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ABSTRACT The six Afrotropical species of mosquitoes
comprising the Anopheks gambiae complex include the most
efficient vectors of malaria in the world as well as a nonvector
species. The accepted interpretation of evolutionary relation-
ships among these species is based on chromosomal inversions
and suggests that the two principal vectors, A. gambiae and
Anopheks arabiensis, are on distant branches of the phyloge-
netic tree. However, DNA sequence data indicate that these two
species are sister taxa and suggest gene flow between them.
These results have important implications for malaria control
strategies involving the replacement of vector with nonvector
populations.

The Anopheles gambiae complex of mosquitoes comprises
six species, all but one of which are involved in the trans-
mission of human malaria parasites. Because of the marked
anthropophily ofA. gambiae and Anopheles arabiensis, this
vectorial system is the most stable and deadly in the world.
Long-range malaria control strategies are partly based on
genetic modification of the capacity of the natural vector
populations to transmit malaria parasites (1). Thus, estab-
lishing levels of reproductive isolation and phylogenetic
relatedness of the members of the A. gambiae complex has
important implications for the control of malaria.
The involvement of mosquitoes in malaria transmission is

dependent on behavioral attributes, such as finding and biting
of hosts and choice of resting and oviposition sites, that vary
both within and between species (2). Correlated with behav-
ioral differences are clinal geographic and microspatial vari-
ation in the frequencies of specific paracentric chromosomal
inversions in polymorphic species (2-4), suggesting that
alternative inverted arrangements have adaptive significance
that may influence some of these behaviors. All but one
member of the complex are polymorphic for paracentric
inversions, but at least one fixed inversion differentiates pairs
of sibling species (2). Indeed, chromosomal inversions may
play an active role in Anopheline speciation (5) and form the
basis for the accepted hypothesis concerning phylogenetic
relationships in the A. gambiae complex (2).
The accepted phylogeny, which places the two principal

vectors, A. gambiae and A. arabiensis, on distant branches
of the phylogenetic tree, was inferred by parsimony analysis
ofparacentric inversions identified in polytene chromosomes
(refs. 2 and 6; J.R.P. and A.C., unpublished data; see Fig. 1).
Surprisingly, the species relationships predicted by this phy-
logeny contradict morphological, behavioral, ecological, and
interspecies hybridization data, all of which agree that the
species pairs A. gambiae-A. arabiensis and Anopheles
melas-Anopheles merus are the most closely related (2, 7, 8).
This conflict was explained by invoking evolutionary con-

vergence of morphologic and behavioral traits (2). However,
an alternative explanation is that the chromosomal phylogeny
is misleading, because (i) the assumption that the inversion
breakpoints were unique may be invalid, because either the
breakpoints of cytologically identical inversions are not pre-
cisely the same and therefore were not generated by the same
event, or they are precisely the same but occurred more than
once; (ii) paracentric inversions may have been passed
between species through introgression; and/or (iii) ancestral
populations may have been polymorphic for chromosomal
inversions.

Inferring the evolutionary relationships in this species
complex poses a challenge to all available phylogenetic
techniques, since several lines ofevidence suggest that the A.
gambiae complex represents one of the most recently di-
verged groups of sibling species yet studied. Nei's genetic
distances range only between 0.10 and 0.25 across species
(9), and DNADNA hybridization studies of total single-copy
DNA were unable to separate the species within the complex
(N.J.B., A.C., and J.R.P., unpublished data). Indeed, it has
been suggested that speciation in these mosquitoes, partic-
ularly the most anthropophilic ones, has been driven by their
adaptation to the environment of humans (2, 9), whose
population density in tropical Africa markedly increased with
the introduction of agriculture in the past 10,000 years (10).
Crossing experiments in the laboratory have shown that
reproductive isolation is incomplete (7), and interspecies
hybrids are occasionally found in nature [0.1-0.2% (11)].
To test the predictions of the chromosomal phylogeny, we

obtained molecular sequence data from nuclear ribosomal
DNA (rDNA), mitochondrial DNA (mtDNA), and an es-
terase gene of five available taxa in the A. gambiae complex
and performed phylogenetic analyses using maximum parsi-
mony (MP), neighbor joining (NJ), and maximum likelihood
(ML). The Asian mosquito Anopheles sundaicus, a close
relative also in the Pyretophorus series, was used as an
outgroup in the mtDNA analysis.

MATERIALS AND METHODS
Sample Preparation. Mosquito strains used in this study

were obtained from laboratory colonies maintained at the
Centers for Disease Control. The cloning and sequence
determination of the nuclear rDNA intergenic spacer se-
quences (GenBank data base accession nos. U10135-
U10139) have been described (12). For the mtDNA and
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esterase sequences (GenBank data base accession nos.
U10123-U10134 and U10140-U10147, respectively), ge-
nomic DNA was extracted from individual adult mosquitoes
(13) and amplified by PCR using the GeneAmp kit (Perkin-
Elmer/Cetus) and following the manufacturer's protocol.
Amplification parameters were 94°C for 1 min, 37C for 2 min,
and 72°C for 3 min for 35 cycles. The primers were based on
the nucleotide sequence of the ND4-ND5 mtDNA genes
determined from A. gambiae G3 (ref. 14; GenBank data base
accession no. L20934)-DMP3B (plus strand), positions
7251-7270; DMP4A (plus strand) and DMP3A (minus strand),
positions 7680-7699; DMP4B (minus strand), positions 8680-
8695-or from nontranslated sequence downstream of an

esterase gene from A. gambiae G3 (J.A.S. and F.H.C.,
unpublished data)-EST5S (plus strand), CTGTCGACCCA-
GACTGACTAAGCACTTTG; EST3B (minus strand), CTG-
GATCCATCGTACAACACACGTGCCC. PCR products
were gel purified and cloned into pBluescript SKII+ (Strat-
agene). Sequencing was performed on double-stranded tem-
plates using the Sequenase 2.0 kit (United States Biochem-
ical).
Sequence Analysis. Sequence analysis included 1849 bp of

the rDNA intergenic spacers, 1445 bp of the ND4-ND5
mtDNA genes, and 571 bp of an esterase gene. Nucleotide
sequences were aligned by using the PILEUP program of the
Genetics Computer Group (GCG) (15). MP analysis was
performed with PAuP3.0 (16), using the "branch and bound"
option for tree searches. The PHYLIP3.4 (17) programs SEQ-
BOOT, DNADIST, NEIGHBOR, and CONSENSE were used for NJ
analysis; DNAML was used for ML analysis. The subrepeat
structure of the rDNA intergenic spacer sequences was
determined by summarizing dot plots (produced by COMPARE
and DOTPLOT in GCG) from all 10 pairwise sequence com-
parisons.

RESULTS AND DISCUSSION
The results of the analyses for the rDNA and species-
consensus mtDNA data sets are summarized in Table 1.
Because multiple strains of a species were sequenced for the

mtDNA but not the rDNA data, consensus mtDNA se-
quences were calculated for each species by using polymor-
phic designations for sites variable among strains. In the
mtDNA data, observed transitions/transversions (Ti/Tv)
varied from 45:1 for intraspecific comparisons, 15:1 between
A. gambiae andA. arabiensis, 5.6:1 among the other siblings,
and 0.6:1 to A. sundaicus. In the rDNA data, Ti/Tv varied
only from 1:1 to 2:1 for all comparisons. No insertion/
deletions (indels) were found for the mtDNA sequences, but
fourteen 1- to 7-bp indels requiring gaps in alignment oc-
curred in the rDNA sequences, as well as one large 159-bp
indel shared by A. gambiae and A. arabiensis. When gaps
were included in the analysis, they were weighted equally as
one character change; if more than two sized gaps existed at
a site, this was coded as multiple character states. In the
combined mtDNA and rDNA analysis, no weights were used
and gaps were excluded. All weightings of both data sets
yielded one MP tree except when no weights were given to
rDNA data. The association ofA. gambiae and A. arabiensis
has strong statistical support from all three types of analysis,
regardless of the weighting scheme used for Ti and Tv or the
inclusion of indels.

Fig. 1 compares the chromosomal inversion phylogeny to
the phylogenetic trees obtained by MP analysis of individual
and combined data sets from the mtDNA and rDNA se-
quences. Although these trees are unrooted, the mtDNA data
for A. sundaicus indicate that the root would be on the
outermost branch (see Fig. 3). The indicated branch lengths
are for Ti/Tv weights of 1:6 (mtDNA) and 1:1.5 (rDNA,
excluding gaps). Each molecular phylogeny decisively clus-
tered A. gambiae with A. arabiensis. By contrast, the chro-
mosomal inversion phylogeny paired A. gambiae with A.
merus, based on a shared X chromosome inversion unique to
these species. In this regard, it is important to note that the
rDNA genes in members of the A. gambiae complex are X
chromosome linked (19) but outside the breakpoints of this
inversion. No molecular data set could resolve theAnopheles
quadriannulatus-A. melas-A. merus trichotomy. In fact,
each of the three possible species pairs is weakly supported
by a different data set. However, the subrepeat structure at

Table 1. Summary of phylogenetic analysis
Ti/Tv weights

rDNA

mtDNA Gaps No gaps

None 1:3 1:6 None 1:1.5 Tv only None 1:1.5 Tv only

MP trees
Tree length 65 75 90 248 292 122 231 283.5 105
No. oftrees 1 1 1 2 1 1 2 1 1
Additional steps to
mtDNA tree - - +3 +4 +2 +3 +4 +2
rDNA tree +1 +1 +1 - -
Inversion tree +8 +12 +18 +14 +17.5 +9 +12 +16.5 +7

MP* NJ MLO

mtDNA rDNA mtDNA+rDNA mtDNA rDNA mtDNA rDNA

Bootstrap values
GAM-ARA 99-100 98-100 100 99 94 + +
MEL-MER 11-14 13-54 18-51 27 62 - -
MEL-QUA 62-72 2-19 11-17 50 3 - -
MER-QUA 11-14 42-70 34-65 22 35 - -

GAM, A. gambiae; ARA, A. arabiensis; MEL, A. melas; MER, A. merus; QUA, A. quadriannulatus.
*Ranges of values correspond to weighting schemes shown above.
tML analysis was based on both Kimura's and Jukes and Cantor's estimates of multiple hits; Kimura estimates for mtDNA
data included Ti/Tv weightings of 1:1, 1:3, 1:10; for rDNA, 1:1, 1:2. +, Breaking the association resulted in a significantly
worse fit to the data according to Kishino and Hasegawa's test (18); neither the algorithm to estimate multiple hits nor
weighting affected the significance of the test.
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FIG. 1. MP trees based on mtDNA (A), rDNA (B), combined mtDNA and rDNA data sets (C), and chromosomal inversions (D) assuming
a monophyletic origin of inversions. Numbers on branches are number of steps. Circled numbers are bootstrap values > 50 based on 100
replicates.

the 5' end of the rDNA intergenic spacer (12), summarized
schematically in Fig. 2, strongly corroborates the A.
melas-A. merus and A. gambiae-A. arabiensis associations,
with A. quadriannulatus showing affinity with the A.
melas-A. merus clade.
When the mtDNA data are analyzed keeping individual

strains separate, the MP tree does not support the monophyly
of A. gambiae and A. arabiensis, but rather shows them
intertwining (Fig. 3). Multiple strains ofA. gambiae were also
used to obtain sequences from a nuclear gene, the noncoding
region 3' to an esterase gene on chromosome 2L (J.A.S. and
F.H.C., unpublished data). Unlike the mtDNA data, the
esterase data have little resolving power among the sibling
species, producing at least 10 most-parsimonious trees, one
ofwhich is shown (Fig. 3). Nevertheless, the esterase data do
support monophyly of A. gambiae and A. arabiensis. This
suggests that mtDNA but not esterase gene introgression has

GAM r

occurred and is consistent with the idea that mtDNA intro-
gresses more readily than nuclear sequences (20-22).

While it is difficult to generate a robust phylogenetic hy-
pothesis for species like the A. gambiae complex whose
evolutionary histories have been so short, nuclear gene se-
quences from two different chromosomes and mtDNA gene
sequences consistently and strongly support the relationship
of A. gambiae and A. arabiensis as sister taxa. This is true
regardless of the method of phylogenetic inference. We con-
clude that the chromosomal inversion phylogeny is not an
accurate representation of species relationships in the A.
gambiae complex. The discordance between the inversion-
and gene sequence-derived species phylogenies may owe to
some combination of introgression and polyphyletic or para-
phyletic origin of inversions. A. gambiae and A. arabiensis
share several chromosome 2 inversions, and two ofthese have
been moved between species in laboratory experiments (23).
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FIG. 2. Schematic representation of the subrepeat structure at the 5' end of the rDNA intergenic spacer of five members of the A. gambiae
complex. Abbreviations of species names are as in Table 1. Open boxes, unique sequence; solid, hatched, and stippled boxes, subrepeats.
Identical fill patterns indicate related sequences.
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FIG. 3. MP trees inferred without generating a consensus from
the sequences of individual strains. Abbreviations of species names
are as in Table 1; SUN, A. sundaicus. Strains used were as
follows-A. gambiae: GAM1, G3; GAM2, 4A; GAM3, L35; GAM4,
SUA; GAM5, GMMK6; GAM6, MU; A. arabiensis: ARAB,
ARZAG; ARAB2, GMAL; A. melas: MEL, BAL; MEL2, BRE; A.
merus: MER, V12; MER2, ZULU; A. quadriannulatus: QUAD,
SQUAD; QUAD2, CHIL. mtDNA (A) and esterase (B) trees used a
Ti/Tv weighting of 1:6 and 1:1.5, respectively. Numbers on branches
indicate branch lengths. Circled numbers are bootstrap values ex-
pressed as percentages based on 1000 replicates (mtDNA) or 100
replicates (esterase).

In addition, inversion breakpoints are not randomly distrib-
uted; =25% of the >30 described autosomal paracentric
inversions in this species complex appearto share a breakpoint
with another inversion, consistent with the presence of hot
spots for double-strand breaks that could give rise to multiple
occurrences of the same inversion. Moreover, selection is
apparently maintaining inversion polymorphism in contempo-
rary populations and may have done so in the past. It is
therefore likely that inversion polymorphisms predated spe-
ciation events. If several lineages diverged from the same
polymorphic ancestor, lineage sorting (24, 25) of inversions
would make these rearrangements poor indicators of the
phylogenetic history of the group.
Because many Diptera have excellent polytene chromo-

somes, chromosomal inversions have been benchmarks of
phylogenetic inference within species groups (26, 27). How-
ever, the conflict between inversion phylogeny and species
phylogeny is unlikely to be unique to the A. gambiae complex
(28). A large number of Diptera that transmit human patho-
gens, especially other Anopheline vectors of malaria and
blackfly vectors of filarial worms, are very closely related
members of sibling species complexes for which no alterna-
tive genetic data exist. In addition to the inversion tree-
species tree conflict, this study also underscores the impor-
tance of understanding phylogenetic relationships in design-
ing control strategies that consider genetic manipulation of
vector species to render them less dangerous to humans.
Because a likely strategy for genetic manipulation of A.
gambiae will be the use of an infectious engineered transpo-

son or symbiont to drive antiparasite genes into populations
(29, 30), even the limited genetic introgression observed
between A. gambiae and A. arabiensis will impact the scope
and dynamics of population replacement.
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