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Abstract 

The tobacco whitefly Bemisia tabaci is one of the most devastating pests worldwide. Current 
management of B. tabaci relies upon the frequent applications of insecticides. In addition to direct 
mortality by typical acute toxicity (lethal effect), insecticides may also impair various key biological 
traits of the exposed insects through physiological and behavioral sublethal effects. Identifying and 
characterizing such effects could be crucial for understanding the global effects of insecticides on 
the pest and therefore for optimizing its management in the crops. We assessed the effects of 
sublethal and low-lethal concentrations of four widely used insecticides on the fecundity, hon-
eydew excretion and feeding behavior of B. tabaci adults. The probing activity of the whiteflies 
feeding on treated cotton seedlings was recorded by an Electrical Penetration Graph (EPG). The 
results showed that imidacloprid and bifenthrin caused a reduction in phloem feeding even at 
sublethal concentrations. In addition, the honeydew excretions and fecundity levels of adults 
feeding on leaf discs treated with these concentrations were significantly lower than the untreated 
ones. While, sublethal concentrations of chlorpyrifos and carbosulfan did not affect feeding be-
havior, honeydew excretion and fecundity of the whitefly. We demonstrated an antifeedant effect 
of the imidacloprid and bifenthrin on B. tabaci, whereas behavioral changes in adults feeding on 
leaves treated with chlorpyrifos and carbosulfan were more likely caused by the direct effects of 
the insecticides on the insects’ nervous system itself. Our results show that aside from the lethal 
effect, the sublethal concentration of imidacloprid and bifenthrin impairs the phloem feeding, i.e. 
the most important feeding trait in a plant protection perspective. Indeed, this antifeedant 
property would give these insecticides potential to control insect pests indirectly. Therefore, the 
behavioral effects of sublethal concentrations of imidacloprid and bifenthrin may play an important 
role in the control of whitefly pests by increasing the toxicity persistence in treated crops. 

Key words: ecotoxicology, Electrical Penetration Graph, feeding behavior; honeydew excretion; 
fecundity. 

Introduction 
Bemisia tabaci (Gennadius) (Hemiptera: 

Aleyrodidae), is one of the most damaging pests 
worldwide [1-5], including China where, since the 
1990s, it has been largely affecting many major crops 
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resulting in huge yield losses every year [6,7]. In 
China, various classes of insecticides, such as organ-
ophosphates, carbamates, pyrethroids and, more re-
cently, neonicotinoids are extensively used by grow-
ers to control B. tabaci [8]. However, it has been re-
ported that this pest has been difficult to control with 
conventional and newer insecticides because of the 
rapid development of resistance, as a result of overuse 
[8-11].  

In field crops, lower insecticide concentrations 
usually occur after the initial insecticide application 
[12]. These concentrations depend on how often in-
secticides are applied, how they are degraded by abi-
otic factors, such as rainfall, temperature and sunlight 
[12-14] and, in the case of systemic products, how fast 
is the plant growth [15-17]. Under field conditions, B. 
tabaci would be exposed to sublethal and low-lethal 
doses of insecticides and may experience certain re-
lated sublethal effects. These are defined as physio-
logical or behavioral trait modifications in individuals 
that survive an exposure to toxic compounds (notably 
insecticides) being the toxicant dose/concentration 
either sublethal or lethal [18]. In addition to direct 
mortality by typical poisoning effects, pesticides may 
interfere with the feeding behavior of exposed insects 
by repellent, antifeedant, or reduced olfactory capac-
ity effects [18-21].  

Traditionally, pesticide efficacy assessment has 
relied on the determination of an acute median lethal 
dose/concentration. However, the effects of the 
newly developed insecticides are usually subtle, thus 
acute toxicity tests may only be a partial measure of 
the toxic effects [18,22]. The impairment of key be-
havioral and physiological traits may strongly affect 
population dynamics [23]. Therefore, accurate as-
sessment of sublethal effects is crucial to acquire 
knowledge on the overall insecticide efficacy in con-
trolling insect pest populations, as well as on their 
selectivity towards non-target organisms [18,24,25].  

In the past three decades, a growing body of lit-
erature has aimed at assessing pesticide sublethal 
effects on various important biological traits of pests 
but, among them, feeding behavior has been scarcely 
investigated. Most plant-sucking organisms, notably 
homopteran insects, insert their piercing mouthparts 
(stylets) into the plant, imbibe fluids and expel hon-
eydew. In previous studies, weight and honeydew 
excretion had usually been used as biological clues to 
assess effects of insecticides on feeding behaviors of 
homopteran insects, owing to the difficulties involved 
in measuring feeding quantitatively. The electronic 
penetration graph (EPG) technique was developed to 
record distinct phases of penetration and feeding ac-
tivity in aphids [26]. The principal component of this 
system is an electrical circuit made by a potted plant, 

an electrical resistor, a voltage source, the tested insect 
and various thin wire connections. When the insect 
mouthparts penetrate into the plant tissues, the circuit 
is completed and a fluctuating voltage originates dif-
ferent waveforms. The biological meanings of the 
various EPG waveforms were studied per each spe-
cific feeding behavioral trait for various plant-sucking 
insect species, whiteflies included [27-30]. However, 
the majority of previous studies aimed at assessing 
insecticides effects on feeding behavior using the EPG 
technique were mainly conducted on aphids and 
brown planthopper, and few on the other homopteran 
insects, as well as on whiteflies. As phloem sap feed-
ers, whiteflies penetrate their mouthparts into the leaf 
tissue, covering the distance from the epidermis to the 
phloem vessel intercellularly, and finally feed on 
substances in the sieve elements [31]. Using the EPG 
technique, the mechanical stylet activity, the punc-
tures of plant cells, the salivation and the active and 
passive ingestion can be easily recorded and distin-
guished [26]. Inability to feed normally, as observed 
after the application of insecticides, should therefore 
be reflected in changes in the normal sequence of the 
EPG waveforms. 

Mindful of this context, the aim of the present 
study is to assess the effects of sublethal and 
low-lethal concentrations of four insecticides (bifen-
thrin, carbosulfan, chlorpyrifos and imidacloprid) 
widely used to control whitefly pests [1,8-11] on 
B. tabaci adult females. For this we first conducted a 
concentration-response bioassay and then, evaluated 
the amount of insecticides to test, we investigated the 
sublethal effects on fecundity, honeydew excretion 
activity and on the feeding behavior by the electronic 
penetration graph (EPG) technique. The obtained re-
sults could be useful: (i) to acquire knowledge on the 
subtle mechanisms of action of the tested insecticides; 
and (ii) to assess the full insecticidal potential of these 
pesticides, since they may be able to slow down B. 
tabaci population growth at low concentration 
through sublethal effects. 

Materials and Methods 
Biological material 

Adults of B. tabaci were collected from vegetable 
fields at the suburbs of Fuzhou city, Fujian Province, 
China, during July-August 2008. Bemisia tabaci pupae 
and adults were identified at the specific level using 
morphological characters. The population was as-
signed to the B biotype using molecular markers (cy-
tochrome oxidase I) according to the method of Alon 
et al. [32]. Individuals were used to establish a labor-
atory colony that was maintained for multiple gener-
ations on pesticide-free cotton plants, Gossypium hir-
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sutum L., in a growth chamber (25±1 °C, 65±5% RH, 
and 14:10 L:D). 

Insecticides 
All the insecticides tested in the study were of 

technical grade. The neonicotinoid imidacloprid 
(96.8% purity) and the carbamate carbosulfan (95% 
purity) were provided by Changlong Chemical Lim-
ited Company (Jiansu, China), the pyrethroid bifen-
thrin (95% purity) was provided by Longdeng 
Chemical Limited Company (Jiansu, China) and the 
organophosphate chlorpyrifos (98.9% purity) was 
provided by Xinnong Chemical Limited Company 
(Zhejiang, China). Stock solutions of all the insecti-
cides were first prepared in acetone, and then were 
diluted with purified water to obtain final concentra-
tions of the active ingredients (a.i.) as follows: im-
idacloprid 5, 10, 20, 40, 80 and 160 ppm (parts per 
million); bifenthrin 5, 10, 20, 40, 80 and 160 ppm; 
chlorpyrifos 50, 100, 200, 400, 800 and 1600 ppm; car-
bosulfan 100, 200, 400, 800, 1600 and 3200 ppm. Pre-
liminary experiments were carried out to determine 
the range of insecticide concentrations, by exposing 
whitefly adults (from the population studied) to con-
centrations equal to recommended field application 
rates until observing mortality rates lower than 100%. 
The acetone concentration in the insecticidal solutions 
finally used was 10 ml l-1 or lower. The insecticides 
were chosen for the experiments since they are widely 
used in conventional cotton cultivations worldwide, 
mainly to control whitefly pests, and because they 
well represent four different insecticides families, i.e. 
those of neonicotinoids, pyrethroids, organophos-
phates and carbamates [1,8-11]. These insecticide 
families impair different targets in exposed organ-
isms: (i) the voltage-sensitive sodium channel on 
neuron membranes by pyrethroids, the acetylcholin-
esterase by the organophosphates and the carbamates, 
and (ii) the nicotinic acetylcholine receptors by the 
neonicotinoids. 

Insecticide exposure  
For the concentration-mortality response and for 

the honeydew excretion and fecundity assessments, 
the whiteflies were exposed to dry residues of the 
various insecticides on cotton leaves. Cotton leaves 
were treated using the leaf-dip bioassay, and it was 
carried out following the methodology described by 
He et al. [33]. Briefly, untreated cotton leaves were 
dipped for five seconds in the serial insecticide dilu-
tions or in water plus acetone (as untreated control). 
Subsequently, the leaves were air-dried until all the 
insecticides solution droplets evaporated (1 h), and 
then leaf discs (35 mm of diameter) were cut and 
placed with their adaxial surface downwards onto 

agar in 35 mm-diameter Petri dishes. Whereas, to 
conduct the EPG assay (see below), entire 30-day old 
cotton seedlings were dipped in the insecticide solu-
tions or in water plus acetone for five seconds. Cotton 
seedlings were air-dried for 1 h prior being used for 
the experiments.  

Concentration-mortality response: LC50 and 
LC10 

To obtain the concentrations to be used in further 
experiments, the concentration-mortality regression 
lines, the lethal concentration 50 (LC50) and 10 (LC10), 
the whiteflies were exposed for 24 h to the insecticide 
concentrations using the method previously de-
scribed (see the Insecticide exposure section). 0-2-day 
old B. tabaci female adults were anesthetized with CO2 
for two seconds, and then they were carefully trans-
ferred onto the leaf discs. Each Petri dish was then 
covered with a perforated lid and kept upside down 
in a growth chamber (25±1°C, 65±5% RH and 14:10 
L:D). Mortality was recorded after 24h of exposure 
and the adults were considered dead when they re-
mained immobile after being touched by a fine 
paintbrush. For each treatment (i.e. the four insecti-
cides and the untreated control) and concentration 
tested, six replicates of 25 whiteflies were carried out.  

Sublethal effects on honeydew excretion and 
on fecundity  

To assess the effects of the insecticides on two 
important B. tabaci biological traits, i.e. honeydew 
excretion and egg laying activity, a sublethal concen-
tration (inducing no significant mortality when com-
pared to the untreated control [18]) and a low-lethal 
concentration (< 40% mortality after 24-h of exposure) 
of each insecticides were used. These concentrations 
were chosen based on results of the section Concentra-
tion-mortality response. More specifically, we tested 5 
and 20 ppm of imidacloprid, 10 and 40 ppm of bifen-
thrin, 50 and 200 ppm of chlorpyrifos, and 100 and 400 
ppm of carbosulfan. The whiteflies were exposed to 
the insecticides using the methodology described 
above with the exception that the dishes were placed 
upside down on filter paper imbibed in ethanol solu-
tions containing 0.1% bromocresol green. This system 
allows estimating the deposited honeydew, since 
bromocresol green produces blue spots where hon-
eydew droplets are deposited with their size (surface) 
representing the amount of honeydew secreted by the 
tested insects [34]. After 24 h of insecticides exposure, 
the area of blue spots on the filter paper was deter-
mined, and the adult mortality and the number of laid 
eggs were recorded. Five replicates of 20 0-2-day old 
adult females, previously starved for 2 h, for each 
treatment and concentration were carried out. 
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Sublethal effects on feeding behavior: EPG 
recording and studied parameters  

The feeding behavior of the whiteflies exposed to 
plants treated with the sublethal and low lethal con-
centrations (see the Sublethal effects on fecundity and 
honeydew excretion section) was studied using the EPG 
DC (direct current) system technique [35] aiming at 
monitoring the whitefly stylet activity. For this we 
used an EPG Giga-4 amplifier (Wageningen Univer-
sity, Wageningen, The Netherlands) which was con-
nected to a microcomputer. A gold wire (length: 2cm, 
diameter: 10µm) was attached, with water soluble 
silver glue, to the notum (thoracic dorsum) of the 
whiteflies, and then was connected to the EPG ampli-
fier. The tested whiteflies were placed on the abaxial 
surface of the treated leaf disc. After 30 min of accli-
mation, the experiment was carried out inside a 
Farady cage to avoid electrical noises [36] in the 
laboratory (25±1°C, 65±5% RH). At least 20 0-2-day 
old females (previously starved for 2 h) per each in-
secticide and concentration were exposed to treated 
plants and tested using the EPG DC system. Behav-
ioral observations were conducted between noon and 
7.30pm. The EPG signal was recorded during 6h and 
the output signals were stored using the DI-720 Se-
ries® software (DataQ Instruments, Ohio, USA). The 
same software was also used to analyze the various 
EPG behavioral waveforms recorded during the ex-
periments. The waveforms, previously described for 
B. tabaci and correlated with the probing activity of 
this particular species [28,35-37], were characterized 
as: (i) non-probing (waveform Np: stylets external to 
the plant); (ii) pathway phase (waveforms A, B C and 
pd [potential drop] reflecting an intercellular stylet 
pathway, intracellular feeding); (iii) xylem ingestion 
(waveform G); and (iv) phloem activities (waveform E 
[E1 and E2] representing salivation into phloem sieve 
elements and phloem ingestion).  

Statistical analysis  
The concentration-mortality response, the LC50 

and the LC10 for B. tabaci, after 24 of exposure, were 

determined using a regression log-probit model [38]. 
Dose-mortality relationships were considered valid 
(i.e. they fitted the observed data) when there was 
absence of significant deviation between the observed 
and the expected data (at the P<0.05 level). The sur-
face of the honeydew deposits, the number of eggs 
laid (fecundity) and percentage of mortality of 
B. tabaci adults when exposed to sublethal and 
low-lethal insecticides concentrations was analyzed 
using a one-way analysis of variance (ANOVA) fol-
lowed by a HSD post hoc test for multiple compari-
sons with the control group. The same statistical 
method was used for analyzing the data obtained in 
the feeding behavior experiments i.e. time spent be-
fore the first probe (waveforms A, B, C, G and Pd) and 
phloem activities event (waveform E), total time spent 
in non-probing (waveform Np), in non- phloem 
(waveforms Pd, A, B, C) and in phloem activities 
(waveform E). All datasets were first tested for nor-
mality and homogeneity of variance using Kolmogo-
rov–Smirnov D test and Cochran’s test respectively, 
and transformed if needed. All analyses were con-
ducted using SAS program [39]. 

Results 
Determination of the LC50 and the LC10 

Log-probit regression analyses of concentra-
tion-mortality data showed that, after 24 h of expo-
sure to imidacloprid, bifenthrin, chlorpyrifos and 
carbosulfan, the LC50 values were estimated at 39.60 
ppm, 52.35 ppm, 337.04 ppm and 632.22 ppm, respec-
tively. Whereas, The LC10 values at 24 h for imidaclo-
prid, bifenthrin, chlorpyrifos and carbosulfan were 
estimated at 5.28 ppm, 10.02 ppm, 55.18 ppm and 
128.37 ppm, respectively. Therefore, 5 ppm, 10 ppm, 
50 ppm and 100 ppm (~LC10) were selected as suble-
thal concentrations for further experiments for im-
idacloprid, bifenthrin, chlorpyrifos and carbosulfan, 
respectively (Table 1). Absence of significant mortality 
in B. tabaci adults exposed to these concentrations 
was confirmed during the Honeydew excretion and 
egg production experiments (see below). 

Table 1. LC50 and LC10 values (with corresponding 95 % confidence intervals) for Bemisia tabaci adults after 24 h of exposure to insec-
ticide-contaminated cotton leaves. Mortality in all control groups was always below 5 %. The results are presented as LC50 and LC10 with 
corresponding 95 % confidence intervals (CI), chi-square results, degree of freedom (df) and regression equations. 

 Imidacloprid  Bifenthrin  Chlorpyrifos  Carbosulfan  
Regression equations y=2.660+1.464x y=1.932+1.785x y=0.878+1.631x y=-0.184+1.861x 
χ² (df) 1.8617(4) 0.8544 (3) 0.8944 (3) 0.6225 (3) 
LC50 (ppm) 95% CI 39.60 52.35 337.04 632.22 

33.19-48.11 45.68-62.40 280.59-420.81 537.25-765.53 
LC10 (ppm) 95% CI 5.28 10.02 55.18 128.37 

3.63-7.01 7.14-12.89 38.69-71.52 95.81-160.23 
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Honeydew excretion and egg production 
The sublethal concentrations caused mortality 

rates ranging from 3% to 9% and they were not sig-
nificantly different from the mortality percentages 
recorded for the untreated control (F4,20 = 2.645; P 
=0.0638) (Fig. 1). The same concentrations caused a 
significant decrease of honeydew excretion only for 
imidacloprid and bifenthrin, 20.59 and 7.40 mm2, re-
spectively (F4,20 = 4.512; P = 0.007) (Fig. 2). By contrast, 
sublethal concentrations of chlorpyrifos and carbo-
sulfan did not significantly decrease honeydew secre-
tion of B. tabaci. The same trend was observed for the 
fecundity; only the sublethal concentrations of im-
idacloprid and bifenthrin significantly reduced the 
number of eggs laid by adults (about by one third and 
a half, respectively) during the 24-h exposure period 
(F4,20 = 9.398; P < 0.001) (Fig. 3).  

 The mortality rates caused of the low-lethal 
concentrations ranged from 24% to 35% for chlorpyr-
ifos and carbosulfan, respectively (Fig. 1), and the 
mortality caused by all the insecticides was signifi-
cantly different from the untreated control one (F4,20 = 
11.439; P <0.001). Honeydew excretion and egg pro-
duction significantly decreased when B. tabaci adults 
were exposed to the low-lethal concentrations of all 
the tested insecticides (honeydew excretion: F4,20 = 
40.114; P < 0.001. Egg production: F4,20 = 30.961; P < 
0.001) (Fig. 2 and 3). The most detrimental chemical 
was bifenthrin that caused the lowest honeydew ex-
cretion and fecundity levels, 0.40 mm2 and 37.20 eggs 
laid, respectively. Although significantly different 
from the control, the results obtained with chlorpyri-
fos at 200 ppm were the highest, i.e. 11.90 mm2 of 
honeydew deposits and 93.20 laid eggs (Fig. 2 and 3).  

 

 
Figure 1. Lethal effect of sublethal and low-lethal insecticide concentrations. Percentages (means ± SEM) of Bemisia tabaci 
females after 24 h of exposure to sublethal and low-lethal concentrations of the four tested insecticides. Means for treatment bearing 
asterisks differed from the untreated control at P < 0.05, one-way ANOVA followed by HSD test. 

 
Figure 2. Sublethal effect on honeydew excretion of sublethal and low-lethal insecticide concentrations. Means (±SEM) of 
honeydew excretion deposited by Bemisia tabaci females, measured as blue spots size (mm2) on bromocresol green after 24 h of exposure 
to sublethal and low-lethal concentrations of the four tested insecticides. Means for treatment bearing asterisks differed from the un-
treated control at P < 0.05, one-way ANOVA followed by HSD test. 
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Figure 3. Sublethal effect on egg production of sublethal and low-lethal insecticide concentrations. Total number of laid 
eggs (means ± SEM) by Bemisia tabaci females after 24 h of exposure to sublethal and low-lethal concentrations of the four tested in-
secticides. Means for treatment bearing asterisks differed from the untreated control at P < 0.05, one-way ANOVA followed by HSD test. 

 
Figure 4. Sublethal effect on feeding behavior of sublethal and low-lethal insecticide concentrations. Means (±SEM) of 
minutes spent by Bemisia tabaci females before the first (a) probing (waveforms A, B, C and Pd) and (b) phloem (waveform E) activities, 
during the 6-h behavioral bioassay conducted on leaves treated with sublethal and low-lethal concentrations of the four tested insecti-
cides. Means for treatment bearing asterisks differed from the untreated control at P < 0.05, one-way ANOVA followed by HSD test. 

 

Feeding behavior 
In the 6-h period of recorded EPGs, we observed 

typical waveforms of B. tabaci feeding on cotton leaves 
[37], such as non-probing (waveform Np), pathway 
phase (waveforms A, B, C, and Pd), xylem ingestion 
(waveform G), and phloem activities (waveform E). 

However, since xylem ingestion occurred very rarely 
in the EPGs, it was not analyzed further.  

The time spent before the first probing event was 
significantly altered only after exposure to low-lethal 
concentrations of bifenthrin, chlorpyrifos and carbo-
sulfan (F4,95 = 4.44; P = 0.002) (Fig. 4a). In particular, 
when compared to the untreated control, the corre-
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sponding time intervals increased by 35.44, 21.84 and 
27.1 minutes, respectively. By contrast, this trait was 
not significantly affected when exposing the white-
flies to sublethal concentrations of all the insecticides 
tested (F4,103 = 0.173; P = 0.952) (Fig. 4a). The same 
trend (i.e. only low-lethal concentrations of bifenthrin, 
chlorpyrifos and carbosulfan caused significant ef-
fects) was recorded when analyzing the time spent 
before the first phloem feeding (F4,95 = 3.576; P = 0.009) 
(Fig. 4b). By contrast, sublethal concentrations of all 
the tested insecticides did not affect this parameter 
(F4,103 = 0.231; P = 0.920) (Fig. 4b). 

On the other hand, when the total durations (for 
the 6 h of observations) of the single traits of the B. 

tabaci feeding behavior were studied, sublethal con-
centrations of imidacloprid and bifenthrin both de-
creased the duration of the phloem activity (F4,103 = 
16.821; P <0.001) (Fig. 5c) and increased the 
non-phloem activity durations (F4,103 = 35.637; 
P <0.001) (Fig. 5b), this resulting in a marked decrease 
of the overall feeding activities. The total duration of 
the non-probing behavior was not significantly af-
fected by sublethal concentrations of imidacloprid 
and bifenthrin (F4,103 = 1.269; P = 0.287) (Fig. 5a). By 
contrast, chlorpyrifos and carbosulfan at sublethal 
concentrations did not affect all these traits and the 
various recorded time intervals were similar to those 
recorded for the whiteflies exposed to insecticide-free 
cotton leaves (Fig. 5a, 5b and 5c).  

The low-lethal concentrations of bifenthrin, 
chlorpyrifos and carbosulfan significantly affected the 
duration of the non-probing (F4,95 = 17.02; P <0.001) 
(Fig. 5a), non-phloem (F4,95 = 17.305; P <0.001) (Fig. 5b) 
and phloem behaviors (F4,95 = 55.403; P <0.001) (Fig. 
5c). The increase of durations of non-probing 
(chlorpyrifos: +72 min., bifenthrin and carbosulfan: + 
~110 min.) and non-phloem activities (55, 49, 33 min. 
for bifenthrin, chlorpyrifos and carbosulfan, respec-
tively) caused a marked decrease of the feeding activ-
ity sensu stricto, i.e. of the phloem activities (-165, -121 
and-143 minutes for bifenthrin, chlorpyrifos and car-
bosulfan, respectively). Imidacloprid at the low-lethal 
dose did not affect significantly the non-probing be-
havior (Fig. 5a), but significantly increased the dura-
tion of non-phloem activity (+95 minutes) (Fig. 5b) 
and decreased the amount of time spent for phloem 
feeding (-140 minutes) (Fig. 5c). 

 

Figure 5. Sublethal effect on probing behavior of suble-
thal and low-lethal insecticide concentrations. Means 
(±SEM) of total time (minutes) spent by Bemisia tabaci in (a) 
non-probing (waveform Np), (b) non-phloem (waveforms A, B, C 
and Pd) and (c) phloem (waveform E) activities, during the 6-h 
behavioral bioassay on leaves treated with sublethal and low-lethal 
concentrations of the four tested insecticides. Means for treat-
ment bearing asterisks differed from the untreated control at P < 
0.05, one-way ANOVA followed by HSD test. 

 

Discussion 
In addition to direct mortality induced by pesti-

cides, insects that survive to an exposure to these 
products may experience behavioral and/or physio-
logical alterations [18]. This is particularly true in the 
case of newly developed insecticide which has a 
slower mode of action and may produce a greater 
degree of sublethal effects rather than acute ones [18, 
22-24]. In the present study we assessed the effects of 
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insecticides belonging to four different chemical fam-
ilies and we provided experimental evidence of sub-
lethal effects induced by the four insecticides on B. 
tabaci adults. Interestingly, imidacloprid and bifen-
thrin caused major sublethal effects on both repro-
duction and feeding-related traits even when applied 
at sublethal concentrations, i.e. at rates of insecticides 
that do not cause significant insect mortality. By con-
trast, chlorpyrifos and carbosulfan affected physio-
logical and behavioral traits only when B. tabaci were 
exposed to higher (low-lethal) concentrations. Inter-
estingly, no stimulatory effects of low concentrations 
were found in any of the tested insecticide. This phe-
nomenon, known as hormesis, has been proved to oc-
cur on both pest and natural enemy insects after the 
exposure to low doses of some insecticides, such as 
imidacloprid [25,40]. The obtained results show that 
the effects of the insecticides can strongly vary de-
pending upon various factors, such as the endpoint 
considered (mainly lethal, physiological and behav-
ioral), the insecticide chemical family and the insecti-
cide concentration considered. 

Severe detrimental effects on the whitefly fe-
cundity were observed in individuals feeding on cot-
ton leaves treated with the imidacloprid and bifen-
thrin at sublethal concentrations, and with all the 
tested insecticides at low-lethal concentrations. Re-
duced fecundity of the whitefly after feeding on 
leaves treated with sublethal concentration of im-
idacloprid is consistent with previous works studying 
other Hemipteran insect species. The fecundity of 
aphid species (Myzus persicae (Sulzer) and 
M. nicotianae Blackman) and leafhopper species (Ne-
photettix cincticeps (Uhler), N. virescens (Distant) and  
Nilaparvata lugens (Stal)) was reduced by more than 
50% after feeding on plants/leaves treated with sub-
lethal concentrations of imidacloprid [41-43]. Similar 
reproductive effects of pyrethroids had been also re-
ported for mite Tetranychus urticae Koch [44] and 
thrips Frankliniella occidentalis (Pergande) [45]. Re-
production related traits have traditionally been the 
most sublethal parameter studied and represent one 
of the most important life-history when studying the 
insect population levels [13,18,21-23]. Therefore, the 
obtained results may be of primary importance for the 
management of pests in crops. 

Comparing the reductions in honeydew excre-
tion of whitefly feeding on imidacloprid-, bifenthrin-, 
chlorpyrifos- and carbosulfan-treated leaves, it arises 
that honeydew excretion was decreased by im-
idacloprid and bifenthrin even when applied at sub-
lethal concentration (i.e. LC10 in our study). In a pre-
vious study, imidacloprid gave similar results since 
the Asian citrus psyllid (Diaphorina citri Kuwayama) 

adults excreted significantly less honeydew, when 
they fed on citrus leaves treated systemically with 
lethal and sublethal concentrations of imidacloprid 
[46]. By contrast, in our study, sublethal concentra-
tions of chlorpyrifos and carbosulfan did not cause 
reduction in the honeydew excretion of whitefly 
adults remarkably. Furthermore, the decrease in 
honeydew excretion of whitefly adults feeding on 
leaves treated with low-lethal concentrations of 
chlorpyrifos (200 ppm) and carbosulfan (400 ppm) 
may be linked to the observed mortality and 
pre-lethal typical symptoms of poisoning by insecti-
cides in arthropods. The results obtained for im-
idacloprid are in accordance with those of a previous 
study, in which, although female adults of B. tabaci 
preferred untreated leaf discs rather than the treated 
ones, the honeydew excretion was inhibited by 50% 
when whiteflies fed on leaves treated even with very 
low imidacloprid concentrations, i.e. 150- to 850-times 
lower than the LC50 [47].  

 Honeydew excretion is a physiological process 
that originates from the feeding activity, since hon-
eydew is expelled from the gut's terminal opening 
after that the mouthpart penetrates the phloem. 
Therefore, whitefly-feeding data, obtained with the 
EPG analysis, may help in understanding the mecha-
nism of the antifeedant properties of the studied 
chemicals. Indeed, feeding behavior results were well 
correlated with the amount of honeydew secreted, 
since at sublethal concentrations only imidacloprid 
and bifenthrin caused significant behavioral changes 
of B. tabaci and, at low-lethal concentrations, all the 
tested insecticides impaired the feeding activity. 
Whiteflies exposed to sublethal concentrations did not 
delay their first phloem activities (Fig. 4b) and, after 
being in contact with the treated plant sap, they sig-
nificantly reduced the phloem activity (Fig. 5c) and 
increased the non-phloem one (Fig. 5b). This clearly 
proves that the insecticides did not have repellency 
proprieties, since the insects were not repulsed by the 
treated leaves, while they act as antifeedant, i.e. de-
creasing the feeding of the pest. Similar antifeedant 
effects of imidacloprid have been reported on other 
plant sucking insects, such as the aphids M. nicotianae 
and M. persicae [27,41]. Daniels et al. [29] and Cui et al. 
[30] also found that sublethal dose of thiamethoxam 
and IPP10 (a novel neonicotinoid), caused reduction 
in xylem and phloem feeding by Rhopalosiphum padi 
(L.) on wheat. Antifeedant activity of pyrethroids was 
reported for other sucking insects, such as mite 
T. urticae adults [44], and thrips F. occidentalis adults 
[45]. For organophosphates and carbamates, carbo-
sulfan at 0.5 ppm (LC50 2.9 ppm) and methiocarb at ≤5 
ppm (LC50 52.6 ppm) suppressed the feeding of 
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F. occidentalis. Methamidophos and monocrotophos 
also inhibited the feeding activity of immature instars 
of this thrip species at concentrations less than the 
LC10 [45]. By contrast, T. urticae behavior appeared to 
be unaffected by phosmet [44]. 

We assume that the antifeeding response of B. 
tabaci exposed to imidacloprid and bifenthrin may be 
related to the effects on the epipharyngeal chemore-
ceptors (through altered cibarial pump activity and 
overall decreased capacity to ingest xylem sap). In-
deed, studies suggest a possible negative effect of 
another neonicotinoid, the thiamethoxam, on the 
cibarial pump in aphid species [30]. This negative 
effect on the cibarial pump may be due to a neurotoxic 
effect on either the pharyngeal valve or the dilator 
muscles, which are innervated via the thoracic gan-
glion [48]. Luo et al. [49] reported that toosendanin, a 
triterpenoid derivative, inhibits the sugar and the 
glucosinolate receptors in the epipharyngeal sensil-
lum (the lateral styloconicum). McLean and Kinsey 
[26] also reported that negative stimulation of the 
gustatory epipharyngeal sensilla, which are located in 
the epipharyngeal gustatory organ, may initiate the 
relaxation of either the cibarial pump muscles or the 
pharyngeal valve, thus slowing ingestion and result-
ing in an antifeedant effect. Moreover, another hy-
pothesis is plant composition changes induced by 
imidacloprid and bifenthrin, e.g. due to alterations in 
the amino acid composition, which could also inhibit 
ingestion by the whiteflies. Indeed, Wu et al. [50] 
found that, although the total free amino acid compo-
sition was not affected by the pesticide treatment, 
some amino acids were significantly altered after pes-
ticide application, as exemplified by lower 
γ-aminobutyric acid, bisultap and jingganmycin in 
treated plants than that in the untreated ones.  

Taken as a whole, the results show that aside 
from the lethal effect, sublethal concentration of im-
idacloprid and bifenthrin modify whitefly behavior 
by impairing phloem feeding, the most important 
feeding trait in a plant protection perspective. Indeed, 
this pest causes direct crop damage through phloem 
feeding (sap suction) and indirectly through honey-
dew contamination and associated fungal growth, or 
by vectoring several plant viruses plant injuries (in-
fected saliva inoculation) [1, 3] and the successful vi-
rus transmission is often enhanced by an increase of 
B. tabaci phloem feeding duration [51]. Therefore, the 
antifeedant property of imidacloprid and bifenthrin 
sublethal doses would give these insecticides poten-
tial to control insect pests indirectly, or at least to re-
duce their negative effects on the crops. 

However, although this study showed that some 
biological traits of whiteflies are still affected even at 

low concentrations, the impact on other life history 
traits of this insect needs to be evaluated before de-
ployment in this sense. Meanwhile, a long-term study 
should evaluate the potential sublethal effects on the 
broader insect community under field conditions, 
especially on natural enemies of B. tabaci. Sublethal 
effects can impair various key processes of the natural 
enemies’ efficacy against pests [52-58]. Studies on the 
effects of pesticides on natural enemies often aim at 
assessing the suitability of pesticides for Integrated 
Pest Management (IPM), therefore an appreciation of 
the lethal and sublethal effects on natural enemies as 
well would help to optimize IPM programmes in-
volving use of both natural enemies and pesticides 
against pests like whiteflies in cotton [18,59].  
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