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Abstract
Background: The malaria vector Anopheles gambiae is polymorphic for chromosomal inversions
on the right arm of chromosome 2 that segregate nonrandomly between assortatively mating
populations in West Africa. One such inversion, 2Rj, is associated with the BAMAKO
chromosomal form endemic to southern Mali and northern Guinea Conakry near the Niger River.
Although it exploits a unique ecology and both molecular and chromosomal data suggest reduced
gene flow between BAMAKO and other A. gambiae populations, no molecular markers exist to
identify this form.

Methods: To facilitate study of the BAMAKO form, a PCR assay for molecular karyotyping of 2Rj
was developed based on sequences at the breakpoint junctions. The assay was extensively validated
using more than 700 field specimens whose karyotypes were determined in parallel by cytogenetic
and molecular methods. As inversion 2Rj also occurs in SAVANNA populations outside the
geographic range of BAMAKO, samples were tested from Senegal, Cameroon and western Guinea
Conakry as well as from Mali.

Results: In southern Mali, where 2Rj polymorphism in SAVANNA populations was very low and
most of the 2Rj homozygotes were found in BAMAKO karyotypes, the molecular and cytogenetic
methods were almost perfectly congruent. Elsewhere agreement between the methods was much
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poorer, as the molecular assay frequently misclassified 2Rj heterozygotes as 2R+j standard
homozygotes.

Conclusion: Molecular karyotyping of 2Rj is robust and accurate on 2R+j standard and 2Rj
inverted homozygotes. Therefore, the proposed approach overcomes the lack of a rapid tool for
identifying the BAMAKO form across developmental stages and sexes, and opens new perspectives
for the study of BAMAKO ecology and behaviour. On the other hand, the method should not be
applied for molecular karyotyping of j-carriers within the SAVANNA chromosomal form.

Background
The mosquito Anopheles gambiae s.s. is a widespread and
efficient vector of malaria across sub-Saharan Africa. This
species also is characterized by abundant chromosomal
inversion polymorphisms that are considered important
sources of ecological flexibility [1]. Inversion polymor-
phisms are distributed non-randomly in the A. gambiae
genome, occurring exclusively on chromosome 2 and pre-
dominantly on its right arm (6 of 7 most widely distrib-
uted polymorphic inversions, i.e. 2Rj, 2Rb, 2Rc, 2Rd, 2Ru,
2Rbk, 2La; [2]). This suggests that the inversions (or genes
captured within them) are targets of selection, contribut-
ing to more efficient exploitation of the environment and
ultimately increased malaria transmission [1].

Not only are inversions distributed non-randomly at the
genome level, but also at the population level. In Mali,
West Africa, the four most frequent polymorphic inver-
sions (2Rj, b, c, and u) are not found in all possible com-
binations (karyotypes) even when sampled from the same
village, counter to expectation based on random mating.
Certain karyotypes are completely absent or significantly
reduced in frequency. Based on these data, A. gambiae
could be subdivided into three assortatively mating chro-
mosomal forms each recognized by characteristic arrange-
ments of 2R: j, b, cu and bcu for SAVANNA; bc and u for
MOPTI; jcu and jbcu for BAMAKO [3,4]. Moreover, eco-
logical and physiological differences distinguish chromo-
somal forms. Whereas SAVANNA is associated with rain-
dependent temporary pools far from rivers and irrigated
zones and reproductively active only in the rainy season,
MOPTI is associated with irrigated agricultural sites and
remains reproductively active into the dry season where
permanent or semi-permanent larval breeding sites are
available. The MOPTI form is distributed mainly in the
central part of West Africa, while SAVANNA is broadly dis-
tributed in the African savannas, extending east of the Rift
Valley. BAMAKO is much more restricted in its range. It is
associated with the Niger River and its tributaries in south-
ern Mali and northern Guinea Conakry, and like
SAVANNA is reproductively quiescent in the dry season.
The individual inversions comprising karyotypic differ-
ences between chromosomal forms cannot contain repro-
ductive barriers per se, as they are shared between forms by
common ancestry as well as ongoing gene flow [4]. How-

ever, taken together, the set of 2R arrangements typical of
each chromosomal form may reflect the boundaries of
different ecological preferences and/or tolerances which
can lead to divergence and ultimately speciation.

An important goal driving population genomics studies of
A. gambiae is to uncover mechanisms for ecological diver-
gence and assortative mating. Addressing those questions
requires the development of efficient methods for recog-
nizing inter- and intraspecific subdivisions that do not
rely on traditional karyotype analysis – a method limited
both by paucity of cytogenetic expertise and availability of
properly preserved samples at the correct developmental
stage (half-gravid females). In 1997, Favia et al [5]
reported fixed differences in the X-linked rDNA that dis-
tinguish MOPTI from SAVANNA and BAMAKO chromo-
somal forms in Mali; the latter were indistinguishable at
this marker. The fixed rDNA differences defined molecu-
lar forms M and S of A. gambiae, now considered incipient
species [6,7]. The molecular forms are not characterized
by form-specific inversion polymorphisms, although
these are found at different frequencies in M and S
depending on their geographical origin. The only known
exception to this general observation concerns the 2Rj
inversion, which is exclusive to the S-form according to
available records [8]. Within the S molecular form, the 2Rj
inversion is present in the homozygous state in associa-
tion with the 2Rcu arrangement in the chromosomal form
BAMAKO (i.e., jcu/jcu, jcu/jbcu, jbcu/jbcu), while it may
be polymorphic and associated with different chromo-
somal arrangements in some SAVANNA populations of
West Africa [9].

To date, attempts to find fixed molecular differences
between SAVANNA and BAMAKO chromosomal forms
have failed, though molecular evidence for restricted gene
flow exists [10,11]. Based on the fact that the BAMAKO
form is characterized by 2Rj in the homozygous state and
that sympatric SAVANNA populations harbor only low
levels of 2Rj polymorphism, the recently characterized
breakpoint junctions of this inversion [12] were exploited
to develop a PCR diagnostic assay for molecular determi-
nation of the 2Rj karyotype of A. gambiae specimens and
thus identification of BAMAKO specimens in Mali and
other Afrotropical sites where the BAMAKO chromosomal
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form is prevalent over the 2Rj-carrier SAVANNA. Here, the
assay is presented together with the results of extensive
validation involving field collections from Mali and three
other West and western Central African countries. Sam-
ples were karyotyped using traditional and molecular
methods in parallel. Overall, molecular and cytogenetic
results were almost perfectly congruent for 2Rj standard
and inverted homokaryotypes. Thus, in areas of sympatry
between BAMAKO and SAVANNA populations with a low
frequency of 2Rj (mainly in Mali), molecular karyotyping
of 2Rj will be a rapid and effective approach to identify
and specifically study the BAMAKO chromosomal form.
However, 2Rj inversion heterozygotes were frequently
misclassified as 2Rj standard by PCR-based analysis, pos-
sibly owing to molecular divergence (null alleles) of 2Rj
chromosomes between isolated SAVANNA populations.

Methods
Mosquito collections
Collections of indoor resting adults were made by spray
catch from seven villages in the southern part of Mali in
Aug-Sep 2004: Bancoumana (12°20'N, 8°20'W), Kela
(11°88'N, 8°45'W), Banambani (12°48'N, 08°03'W),
Moribabougou (12°69'N, 7°87'W), N'Gabakoro
(12°68'N, 7°84'W), Douna (13°21'N, 5°90'W) and Fan-
zana (13°20'N, 06°13'W). Additional collections were
made from Guinea Conakry in 1990: Sombili and Timbi
Madina (11°24'N, 12°16'W); from Senegal in two differ-
ent years (2002: Kedougou, 12°14'N, 12°36'W; and
2006: Jingoreh Maffy, 13°41'N, 13°39'W; Wassadou,
13°21'N, 13°21'W; Samecouta, 12°36'N, 12°08'W); and
Cameroon in 2005: Doujouf (10°34'N, 14°17'E),
Sanguere Ngal (9°12'N, 13°30'E), Bodova (9°59'N,
14°10'E), and Tongo (8°55'N;13°31'E). Specimens were
sorted morphologically to A. gambiae s.l. and by gono-
trophic stage. Ovaries of half-gravid females were dis-
sected and placed in numbered individual micro-tubes
containing modified Carnoy's solution (1:3 glacial acetic
acid: 100% ethanol). Carcasses were placed in corre-
spondingly numbered micro-tubes over desiccant.

Cytological determination of karyotype
Polytene chromosomes were prepared following [13]
with slight modifications. A portion of one ovary (1/4–1/
3) was placed into a drop of 50% propionic acid depos-
ited on a slide, where it was allowed to swell to approxi-
mately twice the original size (2–5 min). After adding
another drop of propionic acid, follicles were freed with a
dissecting needle. A fresh drop of propionic acid was
added and a coverslip was placed on the tissues. The
assembly was sandwiched between filter paper, coverslip
side up. The back of a pen or a pencil (with eraser) was
used to gently tap on the coverslip to break the follicles
and spread the chromosomes, taking care to avoid move-
ment of the coverslip. Chromosomes were flattened by

blotting the assembly between two layers of filter paper
and pressing firmly but carefully with the palm of the
hand. The slide was checked using a phase contrast micro-
scope (Olympus BX40) using 20×, 40× or 100× objectives.
The 2Rj arrangement was interpreted based on the cytoge-
netic map of A. gambiae polytene chromosomes created by
M. Coluzzi and V. Petrarca (see A. gambiae poster from Sci-
ence 298, 4 October 2002; [14]). Excess ovarian tissue was
retained for re-examination in case of discrepancy. For the
same purpose, slide preparations were sealed with lactic
acid and stored at -20°C.

PCR-based determination of karyotype
Genomic DNA was isolated from individual mosquitoes
using one of the following: DNeasy Extraction Kit (Qia-
gen, Valencia, CA), Puregene kit (Gentra Systems, Inc.,
Minneapolis, MN), DNAzol kit (Molecular Research
Center, Inc., Cincinnati, OH.) or Easy-DNA kit (Invitro-
gen, Carlsbad, CA). Anopheles gambiae s.s. and its molecu-
lar forms were identified using one of two rDNA-based
PCR/RFLP assays [15] or [16]. That of Santolamazza et al
[16] was preferred due to the longer shelf-life of restriction
enzyme MseI versus HhaI (New England Biolabs, Ipswich,
MA) observed in this study.

Prospective primer pairs were designed to amplify across
the breakpoints of the standard (2R+j) or inverted (2Rj)
arrangement by importing sequences corresponding to
the breakpoint junctions from the A. gambiae reference
genome (PEST, 2R+j) or from A. gambiae BKO [12] into
Primer3 [17]. The four primers employed in the final 2Rj
karyotyping assay included one pair targeting the 2R+j

proximal breakpoint (P3, 5'-CGAAGAGGAAGTCGT-
GCTTT and P4, 5'-GTTGACGTTTTGGGTCGTTT) and
another pair targeting the 2Rj distal breakpoint (D1, 5'-
GCGTTGTCAATAATGCCTGA and D1IN, 5'-TATT-
GGGTTTTTACCCCATAATC) (see Figure 1). PCR was car-
ried out in a 25 µl reaction containing 5–7.5 pmol of each
primer, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5–2.0
mM MgCl2, 200 µM each dNTP, 1 U of Taq polymerase,
4.8% DMSO, 1% BSA and 1 µl of the template DNA. The
PCR conditions were 94°C for 2 min, 40 cycles of 94°C
for 20 s, 55°C for 15 s and 72°C for 20 s followed by
72°C for 5 min and a 4°C hold. PCR products were sepa-
rated on 1.5% agarose gels stained with ethidium bro-
mide (see Figure 2).

For the samples collected from Senegal in 2006, DNA was
extracted independently at the MRC and the University of
Rome, and PCRs were run in parallel as a test of reproduc-
ibility and robustness of the assay. The samples collected
from Mali were analysed exclusively at the University of
Notre Dame, and the remaining samples were analysed
exclusively at the University of Rome.
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Results
Assay design
The 2Rj inversion breakpoints were completely character-
ized [12] based on sequence determined from a BAMAKO
colony (BKO) derived from Moribabougou, Mali and
comparison with the 2R+j A. gambiae PEST reference
genome. Both breakpoint junctions of inversion 2Rj con-
tain identical 14.6 kb insertions, each of which consists of
long inverted repeat arms separated by a spacer. This large
structure precluded any molecular karyotyping strategy
for the inverted chromosome that would require PCR
amplification across the complete breakpoint junction
(i.e., from regions 1–3 or 2–4 in Figure 1). Moreover,
although these structures have not been found elsewhere
in the genome, they are composed of degraded remnants
of transposons and other repetitive elements, making
them poor targets for specific amplification. Accordingly,
a strategy was adopted in which the 2Rj-specific primer
(D1IN) was designed to anneal at its 5'-end to the last 15
bp of the inverted repeat while anchored by 8 bp at its 3'-
end to the single-copy chromosomal DNA of region 1 that
flanks the distal breakpoint (see Figure 1). To reduce the
problem of primer interference common to multiplex
PCR when a universal primer is shared by two PCR prod-
ucts, the 2R+j standard arrangement was detected by an
independent pair of primers (P3 and P4). These primers
amplify a 494 bp product spanning regions 3–4 that is
unique to the uninverted arrangement, as region 3 is no
longer adjacent to region 4 on the inverted chromosome
(Figure 1). The 494 bp product from the 2R+j standard
arrangement is easily distinguished by gel electrophoresis
from the 253 bp product specific for the 2Rj inversion
amplified by D1IN and its partner D1 (Figure 2).

Validation in BAMAKO and SAVANNA populations from 
Mali
Collections of half-gravid A. gambiae were conducted in
southern Mali during August-September 2004, targeting
seven villages near the Niger River and its tributaries
where the BAMAKO form was predicted to occur. Of the
968 successfully karyotyped specimens, only six 2Rj heter-
ozygotes (0.6%) were found among 553 2R+j standard
and 409 2Rj inverted homozygotes. Of the 2Rj inverted
homozygotes, 377 (92%) carried BAMAKO karyotypes:
jcu with b polymorphic.

The 2Rj multiplex assay was conducted on DNA extracted
from 550 of the 968 karyotyped specimens, chosen from
the seven villages such that the representation of 2Rj
standard and inverted arrangements was approximately
equal. Correspondence between cytological and molecu-
lar determination of the 2Rj karyotype was high (≥ 99%)
for both homokaryotypes (Table 1). In the case of 2Rj
standard homozygotes, only one discrepancy was found
among 306 successful amplifications: the molecular pat-

Strategy employed for PCR-based karyotyping of the 2Rj inversionFigure 1
Strategy employed for PCR-based karyotyping of the 2Rj 
inversion. At top, schematic representation of 2R (black line), 
indicating approximate position of inversions j, b, c and u; 
asterisk indicates centromere. Below, schematic representa-
tion of primer binding sites on the standard (+j) and inverted 
(j) chromosomes (hatched and shaded rectangles). The rele-
vant portion of the cytogenetic map is presented below the 
standard chromosome. Numbers above each chromosome 
refer to different breakpoint junctions. Double-headed 
arrow between breakpoint junctions of the inverted chro-
mosome represents an identical 14.6 kb insertion containing 
5.3 kb inverted repeats separated by a 4 kb spacer. Labeled 
arrows above and below chromosomes indicate primer pairs 
targeting the standard and inverted arrangement of 2Rj, 
respectively; expected length of the PCR product in bp given 
between the arrows. Chromosome segments and primers 
are not to-scale.

Application of molecular karyotyping to A. gambiae from MaliFigure 2
Application of molecular karyotyping to A. gambiae from Mali. 
Electrophoretic separation of PCR products from 2R+j/+j 

(lanes 1–3), 2Rj/j (lanes 4–6) and 2R+j/j (lane 7) specimens. 
Upper and lower bands are 494 bp and 253 bp, respectively. 
M, 100 bp ladder (Life Technologies, Rockville, MD).
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tern indicated a 2Rj heterozygote instead of a standard
homozygote. Whenever discrepancies occurred between
cytological and molecular determinations, standard prac-
tice was to repeat the assay under three conditions that
included (1) all four primers together, (2) only 2R+j prim-
ers P3 and P4, and (3) only 2Rj primers D1 and D1IN.
This procedure gave insight into whether the initial result
was repeatable, and which arrangement might be respon-
sible for the anomalous results. Upon repetition, the
molecular results were unchanged; the correct size bands
also appeared in reactions containing only 2Rj or 2R+j

primers. Although the chromosome preparation was not
available for validation, a true inversion heterozygote
would be difficult to miss cytologically. Nevertheless,
human error could have resulted in mistaken data entry,
dissociation of carcass and chromosomes into tubes with
different numbers, or DNA contamination leading to dis-
agreement between the two methods. The rate of such
error is acceptably low, as correspondence between
molecular and cytological determinations of 2Rj standard
homozygotes was nearly 100% (305/306).

Among 241 2Rj inverted homozygotes that were success-
fully amplified by PCR, 238 (98.8%) yielded the 253 bp
band in agreement with traditional karyoype analysis.
Two of three exceptions yielded a single band larger than
253 bp, but slightly smaller than the 494 bp band
expected of standard chromosomes. In both cases, it was
possible to verify the chromosomal banding pattern pre-
served on slides, which was confirmed as 2Rj inverted.
Thus, the apparent discrepancy between molecular and
cytogenetic determinations could be due to small inser-
tions on the inverted chromosome. The third exception
produced a single band indistinguishable in size from that
expected of standard chromosomes. Unfortunately the
chromosome preparation was unavailable for validation,
so an error in recording or interpretation of the banding
pattern cannot be ruled out.

Of only 6 2Rj heterozygotes sampled in Mali, two did not
amplify and one was lost. The remaining three were suc-

cessfully scored as 2Rj/+j heterozygotes by the multiplex
PCR assay.

Validation in SAVANNA populations beyond Mali
The geographic distribution of the 2Rj inversion greatly
exceeds that of the BAMAKO chromosomal form, where it
is associated with the cu and bcu arrangements in popula-
tions along Niger River in southern Mali and northern
Guinea Conakry [18]. Beyond this limited region, the 2Rj
inversion is associated with other arrangements such as b,
d and bd as far west as Guinea Bissau [9], Senegal [19] and
eastward into Cameroon, Central Africa [20]. To test the
molecular diagnostic across this broader range, particu-
larly from samples in which 2Rj is expected to show
higher levels of polymorphism, collections were made
from Senegal, western Guinea Conakry and Cameroon.

A total of 181 karyotyped SAVANNA specimens and one
karyotyped BAMAKO specimen from the three countries
were successfully amplified for molecular karyotype anal-
ysis of 2Rj (Table 1). Of these, 76 were 2R+j standard
homozygotes and all except one (98.7%) yielded the
expected ~500 bp standard band. The exception, a cyto-
logically 2R+j standard specimen collected in Kedougou,
Senegal in 2006, was classified as a heterozygote molecu-
larly. This result was confirmed not only by repetition of
the molecular diagnostic with primer pairs applied sepa-
rately and in combination (as described above), but also
by different laboratories (at the University of Rome and
the MRC) on DNA extracted independently from different
portions of the mosquito. It is therefore unlikely that the
discrepancy resulted from contamination of primers and
template, but other sources of human error cannot be
ruled out. An additional 25 specimens from Senegal and
Guinea Conakry were 2Rj inverted homozygotes, all of
which (100%) revealed the expected ~250 bp inverted
band.

In contrast to the highly congruent molecular and cyto-
logical results for 2Rj standard and inverted homozygotes,
only ~60% (49/81) of heterozygotes from Senegal,

Table 1: Proportion of molecular karyotypes that matched the cytologically determined arrangement of inversion 2Rj in natural 
populations of Anopheles gambiae s.s.

Country Sampled

Karyotype Senegal (n = 147) Guinea Conakry (n = 18) Mali (n = 550) Cameroon (n = 17) Combined total (n = 732)

2Rj/j total 23/23 (100%) 2/2 (100%) 238/241 (98.8%) -- 263/266 (98.9%)
2Rj/j SAV 23/23 (100%) 1/1 (100%) 16/16 (100%) -- 40/40 (100%)
2Rj/j BAM -- 1/1 (100%) 222/225 (98.7%) -- 223/226 (98.7%)
2R+j/+j 56/57 (98.2%) 6/6 (100%) 305/306 (99.7%) 13/13 (100%) 380/382 (99.5%)
2Rj/+j 40/67 (59.7%) 7/10 (70%) 3/3 (100%) 2/4 (50%) 52/84 (61.9%)

SAV, SAVANNA chromosomal form; BAM, BAMAKO chromosomal form.
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Guinea Conakry and Cameroon were scored as heterozy-
gotes molecularly. The results of three specimens were
conservatively included among the molecular "miscalls"
despite the fact that two molecularly distinct bands were
seen following gel electrophoresis, because one of the two
bands was an unexpected size. When the PCR was con-
ducted using primer pairs for standard and inverted
arrangements separately, two of these "miscalls" were evi-
dently due to insertions ≥ 400 bp between the standard
primers (P3+P4) while the remaining one seemed to be
caused by an insertion of ~400 bp between the inverted
primers (D1+D1IN). More definitive resolution of these
three exceptions requires sequence determination, a step
not taken in this study. An additional two of the molecu-
lar "miscalls" from Senegal samples collected in 2006
were placed in this category because parallel analyses run
at MRC and the University of Rome were in disagreement
and could not be resolved despite independent DNA
extraction and repeated trials. Whereas one institution
correctly scored a specimen as a 2Rj/+j heterozygote, the
other scored the same specimen as 2R+j/+j standard (all
other results from the 2006 Senegal samples were identi-
cal between the two institutions). The vast majority of dis-
cordant cytological and molecular results (27 of 32
miscalls, 84%) were due to a cytological heterozygote
being scored molecularly as a 2R+j standard. Repetition of
the assay with separated primer pairs demonstrated that
this outcome reflected the failure of the D1+D1IN primer
pair to amplify the 2Rj inverted arrangement.

Discussion
A PCR diagnostic assay that detects and differentiates both
2Rj arrangements has been developed and extensively val-
idated. In all samples, results from the molecular assay
agree with traditional cytological karyotype determina-
tion in 99% (643/648) of tests in which the specimen
analysed was a 2Rj standard or inverted homozygote. By
contrast, only 62% of cytologically scored 2Rj/+j speci-
mens (52/84) were correctly scored as heterozygous. This
result is consistent when considering the Senegal, Guinea
Conakry and Cameroon data (Table 1); the size of the
Malian sample is too small to be reliable. A possible
explanation for the low specificity of the PCR test for het-
erozygotes could be the presence of null alleles (muta-
tions that preclude primer binding) on the 2Rj inverted
chromosome, as the majority of miscalls resulted from
failure of the inverted chromosome to amplify. This pro-
posal is not unrealistic in light of the estimated rate of null
alleles in A. gambiae (~5%; [21,22]), and considering both
the geographic distance between sampling locales and the
fact that the primers were designed based on sequences
determined from Malian specimens. In theory, mosqui-
toes that carry 2Rj null alleles on both inverted chromo-
somes (which would result in amplification failure)
should be rare relative to mosquitoes that carry only one

2Rj null allele (which would result in the anticipated out-
come from 2Rj inverted homozygotes and exclusive
amplification of the standard chromosome in 2Rj hetero-
zygotes). This explanation can easily account not only for
the relatively large incongruence between cytological and
molecular methods as applied to 2Rj heterozygotes, but
also for fact that nearly all misclassifications were molec-
ularly typed as 2Rj standard homozygotes. Whether or not
this explanation applies equally to 2Rj heterozygotes in
the Niger River zone in southern Mali relates to the possi-
bility of substructure between BAMAKO and other A. gam-
biae populations within and outside of this zone, as well
as the question of differential selection pressures on this
inversion in BAMAKO versus other taxa. These are ques-
tions that should be addressed by future studies, but the
issue is not a matter of practical importance in the imple-
mentation of this assay, as heterozygote prevalence is so
low in this region.

The development of a molecular karyotyping assay for 2Rj
was motivated by the lack of practical tools for the rapid
identification of the BAMAKO chromosomal form. The
validation efforts described here demonstrate that this
assay will serve that purpose very reliably, at least in
southern Mali near the Niger River.

In the total sample of nearly 1000 karyotyped specimens
from Mali, only 6 2Rj heterozygotes were found. This pat-
tern is not due to a Wahlund effect created by pooling
samples across different villages, as it is applies equally
well to a sub-sample from the village of Kela. Of 608 kary-
otyped mosquitoes, only 4 2Rj heterokaryotypes were
found and a highly significant departure from Hardy-
Weinberg equilibrium in the direction of heterozygote
deficit was detected (Table 2). Given that BAMAKO is
characterized by j homozygotes (jcu/jcu, jbcu/jcu, jbcu/
jbcu) and that j segregates at a very low frequency in
SAVANNA populations from Mali, these data confirm the
hypothesis of assortatively mating SAVANNA and
BAMAKO chromosomal forms within the S molecular
form in southern Mali. Indeed, instances in which the j
inversion is associated with non-BAMAKO karyotypes in
Kela are rare (30/364; 8%) and it is possible that some or

Table 2: Test for Hardy-Weinberg equilibrium on 2Rj karyotypes 
sampled from Kela, Mali during August-September 2004.

Karyotype N % X1
2 P

2R+j/+j o 243 40.03
e 98.89 16.29

2R+j/j o 4 0.66 590.50 0.0000
e 292.22 48.14

2Rj/j o 360 59.31
e 215.89 35.57
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all could represent "hybrids" between BAMAKO and
SAVANNA forms [4].

Conclusion
As anticipated by Coluzzi [1], the A. gambiae reference
genome has greatly facilitated study of the ongoing evolu-
tion and diversification of this medically important taxon.
A case in point is the molecular characterization of the 2Rj
inversion breakpoints and the ensuing development of a
PCR-based assay for its rapid karyotyping. The intensive
efforts at field validation reported here discourage the
application of this assay for molecular karyotyping of j-
carriers of the SAVANNA chromosomal form. On the
other hand, molecular karyotyping of 2Rj is a robust and
reliable method to identify BAMAKO in West African sites
where this chromosomal form is prevalent and sympatric
with a SAVANNA form having a low frequency of 2Rj-car-
riers. Moreover, cytogenetic analysis of karyotypes from
southern Mali is consistent with previous proposals that
BAMAKO mates assortatively, raising the possibility that
BAMAKO may be in the early stages of speciation within
the S form of A. gambiae. Until now only the ovarian pol-
ytene chromosome banding pattern was available for rec-
ognition of the BAMAKO form, severely limiting its study
– especially at the larval stages. Thus, the special signifi-
cance of the 2Rj karyotyping assay reported here is that it
offers for the first time a method to rapidly detect
BAMAKO at all stages and both sexes. Application of this
assay offers the opportunity to deepen understanding of
the genetic, ecological and behavioral processes driving
ongoing adaptation and diversification of A. gambiae.

Authors' contributions
MBC participated in the design of the study, led the field
collections in Mali, participated in molecular and cytolog-
ical karyotyping, data analysis and drafting the manu-
script. MP participated in molecular karyotyping of
specimens from Senegal and Guinea Conakry, and partic-
ipated in molecular and cytological karyotyping of the
Cameroon sample. BC participated in field collections of
specimens from Senegal, and in their molecular and cyto-
logical karyotyping. DN participated in molecular karyo-
typing of specimens from Senegal. MJ, LK, and ID
coordinated and led field collections in Senegal and
Guinea Conakry. AF participated in cytological karyotyp-
ing of specimens from Mali. MK participated in molecular
karyotyping of specimens from Mali. VP participated in
the cytological karyotyping of samples from Senegal and
Guinea Conakry. FS, DC, AdT, and ST helped design and
coordinate the study. In addition, AdT and VP helped
interpret data and draft the manuscript. NJB participated
in design and coordination of the study, data analysis, and
drafting the manuscript. All authors read and approved
the final manuscript.

Acknowledgements
We express gratitude to villagers in Mali, Senegal, Guinea Conakry and 
Cameroon for cooperating with this study, and to Moussa Keita and Mama-
dou Sissouma (Malaria Research and Training Center, Mali), Abdoulie Jallow 
(MRC Laboratories, The Gambia) and Mbaye Njie (National Malaria Con-
trol Programme, The Gambia) for assistance with field collections. We 
thank Naseem Helo and Daniel V. Thaner (University of Notre Dame) and 
Majidah Adiamoh (MRC Laboratories, The Gambia) for excellent technical 
assistance with DNA extractions and PCR, Giovannino Petrangeli (Univer-
sity of Rome "La Sapienza") and Olga Grushko (University of Notre Dame) 
for karyotyping expertise. This investigation received financial support from 
the UNDP/World Bank/WHO Special Programme for Research and Train-
ing in Tropical Diseases (A30272 to NJB), the US National Institutes of 
Health (NIH R01 AI63508 to NJB), and the Medical Research Council, UK, 
and from MUR/PRIN 2005 to AdT, BC and VP.

References
1. Coluzzi M, Sabatini A, Della Torre A, Di Deco MA, Petrarca V: A pol-

ytene chromosome analysis of the Anopheles gambiae spe-
cies complex.  Science 2002, 298:1415-1418.

2. Coluzzi M, Sabatini A, Petrarca V, Di Deco MA: Chromosomal dif-
ferentiation and adaptation to human environments in the
Anopheles gambiae complex.  Trans R Soc Trop Med Hyg 1979,
73(5):483-497.

3. Coluzzi M, Petrarca V, DiDeco MA: Chromosomal inversion
intergradation and incipient speciation in Anopheles gam-
biae.  Boll Zool 1985, 52:45-63.

4. Toure YT, Petrarca V, Traore SF, Coulibaly A, Maiga HM, Sankare O,
Sow M, DiDeco MA, Coluzzi M: The distribution and inversion
polymorphism of chromosomally recognized taxa of the
Anopheles gambiae complex in Mali, West Africa.  Parassitolo-
gia 1998, 40:477-511.

5. Favia G, della Torre A, Bagayoko M, Lanfrancotti A, Sagnon N, Toure
YT, Coluzzi M: Molecular identification of sympatric chromo-
somal forms of Anopheles gambiae and further evidence of
their reproductive isolation.  Insect Mol Biol 1997, 6(4):377-383.

6. della Torre A, Fanello C, Akogbeto M, Dossou-yovo J, Favia G,
Petrarca V, Coluzzi M: Molecular evidence of incipient specia-
tion within Anopheles gambiae s.s. in West Africa.  Insect Mol
Biol 2001, 10(1):9-18.

7. della Torre A, Costantini C, Besansky NJ, Caccone A, Petrarca V,
Powell JR, Coluzzi M: Speciation within Anopheles gambiae--
the glass is half full.  Science 2002, 298(5591):115-117.

8. Della Torre A, Tu Z, Petrarca V: On the distribution and genetic
differentiation of Anopheles gambiae s.s. molecular forms.
Insect Biochem Mol Biol 2005, 35(7):755-769.

9. Petrarca V, Carrara GC, Di Deco MA, Petrangeli G: [The Anophe-
les gambiae complex in Guinea Bissau].  Parassitologia 1983,
25(1):29-39.

10. Fanello C, Petrarca V, della Torre A, Santolamazza F, Dolo G, Couli-
baly M, Alloueche A, Curtis CF, Toure YT, Coluzzi M: The pyre-
throid knock-down resistance gene in the Anopheles
gambiae complex in Mali and further indication of incipient
speciation within An. gambiae s.s.  Insect Mol Biol 2003,
12(3):241-245.

11. Slotman MA, Mendez MM, Torre AD, Dolo G, Toure YT, Caccone A:
Genetic differentiation between the BAMAKO and
SAVANNA chromosomal forms of Anopheles gambiae as
indicated by amplified fragment length polymorphism anal-
ysis.  Am J Trop Med Hyg 2006, 74(4):641-648.

12. Coulibaly MB, Lobo NF, Fitzpatrick MC, Kern M, Grushko O, Thaner
DV, Traore SF, Collins FH, Besansky NJ: Segmental duplication
implicated in the genesis of inversion 2Rj of Anopheles gam-
biae.  PLoS ONE 2007, 2(9):e849.

13. della Torre A: Polytene chromosome preparation from
anopheline mosquitoes.  In Molecular Biology of Disease Vectors: A
Methods Manual Edited by: Crampton JM, Beard CB, Louis C. London
, Chapman & Hall; 1997:329-336. 

14. Anopheles gambiae poster   [http://www.sciencemag.org/feature/
data/mosquito/index.dtl#poster]

15. Fanello C, Santolamazza F, della Torre A: Simultaneous identifica-
tion of species and molecular forms of the Anopheles gam-
Page 7 of 8
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=394408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=394408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=394408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10645562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10645562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10645562
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9359579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9359579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9359579
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11240632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12364784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15894192
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6543935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6543935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12752657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12752657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12752657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16606999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16606999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16606999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17786220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17786220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17786220
http://www.sciencemag.org/feature/data/mosquito/index.dtl#poster
http://www.sciencemag.org/feature/data/mosquito/index.dtl#poster
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12510902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12510902


Malaria Journal 2007, 6:133 http://www.malariajournal.com/content/6/1/133
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

biae complex by PCR-RFLP.  Med Vet Entomol 2002,
16(4):461-464.

16. Santolamazza F, Della Torre A, Caccone A: Short report: A new
polymerase chain reaction-restriction fragment length poly-
morphism method to identify Anopheles arabiensis from
An. gambiae and its two molecular forms from degraded
DNA templates or museum samples.  Am J Trop Med Hyg 2004,
70(6):604-606.

17. Rozen S, Skaletsky HJ: Primer3 on the WWW for general users
and for biologist programmers.  In Bioinformatics Methods and Pro-
tocols: Methods in Molecular Biology Edited by: Krawetz S, Misener S.
Totowa, NJ , Humana Press; 2000:365-386. 

18. Touré YT: Génétique écologique et capacité vetorielle des
membres du complexe Anopheles gambiae au Mali.  Volume
Ph.D.. Marseille, France , Université de Droit, d’Economie et des Sci-
ences Aix-Marseille III; 1985. 

19. Caputo B, Nwakanma D, Jawara M, Dia I, Konate L, Coluzzi M,
Petrarca V, Conway DJ, Della Torre A: Populations of the
Anophels gambiae M-form can have typical SAVANNA-
form inversion karyotypes at the northwestern limits of its
geographical range: (No. 231).    [http://www.astmh.org/
meeting_2006/51-100.pdf]. 

20. Pombi M, Kamden C, Agbor JP, Petrarca V, Besansky NJ, Costantini
C, Fontenille D, Della Torre A, Simard F: Macrogeographic pat-
terns of chromosomal polymorphism in the molecular forms
of Anopheles gambiae in relation to environmental hetero-
geneities in Cameroon: (No. 589).    [http://www.astmh.org/
meeting_2006/151-200.pdf]. 

21. Lehmann T, Hawley WA, Collins FH: An evaluation of evolution-
ary constraints on microsatellite loci using null alleles.  Genet-
ics 1996, 144(3):1155-1163.

22. Stump AD, Shoener JA, Costantini C, Sagnon N, Besansky NJ: Sex-
linked differentiation between incipient species of Anopheles
gambiae.  Genetics 2005, 169(3):1509-1519.
Page 8 of 8
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12510902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15210999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15210999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15210999
http://www.astmh.org/meeting_2006/51-100.pdf
http://www.astmh.org/meeting_2006/51-100.pdf
http://www.astmh.org/meeting_2006/151-200.pdf
http://www.astmh.org/meeting_2006/151-200.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8913757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8913757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15654109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15654109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15654109
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Mosquito collections
	Cytological determination of karyotype
	PCR-based determination of karyotype

	Results
	Assay design
	Validation in BAMAKO and SAVANNA populations from Mali
	Validation in SAVANNA populations beyond Mali

	Discussion
	Conclusion
	Authors' contributions
	Acknowledgements
	References

