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Malaria mosquitoes often belong to complexes of sibling species, members of which are morphologically
and genetically similar to each other. However, members within these complexes can vary significantly in their
ecological adaptations and abilities to transmit the malaria parasite. The high degree of genetics similarity
among sibling species makes the reconstruction of phylogenetic relationships within species complexes diffi-
cult. This paper reviews studies that infer the ancestral — descendant relationships among sibling species using
molecular markers and chromosomal inversions. A methodology based on analyzing breakpoints of fixed over-
lapping inversions is shown to be useful for rooting phylogenies in complexes of sibling species, if the chromo-
somal arrangements in outgroup species are known. The construction of detailed phylogenies for malaria vec-
tors will help to identify the association of evolutionary genomic changes with the origin of human blood choi-
ce and specific ecological adaptations.
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Taxonomic and population complexity is a common fea-
ture of malaria mosquitoes (Krzywinski, Besansky, 2003).
The rich biodiversity of malaria mosquitoes has the direct epi-
demiological implications. Of the ~ 500 anopheline species,
no more than 30 significantly contribute to the malaria trans-
mission. Understanding the adaptation and speciation in ma-
laria mosquitoes has not only a theoretical interest for evoluti-
onary biology but also practical applications for vector cont-
rol. Comparative genomic analyses of vector competence and
other epidemiologically important traits will be informative if
performed within a phylogenetic framework. Inferring ancest-
ral and derived genomic features in anophelines is crucial for
identifying the evolutionary changes associated with the ori-
gin and loss of human blood choice, ecological and behavio-
ral adaptations, and association with human habitats. Traditi-
onally, reconstructions of the anopheline phylogeny have
been done using morphological and molecular markers
(Krzywinski, Besansky, 2003). Available data support the
monophyly of the six Anopheles subgenera, a sister-group re-
lationship between subgenera Nyssorhynchus and Kerteszia,
and a sister-group relationship between subgenera Cellia and
Anopheles.

Complexes of sibling species are common among mosqu-
itoes (Krzywinski, Besansky, 2003). Members of such comp-
lexes are morphologically similar and partially reproductively
isolated from each other. The African Anopheles gambiae
complex belongs to series Pyretophorus of subgenus Cellia
and consists of seven sibling malaria mosquito species that re-
markably differ in geographic distribution, ecological adapta-
tion, and host-seeking behavior. An. gambiae and An. arabi-
ensis are the two major vectors of malaria in Africa. An. me-
rus and An. melas breed in brackish water, and the habitat of
An. bwambae is restricted to mineral water breeding sites.
These three species are relatively minor malaria vectors with

narrow geographic distribution (Coluzzi et al., 1979). A. qu-
adriannulatus A and An. quadriannulatus B are fresh water
breeders, zoophilic, and, although to some degree susceptible
to Plasmodium infections, are not natural vectors of malaria
(Coluzzi et al., 2002). Inferring evolutionary history of the
An. gambiae complex could be important for finding specific
genomic changes associated with the origin and loss of hu-
man blood choice, shifting in breeding site preference, and
variations in vector competence.

A high degree of genetic similarity, caused by shared an-
cestral polymorphisms and extensive genetic introgression,
confounds the ability to determine phylogenetic relationships
and the direction of evolution in the An. gambiae complex
using molecular markers (Besansky et al., 1994, 2003). For
example, sequence similarity between the second chromoso-
mes of An. gambiae and An. arabiensis has been largely attri-
buted to genetic introgression (White et al., 2009). Rooting of
molecular phylogenetic trees for the An. gambiae complex
has been rarely attempted. Using the AT-rich region of the
mitochondrial DNA of the most closely related outgroup spe-
cies An. christyi helped to identify sister taxa but could not
determine the most basal species in the complex (Caccone et
al., 1996). Another attempt to root the tree with the sequence
of X chromosomal gene white from An. christyi failed becau-
se of the great divergence of the intron size and sequence bet-
ween the ingroup and outgroup genes (Besansky et al., 2003).
Even the most recent genome-wide transcriptome-based phy-
logeny reconstruction of multiple Anophelinae species could
not unambiguously resolve the relationships among An. gam-
biae, An. arabiensis, and An. quadriannulatus (Hittinger et
al., 2010).

In addition to molecular markers, chromosomal inversi-
ons can be used to reconstruct species’ phylogeny. The first
chromosomal phylogeny was established for wild races of
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Drosophila pseudoobscura by using polymorphic overlap-
ping inversions (Sturtevant, Dobzhansky, 1936). The applica-
tion of overlapping inversions for reconstructing species phy-
logenies is based on the assumptions that a) an inversion ori-
ginates from a unique event in evolutionary history;
b) inversion fixation occurs once in a lineage with no poly-
morphism extended across speciation; and c) no introgression
of inversions occurs from one species to another (Krimbas,
Powell, 1992). Indeed, cytogenetic studies on the An. gam-
biae complex supported the notion that fixed inversions do
not introgress across species (Della Torre et al., 1997) and
that they are monophyletic in origin (Sharakhov et al., 2006).
Polymorphic inversions can potentially carry through specia-
tion events. In this case, phylogenies based on different inver-
sions would contradict each other. An alternative approach to
inferring the phylogenetic relationships among species is to
analyze the distribution of fixed overlapping inversions (Co-
luzzi et al., 1979; Stegnii, 1991; Coluzzi et al., 2002). This ap-
proach is based on the facts that species-specific inversions
do not introgress (Della Torre et al., 1997) and that inversions
are predominantly monophyletic, despite rare occurrences of
a breakpoint reuse (Gonzalez et al., 2007).

Anopheles quadriannulatus species A and B have stan-
dard chromosomal arrangements, which are denoted by a «+»
sign followed after the chromosome name: X+, 2R+, 2L+,
3L+, 3R+. These arrangements are considered «standard» be-
cause they occupy the central position in the complex by ha-
ving the minimal inversion distance from arrangements of ot-
her species (Coluzzi et al., 2002; Xia et al., 2008). Anopheles
quadriannulatus A and B had been traditionally considered
closest to the basal species of the complex because they have
several less specialized traits expected of an ancestral form:
large number of hosts, feed on animal blood, tolerance for
temperate climates, and disjunctive distribution (Coluzzi et
al., 1979; Coluzzi et al., 2002). Phylogenetic status of a chro-
mosomal arrangement can be determined if gene orders ac-
ross inversion breakpoints are compared between ingroup and
multiple outgroup species. Although several outgroup species
can have their own apomorphic fixed inversions, their inver-
sions will likely be different from fixed inversions of each ot-
her and of ingroup species. Therefore, the genes found across
inversion breakpoints in ingroup species are expected to be in
their ancestral order in multiple outgroup species. The first at-
tempt to root the chromosomal phylogeny of the An. gambiae
complex was done by a cytogenetic analysis of the inversion
«a» on the left arm of chromosome 2 (denoted as 2La) in out-
group species. This arrangement was found in two outgroup
species, both members of the Middle Eastern An. subpictus
complex (Ayala, Coluzzi, 2005). As a result, An. arabiensis
had been assumed ancestral because it has the fixed 2La in-
version (Ayala, Coluzzi, 2005). Although the molecular ana-
lysis of the 2La inversion breakpoints and physical mapping
of the sequences adjacent to the breakpoints in the outgroup
species An. stephensi and An. nili confirmed the 2La ancestral
state, the multiple origin of this inversion in the complex was
ruled out (Sharakhov et al., 2006; Xia et al., 2008; Sharakho-
va et al., 2011).

In a recent study, the breakpoint sequences of fixed over-
lapping inversions 2Ro and 2Rp in the An. merus — An. gam-
biae clade and homologous sequences in An. stephensi, Aedes
aegypti, and Culex quinquefasciatus were obtained and analy-
zed (Kamali et al., 2012). This study used two approaches to
identify breakpoints of the fixed 2Ro and 2Rp inversions. In
the first approach, multiple An. gambiae DNA probes derived
from the cytological breakpoints to the chromosomes of

An. merus were physically mapped by fluorescence in situ
hybridization (FISH). In the second approach, mate-paired se-
quencing of the An. merus genome was performed and reads
were mapped to the An. gambiae genome assembly, which
has all standard arrangements. The study demonstrated that
all studied outgroup species had the gene arrangement identi-
cal to that in the 2Ro breakpoints of An. merus and in the
2R+p breakpoints of An. gambiae. Thus, sequencing, physical
chromosome mapping, and bioinformatic analysis identified
the 2Ro and 2R+p arrangements in several outgroup species
indicating that these arrangements are ancestral. Because 2Ro
and 2R+p uniquely characterize the An. gambiae — An. merus
clade, these two species have the least chromosomal differen-
ces from the ancestral species of the complex as compared to
other members (Kamali et al., 2012). This methodology can
be used for rooting chromosomal phylogenies in other comp-
lexes of sibling species.
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Ìàëÿðèéíûå êîìàðû ÷àñòî îòíîñÿòñÿ ê êîìïëåêñàì âèäîâ-äâîéíèêîâ, ÷ëåíû êîòîðûõ ìîðôîëîãè-
÷åñêè è ãåíåòè÷åñêè ïîõîæè äðóã íà äðóãà. Îäíàêî âèäû â ýòèõ êîìïëåêñàõ ìîãóò ñóùåñòâåííî ðàçëè÷à-
òüñÿ ïî èõ ýêîëîãè÷åñêîé àäàïòàöèè è ñïîñîáíîñòè ïåðåíîñèòü ìàëÿðèþ. Âûñîêàÿ ñòåïåíü ãåíåòè÷åñêî-
ãî ñõîäñòâà ìåæäó âèäàìè-äâîéíèêàìè óñëîæíÿåò ðåêîíñòðóêöèþ ôèëîãåíåòè÷åñêèõ ñâÿçåé âíóòðè
êîìïëåêñîâ. Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàþòñÿ èññëåäîâàíèÿ, êîòîðûå âûÿñíÿþò îòíîøåíèÿ ïðå-
äîê—ïîòîìîê ìåæäó áëèçíåöîâûìè âèäàìè, èñïîëüçóÿ ìîëåêóëÿðíûå ìàðêåðû è õðîìîñîìíûå èíâåð-
ñèè. Ìåòîäîëîãèÿ, îñíîâàííàÿ íà àíàëèçå òî÷åê ðàçðûâà ôèêñèðîâàííûõ ïåðåêðûâàþùèõñÿ èíâåðñèé,
îêàçàëàñü ïîëåçíîé äëÿ óêîðåíåíèÿ ôèëîãåíèé êîìïëåêñîâ âèäîâ-äâîéíèêîâ, åñëè èçâåñòíà õðîìîñîì-
íàÿ îðãàíèçàöèÿ âî âíåøíåé ãðóïïå âèäîâ. Ðåêîíñòðóêöèÿ ïîäðîáíîãî ôèëîãåíåçà äëÿ ïåðåíîñ÷èêîâ
ìàëÿðèè ïîìîæåò âûÿâèòü àññîöèàöèè ýâîëþöèîííûõ ãåíîìíûõ èçìåíåíèé ñ âîçíèêíîâåíèåì ïðåäïî÷-
òåíèÿ êîìàðàìè ÷åëîâå÷åñêîé êðîâè è ñïåöèôè÷åñêèõ ýêîëîãè÷åñêèõ àäàïòàöèé.
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