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Mosquito glutathione S-transferases (GSTs) have received considerable attention in the last 20 years 
because of their role in insecticide metabolism producing resistance. Many different compounds, 
including toxic xenobiotics and reactive products of intracellular processes such as lipid peroxidation, 
act as GST substrates. Elevated levels of GST activity have been reported in organophosphate, 
organochlorine and pyrethroid resistant mosquitoes. Particulary GST-based resistance is considered 
the major mechanism of DDT resistance in anopheline species. To date different GST enzymes 
structurally conserved have been identified suggesting that they may have an important role on 
common pathways of compound detoxification. In this review we describe the major characteristics of 
this enzyme family and the principal studies that have contributed to a better knowledge of its role in 
mosquito insecticide resistance. Finally some aspects on insect GST-based resistance and their 
implications in traditional biochemical assays for detecting and monitoring GST activity are discussed. 
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INTRODUCTION 
 
The glutathione S-transferases (GSTs) are members of a 
large family of multifunctional intracellular enzymes 
involved in the detoxification of endogenous and 
xenobiotic compounds via glutathione conjugation, 
dehydrochlorination, glutathione peroxidase (GPx) activity 
or passive/sacrificial binding (Hayes and Wolf, 1988; 
Mannervik et al., 1988; Pickett and Lu, 1989; Yang et al., 
2001). GSTs can also serve as nonenzymatic binding 
proteins (known as ligandins) participating in the 
intracellular transport (Listowsky et al., 1988) and 
signalling processes (Adler et al., 1999, Cho et al., 2001). 
This diversity of enzymatic and nonenzymatic functions is 
related to the genetic capacity to encode different GST 
isoforms by most organisms.  

Elevated levels of GST activity have been found to be 
associated to insecticide resistance in many insects. One 
or more GSTs have often been implicated in the 
resistance to organophosphates (OPs) in the house-fly, 
Musca domestica (Wei et al., 2001), organochlorine (OC) 
1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethane    (DDT)   in 
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the fruit fly, Drosophila melanogaster (Tang and Tu, 1994) 
and more recently also reported in pyrethroid (PYR) 
resistance strains of planthopper, Nilaparvata lugens 
(Vontas et al., 2001, 2002). In mosquitoes, the metabolic 
resistance based on GST is the major mechanism of 
DDT-resistance (Hemingway and Ranson, 2000).  

Some relevant aspects of the genetic organization and 
metabolic function of mosquito GSTs in insecticide 
resistance have been reviewed (Hemingway, 2000; 
Hemingway and Ranson, 2000; Hemingway et al., 2004; 
Enayati et al., 2005), and also a compendium about 
particular aspects of GST including a brief overview of 
GSTs in mosquitoes has been published (Ranson and 
Hemingway, 2005). Here we give a recent and detailed 
review of different aspect of the GST and its role in 
insecticide resistance in mosquitoes, focusing on the 
evidence generated mostly from the major African malaria 
vector, Anopheles gambiae, the Thai vector Anopheles 
dirus and the dengue vector, Aedes aegypti. 
 
 
CLASIFICATION AND NOMENCLATURE OF GSTs 
 
The GSTs (EC 2.5.1.18) are the family of  enzymes  more 



  

 
 
 
 
abundant from the transferases superfamily and they are 
widely found in most aerobic eukaryotes and prokaryotes 
(Sheehan et al., 2001). There are three unrelated GST 
protein families known in eukaryotes: microsomals, 
members of the superfamily MAPEG (membrane-asso-
ciated proteins in eicosanoid and glutathione metabolism) 
(Jakobsson et al., 1999); cytosolics, occurring in the 
cytoplasma, referred also to as soluble GSTs; and 
mitochondrials, also known as class kappa (Pearson, 
2005). The mitochondrial kappa family is found in 
mammalian mitochondria and peroxisomes (Pemble et 
al., 1996; Morel et al., 2004), nevertheless there is no 
evidence of sequences related to this family in diptera 
species (Ding et al., 2003). Little is known about the 
insect microsomal GSTs (MGSTs), and although they are 
very different in size and structure they have conjugation 
activities similar to those of the cytosolic GSTs (Pearson, 
2005). Particularly for Anopheles gambiae, three different 
microsomal GSTs (MGSTs) have been identified (Ranson 
et al., 2002).  However only the citosolic GSTs have been 
implicated in insecticide resistance (Hemingway et al., 
2004; Enayati et al., 2005; Ranson and Hemingway, 
2005), on which is the primary focus of this review. 

Before the A. gambiae genome and its GST genetic 
map were published (Ranson et al., 2002; Holt et al., 
2002), the major criteria for the assignment of GSTs to a 
particular class (“subfamily”) was based on their amino 
acid sequence homology and immunological properties 
(Toung et al., 1990; Beall et al., 1992; Fournier et al., 
1992). Nevertheless due to many individual GSTs 
displaying broad and overlapping substrate selectivities, 
the current criteria for GST classification include, to have 
an identity of over 40% of the amino acid sequence and 
other properties such as phylogenetic relationships, 
immunological properties, tertiary structure and their 
ability to form heterodimers and chromosomal location 
which are also employed (Ding et al., 2003; Hemingway 
et al., 2004; Ranson and Hemingway, 2005). At least six 
classes of cytosolic proteins with domains similar to the 
GST have been identified in dipteran and other insect 
species: delta, epsilon, omega, sigma, theta and zeta, 
being possibly the existence of novel GST classes (Ding 
et al., 2003; Tu and Akgul, 2005).  Each of these GST 
classes are represented in A. gambiae and A. aegypti. 
The larger classes, Delta and Epsilon are specific to 
insects (Ranson et al., 2002; Ding et al., 2003). A group of 
citosolic GST in An. gambiae has been designed as 
unclassified, denoted by a 'u', i. e. GSTu (Ding et al., 
2003). The identification of GSTu orthologs in A. aegypti 
and their absence in D. melanogaster suggests that these 
GSTs may be specific to mosquitoes (Lumjuan, 2005). 

The delta, sigma and epsilon classes initially were 
referred as class I, II and III respectively, until the Greek 
letter-based nomenclatura was adopted in line with the 
mammalian system of GST nomenclature 
(Chelvanayagam et al., 2001) and supported by 
phylogenetic analysis between mammalian and insect 
GSTs (Ranson et al., 2001; Ding et  al.,  2003).  Currently  
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the insect GST nomenclature consist of three parts; the 
name of the specie from which the GST was isolated, the 
GST class and the part ending in a number which may 
specify the order of discovery or the genome organization. 
For example, AgGSTD5-5 is a member of the A. gambiae 
GST, where “D” refers to the delta class and the double 
number “5-5” indicates a homodimer enzyme. In refe-
rence to the gene encoding for a subunit of this enzyme it 
is termed AgGSTd5 (italicized), “d” refers to the delta 
class and the subunit number remains the same 
(Wongsantichon et al., 2003; Hemingway et al., 2004). 

From here we are going to be referring GST names using 
this nomenclature, and in some cases the old names are 
going to be expressed in parentheses. 
 
 
CYTOSOLIC GST STRUCTURE AND MODE OF 
ACTION 
 
The cytosolic GSTs are homo- or heterodimeric proteins, 
that is they are formed by two subunits or polypeptide 
chains of approximately 25 kDa in size each (Armstrong,  
1991). Each subunit folds into two domains, the N-
terminal (extreme 5´) and C-terminal (extreme 3´) joined 
by a variable linker region. The N-terminal domain (1 - 80 
residues) adopts a similar conformation to the thioredoxin 
domain (arranged in a �α�α��α motifs) found in all GST 
structures (Sheehan et al., 2001). This domain comprises 
mostly of active or G-sites, which is the binding site of 
endogenous tripeptide GSH (γ-L-glutamyl-L-cysteinyl-
glycine) also known as glutathione. The larger C-terminal 
domain consists of a variable number of alpha helices, 
and includes largely the residues of hydrophobic H-site or 
substrate binding site. The high level of diversity in this 
region confers in part the specificity of the GSTs for a 
broad range of electrophilic substrates (Mannervik and 
Danielson, 1988). 

The active site residue tends to be highly conserved 
within GST classes, but di�ers between classes. In most 
mammalian GSTs, the active site residue responsible for 
the GSH thiol residue activation in catalysis appears to be 
a tyrosine (Sheehan et al., 2001), but in the delta and 
epsilon insect GST classes, this role is performed by a 
serine residue (Ranson and Hemingway, 2005; 
Udomsinprasert et al., 2005). Although each subunit has 
a kinetically independent active site, their quaternary 
structure is essential for their activity (Danielson and 
Mannervik, 1985). The subunits only hybridize with sub-
units of the same class (Armstrong, 1991). The formation 
of homo- and heterodimers increases the diversity of 
GSTs from a small number of genes (Sheehan et al., 
2001). 

The GST-based detoxification of both endogenous and 
xenobiotic compounds can be in a direct way (phase I 
metabolism) or by the catalysis of reactive products 
formed by other enzymatic detoxification systems (phase 
II metabolism) (Yu, 1996; Sheehan et al., 2001). In a 
reaction of conjugation, the  active  site  residue  interacts  
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Figure 1. GST-mediated detoxification of organophosphate insecticides. The GST achieves two 
conjugation reactions acting as enzymes from the phase I of detoxification: a) O-dealkylation 
and b) O-dearylation conjugation. R1 and R2 represent the alkyl (either ethyl or methyl) portion; 
and R3 is a substituted aryl or alkyl group; GSH, glutathione; GS-R, thiolate anion conjugated 
with Rn portion (Dauterman, 1983; Hayes and Wolf, 1988). 

 
 
 
with the GSH sulphydryl group (-SH), to generate the 
catalytically active thiolate anion (GS-). This nucleophilic 
thiolate anion is then capable of attacking the electrophilic 
centre of any lipophilic compound to form the correspond-
ing GS-conjugate (Jakoby and Ziegler, 1990; Armstrong, 
1991). The conjugation neutralizes the electrophilic sites 
of the substrate, leading to its detoxification by the 
elimination of highly reactive electrophiles or rendering 
the product more water soluble and therefore more 
readily excretable from the cell (Habig et al., 1974; Hayes 
and Wolf, 1988). These conjugates are eliminated from 
the cell via the glutathione S-conjugate export pump 
(phase III detoxification system) (Sheehan et al., 2001). 

In other reactions of detoxification the GSTs are also 
able to dehydrochlorinate insecticides such as DDT, in a 
reaction where GSH acts as a co-factor rather than a 
conjugate (Clark and Shamaan, 1984). The detoxification 
also can be done by passive binding to insecticides or 
mainly by removal of reactive oxygen species (ROS) and 
detoxification of lipid peroxidation (LPO) products (both of 
which are oxidative stress products).  
 
 
INSECTICIDE DETOXIFICATION 
 
Organophosphates 
 
Detoxification occurs by the conjugation of GSH to OP 
insecticides via two distinct patways: an O-dealkylation or 
O-dearylation conjugation (Figure 1). In O-dealkylation the 
GSH is conjugated with the alkyl portion of the insecticide, 
while in the O-dearylation the GSH reacts with the leaving 
group. The reactions have been reported in housefly, M. 
domestica (Oppenoorth et al., 1979; Ugaki et al., 1985) 
and in diamondback moth, Plutella xylostella (Chiang and 
Sun, 1993) and verified by the use of recombinant GST 
enzymes in both species (Huang et al., 1998).  

The GSTs often act as a secondary resistance mecha- 

nism in conjunction with a P450- or esterase- based 
resistance mechanism (Hemingway et al., 1991). Most 
OP insecticides are usually applied in the non-insecticidal 
phosphorothionate form and are activated to the 
insecticidal organophosphate form (oxon analogue) by 
the action of cytochrome P450s within the insect. These 
oxons are more neurotoxic (potent acetylcholinesterase 
inhibitors) than their thionate analogues. Detoxification of 
the oxon analogues of fenitrothion has been reported in 
Anopheles subpictus (Hemingway et al., 1991). This 
cooperative enzyme system of detoxification would be 
more rapid and efficient than independent mechanisms 
and it is therefore important in insecticide resistance 
(Bogwitz, 2005). 
 
 
Organochlorines  
 
The GSTs catalyse two detoxification reactions of 
halogenated hydrocarbons: dehydrochlorination and GSH 
conjugation (Tang and Tu, 1994) (Figure 2). The DDT-
dehydrochlorination is the major route of detoxification for 
this insecticide (Hayes and Wolf, 1988) and probably the 
most common DDT resistance mechanism in mosquitoes 
(Brown, 1986; Hemingway, 2000). In the glutathione-
dependent DDT dehydrochlorination, the GS- generated 
in the active site acts as a general base and removes 
hydrogen from DDT resulting in the elimination of chlorine 
to generate the non-toxic DDE (1,1-dichloro-2,2-bis-[p-
chlorophenyl]ethane). In this reaction the GSH levels do 
not change at the end of the reaction (Lipke and Chalkley, 
1962) due to the GSH regenerated acting as a cofactor 
rather than a conjugate (Clark and Shamaan, 1984) 
(Figure 2.1). An increased rate of glutathione-dependent 
dehydrochlorination confers resistance to DDT in A. 
aegypti (Grant et al., 1991; Lumjuan et al., 2005), A. dirus 
(Prapanthadara et al., 1996, 2000b) and A. gambiae 
(Prapanthadara et al., 1993, 1995;  Ranson  et  al.,  2001;   



  

Che-Mendoza et al.        1389 
 
 
 

 
 
Figure 2. GST-mediated detoxification of organochlorine insecticides. 1. Dehydrochlorination of DDT (Matsumura, 
1985). 2. Metabolism of lindane: (a) GSH-dependent dehydrochlorination; (b) GSH conjugation, both reactions catalized 
by GST (Tanaka et al., 1981); c) P450 MFO-mediated hydroxylation (Bloomquist, 1998). GS-, thiolate anion conjugated; 
GSH, glutathione; (36/45)-P, (36/45)-pentachlorocyclohexene; MFO, mixed function oxidases. 

 
 
 
Ortelli et al., 2003). 

Another organochlorine insecticide like lindane is 
suggested to be detoxified initially by a dehydrochlori-
nation reaction and subsequently by conjugation to 
glutathione (Tanaka et al., 1981) both reactions being 
catalysed by GST (Clark et al., 1986; Bloomquist, 1998; 
Wei et al., 2001). However, the major routes of meta-
bolism of lindane include dehydrochlorination by GST 
giving various chlorobenzenes, along with subsequent 
P450-mediated hydroxylation  to  yield  several  chlorophe- 

nols (Bloomquist, 1998) (Figure 2.2). 
 
 
Pyrethroids  
 
GST’s role in the detoxification of PYRs has been basi-
cally attributed to its capacity to reduce the peroxidative 
damage induced by PYRs, mainly by detoxifying lipid 
peroxidation products (Vontas et al., 2001). This evidence 
was suggested for a delta class GST  from  a  PYR  resis- 
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Figure 3. GST antioxidant defence against insecticide. Together with other AOX enzymes (not shown) the 
GSTs protect the cells from oxidative stress generated by environmental chemicals such as pesticides. 
Oxidative stress occurs when the generation of ROS exceeds the cell’s ability to neutralize and eliminate 
them (ROS>AOX). LPO is iniated by ROS to generate LOOH, which can propagate the autocatalytic chain of 
LPO by continually generating free radicals. The GSTs prevent LPO inactivating the H2O2 (primary defense) 
and acting as a second line of defence reducing LOOHs to corresponding LOHs, and conjugating HNE to 
GSH (secondary defense). O2

�, superoxide anion; H2O2, hydrogen peroxide; OH-, hydroxyl radical; GPx, 
gluthatione peroxidase; GSH, glutathione; GSSG, glutathione disulfide often improperly called oxidized 
glutathione; GR, glutathione reductase; LPO, lipid peroxidation; LOOH, lipid hydroperoxide: LOH 
monohydroxylated lipid; ROS, reactive oxygen species; AOX, antioxidants. 

 
 
 

tant strain of rice brown planthopper, Nilaparvata lugens 
whose recombinants showed high peroxidase activity 
(Vontas et al., 2002) and recently reported for an epsilon 
class GST in A. aegypti mosquitoes (Lumjuan et al., 
2005). Several GSTs which accepted an LPO product as 
substrate have also been reported in Drosophila 
melanogaster (Singh et al., 2001; Sawicki et al., 2003). 

It is suggested that GSTs may also protect against PYR 
toxicity in insects through a passive sequestration 
process (Kostaropoulos et al., 2001). The evidence of 
some GSTs binding to various PYRs has been reported in 
A. dirus (Prapanthadara et al., 1998, 2000b; Jirajaroenrat 
et al., 2001; Udomsinprasert and Ketterman, 2002). The 
use of GST inhibitors (e.g diethyl maleate) in PYR 
resistant Culex strains suggests that GST-mediated 
metabolism has a relative contribution in PYR resistance 
(Xu et al., 2005). While in the field, Anopheles albimanus 
populations and slight increases of GST activities under 
continuous PYR selection were also detected (Penilla et 
al., 2006).  

Oxidative stress induced by insecticide 
 
Exposure to insecticides induces oxidative stress 
(Abdollahi et al., 2004) and insect GSTs may contribute to 
antioxidant defence by direct GPx activity preventing and 
repairing the damage of secondary products generated by 
ROS and by direct conjugation of trans-4-hydroxy-2-
nonenal (HNE), one of the major end products of LPO 
(Parkes et al., 1993; Singh et al., 2001; Vontas et al., 
2001; Sawicki et al., 2003; Ding et al., 2005) (Figure 3).  

The GPx activity has been detected in insect GST´s 
from the delta, epsilon and sigma classes (Tang and Tu, 
1994; Ranson et al., 1997b; Prapanthadara et al., 1998; 
Singh et al., 2001; Vontas et al., 2001; Ortelli et al., 2003; 
Sawicki et al., 2003; Ding et al., 2005; Lumjuan et al., 
2005). Recently, in epsilon and delta GST gene pro-
moters from anophelines, putative binding sites and 
regulatory/reponse elements involved in the induction of 
GST expression in response to oxidative stress have 
been found supporting the  antioxidant  physiological  role 
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Table 1. Substrate specifity of some cytosolic GSTs characterized in anopheline species. 
 

Gene name 
Old 

name 
No. of 

transcripts 
DDTase 
activity1 

CDNB 
activity 2 

DCNB 
activity 2 

CHP 
activity 2 References3 

A. gambiae 

GSTd1 GST1-α 

GSTd1-3 
GSTd1-4 
GSTd1-5 
GSTd1-6 

 
 

4.8±0.09 
7.7±0.72 

 
 

56.44±8.7 
195±11.9 

 
 

0.33±0.03 
0.64±0.03 

 
 

<0.13±0.0 
0.98±0.06 

1, 4, 7, 9 
7, 9 
6, 7, 9 
6, 7, 9 

GSTd2 GST1-2 1  0.4   5, 9 

GSTe1 
GST3-1z 
GST3-1k 

1 n.d. 
3.9±0.18 
30.8±4.3 

8.61±0.82 
4.48±0.05 

0.001±0.0
0.175±0.0 1, 2, 8, 9 

GSTe2 GST3-2 1 2,770 
2.88±0.8 

13.1±0.40 
5.74±2.70 
5.8±0.24 

n.d. 1, 2, 8, 9 

GSTe4  1 n.d. 16.3±1.59  0.07±0.01 n.d. 1, 2, 9 
GSTe8  1 n.d. 7.9±0.52  0.1±0.01 n.d. 1, 2, 9 
        
A. dirus 
Purified enzyme GST4a  4.4-15.80 s.u. 0.60-0.80 0.012 4, 5, 7 
Purified enzyme GST4c  1,308.74 s.u. n.d. n.d. 7 

GST1-1 GSTd1 27.4±0.01 174.3±4.86 0.28±0.01 0.65±0.06 1, 2, 3, 6, 9 
GST1-2 GSTd2 1.87±0.82 39.7-43.3 0.08±0.01 n.d. 
GST1-3 GSTd3 2.66±0.29 59.7- 64.6 0.16±0.01 n.d. 

GST1AS1 

GST1-4 GSTd4 7.50±1.68 29.1- 38.3 0.03±0.04 0.05±0.01 
 

GSTd5 GST1-5 1 78.8±13.2 192  0.3±0.004 9 
GSTd6 AdGST1-6  1.28±0.22 1.37   9 

  
1 nmol DDE formed/mg protein; 2µmol/min/mg protein;  3 A. gambie: 1. Ding et al., 2003; 2. Ortelli et al., 2003; 3. Ranson et al., 1997a; 4. 
Ranson et al., 1997b; 5. Ranson et al., 1998; 6. Ranson et al., 2001; 7. Ranson et al., 2002. 3 A. dirus: 1. Jirajaroenrat et al.2001; 2. 
Oakley et al., 2001; 3. Pongjaroenkit et al., 2001; 4. Prapanthadara et al., 1995; 5. Prapanthadara et al., 1996; 6. Prapanthadara et al., 
1998; 7. Prapanthadara et al., 2000b; 8. Udomsinprasert et al., 2005 ; n.d. enzyme activity no detected 
s.u. substrate used by the enzyme, but the data is not specificated or they were measured using different units, that is inhibition %. 

 
 
 
of some GSTs (Ding et al., 2005; Udomsinprasert et al., 
2005). 
 
 
GST-BASED RESISTANCE AND HISTORICAL 
EVIDENCE IN MOSQUITOES 
 
From DDTase enzyme to GST enzyme purification 
 
In 1974, evidence of DDT being metabolized to DDE by a 
glutathione-dependent dehydrochlorinase (DDTase) was 
shown in M. domestica and was demonstrated that this 
enzyme was identical to a GST (Clark and Shamaan, 
1984; Clark et al., 1986). These authors were the first to 
notice that the high activity of GST enzymes with DCNB 
(1, 2-dichloro-4-nitrobenzene) correlated with the increas-
ed DDTase activity in DDT resistance fly strains. This new 
evidence suggested the existence of this mechanism in 
mosquitoes (Brown, 1986). 

Ten years later Prapanthadara and colleagues started 
using fractions of crude homogenates from fourth-instar 
larvae of A. gambiae and A. dirus, through sequential 
column chromatography and showed that three GST sub-

groups, all containing multiple GST isoenzymes, were 
able to detoxify the DDT in both species (Prapanthadara 
et al., 1993, 1995, 1996, 2000b). The GSTs with the 
highest activity DDTase were found in elevated amounts 
in DDT resistant A. gambiae (Prapanthadara et al., 1995).  
Like in M. domestica, the DDTase activity was found to be 
correlated with the GST activities toward DCNB 
(Prapanthadara et al., 1993, 1995).  

Although several isoenzymes of A. dirus have been at 
least partially purified (Prapanthadara et al., 1995, 1996, 
2000b), only two of them, the GST4a and GST4c, were 
successfully purified and characterized (Table 1). The 
GST4c had 83-fold greater DDTase specific activity than 
the GST4a, but only the GST4a showed activity with 
dichloronitrobenzene (DCNB), 7.4-fold greater than with 
chlorodinitrobenzene (CDNB) conjugation activity 
(Prapanthadara et al., 1995, 1996, 2000a).  

These studies demonstrated that the GSTs, when they 
are present in increased amounts (quantitative 
differences), have an important role in insecticide 
resistance, but also showed that not all of the GST 
enzymes are associated with resistance (qualitative 
differences). 
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Figure 4. General model of genomic organization of two GSTd orthologs in mosquitoes. Both An. gambiae and An. dirus, 
have two GSTd gene arranged in divergent orientations. One gene contains three exons alternatively spliced to produce one 
mature transcript. A second gene produces four diferent transcripts each sharing exon 1 and exon 2 (black solid boxes), that 
encode for a 5´UTR region and a common N-terminal, and one of the other exons which encode for different C-terminal 
domains. Thus, the N-terminal domain of the GSTs derives from the same exon, whereas the C-terminal domain arises from 
different exons. The horizontal line denotes the introns and the dashes on the line the putative promoter regions. The 
distances between exons are not in the real scales (Pongjaroenkit et al., 2001; Ranson et al., 1998; Udomsinprasert et al., 
2005).  

 
 
 
Isolation of GST genes  
 
The first studies demonstrating the capacity of individual 
GSTs metabolising DDT were carried out by Ranson et 
al. (1997a, b).  They were able to isolate and clone three 
genes from A. gambiae larvae, AgGSTd1-2 (AgGST1-2), 
AgGSTd1-5 (AgGST1-5) and AgGSTd1-6 (AgGST1-6). 
Using recombinant enzymes, the AgGSTd1-5 and 
AgGSTd1-6 showed higher CDNB and DDT activities 
(Ranson et al., 1997b) (Table 1). A primer encompassing 
the conserved N-terminal region of these GSTs was used 
to amplify and sequence a GST gene from A. dirus, the 
AdGSTd1 (AdGST1-1) (Prapanthadara et al., 1998).  The 
amino acid sequence of this gene had 91% identity to the 
AgGSTd1-6, but it showed a 4-fold difference in the rates 
of DDT metabolism (Prapanthadara et al., 1998) (Table 
1). In general the GST delta class of A. dirus showed 
lower levels of CDNB and DCNB activities than their 
orthologs in A. gambiae (Table 1). 
 
 
Alternatively spliced GST genes 
 
Using primers designed on selected sequences of 
genomic libraries, five sequences in addition to the intron-
less gene AgGSTd1-2 (AgGST1-2) were found.  These 
sequences were exons of two GST genes sequentially 
arranged in divergent orientations, AgGSTd1 (AgGST1α) 
and AgGSTd7 (AgGST1β) (Ranson et al., 1998).  
AgGSTd1 contains five coding exons alternatively spliced 

to produce four mature transcripts, two of them belonging 
to genes AgGSTd1-5 and AgGSTd1-6 previously 
described, and two sequences termed AgGSTd1-3 
(AgGST1-3) and AgGSTd1-4 (AgGST1-4) (Figure 4).  All 
these GST genes were expressed in high levels in both 
larvae and adults (Ranson et al., 1998).  However they 
accounted for only 6% of the total DDT metabolism in 
resistant strains (Ranson et al., 1997b). 

A homologous genetic structure to AgGSTd1 was found 
in A. dirus (Pongjaroenkit et al., 2001). The gene 
AdGST1AS1 (for A. dirus GST class I alternatively spliced 
gene I) share a 78 - 93% nucleotide identity in the coding 
region with the AgGSTd. Similar to AgGSTd1, four 
mature transcripts result from AdGST1AS, being one of 
the previously reported by Prapanthadara et al. (1998) 
(Figure 4). The deduced amino acid sequence of tran-
scripts between AdGST1AS1 and AgGST1α is highly 
conserved in each ortholog gene (ranging from 85 - 93% 
identity) (Jirajaroenrat et al., 2001; Pongjaroenkit et al., 
2001). A similar pattern of alternative splicing has been 
observed also in A. aegypti GSTd1, but in contrast with 
Anopheles only three transcript (orthologs to GSTd1-5, 
GSTd1-4 and GSTd1-6 from A. gambiae) are found in 
AeGSTd1 with an amino acid sequence identity reportedly 
ranging from 75 - 85% (Lumjuan, 2005). 

Indeed, an AgGSTd7 ortholog was identified in A. dirus, 
the AdGSTd5 (AdGSTd1-5) (Pongjaroenkit et al., 2001; 
Udomsinprasert et al., 2005). Both AdGSTd5 and 
AgGSTd7 are interrupted by introns and amplified for a 
product, sharing a 95% identity and 98%  similarity  in  the  



  

 
 
 
 
amino acid sequence (Udomsinprasert et al., 2005).  
AdGSTd5 is located upstream and is in reverse orienta-
tion to AdGST1AS1 in a similar form as AgGSTd7 and 
AgGSTd1 (Pongjaroenkit et al., 2001) (Figure 4).  
AdGSTd5 was only expressed in adult females and 
despite having displayed little activity with the classical 
GST substrate CDNB, it possessed the greatest DDT 
activity observed for A. dirus GST delta class 
(Udomsinprasert et al., 2005) (Table 1). 

Other studies demonstrated that the AgGSTs1 is also 
the product of an alternatively spliced gene that produces 
two transcripts (Ranson et al., 2002; Ding et al., 2003), 
and it was reported to have a probable ortholog in A. 
aegypti (Lumjuan, 2005). 

Although the size and sequence of the introns vary 
among orthologs, the coding region sequences and the 
intron positions are highly conserved.  All the translation 
products of the transcripts from these genes share a 
common N-terminal domain, but are highly variable at the 
C-terminal.  This characteristic confers the property to 
generate efficiently different substrate specificity with a 
minimal increase in gene duplication and length 
(Jirajaroenrat et al., 2001; Oakley et al., 2001). 
 
 
The major GST responsible for DDT resistance 
 
A first important discovery on DDT resistance in A. 
gambiae was the identification of two quantitative trait loci 
(QTL) associated to DDT-resistance rtd1 (resistance to 
DDT1) and rtd2 (Ranson et al., 2000). The second 
important finding was the identificacion of one gene 
associated to the rtd1 region and its overexpression in 
DDT resistant strain (ZAN/U), 5-fold greater than the 
susceptible strain (Kisumu).  Recombinants of this gene, 
termed as AgGSTe2 (AgGST3-2), showed DDTase 
activity, representing up to 92% of DDT metabolism 
(Ranson et al., 2001). 

The following analysis of A. gambiae genome located a 
cluster of eight GST genes epsilon class sequencially 
arranged within the genomic region rtd1, and quantitative 
PCR analysis demonstrated that five of theses genes 
were significantly expressed in high levels in DDT 
resistant strains compared with the susceptible strain 
(Ding et al., 2003). However, DDTase activity has been 
confirmed only in AgGSTE2-2 recombinants (Ranson et 
al., 2001; Ortelli et al., 2003).  

Later, an ortholog of AgGSTe2 in a DDT and 
permethrin resistant A. aegypti strain (PMD strain) termed 
AaGSTe2 (Lumjuan et al., 2005) has been identified, of 
which recombinants showed a DDTase activity (4.16 ± 
0.28 nmol of DDE/µg), 1.5 fold greater than that reported 
for A. gambiae (Table 1).  Unlike its Anopheles counter-
part, the AaGSTE2-2 exhibited levels of GPx activity 
comparable to other insects GST like D. melanogaster 
(Singh et al., 2001; Sawicki et al., 2003) and N. lugens 

(Vontas et al., 2001), suggesting that high AaGSTe2 
levels   may  confer  some  resistance  to  the   secondary  
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effects of exposure to PYRs (Lumjuan et al., 2005).  
Although microarray analyses in A. gambiae indicated 
that GSTe2 was elevated in two PYR resistance strains 
(ZAN_U and RSP strains), its specific role needs to be 
investigated (David et al., 2005). 

In A. dirus the major GST in the DDT metabolism may 
be carried out by AdGST4c which has had higher levels 
of DDT activity among all the GST´s identified in this 
species. Nevertheless no reports of a GSTe2 ortholog in 
A. dirus have been formerly published, although partial 
sequences of orthologs had been deposited in the 
Genbank database for this species and others such as 
Anopheles culicifacies (http://www.ncbi.nlm.nih.gov/). 
 
 
GST EXPRESSION AND REGULATORY FACTORS OF 
THE GST-BASED RESISTANCE 
 
GST activity differences in development 
  
With a few exception (Ding et al., 2003; Udomsinprasert 
et al., 2005), most of the individual GST´s identified in 
mosquitoes are expressed in both males and females 
and in all development stages. Nevertheless the pattern 
of expression of individual GST enzymes can be different 
during mosquito development (Grant and Matsumura, 
1988, 1989). In general, the levels of GST activity 
increase through larval development and pupal stage and 
reach a maximum in the newly emerged adult, with GST 
activity declining with age (Hazelton and Lang, 1983). 
Such evidence could be related in part with the lack of 
DDT tolerance with age in adult mosquitoes (Lines and 
Nassor, 1991). Blood ingestion had been reported to 
increase the tolerance to DDT and PYRs (Halliday and 
Feyereisen, 1987) and GSTs could be involved since 
several GSTs genes are upregulated after blood ingestion 
in mosquitoes (Marinotti et al., 2005). 
 
 
Molecular mechanism of the GST expression 
 
The molecular mechanism responsible for elevated GST 
activity is mostly due to regulatory changes that increases 
its transcriptional rate (Hemingway et al., 2004; Enayati et 
al., 2005). Nevertheless, elevation of GST activity due to 
enhanced mRNA stability has been reported in D. 
melanogaster (Tang and Tu, 1995), while gene 
amplification has been observed in both M. domestica 

(Wang et al., 1991) and N. lugens (Vontas et al., 2002). 
In mosquitoes, GST-based insecticide resistance 

appears to be caused at a transcriptional level. Various 
mutation types can lead to changes in gene expression, 
and these can occur in cis (for instance disruption or 
deletion of an upstream regulatory element of the gene, 
whatever the element function is enhancing or repressing 
gene expression) or in trans (for instance disruption of a 
gene coding for a protein that binds to the above mention 
cis element) (Feyereisen, 1995).  In  A. aegypti  it  is  sug- 
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gested that mutation disrupts a trans-acting repressor 
allowing the overexpression of GST (Grant and 
Hammock, 1992). Mutations in a cis-acting regulatory 
factor may be involved, al least in part, in the GSTe2 
overexpression in DDT-resistant strain of A. gambiae 
(Ranson et al., 2001; Ding et al., 2005).  Particularly the 
deletion of two adenosine residues in the promoter region 
seems to increase the GST transcription activity in the 
mosquito (Ding et al., 2005). 

It is suggested that, although the basal expression in 
the singleston GSTe genes may be controlled by core 
promoters located at the immediate upstream, their 
general expression may be under control by a common 
regulator element. For example, by examination of the 
GST gene expression under oxidative stress conditions in 
A. gambiae, it was observed that GSTe3 is induced in 
both DDT resistant and susceptible strains, with a higher 
response in the resistant strain. In addition, two other 
GSTe (GSTe2 and GSTe1) were detected only in the 
resistant strain. This differential response may be due to 
changes in regulatory proteins rather than in the 
promoters themselves (Ding et al., 2005). 

In alternatively spliced genes, it is hypothized that GST 
gene promoters have multiple regulatory elements or 
binding sites that respond differently to specific or more 
general stress-related signals affecting the choice of 
spliced sites (Ranson et al., 1998; Pongjaroenkit et al., 
2001). Particularly in the promoter regions of alternatively 
spliced GST genes from A. dirus two promoter regions 
have been identified, a proximal promoter to the coding 
region and a distal promoter located upstream to the 
former one (Pongjaroenkit et al., 2001; Udomsinprasert 
and Ketterman, 2002). Such as occurring in insects, 
probably each promoter is associated with stage and/or 
tissue-specific gene expression (Hoy, 1994; Harshman 
and James, 1998). In A. dirus it is speculated that the 
distal promoter would be acting as an enhancer/repressor 
to regulate GST expression (Udomsinprasert and 
Ketterman, 2002). For example, AdGST1AS1 could be 
involved in oxidative stress response and expressed as a 
housekeeping gene (gene expressed in all cells in order 
to maintain fundamental activities). But, during develop-
ment increased oxidative stress in the cell is required to 
increase GST expression (Pongjaroenkit et al., 2001).  

Some introns apparently are important in gene 
regulation and in the determination of the moment and 
the kind of tissue the gene will be transcribed to (Hoy, 
1994).  For example a promoter region in AdGSTd5 
containing several binding sites for factors related in 
embryo or tissue development, has been located within 
an intron (Udomsinprasert et al., 2005) (Figure 4). This 
suggests that GSTs are differentially regulated by multiple 
mechanisms in response to xenobiotic modulation and/or 
in a tissue- or developmental-specific manner. The know-
ledge of regulatory elements involved in the induction of 
GST´s, will provide a better understanding of the mole-
cular basis in the GST-based insecticide-resistance me-
chanism essential for the  design  of  sensitive  monitoring  

 
 
 
 
methods and then for an effective insecticide resistance 
management. 
 
 
CONCLUSION 
 
Despite great advances during the last decade on mos-
quito GST knowledge, some relevant aspects like specific 
substrates, structural determination, functions, location 
and regulation remain unresolved mainly for the cytosolic 
GSTs. For example, although the fourth crystal structure 
of alternatively spliced GST is known (Pongjaroenkit et 
al., 2001; Chen et al., 2003; Udomsinprasert et al., 2005) 
the alternatively spliced Aedes GST isoforms remain 
biochemically uncharacterized, as well as the majority of 
the cytosolic GSTs identified in mosquitoes. Even more 
the GST diversity in other species is unknown, and it is 
expected to become higher in mosquitoes such as Culex 
quinquefasciatus whose breeding sites are charac-
terizated to be highly polluted (Lipke and Chalkley, 1964; 
Ranson and Hemingway, 2005). Whether this diversity is 
related to insecticide resistance in different mosquito 
species should be investigated. In some anopheline 
populations such as the Mexican malaria vector 
Anopheles albimanus (Penilla et al., 2006) and the African 
malaria vector A. gambiae (Prapanthadara et al., 1995), 
the GST-based mechanism only confers resistance to 
DDT, probably as a result of DDT selection pressure on 
these populations. Interestingly in the Sri Lankan malaria 
vector Anopheles subpictus, the organophosphorus 
insecticide pressure could have maintained or reselected 
DDT resistance still observed (Hemingway et al., 1991). A 
similar phenomenon may be conferring DDT resistance in 
Culex quinquefasciatus from Thailand, where populations 
had never been exposed to DDT, but have been exposed 
to multiple toxic chemicals in water (Prapanthadara et al., 
2000a). The hypothesis whether cytocrome P450 mono-
oxigenases could be involved in DDT resistance in A. 
aegypti (Prapanthadara et al., 2002) has been recently 
supported by microarray experiments in A. gambiae 
(David et al., 2005; Vontas et al., 2005). Although these 
findings remain to be demonstrated with functional 
studies, these experiments suggested that DDT resis-
tance may be the result of overexpression and down-
regulation of several genes, including genes not formerly 
associated with insecticide resistance (Vontas et al., 
2005). It is noteworthy that the factors responsible for 
GST regulation involved in resistance seem to be capable 
to regulate other GST expresions that may not be 
involves in resistance (Ding et al., 2005). 

In many cases, GSTs with GPx capacity are associated 
to PYR resistance.  However we must be cautious in 
interpreting such assumptions, as was explained in 
previous paragraphs. In addition to their direct role in 
insecticide detoxification, some GSTs may act as a 
second line of defense against the toxic effects of 
insecticides. It is preferable to say that elevated GST 
expression   with   GPx   capacity  increases  tolerance  to  



  

 
 
 
 
PYRs rather than confer resistance to this insecticide. 

In the same way, some authors have speculated how 
the presence of GST-based insecticide resistance affects 
the mosquito pathogen’s survival and its vectorial capacity 
(McCarroll and Hemingway, 2002; Ranson and Heming-
way, 2005). This question emerged from the evidence of 
the ROS generation involved in the defense mechanism 
against pathogen infections in insects (Ha et al., 2005a, 
b) including mosquitoes (Dimopoulos et al., 2002; Kumar 
et al., 2003). Further studies have demonstrated that 
some GSTs are upregulated with aging (Zou et al., 2000), 
and their overexpression could cause a life span 
extension in flies, as some researchers are trying to 
demonstrate(http://www.uams.edu/biochem/Hbenes.asp). 
Although the implications of these findings for vector-
borne disease control still needs to be demonstrated, it 
should be considered that GSTs are only one part of this 
complicated mechanism of antioxidant defense where 
other antioxidant enzymes are involved. 

To date, different GST orthologs (understood as genes 
in different species that evolved from a common ancestral 
gene by speciation) have been identified in mosquitoes. 
These orthologs are structurally conserved with high 
levels of amino acid identity. Although functionally 
catalytic differences are observed between orthologs, the 
identification of same GSTe2 and its implication in DDT 
metabolism in different mosquito species suggests that 
this GST may have an important role on common 
metabolism pathways of this insecticide. Nevertheless, it 
is suggested also that different routes of GST may 
catalyse DDT metabolism in different A. aegypti strains 
from Thailand (Lumjuan et al., 2005). These hypotheses 
are interesting themes for future researches. 

Biochemical assays have been the traditional method 
applied for detecting and monitoring GST activity levels. 
These assays measure GST activity using model 
substrates, like CDNB and DCNB and a correlation 
between levels of GST activity and DDT resistance phe-
notype suggests a GST-based resistance mechanism.  
However the average of GST activity using CDNB is 
generally lower in GST epsilon class than in GST delta 
class (Table 1). Field studies reported that levels of GST 
activity in resistant anopheline strains were slightly higher 
than those of the susceptible strain; in fact it was not 
always possible to correlate DDT resistance with GST 
activity levels (Penilla et al., 2006). Additional evidence 
showed that the DDTase activity does not necessarily 
correlate with GST activity in anopheline mosquitoes 
(Prapanthadara et al., 2000a). Facing these limitations, 
the identification of ortholog enzymes and specific GSTs 
involved in insecticide resistance offers many possibilities 
for the development of new rapid, sensitive and viable 
methods for GST-based metabolic resistance mechanism 
detection. 
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