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with pyrethroid resistance in Anopheles funestus,
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Pyrethroid resistance in Anopheles funestus is a potential obstacle to malaria control in Africa. Tools are needed to detect
resistance in field populations. We have been using a positional cloning approach to identify the major genes conferring
pyrethroid resistance in this vector. A quantitative trait locus (QTL) named rp! explains 87% of the genetic variance in
pyrethroid susceptibility in two families from reciprocal crosses between susceptible and resistant strains. Two additional
QTLs of minor effect, rp2 and rp3, were also detected. We sequenced a 120-kb BAC clone spanning the rp/ QTL and
identified 14 protein-coding genes and one putative pseudogene. Ten of the 14 genes encoded cytochrome P450s, and
expression analysis indicated that four of these P450s were differentially expressed between susceptible and resistant
strains. Furthermore, two of these genes, CYP6P9 and CYP6P4, which are 25 and 51 times overexpressed in resistant females,
are tandemly duplicated in the BAC clone as well as in laboratory and field samples, suggesting that P450 gene duplication
could contribute to pyrethroid resistance in An. funestus. Single nucleotide polymorphisms (SNPs) were identified within
CYP6P9 and CYP6P4, and genotyping of the progeny of the genetic crosses revealed a maximum penetrance value f, =1,
confirming that these SNPs are valid resistance markers in the laboratory strains. This serves as proof of principle that
a DNA-based diagnostic test could be designed to trace metabolic resistance in field populations. This will be a major
advance for insecticide resistance management in malaria vectors, which requires the early detection of resistance alleles.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to

GenBank (http:/ / www.ncbi.nlm.gov/Genbank/) under accession nos. EU852639-EU852651.]

Anopheles funestus is one of the major malaria vectors in Africa. It is
widely distributed from south of the Sahara desert to northern
South Africa (Gillies and De Meillon 1968). The highly anthro-
pophilic and endophilic behaviors of this mosquito make it an ef-
ficient vector of malaria, and, in many places, parasite infection
rates of An. funestus exceed those of Anopheles gambiae. Malaria
control relies extensively on the use of pyrethroid insecticides, ei-
ther applied to insecticide-treated materials or as a residual spray
inside houses. Resistance to pyrethroids is developing at an
alarming rate in Anopheles mosquitoes in Africa, and resistance
observed in An. funestus is disrupting malaria control in southern
Africa (Hargreaves et al. 2000; Casimiro et al. 2006). There are fears
that this resistance front could spread very rapidly and have a dev-
astating impact on the many pyrethroid-based malaria control
programs that are being widely implemented across the continent.

Elucidating the molecular basis of insecticide resistance
greatly facilitates resistance management by enabling questions
on the origin, spread, and impact of resistance to be assessed. The
two major causes of insecticide resistance are alterations in the

’Corresponding author.

E-mail c.s.wondji@liverpool.ac.uk; fax 44-151-705-3369.

Article published online before print. Article and publication date are at
http://www.genome.org/cgi/doi/10.1101/gr.087916.108.

target sites and increases in the rate of insecticide metabolism.
Three enzyme families, the cytochrome P450s, the esterases, and
the glutathione S-transferases (GSTs), are primarily responsible for
metabolic resistance (Hemingway and Ranson 2000). In An.
funestus, pyrethroid resistance results from an increase in in-
secticide metabolism and is associated with increased activity of
cytochrome P450s (Brooke et al. 2001), but the exact mechanism
remains unclear. The appearance of P450-based pyrethroid re-
sistance in southern African An. funestus had an immediate and
significant effect on malaria transmission in South Africa,
prompting a switch back to DDT in South Africa and the in-
troduction of the carbamate bendiocarb in Mozambique (Hunt
et al. 2005). However, resistance to these alternative insecticides
has already developed in An. arabiensis, another malaria vector, in
South Africa (Hargreaves et al. 2003), and hence effective re-
sistance management strategies are imperative in this region.
Identification and characterization of the specific genes involved
in pyrethroid metabolism in resistant An. funestus is an important
step toward this goal.

A preliminary study carried out using F, progeny from crosses
between a susceptible and a resistant strain of An. funestus iden-
tified a single quantitative trait locus (QTL) named rp1 located
near the telomere of the 2R chromosome (Wondji et al. 2007b).
However, the small sample sizes used for this study and the
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low recombination frequency at the F, generation could have
prevented the detection of additional QTLs. Moreover, the 15 ctM
confidence interval for the rpI QTL precluded the identification of
candidate genes. Advanced intercross lines (AIL) enable fine-scale
mapping of QTLs by reducing the confidence interval surrounding
QTLs (Darvasi and Soller 1995). AIL are produced from an F,
population by random intercrossing in each generation from F,
until advanced intercross generations are attained. In this method,
many recombinational events required for fine-scale mapping of
QTLs are accumulated in a single, relatively small population over
the course of many generations rather than by producing and
examining many progeny in a single large F, or backcross gener-
ation (Darvasi and Soller 1995).

Here, we report the positional cloning of genes in the rpI QTL
that confer pyrethroid resistance in An. funestus, using the AIL ap-
proach with Fs and Fg generation progeny from reciprocal crosses
between susceptible and resistant strains. We also report the iden-
tification of two additional QTLs not detected in the F, generation.

Results

QTL mapping

x> goodness-of fit tests were used to identify loci significantly as-
sociated (P < 0.05) with pyrethroid resistance in progeny of re-
ciprocal crosses between the resistant and susceptible families
(Supplemental Fig. S1). Three sets of nine, four, and two loci, re-
spectively, were significantly associated with pyrethroid resistance
in Family 1. Seven loci from a single set were associated with re-
sistance in Family 10. Each marker associated with resistance on
the 2R chromosome has an additive effect in both families, with
individuals homozygous for the resistant allele having a greater
chance of surviving pyrethroid exposure than heterozygotes
(Supplemental Fig. S2).

Analysis of the Fg progeny identified three QTLs in Family 1,
with the major QTL located within the boundaries of the rp1 QTL
identified previously using F, samples (Wondji et al. 2007b). The
two additional QTLs were named rp2 and rp3 for resistance to per-
methrin 2 and 3, respectively. The logarithm of the odd (LOD)
scores of rp1, estimated by both interval mapping (IM) and com-
posite interval mapping (CIM), was ~40 for Family 1, which far
exceeded the LOD scores of 4 and 3 for rp2 and rp3, respectively
(Fig. 1A). Multiple interval mapping confirmed these three QTLs
(see Supplemental Table S1 for parameters of each QTL). The ge-
netic variance (cgz) explained by the three QTLs accounted for
97.4% of the phenotypic variance (opz), with the vast majority of
this (96%) contributed by rp1.

In the Fg progeny of Family 10, only rp1 was detected, with
a LOD score close to that of Family 1 at 35 and 36 by IM and CIM,
respectively (Fig. 1B). rpI accounts for 87.7% of the genetic vari-
ance in susceptibility to pyrethroid in Family 10.

Additional fine-scale mapping using 400 Fs progeny from the
same reciprocal cross families and additional loci indicated only
a single QTL, rp1, in both families. In Family 1, none of the loci
located in rp2 and rp3 showed a significant association with py-
rethroid resistance, contrary to the results with Fs samples, sug-
gesting that the higher recombination rate at the Fg generation has
disrupted the linkage between these loci and the candidate genes
or polymorphisms in these QTLs. This fine-scale mapping also
reduced the boundaries of rp1, with only three out of nine loci
linked to rp1 in the F¢ generation remaining significantly associ-
ated with pyrethroid resistance at the Fg generation in Family 1
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Figure 1. Plot of LOD scores associated with pyrethroid resistance in

Family 1 (A) and in Family 10 (B) using Fs progeny. The y-axis indicates
LOD ratio scores, and the x-axis indicates chromosome positions. (Solid
lines) LOD estimated by composite interval mapping, (dashed lines) LOD
estimated by interval mapping. The straight line along the top of each
graph represents the threshold value for LOD as determined by permu-
tations. Names of markers are listed around QTL locations.

(Supplemental Fig. S2C) and in Family 10 (Supplemental Fig. S2D).
In both families, the rpI QTL boundaries of =8 cM were defined
around SNPs within two P450 genes, CYP6P4 and CYP6P9 (Sup-
plemental Table S1).

Identification of candidate genes in rpl QTL

The high genetic variance in susceptibility to pyrethroids explained
by rp1 strongly suggests that the major pyrethroid resistance genes
in An. funestus are located in the genomic region encompassed by
this QTL. We therefore screened an An. funestus BAC library, de-
veloped by the University of Notre Dame, to identify a BAC clone
spanning this region. Four positive 384-well plates (Numbers 11,
29, 50, and 62) containing one or more of the loci spanning rp1
were identified. A single individual BAC clone (29F01) was se-
quenced and annotated. The 120-kb clone contained 14 putative
protein coding genes, including a cluster of 11 P450 genes and one
putative P450 pseudogene. The three additional genes are predicted
to encode a carboxylesterase, a lipase precursor (lipase 1), and
a hypothetical protein (Fig. 2). The full-length sequence of each of
these genes has been submitted to GenBank (accession numbers
EU852639-EU852649). The 11 cytochrome P450s all belong to the
CYP6 family, and orthologs of these P450s are found in the same
orientation and location on chromosome 2R, division 12D-13E, of
An. gambiae (Fig. 2). However, in contrast to An. gambiae, tandem
duplications of two of the P450 genes, CYP6P4 and CYP6P9, were
observed in the An. funestus BAC clones. The duplication of CYP6P4
and CYP6P9 was confirmed by PCR amplification and sequencing
of the 5’ flanking region of each copy of the two genes using ge-
nomic DNA from laboratory and field samples. The sequence sim-
ilarity between the An. funestus and An. gambiae orthologs is given
in Supplemental Table S2. There are 22 amino acid substitutions
and a single indel at the carboxyl terminus between CYP6P4a (510
amino acids) and CYP6P4b (513 amino acids), resulting in 95%
similarity (Supplemental Fig. S3A). CYP6P9a and CYP6P9b have 29
variant amino acids (94% similarity), and both have a predicted
length of 509 amino acids (Supplemental Fig. S3B). The phyloge-
netic relationship between the cluster of An. funestus P450s con-
tained in the BAC clone and their orthologs in An. gambiae and,
where available, in An. mimimus, is shown in Supplemental Figure S4
and percentage similarities are given in Supplemental Table S2. As
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Figure 2. Schematic representation of gene organization of BAC 29F01 containing the rp7 QTL in An.

funestus (top) compared with the organization of orthologous genes in An. gambiae (bottom). (Vertical
arrows) Intergenic regions; (horizontal arrows) the 5'-3’orientation of each gene; (asterisks) duplicated

genes.

predicted from the phylogenetic relationship among these three
species (Harbach 1994), the An. funestus P450s are more closely
related to those of An. minimus, an Asian malaria vector, than to the
African species An. gambiae.

Gene expression analysis

The transcript levels of each of nine P450 genes (the two copies of
the duplicated genes being amplified together) from rp1 were de-
termined for adult females from the resistant strain FUMOZ-R and
the susceptible strain FANG in multiplex quantitative PCR (qPCR).
We also studied the expression pattern of another set of 21 P450s
located near the rp2 QTL (six) or elsewhere in the genome of An.
funestus and one housekeeping gene, SP7, which served to nor-
malize the data between genes. The amplification success of each
gene (indicated by the presence or absence of a peak at the expected
size on the GeXP expression profile) is indicated in Supplemental
Table S3. No potential candidate genes were identified in the vi-
cinity of rp3. The nearest coding genes are a microtubule binding
gene (Accession number: BU038892) and a tubulin beta-3 chain
gene (BU039021), both at division 39A of chromosome 3L (Shar-
akhov et al. 2002). Primers used are listed in Supplemental Table S3.
For the duplicated CYP6P4 and CYP6P9 genes, primers were
designed within nonvariant regions of the two gene copies in order
to determine the combined transcript level of the two copies.
Four genes, CYP6P9, CYP6P4, CYP6AA4, and CYP6P1, were
significantly differentially expressed (P < 0.001) between FUMOZ-
R and FANG (Fig. 3A-D). Three of these were overexpressed in the
resistant strain while one, CYP6P1, was overexpressed in the sus-
ceptible strain. The greatest fold changes were seen in the two
duplicated genes, CYP6P9 (25-fold) and CYP6P4 (51-fold). The
expression level of CYP6P9 was higher than that of CYP6P4 in
both the susceptible (fivefold) and resistant strains (threefold). The
overexpression of CYP6P9 in the FUMOZ-R strain has been reported
earlier (Amenya et al. 2008), but the results from this multiplex
qPCR show that two additional P450s within the boundaries of rp1
are also overexpressed. None of the genes within the region of the

rp2 QTL or elsewhere in the genome was
differentially expressed between the re-
sistant and the susceptible strains (Sup-
protein plemental Fig. S5A).

The qPCR experiment was repeated
using male adults, pupae, and larvae.
Male adults generally presented a similar
gene expression profile to that of females,
with the same four genes differentially
expressed between susceptible and re-
sistant strains (Supplemental Fig. SSB).
However, fold changes between the re-
sistant and the susceptible strains were
generally lower in males than in females.
Indeed, apart from CYP6AA4, which
protein presented a comparable level of expres-
sion between both sexes, the fold change
of the three other genes was much lower
for males than females. CYP6P9 was
18-fold overexpressed in resistant males
compared with 25-fold for females, CYP6P4
was only fivefold overexpressed in males
compared with 51 times in females, and
CYP6P1, which was 12-fold overex-
pressed in susceptible females, was only
three times overexpressed in susceptible males (Supplemental Fig.
S5B). These results correlate with earlier studies showing that py-
rethroid resistance is much higher in females than in males of An.
funestus (Hunt et al. 2005). The expression levels of all the genes
were significantly lower in pupae than in other life stages (Sup-
plemental Fig. S5C), and none of the 30 genes studied were dif-
ferentially expressed between the strains at the pupal stage. This
could be explained by the fact that the pupal stage is a nonfeeding
and metamorphic life stage during which most genes involved in
detoxification or digestion are switched off or down-regulated
in favor of those involved in metamorphosis. In the larval life
stage, only one of the four genes that was differentially expressed
in the adult stage, CYP6P9, showed differential expression
between both strains, although it was a much lower fold change
(fivefold compared with 18- and 25-fold in male and female
adults, respectively [Supplemental Fig. S5D]). These results sup-
port the life stage specificity of pyrethroid resistance in the adult-
selected FUMOZ-R strain, as suggested previously (Amenya et al.
2008). These gene expression results provide further support for
a role of CYP6P9 and CYP6P4 in conferring pyrethroid resistance
in An. funestus, with CYP6AA4 perhaps also being involved
at a lesser extent. A comparative expression profile for some of
these genes in all the life stages is presented in Supplemental
Figure SS.

SNPs in CYP6P9 and CYP6P4 can predict the resistance status
of An. funestus in the laboratory

To identify sequence variations associated with resistance to pyr-
ethroids, we sequenced DNA fragments encompassing CYP6P4a
and CYP6P9b from four resistant and four susceptible samples
from the F¢ generation of Family 1. CYP6P4a and CYP6P9b were
chosen because they contain the SNPs used for the QTL mapping
(Supplemental Fig. S2).

For CYP6P4a, a 2584-bp fragment (comprising the 5’ flanking
region, coding sequences, and intron) was sequenced (accession
number EU852651). CYP6P4a was highly polymorphic, with 103
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Figure 3. Comparison of the patterns of gene expression of four candidate genes CYP6P9 (A), CYP6P4
(B), CYP6AA4 (C), and CYP6P1 (D) between the resistant strain FUMOZ and the susceptible FANG in
different life stages. The normalized expression ratio of each gene against the SP7 gene is represented
on the primary vertical axis, while the secondary vertical axis represents the fold change of each gene
between FUMOZ and FANG. Significant differential expressions are indicated by asterisks: (***) P <

0.001, (**) P < 0.01.

polymorphic sites observed (Supplemental Table S4). Two indels,
A/-and TT/-, were observed in the 5’ flanking region, with A and
TT always deleted in resistant individuals. The distribution of
polymorphic sites and the clustering of haplotypes in a phyloge-
netic tree correlated with the resistance status (Supplemental Fig.
S6A) in the progeny of the crosses. Amino acid changes were
clustered in the protein, with 17 polymorphic residues located
between amino acids 50 and 100.

For CYP6P9b, a 2229-bp fragment (comprising the 5’ flanking
region, coding sequences, and intron) was sequenced (accession
number EU852650). Details of these polymorphisms are given in
Supplemental Table S4. Two indels, CAA/- and TGT/-, were ob-
servedin the 5’ flanking region, with CAA and TGT being deleted in
resistant individuals. The clustering of haplotypes according to the
resistance status (Supplemental Fig. S6B) show that polymorphism
at CYP6P9D is also closely associated with pyrethroid resistance.

Two SNPs, one from CYP6P4a and one from CYP6P9b, were
selected to see if they could be used to predict the resistance status
of the progeny from the laboratory crosses. For CYP6P9b, we chose
the A/G mutation at position 1480, and for CYP6P4a, we chose the
A/G mutation at position 2099 located in the intron and always
showing a consistent association with the phenotype in the eight
samples sequenced above. These two SNPs were genotyped using
the pyrosequencing method in 325 resistant and 325 susceptible
individual mosquitoes from Fe and Fg generations of Family 1 and
Family 10 used above for QTL mapping. Primers were designed to
specifically amplify the corresponding fragment of CYP6P4a and
CYP6P9b containing these two SNPs. The results presented in Ta-

the A/A genotype is 83.3 and 90.9 times
for CYP6P4 and CYP6P9, respectively,
while the heterozygote A/G is re-
spectively 50.8 and 65.4 times more
likely to be resistant than an A/A mos-
quito. When comparing results from Fg
and Fg generations, we observed that
there is a decrease of the genotype rela-
tive risk from Fs to Fg samples for both
SNPs (see Table 1), indicating that re-
combination occurring between the Fs and Fg generations has
probably reduced the association between the two SNPs and the
causative mutation at both genes. However, the fact that f, pene-
trance remained unchanged indicates that these two SNPs are very
close to the causative mutations. The strong association observed
between these two SNPs and pyrethroid resistance serves as proof of
principle that a DNA-based marker could be identified in order to
design a diagnostic test to trace this metabolic resistance in field
populations.

Discussion

The long-term objective of this work is to develop a DNA-based
assay to monitor for the presence of pyrethroid resistance in in-
dividual An. funestus mosquitoes. Current monitoring for re-
sistance requires the use of bioassays on large numbers of live
insects and requires trained entomologists. The use of DNA-based
assays would simplify resistance monitoring and, as the assays can
be performed on dried mosquitoes, would enable a much wider
geographical area to be sampled. Using DNA-based assays also
enables resistance to be detected when it first appears in a pop-
ulation, which is the stage at which preventative action must be
taken. Here, we report significant progress toward this goal by
identifying candidate genes that are tightly linked to the
resistance phenotype and demonstrating that simple SNP assays
can be used to predict resistance status in laboratory strains.
Three QTLs associated with resistance to permethrin were
identified, but one of these, rp1, explains the vast majority of the
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Table 1. Penetrance and genotype relative risk (GRR) of two mutations in CYP6P9b and CYP6P4a strongly associated with pyrethroid
resistance in An. funestus
Samples fa fq fo ry r

6P4 (Fs) Family 1: 2Sus X 3Res 30(G/G)/30 =1 35(A/G)/41 =085  1(A/A)/63=0.016  f,/fp=63 f1/fo=53

Family 10: QRes X 3Sus ~ 40(G/G)/40 =1 8(A/G)/40=0.2 0(A/A)/14 =0 folfo=1/0=Inf  f1/fo =0.2/0 = Inf
6P4 (Fg) Family 1: 9Sus X JRes 18(G/G)/18 =1 69(A/G)/119=0.57  1(A/A)/43=0.023  f,/fo=43.5 f1/fo = 26.5

Family 10: QRes X 3Sus  42(G/G)/42 =1 49(A/G)/63 =0.77  O(A/A)/49 =0 foffo=1/0=Inf  f1/fo=0.2/0 = Inf
6P4 (Fg + Fg)  All samples 130(G/G)/130 =1 161(A/G)/263 =0.61 2(A/A)/169 =0.012  f,/fp=83.3 f1/fo =50.8
6P9 (Fe) Family 1: @Sus X 3Res 21(G/G)/21 =1 49(A/G)/52=0.94  1(A/A)/71=0.014  f,/fo=71 f1/fo = 67

Family 10: QRes X 3Sus  38(G/G)/38 = 1 8(A/G)/18 =0.44  0(A/A)/37 =0 folfo=1/0=Inf  f1/fy = 0.44/0 = Inf
6P9 (Fsg) Family 1: Sus X JRes 15(G/G)/15 =1 24(A/G)/29 = 0.83 1(A/A)/49 = 0.02 fa/fo = 49 f1/fo = 41

Family 10: @Res X 3Sus 15(G/G)/15 =1 6(A/G)/23 =0.26 O(A/A)/15=0 folfo=1/0=Inf  f;/fo =0.2/0 = Inf
6P9 (Fs +Fg)  All samples 89(G/G)/89 =1 87(A/G)/121=0.72 2(A/A)/172=0.011  f,/fy=90.9 f1/fo = 65.4

The parameters fo, f;, and f, are the probabilities of being resistant in individuals with zero, one, and two copies of the resistant allele (G allele for both
CYP6P4 and CYP6P9), respectively, while r, and rq are a quantification of the risk for a mosquito to be resistant if it is homozygous at the resistance locus
(G/G for both genes) or heterozygous (A/G for both genes), respectively, compared with a susceptible mosquito (A/A at both genes).

Sus, susceptible; Res, resistant.

genetic variance. However, given that the boundaries of rp2 and
rp3 are currently much larger than rp1, further fine-scale mapping
of these two minor QTLs could result in higher LOD scores for
these two loci. rp2 is also located within the vicinity of a cluster of
P450s. Around 20 P450s are located in the corresponding position
in An. gambiae (chromosome 3R) (Ranson et al. 2002), and five
P450s were genetically mapped to the rp2 region in An. funestus in
this study. However, none of these rp2 P450s was found to be
overexpressed in the resistant strain. No candidate genes associ-
ated with pyrethroid resistance were identified for rp3. None of the
three QTLs are linked to the target site of pyrethroids, the voltage-
gated sodium channel gene. Mutations in this gene, found on
chromosome 3R in An. funestus, are linked with a resistance phe-
notype known as knockdown resistance (kdr). kdr mutations are
widespread in An. gambiae populations (Martinez-Torres et al.
1998; Ranson et al. 2000) but have not been reported in An.
funestus to date. Instead, metabolic resistance, caused by increased
activity of cytochrome P450s, appears to be the major resistance
mechanism both in laboratory and field populations of An.
funestus (Brooke et al. 2001; Amenya et al. 2008). Earlier reports
have identified CYP6P9 as being highly overexpressed in the py-
rethroid-resistant FUMOZ populations. Here, we confirm this re-
sult but also identify additional P450 genes, clustered with
CYP6P9, that are overexpressed and reveal two gene duplications
of two of the candidate genes. The fact that these gene duplication
events are present only in An. funestus suggests that they occurred
after the divergence of An. gambiae and An. funestus 36-80 Mya
(Krzywinski et al. 2006). However, these gene duplications are
probably fairly ancient given that the two copies show relatively
extensive sequence variation (94% nucleotide sequence similarity
for CYP6P4a and b and 95% similarity for CYP6P9a and b) and
would certainly predate any selection by pyrethroids. Neverthe-
less, it is intriguing that these main candidate genes associated
with resistance to pyrethroids are both duplicated. Duplication of
P450 genes involved in metabolic resistance has also been ob-
served in Drosophila species. The Rst(2)DDT locus conferring re-
sistance to DDT in Drosophila melanogaster encompasses a cluster
of six P450 genes, among which two duplicated P450 genes,
CYP6G1 and CYPI12D1, are the only genes up-regulated in the
resistant strain (Brandt et al. 2002). Indeed, CYP12D1 is present in
two copies, products of a very recent gene duplication event on
chromosome 2R in D. melanogaster, while CYP6G1, confirmed to
confer resistance to DDT in D. melanogaster (Daborn et al. 2002),

was recently found to be also duplicated (Emerson et al. 2008).
These cases of P450 gene duplication associated with insecticide
resistance suggest that P450 gene duplication could potentially
generate genes that are more metabolically active against insecti-
cides. This is also supported by the observation made in Drosophila
that both copies of CYP12D1 need to be overexpressed to confer
a resistant phenotype (Daborn et al. 2007). In humans, duplica-
tion of CYP2D6 results in an ultra-rapid metabolism of its sub-
strates (Agundez et al. 2001). Similarly, it is possible that the
duplication of CYP6P9 and CYP6P4 increases pyrethroid metabo-
lism in resistant An. funestus mosquitoes. To further investigate the
potential role of these P450 gene duplication events in pyrethroid
resistance, we would need to measure copy number poly-
morphisms in a wider population of An. funestus. Further work is
also needed to verify that both copies of the genes are functional
and are capable of metabolizing pyrethroids.

The role of CYP6P9 and CYP6P4 in conferring pyrethroid
resistance is supported by their high overexpression level in the
resistant strain FUMOZ and also by the correlation observed be-
tween polymorphisms at these genes and the resistance pheno-
type in advanced intercross lines. Preliminary work has also
indicated that enzymes from both genes are able to metabolize
pyrethroids in vitro (B. Stevenson and C. Wondji, unpubl.). The
causative mutations responsible for the overexpression of these
P450 genes are still unknown. Analysis of the 5’ promoter region
of each gene did not reveal major genomic changes such as has
been observed in the CYP6G1 gene in Drosophila where a long
terminal repeat (LTR) retrotransposon known as Accord is inserted
in the 5’ promoter region (Daborn et al. 2002). However, the short
indels and polymorphisms in the 5’ promoter region of both
copies of CYP6P9 and CYP6P4 may influence the transcription of
these genes, as observed in D. melanogaster (CYP6AS) (Maitra et al.
2002) and in the house fly Musca domestica (CYP6D3) (Kasai and
Scott 2001). Further promoter analysis and genotype-phenotype
association studies using field populations are needed to identify
the functional polymorphism responsible for the increased ex-
pression of these P450 genes.

Methods

Mosquito crosses

Reciprocal crosses between the FANG and FUMOZ-R strains
(Hunt et al. 2005) were set up as described previously (Wondji
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et al. 2007b). F, progeny of each isofemale line were randomly
intercrossed until the Fs and Fg generations. Bioassays on 1- to 3-d-
old adults using the standard WHO bioassay procedure (WHO
1998) were carried out on the Fs and Fg generations. Mosquitoes
were exposed to 0.75% permethrin at two different exposure times
of 30 min and 2 h and mortality was recorded 24 h post-exposure.
Specimens Kkilled after the short exposure of 30 min (time empir-
ically determined to kill 10% of the population or LT;o) were
considered susceptible while those that survived the long expo-
sure of 2 h (LTop) were considered resistant. This approach mini-
mizes the level of phenotype misclassification and increases the
power of QTL detection because specimens from the two extreme
phenotypes contribute more linkage information than the other
specimens (Lander and Botstein 1989). F¢ and Fg progeny from
each family were stored on silica gel for subsequent DNA extrac-
tion and genotyping.

Genotyping of molecular markers

Progeny from two of the 11 families used to detect rp1 in the F,
generation in a previous study (Wondji et al. 2007b) were main-
tained for a further six generations in this study. Family 1 originated
from a cross between a female from the susceptible strain FANG and
a male from the resistant strain FUMOZ-R, while family 10 origi-
nated from the reciprocal cross between a FUMOZ-R female and
a FANG male. In each family equal numbers of surviving and dead
progeny were genotyped (75 dead and 75 alive for family 1, 48 dead
and 48 alive for family 10). DNA was extracted using the LIVAK
method (Collins et al. 1987), and the microsatellite loci were gen-
otyped as described previously (Wondji et al. 2005). A total of 72
microsatellite markers was scored in the parental P, and F; samples,
and the F¢ progeny were genotyped for informative markers in each
family using the Beckman CEQ8000 fragment analysis program.

Single nucleotide polymorphism (SNP) genotyping

SNP markers chosen from a set of SNPs previously identified in An.
funestus (Wondji et al. 2005, 2007a) were genotyped in simplex
and multiplex pyrosequencing reactions. These were scored in the
parents (P;) and in F, for the two families, and informative SNPs
were genotyped for Fs and Fg samples. Multiplex assays were
designed using the Pyrosequencing SNP Multiplex Entry software
(Pyrosequencing AB), which allows the simultaneous genotyping
of three SNPs. Sequences to be analyzed for each of the three SNPs
were entered in the software and a dispensation order was
obtained that allowed nonambiguous genotyping of each of the
three SNPs. Multiplex PCR was carried out using three different
primer pairs specific for each SNP to be genotyped. Forward and
biotinylated reverse primers (10 pmol) were added to a PCR re-
action containing 1x HotStarTaq buffer, 0.2 mM dNTPs, 1.5 mM
MgCl,, 1 U of HotStarTaq (Qiagen), and 30 ng of genomic DNA.
Amplification was performed with the following conditions: one
cycle for 5 min at 95°C; 50 cycles for 20 sec at 94°C, 30 sec at 57°C,
and elongation for 20 sec at 72°C; followed by one cycle for 5 min
at 72°C. Three different sequencing primers were used to simul-
taneously genotype the three SNPs of each multiplex assay. The
pyrosequencing reaction was carried out as described by Wondji
et al. (2007b) according to the manufacturer’s instructions using
the PSQ 96 SNP Reagent Kit (Biotage AB), and the genotype was
determined using SNP Software (Biotage AB).

QTL mapping

The JoinMap 2.0 package (Stam and Van Ooijen 1995) was used to
build a genetic linkage map for each of the two families using the
same parameters as described previously (Wondji et al. 2007b).

DrawMap 1.1 (van Ooijen 1994) software was then used to plot
the genetic map. Associations between genotypes at each locus
and the resistance phenotype were assessed using a contingency x>
analysis. The null hypothesis was that susceptibility to permethrin
is equal in each genotype class. For loci with a significant x?, we
analyzed the inheritance of the alleles at these loci. The a priori
hypothesis was that a higher mortality rate would occur among Fe
and Fg individuals with one or both alleles inherited from the
susceptible parent. The JoinMap linkage map and the genotype/
phenotype data were entered into Windows QTL Cartographer 2.5
(Wang et al. 2005). Interval mapping (IM) (Lander and Botstein
1989), composite-interval mapping (CIM) (Zeng 1994), and mul-
tiple-interval mapping (MIM) (Zeng et al. 1999) procedures were
implemented for each family using the parameters described
previously (Wondji et al. 2007b).

Sequencing of the BAC clone containing the rpl QTL

A BAC library for An. funestus was recently constructed by The In-
stitute for Genomic Research (TIGR) using genomic DNA fragments
from the FUMOZ colony (N. Lobo, pers. comm.). The library was
screened by PCR using the following primers located within the
boundaries of the rpI QTL as described in Hong et al. (2003):

CYP6P9 (forward: GCGCCTTAGACAAGAGATCA; reverse: AAGG
GATGTCGCTTCTTCTC),

CYP6P4 (forward: GTACGAGACTGGCAAAGAAT; reverse: AAGGA
AGACGTATGGATGG),

BUS8S5 (forward: AAAAAGAATGGC CGGAAAGT; reverse: CTCATC
GCCCAGAATTTCAT).

DNA of whole 384-well plates was pooled and a PCR was carried
out for each plate using 10 pmol of each primer and 30 ng of BAC
DNA as template in 25-uL reactions containing 1x Hot StarTaq
buffer, 0.2 mM dNTPs, 1.5 mM MgCl,, 1 U of Hot StarTaq (Qia-
gen). The cycle parameters were: 1 cycle for 15 min at 95°C; 35
cycles of 30 sec at 94°C, 30 sec at 57°C, and elongation for 30 sec at
72°C; followed by 1 cycle of 10 min at 72°C. The positive plates
after electrophoresis of PCR products on a 1.5% agarose gel were
then subdivided into six column-pools and four row-pools and the
PCR screen was repeated. Finally, individual colonies from the set
of 16 identified from the pooled column and row screen were used
as a template to identify the individual clone containing the
markers of interest. The BAC clone was grown overnight at 37°C,
harvested in a glycerol solution, and stored at —80°C. The size of
the BAC clone was estimated after a restriction digestion using the
BamH]1 restriction enzyme to separate the insert from the vector.
The BAC clone was then fragmented by sonication into shorter,
random sequences of ~2-5 kb. These small fragments were cloned
into plasmid vectors (pC31) and sequenced using an ABI DNA
Sequencer. The reads were trimmed using Seqman (http://
www.dnastar.com/web/r3.php), which automatically removes
known vector sequences from the end of reads. Read sequences
were later assembled using the computer program phrap (P. Green
unpubl.; http://www.genome.washington.edu/UWGC/analysistools/
Phrap.cfm). The program Genemark.hmm version 2.2 (Lukashin
and Borodovsky 1998) was used to locate genes in the assembled
sequence of the BAC clone. Putative genes were annotated by
using the BLASTX (http://www.ncbi.nlm.nih.gov/blast/) program
of GenBank and using the Ensembl Mosquito BlastView. Further
detailed annotation of the P450 genes was aided by the P450 site
(http://p450.sophia.inra.fr/).

Quantitative PCR

The expression pattern of each gene was compared between the
resistant strain FUMOZ-R and the susceptible strain FANG using
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the GenomeLab GeXP genetic analysis system from Beckman
Coulter. This system utilizes a highly multiplexed quantitative
PCR approach to analyze the expression of up to 30 genes simul-
taneously. Total RNA was extracted from three batches (biological
replicates) of 15 mosquitoes from each life stage (1-d-old female
and male adults, pupae, and fourth-instar larvae) using a PicoPure
RNA isolation kit (Arkturis) according to the manufacturer’s
instructions. Total RNA quantity and quality were assessed using
a Nanodrop spectrophotometer (Nanodrop Technologies). The
GenomeLab eXpress Profiler program was used for automated
primer design, calculation of relative gene expression values, data
checking, and data analysis. The quantitative PCR reaction was
carried out using the GenomeLab GeXP Start Kit (Beckman and
Coulter) according to the protocol provided. First, a reverse tran-
scription (RT) reaction was carried out in a 20-pL total volume
containing 1X RT buffer, the reverse primers mix at 50 nM each,
20 U of reverse transcriptase, 5 pL of the Kan" RNA (positive
control), and 50 ng of the sample RNA. The final volume was
brought to 20 pL with DNase/RNase-free H,O. This reaction
mixture was incubated with the following program: 1 min at 48°C,
Sminat37°C, 1 hat42°C, 5 min at 95°C. Secondly, a PCR reaction
was carried out with the mixture containing, at the final con-
centration, 1X PCR buffer, 1.25 mM MgCl, the forward primers
mix at 20 nM each, 3.5 U of the thermo-Start DNA polymerase
(ABgene AB-0908/A), and 9.3 pL of the cDNA from the RT re-
action. The cycle parameters were 10 min at 95°C, 35 cycles of 30
sec at 94°C, 30 sec at 55°C, 1 min at 68°C. The resulting samples
were diluted 10 times and added in a 96-well microplate with the
DNA size standard-400 and run on the GenomeLab GeXP genetic
analysis system. The expression level of the SP7 ribosomal gene
was used to normalize for variation in total cDNA concentration.

Sequencing of candidate genes

The P450 genes CYP6P9b and CYP6P4a containing the SNPs with
the highest correlation with pyrethroid resistance were amplified
from four susceptible and four resistant individuals from the Fg
generation of family 1 and sequenced to identify potential poly-
morphisms associated with pyrethroid resistance. The following
primers were used:

CYP6P4a (forward: CGCACAATGCTCGCATGTTTACC; reverse:
GACGCCTCGATCATGAAACAC), CYP6P9b (forward: CATAC
TCATAATAACTAGACGCG; reverse: TACACTGCCGACACTACG
AAG).

Sequences were aligned using ClustalW (Thompson et al. 1994).
Haplotypes and amino acid translations were generated using
DnaSP 4.50 (Rozas et al. 2003). Phylogenetic trees were con-
structed using MEGA 4 (Tamura et al. 2004). The penetrance and
Genotype Relative Risk (GRR) for two SNPs in CYP6P4a and
CYP6P9b were estimated. The penetrance estimates fo, f;, and f,
are the probability of being resistant in individuals with zero, one,
and two copies of the resistant allele, respectively. f; = Pr(resistant |
i copies of resistant allele) (i=0, 1, 2), where findicates penetrance
and Pr indicates probability (Schaid and Sommer 1993). GRR (AA) =
15 = f5/fo; GRR(Aa) =17 = f;/fo, 1> being the genotype relative risk of
the homozygote resistant allele, while r; is for the heterozygote
genotype (Schaid and Sommer 1993).
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