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Abstract

Sequence variation at the intron-1 of the voltage-gated sodium channel gene in Anopheles
gambiae M- and S-forms from Cameroon was assessed to explore the number of mutational

events originating knockdown resistance (kdr) alleles. Mosquitoes were sampled between

December 2005 and June 2006 from three geographical areas: (i) Magba in the western

region; (ii) Loum, Tiko, Douala, Kribi, and Campo along the Atlantic coast; and (iii) Bertoua,

in the eastern continental plateau. Both 1014S and 1014F kdr alleles were found in the

S-form with overall frequencies of 14% and 42% respectively. Only the 1014F allele was

found in the M-form at lower frequency (11%). Analysis of a 455 bp region of intron-1

upstream the kdr locus revealed four independent mutation events originating kdr alleles,

here named MS1 -1014F, S1-1014S and S2-1014S kdr-intron-1 haplotypes in S-form and

MS3-1014F kdr-intron-1 haplotype in the M-form. Furthermore, there was evidence for

mutual introgression of kdr 1014F allele between the two molecular forms, MS1 and MS3

being widely shared by them. Although no M ⁄ S hybrid was observed in analysed samples,

this wide distribution of haplotypes MS1 and MS3 suggests inter-form hybridizing at

significant level and emphasizes the rapid diffusion of the kdr alleles in Africa. The mosaic

of genetic events found in Cameroon is representative of the situation in the West–Central

African region and highlights the importance of evaluating the spatial and temporal

evolution of kdr alleles for a better management of insecticide resistance.
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Introduction

Insecticide resistance is considered an important artifi-

cial example of natural selection and the factors govern-

ing the origin and spread of associated mutations are of

both academic and applied importance (Ffrench-
nce: Josiane Etang, Fax: +237 22 23 00 61;

t@yahoo.fr
Constant et al. 2004). Random genetic events generate

mutant alleles, some of which modify normal physio-

logical, morphological or behavioural traits and confer-

ring insecticide resistance. When insecticide is applied,

individuals possessing such mutations have a consider-

able advantage over more susceptible individuals in the

population. They have a high probability of surviving

insecticide treatment and, on average, will provide
� 2009 Blackwell Publishing Ltd
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more offspring than the susceptible individuals to the

next generation. The cloning of resistance genes in

Drosophila melanogaster has enabled to address funda-

mental questions relevant to the selection of these adap-

tive traits. Are resistance phenotypes controlled by one

or many genes? How many mutations are there within

resistance genes and how many independent origins do

they have in field populations? (Daborn et al. 2002).

The hypothesis that a resistance allele could have a sin-

gle global origin was derived from a study of amplified

esterase genes in Culex pipiens (Raymond et al. 1991).

However, studies of the single cyclodiene resistance-

associated mutation in Rdl of the red flour beetle Triboli-

um castaneum showed that several independent origins of

the same mutation are likely to have occurred across the

globe, with different alleles being spread globally by

grain export (Andreev et al. 1999). Multiple independent

origins of resistance are also seen in genetically isolated

taxonomic units, such as subspecies, biotypes or clones.

For example, haplotype variation at the Ace-1 locus of

two subspecies of C. pipiens suggests that the mutation

causing enzyme insensitivity has arisen independently

within each subspecies (Weill et al. 2003). The most com-

mon resistance-associated mutation, the knockdown

resistance (kdr) mutation, is located at position 1014 of

the domain II of the voltage-gated sodium channel and

involves the substitution of a leucine (TTA) residue by a

phenylalanine (TTT), serine (TCA) or histidine (CAT) res-

idue. In addition, there are other mutations in other

domains of the voltage-gated sodium channel gene that

can produce the kdr phenotype (Hemingway & Ranson

2005). In Anopheles gambiae s.s., the major malaria vector

in Africa, two kdr mutations have been described, the leu-

cine-to-phenylalanine (L1014F) which is widespread in

West Africa (Chandre et al. 1999; Yawson et al. 2004;

Santolamazza et al. 2008), and the leucine-to-serine

(L1014S) originally described in West Kenya (Ranson

et al. 2000a). This mutation has recently been found in

Gabon, Equatorial Guinea, Angola and Cameroon in

Central Africa together with the L1014F mutation (Etang

et al. 2006; Pinto et al. 2006, 2007).

Genotyping of X-linked transcribed and nontran-

scribed spacers of the ribosomal DNA of A. gambiae led

to the characterization of two molecular forms, denoted

M and S. These forms exhibit strong assortative mating

and are considered by many authors to be incipient

species (Della Torre et al. 2002; Lanzaro & Tripet 2003).

Molecular and chromosomal data suggest an ongoing

speciation process, with persistence of variation shared

because of recent common ancestry and low levels of

gene flow continuing to homogenize regions of the gen-

ome not directly involved in the speciation process. In

other words, M- and S-molecular forms appear to have

mosaic genomes consisting of parts that are completely
� 2009 Blackwell Publishing Ltd
differentiated and between which gene flow is limited,

whereas it occurs among other parts of the genome

(Gentile et al. 2004; Besansky et al. 2003). Whether such

hybridization is a significant route for the transfer of

genetic adaptation is a major question in evolutionary

biology (Barton 2001). Anopheles gambiae is a unique

model for the studies of the evolution of reproductive

isolation and the importance of hybridization for the

transfer of adaptively advantageous genes in incipient

species. Using microarray approach, Turner et al. (2005)

identified four genomic regions termed ‘islands of spe-

ciation’, that differentiate the two forms. One of these

regions appears to be intimately involved with the

reproductive isolation (Turner et al. 2005), while the one

on chromosome 2L is associated with insecticide resis-

tance (Ranson et al. 2000b). Reproductive isolation

between the M- and S-forms has been supported by the

lack of hybrids detected by polymerase chain reaction

(PCR) of the rDNA intergenic and also partially by

studies of the distribution of the kdr gene, a mutation

involved in resistance to DDT and pyrethroid insecti-

cides (Chandre et al. 1999). The kdr mutations are con-

sidered as genetic markers to assess introgression

between M and S-molecular forms (Diabate et al. 2003).

In addition to the taxonomic debate, the most epidemio-

logically relevant issue is how the restricted gene flow

affects bionomics of these molecular forms and to what

extent and under what circumstances they hinder the

circulation of genes associated with vector capacity or

insecticide resistance.

Sequencing of the noncoding regions surrounding the

kdr allele has allowed investigating the origin and dis-

persal of both kdr mutations in the two molecular forms

of A. gambiae s.s. Multiple origins of these mutations

have been documented in the S-molecular form (Pinto

et al. 2007), as well as evidence of their subsequent

transfer to M-form by introgression (Weill et al. 2000).

However, less information is available on the intron-1

haplotype variability in the M-form, compared with

that reported in the S-form. Considering the coexistence

of both kdr mutations in both M- and S-molecular forms

(Etang et al. 2006; Reimer et al. 2008), the wide distribu-

tion of DDT and pyrethroid resistance in A. gambiae s.l.

populations (Ndjemaı̈ et al. 2008), as well as its interme-

diate geographical situation between West and East

Africa, Cameroon appears as a suitable context to inves-

tigate gene flow related to insecticide resistance at a

micro-geographic level. To estimate the number of kdr

mutational events and assess the risk of a rapid diffu-

sion of this resistance mechanism, we examined the

genetic variation in intron-1 sequence of the voltage-

gated sodium channel gene in relation to kdr genotypes

in M- and S-molecular forms of A. gambiae populations

from three ecological areas in Cameroon.



3078 J . ETAN G ET AL.
Materials and methods

Mosquito samples

Mosquitoes used in this study were sampled between

December 2005 and June 2006, from seven sites

(Fig. 1) located in three distinct geographical areas in

southern Cameroon: (i) Magba, in mountain grass-

lands of the western region; (ii) Loum, Tiko, Douala,

Kribi and Campo along the Atlantic coast; and (iii)

Bertoua, in the semi-forest area of the eastern conti-

nental plateau. The climate in Loum, Tiko, Douala,

Kribi and Campo is typical of the coastal equatorial

region with 2000–10 000 mm rainfall and 0–3 months
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of intermittent rains during the year. Bertoua is

located in the limit of equatorial and tropical climates

characterized by four seasons: two dry seasons

(December–February and July–August) and two rainy

seasons (March–June and September–November),

while Magba is located in the western tropical humid

area characterized by a dry season between Novem-

ber and February and a rainy season between March

and October (Suchel 1987).

Samples were collected during the rainy season, as

larvae or adults. Adults were captured using hand

aspirators or from light traps. Larvae were collected by

dipping in natural breeding sites and reared to adults

as described elsewhere (Etang et al. 2003). Adult
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Fig. 1 Pie charts show the molecular

form composition in each sample and

graphs represent kdr allele frequen-

cies (1014L, 1014S and 1014F) within

each form. In both, white areas are of

the M-form and grey areas are of the

S-form.

� 2009 Blackwell Publishing Ltd
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mosquitoes were stored individually in tubes with des-

iccant at )20 �C until DNA extraction.
Species and forms identification, kdr genotyping and
intron-1 sequencing procedures

Collected mosquitoes were identified as females of

Anopheles gambiae s.l. on morphological grounds follow-

ing identification keys (Gillies & De Meillon 1968).

Genomic DNA was extracted from each individual fol-

lowing Cornel & Collins (1996). Mosquito species and

molecular form were simultaneously determined using

the PCR-restriction fragment length polymorphism

assay of Fanello et al. (2002). Kdr genotypes were deter-

mined using the Hot Oligonucleotide Ligation Assay

(Lynd et al. 2005).

A fragment of the intron-1 of the voltage gated

sodium channel gene was PCR-amplified and

sequenced according to Weill et al. (2000). PCR frag-

ments were purified using the QIAquick PCR Purifica-

tion Kit (Qiagen). For each specimen, both strands were

sequenced, aligned in BIOEDIT v. 7.0.5.2. (Hall 1999) and

corrected manually. All new intron-1 haplotypes have

been deposited in GenBank under Accession nos

EU826538–EU826542.
Data analysis

Variability estimates at the intron-1, including the num-

ber of segregating sites, the number of haplotypes, hap-

lotype diversity and average number of pairwise

nucleotide differences, were obtained using DnaSP

v.4.10. 9. (Rozas et al. 2003). The same software was

used to estimate Fu’s (1997) FS-statistic. This neutrality

test is based on the expectations of haplotype distribu-

tion for a conditional value of h (=4Nel for diploid

organisms, where Ne is the effective population size

and l the mutation rate). In a sample with excess of

recent mutations, h estimated by the average number of

pairwise nucleotide differences (hk) will tend to be

smaller than the estimate based on the number of

alleles. Negative values of FS are an indication of selec-

tion by genetic hitchhiking or population growth (Fu

1997). These estimates were calculated by ecological

region rather than by locality to avoid biases due to

low sample sizes.

A Bayesian approach implemented by the software

Phase 2.1. (Stephens et al. 2001) was used to reconstruct

haplotypes comprising both the intron-1 sequence and

the corresponding kdr allele from heterozygotes at more

than one site. Using the TCS software (Clement et al.

2000), genealogical relationships among kdr-intron-1 full

haplotypes were estimated based on the parsimony

algorithm of Templeton et al. (1992). Relationships
� 2009 Blackwell Publishing Ltd
between haplotypes are represented in a network in

which branches represent mutational steps between dif-

ferent haplotypes. Network ambiguities were resolved

following the guidelines of Templeton et al. (1992) and

Crandall & Templeton (1993) as well as taking into

account the considerations regarding non-neutral loci

made in Pinto et al. (2007).

Using Phase 2.1., estimates of the population back-

ground recombination rate q (q = 4Ner where r is the

crossing over rate per base pair) were obtained by the

method described in Li & Stephens (2003). Median val-

ues of q and corresponding bootstrapped 95% confi-

dence intervals were obtained for each molecular form

of A. gambiae s.s. In addition, the minimum number of

recombination events in the life history of a population,

Rm, was estimated by the ‘four-gamete test’ method of

Hudson & Kaplan (1985). Calculations were made using

DnaSP.
Results

Frequency and distribution of kdr alleles in M- and
S-molecular forms

A total of 119 Anopheles gambiae s.s. individuals were

analysed, including 50 of the S-molecular form and 69

of the M-form (Fig. 1). Both molecular forms were pres-

ent in three localities (Campo, Kribi and Bertoua), while

only the M-form was found in three other localities

(Douala, Tiko and Loum) and only the S-form was

detected in Magba. The M-form was predominant in

the coastal area, while the S-form predominated in the

continental areas. No M ⁄ S hybrid was observed in anal-

ysed samples, even in sympatric areas.

The kdr alleles were present in six of the seven sam-

ples, except in the M-form sample from Loum (Fig. 1).

Both 1014F and 1014S ‘resistant’ alleles were found in

the S-form, namely in the samples of Magba, Kribi and

Bertoua. In the S-form sample of Campo, the 1014S was

the only resistance associated allele found. This allele

was absent from all M-form samples, including those

that were sympatric with the S-form. Overall, kdr fre-

quency was higher in the S-form (1014F: 42.0%; 1014S:

14.0%) than in the M-form (1014F: 10.9%). All the M

individuals carrying the 1014F allele were from the

coastal area.
Polymorphism at kdr intron-1

Sequencing analysis of a 455 bp region of intron-1

revealed eight polymorphic sites, resulting in nine hapl-

otypes and one subhaplotype (Table 1). Of these, five

harboured resistance associated alleles. Haplotypes MS1

and MS3 harboured the 1014F resistant allele as well as



Table 1 Intron-1 polymorphic sites for susceptible and resistant alleles within M- and S-molecular forms of Anopheles gambiae s.s.

in Cameroon

Taxon

Susceptible allele (1014L) Resistant allele (1014F) Resistant allele (1014S)

702 703 896 Others Haplotype (%) 702 703 896 Others Haplotype (%) 702 703 896 Others Haplotype (%)

M-form T C C — MS1 0.7 T C C — MS1 6.5 — — — — — —

C C C — MS3 79.7 C C C — MS3 4.3 — — — — — —

C C A — M11 0.7 — — — — — — — — — — — —

C C C 710T M12 5.8 — — — — — — — — — — — —

C C C 676C M13 2.2 — — — — — — — — — — — —

S-form T C C — MS1 33.0 T C C — MS1 38.0 T C C — S1* 6.0

C C C — MS3 4.0 C C C — MS3 2.0 — — — — — —

T T C — S2 3.0 — — — — — — T T C — S2 8.0

T C C 556T S7 1.0 — — — — — — — — — — — —

— — — — — — T C C 528G S8 2.0 — — — — — —

T C C 855A S10 3.0 — — — — — — — — — — — —

Haplotype numbers follow the order initiated by Pinto et al. (2007). (%), frequency of each haplotype in percentage. Haplotypes

shared by both forms are denoted as MS, the others are unique to each molecular form.

*S1 is a variant of MS1 which is specific to the S-form, 702-703-896-556-855-710-676-528 are the positions of differentiation.
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the wild type 1014L susceptible allele; this was

observed in both M- and S-molecular forms. Haplotypes

MS1 and S2 harboured the 1014S resistant allele as well

as the wild type 1014L susceptible allele; however, the

1014S resistant allele was specific to the S-molecular

form. Indeed, haplotype MS1 in this specific case was

denoted S1* and considered as an incipient haplotype.

The fifth haplotype (S8) showed only the 1014F resistant

allele, but not the wild type 1014L susceptible one; this

haplotype was also specific to the S-molecular form.

Overall, two haplotypes (MS1 and MS3) were the

most widespread, being present in both M- and S-

molecular forms albeit at contrasting frequencies

(Table 2). Haplotype MS1 predominated in the S-form

with an overall frequency of 77.0%, whereas haplotype

MS3 predominated in the M-form with overall fre-

quency of 84.1%. All remaining intron-1 haplotypes

were specific to each form. In the S-form, haplotype S2

was the second most frequent, occurring in the three

ecological regions. In the M-form, the second most

widespread intron-1 haplotype was M12, although it

was found only in the coastal areas.

Estimates of genetic variation in intron-1 according to

ecological region are shown in Table 2. In the S-form,

genetic diversity was the lowest in the Mountain grass-

land area, represented by the sample of Magba. Here,

only two intron-1 haplotypes were found with a large

predominance of MS1 and corresponding to low haplo-

type diversity (0.067 ± 0.061). In contrast, Eastern for-

est ⁄ savanna and Atlantic coast areas showed higher

haplotype diversities (0.536 ± 0.075 and 0.400 ± 0.114

respectively). In the M-form, the sample from Bertoua

(Forest ⁄ savanna area) was composed by a single haplo-

type (MS3), while the Atlantic coastal area showed
haplotype diversity of 0.360 (SD: ±0.057). There were no

significant departures from neutrality detected by FS in

any of the regions or forms. The highest FS ()2.456)

detected in the S-form was in Bertoua, Forest ⁄ savanna

area, with a marginally nonsignificant P-value

(P = 0.054). When data were pooled according to molec-

ular form, estimates of FS became significant (M-form:

FS = )2.679, P = 0.048; S-form: FS = )3.086, P = 0.032).

The distribution of kdr-intron-1 haplotypes according

to molecular form in each collection site is shown in

Fig. 2. The highest number of kdr-intron-1 haplotypes in

the M-form was found in Douala (Atlantic coast), with

six different haplotypes, two of which carrying the

1014F allele. In the S-form, Bertoua (Forest area) had

the highest number of kdr-intron-1 haplotypes (10) that

included all five variants carrying both L1014F and

L1014S mutations. In general, kdr-intron-1 haplotypes

carrying ‘resistant’ mutant alleles were found in sympa-

try with their ancestral haplotypes carrying the wild-

type susceptible 1014L allele. Two exceptions were seen,

first in the M-form sample of Tiko (Atlantic coast)

where haplotype MS1 -1014F occurred, but the ancestral

MS1 -1014L was not detected and second in the S-form

sample from Bertoua (East) where haplotype S8-1014F

occurred, but not the ancestral S8-1014L.

The TCS network shown on Fig. 3 suggests at least four

independent mutation events giving rise to kdr-haplo-

types MS1 -1014F, MS3-1014F, S1*-1014S and S2-1014S.

Conversely, the fifth kdr-intron-1 haplotype, S8-1014F

derives from an intron-1 haplotype that already carried

the 1014F mutation. The two kdr-intron-1 haplotypes har-

bouring the L1014S mutation were unique to the S-form,

as well as haplotype S8-1014F. The other two kdr-intron-1

haplotypes carrying the 1014F allele were detected in
� 2009 Blackwell Publishing Ltd



Table 2 Haplotypes frequencies and estimates of genetic variation at the intron-1 sequence of the voltage-gated sodium channel of

Anopheles gambiae in Cameroon, according to ecological regions

Regions Atlantic coast Forest area Mountain grassland

Form M S M S S

Sample size (2N) 106 16 32 54 30

Intron-1 haplotypes

MS1 9.4 75.0 — 66.7 96.7

S2 — 25.0 — 11.1 3.3

MS3 79.2 — 100.0 11.1 —

S7 — — — 1.9 —

S8 — — — 3.7 —

S10 — — — 5.6 —

M11 0.9 — — — —

M12 7.5 — — — —

M13 2.8 — — — —

Kdr frequency

1014L 85.8 37.5 100.0 42.6 50.0

1014S 0.0 25.0 0.0 11.1 13.3

1014F 14.2 37.5 0.0 46.3 36.7

Estimates of genetic variation

h 5 2 1 6 2

Hd (±SD) 0.360 (±0.057) 0.400 (±0.114) — 0.536 (±0.075) 0.067 (±0.061)

k 0.388 0.400 — 0.619 0.067

g 4 1 — 5 1

hg 0.764 0.301 — 1.097 0.252

FS )2.166 0.872 — )2.456 )1.211

Atlantic coast: pooled samples from Loum, Tiko, Douala, Kribi and Campo. Forest area: Bertoua. Mountain grassland: Magba. 2N:

number of chromosomes sampled. Intron-1 haplotype numbers follow the order initiated by Pinto et al. (2007). Haplotypes shared by

both forms are denoted as MS, the others are unique to each molecular form.

h, Number of different haplotypes; Hd (±SD), haplotype diversity (±standard deviation); k, average number of pairwise nucleotide

differences; g, number of mutations; hg, theta (=4Nel) estimated by the number of mutations.
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both molecular forms although at contrasting frequen-

cies. MS1 -1014F was found predominantly in the S-form

(81%) and MS3-1014F prevailed in the M-form (75%).

The same trend was found for the wild-type ‘susceptible’

ancestral haplotypes MS1-1014L (97% in S-form) and

MS3-1014L (96% in M-form).

Estimates of background recombination rate in the

order of 10)6 were obtained for both molecular forms

(Table 3). The four-gamete test detected at least one

recombination event in the population history of each

form. Assuming that recombination has occurred between

the most frequent (parental) haplotypes (see Table 2) this

event could have given rise to the MS3-1014F kdr-intron-1

haplotype in the M-form (Table 3). Under the same

assumption, the recombination event detected in the

S-form could have originated the S1*-1014S allele.
Discussion

The distribution of kdr alleles in the S-form of Anopheles

gambiae revealed by this study fits well in the overall
� 2009 Blackwell Publishing Ltd
picture presented in previous continent-wide surveys

(Pinto et al. 2007; Santolamazza et al. 2008). Co-occur-

rence of both kdr mutations and higher intron-1 haplo-

type diversity that was seen in Bertoua (eastern

Cameroon) appears to be common in the West–Central

African continental plateau also characterized by tropi-

cal humid forest ecological settings (Pinto et al. 2006,

2007; Moreno et al. 2007). On the other hand, the North-

ern sample of Magba, from an open grassland setting,

showed much less intron-1 diversity. Both 1014F and

1014S kdr alleles were associated with a single intron-1

haplotype, MS1, which is the most common in the

S-form. West African areas north to Cameroon were

found to be characterized by extremely low intron-1

polymorphism, with MS1 -1014F being the single kdr-

intron-1 haplotype found in most locations surveyed

(Weill et al. 2000; Pinto et al. 2007).

More interestingly, a detailed analysis of kdr composi-

tion in the M-form of A. gambiae is presented here.

Although the sample size was small in some study areas,

the overall lower frequency of kdr alleles in M-form
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samples is consistent with reports from previous studies

conducted in West and Central Africa (Chandre et al.

1999; Awolola et al. 2005; Tripet et al. 2007; Ndjemaı̈ et al.

2008). The exception to this trend was seen in Bioko

Island (Equatorial Guinea), where the kdr 1014F mutation

was found in M-form individuals at a higher frequency

than in the S-form (Reimer et al. 2005). While the 1014S

allele has been recently reported in M-form from Bertoua

at a frequency of 1.1%, together with the 1014F at a fre-

quency of 6.3% (Reimer et al. 2008), its absence in this

study may be related to the relative small sample size or

to seasonal variations in allelic frequency. The scarcity of

kdr alleles in the M-form may either implicate alternative

resistance mechanisms such as elevated activity of detox-

ifying enzymes already reported in Cameroon (Etang

et al. 2007) or it may simply reflect a higher susceptibility

of this form to insecticides. Indeed, the M-form was

found to be phenotypically less resistant than the S-form

in Bertoua (Reimer et al. 2008), as well as in Campo

(P. Nwane & J. Etang, unpublished data).

At least four independent mutation events giving rise

to 1014F and 1014S alleles have been proposed in the

S-form of A. gambiae (Pinto et al. 2007). Current data
from Cameroon confirm the occurrence of these events

giving rise to MS1 -1014F, MS3-1014F, S1-1014S and S2-

1014S kdr-intron-1 haplotypes. A fifth kdr-intron-1 hap-

lotype found only in the S-form, S8-1014F, is more

likely to be the result of a subsequent mutation at posi-

tion 528 of the intron-1 (A528G) rather than represent-

ing the product of an additional mutation event at the

kdr locus. In fact, no putative ancestral S8-1014L haplo-

type was found.

In Benin, Weill et al. (2000) suggested that the L1014F

mutation occurred in the M-form through introgression

from the S-form. This was based on the observation that

the MS1 -1014F haplotype was found in M-form indi-

viduals, but not its ancestral MS1 -1014L that was pre-

dominant in sympatric S-form specimens. In this study,

kdr-intron-1 haplotypes MS1 -1014F and MS3-1014F

were found to be shared between M- and S-forms.

Although their ancestral wild-type haplotypes were also

detected in both molecular forms, the hypothesis of

these having arisen independently in each form seems

unlikely. While MS1 is the most common intron-1

haplotype in the S-form, MS3 largely prevails in the

M-form (Weill et al. 2000; Gentile et al. 2004). These con-
� 2009 Blackwell Publishing Ltd
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Fig. 3 Each shape is a different kdr-intron-1 haplotype, con-

nected by lines that represent mutational steps. Haplotype

numbers follow the order initiated in Pinto et al. (2007). MS

haplotypes are shared between M- and S-forms, with the fre-

quency in the form where it is more common in brackets. M

haplotypes are unique to the M-form. S haplotypes are unique

to the S-form. Black-shaded haplotypes carry the 1014F kdr

allele. Grey-shaded haplotypes carry the 1014S kdr allele.

White-shaded haplotypes carry the susceptible 1014L allele.

Ancestral haplotype: MS1. S1* is an incipient haplotype spe-

cific to the S-form and carrying only the 1014S resistant allele.
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trasting differences suggest a single origin of MS1-

1014F followed by introgression of this haplotype into

the M-form through a rare M ⁄ S hybridization event, as

was previously proposed by Weill et al. (2000). Follow-

ing the same line of thought, MS3-1014F could also

have its origin in the M-form and then introgressed into

the S-form. The apparent absence of S-form individuals

in the Douala and Tiko samples does not rule out this

hypothesis, as this form has already been found in
Table 3 Estimates of population background recombination rate (q)

kdr-intron-1 sequence of Anopheles gambiae s.s.

q [95% CI]

M-form 4.13 · 10)6 [9.56 · 10)7–8.47 · 10)6]

S-form 1.88 · 10)6 [1.25 · 10)7–3.69 · 10)6]

q, population recombination rate. Values in square brackets refer to b

values of q. Rm, minimum number of recombination events. Values in

recombination. Haplotypes: parental and recombinant haplotypes pre

assumed to be the most frequent. Underlined: recombinant haplotype

� 2009 Blackwell Publishing Ltd
these localities and carrying 1014F alleles, albeit at low

frequency (P. Nwane & J. Etang, unpublished data).

Introgression between M- and S-forms was also pro-

posed by Djogbénou et al. (2008) for the G119S mutation

at the acetylcholinesterase 1 gene (ace-1), implicated in

resistance to organophosphorus and carbamate insecti-

cides. The authors reported many shared polymorphic

sites in coding and noncoding regions but no diversity

was observed in sequences carrying the resistant allele.

This suggests a unique mutation event followed by

introgression to explain the occurrence of the G119S

mutation in both forms (Djogbénou et al. 2008).

Recombination could also have played a role in gen-

erating kdr-intron-1 haplotype diversity. The four-gam-

ete test predicted the occurrence of at least one

recombination event in each molecular form that could

have given rise to MS3-1014F in the M-form and S1*-

1014S in the S-form. These haplotypes would otherwise

be considered as products of independent mutation

events within each molecular form. If recombination is

considered for MS3-1014F, an interesting evolutionary

route could be predicted for this haplotype. The MS1-

1014F could have introgressed into the M-form from

the S-form where it is more prevalent. In the M-form, a

recombination event would have linked the 1014F resis-

tance allele to the MS3 intron-1 haplotype, which is the

most frequent in this form, thus forming MS3-1014F.

This haplotype could have then occurred in the S-form

through introgression between M- and S-forms.

Although this route is possible, it can be considered

unlikely. It involves two introgression events between

molecular forms for which hybridization rates are con-

sidered very rare in this geographic region (Wondji

et al. 2002). In addition, low recombination rates are

expected in the kdr-intron-1 genomic region because of

its centromeric position (Ranson et al. 2000a). This

expectation agrees with the low estimates of back-

ground population recombination rate obtained. These

were in the order of the 10)6 in both forms and with
and minimum number of recombination events (Rm) for the

Rm

Haplotypes

Parental Recombinant

1 (702, 1105) MS3-1014L

MS1-1014F

MS1-1014L

MS3-1014F

1 (703, 1104) MS1-1014L

S2-1014S

S2-1014L

S1*-1014S

ootstrapped 95% confidence intervals around the median

parenthesis indicate the polymorphic sites involved in

dicted by the recombination event. Parental haplotypes were

s carrying a resistant allele.
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confidence limits comparable to those estimated for the

S-form in a continent-wide survey (Pinto et al. 2007). As

resistance mutations are considered to be relatively

recent events more or less coincident with the onset of

insecticide use (Andreev et al. 1999; Anstead et al. 2005),

it is unlikely that the timescale since the early applica-

tion of insecticides for vector control (mid-1940s) would

be sufficient for this sequence of rare events.

In the study sites, haplotypes carrying the 1014F

allele were more widespread while those carrying

1014S allele (S1-1014S and S2-1014S) were found only in

S-form individuals and at much lower frequencies.

Whilst S1*-1014S was also detected in Kenya, S2-1014S

seems to be confined to the West–Central African

region (Pinto et al. 2007). The regional distribution of

S2-1014S alleles and its virtual absence in the M-form

reinforce the hypothesis of this allele being originated

by a more recent mutation event in West–Central

Africa. On the other hand, it remains to be determined

if the S1*-1014S allele has arisen independently in East

and West Africa or if it represents a case of continental

gene flow. Nevertheless, the four independent kdr

mutation events predicted by this study may still be an

underestimate as previously foreseen (Pinto et al. 2007),

given the low genetic variation found at the intron-1 of

A. gambiae compared to other insect species under

insecticide pressure (Anstead et al. 2005; Alon et al.

2006). The small size of some samples might also con-

tribute to an underestimate of kdr-intron-1 haplotypes,

particularly in the samples from Tiko and Campo.

The differentiation that is observed between molecu-

lar forms in the intron-1 sequence is likely to be influ-

enced by random genetic drift and possibly favoured

by local ecological adaptation. The clear differentiation

in the most frequent intron-1 haplotypes is considered

as an argument for at least partial reproductive isola-

tion between forms (Gentile et al. 2004). Furthermore,

haplotype diversity within each molecular form differs

from one ecological zone to another, especially in the S-

form from Mountain grassland where diversity is very

low compared with the two other zones. This is consis-

tent with previous molecular genetic and ecological

studies which highlighted ecological zones rather than

molecular forms predicting genetic differentiation in

A. gambiae populations (Yawson et al. 2007). Several

studies in West and Central Africa have demonstrated

that the spread of kdr alleles in A. gambiae is an ongoing

process (Etang et al. 2003, 2006; Reimer et al. 2005; Tri-

pet et al. 2007). In fact, the star-like shape of the TCS net-

work provides evidence for a recent dynamics of

genetic differentiation combined with recent population

expansion as previously proposed in other Afrotropical

belts (Donnelly et al. 2001; Gentile et al. 2004). On the

basis of analysis of the intron-1 sequence of samples
from 10 African countries, Gentile et al. (2004) reported

faster differentiation within the M-form than within the

S-form. However, the distribution of S-form haplotypes

here suggests a faster and ⁄ or earlier differentiation than

within the M-form haplotypes, with some haplotypes

(S2-1014S and S8-1014F) separated from MS1-1014L by

more than one mutational step. In contrast, within the

M-form cluster, all low-frequency haplotypes are only

one mutational step away from the most abundant

MS3. This may represent a specific pattern of evolution

for A. gambiae populations from Cameroon.

Fu’s (1997) FS-statistic provided no evidence for a

recent selective sweep at the intron-1 associated with

selection for kdr alleles within any of the ecological

areas surveyed. The highest negative value of FS was

detected in Bertoua, with a marginal P-value but still

nonsignificant. Although some of the sampling sites

were surrounded by cultivated and wood exploitation

areas, mosquitoes were collected mainly from areas of

relatively low rate of insecticide use. However, the

whole southern Cameroon region, where M- and S-

forms are sympatric, including Bertoua, was subjected

to a large scale indoor residual spraying programme

with DDT during the 1950s (Livadas et al. 1958). This

spraying programme probably generated selective pres-

sure at the sodium channel gene in local A. gambiae

populations and reduced the former variability. Esti-

mates of FS were significant only when sequences were

from the different ecological areas were pooled accord-

ing to molecular form. While this may reflect insecticide

selective pressure acting at the intron-1 through genetic

hitchhiking, significant FS could also be a consequence

of recent population expansion (Donnelly et al. 2001;

Gentile et al. 2004).

Often, vital statistics such as population size, migra-

tion rates, selection intensity and relative fitness of the

resistance alleles are unknown and this lack of informa-

tion can undermine the prediction of evolution models.

The current distribution of kdr haplotypes in Cameroon

reflects the interplay between the evolutionary forces of

mutation, gene flow and selection. The southern-Camer-

oon region exhibits a mosaic of genetic events in the

voltage-gated sodium channel of A. gambiae s.s., repre-

sentative of the situation in West–Central African coun-

tries. There is a mixture of kdr-intron-1 haplotypes some

of which possibly originated from East Africa (i.e. S1-

1014S), others from West Africa (i.e. MS1-1014F) and

others typically found in this subregion (i.e. MS3-1014F

and S2-1014S). Furthermore, data presented here pro-

vide additional elements to support the existence of

two only partially isolated taxa within A. gambiae.

Although no M ⁄ S hybrid was observed in analysed

samples, the wide distribution of haplotypes MS1 and

MS3 associated with susceptible 1014L and resistant
� 2009 Blackwell Publishing Ltd
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1014F kdr alleles suggests interform hybridization at a

significant level and emphasizes the rapid diffusion of

the kdr alleles in Africa. Particular attention must there-

fore be given to the spatial and temporal evolution of

kdr alleles for a better resistance management strategy,

which is essential for malaria vector control.
Acknowledgements

Financial support was provided by UNICEF ⁄ UNDP ⁄ World

Bank ⁄ WHO ⁄ Special Programme for Research and Training in

Tropical Diseases (TDR), Re-entry Grant number A41481.
References

Alon M, Benting J, Lueke B, Ponge T, Alon F, Morin S (2006)

Multiple origins of pyrethroid resistance in sympatric

biotopes of Bemisia tabaci (Hemiptera:Aleyrodidea). Insect

Biochemistry and Molecular Biology, 36, 71–79.

Andreev D, Kreitman M, Phillips TW, Beeman RW, French-

Constant RH (1999) Multiple origins of cyclodiene insecticide

resistance in Tribolium castaneum (Coleoptera: tenebrionidae).

Journal of Molecular Evolution, 48, 615–624.

Anstead JA, Williamson MS, Denholm I (2005) Evidence for

multiple origins of identical insecticide resistance mutations

in the aphid Myzus persicae. Insect Biochemistry and Molecular

Biology, 35, 249–256.

Awolola TS, Oyewole IO, Amajoh CN et al. (2005) Distribution of

the molecular forms of Anopheles gambiae and pyrethroid knock

down resistance gene in Nigeria. Acta Tropica, 95, 204–209.

Barton NH (2001) The role of hybridization in evolution.

Molecular Ecology, 10, 551–568.

Besansky NJ, Krzywinski J, Lehman T et al. (2003)

Semipermeable species boundaries between Anopheles

gambiae and Anopheles arabiensis: evidence for multilocus

DNA sequence variation. Proceedings of National Academy of

Science USA, 100, 10818–10823.

Chandre F, Manguin S, Brengues C et al. (1999) Current

distribution of pyrethroid resistance gene (Kdr) in Anopheles

gambiae complex from West Africa and further evidence for

reproductive isolation of Mopti form. Parassitologia, 41, 319–

322.

Clement M, Posada D, Crandall KA (2000) TCS: a computer

program to estimate gene genealogies. Molecular Ecology, 9,

1657–1659.

Cornel A, Collins FH (1996) PCR of the ribosomal DNA

intergenic spacer regions as a method for identifying

mosquitoes in the Anopheles gambiae complex. Methods in

Molecular Biology, 50, 321–332.

Crandall KA, Templeton AR (1993) Empirical tests of some

predictions from coalescent theory with applications to

intraspecific phylogeny reconstruction. Genetics, 134, 959–969.

Daborn PJ, Yen JL, Bogwitz MR et al. (2002) A single P450

allele associated with insecticide resistance in Drosophila.

Science, 297, 2253–2256.

Della Torre A, Constantini C, Besansky NJ et al. (2002)

Speciation within Anopheles gambiae. Science, 298, 115–117.

Diabate A, Baldet T, Chandre F et al. (2003) Kdr mutation, a

genetic marker to assess events of introgression between the
� 2009 Blackwell Publishing Ltd
molecular M & S forms of Anopheles gambiae in the tropical

savannah area of West Africa. Journal of Medical Entomology,

40, 195–198.

Djogbénou L, Chandre F, Berthomieu A et al. (2008) Evidence

of introgression of the ace-1R mutation and of the ace-1

duplication in West African Anopheles gambiae s. s. PLoS

ONE, 3 (5), e2172.

Donnelly MJ, Licht M, Lehmann T (2001) Evidence for recent

population expansion in the evolutionary history of the

malaria vectors Anopheles arabiensis and Anopheles gambiae.

Molecular Biology and Evolution, 18, 1353–1364.

Etang J, Manga L, Chandre F et al. (2003) Insecticide

susceptibility status of Anopheles gambiae s.l. (Diptera:

Culicidae) in the Republic of Cameroon. Journal of Medical

Entomology, 40, 491–497.

Etang J, Fondjo E, Chandre F et al. (2006) First report of

knockdown mutations in the malaria vector Anopheles

gambiae from Cameroon. American Journal of Tropical Medicine

and Hygiene, 74, 795–797.

Etang J, Manga L, Toto JC, Guillet P, Fondjo E, Chandre F

(2007) Spectrum of metabolic-based resistance to DDT and

pyrethroids in Anopheles gambiae s.l populations from

Cameroon. Journal of Vector Ecology, 32, 123–133.

Fanello C, Santolamazza F, della Torre A (2002) Simultaneous

identification of species and molecular forms of the

Anopheles gambiae complex by PCR-RFLP. Medical and

Veterinary Entomology, 16, 461–464.

Ffrench-Constant RH, Daborn PJ, Le Goff G (2004) The

genetics and genomics of insecticide resistance. Trends in

Genetics, 20, 163–170.

Fu XY (1997) Statistical tests of neutrality of mutations against

population growth, hitchhiking and background selection.

Genetics, 147, 915–925.

Gentile G, Santolamazza F, Fanello C, Petrarca V, Caccone A,

della Torre A (2004) Variation in an intron sequence of the

voltage-gated sodium channel gene correlates with genetic

differentiation between Anopheles gambiae s.s. molecular

forms. Insect Molecular Biology, 13, 371–377.

Gillies MT, De Meillon B (1968) The anophelinae of Africa

South of the Sahara. South Africa Institute of Medical Research,

54, 343.

Hall TA (1999) BIOEDIT: a user-friendly biological sequence

alignment editor and analysis program for Windows

95 ⁄ 98 ⁄ NT. Nucleic Acids Symposium Series, 41, 95–98.

Hemingway J, Ranson H (2005) Chemical control of vectors

and mechanisms of resistance. In: Biology of Disease Vectors

(ed. Marquardt WC), Kondratieff BC, Black IV WC, Moore

CG, James AA, Freier JE, Hemingway J, Hagedorn HH

Higgs S: Associates, pp. 627–637. Elsevier Academic Press,

London.

Hudson RH, Kaplan NL (1985) Statistical properties of the

number of recombination events in the history of a sample

of DNA sequences. Genetics, 111, 147–164.

Lanzaro GC, Tripet F (2003) Gene flow among populations of

Anopheles gambiae: a critical review. In: Ecological Aspects for

the Application of Genetically Modified Mosquitoes (eds Takken

W, Scott TW) [lsqb], pp. 109–132. Frontis Press, Wageningen,

The Netherlands.

Li N, Stephens M (2003) Modeling linkage disequilibrium and

identifying recombination hotspots using single-nucleotide

polymorphism data. Genetics, 165, 2213–2233.



3086 J . ETAN G ET AL.
Livadas G, Mouchet J, Gariou J, Chastang R (1958) Peut-on
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