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ABSTRACT

Insecticide resistance development is one of the most serious concerns worldwide. The
mechanism of this resistance has been attributed to evolutionary changes in pest/insect
genomes such as alteration of drug target sites, up-regulation of degrading enzymes, and
enhancement of drug excretion. In most of insects, this resistance is associated with higher
amounts of insecticide detoxification enzymes as cytochrome P450s (CYPs), glutathione-s-
transferase (GSTs) and carboxylesterases (COEs). The main objective of this study is to
apply synonymous codon usage bias to understand the expressivity level of different
categories of resistant genes in model insect, Drosophila melanogaster. Codon usage of
different detoxifying gene families was analyzed and a comparative analysis of codon
usage and RSCU values was calculated. The high level of homogeneity is seen in different
gene families of D. melanogaster. Codon usage of these gene families is mainly
determined by compositional constraints however, translational selection is also operating
in shaping the codon usage variation among the genes of different insects. The study
reveals that G/C-ending codons are preferred over A/T-ending codons in highly expressed
genes. This study also helps to develop new strategies to mitigate the insecticide resistance
development in pest insects which is serious concern for agriculture and human health.

INTRODUCTION

Insecticide resistance

is a phenomenon of

glutathione-s-transferase (GSTs) and carboxylesterases

reduction of sensitivity of insecticide on insects. Long-term
intensive use of chemical insecticides to control insect
pests and disease vectors is often cited as the reason behind
the development of insecticide resistance in insect
populations. The resistant genes are now common in insect
genomes due to the frequent use of chemicals and
insecticides. In fact it is an on-going challenge to
agricultural production managers. Approximately 600
species of insects are identified as resistant to at least one
insecticide (www.pesticideresistance.org). In insects, three
families of protein play crucial roles in detoxification of
insecticides/xenobiotics i.e. the cytochrome P450s (CYPs),
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(COEs). In this new genomic era it is very much pertinent
to identify and understand gene expression levels of
various genes involved in this process of insecticide
resistance at the molecular level. Extensive studies have
also shown that synonymous codon usage biases are
associated with gene expression level, gene length, gene
translation initiation  signal, protein amino acid
composition, protein structure, tRNA abundance, mutation
frequency and patterns, and GC compositions.
Quantification of codon usage bias, especially at genomic
scale, also helps to understand evolution of living
organisms [1]. Drosophila use the genetic and biochemical
mechanisms to develop insecticide resistance including
single-site changes in target molecules resulting from point
mutations and up regulation of degradative enzymes,
particularly CYP and GST enzymes. In this specific area of
insecticide metabolism and resistance, the Drosophila
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genome sequence provided a first complete picture of the
detoxifying genes (CYPs) diversity which is available in
abundance in insects with about 85 active CYP genes [2]
while other insect genomes harbour more or fewer CYP
genes [3]. Resistance to insecticides in pest/insects is also
attributed to increased levels of GST activity. GSTs can
protect the insect either by increasing the rate of
detoxification of insecticide into non-toxic product e.g. the
dehydrochlorination of the organochlorine, DDT [1,1,1-
trichloro-2,2-bis-(p-chlorophenyl)ethane] [4] and the
Odealkylation or O-dearylation of organophosphate
insecticides [5] or by relieving the damage from oxidative
stress induced by insecticide exposure [6]. COEs is a
multigene family and occurs in animals, plants, insects,
and microbes. COEs are mainly attributed to p-esterases,
which are essentially irreversibly inhibited by
organophosphate insecticides (OPs). CYP enzymes are
involved in the detoxification of many toxic and xenobiotic
chemicals. Insects showing over expression of one or more
P450 genes are resistant to various insecticides. Studies on
pest insects and also on resistant Drosophila strains have
implicated that cytochrome P450 monooxygenase
mediated detoxification is a major mechanism of resistance
to insecticides. Recent advances in genomics have resulted
in the availability of microarray slides containing all 90
Drosophila cytochrome P450 genes, facilitating an
analysis of this complex enzyme system [7]. Guzov et al.
[8] reported that cytochrome P450 6D1 (CYP6D1) is
responsible for monooxygenase-mediated resistance to
different group of insecticides like pyrethroid in the Learn
PyR (LPR) strain of house fly. Although there are number
of studies but still there is a long way for completely
understanding the molecular basis of this resistance.
Analysis of codon usage pattern has been used to identify
highly expressed genes in many species of microbes. A
typical codon usage has been used to infer that genes have
been acquired by horizontal transfer [9-11]. Therefore, in
this article, we discussed about synonymous codon usage
patterns of insecticide detoxification genes (CYPs, GSTs
and COEs) in model insect Drosophila melanogaster. The
expression levels or substrate specificities of CYPs, GSTs
and COEs have been linked to many cases of resistance
with the responsible enzyme shown to utilize the
insecticide as a substrate. This study will help
identification and understating of various genes involved in
insecticide  resistance  development  pathways of
insects/pests.

MATERIALS AND METHODS

The coding sequences of insecticide resistant
genes (88 CYPs, 67 GSTs and 58 COEs) of model insect
D. melanogaster have been downloaded from the NCBI.
For minimization of sampling errors, sequence length less
than 300bp, redundant data and sequences with
intermediate termination codons were excluded for this
data analysis.
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Codon Usage Indices

Codon usage indices are used for tabulation and
investigation of codon usage variation among genes. Some
of the important indices available in the literature for
reduction of information are, Effective Number of Codons
(ENc), G+C content at the third codon position (GCs),
Relative Synonymous Codon Usage (RSCU), Frequency of
optimal codons (Fop) and Codon Adaptation Index (CAl).
ENc estimates the degree of codon usage bias, but does not
provide information about the types of preferred codons.
Thus two genes can exhibit same ENc values but may
prefer totally different codons [12-15]. ENc values ranges
from 20 to 61 depending upon whether one codon or all
synonyms in equal frequencies were used per amino acid,
respectively [15]. EN. values for highly expressed genes
are normally less than thirty, whereas, for poorly expressed
genes is greater than fifty five [16-17]. GCs;s estimates
codon usage bias towards either G/C or A/T ending
codons. RSCU is defined as the ratio of the observed
frequency of codons to the expected frequency, if all the
synonymous codons for those amino acids are used
equally. RSCU values greater than 1.0 indicate that the
corresponding codons are used more frequently than the
expected frequency, whereas, the reverse is true for RSCU
value less than 1.0 [18]. Fop measures the frequency of
optimum codons in a gene [19] used the CAl as a universal
measure of dominating codon usage bias.

In this study for each gene sequence, GCs;, As, T,
Gs, C; (frequency of A, T, G, C at third positions), ENCc,
RSCU, Fop and CAI were calculated using CodonW 1.4.2
and General Codon Usage Analysis (GCUA) version 1.2
software.

Analysis of Codon Usage

Various statistical techniques are applied on
codon usage indices data for further analysis to capture the
information of codon usage variation among genes.
Correspondence analysis (CA) is a data dimension
reduction technique tailored for categorical data [20]. It
provides a means of displaying or summarising a set of
data in two-dimensional graphical form. In the present
study, CA was employed to study the codon usage
variation among the genes in which all the genes are
plotted in a 59-dimensional hyperspace according to their
usage of the 59 informative codons (excluding Met, Trp,
and stop codons). A matrix is created in which the rows
correspond to the genes in the genome and the columns to
the 59 codons, such that each row has the codon usage
information for a specific gene. In order to reduce the
dimensionality of visualization space of genes for its
proper interpretation and drawing valid biological
conclusions, CA were applied on RSCU values of 59
codons. The most prominent axes, which contribute
maximum to the codon usage variation among the genes
were then determined. The major sources of variations in
genes have been studied through correlation analysis of
these axes. This correlation analysis was used for
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explanation of variation and association of gene feature
values with axes scores. Furthermore, to investigate the
difference between high and low expressed genes, the
codon usage variation between 10% of the genes located at
the extreme right of major axis and 10% of the genes
located towards the extreme left identified by CA using
RSCU were compared. Chi-squared contingency test of the
two groups were performed to estimate the optimal codons
i.e. synonymous codons frequently used in highly
expressed genes. Codons whose frequency of usage were
significantly higher (P<0.01) in highly expressed genes
than the genes with low level of expression were
determined as optimal codons. Codon W 1.4.2 and MS-
Excel were used for carrying out this statistical analysis.

RESULTS AND DISCUSSION
Codon bias: ENc, CAl and GCs content variation in
Drosophila melanogaster

The codon usage data of detoxifying genes
(CYPs, GSTs and COEs) suggested that the codons ending
with G and/or C in all synonymous codon family are
predominately used as compared to codons ending with A
and/or T. Moreover, it was found that G ending codons are
preferred over C ending codons in GST and COE family
whereas, vice versa with CYP family genes. The codon
bias data were first analyzed in terms of ENc value. The
ENc value of CYP, GST and COE genes ranged in
between 33.49-59.39, 28.94-60.66 and 37.84-59.46
respectively (Fig. 1). This result indicates that some of the
genes are highly expressed. Table 1 showed that the
average GC3s values for different detoxifying genes in D.
melanogaster varied from 60.8 to 70.41. There is a good
deal of variation of GCs, values rather than CAl and Fop
values, which seems to be almost similar among different
categories of detoxifying genes. These results suggest that
GC3 is a major source of variation in codon usage bias.
GST genes have higher CAl and Fop values than the COE
and CYP genes. This result indicates that codon biasness is
playing a major role among GST genes in comparison to
other gene families.

Nc Plots

A plot of ENc versus GC3 (Nc plot) has been
widely used to study the codon usage variation among
genes in different organisms [21]. Here, actual distribution
of genes is compared with the distribution expected under
no selection (if codon usage is determined only by GC
content). This may indicate that whether the sequences of
genes are submitted to some constraints different from just
the composition or not. In this study, Nc vs. GCgs plots are
used to explore the codon usage variations among various
detoxifying genes (Fig. 2A, B, C). The Nc plot of the
detoxifying genes suggests that in case of COE genes,
maximum points lie on the expected curve with almost
towards GC rich region. This result demonstrates that
compositional-constraints are playing a role in codon usage
bias. Points demonstrating CYP genes are clustered
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towards GC region ranging between 0.2-0.4 except only
one gene lying above the curve. Result suggests that major
contributor in codon usage bias is compositional
constraints. In case of GST genes maximum points lie
below the expected curve towards GC rich region except
one or two lying on or above the curve. It is also the
consequence of compositional constraints.  Points
demonstrating CYP, GST and COE genes from D.
melanogaster in majority lie towards GC rich region.

Differential base usage at third codon position

The correlation of the frequencies of A, T, G and
C at the third position against N values of all genes were
estimated as shown in Table 2. In all the three families of
detoxifying genes Nc value is negatively correlated with
Gss and Cs and positively correlated with A; and Ta.
Hence, it can be assumed that the influence of mutational
bias of these genes is reflected in the choice of bases at the
third position. Due to lack of information on gene
expression level of all these gene families so far, we may
consider the genes having low Nc values as highly
expressed and vice versa [22]. However, strong influence
of compositional constraints on codon usages bias in all the
gene families analyzed could also be understood from the
presence of significant negative correlation between GCgg
and Nc (r=—0.85, —0.85 and —0.89 at p<0.001 respectively
with CYP, GST and COE) as shown in Table 2. There
seems to be a considerable homogeneity in compositional
bias and codon usage patterns in the different detoxifying
gene families. It is also studied that C-ending codons are
preferred over G-ending codons in highly expressed genes.
Preference of C-ending codons in the highly expressed
genes might be related to the translational efficiency of the
genes as it has been reported that RNY (R-Purine, N-any
nucleotide base, and Y-pyrimidine) codons are more
advantageous for translation [23]. Thus, compositional
mutation bias possibly plays an important role in shaping
the genome of these genes.

Correspondence analysis using RSCU values

Correspondence analysis was carried out on
RSCU values of all detoxifying genes in data. The position
of all CYP, GST and COE genes of the first two major axis
shows that almost all genes are clustered. As shown in Fig.
3A, B, C, only the distributions of the genes along the first
two major axes were considered as these accounted for
maximum variation (32.84 and 30.42% respectively).
Among these axes, axis 1 is a major explanatory axis as it
accounted the maximum codon usage variation among the
different gene families.

The first major axis is positively correlated with
Ags and T while it is correlated negatively with Gz and
Css (Table 3). Also, strong positive correlation exists
between positions of all the genes along the first axis with
Nc (Fig. 4A, B, C) while high degree of negative
correlation is seen with GCs (Fig. 5A, B, C). These
findings suggest that highly biased genes, those with G and
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C ending codons, are clustered on the negative side,
whereas the codons ending in A and T predominate on the
positive side of the first major axis.

As there is significant negative correlation is
observed with Nc against GCs and GC, thus it shows that
highly expressed genes tend to use “C” or “G” at the
synonymous position as compared to lowly expressed
genes.

Translational optimal codons

RSCU values for each codon for all the three
detoxifying gene categories are shown in cluster bar chart
in Fig. 6. In case of CYPs, 24 codons were determined
using XZ test at P<0.01 as the ‘optimal codons’ which were
significantly more frequent among the highly expressed
genes. Out of 24 codons, there is 17 C-ending viz. UUC,
UCC, CCC, CUC, AUC, ACC, GUC, GCC, UAC, UGC,
CAC, CGC, AAC, AGC, GAC, GGC, GAG and 7-G
ending codons viz. UCG,CUG, CCG, GUG, CAG, CGG,
AAG. We determined 18 optimal codons in GST family of
CAG of which 13 C-ending codons viz.,, UUC, UCC,
UAC, UGC, CCC, CAC, CGC, AUC, ACC, AAC, GCC,
GAC, GGC and 5 G-ending codons viz., GUG, GAG,
AAG, CAG, CUG. Similarly, in case of COE family, there
are 13 codons found as optimal out of which 7 C-ending
are UUC, UAC, CGC, AUC, GCC, GAC, GGC and 6 are
as G-ending viz., UCG, CUG, CCG, CAG, ACG, GCG.
All of these optimal codons have C and/or G at the third
position. We found that the 10 codons i.e. UAC, UCG,
UGC, GCC, GGC, AUC, CGC, CUG, GAC, and CAG are
common in all the different detoxifying gene families.
However, AGC, CGG, CUC, GUC is the unique codons
for CYP genes and ACG is for COE, whereas GST shares
the codon from both the CYP and COE detoxifying gene
families.

Gene expressivity level

Codon heterogeneity is usually associated with
gene expression level. Since, high codon bias promotes
high expression level of genes and thereby assists the cells
to fight insecticide/toxin and indicate high resistance in
insects. Thus, highly expressed genes contain a higher
frequency of codons that are considered translationally
optimal. Many studies have also demonstrated a positive

correlation between degree of codon bias and level of gene
expression [18, 24, 25]. The scores of axis 1 of
correspondence analysis on RSCU of codons, which
accounted the major codon usage variation among the
genes, were classified into three categories on the basis of
mean and standard deviation values to indicate the three
differential levels of gene expression.

Three different gene expression levels with
corresponding cut-off values, viz., high, moderate, and low
expressed genes are shown in Fig. 7. The analysis depicted
that in all the three detoxifying gene families, GST
contains the highest percent of gene under the category of
high. Genes of high expression of different detoxifying
gene families are listed in Table 4.

It was observed that in case of CYPs maximum
genes of high category belongs to CYP4 class and are
presented in table in bold format. Bassett et al., [26]
observed High Cypl8 expression in body wall and gut
while negligible expression was observed in salivary
glands and body fat. Tijet et al. [2] studied that 83 putative
CYP genes of D. melanogaster are classified either as
CYP4 or CYP6 genes, none of which belongs to the CYP1
family. Insect CYP4 class genes are induced by
phenobarbital (PB) and alkaloids, are involved in some
forms of insecticide resistance [27].Therefore, it has been
suggested that the CYP4 enzymes of insects are involved
in toxin metabolism, a function that is distinct from its
primary role in fatty acid and eicosanoid metabolism in
vertebrates [28, 29]. Some of these CYP enzymes are
believed to be involved in the metabolism of steroids and
xenobiotics [30-35]. The CYP4 family presents a high
degree of structural diversity and comprises numerous
members among invertebrates, however, for most of these
enzymes a well-described function has not yet been
assigned [32]. However, the mechanism of over expression
of these detoxifying genes in insect is not well-understood.
These results will be useful for research on CYP, GST and
COEs mediated insecticide resistance in agriculturally
important insects. DDT resistance in mosquitoes has been
associated with up regulation of glutathione-S-transferases
[36], such as GSTE2 [37]. In Drosophila melanogaster, ten
members of GST genes belonging to Epsilon class were
clustered on chromosome 2R division 55C [38].

Table 1. Mean values of GC, GC3, CAl and Fop for three detoxifying gene families of D. melanogaster

Gene Family GC% GC3% CAl Fop
CYPs 50.8+0.05 60.8+0.10 0.23+0.03 0.45+0.04
GSTs 54.56+0.04 70.41+0.10 0.27+0.03 0.47+0.04
COEs 54.2+0.035 62.9+0.08 0.24+0.03 0.46+0.04
Table 2. Correlation coefficient values of A, T, G, C at third position with N, in detoxifying genes
Gene Families GCs Gas Cs;s T Az
CYP -0.85 -0.85 -0.81 0.81 0.89
GST -0.85 -0.76 -0.84 0.83 0.81
COE -0.89 -0.60 -0.88 0.79 0.74
147 |Page
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Table 3. Correlation analysis of Nc valuesand A, T, G, C at third position with Axisl

Gene Nc

C3S

T35 A35 GSs

GC3s
CYP 0.85 -0.92 0.93 0.96 -0.89 -0.99
GST 0.87 -0.93 0.91 0.85 -0.59 -0.97
COE 0.92 -0.85 0.88 0.92 -0.88 -0.94
Table 4. List of highly expressed genes in different families
CYP GST COE
Cypl8al GstD1 Gliotactin (Gli)
Cyp4dl Eflgamma Alpha-Esterase-10 (alpha-Est10)
Cypb6a2 Mgstl (microsomal glutathione S-transferase) CG10175
Cyp4g15 Fax (failed axon connections) CG31146
Cyp4d1 GstS1
Cypb6vl CG1702
Cyp6gl CG30185
Cyp6g2

Furthermore, in Anophelesgambiae, a cluster of
eight Epsilon GST genes was located in chromosome 3R
division 33B [39]. These observations in dipteran insects
suggest that GST genes of the Epsilon class occurred via
local duplication that led to independent expansions of the
gene class [40].

Considering P450s are important enzymes
involved in insecticide resistance, many of these newly
identified genes as GSTs and COEs are potential
candidates for inhibiting the pathway of insecticide
metabolism and for targets of lepidopteran-selective
insecticides. Molecular biologists can find some more
clues in modifying these highly expressed genes by reading
this paper and our work in this paper is only a
complementary to the experts’ efforts. This can also help to
identify the metabolic targets for new synergists to block
insecticide resistance and to simple molecular tools to
detect insecticide resistant alleles in field populations, an
important requirement for effective insecticide resistance
management strategies.

CONCLUSION

In the present study, codon usages bias of
detoxifying gene of three different families CYP, GST and
COE were studied in the model organism Drosophila
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