Academy of Agricultural Sciences, Shenyang, Liaoning, 
(China). To obtain fresh eggs, female adults were introduced 
into plastic Petri dishes (9 cm diameter, covered by a mesh 
net) containing one fresh rice leaf (5.0–6.0 cm2) as oviposi-
tion substrate. Newly laid eggs were collected within 12 h. 
Insect rearing was maintained with the following conditions: 
25±1°C, 65±10% RH, 16L:8D (600 lux light intensity).

2.2 Residual toxicity on adults
The concentration-response mortality relationship of chloran-
traniliprole on T. japonicum was established by exposing par-
asitoid adults to dry insecticide residue on glass. Preliminary 
trials were used to determine the range of concentrations to 
be tested (Desneux et al. 2004) and five concentrations (4, 2, 
1, 0.5, and 0.25 ppm) were then made by dissolving chloran-
traniliprole (95% technical grade, Bayer, China) in 99.5% 
analytical-grade acetone (Sigma-Aldrich, USA) using a 
magnetic stirrer for 10 min at 300 rpm (pure acetone solu-
tion used as control). To obtain a homogeneous insecticide 
residue layer on the glass tube, 0.5 mL of chlorantraniliprole 
solution was applied to the inner surface of the tube (height 
= 7.5 cm, inner diameter = 3.0 cm) and rotated to prevent 
the formation of solution streaks on glass. Insecticide-treated 
and control tubes were placed under the fume hood for 1.5 h 
to allow the complete evaporation of insecticide solution 
before introducing adult parasitoids. Then, 80 T. japonicum 
female adults (1-day old) were placed per tube (= one repli-
cate). Tubes were covered with nylon gauze to allow air ven-
tilation. A solution of honey-water (0.15:1) was provided as 
food inside the tube between two layers of Parafilm to avoid 
potential contamination by the insecticide. Tubes were kept 
in a climatic cabinet (25±1°C, = 65 ± 1% RH, and 16L:8D) 
for 24 h. Parasitoid adults were maintained in the tube for 
1 h to allow sufficient contact with insecticide residues and 
then transferred into a clean tube for mortality observation 
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after 24 h. Parasitoids that showed no movement 24 h after 
the contact exposure were considered dead. At least five rep-
licates were carried out per each insecticide-concentration 
and the control.

2.3 Sublethal effects

2.3.1 Effect on parasitism and emergence rate
To evaluate the impact of LC10 chlorantraniliprole on the 
parasitism of T. japonicum, adult females were exposed to 
insecticide residue on glass (as described in section 2.2). 
Then, per each replicate, 40 females were placed in a glass 
tube (2.0 cm diameter and 6.0 cm height) for 24h with a host 
egg card (1.5 × 4.0 cm). Each host egg card was bearing 
1000 newly laid C. cephalonica eggs which were previously 
devitalized with UV light. To evaluate the parasitism rate, 
the number of eggs that showed black color (i.e. parasitized 
eggs) over the total number of eggs was counted under a 
stereomicroscope (Zeiss, SteREO Discovery V20, Germany) 
for 10 consequent days. The total number of emerged T. 
japonicum adults was counted from the beginning of the 
experiment until no new T. japonicum adults emerged. Each 
newly emerged parasitoid adult was sex-determined under 
stereomicroscope. The parasitism rate, emergence rate and 
the female proportion (female nb / total emerged wasps) 
were calculated. The experiment was replicated ten times for 
LC10 chlorantraniliprole and control treatments.

2.3.2 Effect on locomotion
This assay aimed at evaluating the impact of LC10 chloran-
traniliprole on the locomotory activity of T. japonicum. A 
single (1-d-old) T. japonicum female previously exposed to 
LC10 of chlorantraniliprole (see Section 2.2) was introduced 
into a plastic Petri dish arena (D = 9.0 cm) with a cluster 
of five eggs of C. cephalonica and covered by a transparent 
glass plate (parasitoids exposed to acetone were used as con-
trol). The locomotory activity of T. japonicum female was 
recorded for 10 min by means of a 4K video camera (X-T3 
with F1.2-56 fixed focus lens, Fujifilm, Japan), placed on the 
top of the experimental arena. Image recording lasted 10 min 
and was analyzed to obtain the parameters of locomotion by 
using insect behavior analyzed using Casonar-Image 1.5 
(Casonar, Yunnan, China) according to the following behav-
ioral items:

Creeping speed: confirmed as average speed (mm/s) of 
continuously creeping (no pause longer than 0.5 s).

Orientation change times: times, recorded as the creep-
ing orientation change angle >30° as one change.

Interval rest times: times, recorded as the wasp kept static 
> 5 s as one rest.

Time spent to contact host egg: time spent (s) from the 
wasp being placed in the dish to contacting the eggs and 
remaining on the surface of any egg over 5s.

2.3.3 Effect on respiratory activity
The respiratory activity of T. japonicum after exposure to 
LC10 chlorantraniliprole was measured by using an insect 
respiratory measurement system (Xiao et al. 2017). The sys-
tem included a CO2 infrared analyzer (Testo535, Munich, 
Germany), an InPro-6000 model gas O2 sensor (Mettler-
Toled, Switzerland), a stable air pump (SP200EC-LC, 
Schwarzer-Precision, Germany), an airflow meter, a CO2 
purification tube, a drying tube, a glass sample cham-
ber (2.0 cm diameter and 5.0 cm height), a data collector 
(LabPro V, Vernieer, USA), and a temperature sensor (TMP-
112, Texas Instrument, USA). A terminal analysis program 
(Sable T, Sable System, Denmark) was used to calculate the 
average respiratory quotient and the respiratory rate based on 
the collected raw data. We introduced into the sample cham-
ber 10 T. japonicum females previously exposed to LC10 
chlorantraniliprole residue on glass (see section 2.2). The air 
pump was subsequently activated and adjusted to an airflow 
of 0.05 L/min. All sensors and data collectors were main-
tained for recording over 30 min, and the respiratory quo-
tients and respiratory rates of 10 wasps were calculated by 
device-paired software. The tests were replicated 10 times 
for both LC10 of chlorantraniliprole and the control.

2.3.4 Effect on mass reproduction
The impact of LC10 of chlorantraniliprole on T. japoni-
cum mass reproduction was assessed. Briefly, 10,000 
Trichogramma wasps (1-d-old) were treated with the LC10 
of chlorantraniliprole, and following the reproduction pro-
cedures described in Li et al. (2019), we measured mass 
reproduction after 1 week and documented the number of 
wasps/m2/day (the experimental area was 55 m2). The bioas-
say was replicated 10 times for both LC10 chlorantraniliprole 
and control.

2.3.5 Effect on field parasitism
A field evaluation was undertaken to evaluate the effect 
of LC10 chlorantraniliprole on the biocontrol activity of T. 
japonicum towards its host C. suppressalis on rice under 
field conditions. Two square-shaped rice fields (0.2 hectares) 
were selected in Nanchang County, Jiangxi Province, China. 
The distance between rice fields was 200m and each field 
was surrounded by a 3.0-m border with no plants. Pesticide 
treatments were excluded from the experimental plots.

According to the population dynamics of C. suppressa-
lis recorded in the considered region during 2017–2019, two 
batches of 60,000 T. japonicum were released in each field 
on June 2nd and June 8th 2020. Parasitoids were exposed to 
the insecticide through spraying T. japonicum-parasitized C. 
suppressalis egg cards (black colored eggs, with 5,000 eggs 
per card) with the LC10 of chlorantraniliprole. Two para-
sitized host egg cards were then packed in one degradable 
spherical vessel (2.0 cm in diameter). Two to three vessels 
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bearing egg cards were released in five randomly selected 
locations in the experimental plots (control and chlorantra-
niliprole plots). After five days, the numbers of parasitized 
C. suppressalis eggs were recorded by collecting five C. sup-
pressalis egg clusters (approximately containing 35–80 eggs 
per cluster, as one replicate) from the five randomly selected 
sites in the chlorantraniliprole + T. japonicum and the T. 
japonicum (control) rice fields for calculating the parasitiz-
ing proportion as “parasitized C. suppressalis eggs number /  
total C. suppressalis eggs number” for each selected site. 
Fifteen days after the last wasps had been released, we ran-
domly selected 10 sites within the rice fields and observed 40 
rice plants in each site as a single replicate in both the LC10 
chlorantraniliprole and the control. The following param-
eters were recorded: n. total dead shoots, n. total of damaged 
plants by C. suppressalis and rice plants with white ear-head. 
Then the percentage of damaged plants by C. suppressalis 
was calculated as: (total dead shoots number + total damage 
plant number + number of rice plants with white ears) / 40 
plants * 100%.

2.4 Statistical analysis
Datasets were subjected to Levene and Kolmogorov-Smirnov 
tests for checking checked homogeneity and normality dis-
tribution, respectively. Lethal concentrations of chlorantra-
niliprole against T. japonicum through residual contact were 
determined through probit analysis using PoloPlus 2.0. The 
concentration–mortality relationship was considered valid 
when no significant deviation between the observed and the 
expected data occurred (at P < 0.05). A series of independent 
t-tests were carried out to compare the significance of the 
biological traits of T. japonicum, including parasitism, emer-
gence rate and emerged female rate), locomotion parameters 
(creep speed, orientation change times, interval rest times, 
and time spent to contact host eggs), respiration traits (respi-
ratory rate and respiratory quotient), field-parasitized C. 
suppressalis rate and damage proportion on rice plants. All 
t-tests were performed between the two independent factors 
LC10 chlorantraniliprole treatment and control treatment at  
P = 0.05 (using SPSS V23).

3 Results

3.1 Acute toxicity on adults
The LC50 and LC10 of chlorantraniliprole on T. japonicum 
after exposure to insecticide residues were 0.741 mg/L (95% 
confidence limit: 0.590–0.924) and 0.110 mg/L (95% con-
fidence limit: 0.064–0.161), respectively (χ2=1.819, df=4, 
P=0.770, slope=1.57±0.19).

3.2 Sublethal effects
Chlorantraniliprole in LC10 by contact exposure significantly 
increased the host parasitism by T. japonicum (t = 3.563, d.f. 
= 18, P < 0.001) as well as the parasitoid emergence rate  

(t = 2.707, d.f. = 18, P = 0.014) when compared to control 
group (Fig. 1). By contrast, no effect of the LC10 of chloran-
traniliprole was observed on the sex ratio of emerging T. 
japonicum (t = 0.865, d.f. = 18, P = 0.399, Fig. 1).

Adult female T. japonicum after being exposed to LC10 
of chlorantraniliprole increased significantly their creeping 
speed in comparison to control (t = 9.117, P < 0.001) and 
showed more frequent changes in the orientation behavior  
(t = 3.061, P = 0.01) (Fig. 2). In addition, significantly fewer 
interval rest times (t = -6.682, P < 0.001) and shorter time 
spent for contacting host eggs (t = –3.441, P < 0.001) were 
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Fig. 1. Mean percentages (±SE) of parasitized hosts, success-
fully emerged adults and females of T. japonicum when exposed 
to LC10 of chlorantraniliprole. ***: P< 0.001, *: P< 0.05, n.s.: not 
significant (t-test).

Fig. 2. Mean values (±SE) of locomotory performance parame-
ters recorded for T. japonicum females exposed to LC10 chloran-
traniliprole and for control (n=10 for each group). ***: P< 0.001, 
*: P< 0.05 (t-test).
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observed for T. japonicum females that had been exposed to 
insecticide residues (vs. control).

The respiratory metabolism of T. japonicum adults was 
assessed by measuring the respiratory rate and respiratory 
quotient. When T. japonicum females were exposed to LC10 
of chlorantraniliprole there were significant increases in both 
the respiratory rate and respiratory quotient (7.26±0.23 J/g 
min and 1.9±0.17, respectively) when compared to the con-
trol (3.94±0.14 J/g min and 1.4±0.09, respectively) (respi-
ratory rate: t = 14.214, P < 0.001, respiratory quotient: t = 
12.344, P < 0.001).

3.3 Effects on mass reproduction
There was a significant increase in T. japonicum mass repro-
duction when parasitoids were exposed to dry residue of 
LC10 chlorantraniliprole (35766.9 ± 1127.3 parasitoids/
day/m²) when compared to the control group (21514.4 ± 
2354.2 parasitoids/day/m²) (t = 5.46, d.f. = 18, P < 0.001).

3.4 Effect on field parasitism
Chlorantraniliprole-treated T. japonicum applied to suppress 
C. suppressalis in the field showed higher biocontrol service 
when compared to the control (t = 3.204, d.f. = 4.568, P < 
0.001, Fig. 3A). As a result, less plant damage was observed 
in rice field where chlorantraniliprole-treated parasitoids 
were released (t = –8.27, d.f. = 18, P < 0.001, Fig. 3B).

4 Discussion

Chlorantraniliprole is one of the most used insecticides 
against lepidopteran pests in rice fields (Khan & Ruberson 
2017) as it is generally considered as safe compound for 
Trichogramma parasitoids that are used for biological con-
trol applications in rice cropping systems (Yang et al. 2020). 
Parasitism and emergence rates are key physiological traits 
for parasitoid reproduction and biocontrol service that they 
usually provide. For this, they are routinely considered for 
assessing sublethal impact of insecticides on insect parasit-
oids (Abbes et al. 2015; Ricupero et al. 2020a). In our study, 
the LC10 of chlorantraniliprole increased both parasitism by 
T. japonicum and the emergence rate of parasitoid offspring. 
In addition, no alteration of the sex ratio was observed with 
similar number of females offspring in control group vs. 
LC10 chlorantraniliprole group. By contrast, Parsaeyan et al. 
(2020) showed that T. brassicae emergence rate was reduced 
by 24% when parental generation was exposed to field rate of 
chlorantraniliprole. By contrast, no alteration was recorded 
on the emergence rate of T. chilonis after the exposure of egg 
cards to field concentration of chlorantraniliprole (Brugger 
et al. 2010).

Time spent for host searching and feeding activities is an 
important behavioral trait that should be considered when 
parasitoids are exposed to pesticide residues (Desneux et al. 
2004). According to the results of the behavioral assay, T. 

japonicum females exposed to LC10 chlorantraniliprole had 
faster locomotion and spent a shorter time with their hosts. 
Behavioral changes are the result of toxic compounds that 
can reduce or increase insect mobility (Desneux et al. 2007). 
A reduction in insect locomotion after exposure to anthra-
nilic diamides is generally observed as a result of impaired 
targeted mechanisms in insect body (Hannig et al. 2009; 
Plata-Rueda et al. 2019; Williams et al. 2020). By contrast, 
chlorantraniliprole residues at recommended label field rate 
on plant and inert substrates had no effect on the behavior 
of the parasitoid Copidosoma truncatellum (Hymenoptera: 
Encyrtidae) (Ramos et al. 2018).

We highlighted for the first time a positive sublethal 
effect, i.e. an hormesis effect, of chlorantraniliprole on the 
locomotion of T. japonicum. Low pesticide concentrations 
proved to have both negative and positive effects on natu-
ral enemies (Rix and Cutler, 2020). For instance, spinosad 
LC20 caused a significant decrease in male locomotor activ-
ity of T. chilonis (Wang et al. 2017), while a sublethal dose 
of beta-cypermethrin increased the flying activity and walk-
ing capacity of Harmonia axyridis (Pallas) (Coleoptera: 
Coccinellidae) (Xiao et al. 2017).

Fig. 3. Mean percentages (±SE) of parasitism on Chilo suppres-
salis by T. japonicum when exposed to LC10 of chlorantraniliprole 
(A) and pest damage on rice fields (B). ***: P< 0.001 (t-test).
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The respiratory results showed an increase in the respi-
ratory metabolism and respiratory quotient of T. japonicum 
adults that were exposed to LC10 of chlorantraniliprole. 
The increase in respiratory activity might be linked to the 
increase in locomotion since higher levels of locomotory 
activity would result in energy demand and, as a conse-
quence, a higher respiration rate (Xiao et al. 2017). By con-
trast, a reduction of respiratory rate has been associated to 
a decrease in locomotion for Hypothenemus hampei Ferrari 
(Coleoptera: Curculionidae) when exposed to chlorantra-
niliprole residues under laboratory conditions (Plata-Rueda 
et al. 2019). Nevertheless, insect respiration could be also 
influenced by metabolic functions that are involved in 
defense mechanisms against toxicants (Pimentel et al. 2012).

A general increase in mass reproduction of T. japonicum 
adults exposed to LC10 of chlorantraniliprole was demon-
strated in our study. Moreover, adults of T. japonicum that 
were preliminary exposed to chlorantraniliprole effectively 
controlled C. suppressalis in the field and less rice plant 
damage was recorded. These results can be considered as a 
consequence of an increased parasitism capacity in T. japon-
icum through exposure to the low lethal concentration of 
chlorantraniliprole. Although predation/parasitism capacity 
of insect natural enemies is generally considered to be nega-
tively affected when exposed to sublethal or low lethal con-
centrations of pesticides (He et al. 2012; Yao et al. 2015; Dai 
et al. 2020; Palma-Onetto et al. 2021), the outcomes of our 
investigations provided evidence of a chlorantraniliprole-
induced hormesis in the parasitoid T. japonicum.

Hormesis is used to describe a biphasic model of a 
dose-response, in which high doses are inhibiting or toxic 
and low doses are stimulatory or beneficial (Cutler et al. 
2022). Previously, positive hormesis effects have been docu-
mented as improving physiological responses which could 
help insect detoxification from contaminated environments 
(Guedes et al. 2016). However, parasitoids may prolong 
their pre-adult development, with extended pupal stages of 
the parasitoid T. pretiosum exposed to some chemical pes-
ticides (Carvalho et al. 2003). Considering the positive hor-
mesis effects on natural enemies by different chemicals is 
therefore essential and should be thoroughly investigated 
on a case-by-case basis. The mechanisms of hormesis have 
been widely investigated, potentially stimulating an organ-
ism to generate physiological homeostasis overcompensa-
tion or trade-off stress adaptation to reform its physiological 
stability balance (Calabrese 2009). Hormesis responses may 
also regulate biological or physiological characteristics, 
which may counteract the inhibitory effects of toxic stress-
ors. The mechanism of action behind hormesis seems to acti-
vate detoxification process and energy pathways (Ullah et al. 
2020).

Hormesis may trigger the fecundity-longevity trade-off 
in insects and their relative hormone responses (Yu et al. 
2010; Haddi et al. 2016). As other hormesis environmental 

stressors (e.g. humidity, salinity, and temperature), sublethal 
and/or low lethal concentrations of pesticides may influence 
gene expression in physiological feedback pathways, which 
could affect fitness-adapted traits (Forbes, 2000; Cutler et al. 
2022). Therefore, hormesis effect need to be investigated 
at multiple tiers, including transgenerational and metabolic 
levels (Dai et al. 2021; Zhu et al. 2022).

The use of insecticides to control insect pests is not only 
toxic to beneficial arthropods (Desneux et al. 2007) but also 
may result in insecticide resistance (Wei et al. 2019; Pires 
Paula et al. 2021; Zhu et al. 2022). A sustainable and envi-
ronment-sound use of insecticides should be the key point 
of future research for optimizing IPM programs (Ragsdale 
et al. 2011; Han et al. 2022; Thomine et al. 2022); integrating 
hormesis effect could provide an innovate way for optimiz-
ing insecticide applications in IPM (Guedes et al. 2016; Tang 
et al. 2019).

To conclude, we demonstrated that a low concentration 
of chlorantraniliprole could induce hormesis effect on mul-
tiple biological traits of T. japonicum. Therefore, our finding 
could be helpful to optimize the use of this parasitoid into 
IPM programs for rice cropping systems. However, further 
risk assessment of the sublethal impact of chlorantraniliprole 
on other beneficial arthropods are still needed to comprehen-
sively understand the impact of this selective toxicant in the 
arthropod community in rice.
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