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Abstract: Hormesis for the intractable pests can be dreadful, but for natural enemies of pests, it is a
puissant strategy in optimizing their mass rearing. We report multigenerational stimulatory effects
of widely used insecticide, imidacloprid, on the demographic traits of an important egg parasitoid
Trichogramma chilonis Ishii. The study investigated the consequences of sublethal (LC5), low lethal
(LC30), and median lethal (LC50) concentrations, as well as a control, for five continuous generations
(F1 to F5). The initial bioassay experiments revealed imidacloprid exhibiting the highest toxicity for
the parasitoid with a LC50 of 2 µg·L−1, whereas LC5 and LC30 were 0.07 µg·L−1 and 0.6 µg·L−1,
respectively. Among biological traits, compared to the F1 individuals, a substantial increase in the
fecundity of T. chilonis was observed in the F5 individuals by 54.92% and 46.81% when exposed to
LC5 and LC30, respectively (p < 0.00001). Further, there was a significant enhancement in the adult
longevity as well as oviposition days of the F5 individuals at both these concentrations. Considering
the population traits, along with gross reproductive rate (GRR), net reproductive rate (R0) was also
enhanced by both LC5 and LC30 in F5 individuals than F1; whereas the intrinsic rate of increase (r)
and finite rate of increase (λ) were enhanced only at LC30 upon comparing with control. On the other
hand, LC50 exposure to T. chilonis did not result in notable differences in biological or population traits
when compared across generations (F1 and F5). Low and sublethal concentrations of imidacloprid did
not have a major influence on demographic traits of T. chilonis at initial generations of exposure but
can induce hormetic effects in the subsequent generations. Overall, imidacloprid-induced hormesis
stimulating the development of T. chilonis might be helpful under circumstances of mild exposure of
imidacloprid in fields and could be leveraged for its mass rearing.

Keywords: biological control; demographic parameters; hormesis; imidacloprid; sublethal effects

1. Introduction

Crops are generally prone to stress throughout the growth period due to the incursion
from various pests such as insects, nematodes, diseases, and weeds [1]. Even though
there is an appeal for integrated pest management (IPM) systems, chemical management
remains a priority [2]. However, the consequences of non-selective pesticides may have
ecological fallout such as ruination of predators and parasitoids, pest resurgence and
resistance, as well as secondary pest outbreak [3–6]. There is a proclivity for the natural
enemies to be at the risk of pesticides as compared to their herbivore host [7]. Although
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pesticides are applied at adequate concentrations against the targeted insects, certain spatio-
temporal conversions due to the abiotic and biotic factors steer alteration of the targeted
concentrations [8]. Thus, besides the lethal consequences, pesticides can have sublethal
outcomes on the arthropods exposed [5,9–13]. These sublethal concentrations often have
an impact on the demographic and biological traits, thus affecting the growth of the
organisms [14–21] and the phenomenon is categorized as ‘hormesis’ (meaning stimulation
due to low concentration and inhibition due to high concentration) [22–24]. The primary
focus remains on pesticide effects on pest species, but attention is currently being paid to
biocontrol agents of pests that are potentially relevant for agroecosystem services [24,25].

Trichogramma chilonis Ishii is an idiobiont and oligophagous egg parasitoid species
known to have a good pest suppression potential [26–30]. As Trichogramma is used exten-
sively against key Lepidopteran pests [31–33], there is a need to minimize the repercussion
of pesticides on them, demanding the study of the potential effects of commonly used
pesticides [34]. Imidacloprid, a widely used neonicotinoid, has been commercially applied
in the early nineties [35,36] due to the fact that it possesses systemic insecticidal activ-
ity [37,38]. It severely affects the non-targeted insects [5,39–43]. Apart from its lethal effects,
sublethal effects are also reported in various insects. For instance, sublethal (LC5) and low
lethal (LC15) concentrations of imidacloprid induced a stimulatory effect on the fecundity
and adult longevity of the progeny generations of the Aphis gossypii Glover along with a
substantial increase in the intrinsic and finite rate of increase [12].

Studies on pesticide-induced hormesis are crucial for insect pest management, how-
ever a new arena of recent attention is sublethal (hormetic) stress to optimize mass pro-
duction and to enhance the quality of bio-agents. Moreover, due to the value of bio-agents
in IPM, sublethal effect studies have garnered more importance. Despite the advances in
insecticide toxicology, the information on low and sublethal concentrations of imidacloprid
on the demographic traits is not well understood in important parasitoids such as T. chilonis,
a parasitoid of global distribution. Furthermore, studies stipulating the stimulatory effects
of other insecticides on the parasitoids are restricted to a single generation. Hence, for
the current study, the multigenerational stimulatory effects of imidacloprid on the demo-
graphic traits of T. chilonis were investigated for five continuous generations (F1 to F5). The
outcomes of the study would be helpful in providing comprehensive knowledge regarding
the possible enhancement of the mass rearing efficiency of T. chilonis.

2. Materials and Methods
2.1. Study Environment

The present research was conducted in the Biocontrol Laboratory of Crop Protection
Division, National Rice Research Institute, Cuttack (20◦27′14.0′′ N 85◦56′06.0′′ E) under
standard conditions (temperature 25 ± 1 ◦C; relative humidity 70 ± 5%; and 14 h light:
10 h dark).

2.2. Insect Colonies

Initial colonies of the factitious host, Corcyra cephalonica (Stainton) and parasitoid, T.
chilonis unexposed to pesticides were obtained from the mass-rearing facility of National
Rice Research Institute, Cuttack, Odisha, India. Before utilizing test insects in subsequent
experiments, they were reared over 10 generations to nullify any previous effects.

2.2.1. Rearing of the Factitious Host, Corcyra cephalonica

The host insect (C. cephalonica) was reared according to the procedure of Gowda et al. [44].
For mass rearing of C. cephalonica 0.25 cc (approx. 5000 eggs) of eggs were charged on a
medium which consists of sterilized and insecticide free broken maize kernels (2.5 kg),
roasted groundnut powder (50 g), yeast (2 g), multivitamin powder (5 g), streptomycin
sulphate (0.2 g), and formalin (0.1%, 10 mL). After the moth emergence, they were collected
in a moth collection unit (50 L) having an inner oviposition chamber (10 L) fitted with a
vacuum suction system (motor power of 120 W). The base of the unit was covered with
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wire mesh (15 mesh size) for egg deposition. On the inner wall of the oviposition chamber,
a cotton swab soaked in honey–water solution (1:1 ratio) was affixed. The eggs laid were
collected from the bottom of the oviposition cage and sieved 3–4 times to obtain cleaner
eggs for further use.

2.2.2. Rearing of the Egg Parasitoid, Trichogramma chilonis

Trichogramma chilonis was reared according to the method of Gowda et al. [45]. Corcyra
cephalonica eggs were sterilized in a UV chamber with the help of UV-C lamp (HNS 15W G13;
Osram Puritec, Russia) for 45 min to prevent the embryonic development and subsequent
cannibalism by hatched larvae on unhatched parasitized eggs. One cc (18,000–20,000) eggs
were then glued on paper cards (15 × 10 cm). The eggs were then exposed in a 40:1 ratio to
female parasitoid wasps until adult mortality. The parasitoid population was maintained
in glass tubes (Borosil®; height × diameter, 19.0 cm × 3.6 cm) plugged with muslin fabric
to allow air movement and were kept in insect growth chambers (model: JSPC-420C; JS
Research Inc., Gongju, Republic of Korea).

2.3. Insecticide

Technical grade imidacloprid with 98% purity (Sigma Aldrich, St. Louis, MI, USA)
was used for the experiment. The required concentrations for contact toxicity studies were
obtained by diluting the insecticide with analytical-grade acetone. Only acetone served as
a control for each experiment. The insecticide solution used was fresh for all the bioassay
experiments to circumvent insecticide decomposition.

2.4. Toxicity Assay

Concentration–mortality bioassay was carried out to evaluate the toxicity of imida-
cloprid to T. chilonis. The dry film deposition assay was performed by exposing T. chilonis
adults to insecticide residues on glass tubes [3,46]. The concentration range inducing
(10–90) percent adult mortality was determined in preliminary experiments. Concentration–
mortality association was developed by subjecting T. chilonis adults to six different concen-
trations, i.e., 0.01, 0.1, 1, 10, 100, and 1000 µg·L−1 of imidacloprid. Insecticides solutions
were made and introduced to the inner walls of glass tubes (Borosil®; height × diameter,
19.0 cm × 3.6 cm). In order to ensure homogeneous deposition, one ml solution of insecti-
cide was applied, completely covering the inner surface of the tube. The tubes were rotated
until there were no visible droplets on the glass tube’s wall. Before introducing the T.
chilonis adults, the tubes were kept at room temperature for about 2 h to ensure evaporation.
Each tube contained a streak of honey and adult wasps of equal age (<24 h old) (n = 300).
Tubes were plugged with a muslin fabric affixed with rubber to allow air movement and
were kept in an insect growth chamber (model: JSPC-420C; JS Research Inc., Gongju,
Republic of Korea) set at 25 ◦C, 70% RH, 14L:10D. For each concentration of insecticide,
three replications (corresponding to three tubes) were used. After 8 h of exposure, adult
parasitoids were shifted to another tube free from insecticide and a streak of honey. After
24 h, bioassay results were recorded by counting the number of dead parasitoids and the
percentage mortality was calculated. Wasps that did not move when probed were assumed
to be dead.

2.5. Multigenerational Sublethal Effects of Imidacloprid on the Demographic Traits of T. chilonis

Sublethal (LC5), low lethal (LC30), and median lethal (LC50) concentrations of imidaclo-
prid including control (acetone) were applied to investigate the effects on the demographic
traits of T. chilonis adults for five continuous generations (F1 to F5). The demographic traits
of T. chilonis were assessed by the method suggested by Del Pino et al. [47] under standard
laboratory conditions (temperature 25 ± 1 ◦C; relative humidity 70 ± 5%; and 14 h light:
10 h dark)
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2.5.1. Egg to Adult Developmental Time

The development time of T. chilonis was carried out at sublethal (LC5), low lethal (LC30),
and median lethal (LC50) concentrations and control (acetone). The prepared insecticide
solutions were applied in the glass tubes as described in Section 2.4. After 8 h of exposure,
approximately 20 surviving pairs (males and females) were selected from the treated tubes
and were exposed to 200 fresh UV-sterilized eggs of C. cephalonica for 24 h. All parasitoids
were taken out after 24 h. Sixty parasitized eggs (<24 h old) were placed singly in glass vials
(Borosil®; height × diameter, 7.5 × 0.8 cm) using a wet fine brush (Camlin No. 0). Each egg
isolated individually corresponded to a replicate. The parasitized eggs were monitored
daily till adult emergence and their sex was recorded. As the parasitoid completes its larval
development inside the egg of its host, the immature stages, namely egg, larva, and pupa,
were considered as pre-adult stages. The multigenerational sublethal effects were recorded
for five continuous generations (F1 to F5) with 20 pairs of surviving genitors (n = 40) in
each generation. Each generation was carried forward by genitors treated with designated
concentrations of imidacloprid and offered with UV-sterilized C. cephalonica eggs.

2.5.2. Adult Fecundity and Longevity

The fecundity and longevity of T. chilonis adults were performed at similar environ-
mental conditions mentioned in Section 2.4. Sixty pairs of wasps (<24 h old) acquired
from the studies of development (refer Section 2.5.1) were isolated in separate plastic vials
(height × diameter; 5.3 × 3.3 cm) and plugged with cotton and a strip of honey solution.
Sentinel cards (length × width; 3.5 × 3 cm) consisting of 100 fresh C. cephalonica eggs were
provided daily to adult parasitoids ad libitum. The cards (parasitized) were taken out daily
and were incubated until the emergence of offspring. The longevity and fecundity of the
adult, along with emergence rate and sex ratio of the offspring, were recorded [47].

2.6. Statistical Analysis

Mortality data were used for probit analysis by operating PoloPlus version 2.0 (LeOra
Software Inc., Berkeley, CA, USA) software and the sublethal (LC5), low lethal (LC30),
median lethal (LC50), and LC90 concentrations were calculated with associated 95% fiducial
limits [5,12,48]. The raw data on T. chilonis life history were evaluated with the help of
age-stage, two-sex life table theory [49,50]. The parameters involving finite rate of increase
(λ), intrinsic rate of increase (r), gross reproductive rate (GRR), net reproductive rate (R0)
and mean generation time (T), age-stage specific survival rates (sxj), age-specific survival
rate (lx), age-specific fecundity (mx), oviposition days, adult pre-oviposition period (APOP),
total pre-oviposition period (TPOP), age-specific maternity (lxmx), age-stage specific life
expectancy (exj), and age-stage reproductive value (vxj), were computed with the aid of
TWOSEX-MSChart computer program [18,51]. The mean and standard errors of the traits
were computed using 100,000 bootstrap re-samples [52]. Difference of the parameters
between the imidacloprid treated and untreated (acetone) groups and between generations
within each treatment group were analyzed with the help of the paired bootstrap test.

3. Results
3.1. Toxicity Assay of Imidacloprid on T. chilonis Adults

Concentration–mortality assay of imidacloprid on T. chilonis adults showed a linear
regression, thereby validating the fitting of the observed data and thus providing a LC50
(2 µg·L−1) and LC90 (20 µg·L−1) with a 95% fiducial limit of 0.9–3 µg·L−1 and 9–60 µg·L−1,
respectively (Table 1). Furthermore, the sublethal concentration (LC5) (0.07 µg·L−1) and low
lethal concentration (LC30) (0.6 µg·L−1) were estimated with a fiducial limit of 0.01–0.2 µg·L−1

and 0.3–1 µg·L−1, respectively (Table 1). The LC5, LC30, and LC50 along with the control
(acetone) were thus chosen to assess the population and biological traits of imidacloprid on
T. chilonis adults.
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Table 1. Toxicity of imidacloprid on T. chilonis adults determined by using dry film deposition assay.

Insecticide n Slope ± SE
LC5

µg·L−1

(95% CL)

LC30
µg·L−1

(95% CL)

LC50
µg·L−1

(95% CL)

LC90
µg·L1

(95% CL)
χ2 (df)

Imidacloprid 300 1.189 ± 0.055 0.07 (0.01–0.2) 0.6 (0.3–1) 2 (0.9–3) 20 (9–60) 12.196 (3)

SE—standard error; LC—lethal concentration; CL—confidence limits; and df—degree of freedom.

3.2. Multigenerational Sublethal Effects of Imidacloprid on the Biological Traits of T. chilonis

Multigenerational effects of imidacloprid on the biological traits of F1 and F5 gen-
eration of T. chilonis are provided in Table 2. Results revealed that LC5 had no notable
differences in the developmental time, fecundity, and longevity of the F1 generation of T.
chilonis, but a significant effect was noticed on the adult longevity, total longevity, oviposi-
tion days, and fecundity of the F5 generation of T. chilonis in comparison to the control. It
was reported that the duration of adult longevity (p < 0.00001), total longevity (p = 0.03659),
and reproductive days (p = 0.00034) of F5 individuals were significantly enhanced by the
exposure of LC5 with stimulation in the fecundity from 169.26 ± 4.95 to 241.51 ± 5.39
offspring/individual (p < 0.00001) (Table 2). However, no such significant differences were
recorded for the immature period, pre-adult duration, and total pre-oviposition period
(TPOP) (Table 2). Furthermore, the sublethal concentration LC5 resulted in the increased
fecundity from 155.89 ± 9.24 to 241.51 ± 5.39 offspring/individuals) (p < 0.00001) dur-
ing F5 than that of the F1. Additionally, there was a prolongment in the adult duration
(p = 0.00007) and total longevity (p = 0.01368) as well as for the oviposition days (p = 0.00027)
in the F5 compared to F1 generation (Table 2). Concerning LC30, a significant enhancement
was noticed in the adult longevity, fecundity, and oviposition days in F5 generations as
compared to control. However, non-significant differences in the pre-adult duration and
TPOP of both generations were noticed in comparison to control. When compared between
the generations, a significant enhancement in the total longevity by 9.2% (p = 0.03375) and
fecundity by 46.8% (p < 0.00001) was observed in T. chilonis individuals of the F5 generation
(Table 2). Similarly, a substantial increase in the duration of adult longevity and oviposition
days were reported in the F5 individuals than that of the F1 individuals of the imidacloprid
LC30 treatment (p < 0.00001) (Table 2). LC50 exposure to T. chilonis did not result in any
notable differences in biological parameters except for the immature period (p = 0.03175)
and TPOP (p = 0.01994) upon comparing with control during F5 generation (Table 2).
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Table 2. Multigenerational effects of imidacloprid on the biological parameters of F1 and F5 genera-
tions of T. chilonis.

Biological Parameters Generations
Mean ± SE

Control LC5 LC30 LC50

Immature
F1 6.03 ± 7.55 aA 5.89 ± 0.06 aA 5.91 ± 0.09 aA 6.12 ± 6.71 aA

F5 6.07 ± 7.05 aA 5.89 ± 0.06 aA 5.84 ± 0.09 aB 6.28 ± 7.01 aA

Pre-adult (days)
F1 0.93 ± 0.03 aA 0.93 ± 0.03 aA 0.93 ± 0.03 aA 0.93 ± 3.22 aA

F5 0.93 ± 0.03 aA 0.93 ± 0.03 aA 0.93 ± 0.03 aA 0.93 ± 3.20 aA

Adult longevity (days)
F1 4.76 ± 0.17 aA 5.11 ± 0.19 bA 5.30 ± 0.12 bA 4.96 ± 0.15 aA

F5 5.12 ± 0.15 aB 6.03 ± 0.12 aA 6.18 ± 0.12 aA 5.05 ± 0.12 aA

Total longevity (days)
F1 10.48 ±0.23 aA 10.65 ± 0.26 bA 10.87 ± 0.22 bA 10.77 ± 0.22 aA

F5 10.82 ± 0.23 aB 11.52 ± 0.23 aA 11.58 ± 0.25 aA 11.03 ± 0.19 aA

TPOP (days)
F1 6.02 ± 0.08 aA 5.95 ± 0.08 aA 5.95 ± 0.11 aA 6.28 ± 0.08 aA

F5 5.99 ± 0.08 aA 5.95 ± 0.08 aA 5.95 ± 0.11 aA 6.28 ± 0.08 aA

Oviposition days
F1 4.85 ± 0.21 aA 5.18± 0.22 bA 5.39 ± 0.14 bA 5.10 ± 0.16 aA

F5 5.28 ± 0.18 aB 6.15 ±0.14 aA 6.26 ± 0.13 aA 5.13 ± 0.15 aA

Fecundity
(offspring/individual)

F1 156.64 ± 5.23 aA 155.89 ± 9.24 bA 191.43 ± 5.67 bA 154.95 ± 8.31 aA

F5 169.26 ± 4.95 aB 241.51 ±5.39 aA 281.05 ± 8.49 aA 163.43 ± 6.65 aA

Mean and Standard Errors (SE) were determined with the help of bootstrap technique with 100,000 re-samples.
Different lower-case letters denote significant differences between F1 and F5 generations within each treatment
group, whereas upper case letters denote significant differences between control and imidacloprid treatments in
each generation (p < 0.05, paired bootstrap test).

3.3. Multigenerational Sublethal Effects of Imidacloprid on the Population Traits of T. chilonis

Multigenerational effects of imidacloprid on the population traits of F1 and F5 gen-
eration of T. chilonis were given in Table 3. Compared to control, sublethal (LC5) treated
individuals of T. chilonis had no noteworthy differences in the population traits for the ini-
tial (F1) generation. Concerning later (F5) generation, a significant difference was observed
for the net (p = 0.01182) and gross (p = 0.00226) reproductive rate, whereas non-significant
results were noticed for the intrinsic rate of increase (r), finite rate of increase (λ), and mean
generation time (T) (Table 3). On the contrary, the low lethal (LC30) treatment showed
an increasing trend in the population parameters such as intrinsic rate of increase (r)
(p = 0.04648), finite rate of increase (λ) (p = 0.04638), net reproductive rate (R0) (p = 0.00053),
and gross reproductive rate (GRR) (p = 0.00002) as compared to control during F5 generation
(Table 3). Compared across the generations, there was an increase in the net reproductive
rate (R0) by 46.8% (p = 0.00748) and gross reproductive rate (GRR) by 74.7% (p = 0.00036)
during F5 than F1 generation of LC30 treated adults (Table 3). There was no such significant
difference in the LC50 treated individuals and control in both the generations except for
mean generation time (T) (p = 0.02127) (Table 3).
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Table 3. Multigenerational effects of Imidacloprid on the population parameters of F1 and F5

generations of T. chilonis adults.

Population Parameters Generations
Mean ± SE

Control LC5 LC30 LC50

r (d−1)
F1 0.59 ± 0.01 aA 0.59 ± 0.01 aA 0.61 ± 0.02 aA 0.57 ± 0.01 aA

F5 0.59 ±0.01 aA 0.62 ± 0.01 aA 0.63 ± 0.02 aA 0.56 ± 0.01 aA

λ (d−1)
F1 1.79 ± 0.03 aA 1.79 ± 0.03 aA 1.84 ± 0.03 aA 1.77 ±0.03 aA

F5 1.80± 0.03 aA 1.86 ± 0.03 aA 1.88 ± 0.03 aA 1.76 ± 0.02 aA

R0(offspring/individual)
F1 101.82 ± 10.21 aA 101.33 ± 11.32 bA 124.43 ± 12.36 bA 100.72 ± 10.94 aA

F5 110.02 ± 10.93 aB 156.98 ± 15.32 aA 182.68 ± 18.23 aA 106.23 ± 10.93 aA

T (days)
F1 7.89 ± 0.1 aA 7.88± 0.11 aA 7.88 ± 0.12 aA 8.05 ±0.10 aA

F5 7.96 ± 0.09 aA 8.15± 0.09 aA 8.21 ± 0.13 aA 8.27 ± 0.09 aA

GRR
(offspring/individual)

F1 125.7 ± 11.07 aA 130.91 ± 12.83 bA 155.03 ± 13.70 bA 127.5 ±11.89 aA

F5 133.94 ± 11.71 aB 194.4 ± 15.91 aA 270.91 ± 26.75 aA 129.59 ±11.99 aA

r is the intrinsic rate of increase; λ is the finite rate of increase; R0 is the net reproductive rate; and T is mean
generation time and GRR is gross reproductive rate. Means and Standard Errors (SE) were determined with the
help of bootstrap technique with 100,000 re-samples. The lower-case letters denote significant differences between
F1 and F5 generations within each treatment group, whereas the upper-case letters denote significant differences
between control and imidacloprid treatments in each generation (p < 0.05, paired bootstrap test).

3.4. Multigenerational Sublethal Effects of Imidacloprid on the Age–Stage Specific Survival Rate,
Fecundity, and Life Expectancy of T. chilonis

The age–stage specific survivorship curve (sxj) depicts the probability that a newborn
is expected to remain alive from age x to stage j (Figure 1). It is clear that due to the
difference in the developmental durations of the individuals there was overlap between
the different stages (Figure 1). The age–specific survival rate (lx), age–specific fecundity of
total population (mx), and age–specific maternity (lxmx) of T. chilonis of imidacloprid in F1
and F5 generations were mentioned in Figure 2. The lx shows an outline of the survival
rate without the reckoning differentiation of the stage. The lx curves significantly showed
a declining trend for both the F1 and F5 generations of LC5 and LC30 at 14 or 15 days
as compared to the control and LC50 where the trend ended at 13 days (Figure 2). The
age–specific fecundity (mx) and age–specific maternity (lxmx) were significantly higher in
the LC5 and LC30 than in the control (Figure 2). The age–stage–specific life expectancy
(exj) denotes the duration of an individual surviving to age x and stage j (Figure 3). The
curve denotes that exposure of the adults to the LC5 and LC30 tends towards individuals to
surviving longer as compared to the control and LC50 (Figure 3). Age–stage–reproductive
value (vxj) typifies the diligence of the population from age x to stage j with regard to the
future progenies (Figure 4). A higher trend in the reproductive value was observed for the
LC5 and LC30 in comparison to control and LC50 of imidacloprid (Figure 4).
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Figure 4. Age–stage–reproductive value (vxj) of T. chilonis adults treated with acetone and LC5, LC30,
and LC50 concentrations of imidacloprid in F1 and F5 generations.

4. Discussion

With an increasing interest of hormesis research in human health, there is also an urge
to explore hormesis principles for practical purposes such as improved natural enemy
mass production, maintenance, and performance [24]. The plausibility of the mild stress
to stimulate natural enemies has garnered recent attention. It is quite evident that natural
enemies are also being subjected to low concentration of chemical stress due to pesticide
drift or degradation, suggesting that even mild stress could be helpful in boosting the
survival instincts of natural enemies along with their behavior or reproduction and may
be reducing pest populations [24]. Hence, an attempt in a similar direction has been
made in the current study. The present investigation demonstrated that imidacloprid can
induce multigenerational hormesis in T. chilonis. The results depict the high toxicity of
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imidacloprid on T. chilonis having LC50 value of 2 µg L−1 which is in accordance with
the previous findings having an LC50 value of 2.7 µg L−1 [53]. Accompanying the lethal
effects, insecticides also evince various sublethal effects owing to the decomposition of
the insecticides due to various factors such as temperature, rainfall, radiation, microbes,
etc. [5,10,13]. For example, due to high temperature, volatilization of pesticides takes
place, reducing the amount of pesticides. The toxicity of an applied insecticide is also
affected by microbial or chemical breakdown in or on soil and foliage which varies with
moisture, temperature, adsorption, and pH [22]. These outcomes may tend to be positive
or negative on the exposed arthropods [54] thereby affecting the fecundity, longevity, and
development of the individuals which are critical deciding factors in the pest management
programs [14,55,56]. There are many findings with regard to the hormesis effects in various
pests such as Myzus percsicae Sulzer [57–59], Aphis gossypii [12,60], and Helicoverpa armigera
Hubner [20], but the understanding on the hormesis effects of insecticides on predators and
parasitoids is limited [25] and restricted to a single generation. Additionally, in order to
improve the productivity and quality during mass rearing, the concept of hormesis could be
helpful to predators and parasitoids for augmentative biological control [24]. Moreover, as
Trichogramma is an extensively used bio-agent against various lepidopteran pests [26,28,30],
the knowledge regarding the potential of hormesis on its mass rearing and quality becomes
mandatory. Therefore, in the present study, we evaluated the multigenerational hormesis
effect of imidacloprid on T. chilonis. Our results revealed sublethal concentration (LC5) of
0.07 µg·L−1 and low lethal concentration (LC30) of 0.6 µg·L−1 on T. chilonis adults.

Sublethal effects have a significant effect on the biological parameters such as longevity,
fecundity, oviposition days, etc. For example, the fecundity, longevity, and oviposition
days were stimulated in the predatory bug Podisus distinctus Stal due to the low doses of
permethrin [61], the longevity of the Podisus nigrispinus Dallas is greatly increased owing
to the low doses of gamma-cyhalothrin [62]. The longevity of the bio-agents, especially
parasitoids, greatly relies on the insecticide type, species of bioagent, and application
techniques [63]. Reduced longevity mainly occurs in those parasitoids where insecticides
have been treated during the developing stages in the host [14,64]. However, certain
findings where the effect of sublethal concentrations of insecticides increased longevity
of T. chilonis (study had single generation observation) was also reported by [46]. In our
study, a significant increase in the longevity of the individuals in the F5 generations of both
the sublethal (LC5) and low lethal (LC30) concentrations of imidacloprid was observed,
whereas no such noteworthy observation was depicted for the median lethal concentrations
(LC50). Our findings depicted a higher fecundity in the LC5 and LC30 treated individuals.
Similar such results were reported by [46], where LC30 exposure of chlorflurazuron and
tebufenozide increased the female fecundity. However, the fecundity of T. chilonis reduced
significantly when exposed to the LC30 of spinosad, avermectins, fipronil, cartap, and β-
cypermethrin, as reported by [46]. However, some findings of sublethal effects of spinosad
and abamectin on the biological traits of the other species of Trichogramma led to a reduction
in fecundity and longevity of the Trichogramma pretiosum Riley [65]. In another study
on T. pretiosum [66], thiodicarb and chlorfenapyr treated individuals saw decreases in
adult emergence. Both these studies on T. pretiosum owed to the presence of residues
of insecticides on host egg chorion. Suh et al. [64] also recorded reduced longevity and
emergence of Trichogramma exiguum Pinto and Platner owing to the treatment of spinosad.
This was explained by the fact that spinosad was unable to penetrate the host eggs (H.
armigera). Our findings also revealed an increasing trend in the oviposition days of the
LC5 and LC30 treated individuals. However, no influence on the oviposition days on the
Trichogramma evanescens Westwood was reported upon LC30 exposure of spirotetramat and
flupyradifurone [67].

Our findings with regard to the sublethal (LC5) effect of imidacloprid on the parasitoid
depicted a higher net reproductive rate (R0) and gross reproductive rate (GRR) without any
noteworthy differences in the intrinsic rate of increase (r), finite rate of increase (λ), and
mean generation time (T). In contrast, LC30 conveyed a significant increase in the intrinsic
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rate of increase (r) and finite rate of increase (λ) as well as in the net reproductive rate
(R0) and gross reproductive rate (GRR). Interestingly, the LC30 exposure of spirotetramat,
flupyradifurone, and deltamethrin on T. evanescens significantly lower the intrinsic rate of
increase (r), finite rate of increase (λ), net reproductive rate (R0), and gross reproductive rate
(GRR) [67]. The population traits were also reduced when Trichogramma brassicae Bezdenko
were exposed to the LC25 of indoxacarb, spinosad, chlorantraniliprole, and abamectin [30].
Similar results were also reported by [68].

5. Conclusions

Our results demonstrated how effective the sublethal (LC5) and low lethal (LC30)
concentrations of imidacloprid induced hormetic effect over generations, which can be
considered important as stimulatory effects of the insecticides are limited to a single
generation. Additionally, it has mostly been carried out for the herbivorous insects with
a little knowledge about the bioagents. Furthermore, T. chilonis is a commonly utilized
bioagent against several lepidopteran pests, and in the interest of ecological balance and
environmental safety it is high time we use improved bioagents having better fitness
characteristics for pest suppression. Hence, such inducement of hormesis in the T. chilonis
is a great opportunity to stimulate the development of the parasitoid during mild exposure
of imidacloprid in the field and as well as in its mass rearing.

Author Contributions: Conceptualization, Methodology, and Writing—Original draft preparation:
A.R., B.-G.G. and D.K.R.; Visualization, Investigation, and Validation: A.R., B.-G.G. and G.-P.-P.G.;
Resources: T.A.; Data curation and Analysis: A.R. and F.U.; Writing—Reviewing and Editing: N.D.,
N.B.P., A.M. and B.-G.G.; and Supervision and Project administration: P.C.R. All authors have read
and agreed to the published version of the manuscript.

Funding: For this research work, funding was received from the Indian Council of Agricultural
Research-National Rice Research Institute, Cuttack, India [In-house Project 3.5/2020–2025 scheme
(fund received by Basana Gowda Gadratagi)].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to its next phase of research is
under progress.

Acknowledgments: Authors gratefully acknowledge Director, ICAR-National Rice Research Institute
(NRRI), Cuttack, India, for constant support and providing all the facilities. We thank Harmohan
Pradhan, Narendra Biswal, Anshuman Nath, and Bidyadhar Bhoi, for helping in various phases of
the study.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Prakash, A.; Bentur, J.; Prasad, M.S.; Tanwar, R.; Sharma, O.; Bhagat, S.; Sehgal, M.; Singh, S.; Singh, M.; Chattopadhyay, C.

Integrated Pest Management for Rice; National Centre for Integrated Pest Management: New Delhi, India, 2014; p. 43.
2. Fahad, S.; Saud, S.; Akhter, A.; Bajwa, A.A.; Hassan, S.; Battaglia, M.; Adnan, M.; Wahid, F.; Datta, R.; Babur, E. Bio-based

integrated pest management in rice: An agro-ecosystems friendly approach for agricultural sustainability. J. Saudi Soc. Agric. Sci.
2021, 20, 94–102. [CrossRef]

3. Wang, Y.; Chen, L.; Yu, R.; Zhao, X.; Wu, C.; Cang, T.; Wang, Q. Insecticide toxic effects on Trichogramma ostriniae (Hymenoptera:
Trichogrammatidae). Pest Manag. Sci. 2012, 68, 1564–1571. [CrossRef] [PubMed]

4. Wu, J.; Ge, L.; Liu, F.; Song, Q.; Stanley, D. Pesticide-induced planthopper population resurgence in rice cropping systems. Annu.
Rev. Entomol. 2020, 65, 409–429. [CrossRef]

5. Desneux, N.; Decourtye, A.; Delpuech, J.-M. The sublethal effects of pesticides on beneficial arthropods. Annu. Rev. Entomol.
2007, 52, 81–106. [CrossRef] [PubMed]

6. Guedes, R.N.C.; Cutler, G.C. Insecticide-induced hormesis and arthropod pest management. Pest Manag. Sci. 2014, 70, 690–697.
[CrossRef]

http://doi.org/10.1016/j.jssas.2020.12.004
http://doi.org/10.1002/ps.3343
http://www.ncbi.nlm.nih.gov/pubmed/22753338
http://doi.org/10.1146/annurev-ento-011019-025215
http://doi.org/10.1146/annurev.ento.52.110405.091440
http://www.ncbi.nlm.nih.gov/pubmed/16842032
http://doi.org/10.1002/ps.3669


Agronomy 2022, 12, 1392 14 of 16

7. Preetha, G.; Stanley, J.; Suresh, S.; Samiyappan, R. Risk assessment of insecticides used in rice on miridbug, Cyrtorhinus
lividipennis Reuter, the important predator of brown planthopper, Nilaparvata lugens (Stal.). Chemosphere 2010, 80, 498–503.
[CrossRef]

8. Desneux, N.; Fauvergue, X.; Dechaume-Moncharmont, F.-X.; Kerhoas, L.; Ballanger, Y.; Kaiser, L. Diaeretiella rapae limits Myzus
persicae populations after applications of deltamethrin in oilseed rape. J. Econ. Entomol. 2005, 98, 9–17. [CrossRef]

9. Fogel, M.N.; Schneider, M.I.; Desneux, N.; González, B.; Ronco, A.E. Impact of the neonicotinoid acetamiprid on immature stages
of the predator Eriopis connexa (Coleoptera: Coccinellidae). Ecotoxicology 2013, 22, 1063–1071. [CrossRef]

10. Yao, F.-L.; Zheng, Y.; Zhao, J.-W.; Desneux, N.; He, Y.-X.; Weng, Q.-Y. Lethal and sublethal effects of thiamethoxam on the whitefly
predator Serangium japonicum (Coleoptera: Coccinellidae) through different exposure routes. Chemosphere 2015, 128, 49–55.
[CrossRef]

11. Liao, X.; Ali, E.; Li, W.; He, B.; Gong, P.; Xu, P.; Li, J.; Wan, H. Sublethal effects of sulfoxaflor on the development and reproduction
of the brown planthopper, Nilaparvata lugens (Stål). Crop Prot. 2019, 118, 6–14. [CrossRef]

12. Ullah, F.; Gul, H.; Desneux, N.; Gao, X.; Song, D. Imidacloprid-induced hormesis effects on demographic traits of the melon
aphid, Aphis gossypii. Entomol. Gen. 2019, 39, 325–337. [CrossRef]

13. Liang, H.-Y.; Yang, X.-M.; Sun, L.-J.; Zhao, C.-D.; Chi, H.; Zheng, C.-Y. Sublethal effect of spirotetramat on the life table and
population growth of Frankliniella occidentalis (Thysanoptera: Thripidae). Entomol. Gen. 2021, 41, 219–231. [CrossRef]

14. Desneux, N.; Ramirez-Romero, R.; Kaiser, L. Multistep bioassay to predict recolonization potential of emerging parasitoids after a
pesticide treatment. Environ. Toxicol. Chem. Int. J. 2006, 25, 2675–2682. [CrossRef] [PubMed]

15. Cao, Y.; Yang, H.; Li, J.; Wang, C.; Li, C.; Gao, Y. Sublethal effects of imidacloprid on the population development of western
flower thrips Frankliniella occidentalis (Thysanoptera: Thripidae). Insects 2019, 10, 3. [CrossRef]

16. Xu, P.; Shu, R.; Gong, P.; Li, W.; Wan, H.; Li, J. Sublethal and transgenerational effects of triflumezopyrim on the biological traits
of the brown planthopper, Nilaparvata lugens (Stål)(Hemiptera: Delphacidae). Crop Prot. 2019, 117, 63–68. [CrossRef]

17. Ullah, F.; Gul, H.; Desneux, N.; Tariq, K.; Ali, A.; Gao, X.; Song, D. Clothianidin-induced sublethal effects and expression changes
of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii. Entomol. Gen. 2019, 39, 137–149. [CrossRef]

18. Chi, H.; You, M.; Atlihan, R.; Smith, C.L.; Kavousi, A.; Özgökçe, M.S.; Güncan, A.; Tuan, S.-J.; Fu, J.-W.; Xu, Y.-Y. Age-stage,
two-sex life table: An introduction to theory, data analysis, and application. Entomol. Gen. 2020, 40, 103–124. [CrossRef]

19. Ullah, F.; Gul, H.; Desneux, N.; Qu, Y.; Xiao, X.; Khattak, A.M.; Gao, X.; Song, D. Acetamiprid-induced hormetic effects and
vitellogenin gene (Vg) expression in the melon aphid, Aphis gossypii. Entomol. Gen. 2019, 39, 259–270. [CrossRef]

20. Zhang, Y.; Guo, L.; Atlihan, R.; Chi, H.; Chu, D. Demographic analysis of progeny fitness and timing of resurgence of Laodelphax
striatellus after insecticides exposure. Entomol. Gen. 2019, 39, 221–230. [CrossRef]

21. Zhang, Q.; Liu, Y.; Wyckhuys, K.A.; Liang, H.; Desneux, N.; Lu, Y. Lethal and sublethal effects of chlorantraniliprole on Helicoverpa
armigera adults enhance the potential for use in ‘attract-and-kill’control strategies. Entomol. Gen. 2021, 41, 111–120. [CrossRef]

22. Cutler, G.C. Insects, insecticides and hormesis: Evidence and considerations for study. Dose-Response 2013, 11, 154–177. [CrossRef]
[PubMed]

23. Fouad, E.A.; El-Sherif, S.A.; Mokbel, E.-S. Flupyradifurone induces transgenerational hormesis effects in the cowpea aphid, Aphis
craccivora. Ecotoxicology 2022. [CrossRef] [PubMed]

24. Cutler, G.C.; Amichot, M.; Benelli, G.; Guedes, R.N.C.; Qu, Y.; Rix, R.R.; Ullah, F.; Desneux, N. Hormesis and insects: Effects and
interactions in agroecosystems. Sci. Total Environ. 2022, 825, 153899. [CrossRef] [PubMed]

25. Guedes, R.N.C.; Rix, R.R.; Cutler, G.C. Pesticide-induced hormesis in arthropods: Towards biological systems. Curr. Opin. Toxicol.
2022, 29, 43–50. [CrossRef]

26. Orr, D.B.; Suh, C.P.; Mccravy, K.W.; Berisford, C.W.; Debarr, G.L. Evaluation of inundative releases of Trichogramma exiguum
(Hymenoptera: Trichogrammatidae) for suppression of Nantucket pine tip moth (Lepidoptera: Tortricidae) in pine (Pinaceae)
plantations. Can. Entomol. 2000, 132, 373–386. [CrossRef]

27. Cabello, T.; Gámez, M.; Varga, Z.; Garay, J.; Carreño, R.; Gallego, J.; Fernández, F.; Vila, E. Selection of Trichogramma spp.
(Hym.: Trichogrammatidae) for the biological control of Tuta absoluta (Lep.: Gelechiidae) in greenhouses by an entomo-ecological
simulation model. IOBC/WPRS Bull 2012, 80, 171–176.

28. Chailleux, A.; Biondi, A.; Han, P.; Tabone, E.; Desneux, N. Suitability of the pest–plant system Tuta absoluta (Lepidoptera:
Gelechiidae)–tomato for Trichogramma (Hymenoptera: Trichogrammatidae) parasitoids and insights for biological control. J. Econ.
Entomol. 2013, 106, 2310–2321. [CrossRef]

29. Gontijo, L.; Cascone, P.; Giorgini, M.; Michelozzi, M.; Rodrigues, H.S.; Spiezia, G.; Iodice, L.; Guerrieri, E. Relative importance of
host and plant semiochemicals in the foraging behavior of Trichogramma achaeae, an egg parasitoid of Tuta absoluta. J. Pest Sci.
2019, 92, 1479–1488. [CrossRef]

30. Nozad-Bonab, Z.; Hejazi, M.J.; Iranipour, S.; Arzanlou, M.; Biondi, A. Lethal and sublethal effects of synthetic and bio-insecticides
on Trichogramma brassicae parasitizing Tuta absoluta. PLoS ONE 2021, 16, e0243334. [CrossRef]

31. Zang, L.-S.; Wang, S.; Zhang, F.; Desneux, N. Biological control with Trichogramma in China: History, present status, and
perspectives. Annu. Rev. Entomol. 2021, 66, 463–484. [CrossRef]

32. Zhang, X.; Wang, H.-C.; Du, W.-M.; Zang, L.-S.; Ruan, C.-C.; Zhang, J.-J.; Zou, Z.; Monticelli, L.S.; Harwood, J.D.; Desneux, N.
Multi-parasitism: A promising approach to simultaneously produce Trichogramma chilonis and T. dendrolimi on eggsof Antheraea
pernyi. Entomol. Gen. 2021, 41, 627–636. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2010.04.070
http://doi.org/10.1093/jee/98.1.9
http://doi.org/10.1007/s10646-013-1094-5
http://doi.org/10.1016/j.chemosphere.2015.01.010
http://doi.org/10.1016/j.cropro.2018.12.005
http://doi.org/10.1127/entomologia/2019/0892
http://doi.org/10.1127/entomologia/2020/0902
http://doi.org/10.1897/05-562R.1
http://www.ncbi.nlm.nih.gov/pubmed/17022408
http://doi.org/10.3390/insects10010003
http://doi.org/10.1016/j.cropro.2018.11.010
http://doi.org/10.1127/entomologia/2019/0865
http://doi.org/10.1127/entomologia/2020/0936
http://doi.org/10.1127/entomologia/2019/0887
http://doi.org/10.1127/entomologia/2019/0816
http://doi.org/10.1127/entomologia/2020/1104
http://doi.org/10.2203/dose-response.12-008.Cutler
http://www.ncbi.nlm.nih.gov/pubmed/23930099
http://doi.org/10.1007/s10646-022-02556-0
http://www.ncbi.nlm.nih.gov/pubmed/35616792
http://doi.org/10.1016/j.scitotenv.2022.153899
http://www.ncbi.nlm.nih.gov/pubmed/35181361
http://doi.org/10.1016/j.cotox.2022.02.001
http://doi.org/10.4039/Ent132373-3
http://doi.org/10.1603/EC13092
http://doi.org/10.1007/s10340-019-01091-y
http://doi.org/10.1371/journal.pone.0243334
http://doi.org/10.1146/annurev-ento-060120-091620
http://doi.org/10.1127/entomologia/2021/1360


Agronomy 2022, 12, 1392 15 of 16

33. Huang, N.-X.; Jaworski, C.; Desneux, N.; Zhang, F.; Yang, P.-Y.; Wang, S. Long-term, large-scale releases of Trichogramma promote
pesticide decrease in maize in northeastern China. Entomol. Gen. 2020, 40, 331–335. [CrossRef]

34. Gardner, J.; Hoffmann, M.P.; Pitcher, S.A.; Harper, J.K. Integrating insecticides and Trichogramma ostriniae to control European
corn borer in sweet corn: Economic analysis. Biol. Control 2011, 56, 9–16. [CrossRef]

35. Thany, S.H. Neonicotinoid insecticides. In Insect Nicotinic Acetylcholine Receptors; Springer: Berlin/Heidelberg, Germany, 2010;
pp. 75–83.

36. Zhang, W.; Jiang, F.; Ou, J. Global pesticide consumption and pollution: With China as a focus. Proc. Int. Acad. Ecol. Environ. Sci.
2011, 1, 125.

37. Vernon, R.S.; van Herk, W.G.; Clodius, M.; Harding, C. Crop protection and mortality of Agriotes obscurus wireworms with
blended insecticidal wheat seed treatments. J. Pest Sci. 2013, 86, 137–150. [CrossRef]

38. Tuelher, E.S.; da Silva, É.H.; Rodrigues, H.S.; Hirose, E.; Guedes, R.N.C.; Oliveira, E.E. Area-wide spatial survey of the likelihood
of insecticide control failure in the neotropical brown stink bug Euschistus heros. J. Pest Sci. 2018, 91, 849–859. [CrossRef]

39. Decourtye, A.; Henry, M.; Desneux, N. Overhaul pesticide testing on bees. Nature 2013, 497, 188. [CrossRef]
40. Rondeau, G.; Sánchez-Bayo, F.; Tennekes, H.A.; Decourtye, A.; Ramírez-Romero, R.; Desneux, N. Delayed and time-cumulative

toxicity of imidacloprid in bees, ants and termites. Sci. Rep. 2014, 4, 5566. [CrossRef]
41. Sánchez-Bayo, F.; Goka, K.; Hayasaka, D. Contamination of the aquatic environment with neonicotinoids and its implication for

ecosystems. Front. Environ. Sci. 2016, 4, 71. [CrossRef]
42. Sappington, J.D. Imidacloprid alters ant sociobehavioral traits at environmentally relevant concentrations. Ecotoxicology 2018, 27,

1179–1187. [CrossRef]
43. Jam, N.A.; Saber, M. Sublethal effects of imidacloprid and pymetrozine on the functional response of the aphid parasitoid,

Lysiphlebus fabarum. Entomol. Gen. 2018, 38, 173–190. [CrossRef]
44. Gowda, G.B.; Sahu, M.; Ullah, F.; Patil, N.B.; Adak, T.; Pokhare, S.; Mahendiran, A.; Rath, P.C. Insecticide-induced hormesis in a

factitious host, Corcyra cephalonica, stimulates the development of its gregarious ecto-parasitoid, Habrobracon hebetor. Biol. Control
2021, 160, 104680. [CrossRef]

45. Gowda, B.; Pandi, G.G.P.; Ullah, F.; Patil, N.B.; Sahu, M.; Adak, T.; Pokhare, S.; Yadav, M.K.; Mahendiran, A.; Mittapelly, P.; et al.
Performance of Trichogramma japonicum under field conditions as a function of the factitious host species used for mass rearing.
PLoS ONE 2021, 16, e0256246.

46. Wang, D.-S.; He, Y.-R.; Guo, X.-L.; Luo, Y.-L. Acute toxicities and sublethal effects of some conventional insecticides on Tri-
chogramma chilonis (Hymenoptera: Trichogrammatidae). J. Econ. Entomol. 2012, 105, 1157–1163. [CrossRef] [PubMed]

47. Del Pino, M.; Gallego, J.R.; Hernández Suárez, E.; Cabello, T. Effect of temperature on life history and parasitization behavior of
Trichogramma achaeae Nagaraja and Nagarkatti (Hym.: Trichogrammatidae). Insects 2020, 11, 482. [CrossRef]

48. Qu, Y.; Xiao, D.; Li, J.; Chen, Z.; Biondi, A.; Desneux, N.; Gao, X.; Song, D. Sublethal and hormesis effects of imidacloprid on the
soybean aphid Aphis glycines. Ecotoxicology 2015, 24, 479–487. [CrossRef]

49. Chi, H. Life-table analysis incorporating both sexes and variable development rates among individuals. Environ. Entomol. 1988,
17, 26–34. [CrossRef]

50. Chi, H.; Liu, H. Two new methods for the study of insect population ecology. Bull. Inst. Zool. Acad. Sin 1985, 24, 225–240.
51. Birch, L. The intrinsic rate of natural increase of an insect population. J. Anim. Ecol. 1948, 17, 15–26. [CrossRef]
52. Huang, Y.-B.; Chi, H. Assessing the application of the jackknife and bootstrap techniques to the estimation of the variability of the

net reproductive rate and gross reproductive rate: A case study in Bactrocera cucurbitae (Coquillett) (Diptera: Tephritidae). J. Agric.
2012, 61, 37–45.

53. Preetha, G.; Stanley, J.; Suresh, S.; Kuttalam, S.; Samiyappan, R. Toxicity of selected insecticides to Trichogramma chilonis: Assessing
their safety in the rice ecosystem. Phytoparasitica 2009, 37, 209–215. [CrossRef]

54. Guedes, R.; Smagghe, G.; Stark, J.; Desneux, N. Pesticide-induced stress in arthropod pests for optimized integrated pest
management programs. Annu. Rev. Entomol. 2016, 61, 43–62. [CrossRef] [PubMed]

55. Ayyanath, M.-M.; Cutler, G.C.; Scott-Dupree, C.D.; Sibley, P.K. Transgenerational shifts in reproduction hormesis in green peach
aphid exposed to low concentrations of imidacloprid. PLoS ONE 2013, 8, e74532.

56. Gong, Y.; Shi, X.; Desneux, N.; Gao, X. Effects of spirotetramat treatments on fecundity and carboxylesterase expression of Aphis
gossypii Glover. Ecotoxicology 2016, 25, 655–663. [CrossRef] [PubMed]

57. Yu, Y.; Shen, G.; Zhu, H.; Lu, Y. Imidacloprid-induced hormesis on the fecundity and juvenile hormone levels of the green peach
aphid Myzus persicae (Sulzer). Pestic. Biochem. Physiol. 2010, 98, 238–242. [CrossRef]

58. Ayyanath, M.-M.; Scott-Dupree, C.D.; Cutler, G.C. Effect of low doses of precocene on reproduction and gene expression in green
peach aphid. Chemosphere 2015, 128, 245–251. [CrossRef]

59. Tang, Q.; Ma, K.; Chi, H.; Hou, Y.; Gao, X. Transgenerational hormetic effects of sublethal dose of flupyradifurone on the green
peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae). PLoS ONE 2019, 14, e0208058. [CrossRef]

60. Wang, S.; Qi, Y.; Desneux, N.; Shi, X.; Biondi, A.; Gao, X. Sublethal and transgenerational effects of short-term and chronic
exposures to the neonicotinoid nitenpyram on the cotton aphid Aphis gossypii. J. Pest Sci. 2017, 90, 389–396. [CrossRef]

61. Guedes, R.; Magalhaes, L.; Cosme, L. Stimulatory sublethal response of a generalist predator to permethrin: Hormesis, hor-
moligosis, or homeostatic regulation? J. Econ. Entomol. 2009, 102, 170–176. [CrossRef]

http://doi.org/10.1127/entomologia/2020/0994
http://doi.org/10.1016/j.biocontrol.2010.08.010
http://doi.org/10.1007/s10340-011-0392-z
http://doi.org/10.1007/s10340-017-0949-6
http://doi.org/10.1038/497188a
http://doi.org/10.1038/srep05566
http://doi.org/10.3389/fenvs.2016.00071
http://doi.org/10.1007/s10646-018-1976-7
http://doi.org/10.1127/entomologia/2018/0734
http://doi.org/10.1016/j.biocontrol.2021.104680
http://doi.org/10.1603/EC12042
http://www.ncbi.nlm.nih.gov/pubmed/22928293
http://doi.org/10.3390/insects11080482
http://doi.org/10.1007/s10646-014-1396-2
http://doi.org/10.1093/ee/17.1.26
http://doi.org/10.2307/1605
http://doi.org/10.1007/s12600-009-0031-x
http://doi.org/10.1146/annurev-ento-010715-023646
http://www.ncbi.nlm.nih.gov/pubmed/26473315
http://doi.org/10.1007/s10646-016-1624-z
http://www.ncbi.nlm.nih.gov/pubmed/26898726
http://doi.org/10.1016/j.pestbp.2010.06.013
http://doi.org/10.1016/j.chemosphere.2015.01.061
http://doi.org/10.1371/journal.pone.0208058
http://doi.org/10.1007/s10340-016-0770-7
http://doi.org/10.1603/029.102.0124


Agronomy 2022, 12, 1392 16 of 16

62. Pereira, A.I.A.; Ramalho, F.d.S.; Bandeira, C.d.M.; Malaquias, J.B.; Zanuncio, J.C. Age-dependent fecundity of Podisus nigrispinus
(Dallas)(Heteroptera: Pentatomidae) with sublethal doses of gammacyhalothrin. Braz. Arch. Biol. Technol. 2009, 52, 1157–1166.
[CrossRef]

63. Bayram, A.; Salerno, G.; Onofri, A.; Conti, E. Sub-lethal effects of two pyrethroids on biological parameters and behavioral
responses to host cues in the egg parasitoid Telenomus busseolae. Biol. Control 2010, 53, 153–160. [CrossRef]

64. Suh, C.P.-C.; Orr, D.B.; Van Duyn, J.W. Effect of insecticides on Trichogramma exiguum (Trichogrammatidae: Hymenoptera)
preimaginal development and adult survival. J. Econ. Entomol. 2000, 93, 577–583. [CrossRef] [PubMed]

65. Carvalho, G.A.; Reis, P.R.; Rocha, L.C.D.; Moraes, J.; Fuini, L.; Ecole, C.C. Side-effects of insecticides used in tomato fields on
Trichogramma pretiosum (Hymenoptera, Trichogrammatidae). Acta Sci. 2003, 25, 275–279.

66. Costa, M.A.; Farias, E.S.; Andrade, E.D.; Carvalho, V.C.; Carvalho, G.A. Lethal, sublethal and transgenerational effects of
insecticides labeled for cotton on immature Trichogramma pretiosum. J. Pest Sci. 2022, 1–9. [CrossRef]

67. Tabebordbar, F.; Shishehbor, P.; Ziaee, M.; Sohrabi, F. Lethal and sublethal effects of two new insecticides spirotetramat and
flupyradifurone in comparison to conventional insecticide deltamethrin on Trichogramma evanescens (Hymenoptera: Trichogram-
matidae). J. Asia-Pac. Entomol. 2020, 23, 1114–1119. [CrossRef]

68. Parsaeyan, E.; Saber, M.; Safavi, S.A.; Poorjavad, N.; Biondi, A. Side effects of chlorantraniliprole, phosalone and spinosad on the
egg parasitoid, Trichogramma brassicae. Ecotoxicology 2020, 29, 1052–1061. [CrossRef]

http://doi.org/10.1590/S1516-89132009000500013
http://doi.org/10.1016/j.biocontrol.2009.09.012
http://doi.org/10.1603/0022-0493-93.3.577
http://www.ncbi.nlm.nih.gov/pubmed/10902302
http://doi.org/10.1007/s10340-022-01481-9
http://doi.org/10.1016/j.aspen.2020.09.008
http://doi.org/10.1007/s10646-020-02235-y

	Introduction 
	Materials and Methods 
	Study Environment 
	Insect Colonies 
	Rearing of the Factitious Host, Corcyra cephalonica 
	Rearing of the Egg Parasitoid, Trichogramma chilonis 

	Insecticide 
	Toxicity Assay 
	Multigenerational Sublethal Effects of Imidacloprid on the Demographic Traits of T. chilonis 
	Egg to Adult Developmental Time 
	Adult Fecundity and Longevity 

	Statistical Analysis 

	Results 
	Toxicity Assay of Imidacloprid on T. chilonis Adults 
	Multigenerational Sublethal Effects of Imidacloprid on the Biological Traits of T. chilonis 
	Multigenerational Sublethal Effects of Imidacloprid on the Population Traits of T. chilonis 
	Multigenerational Sublethal Effects of Imidacloprid on the Age–Stage Specific Survival Rate, Fecundity, and Life Expectancy of T. chilonis 

	Discussion 
	Conclusions 
	References

