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Abstract: The assessment of acute toxicity to insect natural enemies is very important for insecticide
selection used within integrated pest management (IPM). The acute toxicity of abamectin and
imidacloprid against Encarsia formosa, a parasitoid of Bemisia tabaci, was investigated. Abamectin had
a high toxicity risk to E. formosa, while imidacloprid showed a medium toxicity risk. When treated
with the lethal concentration 30 (LC30) of abamectin, the dwelling time of E. formosa in B. tabaci
infested-plant-area (IPA) was significantly lower than in non-infested plant areas (non-IPA).
In addition, the frequency of E. formosa entering into the two areas was not significantly different in
the LC10 and LC30 treatments. Within the IPA, LC10, and LC30 treatments decreased the dwelling
time and entering frequency of parasitoid significantly. For imidacloprid treatments, E. formosa stayed
a longer time in the non-IPA than in the IPA when treated with LC30. The frequency of E. formosa
entering into the two areas was only slightly different in the LC1, LC10, and LC30 treatments. Within
the IPA, LC10 and LC30 treatments were significantly decreased in the dwelling time and the entering
frequency of E. formosa. The results indicate that abamectin and imidacloprid have high or medium
acute toxicity against E. formosa and a negative sublethal effect on its searching behaviour.
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1. Introduction

The whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a global agricultural pest [1,2].
This whitefly pest causes serious damage to hundreds of crops directly by sucking phloem sap,
and indirectly by causing sooty mould growth via honeydew secretion and, most importantly, by the
transmission of numerous plant viruses [3–6].

Pesticide application still remains the main approach for B. tabaci management but the overuse of
chemical pesticides has resulted in strong chemical resistance outbreaks for this whitefly pest [7,8].
Therefore, integrated pest management (IPM) is considered a more sustainable approach for the
control of B. tabaci and, as a key part of IPM, biological control with parasitoids plays an important
role in sustainable insect pest control [9]. To date, more than 50 species of parasitoids of B. tabaci have
been described, among which Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is an important,
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dominant parasitoid species, and it has been reported as an efficient biological agent in whitefly control
in many regions of the world [9–14].

Insecticide application within an IPM programme should be toxic to target pests and non-toxic to
their natural enemies [15–18]. However, many insecticides that are effective against target pests are also
harmful to natural enemies, reducing the effectiveness of biological control [14,19,20]. Therefore, it is
essential to evaluate the impact of insecticides on natural enemies. The evaluation of the acute toxicity
(i.e., lethal effect) can provide partial assessment concerning the potential effects of pesticides to the
exposed non-target organisms [21,22], while sublethal effects of insecticides on natural enemies may
ultimately cause a decrease in their efficiency as biological control agents. Therefore, to completely
assess the effects of an insecticide on a natural enemy, the risk-assessment should include acute
toxicity as well as sub-lethal and chronic effects [23,24]. Based on these findings, the selection of
appropriate insecticides that have a less negative impact on a given specific natural enemy is critical in
the development and success of IPM of invertebrate pests [25].

Insecticides including abamectin and imidacloprid have been widely used to control B. tabaci
in many countries [10,26–29]. The acute toxicities and sublethal impacts of these two insecticides
have been evaluated on many parasitoid natural enemies [10,22,30–33], but the negative impacts of
abamectin and imidacloprid on the biology and host searching behaviour of different developmental
stages of E. formosa, have been little investigated [10,14,34].

In this study, the acute toxicity of abamectin and imidacloprid to different developmental life
stages of E. formosa as well as their sublethal effects on the parasitoid’s host searching behaviour were
assessed. The results are expected to ameliorate the sustainable control of B. tabaci in IPM programmes.

2. Materials and Methods

2.1. Plants, Insects and Insecticides

Seeds of cotton Gossypium hirsutum L. (Malvales: Malvaceae) Luman No. 32 were produced by the
Cotton Research Center, Shandong Academy of Agricultural Sciences, Jinan, China. Healthy seedlings
were cultivated within plastic pots (Φ 20 cm) in screened cages and grown to approximately 30 cm in
height before being used in experiments. The cotton plants were not exposed to any pests or pesticides.
Two to three smooth and health leaves per plant were selected for experimental tests.

The tobacco whitefly, Bemisia tabaci MEAM1 (Middle East Asia Minor 1 cryptic species, formerly
B biotype), was originally collected from the training farm of South China Agricultural University
(SCAU), Guangzhou in 2005, and maintained on cotton plants in a separated glasshouse in SCAU
under ambient conditions. The parasitoid E. formosa was first collected from Beijing Academy of
Agriculture and Forestry Sciences in 2008, and the population was maintained on cotton plants with
B. tabaci as the host in separated cages.

The insecticides abamectin (95% certified purity) and imidacloprid (97% certified purity),
were obtained from Guangxi Antai Chemicals Co. Ltd., (Nanning, China). The stock solutions of
both insecticides (1000 mg/L and 5000 mg/L respectively) were prepared by using acetone as solvent.
Five different concentrations of each insecticide (2, 4, 8, 16, 32 mg/L for abamectin and 20, 40, 80,
160, 320 mg/L for imidacloprid) were prepared through serial dilutions for the toxicity tests. Double
distilled water (ddH2O) was used for the dilutions and as control.

All the bioassays were carried out under controlled environmental conditions at 26 ± 1 ◦C,
70 ± 10% R.H, photoperiod of 14:10 (L:D), and light intensity of 3000Lx. Artificial climate chambers
(RXZ-560, Jiangnan Instrument Factory, Ningbo, China) were used for maintaining the controlled
environmental conditions.

2.2. Toxicity to Parasitoid Adults

The toxicity of abamectin and imidacloprid to E. formosa adults was investigated by exposing
adults to dry residues [14,35]. Glass tubes (1.5 cm diameter × 10 cm length) were filled with different
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insecticide concentrations or ddH2O (control). The insecticidal solution was poured out after 10 s and
the tubes inverted in order to dry them out. Fifteen E. formosa adult wasps (age < 24 h) were then
released into each tube for different time intervals (12, 24, 48, 72 and 96 h). The adult wasps were
supplied with 15% honey solution drops on the tube wall and the tubes were sealed with Parafilm®

(Bemis Company, Inc., Neenah, WI, USA). The mortality of E. formosa adults was recorded every 12 h.
The concentrations LC1, LC10, LC30 and LC50 of both insecticides were calculated through probit
analysis (see Data analysis). Each set of treatments was repeated 3 times, with a total of 45 parasitoids
tested for each time period.

2.3. Toxicity to Parasitoid Pre-Pupae and Pupae

The toxicity of abamectin and imidacloprid to the pre-pupa and pupa of E. formosa was
investigated by topically exposing the insect via the dipping method [16,36]. Approximately 40 B. tabaci
female adults were released onto healthy cotton leaves inside leaf cages (5 cm diameter × 3 cm height)
for 24 h oviposition, after which all the adults were removed. When the whitefly offspring developed
through to 3rd instar nymphs (5–6 days after egg hatching), five E. formosa females (2 day old) were
released into the leaf cage to parasitize the nymphs for a 12 h period and then removed. When the
parasitoids had developed to pre-pupal or pupal stage, their numbers were recorded on each leaf,
and unparasitized B. tabaci nymphs were removed. The individual leaves with parasitized B. tabaci
nymphs were then immersed into different insecticide concentrations or ddH2O (control) for 10 s,
after which the plants were cultured in an artificial climate chamber until all the parasitoids either
developed into adults or died. The numbers of adults emerging were recorded daily. The LC1, LC10,
LC30 and LC50 concentrations of both pesticides were calculated through probit analysis (see Data
analysis). Each set of treatments was repeated 3 times, with a total of 120 pre-pupae or pupae tested
for each wasp lifestage.

A stereo microscope (SZ45-BL3, Sunny Optical Technology (Group) Co. Ltd., Ningbo, China) was
used to observe the insects during the experiments.

2.4. Sublethal Effects on Parasitoid Searching Behaviour

A four-armed olfactometer was used for these tests [35]. The olfactometer was divided into 4 areas
of equal size. Each area was connected with a flow meter, a humidifying bottle, an air filtering bottle
and an odour source bottle. The air flow of each area was controlled at 120 mL/min. The four-arm
was surrounded by a shade but had a light on the top of it, so that the insects can only be exposed to
light from the top.

Adults of E. formosa (age < 24 h) were obtained by collecting pupae on infested cotton leaves
into petri dishes with honey solution (15%) provided as food. These newly emerged adults were
not exposed to whitefly hosts. Before initiating experiments, 24 h-old E. formosa adults were
individually treated with sublethal concentrations, calculated from the toxicity experiments to adults,
of abamectin (LC1 = 0.637 mg/mL; LC10 = 1.643 mg/mL; LC30 = 3.262 mg/mL) or imidacloprid
(LC1 = 4.968 mg/mL; LC10 = 16.470 mg/mL; LC30 = 40.262 mg/mL) for 1h by using the residual film
method [14]. The control group of E. formosa adults was treated with ddH2O. When the experiments
began, two healthy cotton plants were placed into 2 odour source bottles named as “non-infested plant
area”, while cotton plants with 3rd and 4th instar B. tabaci nymphs on their leaves were placed in the
other 2 odour source bottles named as “infested plant area”. All the plants used in the experiments
were of the same age. One individual E. formosa wasp treated as above was released into the four-armed
olfactometer through the central hole. The number of times that the E. formosa wasp entered into either
the non-infested plant area or infested plant area (taken as a dwelling time of more than 5 s), and their
final dwelling time in each area was recorded. Each parasitoid was observed for 600 s. The four-armed
olfactometer was cleaned with ethanol followed by ddH2O after every individual parasitoid test.
Each treatment was repeated 3 times with 30 parasitoids tested each repetition.
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2.5. Data Analysis

The sublethal concentrations (LC1, LC10, LC30 and LC50), 95% confidence intervals, relative
factors and safety factors of both insecticides were calculated through linear regression. The safety
of the two insecticides to E. formosa was evaluated according to “Test guidelines on environmental
safety assessment for chemical pesticides” [37], and the toxicity risk grades were divided into 5 levels
(Table 1) [37].

Table 1. Definition of the pesticide risk grades to insects.

Toxicity Risk Grade Safety Factor (SF)

extreme high risk SF ≤ 0.05
high risk 0.05 < SF ≤ 0.5

medium risk 0.5 < SF ≤ 5
low risk SF > 5

Note: safety factor = LC50 (mg/L)/ield recommended concentration (mg/L).

The differences in E. formosa dwelling time, entering frequency in whitefly infested AND
non-infested plant areas treated with the same lethal concentration were analyzed using t-test. While
the differences of E. formosa dwelling time, entering frequency in the same host plant areas (whitefly
infested OR non-infested plant areas) among different lethal concentrations were compared using
Duncan’s test SPSS 17.0 (International Business Machines Corp., Armonk, NY, USA).

3. Results

3.1. Toxicity to Parasitoid Adults

The LC30 and LC50 values of abamectin and imidacloprid to the 12, 24, 48, 72 and 96 h old
E. formosa adults are listed in Tables 2 and 3 respectively. Results revealed that the LC30 and LC50 value
of both insecticides to E. formosa adults increased with the longevity of the parasitoid, indicating the
relatively higher chemical tolerance of older adult wasps than the younger adults (Tables 2 and 3).

Table 2. Toxicity of abamectin to Encarsia formosa adults.

Parasitoid Age (h) Regression Equation of
Toxicity

Correlation
Coefficient (r)

LC30 (mg/L)
(95% Confidence Interval)

LC50 (mg/L)
(95% Confidence Interval)

12 Y = −0.396 + 1.472X 0.966 0.818 (0.255–1.456) 1.857 (0.891–2.771)
24 Y = −1.829 + 2.541X 0.928 3.262 (0.443–5.839) 5.246 (1.894–11.081)
48 Y = −1.770 + 2.162X 0.973 3.768 (2.805–4.707) 6.587 (5.330–8.078)
72 Y = −2.092 + 2.499X 0.987 4.239 (3.312–5.150) 6.872 (5.695–8.266)
96 Y = −2.439 + 2.560X 0.991 5.598 (4.457–6.740) 8.972 (7.490–10.804)

Table 3. Toxicity of imidacloprid to Encarsia formosa adults.

Parasitoid Age (h) Regression Equation of
Toxicity

Correlation
Coefficient (r)

LC30 (mg/L)
(95% Confidence Interval)

LC50 (mg/L)
(95% Confidence Interval)

12 Y = −2.854 + 1.740X 0.976 21.818 (12.965–30.399) 43.669 (31.555–56.3)
24 Y = −3.789 + 2.034X 0.974 40.262 (29.717–50.668) 72.892 (58.593–90.425)
48 Y = −4.441 + 2.301X 0.981 43.818 (30.749–56.726) 81.296 (66.387–99.827)
72 Y = −3.392 + 1.747X 0.983 46.943 (35.828–57.980) 87.470 (68.605–112.343)
96 Y = −3.399 + 1.688X 0.986 50.445 (35.926–65.201) 103.138 (80.635–135.647)

The safety factors of abamectin to E. formosa adults of different ages ranged from 0.093 to 0.449
(Table 4), falling between the toxicity limit of 0.05 to 0.5 (Table 1), while the safety factors of imidacloprid
ranged from 1.311 to 3.097 (Table 4), falling between the toxicity limit of 0.5 and 5 (Table 1). The results
indicate that abamectin has a high toxicity risk to adult parasitoids while imidacloprid has a medium
toxicity risk to adult parasitoids.
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Table 4. The toxicity risk grade of abamectin and imidacloprid to Encarsia formosa adults.

Pesticide Parasitoid
Age (h)

Field Recommended
Concentration (mg/L) Safety Factor (SF) Toxicity Risk

Grade

abamectin

12 20 0.093 high risk
24 20 0.262 high risk
48 20 0.329 high risk
72 20 0.344 high risk
96 20 0.449 high risk

imidacloprid
12 33.3 1.311 medium risk
24 33.3 2.189 medium risk
48 33.3 2.441 medium risk

3.2. Toxicity to Parasitoid Pre-Pupae and Pupae

Analysis of the results revealed that, the LC50 of abamectin to the pre-pupa and pupa of E. formosa
was 4.395 and 4.474 mg/L, while the LC30 was 3.029 and 2.524 mg/L respectively (Table 5). The safety
factors calculated for pre-pupa and pupa were 0.220 and 0.224, both of them were between 0.05 to 0.5,
which indicates a high toxicity risk to the pre-pupa and pupa of E. formosa according to risk grades
(Table 6). By contrast, the LC50 of imidacloprid on pre-pupa and pupa were 22.211 and 30.781 mg/L,
respectively. The LC30 values of imidacloprid were 8.877 and 16.990 mg/L to the pre-pupa and pupa
(Table 7), and the safety factors were 0.667 and 0.993, respectively, indicating that imidacloprid has a
medium toxicity risk to the pre-pupa and pupa of E. formosa (Table 6).

Table 5. Toxicity of abamectin to the pre-pupa and pupa of Encarsia formosa.

Parasitoid Stage Regression Equation of
Toxicity

Correlation
Coefficient (r)

LC30 (mg/L)
(95% Confidence Interval)

LC50 (mg/L)
(95% Confidence Interval)

pre-pupa Y = −2.086 + 3.244X 0.951 3.029 (0.386–5.167) 4.395 (1.447–8.493)
pupa Y = −1.372 + 2.109X 0.990 2.524 (1.730–3.278) 4.474 (3.473–5.532)

Table 6. The toxicity risk grade of abamectin and imidacloprid to pre-pupa and pupa of Encarsia formosa.

Pesticide Parasitoid Stage Field Recommended
Concentration (mg/L) Safety Factor (SF) Toxicity Risk

Grade

abamectin
pre-pupa 20 0.220 high risk

pupa 20 0.224 high risk

imidacloprid pre-pupa 33.3 0.667 medium risk
pupa 33.3 0.993 medium risk

Table 7. Toxicity of imidacloprid to the pre-pupa and pupa of Encarsia formosa.

Parasitoid Stage Regression Equation of
Toxicity

Correlation
Coefficient (r)

LC30 (mg/L)
(95% Confidence Interval)

LC50 (mg/L)
(95% Confidence Interval)

pre-pupa Y = −1.773 + 1.317X 0.931 8.877 (2.822–15.911) 22.211 (11.107–33.026)
pupa Y = −3.024 + 2.032X 0.951 16.990 (1.210–32.911) 30.781 (6.680–54.553)

3.3. Sublethal Effects on Parasitoid Searching Behaviour

After treatment with LC1 and LC10 of abamectin for 1 h using the residual film method, E. formosa
wasps did not change their choice preference, because their dwelling times in the B. tabaci infested
plant areas were both significantly longer than their dwelling times in the non-infested plant areas
(148.62 s vs. 69.90 s in LC1 experiment; 131.97 s vs. 86.51 s in LC10 experiment). However, when the
concentration of abamectin increased to LC30, the dwelling time spent by E. formosa adults in the area
with non-infested plants was significantly longer than the dwelling time in the area with B. tabaci
infested plants (125.73 s vs. 76.21 s), which indicates that the higher concentration of abamectin (LC30)
reduced the searching behaviour of E. formosa. When compared with the control, the dwelling time of
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E. formosa adults in B. tabaci infested plant areas of LC1 treatment had no significant difference, while the
dwelling time of LC10 treatment was significantly lower and LC30 treatment was the lowest. While for
the dwelling time in the non-infested plant area, no significant differences were found between the
control, LC1 and LC10 treatments, but the dwelling time of LC30 treatment was significantly longer
(Figure 1).

Figure 1. Dwelling time of Encarsia formosa in different plant areas treated with abamectin. Note:
*** p < 0.001 (significantly different between the two groups, t-test). The same letter over the bars
of infested plant or non-infested plant areas indicates no significant differences between the various
concentrations (Duncan’s multiple range test, α < 0.05). The “infested plant area” means cotton plants
in the four-armed olfactometer infested with 3rd or 4th instar B. tabaci nymphs, while the “non-infested
plants” means healthy cotton plants without whitefly infestation in the four-armed olfactometer.

Similar to the abamectin tests, the treatment of imidacloprid LC1 and LC10 did not change
the choice preference of E. formosa wasps, that is, preferring the B. tabaci infested plants over the
non-infested plants (129.72 s vs. 60.64 s in LC1 experiment; 102.60 s vs. 89.82 s in LC10 experiment).
However, when the concentration of imidacloprid increased to LC30, the dwelling time of E. formosa
in the non-infested plant area was significantly longer than the dwelling time spent in B. tabaci
infested plant area (131.55 s vs. 74.26 s). This indicated that when E. formosa adults were exposed to
the LC30 of imidacloprid, an opposite preference of host searching behaviour compared to normal
occurred; E. formosa could not search for its host as normal when treated with LC30 imidacloprid.
When compared with the control, the dwelling time of E. formosa adults in the B. tabaci infested
plant area of LC1 treatment had no significant difference, while the dwelling time of LC10 treatment
was significantly lower and the LC30 treatment was the lowest. While for the dwelling time in the
non-infested plant area, no significant differences were found between the control and LC1 treatment,
but the dwelling time of LC10 treatment was significantly longer and the LC30 treatment was the
longest (Figure 2).
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Figure 2. Dwelling time of Encarsia formosa in different areas treated with imidacloprid. Note:
*** p < 0.001 (significantly different between the two groups, t-test), ns (not significantly different
between the two groups, t-test). The same letter over the bars of infested plant or non-infested plant
areas indicates no significant differences between the various concentrations (Duncan’s multiple range
test, α < 0.05). The “infested plant area” means cotton plants in the four-armed olfactometer infested
with 3rd or 4th instar B. tabaci nymphs, while the “non-infested plants” means healthy cotton plants
without whitefly infestation in the four-armed olfactometer.

In the control and LC1 treatment of abamectin, the frequencies that E. formosa entered into the
B. tabaci infested plant areas were relatively higher than the frequencies of entry into the non-infested
plant areas (1.93 and 1.83 times vs. 1.37 and 1.43 times respectively), whereas in the LC10 and LC30

treatments, the frequencies that E. formosa entered into the B. tabaci infested plant areas were less than
that of entering into non-infested plant areas, but there was no significant differences between the two
concentration treatments (1.23 and 1.10 times in B. tabaci infested plant area vs. 1.33 and 1.17 times in
non-infested plant area). When compared with the control, the frequency that E. formosa entered into
the B. tabaci infested plant area of LC1 treatment had no significant difference, while the frequencies
of LC10 and LC30 treatments were significantly lower. However, for the frequencies of entering into
the non-infested plant area, no significant differences were found between the control and LC1, LC10,
and LC30 treatments (Figure 3).
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Figure 3. The frequency of Encarsia formosa entering different areas when treated with abamectin. Note:
* p < 0.05 (significantly different between the two groups, t-test), ns (not significantly different between
the two groups, t-test). The same letter over the bars of infested plant or non-infested plant areas
indicates no significant differences between the various concentrations (Duncan’s multiple range test,
α < 0.05). The “infested plant area” means cotton plants in the four-armed olfactometer infested with
3rd or 4th instar B. tabaci nymphs, while the “non-infested plants” means healthy cotton plants without
whitefly infestation in the four-armed olfactometer.

When treated with LC1, and LC10 concentrations of imidacloprid, the frequencies that E. formosa
entered into the B. tabaci infested plant areas were only a little more than that of entering into the
non-infested plant areas (1.33 and 1.10 times vs. 1.23 and 1.07 times respectively), while in the LC30

concentration test, the situation has reversed, the frequency that E. formosa entered into the B. tabaci
infested plant areas were only a little less than that of entering into the non-infested plant areas
(1.07 times vs. 1.13 times), but there was no significant differences between the entering frequencies in
the LC1, LC10 and LC30 concentration experiments. Similarly, the frequencies that E. formosa entered
into the B. tabaci infested plant area of LC1, LC10, and LC30 treatments were significantly less than the
frequency of the control. For the frequencies of entering into the non-infested plant areas, no significant
differences were found between the control and LC1 treatment but the LC10 and LC30 treatments were
significantly less than the control (Figure 4).



Insects 2018, 9, 116 9 of 14

Figure 4. The frequency of Encarsia formosa entering different areas when treated with imidacloprid.
Note: * p < 0.05 (significantly different between the two groups, t-test), ns (not significantly different
between the two groups, t-test). The same letter over the bars of infested plant or non-infested plant
areas indicates no significant differences between the various concentrations (Duncan’s multiple range
test, α < 0.05). The “infested plant area” means cotton plants in the four-armed olfactometer infested
with 3rd or 4th instar B. tabaci nymphs, while the “non-infested plants” means healthy cotton plants
without whitefly infestation in the four-armed olfactometer.

4. Discussion

This current research has shown that abamectin has a high toxicity risk against E. formosa. This is
consistent with the results of Bacci et al. [10], who reported high insecticidal toxicity of abamectin
to adults of Encarsia sp. (Hymenoptera: Aphelinidae). Abamectin has also been found to be highly
toxic against the adults of other parasitoid wasps, such as Trichogramma chilonis Ishii (Hymenoptera:
Trichogrammatidae), Bracon nigricans Szépligeti (Hymenoptera: Braconidae) and Aphidius gifuensis
(Ashmead) (Hymenoptera: Braconidae) [24,32,33]. However, results of some other studies differ with
those of the present study, for example, abamectin was considered harmless to Agenia spiscitricola
Longvinovskaya (Hymenoptera: Encyrtidae) [38], slightly to moderately toxic to Trichogramma
japonicum Ahmead (Homenoptera: Trichogrammatidae) [29], and moderately harmful to Aphytis
melinus DeBach (Hymenoptera: Aphelinidae) [39]. We suggest that the different conclusions regarding
the toxicity may be due to different experimental methods (e.g., insecticide residues on leaves and hosts
surfaces in some other experiments but on glass surfaces in our experiments; exposure durations in
their experiments were 1 h, 24 h, 3 d, but varied in 12, 24, 48, 72, and 96 h in our experiments; the ages
of the insects used for experiments in their researches were 24–48 h old, or <48 h old, or <3 d old,
but <24 h old in our research.) and the parasitoid species investigated.

Results in the current study indicated a medium toxicity risk of imidacloprid to E. formosa,
and this is similar to the study of Prabhaker et al. [40] with the same insecticide and parasitoid.
However, there are also studies that revealed a more severe toxicity of imidacloprid to several species
of parasitoids, including Encarsia sp. [10], Encarsia inaron (Walker) (Hymenoptera: Aphelinidae) [30],
Eretmocerus mundus Mercet (Hymenoptera: Aphelinidae) [31], Eretmocerus eremicus Rose and
Zolnerowich (Hymenoptera: Aphelinidae), A. melinus, Gonatocerus ashmeadi Girault (Hymenoptera:
Mymaridae) [40] and Trichogramma cacoeciae Marchal (Hymenoptera: Trichogrammatidae) [41]. These
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different conclusions may again be also due to the experimental methods, insecticide concentrations
and the parasitoid species investigated as we mentioned above.

While previous studies investigated the toxicity of insecticides on adults of E. formosa without
any concern of their age, the current study investigated this biological factor with abamectin and
imidacloprid following E. formosa emergence. It was found that these two insecticides had different
risk levels against E. formosa adults, in particular abamectin has a high toxicity risk while imidacloprid
has a medium toxicity risk.

In the current study, we investigated the toxicity of abamectin and imidacloprid to the pre-pupa
and pupa of E. formosa. Here we obtained similar results to the toxicity to the adults: a high toxicity
risk of abamectin and a medium toxicity risk of imidacloprid. Harmful effects of abamectin have
also been found on the mummy stage of A. gifuensis but the mortalities observed were much fewer
than when against the adult stage [33]. Mahdavi et al. [22] classified abamectin as slightly harmful
when pre-imaginal stages of Habrobracon hebetor Say (Hymenoptera: Braconidae) were treated with
this chemical. For imidacloprid, Saber [41] found lower toxicity to the larvae, pre-pupae and pupae of
T. cacoeciae when compared to the adults. The higher toxicity of insecticides to adults than to pre-pupae
or pupae of parasitoids is probably due to immature parasitoids developing within host bodies are
protected from many pesticides [23,33,42,43]. The mechanism of contrary findings between this study
and previous studies requires further investigation, but the sensitivity of different parasitoid species
to a given insecticide maybe one of the biological factors playing a role [22,44]. Different methods
employed in experiments for adults (insecticide on glass surface in our experiments) and pre-pupae
and pupae (insecticide on leaf surface in our experiments) may also lead to differences in a parasitoid’s
response to an insecticide. The side effects of these two insecticides on natural enemies might be
waved in field comparing to that in the laboratory. For example, when applied in the field, abamectin
was recorded to be not harmful to parasitoids on Java potato [45], but imidacloprid has negative effects
on the parasitism and population dynamics of aphid parasitoids [46,47].

Sublethal concentrations of pesticides may not only affect the physiological traits of a natural
enemy (e.g., lifespan, growth and reproduction), but can also interfere its behaviour in regards to
host searching, learning, and communication [20,23,35]. In this study, sublethal concentrations of
both insecticides (abamectin and imidacloprid) caused a distinct negative influence on the efficiency
of the parasitoids’ host searching ability. Similar results were found for Neochrysocharis formosa
(Westwood) (Hymenoptera: Eulophidae) [48] and Anagrus nilaparvatae (Pang et Wang) (Hymenoptera:
Mymaridae) [49] when the parasitoids were treated with sublethal concentrations of imidacloprid.
Bethke and Redak [50] found lower parasitism of E. formosa on Bemisia argentifolii Bellows and Perring
(Hemiptera: Aleyrodidae) when the pest nymphs were treated with imidacloprid. When treated with
an LC30 of abamectin, the host searching behaviour of E. formosa was significantly affected, but it
was less influenced when treated with the LC10 concentration, while for LC1 treatment it was slightly
affected. The behaviour was also remarkably forced into a reverse trend when treated with LC1,
LC10 and LC30 of imidacloprid. The reduction of host searching behaviour in our results can lead to
both decreased oviposition and parasitism rate. Pesticides can lead to a reduction in the parasitoids’
sensitivity and response to volatiles from hosts or pest-infested plants [49]. This may be because of the
obstruction or destruction of perception and response to related pheromones [51,52], so the searching
efficiency is reduced.

5. Conclusions

In summary, our results have indicated that abamectin and imidacloprid both have high or
medium acute toxicity against E. formosa and negative sublethal effects on its host searching behaviour.
Therefore, abamectin and imidacloprid should be more cautiously used within IPM programmes
against B. tabaci as they have been shown to reduce the effectiveness of E. formosa. In addition,
the residue of these insecticides within the environment (on plants in the soil), as well as other
non-target effects combining biotic and abiotic factors to this parasitoid, should be further studied [53].
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Discrete precautionary measures should be taken before applying these insecticides or, indeed, some
other effective and sustainable methods. Furthermore, products should be evaluated and applied
within IPM programmes against B. tabaci in their place.
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