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Abstract
Anopheles sinensis is an important malaria vector in China and other Southeast Asian coun-

tries, and the emergence of insecticide resistance in this mosquito poses a serious threat to

the efficacy of malaria control programs. The recently published An. sinensis genome and

transcriptome provide an opportunity to understand the molecular mechanisms of insecti-

cide resistance. Analysis of the An. sinensis genome revealed 174 detoxification genes,

including 93 cytochrome P450s (P450s), 31 glutathione-S-transferases (GSTs), and 50

choline/carboxylesterases (CCEs). The gene number was similar to that in An. gambiae,
but represented a decrease of 29% and 42% compared with Aedes aegypti and Culex quin-
quefasciatus, respectively. The considerable contraction in gene number in Anopheles
mosquitoes mainly occurred in two detoxification supergene families, P450s and CCEs.

The available An. sinensis transcriptome was also re-analyzed to further identify key resis-

tance-associated detoxification genes. Among 174 detoxification genes, 124 (71%) were

detected. Several candidate genes overexpressed in a deltamethrin-resistant strain (DR-

strain) were identified as belonging to the CYP4 or CYP6 family of P450s and the Delta

GST class. These generated data provide a basis for identifying the resistance-associated

genes of An. sinensis at the molecular level.

Introduction
Malaria is a major public health problem in tropical and subtropical regions [1, 2]. Indeed,
according to the World Health Organization (WHO), an estimated 198 million people were at
risk of malaria, which caused approximately 584 000 deaths worldwide in 2013 [3]. Malaria is
transmitted via the bites of infected female Anophelesmosquitoes, which includes nearly 484
species, distributed in seven subgenera [4, 5]. Anopheles sinensis is one of the major malaria
vector mosquitoes in East Asia, ranging from the Philippines to Japan. [6–8]. Increased atten-
tion has been paid to this species because of its wide geographic distribution, high density and
modest susceptibility to malaria [9, 10].Recently, vivaxmalaria has re-emerged in the areas
where An. sinensis was the main vector in central China and Korea [11, 12].
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Mosquito vector control is one of the most effective measures to prevent and control
malaria, which particularly relies on the use of insecticides [13]. Unfortunately, excessive and
continuous use of insecticides has resulted in the development and rapid spread of resistance,
which represents the major obstacle to malaria control and elimination [14]. An. sinensis has
developed resistance to various classes of insecticides and this resistance increased strikingly
during 1990s in malaria endemic areas in China [15, 16]. Resistance to insecticides in An.
sinensis was also reported in Korea, which hampered effective malaria control [17, 18]. In the
battle against malaria, insecticide resistance monitoring and management is a key element.

The evolution of insecticide resistance occurs through complicated mechanisms, typically
requiring the interaction of multiple genes [19]. Knowledge of the molecular mechanism of
insecticide resistance is a basic requirement for resistance management. The resistance mecha-
nisms against insecticides are mainly classified into two major groups: increased metabolic
detoxification and reduced target site sensitivity [20]. The detoxification enzymes typically
linked to insecticide resistance mainly include three major supergene families: cytochrome
P450 monooxygenases (P450s), glutathione S-transferases (GSTs) and carboxyl/cholinesterases
(CCEs). P450s are involved in the resistance to almost all insecticides [21–23], GSTs are mainly
involved in 1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethylene (DDT) and organophosphate
(OP) resistance [24] and CCEs are mainly involved in OP and carbamate resistance [25]. These
three detoxification supergene families are generally quite numerous in the process of environ-
mental detoxification interactions and enzymatic defense against xenobiotics [26]. Although
the important role of detoxification supergene families in the evolution of insecticide resistance
is well studied, only a small subset of the detoxification genes has been previously described
and analyzed in An. sinensis.

In this study, we utilized the published genomic sequence of An. sinensis [27] to fully char-
acterize the detoxification supergene families. The comparative genomic analysis with other
three major mosquito vectors of human diseases (An. gambiae, Aedes aegypti and Culex quin-
quefasciatus) and Drosophila melanogaster could form the basis for further studies on the ori-
gin and evolutionary patterns of these supergene families during their different and complex
life cycles. The available transcriptomic data of An. sinensis was also re-analyzed to identify
detoxification genes associated with insecticide resistance.

Materials and Methods

Gene identification, annotation and phylogenetic classification
To identify P450, GST, and CCE genes in An. sinensis, we scanned the An. sinensis whole
genome sequencing database at the NCBI (BioProject Accession: PRJNA209295; http://www.
ncbi.nlm.nih.gov/bioproject/PRJNA209295) using blastp with default parameters and using
known detoxification genes from D.melanogaster [28–30], An. gambiae [31], Ae. aegypti [32]
and C. quinquefasciatus [33] as a first step. Subsequently, the three groups of detoxification
enzymes of An. sinensis were identified by the HMMER program (http://hmmer.janelia.org/)
with the protein domains for P450s (PF00067), GSTs (PF00043 and PF02798) and CCEs
(PF00135), as described in the Pfam database. The results of the two different approaches were
then merged. The special characteristics of P450, GST, and CCE genes were finally applied to
confirm their candidature. Insect P450 are generally about 500 amino acids long. The heme-
binding domain and conserved region FXXGXXXCXG allows identification of putative P450
sequences [29]. The sequences of GST were verified for conserved protein length (about 200
amino acids), and the presence of a SNAIL/TRAIL motif [34]. The catalytic triad sequence
(Ser-His-Glu) was used to identify CCEs [34]. Protein sequences of the detoxification genes
were aligned using ClustalW and phylogenetic trees for all three detoxification supergene
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families were determined by the neighbor-joining method with distance bootstrap values (1000
replicates). P450s were classified and named according to the guidelines of the P450 nomencla-
ture committee (http://drnelson.uthsc.edu/CytochromeP450.html). With respect to GST and
CCE genes, however, rules for classification have not been clearly established. Sequence iden-
tity and phylogenetic relationship were the major criteria for the assignment of GSTs and
CCEs to “class” and “clade”, respectively. The gene orthology predictions were generated by
using Ensemble Gene Tree method. This method was based on the algorithm PHYML for mul-
tiple protein sequence alignments generated using MUSXLE for each gene family containing
sequences among mosquito species and D.melanogaster. Gene trees were reconciled with the
species trees using the RAL algorithm to call duplication events on internal nodes and to root
the trees. According to the results of each gene tree, the relations of orthology were inferred
[35].

Transcriptomic analyses of resistance-associated detoxification genes
The available An. sinensis transcriptome was re-analyzed for insecticide resistance-associated
detoxification genes [27]. In the previous study, the field population of An. sinensis was col-
lected from Shifosi (N29.95, E115.62) town of Hubei Province in 2011. After 2 to 3 day post
adult emergence, non-blood female adult mosquitoes were phenotyped for susceptibility to
0.05% deltamethrin, using the standard WHO tube susceptibility bioassay, and were subse-
quently grouped as deltamethrin-susceptible strain (DS-strain) and deltamethrin-resistant
strain (DR-strain). The mosquitoes which knocked down after one-hour exposure were classi-
fied as DS-strain, and those survived after the 24-hour recovery period were classified as DR-
strain. Two libraries (DS-strain and DR-strain) were constructed to provide transcriptomic
data to assess the assembly quality of the An. sinensis genome (BioProject Accession:
PRJNA293400; http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=GDKS01). In the present study,
unigenes extracted from the transcriptome were BLAST searched against the identified An.
sinensis detoxification genes with default parameters. A cutoff e-value of 1e-5 was used.
Genes were identified as differentially expressed if they exhibited two-folds or greater changes
between the DS-strain and DR-strain (|log2Ratio|� 1), statistical significance at P< 0.001 and
had a false discovery rate (FDR)� 0.001.

Results and Discussion

Detoxification supergene families
After merging the gene sets generated by Blastp and HMMER, 184 detoxification sequences
were identified. A manual review identified the vast majority of these sequences as full-length
genes, although 24 sequences were identified as partial detoxification genes with high similari-
ties to P450s or CCEs. These partial sequences usually locate at the start of scaffold, next to the
internal gap and probably a result of assembly errors. Two truncated GST sequences were
identified as C-terminal and N-terminal fragments of the same protein, respectively. The same
situation also existed in the other sixteen truncated P450 sequences. Thus, the number of
detoxification genes in An. sinensis was ultimately determined as 174, including 93 P450, 31
GST and 50 CCE genes (Table 1).

Then, we matched these identified detoxification genes against An. sinensis transcriptomic
data (adult females only). Among 174 detoxification genes, 29% of the genes were neither
detected in the DS-strain nor in the DR-strain, which could be explained as male- or juvenile-
specific genes or untranscribed pseudogenes. As shown in Table 1, 73 (78%) P450s, 25 (81%)
GSTs and 26 (52%) CCEs were expressed in at least one library. This result appeared similar to
another study showing that 77% of P450s, 83% of GSTs and 65% of CCEs in C. quinquefasciatus
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could be identified in any life stage (egg, larva, pupa or male/female adult) [33]. In these twomos-
quito species, both P450s and GSTs exhibited a relatively high detectable rate with the exception
of CCEs. Possibly because there are high numbers of CCE pseudogenes distributed in the whole
mosquito genome. These pseudogenes are present but unable to function. It’s also possible that
some CCEs may be usually in silent and could not be transcribed. Only when in response to a
particular stimulation, their transcription and translation could be activated.

Cytochrome P450s
Genome level analysis of P450s. The phase I detoxification enzymes, P450s, are involved

in the metabolism of a diverse array of endogenous and xenobiotic compounds [36]. P450s
constitute one of the largest and oldest gene superfamilies in insects. The functional and evolu-
tionary diversification of P450s has contributed to the success of insects to adapt to almost
every ecological environment [37].

All the identified P450s were classified and named according to the guidelines of the Cyto-
chrome P450 nomenclature committee, using standard conventions for this gene superfamily
(S1 Table). The phylogenetic trees of P450 sequences were constructed based on their consen-
sus sequences (Fig 1A). The P450 clans are higher order groupings of P450 families. P450
genes within the same clan have likely diverged from a single gene ancestor [38]. The 93 P450s

Table 1. Number and class distribution of detoxification genes in Anopheles sinensis, Anopheles gambiae, Aedes aegypti, Culex quinquefasciatu-
sin andDrosophila melanogaster.

Classification An. sinensis An. gambiae Ae. aegypti C. quinquefasciatus D. melanogaster

P450 CYP2 clan 8 10 11 14 6

CYP3 clan 44 42 84 88 36

CYP4 clan 34 45 59 83 32

Mitochondrial clan 7 9 10 11 11

GST Delta class 12 12 8 14 11

Epsilon class 7 8 8 10 14

Omega class 1 1 1 1 5

Sigma class 1 1 1 1 1

Theta class 2 2 4 6 4

Zeta class 1 1 1 0 2

Unclassified class 7 3 3 3 0

CCE B clade 22 16 22 30 13

D clade 0 0 0 1 3

E clade 2 4 2 3 2

F clade 7 6 7 13 3

G clade 4 4 6 9 0

H clade 4 10 7 6 5

I clade 1 1 1 1 1

J clade 2 2 2 2 1

K clade 1 1 1 1 1

L clade 5 5 5 3 4

M clade 2 2 2 2 2

Total 174 185 245 302 157

Data of A. gambiae, A. aegypti and D. melanogaster were taken from Oakeshott et al. [26]

Data of C. quinquefasciatus was taken from Yan et al. [33]

doi:10.1371/journal.pone.0143387.t001
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Fig 1. The phylogenetic analysis of cytochrome P450s, glutathione-S-transferases and choline/carboxylesterases. (A) Unrooted distance neighbor-
joining tree showing the phylogeny of cytochrome P450s from the genomes of Anopheles sinensis (red circle), Aedes aegypti (green square) andCulex
pipiens quinquefasciatusin (aqua triangle). (B) Unrooted distance neighbor-joining tree showing the phylogeny of glutathione-S-transferases from the
genomes of Anopheles sinensis (red circle), Anopheles gambiae (blue triangle), Aedes aegypti (green square),Culex pipiens quinquefasciatusin (aqua
triangle) and Drosophila melanogaster (pink rhombus). (C) Unrooted distance neighbor-joining tree showing the phylogeny of choline/carboxylesterases from
the genome of Anopheles sinensis (red circle), Aedes aegypti (green square) andCulex pipiens quinquefasciatusin (aqua triangle). The percentage of
bootstrap confidence values greater than 70% (1000 replicates) is indicated at the nodes.

doi:10.1371/journal.pone.0143387.g001
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identified in An. sinensis were gathered into four distinct clans, CYP3, CYP4, CYP2 and mito-
chondrial CYP. There were 44 P450s in CYP3 (47%), 34 in CYP4 (37%), 8 in CYP2 (9%) and 7
in the Mitochondrial CYP clan (8%). As in other dipteran insects, the majority of the P450s
were represented by the CYP3 and CYP4 clans, and each accounted for about 35–45% of the
total P450 genes [26]. These two clans in Diptera appeared to have undergone significant spe-
cies-specific radiations.

There were 44 CYP3 clan sequences in An. sinensis, which was similar to the numbers
found in An. gambiae, but just half of that in Ae. aegypti and C. quinquefasciatus. An. sinensis
has two CYP3 clan families: CYP6 and CYP9.

The CYP6 family is insect specific and evolutionary related to vertebrate CYP3 and CYP5
families [29, 39]. Thirty-one CYP6 genes could be further classified into 14 subfamilies. It
should be noted that there was one novel subfamily, with a single sequence, CYP6HP1. The top
BLAST hit for CYP6HP1 was An. gambiae CYP6R1v1. An. sinensis CYP6HP1 has only 51%
identity with An. gambiae CYP6R1v1; therefore, it was difficult to predict whether the function
was conserved between these two genes. Most of the subfamilies had one or two members.
Expansion was observed in two subfamilies, CYP6M and CYP6Z, both containing five genes.
Within the CYP6M subfamily, three out of five genes had orthologs in An. gambiae. However,
no clear ortholog to the An. sinensis CYP6Z genes was identified in An. gambiae. The loss of
CYP6R genes in An. sinensis was observed while this subfamily was conserved throughout the
Anophelesmosquitoes [40].

Like CYP6, the CYP9 family contains only insect P450s. Thirteen CYP9 genes could be
divided into four subfamilies: 9J, 9K, 9L and 9M. A majority of the CYP9 genes were in CYP9J
subfamily, accounting for 60% of the CYP9 family. These CYP9J genes were physically clus-
tered in the same scaffold (scf7180000696055). These increased amounts of tandem duplica-
tions leading to the expansion of CYP9J subfamily compared with An. gambiae. None of the
CYP9J genes had orthologs in An. gambiae.

CYP4 was the second biggest clan in An. sinensis, comprising 34 members and could be
arranged into two insect specific families (CYP4 and CYP325) and 16 subfamilies. However,
the distribution of P450 members across the four clans in An. gambiae was inconsistent with
three other mosquito species, as An. gambiae has slightly fewer members in the CYP3 clan and
CYP4 is the biggest clan on its genome.

CYP4 family members account for fully 65% of the An. sinensis CYP4 clan. Nineteen out of
twenty-two members in this family have orthologous genes in An. gambiae, which suggested a
similar role for the CYP4 family in the two Anophelesmosquitoes. Among them, two An. sinen-
sis genes (GenBank ID: KFB44985 and KFB44986) were co-orthologous to CYP4J9 in An. gam-
biae. The CYP4C is the largest subfamily, containing six members. Members of the insect
CYP4G subfamily are notable for an unusually long insertion between helices F and G and a
nontraditional N-terminal sequence. Compared with An. gambiae, a relatively large number of
CYP4H losses in An. sinensis was observed (e.g. CYP4H15, 16, 18, 19, 24, 16 and 27), which
resulted in the contraction of this subfamily.

The CYP325 family could be divided into two groups: one comprising subfamilies 325B,
325C and 325K, and another comprising subfamilies 325A, 325F, 325G, 325H and 325J. Com-
pared with An. gambiae, CYP325D and CYP325E were lost in An. sinensis. The absence of
CYP325D was also observed previously in An. albimanus and An.merus [40].

The CYP2 clan encompasses approximately 5.5–10% of the total P450s in most insects. In
An. sinensis, there are eight CYP2 members (9%) arranged into five families, with 1–2 members
in each family. The CYP2 members are fairly well conserved across the Diptera with limited
examples of lineage specific duplications or losses. For example, CYP18A1, a conserved gene
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throughout the Anophelesmosquitoes (including An. sinensis), was not detected in any mem-
ber of the An. gambiae complex [40].

To date, mitochondrial CYPs have only found in animals, and not in fungi or plants [41].
The microsomal CYP is a minor group among the total CYP family members of animals. The
percentage of mitochondrial CYPs in the Anophelesmosquitoes (8%) was slightly more than
the 6% in Aedes and Culexmosquitoes. The An. sinensismitochondrial clan comprises CYP12,
CYP302, CYP314 and CYP315 families. In seven mitochondrial CYPs, four genes belonged to
CYP12F. The remaining mitochondrial CYPs (CYP302A1, 314A1 and 315A1), which are of
unknown function, were originally thought to have 1:1:1 orthologies in the honeybee, mosquito
and fruit fly [42]. However, these three mitochondrial CYPs in An. sinensis lacked clear orthol-
ogies to the above species. In addition, the CYP315 family in C. quinquefasciatus has not been
identified [33].

Resistance associated P450s. According to the comparative transcriptomic results, of the
five overexpressed P450s in the An. sinensis DR-strain, four P450s were represented by the
CYP6 family and the remaining one was from CYP4 family (Table 2). These overexpressed
CYP6 genes have been previously reported to be responsible for the resistance to insecticides in
other mosquito species. For example, CYP6P2 was recently found to be overexpressed in bend-
iocarb resistant An. gambiae [22]. The over-transcription of CYP6AA1 and CYP6M3 in An.
gambiae was associated with pyrethroids/DDT and dieldrin resistance [43]. CYP6M7 in An.
funestus (the ortholog of CYP6M3) was located in the genomic region spanning the pyrethroid
resistance rp2QTL and considered responsible for extending pyrethroid resistance [44]. Over-
expression of these CYP6 genes linked repeatedly with insecticide resistance phenotype sug-
gested a common feature in detoxification of insecticide in mosquito populations, which may
provide potential candidates for P450-mediated insecticide resistance monitoring and manage-
ment in An. sinensis. KFB40666, An. gambiae CYP4H14 ortholog, showed the largest increase
in transcription in the An. sinensis DR-strain. Although other members in the subfamily
CYP4H have been implicated in DDT resistance in An. gambiae [45] and pyrethroid resistance
in Ae. albopictus [46], CYP4H14 has not been reported to be involved in insecticide-resistance.
Its role in mosquito insecticide resistance required further investigation.

Table 2. Differential expression of Anopheles. sinensis detoxification genes between deltamethrin-susceptible and -resistant strains.

Protein NCBI_ID Classification log2(resistant/ susceptible)

P450 scf7180000695742.43 KFB40666 CYP4H14 9.18

scf7180000695236.50 KFB36093 CYP6AA1 5.59

scf7180000695502.5 KFB36870 CYP6M17 3.45

scf7180000695935.4 KFB42894 CYP6M3 3.40

scf7180000695236.60 KFB36103 CYP6P2 2.67

scf7180000695685.3 KFB39402 CYP6Y2 -5.63

scf7180000695502.6 KFB36871 CYP6M18 -4.32

scf7180000695502.2 KFB36867 CYP6M1 -3.28

scf7180000696055.157 KFB49805 CYP9L -2.84

scf7180000696055.156 KFB49804 CYP9L -2.84

GST scf7180000696131.148 KFB53540 Delta 6.19

scf7180000696131.147 KFB53539 Delta 1.51

scf7180000695709.152 KFB40227 Theta -1.49

CCE scf7180000695675.2 - L -4.39

scf7180000696049.274 KFB48754 E -1.66

doi:10.1371/journal.pone.0143387.t002
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We also identified five P450s expressed at lower levels in transcription in the An. sinensis
DR-strain. It has been suggested that down-regulation of P450s may play roles in insecticide
resistance because mosquitoes need to protect the cells from the deleterious effects of up-regu-
lated P450s and thus balance the usage of energy, O2, or other components needed for the syn-
theses proteins [47–49]. Thus, we hypothesize that these poorly expressed P450s may be linked
with adaptive or homeostatic response, which would be an advantage in the insecticide resis-
tant mosquitoes. That may offer part of the explanation for why the expression profiles were
different among the members in the gene-expanded cluster, CYP6Ms.

Glutathione-S-transferases
Genome level analysis of GSTs. Thirty-one GST genes were identified in An. sinensis,

which are approximately 10% and 19% gene-expanded compared with An. gambiae and Ae.
aegypti, respectively, while similar gene numbers were found in C. quinquefasciatus (S2 Table).
Their classification was performed based on sequence homology and phylogenetic relation-
ships with the known GSTs (Fig 1B) [26]. The identified An. sinensis GSTs could be divided
into seven classes: Delta, Epsilon, Omega, Sigma, Theta, Zeta and Unclassified. The Unclassi-
fied class is absent from Drosophila and the Zeta class is absent from Culex, while each of the
GST classes was found in Aedes and the two Anophelesmosquitoes.

The GST supergene family belongs to the phase II detoxification system, which conjugates
endogenous and xenobiotic toxins with electrophilic centers to glutathione [50]. In An. sinen-
sis, over half of the GSTs belonged to the Delta (12, 39%) and Epsilon (7, 23%) classes, which
were also the two largest classes of GSTs in other mosquitoes and in the fruit fly. However,
the proportion of the Delta class in non-dipteran insects were relatively smaller, such as 8%
in Tribolium castaneum (Coleoptera) [51] and 17% in Bombyx mori (Lepidoptera) [52]. In
some hymenopteran insect orders, such as Apis mellifera and Nasonia vitripennis, no Epsilon
class GSTs have been identified [26]. The expansion of the Delta and Epsilon classes in dip-
teran insects possibly occurred independently after the split between the dipteran and non-
dipteran insects, presumably in response to diverse aspects of biology, and satisfying the spe-
cific needs of dipterans during adaptation to different environmental challenges. Within the
An. gambiae Delta and Epsilon GST classes, there is evidence of recent internal duplications
within gene clusters [53]. In the An. sinensis genome, 12 Delta GSTs are in the same scaffold
(scf7180000696056) and seven Epsilon GSTs are arranged in two scaffolds (scf7180000696106
and scf7180000695681), suggesting the expansion of Delta and Epsilon classes in An. sinensis
may be partly the result of local gene duplications.

A proportion of GSTs, which are as yet unrecognized in the absence of clarifying immuno-
logical or biochemical data, were grouped into the Unclassified class. In the present analysis,
seven GSTs belonged to the Unclassified class in An. sinensis. Based on the classification pro-
vided by Lumjuan et al. [32], some Unclassified GST members could be provisionally classified
as two new classes (Xi and Iota classes), which have so far been found uniquely in mosquitoes.
The phylogenetic analysis indicated that five Unclassified GSTs (GenBank ID: KFB41605-1608
and KFB39026) as a single clade (99% bootstrap support) may belong to the Xi class. Relative
to other mosquito species (one gene per species), multi-copy orthologs with several gene dupli-
cations represented an expansion of the Xi class in An. sinensis (Fig 2). This class of GSTs has
been previously implicated in protecting mosquitoes against heme toxicity during blood feed-
ing [54]. A single Unclassified GST (GenBank ID: KFB48878) was identified as belonging to
the Iota class, which is the same in in other mosquito species. The remaining Unclassified GST
(GenBank ID: KFB39334) observed in An. sinensis, AsGSTU4, has 1:1:1:1 orthologs in An.
gambiae, Ae. aegypti and C. quinquefasciatus. AsGSTU4 was closely associated with the Epsilon
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class members in the phylogenetic analysis and was located with the majority of the Epsilon
class GSTs on the same scaffold (scf7180000695681), which suggested that it should be treated
as a member of the Epsilon class. In both C. quinquefasciatus and An. gambiae, GSTU4 was
classified as an Epsilon GST [55].

The widely distributed, non-insect-specific GSTs showed less duplication in An. sinensis. Of
the remaining genes, two GSTs belonged to the Theta class. Although there are few Theta
GSTs, they are highly conserved and were originally thought of as the progenitor class of all
GSTs [56]. The ubiquitous Omega, Zeta and Sigma classes were each represented by a single
gene in An. sinensis. The study of Apis cerana provided evidence that the expressions of Omega
class GSTs could be induced by various abiotic stresses, which suggested that they play protec-
tive roles in counteracting oxidative stresses [57]. Zeta class GSTs are widely distributed in
nature, from plants to animals [58]. However, this class has not yet been identified in C. quin-
quefasciatus. Although a single Sigma GST gene was identified in the genomes of the four spe-
cies of mosquitoes, alternative splicing in two mosquitoes, An. gambiae and Ae. aegypti,
increased the number of sigma GST transcripts to two.

Resistance associated GSTs. The largest GST classes in An. sinensis were the insect spe-
cific Delta with 12 members. In the present transcriptomic re-analysis, we noticed overex-
pressed GST mRNAs belonging to the Delta class (Table 2). As noted above, these results were
consistent with the concept that that this GST class is frequently involved in insecticide-resis-
tance [59–61]. The best hit homologies of two overexpressed GSTs (GenBank ID: KFB53539
and KFB53540) were to An. gambiae GSTD2 and GSTD1. GSTD1, which was able to directly

Fig 2. The phylogenetic analysis of glutathione-S-transferases. Unrooted distance neighbor-joining tree showing the phylogeny of glutathione-S-
transferases from the genomes of Anopheles sinensis (red circle) and Anopheles gambiae (blue triangle). The percentage of bootstrap confidence values
greater than 70% (1000 replicates) is indicated at the nodes.

doi:10.1371/journal.pone.0143387.g002
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detoxify DDT and pyrethroid, play an important role in insecticide metabolism [59, 60, 62].
Here, we suspect the overexpression of GSTD1 participate in pyrethroid resistance in An.
sinensis through the proven GSH conjugation pathway. The expression level of Drosophila
GSTD2 gene could increase in response to heavy metals, such as cadmium and zinc [63]. It was
also interesting to note that GSTD1 and GSTD2 were located next to each other on the same
scaffold, suggesting a possible role in resistance for co-expression of these two genes under a
common regulatory element.

By contrast, using these same cut-off values, one Theta GST (GenBank ID: KFB40227) was
poorly expressed in the An. sinensis DR-strain (Table 2). The possible role of Theta class in
insecticide resistance in insects has been proven. For example, AcGSTT1-1 is found to bind to
organophosphates in An. cracens [64] and NlGSTt1 was also insensitive to most insecticides
except for chlorpyrifos in Nilaparvata lugens [65]. The effect of KFB40227 in insecticide resis-
tance still need to be further studied.

Carboxyl/cholinesterases
Genome level analysis of CCEs. Fifty CCE sequences were identified in An. sinensis (S3

Table). The classification system described by Oakeshott et al. was used to designate the clades
in the CCEs phylogeny and this is reproduced in Fig 1C [26]. The insect CCEs fell into three
major groups based on their cellular functions: the dietary/detoxification group, the hormone/
semiochemical processing group and the neuro/developmental group. These three groups
could be further classified into 11 clades: α-esterases (B), integument esterases (D), β-esterases
(E), dipteran JH esterases (F), lepidopteran JH esterases (G), glutactins (H), unknown (I), ace-
tylcholinesterases (J), gliotactins (K), neuroligins (L) and neurotactins (M). Ten clades, except
D, were identified in An. sinensis. Clade D includes integumental CCEs implicated in phero-
mone processing [66]. To date, just one clade D member has been detected in C. quinquefascia-
tus, and there is no direct data showing that this clade is represented in other mosquitoes [33].

The dietary/detoxification group contains the A–C clades. Only clade B appeared in Dip-
tera. Compared with other insect orders, α-esterases remained dipteran-specific radiations and
had the most members. Among the CCEs identified in the An. sinensis genome, 44% (22
genes) belong to the α-esterases, which is consistent with other Diptera (30 to 50%). An. sinen-
sis shows an obvious expansion in one cluster with five members (GenBank ID: KFB36095–
36099) (Fig 3). The high level of identity and adjacent genomic locations, together with the
lack of clear orthologs in other mosquito species suggested that this might be a rapidly evolving
α-esterase cluster. Unlike the rapid radiation of other α-esterases, the esterase A (GenBank ID:
KFB50589) and esterase B (GenBank ID: KFB50590) are well conserved and 1:1:1:1 orthologs
were found across An. sinensis, An. gambiae, Ae. aegypti and C. quinquefasciatus. These two
esterase genes are encoded by two closely linked genes [67]. In An. sinensis, the esterase A and
esterase B are adjacent genes on the same scaffold, scf7180000696057.

An. sinensis has 13 members of hormone/semiochemical processing group (D–G clades).
The E clade is conserved among the four mosquito species and fruit fly, with two to four β-
esterases. The numbers of juvenile hormone esterases (F and G clades) are relatively conserved
among the Aedes and two Anophelesmosquitoes, and are largely different from the expansion
found in the Culex or the contraction in Drosophila. There are fewer neuro/developmental
group members (H–M clades) CCEs in An. sinensis than in the other three mosquito species.
This difference is related to a considerable decrease in the level of glutactin, and suggested that
genes have been lost during its evolution. Glutactin plays a part in the structure of the envelope
of the central nervous system, muscle apodemes and dorsal median cell processes in D.melano-
gaster and is thought to be associated with intercellular ordering and adhesion [68]. At present,
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the role of glutactin in mosquitoes is unclear. For the remaining five clades, the distributions of
CCEs were conserved to the extent that almost the same numbers were found in each clade in
the four mosquito species, except for clade L in C. quinquefasciatus. Most insects have two
genes encoding acetylcholinesterase (AchE): ace-1 and ace-2 [69–79]. These two genes are
paralogous and orthologous, respectively, to the Drosophila ace gene and arose from ancient
gene duplication before the radiation of the Arthropoda.

Resistance associated CCEs. Among all expressed CCE transcripts, only two genes were
poorly expressed in the An. sinensis DR-strain, which belonged to E and L clades, respectively.
The data available for β-esterases in insects indicate a diversity of functions. The E4 and FE4
esterases were involved in OP resistance inMyzus persicae [80]. The Drosophila Est6 and Est7
were important in reproductive physiology [81, 82]. The antennal Apo1PDE esterase in silk-
moth Antheraea polyphemus could degrade sex pheromone [66]. The function of An. sinensis
β-esterases in pyrethroid resistance was unclear and required further investigation. An. sinensis
neuroligins show remarkable conservation among other mosquitoes and D.melanogaster.

Fig 3. The phylogenetic analysis of α-esterases. Unrooted distance neighbor-joining tree showing the
phylogeny of α-esterases from the genomes of Anopheles sinensis (red circle), Anopheles gambiae (blue
triangle), Aedes aegypti (green square), Culex pipiens quinquefasciatusin (aqua triangle) and Drosophila
melanogaster (aqua triangle). The percentage of bootstrap confidence values greater than 70% (1000
replicates) is indicated at the nodes.

doi:10.1371/journal.pone.0143387.g003
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Neuroligins are a clade of cell adhesion molecules which participate in bi-directional protein-
protein interactions at the synapse [83, 84]. However, the relationship of neuroligins with the
pyrethroid resistance phenotype has not been reported.

To our surprise, no overexpressed CCEs was observed in transcription in the An. sinensis
DR-strain. A possible explanation is that CCEs are mainly involved in OP and carbamate resis-
tance. The molecular basis of this resistance mechanism mainly includes the amplification of
CCE genes, increased expression or enzymatic activity or mutations in ace-1 [85–89]. A latest
research also showed CCEs played a role in causing a high level of deltamethrin resistance
under high insecticide selection pressure in the laboratory stain of C. pipiens pallens [90].
Whether CCEs are involved in permethrin resistance maybe depends on the level of resistance.

Insights into diverse detoxification genes across species
The split between subfamilies Anophelinae and Culicinae was estimated as ~122 million years
ago, much earlier than the date of the divergence between An. sinensis and An. gambiae (~52
million years ago) [27]. Similar numbers of detoxification genes were found in An. sinensis and
An. gambiae, but just two thirds of those in Ae. aegypti and two fifths of those in C. quinquefas-
ciatus. Compared with the Anophelinae, the P450 and CCE supergene families showed pro-
nounced expansion in the Culicinae genome, exhibiting higher rates of sequence divergence.
There are several possible explanations for the difference of gene counts in these mosquito spe-
cies: preference for breeding sites, geographic distribution and vectorial capacity.

Anopheles has a preference for clean water habitats, while Culex prefers water heavily con-
taminated with organic material [91]. The expansion of detoxification genes in C. quinquefas-
ciatusmay have played a role in rendering this species particularly adaptable to polluted water.

Both Ae. aegypti and C. quinquefasciatus inhabit tropical and subtropical regions through-
out the world, whereas An. gambiae is mainly distributed in sub-Saharan Africa and An. sinen-
sis is restricted to Southeast Asia. The geographic ranges of Ae. aegypti and C. quinquefasciatus
are much wider than those of the two Anophelesmosquitoes. Varied geographic locations and
ecological conditions might have exerted a greater selective pressure on Ae. aegypti and C.
quinquefasciatus so as to produce a larger repertoire of detoxification genes.

Transmission of arboviruses is largely associated with the Aedes and Culex, while Anopheles
is an important vector of human malaria parasites. The molecular mechanisms responsible for
the host-parasite interactive relationship differ among the varied species of mosquito vectors
and the pathogens they transmit. Besides well-known determinants of vectoral capacity, such
as immune and chemosensory genes, detoxification genes may also play roles in this relation-
ship. For example, some P450s were implicated in C. quinquefasciatus-West Nile virus
(CYP6Z12) and Ae. aegypti-Sindbis and -Dengue virus (CYP6M5) responses, while the expres-
sion of juvenile hormone esterase CCEunk7o was modulated during the infection of Ae. aegypti
with Brugia malayi [92, 93]. During the long process of evolution, de novo origination, gene
duplication or loss events have occurred in mosquitoes in response to pathogen infection,
which has resulted in the diversification of the related mosquito gene families in compatible
host-parasite associations. Exploring the correlation of these detoxification genes with vectoral
capacity may provide clues for more detailed investigations of the arthropod vectors of disease.

Conclusions
It is the first study to analyze the An. sinensis genome for understanding the molecular mecha-
nisms of insecticide resistance. We identified 174 detoxification genes, comprising 93 P450s,
31 GSTs, and 50 CCEs. The gene number was similar to that in An. gambiae, but fewer com-
pared with Aedes aegypti and Culex quinquefasciatus. Transcriptome analysis revealed that at
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least 124 out of the 174 detoxification genes were expressed in female adult stage. Several P450s
and GST genes were oerexpressed in a deltamethrin-resistant strain, indicating that these genes
may be involved in pyrethroid resistance.

Supporting Information
S1 Table. Summary of the cytochrome P450 genes in Anopheles sinensis.
(DOC)

S2 Table. Summary of the the glutathione S-transferase genes in Anopheles sinensis.
(DOC)

S3 Table. Summary of the carboxyl/cholin esterases genes in Anopheles sinensis.
(DOC)

Acknowledgments
We thank David Nelson for the annotations and nomenclature of the P450s. This work was
supported by the National Institutes of Health of US (NIH) (Grant No. 2R01AI075746), the
National Natural Science Foundation of China (Grant No. 81171610 and 81301458), the
National S & T Major Program (Grant No. 2012ZX10004-219 and 2012ZX10004-220) and Pri-
ority Academic Program Development of Jiangsu Higher Education Institutions.

Author Contributions
Conceived and designed the experiments: DZ BS CLZ. Performed the experiments: DZ XML
YS LM. Analyzed the data: DZ BS CLZ. Contributed reagents/materials/analysis tools: DZ.
Wrote the paper: DZ.

References
1. Patarroyo MA, Calderon D, Moreno-Perez DA. Vaccines against Plasmodium vivax: a research chal-

lenge. Expert Rev Vaccines. 2012; 11(10):1249–60. doi: 10.1586/erv.12.91 PMID: 23176656.

2. Eastman RT, Pattaradilokrat S, Raj DK, Dixit S, Deng B, Miura K, et al. A class of tricyclic compounds
blocking malaria parasite oocyst development and transmission. Antimicrob Agents Chemother. 2013;
57(1):425–35. doi: 10.1128/AAC.00920-12 PMID: 23129054; PubMed Central PMCID: PMC3535893.

3. WHO.World Malaria Report. 2014.

4. Kiang KM, Bryant PA, Shingadia D, Ladhani S, Steer AC, Burgner D. The treatment of imported malaria
in children: an update. Arch Dis Child Educ Pract Ed. 2013; 98(1):7–15. doi: 10.1136/archdischild-
2011-301530 PMID: 23171589.

5. Harbach RE. The classification of genus Anopheles (Diptera: Culicidae): a working hypothesis of phylo-
genetic relationships. Bulletin of entomological research. 2004; 94(6):537–53. PMID: 15541193.

6. Ma Y, Fan Y. Isolation and characterization of polymorphic microsatellite markers from Asian malaria
mosquito Anopheles sinensis (Diptera: Culicidae). Molecular ecology resources. 2008; 8(5):1059–61.
doi: 10.1111/j.1755-0998.2008.02154.x PMID: 21585971.

7. Rueda LM, Pecor JE, Harrison BA. Updated distribution records for Anopheles vagus (Diptera: Culici-
dae) in the Republic of Philippines, and considerations regarding its secondary vector roles in South-
east Asia. Tropical biomedicine. 2011; 28(1):181–7. PMID: 21602785.

8. Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coetzee M, et al. A global map
of dominant malaria vectors. Parasit Vectors. 2012; 5:69. doi: 10.1186/1756-3305-5-69 PMID:
22475528; PubMed Central PMCID: PMC3349467.

9. Qin Q, Li Y, Zhong D, Zhou N, Chang X, Li C, et al. Insecticide resistance of Anopheles sinensis and
An. vagus in Hainan Island, a malaria-endemic area of China. Parasit Vectors. 2014; 7:92. doi: 10.
1186/1756-3305-7-92 PMID: 24589247; PubMed Central PMCID: PMC3975898.

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 13 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143387.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143387.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143387.s003
http://dx.doi.org/10.1586/erv.12.91
http://www.ncbi.nlm.nih.gov/pubmed/23176656
http://dx.doi.org/10.1128/AAC.00920-12
http://www.ncbi.nlm.nih.gov/pubmed/23129054
http://dx.doi.org/10.1136/archdischild-2011-301530
http://dx.doi.org/10.1136/archdischild-2011-301530
http://www.ncbi.nlm.nih.gov/pubmed/23171589
http://www.ncbi.nlm.nih.gov/pubmed/15541193
http://dx.doi.org/10.1111/j.1755-0998.2008.02154.x
http://www.ncbi.nlm.nih.gov/pubmed/21585971
http://www.ncbi.nlm.nih.gov/pubmed/21602785
http://dx.doi.org/10.1186/1756-3305-5-69
http://www.ncbi.nlm.nih.gov/pubmed/22475528
http://dx.doi.org/10.1186/1756-3305-7-92
http://dx.doi.org/10.1186/1756-3305-7-92
http://www.ncbi.nlm.nih.gov/pubmed/24589247


10. Zhu G, Zhou H, Li J, Tang J, Bai L, WangW, et al. The colonization of pyrethroid resistant strain from
wild Anopheles sinensis, the major Asian malaria vector. Parasit Vectors. 2014; 7:582. doi: 10.1186/
s13071-014-0582-7 PMID: 25499700; PubMed Central PMCID: PMC4272531.

11. Zhou SS, Wang Y, Tang LH. Malaria situation in the People's Republic of China in 2006. Zhongguo Ji
Sheng Chong Xue Yu Ji Sheng Chong Bing Za Zhi. 2007; 25(6):439–41. PMID: 18441886.

12. ChoochoteW, Min GS, Intapan PM, Tantrawatpan C, Saeung A, Lulitanond V. Evidence to support nat-
ural hybridization between Anopheles sinensis and Anopheles kleini (Diptera: Culicidae): possibly a sig-
nificant mechanism for gene introgression in sympatric populations. Parasit Vectors. 2014; 7:36. doi:
10.1186/1756-3305-7-36 PMID: 24443885; PubMed Central PMCID: PMC3899613.

13. Pluess B, Tanser FC, Lengeler C, Sharp BL. Indoor residual spraying for preventing malaria. The
Cochrane database of systematic reviews. 2010;(4: ):CD006657. doi: 10.1002/14651858.CD006657.
pub2 PMID: 20393950.

14. Chanda E, Hemingway J, Kleinschmidt I, Rehman AM, Ramdeen V, Phiri FN, et al. Insecticide resis-
tance and the future of malaria control in Zambia. PLoS One. 2011; 6(9):e24336. doi: 10.1371/journal.
pone.0024336 PMID: 21915314; PubMed Central PMCID: PMC3167838.

15. Xu T, Zhong D, Tang L, Chang X, Fu F, Yan G, et al. Anopheles sinensismosquito insecticide resis-
tance: comparison of three mosquito sample collection and preparation methods and mosquito age in
resistance measurements. Parasit Vectors. 2014; 7:54. doi: 10.1186/1756-3305-7-54 PMID:
24472598; PubMed Central PMCID: PMC3917893.

16. Wang DQ, Xia ZG, Zhou SS, Zhou XN, Wang RB, Zhang QF. A potential threat to malaria elimination:
extensive deltamethrin and DDT resistance to Anopheles sinensis from the malaria-endemic areas in
China. Malar J. 2013; 12:164. doi: 10.1186/1475-2875-12-164 PMID: 23683359; PubMed Central
PMCID: PMC3668211.

17. Chang KS, Yoo DH, Shin EH, LeeWG, Roh JY, Park MY. Susceptibility and Resistance of Field Popu-
lations of Anopheles sinensis (Diptera: Culicidae) Collected from Paju to 13 Insecticides. Osong public
health and research perspectives. 2013; 4(2):76–80. doi: 10.1016/j.phrp.2013.02.001 PMID:
24159535; PubMed Central PMCID: PMC3767095.

18. Kang S, Jung J, Lee S, Hwang H, KimW. The polymorphism and the geographical distribution of the
knockdown resistance (kdr) of Anopheles sinensis in the Republic of Korea. Malar J. 2012; 11:151. doi:
10.1186/1475-2875-11-151 PMID: 22554130; PubMed Central PMCID: PMC3459742.

19. Joussen N, Heckel DG, Haas M, Schuphan I, Schmidt B. Metabolism of imidacloprid and DDT by P450
CYP6G1 expressed in cell cultures of Nicotiana tabacum suggests detoxification of these insecticides
in Cyp6g1-overexpressing strains of Drosophila melanogaster, leading to resistance. Pest manage-
ment science. 2008; 64(1):65–73. doi: 10.1002/ps.1472 PMID: 17912692.

20. Hemingway J, Hawkes NJ, McCarroll L, Ranson H. The molecular basis of insecticide resistance in
mosquitoes. Insect biochemistry and molecular biology. 2004; 34(7):653–65. doi: 10.1016/j.ibmb.2004.
03.018 PMID: 15242706.

21. Feng L, Fu C, Yuan D, MiaoW. A P450 gene associated with robust resistance to DDT in ciliated proto-
zoan, Tetrahymena thermophila by efficient degradation. Aquatic toxicology. 2014; 149:126–32. doi:
10.1016/j.aquatox.2014.02.004 PMID: 24607688.

22. Edi CV, Djogbenou L, Jenkins AM, Regna K, Muskavitch MA, Poupardin R, et al. CYP6 P450 enzymes
and ACE-1 duplication produce extreme and multiple insecticide resistance in the malaria mosquito
Anopheles gambiae. PLoS Genet. 2014; 10(3):e1004236. doi: 10.1371/journal.pgen.1004236 PMID:
24651294; PubMed Central PMCID: PMC3961184.

23. Saavedra-Rodriguez K, Strode C, Flores AE, Garcia-Luna S, Reyes-Solis G, Ranson H, et al. Differen-
tial transcription profiles in Aedes aegypti detoxification genes after temephos selection. Insect Mol
Biol. 2014; 23(2):199–215. doi: 10.1111/imb.12073 PMID: 24299217; PubMed Central PMCID:
PMC4091897.

24. Hassan MM, Widaa SO, Osman OM, Numiary MS, Ibrahim MA, Abushama HM. Insecticide resistance
in the sand fly, Phlebotomus papatasi from Khartoum State, Sudan. Parasit Vectors. 2012; 5:46. doi:
10.1186/1756-3305-5-46 PMID: 22397726; PubMed Central PMCID: PMC3314797.

25. Raymond M, Chevillon C, Guillemaud T, Lenormand T, Pasteur N. An overview of the evolution of over-
produced esterases in the mosquitoCulex pipiens. Philosophical transactions of the Royal Society of
London Series B, Biological sciences. 1998; 353(1376):1707–11. doi: 10.1098/rstb.1998.0322 PMID:
10021771; PubMed Central PMCID: PMC1692391.

26. Oakeshott JG, Johnson RM, BerenbaumMR, Ranson H, Cristino AS, Claudianos C. Metabolic
enzymes associated with xenobiotic and chemosensory responses inNasonia vitripennis. Insect Mol
Biol. 2010; 19 Suppl 1:147–63. doi: 10.1111/j.1365-2583.2009.00961.x PMID: 20167025.

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 14 / 18

http://dx.doi.org/10.1186/s13071-014-0582-7
http://dx.doi.org/10.1186/s13071-014-0582-7
http://www.ncbi.nlm.nih.gov/pubmed/25499700
http://www.ncbi.nlm.nih.gov/pubmed/18441886
http://dx.doi.org/10.1186/1756-3305-7-36
http://www.ncbi.nlm.nih.gov/pubmed/24443885
http://dx.doi.org/10.1002/14651858.CD006657.pub2
http://dx.doi.org/10.1002/14651858.CD006657.pub2
http://www.ncbi.nlm.nih.gov/pubmed/20393950
http://dx.doi.org/10.1371/journal.pone.0024336
http://dx.doi.org/10.1371/journal.pone.0024336
http://www.ncbi.nlm.nih.gov/pubmed/21915314
http://dx.doi.org/10.1186/1756-3305-7-54
http://www.ncbi.nlm.nih.gov/pubmed/24472598
http://dx.doi.org/10.1186/1475-2875-12-164
http://www.ncbi.nlm.nih.gov/pubmed/23683359
http://dx.doi.org/10.1016/j.phrp.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24159535
http://dx.doi.org/10.1186/1475-2875-11-151
http://www.ncbi.nlm.nih.gov/pubmed/22554130
http://dx.doi.org/10.1002/ps.1472
http://www.ncbi.nlm.nih.gov/pubmed/17912692
http://dx.doi.org/10.1016/j.ibmb.2004.03.018
http://dx.doi.org/10.1016/j.ibmb.2004.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15242706
http://dx.doi.org/10.1016/j.aquatox.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24607688
http://dx.doi.org/10.1371/journal.pgen.1004236
http://www.ncbi.nlm.nih.gov/pubmed/24651294
http://dx.doi.org/10.1111/imb.12073
http://www.ncbi.nlm.nih.gov/pubmed/24299217
http://dx.doi.org/10.1186/1756-3305-5-46
http://www.ncbi.nlm.nih.gov/pubmed/22397726
http://dx.doi.org/10.1098/rstb.1998.0322
http://www.ncbi.nlm.nih.gov/pubmed/10021771
http://dx.doi.org/10.1111/j.1365-2583.2009.00961.x
http://www.ncbi.nlm.nih.gov/pubmed/20167025


27. Zhou D, Zhang D, Ding G, Shi L, Hou Q, Ye Y, et al. Genome sequence of Anopheles sinensis provides
insight into genetics basis of mosquito competence for malaria parasites. BMCGenomics. 2014; 15:42.
doi: 10.1186/1471-2164-15-42 PMID: 24438588; PubMed Central PMCID: PMC3901762.

28. Saisawang C, Wongsantichon J, Ketterman AJ. A preliminary characterization of the cytosolic glutathi-
one transferase proteome from Drosophila melanogaster. The Biochemical journal. 2012; 442(1):181–
90. doi: 10.1042/BJ20111747 PMID: 22082028.

29. Tijet N, Helvig C, Feyereisen R. The cytochrome P450 gene superfamily in Drosophila melanogaster:
annotation, intron-exon organization and phylogeny. Gene. 2001; 262(1–2):189–98. PMID: 11179683.

30. AdamsMD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, et al. The genome
sequence of Drosophila melanogaster. Science. 2000; 287(5461):2185–95. PMID: 10731132.

31. Ranson H, Claudianos C, Ortelli F, Abgrall C, Hemingway J, Sharakhova MV, et al. Evolution of super-
gene families associated with insecticide resistance. Science. 2002; 298(5591):179–81. doi: 10.1126/
science.1076781 PMID: 12364796.

32. Strode C, Wondji CS, David JP, Hawkes NJ, Lumjuan N, Nelson DR, et al. Genomic analysis of detoxifi-
cation genes in the mosquito Aedes aegypti. Insect biochemistry and molecular biology. 2008; 38
(1):113–23. doi: 10.1016/j.ibmb.2007.09.007 PMID: 18070670.

33. Yan L, Yang P, Jiang F, Cui N, Ma E, Qiao C, et al. Transcriptomic and phylogenetic analysis of Culex
pipiens quinquefasciatus for three detoxification gene families. BMCGenomics. 2012; 13:609. doi: 10.
1186/1471-2164-13-609 PMID: 23140097; PubMed Central PMCID: PMC3505183.

34. Reddy BN, Rao BP, Prasad G, Raghavendra K. Identification and classification of detoxification
enzymes from Culex quinquefasciatus (Diptera: Culicidae). Bioinformation. 2012; 8(9):430–6. doi: 10.
6026/97320630008430 PMID: 22715314; PubMed Central PMCID: PMC3374374.

35. Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, Birney E. EnsemblCompara GeneTrees: Com-
plete, duplication-aware phylogenetic trees in vertebrates. Genome Res. 2009; 19(2):327–35. doi: 10.
1101/gr.073585.107 PMID: 19029536; PubMed Central PMCID: PMC2652215.

36. ChenW, Lee MK, Jefcoate C, Kim SC, Chen F, Yu JH. Fungal cytochrome p450 monooxygenases:
their distribution, structure, functions, family expansion, and evolutionary origin. Genome biology and
evolution. 2014; 6(7):1620–34. doi: 10.1093/gbe/evu132 PMID: 24966179; PubMed Central PMCID:
PMC4122930.

37. Zhu F, Moural TW, Shah K, Palli SR. Integrated analysis of cytochrome P450 gene superfamily in the
red flour beetle, Tribolium castaneum. BMCGenomics. 2013; 14:174. doi: 10.1186/1471-2164-14-174
PMID: 23497158; PubMed Central PMCID: PMC3682917.

38. Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R, Waxman DJ, et al. P450 superfam-
ily: update on new sequences, gene mapping, accession numbers and nomenclature. Pharmacogenet-
ics. 1996; 6(1):1–42. PMID: 8845856.

39. Feyereisen R. Evolution of insect P450. Biochemical Society transactions. 2006; 34(Pt 6):1252–5. doi:
10.1042/BST0341252 PMID: 17073796.

40. Neafsey DE, Waterhouse RM, Abai MR, Aganezov SS, Alekseyev MA, Allen JE, et al. Mosquito geno-
mics. Highly evolvable malaria vectors: the genomes of 16 Anophelesmosquitoes. Science. 2015; 347
(6217):1258522. doi: 10.1126/science.1258522 PMID: 25554792; PubMed Central PMCID:
PMC4380271.

41. Omura T. Structural diversity of cytochrome P450 enzyme system. Journal of biochemistry. 2010; 147
(3):297–306. doi: 10.1093/jb/mvq001 PMID: 20068028.

42. Claudianos C, Ranson H, Johnson RM, Biswas S, Schuler MA, BerenbaumMR, et al. A deficit of detox-
ification enzymes: pesticide sensitivity and environmental response in the honeybee. Insect Mol Biol.
2006; 15(5):615–36. doi: 10.1111/j.1365-2583.2006.00672.x PMID: 17069637; PubMed Central
PMCID: PMC1761136.

43. Kwiatkowska RM, Platt N, Poupardin R, Irving H, Dabire RK, Mitchell S, et al. Dissecting the mecha-
nisms responsible for the multiple insecticide resistance phenotype in Anopheles gambiae s.s., M form,
from Vallee du Kou, Burkina Faso. Gene. 2013; 519(1):98–106. doi: 10.1016/j.gene.2013.01.036
PMID: 23380570; PubMed Central PMCID: PMC3611593.

44. Riveron JM, Ibrahim SS, Chanda E, Mzilahowa T, Cuamba N, Irving H, et al. The highly polymorphic
CYP6M7 cytochrome P450 gene partners with the directionally selectedCYP6P9a andCYP6P9b
genes to expand the pyrethroid resistance front in the malaria vector Anopheles funestus in Africa.
BMCGenomics. 2014; 15:817. doi: 10.1186/1471-2164-15-817 PMID: 25261072; PubMed Central
PMCID: PMC4192331.

45. David JP, Strode C, Vontas J, Nikou D, Vaughan A, Pignatelli PM, et al. The Anopheles gambiae detox-
ification chip: a highly specific microarray to study metabolic-based insecticide resistance in malaria
vectors. Proc Natl Acad Sci U S A. 2005; 102(11):4080–4. doi: 10.1073/pnas.0409348102 PMID:
15753317; PubMed Central PMCID: PMC554807.

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 15 / 18

http://dx.doi.org/10.1186/1471-2164-15-42
http://www.ncbi.nlm.nih.gov/pubmed/24438588
http://dx.doi.org/10.1042/BJ20111747
http://www.ncbi.nlm.nih.gov/pubmed/22082028
http://www.ncbi.nlm.nih.gov/pubmed/11179683
http://www.ncbi.nlm.nih.gov/pubmed/10731132
http://dx.doi.org/10.1126/science.1076781
http://dx.doi.org/10.1126/science.1076781
http://www.ncbi.nlm.nih.gov/pubmed/12364796
http://dx.doi.org/10.1016/j.ibmb.2007.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18070670
http://dx.doi.org/10.1186/1471-2164-13-609
http://dx.doi.org/10.1186/1471-2164-13-609
http://www.ncbi.nlm.nih.gov/pubmed/23140097
http://dx.doi.org/10.6026/97320630008430
http://dx.doi.org/10.6026/97320630008430
http://www.ncbi.nlm.nih.gov/pubmed/22715314
http://dx.doi.org/10.1101/gr.073585.107
http://dx.doi.org/10.1101/gr.073585.107
http://www.ncbi.nlm.nih.gov/pubmed/19029536
http://dx.doi.org/10.1093/gbe/evu132
http://www.ncbi.nlm.nih.gov/pubmed/24966179
http://dx.doi.org/10.1186/1471-2164-14-174
http://www.ncbi.nlm.nih.gov/pubmed/23497158
http://www.ncbi.nlm.nih.gov/pubmed/8845856
http://dx.doi.org/10.1042/BST0341252
http://www.ncbi.nlm.nih.gov/pubmed/17073796
http://dx.doi.org/10.1126/science.1258522
http://www.ncbi.nlm.nih.gov/pubmed/25554792
http://dx.doi.org/10.1093/jb/mvq001
http://www.ncbi.nlm.nih.gov/pubmed/20068028
http://dx.doi.org/10.1111/j.1365-2583.2006.00672.x
http://www.ncbi.nlm.nih.gov/pubmed/17069637
http://dx.doi.org/10.1016/j.gene.2013.01.036
http://www.ncbi.nlm.nih.gov/pubmed/23380570
http://dx.doi.org/10.1186/1471-2164-15-817
http://www.ncbi.nlm.nih.gov/pubmed/25261072
http://dx.doi.org/10.1073/pnas.0409348102
http://www.ncbi.nlm.nih.gov/pubmed/15753317


46. Avicor SW,Wajidi MF, El-Garj FM, Jaal Z, Yahaya ZS. Insecticidal activity and expression of cyto-
chrome P450 family 4 genes in Aedes albopictus after exposure to pyrethroid mosquito coils. The pro-
tein journal. 2014; 33(5):457–64. doi: 10.1007/s10930-014-9580-z PMID: 25199940.

47. Morgan ET. Regulation of cytochromes P450 during inflammation and infection. Drug metabolism
reviews. 1997; 29(4):1129–88. doi: 10.3109/03602539709002246 PMID: 9421688.

48. Morgan ET. Regulation of cytochrome p450 by inflammatory mediators: why and how? Drug metabo-
lism and disposition: the biological fate of chemicals. 2001; 29(3):207–12. PMID: 11181485.

49. Yang T, Liu N. Genome analysis of cytochrome P450s and their expression profiles in insecticide resis-
tant mosquitoes, Culex quinquefasciatus. PLoS One. 2011; 6(12):e29418. doi: 10.1371/journal.pone.
0029418 PMID: 22242119; PubMed Central PMCID: PMC3248432.

50. JakobyWB. The glutathione S-transferases: a group of multifunctional detoxification proteins.
Advances in enzymology and related areas of molecular biology. 1978; 46:383–414. PMID: 345769.

51. Shi H, Pei L, Gu S, Zhu S, Wang Y, Zhang Y, et al. Glutathione S-transferase (GST) genes in the red
flour beetle, Tribolium castaneum, and comparative analysis with five additional insects. Genomics.
2012; 100(5):327–35. doi: 10.1016/j.ygeno.2012.07.010 PMID: 22824654.

52. Yu Q, Lu C, Li B, Fang S, ZuoW, Dai F, et al. Identification, genomic organization and expression pat-
tern of glutathione S-transferase in the silkworm, Bombyx mori. Insect biochemistry and molecular biol-
ogy. 2008; 38(12):1158–64. PMID: 19280710.

53. Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nusskern DR, et al. The genome
sequence of the malaria mosquito Anopheles gambiae. Science. 2002; 298(5591):129–49. doi: 10.
1126/science.1076181 PMID: 12364791.

54. Lumjuan N, Stevenson BJ, Prapanthadara LA, Somboon P, Brophy PM, Loftus BJ, et al. The Aedes
aegypti glutathione transferase family. Insect biochemistry and molecular biology. 2007; 37(10):1026–
35. doi: 10.1016/j.ibmb.2007.05.018 PMID: 17785190.

55. Ortelli F, Rossiter LC, Vontas J, Ranson H, Hemingway J. Heterologous expression of four glutathione
transferase genes genetically linked to a major insecticide-resistance locus from the malaria vector
Anopheles gambiae. The Biochemical journal. 2003; 373(Pt 3):957–63. doi: 10.1042/BJ20030169
PMID: 12718742; PubMed Central PMCID: PMC1223529.

56. Pemble SE, Taylor JB. An evolutionary perspective on glutathione transferases inferred from class-
theta glutathione transferase cDNA sequences. The Biochemical journal. 1992; 287 (Pt 3):957–63.
PMID: 1445253; PubMed Central PMCID: PMC1133100.

57. Brock J, Board PG, Oakley AJ. Structural insights into omega-class glutathione transferases: a snap-
shot of enzyme reduction and identification of a non-catalytic ligandin site. PLoS One. 2013; 8(4):
e60324. doi: 10.1371/journal.pone.0060324 PMID: 23593192; PubMed Central PMCID: PMC3621891.

58. Blackburn AC, Woollatt E, Sutherland GR, Board PG. Characterization and chromosome location of
the gene GSTZ1 encoding the human Zeta class glutathione transferase and maleylacetoacetate isom-
erase. Cytogenetics and cell genetics. 1998; 83(1–2):109–14. 15145. PMID: 9925947.

59. Fossog Tene B, Poupardin R, Costantini C, Awono-Ambene P, Wondji CS, Ranson H, et al. Resistance
to DDT in an urban setting: commonmechanisms implicated in both M and S forms of Anopheles gam-
biae in the city of Yaounde Cameroon. PLoS One. 2013; 8(4):e61408. doi: 10.1371/journal.pone.
0061408 PMID: 23626680; PubMed Central PMCID: PMC3634070.

60. Tang AH, Tu CP. Biochemical characterization of Drosophila glutathione S-transferases D1 and D21. J
Biol Chem. 1994; 269(45):27876–84. PMID: 7961718.

61. Djegbe I, Agossa FR, Jones CM, Poupardin R, Cornelie S, Akogbeto M, et al. Molecular characteriza-
tion of DDT resistance in Anopheles gambiae from Benin. Parasit Vectors. 2014; 7:409. doi: 10.1186/
1756-3305-7-409 PMID: 25175167; PubMed Central PMCID: PMC4164740.

62. Huang H, Yao H, Liu JY, Samra AI, Kamita SG, Cornel AJ, et al. Development of pyrethroid-like fluores-
cent substrates for glutathione S-transferase. Analytical biochemistry. 2012; 431(2):77–83. doi: 10.
1016/j.ab.2012.09.011 PMID: 23000005; PubMed Central PMCID: PMC3489985.

63. Yepiskoposyan H, Egli D, Fergestad T, Selvaraj A, Treiber C, Multhaup G, et al. Transcriptome
response to heavy metal stress in Drosophila reveals a new zinc transporter that confers resistance to
zinc. Nucleic Acids Res. 2006; 34(17):4866–77. doi: 10.1093/nar/gkl606 PMID: 16973896; PubMed
Central PMCID: PMC1635269.

64. Wongtrakul J, Pongjaroenkit S, Leelapat P, Nachaiwieng W, Prapanthadara LA, Ketterman AJ. Expres-
sion and characterization of three new glutathione transferases, an epsilon (AcGSTE2-2), omega
(AcGSTO1-1), and theta (AcGSTT1-1) from Anopheles cracens (Diptera: Culicidae), a major Thai
malaria vector. J Med Entomol. 2010; 47(2):162–71. PMID: 20380296.

65. ZhouWW, Liang QM, Xu Y, Gurr GM, Bao YY, Zhou XP, et al. Genomic insights into the glutathione S-
transferase gene family of two rice planthoppers, Nilaparvata lugens (Stal) and Sogatella furcifera

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 16 / 18

http://dx.doi.org/10.1007/s10930-014-9580-z
http://www.ncbi.nlm.nih.gov/pubmed/25199940
http://dx.doi.org/10.3109/03602539709002246
http://www.ncbi.nlm.nih.gov/pubmed/9421688
http://www.ncbi.nlm.nih.gov/pubmed/11181485
http://dx.doi.org/10.1371/journal.pone.0029418
http://dx.doi.org/10.1371/journal.pone.0029418
http://www.ncbi.nlm.nih.gov/pubmed/22242119
http://www.ncbi.nlm.nih.gov/pubmed/345769
http://dx.doi.org/10.1016/j.ygeno.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22824654
http://www.ncbi.nlm.nih.gov/pubmed/19280710
http://dx.doi.org/10.1126/science.1076181
http://dx.doi.org/10.1126/science.1076181
http://www.ncbi.nlm.nih.gov/pubmed/12364791
http://dx.doi.org/10.1016/j.ibmb.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17785190
http://dx.doi.org/10.1042/BJ20030169
http://www.ncbi.nlm.nih.gov/pubmed/12718742
http://www.ncbi.nlm.nih.gov/pubmed/1445253
http://dx.doi.org/10.1371/journal.pone.0060324
http://www.ncbi.nlm.nih.gov/pubmed/23593192
http://www.ncbi.nlm.nih.gov/pubmed/9925947
http://dx.doi.org/10.1371/journal.pone.0061408
http://dx.doi.org/10.1371/journal.pone.0061408
http://www.ncbi.nlm.nih.gov/pubmed/23626680
http://www.ncbi.nlm.nih.gov/pubmed/7961718
http://dx.doi.org/10.1186/1756-3305-7-409
http://dx.doi.org/10.1186/1756-3305-7-409
http://www.ncbi.nlm.nih.gov/pubmed/25175167
http://dx.doi.org/10.1016/j.ab.2012.09.011
http://dx.doi.org/10.1016/j.ab.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23000005
http://dx.doi.org/10.1093/nar/gkl606
http://www.ncbi.nlm.nih.gov/pubmed/16973896
http://www.ncbi.nlm.nih.gov/pubmed/20380296


(Horvath) (Hemiptera: Delphacidae). PLoS One. 2013; 8(2):e56604. doi: 10.1371/journal.pone.
0056604 PMID: 23457591; PubMed Central PMCID: PMC3572974.

66. Ishida Y, Leal WS. Cloning of putative odorant-degrading enzyme and integumental esterase cDNAs
from the wild silkmoth, Antheraea polyphemus. Insect biochemistry and molecular biology. 2002; 32
(12):1775–80. PMID: 12429129.

67. Pasteur N, Iseki A, Georghiou GP. Genetic and biochemical studies of the highly active esterases A'
and B associated with organophosphate resistance in mosquitoes of theCulex pipiens complex. Bio-
chemical genetics. 1981; 19(9–10):909–19. PMID: 6120690.

68. Olson PF, Fessler LI, Nelson RE, Sterne RE, Campbell AG, Fessler JH. Glutactin, a novel Drosophila
basement membrane-related glycoprotein with sequence similarity to serine esterases. The EMBO
journal. 1990; 9(4):1219–27. PMID: 2108864; PubMed Central PMCID: PMC551798.

69. Weill M, Fort P, Berthomieu A, Dubois MP, Pasteur N, Raymond M. A novel acetylcholinesterase gene
in mosquitoes codes for the insecticide target and is non-homologous to the ace gene in Drosophila.
Proceedings Biological sciences. 2002; 269(1504):2007–16. doi: 10.1098/rspb.2002.2122 PMID:
12396499; PubMed Central PMCID: PMC1691131.

70. Li F, Han ZJ. Two different genes encoding acetylcholinesterase existing in cotton aphid (Aphis gossy-
pii). Genome. 2002; 45(6):1134–41. PMID: 12502259.

71. Li F, Han Z. Mutations in acetylcholinesterase associated with insecticide resistance in the cotton
aphid, Aphis gossypiiGlover. Insect biochemistry and molecular biology. 2004; 34(4):397–405. doi: 10.
1016/j.ibmb.2004.02.001 PMID: 15041023.

72. Lee DW, Kim SS, Shin SW, KimWT, Boo KS. Molecular characterization of two acetylcholinesterase
genes from the oriental tobacco budworm,Helicoverpa assulta (Guenee). Biochimica et biophysica
acta. 2006; 1760(2):125–33. doi: 10.1016/j.bbagen.2005.10.009 PMID: 16352398.

73. Huchard E, Martinez M, Alout H, Douzery EJ, Lutfalla G, Berthomieu A, et al. Acetylcholinesterase
genes within the Diptera: takeover and loss in true flies. Proceedings Biological sciences. 2006; 273
(1601):2595–604. doi: 10.1098/rspb.2006.3621 PMID: 17002944; PubMed Central PMCID:
PMC1635460.

74. Kozaki T, Kimmelblatt BA, HammRL, Scott JG. Comparison of two acetylcholinesterase gene cDNAs
of the lesser mealworm, Alphitobius diaperinus, in insecticide susceptible and resistant strains.
Archives of insect biochemistry and physiology. 2008; 67(3):130–8. doi: 10.1002/arch.20229 PMID:
18163527.

75. Kim JI, Jung CS, Koh YH, Lee SH. Molecular, biochemical and histochemical characterization of two
acetylcholinesterase cDNAs from the German cockroach Blattella germanica. Insect Mol Biol. 2006; 15
(4):513–22. doi: 10.1111/j.1365-2583.2006.00666.x PMID: 16907838.

76. Kaur K, Bakke MJ, Nilsen F, Horsberg TE. Identification and Molecular Characterization of Two Acetyl-
cholinesterases from the Salmon Louse, Lepeophtheirus salmonis. PLoS One. 2015; 10(5):e0125362.
doi: 10.1371/journal.pone.0125362 PMID: 25938836; PubMed Central PMCID: PMC4418574.

77. Zhang Y, Shao Y, Jiang F, Li J, Liu Z. Identification of two acetylcholinesterases in Pardosa pseudoan-
nulata and the sensitivity to insecticides. Insect biochemistry and molecular biology. 2014; 46:25–30.
doi: 10.1016/j.ibmb.2014.01.004 PMID: 24463359.

78. Cha DJ, Lee SH. Evolutionary origin and status of two insect acetylcholinesterases and their structural
conservation and differentiation. Evolution & development. 2015; 17(1):109–19. doi: 10.1111/ede.
12111 PMID: 25627717.

79. Seong KM, Kim YH, Kwon DH, Lee SH. Identification and characterization of three cholinesterases
from the common bed bug,Cimex lectularius. Insect Mol Biol. 2012; 21(2):149–59. doi: 10.1111/j.1365-
2583.2011.01118.x PMID: 22136067.

80. Field LM, Foster SP. Amplified esterase genes and their relationship with other insecticide resistance
mechanisms in English field populations of the aphid,Myzus persicae (Sulzer). Pest management sci-
ence. 2002; 58(9):889–94. doi: 10.1002/ps.552 PMID: 12233178.

81. Meikle DB, Sheehana KB, Phillisa DM, Richmond RC. Localization and longevity of seminal-fluid ester-
ase 6 in mated female Drosophila melanogaster. Journal of Insect Physiology. 1990; 36:93–101.

82. Saad M, Game AY, Healy MJ, Oakeshott JG. Associations of esterase 6 allozyme and activity variation
with reproductive fitness in Drosophila melanogaster. Genetica. 1994; 94(1):43–56. PMID: 7729696.

83. Biswas S, Russell RJ, Jackson CJ, Vidovic M, Ganeshina O, Oakeshott JG, et al. Bridging the synaptic
gap: neuroligins and neurexin I in Apis mellifera. PLoS One. 2008; 3(10):e3542. doi: 10.1371/journal.
pone.0003542 PMID: 18974885; PubMed Central PMCID: PMC2570956.

84. Xing G, Gan G, Chen D, Sun M, Yi J, Lv H, et al. Drosophila neuroligin3 regulates neuromuscular junc-
tion development and synaptic differentiation. J Biol Chem. 2014; 289(46):31867–77. doi: 10.1074/jbc.
M114.574897 PMID: 25228693; PubMed Central PMCID: PMC4231665.

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 17 / 18

http://dx.doi.org/10.1371/journal.pone.0056604
http://dx.doi.org/10.1371/journal.pone.0056604
http://www.ncbi.nlm.nih.gov/pubmed/23457591
http://www.ncbi.nlm.nih.gov/pubmed/12429129
http://www.ncbi.nlm.nih.gov/pubmed/6120690
http://www.ncbi.nlm.nih.gov/pubmed/2108864
http://dx.doi.org/10.1098/rspb.2002.2122
http://www.ncbi.nlm.nih.gov/pubmed/12396499
http://www.ncbi.nlm.nih.gov/pubmed/12502259
http://dx.doi.org/10.1016/j.ibmb.2004.02.001
http://dx.doi.org/10.1016/j.ibmb.2004.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15041023
http://dx.doi.org/10.1016/j.bbagen.2005.10.009
http://www.ncbi.nlm.nih.gov/pubmed/16352398
http://dx.doi.org/10.1098/rspb.2006.3621
http://www.ncbi.nlm.nih.gov/pubmed/17002944
http://dx.doi.org/10.1002/arch.20229
http://www.ncbi.nlm.nih.gov/pubmed/18163527
http://dx.doi.org/10.1111/j.1365-2583.2006.00666.x
http://www.ncbi.nlm.nih.gov/pubmed/16907838
http://dx.doi.org/10.1371/journal.pone.0125362
http://www.ncbi.nlm.nih.gov/pubmed/25938836
http://dx.doi.org/10.1016/j.ibmb.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24463359
http://dx.doi.org/10.1111/ede.12111
http://dx.doi.org/10.1111/ede.12111
http://www.ncbi.nlm.nih.gov/pubmed/25627717
http://dx.doi.org/10.1111/j.1365-2583.2011.01118.x
http://dx.doi.org/10.1111/j.1365-2583.2011.01118.x
http://www.ncbi.nlm.nih.gov/pubmed/22136067
http://dx.doi.org/10.1002/ps.552
http://www.ncbi.nlm.nih.gov/pubmed/12233178
http://www.ncbi.nlm.nih.gov/pubmed/7729696
http://dx.doi.org/10.1371/journal.pone.0003542
http://dx.doi.org/10.1371/journal.pone.0003542
http://www.ncbi.nlm.nih.gov/pubmed/18974885
http://dx.doi.org/10.1074/jbc.M114.574897
http://dx.doi.org/10.1074/jbc.M114.574897
http://www.ncbi.nlm.nih.gov/pubmed/25228693


85. Zhao P, Wang Y, Jiang H. Biochemical properties, expression profiles, and tissue localization of ortho-
logous acetylcholinesterase-2 in the mosquito, Anopheles gambiae. Insect biochemistry and molecular
biology. 2013; 43(3):260–71. doi: 10.1016/j.ibmb.2012.12.005 PMID: 23267863; PubMed Central
PMCID: PMC3578101.

86. Mouches C, Pasteur N, Berge JB, Hyrien O, Raymond M, de Saint Vincent BR, et al. Amplification of an
esterase gene is responsible for insecticide resistance in a California Culexmosquito. Science. 1986;
233(4765):778–80. PMID: 3755546.

87. Vaughan A, Hawkes N, Hemingway J. Co-amplification explains linkage disequilibrium of two mosquito
esterase genes in insecticide-resistant Culex quinquefasciatus. The Biochemical journal. 1997; 325 (Pt
2):359–65. PMID: 9230114; PubMed Central PMCID: PMC1218568.

88. Newcomb RD, Campbell PM, Ollis DL, Cheah E, Russell RJ, Oakeshott JG. A single amino acid substi-
tution converts a carboxylesterase to an organophosphorus hydrolase and confers insecticide resis-
tance on a blowfly. Proc Natl Acad Sci U S A. 1997; 94(14):7464–8. PMID: 9207114; PubMed Central
PMCID: PMC23844.

89. Temeyer KB, Tong F, Totrov MM, Tuckow AP, Chen QH, Carlier PR, et al. Acetylcholinesterase of the
sand fly, Phlebotomus papatasi (Scopoli): construction, expression and biochemical properties of the
G119S orthologous mutant. Parasit Vectors. 2014; 7(1):577. doi: 10.1186/s13071-014-0577-4 PMID:
25491113; PubMed Central PMCID: PMC4268798.

90. Shi L, Hu H, Ma K, Zhou D, Yu J, Zhong D, et al. Development of Resistance to Pyrethroid inCulex
pipiens pallens Population under Different Insecticide Selection Pressures. PLoS Negl Trop Dis. 2015;
9(8):e0003928. doi: 10.1371/journal.pntd.0003928 PMID: 26275298; PubMed Central PMCID:
PMC4537097.

91. Arensburger P, Megy K, Waterhouse RM, Abrudan J, Amedeo P, Antelo B, et al. Sequencing of Culex
quinquefasciatus establishes a platform for mosquito comparative genomics. Science. 2010; 330
(6000):86–8. doi: 10.1126/science.1191864 PMID: 20929810; PubMed Central PMCID: PMC3740384.

92. Bartholomay LC, Waterhouse RM, Mayhew GF, Campbell CL, Michel K, Zou Z, et al. Pathogenomics
of Culex quinquefasciatus and meta-analysis of infection responses to diverse pathogens. Science.
2010; 330(6000):88–90. doi: 10.1126/science.1193162 PMID: 20929811; PubMed Central PMCID:
PMC3104938.

93. Erickson SM, Xi Z, MayhewGF, Ramirez JL, Aliota MT, Christensen BM, et al. Mosquito infection
responses to developing filarial worms. PLoS Negl Trop Dis. 2009; 3(10):e529. doi: 10.1371/journal.
pntd.0000529 PMID: 19823571; PubMed Central PMCID: PMC2752998.

Detoxification Supergene Families in Anopheles sinensis

PLOSONE | DOI:10.1371/journal.pone.0143387 November 20, 2015 18 / 18

http://dx.doi.org/10.1016/j.ibmb.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23267863
http://www.ncbi.nlm.nih.gov/pubmed/3755546
http://www.ncbi.nlm.nih.gov/pubmed/9230114
http://www.ncbi.nlm.nih.gov/pubmed/9207114
http://dx.doi.org/10.1186/s13071-014-0577-4
http://www.ncbi.nlm.nih.gov/pubmed/25491113
http://dx.doi.org/10.1371/journal.pntd.0003928
http://www.ncbi.nlm.nih.gov/pubmed/26275298
http://dx.doi.org/10.1126/science.1191864
http://www.ncbi.nlm.nih.gov/pubmed/20929810
http://dx.doi.org/10.1126/science.1193162
http://www.ncbi.nlm.nih.gov/pubmed/20929811
http://dx.doi.org/10.1371/journal.pntd.0000529
http://dx.doi.org/10.1371/journal.pntd.0000529
http://www.ncbi.nlm.nih.gov/pubmed/19823571

