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Abstract 

The pattern of sequence variation in the mitochondrial DNA cytochrome b gene (cyt-b) 
and ribosomal DNA internal transcribed spacer 2 (ITS2) was examined in Anopheles 
f u n e s t u s  from Senegal and Burkina Faso in West Africa and Kenya in East Africa. From 
both West African countries, samples included individuals hypothesized to represent 
reproductively isolated taxa based upon different karyotypes and behaviours. Analysis of 
the cyt-b data revealed high haplotypic diversity (86%) and an average painvise differ- 
ence per site of 0.42%. Sequence variation was not partitioned by geographical origin or 
karyotype class. The most common haplotype was sampled across Africa (= 6000 km). 
Analysis of the ITS2 data revealed one of the longest spacers yet found in anophelines 
(= 704 bp). In common with other anopheline ITS2 sequences, this one had microsatellites 
and frequent runs of individual nucleotides. Also in common with data from other 
anopheline ITS2 studies, the An. funestus sequences were almost monomorphic, with 
only two rare polymorphisms detected. The results from both markers are congruent and 
do not support the hypothesis of reproductively isolated chromosomal taxa within An. 
f u n e s t u s .  Whether the lack of support by mitochondrial DNA (mtDNA) and ribosomal 
DNA (rDNA) sequences is a result of the recent origin of the presumptive taxa, or of the 
absence of barriers to gene flow, remains to be elucidated, using more rapidly evolving 
markers such as microsatellites. 
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Introduction 

Across tropical Africa, three anopheline species are 
responsible for the majority of malaria transmission. 
These are Anopheles funes fus  and the two sibling species 
A n .  gambiae and An. nrabiensis. Their importance as 
malaria vectors stems from widespread distribution, 
abundance, longevity and, above all, 'a penchant for 
human blood. 

Behaviourally, An. furzes f u s  is distinguished from the 
other two vectors by breeding in large, permanent bodies 
of water, characterized by emergent vegetation, such as 
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swamps, river edges, ditches and seepages (Gillies & De 
Meillon 1968). In addition, An. funes fus  is one of the most 
'domestic' of African anophelines, preferring to feed and 
rest inside human houses for most of its adult life. Even 
in human dwellings shared with cattle and/or goats, 
most female An. funestus  bite humans and congregate in 
sections occupied by humans (Gillies &De Meillon 1968). 
This behaviour made An. funes fus  quite vulnerable to 
house spraying with residual insecticides during the 
1950s and 1960s (reviewed in Zahar 1984). Wherever 
implemented, the initial effect of house spraying was a 
dramatic decrease in density or total disappearance of 
An. f u n e s f u s  in the treated areas. In some parts of Africa, 
these effects were long-lasting. DDT spraying in South 

O 1999 Blackwell Science Ltd 

I 

. .  



290 O. MUKABAYIRE ET AL. 

Africa permanently eradicated An. funestus. An. funestus 
disappeared in the Pare area of Tanzania and the Taveta 
area of Kenya during the 3.5 years of dieldrin application 
and for at least 5 years after discontinuation of dieldrin, 
before becoming slowly re-established (Zahar 1984). The 
same pattern was observed in the Antananarivo region of 
Madagascar where, in 1952, An. fiinestus was considered 
to be eradicated. The spraying campaign ceased in 1958, 
An. funestus reappeared in 1976 and has recently been 
linked to a resurgence of malaria in this region 
(Fontenille & Rakotoarivony 1988). These observations, 
together with the uneven distribution of this vector 
before spraying (Molineaux & Gramiccia 1980), sug- 
gested that An. fiinestus may be subdivided into discrete 
populations. 

Further evidence for population heterogeneity within 
and between An.funestus populations comes from the dis- 
tribution of paracentric inversions on chromosome arms 
2,3 and 5 (Green & Hunt 1980). In Senegal, allopatric pop- 
ulations from the East and West are characterized by dif- 
ferent inversion frequencies that are in Hardy-Weinberg 
equilibrium unless pooled between locations (L. 
Lochouam, unpublished data). Samples from the western 
village of Dielmo revealed a monomorphic standard 
(uninverted) arrangement on chromosome 2 and predom- 
inantly standard arrangements for the other arms. In the 
eastem Kedougou region, samples were highly polymor- 
phic on all arms. In Burkina Faso, a different pattem was 
found involving significant deviations from 
Hardy-Weinberg equilibrium for all inversions sampled 
from sympatric populations at each of several locations 
(Boccolini et al. 1994). Standard homokaryotypes at all 
four inversions were in excess, and their exclusion from 
each location restored the remaining samples to 
Hardy-Weinberg equilibrium. Moreover, the standard 
homokaryotypes from Burkina Faso and Senegal 
appeared behaviourally distinct, but in contrasting ways. 
Whereas they were less endophilic and anthropophilic 
than other karyotypes in Burkina Faso, they were more 
anthropophilic in Senegal. These findings have raised the 
possibility that An. fiinestus in West Africa includes at 
least two taxonomic units with different vectorial capaci- 
ties (Boccolini et al. 1994). 

Motivated by the cytological evidence, the present 
study sought independent molecular evidence for the 
existence of distinct taxonomic units within An. fiinestus. 
Both mitochondrial DNA (mtDNA) genes and nuclear 
ribosomal DNA (rDNA) have been useful targets for this 
purpose because of the relative rapidity with which they 
can reflect the effects of restricted gene flow among popu- 
lations (Avise 1994). For mtDNA, this is because of its 
haploid matemal transmission and lack of recombination. 
For rDNA, organized as tandemly repeated gene copies, 
this is a result of concerted evolution, which homogenizes 

sequences at a locus within an individual and within 
panmictic populations. Because there is only one X-linked 
rDNA locus in anopheline mosquitoes examined to date 
(Collins et al. 1989; Kumar & Rai 1990), the more rapidly 
evolving spacer regions of the rDNA accumulate species- 
specific and even population-specific sequence differ- 
ences that have been successfully exploited in diagnostic 
assays (McLain et al. 1989; Porter & Collins 1991; 
Paskewitz et al. 1993; Fritz et al. 1994; Collins & Paskewitz 
1996; Cornel et al. 1996; Favia et al. 1997; Xu & Qu 1997). In 
this study we investigated whether variation in the 
cytochrome b gene (q t -b )  of mtDNA and the second inter- 
nal transcribed spacer (ITS2) of nuclear rDNA from An. 
fiinestus is pattemed according to karyotype or geograph- 
ical origin. 

Materials and methods 

Sampling 
In Burkina Faso, adult females of Anophelesfiinestus were 
collected indoors, by aspiration, on 16-17 November 1992 
in three villages (Diarabakoko, Kiribina and Folonso) of 
the Banfora area (10'30' N, 4'40' W), south of 
BoboDioulasso (Fig. 1). The collection sites are in the 
southern, more humid, zone of the sub-Saharan Sudan 
savanna belt, characterized by a rainy season from June to 
October with mean annual rainfall higher than 900 mm. 

In Senegal, samples were collected by pyrethrum 
spraying in selected bedrooms during April-July 1994 in 
the Sudan savanna village of Dielmo (13'45' N, 16'25' W; 
see Trape et d. 1994), and during November 1994 in the 
Sudan guinean zone of Kedougou (12'33' N, 12'11' W), 
shown in Fig. 1. 

In western Kenya, gravid females were collected by 
aspiration from the walls or bednets inside bedrooms, in 
May 1987, from the villages of Asembo, Ahero and 
Nyakoch (McLain et al. 1989; Fig. 1). The samples ana- 
lysed were single FI progeny per field-collected female. 

Identification of An.funestus was made according to the 
morphological key of Gillies & De Meillon (1968). 
Polytene chromosomes of West African specimens were 
examined for chromosomal inversion polymorphisms 
(Green &Hunt 1980). 

DNA extraction, amplification and sequencing 

DNA was isolated from desiccated legs (Senegal speci- 
mens), Carnoy's-preserved carcasses without ovaries 
(Carnoy's solution is glacial acetic acid:ethanol(1:3 v/v); 
Burkina Faso specimens) and liquid nitrogen-preserved 
complete carcasses (Kenya specimens), according to 
Collins et al. (19871, and resuspended in 50-100 pL of 
water. The polymerase chain reaction (PCR) was used to 
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amplify a 469-bp segment of the mtDNA cyt-b gene and 
the ITS2 of nuclear rDNA in a 50-pL reaction mix con- 
taining 1 ~ L L  of DNA, 50 pmol of primers, 5 PL of 
lox reaction buffer containing 15 mM of MgCl= 200 p~ of 
each dNTP (Perkin-Elmer) and 1.25 U of Taq polymerase 
(Boehringer Mannheim or GibcoBRL). The yt-b segment 
corresponding to positions 10 821-11 290 of An. gambiae 
mtDNA (Beard et aZ. 1993) was amplified using primers 
yt-bF and yt-bR, previously described by Lyman et al. 
(1998). An 842-bp fragment containing the complete ITS2 
(704 bp) was amplified using primers that anneal in the 
flanking 5.8s and 28s rDNA, CP-P1A and CP-PlB, 
respectively (Porter & Collins 1991; Wesson et al. 1992). 
These were modified by removal of the 8-bp restriction 
site linkers. Two additional internal primers were 
used(Fig. 2): ITSA-1 (5'-GAACCGCATAAATCG- 
CACGC-3') and ITSB-1 (5'-CGATCTCTCAACAA- 
CAACTC-3'). The combination of CP-P1A and ITSB-1 
amplified the first 508 bp of the ITS2. For ITS2, the ther- 
mal cycling conditions were: initial denaturation at 
94 "C for 1-2 min; 35 cycles of denaturation at 94 "C for 
15 s, annealing at 50 "C for 15 s, extension at 72 "C for 
45 s; and a final extension at 72 "C for 5-10 min. Cycling 
conditions for cyt-b were identical except that annealing 
was performed at 45 "C and extension was for 30 s. Both 
ITS2 and cyt-b PCR products were purified using the 
Wizard PCR DNA Purification System (Promega 
Corporation) and sequenced directly using the ABI 
Prism Dye Deoxy Terminator Cycle Sequencing Kit (PE 
Applied Biosystems) with the same primers as 
employed for PCR amplification. Reaction products 
were purified using Centri-Sep columns (Princeton 
Separations) and run on a 4% acrylamide gel using an 
ABI 377 automatic sequencer (PE Applied Biosystems). 

O 1999 Blackwell Science Ltd, Molecular Ecology, 8,289-297 

Fig. 1 Map of the Anophelesfiinestus 
populations sampled from West and East 
Africa. 

Both strands were completely sequenced. 
Nonredundant sequences (haplotypes) have been 
assigned the GenBank accession numbers: AF062501 to 
AF062512. 

Sequence analysis 
Sequences were inspected and corrected as necessary 
using Sequence Navigator 1.0.1 (PE Applied Biosystems). 
For both genes, sequence alignment was unambiguous 
but was conveniently performed using the PILEUP pro- 
gram from GCG (Genetics Computer Group 1994). 
Haplotype diversity was calculated using formula 8.5 of 
Nei (1987). Other sequence statistics were calculated 
using MEGA 1.01 (Kumar et al. 1993) and DNASP 2.0 (Rozas 
& Rozas 1997). 

Results 

Analysis of ITS2 sequences 
The Anopheles funesfus ITS2 and flanking sequences were 
determined from five individuals: three from Burkina Faso 
(representing homokaryotypic standard and polymorphe 
inverted karyotypes) and two from Senegal (standard 
karyotypes) (Table 1). The approximate boundaries of the 
ITS2 (positions 45-749 in Fig. 2) were defined by compari- 
son with previously determined anopheline 5.8s and 28s 
rDNAsequences (Porter & Collins 1991; Wesson et al. 1992; 
Paskewitz et al. 1993; Fritz et al. 1994; Come1 et al. 1996; XU 
& Qu 1997). At = 704 bp, the An. funestus ITS2 is one of the 
longest of any anopheline examined to date (Table 2). It is 
also the least GC-rich (49.1%), apparently owing to a rela- 
tive paucity of C in the plus strand. 
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5.8.3 LITS2 
CON CGGACGATTA AACCCGGCCG ATGCACACAT TCTTGAGTGC CTATCAATTC CTTGATATAC 60 ............................................................ 
CON AACAAACCAA ACTTCAGGGT GGAGCGTGCC ACAATAGAAC ACTATGGCGA GCAGCCCGTC 120 ............................................................ 
CON TAGTGTCGTG GGGGAAACAC GCTTCCACAC TGTGCATAAT GGCGTGCTCG GGACCTTTGT 180 ............................................................ 

(ITSA-1+) 
CON TGGGACCGCA GGGCGCTGAA AGTAAAGGGG TGAACCGCAT AAATCGCACG CACGTAAACG 240 ............................................................ 
CON CGCACACACA CAAATAGAGT GAGACGTATC GTAGGATACC GCTAAGAGTA CGTTGTGAAA 300 ............................................................ 
CON CATGGGG?+AA TTCAATCGAA AACCTCTTTG ATGTCCAAGA ATTCGTTGAC CGTATCCGTC 360 ............................................................ 
CON GTAATACTGG ATCAACGTGC TTGGGGGAAA ACGTCAAAGG GTTTTATAAT AGTGGTGCAT 420 ............................................................ 
CON GATTAACCCA TCGATGCCCG AGGGGAACAT GTTGTCCAAT ACAATAGTGG TGCAGTTGGC 480 .... G..... .................................................. 
CON TCGACATGCT CGGGGGGAGA CATCGTGGGT CCAAGTCGAC CAAGTCGACC GAGAGTTGTT 540 ............................................................ 

(CITSB-1) 
CON GTTGAGAGAT CGAATCAAAA CGATGCCGAG CGGAACTCGT TGTCCTTATT GGAGTGATAT 600 ............................................................ 
CON TCGGACAACG TGCTCGGGGG GGCCATCGTT GATTCAAAAA TGACCGTAAA TTGCCCAATC 660 ............................................................ 
CON C--GTGTG!l'G TGTGTGTGAA GTGTTGTTGC GTATATATCG GTTCGCTATG CCCCGGGTTC 720 

.GT....... .................................................. 
& 28s 

CON GAAACGAATG GAATGTGACT GATTTTGTTG TAGGCCTCA 759 ....................................... 

Tandem repeat motifs of dinucleotides and trinu- 
cleotides are typical of anopheline ITS2 sequences (e.g. 
Cornel et aZ. 1996; Xu & Qu 1997). In the An. f i n e s t u s  
ITS2, the most obvious sequence features are two 
microsatellites, (CA), and (GT),, starting at positions 
243 and 662, respectively. An insertion of one subrepeat 
unit in the latter microsatellite defined one of only two 
polymorphisms detected in the ITS2. The (GT), allele 
was shared by Burkina Faso samples from different 
karyotype classes, no. 149-17 and no. 152-15. Another 
notable feature of the An. fi inestus ITS2 is frequent runs 
of G and A. There were seven instances of (G)3, three of 
(G)4 and four of (G),-,; 13 of (A)3 and four of (A)pg. 
However, no length polymorphisms were found in 
these runs. 

With the combination CP-P1A and ITSB-1, we sequenced 
the first 508 bp of ITS2 from an additional 14 specimens 
from East and West Africa, representing homokaryotypic 
standard and polymorphic inverted karyotypes (Table 1). 
From the total sample of 19 sequences, only one polymor- 
phic site was detected in the first two-thirds of the ITSZ 
This was an A+G transition at position 425 found in three 
specimens, designated ITS2 haplotype 2 in Tables 1 and 3. It 
is worth noting that although haplotype 2 was less com- 

Fig. 2 Nucleotide sequence of the 
Anophelesfrcnestus ribosomal DNA (rDNA) 
intemal transcribed spacer 2 (ITS2) and I 

flanking 5.85 and 285 regions. CON, 
consensus sequence. Below this, variant 
nucleotide positions are indicated; gaps 
are represented by dashes, identities by 
dots. The estimated start of the ITS2 and 
28s regions is indicated by arrows. 
Sequences to which intemal primers 
ITSA-1 and ITSB-1 anneal are underlined. 

mon, it was detected in Kenya as well as Burkina Faso and 
in both karyotype classes. 

Annlysis of cyt-b sequences 

The nucleotide sequence of 404 bp of the mtDNA cyt-b 
gene was determined from a set of 19 An. fiinestus that 
partially overlapped with the set used in the ITS2 analysis 
(Table 1). There were 13 polymorphic sites in this sample, 
of which 11 were singleton mutations (Table 3). All substi- 
tutions were transitions and synonymous with respect to 
amino acid encoded. The average number of pairwise 
nucleotide differences was 1.7, which corresponds to 
0.42% per site. By comparison, the average level of 
mtDNA NADH dehydrogenase subunit 5 sequence diver- 
gence within An. gambiae and An. arabiensis populations 
across Africa was 0.38% and 0.46%, respectively 
(Besansky et al. 1997). 

The 13 polymorphic sites defined 11 haplotypes, shown 
in Table 3 and Fig. 3. Of these, nine were uniquely repre- 
sented (singletons). Thus, in contrast to the ITS2 data, the 
q t - b  haplotype diversity was high (86%). The most com- 
mon haplotype, designated '1', was found in seven indi- 
viduals, representing all sampling sites and both 
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Table 1 Karyotype and genotype of Anopheles fu[!eshis samples 
based on ribosomal DNA (internal transcribed spacer 2, ITS2) 
and mitochondrial DNA (mtDNA) (cyt-b) sequences 

derived from haplotype 1, which is ancestral to both hap- 
lotypes 4 and 8. 

Karyotype* Haplotype 

Samples arms2/3/5 ITS2t q t -b  

Burkina Faso 
149-35 
149-37 
149-36 
152-15 
149-21 
149-16 
152-19 
152-20 
155-44 
149-17 
149-19 
149-22 
149-29 
155-17 
155-32 
155-50 
152-21 

Senegal 
Dielmo 
64 

1393 
1517 
1538 
Kedougou 
441 
443 
444 
448 
449 

Kenya 
Ahero (E) 

Asembo (A) 
NIJRkOCh (I) 

IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
IN 
ST 
ST 
ST 
ST 
ST 
ST 
ST 
ST 

ST/ST/IN 
ST 
ST/ ST / IN 
ST 

?/IN/ ST 
IN/IN/ST 
IN 
IN 
IN 

- 
2 

1* 

- 

- 
- 
- 
- 
- 
1* 

1 
1 
I* 

1 
1 

- 

- 

1 
If 
1* 
1 

- 
1 
1 
1 
1 

2 
2 
1 

2 
4 
1 

1 
10 
3 
2 
2 

1 

1 
9 
5 
6 

- 

- 
- 

- 

- 
- 
- 
1 

1 - 
- 
- 
11 

1 
7 
8 

*ST, homokaryotypic standard; IN, homokaryotypic inverted or 
heterokaryotypic. 
tITS2 haplotype defined by first 507 bp only 
*Entire ITS2 sequence was determined. 

karyotype classes. Because it is most common and 
widespread, it may be the ancestral haplotype in the sam- 
ple (Castelloe & Templeton 1994). The other haplotypes 
can be connected to this one by one or two mutational 
steps, shown in the minimum spanning network of Fig. 3. 
There is one ambiguity in the network. As drawn, the 
G+A mutation at position 11 045 (Table 3) is hypothe- 
sized to be homoplasious in haplotypes 4 and 8. An alter- 
native reconstruction requires a single G-+A mutation at 
position 11 045 in a hypothetical (not sampled) haplotype, 
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Discussion 

Until very recently, few studies. have focused on the 
genetic structure of Anopheles funestus  populations. 
However, based on two observations, the expectation in 
this study was to find relatively structured populations. 
First, the preference for breeding in patchily distributed 
permanent bodies of water sets An. funestus  apart from 
the other principal vectors, which breed in small tempo- 
rary pools that are ubiquitous during the rainy season. 
Second, the apparent inability of An.funestus to recolonize 
some areas treated with residual insecticides for several 
years following cessation of spraying suggested low dis- 
persal ability and discontinuous populations. Therefore it 
was surprising that the present study found no patterns 
of genetic variation to corroborate this view. 

For resolving intraspecific phylogeography, mtDNA 
has been a tool of choice (Avise 1994). The fact that little 
phylogeographic structure of cyt-b haplotypes was dis- 
cernible in An. finestus might be an artefact of small sam- 
ple size and/or insufficient resolution. Only three cyt-b 
sequences from Kenya were examined, the remainder 
originating from the West African countries of Senegal 
and Burkina Faso. In addition, all but two of the 11 haplo- 
types were singletons (sampled in only one individual) 
and therefore uninformative. Although the cyt-b gene has 
not been widely used in insects, data from other anophe- 
lines suggest it to be less variable than some other 
mtDNA genes, such as ND5 (Besansky et al. 1997). The AT 
composition of the sequenced fragment of cyt-b is high 
(75%), similar to that of the overall mtDNA genome 
(78%), but the AT bias of third codon positions, which 
comprise most of the polymorphic sites, is acute (93%). 
Clearly, the study of additional markers is necessary 
before any firm conclusions can be drawn about An. funes-  
tus phylogeography. Given the data at hand, we tenta- 
tively suggest that the high haplotype diversity (0.86) and 
the common presence of one haplotype (no. 1; see Fig. 3) 
across Africa are compatible with relatively large popula- 
tions that have not experienced prolonged bottlenecks or 
fragmentation. 

This pattern of mitochondrial variation, and the average 
pairwise divergence of 0.42% per site, is remarkably con- 
sistent with results, across Africa, from An. gambiae and 
An. arabiensis, based on mtDNA cyt-b, ND1 and ND5 genes 
(Besansky et al. 1997). In An. ganzbiae, the mtDNA results 
are in agreement with dozyme and microsatellite studies 
(Lehmann et al. 1996; Lehmann et al. 1997), indicating that 
mtDNA is unlikely to be an aberrant marker in this 
species. If this pattern of mtDNA variation in An. funes- 
tus is corroborated by further studies with this and other 
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Table 2 Length and base composition of 
Species Length GC% Reference anopheline internal transcribed spacer , 

(IT.52) sequences 
An. gambke complex 426-7 bp 55% Paskewitz et d. (1993) 
An. freebomi complex 
An, occidentalis 
An, qiuzdrimacuhfus complex 
An. nuneztovnri 
An, prtnctiilatus complex 
An. dinis A and D 
An.flnviros tris, An. fdipinae 
An.funestus 

305-310 bp 
306 bp 

363-369 bp 
287-329 bp 

= 600 bp 

= 360 
710-716 bp 

703-705 bp 

= 52% 
= 52% 

5557% 
5556% 
m 
69% 
m 
49% 

Porter & Collins (1991) 
Porter & Collins (1991) 
Come1 et d. (1996) 
Fritz et d. (1994) 
Beebe & Saul (1995) 
Xu &Qu (1997) 
Foley et d. (1996) 
Present study 

markers, it suggests two things. First, active dispersal by 
these vectors may exceed the commonly accepted 
3-5 km range (Zahar 1984; see Besansky et al. 1997). 
Second, the effect of residual insecticide spraying may 
not have been total eradication of local An.funesttis pop- 
ulations, but rather a dramatic reduction in population 
density without a real bottleneck, combined with a 
behavioural shift to outdoor resting and biting by the 
survivors (see Zahar 1984). 

Another surprising outcome of this study was the lack 
of support for reproductively isolated chromosomal 
forms within An. funestus. If An. funestus is composed of 
multiple species, the apparent conflict with the molecular 
evidence could be resolved if it is assumed that specia- 
tion occurred quite recently. Thus, mtDNA and ITS2 hap- 
lotypes would be shared, not because of current gene 
flow but because of retained ancestral polymorphism 
and insufficient time for diagnostic mutations to become 
established. It is impossible to rule out this possibility in 

the absence of independent evidence from additional 
loci. 

Apparent contradictions between patterns of chromo- 
somal and ecophenotypic vs. molecular polymorphisms 
have been noted in other anopheline vectors. The 
neotropical species An. nunezfovari was hypothesized to 
consist of two allopatric taxa distinguished by peak biting 
times and host preferences (anthropophilic vs. zoophilic), 
by egg ultrastructure (Linley ef al. 1996) and by cytotype, 
as defined by fixed and polymorphic inversions 
(reviewed in Conn et al. 1998). At the molecular level, 
mtDNA sequences of the ND2 and ND6 genes failed to 
differentiate the cytotypes (Perera 1993). Although restric- 
tion fragment length polymorphism (RFLP) analysis of 
the complete mtDNA genome placed the cytotypes in dis- 
tinctive clusters (Conn et al. 1998), and ITS2 sequence 
polymorphisms were revealed (three insertiondeletion 
events and one transversion; Fritz et al. 1994), there were 
no cytotype-diagnostic differences. In the An. gambiae 

Table 3 Polymorphic positions* defining 
H themitochondrialDNA(mtDNA)cyt-b 
a o o o haplotypesofAnophelesficnestus 
P e 9 9 9 0 0 0 0 0 0 0 1 1 2  

No. 6 1 5 4 6 9 2 5 6 6 5 5 4  
q 1 3 5 2 3 3 4 4 4 9 0 9 3  

1 " A C T T C T A G C G T T C  
2 3 . T .  . .  
3 1 . .  . A .  . .  
4 l . T .  . A .  . .  
5 1 . .  . c .  . .  
6 1 . .  . T .  . .  
7 1 . .  . G .  . .  
8 1 . .  . A .  . c . .  
9 1 G .  . c .  

10 1 . . c .  . T  
11 1 . .  . T C .  . .  

*Positions numbered with respect to An. gambine reference sequence (GenBank acc. no.: 
120934; Beard et d.  1993). Dots represent identity to the first sequence listed. 
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Fig. 3 Network representing minimum mutational relationships 
among mitochondrial cyt-b haplotypes. Numbered circles indi- 
cate haplotypes and letters refer to geographical origin (B, 
Burkina Faso; S, Senegal; K, Kenya). Circle size approximately 
represents haplotype frequency, which is given following the let- 
ter code if haplotype was sampled more than once. Each connect- 
ing line represents a single mutation, unless cross-hatched (= two 
mutations). Asterisks indicate a mutation at position 11 045 
(G+A) that is homoplasious if the network accurately reflects 
historical relationships. 

complex, An. gambiae and An. arabiensis have fixed inver- 
sion differences on the X chromosome (Coluzzi et al. 
1979) and fixed sequence differences in the ITS2 
(Paskewitz et al. 1993), but are indistinguishable based on 
mtDNA sequences of cyf-b, ND1 and ND5 genes and 
restriction mapping of the entire mtDNA genome, proba- 
bly owing to small amounts of interspecific mtDNA gene 
flow (Besansky et al. 1994; Besansky et '  al. 1997; N. 
Besansky, P. Mehaffey & F. Collins, unpublished data). In 
West Africa, three ecologically distinct cytotypes of An. 
gambiae coexist: Savanna, Bamako and Mopti (Coluzzi 
et al. 1985; Toure et al. 1998). At the molecular level, using 
restriction mapping of the rDNA intergenic spacer (Favia 
et nl. 1997), random amplified polymorphic DNA 
(RAPD)-PCR (Favia et al. 1994) and direct sequencing of 
ITS2 (O. Mukabayire, M. Coluzzi & N. Besansky, unpub- 
lished data), it has been possible to differentiate only 
Mopti from the other cytotypes. It is tempting to specu- 
late that the lack of strong molecular support for within- 
population or even between-species heterogeneities, 
perceived at the behavioural and cytogenetic levels, may 
simply reflects a surprisingly rapid rate of change at 
these levels in anophelines. 
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An important consideration in interpreting the ITS2 
sequence data is the experimental approach of determin- 
ing 'consensus' sequences by direct sequencing. Implicit 
in this approach is the assumption that the pac Qf con- 
certed evolution would be suffic¡ehtly rapid k erase 
mutations shared through recent coliimon ancestry, an 
assumption that may be flawed on both theoretical and 
empirical grounds (e.g. Dover 1993 and refs. therein). It is 
noteworthy that Aiz. funes tus  ITS2 electropherograms 
were never ambiguous, as ambiguities are expected if 
variant repeats are present at frequencies sufficiently high 
to compete with the consensus signal. This suggests that 
AN. funestus  ITS:! sequences are predominantly wmposed 
of one 'consensus' type, but does not rule out onL or more 
rare variants. Analysis of rare variants requires more labo- 
rious cloning and sequencing of numerous individual 
repeats from each specimen, but might provide additional 
insights into population structure. Although direct 
sequencing erases information about the sequence and 
frequency of rare variants and therefore entails a loss of 
analytical power, it is unlikely to be positively misleading 
in the patterns it reveals. 

A challenge facing future population studies of An.$mes- 
tus  is to develop molecular markers that have the potential 
to evolve at higher rates than rDNA ITS2 and mtDNA 
sequences. One candidate class of marker, microsatellites, 
is currently under development in our laboratories. 
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