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Genetic variation of Anopheles gainbiae was analysed to assess interpopulation divergence over 
a 6000 km distance using short tandem repeat (microsatellite) loci and allozyme loci. Differ- 
entiation of populations from Kenya and Senegal measured by allele length variation at five 
microsatellite loci was compared with estimates calculated from published data on six allozyme 
loci (Miles, 1978). The average Wright's FsT of microsatellite loci (0.016) was lower than that 
of allozymes (0.036). Slatkin's RST values for microsatellite loci were generally higher than their 
FST values, but the average RST value was virtually identical (0.036) to the average allozyme FST. 
These low estimates of differentiation correspond to an effective migration index (Nm) larger 
than 3, suggesting that gene flow across the continent is only weakly restricted. Polymorphism 
of microsatellite loci was significantly higher than that of allozymes, probably because the 
former experience considerably higher mutation rates. That microsatellite loci did not measure 
greater interpopulation divergence than allozyme loci suggested constraints on microsatellite 
evolution. Alternatively, extensive mosquito dispersal, aided by human transportation during 
the last century, better explains the low differentiation and the similarity of estimates derived 
from both types of genetic markers. 

Keywords: allozymes, Anopheles gambiae, gene flow, microsatellites, population genetic struc- 
ture, population genetics. 

Introduction 

In sub-Saharan Africa Anopheles gunzbiae is the prin- 
cipal vector of human malaria, a disease which 
continues to inflict immense misery despite substan- 
tial efforts to bring it under control. An understand- 
ing of the genetic structure of A. gambiae 
populations is critical in evaluating the possibility of 
genetic manipulation of this species to block malaria 
transmission (e.g. Collins & Besansky, 1994; Cramp- 
ton et al., 1994). Moreover, such understanding 

technology, such as in the management of insecti- 
cide resistance. 

il 

J 

I could also aid control based on currently available 

> 

*Correspondence. 

1 l 

I 
1 

Microsatellite loci have been described as power- 
'fu1 markers for measuring intraspecies differentia- 
tion because of their high polymorphism, 
codominance, abundance throughout the genome, 
and relative ease of scoring (Bowcock et al., 1994; 
Estoup et al., 1995). A microsatellite survey in A. 
gambiae (Lanzar0 et al., 1995) demonstrated the 
above features and concluded that microsatellite loci 
are superior to allozymes for studies of population 
structure. Currently several groups are using micro- 
satellite loci to assess gene flow and related pheno- 
mena in the A.  gambiae complex of species. The 
forces that shape allele composition at such loci are 
poorly understood, however (Edwards et al. , 1992; 
Di Rienzo et al., 1994; FitzSimmons et al., 1995; 
Garza et al., 1995), and some evidence suggests that 
these forces include biased mutation rates (Garza et 
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al., 1995) and/or selection acting on allele size 
(Epplen et al,, 1993). If such forces strongly influ- 
ence allele composition at these loci, estimates of 
differentiation between populations and rates of 
gene flow will be misleading, bccause they arc 
derived on the basis of genetic drift, migration, and 
random mutation as the main forces in operation. 

Using five polymorphic microsatellite loci, we 
measured differentiation between populations of A. 
gambiae from Kenya and Senegal that represent two 
geographical extremes (6000 km) in the range of this 
species. Assuming that gene flow is restricted by 
distance, genetic differentiation between these popu- 
lations would be expected to be near the maximum 
possible for the species. Additionally, we compared 
differentiation based on microsatellite loci, using 
both Wright's FST and Slatkin's RST, to differentia- 
tion based on the allozyme data (Miles, 1978) using 
Wright's FST derived from populations in Kenya and 
The Gambia. The rationale for this comparison was 
to evaluate the possibility that constraints on micro- 
satellite loci such as biased mutation rates or selec- 
tion on allele size could yield lower estimates of 
population differentiation than those based on allo- 
zyme data. 

Materials and methods 

Study sites 

The Asembo Bay area in western Kenya is located 
on the northern shores of Lake Victoria. It is a 
relatively flat, densely populated landscape, tra- 
versed by semipermanent streams. During the. major 
rainy season (April to July), many mosquito breed- 
ing sites are available. Mosquito populations are 
much reduced during the dry season, when larval 
breeding sites are scarce. The village of Barkedji in 
north Senegal is located in the Sahelian region, and 
A. , ~ f I I ~ ? h i C l C  call 1x2 fountl only tlill-ing Ihc .IUllC lo 
I)CCCIII~)CI' I'í1illy ScilsoI1. 1 1 1  IIO~II SiICs, ~ l l o s ~ ~ t ~ i t o ~ s  
WCI'C collcctccl l'rom houses ICSS 1li:iii 2 kni upar1 to 
minimize the possibility of sampling members of 
different demes. 

Mosquito collection 

In Kenya, mosquitoes were aspirated at dawn from 
bed nets hung the previous evening over the beds of 
sleeping volunteers. The nets were hung in a manner 
to leave a space for the mosquitoes to enter. Thus, 
samples consisted of blood-fed and blood-seeking 
females. In Senegal, mosquitoes were aspirated after 
landing on human volunteers or collected from the 
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floor after spraying the interior of houses with pyre- 
thrum insecticide early in the morning. Collections 
were carried out in Kenya between 28 June and 6 
July 1994 and in Senegal on 5-6 October 1994. Only 
the savanna cytotype of A. gambiae (Coluzzi et al., 
1985; Fontenille, unpublished data) and A. arabiensis 
of the A. gambiae complex, were' present in both 
study sites. Only A. gambiae were included in the 
analysis, however, after species identification (Scott 
et al., 1993). 

DNA extraction and genotype scoring 

DNA from individual specimens (or parts of a speci- 
men) was extracted as described by Collins et al. 
(1987) and resuspended in water or TE buffer 
(Sambrook et al., 1989). Loci 33CI, 29C1, ID1 and 
2 A I  were identified in cloned A. gambiae genes 
(Table 1). Locus 33Cl is from the dopa decarbox- 
ylase (Ddc) gene (P. Romans, unpublished data), 
29CZ is from the xaizthine dehydrogenase gene (F. 
Collins, unpublished data), 1D1 is from the actinlD 
gene (Salazar et al., 1993), and 2 A I  is from the white 
gene (Besansky et al., 1995). Locus AG2H46 was 
isolated from an A.  gantbiae chromosome division- 
specific library (Zheng et al., 1991) by probing with a 
labelled GT-repeat oligonucleotide. Microsatellite 
alleles were PCR amplified and viewed by auto- 
radiography using incorporation of a l ~ h a - ~ ~ P  dATP 
(Amersham) into the PCR product or using a 
primer end-labelled with g i ~ m m a - ~ ~ P  dATP 
(Dupont). Both techniques provided identical 
results. Standard PCR in 20 pL reaction volume was 
run in a Perkin-Elmer 9600 thermal cycler. For 
incorporation of radiolabelled dATP, a mixture 
containing 0 . 2 m ~  each of dGTP, dCTP, dTTP; 
0.05 mM of dATP (Perkin-Elmer) and 0.4pL of 
a l ~ h a - ~ ~ P  dATP at 1000-3000 Ci/mmol; 5 ng/pL of 
each primer (approx. 15 pmol); 1 x reaction buffer 
(Ilochriiigcr M;iniihcim); ;rnd 0.035 ililils o f  'I'ii(1 

l'CI< rcacl¡ons will1 onc cnd-labclled primer, all 
dNTP concentrations were 0.2 mM, 2 pmol radio- 
labelled primer with 8pmol of the same primer, 
which was not radiolabelled, 10 pmol of the comple- 
mentary primer and the other components unchan- 
ged. An equivalent of U100 or less of genomic DNA 
extracted from a whole mosquito was used. PCR 
conditions were: denaturation at 94°C for 5 min, 
followed by 30 cycles consisting of 94°C for 25 s, 
55°C for 28 s, and 72°C for 30 s. The last elongation 
step was at 72°C for 5 min. The PCR product was 
mixed (3:2) with formamide stop solution (Amer- 
sham), denatured at 94°C for 5 min before loading 

l>Olyli1CI'iISC (1h)cli~illgc~ M í ~ ~ l ~ ~ l i ~ i ~ i i )  Wits tlsCtl. 1'01' 
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Table 1 Microsatellite loci in Anopheles gumbiue: cytological location, repeat 
sequence and primer sequences 

cytol. 
Locus Location * Repeat Primers? 

AG2H46 1IR:’IA GT 

33Cl IIIR:33C AGC 

29Cl IIIR:29C TGA 

ID1 X I D  CCA 

2A1 1 X:2A 1016 
bases 

CGCCCATAGACAACGAAAGG 
TGTACAGCTGCAGAACGAGC 
CAA AGA AAG CGC CCA TAG AC 
C G C T G T G T T T T C G T C T T G T A  
TTGCGCAACAAAAGCCCACG 
ATGAAACACCACGCTCTCGG 
ATGTTCCAGAGACGACCCAT 
TGTTGCCGGTTTGTTGCTGA 
TAATGGTCCCAAATCGTTGC 
GTTATCCACTGCGCATCATG 
GAATTCGTTTAGAGTCTTTC 
GTATACAGGCCTTTGTTTCC 

*The cytological position of each locus was determined by polytene 
chromosome in situ hybridization (Kumar & Collins, 1993). 
?For locusAG2H46 the upper pair refers to the original primers and the lower 
pair to alternative primers (see Materials and methods). 

3 p L  of the mixture onto a 6 per cent acrylamide, 
7 M urea sequencing gel (Life Technologies) in 
parallel to’ a 2-lane-ladder standard, which was 
loaded every 10-20 lanes. The standard, constructed 
by sequencing an AT-rich region of A. gambiae 
mtDNA with the dideoxy terminators ddA and ddT 
(Beard et al., 1993), allowed exact determination of 
allele size. Autoradiographs of gels, developed after 
overnight exposure, were visually inspected and 
allele size was determined. Alleles were distin- 
guished from occasional artefacts by intensity and 
size. These criteria were tested by scoring the alleles 
at loci ID1 and AG2H46 in laboratory-reared 
progeny of parent mosquitoes with known geno- 
types. All scored genotypes were in complete 
concordance with the genotypes expected from the 
test crosses. 

At locus AG2H46, no PCR product was visible in 
repeated reactions for approx.5 per cent of the 
specimens that were scored successfully for other 
loci. Using alternative primers, which flank the sites 
of the original primers (Table l), PCR products 
were obtained. Subsequent sequencing revealed a 
mutation in one of the original primer annealing 
regions. For this locus 2/3 of the homozygotes 
scored with the original primers were found to be 
heterozygotes when PCR amplification was carried 
out with the alternative primers. No ‘hidden’ hetero- 
zygotes were found in the other microsatellite loci 
using alternative primers. 

Allozyme data 

To identify allozyme alleles that’ could be used to 
identify the different cryptic species in the A.’ 
gambiae comples, Miles (1978) examined variation 
at 18 loci from A. gambiae complex populations 
from different parts of Africa. Allele frequency data 
based on sample sizes larger than six mosquitoes 
were summarized only for the loci alpha-naphthyl 
acetate esterases (EST-1, EST-2, EST-3), octano1 
dehydrogenase (ODH) and phosphoglucomutases 
(PGM-1, PGM--7). These data for the populations 
from Kenya (Chulaimbo) and Gambia (Mandinari, 
having the largest sample size) were used. Addi- 
tional analyses including samples from East, West, 
and Central Africa were carried out to evaluate the 
consistency of these results (see Discussion). We 
have assumed that the population structure of A. 
gambiae across the continent has not changed signi- 
ficantly between the time of Miles’s study and the 
present. 

Data analysis 

Goodness of fit tests of genotype distributions with 
Hardy-Weinberg expectations in each population 
were performed for each microsatellite locus, after 
pooling rare alleles to achieve expected values per 
cell higher than two. Because genotype data were 
not available for the published allozyme data, analy- 
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sis was carried out on allele frequencies, assuming 
random mating in each population. F-statistics were 
calculated based on Wright (1978) for microsatellite 
and allozyme data using BIOSYS (Swofford & 
Selander, 1989). This method adjusts for sampling 
variation and does not require genotype frequencies. 
R s T  (Slatkin, 1995), a statistic related to FST 

N developed specifically for microsatellite loci, 
accounts for sampling variation and cspccially for 
the different mutation process thought to occur in 
microsatellite loci (high mutation rate and partial 
dependence of the mutant allele size on the original 
allele size). Slatkin's method relies on the assump- 
tions of no constraints on allele size and that the 
mutation process is similar across all allele sizes. 
Calculation of the repeat number for each allele was 
based on a known sequence, where the length of the 
regions flanking the repeated motif was subtracted 
from the total allele length, and the result was 
divided by the length of the repeat unit. The sizes of 
a few alleles at locus 33CI differed by an amount 
that was not equal to the size of a repeat (Fig. 1) 
and R s T  calculation proceeded based on the follow- 
i,ng assumptions, namely that these alleles were 
created by an insertion/deletion of one nucleotide 
that occurred outside the repeat region, allowing 
rounding of the repeat number to the nearest 
integer. These noncanonical alleles had low 
frequency, comprising together eight per cent in 
both populations, thus even if these assumptions 
were wrong, the effect would be small. Locus 2 A I  
had a complex series of allele sizes (Fig. 1) resulting 

~ 

- 

% 

60 

5 0 -  2Al 7 

40- 

30- 

20 - 

L Fig. 1 Allele composition at micro- 

from several repeat motifs of different sizes. Calcu- 
lation of RST for locus 2AI was based on the assump- 
tion of a closer relationship between alleles of 
similar size, and thus rounding was performed based 
on the smallest motif size (6 bases). However, as the 
effect of this procedure was not known, average Ryr 
values for the set of microsatellite loci were 
calculated with and without this locus (Table 4). 

Significance of the FST was evaluated based on a 
chi-square test of the contingency table of allele 
frequencies by populations, after pooling rare alleles 
such that expected cell counts would be higher than 
2, and no more than 20 per cent of the cell counts 
would be lower than 5. Significance of the R s T  (and 
R I S )  was evaluated based on an F-test in a nested 
ANOVA on the repeat number in a model including 
the individual and the population as factors (Slatkin, 
1995). The average RST was calculated from the 
averages of the within-population and total variance 
components across loci. Estimates of Nm were 
derived from FST for two populations according to 
Slatkin (1995): Nm = 1/4 (l/FsT-l). Nm was derived 
from RST by substituting RST for FST. Calculationshot 
available in BIOSYS were carried out by programs 
written in the SAS language (SAS Institute,'l990). 

Results 
Microsatellite loci were highly polymorphic in both 
populations, with an average of 7.8 alleles'(ranges of 
2-13) per locus per population. The average 
unbiased heterozygosity was 0.63 [range of 

"I 

n AG2H46 

Anopheles ganzbiae. Allele length bp 
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0.26-0.87, Table 2 and Fig. 1). Allozyme loci were heterozygosities of both microsatellite and allozyme 
moderately polymorphic with an average of 3.2 loci were slightly higher in East Africa, the differ- 
alleles (between 1 and 6) per locus, and the average ences were not significant (signed rank paired test by 
unbiased heterozygosity was 0.38 (range of 0.0-0.76) locus = 15, d.f. = 10, P>0.21 and Table 3), suggest- 
(Table 2 and Fig. 2). Although the average unbiased ing no large difference in effective population sizes 

~ 

Table 2 Polymorphism of microsatcllitc and allozyme loci in populations of Anopheles gambiae from Kenya and 
Scncgambia i 

Kenya* Senegambia* 

No.of Common No. of Common 
Locus N alleles allele % HET Ho$ N alleles allele % Hat Ho$ 

Microsatel1,ices 
AG2H46 
33Cl 
29Cl 
ID1 
2Al 
Average 
Allozymes i 

EST2 j I  

EST3 . 
01)I l  
KJ'M I 
PGM2 
Average 

EST1 i+ 

50 10 
50 12 
50 3 
50 6 
50 8 
50 7.8 

24 3 
24 3 
24 6 
22 I 
22 3 
22 2 
23 3.0 

28 0.856 
40 0.732 
58 0.500 
61 0.541 
50 0.679 
47.4 0.662 

75 0.415 
50 0.550 
42 0.755 

IO0 0,000 
75 0.40') 
89 0.206 
71.1 0.389 

0.760 
0.580 
0.480 
0.500 
0.640 
0.592 

- 
- 
- 
A - 
- 
- 

50 
50 
50 
49 
50 
49.8 

22 
22 
22 
22 
22 
22 
22 

13 
11 
2 
3 

10 
7.8 

3 
4 
6 
2 
3 
2 
3.3 

22 0.870 
43 0.737 
85 0.258 
59 0.504 
57 0.629 
53.2 0.600 

48 0.591 
68 0.481 
52 0.671 
!)U 0.04s 
77 0.385 
96 0.089 
87.8 0.377 

0.860 
0.720 
0.260 
0.449 
0.640 
0.586 

- 
- 
- 
- 
- 
- 
- 

*For microsatellites, the Kenyan population was obtained from Asembo Bay and the Senegalian population from 
Barkedji; for allozymes (Miles, 1978), the Kenyan population was obtained from Chulaimbo and the Gambian population 
from Mandinari. 

$Observed heterozygosity based on direct count of heterozygotes. 

' L  

?Unbiased heterozygosity (Nei, 1978). , I  

I I I  
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Fig. 2 Ailele composition at allozyme ~ ' 
I' .,I- ,* ' 

loci in East and West African . = .. .* 
Allele state Anopheles gambiae. 
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between these populations from East and West 
Africa. The heterozygosity of microsatellite loci, 
however, was significantly higher than that of allo- 
zymes (Table 3). This difference was expected, 
based on known higher mutation rates reported for 
microsatellite loci (e.g. Dallas, 1992; Weber & 
Wong, 1993). 

i Deviations from Hardy-Weinberg expectations 
were not significant (P> 0.05) for all microsatellite 
loci in both populations (data not shown). Similarly, 
the within-individual variance component of the 
number of repeats tested by nested ANOVA (Slatkin, 
1995) was not significant for all loci (data not 
shown). No evidence was obtained for nonrandom 
mating in the populations. 

The allele compositions of both microsatellite and 
allozyme loci were very similar between West and 
East Africa (Figs 1 and 2). Every allele with a 
frequency higher than five per cent in a given popu- 
lation was also found in the other population, and 
the most common allele was the same in both popu- 

Table 3 The differences in locus unbiased heterozygosity 
(HE) between genetic markers and locales (as indicators 
of N J :  ANOVA results 

Source d.f. Mean square P 

Model* 2 0.170 0.060 
Error 19 0.052 - 
Genetic marker 1 0.334 0.020 
Population 1 0.007 0.724 

Model R2 = 26%. 
See Table 2 for group means. 
*Interaction term was removed after itswas found to be 
not significant when included (P> 0.8). 

lations for four of the five microsatellite loci (Fig. 1) 
and four of the six allozyme loci (Fig. 2). Differ- 
entiations of the populations, as measured by F s T  

and RST were accordingly low (0.0-0.09, Table 4) 
and all Nm values were larger than 1. The R s T  values 
of microsatellite loci were higher than their corres- 
ponding F s T  (except for locus ,MI, see Materials and 
methods), as expected of loci with high mutation 
rates, and with high likelihood that thc samc allelc 
could be produced .by independent mutations 
(Slatkin, 1995). Nevertheless, the RST (and FST) 

values of AG2H46 and 29CZ were significant, 
whereas only the F s T  but not the Rsr of locus 2Al 
was significant (Table 4). Likewise, the F s T  values of 
two of the six allozyme loci were significant. 

Discussion 

A remarkable similarity in allele profile of A. 
gumbiue populations 6000 km apart was evident at 
microsatellite land allozyme loci. The significance of 
the divergence indices in two (or three if F s T  is used) 
of the five microsatellite loci and in two of the six 
allozyme loci implies that a degree of separation 
between the gene pools does exist. However, low 
estimates of interpopulation differentiation were 
measured by Wright's FST and Slatkin's RST, corres- 
ponding to high estimates of the average, ,migration 
index (Nm > 3) across this enormous, distance. 
Genetic differentiation at 'neutral' loci because of 
genetic drift is expected if Nm < 1 but not if Nm > 1 
(Slatkin, 1987). The consistency of the differentia- 
tion indices across loci, i.e. all 11 estimates fall in a 
narrow range of 0-0.087, implies that heterogeneity 
among loci in each marker group was not large, 
Accordingly, considering the three loci with the 

Table 4 Differences between Anopheles gambiae populations from Kenya and Senegambia based on microsatellite and 
allozyme loci 

Microsatellites AIlozymes 

Locus (Nk,N,)t Wright's FS,. ( N m )  

AG2H46 (50,50) U.U13** (9.5) 
33Cl (50,50) 0.0 NS (9 1) 
29Cl (50,50) 0.077*** (1.5) 
1Dl (50,49) 0.0 NS ($1) 
U1 (50,50) 0.01** (12.4) 

Average 5 Ioci 0.016 (7.7) 
4 loci 

O.U624*** (1.9) 
0.0000 NS (% 1) 
0.08620*** (1.3) 
0.0097 NS (12.7) 
0.0029 NS (42.5) 

0.0358 (3.4) 
0.0469 (2.5) 

I.0CUN (NH,Nk) 

EST1 (22,24) 
EST2 (22,24) 
EST3 (22,24) 
ODH(22,22) 
PGM-1 (22,22) 
PGM-2 (22,22) 
Average 

0.087*** (1.3) 
0.018 NS (6.8) 
0.037** (3.3) 
0.0 NS ( %  1) 
0.0 NS (%- 1) 
0.0 NS (9 1) 
0.036 (3.3) 

~~ ~~~ ~~~~ 

?Sample size (mosquitoes): Nk, Kenya; N,, Senegal; and Ng, Gambia. 
NS P>0.05, **PcO.Ol, * * * P c O . O O l .  
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highest differentiation estimates from each group 
increased the average R S T  of microsatellite loci to 
0.061 (corresponding to an Nm = 1.9) and the 
average divergence of allozymes to only 0.047 
(corresponding to an Nm = 2.5). Thus, even these 
estimates imply extensive gene flow across the conti- 
nent. Furthermore, regional analyses of Miles's 
(1978) six-loci data including either 10 or six local- 
ities divided into West (Gambia), East (Kenya and 
Tanzania), and Central Africa (Nigeria and Camer- 
oon) with samples larger than 12 or 20 mosquitoes, 
respectively, provided slightly lower estimates of 
between-region FST (0.015 and 0.021, data not 
shown) . 

For comparison, microsatellite loci in the honey 
bee, Apis mellifera, measured far greater divergence 
between populations within lineages, with an 
average FST value of 0.34 (Estoup et al., 1995), 
whereas allozyme variation hardly exists. Painvise 
average FST values for populations within the least 
differentiated honey bee subspecies, separated by 
less than 2500 and 2000 km (two from France and 
one from Sweden), were 0.083 and 0.042, respect- 
ively, vs. 0.016 in the populations of the present 
study (Table 4). The mosquito Aedes aegypti showed 
a complex structure with substantial differentiation 
on a worldwide scale (Powell et al., 1980), although 

approx. 150 k m  in I'ucrlo I<ico (Apostol cl d., 1005). 
Even grcatcr gcographical difl'crcntiation was 
observed in Aedes albopictus in Malaysia and Borneo 
(Black et al., 1988). 

Because mark-release-recapture experiments have 
suggested that active dispersal in A. gambiae is 
restricted to a few kilometers (Gillies & De Meillon, 
1968), it is unlikely that active dispersal accounts for 
the low differentiation. An alternative explanation is 
that A. gambiae, a highly domestic mosquito, has 
expanded to its current range in recent evolutionary 
time in response to the major expansion in human 
population density that followed the development of 
agriculture in West Africa about 2000-5000 years 
ago (Coluzzi et al., 1985). It is conceivable that with 
population expansion occurring within the past few 
thousand years and with large effective population 
size, the divergence of populations across the 
African continent could remain low today. 

The similarity of estimates of divergence meas- 
ured by marker systems so different in their time- 
scale resolution is surprising. Microsatellite loci 
evolve considerably faster than allozyme loci, and 
have mutation rates of 10-3-10-4 per locus per 
gamete per generation (Dallas, 1992; Weber & 
Wong, 1993) vs. 10-6-10-' for allozyme loci (Ayala, 

cxlcl1sivc gcnc Ilow ( N U I  >O) WiIS ohscrvcll ~ICI'OSS 

1976). Thus they are expected to detect differentia- 
tion between populations that occurred over shorter 
periods. The lower polymorphism of the allozymes 
as compared with the microsatellite loci (Tables 2 
and 3) is consistent with the mutation rates of the 
microsatellite loci being higher than those of the 
allozyme loci. In spite of mutation rates at least one 
scale order higher than that of allozymes, the Rsr i 

estimate for the microsatellite loci was not higher 
than the Fs, for the allozymes. The failure of micro- 
satellite loci to detect greater divergence than allo- 
zyme loci suggests the existence of constraints on 
their evolution, such as biased mutation rates (Garza 
et al., 1995) and/or selection for certain allele sizes 
(Epplen et al., 1993). 

Alternatively, dispersal via both active and passive 
transportation of A. gambiae during the past century 
might be much higher than generally appreciated. 
Surprisingly high numbers of "A. gambiae have been 
captured in trains and boats in Africa (Holstein, 
1954). The rapid geographical spread of this 
mosquito after its introduction into Brazil in 1930 
also indicates considerably higher rates of dispersal 
than commonly appreciated. The spread of A. 
gambiae in Brazil from its point of introduction in 
1930 to the extreme extent of its range in 1938-40 
was at an average minimal rate of 50 km y-', based 
on Sopcr 'Ur Wilson ( 1043). 'I'liis is prohíil~ly íi11 

tion ol' ncw, fully cstablislied populations ratlicr than 
small numbers of migrants, (2) the estimate assumes 
a constant rate of movement over the entire 10-year 
period, and (3) populations could successfully spread 
only in the north-westerly direction. Ifh migration at 
such a rate is also occurring in Africa, it may be 
sufficient to explain the low levels of genetic diver- 
gence between populations in East and West Africa. . 
Furthermore, such high rates of migration would 
also explain our finding of similar estimates of diver- 
gence obtained by the two different marker systems, 
without the need to invoke constraints on their 
evolution. 

The low levels of genetic differentiation between 
populations from East and West Africa would seem 
to be incompatible with the very high levels of 
chromosomal-inversion-based genetic population 
structure recorded in A. gambiae , populations, 
particularly from West Africa (Coluzzi et al., 1985; 
Lanzar0 et al., 1995). Several distinct chromosomal 
forms and a series of climato-geographically stable 
clines in the frequencies of certain chromosomal 
inversions are characteristic of many populations in 
West Africa, whereas they have not been found in r 

East Africa despite extensive karyotype data from 

O The Genetical Society of Great Britain, Heredity, 77, 192-208. 
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Kenya and Tanzania. These reports of highly struc- 
tured Wcst African populations might suggest 
l~csIl~i~It-!d ~ C I I C  Ilow i l \  syll\l)i\iric I)t)lll1li\IionS ~ICI’OSS 

tlil11cllsiolls otllcr Illi111 ~ ~ o ~ r i \ l ~ l 1 i C i \ l  tlisti1llCc - t l l ~  
only dimcnsion explorcd in this study. It  is important 
to note that the Savanna chromosomal form is the 
only form known to occur in Kenya (Coluzzi et a l ,  
1985) and Barkedji (Fontenille, unpublished data). 
Additionally, the strong selection operating on many 
of these chromosomal inversions that is evident by 
regular seasonal or spatial-climatological change in 
karyotype frequencies may render them unsuitable 
for gene flow evaluations. 

At this point there is insufficient information to 
explain the low differentiation of A. gambiae popula- 
tions across Africa by ruling out either the hypothe- 
sis of recent expansion, which is coupled with 
constraints on microsatellite evolution, or the 
hypothesis of migration augmented by transporta- 
tion. Information based on additional genetic loci, 
different genetic markers, and populations on micro- 
and macrogeographical scales is necessary before 
final conclusions can be reached. 
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