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Successful propagation of the malaria parasite Plasmodium falciparum within 
a susceptible mosquito vector is a prerequisite for the transmission of malaria. 
A field-based genetic analysis of the major human malaria vector, Anopheles 
gambiae, has revealed natural factors that reduce the transmission of P. fal- 
ciparum. Differences in P. falciparum oocyst numbers between mosquito isofe- 
male families fed on the same infected blood indicated a large genetic com- 
ponent affecting resistance to the parasite, and genome-wide scanning in 
pedigrees of wild mosquitoes detected segregating resistance alleles. The ap- 
parently high natural frequency of resistance alleles suggests that malaria 
parasites (or a similar pathogen) exert a significant selective pressure on vector 
populations. 

Genetic Loci Affecting 
Resistance to Human Malaria 
Parasites in a West African 
Mosquito Vector Population 
Oumou Niare,1'2* Kyriacos Markianos,3* Jennifer Volz,s* 
Frederick Oduol,' Abdoulaye Toure,2 Magaran Bagayoko,2 

Djibril Sangare,2 Sekou F. Traore,2 Rui Wang,5 Claudia Blass,5 
Guimogo Dolo,2 Madama Bouare,2 Fotis C. Kafatos,5 

Leonid Kruglyak,3'4 Yeya T. Toure,2 Kenneth D. Vernick1t 

Successful propagation of the malaria parasite Plasmodium falciparum within 
a susceptible mosquito vector is a prerequisite for the transmission of malaria. 
A field-based genetic analysis of the major human malaria vector, Anopheles 
gambiae, has revealed natural factors that reduce the transmission of P. fal- 
ciparum. Differences in P. falciparum oocyst numbers between mosquito isofe- 
male families fed on the same infected blood indicated a large genetic com- 
ponent affecting resistance to the parasite, and genome-wide scanning in 
pedigrees of wild mosquitoes detected segregating resistance alleles. The ap- 
parently high natural frequency of resistance alleles suggests that malaria 
parasites (or a similar pathogen) exert a significant selective pressure on vector 
populations. 

Mosquitoes infected with malaria incur quan- 
tifiable costs in reproductive fitness for mea- 
sures such as longevity, fecundity, and flight 
distance (1-3). In addition, mosquito immune 
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genes respond transcriptionally to malaria 
parasite infection (4-6), indicating that ma- 
laria parasites are detected by mosquito im- 
mune surveillance. Inbred lines selected from 
mosquito colonies can inhibit parasite devel- 
opment through at least two distinct mecha- 
nisms: melanotic encapsulation and intracel- 
lular lysis (7, 8). Therefore, selective pressure 
by parasite infection could drive the natural 
selection of resistance mechanisms in mos- 
quitoes. However, previous studies of resis- 
tance used laboratory strains of mosquitoes 
and malaria parasites, which are known to 
display biological aberrations in comparison 
to natural populations (9-11), and thus the 
relevance of these studies to natural malaria 
transmission may be questioned. Malaria re- 
sistance mechanisms and their significance 
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for the biology of malaria transmission have 
not been examined previously in natural field 
populations of vectors. 

For study of the vector-parasite interac- 
tion using field populations, standard genetic 
techniques that require the creation of inbred 
or isogenic lines were not applicable. How- 
ever, the large number of progeny produced 
by single wild females permitted a novel 
study design based on isofemale pedigrees, 
which is quite distinct from designs previous- 
ly used in human and animal genetics (fig. 
S1). In nature, A. gambiae females mate only 
once (12), and the stored sperm is used to 
fertilize successive egg batches that mature 
when the female feeds on blood. We captured 
pre-mated blood-fed females resting in vil- 
lage dwellings in Bancoumana, Mali (West 
Africa); allowed them to oviposit in an envi- 
ronmentally controlled chamber; and then 
raised their respective progeny in the envi- 
ronmental chamber (13). We used the isofe- 
male families at either the F1 or the F2 stage 
(the latter produced by mass mating of Fl 
mosquitoes). All females of a family were 
challenged with malaria parasites by being 
fed on blood from the same P. falciparum 
gametocyte carrier (14). Unfed mosquitoes 
were removed (15). At 8 days after infection, 
the progeny were dissected, and the surviv- 
ing oocyst-stage parasites were counted in 
each midgut. The number of oocysts per 
mosquito constituted the quantitative infec- 
tion phenotype. 

We investigated the genetic dependence 
of mosquito resistance to malaria infection in 
two stages. First, in a familiality study, we 
compared parasite infection levels between 
mosquito families that were each generated 
by a different founding pair of wild mosqui- 
toes. The goal was to measure interfamily 
differences in infection distributions, and 
therefore only phenotype measurements were 
used. Groups of three Fl families were reared 
together in an environmental chamber and 
were fed simultaneously on blood from a 
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single P. falciparum gametocyte carrier. The 
three families constituted a comparison 
group; within such a group, environmental 
differences could be discounted. We collect- 
ed six such three-family comparison groups. 
If there were no segregating mosquito genes 
that influence the infection phenotype, then 
parasite numbers in the different families of 
the same group should appear to be drawn 
from the same distribution. Conversely, the 
action of genes that affect resistance should 
cause family-specific changes in the distribu- 
tion of parasite numbers. We performed pair- 
wise comparisons (a:b, a:c, and b:c) of infec- 
tion phenotype for the three families of each 
comparison group. Because the phenotypic 
distribution of oocyst infection in mosquitoes 
tends to be non-normal (16-18), we used the 
nonparametric Kolmogorov-Smimov (KS) 
test to evaluate significance [see methods 
(13)]. Of 18 pairwise comparisons, 9 were 
significantly different at P < 0.05, including 
5 that were significant at P < 0.01 and 3 that 
were significant at P < 0.001 (table Sl). 
There was at least one significant pairwise 
difference in all but one of the comparison 
groups. 

Thus, the familiality study provided strong 
evidence that alleles segregating in a natural 
population of A. gambiae have a significant 
effect on susceptibility to P. falciparum, and 
that such alleles are collectively frequent. This 
information has not been available for natural 
populations of malaria vectors and was further 
validated in the second stage of this study. In 
the second stage, we performed a genome-wide 
scan for loci that influence resistance or suscep- 
tibility. Two independent wild isofemale F2 
families were infected on the blood of different 
gametocyte carriers, and then we determined 
phenotypes and genotypes of each mosquito at 
a broadly distributed set of 24 microsatellite 
loci (fig. S2). 

Because the genetic size of the A. gambiae 
genome is 215 centimorgans (cM) (19), the 
resolution of the scan was approximately 9 
cM. At this marker density, an unknown lo- 
cus of interest is, on average, 4.5% recombi- 
nation distance (-6 Mb) away from a marker 
locus. For the genome scan, we compared 
parasite count distributions for mosquitoes 
that shared a single allele or allelic combina- 
tion (genotype) versus all other mosquitoes in 
the same family. We used F2 families because 
they offered a substantial increase in the 
number of mosquitoes per family, as com- 
pared to F1s. It should be noted that although 
either generation (Fl or F2) has a maximum 
of four alleles sampled from the natural pop- 
ulation, the maximum number of genotypes 
per locus is four for the FI and 10 for the F2 
generation. 

Table 1 presents the results from the two 
F2 families. At every marker, we split the 
members of the F2 generation into two sam- 
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pies, using a genotype or allele observed at 
that marker as the selection criterion. For 
example, if six genotypes were observed in 
the F2 sample, we performed six genotype 
tests for the marker: We compared the phe- 
notype distribution for each genotype against 
the pooled phenotype distribution of all other 
genotypes. For every test, we computed the 
probability of encountering the observed dif- 
ference under the null hypothesis of no link- 
age between this marker and malaria resis- 
tance (20). As was the case in the familiality 
study, we used a nonparametric test to com- 
pare phenotype distributions. For each fami- 
ly, we performed approximately 60 allele 
tests and 100 genotype tests. To adjust for 
multiple testing, we used an empirical permu- 
tation test (21, 22). Statistical test results 
were interpreted according to accepted crite- 
ria (23). 

Both of the F2 families displayed signifi- 
cant linkage between parasite count and DNA 
markers (Table 1). In family 98BF214 (n = 
83 mosquitoes), one of the two observed 
marker alleles at the chromosome 2L marker 
H603 had a strong correlation with infection 
phenotype (genome-wide P value = 4 X 
10-7; phenotype distributions are shown in 
Fig. 1A). The effect was seen in both geno- 
types that included allele 1, which suggests 
that this marker is located close to a locus 
where the resistance allele is semidominant. 
The putative resistance allele linked to mark- 
er allele 1 can explain almost all of the par- 
asite-free mosquitoes (24 out of 27) in the 
family. The linked resistance locus is provi- 
sionally named Pfinl, for P. falciparum in- 
fection intensity 1. In family 97F2B4A5 (n = 
82), a different marker (H290 on chromo- 

some 2R) showed significant linkage be- 
tween genotype and parasite count (Fig. IB). 
Here, one of the eight genotypes at H290 
(genotype 2-4) showed significant resistance 
(genome-wide P value = 0.025), suggesting 
recessive inheritance of resistance (24). This 
locus is provisionally named Pfin2. 

Genetic control of the previously de- 
scribed encapsulation-mediated resistance 
mechanism in A. gambiae (7) was composed 
of three loci, where the major locus, Penl, 
was closely linked to marker HI 75 and near 
marker H290 (19, 25). Despite this genetic 
proximity, it is unlikely that Pfin2 is the same 
as Pen] for two reasons. First, the phenotypes 
are distinct. The influence of Pen] was ex- 
pressed as melanotic encapsulation of malaria 
ookinetes, with no effect on infection inten- 
sity (25), whereas the influence of Pfin2 was 
exclusively expressed as variation in infec- 
tion intensity, without melanotic encapsula- 
tion. Second, the encapsulation trait largely 
controlled by Pen] was strongest against al- 
lopatric (non-African) strains of P. falcipa- 
rum but had a much reduced effect on Afri- 
can parasite strains (7), whereas Pfin2 was 
identified specifically because of its action 
against sympatric parasites. It is likely that 
Pfin2 and Pen] are distinct loci, perhaps in a 
resistance gene cluster, although the possibil- 
ity cannot currently be excluded that they 
might represent disparate alleles at the same 
locus. 

The Pfinl marker H603 lies within the 
large chromosome inversion 2La (19). 
Karyotype analysis of polytene ovarian nurse 
cell chromosomes showed that family 
98BF214 was fixed for the homokaryotypic 
inverted 2La/a chromosome arrangement 

Table 1. Statistical tests for genetic loci controlling midgut oocyst number. F2 families of A. gambiae from 
wild single-pair crosses were fed on natural P. falciparum-infected blood, and individual microsatellite 
genotypes were determined at a resolution of -9 cM. Nominal (pn) and genome-wide (corrected for 
multiple testing) P values are shown for the KS test. Genome-wide P values were generated by 
randomizing the correlation between marker genotype and phenotype distributions. We repeated the 
genome scan in 105 (or 107 for 98BF214 allele 1) randomized data sets. 

Family 98BF214, allele and genotype test. Female family members were n = 83. At chromosome 2L, 
marker H603, three genotypes were observed: 1-2 (n = 44), 2-2 (n = 33), and 1-1 (n = 6). 
Fifty-eight allele tests and 100 genotype tests were performed. 

Nominal Genome-wide 

Presence of allele 1 (n = 50) versus all other 
genotypes (n = 33) pn = 6.2 X 10-8 P = 4 x 10-7 

Genotype 1-2 (n = 44) versus all other 
genotypes (n = 39) pn = 1.2 X 10-5 p = 1.9 X 10-3 

Family 97F2B4A5, genotype test. Female family members were n = 82. At chromosome 2R, marker 
H290, eight genotypes were observed: 3-4 (n = 6), 2-3 (n = 18), 1-2 (n = 19), 2-2 (n = 4), 1-3 
(n = 14), 1-1 (n = 4), 1-4 (n = 9), and 2-4 (n = 8). One hundred genotype tests were performed. 
Allele tests for recessive traits are not informative. 

Nominal Genome-wide 

Genotype 2-4 (n = 8) versus all other 
genotypes (n = 74) pn = 0.00097 P = 0.023 
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(26). Thus, the linkage between H603 and 
resistance was due to linkage between two 
freely segregating loci and not due to disequi- 
librium by suppression of recombination 
within a polymorphic inversion. 

Outbred animal populations have been 
used previously for fine mapping of traits 
(27, 28), but rarely for initial gene discovery 
by genome scan in field populations (29). 
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Fig. 1. Infection phenotype of wild A. gambiae 
pedigrees with natural P. falciparum. Histo- 
grams show the infection phenotype of F2 
isofemale families by microsatellite marker ge- 
notype. Green bars show phenotypic distribu- 
tions for the genotype indicated in the panel. 
Open bars show the overall phenotypic distri- 
bution for all phenotypes of the family com- 
bined. (A) Family 98BF214. Green bars show 
the phenotype for the indicated genotype at 
marker H603. Mean oocyst number per mos- 
quito for genotype 1-1 (n = 6) is 0.17 oocyst; 
for genotype 1-2 (n = 44), 9.9 oocysts; for 
genotype 2-2 (n = 33), 50.6 oocysts. (B) Family 
97F2B4A5. Green bars show the phenotype for 
genotype 2-4 (n = 8) at marker H290. This 
family has seven other genotypes (Table 1). 
Mean oocyst number per mosquito for geno- 
type 2-4 (n = 8) is 8.0 oocysts; for all other 
genotypes (n = 74), it is 28.6 oocysts. In all 
panels, the width of the bars represents a range 
of eight counts per bin. The first bar is centered 
on 0 and has an effective width of 0 to 3 
oocysts. The second bar includes the bin from 4 
to 11 oocysts, and subsequent bins follow the 
same pattern. 

The novelty of the current study design lies in 
the mass mating step used to produce the F2 
generation. We chose the F2 study design 
because it offers a large sample size. Al- 
though mass mating among Fl mosquitoes 
leads to loss of some inheritance information 
(such as paternal relationships), phenotypic 
effect and marker informativeness were suf- 
ficiently large to help us identify genomic 
regions with a strong influence on vector- 
parasite interaction. We demonstrate that 
field populations of A. gambiae exhibit sig- 
nificant variation in permissiveness for para- 
site development, and we point to two 
genomic regions that affect this trait. 

It is likely that there are other such resis- 
tance loci, and the strategy we present can be 
used to more extensively screen natural mos- 
quito populations. By implementation of a 
modified protocol to maintain pedigrees be- 
yond the initial genome scan of the F2 gen- 
eration, segregating resistance alleles could 
be mapped at high resolution and positional 
candidates could be identified. Extant pedi- 
grees would also permit characterization of 
the mechanisms of resistance. In the current 
work, we detected resistance as a reduction in 
oocyst number 8 days after a blood meal. 
This is an aggregate phenotype that summa- 
rizes all preceding events in parasite devel- 
opment, and it is likely that different resis- 
tance alleles cause developmental blockades 
at different critical points. It is also possible 
that some resistance mechanisms may inter- 
act or synergize with human host factors such 
as transmission-blocking antibodies or cyto- 
kines in the infecting blood meal. 

It would be of interest to identify the 
molecular nature of these resistance loci, 
which are probably rapidly evolving compo- 
nents of the genome that define the points of 
greatest adaptive friction between parasite 
virulence factors and the mosquito host. In 
plants, most genetically identified resistance 
genes are pattern-recognition receptors for 
pathogen virulence factors (30, 31), but com- 
parable information is lacking in mosquitoes. 
Continued parasite transmission by a vector 
with a high frequency of segregating resis- 
tance factors suggests that the parasite has 
made adaptive responses to mosquito resis- 
tance, perhaps by evolving multigenic and/or 
polymorphic virulence factors for the insect 
stages of the life cycle analogous to those 
found in asexual-stage parasites (32). Viru- 
lence in the mosquito host is under parasite 
genetic control (33), but specific virulence 
factors are not known. 

Malaria-infected mosquitoes in nature typi- 
cally carry fewer than 10 oocysts (18, 34). Far 
higher parasite intensities can be achieved in 
laboratory infections of mosquitoes, particular- 
ly when genetically selected susceptible lines 
are used (7, 8). Natural resistance alleles that 
limit parasite development in the vector, such as 

those described here, may prove to be an im- 
portant factor underlying the small numbers of 
oocysts observed in wild infected mosquitoes. 
Genetic studies in the field as well as in the 
laboratory will be needed to elucidate the mech- 
anisms that can limit the propagation of P. 
falciparum in A. gambiae and their respective 
importance for natural transmission of the dis- 
ease. 
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Excess Polymorphisms in Genes 
for Membrane Proteins in 

Plasmodium falciparum 
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The detection of single-nucleotide polymorphisms in pathogenic microorgan- 
isms has normally been carried out by trial and error. Here we show that DNA 
hybridization with high-density oligonucleotide arrays provides rapid and con- 
venient detection of single-nucleotide polymorphisms in Plasmodium falcipa- 
rum, despite its exceptionally high adenine-thymine (AT) content (82%). A 
disproportionate number of polymorphisms are found in genes encoding pro- 
teins associated with the cell membrane. These genes are targets for only 22% 
of the oligonucleotide probes but account for 69% of the polymorphisms. 
Genetic variation is also enriched in subtelomeric regions, which account for 
22% of the chromosome but 76% of the polymorphisms. 
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The complete genomic sequence of P. falci- 
parum has been determined and is in the final 
stages of assembly and annotation (1-3). The 
great challenge now is how best to use the 
genome sequence for public health and clin- 
ical applications. One approach is to identify 
single-nucleotide polymorphisms (SNPs) in 
order to pinpoint the origin and map the 
spread of contagious diseases, to identify and 
track new mutations that confer resistance to 
drugs or vaccine-induced immunity, and po- 
tentially to identify candidate genes for novel 
therapeutic or immunological intervention. 
Although SNP detection on a genome-wide 
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scale is technically difficult, we reasoned that 
it might be feasible to detect SNPs in P. 
falciparum by means of high-density oligo- 
nucleotide arrays, even though such arrays 
were originally developed for gene-expres- 
sion studies. 

Owing to the relatively short probe se- 
quences used for oligonucleotide arrays, the 
strength of hybridization between a probe and 
its target sequence depends largely on perfect 
complementarity between the probe and the 
target. An SNP or a small deletion or inser- 
tion in the target will reduce the hybridization 
signal (4). Because the exact genomic posi- 
tion of each probe is known, the location of 
variant sequences can be found by comparing 
the intensity of oligonucleotide hybridization 
between genomic DNA from an unknown 
strain and that from the 3D7 reference strain 
of P. falciparum, from whose genomic se- 
quence the oligonucleotides were designed 
(5). There are two major technical obstacles 
to the use of oligonucleotide arrays for P. 
falciparum. First, the AT content of the ge- 
nome is unusually high even in coding re- 
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gions, and in some genes the AT content of 
the third positions of codons is nearly as high 
as the genetic code allows. Second, prepara- 
tions of DNA from P. falciparum may also 
contain quantities of human DNA. 

The feasibility of the approach was tested 
with the complete sequence of chromosome 
2, which contains 210 annotated genes (6). 
Using an oligonucleotide selector algorithm, 
we chose a unique 25-nucleotide (nt) se- 
quence to match protein-coding sequences at 
intervals of -200 nucleotides (yielding be- 
tween 2 and 117 probes per gene, depending 
on size). The probes were designed to have 
similar melting temperatures and to avoid 
runs of As and Ts but otherwise to be as 
different from each other as possible. A total 
of 4167 single-stranded probes were designed 
(7), manufactured by means of photosensi- 
tive DNA synthesis technology (8), and po- 
sitioned by Affymetrix onto a prototype array 
that also included 395,833 probes for 
-80,000 different cDNAs from human 
tissues. 

To evaluate the robustness and specificity 
of the P. falciparum probes and to rule out 
artifacts due to contaminating human DNA, 
we prepared genomic DNA from different 
parasite isolates that had been cultured in 
human erythrocytes, then labeled the DNA 
and hybridized it to the oligonucleotide array. 
After hybridization, the integrated intensity 
(an estimate of the copy number) was deter- 
mined for each of the 210 P. falciparum 
genes probed on the array (Fig. 1). The mean 
of the integrated 3D7 intensity for probes at 
the chromosome ends was higher than for 
probes within the central region of the chro- 
mosome, presumably because of duplication 
of some of these probe sequences. Even 
though oligonucleotide probes are thought to 
differ substantially in their hybridization 
properties, the integrated signals were gener- 
ally consistent, varying by not much more 
than a factor of 2 (fig. S 1). In contrast, for the 
W2 isolate, the integrated intensity across a 
region on the left arm of the chromosome was 
30- to 50-fold lower than the mean integrated 
intensity for genes in the central region of the 
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