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a b s t r a c t

The adverse effect of glucosinolates on diverse phytophagous insects is well documented, but its impact
on insect physiology has remained enigmatic. Here we report insights into detrimental effects of plant
glucosinolate molecule, sinigrin, on Helicoverpa armigera growth and development. In-silico screening of
multiple glucosinolates predicted sinigrin as one of the potential inhibitor of H. armigera cathepsin B and
L. Insects fed on sinigrin containing diet showed significantly reduced growth (20e30%), delayed pu-
pation (10e15%), decreased fecundity (50e80%) and developmental abnormalities. Further, sinigrin
showed 50e60% inhibition of ex-vivo cathepsin like activity which might be a reason for growth and
development related abnormalities. In-vitro and mass spectrometry studies highlighted the cytotoxicity
caused due to the hydrolysis of sinigrin, into toxic isothiocyanates, in presence of H. armigerawhole body
extract. In conclusion, insect cathepsin inhibition and isothiocyanate mediated cytotoxicity lead to the
dual adverse effect of sinigrin on H. armigera.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

High fecundity, short life cycle, detoxification mechanism and
diapause are some of the special attributes that make Helicoverpa
armigera an adaptive and polyphagous pest. An attack by
H. armigera causes severe destruction of crops and leads to an
enormous economic loss (Sarkar and Das, 2016). Extensive use of
chemical pesticides has led to resistance in these insects. Thus,
there is a remarkable increase in interest for plant-derived natural
molecules as a novel biopesticide development strategy against this
pest (Aktar et al., 2009).

Plants produce diverse pool of secondary metabolites, including
glucosinolates, as a defensive strategy against insect pests (Halkier
and Gershenzon, 2006; Hopkins et al., 2009; Mith€ofer and Boland,
2012). Level of glucosinolates in plants has proved to be influenced
by several abiotic and biotic factors (Bodnaryk, 1992; Halkier and
Gershenzon, 2006; Hopkins et al., 2009). Glucosinolates are
stored as inactive conjugates separated from their hydrolyzing
enzyme, myrosinase. Upon tissue injury, due to insect attack, glu-
cosinolates undergo myrosinase mediated hydrolysis which results

in the release of unstable aglycone (Unsicker et al., 2009). These
aglycones show spontaneous rearrangement to form reactive
moieties like nitriles and isothiocyanates, that are observed to be
toxic to multiple insects (Borek et al., 1997; Hopkins et al., 2009;
Winde and Wittstock, 2011). Similar studies exploring adverse ef-
fects of glucosinolates on both generalist and specialist herbivores
are well documented (Agrawal and Kurashige, 2003; Halkier and
Gershenzon, 2006; Kim and Jander, 2007; Li et al., 2000).

Previously, it has been reported that glucosinolates cause
developmental delay and deformities in insects (Bodnaryk, 1991;
Gols et al., 2008; Halkier and Gershenzon, 2006; Hopkins et al.,
2009; Ulmer et al., 2001; Wadleigh and Yu, 1988a, 1988b). More-
over, it is also investigated that cathepsins play a key role in
development, metamorphosis and stress response of insects.
Cathepsin B is a pivotal enzyme in embryogenesis and vitellogenin
degradation, while cathepsin L serves an important role in eclosion
and moulting during metamorphosis of Lepidopteran insects
(Saikhedkar et al., 2015; Wang et al., 2008, 2010; Yang et al., 2007,
2006). Hence, we hypothesized that glucosinolates can be explored
for their probable inhibitory potential against insect cathepsins. In
this study, in silico screening of 117 glucosinolate molecules was
done against H. armigera cathepsin B and L. Amongst these, sinigrin
showed strong binding for both enzymes. Further, ex-vivo study
exhibited significant inhibition of cathepsins and in-vivo study
proved the adverse effect of sinigrin on H. armigera development
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and physiology. In addition, we also investigated that sinigrin gets
hydrolyzed to allyl isothiocyanate after ingestion which can be
responsible for cytotoxicity. Altogether, our study shows the ability
of sinigrin to cause developmental delay and abnormalities in in-
sect due to cathepsin inhibition and isothiocyanate mediated
cytotoxicity.

2. Result and discussion

2.1. Inhibitory potential of sinigrin against H. armigera cathepsins

Comparative analysis of binding energies obtained from docking
analysis of available 117 glucosinolate molecules against predicted
models of H. armigera cathepsin B and L is represented in the form

of heatmap (Fig. 1A). This analysis is based on the rank obtained
from z-score of binding energies of docked complexes. Heatmap
indicates that most of the glucosinolate molecules displayed the
higher binding affinity with only either of the Cathepsins. While
both sinigrin and 2-hydroxy-3-butenyl glucosinolate showed
higher binding affinity with both Cathepsin B and L (Fig. 1B). As
sinigrin represents the major and abundant type of glucosinolate in
plants of the Brassicaceae family, we found sinigrin as a suitable
candidate for further studies (Mazumder et al., 2016). Molecular
interaction analysis of docked complexes showed that functional
groups of sinigrin form multiple polar contacts with active site
residues of cathepsin B and L. In case of cathepsin B, sugar moiety of
sinigrin forms two hydrogen bondswith A300, while in cathepsin L,
sulphonic acid group of sinigrin forms two hydrogen bonds with

Fig. 1. (A) Comparison of binding energy of 117 glucosinolates with H. armigera cathepsins is represented by using Heatmap. Docked complexes were ranked on the basis of z-score
of binding energy. The blue colour in the gradient indicates lower rank (�0) and yellow indicates higher rank (�84). Ligands in parentheses indicate positive product selected
through rank analysis. (B) Structure of positively selected glucosinolates, sinigrin (ligand 99) and 2-hydroxy-3-butenyl glucosinolate (ligand 102). Molecular interactions of sinigrin
with the active site residues of H. armigera (C) cathepsin B and (D) cathepsin L. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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