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The role of chromosomal inversions in speciation has long been of
interest to evolutionists. Recent quantitative modeling has stimu-
lated reconsideration of previous conceptual models for chromo-
somal speciation. Anopheles gambiae, the most important vector
of human malaria, carries abundant chromosomal inversion poly-
morphism nonrandomly associated with ecotypes that mate as-
sortatively. Here, we consider the potential role of paracentric
inversions in promoting speciation in A. gambiae via "ecotypifica-
tion,” a term that refers to differentiation arising from local
adaptation. In particular, we focus on the Bamako form, an ecotype
characterized by low inversion polymorphism and fixation of an
inversion, 2Rj, that is very rare or absent in all other forms of A.
gambiae. The Bamako form has a restricted distribution by the
upper Niger River and its tributaries that is associated with a
distinctive type of larval habitat, laterite rock pools, hypothesized
to be its optimal breeding site. We first present computer simula-
tions to investigate whether the population dynamics of A. gam-
biae are consistent with chromosomal speciation by ecotypifica-
tion. The models are parameterized using field observations on the
various forms of A. gambiae that exist in Mali, West Africa. We then
report on the distribution of larvae of this species collected from
rock pools and more characteristic breeding sites nearby. Both the
simulations and field observations support the thesis that specia-
tion by ecotypification is occurring, or has occurred, prompting
consideration of Bamako as an independent species.
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ifferences in chromosome number or structure are often

found between species, even those that are very closely
related. This pattern has stimulated interest in the contribution
of chromosomal changes to speciation itself. It has been argued
that chromosome mutations are causal by directly inducing some
degree of reproductive incompatibility [e.g., sterility (1)]. How-
ever, this argument does not hold for paracentric chromosomal
inversions (i.e., those not involving the centromere). Such in-
versions are commonly polymorphic and not associated with
reduced fertility in dipteran species like fruitflies and anopheline
mosquitoes. Indeed, clinal, microspatial, and seasonal shifts in
inversion frequencies associated with environmental conditions
testify to the adaptive significance of chromosomal inversions
(2). In this light, more recent considerations have hypothesized
an indirect causal relationship to speciation, whereby chromo-
somal rearrangements protect adaptive divergence that may lead
to the evolution of reproductive isolation (3). This effect is
achieved through suppressed recombination between alternative
arrangements bearing sets of genes differentially adapted to
environmental heterogeneities. Kirkpatrick and Barton (4) for-
malized these arguments. They presented a general model
showing that chromosomal inversions can become established
because they capture sets of genes that confer local adaptations,
protecting these gene combinations from recombination with
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genes from migrants. This may occur even in the absence of
epistasis, the presumed basis of the coadaptation theory of
maintenance of inversions (2, 5).

Twenty-five years earlier, Coluzzi (6) (see also ref. 7) pre-
sented verbal arguments for a chromosomal speciation process
much like that modeled by Kirkpatrick and Barton (4). At its
core, it is a conceptual model of ecological speciation in which
ecological and adaptive divergence among populations leads to
reproductive isolation that promotes speciation (ref. 8 and refs.
therein). However, Coluzzi’s model was proposed with reference
to anophelines, which are particularly good candidates due to
ubiquitous inversion polymorphisms within and fixed inversion
differences between species. The chromosome number (n = 3)
and genome recombination length (9) are small, so the proba-
bility of an inversion capturing locally adapted alleles is relatively
high. In addition, anopheline populations may undergo extreme
fluctuations in size and distribution due to seasonal, climatic, or
ecological oscillations. Coluzzi (6) hypothesized that during
times of high growth rates, populations expand to colonize
adaptively marginal habitats at the geographic or ecological
periphery of the normal range. During population contractions,
such peripheral populations could be stabilized by alleles adap-
tive to the marginal conditions. Renewed population expansion
would reunite peripheral and central populations. Resulting
interbreeding would swamp locally adapted alleles, unless they
were protected from recombination by chance inclusion in a
chromosomal inversion newly arisen in the peripheral popula-
tion. The process has three possible outcomes: (i) extinction of
the peripheral population, (if) incorporation of inversion poly-
morphism by the central population, and (iii) speciation of the
peripheral population via “ecotypification,” a term that refers to
differentiation arising from local adaptation in anopheline mos-
quitoes (M. Coluzzi, personal communication). New alleles
adapted to the recently occupied habitat are expected to accu-
mulate within the inversion. Alleles promoting reproductive
isolation can also arise (within or outside the inversion) due to
pleiotropy, epistasis, or simply chance and increase through
Batson/Dobzhansky/Muller or other processes (10, 11), leading
eventually to speciation.
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Fig. 1.
Banambani Village, Mali. (A) Puddles and (B) laterite rock pools. Note rapidly
flowing water at the upper part of the rock pool area, which could sweep
away unprotected mosquito immatures. Photos were taken at time of sam-
pling in 2006.

Characteristic breeding sites of A. gambiae around the study site in

Here, we consider the potential role of paracentric inversions
in promoting evolution of reproductive isolation among ecotypes
of Anopheles gambiae, the most important vector of human
malaria. In particular, we focus on the Bamako form, a chro-
mosomally defined ecotype, which best fits the definition of an
ecologically peripheral isolate (12, 13). Unlike other forms of 4.
gambiae whose range can extend across tropical Africa, the
Bamako form has an extremely restricted range in southern Mali
and northern Guinea, primarily around the upper Niger River.
The Bamako form is characterized by low-inversion polymor-
phism overall (only 2Rb/+b) and fixation of an inversion (2Rj)
that is very rare or absent in all other forms of A. gambiae. It is
likely that inversion 2Rj is associated with breeding sites peculiar
to its range. Characteristic breeding sites for 4. gambiae (i.e.,

where they lay their eggs, and where these mature to adults) are
temporary rain-dependent pools not possible such as hoof prints
(typical of the Savanna form) or semipermanent swamps or
irrigated sites (typical of Mopti) (13, 14). In the upstream portion
of the Niger River and its associated tributaries where the
Bamako form occurs, an additional breeding site is available,
laterite rock pools. Laterite is an iron-rich surface formation
locally common in a few parts of Africa (15). It forms a thick
crust [“duricrust” (16)] that hardens upon repeated inundation
and exposure to the air. After erosion by water and rocks, holes
as deep as =1 m can develop and may interconnect beneath the
duricrust. These “rock pools” (Fig. 1B) offer protected sites
where mosquito larvae can develop during the rainy season
without being swept away by the currents on top of them, if the
mosquitoes are suitably adapted. The rock pools offer a unique
breeding site that has chemical and physical features distinct
from more characteristic breeding sites for A. gambiae [Fig. 1B
(17, 18)]. It also appears that, by being more permanent, rock
pools host a richer biota than do more temporary sites of the
same size. These laterite rock pools are effectively marginal
parapatric habitats where locally adapted constellations of genes
might become established.

With this possibility in view, we first present computer simu-
lations to formally investigate whether the population dynamics
of A. gambiae are compatible with the hypothesis of speciation
by ecotypification. The model was parameterized using field
observations on the various forms of A. gambiae that exist in
Mali, West Africa. We then present empirical evidence based on
larval collections in Mali that the 2Rj inversion frequency is
highest in rock pools, only a short distance from alternative
puddle and swamp-edge larval breeding habitats. This frequency
difference is repeatable and stable over several years. Carriers of
the 2R] inversion are almost completely reproductively isolated
from the 2R +j karyotype, because virtually no j/+ heterozygotes
were observed. This provides support for both the simulated
models and the status of Bamako as a distinct reproductively
isolated genetic unit that merits recognition as a new species.

Results

Simulations. Response of the simulation model to several single
parameters (Table 1) was tested and compared with expectations
from Kirkpatrick and Barton (4) to validate its behavior. It
conformed to expectation in all cases, indicating that the sim-
ulation captures the essential elements of the ecotypification
hypothesis [see supporting information (SI) Text].

The model was used to determine the likelihood of a new
inversion becoming established in A. gambiae given realistic
parameter ranges. To assess the importance of stochastic factors,
experiments were conducted with 1,000, 2,500, and 5,000 simu-
lations distributed over the same parameter space. These had,
respectively, 7.20%, 7.44%, and 7.70% of simulations end with
inversion frequencies (py) greater than zero. Statistical analyses
were conducted on the 5,000-simulation dataset to maximize

Table 1. Parameters and their ranges explored by simulation

Parameter Abreviation Range Refs.
Core population (Po) min. size So 200-600 (N.=1,648-4,945) 32, 35-37
Peripheral population (P;) min. size M 5-200 (Ne=41-1,648) 32, 35-37
Migration rate (P to Po) mo 0.001-0.01 37, 38-43
Migration rate (Po to Pq) m, 0.001-0.5 32, 44-46
Relative fitness of maladapted allele s 0.1-1.0 32, 44-46*
Time/population size when inversion occurs t; 290-299 N/A
Number of loci captured by inversion n; 1-15 26
Recombination rate r 0.006-0.06 26, 47

*These sources gave qualitative comparisons, so a large range was adopted.
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