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Lepidoptera is the second most diverse insect order outnumbered only by the Coeleptera.
Acetylcholinesterase (AChE) is the major target site for insecticides. Extensive use of insecticides, to inhi-
bit the function of this enzyme, have resulted in the development of insecticide resistance. Complete
knowledge of the target proteins is very important to know the cause of resistance. Computational anno-
tation of insect acetylcholinesterase can be helpful for the characterization of this important protein.
Acetylcholinesterase of fourteen lepidopteran insect pest species was annotated by using different bioin-
formatics tools. AChE in all the species was hydrophilic and thermostable. All the species showed lower
values for instability index except L. orbonalis, S. exigua and T. absoluta. Highest percentage of Arg, Asp,
Asn, Gln and Cys were recorded in P. rapae. High percentage of Cys and Gln might be reason for insecti-
cide resistance development in P. rapae. Phylogenetic analysis revealed the AChE in T. absoluta, L. orbona-
lis and S. exigua are closely related and emerged from same primary branch. Three functional motifs were
predicted in eleven species while only two were found in L. orbonalis, S. exigua and T. absoluta. AChE in
eleven species followed secretory pathway and have signal peptides. No signal peptides were predicted
for S. exigua, L. orbonalis and T. absoluta and follow non secretory pathway. Arginine methylation and cys-
teine palmotylation was found in all species except S. exigua, L. orbonalis and T. absoluta.
Glycosylphosphatidylinositol (GPI) anchor was predicted in only nine species.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The order Lepidoptera, encompasses butterflies and moths
(Wahlberg et al., 2013), is the second most diverse insect order
outnumbered only by the Coeleptera. There is hardly any culti-
vated plant that is not attacked by at least one lepidopteran pest.
As pollinators of many plants, adult moths and butterflies are usu-
ally beneficial insects that help in pollination and suck flower nec-
tar, but the larvae are chewing and feed on various parts of plant.
Almost all the caterpillars are harmful for the plant by causing
damage as defoliators, miners, bollworms or borers. These insects
conjoined with angiosperms’ and lie in the second highest harmful
pest category of insect at the larval stage (Scoble 1992). Their dev-
astating nature of damage make use of pesticides inevitable (Kulye
et al., 2007; Firake et al., 2012). The nervous system is the best tar-
get site for effective and instant ontrol these insect pests.

Acetylcholinesterase (AChE) is a major enzyme of the nervous
system as it regulates the acetylcholine level and catalyzes hydrol-
ysis of acetylcholine to terminate nerve impulses. In the case of
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Table 1
UniProt IDs of acetylcholinesterase of some lepidopteran insect pest.

No. Technical name Common name UniProt ID

1 Pieris rapae Small white butterfly A0A1U9X1Z7
2 Papilio Machaon Old World swallowtail

butterfly
A0A194RTQ3

3 Heliothis assulta Oriental tobacco budworm Q5RLH9
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insects, AChE is a glycosylated dimer attached to the membrane
through a glycolipid anchor (Chaabihi et al. 1994; Fournier et al.
1988). As AChE is the most important enzyme of the nervous sys-
tem its inhibition results in death of insects (Rajashekar et al.,
2014). Most commonly used insecticides for rapid control of these
insect pests are organophosphates and carbamates (Fournier and
Mutero, 1994). Acetylcholinesterase (AChE) is the main target site
of organophosphate and carbamate pesticides. These insecticides
act similar to acetylcholine but are hemi substrates because they
phosphorylate or carbamoylate the active-site serine leading to
irreversible inhibition of the enzyme (Corbet et al., 1974). This
inhibition causes the accumulation of the acetylcholine in the
synaptic region which leads to permanently opened acetylcholine
receptors, resulting in the death of the target insect (Aldrige,
1950). First incidence of insensitivity of AChE to pesticides was
reported 60 years ago (Smissaert, 1964) and several cases of insec-
ticide resistance due to modification in AChE has been reported in
many species of insect pests (Fournier and Mutero, 1994; Guedes
et al., 1997). Important nervous system proteins like GABA recep-
tor, Acetylcholinesterase and voltage-gated sodium channels have
been reported to be involved in increased target site insensitivity
to insecticides (Feyereisen, 1995)

Functional annotation of protein sequence with high accuracy
has become one of the most important issues in understanding
the molecular mechanism of life and has great biological signifi-
cance (Goldstrohm et al., 2018). With the rapid increase of a wealth
of protein sequences, the functional annotation of proteins has
become increasingly challenging (Zhao et al. 2016). Less than 1%
of entire protein sequences available in UniProt (Uniprot
Consortium, 2018) have experimentally verified functions (Das
et al., 2016; You et al., 2018; Tang et al., 2019) and it is estimated
that about 90% of the annotated proteins in the ontology of biolog-
ical process (BP) / molecular function (MF) (Ashburner et al., 2000)
come from only nine species (Clark and Radivojac, 2011). Even for
these nine model organisms, more than 60% of their proteins have
not had any experimentally determined BP/MF term (Clark and
Radivojac, 2011). Traditional methods for protein function annota-
tion are mainly based on the experiments such as mass spectrom-
etry, microscopy and RNA interference, which are reported as very
time-consuming and resource-demanding because of the low
throughput and restricted scope of methodology (Cao and Cheng
2016; Frasca and Cesa-Bianchi, 2017; Li et al., 2018). The computa-
tional approaches of significantly accelerated analysis process and
enhanced accuracy are greatly desired for proteome studies (Cao
et al., 2017; Fu et al., 2018; Zhu et al., 2018). Computational meth-
ods popular in current protein function prediction (Wan et al.,
2017; Zhang et al., 2017; Jain and Kihara, 2019; Yousafi et al.,
2019) can be roughly divided into three main classes: sequence,
information and structure based (Cruz et al., 2017). Insect proteins
are not very extensively studied. The characterization of the pro-
tein is important to have better knowledge about its function.
Computational annotation of proteins will help us to know about
the structure and function of a large number of unreviewed pro-
teins in a short time and inexpensive manner.
4 Heliothis armigera Cotton bollworm G1CRK3
5 Spodoptera

frugiperda
Fall armyworm A0A2H1VS32

6 Spodoptera exigua Beet armyworm S4VD29
7 Cydia pomonella Codling moth Q2XQ04
8 Leucinodes orbonalis Brinjal shoot and fruit borer J7FSX9
9 Tuta absoluta Tomato leafminer A0A218KFK3
10 Scirpophaga

incertulas
Rice yellow stem borer A0A1D8QQG3

11 Chilo suppressalis Asiatic rice borer moth B2BD82
12 Chilo auricilius Gold-fringed rice borer A0A076VJ71
13 Papilio xuthus Asian swallowtail butterfly A0A194PJR4
14 Spodoptera litura Asian cotton leafworm A0A1S5YCX9
2. Materials and methods

2.1. Retrieval of protein sequences

The amino acid sequences of AChE of fourteen lepidopteran
insect pest species ,(Pieris rapae, Papilio machaon, Heliothis assulta,
Heliothis armigera, Spodoptera frugiperda, Spodoptera exigua, Cydia
pomonella, Leucinodes orbonalis, Tuta absoluta, Scirpophaga incertu-
las, Chilo suppressalis, Chilo auricilius, Papilio xuthus, Spodoptera
litura), were retrieved from UniProtkb (http://www.uniprot.org/).
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The retrieved sequences were saved in the FASTA format for com-
putational study (Table 1).
2.2. Phylogenetic analysis

Phylogenetic study is an important approach to determine the
evolutionary distances among species (Roy et al., 2014). The phylo-
gram for AChE of selected insect pest species was generated
through built-in neighbor joining method of MEGA X (Kumar
et al., 2008).
2.3. Physiochemical properties

The amino acids primary sequence predicts various important
physiochemical properties of protein, such as theoretical isoelec-
tric point, aliphatic index, instability index, molecular weight,
GRAVY and amino acid composition (Friedberg, 2005; Gasteiger
et al., 2005). An online available server, Expassy ProtParam, was
used to analyze the physiochemical properties of proteins.
2.4. Motif Prediction

Motif is a short conserved sequence of amino acids which stim-
ulates a common function in a large number of proteins, such as to
localize a protein within a cell toward the sub-cellular organelles.
Motif prediction was done by using MEME suite (Bailey et al.,
2009; Bailey and Elkan, 1994).
2.5. Signal Peptide prediction

Signal peptide is referred as approximately 16 to 30 amino acid
long sequences located at the N-terminal of most of the nascent
proteins. A freely available web tool ‘‘PrediSi (www.predisi.de)
was used for signal peptide cleavage site prediction of AChE in
the lepidopteran insect pests.
2.6. Subcellular localization

Subcellular localization of protein defines location of a protein
within the cell. The subcellular localization of eukaryotic proteins
was predicted by using a freely available online tool, DeepLoc-1
(www.cbs.dtu.dk › CBS Prediction Servers)

http://www.uniprot.org/
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2.7. Posttranslational modifications

The final tagging by the golgi bodies or the attachment of addi-
tional groups to C or N- terminus of the nascent protein is called
Post-translational modification (PTMs) (Voet et al., 2006). Four
PTMs on AChE of lepidopteran insect pest species have been pre-
dicted in the current study i.e., Palmotylation, by CSS-Palm 5.0 tool
(csspalm.biocuckoo.org). ii. Methylation by GPS 3.0 (http://msp.
biocuckoo.org/), iii. Lipidation by using GPS Lipid(http://lipid.bio-
cuckoo.org/) and Myristoylator (https://web.expasy.org/myristoy-
lator/) which predicts the N-terminus myristoylation of proteins
by using neural networks (Casey and Seabra 1996) iv. Glyco-
sylphosphatidylinositol (GPI) by a server Big-PI Predictor
(http://mendel.imp.ac.at/sat/gpi/gpi_server.html)
2.8. Protein 3D model prediction, refinement and validation

Three dimensional protein models were predicted by a freely
available online server I- TASSER (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) (Roy et al., 2010). ModRefiner a web based
server was used to refine the predicted 3D protein models. The
ModRefiner server refines terminus regions or loops by using ab ini-
tio modelling (Ko et al., 2012). Different online available tools were
used to check and validate the quality of refined structures. SAVES
server is a platform to access all these validation tools at once and
is freely available at (http://services.mbi.ucla.edu/SAVES/.).
Table 2
Physiochemical Properties of acetylcholinesterase of lepidopteran insect pest species.

Organism UniProt ID No of
A.A

Molecular
weight

GRAVY Negative
charged

Pieris rapae A0A1U9X1Z7 638 71737.49 �0.208 72
Papilio machaon A0A194RTQ3 530 59824.93 �0.218 66
Heliothis assulta Q5RLH9 647 72605.57 �0.217 72
Heliothis armigera G1CRK3 647 72665.63 �0.227 72
Spodoptera frugiperda A0A2H1VS32 638 71669.39 �0.243 71
Spodoptera exigua S4VD29 418 47095.38 �0.275 54
Cydia pomonella Q2XQ04 638 71412.17 �0.216 70
Leucinodes orbonalis J7FSX9 361 40586.33 �0.156 38
Tuta absoluta A0A218KFK3 607 68792.8 �0.425 75
Scirpophaga incertulas A0A1D8QQG3 638 71776.63 �0.240 72
Chilo suppressalis B2BD82 638 71698.62 �0.225 70
Chilo auricilius A0A076VJ71 638 71653.49 �0.229 71
Papilio xuthus A0A194PJR4 499 54735.17 �0.326 47
Spodoptera litura A0A1S5YCX9 638 71669.39 �0.243 71

Table 3
Percentage of amino acids in acetylcholinesterase of different insect pest species of Lepido

Organism Amino acids

Ala Arg Asn Asp Cys Gln Glu Gly H

Pieris rapae 7.1 7.1 7.1 7.1 7.1 7.1 5.8 7.7 3.
Papilio machaon 7.1 3.2 4.0 6.0 1.1 3.6 6.4 7.7 2.
Heliothis assulta 6.2 3.7 3.9 5.9 1.5 2.6 5.6 8.0 2.
Heliothis armigera 6.2 3.9 3.7 5.9 1.5 2.6 5.3 7.9 2.
Spodoptera frugiperda 6.1 3.6 3.8 5.8 1.6 2.8 5.3 8.2 3.
Spodoptera exigua 7.2 5.5 5.3 6.0 1.2 3.3 6.9 7.2 1.
Cydia pomonella 6.3 3.9 4.1 5.6 1.6 2.7 5.3 8.2 2.
Leucinodes orbonalis 6.9 4.2 6.6 4.7 1.4 3.3 5.8 7.2 2.
Tuta absoluta 5.8 4.9 6.8 4.9 1.3 2.5 7.4 6.8 2.
Scirpophaga incertulas 5.8 3.8 3.8 6.0 1.7 2.7 5.3 8.0 2.
Chilo suppressalis 6.3 3.8 3.8 5.5 1.4 2.7 5.5 8.2 2.
Chilo auricilius 6.4 3.8 3.8 5.6 1.4 2.7 5.5 8.2 2.
Papilio xuthus 6.6 5.2 4.4 5.2 1.2 3.2 4.2 9.6 2.
Spodoptera litura 6.1 3.6 3.8 5.8 1.6 2.8 5.3 8.2 3.
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3. Results

3.1. Amino acid sequences retrieval and physiochemical properties
analysis

The amino acid sequences of acetylcholinesterase of fourteen
species of lepidoptera were retrieved from UniProt database
(Table 1). The physiochemical properties of acetylcholinesterase
of selected species were predicted (Table 2). High isoelectric point
(pI) was found in P. xhthus (8.12) indicates its basic nature while
the lowest pI value (4.94) in P. machaon showed acidic nature of
protein. AChE of all other species exhibited the acidic nature with
pI values between 5.01 and 5.65. GRAVY (Grand average of hydro-
pathicity) reveals the average of hydropathicity of a given protein.
The highest GRAVY value was recorded for L. orbonalis (-0.156) and
that lowest for T. absoluta (-0.425). The instability index (II) depicts
protein stability. The values of eleven species were less than 40
while L. orbonalis, T. absoluta and S. exigua, showed higher II values
i.e., 41.00, 41.28 and 45.31, respectively. Similarly identifying ali-
phatic index (AI) is an important parameter to determine the ther-
mostability of a given protein. In the current study, AChE in two
species, S. exigua and L. orbonalis, had more thermostability having
high AI’s, 81.65 and 82.91, respectively. AChE of the remaining
twelve species had AI values varying between 73 and 79 (Table 2).
AChE in P. rapae is made up the highest percentage of five amino
acids i.e., Arg, Asp, Asn, Gln and Cys which was 7.1% for each
(Table 3).
ly
residues

Positively
charged residues

Theoretical
isoelectric point(Pi)

Instability
index

Aliphatic
index

49 5.26 39.02 75.69
43 4.94 40.65 79.83
53 5.42 36.21 74.59
54 5.47 37.05 73.99
52 5.46 36.26 74.12
38 5.01 41.28 81.65
53 5.44 38.71 75.96
27 5.3 45.31 82.91
59 5.41 41 76.26
54 5.43 38.05 75.5
55 5.66 38.31 75.82
54 5.54 39.1 75.36
49 8.12 41.4 74.83
52 5.46 36.26 74.12

ptera order.

is Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

0 4.7 8.9 4.2 3.3 5.5 6.4 6.4 7.2 2.5 4.7 5.3
3 5.3 9.1 4.9 3.0 5.7 5.8 6.4 6.4 2.3 4.7 6.2
8 4.3 8.5 4.5 3.6 5.4 6.5 6.3 7.7 2.3 4.6 6.3
8 4.2 8.5 4.5 3.6 5.4 6.5 6.5 7.9 2.3 4.6 6.3
0 4.4 8.6 4.5 3.4 5.2 6.3 6.6 7.7 2.5 4.7 6.0
9 5.3 8.9 3.6 2.6 5.3 6.7 5.5 5.3 1.9 3.8 6.7
5 4.5 8.8 4.4 3.3 5.2 6.4 6.9 7.4 2.4 4.5 6.1
5 5.3 8.9 3.3 3.3 5.3 5.8 6.6 4.7 1.7 5.0 7.2
1 4.8 7.9 4.8 2.6 4.1 7.2 6.4 5.3 2.1 4.9 7.2
7 4.9 8.9 4.7 3.3 5.2 6.4 6.9 7.4 2.5 4.7 5.5
8 4.7 8.9 4.9 3.3 5.5 6.3 6.7 7.2 2.4 4.7 5.6
8 4.7 8.8 4.7 3.3 5.5 6.4 6.6 7.2 2.4 4.7 5.6
8 4.2 8.2 4.6 2.8 3.8 7.4 7.2 7.4 2.2 2.8 6.8
0 4.4 8.6 4.5 3.4 5.2 6.3 6.6 7.7 2.5 4.7 6.0
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3.2. Phylogenetic analysis

The relatedness and differences of AChE among different spe-
cies was studied with phylogenetic analysis. Phylogenetic tree
was generated with the help of MEGAX tool (Fig. 1). The range of
data coverage for analysis found more than 80%. All the ambiguous
positions were removed for each sequence pair and the refined
data set consisted of 647 positions. The phylogenetic tree was ini-
tially bifurcated in two primary branches. One of these two
branches (distance = 1.246375) further divided into three, S. exigua,
T. absoluta and L. orbonalis. Other primary branch (distance = 1.5
67907) gave rise to remaining eleven species. The AChE amino acid
sequences of two species, S. exigua and T. absoluta, were found to
be closely related and with that of L. orbonalis, but different from
the other eleven species.
Fig. 2. Consensus logo for motifs in acetylcholinesterase (AChE) of lepidopteran
insect pest species.
3.3. Functional motif prediction

Three AChE motifs were predicted for eleven species but only
two were found in three species S. exigua, T. absoluta and L. orbo-
nalis. Motif 1 (Fig. 2a, Table 4a) had an E value of 4.4 e-540. Clo-
sely related motif 1 was found in eleven species. Eight out of
eleven species, S. litura, P. xuthus, C. auricilius, S. incertulas, S. fru-
giperda, H. armigera, H. assulta, and P. machaon had exactly sim-
ilar motifs with a p-value of 8.67 e-64. P. rapae (2.77e-62) and C.
suppressalis (4.18e-62) were slightly different from those with
replacement of R19 with Q and D16 with E, respectively. C.
pomonella (4.15e-61) was slightly different from ten species with
the replacement of A20 by V and E26 by D. Among the rest of
the three species, L. orbonalis (8.68e-46) and T. absoluta (1.17e-
46), were different from S. exigua (1.13e-47) with replacement of
D16 with E and I I28 with V, respectively. Motif 2 (Fig. 2b) pre-
dicted in all the species having an E value of 9.2e-515, started
from 14th positon and 50 amino acids long. Ten species had
exactly similar motif with p-value 3.45e-63 (Table 4b). P. rapae
with p-value 2.14e-61 was closely related to those ten species
by replacement of only one amino acid S27 by A. AChE Motif
2 in remaining three species were found distantly related with
those of the former ten species. L. orbonalis and T. absoluta were
similar to each other with p-value 1.74e-44, but different from S.
exigua (3.54e-45) with replacement of A22 with P. AChE Motif 3
(Fig. 2c, Table 4c) was predicted having E value 6.2e-524 started
at the 11th amino acid and fifty amino acids wide. It was found
in eleven species among which nine species showed exactly the
same motif with p-value 9.68e-68. Two species, C. auricilius
(1.94e-67) and C. suppressalis (1.08e-66), were slightly different
with replacement of D50 with K and E, respectively.
Fig. 1. Phylogenetic tree of acetylcholinesterase
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3.4. Signal peptide prediction

The signal peptide cleavage site along with their score were pre-
dicted, for AChE of fourteen lepidopteran insect pest species, by
PrediSi (Table 5). Eleven species were found to have strong signal
peptides because they scored greater than 0.5. Last four amino
acids in c-region of signal peptides were consensus sequence
‘RSWA’. Fig. 3 shows the cleavage sites in which the true cleavage
site is marked with an arrow (Nielsen et al. 1997). The signal pep-
tides were not predicted in three species, L. orbonalis, S. exigua and
T. absoluta.
3.5. Subcellular localization prediction

Subcellular localization was predicted through DeepLoc 1.0
(Table 6). It predicts the localization within eight different sub cel-
lular locations as well as the extracellular parts of the protein i.e.,
endoplasmic reticulum, nucleus, cytoplasm, mitochondrion, cell
membrane, peroxisome, golgi apparatus and lysosome/vacuole.
The scores indicate that the AChE of S. exigua, L. orbonalis and T.
absoluta follow a non-secretory pathway and lack a signal peptide.
The remaining eleven species followed a secretory pathway with a
probability score of 1. Out of the eleven species following a
(AChE) of lepidopteran insect pest species.



Table 4b
Curated Motif 2 location and probabilities in different lepidopteran insect pest species.

Organism Sta
rt

p-
value

Start Flanking 
site

Motif site End Flanking 
site

Spodoptera litura KPLTERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSPGSEEAP
Papilio xuthus KPLTERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK FFSPGSEEAP
Chilo auricilius KPLTEKPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSAGSEEAP
Chilo suppressalis KPLTEKPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSAGSEEAP
Scirpophaga incertulas KPLTEKPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSSGSEEAP
Cydia pomonella KPLAERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK FFSPGSEEAP

KPLTERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSPGSEEAP
Helicoverpa armigera KPLAERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSPGSEEAP
Helicoverpa assulta KPLAERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSPGSEEAP
Papilio machaon KPLTERPKVP ILVWIYGGGYMSGTATLDLYKADIMASSSDVIVASMQYRVGAFGFLYLNK YFSPGSEEAP
Pieris rapae KPLAERPNVP ILVWIYGGGYMSGTATLDLYKADIMAASSDVIVASMQYRVGAFGFLYLNK FFSPGSEEAP
Spodoptera exigua TPRPRPKNAA VMLWVFGGGFYSGTATLDVYDAKILVSEEKVVYVSMQYRVASLGFLFFDT PDVPGNAGLF
Tuta absoluta VPKPRPKNAA VMLWVFGGGFYSGTATLDVYDPKILVSEEKVVYVSMQYRVASLGFLFFDT PDVPGNAGLF
Leucinodes orbonalis SPRPRPQNAA VMLWVFGGGFYSGTATLDVYDPKILVSEEKVVYVSMQYRVASLGFLFFDT PDVPGNAGLF

Table 4a
Curated Motif 1 location and probabilities in different lepidopteran insect pest species.

Organism Start p-value Start Flanking 
site

Motif site End Flanking 
site

Spodoptera litura FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Papilio xuthus FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Chilo auricilius FSAGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Scirpophaga incertulas FSSGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK DLFKRGILQS
Spodoptera frugiperda FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Helicoverpa armigera FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Helicoverpa assulta FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Papilio machaon FSPGSEEAPG NMGLWDQQLAIRWIKDNARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Pieris rapae FSPGSEEAPG NMGLWDQQLAIRWIKDNAQAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Chilo suppressalis FSAGSEEAPG NMGLWDQQLAIRWIKENARAFGGDPELITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Cydia pomonella FSPGSEEAPG NMGLWDQQLAIRWIKDNARVFGGDPDLITLFGESAGGGSVSLHMLSPEMK GLFKRGILQS
Spodoptera exigua LFFDTPDVPG NAGLFDQLMALQWVKDNIAYFGGNPHNITLFGESAGAVSVSLHLLSPLSR NLFSQAIMQS
Leucinodes orbonalis LFFDTPDVPG NAGLFDQLMALQWVKENIAYFGGNPHNITLFGESAGAVSVSLHLLSPLSR NLFSQAIMQS
Tuta absoluta LFFDTPDVPG NAGLFDQLMALQWVKDNIAYFGGNPHNVTLFGESSGAASVSLHLLSPLSR NYFSQAIMQS
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secretory pathway, in nine species it is localized in the cell mem-
brane with a high probability score of 0.9463 to 0.9953. In two spe-
cies, P. xuthus and P. machaon, although it followed the secretory
pathway but did not localize in the cell membrane and remained
in the extracellular region.

3.6. Posttranslational modification

Three posttranslational modifications i.e., palmotylation,
methylation and Glycosylphosphatidylinositol (GPI) were predict
in AChE of fourteen lepidopteran insect pest species while lipida-
tion was missing among all the species. The cutoff values for pal-
motylation, methylation prediction were kept 3.717 and 4.11
respectively, the results with higher scores were selected. The
score shows the probability of predicted amino acid position as a
true PTM site for a particular thresholds (Xue et al., 2008). Methy-
lation is referred as addition of a methyl group to lysine side chain
(Saraswathy and Ramalingam, 2011). In selected insect pest spe-
cies the AChE showed arginine (R: bold, highlighted and red)
methylation in eleven species (Table 7). The sequence
‘YYYYFTH TSTSLWG’ of one methylation position was the same
among all species while the sequence ‘EKWPLYS SSPHYYT’ for
the other position was the same in all species except H. assulta
and H. armigera i.e., ‘EKWPLYS TSPHYYT’ only S after R was
replaced by T. Highest score (4.86) was found in P. rapae, S. frugi-
perda, S. incertulas, C. suppressalis, C. auricilius and S. litura at posi-
tion 563 for sequence ‘EKWPLYS SSPHYYT’. H. assulta and H.
armigera showed the second highest score (4.74) at position 572
for sequence ‘EKWPLYS TSPHYYT’. This may be considered as
strong evidence for methylation sites compared to positions with
lower scores. Palmotylation is a covalent attachment of palmitic
acid to cysteine (S-palmitoylation) and rarely to threonine and ser-
ine (O-palmitoylation) residues of proteins (Linder, 2001). Cysteine
palmitoylation was found in AChE of nine insect pest species
(Table 8). The selected cutoff value was equal (3.717) for all species
and the predicted residue is underlined highlighted in red. P.
machaon and P. xuthus had only one palmotylation site
‘DPSLVMD MRGVDAK’ at position 325. P. rapae had two palmoty-
lation sites ‘FTKLLLC FVAAAWA’ and ‘DPSLVMD MRGVDAK’ at
positions 16 and 325, respectively. The remaining six species had
three palmotylation sites. The sequence ‘DPSLVMD MRGVDAK’
was a common palmotylation site among all species. Highest score
(37.22) was shown for P. rapae at position 16 followed by those of
S. litura (33.925) at position 16, S. frugiperda (33.925) at position
16, C. auricilius (25.397) at position 15 and C. pomonella (24.966)
at position 15. Which indicates that these five species have strong
evidence for palmotylation among all the species. Big-PI Predictor
predicted GPI anchors on AChE in nine insect pest species (Table 9).
The results presented for GPI anchor prediction are given by
expected x position with a particular score. The higher score is a
preferred site and the amino acid colored red. An alternative option
is also given with a relatively lower score and amino acid colored
yellow. It is obvious from the results that the preferred site is with
amino acid residue C. Two positions have been predicted for GPI
anchor in all the species except S. incertulas and C. Suppressalis
Two species, S. incertulas and C. suppressalis which showed only
one position, S, with a lower score.

3.7. Tertiary structure prediction, evaluation, refinement

The 3D structures and suitable templates for homology
modeling of AChE of selected lepidopteran species, were not avail-
able. I-TASSER server was used for 3D model prediction, as it uses
multiple templates to predict protein structure (Zhang, 2008). For
quality estimation of I-TASSER generated five models, against each
query sequence, with different confidence score (C-score). Good



Table 5
Signal Peptide prediction in acetylcholinesterase of lepidopteran insect pest species.

Organism UniProt ID Signal peptide sequence C-site C-site score Mode of movement

Pieris rapae A0A1U9X1Z7 MTSQNRIVFTKLLLCCFVAAAWARSWA 27 1.0000 Secretory
Papilio machaon A0A194RTQ3 MSGHDKIVYTKLLLLLFVSSAWSRSWA 27 1.0000 Secretory
Helicoverpa assulta Q5RLH9 MPVRTTIFEMISNTKIVFTKLLLCCFVSGAVARSWA 36 0.8968 Secretory
Helicoverpa armigera G1CRK3 MPVRTTTFEMISSTKIVFTKLLLCCFVSGAVARSWA 36 0.8968 Secretory
Spodoptera frugiperda A0A2H1VS32 MISNTKIVFTKLLLCCIVSGAWTRSWA 27 0.8907 Secretory
Spodoptera exigua S4VD29 No signal 62 0.1689 non Secretory
Cydia pomonella Q2XQ04 MTCNTKIVITKLLVCFLLSGVRGRSWA 27 0.8027 Secretory
Leucinodes orbonalis J7FSX9 No signal 45 0.4364 non Secretory
Tuta absoluta A0A218KFK3 No signal 0 0.0000 non Secretory
Scirpophaga incertulas A0A1D8QQG3 MCCNRKIVFTKLLLCIFVSGAWGRSWA 27 0.9523 Secretory
Chilo suppressalis B2BD82 MSRNIKIVFTKLLLCFFVSGAFGRRSWA 27 0.8910 Secretory
Chilo auricilius A0A076VJ71 MSRNIKIVFTKLLPCFFVSGAFGRSWA 27 0.7430 Secretory
Papilio xuthus A0A194PJR4 MSGHDKIVYTKLLLLLFVSGAWSRSWA 27 1.0000 Secretory
Spodoptera litura A0A1S5YCX9 MSGHDKIVYTKLLLLLFVSGAWSRSWA 27 0.8907 Secretory
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quality models with high C score were selected for each species.
The evaluation and refinement of selected models were performed
by QMEAN and SAVES, to further improve the quality and reliabil-
ity. SAVES (Structure Analysis and Verification Server) consists of
different programs i.e., ERRAT, Verify3D, Prove, RAMPAGE, for
structural evaluation and refinement. The structures were selected
which have ERRAT value above 60%. Percentage of amino acids in
favored and allowed regions were shown by RAMPAGE values.
The models having amino acids with more than 80% in allowed
and favored regions were selected (Table 10).

4. Discussion

Insecticide resistance is very challenging problem to be
addressed in agricultural sector worldwide. Most of the insecticide
have been developed to target the nervous system (GABA receptor
and acetylcholinesterase) and interfere nerve impulse transmis-
sion to get quick control (Keane et al., 1999; Tong and Coats
2012). In silico genes and protein analysis have been receiving
attention and are popular among scientific community, because
it plays an important role in getting base line information in a swift
and reliable manner. In the present study we have used computa-
tional approaches to find out possible reasons of insecticide resis-
tance at protein level using AChE as a target enzyme. In protein
study the primary structure depicts the most important informa-
tion about nature and function of protein. Different properties
i.e., GRAVY, instability index, aliphatic index and amino acid com-
position of protein have been studied using bioinformatics tools.
GRAVY (Grand average of hydropathicity) reveals the average of
hydropathicity of a given protein. High positive score of GRAVY
makes a peptide more hydrophobic and negative score makes a
protein hydrophilic (Kyte and Doolittle, 1983; Roy et al., 2011).
All the selected species contain negative values of GRAVY which
indicate their hydrophilic nature. The instability index (II) depicts
protein stability. If its II value is lower than 40 the protein is con-
sidered stable (Roy et al., 2011). The values of eleven species were
less than 40 which indicated their stability while L. orbonalis, T.
absoluta and S. exigua, showed II values 41.00, 41.28 and 45.31,
respectively, which indicated an unstable nature of AChE in these
species. Similarly identifying aliphatic index (AI) is an important
parameter to determine the thermostability of a given protein.
The higher the aliphatic index value the greater the thermostability
of proteins (Ikai, 1980). In the current study, two species, S. exigua
and L. orbonalis, had more thermostability having high AI’s, 81.65
and 82.91, respectively. AChE in P. rapae made up the highest per-
centage of five amino acids i.e., Arg, Asp, Asn, Gln and Cys which
was 7.1% for each. Cysteine and Glutamine might be the reason
for insecticide resistance in P. rapae. Cysteine plays significant role
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in protein structure stability and might be in insecticide resistance,
because it is involved in esterase -organophosphate molecules
interaction (Krejci et al., 1991). Cysteine is required for a unique
posttranslational modification induced by oxidative stress, in fac-
tor Keap1 (Zhang and Hannink, 2003). Expression level of Keap1
was found to be higher in pyrethroid and OP resistant Aedes aegypti
population (Bottino-Rojas et al., 2018). Gln is an important amino
acid playing crucial role in imidacloprid sensitivity of nicotinic
acetylcholine receptor (Shimomura et al., 2002). Amino acid com-
position of the protein can be helpful to get an idea about the pro-
tein function and especially insecticide resistance in insect pests.
Two knock down resistance mutations i.e., valine 419 to leucine
and leucine 925 to isoleucine, were found linked with pyrethroid
resistance in Cimex lectularius (Yoon et al., 2008).Three point muta-
tions, phenylalanine 115 to serine (F115S), isoleucine 199 to thre-
onine/valine (I199T/V) and glycine 303 to alanine (G303A) in the
AChE of D. melanogaster were identified and found associated with
OPs and carbamate resistance (Mutero et al., 1994).

The phylogenetic analysis was done to find out relatedness and
differences of AChE among different species. Phylogenetic tree was
generated with the help of MEGAX tool. Multiple sequence align-
ment in MEGAX is done by ClustalW and MUSCLE (Kumar et al.,
2018). The phylogenetic analysis was generated by using aligned
regions while nonaligned regions were referred as deletions
(Horiike, 2016). The sum of branch length for optimally generated
phylogenetic tree was 7.50317185. The branch length depicts the
evolutionary time, in terms of unit number of amino acid substitu-
tions per site, calculated through Poisson correction method
(Zuckerkandl and Pauling, 1965). The data coverage for tree con-
struction was above 80% which reflects the accuracy of input query
sequence (Filipski et al., 2014). The closely related species origi-
nated from the same primary branch which reflects the reliability
of the predicted phylogenetic relationship (Horiike, 2016). In the
current study almost related genera originated from common
branch e.g. C. suppressalis, H. armigera and S. litura this shows accu-
racy of predicted results for species relatedness. Leucinodes orbona-
lis, S. exigua and T. absoluta were originated as outgroup.

A three dimensional conserved structure of a protein that stim-
ulates the distinct biological function among different types of pro-
teins is called a motif (Xiong, 2006). The MEME suit was used for
functional motifs prediction in AChE of fourteen lepidopteran spe-
cies. The MEME algorithm (Bailey and Elkan, 1994) has been
widely used for the discovery of DNA and protein sequence motifs
and MEME continues to be the starting point for most analyses
using the MEME Suite. Most of the motif prediction tools failed
to predict the gapped motifs but a recent algorithm GLAM2
(Frith et al., 2008) has been incorporated into the MEME suite for
gapped motif discovery. MEME usually predicts the most
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statistically significant (low E-value) motifs first. E value shows
the statistical significance of motif prediction i.e., lower the E
value, higher the significance (Bailey et al., 2009). The results
are produced in the form of consensus logo and a table of motif
alignment. The stacked amino acid letter codes represent their
relative frequencies among the compared protein sequences.
The height of letters in consensus logo shows the degree of con-
servation of each sequence (Schneider and Stephens, 1990). Sim-
ilar colors have been assigned to amino acids from the same class
(Thomsen and Nielsen, 2012). Motifs are arranged in ascending
order of the p-value in the table. The p-value shows the statistical
significance of similarities among the compared sequences. Two
species, C. auricilius (1.94e-67) and C. suppressalis (1.08e-66), were
slightly different with replacement of D50 with K and E, respec-
tively. Only one amino acid has been replaced in both species
but p-value for C. suppressalis was greater than that of C. auricilius
because D and E are from different classes. The lower the p-value
the greater the sequence similarity (Bailey et al., 1998). The pre-
dicted motifs confirmed the phylogenetic analysis results in cur-
rent study. Three motifs have been predicted in eleven species
while outgroup species L. orbonalis, S. exigua and T. absoluta
showed only two.

Signal peptide is usually a 16–30 amino acid long sequence
(Voss et al., 2013). It is located at N-terminal of most of the nas-
cent proteins that are directed towards the secretory pathway
(Rapoport, 1992) to endomembrane system i.e., endoplasmic
reticulum and golgi apparatus, in which proteins undergo folding
and posttranslational modifications (Rapoport, 2007). A general
structure of the signal peptide is composed of three main parts:
n-region (N-terminus), h- region (hydrophobic) and c-region
(cleavage) (Voss et al., 2013). Cleavage site (c-region) prediction
of signal peptide is crucial to confirm the presence or absence
of signal peptide (Nielsen et al., 1997). Most commonly used
method is weight matrix in the prediction method to discrimi-
nate between signal peptides and non-signal peptide sequence
by using the maximum cleavage site score. The signal peptide
cleavage site along with their score were predicted, for AChE of
fourteen lepidopteran insect pest species, by PrediSi. PrediSi pro-
vides a normalized score on a scale between 0 and 1. A score
greater than 0.5 means that the amino acid sequence very likely
contains a signal peptide (Hiller et al., 2004). The benefit of this
simple score method is that it is comparable between different
weight matrices. Eleven species were found to have strong signal
peptides because they scored greater than 0.5. Last four amino
acids in c-region of signal peptides were consensus sequence
‘RSWA’. The amino acid on the cleavage site was Alanine (A)
which is a nonpolar and uncharged or neutral amino acid
(Hundal et al., 1989). This also supports our results of signal pep-
tide prediction because the amino acid in cleavage region/site
must be small and neutral for ease of correct cleavage (von
Heijne, 1985). Three outgroup species, L. orbonalis, S. exigua and
T. absoluta, showed no signal peptides and are supposed to use
unconventional mechanisms, other than secretory, for transloca-
tion (Nickel and Seedorf, 2008).

Function of a protein is reflected by its subcellular localization
(Hung and Link 2011) and its prediction is very important for
functional study of protein (Wan and Mak, 2015). Acetyl-
cholinesterase is mainly responsible for synaptic transmission
in the cells by catalyzing hydrolysis of acetylcholine. Its localiza-
tion in non-cholinergic and non-neural cells and tissues (Soreq
and Seidman 2001), and the variations in its molecular forms
(Meshorer et al., 2002) are evident of its non-classical and diver-
sified functions. Deeploc 0.1 server was used for AChE subcellular
localization prediction. It predicted the localization within eight
different sub cellular locations as well as the extracellular parts
of the protein i.e., endoplasmic reticulum, nucleus, cytoplasm,



Table 7
Methylation sites in acetylcholinesterase of lepidopteran insect pest species.

Organism UniProt ID Methylation

Position Peptide Score Cutoff

Pieris rapae A0A1U9X1Z7 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Helicoverpa assulta Q5RLH9 504 YYYYFTH TSTSLWG 4.36 4.11

572 EKWPLYS TSPHYYT 4.74 4.11

Helicoverpa armigera G1CRK3 504 YYYYFTH TSTSLWG 4.36 4.11

572 EKWPLYS TSPHYYT 4.74 4.11

Spodoptera frugiperda A0A2H1VS32 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Cydia pomonella Q2XQ04 495 YYYYFTH TSTSLWG 4.36 4.11

Scirpophaga incertulas A0A1D8QQG3 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Chilo suppressalis B2BD82 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Chilo auricilius A0A076VJ71 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Spodoptera litura A0A1S5YCX9 495 YYYYFTH TSTSLWG 4.36 4.11

563 EKWPLYS SSPHYYT 4.86 4.11

Table 8
Palmotylation sites in acetylcholinesterase of lepidopteran insect pest species.

Organism UniProt ID Palmotylation

Position Peptide Score Cutoff

Pieris rapae A0A1U9X1Z7 16 FTKLLLC FVAAAWA 37.223 3.717
325 DPSLVMD MRGVDAK 6.242 3.717

Papilio machaon A0A194RTQ3 325 DPSLVMD MRGVDAK 5.801 3.717
Helicoverpa assulta Q5RLH9 344 DPSLVMD MRGVDAK 5.873 3.717

25 FTKLLLC FVSGAVA 6.888 3.717
329 VLVDD NCNSSLLAA 4.356 3.717

Helicoverpa armigera G1CRK3 344 DPSLVMD MRGVDAK 5.873 3.717
25 FTKLLLC FVSGAVA 6.888 3.717
329 VLVDDCN NSSLLAA 4.356 3.717

Spodoptera frugiperda A0A2H1VS32 16 FTKLLLC IVSGAWT 33.925 3.717
320 VLVDDCN NSSLLAA 4.356 3.717
335 DPSLVMD MRGVDAK 5.873 3.717

Cydia pomonella Q2XQ04 15 VITKLLV FLLSGVR 24.966 3.717
320 VLVDDCN NSSLLSA 4.49 3.717
335 DPSLVMD MRGVDAK 5.547 3.717

Chilo auricilius A0A076VJ71 15 VFTKLLP FFVSGAF 25.397 3.717
320 VLVDDCN NSSLLAA 4.356 3.717
335 DPSLVMD MRGVDAK 5.873 3.717

Papilio xuthus A0A194PJR4 325 DPSLVMD MRGVDAK 5.801 3.717
Spodoptera litura A0A1S5YCX9 16 FTKLLLC IVSGAWT 33.925 3.717

320 VLVDDCN NSSLLAA 4.356 3.717
335 DPSLVMD MRGVDAK 5.873 3.717
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mitochondrion, cell membrane, peroxisome, golgi apparatus and
lysosome/vacuole. The results are generated in terms of probability
of likelihood to be present in a location. The pathway of protein is
defined by first bifurcation of secretory and non-secretory pathway
then further scoring is done for compartmentalization. The joint
probability of decisions, on the whole, is used to calculate a likeli-
hood score i.e., 0–1 (Almagro et al., 2017). The scores indicate that
the AChE of outgroup species S. exigua, L. orbonalis and T. absoluta
follow a non-secretory pathway and lack a signal peptide, though it
might contain a transit peptide to reach and localize in cytoplasm.
The remaining eleven species followed a secretory pathway with a
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probability score of 1. Out of the eleven species following a secre-
tory pathway, in nine species it is localized in the cell membrane
the extended N-terminal may allow this protein to localize in the
cell membrane of these species (Mor et al., 2008). In two species,
P. xuthus and P. machaon, although it followed the secretory path-
way it did not localize in the cell membrane but remained in the
extracellular region. It might act as a cell membrane adhesion
receptor (Lodish et al., 2000) and involve a protein interaction
(Soreq and Seidman, 2001). Among the nine species, in which AChE
is localized in the cell membrane and follow secretory pathway,
insecticide resistance is a common and major problem. It shows



Table 9
GPI Anchor Prediction in acetylcholinesterase of lepidopteran insect pest species.

Organism UniProt ID GPI anchor

Predicted Residue x Position Score

Pieris rapae A0A1U9X1Z7 DELEHVP DG
AVTGPY SVA

608
617

�1.31
�3.21

Helicoverpa assulta Q5RLH9 ELEHMP DGA
VTGPY SVAG

617
626

�0.84
�3.23

Helicoverpa armigera G1CRK3 ELEHMP DGA
VTGPY SVAG

617
626

�0.84
�3.23

Spodoptera frugiperda A0A2H1VS32 NELEHMP DG
AVTGPY SVA

608
617

�0.84
�3.23

Cydia pomonella Q2XQ04 NELERVP G 608
609

�1.25
�1.8

Scirpophaga incertulas A0A1D8QQG3 AVTGPY SVA 617 �3.91
Chilo suppressalis B2BD82 AVTGPY SVA 617 �2.46
Chilo auricilius A0A076VJ71 AVTGPY VA 618

617
�2.19
�4.6

Spodoptera litura A0A1S5YCX9 NELEHMP DG
AVTGPY SVA

608
617

�0.84
�3.23
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that similar localization site and mode of movement of AChE in
these insects might be the reason of development of insecticide
resistance.

Three posttranslational modifications i.e., palmotylation,
methylation and Glycosylphosphatidylinositol (GPI) were found
in AChE of fourteen lepidopteran insect pest species while lipida-
tion was missing among all the species. The cutoff values for pre-
diction of palmotylation (3.717), methylation (4.11) were kept the
same for all the species and the results with higher scores were
selected. The score shows whether the predicted amino acid posi-
tion is a true PTM site for selected thresholds (Xue et al., 2008).
Methylation is referred as addition of a methyl group to lysine
side chain (Saraswathy and Ramalingam, 2011). Arginine (R)
methylation is a predominant PTM in both nuclear and cytoplas-
mic proteins (Bedford, 2007). In selected insect pest species the
AChE showed arginine (R bold, highlighted and red) methylation
in eleven species. Palmotylation is a covalent attachment of pal-
mitic acid to cysteine (S-palmitoylation) and rarely to threonine
and serine (O-palmitoylation) in proteins (Linder, 2001). Cysteine
palmitoylation was found in AChE of nine insect pest species. Five
species P. rapae, S. litura, S. frugiperda, C. auricilius and C. pomo-
nella showed a relatively higher score compared to remainder
species. Which indicates that these five species have strong evi-
dence for palmotylation among all the species. The species that
showed palmotylation sites are involved in regulation of cellular
functions such as protein attachment to the membranous portion
that makes them more hydrophobic (Rocks et al., 2005). Glyco-
sylphosphatidylinositol (GPI) is a glycolipid attached to the C ter-
minus of newly synthesized proteins and plays an important role
in biological processes (Paulick and Bertozzi, 2008). The GPI is
attached through transamidation on the C terminus residue, and
that position is denoted by x, of newly synthesized protein
(Fournier et al., 1988; Toutant, 1989). Big-PI Predictor predicted
GPI anchors on AChE in nine insect pest species. The results pre-
sented for GPI anchor prediction are given by expected x position
with a score. The higher score is a preferred site and the amino
acid colored red. An alternative option is also given with a rela-
tively lower score and amino acid colored yellow. Insects have
cysteine (C) as C-terminal peptide which forms a disulfide linked
dimer and induces a signal for addition of glycophosphatidylinos-
itol (GPI) as post translational modification (Kakani et al., 2011).
It is obvious from the results that the preferred site is with amino
acid residue C. Two species, S. incertulas and C. Suppressalis,
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showed only one position, S, with a lower score which predicts
that these might not be a potential position for GPI modification.
Increasing the number of GPI-anchored molecules in the synaptic
cleft reduces the sensitivity to insecticides (Kakani and
Mathiopoulos, 2008) especially organophosphates (Kakani et al.,
2011). We can predict that seven, P. rapae, H. armigera, H. assulta,
S. frugiperda C. pomonella, C. auricilius and S. litura having two GPI
anchor positions may have more ability to develop insecticide
resistance. S. incertulas and C. suppressalis may be less prone to
insecticide resistance and L. orbonalis, S. exigua and T. absoluta
may tend not to develop insecticide resistance due to no GPI
anchor modification found.

The 3D structures and suitable templates for homology model-
ing of AChE of selected lepidopteran species, were not available. I-
TASSER server was used for 3D model prediction, as it uses multi-
ple templates to predict protein structure (Zhang, 2008). Good
quality models with high confidence score (C score) were selected
from five models generated against each query sequence. C-score is
calculated on the basis of the importance of threading template
alignments and the convergence parameters of the structure
assembly simulations. Generally the range of C-score is between
�5 to 2. High confidence level on predicted structure is reflected
by high value of C- score (Roy et al., 2010; Yang et al., 2015). The
evaluation and refinement of selected models were performed by
QMEAN and SAVES, to further improve the quality and reliability.
The good quality structures were generated by using refinement
methods utilizing multiple templates and by rebuilding unreliable
loops using an optimization-based refinement method (Ko et al.,
2012). Refinement protocol employs iterative optimization of
hydrogen bonding network assisted with energy minimization at
the atomic level on the optimized model by means of a composite
physics and knowledge-based force fields (Bhattacharya et al.,
2016). For quality estimation of models QMEAN is an online server.
QMEAN score which shows the predicted global model reliability
ranging from 0 to 1 is used for the ranking of the models men-
tioned in the results (Benkert et al., 2008). SAVES (Structure Anal-
ysis and Verification Server) consists of different programs i.e.,
ERRAT, Verify3D, Prove, RAMPAGE, for structural evaluation and
refinement. The structures were selected which have ERRAT value
above 60%. Percentage of amino acids in favored and allowed
regions were shown by RAMPAGE values. The models having
amino acids with more than 80% in allowed and favored regions
were selected



Table 10
Predicted three dimensional structures of acetylcholinesterase in different lepidopteran insect pest species.

Insect pest 3D protein structure Insect pest 3D protein structure

Chilo auricilius Papilio xuthus

Chilo suppressalis Pieris rapae

Cydia pomonella Scirpophaga incertulas

Heliothis armigera Spodoptera exigua

Heliothis assulta Spodoptera frugiperda

Leucinodes orbonalis Spodoptera litura

Papilio Machaon Tuta absoluta
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5. Conclusion

Acetylcholinesterase is an important enzyme involved in insec-
ticide resistance., The knowledge about the structure and function
of the protein is necessary to know the exact reason of resistance,
but most of the insect proteins are unreviewed. Computational
annotation of acetylcholinesterase of fourteen insect pest species
Pieris rapae, Papilio machaon, Heliothis assulta, Heliothis armigera,
Spodoptera frugiperda, Spodoptera exigua, Cydia pomonella,
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Leucinodes orbonalis, Tuta absoluta, Scirpophaga incertulas, Chilo sup-
pressalis, Chilo auricilius, Papilio xuthus and Spodoptera litura
revealed that AChE in three species, T. absoluta, S. exigua and L.
orbonalis, is closely related. These insect pests seem to have the
least chances of insecticide resistance. We can predict that P. rapae,
H. armigera, H. assulta, S. frugiperda C. pomonella, C. auricilius and S.
litura, having two GPI anchor positions, may have more ability to
develop insecticide resistance, moreover they have common local-
ization for AChE i.e., in cell membrane. High percentage of Cys and
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Gln amino acid residues in P. rapae strongly added the cause of
insecticide resistance.
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