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The ATP-binding cassette (ABC) transporter family functions in the ATP-dependent transportation of various
substrates across biological membranes. ABC proteins participate in various biological processes and insecticide
resistance in insects, and are divided into eight subfamilies (A–H). Mosquitoes are important vectors of human
diseases, but the mechanism by which the ABC transporter family evolves in mosquitoes is unknown. In this
study, we classified and compared the ABC transporter families of threemosquitoes, namely, Anopheles gambiae,
Aedes aegypti, and Culex pipiens quinquefasciatus. The threemosquitoes have55, 69, and 70 ABC genes, respective-
ly. The C. p. quinquefasciatus had approximately 40% and 65% expansion in the ABCG subfamily, mainly in ABCG1/
G4, compared with the two other mosquito species. The ABCB, ABCD, ABCE, and ABCF subfamilies were
conserved in the three mosquito species. The C. p. quinquefasciatus transcriptomes during development showed
that the ABCG and ABCC genes weremainly highly expressed at the egg and pupal stages. The pigment-transport
relative brown, white, and scarlet, as well as the ABCF subfamily, were highly expressed at the egg stage. The
highly expressed genes in larvae included three ABCA3 genes. The majority of the highly expressed genes in
adults were ABCG1/4 genes. These results provided insights into the evolution of the ABC transporter family in
mosquitoes.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The ATP-binding cassette (ABC) transporter family is one of the
largest families of membrane proteins in all living life [1–3]. This family
usually functions in the ATP-dependent transport of various substrates
across biological membranes, such as inorganic ions, sugars, amino
acids, lipids, lipopolysaccharides, peptides, metals, and chemotherapeu-
tic drugs [1]. Thus, ABC proteins participate in various important biolog-
ical processes and clinical problems, such as cystic fibrosis, antigen
presentation, and the multidrug resistance of cancers [1]. ABC trans-
porters have been classified and analyzed in several insect species,
such as Drosophila melanogaster [4], Anopheles gambiae [5], Bombyx
mori [5], Tribolium castaneum [6], Acyrthosiphon pisum [7], and Locusta
migratoria [7]. However, comparisons of the ABC transporter family
among taxonomically related species are rare. The genomes of
A. gambiae [8], Aedes aegypti [9], and Culex pipiens quinquefasciatus
[10], all of which are important vectors of human diseases, have been
sequenced. These three species are the respective representatives of
the Culex, Aedes, and Anopheles genera. However, only A. gambiae ABC
transporters have been analyzed and classified at the genome level
[5]. The mechanism by which the ABC transporter family evolves
among the three mosquito species remains unknown.

A typical ABC full transporter consists of two nucleotide-binding
domains that bind to and hydrolyze ATP, aswell as two transmembrane
domains, each of which contains 5–6 transmembrane helices and
provides substrate specificity. An ABC half transporter only consists of
one transmembrane domain and one nucleotide-binding domain; this
protein needs to homo- or heterodimerize to form a functional unit.
The highly conserved nucleotide-binding domain contains three
characteristic motifs, namely, Walker A, Walker B, and the ABC-
signature (LSGGQ) motif that links the two Walker motifs. With the
conservation of nucleotide-binding domains, ABC transporters have
been divided into eight subfamilies (A–H) [11–13]. The human ABC
transporters were the first to be identified, and 48 ABCs were classified
into seven subfamilies (ABCA to ABCG) [4]. The eighth subfamily, ABCH,
wasfirst identified inD.melanogaster [4] and appears to be present in all
insects [4–7].

Given one of its functions in transporting drugs or insecticides, the
ABC transporter family is considered amajor detoxification gene family,
alongside the P450 monooxygenases, glutathione-S-transferases, and
carboxylesterases. Several ABC members reportedly play important
roles in insecticide resistance; these members include the P-
glycoproteins from the ABCB subfamily, the multidrug-resistance asso-
ciated proteins from the ABCC subfamily, and the breast cancer
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resistance protein from the ABCG subfamily [14,15]. Insect P-
glycoproteins and multidrug-resistance associated proteins are
frequently linked to pesticide resistance. A P-glycoprotein is purified
from the insecticide-resistant Helicoverpa armigera; its ATPase activity
is stimulated by paraoxon, cypermethrin, endosulfan, monocrotophos,
and parathion at low concentrations but inhibited at high concentra-
tions [16]. The P-glycoprotein inhibitor verapamil increases the toxicity
of cypermethrin, ivermectin, and endosulfan but not that of chlorpyrifos
in fourth-instar larvae of the Culex pipiens complex [17]. Some ABC-
transporter genes are upregulated in pyrethroid-resistant strains of
A. gambiae [18], A. aegypti [19], and Anopheles stephensi [20]mosquitoes.

In the present study, we classified and compared the ABC trans-
porters of A. gambiae, A. aegypti, and C. p. quinquefasciatus to explore
the gene expansion or deletion in the evolution of the ABC transporter
family among the threemosquito species. The gene expression patterns
of this family during the developmental stages of C. p. quinquefasciatus
were explored through transcriptome analysis.

2. Materials and methods

2.1. Access of ABC transporter genes

A. gambiae ABC transporters have been previously identified [5];
thus, the protein sequences of A. gambiae ABC transporters were
downloaded from Vectorbase (https://www.vectorbase.org) and used
in the BLASTP search Vectorbase for homologous ABC proteins of
A. aegypti and C. p. quinquefasciatus.

2.2. Phylogenetic analysis of ABC transporters

The ABC protein sequences of A. gambiae, A. aegypti, and C. p.
quinquefasciatus were aligned with ClustalW in MEGA 6.0. A phyloge-
netic tree was constructed using the neighbor-joining method (Poisson
model and pairwise deletion). The confidence of the tree topology was
assessed through the bootstrap analysis of 1000 replicates. A. gambiae
ABC transporters were referenced to classify subfamilies A–H. For the
genes that were not clearly classified into a subfamily, human ABC
transporters [4] were referenced through the construction of
neighbor-joining trees. The ABC transporters of D. melanogaster,
B. mori, and A. pisum have been previously classified [4,5,7]. These
transporters were used for comparison.

2.3. Identification of ABC transporters in the C. p. quinquefasciatus
transcriptomes

In our previous work on the C. p. quinquefasciatus transcriptome,
gene expression at the egg, third-instar larval, pupal, and adult stages
was profiled using the digital gene expression technique [21]. The
number of unambiguous clean tags for each gene was calculated and
then normalized to TPM (number of transcripts per million clean
tags). False discovery rate (FDR) was used to determine the p value
threshold in multiple tests and analyses. FDR ≤ 0.001 and the absolute
value of log 2 Ratio ≥ 1were used as thresholds to judge the significance
of the gene expression difference. On the basis of the transcriptomic
data, the expression patterns of the ABC transporter genes during
these developmental stages were analyzed using hierarchical clustering
(centroid linkage clustering) with Cluster 3.0 software. Dendrograms
and expression maps were generated using Java TreeView.

3. Results and discussion

3.1. Phylogenetic classification of ABC transporter subfamilies in the three
mosquito species

In addition to the known 52ABC transporters in A. gambiae [5], three
more ABCs (AGAP009466, AGAP027980, and AGAP028128) were
identified in Vectorbase. Therefore, a total of 55 ABCs exist in A. gambiae.
After the BLASTP search, 69 and 70 ABC genes were detected in
A. aegypti and C. p. quinquefasciatus, respectively (Table S1). These
genes were classified through phylogenetic analyses with the reference
sequences of A. gambiae and human ABC classification. Three other ABC
genes in C. p. quinquefasciatus (CPIJ001160, CPIJ012285, and
CPIJ005050) could not be ascribed to any subfamily probably because
of their relatively short sequences (less than 150 amino acids); thus,
these genes were not included in the subsequent analyses.

Phylogenetic analysis revealed that the ABC transporters can be clas-
sified into eight subfamilies (A–H) in the three mosquitoes, among
which ABCG and ABCC were the largest subfamilies (Fig. 1). Among
the 70 C. p. quinquefasciatus ABC genes, 28 belonged to ABCG, 18 to
ABCC, and 9 to ABCA (Table 1). Among the 69 A. aegypti ABC genes, 21
belonged to ABCC, 20 to ABCG, and 12 to ABCA (Table 1). Compared
with the two other mosquito species, C. p. quinquefasciatus had approx-
imately 40% and 65% expansion in the ABCG subfamily. This expansion
of ABC transporter genes in C. p. quinquefasciatus is probably related to
the dirty habitat where this species lives. Subfamilies B, D, E, and F
were conserved in gene numbers within the three mosquito species;
ABCDwas even conserved among insect species other thanmosquitoes,
such as D. melanogaster, A. pisum, and B. mori (Table 1). These three
nonmosquito insects had more ABCB genes and less ABCE genes than
mosquitoes.

3.2. ABCG subfamily

The ABCG subfamily is the largest subfamily for the three mosqui-
toes, and a remarkable gene expansion occurred in C. p. quinquefasciatus.
These mosquito ABCG genes were homologous to human ABCG1, -G4,
-G5, and -G8 (Fig. 2), which are primarily involved in the transport of
endogenous and dietary lipids in mammals [4]. The ABCG5 and ABCG8
subfamilies also function as obligate heterodimers to promote sterol
excretion into bile [22]. A large number of ABCG genes of mosquitoes
belonged to ABCG1/G4, namely, 10 in A. gambiae, 13 in A. aegypti, and
21 in C. p. quinquefasciatus. This result indicates that the gene expansion
of the ABCG subfamily in C. p. quinquefasciatus mainly occurred in
ABCG1/G4 (Fig. 2). ABCG5 and ABCG8 had clear 1:1:1 orthologs in the
three mosquitoes (Fig. 2). The functions of ABCG1, -G4, -G5, and -G8
genes in insects are unknown. In A. Aegypti, two ABCG1/4 genes
(AAEL008138, AAEL008624) were upregulated in pyrethroid-resistant
strains [19]. In humans, ABCG2 is a multidrug resistance protein that
is overexpressed in cell lines cultured under mitoxantrone selection
pressure [23]. However, ABCG2 homologs were not found in mosqui-
toes. The three best-studied insect ABCG subfamilies, i.e., white, scarlet,
and brown, were present in the three mosquito species. Each mosquito
had one orthologous white or brown gene and two orthologous scarlet
genes (Fig. 2). In D. melanogaster, the white, brown, and scarlet genes
are involved in pigment transport in eyes by transporting guanine or
tryptophan, the precursors of the red and brown eye pigments [24,
25]. However, in the diamondback moth Plutella xylostella, the down-
regulation of the white gene is tightly linked to Bt Cry1Ac resistance in
larvae [26].

3.3. ABCC subfamily

The ABCC subfamily was the second largest subfamily in the three
mosquitoes, including 21, 18, and 15 genes in A. aegypti, C. p.
quinquefasciatus, and A. gambiae, respectively (Table 1). These genes
were ascribed to ABCC1, -C3, -C4, -C8/9, and -C10 (Fig. 3). Most of the
mosquito ABCC genes belonged to ABCC4, with the second largest
group of genes homologous to human C1 or C3. ABCC1, -C3, -C4, and
-C10 are known as multidrug resistance proteins [4]. ABCC4 proteins
are organic anion transporters that mediate the cellular efflux of a
wide range of exogenous and endogenous compounds, such as cyclic
nucleotides and anti-cancer drugs [27,28]. ABCC4 also functions in

https://www.vectorbase.org


Fig. 1. Phylogenetic tree of the ABC transporters from the three mosquito species. The phylogenetic tree was constructed using the neighbor-joining method with the Poisson model and
pairwise deletion on the ABC transporter proteins of Anopheles gambiae, Aedes aegypti, and Culex pipiens quinquefasciatus. The confidence of the tree topology was assessed through the
bootstrap analysis of 1000 replicates. Bootstrap values higher than 70% were present at the nodes.
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insecticide detoxification. For example, DDT and lindane induce the
expression of zebrafish Danio rerio ABCC4; in addition, overexpression
of zebrafish ABCC4 significantly decreases the cytotoxicity and accumu-
lation of DDT and lindane in LLC-PK1 cells and developing embryos [29].
An A. aegypti ABCC4 gene (AAEL005937) is upregulated in pyrethroid-
resistant strains [19]. Human ABCC1 confers multidrug resistance in
lung cancer cells [30]. In Pediculus humanus humanus, ABCC1 is highly
expressed after exposure to the insecticide ivermectin [31]. Human
ABCC10 transports amphipathic anions and confers resistance to doce-
taxel [32]. Human ABCC8/C9 proteins are sulfonylurea receptors [4].
Table 1
Classification of ABC transporter genes from six insect species.

ABC subfamily Anopheles gambiae Aedes aegypti Culex pipiens quinquefa

A 8 12 9 (7)
B 5 5 5 (5)
C 15 21 18 (16)
D 2 2 2 (2)
E 2 2 2 (2)
F 3 3 3 (3)
G 17 20 28 (25)
H 3 4 3 (3)
Total 55 69 70 (63)

Numbers in parentheses indicate the genes detected in the transcriptomes of Culex pipiens q
Acyrthosiphon pisum, and Bombyx mori was adopted from previous studies [4,5,7].
3.4. ABCA subfamily

A total of 8, 12, and 9 ABCA genes were identified in A. gambiae,
A. aegypti, and C. p. quinquefasciatus, respectively (Table 1). Most of
the ABCA geneswere ABCA3. A 1:1:1 orthologous relationwas observed
for ABCA5 in the three mosquito species (Fig. 4). ABCA proteins are the
largest among the 8 subfamilies, with sizes ranging from 1543 to 5058
amino acids. ABCAs in humans regulate cellular lipid transport process-
es [33]. ABCA3 has pivotal roles in lung surfactant production [33]. Little
is known about the functions of insect ABCAs, except for TcABCA-9A and
sciatus Drosophila melanogaster Acyrthosiphon pisum Bombyx mori

10 11 6
8 9 8

14 16 15
2 2 2
1 1 1
3 4 3

15 19 13
3 9 3

56 71 51

uinquefasciatus [21]. The classification of ABC transporters for Drosophila melanogaster,



Fig. 2. Phylogenetic tree of the ABCG subfamily from the three mosquito species. The
neighbor-joining tree was constructed with the same method as described in Fig. 1. The
genes initiated with AAEL, AGAP, and CPIJ are from Aedes aegypti, Anopheles gambiae,
and Culex pipiens quinquefasciatus, respectively.

Fig. 3. Phylogenetic tree of the ABCC subfamily from the three mosquito species. The
neighbor-joining tree was constructed with the same method as described in Fig. 1. The
genes initiated with AAEL, AGAP, and CPIJ are from Aedes aegypti, Anopheles gambiae,
and Culex pipiens quinquefasciatus, respectively.
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TcABCA-9B in Tribolium castaneum. The interference of TcABCA-9A or
TcABCA-9B expression results in 30% mortality in pupae and pharate
adults, with severe defects in the development of wings and elytra [6].

3.5. ABCB subfamily

The ABCB subfamily was conserved among the three mosquito
species and formed five 1:1:1 orthologous groups, namely, ABCB1,
-B6, -B7, -B8, and -B10 (Fig. 4). Similar to the ABCC and ABCG subfam-
ilies, the ABCB subfamily is also involved in multidrug resistance.
ABCB1, known as P-glycoprotein, was first identified and characterized
to confer a multidrug resistance phenotype in mammalian cancer cell
lines [34]. Different from mosquitoes, D. melanogaster has four ABCB1
proteins, three of which are called Mdr49, Mdr50, and Mdr65. Mdr49
and Mdr65 confer multidrug resistance phenotype [35,36]. In mosqui-
toes, the P-glycoprotein inhibitor verapamil can increase the toxicity
of cypermethrin, endosulfan, and ivermectin to Culex pipiens fourth-
instar larvae but not that of chlorpyrifos [17]. The expression of
A. aegypti P-glycoprotein (AAEL010379) increases eightfold in the
temephos-treated larvae, and silencing of this gene expression signifi-
cantly increases temephos toxicity [37]. ABCB6, ABCB7, ABCB8, and
ABCB10 are members of mitochondrial ABC systems, which play roles
in the metabolism of iron and the transport of Fe/S protein precursors



Fig. 4. Phylogenetic tree of the ABCA and ABCB subfamilies from the three mosquito
species. The neighbor-joining tree was constructed with the same method as described
in Fig. 1. The genes initiated with AAEL, AGAP, and CPIJ are from Aedes aegypti, Anopheles
gambiae, and Culex pipiens quinquefasciatus, respectively.

Fig. 5. Phylogenetic tree of the ABCD, ABCE, ABCF, and ABCH subfamilies from the three
mosquito species. Theneighbor-joining treewas constructedwith the samemethod as de-
scribed in Fig. 1. The genes initiated with AAEL, AGAP, and CPIJ are from Aedes aegypti,
Anopheles gambiae, and Culex pipiens quinquefasciatus, respectively.
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[4]. D. melanogaster ABCB6 (CG4225), known as heavy metal tolerance
factor 1, confers resistance against cadmium [38]. T. castaneum ABCB7
(TcABCB-5A) affects development and female reproduction [6].
A. aegypti ABCB7 (AAEL006717) is reportedly upregulated in a
pyrethroid-resistant strain [19].

3.6. ABCD, ABCE, and ABCF subfamilies

The ABCD, ABCE, and ABCF subfamilies are comparatively conserved
in insects and even eukaryotes. ABCD transporters are half transporters
and conserved in insects. All insects have two ABCD proteins, which are
respectively orthologous to human ABCD1/2 and ABCD3 [15]. Each of
the three mosquito species also has one ABCD1/2 and one ABCD3
(Fig. 5). In yeast and mammals, ABCD transporters are located in the
peroxisome membrane and involved in transporting acyl coenzyme A
esters across this membrane [39,40]. However, the role of ABCDs has
not been studied in insects.

The ABCE and ABCF subfamilies are involved in biological processes
rather than transportation because of lacking transmembrane domains
[4].Most eukaryotes only have oneABCE that is highly conservedduring
evolution [15]. However, in addition to the conserved ABCE1 orthologs,
an ABCE1-like paralogous group exists in the three mosquitoes (Fig. 5),
although A. gambiae AGAP010582 was classified to the ABCA subfamily
[5]. The biological significance of this special duplication of the ABCE
subfamily in mosquitoes remains unclear. ABCE1 was identified as an
RNase L inhibitor in mammal cells [41]. The Drosophila ABCE1 called
“pixie” is vital for normal growth and translation [42]. Each of the
three mosquito species has three ABCF proteins, which belong to
ABCF1, ABCF2, and ABCF3 (Fig. 6). In mammals, ABCF1 (ABC50) plays
a key role in the control of translation initiation [43]. In T. castaneum,
interference of ABCE1 (TcABCE-3A) or ABCF1 (TcABCF-2A) expression
produces the lethal phenotype in larvae [6].

3.7. ABCH subfamily

The ABCH subfamily was first identified in D. melanogaster and later
found to exist in all insects and in zebrafish [4,44]. C. p. quinquefasciatus
and A. gambiae had three ABCH genes each, whereas A. aegypti had four
ABCH genes, which formed three paralogous groups (Fig. 5). Other in-
sects have more than three ABCH genes, such as the nine genes in
A. pisum (Table 1). The function of ABCH is poorly understood, although
ABCH is most closely related to the ABCG subfamily (Fig. 1). A recent
study has shown that RNAi knockdown of the T. castaneum TcABCH-
9C gene (homologous to A. gambiae AGAP003680) and TcABCG-4C
gene (homologous to A. gambiae AGAP009850) causes similar pheno-
types: arrested development, rapid death during the quiescent stage,
rough cuticles, and reduced reproduction [6]. This evidence suggests
that the two genes function in the transport of cuticular lipids, which
are deposited in the outer epicuticular layer to prevent water loss.

3.8. Expression profiles of C. p. quinquefasciatus ABC genes during
development

The C. p. quinquefasciatus transcriptomes at the egg, larval (third in-
star), pupal, and adult stages were previously sequenced [21]. Among
the 70 ABC transporter genes, 63 (90%) were expressed in at least one
developmental stage. The expression of all members of the ABCB,
ABCD, ABCE, ABCF, and ABCH subfamilies was detected (Table 1). To ob-
serve the gene expression patterns, we performed hierarchical cluster-
ing of the 63 ABC transporters (Fig. 6). The overall expression pattern



Fig. 6.Hierarchical clustering of Culex pipiens quinquefasciatus ABC transporters expressed
at the egg, larval, pupal, and adult stages. The transcriptomic data are from a previous
study [21]. The expression patterns of the 63 ABC transporter genes along developmental
stages were analyzed through centroid linkage clustering with Cluster 3.0 software. Den-
drograms and expression maps were generated using Java TreeView. The green bands in-
dicate low gene expression, whereas the red bands indicate high gene expression.
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of the ABC transporters was ascribed to four groups, whichmatched the
four development stages. The ABC genes that were highly expressed at
the egg and pupal stages were mainly ABCG and ABCC. The pigment
transport-related brown, white, and scarlet genes (ABCG subfamily), as
well as the ABCF subfamily, were highly expressed at the egg stage. A
similar result was reported in T. castaneum where TcABCG-9B (a white
gene) had the highest expression at the egg stage [6]. The highly
expressed genes at the larval stage mainly included three ABCA3
genes. Most of the highly expressed genes at the adult stage were
ABCG1/4. Only nine ABC genes were expressed at a unique develop-
mental stage (Table 2). CPIJ004604 (ABCC4) and CPIJ011703 (ABCG/
Table 2
ABC transporter genes uniquely expressed at each developmental stage of Culex pipiens
quinquefasciatus.

Stage Gene Subfamily TPM⁎

Egg CPIJ004604 C (C4) 0.53
CPIJ011703 G (scarlet) 3.19

Larva CPIJ005051 A (A3) 0.53
Pupa CPIJ008284 C (C4) 0.57

CPIJ010656 B (B8) 0.28
Adult CPIJ004818 G (G1/4) 0.54

CPIJ007191 G (G1/4) 0.27
CPIJ012369 G (G1/4) 4.55
CPIJ019127 G (G1/4) 0.27

⁎ TPM, number of transcripts per million clean tags.
scarlet) were specifically expressed at the egg stage, whereas
CPIJ005051 (ABCA3) was uniquely expressed at the larval stage.
Meanwhile, CPIJ008284 (ABCC4) and CPIJ010656 (ABCB8) were
uniquely expressed at the pupal stage. Interestingly, the adult-specific
genes were four ABCG1/4 genes, namely, CPIJ004818, CPIJ007191,
CPIJ012369, and CPIJ019127.

In conclusion, the ABC transporter family of each of the three mos-
quito species contains a large number ofmembers. C. p. quinquefasciatus
has an obvious expansion of the ABCG subfamily as compared with
A. gambiae and A. aegypti. Such an expansion of ABC transporter genes
in C. p. quinquefasciatus is probably related to the dirty habitat where
this species lives. The results of this study provided insights into the
evolution of the ABC transporter family in mosquitoes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.pestbp.2015.11.006.
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