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a b s t r a c t

Cytochrome P450s play a crucial role in insect adaptation to their host plants and in insecticide resistance
through metabolic detoxification. The efficacy of P450 mediated detoxification depends on the levels of
P450 transcript which may change after exposure to xenobiotics. In this study, expression response of
nine cytochrome P450 genes in Helicoverpa armigera, belonging to CYP6 and CYP9 families, were exam-
ined by using quantitative real-time PCR method. Results showed that these cytochrome P450 genes
were differentially affected by plant chemicals and synthetic compounds, and displayed tissue-, concen-
tration- and inducer-dependent response. Phenobarbital acted as a general inducer for cytochrome
P450s, whereas gossypol specifically increased the expression of CYP6AE14. Xanthotoxin showed moder-
ate induction effect on several of the nine genes. Deltamethrin displayed significantly both induction and
suppression impact on the expression of cytochrome P450s. These findings provide clues for further elu-
cidating the function and regulation mechanism of these cytochrome P450 genes in H. armigera, a pest
responsible for severe losses in many crops.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The bollworm, Helicoverpa armigera (Hübner), is a polyphagous
insect responsible for severe yield losses in many different crops
including cotton [1,2]. The persistence of this pest in modern agri-
culture is mainly attributed to its resistance to commonly applied
insecticides and adaptability to a wide array of host plants [3–5]. In
insects, enzymatic detoxification of plant toxins and insecticides is
well documented to be one of the common and major mechanisms
of host plant adaptability and insecticide resistance [2,4,6–8].
Among the insect detoxification systems, NADPH-dependent cyto-
chrome P450 monooxygenases are the most prominent, repre-
sented by around 48–164 genes in insect genomes [9,10]. Given
the overall importance of cytochrome P450 monooxygenases in
insecticide resistance and allelochemical adaptation, structures
and functions of cytochrome P450s in this pest have been attract-
ing intensive interest.

Previous studies had been focused on the tissue distribution,
developmental expression of P450 monoxygenases as a whole,
their interactions with xenobiotic compounds, and the associations
with insecticide resistance [6,11,12]. Characterization of individual
ll rights reserved.
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cytochrome P450s in an insect is difficult to achieve due to the ge-
netic diversity, broad substrate specificity and catalytic versatility
of cytochrome P450s. Fortunately, molecular approaches have
been allowing investigators to study structure, function and regu-
lation of individual P450s in insects. Until now, eleven cytochrome
P450 genes (excluding allelic genes) with a full coding sequence
have been identified in H. armigera (http://www.ncbi.nlm.nih.-
gov/sites/entrez). The first P450 gene cloned from H. armigera
was CYP6B2 [1]. CYP6B6 and CYP6B7 were subsequently isolated
from Australian H. armigera and the CYP6B7 was suggested as
the P450 form responsible for pyrethroid metabolism in H. armi-
gera [13]. More recently, Yang et al. [14] isolated CYP9A12 and
CYP9A14 and Wee et al. [15] reported CYP337B1 and CYP4S1 from
H. armigera. In addition, constitutive over-expression of CYP9A12,
CYP9A14, CYP337B1 and CYP4S1 has been documented to be associ-
ated with fenvalerate resistance in this pest [14,15]. Mao et al.
(2007) identified a cytochrome P450 CYP6AE14 which is related
to gossypol tolerance [16]. Both CYP9A12 and CYP9A14 heterolo-
gously expressed in Saccharomyces cerevisiae play roles in clear-
ance of esfenvalerate [17]. However, the role and regulation of
individual cytochrome P450s in this important pest remains poorly
understood.

Inducibility is a general characteristic of cytochrome P450 [18].
Induction of cytochrome P450 genes by chemicals such as allelo-
chemical, and in some cases insecticides, has been well docu-
mented [9]. The link between exogenous compounds acting as
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induction agents and the induced enzymes metabolizing them has
been established in both mammalian and insect detoxification sys-
tems [19]. For example, CYP6B8 and CYP321A1 are induced by and
capable of metabolizing xanthotoxin in Helicoverpa zea [20]. There-
fore, induction of P450s has been taken as an indication of their
roles in the metabolism of xenobiotics [21]. Studying the induction
profile of insect P450 enzymes may not only facilitate understand-
ing how insects adapt to their environment, but also provide clue
for determining substrate specificity and revealing the mechanism
of P450 expression regulation. In the present study, we attempted
to investigate the response of cytochrome P450 genes in the cotton
bollworm to various xenobiotics. In the absence of a full genome
sequence, we conducted this study with nine genes. The nine
P450 genes we selected are the identified full length genes avail-
able up to date, belonging to CYP6 and CYP9 families. CYP6 and
CYP9 families have been well documented to be involved in detox-
ification in insects. Chemicals used included naturally occurring
phytochemicals (gossypol and xanthotoxin) and synthetic com-
pound (deltamethrin and phenobarbital).
2. Materials and methods

2.1. Insects

The laboratory strain of H. armigera, originally collected from
cotton field in Shandong Province of China in 2005, was main-
tained in an insectary without exposure to any insecticide. This
population showed moderate resistance to fenvalerate (300-fold)
and marginal resistance to phoxim (1.8-fold) and thiodicarb
(4.66-fold) in 2005. The larvae were individually reared on semi-
artificial diet [2] and maintained at 25 ± 1 �C and 70% relative
humidity (RH) with a photoperiod of 16:8 h (L:D). Adults were kept
under the same temperature and light conditions, and provided
with a 10% honey solution.
2.2. Induction treatment

Newly molted caterpillars of 6th instar were selected for all
treatments. These synchronous larvae were provided with semi-
artificial diets containing different chemicals. Four different chem-
icals belonging to various chemical classes were used as xenobiot-
ics in this study: the sodium phenobarbital (PB, purity 99%, Sigma,
St. Louis, MO, USA), gossypol acetic acid (GP, P95%, China Cotton
UNIS, Beijing), xanthotoxin (XAN, Sigma, St. Louis, MO, USA) and
deltamethrin (DM, 99%, Bayer CropScience, Germany). PB is a com-
monly used cytochrome P450 inducer. Gossypol is one of the main
phytochemicals in the cotton which is a main host plant of H. armi-
gera. Gossypol acetic acid, which is a relatively stable crystalline
complex of equimolar quantities of gossypol and acetic acid, was
used in this study. Xanthotoxin (XAN) is another plant toxin
encountered rarely by H. armigera. Deltamethrin is a representative
of pyrethroid insecticide, which has been extensively used for con-
trol of the cotton bollworm. Two concentrations were used for each
chemical as follows: 1 and 10 mg g�1 (w:w) for PB, 0.05 and
0.5 mg g�1 for DM, 0.2 and 2 mg g�1 for GP, 0.2 and 1 mg g�1 for
XAN. The concentrations of xenobiotic were set based on our result
in preliminary experiments. At the lower concentration, no signif-
icant effect on development of the cotton bollworm was observed,
whereas a decrease of body weight gain, but no obvious toxic
symptom, was observed in the treatments with the higher dose
of DM, GP and XAN. After 48 h, both midgut and fat body were dis-
sected for RNA extraction. Ten synchronous individuals were used
for each treatment and three biological replicates were performed
for all treatments.
2.3. RNA isolation and cDNA synthesis

Total RNA was extracted using TRIzol (Invitrogen, CA, USA)
according to the manufacture’s instructions. The quality and con-
centration of RNA samples were examined by agarose gel electro-
phoresis and spectrophotometer analysis. RNA was digested by
DNase I (Takara, Japan) in order to eliminate the genomic DNA con-
tamination. cDNA was synthesized by reverse transcription in
20 lL reactions containing 1 lg of total RNA, 200U PrimeScript™
reverse transcriptase (Takara, Japan), 20 U RNase inhibitor, 1 lL
dNTP mixture (10 mM each) and 1 lL oligo (dT)18 primer
(50 lM) at 42 �C for 1 h. Three independent RNA preparations rep-
resenting three biological replicates were used for cDNA synthesis.
2.4. Real-time RT-PCR analysis

The expression levels of cytochrome P450 genes were quanti-
fied by quantitative real-time PCR (qRT-PCR) using a Mx3000P
qPCR System (Stratagene, La Jolla, CA, USA) and RealMasterMix
SYBR Green PCR kit (TianGen, Beijing, China). The elongation fac-
tor-1a (EF-1a, EF-F/EF-R primer set) was used as a reference gene
to normalize the target gene expression levels among samples
[14,22]. qRT-PCR of each cDNA sample and template-free was per-
formed in triplicate. All the primer sets used in this study were
listed in Table 1. Specificity of the PCR amplification was checked
by a melt curve analysis (MxPro 4.0 program, Stratagene) and by
sequencing the PCR products. qTR-PCR was run in a 25-lL reaction
containing 11.25 lL RealMasterMix/SYBR solution, 0.5 lL each of
forward and reverse primer (10 lM), 3.5 lL cDNA template using
the following cycling parameters: 95 �C for 5 min, followed by 45
cycles of 95 �C for 30 s, 55–60 �C for 30 s and 68 �C for 40 s. The
melting curves of amplicons were measured by taking continuous
fluorescence reading whilst increasing temperature from 58 to
95 �C with 0.5 �C increments for 10 s. For each gene, a serial dilu-
tion from 10- to 1000-fold of each cDNA templates was performed
in order to assess efficiency of PCR. The relative expression levels of
target genes were calculated by the comparative CT method as de-
scribed by Livak and Schmittgen [23]. Results were expressed as
mean expression ratio (±S.E.) of three biological replicates between
xenobiotic treatments and controls. One-way analysis of variance
(ANOVA) and the Fisher’s least significant difference were per-
formed to determine the statistical difference between means
(SPSS, version 13). A p-value of <0.05 was considered significant.
3. Results

To investigate the expression of cytochrome P450 genes in re-
sponse to allelochemicals present in their natural host plants
(GP, XAN), and two synthetic chemicals that may (DM) or may
not (PB) exist in their environment, RNA samples from the final in-
star larvae fed for 48 h on diets incorporated with the chemicals
were quantitatively analyzed by real-time PCR. The results showed
that the expression of the nine cytochrome P450 genes was differ-
entially affected by the xenobiotics tested (Figs. 1–4).
3.1. Gossypol

Gossypol is a main plant toxin in cotton, a preferred host plant
for the cotton bollworm. Most cotton cultivars store gossypol in
their pigmented glands. qRT-PCR result showed that GP increased
the expression of CYP6AE14 in both fatbody and midgut at both
tested concentrations. However, GP at 2 mg g�1 decreased the
expression of CYP9A14 in the midgut and CYP6B6 in the fat body
(Fig. 1).



Table 1
PCR primers for qRT-PCR used in this study.

Gene Primers Sequence (from 50 to 30) Fragment length(bp) Annealing temperature GenBank Accession No.or reference

EF-1a EF-F GACAAACGTACCATCGAGAAG 279 58 U20129/[14]
EF-R GATACCAGCCTCGAACTCAC

CYP6AE12 q6AE12-F GAAGGTGCTGCGTCAGAATCTG 171 56 DQ256407
q6AE12-R CAGTCCATAGTGAAGCCAGCCA

CYP6AE14 q6AE14-F TGTGCATTTGGCGTTGAA 241 56 DQ986461
q6AE14-R TCCGAGATGTGGGCGTAT

CYP6B2 q6B2-F CGCCTGGTTAGACTGGTTTC 292 60 U18085/[29]
q6B2-R TGTCGCAACTCGTTTATGCT

CYP6B6 q6B6-F TTGAAGAAAGGCGTATGAAA 232 60 U64800/[29]
q6B6-R ACACGCAAGATACACAAAGG

CYP6B7 q6B7-F TGGACCGAAAGGAGGAATAC 85 55 AF031468
q6B7-R TTAACAAGAGGGATCTCCATAAG

CYP9A12 q9A12-F ATCACCTCATAGAAGATATCC 233 55 AY371318/[14]
q9A12-R CATGTCTTTCCATTCTTGACC

CYP9A14 q9A14-F ACCCTGAGGTACAGGAGA 258 58 AY487948/[14]
q9A14-R TAGACCACACCGGGATCA

CYP9A17 q9A17-F ATCACTTCGTAGACGATACCA 233 56 AY753201
q9A17-R CATGTCTTTCCATTCTTGACC

CYP9A18 q9A18-F AGGAGCGATTGGCACAGGAG 249 58 DQ256408
q9A18-R GGAAGGCATAGACTGGGATTTGG
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Fig. 1. Effects of gossypol on CYP mRNA levels in the midgut (top) and fatbody
(bottom) of final instar larvae of Helicoverpa armigera determined by qRT-PCR. Data
presented are the ratio of transcript level of each gene versus control expressed as
fold change for each treatment. Bars sharing the same letter for each gene are not
significantly different at p < 0.05. Data of CYP9A12 and CYP9A17 are from Zhou
et al. [30].
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Fig. 2. Effects of xanthotoxin on CYP mRNA levels in the midgut (top) and fatbody
(bottom) of final instar larvae of Helicoverpa armigera determined by qRT-PCR. Data
presented are the ratio of transcript level of each gene versus control expressed as
fold change for each treatment. Bars sharing the same letter for each gene are not
significantly different at p < 0.05.
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3.2. Xanthotoxin

Xanthotoxin is a furanocoumarin encountered rarely by H.
armigera. This chemical showed moderate induction effect on sev-
eral of the nine genes. Xanthotoxin induced (3- to 5- fold) the
expression of CYP6AE14, CYP6B7 and CYP9A12 in the midgut. 2-
to 4- fold induction of CYP6AE12, CYP6AE14, CYP6B2 and CYP9A12
was observed in the fat body in response to xanthotoxin (Fig. 2).
3.3. Deltamethrin

Deltamethrin showed significantly both induction and suppres-
sion impact on the expression of cytochrome P450s (Fig. 3). In the
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Fig. 3. Effects of deltamethrin on CYP mRNA levels in the midgut (top) and fatbody
(bottom) of final instar larvae of Helicoverpa armigera determined by qRT-PCR. Data
presented are the ratio of transcript level of each gene versus control expressed as
fold change for each treatment. Bars sharing the same letter for each gene are not
significantly different at p < 0.05. Data of CYP9A12 and CYP9A17 are from Zhou
et al. [30].
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(bottom) of final instar larvae of Helicoverpa armigera determined by qRT-PCR. Data
presented are the ratio of transcript level of each gene versus control expressed as
fold change for each treatment. Bars sharing the same letter for each gene are not
significantly different at p < 0.05. Data of CYP9A12 and CYP9A17 are from Zhou
et al. [30].
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midgut, the expression of CYP6AE14, CYP6B2, CYP6B6, CYP6B7,
CYP9A12, and CYP9A17 were induced, whereas CYP6AE12, CYP9A14
were suppressed. Notably, high induction ratios were obtained for
CYP6B6 (78.8-fold at 0.05 mg g�1). In the fat body, deltamethrin at
lower concentration increased the expression of CYP6AE14, CYP6B2,
CYP6B6, CYP9A14, whereas DM at the higher dose decreased the
levels of CYP6B7, CYP9A12, CYP9A17 and CYP9A18.
3.4. Phenobarbital

Phenobarbital is a synthetic compound not encountered natu-
rally. Our result showed that it acted as a general inducer for cyto-
chrome P450s in the cotton bollworm, increasing the level of P450
transcripts in tissue- and concentration-specific manners (Fig. 4).
In the midguts, seven of the nine genes tested were induced by
2- to 5-fold. In the fat body, stronger induction (2- to 16-fold) of
all the nine genes was observed than in the midguts.
4. Discussion

One feature of P450 genes is that the transcription rate of many
of them is induced by xenobiotic compounds such as insecticides
or plant allelochemicals [9]. The same species exposing to different
chemicals will induce a different, sometimes overlapping subset of
P450 genes [21]. In the cotton bollworm, the P450s are regulated
by multiple chemicals and different cytochrome P450s are not uni-
formly responsive to xenobiotics in terms of the number of genes
and fold induction, reflecting the complexity of induction response.
PB, a synthetic compound, is a general and moderately effective in-
ducer of cytochrome P450 genes in H. armigera. Seven of the nine
cytochrome P450 genes in the midgut and all the nine genes tested
in the fat body are induced after exposure to phenobarbital. In con-
trast, gossypol, a polyphenolic aldehyde that the cotton bollworms
commonly encounter in their host plants, is highly selective in the
number of cytochrome P450 genes that it induces, only CYP6AE14
in both fatbody and midgut tissue was induced, and notably to a
high degree. The high selectivity of gossypol was also found in an-
other polyphagous insect, H. zea [6]. Overall, our data did not dis-
play obvious pattern demonstrating that the natural plant toxins
are superior to or more effective than synthetic compounds as
inducers, which is in keeping with the observation in H. zea [24].

The fact that CYP6AE14 is highly induced in response to gossy-
pol strongly suggests CYP6AE14 a major protein involving in gos-
sypol metabolism. This suggestion is consistent with the result of
Mao et al., who have illustrated that CYP6AE14 confers the ability
to tolerate gossypol for the cotton bollworm [16]. CYP6AE14 is also
induced by the other three chemicals tested to lesser extent
(Figs. 1–4), indicating that this protein may participate in the
metabolism of chemicals except gossypol. Similarly, CYP6AE14
was found to be weakly induced by other phenolic compounds
[16].

It has been suggested that xenobiotic inducible genes may be
more likely to be involved in resistance [25]. Several of cytochrome
P450 genes such as Cyp6a2, Cyp6g1 and Cyp6a8 in Drosophila in-
duced by PB have been associated with DDT resistance phenotype
[25,26]. CYP9A12 are induced by multiple xenobiotics (PB, XAN and
DM) in the midgut in this study, and this gene has been proved to
be involved in pyrethroid resistance in the cotton bollworm [14].
Similar phenomenon has been also documented for CYP6A1 and
CYP6D1 in the Musca domestica (Review in Feyereisen, 2005) [9].
These results are in support of the hypothesis that xenobiotic
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inducibility of a detoxification enzyme may represent a risk factor
for resistance, because if mutations change the normal regulatory
network involved in the induction of a P450 gene, this may result
in higher constitutive expression of the gene [25].

Due to their toxicity, insecticides generally are unlikely to cause
induction [27]. A study in Drosophila melanogaster showed that six
chemically distinct insecticides did not induce the expression of
P450s with exception of DDT, and even DDT exposure only led to
weak induction of a single P450 (Cyp12d1, 3-fold) [19]. Another
study using microarray showed that permethrin exposure of larvae
of the mosquito (Aedes aegypti) resulted in a significant over-
expression of three CYP genes (CYP9M8, CYP9M9 and CYP314A1),
whereas temephos exposure did not induce any detoxification
gene [28]. In our work, deltamethrin induction was observed in
six CYP genes in the midgut and four genes in the fat body. Discrep-
ancies in insecticide induction among these studies may result
from the differences in insecticides, exposure regime, and the spe-
cies and status of animal used. Notably, CYP6B6 transcription is
highly inducible by deltamethrin at a low dose in both midgut
and fat body. This observation makes us suggest that CYP6B6
may contribute to deltamethrin metabolism in this pest, although
it is unlikely to be responsible for fenvalerate resistance in ANO2
strain of H. armigera [29].

In summary, expression of cytochrome P450 in the cotton boll-
worm is differentially affected by plant chemicals and/or synthetic
compounds. In view of the absence of information on the substrate
profiles of these P450s, it is currently difficult to evaluate the bio-
logical and ecological significance of each P450. However, our data
provide clues for further elucidating the function and regulation
mechanism of these cytochrome P450 genes.
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