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ABSTRACT
Of the seven recognized species of the Anopheles gambiae complex, A. gambiae s.s. is the most widespread

and most important vector of malaria. It is becoming clear that, in parts of West Africa, this nominal
species is not a single panmictic unit. We found that the internal transcribed spacer (ITS) of the X-linked
rDNA has two distinct sequences with three fixed nucleotide differences; we detected no heterozygotes
at these three sites, even in areas of sympatry of the two ITS types. The intergenic spacer (IGS) of this
region also displays two distinct sequences that are in almost complete linkage disequilibrium with the
distinct ITS alleles. We have designated these two types as S/type I and M/type II. These rDNA types
correspond at least partly to the previously recognized chromosomal forms. Here we expand the geographic
range of sampling to 251 individuals from 38 populations. Outside of West Africa, a single rDNA type,
S/type I, corresponds to the Savanna chromosomal form. In West Africa, both types are often found in
a single local sample. To understand if these findings might be due to unusual behavior of the rDNA
region, we sequenced the same region for 46 A. arabiensis, a sympatric sibling species. No such distinct
discontinuity was observed for this species. Autosomal inversions in one chromosome arm (2R), an
insecticide resistance gene on 2L, and this single X-linked region indicate at least two genetically differenti-
ated subpopulations of A. gambiae. Yet, rather extensive studies of other regions of the genome have failed
to reveal genetic discontinuity. Evidently, incomplete genetic isolation exists within this single nominal
species.

SINCE the introduction of explicitly genetic concepts a genome-wide phenomenon; i.e., once two groups
in defining species (Dobzhansky 1935), genetic ceased to interbreed or ceased to exchange genes due

analysis of natural populations has been important in to sterility of hybrids, all genes in the two groups would
distinguishing species that otherwise would not be rec- evolve independently. Contrary to this classical assump-
ognized on the basis of classical features such as mor- tion, there is a growing number of examples of cases
phology. The demonstration of genetic distinctness, or in which two species (or named taxa of some sort) have
genetic differentiation, between samples from natural genomes that vary in the level of isolation; i.e., parts of
populations, especially in areas of sympatry, is often the genome can still be exchanged while other parts
used as a criterion to erect new species. At least for cannot. This has variously been termed semipermeable
sexually reproducing organisms, genetic differentiation barriers to gene exchange (Harrison 1990), selective
between groups can come about only if the two groups introgression (della Torre et al. 1998), or gene-by-gene
are not interbreeding. This led to the so-called biologi- isolation (Barton and Hewitt 1981; Wu 2001). Plant
cal species concept (BSC) that defines species as enti- biologists have long been comfortable with the notion
ties that are incapable of exchanging genes via inter- that “good species” can still exchange some genes via
breeding. As the sophistication of methodologies to introgressive hybridization (Anderson 1949; Arnold
genetically analyze populations has increased dramati- 1997) as have biologists concerned with hybrid zones
cally, the ability to detect more subtle genetic dis- (Barton and Hewitt 1981; Harrison 1990). Recently,
tinctness among natural units has increased. This has empirical evidence from Drosophila has indicated that
sometimes led to unexpected findings. For example, it in the historical process of speciation, isolation does
was initially assumed that “reproductive isolation” was not occur simultaneously for the whole genome (Mach-

ado et al. 2002). Noor et al. (2001) demonstrated that
the least likely parts to exchange are associated with
hybrid sterility or mate choice. The subject of this article,1Corresponding author: Department of Ecology and Evolutionary Biol-

ogy, Yale University, New Haven, CT 06520-8106. the mosquito Anopheles gambiae, has genetic substructur-
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ing that is very likely the result of partial isolation; i.e., among the chromosomal forms of A. gambiae s.s., espe-
cially for genetic markers not associated with chromo-parts of the genome display strong differentiation while

most of the genome remains nearly completely undiffer- some 2R by which they were originally defined. The
reasoning is that if the substructuring detected for theentiated, implying ongoing gene flow for these regions.

The A. gambiae complex is composed of at least seven 2R chromosome is due to complete reproductive isola-
tion, then genetic differentiation should extend to themorphologically indistinguishable species (reviewed in

White 1974; Coluzzi et al. 1979). Members of this com- whole genome. Favia et al. (1994) found distinctive
RAPD (randomly amplified polymorphic DNA) markersplex exist throughout sub-Saharan Africa, including

neighboring islands. Genetic distinctness was first de- among forms, but this was not confirmed by Mukabay-
ire et al. (2001). Favia et al. (1997) found that Moptitected during crosses intended to reveal the genetic

basis of insecticide resistance (Davidson 1964; David- is consistently different from Savanna and Bamako at
nucleotide sites in the intergenic spacer of rDNA (IGS),son and Hunt 1973); F1 male sterility was sometimes

observed between crosses of what were considered the an X-linked region (Collins et al. 1987; see Figure 1).
A diagnostic procedure was developed on the basis ofsame species. Eventually six species were described on

the basis of reproductive compatibility; the seventh was PCR amplification followed by a restriction enzyme di-
gest that reliably distinguished Mopti from Savanna andonly recently detected (Hunt et al. 1998). Chromosomal

inversions were then shown to also distinguish the spe- Bamako in samples from Mali and Burkina Faso (Favia
et al. 1997). More recently Favia et al. (2001) developedcies (Coluzzi and Sabatini 1967, 1968, 1969). Now,

DNA-based diagnostic procedures are available (Col- a primer-specific PCR approach for the IGS that allows
the same distinction in samples from Mali. The uselins et al. 1987). Thus, there is little doubt that the seven

recognized species of this complex meet the criteria of of this PCR-restriction fragment length polymorphism
analysis has been extended to a number of populationsspecies recognition defined by the BSC.

One of the seven species is A. gambiae sensu stricto. This in West Africa and to a limited extent elsewhere in
Africa; virtually no mixed molecular patterns (indicativeis a widespread species, closely associated with human

habitats, and a very efficient vector of malaria. Evidence of hybrids) have been detected (della Torre et al.
2001); the terms M and S were proposed to indicatehas been accumulating that this species is composed of

subunits that are genetically distinct. The first evidence the two IGS types. Outside of Mali and Burkina Faso,
M and S do not always correspond to the previouslyfor this came from extensive studies of frequencies of

naturally occurring chromosomal inversions by Coluzzi described chromosomal forms (della Torre et al. 2001;
Gentile et al. 2001). A study of microsatellites through-and colleagues (Coluzzi et al. 1985; Touré et al. 1998).

In some West African populations the karyotype fre- out the genome failed to find significant and consistent
differences among the chromosomal forms, except forquencies are often far from Hardy-Weinberg expecta-

tions with a notable excess of homokaryotypes for inver- loci on 2R (Lanzaro et al. 1998). Later studies using
microsatellites detected reduced gene exchange be-sions in the right arm of the second chromosome, 2R.

When samples are subdivided into certain sets of inver- tween forms compared to within forms, although not
as great a reduction as found between the recognizedsions, the subsets of karyotypes are in Hardy-Weinberg

proportions. On the basis of these observations, chro- species A. gambiae and A. arabiensis (Taylor et al. 2001).
In a similar microsatellite study, Wang et al. (2001)mosomal “forms” have been proposed (Coluzzi et al.

1985) consisting almost exclusively of different sets of confirmed little differentiation between M and S molec-
ular forms except for a microsatellite tightly linked to,2R gene arrangements. The designation forms (sensu

Mayr et al. 1953) is intentionally ambiguous and is used but distinct from, the rDNA region of the X. Mukabay-
ire et al. (2001) failed to find diagnostic differences atto denote units of uncertain taxonomic status. The

names Bamako, Mopti, Savanna, Forest, and Bissau have two nuclear loci for samples from Mali, but did find a
fixed difference between Mopti and Savanna/Bamakobeen given to these chromosomal forms. Unlike the

presently recognized species of the complex, these chro- in the internal transcribed spacer (ITS) of the rDNA
(Figure 1); Gentile et al. (2001) confirmed and ex-mosomal forms appear to display no postmating repro-

ductive isolation, with hybrids between forms actually tended these ITS results to populations outside Mali.
To distinguish the chromosomal forms from the distincthaving higher fecundity under laboratory conditions

(Di Deco et al. 1980). This implies that the lack of rDNA sequences, we have used the term “types” in refer-
ring to the rDNA differentiation (Gentile et al. 2001).conformity to Hardy-Weinberg expectations is due to

nonrandom mating. However, it needs to be empha- There is evidence for further genetic differentiation
of M and S rDNA types for genes not on the X chromo-sized that the fitness of hybrids in nature has not been

studied and, as noted in the discussion, there is indirect some. This is for an insecticide resistance gene, knock-
down resistance (Kdr ; Chandre et al. 1999; Weill et al.evidence of lower viability of hybrids in natural popula-

tions. 2000; della Torre et al. 2001), located on the left arm
of the second chromosome, 2L, location 20C (RansonAttempts have been made to determine the magni-

tude and consistency of the genetic differentiation et al. 2000). In the case of Kdr, the S type has a much
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mm KCl, 1.5 mm MgCl2, each dNTP at 2.5 mm, 200 ng for eachhigher frequency of the resistance allele compared to
primer, 10–100 ng of genomic DNA, and 1 unit of AmplitaqM types captured at the same time. So this is not a case
(Perkin Elmer-Cetus, Norwalk, CT). After a 2-min denatur-

of fixed differences; rather, there are extreme frequency ation step (94�), each cycle of the polymerase chain reaction
differences between sympatric S and M. consisted of denaturation for 1 min at 94�, annealing for 1.5

min at 50�, and extension for 2 min at 72�. This cycle wasOne problem has been that most of the data per-
repeated 35 times and followed by a 5-min incubation step attaining to these chromosomal forms and molecular
72�. PCR fragments were gel purified by glass milk extractiontypes have come from a restricted region of West Africa,
(GeneClean III kit; BIO 101, Vista, CA). Sequences were deter-

although some data exist for samples taken outside West mined with an automated sequencer (377; Applied Biosys-
Africa (della Torre et al. 2001; Gentile et al. 2001). tems, Foster City, CA) following the manufacturer’s protocols.

Both strands were sequenced in both directions for each indi-It is not clear how widespread the correspondence is
vidual. Sequences and locations of the internal primers usedbetween the chromosomally defined forms and molecu-
for sequencing are available from the authors. GenBank acces-lar types. Especially for the ITS and DNA sequence data
sion numbers for all the new DNA fragments studied areof the IGS, the data presented here expand the geo- AF470117–AF470230 (ITS) and AF470093–AF470116 (IGS).

graphic range over which the rDNA types of A. gambiae Sequences were analyzed using the program Sequencer
have been determined. Second, we also attempted to 3.1.1 (Gene Codes Corporation, Ann Arbor, MI). Alignments

were carried out by eye and by using CLUSTAL W (Thompsonaddress the question of whether rDNA differentiation
et al. 1994); they are available from the authors upon request.of the sort we have documented between forms of A.
Values of � (observed number of nucleotide differences pergambiae could occur in the absence of any reproductive site) and � (4N�, predicted number of nucleotide differences

isolation, perhaps due to some unusual evolutionary per site at equilibrium for neutral mutations; Watterson
dynamics (e.g., unusually rapid concerted evolution). In 1975) were calculated using the MEA 2000 computer program

(Molecular Evolutionary Analysis, year 2000 version; devel-the closely related A. arabiensis there is no indication of
oped by Etsuko Moriyama, Center for Genetic Research, Uni-any cryptic reproductive isolation. Because A. arabiensis
versity of Nebraska).is so closely related to A. gambiae and they are largely

To obtain a genealogical relationship among different ITS
sympatric (i.e., both co-occur in human disturbed habi- haplotypes we constructed a parsimony network, using the
tats), it is likely that the molecular evolutionary dynam- TCS software (Clement et al. 2000), which implements the

method of statistical parsimony developed by Templeton et al.ics of the rDNA region would be similar. To compare
(1992). This method is particularly appropriate for populationto A. gambiae, we sequenced the same rDNA region in
level analysis as it does not involve many of the assumptionsseveral specimens of A. arabiensis collected at the same
of phylogenetic reconstruction methods. For example, it doeslocalities. not assume that the ancestral sequence is missing and does not
require bifurcating relationships. The method uses parsimony
(as defined in Templeton et al. 1992) to construct pairwise
distances (number of mutational steps) between all haplotypesMATERIALS AND METHODS
until the probability exceeds 95%. The matrix just above this

A total of 120 individual mosquitoes were sampled in this cutoff point represents the maximum number of mutational
study. By pooling data from this study with those from Gentile steps justified by the 95% parsimony criteria. The TCS pro-
et al. (2001) we obtained a data set of 251 specimens. Samples gram then connects the haplotypes based on the criteria into
are from 38 and 11 populations of A. gambiae and A. arabiensis, a network with the number of mutational steps indicated on
respectively. A list of localities is in Table 1 with their locations the lines connecting haplotypes. On the basis of coalescent
on the map in Figure 2. Table 1 also reports the number of theory, this program also identifies the most probable ances-
individuals studied for each population for the ITS and IGS tral haplotype among the collection of samples (Donnelly
regions together with information on the chromosomal form and Tavaré 1986; Castelloe and Templeton 1994).
and molecular type of each specimen. Mosquitoes and DNA
preparations were kindly provided by Mario Coluzzi’s labora-
tory in Rome and Tovi Lehmann at the Centers for Disease

RESULTSControl and Prevention (CDC) in Atlanta. DNA extractions
provided by the Coluzzi laboratory were from Carnoy pre- Table 2 shows the variable sites and the different
served specimens as described in Favia et al. (1994). DNA

haplotypes found in the 890-bp-long ITS/5.8S fragmentextractions from the CDC laboratory were performed as de-
in A. arabiensis and A. gambiae. Of all the changes foundscribed in Collins et al. (1987). DNA extractions performed

in our laboratory were done using the protocol for hair sam- at the variable sites, 22 (47.8%) were transitions, 17
ples in the Easy-DNA kit (Invitrogen, Carlsbad, CA). (37%) were transversions, and 7 (15.2%) were inser-

Primers and PCR conditions to amplify an 890-bp fragment tions/deletions (indels). We found species-specific dif-
of rDNA, which includes the internal transcribed spacers

ferences at 28 sites. Of these, 19 were found in the ITS1,(ITS1 and ITS2 illustrated in Figure 1) and the intervening
2 in the 5.8S region, and 8 in the ITS2. The number5.8S rDNA, are as in Gentile et al. (2001). A 1500-bp fragment

of the rDNA IGS was amplified using the following two prim- of variable sites and the overall number of heterozy-
ers: RT9FOR (5�-ATTCCTGTGCAGTACGAGAGG-3�) and gotes observed were 14 and 16 in A. gambiae and 2
RT8REV (5�-GTGTTTGCAGACTTTYGCCAAGC-3�). They cor- and 7 in A. arabiensis, respectively. A. gambiae showed a
respond to positions 3–23 (RT9FOR) and 1518–1540 (RT8REV)

number of singletons higher than the number observedof the published A. gambiae IGS (GenBank accession no.
in A. arabiensis (four and one, respectively). PercentagesU10135). Double-stranded amplifications were performed in

50 �l of a solution containing 10 mm Tris-HCl (pH 8.8), 50 of sites that are polymorphic are 1.69% in A. gambiae
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TABLE 1

Sample localities

Chromosomal Sample size Sample size
Localities form IGS (ITS) (IGS) ITS

A. gambiae
Senegal

Ndialahar (1) Savanna M 5 — gII
The Gambia

Kaur (3) Savanna M 4 — gII
Bassè (4) Savanna M 4 — gII

Savanna S 1 — gI
Ballingho (5) Sav/Bissau M 6 — gII
Bambali (6) Savanna M 1 — gII
Kani Kunda (7) Bissau M 1 — gII

Guinea Conakry
Sombili (8) Savanna S 4 — gI
Timbi Madina (9) Savanna S 4 — gI

Mali
Banambani (10) Mopti M 5 — gII

Sav/Mopti M 1 — gII
Savanna S 4 — gI
Bamako S 2 — gI
Sav/Mopti S 2 — gI

Moribabougou (11) Mopti M 14 — gII
Savanna S 2 — gI
Bamako S 3 — gI

Pimperena (12) Savanna S 5 — gI
Ivory Coast

Danta (14) Forest M 6 — gII
Ziglo (15) Forest S 3 — gI
Yaokiffikro (16) Savanna S 4 — gI
Toliakowandrokro (17) Savanna S 5 — gI
M-bè (18) Mopti M 1 — gII

Savanna M 2 — gII
Savanna S 2 — gI

Burkina Faso
Goudry (21) Mopti M 5 — gII

Savanna S 1 — gI
Benin

Bohicon (22) NA M 2 1 gII
NA S 5 1 gI

Lemà (23) Savanna S 5 1 gI
Bamè (24) Savanna M 6 2 gII
Agbabilame (25) For/Sav M 6 — gII

Ghana
Kassena-Nankana district (26) NA M 8 — gII

Cameroon
Deschang (27) NA S 2 — gI
Nkoteng (28) NA S 1 — gI
Obala (29) NA S 1 — gI
Simbock (30) NA M 2 — gII

São Tomé
São Tomé (31) Forest M 11 — gIII

(continued)

and 0.23% in A. arabiensis although it is important to scored, we found 15 different haplotypes in A. gambiae
and 3 in A. arabiensis. It needs to be emphasized thatnote this parameter is dependent on sample size, which

is smaller for the latter species. These levels of intraspe- in calculating the numbers of haplotypes analyzed we
made some assumptions. Because the rDNA region iscific variation were higher than those estimated by

Paskewitz et al. (1993). Of 499 ITS/5.8S haplotypes X linked, we assumed we were sampling 2 haplotypes
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TABLE 1

(Continued)

Chromosomal Sample size Sample size
Localities form IGS (ITS) (IGS) ITS

Malawi
Mangochi (32) NA S 9 — gI

Tanzania
Nyakariro (33) Savanna S 8 — gI
Kyela district (34) NA S 9 — gI

Kenya
Asembo (35) NA S 10 — gI
Kisian (36) NA S 9 — gI
Malindi (37) NA S 9 — gI

Madagascar
Beforona (38) Savanna S 5 — gI

A. arabiensis
Senegal

Guia (2) — — 7 — aI
The Gambia

Bassè (4) — — 4 — aI
Ballingho (5) — — 2 — aI

Mali
Moribabougou (11) — — 3 —
N’Gabacoro Droit (13) — — 6 — aI

Burkina Faso
Goden (19) — — 7 — aI
Zaghtouli (20) — — 3 —

Benin
Bohicon (22) — — 11 — aI

Madagascar
Ankazomorona (39) — — 1 4 aI
Morafeno (40) — — 3 3 aI
Tsarara (41) — — 5 3 aI

NA, not available.

for each female and 1 for each male. When we detected tile et al. (2001). We have changed the numbering
of sites due to several small insertion/deletions in theheterozygosity at a site for females, we assumed we sam-

pled 2 different haplotypes. This may not actually be alignment to the A. arabiensis sequence.] São Tomé re-
mained the only locality where the linkage disequilib-the case because of the repetitive nature of rDNA. The

“heterozygosity” may be due to different copies of the rium between the three sites was not complete. Our
data confirm the existence of three major types of rDNA:repeat unit on the same chromosome being different.

However, because of ample evidence that rDNA copies I, II, and III as defined by Gentile et al. (2001). Types
I and II correspond, respectively, to the molecular formson the same chromosome undergo concerted evolution,

scoring frequencies in this manner is not unreasonable. S and M defined by Favia et al. (1994). Type I is distrib-
uted over the whole of sub-Saharan Africa, while typeThe fact that we never observed a heterozygote for the

males in our sample also supports these assumptions. In II seems to be localized to West Africa. Type III has
been found only on the isolated island of São Tomé.our previous study (Gentile et al. 2001), we sometimes

cloned these fragments and sequenced three to five Type I showed the highest number of sites at which
heterozygotes were observed (4) and the highest overallindependent copies; we never detected any differences

between clones from males or females scored as homozy- number of observed heterozygotes (13). Percentages of
polymorphism were equal to 0.8, 0.5, and 0.1% in typesgotes.

Table 3 shows the geographic distribution of the dif- I, II, and III, respectively. A. arabiensis shared one fixed
difference with type I (cytosine at site 59) and one fixedferent haplotypes in the populations of A. gambiae and

A. arabiensis. For all but one sample, complete linkage difference with type II (deletion at site 834). The geo-
graphic distribution of the three types is shown in Fig-disequilibrium was observed at the three positions 59,

100, and 834 in the alignment used in this article. [These ure 2.
Table 4 reports the variable sites and the haplotypessites correspond to positions 88, 127, and 859 in Gen-
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é
Sã
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TABLE 5 regions appears different in the two types; i.e., the ITS
is more variable in type I whereas the IGS is more vari-Summary of polymorphism data for the ITS and IGS DNA
able in type II. However, given the error estimates inregions in A. arabiensis and A. gambiae
Table 5, it is difficult to draw any firm conclusions in
this regard.� � SE � � SE

It should also be noted that the polymorphic sites in
ITS the ITS (not including the diagnostic sites) also segre-A. arabiensis 0.0001 � 0.0005 0.0005 � 0.0004

gate by molecular type (Table 2). That is, the polymor-A. gambiae 0.0013 � 0.0005 0.0013 � 0.0013
phic sites in the major type I and II are nonoverlapping.M form 0.0001 � 0.0003 0.0002 � 0.0002
This is further evidence of little or no gene exchangeS form 0.0003 � 0.0007 0.0009 � 0.0004
in this region. Also, these polymorphic sites indicateIGS
possible differences in levels of gene flow among popu-A. arabiensis 0.0033 � 0.0020 0.0034 � 0.0008
lations within types. However, given the sample sizes,A. gambiae 0.0066 � 0.0034 0.0058 � 0.0013
any conclusions concerning population differentiationM form 0.0037 � 0.0028 0.0039 � 0.0012

S form 0.0010 � 0.0013 0.0016 � 0.0008 within types needs to be tentative at this point.
The network shown in Figure 3 was obtained byFor A. gambiae polymorphism data are also provided sepa-

applying the method of statistical parsimony (Tem-rately for the M and S molecular form. The observed average
pleton et al. 1992) to the ITS haplotypes using the TCSproportion of nucleotide differences between alleles se-

quenced (�) and the mean number of nucleotides segregating program package (Crandall et al. 2000). The figure
per site (�) are given together with their standard errors (SE). shows the maximum number of steps parsimoniously

connecting two haplotypes. Connections between con-
specific haplotypes are established only if the probability

found in both A. gambiae and A. arabiensis in 1399 bp of parsimony for mutational steps exceeds 95%. The
of the IGS region. Among the 94 variable sites we ob- size of the circles or box is proportional to the number of
served 45 (46.9%) transitions, 40 transversions (41.7%), individuals sharing the same haplotype. Only a limited
and 11 (11.5%) indels. Species-specific differences were amount of reticulation is present (the two loops in Fig-
found at 53 positions. Twenty-one variable sites were ure 3), indicating either low amounts of homoplasy in
found in A. gambiae, with only a single heterozygote the data set or rare hybridization events. The two major
scored. A. arabiensis has 24 variable sites (including five types within A. gambiae, gIA and gIIA, are separated by
singletons) with three heterozygotes scored at 3 differ- 3 steps and are connected through type III. Both A.
ent sites. Percentages of polymorphism were 1.7% in A. gambiae types gIA and gIIA are separated from the com-
arabiensis and 1.5% in A. gambiae. Linkage disequilib- monest A. arabiensis type, aIA, by 28 steps. It is important
rium that characterized types I and II in the ITS ex- to note that in this case both links were below the 95%
tended also to the IGS. Favia et al. (2001) found 10 cutoff point.
sites in the IGS in complete linkage disequilibrium. By
increasing the sample size, especially including a few

DISCUSSIONspecimens from Benin, the number of sites from the
IGS in complete disequilibrium was reduced to 7. We It is clear that within A. gambiae s.s. two distinct types
will refer to the composite rDNA types as S/type I and of rDNA exist, which we have designated S/type I and
M/type II to encompass both the IGS and ITS variants. M/type II to indicate the IGS/ITS sequences. In West

Levels of genetic variation in the rDNA region of A. Africa, these two types may be found sympatrically and
gambiae and A. arabiensis are summarized in Table 5. synchronously. Including the data presented here and
Values of � and � were estimated for various taxonomic those of della Torre et al. (2001), Chandre et al.
units. If one considers A. gambiae as a single taxonomic (1999), and Tripet et al. (2001), the total number of
unit, it has considerably more variation than A. ara- populations sampled in which both types were present
biensis. However, if A. gambiae is considered two units (i.e., sympatric) is 24 from five countries with a total of
(S/type I and M/type II) the level of genic diversity is 1086 adult female mosquitoes analyzed. Two hybrid IGS
virtually the same as in A. arabiensis. A similar trend was molecular patterns were detected by della Torre et al.
observed for IGS, even though � and � values were on (2001) and one by Tripet et al. (2001). In none of the
the whole higher by one order of magnitude with re- 251 adults we sampled were any ITS hybrids observed.
spect to those estimated from ITS (Table 5). This is Taylor et al. (2001) and Edillo et al. (2002) sampled
consistent with previous observations on these species larvae at a single site where both rDNA types were pres-
(Paskewitz et al. 1993). The relative conservation of ent and observed four hybrids in an estimated sample
ITS sequences is thought to be due to constraints on of 350. [Taylor et al. (2001) reported five hybrids in
secondary structure required for processing (Thweatt the original publication; however, one was subsequently
and Lee 1990; Yeh and Lee 1990). It is somewhat re- found to be in error as reported in Edillo et al. (2002).

Because hybrids for this X-linked marker can be de-markable that the relative level of variation in the two
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Figure 1.—Location and orga-
nization of the rDNA in A. gambiae.
The rDNA locus consists of one
very long array of repeat units
(500–700 repeats per genome) lo-
cated in the heterochomatic re-
gion of the X chromosome (Col-
lins et al. 1989). Each repeat is �9
kb long and consists of the genes
for the 18S, 5.8S, and 28S rDNA
(open rectangles). These genes
are separated by spacers (solid
lines), the internal transcribed
spacers (ITS1 and ITS2), and the
intergenic spacer (IGS). Arrows
point to the three diagnostic sites
in the ITS (type I and type II) and
the six diagnostic sites in the IGS
(M and S). The ITS and IGS sites
are �5 kb apart.

tected only in females, the sample size was estimated sequencing is capable of detecting heterozygosity at sin-
gle sites. We observed 23 heterozygotes in the ITS con-assuming a 1:1 sex ratio of larvae.] Tripet et al. (2001)

examined IGS genotypes (M vs. S) of females and the firmed by sequencing both strands. None of these het-
erozygotes was at the sites used to define the majorgenotypes of the sperm they carried in their sperma-

theca; they found three females with the “wrong” sperm rDNA types.
The geographic distributions of the two types of rDNAin a sample of 251 females examined. While it is difficult

to precisely calculate the expected numbers (due to are only partly known; the data set presented here is,
to date, the most geographically widespread for bothvarying frequencies of the chromosomal forms present

in different populations and at different collecting the IGS and ITS variants. So far M/type II has been
found only in West Africa north of the equator, wheretimes), clearly the observed numbers of hybrid geno-

types are a small fraction of those expected in a freely S/type I also exists (Figure 1). All samples from East
Africa, including Madagascar, are S/type I. It is notinterbreeding panmictic unit. If we simply calculate the

frequencies as observed, the rate of hybrid matings (i.e., clear how far M/type II might extend westward through
central Africa nor how far southward; these regions haveM � S) observed is 1.2%, and the percentage of hybrid

larvae and adults is 1.1 and 0.3%, respectively. This may simply not been sampled. [Preliminary data indicate
that the M/type II form exists in the Congo (T. Leh-reflect reduced viability of hybrids from the larval to

adult stages. No systematic study has been done under mann, our unpublished data).]
If new taxa are to be defined on the basis of studiesfield conditions to test for viability. It is also of note that

the frequency of adult hybrids between the established of the sort reported here, it is important to explore
whether the diagnostic characteristics used extend tospecies A. gambiae and A. arabiensis is on the order of

0.05% (8 hybrids out of 15,745 individuals sampled in populations throughout the range. Initially, on the basis
of samples from Mali and Burkina Faso, the IGS Mareas where both species are at 10% or greater; White

1970; Petrarca et al. 1991; Touré et al. 1998). Thus, form was thought to correspond to the chromosomally
defined Mopti form while S could be either Savanna orat this point, the observed frequency of adult hybrid

rDNA molecular types is about the same as the fre- Bamako (Favia et al. 1997). With further geographic
sampling reported here and in della Torre et al.quency of detected hybrids between established species

in this group. (2001) and Gentile et al. (2001) it is now clear that
the chromosomally defined forms and the rDNA typesOne could question whether the methods used are

sensitive enough to detect “mixtures” of the types in a do not have a one-to-one correspondence throughout
the range. S/type I can be found in populations that,DNA preparation, especially since the rDNA is a repeat

unit of at least 100 copies per chromosome. While detec- chromosomally, would be characterized as Bamako, Sa-
vanna, or Forest; M/type II can be Mopti, Savanna,tion of an F1 hybrid predicted to have equal numbers

of each rDNA type would be easy, backcrosses could Forest, or Bissau (Table 1; see also della Torre et
al. 2001 and Gentile et al. 2001). Furthermore, it isproduce individuals with varying numbers of copies of

each type. Favia et al. (2001) addressed this issue by important to determine whether all diagnostic charac-
ters (in this case, nucleotides) extend to different geo-mixing DNA preparations from the two types in varying

ratios; even at a mixture of 1:100, a “hybrid” molecular graphic regions. So far, with the exception of the single
São Tomé population, all three diagnostic sites in thepattern was detected. Similarly, our method of DNA
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Figure 2.—Location of
populations sampled. The
names of the numbered lo-
calities are in Table 1. The
map also reports the distri-
bution of the three major
types found for the ITS re-
gion in A. gambiae. Open cir-
cles correspond to type I (S
form) and solid circles cor-
respond to type II (M form).
Localities where the two
types are sympatric are indi-
cated by solid and open
semicircles. Type III (on
Saõ Tomé) is represented
by an asterisk. Locations
where A. arabiensis popula-
tions have been sampled are
indicated by open dia-
monds. Symbols overlap
where sampled populations
are sympatric or geographi-
cally proximate.

ITS remain diagnostic throughout the range sampled only nuclear gene other than rDNA that has been found
significantly differentiated between S/type I and M/(Figure 2). Initially the M and S IGS forms were thought

to have fixed differences at 10 nucleotide sites (Favia type II is Kdr, an insecticide resistance locus. Even here,
the data are not clear-cut. In the Ivory Coast and Burkinaet al. 1997) on the basis of samples from Mali and Bur-

kina Faso. The routine manner in which M and S are Faso, M/type II does not have the resistant allele while
sympatric S/type I has it in frequencies ranging fromdistinguished, either a restriction site difference or a

primer sequence difference, assays only one or two of 17 to 90% (Chandre et al. 1999; della Torre et al.
2001). However in Benin, M/type II has the resistantthe fixed differences. More thorough direct DNA se-

quencing of the IGS in a limited number of our samples allele at a frequency of �50% (della Torre et al. 2001);
evidently it is the same allele that has been passed be-revealed that adding just five individuals from Benin

reduced the number of IGS diagnostic sites to six (Table tween S/type I and M/type II via hybridization (Weill
et al. 2000). So while Kdr displays distinct frequency4; Figure 1).

The problem of geographic variation for diagnostic differences between sympatric forms of the rDNA types
in some regions, this is not true throughout the rangesites is highlighted by the samples from São Tomé, an

island about 300 km off the coast of West Africa (Figure of the species. Similarly, microsatellite studies have re-
vealed virtually no differentiation between chromosome2). This is the only sample in which the complete linkage

disequilibrium between the defining sites in the ITS arms except for 2R (Lanzaro et al. 1998; Taylor et al.
2001) and a single microsatellite closely linked to thebreaks down. In a network analysis such as Figure 3, the

São Tomé haplotype (gIII) connects the major rDNA rDNA region (Wang et al. 2001).
Given evidence (so far) that the rest of the genomestypes within A. gambiae. It is not possible to assess

whether this represents further significant genetic sub- of these two rDNA types are not differentiated, we need
to ask why is it that the rDNA region is? For example,structuring or is simply a case of one nucleotide substitu-

tion fixed in a geographically isolated population. is the concerted evolutionary dynamics of the rDNA in
these mosquitoes of a sort to cause the patterns we areIf indeed the types defined by the rDNA patterns

represent reproductively isolated taxa, then we need to seeing in the absence of any reproductive isolation? In
the extreme, concerted evolution might occur in everyconfront the conundrum of why have not other parts

of the genome diverged? Gentile et al. (2001) and individual every generation so no heterozygotes would
ever be observed. If so, then we might expect a similarMukabayire et al. (2001) found no fixed differences

between the rDNA types for regions of the mtDNA as pattern in the close sibling species of A. gambiae, espe-
cially in A. arabiensis, which is very similar to A. gambiaewell as for introns of nuclear genes studied on each

chromosomal arm. As noted in the Introduction, the in ecology, geographic distribution, population sizes,
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Figure 3.—Network analysis based on statistical
parsimony (Templeton et al. 1992) showing the
genealogical relationships of the ITS haplotypes
in A. gambiae and A. arabiensis. The size of the
circle or rectangle corresponds to the haplotype
frequency. Rectangles identify the most abundant
haplotypes; by the criteria of Donnelly and
Tavaré (1986) and Castelloe and Templeton
(1994) these would be considered the probable
ancestral types. Designations beginning with “g”
are from A. gambiae and those beginning with “a”
are from A. arabiensis. Roman numerals indicate
major types followed by letters indicating minor
variants, usually a single nucleotide difference.
Numbers within each circle or rectangle refer to
the individuals carrying that haplotype and to the
number of populations where each haplotype is
found (within parentheses). All the haplotypes
are linked by 1 step except for the two major
haplotypes in A. gambiae (gIA and gIIA; 2 steps).
Connections are established on the basis of a set
of plausible solutions with a 95% of parsimony
probability. The haplotypes gIA, gIIA (A. gam-
biae), and aIA (A. arabiensis) differ by 28 steps.

and migration rates. Furthermore, we expect the pro- to the chromosomal forms, the relationship is complex
cess of genomic evolution, including concerted evolu- and varies among geographic locations. The rDNA types
tion, to be very similar, if not identical, in the two spe- appear to be more reliable and consistent indicators of
cies. Thus we sequenced a small sample of A. arabiensis reproductive isolation compared to the 2R inversion
for the rDNA regions from some of the same localities frequencies. Should, then, new taxa be raised on the
as we had for A. gambiae. There is no evidence for a basis of these observations? There can be little doubt
similar pattern in this species, best seen in Figure 3. that, as presently defined, A. gambiae s.s. is not a single
While A. gambiae breaks into two major groups in the panmictic unit and some taxonomic subdivision is war-
network, A. arabiensis is a single major haplotype with ranted; perhaps even new species should be recognized.
some minor variants. It should be noted that while small, The lack of detectable molecular differentiation else-
this sample of A. arabiensis represents a wide geographic where in the genome (Lanzaro et al. 1998; Gentile et
distribution. Similarly, it is instructive to examine the al. 2001; Mukabayire et al. 2001; Wang et al. 2001)
overall genetic variation in these species. If we consider implies that these different molecularly characterized
all A. gambiae as a single taxon, then the nucleotide types may have mosaic genomes consisting of parts
heterozygosity of the rDNA region in this species is completely differentiated between which gene flow is
much greater than that in A. arabiensis (Table 5); how- barred, whereas other parts of the genome are free to
ever, if A. gambiae samples are subdivided into S/type I pass between types. There is good evidence that a similar
and M/type II, the genetic variation is virtually identical situation exists for A. gambiae and A. arabiensis; i.e., there
to that of A. arabiensis (Table 5). The overall heterozy- is selective introgression between these species (Col-
gosity is inflated when considering A. gambiae a single uzzi et al. 1979, 1985; Besansky et al. 1994, 1997; Cac-
unit due to matching sequences between major rDNA cone et al. 1996; della Torre et al. 1998).
types S/I and M/II. So if one assumes that the expected To summarize what is now known of genetic subdivi-
or “typical” heterozygosity for a species for the rDNA of sion within A. gambiae s.s. in West Africa:
these mosquitoes is like A. arabiensis, which all evidence

1. There is sympatric differentiation for inversions inindicates is a single taxon, then each of the rDNA types
the right arm of the second chromosome (Coluzziwithin A. gambiae has the variation typical of a species.
et al. 1985; Touré et al. 1998).The incipient reproductive isolation among units

2. Sympatric differentiation at the rDNA region nearwithin what was considered a single species, A. gambiae
the centromere of the X chromosome region (thiss.s., was first detected by examining chromosomal inver-
report and references in the Introduction) also in-sion frequencies (Coluzzi et al. 1985). While in some

regions the rDNA types defined here also correspond cludes a microsatellite that is tightly linked to, but is
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