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Abstract

Genome-wide analysis of cytochrome P450 monooxygenase
(CYP) genes from the advanced genome project of the
Leucinodes orbonalis and the expression analysis provided
significant information about the metabolism-mediated
insecticide resistance. A total of 72 putative CYP genes were
identified from the genome and transcriptome of L. orbonalis.
The genes were classified under 30 families and 46
subfamilies based on the standard nomenclature. In the
present study, a novel CYP gene, CYP324F1, was identified and
it has not been reported from any other living system so far.
Biochemical assays showed enhanced titers (5.81–18.5-fold) of
O-demethylase of CYP in five field-collected populations. We
selected 34 homologous CYP gene sequences, seemed to be
involved in insecticide resistance for primer design and

quantitative real-time PCR studies. Among the many
overexpressed genes (>10 fold), the expression levels of
CYP324F1 and CYP306A1 were prominent across all the field
populations as compared with the susceptible iso-female line.
Oral delivery of ds-CYP324F1 and ds-CYP306A1 directed
against CYP324F1 and CYP306A1 to the larvae of one of the
insecticide resistance populations caused reduced expression
of these two transcripts in a dose-dependent manner
(53.4%–85.0%). It appears that the increased titer of
O-demethylase is the result of increased transcription level of
CYP genes in resistant populations. The data provide insight
for identifying the novel resistance management strategies
against L. orbonalis. © 2020 International Union of Biochemistry and
Molecular Biology, Inc. Volume 0, Number 0, Pages 1–12, 2020
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1. Introduction
The ability of the insect pests to develop resistance against
multiple insecticidal molecules hampered the insect control
program [1]. The eggplant shoot and fruit borer, Leucinodes
orbonalis Guenée (Lepidoptera: Crambidae), a monophagous
insect pest, defy all the chemical control measures due to the
development of insecticide resistance [2, 3]. Repeated and
indiscriminate application of many chemicals also fostered sev-
eral environmental and health concerns, including disruption
of natural biological control systems [4, 5, 6].

Pesticide detoxification often occurs when toxins are mod-
ified into nontoxic compounds through reduction, oxidation,
conjugation reactions, and enhanced excretion of the altered
toxin molecules. The metabolic detoxification in insects gen-
erally involves three main groups of enzymes acting in three
phases (I–III) against a number of insecticides [7, 8]. Among
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Highlights

� Enhanced activity of cytochrome P450 monooxygenase
(CYP) in the midgut of Leucinodes orbonalis.

� Genome and transcriptome mining of L. orbonalis yielded
72 full-length putative CYP gene sequences.

� A novel CYP gene, CYP324F1, was identified.
� Overexpression of numerous CYP genes in field collected
populations of L. orbonalis.

� Silencing of CYP324F1 and CYP306A1 resulted in reduced
transcription activities in a dose-dependent manner.

all, the phase I reaction by cytochrome P450 monooxygenases
(CYPs) constitutes the largest gene superfamilies in all living
organisms and they are known to perform a large number of
highly diverse physiological and biochemical functions [7, 8,
9]. In insects, more than 1,700 CYP genes have so far been
identified and an insect genome normally contain from 10 to
>100 CYP genes [7]. CYPs have long been of particular interest
because they are critical for detoxification and/or activation
of xenobiotics such as drugs, pesticides, plant toxins, chemical
carcinogens, and mutagens. They are also involved in metab-
olizing endogenous compounds such as hormones, fatty acids,
and steroids [8, 9, 10]. The insect CYPs can be grouped into four
major phylogenetic clans viz., CYP2, CYP3, CYP4, and the mi-
tochondrial [11, 12]. The CYP2 clan consists of CYP15, CYP18,
CYP303–CYP307, CYP343, CYP359, and CYP369 families [8].
CYP306A1 is specifically involved in ecdysteroid biosynthesis
in the prothoracic glands of Bombyx mori and Drosophila
melanogaster [13]. Similarly, CYP3 clan is further subdivided
into many families viz., CYP6, CYP9, CYP28, CYP308–310,
CYP317, CYP321, CYP324, CYP329, CYP332, CYP336–CYP338,
and CYP345–CYP348 [14]. Among all, the members of CYP324
family are involved in detoxification of xenobiotics, in turn
associated with insecticide resistance mechanism [9, 12]. The
basal and upregulation of CYP gene expression can significantly
affect the disposition of xenobiotics or endogenous compounds
in the tissues of organisms and thus alter their pharmacologi-
cal/toxicological effects [15, 16]. It has been suggested that the
induction of CYP and their activities in insects help them in
adapting to changing environment and to cope with toxic effect
of insecticides [17].

The problem, together with the growing incidence of insect
resistance, has called attention to the need for developing
novel insecticides or management of insecticide resistance [18].
Hence, there is a quick need for more realistic and sustainable
tool for insect pest control such as gene silencing. The RNA
interference (RNAi) is one such method to develop target-
specific insect control [19, 20]. This technique could silence
the gene expression in nonmodel organisms, where the genetic
information is scanty [21].

In this study, we examined the CYP genes and their
potential role in detoxification of insecticides in field-collected

insecticide-resistant populations of L. orbonalis for the first
time. The quantitative real-time PCR (qRT-PCR) technique
was used to assess the expression pattern of CYP genes in
late second instar larvae. The functional validation of the
highly expressed CYP324F1 and CYP306A1 genes was done by
double-stranded RNA (dsRNA) feeding experiments.

2. Materials and Methods
2.1. Insecticide resistance and estimation of

O-demethylase activity of CYPCYP
The base-line susceptibility data generated by the senior
author to know the insecticide resistance status in different
field collected populations of L. orbonaliswas taken as a base for
conducting biochemical assays and gene expression analysis.
There was a large shift in the LC50 values against fenvalerate,
phosalone, thiodicarb, emamectin benzoate, flubendiamide,
and chlorantraniliprole, ranged from 1.6 to 534.6 in the field-
collected populations of L. orbonalis over the laboratory-reared
susceptible iso-female line (Lo-S) [22].

Twenty-five midguts from the starved 2nd instar larvae of
L. orobnalis were used to prepare the microsomal fraction as
per the standard procedure [23]. The O-demethylase activity, a
marker enzyme for measuring the CYPs, was determined spec-
trophotometrically by analyzing the production of p-nitrophenol
[24]. The 700 μL final reaction mixture in 50 mM phosphate
buffer (pH 6.8) composed of 10 μg of midgut microsomal frac-
tion, 2.9 mM p-nitroanisole (dissolved in dimethyl sulfoxide)
and 3.3 mM nicotinamide adenine dinucleotide phosphate. The
mixture was incubated for 60 Min at 30 °C. To this, 700 μL
ice-cold acetone and 0.2 mL of 0.5 M glycine–NaOH buffer (pH
9.5) were added to stop the reaction. The supernatant after
centrifugation was used to measure the absorbance at 410 nm.
The enzyme activity was determined using p-nitrophenol
standard curve [23].

2.2. Bioinformatics and naming of CYP genes
The CYP hmm model (CYP-PF00067) from the PFAM database
was used to search L. orbonalis predicted protein sequences
using the hmmsearch program from the HMMER3 software
package. The CDHIT and CLUSTAL OMEGAR® were used
to remove the redundancy and duplication. From the total
(72) putative CYP genes, 34 were selected based on their
known history of involvement in insecticide resistance in
other insects based on BlastX analysis (NCBI) with 90% query
coverage. The selected sequences were used for designing
primers by Primer 3.0 plus software (Table 1). To remove the
primer-dimer and confirm the efficiency, the OligoEvaluatorTM

(www.oligoevaluator.com) sequence analysis tool was used.
Naming of all the putative CYP genes of L. orbonalis was
performed by Dr. David R. Nelson, University of Tennessee
Memphis, USA.

2.3. RNA isolation from L. orbonalis larvae
The field populations of L. orbonalis larvae were collected
from intensive eggplant growing regions of India viz., Raichur
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TABLE 1
Primer details for amplification of cytochrome P450 genes of L. orbonalis

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

1. CYP337B22 F TTGATTTGTGTGTGGAACTGC 21 42.86 59.61 1,318 79

R TCGTCCGTAGGTTGTATCTGG 21 52.38 60.0

2. CYP6AE F GAGCCTTTTACGGGACAGAAC 21 52.38 60.12 852 57

R GTTTGATGATTTCGGGGTCTT 21 42.86 60.18

3. CYP6AE132 F TTACACGCTGCCTACTGGTCT 21 52.38 59.95 952 103

R CTGCTCTGGGTTTGGGAAGT 20 55.0 61.98

4. CYP305B1 F TCCGTTGGCGATATACACTTC 21 47.62 59.97 171 96

R ATTTTTCAATGCTCCATCGTC 21 38.12 59.04

5. CYP324F1 F GCATCTGGCTGTTCTGGAG 19 57.89 59.52 207 50

R AATCTCTGGGGAGTTGACGA 20 50.0 59.62

6. CYP4G204 F TCCACCAGTTCCTGTCATAGC 21 52.38 60.13 1,299 110

R GTATCCTGTAGGTGCCGATCA 21 52.38 59.97

7. CYP306A1 F GGGTGATGAAGACGTTGACAG 21 52.38 60.56 1,155 88

R AACAGGGACGATAGACCGAAT 21 47.62 59.84

8. CYP4M67 F GCCGTTGCTGCTATTTTAATG 21 42.86 59.77 774 101

R ACAGGTCCATTGTTACGCATC 21 47.62 59.87

9. CYP6AE132 F CAACGTCAAAAATGGGAAGAA 21 38.10 59.96 1,060 74

R CCAAGCTCAAACCAACCAATA 21 42.86 59.98

10. CYP9A140 F AATTGCTCAAGCCCTCATTTT 21 38.10 60.09 338 118

R TTCTTCAACCAGACGATCCTG 21 47.62 60.24

11. CYP4CG22 F CCAGCGTTTCACTTCAACATC 21 47.62 60.68 1122 92

R CCGACTTCCTCCTGTATCCTC 21 57.14 60.08

12. CYP4M69 F TGCCTCATGTTGTTAGCGAAT 21 42.86 60.65 748 79

R GGGAATCACCAAATACCTCGT 21 42.62 60.07

13. CYP6CT1 F AACAAAGCCAAACTCCATCCT 21 42.86 59.99 209 64

R CGAGACATTTCCTTGGTCCTT 21 47.62 60.48

14. CYP6AB F TGGGCACCTTATGAGAGTTTG 21 47.62 60.12 694 82

R CATGGCTCTAACACCAGCATT 21 47.62 60.15

15. CYP4AU F TGGAATGTTAGCGACGAAAAG 21 42.86 60.25 522 77

R TGCGTTTGATTGGTTCTGATT 21 38.10 60.1

16. CYP4L49_Lo F CTCTTCGGTTGTACCCTTCG 20 55.0 59.73 352 71

R CCATCCTGCTATATCCGTGTC 21 52.38 59.42

(Continued)
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TABLE 1
Continued

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

17. CYP9A142 (1aa

different)

F TCGACGTAAAAGACCTGACCA 21 47.62 60.67 336 59

R AAAAGCGCATGTTGCTATGAC 21 47.86 60.29

18. CYP9A142 (1aa

different)

F CTGCATGAGCTTGCCATAAAT 21 42.86 60.24 222 84

R CTTGCCGTCCTTCTTTTCTTC 21 47.62 60.36

19. CYP6AB149 F ACGTTAGTTGCTGCTCTCGAA 21 47.62 60.20 1,155 116

R TCATTTAGGGAATCTGCATCG 21 42.86 60.05

20. CYP367B1 (match

with gap)

F CCCTGAAAACACAAAGATCCA 21 42.86 60.12 1,354 119

R AGAACCTCCCTAAGCAATCCA 21 47.62 59.84

21. CYP6CT1 (another

contig)

F CCGAAGATGCACCAAAAACTA 21 52.38 60.1 207 88

R GATGGACTGGCACGGTATAAA 21 55.0 60.20

22. CYP324F1 F TACGTGGGTATCTGGCTGTTC 21 42.86 59.44 376 57

R GATCTCTGGGGAGTTGACGA 20 55 59.87

23. CYP367A1 F ACATTTACCAGAATGGCAGGA 21 47.62 59.95 611 107

R CCATATCAAGGTGGTGCAGTT 21 52.38 59.92

24. CYP9A141 F TGGATATGGTGGTTTCAGAGC 21 52.38 60.0 631 111

R CCTCAGTAGCTTTGTCGTTGG 21 47.62 59.38

25. CYP337B22 F CCAGATACAACCTACGGACGA 21 47.62 59.72 252 62

R CGCCAGCTACAAAGAAGAAGA 21 42.86 60.96

26. CYP354A23 F GAGCGTTTTATGGACGATGAG 21 42.86 60.21 801 63

R AACACCGAAAGCGAGGAATAA 21 52.38 60.10

27. CYP304F24 F GGAAATTGTGAAGGACGGTTT 21 42.86 60.24 1,207 118

R TAGGACGTGATAGTCGGATCG 21 42.86 60.25

28. CYP6AB150 F GCACTTCAGATGGACGAAAAA 21 47.62 59.87 216 79

R CATCCTTAGCACCAAAGCAAA 21 36.36 59.30

29. CYP354A23

(another contig)

F ATTTGGACGACGACACCATAG 21 38.10 58.16 238 120

R TTTGCATTTCAGGTTTTGTAGC 21 47.62 59.83

30. CYP367B1 F GTCAAGAAGCATCAGCAAAAA 21 42.86 60.91 309 60

R CTGGGTGGTAAGCCATCATTA 21 47.60 60.08

(Continued)
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TABLE 1
Continued

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

31. CYP367B1 F CGATTCAACCCTGAAAACACA 21 42.86 59.87 492 88

R AGAACCTCCCTAAGCAATCCA 21 52.38 60.32

32. CYP9A80 F ACATTCGCAAAGGAGAAGTCA 21 52.38 59.72 1,343 66

R GATATAGCTCGGGATCGTGGT 21 42.86 60.05

33. CYP9A142 F GAGTCCAGCATTCACCAGTTC 21 42.86 60.10 472 105

R TCCGCCTCCTTGATTCTATTT 21 47.62 59.91

34. CYP337B22 (2aa

different)

F CCAGATACAACCTACGGACGA 21 52.38 60.00 748 62

R CGCCAGCTACAAAGAAGAAGA 21 47.62 59.78

(16.2120°N, 77.3439°E), Dharmapuri (12.0933°N, 78.2020°E),
Bhubaneswar (20.2961°N, 85.8245°E), Pune (18.5204°N,
73.8567°E), and Varanasi (25.3176°N, 82.9739°E). Insects were
reared under laboratory conditions at 27 ± 2 °C, 60%–70% RH
and photoperiod of 14:10 H (L:D) on natural diet and the F1

individuals were used for isolation of RNA for gene expression
studies. Iso-female line designated as Lo-S (National Accession
number: NBAIR-IS-CRA-01a) derived from Bengaluru popu-
lation (Karnataka, Bengaluru: 12.9716°N, 77.5946°E), being
maintained since October 2012 at Insect Genomic Resources
Laboratory of ICAR-NBAIR, Bengaluru was used as susceptible
control.

Total RNA was isolated from late second instar larvae
using ISOLATE II RNA mini kit by following the manufacturer
guidelines (Bioline, Taunton, Massachusetts, USA). To remove
the DNA contamination, it was treated with RNase free DNase
I (Fermentas Life Sciences, Waltham, Massachusetts, USA) and
purified through Phenol-Chloroform (25:25) extraction [25].
The purity and concentration of total RNA was measured using
spectrophotometer (NanoDrop Lite-1000; Thermo Scientific,
Vilnius, Lithuania, Germany) and denatured agarose gel [26].

2.4. cDNA synthesis
RNA samples with an A260/A280 ratio ranging from 1.8 to
2.0 and A260/A230 ratio >2.0 were used for the preparation
of complementary DNA (cDNA). The first strand of cDNA was
synthesized from 4 μg of total RNA along with Oligo (dT)18
primer and nuclease-free water using Revert-AID first-strand
cDNA synthesis kit (Thermo ScientificTM, Vilnius, Lithuania,
Germany) following the supplier’s guidelines and stored at
−80 °C for future use.

2.5. qRT-PCR studies
The synthesized cDNA was diluted 10 times prior to using
it for qRT-PCR. The relative expression of target gene was

studied using qRT-PCR with 20 μL reaction consisted of 10 μL
2× SYBR® Premix EX TaqTM II (Tli RNaseH Plus; TAKARA®,
Nojihigashi, Shiga, Japan), 1 μL cDNA, 1 μL of gene-specific
primer each (forward and reverse), and make up the volume by
nuclease-free water. The thermal condition used for qRT-PCR
as follows: one cycle of 95 °C for 5 Min; 35 cycles of 95 °C for
30 Sec, 53 °C for 45 Sec, and 72 °C for 1 Min; a final cycle
of 72 °C for 10 Min using Light Cycler 480II (Roche Applied
Science, Basel, Switzerland). Each sample including control (no
template) and internal control was performed in triplicates.
The resultant PCR products were electrophoresed on 1.5%
agarose gel in a 1.0× TAE buffer. Relative expression levels for
the CYP genes were calculated by the 2−��CT method [27]. The
28SR3 (28S ribosomal protein S3 mitochondrial) gene was used
as an internal control to normalize the expression of target
genes [28]. Procedure and protocol followed was amenable
with Minimum Information for Publication of Quantitative
Real-Time PCR (MIQE) [29].

2.6. Cloning and synthesis of dsRNA of target genes
The coding sequences of CYP324F1 and CYP306A1 were
amplified using first-strand cDNA (1:10 diluted) as a template
with PCR master mix of 25 μL composing 10× Taq buffer,
2.5 mM dNTPs, 10 picomoles of forward and reverse primers
(CYP324F1-F, CYP324F1-R and CYP306A1-F, CYP306A1-R) for
corresponding gene (Table 2), 1 unit of Taq DNA polymerase
(TaKaRa, Nojihigashi, Shiga, Japan) and nuclease-free water.
PCR was performed in a thermal cycler (AB-Applied Bio
Systems, Waltham, Massachusetts, USA) with parameters used
as follows: initial denaturation at 94 °C for 5 Min, 35 cycles of
94 °C for 35 Sec; annealing for 30 Sec (CYP324F1—58.35 °C
and CYP306A1—61.75 °C); extension at 72 °C for 1 Min, and
final cycle of 72 °C for 10 Min with a no template control.
PCR amplicons were eluted from 1.5% agarose gel using
NucleoSpin Extract II (Macherey-Nagel, GmbH & Co. KG, Düren,
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TABLE 2
Primer details for upregulated genes, internal target/positive control genes used in dsRNA experiments

Sl

number Name

Primer

sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

qRT-PCR Primers

1. CYP324F1 F GCATCTGGCTGTTCTGGAG 19 57.89 59.52 207 50

R AATCTCTGGGGAGTTGACGA 20 50.0 59.62

2. CYP306A1 F GGGTGATGAAGACGTTGACAG 21 52.38 60.56 1,155 88

R AACAGGGACGATAGACCGAAT 21 47.62 59.84

3. LacZ F ACAATTTCCATTCGCCATTCA 21 38.10 58.3 534 –

R ATGACCATGATTACGCCA 18 44.44 55.3

4. 28SR3 F CAAAACTGGATGTGTGGGAGT 21 47.62 60.1 224 71

R GTTAGCTGGTGGTTGCAGTGT 21 52.38 62.6

dsRNA Primers

5. CYP324F1 ds-F TAATACGACTCACTATAGGG

AGAGAATTTGGATGCGCAAGCTG

43 44.6 72.8 207 203

ds-R TAATACGACTCACTATAGGG

AGAAACAGTGAACAAGTTTAGTCC

44 40.48 69.5

6. CYP306A1 ds-F TAATACGACTCACTATAGGG

AGACTGGTGCTGCGGTTGACTTG

43 48.84 74.0 1,155 515

ds-R TAATACGACTCACTATAGGG

AGAACGTGAGGATTCCTCGGCCT

43 48.384 72.2

7. LacZ ds-F TAATACGACTCACTATAGGG

ACAATTTCCATTCGCCATTCA

41 39.02 70.0 534 452

ds-R TAATACGACTCACTATAGGG

ATGACCATGATTACGCCA

38 42.11 69.5

Germany), then ligated into TA cloning vector (pTZ57R/T) and
transformed into DH5α strain (Escherichia coli) by following the
manufacturer guidelines (Fermentas, St. Leon-Rot, Germany).
Subsequent blue-white colony screening, the plasmids were
isolated from the positive clones after overnight incubation
using GenJETTM Plasmid MiniPrep kit (Fermentas, GmbH) and
were confirmed from 1.5% agarose gel.

A unique dsRNA region of two target genes (CYP324F1 and
CYP306A1) was selected to minimize the off-target effect from
the draft genome and sequence-specific primers were designed
using Primer 3.0 Plus software and tailed with T7 promoter
region at 5’ end. dsRNA template was synthesized by sequence-
specific primer (ds-CYP324F1 and ds-CYP306A1) along with the
PCRmaster mix and cycling conditions as explained earlier. The
PCR reaction volume was made up to 50 μL, the DNA template
used in that was candidate CYP genes containing EcR plasmid
clones (diluted 1:500 times, ∼100 ng), with respective primer

annealing temperature. The amplified product was resolved
using 1.5% agarose gel. The DNA was eluted using NucleoSpin®

Extract II (Macherey-Nagel, GmbH) and used as template
(1 μg) for dsRNA synthesis with MEGAScript RNAi kit (Life
Technologies, Darmstadt, Germany) following manufacturers
guidelines. The quantification and integration of dsRNA were
done by NanoDrop Lite-1000 (Thermo Scientific, Vilnius,
Lithuania, Germany) and 1.5% agarose gel, respectively. The
off-target control dsRNA, which is specific to bacterial LacZ,
was synthesized using the similar protocol [30].

2.7. Oral delivery of dsRNA
Eggplant flower bud bioassay technique was employed for the
oral delivery of dsRNA. An unopened flower bud (∼1.5 cm) with
slant cut tip was rinsed in 0.1% Triton X-100 (Sigma–Aldrich,
St. Louis, Missouri, USA) and then washed twice in double
distilled water. The stalks of the buds after shade drying were
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TABLE 3
Mixed function oxidase activity in midgut of L. orbonalis

L. orbonalis population

source

GPS coordinates of the

location collected

O-demethylase activity

ug//min/ mg protein

Fold variation

Raichur 16.2120°N, 77.3439°E 1341.6 ± 23.5 18.5

Dharmapuri 12.0933°N, 78.2020°E 873.6 ± 14.2 12.04

Pune 18.5204°N, 73.8567°E 396.2 ± 13.5 5.46

Varanasi 25.3176°N, 82.9739°E 421.8 ± 11.8 5.81

Bhubaneswar 20.2961°N, 85.8245°E 944.6 ± 26.6 13.02

Bangalore (Lo-R) 13.0358°N, 77.5970°E 72.5 ± 3.9 –

placed in 500 μL PCR tube containing known concentration
of dsRNA. This technique allowed the entire flower bud
contaminated with dsRNA. The 100 μL dsRNA solutions of 1,
0.5, 0.25, 0.1, and 0.05 μg/μL were filled in the individual tubes.
Freshly molted and starved second instar larva of insecticide-
resistant Dharmapuri population was cautiously transferred
to the treated buds individually under three replications. The
bioassay procedure also included negative control (nuclease-
free water) and positive off-target control (LacZ-dsRNA). The
larval mortality was taken at 24, 48, 72, and 96 H.

2.8. qRT-PCR to measure gene knockdown
The silencing of target gene was examined by performing qRT-
PCR.Total RNA from each treatment was isolated at 48 and 72 H
of feeding from the surviving larvae. RNA extraction and cDNA
synthesis were done as above. The 20 μL reaction composed
of 10 μL 2× SYBR® Premix EX TaqTM II (Tli RNaseH Plus;
TAKARA®, Nojihigashi, Shiga, Japan), 10 mM of each primers
(qRT-CYP324F1 and qRT-CYP306A1) (Table 2), and 2 μL of
diluted cDNA (1 ng/μL) as a template. The 28SR3 was used as a
reference gene [28]. The final volume was made up with adding
nuclease-free water. For each target gene, no template control
and off-target control under three technical replicates were
performed. The qRT-PCR analysis was conducted by following
cycles viz. 95 °C for 5 Min (denaturation); 40 cycles of 95 °C for
30 Sec and 60 °C for 1 Min for primer annealing in a Light Cycler
480 II (Roche Applied Science). The relative expression of the
silenced target genes was calculated by 2−��ct method [27].

2.9. Statistical analysis
The data presented in the current study were analyzed using
the IBM-SPSS 24.0 software package [31].For dsRNA treatment,
Student’s t-test was used with significant at P < 0.05 statistical
differences.

3. Results
3.1. Activities of detoxification enzymes
Differences in the titer of O-demethylase activity were ana-
lyzed using p-nitroanisole as a substrate. Significantly elevated

FIG. 1
Distribution of CYP subfamilies under different

families of CYP450.

activities (5.46–18.5-fold) were noted in the field collected
populations over the susceptible Lo-S population of L. or-
bonalis (Table 3). Field populations collected from Raichur,
Bhubaneswar, and Dharmapuri showed 18.5-, 13.0-, and
12.0-fold increased enzyme activity.

3.2. Bioinformatics and gene identification
Field populations of L. orbonalis were analyzed to see the
expression pattern of CYP genes and compared with insecticide
susceptible iso-female line. Through genome and transcriptome
mining, 147 putative CYP genes were identified. The number
of putative CYPs reduced from 147 to 72 after the removal of
redundancy and repetition by CD-HIT and CLUSTAL OMEGA®.
The CYP sequences were classified under Clan2 (eight), Clan3
(27), Clan4 (20), Mitochondrial CYP clan (10), and ungrouped
(seven). Further, the genes were subdivided into 30 families
and 46 subfamilies (Fig. 1). CYP6 clan has the highest number
of CYP genes (nine) followed by CYP9 (eight). Eighteen families
were represented by single gene. The gene sequences used in
the present experiments for designing primers and performing
expression analysis ranged from 171 to 1,354 bp. Thirty-four
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FIG. 2
Transcription profiling of cytochrome P450 genes in field collected populations of L. orbonalis depicted as fold change over the

susceptible Lo-S colony. (A) Pune, (B) Dharmapuri, (C) Raichur, (D) Bhubaneswar, and (E) Varanasi.

FIG. 3
Differential expression of CYP450 genes in five field collected populations of L. orbonalis over susceptible populations.

unigenes relating to insecticide resistance were identified
based on BlastX search for genes from the closely related
species in the NCBI database (having >90% identity). Of these,
18 belonged to CPY3 clan (mainly involved in metabolism of
xenobiotics) and 10 belonged to CYP4 clan (having role in
xenobiotic metabolism and physiological function).

3.3. Differentially expression of cytochrome P450
genes

Quantitative expression analysis was performed for 34 putative
CYP genes using total RNA extracted from the late second instar
larvae of five field-collected L. orbonalis populations along with
susceptible Lo-S. Tenfold changes in the expression of four
genes (CYP6AB149, CYP6CT1, CYP306A1, and CYP324F1) were
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FIG. 4
Expression profiles (fold changes over Lo-S

population) of cytochrome P450 genes across field

collected Leucinodes orbonalis populations using

heat map (P, Pune; D, Dharmapuri; R, Raichur; B,

Bhubaneswar; V, Varanasi). The fold changes are

indicated in different shades indicate significant

difference as per Mann–Whitney U-test P

value < 0.05.

observed over the cut-off value (Figs. 2 and 3). CYP306A1
and CYP324F1 expressed most abstemiously. Overexpression
of CYP306A1 (304.1-, 122.7-, 16.3-, 36.7-, and 12.6-fold) and
CYP324F1 (31.2-, 133.3-, 106.8-, 103.4-, and 97.8-fold) were
observed in all the field collected L. orbonalis populations
(Figs. 3 and 4).

3.4. Target gene silencing
The oral delivery of dsRNA (ds-CYP306A1 and ds-CYP324F1)
specific to CYP306A1 and CYP324F1 using five different
concentrations viz., 1, 0.5, 0.25, 0.1, and 0.05 μg/μL caused
dose-dependent larval mortality that ranged from 5.7% to
85.0% (Figs. 5A and 5B). There was no difference in the relative
expression of target genes in the positive nontarget (ds-LacZ)
and untreated control (Fig. 5).

Post-treatment observation of ds-CYP324F1 resulted in
20.3% mortality with 1 μg/μL concentration at 96 H of feeding.

Similarly, ingestion of ds-CYP306A1 caused 33.4% mortality
at 1 μg/μL concentration (Fig. 6). There was no significant
mortality in case of off-target control (ds-LacZ) as well as
untreated in control experiments (Figs. 5A and 5B). The
molecular confirmation revealed that there was a complete
silencing of the target genes after ingestion of ds-CYP324F1
and ds-CYP306A1 by the early second instar larvae over both
the control populations after RNA extracted from dead larva
(Figs. S1A, S1B, and S1C).

4. Discussion
L. orbonalis is the key pest of eggplant and one of the dif-
ficulties to control insect pests. Many field populations have
developed multiple insecticide resistance and defy insecticidal
treatments [32]. In insects, the metabolic resistance appears
due to the quantitative mechanism viz., change in the level of
production of transcripts [33, 34]. The increased production of
O-demethylase, the marker enzyme for measuring the activity
of CYP (5.46–18.5-fold), indicated the involvement of CYP genes
in insecticide resistance in field-collected L. orbonalis popula-
tions. CYP-mediated insecticide resistance is not uncommon in
insect pests [33].

Seventy-two putative CYP genes were identified and named
from the genome and transcriptome dataset of L. orbonalis
and classified under different clans. Similar to L. orbonalis, 90
CYP genes were reported from D. melanogaster [35], 111 from
Anopheles gambiae [36], 48 from Apis mellifera [37], and 143
from Tribolium castaneum [38]. The number of CYP genes in L.
orbonalis from the present study was also comparable to many
other lepidopteran insects. Total of 84, 90, 72, and 36 CYP
genes were identified from B. mori, Plutella xylostella, Chilo
suppressalis, and Cnaphalocrocis medinalis [39, 40, 41,42].

CYP2 clan has diverse families viz., CYP15C, CYP18A, CYP
303A, CYP305A, CYP306A, and CYP307A. The genes CYP306A1
and CYP307A1 of CYP2 clan and CYP314A1, CYP315A1, and
CYP302A1 of mitochondrial P450 clan participate in the
ecdysteroid biosynthesis [43]. The CYP306A1 is specifically
involved in ecdysteroid biosynthesis in the prothoracic glands
of B. mori and D. melanogaster [43, 44]. Similarly, identification
of CYP307A1 has revealed the Black Box reaction involved in
synthesis of a new signal compound essential for ecdysteroid
biosynthesis [45]. CYP306A1 gene was abstemiously expressed
in all the five populations of the L. orbonalis (Figs. 2, 3, and 4).

The largest CYP3 clan consists of CYP6, CYP9, CYP28,
CYP308-310, CYP17, CYP21, CYP324 families and CYP 395–
400 families [9]. The family CYP6 (11) and CYP9 (9) constitute
27.77% of all the CYP genes in L. orbonalis. In the present study,
CYP324F1 was expressed uniformly with minimum of 10-fold
changes over control in all the population (Figs. 2, 3, and 4).
Similarly, CYP6Bs was involved in detoxifying diverse plant
allelochemicals in various insects [46, 47, 48, 49]. CYP6A2 and
CYP6G1were reportedly involved in insecticides resistance in D.
melanogaster [50, 51, 52, 53]. The overexpression of CYP6AE14
and CYP6B7 upon xanthotoxin and tomatine induction was
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FIG. 5
Relative expression of (A) CYP324F1 and (B)

CYP306A1 after dsRNA treatment.

FIG. 6
Percentage mortality of L. orbonalis after treating

with dsRNA.

observed in Helicoverpa armigera [54]. In the present study, a
novel CYP gene, CYP324F1 was identified from the genome of
L. orbonalis. CYP324F1 has not been reported from any other
living system so far.

The RNAi efficiency varies among the insect species. A
small amount of dsRNA induces a greater systemic response
in T. castaneum and dipteran insects [21, 55, 56, 57, 58,
59, 60], whereas poor response was observed in case of
lepidopteran insects [61, 62]. The ds-CYP306F1 induced 33.4%
larval mortality (Fig. 6B) with 5.7%–53.5% fold changes at
different concentration of L. orbonalis (Figs. 5B and 6B).
Similarly, silencing of Lm-TSP and chitin synthase-1 genes
induced the mortality in locusts [63, 64], VTE and IAP genes
in Acyrthosiphon pisum [60]. The larval mortality due to
ingestion of ds-CYP324A1 was 20.28% and the reduction in
gene expression was from 31.1% to 85% in a dose-dependent

manner (Figs. 5A and 6A). Similarly, ingestion of ds-CYP9A105
silenced the expression of CYP9A105 and partly reversed the
susceptibility of Spodoptera exigua larvae to the pyrethroid
insecticides [62].

The partial silencing of two important CYP genes in the
present study has the implications in possible restoration of
susceptibility to insecticides. The possible role of CYP306A1 in
ecdysterioid synthesis in the prothoracic gland of L. orbonalis
also cannot be ruled out. The data obtained from the present
study can be used for developing novel management tools to
control the L. orbonalis.
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