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Knowledge of the population genetic structure of the malaria mosquitoes Anopheles gambiae Giles 
s.s. and An. arabiensis Patton is important for predicting the spread of natural or engineered 
mutations. Although large-scale structure in adults is well characterized, kinship structure in 
populations of larvae is unknown. In this study, levels of pairwise relatedness among larvae of both 
species in 10 breeding pools near Kisumu, western Kenya, were estimated using data from 5 highly 
polymorphic microsatellites. Genotype frequencies within pools in both species departed from 
Hardy-Weinberg equilibrium by having significant deficits of heterozygotes. Comparisons of 
observed distributions of pairwise relatedness with distributions simulated for unrelated individuals 
and full-siblings showed that most pairs of larvae within and between pools were unrelated. Only 
two Anopheles arabiensis larvae, which were from the same pool, were significantly related. 
Simulations showed that to reliably distinguish between unrelated individuals and full-siblings 
requires datasets containing 20 microsatellites. Our results indicate that microsatellite data are 
essential for kinship studies of larvae of Anopheles arabiensis and Anopheles gambiae s.s. 
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The main vectors responsible for malaria transmission in Africa are Anopheles gambiae sensu 
stricto and Anopheles arabiensis, two morphologically indistinguishable species, belonging to the 
Anopheles gambiae complex, and Anopheles funestus Giles. The anthropophilic An. gambiae s.s. is 
considered the most important vector, since An. arabiensis is believed to have a preference for 
human blood, life expectancy and vectorial capacity lower than An. gambiae s.s. (Lemasson et al., 
1997).  

An. arabiensis predominates in arid areas and An. gambiae s.s. in wet and humid areas 
(Coetzee et al., 2000). Densities of An. gambiae s.s. are very low during the dry season. The 
species reappears after the onset of rains, with densities increasing rapidly (Lehmann et al., 1998). 
Reproduction of An. gambiae s.s. occurs almost exclusively during the rainy periods, whereas An. 
arabiensis is likely to reproduce throughout the year (Gimnig et al., 2001). The two species can 
rapidly succeed each other in dominance in areas of sympatry (White et al., 1972). 

Female mosquitoes can lay 8-10 batches containing 50-200 eggs each. No consistent 
differences between An. gambiae s.s. and An. arabiensis in habitat use within sites are known, and 
both species often occur in the same habitat (Gimnig et al., 2001). Both species breed in small 
temporary, sunlit pools of water (Gillies & De Meillon, 1968), which are often created by human 
activity (e.g., foot and hoof prints, tyre tracks and drains).  

The genomes of An. gambiae s.s. and An. arabiensis consist of 3 chromosomes; an X-
chromosome, chromosome II and chromosome III. A genetic map of An. gambiae s.s. based on 
microsatellites (Zheng et al., 1996), and other sequences tagged sites (Collins et al., 2000) is 
available. Microsatellites are arrays of tandemly repeated mono-, di-, tri-, tetra-, penta- or hexa-
nucleotide motifs. They are ideal markers for characterizing kinship in Anopheles mosquitoes 
because they are abundant in the genome, co-dominant, detectable by the polymerase chain 
reaction, and typically highly polymorphic (Lehmann et al., 1996). At present, 148 microsatellites 
are available for An. gambiae s.s. (Zheng et al., 1996).  

Several microsatellite studies on mosquitoes have been undertaken, comparing individuals 
collected from different countries or different villages within a country to study gene flow or 
comparing mosquitoes from within a village to study the minimum deme of a species. This pilot 
study is in its way unique, because microsatellites are used in larval malaria mosquito stages on a 
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small scale like a single larval habitat. This information may reveal more insight on larval ecology 
and oviposition behaviour of An. gambiae s.l. 

In this study, microsatellite data were acquired for larvae of An. gambiae s.s. and An. 
arabiensis from breeding pools near Kisumu, western Kenya, and kinship structure within and 
between pools was characterized using these data.  

MATERIAL AND METHODS 

Study area 
Mosquito larvae were collected in Miwani, situated on the Kano Plain in Western Kenya, 30 
kilometres east of Kisumu (0°06’S, 34°45’E). The prevalence of malaria in the human population 
in this area is over 75%, and clinical symptoms occur in all age groups. Near Miwani, ten larval 
habitats were chosen along a dirt road within an area of 300 m2. 

Sampling of anopheline larvae 
In each breeding site, larvae were identified as anopheline according to external morphology. The 
first 50 larvae observed in 7 sites were collected with a pipette. All larvae visible were collected in 
3 sites that had fewer than 50 larvae. The latter sites were examined for an hour to ensure that no 
larvae were submerged or hidden among vegetation. 

Identification of anopheline larvae 
Collected larvae were allowed to develop into the fourth larval stage, then identified as An. 
gambiae s.l. using the key of Gillies & Coetzee (1987). Hereafter, larvae were stored in 
ethanol(70%)-glycerol (19:1). 

DNA was isolated from the An. gambiae s.l. larvae according to Collins et al. (1987), These 
larvae were identified as An. gambiae s.s. or An. arabiensis using a species-diagnostic rDNA-PCR 
essay (Scott et al., 1993). Prior to DNA isolation, the alcohol-glycerol was replaced by ddH2O for 
one hour followed by grinding the larva with a homogeniser in 15 µl Bender buffer (0.1 M NaCl, 
0.1 M Tris-HCl pH 7.5, 0.05 M EDTA pH 7.5-8.0, 0.5% SDS). The DNA pellet was dried under 
vacuum for 30 min at room temperature, and then resuspended in 100 µl ddH2O. 

A tail (AGTGTT) was added at the 5’ of the An. arabiensis primer to increase the annealing 
temperature to 55°C. Reagents and primers were used in the following concentrations: 200 µM 
dNTPs, 1× Taq buffer, 0.25 µM gambiae primer, 0.25 µM arabiensis primer, 0.25 µM universal 
primer, 2.5 mM MgCl2, 0.05 units/µl BioLine Taq, 0.05 units/µl TaqStart and 5× TaqStart buffer. 
DNA isolates were not diluted prior to PCR. 

DNA isolates from An. gambiae s.s., IFAKARA strain collected in Tanzania, and from An. 
arabiensis, KGB strain collected originally in the Zambezi valley, Zimbabwe (supplied by Prof. 
C.F. Curtis at the London School of Hygiene & Tropical Medicine) were used as controls. DNA 
isolates were diluted 20× in each PCR procedure. 

Microsatellite genotyping 
Five microsatellites on chromosomes II and III (Zheng et al., 1996) were chosen according to their 
high levels of polymorphism. Bases were added to the 3’ of forward primers for markers 
Ag2H143, Ag2H197 and Ag3H577 and the reverse primer of marker Ag2H143 was moved 
towards array, to avoid 3’ ‘primer-dimer’ and to lower deltaG (free-energy change), in order to 
increase the rate of reaction. 

A pigtail sequence, GTTTCT(T), was added to the 5' end of all reverse primers, promoting the 
adenylation of the 3' end of the forward strand (Brownstein et al., 1996), resulting in a more 
homogenous fragment lengths. Primers were labelled with fluorescent dyes 6-FAM, HEX or NED 
(Table 1), in order to visualise the amplified alleles. 

From each non-diluted DNA isolate, 2 µl was mixed with 8 µl of mix containing reagents and 
primers (200 µM dNTPs, 1× Taq buffer, 0.25/0.50 µM F+R primer (Table 1), 2.5 mM MgCl2, 0.05 
units/µl BioLine Taq, 0.05 units/µl TaqStart and 5× TaqStart buffer). The thermal cycling 
conditions were an initial hold at  90°C for 2 min,  19 cycles of 15 s at 90°C,  15 s at 60°C  (-0.5°C  
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Table 1. The selected markers for kinship analysis, their dyes and concentrations used. 

Locus Ag2H46 Ag2H143 Ag2H197 Ag3H249 Ag3H577 
Primer conc. 0.50 µM 0.50 µM 0.25 µM 0.25 µM 0.25 µM 
Dye FAM HEX FAM NED NED 

 
 

per cycle), followed by 14 cycles of 15 s at 90°C, 15 s at 50°C, followed by a final extension at 
72°C for 1 min and a hold at 20°C for 5 min. 

The PCR products for 2 microsatellites from each individual were mixed (1:1) and 1 µl of the 
mix was added to 4 µl of a loading mix consisting of 10% internal size standard GS 350 ROX, 
27% blue dextran loading buffer (both from ABI) and 63% formamide. 

Microsatellites were genotyped using a DNA sequencer (Applied Biosystems, Model 377XL). 
Each lane of a 4.5% polyacrylamide gel (GenePAGE 29:1) was loaded with 0.75 µl of the mixture, 
and electrophoresis was conducted at 3000 V constant voltage. Data were collected using 2400 
scans per hour (12-cm, well-to-read). DNA fragment lengths were analysed using ABI 
GENESCAN (version 2) and ABI PRISM XL collection software. 

Data analysis 
Observed and expected heterozygosity at each locus was calculated using POP100GENE1. Kinship 
1.3.1 (Goodnight & Queller, 1999) was used to (i) calculate the likelihood that each pair of 
individuals in a data set had a given hypothetical relationship, and (ii) perform simulations to 
determine the statistical validity of the calculated relationships.  

(i) Kinship defines each type of relationship in terms of the probability that they share an allele 
identical by descent from the maternal and paternal line. Kinship calculated a likelihood for the 
primary hypothesis (rm and rp are 0.5, the individuals are related. rp represents the probability of 
individuals so related sharing an allele identical by paternal descent, rm the probability of 
individuals sharing an allele identical by maternal descent) and a null hypothesis (rm and rp are 0.0, 
the individuals are unrelated) and reports the ratio (R-value) between them (R = log(PH1/PH0)). PH1 
is the probability of the genotypes under the primary hypothesis and PH0 the probability of the 
genotypes under the null hypothesis. A high R-value favours the primary hypothesis and a low 
value favours the null hypothesis.  

(ii) The statistical significance of the ratios (R-values) was determined by simulation. Less 
overlap between the two simulations means better and more reliable data (Fig. 1a: the left-hand 
peak is the distribution of R-values of simulated unrelated individuals and the right-hand peak is 
the distribution of R-values of simulated full siblings).  

The number of microsatellites needed for statistically significant separation of unrelated 
individuals and full siblings was also estimated by simulation. The original dataset was made 
larger by copying data before simulation. The criterion for reliable separation of the 2 kinds of 
relatives was an overlap in the distribution of simulated R-values of less than 5%. 

Tests of deviation from Hardy-Weinberg proportions (HWP) were done using the algorithm of 
Guo & Thompson (1992) that is implemented in GENEPOP V3.3 (Raymond & Rousset, 1995). 
Tests were done for each locus in each population and for each locus in each breeding site. Global 
tests were also done across loci or across populations to assess whether one locus or more than one 
caused any significant deviations from global HWP.  

RESULTS 
The 10 breeding sites yielded 420 An. gambiae s.l. larvae. Their DNA was degraded (fragments 
<400 bp) prior to analysis because they had been stored in alcohol-glycerol at room temperature 
for several months. Only 62.2% of third and fourth instar larvae could be identified by PCR. Each 
site yielded 0-29 such larvae. An. arabiensis and An. gambiae s.s. were detected together in 7 sites.  

                                                 
1 Piry S, Bourget C, Institut National de la Recherche Agronomique, http://www.ensam.inra.fr/URLB/ 
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The larvae identified to species were genotyped for 5 microsatellites. Despite being isolated 
from An. gambiae s.s., these markers were highly polymorphic in both species (Table 2); 5-11 
alleles were detected in An. arabiensis and 6-10 alleles in An. gambiae s.s. at each locus.  

Tests for departure from Hardy-Weinberg proportions in each species identified a strong 
overall heterozygote deficit (p<0.0001) for all loci and all sites combined. Tests for each locus in 
each breeding site also showed a clear heterozygote deficit in both species, meaning that all loci 
contributed to the overall deficit. Nonetheless, by far the largest heterozygote deficit was observed 
at locus Ag2H46. Observed heterozygosity for this locus over all sites was 38% lower than 
expected heterozygosity in An. arabiensis and 67% lower in An. gambiae s.s.  

 
 

Table 2. Polymorphism of microsatellite loci in the pooled populations. NA: number of alleles encountered 
on particular locus, HE: expected heterozygosity, HO: observed heterozygosity. 

 Microsatellite loci 
Population Ag2H46 Ag2H143 Ag2H197 Ag3H249 Ag3H577 Mean 
An. arabiensis (n=39) 
No. individuals 39 36 38 39 37 37.8 
NA 8 6 5 7 11 7.4 
HE 0.865 0.743 0.558 0.693 0.772 0.726 
HO 0.538 0.667 0.500 0.564 0.730 0.600 
An. gambiae (n=47) 
No. individuals 43 46 46 47 46  45.6 
NA 9 6 10 9 8 8.4 
HE 0.833 0.645 0.816 0.825 0.602 0.744 
HO 0.279 0.435 0.761 0.787 0.565 0.565 
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Figure 1. a) [top left] An example of the distributions of simulated R-values for a dataset that has sufficient 
power to distinguish most pairs of unrelated individuals from pairs of individuals having a given 
relationship. The left-hand peak is the distribution of R-values for simulated pairs of unrelated individuals, 
and the right-hand peak is the distribution for simulated pairs of related individuals. b) [top right] 
Distributions of observed (obs.) and simulated (sim.) R-values for An. Arabiensis. c) [bottom] idem for An. 
gambiae s.s. 
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Figure 2. Overlap of R-values between the two distributions at a given number of markers simulated. 

 
 
A total of 62 pairs of An. arabiensis and 87 pairs of An. gambiae s.s. larvae yielded R-values 

that were statistically significant at p<0.05, p<0.01 and p<0.001. Nonetheless, these values fell 
within the ranges of R-values for simulated unrelated individuals of each species (Figs. 1b and 1c). 
The observed distributions of R-values of both species were remarkably similar to the distributions 
for simulated unrelated individuals (rm=0.0 and rp=0.0). In addition, the R-values for simulated 
unrelated individuals and simulated full siblings (rm=0.5 and rp=0.5) showed overlaps of 25% in 
An. arabiensis and 16% in An. gambiae s.s., unlike the ideal pattern in Fig. 1a. Thus, most of the 
results of the Likelihood tests that identified pairs of individuals having significant relatedness 
were ambiguous. One exception was two An. arabiensis larvae from breeding site 1 (R=1, 
p<0.001).  

Simulations using multiple copies of the 5-locus dataset showed that approximately 20 
microsatellites for each species are needed to decrease the overlap between the distributions of R-
values for simulated unrelated individuals and full siblings to under 5% (Fig. 2). 

DISCUSSION 
We found that microsatellite data were potentially useful for characterizing kinship in wild-
collected larvae of An. arabiensis and An. gambiae s.s. The 5 loci analysed were detectable in 
DNA extracted from single 4th-instar larvae, and the levels of polymorphism at each locus in the 
study population were comparable to levels found in published studies of kinship. Nonetheless, we 
estimated that at least 20 such loci are needed for reliable separation of pairs of full-siblings from 
pairs of unrelated individuals. We also found that all 5 loci showed deficits of heterozygotes. A 
significantly above-background level of relatedness was obtained for only two An. arabiensis 
larvae from the same larval habitat. 

Since larvae were stored in alcohol-glycerol at room temperature, DNA was degraded prior to 
analysis, and only a small proportion of third and fourth instar larvae could be analysed. Only a 
small proportion of third and fourth instar larvae contributed to the outcome of this study. Two 
sites did not contribute to the study, since no suitable larval DNA-material was available. From 
other sites only a few useful DNA extracts were obtained. This resulted in a smaller sample-size 
than the actual number of larvae collected. Instead of storing mosquito larvae at room temperature, 
we suggest storing larvae in absolute ethanol at ambient temperature (Dillon et al., 1996) or dried 
on silica. 

The degraded DNA also affected genotyping. As described by Taberlet et al. (1996), it is 
possible that one allele of a heterozygous individual will not be detected and that PCR-generated 
alleles (false alleles) will arise when very low DNA quantities are used. Besides low quantities, the 
quality of DNA was poor, making it difficult to score allele-sizes. High shoulders or even small 
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peaks on shoulders of DNA distribution peaks occurred, as well as small peaks outside but also 
within the expected allele-range of the locus. Some individuals were heterozygous, but the two 
alleles were never amplified in the same gel, only scored separately in various repeat typings. 

The allele frequencies did not follow normal distributions. Wang et al. (2001) describes 
distributions that are in some cases bimodal, especially for An. arabiensis. However, this was not 
observed in our allele frequencies. Second, the allele frequencies at the studied loci did not 
conform to Hardy-Weinberg expectations and showed a clear heterozygote deficiency.  

Deficiency of heterozygotes may occur when different breeding sites are compared, since there 
is a possibility of different females ovipositing in different breeding sites, resulting in different 
allele sizes and frequencies per site when females are unrelated. However, even within sites the 
number of loci that did not conform to the Hardy-Weinberg equilibrium was greater than expected, 
indicating violation of some of its assumptions. This was associated with heterozygote deficiency, 
indicating excess of homozygotes and could be caused by sampling larvae from different demes 
(Kamau et al., 1998). However, since larvae were collected from the same village (within 300 
square meters) on the same day and since no physical barriers occur within breeding sites, this 
seems highly unlikely. Lehmann et al. (1996) found the deme of An. gambiae s.s. had an area 
greater than 50 km in radius. The deme of An. arabiensis had an area greater than 20 km in radius 
(Donnelly et al., 1999). 

The presence of null alleles could explain the low observed heterozygosity, especially at 
marker Ag2H46. Null alleles have been reported to occur at this locus by Lehmann et al. (1996). If 
null alleles occur at loci, the numbers of alleles found at these loci in this study do not represent 
the actual number of alleles present in the studied populations. 

The simulations showed that approximately 20 microsatellites are needed for the overlap 
between the distribution to a value to fall below 5%. However, simulations were performed by 
multiplying the whole dataset, so that marker Ag2H46 was also copied. This resulted in two 
markers of low quality in the set of 10 markers, three markers of low quality in the set of 15 
markers, etc. For loci without strong heterozygote deficits, fewer than 20 loci are probably 
sufficient to reduce the overlap between the distributions of expected R-values for unrelated 
individuals and full siblings to less than 5%. 

The low number of individuals analysed in each breeding site presumably caused the data to 
lack power for detecting kin groups. 

Finally, larvae hatched from single wild-caught adult females are a useful positive control for 
known siblings from the same egg batch, and should be included in any future analyses of kinship 
in breeding sites of An. arabiensis and An. gambiae s.s. 
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