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The emergence of insecticide resistance in the mosquito poses a serious threat 
to the efficacy of many malaria control programs. We have searched the 
Anopheles gambiae genome for members of the three major enzyme families- 
the carboxylesterases, glutathione transferases, and cytochrome P450s-that 
are primarily responsible for metabolic resistance to insecticides. A comparative 
genomic analysis with Drosophila melanogaster reveals that a considerable 
expansion of these supergene families has occurred in the mosquito. Low gene 
orthology and little chromosomal synteny paradoxically contrast the easily 
identified orthologous groups of genes presumably seeded by common ances- 
tors. In A. gambiae, the independent expansion of paralogous genes is mainly 
a consequence of the formation of clusters among locally duplicated genes. 
These expansions may reflect the functional diversification of supergene fam- 
ilies consistent with major differences in the life history and ecology of these 
organisms. These data provide a basis for identifying the resistance-associated 
enzymes within these families. This will enable the resistance status of mos- 
quitoes, flies, and possibly other holometabolous insects to be monitored. The 
analyses also provide the means for identifying previously unknown molecules 
involved in fundamental biological processes such as development. 

Insecticides form a central component of 
most malaria control programs [see accom- 
panying paper by Hemingway et al. in this 
issue (1)]. Mechanisms of resistance, such as 
reduced penetration, increased sequestration, 
and increased detoxification, all contribute to 
decrease the effective dose of insecticide, 
whereas a decreased target site sensitivity or 
modification of target site may render a dose 
of insecticide ineffective. Three protein fam- 
ilies are largely responsible for insecticide 
metabolism: the cytochrome P450s, carboxy- 
lesterases (COEs), and glutathione trans- 
ferases (GSTs). The proteins of these families 
are also involved in the synthesis and break- 
down of a multitude of endogenous metabolic 
compounds, the protection against oxidative 
stress, the transmission of nerve signals, and 
the transportation of compounds through 
cells (2-4). Determining the identity of the 
enzymes involved in insecticide metabo- 
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lism has been complicated by our lack of 
knowledge of the complexity of these fam- 
ilies and the difficulties of identifying truly 
orthologous genes between different insect 
species. 

To identify putative COE, GST, and P450 
genes in A. gambiae, we conducted a BLAST 
search of the genome with consensus regions 
or sequences of previously identified insect 
and mammalian members of these gene fam- 
ilies. When significant matches were ob- 
served in the genomic sequence, the region 
was manually annotated to identify the puta- 
tive transcripts and translation products. Con- 
served regions, such as the heme binding 
region of P450s (4), a catalytic triad of resi- 
dues that included the nucleophilic ("catalyt- 
ic") serine of COE enzymes (5), the SNAIL/ 
TRAIL motif of GSTs (3), and protein length 
(about 550, 200, and 500 amino acids for 
COEs, GSTs, and P450s, respectively) were 
used to confirm membership of the gene fam- 
ily, and, where available, the predicted pro- 
tein sequences were checked against ex- 
pressed sequence tag (EST) translations to 
confirm the manual annotations. This process 
resulted in the identification of 51 COE, 31 
GST, and 111 P450 gene sequences. 

A difficulty arose in distinguishing recent- 
ly duplicated genes from allelic variants. For 
example, two P450s (CYPq311 and CYPq312) 
differ by a single amino acid and are 99.8% 
identical at the nucleotide level. These genes 
were assembled within a single scaffold, and 

we concluded that they were duplicated 
genes. This phenomenon is not unique to A. 
gambiae. In Papilio polyxenes, CYP6B4 and 
CYP6B5 are 99.3% identical at the nucleotide 
level (6), and several sequence polymor- 
phisms within the CYP4 "family," which 
were originally attributed to allelic variation 
(7, 8), may represent recently diverged P-450 
genes. In other instances, we found evidence 
of alternative haplotypes within the genome 
sequence, including a large cluster of CYP6 
genes on chromosome 3R (30A) that is rep- 
resented on two different scaffolds (9). 

A recognized P450 nomenclature system 
has been in place since 1987, and the A. 
gambiae P450 genes were classified and will 
be named according to these rules. As in 
Drosophila, the largest groups of genes fall 
into the CYP4 and CYP6 families. The large 
number of CYP4 genes was expected because 
17 CYP4 genes had been identified by poly- 
merase chain reaction methods in A. albima- 
nus (7) and 18 in A. gambiae (8). 

For the GST and COE families, however, 
rules for classification have not been clearly 
established. Sequence identity and immuno- 
logical relations are the major criteria for the 
assignment of GSTs to a particular subfamily 
("class"), because substrate specificities are 
broad and often overlapping. In many cases, 
the true biological functions of these proteins 
are unknown (3). Seven of the GSTs belong 
to the zeta, omega, theta, and microsomal 
classes, which are represented in a diverse 
range of species, including mammals (3). The 
majority of insect GSTs, however, cannot be 
assigned to recognized mammalian classes. 
Two classes of insect-specific GSTs have 
been described (10), and we have classified 
12 and 7 of the A. gambiae GSTs to the delta 
and epsilon classes, respectively. This still 
left four GST-like proteins that may represent 
previously unknown insect-specific GST 
classes (fig. S1). 

The majority of the COE gene sequences 
were subdivided into eight subfamilies: a-es- 
terases, juvenile hormone esterases, 13-ester- 
ases, gliotactins, acetylcholinesterases, neu- 
rotactins, neuroligins, and glutactin type. The 
juvenile hormone esterase, a-esterase, and 
P3-esterase families form one large ancestral 
clade (fig. S2). These enzymes account for 
the majority of the catalytically active COEs. 
Neurotactin, neuroligin, gliotactin, and 
glutactin are cell surface proteins whose ex- 
tracellular regions show considerable se- 
quence homology to acetylcholinesterase. 
They are generally considered to be noncata- 
lytic with a variety of functions essential to 
development and neurogenesis (11). We have 
identified predicted proteins (COEgltlI-7I 
and COEgltlJ-2J) related to D. melanogaster 
glutactin and (COEnrl2H) neuroligin that 
atypically contain a catalytic serine. The clos- 
est D. melanogaster relatives of these A. 
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gambiae proteins, CG7529 and CG31146 
(fig. S2), also contain a catalytic serine. 

A striking feature of the COE, GST, and 
P450 families in insects is the number of dupli- 
cated genes. These paralogs tend to be clustered 
rather than dispersed throughout the genome. 
Only 9 of 31 GST genes, 16 of 51 COE genes, 
and 22 of the 111 P450 genes are present as 
singletons. There are 16 clusters of 4 or more 
genes. Most of these are composed of paralo- 
gous genes, but clusters composed of genes 
from more than one family are also present. The 
clusters are dispersed on all chromosome arms 
(Table 1), although a "super hyphenated clus- 
ter" is found on chromosome 2L bands 23 to 25 
that contains 23 COE, a single GST, and 11 
P450 gene sequences interrupted by putative 
coding sequences from other gene families. The 
degree of clustering appears more prominent in 
A. gambiae than in D. melanogaster (fig. S3), 
where over 50% of these three gene families are 
found singly or in pairs. This may be partly 
explained by the enhanced capacity of D. mela- 
nogaster to lose DNA and expel pseudogenes 
(12, 13). D. melanogaster has undergone few 
gene duplications in the recent past and has 
fewer gene families than the nematode Caeno- 
rhabditis elegans (13), an observation consis- 
tent with our results from the mosquito. 

Our comparison indicates a considerable ex- 
pansion of the COE (51 versus 36) and P450 
(111 versus 90) gene families in A. gambiae as 
compared to those families in D. melanogaster 
(2, 14). For P450 genes, this mainly reflects an 
expansion of the CYP4 family. For the COE 
family, this is largely due to an increase in the 
number of genes associated with development 
and neuronal function (fig. S2). This expansion 
is most notable in the glutactin subfamily, 
which contains nine members in A. gambiae 
versus four in D. melanogaster (2), but in- 
creased numbers of genes in the juvenile hor- 
mone esterase and (3-esterase subfamilies were 
also found. The expansion of these gene fami- 
lies may confer an increased ability in neuro- 
sensory perception, possibly aiding in chemical 
detection of nutrient sources, natural enemy 
avoidance, or oviposition site recognition by the 
mosquito. 

We do not know whether all the members of 
the COE, GST, and P450 gene families that we 
have identified encode functionally active pro- 
teins. Full-length cDNA sequences have only 
been obtained for about 25% of these genes, 
and several members of these gene families 
may turn out to be transcriptionally silent or 
encode aberrant proteins. Five members of the 
A. gambiae P450 family are pseudogenes and 
one of the GST genes (GSTd6) may also be 
nonfunctional, but no obvious pseudogenes 
were found among the esterases. 

Eventual deflations in the final estimate of 
the number of functionally active proteins 
caused by the identification of pseudogenes 
may be offset by the unearthing of multiple 

transcripts from a single gene generated by 
alternative splicing. The open reading frames of 
two predicted A. gambiae juvenile hormone 
esterase genes overlap, and further analysis 
may reveal that COEjhe2F and COEjhe3F are 
alternatively spliced transcripts of a single gene. 
In the GST family, the gene GSTdl produces 
four alternative, mature GST transcripts, each 
of which contains a common 5' exon spliced to 
one of four distinct 3' exons (15). Our analysis 
of the genome, combined with EST data (16), 
showed that the GSTsl gene (formerly known 
as aggst2-1) (17) is also the product of an 
alternatively spliced gene: A common 5' exon 
is joined to either two or three distinct down- 
stream exons to produce alternative mature 
transcripts. The NH2-terminus of GSTs is the 
most highly conserved region because it con- 
tains residues important in the binding and ac- 
tivation of glutathione, whereas the COOH- 
terminus contains the majority of the residues 
conferring substrate specificity. Thus, splicing 
an exon encoding a common NH2-terminal 
domain to alternative exons encoding vari- 
able COOH-termini is an efficient means of 
expanding the diversity of substrates recog- 
nized by GSTs with a minimal increase in 
gene duplication. 

With whole-genome sequencing projects 
now largely complete for two insect species, we 
can use comparative genomics to ask questions 
related to the evolution of these supergene fam- 
ilies. Secure orthologs between D. melano- 
gaster and A. gambiae, identified by careful 
analysis of phylogenetic trees, comprise less 
than 15% of the full complement of the super- 
gene families. A deficit of true orthologs was 
also found in an analysis of the innate immune 
system in the two Diptera genomes (18). The 
products of the secure orthologs that do remain 
presumably perform essential physiological 
functions and therefore divergent evolution is 
restrained, allowing their recognition as 
orthologs. 

In the majority of cases, rather than true 
orthologs, we can identify orthologous groups 
of paralogous genes, showing that these gene 
families have radiated independently, from 
common antecedent genes, in lower and higher 
Diptera (Fig. 1 and figs. Sl and S2). In many 
instances, the paralogous genes are clustered on 

Table 1. Cytological location of A. gambiae and D. 
for D. melanogaster genes (2, 10, 14, 26). 

GA MBIA E 

the chromosome, indicating that expansion has 
occurred by physically local gene duplications 
or amplifications. In most cases of substantial 
gene expansion between the two species, it is 
not possible to identify the ancestral genes. 
This may be a consequence of a number of 
processes, including functional diversifica- 
tion or displacement, concerted evolution, 
problems with homoplasy, or lack of struc- 
tural constraint. 

The continual process of gene duplica- 
tion and diversification in function or reg- 
ulation has allowed these enzymes to ex- 
pand into new biochemical niches within 
the same time frames in which their host 
organisms respond to environmental and 
ecological changes. A key factor facilitat- 
ing the functional diversification of these 
enzyme families is their permissiveness to 
alterations in their primary structure: Dra- 
matic changes in substrate specificity can 
be achieved by single or small numbers of 
amino acid substitutions (5, 19, 20). Gene 
duplications or point mutations are sources 
of variation subject to selection. Although 
physiological constraints would tend to se- 
lect against such variation, environmental 
stresses may be overcome by positive se- 
lection of new variants. D. melanogaster 
and A. gambiae occupy very different eco- 
logical niches and are thus exposed to dif- 
ferent ranges of exogenous compounds, fa- 
voring the independent radiation of the 
principal enzyme families involved in xe- 
nobiotic detoxification. 

The mitochondrial P450s, a clearly distin- 
guishable clade within the P450 family, illus- 
trates a typical case of all three gene families. 
The phylogeny (Fig. 1) distinguishes two 
types of sequences: the five pairs of true 
orthologs (CYP49A1, 301A1, 302A1, 314A1, 
and 315A1) and two groups of paralogous 
CYP12 genes in each species. The CYP12 
family has expanded independently in D. 
melanogaster and A. gambiae to give rise to 
six and four paralogous genes, respectively. 
The CYP12 family is similar to the CYP6 and 
CYP9 families of microsomal P450 in that 
they are inducible by xenobiotics, contain 
many members arranged in clusters, and are 
involved in xenobiotic metabolism (21). This 

melanogaster GST, COE, and P450 genes. References 

Chromosome arm 
Species Gene class 

X 2L 2R 3L 3R Total 

A. gambiae GSTs 5 1 14 1 10 31 
COEs 1 23 11 15 1 51 
P450s 10 11 47 11 32 111 

D. melanogaster GSTs 3 1 17 5 13 39 
COEs 1 8 6 4 16 35* 
P450s 15 14 34 9 17 89* 

*One P450 gene and one COE gene are unmapped. 
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mitochondrial family is distinct from the five 
pairs of mitochondrial orthologs that proba- 
bly represent enzymes involved in key met- 
abolic pathways. D. melanogaster Cyp302al 
and Cyp315al are synonymous with disem- 
bodied and shadow, the genes encoding the 
C22 and C2 hydroxylases of the ecdysteroid 
biosynthetic pathway from cholesterol, re- 
spectively (22). 

The specific functions of insect GSTs are 
largely unknown, but patterns of orthology may 
provide clues to in vivo functions. All the insect 
GSTs that have been implicated thus far in 
xenobiotic metabolism belong to either the del- 
ta or epsilon classes (10). A similar association 
occurs with the ot-esterase subfamily of COEs 
(2, 5). Insect-specific subfamilies of GSTs, 
COEs, and P450s have expanded and radiated 
independently in A. gambiae and D. melano- 
gaster, presumably in response to environmen- 
tal change. GSTs and COEs from clades repre- 
sented in nonarthropod taxa typically contain 
orthologous genes and are predicted to be in- 
volved in essential physiological pathways. 
Two GST genes (GSTul and GSTu4) and one 
COE gene (COEllo) that are currently unas- 
signed to any subfamily have clear orthologs in 
D. melanogaster, suggesting that these genes 
perform a vital metabolic function within in- 
sects (figs. S1 and S2). 

To identify genes encoding enzymes in- 
volved in insecticide resistance, one approach is 
to extrapolate from examples in other insects 
where individual genes have been convincingly 
implicated in resistance and search for their 
orthologs in A. gambiae. This was successfully 
used to identify mutations in esterase genes in 
the housefly that are associated with resistance 
to organophosphates (5). Orthologous ot-ester- 
ase clusters composed of paralogous duplica- 
tions or gene amplifications often share spatial 
and temporal expression patterns that predis- 
pose these genes to selection by insecticides. 

Amplified Esterase A and Esterase B of mos- 
quitoes (COEaelG and COEae2G) are notable 
examples (2) (fig. S2). 

Unfortunately, this approach appears un- 
likely to succeed in identifying the members 
of the GST and P450 families involved in 
resistance, either because the resistance-asso- 
ciated genes in other species have not yet 
been clearly defined or because the orthology 
is either too tenuous or nonexistent. For ex- 
ample, in D. melanogaster two P450 genes, 
CYP6A2 and CYP6G1, are involved in DDT 
resistance (23, 24), but these are each con- 
tained within paralogous sets of genes in 
Drosophila and neither set has secure Anoph- 
eles orthologs. Nonetheless, knowledge of 
the full complement of these gene families 
will rapidly allow the design of specific DNA 
microarrays to identify those genes overex- 
pressed in insecticide-resistant A. gambiae 
strains. 

The physical mapping of the majority of the 
A. gambiae genes enables us to identify genes 
found within the boundaries of known resis- 
tance-associated loci as determined by genetic 
mapping studies (1, 25). So far, two loci asso- 
ciated with resistance to DDT and two loci 
associated with resistance to pyrethroids have 
been genetically mapped in A. gambiae. One of 
the major DDT-resistance loci colocalizes with 
two members of the epsilon GST class, one of 
which is able to detoxify DDT (10). We have 
now identified six more GST genes sequential- 
ly arranged within this region of the genome on 
3R division 33B, all of which are now under 
scrutiny for their role in DDT resistance. As for 
the two major pyrethroid resistance loci, one is 
probably an altered allele of the sodium channel 
gene encoding the pyrethroid-target site, but 
biochemical data suggest that the second locus 
is involved in oxidative metabolism of the in- 
secticide. We can now confirm that several 
large clusters of cytochrome P450 genes coin- 

Fig. 1. Phylogenetic CYP12A4 * v ? 
tree of the mitochon- CYP12A5 * v e 
drial P450 proteins of CYP12C1 
D. melanogaster and - CYP2D1 D. CYP12E1 -l--V-V 
A. gambiae. Align- CYP12B2 -* v v 

ment was by the pro- CYP12F1 -*--V s * . 

gram CLUSTALX, fol- CYP12F2 --^ V*- * v 
lowed by Phylip's CYP12F301 A1t v . S 

Protpars. CYP9L1 was CYP301 Al -AT- - 

used as the out- { CYP301A1 v v 
group. The mitochon- 1 CYP49A1 --^ .V-' .A. 
drial P450s are recog- CYP49A1 - - v * -- 

nized as a group ._ CYP302A1 A * 
CYP302A1 --* V A 

by their amphipathic I CYP314A1 - v * * * 
NH2-terminus (mi- - CYP314A1 v A v * * e 

tochondrial-targeting E CYP315A1 A * 

sequence) and by L CYP315A1 v A * 
two conserved basic Y9 
residues involved in the interactions with the redox partner (adrenodoxin). A. gambiae proteins are 
shown in red, D. melanogaster in black. The schematic alignment next to the tree shows the 
position of introns in the genes: phase 0 (0), phase 1 (A), and phase 2 (V). On the 20 sequences 
representing the mitochondrial P450s of both species, there are 22 different intron positions. 
Multiple instances of intron loss and gain in the 250 million years of divergence are evidenced on 
the pairs of orthologs. 

cide with this resistance locus. The colocaliza- 
tion of the insecticide resistance-associated loci 
with large clusters of structural genes may still 
be coincidental, especially as the mapping res- 
olution is very low at this point, but the data 
from the genome sequencing project has given 
a credible starting point for the elucidation of 
the roles that these gene families play in insec- 
ticide resistance (1). 
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