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Flubendiamide is a novel class of insecticides against
lepidopteran insects. With a view to explore if this
chemical is safe for non-targeted organisms, its effect
was studied through assessment of heat shock protein
(HSP70) expression in third instar larvae of trans-
genic Drosophila melanogaster, Bg9 (hsp70-lacZ). Die-
tary concentrations covering a range (5, 10, 20 and
40 pg/ml) of 20% flubendiamide were used for treat-
ment of larvae for different durations (1, 3, 6 and
24 h). Reporter gene assay confirmed that HSP70 ex-
pression varied in tissues depending upon treatment
concentration and exposure duration. The 5 pg/ml
treatment stimulated higher stress response during
the initial hours, which declined later (6 and 24 h).
Nearly all tissues (humerus, brain, proventriculus,
etc.) responded initially with the 20 pg/ml treatment,
which declined with increasing exposure. Hence low
concentration and short-term exposure of flubendia-
mide to non-target organisms seems to be highly effec-
tive as stressor and thus demands awareness in
decreasing irrational use of the chemical.

Keywords: Beta-galactosidase, Drosophila melanogas-
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ORGANISMS respond to adversities in their environment
by a protective mechanism called stress response or heat
shock response'. Heat shock response, one of the best
known among the conserved responses, was first observed
in Drosophila melanogaster’. Organisms facing any
stress try to survive attack by expressing specific genes™.
Such response mediated by the increased expression of
genes encoding a group of proteins referred to as heat
shock proteins (HSPs) or stress proteins® was initially re-
ported to be heat-regulated’. Presently, the HSP70 family
known to be induced by not only extreme temperatures
but also by toxic chemicals as well as heavy metals®, better
qualifies for the broad term ‘stressor proteins’ coined by
Boreham and Mitchell in 1994 (ref. 7). Among the differ-
ent groups of HSPs (HSP22, HSP23, HSP27, HSP6O,
HSP70 and HSP83), HSP70 is an important part of the
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cellular machinery for protein folding, thereby having an
active role in cellular defence®. Stress proteins act to cu-
shion cells by maintaining the proteins prior to their con-
gregation into multi-molecular complexes in the cytosol.
These proteins act to direct the nascent as well as dena-
tured proteins to achieve proper shape, thereby escaping
additional deterioration®. Among the stress proteins,
HSP70 is not only the largest and most extensively stud-
ied’, but is also vastly maintained among prokaryotes and
eukaryotes'. HSP70 synthesis increases under chemical
stress when organisms are exposed to various pesti-
cides', fungicidesl ! food adulterants'?, solvents', etc. as
HSP70 is responsible for a new but allied role to defend
the cells from proteotoxicity'®. Hence HSP70 is being
used as a biomarker in monitoring the impact of several
environmentally related chemicals on various inverte-
brates™'*"*. The test chemical, flubendiamide (CAS no.
272451-65-7) is the first commercial representative of
benzene dicarboxamides or phthalic acid diamide, a novel
class of insecticides highly active against lepidopteran in-
sects””. Flubendiamide disrupts muscle function in insect
cells by activating ryanodine receptors (ryanodine-
sensitive calcium release channels; RyR)'. This insecti-
cide is used in leafy green brassica, fruiting vegetables,
pome and stone fruit, corn, cotton, grape, okra and to-
bacco'’. Drosophila is recommended by the European
Centre for the Validation of Alternative Methods for its
use in environmental toxicity monitoring studies'®. Hence
D. melanogaster has been selected as a model for the pre-
sent study which explores the status of stress response, if
any, due to flubendiamide exposure. Though insects are
the obvious target for insecticides, but being targeted
against lepidopterans, the test chemical is expected to be
ineffective for the non-target dipterans. Transgenic D.
melanogaster, Bg9 (hsp70-lacZ), which expresses bacterial
P-galactosidase in response to stress'’ has been used for
the study. Thus, the study is targeted to explore the
stress-inducing potential of the test chemical, if any, at
concentrations lower than the suggested-field application
range (rice 50 pg/ml, cotton 100 pg/ml, major uses of
pesticides, Ministry of Agriculture, Government of India,
2009). This would stop the irrational and unscientific use
of pesticides and thus help save non-target organisms
from unintended hazards.
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Materials and methods

Transgenic D. melanogaster strain which expresses bac-
terial S-galactosidase as a response to stress was used
during the study'’. The experimental flies and larvae were
cultured on standard Drosophila food containing agar,
corn meal, brown sugar and yeast (SDM) at 24 + 1°C.
Healthy third instar larvae were used as positive control.
They were placed on a petri dish containing moist filter
paper, following which they were given temperature
shock at 37 + 1°C for 1 h, as described previously?’.

Assay of in situ histochemical S-galactosidase activity
(qualitative): Food containing various concentrations
(5, 10, 20 and 40 pug/ml) of 20% flubendiamide WG
(Takumi, TATA), was prepared and the third instar
larvae were allowed to feed for various time intervals.
Following Lakhotia and Mukherjee’’, the larvae thus
feeding on food with different concentrations of the test
chemical for different time intervals (1, 3, 6 and 24 h)
were collected and washed thoroughly with Poel’s salt
solution (PSS). Following the dissection of the larvae,
brief fixation in 2.5% glutaraldehyde was carried out fol-
lowed by washing in 50 mM phosphate buffered saline
(pH 8.0). Next, p-galactosidase histochemical staining
was performed following the methods described in the
literature™' %22,

Results and discussion

The differential treatments of third instar larvae with the
test chemical for varied time durations (1, 3, 6 and 24 h)
elicited heat shock protein (HSP70) expression in several
body parts, namely labium, brain ganglion, salivary
glands, humerus disc, proventriculus, hepatic caeca, mid-
gut, hind gut, tracheoblast, gonadal disc, genital disc,
posterior skin, Malpighian tubules and mouth parts. All
treatment concentrations (5, 10, 20 and 40 pg/ml) caused
differential HSP70 expression in different body parts in
comparison to the control counterparts, where no colour
developed indicating very low or undetectable HSP70.
The colour demonstrates the stress due to chemical treat-
ment. Table 1 and Figure 1 show that among all the organs/
body parts of third instar larvae, some are responsive and
have been specifically considered in this study. Among
all the responsive tissues, maximum response is observed
in the humerus disc (Figures la,d, g, h, k, I, n, 2,1, 3 g,
j and 4 m) followed by the midgut (Figures 1a—c, e, f, m,
2e, h, k and 3 h, k), when all the treatment concentrations
and duration of exposure are taken into consideration. It
is seen that all four concentrations (5, 10, 20 and
40 ug/ml) act as stress inducers. Interestingly, the
5 ng/ml-treated larvae (Figure 1a—g) manifested higher
response during the initial hours (1 and 3 h), followed by
a lowering tendency later (6 and 24 h). More strikingly,
with increased treatment concentration (10 pg/ml) the
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expression is seen to increase with increase in the dura-
tion of exposure (Figure 1a—/). A concentration of
20 pg/ml showed maximum blue colour development,
thereby marking maximum HSP70 expression on its sixth
hour of exposure (Figure 3 g—j) followed by a drastic de-
cline at the 24th hour (Figure 3 g—), whereas least expres-
sion of HSP70 is noted in the 40 pug/ml treated larvae
(Figure 1A-n). With 40 pg/ml treatment (Figure 4 a—m),
the HSP70 expression decreased as maximum tissues/
body parts (labium, brain, proventriculus, hepatic caeca,
hind gut, tracheoblasts, genitalia) were found to be nonre-
sponsive to the stress. To analyse differential expression
of HSP70 in different tissues, a two-way ANOVA was
performed (Table 2) which clearly demonstrates that the
stress protein expression varies significantly with respect
to both concentration and duration of treatment. Differ-
ence in tissue responsiveness is also clear. These findings
match the report of Krebs and Feder”. HSPs have been
exploited as efficient biosensors to predict the toxic po-
tential of several chemicals®*. The present study demon-
strating treatment and time-dependant variation in HSP70
expression in third instar larvae of D. melanogaster ex-
posed to flubendiamide (20% WG) shows that all treat-
ments increase HSP70 expression, which suggests the
potentiality of the chemical to alter vital cellular func-
tions affecting cellular integrity, thereby inducing HSP70
for its protective role'. Negative control larvae express
undetectably low HSP70 (Figure 55b) with respect to
positive control (Figure 5 a), where dark blue colouration
is seen and similarly varied expressions are noted with
different treatment schedules, maximum with 20 pg/ml
treatment (Figure 3) followed by 5 pg/ml (Figure 1) and a
minimum with 40 pg/ml treatment (Figure 4). This re-
duced response at higher treatment concentration may be
due to reduction in the number of viable cells, as reported
by Kumar et al.®. The stress increases with initial increase
in treatment concentration and duration. Hence larvae ex-
posed to low concentrations (5, 10 and 20 pg/ml) till 24 h
initiate a response that decreases with higher concentra-
tion (40 pg/ml), probably due to increased tissue damages
(Figures 1-4). Similar to Das et al.*, negligible expres-
sion is seen after 24 h continuous exposure in most of the
responsive tissues. As suggested by Stringham and Can-
dido®, the effects of the chemical are tissue-specific as
the humerus disc seems to be the most responsive to all
treatments at varied exposure time (Figures 1 a, d, g, h, k,
I, n, 2j, 1, 3g,jand 4 m), followed by midgut (Figures
la—c, e, f, m 2e, h, kand 3 h, k), brain (Figures 1 a, d, f~
hok,1,2hi,j,1,3a,c,d,f,g,i,jand 4c, f). Larvae sub-
jected to dietary exposure are expected to manifest
HSP70 in body parts at close proximity to treated food
more prominently than others. But expression in brain
and humerus suggests that the chemical might inhibit cer-
tain enzyme activities and induce HSP70 expression®.
Conversely, supranormal HSP70 expression can reduce
specific enzyme (alcohol dehydrogenase and lactate
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Table 1. Summary of f-galactosidase staining in the tissues/body parts of third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)

Bg9 exposed to different concentrations (5, 10, 20 and 40 pg/ml) of flubendiamide for different time intervals (1, 3, 6 and 24 h). The experiments

were carried out in triplicate sets and each set consisted of 20 larvae. Along with treated larvae, positive control (temperature shock, Figure 5 a) and

a negative control (without any shock, Figure 5 b) have been maintained for clear demarcation from the ones expressing chemical-induced stress

(scoring of the controls not shown in the table). 0, No colour, 1/2+, Very pale blue colour, +, Pale blue colour; ++, Moderate blue colour and +++,
Dark blue colour. In the present study scoring pattern followed was similar to that of Kar Chowdhuri ez al."’

Concen-

tration Brain Salivary Humerus Proventri- Hepatic Posterior
(ppm) Time (h) Labium ganglion gland disc culus caccum Midgut Hindgut Tracheoblast Gonad Genitalia skin
5 1 ++ Yot Yot ++ + 0 +4++ 0 0 0 0 ++
5 3 ++ + ++ ++ ++ 0 ++ 0 0 0 0 +
5 6 + Yot Yot + Yot 0 0 + + 0 0 +
5 24 0 Yot ++ + ++ 0 ++ 0 0 0 Yot 0
10 1 0 0 0 + 0 0 Yot 0 0 0 0 0
10 3 0 0 0 0 0 0 ++ 0 Yot 0 0 0
10 6 Yot + 0 Yot ++ 0 + 0 ++ 0 0 ++
10 24 0 + ++ + ++ 0 + 0 + 0 0 +
20 1 ++ + ++ ++ + 0 0 0 ++ ++ ++ ++
20 3 Yot Yot Yot 0 + 0 0 + + 0 0 +
20 6 +4++ +4++ +4++ +4++ +4++ ++ ++ 0 0 ++ ++ +
20 24 0 0 0 Yot 0 0 ++ 0 0 0 0 0
40 1 0 0 0 + 0 0 Yot 0 0 0 0 0
40 3 0 + ++ 0 0 0 0 0 0 + 0 +
40 6 0 0 0 + 0 0 ++ 0 0 0 0 0
40 24 0 0 0 0 + Vot 0 0 0 Yot 0 0

Figure 1a-n. p-Galactosidase staining pattern in different tissues of third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ) after
treatment with 5 pg/ml concentration of flubendiamide for different exposure time durations. a—d, Staining pattern after 1 h; e—g, After 3 h expo-
sure; h—k, After 6 h exposure, and /-n, After 24 h exposure to the test chemical. a—c, e, f, h, i, j, I, m show differential staining pattern under low
magnification and d, g, k, n show results under high magnification. a, f, [ are the representative magnified figures which show variable staining pat-
tern on different tissues. mg, midgut; br, brain; hd, humerus disc; la, labium; pv, proventriculus; sg, salivary gland; gd, gonadal disc; ps, posterior
skin; he, hepatic caeca; Mt, Malpighian tubule. Some of the plates are selected as representatives from Figures 1 to 4 where the larval body is
viewed more prominently showing the differential staining pattern. Individual plates in composing each figure 1-4 are numbered from left to right.
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Figure 2 a-I. [-Galactosidase staining pattern in different tissues of third instar larvae of transgenic D. melanogaster (hsp70-lacZ) after treatment
with 10 pg/ml of 20% flubendiamide for different exposure time durations (1, 3, 6, 24 h). a—c, Staining pattern after 1 h; d—g, After 3 h exposure;
h, i, after 6 h exposure, and j—I, after 24 h exposure to the test chemical. j is magnified for better viewing.

@

Figure 3a-I. [-Galactosidase staining pattern in different tissues of third instar larvae of transgenic D. melanogaster (hsp70-lacZ) after treatment
with 20 pg/ml concentration of flubendiamide for different exposure time durations. a—c, Staining pattern after 1 h; d—f, After 3 h exposure; g—j,
After 6 h exposure, and k—/, after 24 h exposure to the test chemical. @, b and g are magnified for better viewing of differential staining pattern in
response to various treatments.
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Figure 4 a—m. p-Galactosidase staining pattern in different tissues of third instar larvae of transgenic D. melanogaster (hsp70-lacZ) after treat-
ment with 40 ng/ml flubendiamide for different exposure time durations. a—c, Staining pattern after 1 h; d—f, After 3 h exposure; g—j, After 6 h
exposure, and k—m, After 24 h exposure to the test chemical. d is magnified for better viewing.

Table 2. Analysis of variance (ANOVA)*
dr Sum of squares Mean square F value P value
A 3 709.64063 236.54688 946.1875 0
B 3 196.26562 65.42187 261.6875 0
Interaction 9 993.42188 110.38021 441.52083 0
Model 15 1899.32813 126.62188 506.4875 0
Error 32 8 0.25 -
Corrected total 47 1907.32813 - -

At the 0.05 level, the population means of 4 are significantly different. At the 0.05 level, the population means of
B are significantly different. At the 0.05 level, the interaction between 4 and B is significant.
*Statistical analysis was carried out by two-way ANOVA using Origin 8.5. Significance was calculated at

P <0.05.

dehydrogenase) activity in D. melanogaster’. Enzymes
being the key regulators of metabolic pathways, when
inhibited, might trigger cellular damage. Recent studies
use stress gene assay to identify vulnerable target organs
for toxicants'® and their regulation being stress-specific,
larval tissues expressing HSP70 are confirmed as vulner-
able to the chemical. It has been reported that during
abundance, cellular HSP70 has a tendency to bind nas-
cent peptides. Existence of multiple copies of Asp genes
in the Drosophila genome has greater relevance than
simply supplying HSP proteins in short notice. The
cost/benefit ratios of production of definite amount of
hsp70 under stress vary among different cell types and
physiological conditions, which suggests their develop-
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mental stage-specific regulation’. In this light, the present
findings showing variation in HSP70 expression in dif-
ferent tissues in response to different concentrations and
duration of treatment with the test chemical as can be
seen in the Table 1, appear to be justified. The initial
stress at the onset of treatment might have activated some
drug metabolizing enzymes which help to combat the stress
in Drosophila, just as in mammals®’. It is also postulated
that the increase in detoxifying enzymes helps to develop
resistance, thereby decreasing sensitivity to the applied
insecticides”™. But increase in treatment concentration
(20 pg/ml) and exposure duration (6 h) induces greater
HSP70 activity, which might be due to shift in the bal-
ance between the stressor concentration and efficiency of
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Figure 5.

a, f-Galactosidase staining pattern in positive control third instar larvae of transgenic D. melanogaster (hsp70-lacZ) maintained at a

high temperature (37°C) facing a heat shock. b, S-Galactosidase staining pattern in negative control, with third instar larvae of transgenic D. mela-
nogaster (hsp—lacz) maintained at optimum temperature without any stress. No particular colour development is observed.

the detoxifying systems. Such studies on non-target
organisms like Drosophila would facilitate evaluating the
risk of unregulated use of chemicals in the case of other
non-target organisms™. Very recently, flubendiamide has
been seen to act as a neurotoxic chemical that inhibit ace-
tylcholinesterase activity and subsequently produces
compound eye deformities in the adult D. melanogaster’.

Conclusion

Overall, our results demonstrate the stressor potential of
flubendiamide (20% WG) in D. melanogaster. Regularly
reported to be used as a pesticide at much higher concen-
trations in rice and cotton fields, this chemical can induce
over-expression of HSP70 in Drosophila. This demon-
strates the undesired stress on the non-target organisms
following irrational exposure to insecticides.
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