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1. Introduction

In India malaria endemicity is characterized by diverse ecology and multiple disease vector
species [1]. In the Southeast Asian region, India alone contributes to nearly 80% of malaria
cases with the largest population of the world living at risk of malaria. In 2011, India reported
1.3 million confirmed malaria cases and 753 attributable deaths, but estimated cases and deaths
are 10 to 20 times more [2,3]. Of the two Plasmodium prevalent in India, Plasmodium falcipa-
rum incidence has not declined significantly although P. vivax has resulting in the rising trend
of the former parasite to presently contributing ~50% of the reported cases. Distribution and
spread of chloroquine resistance and emergence of multi-drug resistant strains may have
contributed to this phenomenon [4]. Even though transmission intensities across India are low-
to-moderate, disease remains geographically entrenched in poor marginalized population
groups particularly living in remote/ forest fringe/ tribal belts of eastern, central and north-
eastern states for contributing >65% of malarial episodes [5,6].

Mosquito fauna is rich in the tropical climate with numerous and diverse breeding resources
[7]. Of 58 anophelines in India, only six taxa are major malaria vectors with regional distribu-
tion (Figure 1). Anopheles culicifacies s.l. is the vector of rural malaria in the country and
generates about 65% of cases annually. An. fluviatilis s.I. is found in the plains and foothills
breeding in streams contributing 15% of malaria cases, An. minimus breeds in streams of
foothills of the northeast, An. dirus s.l. is found in jungles of northeastern states, An. sundai-
cus is found in Andaman and Nicobar islands and breeds in brackish water, and An. stephen-
si is the well known vector species of urban malaria. All these mosquito species except An.
stephensi have been characterized as species complexes with number of morphologically
indistinguishable sibling species which vary for their role in malaria transmission [8].
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240 Anopheles mosquitoes - New insights into malaria vectors

India is experiencing rapid ecological changes owing to population explosion, urbanization,
development projects, deforestation and human migration affecting mosquito ecology and
disease transmission. In the recent past, significant progress has been made in understanding
the genetics and bionomics of the disease vectors, and in the development of newer control
tools to strengthen primary healthcare services specific to India [9-14]. In this chapter we shall
restrict systematic review on dominant Anopheles vectors of human malaria and their current
bionomics to help develop malaria-risk maps for strengthening malaria control for sustainable
interventions with ultimate goal of malaria elimination.

2. Anopheles (Cellia) culicifacies Giles species complex

Anopheles culicifaciess.l. is widely distributed in India and has been recorded in all mainland
zones including Kashmir and high elevations in the Himalayas (up to 3000 meters) except
islands of Andaman & Nicobar and Lakshadweep [7,8,11]. It is the most important vector in
plains of rural India contributing 60-70% of reported cases annually [15]. Success stories in
malaria control during 1950-1960, and malaria resurgence in the 1970s deal primarily with the
control of An. culicifacies s.l. Biology and genetics of An. culicifacies has been extensively studied
in India [16-17], and presently characterized to be a species complex with five informally
designated species A, B, C, D and E. These five sibling species are spread across India with
distinct biological characteristics and role in malaria transmission (Table 1).
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Figure 1. Map of India showing distribution of major malaria vectors in relation to physiogeographic regions encom-
passing evergreen tropical forest (wet zone receiving rainfall >200 cm), deciduous wet forest (monsoon forests receiv-
ing rainfall 100-200 cm), deciduous dry forest (scrub forest receiving rainfall 50-100 cm), and desert forest (arid and
semi-arid area receiving rainfall <50 cm) annually.
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Sibling species were initially characterized by species specific diagnostic fixed paracentric
inversions readable in polytene chromosomes suggestive of pre-mating barriers in field
populations [18-24], and further substantiated by number of techniques including post-zygotic
isolation mechanisms in laboratory conditions [25], mitotic karyotype Y- chromosome
polymorphism [26-28], gene enzyme variation [29], cuticular hydrocarbon profiles [30], and
species specific DNA probes [31]. Recently, PCR-based diagnostic assays were developed for
sequencing 285-D3 domain [32], ITS2-PCR-RFLP [33], rDNA ITS2 region [34], which grouped
An. culicifacies sibling species into two distinct groups namely Group I (species A/D) and Group
IT (species B/C/E). In another assay from COII region, A/D specific primers distinguished
species A and D, and B/C/E specific primers distinguished B, C and E [35]. More recently, a
multiplex PCR-based diagnostic assay using D2 domain of 285 rDNA has been reported which
can consistently and accurately discriminate members of the species complex forming two
unambiguous monophyly clades of species A/D (Group I) and species B/C and E (Group 2)
which were supported by strong bootstrap values [36].

Sibling species
Characteristic

A B C D E**
) X+2+0: 2+g'+h’; )
Inversion genotype i Xab; 2g'+h' Xab; 2+g'h! X+245; 2il+h! Xab; 2g'+h’;
+il/i
Anthropophilic Index
0-4 0-1 0-3 0-1 80
(%)
Biting activity All night All night All night Till midnight No dat
o data
(Peak biting activity) (2200-2300 h) (2200-2300 h) (1800-2100 h) (1800-2100 h)
Vector potential Moderate Poor Moderate Moderate High
Sporozoite infection
0.51 0.04 03 0.4 20
rate (%)
Rainwater, clean Rainwater, clean  Rainwater, clean Riverine
Breeding preferences L Riverine ecology = L
irrigation water irrigation water irrigation water ecology
Rate of development of
resistance
Fast Fast
DDT Slow (9-10 yr) No data No data
(4-5 years) (4-5 years)
Medium Fast
Malathion Slow (9-10yr) No data No data
(6-7 years) (4-5 years)
Medium Medium
Pyrethroids No data No data No data
(6-7 years) (6-7 years)

*Source Reference No. 16, 37. **In Rameshwaram island of Tamilnadu

Table 1. Inversion genotype and biological characteristics of Anophelesculicifacies sibling species complex in India*
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The distribution, relative abundance and predominance of sibling species (but not exclusive)
is given in Figure 2. Among its sibling species, species B is the most predominant throughout
the country and occurs sympatrically in most areas with predominance of species A in the
north and species B in the south [37]. In eastern Uttar Pradesh, north Bihar and northeastern
states, species B is either predominant or the only prevalent species. Species B and C are
sympatric in western and eastern India. Species D is sympatric with species A and B in
northwestern region, and with species A, B and C in central southern India. Species E is
sympatric with species B in southern Tamilnadu including Rameshwaram islands. The
proportions of sibling species, however, varied in different geographical zones and seasons,
e.g., in Alwar (state of Rajasthan), species B proportions increased in post-monsoon months;
whereas proportions of species D remained the same throughout the year and density of
species C remained very low [38].

Figure 2. Map of India showing geographical distribution of predominant sibling species of Anopheles culicifacies
complex (A,B,C,D,E) and An. fluviatilis complex (S,T,U, form V), and stratification (Divisions | =VII) for suggested vector
control options. For control of An. culicifacies malaria vectors in Division | & Ill: No routine vector control is necessary
except for treatment of imported cases of malaria; Division II: Insecticide spraying based on susceptibility status of An.
culicifacies species A or C; Division IV: DDT spraying to continue; Division V-VII: Insecticide spraying based on suscepti-
bility status of An. culicifacies species C. For control of An. fluviatilis malaria vectors, even though DDT remains the in-
secticide of choice, in areas where it is sympatric with An. culicifacies, insecticide spraying used for control of latter
should be applied. Source Reference No. 37.
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All member sibling species of the An. culicifacies complex are predominantly zoophilic except
species E, and restindoors in human dwellings and cattle sheds [39]. All are night biting species
with different peak biting activity (Table 1). The main strategy for malaria control in areas of
An. culicifacies distribution is by indoor spraying of residual insecticides chosen based on their
susceptibility status in the given region. Presently, An. culicifacies has developed resistance to
most insecticides in use including malathion (except certain areas) leaving the only option of
pyrethroid use for which there are already reports of increased tolerance [40-45]. Molecular
characterization revealed a low frequency of the kdr allele (mostly in heterozygous condition)
in field populations that were resistant to DDT and pyrethroids [46,47]. Based on the geo-
graphical distribution of sibling species, the country is now stratified into seven divisions for
benefit of prioritizing control options, e.g., for division I and III, no routine control interven-
tions are required, whereas for divisions II, IV - VII, insecticide spraying is necessary based on
susceptibility status against the dominant vector species (Figure 2).

An. culicifacies is indeed a prolific breeder and breeding sites are numerous including river-
bed pools, rain water collections (Figure 3), streams, rice-fields, seepage water, borrow pits,
irrigation channels, etc [7,11]. It has been incriminated by detection of gut and salivary gland
infections by numerous independent investigators across its range of distribution throughout
India [7]. Further studies using immunoradiometric analysis revealed that sibling species A,
C, D and E are vectors of Plasmodium vivax and P. falciparum malaria, and species B is non-
vector or poor vector [48]. Among these, species E was observed to be highly anthropophilic
in Rameswaram islands of Tamilnadu [49]. These observations were further supported by
comparative reproductive fitness for which sibling species B was observed to be less fit than
species A and C of the complex as well as susceptibility to malaria sporogony [50-52].

Figure 3. Breeding habitats of Anopheles culicifacies (left — rain water pools; right — river bed pools). Courtesy: N. Nan-
da and R. Namgay.

However, more information on distribution and bionomics of species E is deemed
necessary to substantiate its distribution range and role in malaria transmission in India.
In addition, understanding population structure of An. culicifacies in adjoining countries is
also warranted for effective interventions to check spread of drug-resistant malaria across
borders. Additional data on crossing experiments between sibling species to demonstrate
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post-zygotic isolation and existence of possible morphological differences would help name
the individual species formally similar to other well defined species complexes of An. dirus
and that of An. maculatus [8,10]. An. culicifacies is indeed a fast invading species in areas
hitherto with low density (deforested pockets in Northeast India), and its control has
become a formidable challenge with its sibling species developing multiple resistance
including pyrethroids (42-45). Regional control strategy would require monitoring the
insecticide susceptibility status periodically for any given area that qualifies for residual
spraying for effective control of An. culicifacies malaria vectors.

3. Anopheles (Cellia) fluviatilis James species complex

Anopheles fluviatilis s.I. is widespread in mainland India and is considered to be an important
vector in hills and foothills contributing ~15% of reported cases annually [1]. It has been
extensively studied and recognized a species complex comprising three sibling species, i.e., S,
T, U and a form “V” based on cytotaxonomic study for fixed chromosomal inversions readable
in the polytene chromosomes arm 2 [7-11,53]; differentiation of S and T, however, not possible
due to diagnostic inversion polymorphism but can be characterized by distinct biological
characteristics and regional distribution (Table 2). Earlier reports of existence of X and Y sibling
species in An. fluviatilis based on rDNA-ITS2 polymerase chain reaction assay subsequently
correlated X with sibling species S, and Y with T based on chromosomal data [54,55]. To
substantiate these observations, robust molecular techniques now have been developed which
distinguish sibling species S, T and U unequivocally based on differences in nucleotide
sequences within the D3 domain of 285 rDNA [56]. However, contrary to observations of
Garros et al [57] and Chen et al [58] on conspecificity of An. fluviatilis species S with An.
harrisoni (species C of An. minimus), Indian population of these two species were observed to
be distantly related and did not merit synonymy based on pair-wise distance and phylogenetic
inferences using ITS2 sequences [59].

Inversion Mosquito Prevalence
1 | . Preferred
Sibling genotypes on densities Feeding dult
adu
Species** Chromosome (per person preference habitat Ecotype Endemicity

abita
arm 2 hour)
Low to

Human Hilly forests
S +q'+r’ Moderate Anthropophilic ] ] Hyperendemic
dwellings & foothills

(1-40)
q'+r' High (up to Almost totally Cattle Foothills & Hypo -
+q'r' 200) zoophilic sheds plains mesoendemic

*Source Reference No. 37, **Distribution, bionomics and biology of new sibling form V' is being investigated

Table 2. Inversion genotype and biological characteristics of Anopheles fluviatilis sibling species complex in India*
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Sibling species S is highly anthropophilic and responsible for maintaining hyperendemic
malaria predominantly in state of Odisha (formerly Orissa), eastern India [60]. It prefers to rest
indoor human dwellings and have been incriminated and proven to be an efficient vector in
areas of its distribution [61,62]. Sibling species T is widely distributed but is largely zoophilic
and rests in cattle sheds [63]. Sibling U holds similar characteristics but has limited distribution
range presently restricted to northern India. Chen et al [58] documented three haplotypes in
species T (designated T1, T2, Y) with its distribution in India, Nepal, Pakistan and Iran
implicating the existence of additional taxa within the An. fluviatilis species complex provi-
sionally designated as “V form’ in India, and the same has recently been recorded in district
Hardwar, Uttarakhand state of North India [63]. Both sibling species T and U are held very
close with similar biological characteristics and there exists possibility of hybridization in some
areas. Even though both siblings species are poor vectors but have shown inherent ability to
support normal sporogony in laboratory feeding experiments [64].

Preferred breeding habitats are seepage water streams with perceptible flow of water, river
margins, irrigation channels, shallow wells, terraced rice fields along foothills etc [7,11,65].
Peak biting activity occurs between 20:00 to 24:00 hours but it may vary in different seasons
and locations. Both An. fluviatilis species S and An. minimus share similar resting and breeding
habitats and are efficient vectors in their respective zones of distribution [66]. Both are subject
to misidentification due to morphological variation to the extent that the earlier records of
prevalence and seasonal abundance of An. fluviatilis in northeast India have now been proven
to be hypermelanic variant of An. minimus s.s.by molecular assays [67].

For control of An. fluviatilis, the choice of insecticide should be based on the susceptibility status
of prevalent sibling of An. culicifacies in endemic areas where species of both complexes share
similar indoor resting behavior and sympatric distribution records (Figure 1). More investi-
gations are, however, warranted for precise distribution of different sibling species of this
complex especially in areas hitherto unexplored, particularly ‘form V’ and its role in malaria
transmission. Similar to An. culicifacies species complex, there is dearth of data for morpho-
logical differentiation and crossing experiments to distinguish member sibling species
enabling binomial nomenclature.

4. Anopheles (Cellia) minimus Theobald species complex

Anopheles minimus s.1. is considered to be the predominant malaria vector in the oriental region
[68]. It is a major vector in sub-Himalayan foothills of eastern and northeastern region of India.
In the pre-DDT era (1940s), it was extensively studied in Assam and Bengal for its bionomics
and control, and it was widely incriminated across its range of distribution [69-74]. With the
advent of DDT and large scale application for residual spraying to control, An. minimus
disappeared from Terai of Uttarakhand (formerly Uttar Pradesh), eastern Odisha, northeastern
states and Nepal [75,76]. Subsequently besides An. dirus s.l., An. philippinensis was implicated
in malaria transmission in northeastern region of India [77]. However, return of malaria
required containment of persistent transmission and spread of drug-resistant malaria.
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Towards this objective, systematic investigations were initiated denovo during 1980s to
incriminate vectors of malaria and to ascertain their relative importance [78,79].

Consequently, systematic studies by independent investigators revealed the reappearance of
An. minimus in vast areas of northeast. An. minimus was re-incriminated in almost all states of
the northeast India except in Terai area of Uttarakhand (North India) where it did not return
[80-86]. It is only recently that An. minimus has been reported to have resurfaced in Odisha
(eastern India) after a lapse of 45 years and were observed to be abundant sharing An.
fluviatilis habitats, and both vectors were incriminated [87,88]. It is presently the most efficient
vector in foothill valley areas of northeastern states accounting for nearly 50% reported cases
in the region annually, and responsible for focal disease outbreaks characterized by high rise
in cases and attributable deaths [89-94]. An. minimus is the predominant vector in rice-growing
foothill valley areas, and it supplements transmission in forest fringe areas (adjoining to
undisturbed forest reserve) predominated by An. baimaii [95].

Ever since initial recognition of An. minimus as species complex for its three morphological
forms [96] and subsequent characterization by population genetic evidence for two isomorphic
species [97], An. minimus s.I. has been identified to a species complex comprising three formally
named species, An. minimus s.s. (species A), An. harrisoni Harbach & Manguin (species C), and
An. yaeyamaensis Somboon & Harbach (species E) with distinct bionomical characteristics and
distribution [98-101]. The natural distribution range of these species is given in Figure 4. Even
though based on classical taxonomy, three designated species are difficult to distinguish due
to overlapping morphological characters, yet these can be identified reliably by number of
molecular assays [102-107].

Based on DNA sequences of internal transcribed spacer 2 (ITS2) and D3 domain of 285 rDNA
(285-D3) of morphologically identified An. minimus s.l. across Indian states of Assam, Aruna-
chal Pradesh, Meghalaya and Nagaland [108] and that of Odisha [87], it has now been clearly
established that these populations are indeed An. minimus (species A), whereas An. harrisoni
and An. yaeyamaensis are not recorded from India. Correct identification of An. minimus is
further complicated by the existence of morphological variants which closely resemble An.
varuna and An. fluviatilis s.I., and these species share similar distribution range and habitats.
In northeast India, morphologically identified populations of An. fluviatilis s.I. (formerly
designated species U based on polytene chromosome banding pattern) have now been
genetically characterized as the hypermelanic seasonal variant of An. minimus prevalent
during cooler months [67]. The ITS2 and 285-D3 rDNA sequences of morphologically identi-
fied An. fluviatilis populations of from Assam were observed homologous to that of An.
minimus s.s. and different from that of any member of the An. fluviatilis complex.

An. minimus is primarily an endophilic and endophagic species with a strong predilection
for human host for blood meal [85]. It is a perennial species with seasonal peak density
during April to August (wet season), and is the most predominant collection in human
bait landing catches (13.7 per person/night) with peak biting activity during 01:00-04:00
hours. It has been incriminated in all months of the year (sporozoite infection rate 3.31%)
but relative abundance and entomologic inoculation rates (EIRs) vary across malaria en-
demic districts [85,109]. The relative abundance and risk of malaria is high in localities
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near to breeding habitat (<lkm) suggestive of poor flight range (Figure 5). An. minimus
breeding were primarily recorded in perennial seepage water foothill streams with grassy
margins in all seasons but occasionally recorded in paddy field water pools with percepti-
ble flow of water [110].

Anopheles minimus

I:I Anopheles harvison

- Anopheles vaeyamaensis

Ishigaki Island

(Japan)
‘-/ Taiwan
Hainan
Island

N

\ Cambodia

Thailand

Figure 4. Distribution map of member species of the Anopheles minimus complex in Southeast Asia based on molecu-
lar identification (Courtesy: Dr. S. Manguin). An. minimus has wide distribution extending from East India to Northeast
and eastwards to China including Taiwan, and occurs in sympatry with An. harrisoni over large areas in southern Chi-
na, Vietnam, Laos and Thailand. An. yaeyamaensis is restricted to Ishigaki island of Ryukyu Archipelago of Japan.

Figure 5. Breeding and resting habitats of Anopheles minimus (left- seepage water foothill streams are preferred
breeding habitat; right — mud house with thatched roofing located often adjacent to breeding resource is the ideal
resting habitat for which relative risk of malaria is high).
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An. minimus is susceptible to DDT despite decades of insecticide residual spraying (IRS) by
virtue of its physiological resistance and high behavioral plasticity [93]. It avoids resting
indoors and instead establishes extra-domiciliary transmission only to return to original
habitat after 10 to 12 week post-spray. With the introduction of pyrethroid coated/ incorpo-
rated long-lasting insecticidal nets (LLINs) and enhanced population coverage in high-risk
areas, the populations of An. minimus are once again fast diminishing particularly in broken
forest reserve erstwhile domains of this anthropophilic species [111-113]. The niche thus
vacated is being accessed by An. culicifacies populations which are tolerant to multiple
insecticides posing a new challenge for effective vector control and associated transmission
(unpublished observations).

It is suggested that in areas with An. minimus and An. fluviatilis sympatric populations, viz.,
Odisha and West Bengal, there is need to apply integrated vector management for sustainable
interventions [114,115]. Given the adaptability of An. minimus to varied environments, there
is continued need to monitor its bionomical characteristics in the changing ecological context
due to rapid socio-economic development and diminishing malaria transmission in erstwhile
areas of high receptivity [116]. Additional data are warranted for analyses of mitotic karyo-
types, polytene chromosome maps and cross-breeding experiments which may of diagnostic
importance. Equally important would be to understand the population dynamics of member
species of the An. minimus complex in the adjoining countries of Myanmar, Bangladesh and
Bhutan for developing cross-border initiative to institute appropriate interventions to contain
drug-resistant malaria.

5. Anopheles (Cellia) dirus Peyton & Harrison species complex

Anopheles dirus s.l. comprises eight sibling species, seven of which have been formally named,
i.e., An.diruss.s. (species A), An. cracens (species B), An. scanloni (species C), An. baimaii (species
D), An. elegans (species E), An. nemophilous (species F), An. takasagoensis, and a cryptic species
tentatively designated as An. aff. takasagoensis (Figure 6). Each of the seven named species has
morphological description (117), distribution range and have varied epidemiological signifi-
cance in Southeast Asia [10,118], whereas the eighth species, reported in northern Vietnam, is
morphological similar but phylogenetically distant from both An. dirus and An. takasagoensis
[119]. All these sibling species except An. aff. takasagoensis have been well characterized by a
number of techniques including cross-mating experiments, karyotypic studies, polytene
chromosome banding patterns, gene enzyme variation, DNA probes and egg morphology
(8,10,120-122]. In addition, PCR assays have been developed based on ITS2 sequences and
SCAR (sequence characterized amplified region) based PCR which distinguishes five of its
member species unambiguously [123,124]. Further investigations, however, are warranted to
characterize An. aff. takasagoensis to formally name this as valid species of the An. dirus species
complex.

Among these member species, only An. baimaii and An. elegans are prevalent in India with
distinct distribution range and epidemiological significance [8]. An. baimaii is widely abundant
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in northeastern states and is an efficient vector of human malaria contributing the remaining
50% of reported cases in the region annually [1]. It has been widely incriminated across
northeastern states (sporozoite infection rate 1.9%) and its neighboring countries associated
with transmission of drug-resistant malaria [125-132]. In earlier records what was initially
described as An. balabacensis balabacensis and later An. dirus (species D) in India are now referred
as An. baimaii for all purposes. An. baimaii is very closely related to An. dirus, populations of
both species are of significance in understanding evolution and history of expansion in
geological time scale [133,134].

Anaphetes dirus D Anophefes elegans
V77 S - .

Anophieles cracens Anapheles nemaphilous

Anopheles scantoni - Anopheles takasagoensis

Taiwan

Anapheles baimaii - Anapheles aft. lakasagaoensis

Hainan
Island

India

Andaman U
{India)

* Extension of An. cracens In Sumatra not shown

Figure 6. Distribution map of member species of the Anopheles dirus complex in Southeast Asia (Courtesy: Dr. S. Man-
guin). An. dirus has a wide distribution in eastern Asia including Myanmar, Thailand, Cambodia, Laos, Vietnam and
Hainan Island. An. cracens occurs in southern Thailand, peninsular Malaysia and Sumatra (Indonesia). An. scanloni dis-
tribution is restricted along border of southern Myanmar and western Thailand. An. baimaii distribution extends from
southwest China to northeast India through western Thailand, Myanmar, Bangladesh and Andaman Islands (India).
An. elegans distribution is restricted to hilly forests of southwestern India. An. nemophilous has a patchy distribution
along Thai-Malaya peninsula and Thai border with Myanmar and Cambodia. An. takasagoensis is restricted to Taiwan
and An. aff. takasagoensis has recently been reported from northern Vietnam.

An. baimaii is a forest dweller and actively transmits malaria during monsoons in forest fringe
population groups particularly along inter-state and inter-country border areas (Figure 7). It
is a hygrophilic species (flight range <lkm) and demonstrates phenomenon of ‘horizontal’
pulsation, i.e., population expansion from ‘mother foci’ in deep forests to periphery during
monsoons (June-October) and then retracting to ‘mother foci’ in dry seasons (November—
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March) accounting for its high and low prevalence in respective season, and ‘vertical” pulsation
for its ability to feed on alternate host to humans in the changing environmental conditions
[135]. Itis a highly anthropophilic species for its predilection to human host and bites through-
out night both indoors and outdoors (36.1 bites/person/night) with peak infective biting
activity during second quartile (21:00-24:00) of the night hours [136,137]. The relative risk of
infective bite, however, was estimated to be much greater in the post-monsoon season. It is
largely an exophilic species and breeds in a variety of habitats in forest including small
transient pools, elephant foot prints [138]. It is highly susceptible to all residual insecticides
but avoids contact with sprayed surfaces making vector control a difficult proposition [139].

Figure 7. A typical housing structure receptive for Anopheles baimaii transmitted malaria located along Indo-Bangla-
desh border in northeast India

Even though populations of An. baimaii from northeast India had high genetic diversity, these
populations were genetically distinct from those of the adjoining countries of Bangladesh,
Myanmar and Thailand suggesting significant barrier to gene flow [140]. However, there was
no significant genetic differentiation between populations of northeast (except for population
in the Barail hill range of northeast), thus be considered one entity for implementation of
control interventions [141]. Yet owing to continued deforestation and possible disruption of
gene flow between populations, there is possibility of existence of another taxon tentatively
designated as “species x” which call for additional investigations. An. baimaii is also known to
inhabit forests of Andaman and Nicobar islands but there is dearth of data on population
genetic structure and role in malaria transmission. An. elegans is exclusively found in south-
western India but there is no evidence of its role in malaria transmission [8].
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6. Anopheles (Cellia) sundaicus (Rodenwaldt) species complex

Anopheles sundaicuss.l. is an important vector of malaria throughout its range of distribution
in the oriental region (Figure 8). It is currently a complex of four species, i.e., An. sundaicus
s.s., An. epiroticus Linton & Harbach (formerly species A), An. sundaicus species D and An.
sundaicus species E [8,10,13,14,142,143]. In India, it has disappeared from the mainland eastern
coastal belt of West Bengal and Orissa except small focus in the Kutch area of Gujarat [144],
and is widely prevalent in Andaman and Nicobar islands populations of which have been
characterized to be cytotype species D [145-147]. It is largely a brackish water species and
breeds in a variety of habitats including swamps, salt water lagoons, creeks, pits along
embankments but breeding in fresh water collections has also been recorded. Molecular
characterization of cytotype D, however, did not reveal any difference between fresh water
and brackish water populations but were different from An. epiroticus of Vietnam and An.
sundaicus s.s from Borneo, Malaysia [148].
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Figure 8. Distribution map of the four member species of the Anopheles sundaicus complex in Southeast Asia (Courte-
sy: Dr. S. Manguin). An. sundaicus s.s. is distributed along the coast of Borneo. An. epiroticus occurs in coastal brackish
water sites extending from southern Vietnam to peninsular Malaysia. An. sundaicus species E occurs in Sumatra and
Java (Indonesia). An. sundaicus species D distribution is restricted to Andaman and Nicobar islands in India.

In Andaman and Nicobar islands, An. sundaicus is predominantly zoophilic except for indoor
resting populationsinhuman dwellings whichhad asignificantly higher predilection forhuman
host[149]. Therelativeabundanceisreported tobehigherinmonsoonand post-monsoonmonths,
populationsofwhichrestbothindoorsand outdoors[149,150]. Bitingactivity occurredallthrough
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the night but peak biting was during 21:00 till 04:00 hours. The species is susceptible to DDT and
malathion. It is possible that given the richness of fauna of evergreen equatorial forest in the
Andaman and Nicobar group of islands, additional sibling species of the An. sundaicus complex
doexistwithdistinctbionomical characteristics, thusadditionalinvestigations are warranted for
formulating appropriate control interventions [151].

7. Anopheles (Cellia) stephensi Liston — A complex of variants

Anopheles stephensi is an important vector of urban malaria and has been widely incriminated
in most metropolitan cities by detection of gland and gut infections [7]. It is not considered a
species complex but instead comprises three ecological variants, i.e., ‘type form’, ‘intermediate
form” and variety ‘mysorensis” characterized by egg morphometrics [152-154]. The “type form’
is an efficient vector of malaria in urban areas, and the variety ‘mysorensis’ is largely zoophilic
and has no role in malaria transmission [155-157]. The ‘intermediate form’ is typically recorded
in rural and peri-urban localities but its role in malaria transmission is not known. The
existence of ecological variants is further evidenced by Y-chromosome variation [158],
spiracular index [159], and frequencies of inversion polymorphism in urban and rural
populations in range of its distribution [160,161]. However, results of cross-mating experi-
ments were variable ranging from infertility to reduced fertility [162,163] as opposed to full
compatibility between populations [152].

An. stephensi is prevalent throughout the year but most abundant during months of rainfall
(June—August) which coincides with the transmission period. In urban areas, it is generally
endophilic and endophagic and breeds in domestic containers, building construction sites,
overhead tanks, underground cement tanks, and evaporator coolers [155,164]. It is largely the
‘type form’ that is responsible for malaria outbreaks in urban areas related to construction
projects and associated tropical aggregation of labor from malaria endemic areas. It is a
thermophilic species and has longer flight range, and maintains a high degree of contact with
human population [151]. In rural areas it is predominantly a zoophilic species and rests
outdoors in cattle sheds, barracks, poorly constructed houses, and breeds in fresh water ponds,
stream beds, seepage canals, wells etc. Peak biting activity is recorded between 22:00 to 24:00
hours but varies seasonally in different localities [7,165]. It is an invasive species and enters
new towns and settlements.

The species is resistant to multiple insecticides but indoor residual spraying is not used for
control. Instead recommended control measures are (i) source reduction, (ii) minor engineer-
ing interventions (iii) anti-larval methods including chemical and biological larvicides, (iv)
application of larvivorous fish, i.e., guppy and gambusia, (v) aerosol space spraying for control
of adult vector populations, (vi) legislative bylaws for preventing mosquito breeding [2]. In
the face of rapid urbanization, unplanned growth and mushrooming of urban slums, rationed
water supply and unsafe water storage practices; urban malaria is a growing problem presently
accounting for >10% reported malaria cases in the country [166]. Overall, malaria cases in the
rural and urban areas are grossly underestimated due to scanty surveillance and unreliable
laboratory services.
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8. Prospects of vector control and research priorities

India has about a billion population at risk of malaria and accounts for the highest disease
burden in Southeast Asia for estimated loss of disability adjusted life years [3,6]. Malaria
transmission is complex due to multi-species co-existence and variable species dominance and
bionomical characteristics [13,14]. Although, transmission trends seem to be declining (Figure
9), National Vector Borne Disease Vector Control Programme (NVBDCP) is faced with new
emerging challenges. Some of these are (i) multiple insecticide resistance against target disease
vector mosquito species, (ii) emerging multi-drug resistance and steadily rising proportions
of P. falciparum, (iii) shortage of antimalarial drugs and insecticides, and (iv) human resource
attrition of skilled personnel to meet the future challenges.

Indoor residual spraying (IRS) for vector control has become less effective and operationally
difficult proposition [9,94]. In addition, ecological driven changes, population migration across
borders, deforestation, developmental projects, and poor infrastructure have led to the
opportunities for vector proliferation and increased malaria receptivity. Due to poor com-
munity acceptance for IRS and spray coverage of target population groups [167], India has
embarked upon large scale implementation of Insecticide-treated netting materials / long-
lasting insecticidal nets (LLINs) prioritizing high-risk population in malaria endemic states/
districts. Disease transmission trends are declining in beneficiary population groups (formerly
intractable high-risk areas); hence it is the right time to siege the opportunity for up scaling
LLIN based intervention coupled with appropriate drug policy in place to combat the malaria
illness and preventing spread of drug-resistant malaria [112,113,168-170]. It is worrisome,
however, that the LLINs presently in use employ only pyrethroids, and An. culicifacies that is
multi-resistant, is fast invading new territories making a malaria control a complex enterprise.
What would be tantamount to vector control is the management of insecticide resistance for
increased duration of its efficacy against target disease vector species by strategic application,
insecticide rotation and mosaic application, and integrating bio-environmental approaches
which should all be considered [171,172]. These approaches combined with environment
management methods which are situation-specific and community-based would yield long
term dividend for sustainable vector control [173,174]. Among alternate methods of vector
control, large scale application of larvivorous fish, i.e., Poecilia reticulata and Gambusia affinis
have been proven to be effective against An. culicifacies transmitted malaria in South Indian
state of Karnataka [175,176], and inspired by the success story as role model, other malaria
endemic states are also contemplating incorporating this method as component of the
integrated approach for vector control [177].

Besides dominant proven vector species, sporadic gut/ gland infections have also been
recorded in An. maculatus s.l., An. annularis s.l., An. nivipes/philippinensis, and An. subpictus s.1.
substantiated by variable levels of anthropophily and detection of circumsporozoite proteins
[8,69,77,109,178,179]. These mosquito species, however, are considered of lesser significance
for their role in malaria transmission except in areas reporting diminishing population
densities of dominant vector species. Among these, An. maculatus, has been investigated in
depth for spatial distribution and molecular characterization of its member species for possible
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role in malaria transmission specific to northeast India [180]. Of the nine formally named
species of An. maculatus complex [181], six species namely, An. pseudowillmori and An. macu-
latus (most abundant), and An. willmori, An. sawadwongporni, An. rampae, An. dravidicus
(restricted distribution) have been recorded to exist in northeast region; none of these,
however, found positive for human malaria parasite [180]. Of the five species in the Anopheles
annularis group of mosquito species, An. annularis, An. nivpipes, An. philippinensis and An.
pallidus are widely prevalent in India. Among these, An. annularis comprises two cryptic
species provisionally designated as species A and B with variable distribution records [182].
It has been incriminated in certain localities but it is a predominantly zoophilic species [183].
An. nivipes and An. philippinensis are morphologically very similar, yet can be characterized
by cytogenetic and molecular techniques [184-186]. Both are also predominantly zoophilic.
An. subpictus that is widely abundant in mainland India has been characterized to be complex
of four sibling species provisionally designated as A, B, C and D identified by distinctive
morphology, species specific diagnostic inversion genotypes and breeding characteristics
[8,187]. It has been incriminated in coastal villages of South India, Central India, and Sri Lanka
but additional investigations are warranted for distribution of individual sibling species and
role in malaria transmission [188-190].
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Figure 9. Malaria cases in India (1970-2011) recorded by the Directorate of National Vector Borne Disease Control
Programme (NVBDCP). Cases started rising in 1970, reporting 6.45 million cases in 1976 and following the implemen-
tation of the Modified Plan of Operation in 1977, malaria cases declined but mainly Plasmodium vivax malaria due to
its sensitivity to chloroquine. Beginning 2005 with increased allocation of resources for strengthening interventions,
cases are gradually declining. Plasmodium falciparum proportions, however, that was about 10% in 1977, has risen to
about 50% and the parasite has become mono to multi-drug resistant (data source: NVBDCP).
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In moving forward for achieving ambitious goal of malaria elimination in feasible districts/
states, lot more needs to be accomplished in understanding vector bionomics in the altered
ecology. The future priority area should include developing malaria-risk maps for focused
interventions, ecological succession of disease vector species, monitoring insecticide resist-
ance, cross-border initiative with neighboring countries for data sharing and coordinated
control efforts, development of evidence-based newer tools for vector control, strengthening
health systems for improved surveillance and monitoring, and universal access to malaria
treatment and prevention which would help meeting the Millennium Development Goal in
reducing malaria morbidity and mortality by 2015 [191-193].

9. Conclusions

During the past decade, there has been significant progress in development of molecular
techniques in identification of sibling species of the dominant mosquito vector taxa, under-
standing their bionomical characteristics and role in malaria transmission in India. Among
these, for An. culicifacies and An. fluviatilis which account for nearly 80% of malaria cases, vector
control strategy has been formulated for judicious application of insecticide and saving
operational costs. In the changing ecological context, An. culicifacies that is fast invading new
territories is reportedly developing resistance to multiple insecticides including pyrethroids
and inter-alia rising proportions and spread of multi-drug resistant P. falciparum malaria are
some of the major concerns which call for continued research efforts for newer interventions
that are evidence-based, community oriented and sustainable. Future priority area of research
in vector control should include developing malaria-risk maps for focused interventions,
monitoring insecticide resistance, cross-border initiative with neighboring countries for data
sharing and coordinated control efforts for achieving substantial transmission reduction, and
help check spread of drug-resistant malaria.

Abbreviations used

DDT: Dichloro-diphenyl-trichloroethane; rDNA: Ribosomal deoxyribonucleic acid; ITS2:
Internal Transcribed Spacer 2; PCR: Polymerase Chain Reaction; RFLP: Restricted Fragment
Length Polymorphism; CO II: Cytochrome Oxidase II; IRS: Indoor Residual Spray; LLIN:
Long-lasting Insecticidal Net; MPO: Modified Plan of Operation; NVBDCP: National Vector
Borne Disease Control Programme.

Acknowledgements

We are thankful to Drs. T. Adak, K. Raghavendra, O.P. Singh, N. Nanda, A. Das, A. Kumar,
S.K. Ghosh for access to the valued literature and consultations. We are also indebted to Dr.

255



256  Anopheles mosquitoes - New insights into malaria vectors

S. Manguin for encouragement and advice for development of the manuscript. This submis-
sion has been approved by the Institute Publication Screening Committee and bears the
approval No. 022/2012.

Author details

Vas Dev!” and Vinod P. Sharma?

*Address all correspondence to: mrcassam@hotmail.com

1 National Institute of Malaria Research (Field Station), Guwahati, Assam, India

2 Centre for Rural Development & Technology, Indian Institute of Technology, New Delhi,

India

References

[1]
[2]

[3]

[4]

[5]

[6]

Sharma VP. Fighting malaria in India. Current Science 1998;75: 1127-40.

National Vector Borne Disease Control Programme. Government of India. http://
www.nvbdcp.gov.in (accessed 25 June 2012).

Dhingra N, Jha P, Sharma VP, Cohen AA, Jotkar, RM, Rodriguez PS, Bassani DG,
Suraweera W, Laxminarayan R, Pet R. Adult and child malaria mortality in India: a
nationally representative mortality study. Lancet 2010;376: 1768-74.

Shah NK, Dhillon GPS, Dash AP, Arora U, Meshnick SR, Valecha N. Antimalarial
drug resistance of Plasmodium falciparum in India: changes over time and space. Lan-
cet 2011;11: 57-64.

Narain JP. Malaria in the South-East Asia: Myth & the reality. Indian Journal of Med-
ical Research 2008;128: 1-3.

Kumar A, Valecha N, Jain T, Dash AP. Burden of malaria in India: Retrospective and
prospective view. American Journal of Tropical Medicine and Hygiene 2007;77:
69-78.

Nagpal BN, Sharma VP. Indian Anophelines. Oxford & IBH Publishing Co. Pvt.
LTD., 1995; New Delhi (ISBN 81-204-0929-9), p416.

Subbarao SK. Anopheline Species Complexes in South-East Asia. World Health Or-
ganization. Technical Publication, SEARO No. 18, 1998. p82.

Raghavendra K, Barik TK, Reddy BPN, Sharma P, Dash AP. Malaria vector control:
from past to future. Parasitology Research 2011;108: 757-79.



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Manguin S, Garros C, Dusfour I, Harbach RE, Coosemans M. Bionomics, taxonomy,
and distribution of the major malaria vector taxa of Anopheles subgenus Cellia in
Southeast Asia: An updated review. Infection, Genetics and Evolution 2008;8:
489-503.

Rao, TR. The Anophelines of India 1984. Indian Council of Medical Research, New
Delhi.

Dash AP, Adak T, Raghavendra K, Singh OP. The biology and control of malaria vec-
tors in India. Current Science 2007;92: 1571-8.

Sinka ME, Bangs MJ, Manguin S, Chareonviriyaphap T, Patil AP, Temperley WH,
Gething PW, Elyazar IRF, Kabaria CW, Harbach RE, Hay SI. The dominant Anopheles
vectors of human malaria in the Asia-Pacific region: occurrence data, distribution
maps and bionomic précis. Parasites & Vectors 2011; 4:89

Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coetzee M,
Mbogo CM, Hemingway ], Patil AP, Temperley WH, Gething PW, Kabaria CW, Bur-
kot TR, Harbach RE, Hay SI. A global map of dominant malaria vectors. Parasites &
Vectors 2012; 5:69

Sharma VP. Re-emergence of malaria in India. Indian Journal of Medical Research
1996;103: 26-45.

Sharma VP. Vector genetics in malaria control. In: Dronamraju KR and Paolo A.
(eds.) Malaria: Genetics and Evolutionary Aspects, Springer, New York, 2006;
p147-167. (doi:10.1007/0-387-28295-5_7).

Barik TK, Sahu B, Swain V. A review on Anopheles culicifacies: from bionomics to con-
trol with special reference to Indian subcontinent. Acta Tropica 2009;109: 87-97.

Green CA, Miles SJ. Chromosomal evidence for sibling species of the malaria vector
Anopheles (Cellia) culicifacies Giles. Journal of Tropical Medicine and Hygiene 1980;83:
75-8.

Subbarao SK, Adak T, Sharma VP. Anopheles culicifacies sibling species distribution
and vector incrimination studies. Journal of Communicable Diseases 1980;12: 102-4.

Subbarao SK, Vasnatha K, Adak T, Sharma VP. Anopheles culicifacies complex: evi-
dence for a new sibling species C. Annals of Entomological Society of America
1983;76: 985-8.

Subbarao SK, Adak T, Sharma VP. Cytotaxonomy of certain malaria vectors of India.
In: Service MW (ed.). Biosystematics of haematophagous insects 1988, Clarendon
Press, Oxford. p25-37.

Subbarao SK. The Anopheles culicifacies complex and control of malaria. Parasitology
Today 1988;4(3): 72-5.

257



258 Anopheles mosquitoes - New insights into malaria vectors

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Saguna SG, Tewari SC, Mani TR, Hiriyan J, Reuben R. A cytogenetic description of a
new species of the Anopheles culicifacies complex. Genetica 1989;78: 225-30.

Vasantha K, Subbarao SK, Sharma VP. Anopheles culicifacies complex: population cy-
togenetic evidence for species D (Diptera: Culicidae). Annals of Entomological Soci-
ety of America 1991;84: 531-6.

Subbarao SK, Vasantha K, Sharma VP. Studies on the crosses between the sibling
species of the Anopheles culicifacies complex. Journal of Heredity 1988;79: 300-3.

Vasantha K, Subbarao SK, Adak T, Sharma VP. Karyotypic variations in Anopheles
culicifacies complex. Indian Journal of Malariology 1982;19: 27-32.

Vasantha K, Subbarao SK, Adak T, Sharma VP. Anopheles culicifacies: mitotic karyp-
type of species C. Indian Journal of Malariology 1983;20: 161-2.

Adak T, Kaur S, Wattal S, Nanda N, Sharma VP. Y-chromosome polymorphism in
species B and C of Anopheles culicifacies complex. Journal of American Mosquito Con-
trol Association 1997;13(4): 379-83.

Adak T, Subbarao SK, Sharma VP, Rao SRV. Lactate dehydrogenase allozyme differ-
entiation of species in the Anopheles culicifacies complex. Medical and Veterinary En-
tomology 1994;8: 137-40.

Milligan PJM, Phillip A, Molyneux DH, Subbarao SK, White GB. Differentiation of
Anopheles culicifacies Giles (Diptera: Culicidae) sibling species by analysis of cuticular
components. Bulletin of Entomological Research 1986;76: 529-37.

Gunasekera MB, de Silva BGDNK, Abeyewickreme W, Subbarao SK, Nandadasa
HG, Karunayayke EH. Development of DNA probes for the identification of sibling
species A of the Anopheles culicifacies (Diptera; Culicidae) complex. Bulletin of Ento-
mological Research 1995;85: 345-53.

Singh OP, Goswami G, Nanda N, Raghavendra K, Chandra D, Subbarao SK. An al-
lele-specific polymerase chain reaction assay for the differentiation of members of
Anopheles culicifacies complex. Journal of Biosciences 2004;29: 275-80.

Goswami G, Raghavendra K, Nanda N, Gakhar SK, Subbarao SK. PCR-RFLP of mi-
tochondrial cytochrome oxidase subunit II and ITS2 of ribosomal DNA markers for
the identification of members of the Anopheles culicifacies complex (Diptera: Culici-
dae). Acta Tropica 2005;95: 92-9.

Manonmani AM, Sadanandane C, Sahu SS, Mathivanana A, Jambulingam P. rDNA-
ITS2-PCR assay for grouping the cryptic species of Amnopheles culicifacies complex
(Diptera: Culicidae). Acta Tropica 2007;104: 72-7.

Goswami G, Singh OP, Nanda N, Raghavendra K, Gakhar SK, Subbarao SK. Identifi-
cation of all members of the Anopheles culicifacies complex using allele-specific poly-



[37]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

merase chain reaction assays. American Journal of Tropical Medicine and Hygiene
2006;75: 454-60.

Raghavendra K, Cornel AJ, Reddy BPN, Colins FH, Nanda N, Chandra D, Verma V,
Dash AP, Subbarao SK. Multiplex PCR assay and phylogenetic analysis of sequences
derived from D2 domain of 285 rDNA distinguished members of the Anopheles culi-

cifacies complex into two groups, A/D and B/C/E. Infection Genetics and Evolution
2009; 9(2): 271-7.

National Institute of Malaria Research. Anopheles culicifacies and An. fluviatilis com-
plexes and their control. Technical Report series No. NIMR/TRS/2009-Jan/02, New
Delhi, India.

Subbarao SK, Vasnatha K, Adak T, Sharma VP. Seasonal prevalence of sibling species
A and B of the taxon Anopheles culicifacies in villages around Delhi. Indian Journal of
Malariology 1987;24: 9-15.

Joshi H, Vasantha K, Subbarao SK, Sharma VP. Host feeding patterns of Anopheles cu-
licifacies species A and B. Journal of American Mosquito Control Association 1988;4:
248-51.

Subbarao SK, Vasantha K, Sharma VP. Response of Anopheles culicifacies sibling spe-
cies A and B to DDT and HCH in India: implications in malaria control. Medical and
Veterinary Entomology 1998;2: 219-23.

Raghavendra K, Vasantha K, Subbarao SK, Pillai MKK, Sharma VP. Resistance in
Anopheles culicifacies sibling species B and C to malathion in Andhra Pradesh and Gu-
jarat States, India. Journal of American Mosquito Control Association 1991;7: 255-9.

Singh OP, Raghavendra K, Nanda N, Mittal PK, Subbarao SK: Pyrethroid resistance
in Anopheles culicifacies in Surat district, Gujarat, India. Current Science 2002;82:
547-50.

Bhatt RM, Sharma SN, Barik TK, Raghavendra K. Status of insecticide resistance in
malaria vector, Anopheles culicifacies in Chattisgarh state, India. Journal of Vector
Borne Diseases 2012;49: 36-8.

Mishra AK, Chand SK, Barik TK, Dua VK, Raghavendra K. Insecticide resistance sta-
tus in Anopheles culicifacies in Madhya Pradesh, Central India. Journal of Vector Borne
Diseases 2012;49: 39-41.

Singh RK, Mittal PK, Gourshettiwar MP, Pande SJ, Dhiman RC. Susceptibility of ma-
laria vectors to insecticides in Gadchiroli district (Maharashtra), India. Journal of
Vector Borne Diseases 2012;49: 42-4.

Singh OP, Bali P, Hemingway ], Subbarao SK, Dash AP, Adak T. PCR-based methods
for the detection of LIOI4 kdr mutation in Anopheles culicifacies sensu lato. Malaria
Journal 2009;8:154 (doi:10.1186/1475-2875-8-154).

259



260 Anopheles mosquitoes - New insights into malaria vectors

[47]

[48]

[50]

[52]

[53]

[54]

[56]

[57]

Hoti SL, Vasuki V, Jambulingam P, Sahu SS. kdr allele-based PCR assay for detection
of resistance to DDT in Anopheles culicifacies sensu lato Giles population from Mal-
kangiri District, Orissa, India. Current Science 2006;91: 658-61.

Subbarao SK, Adak T, Vasnatha K, Joshi H, Raghavandra K, Cochrane AH, Nussenz-
weig RS, Sharma VP. Susceptibility of Anopheles culicifacies species A and B to Plasmo-
dium vivax and Plasmodium falciparum as determined by immunoradiometric assay.
Transactions of the Royal Society Tropical Medicine and Hygiene 1988;82: 394-7.

Kar I, Subbarao SK, Eapen A, Ravindran J, Satyanarayana TS, Raghavendra K, Nan-
dan N, Sharma VP. Evidence for a new malaria vector species, species E, within the
Anopheles culicifacies complex (Diptera: Culicidae). Journal of Medical Entomology
1999;36(5): 595-600.

Sharma A, Parasher H, Singh OP, Adak T. Species B of Anopheles culicifacies (Diptera:
Culicidae) is reproductively less fit than species A and C of the complex. Acta Tropi-
ca 2009;112: 316-9.

Adak T, Kaur S, Singh OP. Comparative susceptibility of different members of the
Anopheles culicifacies complex to Plasmodium vivax. Transactions of the Royal Society
of Tropical Medicine and Hygiene 1999;93: 573-7.

Kaur S, Adak T, Singh OP. Susceptibility of species A, B, C of Anopheles culicifacies
complex to Plasmodium yoelii yoelii and Plasmodium vinckei petteri infections. Journal of
Parasitology 2000;86: 1345-8.

Subbarao SK, Nanda N, Vasantha K, Dua VK, Malhotra MS, Yadav RS, Sharma VP.
Cytogenetic evidence for three sibling species in Anopheles fluviatilis. Annals of Ento-
mological Society of America 1994;87: 116-21.

Manonmani A, Townson H, Adeniran T, Jambulingam P, Sahu S, Vijatkumar T.
rDNA-ITS2 polymerase chain reaction assay for the sibling species of Anopheles flu-
viatilis. Acta Tropica 2001;78: 3-9.

Manonmani A, Nanda N, Jambulingam P, Sahu S, Vijaykumar T, Vani JR, Subbarao
SK. Comparison of polymerase chain reaction assay and cytotaxonomy for identifica-
tion of sibling species of Anopheles fluviatilis (Diptera: Culicidae). Bulletin of the Ento-
mological Research 2003;93: 169-71.

Singh OP, Chandra D, Nanda N, Raghavendra K, Sunil S, Sharma SK, Dua VK, Sub-
barao SK. Differentiation of members of the Anopheles fluviatilis species complex by
an allele-specific polymerase chain reaction based on 28S ribosomal DNA sequences.
American Journal of Tropical Medicine and Hygiene 2004;70; 27-32.

Garros C, Harbach RE, Manguin S. Morphological assessment and molecular phylo-
genetics of the Funestus and Minimus Groups of Anopheles (Cellia). Journal of Medi-
cal Entomology 2005;42: 522-36.



[58]

[59]

[60]

[61]

[63]

[64]

[65]

[67]

[68]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Chen B, Butlin RK, Pedro PM, Wang XZ, Harbach RE. Molecular variation, systemat-
ics and distribution of the Anopheles fluviatilis complex in southern Asia. Medical and
Veterinary Entomology 2006;20: 33-43.

Singh OP, Chandra D, Nanda N, Sharma SK, Htun PT, Adak T, Subbarao SK, Dash
AP. On the conspecificity of Anopheles fluviatilis species S with Anopheles minimus C.
Journal of Biosciences 2006;31: 671-7.

Nanda N, Joshi H, Subbarao SK, Yadav RS, Shukla RP, Dua VK, Sharma VP. Anophe-
les fluviatilis complex: host feeding patterns of species S, T and U. Journal of Ameri-
can Mosquito Control Association 1996;12: 147-9.

Gunasekaran K, Sahu SS, Parida SK, Sadanandane C, Jambulingam P, Das PK. Ano-
pheline fauna of Koraput district, Orissa state with particular reference to transmis-
sion of malaria. Indian Journal of Medical Research 1989;89: 340-43.

Nanda N, Yadav RS, Subbarao SK, Joshi H, Sharma VP. Studies on Anopheles fluviati-
lis and Anopheles culicifacies sibling species in relation to malaria in forested hilly and
deforested riverine ecosystems in northern Orissa, India. Journal of the American
Mosquito Control Association 2000;16: 199-205.

Sharma SK, Nanda N, Dua VK, Joshi H, Subbarao SK, Sharma VP. Studies on the bio-
nomics of Anopheles fluviatilis sensu lato and the sibling species composition in the
foothills of Shiwalik range (Uttar Pradesh), India. Southeast Asian Journal of Tropical
Medicine and Public Health 1995;26: 566-72.

Adak T, Singh OP, Das MK, Wattal S, Nanda N. Comparative susceptibility of three
important malaria vectors Anophele stephensi, Anopheles fluviatilis and Anopheles sun-
daicus to Plasmodium vivax. Journal of Parasitology 2005;91: 79-82.

Sahu SS, Parida SK, Sadanandane C, Gunasekaran K, Jambulingam P, Das PK. Breed-
ing habitats of malaria vector Anopheles fluviatilis, Anopheles annularis, and Anopheles
culicifacies in Koraput district. Orissa. Indian Journal of Malariology 1990;27: 209-16.

Dev V, Phookan S. Epidemiology and control of malaria in the Brahmaputra Valley
of Assam. In: Advances in Medical & Human Welfare (ed., SC Goel), The UP Zoolog-
ical Society, Muzaffar Nagar 251001 India, 1998. p 59-65.

Singh OP, Nanda N, Dev V, Bali P, Sohail M, Mehrunnisa A, Adak T, Dash AP. Mo-
lecular evidence of misidentification of Anopheles minimus as Anopheles fluviatilis in
Assam (India). Acta Tropica 2010;113: 241-4.

Garros C, Bortel WV, Trung HD, Coosemans M, Manguin S. Review of the Minimus
Complex of Anopheles, main malaria vector in Southeast Asia: from taxonomic issues
to vector control strategies. Tropical Medicine and International Health 2006;11:
102-14.

261



262  Anopheles mosquitoes - New insights into malaria vectors

[69]

[70]

[71]

[72]

[73]

[74]

[76]

[77]

[78]

[79]

[80]

[82]

Viswanathan DK, Das S, Oommen AV. Malaria carrying anophelines in Assam with
special reference to the results of twelve months dissections. Journal of the Malaria
Institute of India 1941; 4: 297-306.

Muirhead Thomson RC. Studies on the behaviour of Anopheles minimus. The behavi-
ous of adult in relation to feeding and resting in houses. Journal of the Malaria Insti-
tute of India 1941;4: 217-45.

Senior White RA, Ghosh AR, Rao VV. On the adult bionomics of some Indian Ano-
phelines with special reference to malaria control by pyrethrum spraying. Journal of
Malaria Institute of India 1945;6: 129-215.

Misra BG, Dhar SK. Malaria in Tripura State. Indian Journal of Malariology 1955; 9:
111-23.

Misra BG. Malaria in northeast Frontier Agency (India). Indian Journal of Malariolo-
gy 1956;10: 331-47.

Gilroy AB. Malaria control on tea estates in Assam 1947-56. Indian Journal of Malari-
ology 1958;12: 157-64.

Chakrabarti AK, Singh NN. The probable cause of disappearance of Anopheles mini-
mus from the Terai area of Nainital district of UP. Bulletin of the National Society of
India for Malaria and other Mosquito-borne Diseases 1957; 5: 82-5.

Parajuli MB, Shreshta SL, Vaidya RG, White GB. National wide disappearance of
Anopheles minimus Theobald 1901, previously the principal malaria vector in Nepal.
Transactions of the Royal Society of Tropical Medicine and Hygiene 1981;75: 603.

Rajagopal R. Studies on persistent transmission of malaria in Burnihat, Meghalaya.
Journal of Communicable Diseases 1976; 8: 235-45.

Ray AP, Narasimham MVVL, Kondrashin AV, Bill AK. P. falciparum Containment
Programme, Ten years of operation in India (1978-1988). PfCP/ Directorate of NMEP/
WHOY/SIDA, Delhi 1988; p 290.

Dev V. Integrated disease vector control of malaria: a success story based in Assam,
northeastern India. ICMR Bulletin 2009;39: 21-8.

Kareem MA, Singh YK, Bhatnagar VN, Dass M. A preliminary report on entomologi-
cal studies under PFCP in Zone-1. Journal of Communicable Diseases 1983;15: 207-8.

Das SC, Baruah I. Incrimination of Anopheles minimus Theobald and Anopheles balaba-
censis balabacensis Baisas (A. dirus) as malaria vectors in Mizoram. Indian Journal of
Malariology 1985; 22: 53-5.

Dutta P, Baruah BD. Incrimination of Anopheles minimus Theobald as vector of malar-
ia in Arunachal Pradesh. Indian Journal of Malariology 1987; 24: 159-162.



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[96]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Wajihullah, Jana B, Sharma VP. Anopheles minimus in Assam. Current Science
1992;63: 7-9.

Dev V, Sharma VP. Persistent transmission of malaria in Sonapur PHC, Kamrup Dis-
trict, Assam. Journal of Parasitic Diseases 1995;19: 65-8.

Dev V. Anopheles minimus: Its bionomics and role in the transmission of malaria in
Assam, India. Bulletin of the World Health Organization 1996;74: 61-6.

Prakesh A, Mohapatra PK, Srivastava VK. Vector incrimination in Tamulpur primary
health centre, district Nalbari, lower Assam during malaria outbreak 1995. Indian
Journal of Medical Research 1996;103: 146-9.

Jambulingam P, Sahu SS, Manonmani A. Reappearance of Amnopheles minimus in
Singhbum hills of East-Central India. Acta Tropica 2005; 96: 31-5.

Sahu SS, Gunasekaran K, Vanamail P, Jambulingam P. Seasonal prevalence and rest-
ing behaviour of Anopheles minimus Theobald & An. fluviatilis James (Diptera: Culici-
dae) in east-central India. Indian Journal of Medical Research 2011;133: 655-61.

Dev V. Malaria survey in Tarajulie Tea Estate and adjoining hamlets in Sonitpur dis-
trict, Assam. Indian Journal of Malariology 1996;33: 21-9.

Gogoi SC, Dev, V. Phookan S. Morbidly and mortality due to malaria in Tarajulie tea
estate, Assam, India. Southeast Asian Journal Tropical Medicine Public Health
1996;27: 526-9.

Dev V, Ansari MA, Hira CR, Barman K. An outbreak of P. falciparum malaria due to
Anopheles minimus in Central Assam. Indian Journal of Malariology 2001;38: 32-8.

Dev V. Hira CR, Rajkhowa MK. Malaria - attributable morbidly in Assam, northeast-
ern India. Annals of Tropical Medicine & Parasitology 2001;95: 789-96.

Dev V, Bhattacharyya PC, Talukdar R. Transmission of malaria and its control in the
Northeastern Region of India. Journal of Association of Physicians of India 2003;51:
1073-76.

Dev V, Sharma VP, Hojai D. Malaria transmission and disease burden in Assam:
challenges and opportunities. Journal of Parasitic Diseases 2009;33: 3-12.

Prakash A, Mohapatra PK, Bhattacharyya DR, Sharma CK, Goswami BK, Hazarika
NC, Mahanta J. Epidemiology of malaria outbreak (April/May, 1999) in Titabor Pri-
mary Health Centre, district Jorhat (Assam). Indian Journal of Medical Research
2000;111: 121-6.

Sucharit S, Komalamisra N, Leemingsawat S, Apiwathnasorn C, Thongrungkiat S.
Population genetic studies on the Anopheles minimus complex in Thailand. Southeast
Asian Journal of Tropical Medicine and Public Health 1988;19: 717-23.

263



264  Anopheles mosquitoes - New insights into malaria vectors

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Green CA, Gass RF, Munstermann LE, Baimai V. Population-genetic evidence for
two species in the Anopheles minimus in Thailand. Medical and Veterinary Entomolo-
gy 1990;4: 25-34.

Harbach RE. The classification of genus Anopheles (Diptera: Culicidae). A working
hypothesis of phylogenetic relationships. Bulletin of Entomological Research 2004;94:
537-53.

Harbach RE, Parkin E, Chen B, Butlin RK. Anopheles (Cellia) minimus Theobald (Dip-
tera: Culicidae): neotype designation, characterization, and systematics. Proceedings
Entomological Society of Washington 2006;108:198-209.

Harbach RE, Garros C, Manh ND, Manguin S. Formal taxonomy of species C of the
Anopheles minimus sibling species complex (Diptera: Culicidae). Zootaxa 2007;1654:
41-54.

Somboon P, Rory A, Tsuda Y, Takagi M, Harbach RE. Systematics of Anopheles (Cel-
lia) yaeyamaensis sp. n., alias species E of the An. minimus complex of southeastern
Asia (Diptera: Culicidae). Zootaxa 2010;2651: 43-51

Van Bortel W, Trung HD, Manh ND, Roelands P, Verle P, Coosemans M. Identifica-
tion of two species within the Anopheles minimus complex in northern Vietnam and
their behavioural divergences. Tropical Medicine and International Health 1999;4:
257-65.

Sharpe RG, Harbach RE, Butlin RK. Molecular variation and phylogeny of members
of the Minimus group of Anopheles subgenus Cellia (Diptera: Culicidae). Systematic
Entomology 2000;25: 263-72.

Kengne P, Trung HD, Baimaii, V, Cooseman M, Manguin S. A multiplex PCR-based
method derived from random amplified polymorphic DNA (RAPD) marker for the
identification of species of the Anopheles minimus group in Southeast Asia. Insect Mo-
lecular Biology 2001;10: 427-35.

Garros C, Koekemoer LL, Coetzee M, Coosemans M, Manguin S. A single multiplex
assay to identify major malaria vectors within the African Anopheles funestus and the
Oriental Anopheles minimus groups. American Journal Tropical Medicine Hygiene
2004;70: 583-90.

Garros C, Koekemoer LL, Kamau L, Awolola TS, Van Bortel W, Coetzee M, Coose-
mans M, Manguin S. Restriction fragment length polymorphism method for the
identification of major African and Asian malaria vectors within the Anopheles funes-
tus and An. minimus groups. American Journal Tropical Medicine Hygiene 2004;70:
260-5.

Phuc HK, Ball AJ, Son L, Hanh NV, Tu ND, Lien NG. Verardi A, Townson H. Multi-
plex PCR assay for malaria vector Anopheles minimus and four related species in the



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Myzomyia series from Southeast Asia. Medical and Veterinary Entomology 2003;17:
423-8.

Prakash A, Walton C, Bhattacharyya, DR, Loughlin SO, Mohapatra PK, Mahanta ]J.
Molecular characterization and species identification of the Anopheles dirus and An.

minimus complexes in north-east India using r-DNA ITS2. Acta Tropica 2006;100:
156-61.

Dev V, Phookan S, Sharma VP, Anand SP. Physiographic and entomologic risk fac-
tors of malaria in Assam, India. American Journal Tropical Medicine Hygiene
2004;71: 451-6.

Dev V. Breeding habitats of Anopheline mosquitoes in Assam. Indian Journal of Ma-
lariology 1994;31: 31-4.

Jana-Kara B, Jihullah WA, Shahi B, Dev V, Curtis CF, Shrama VP. Deltamethrin im-
pregnated bed nets against Anopheles minimus transmitted malaria in Assam, India.
Journal of Tropical Medicine and Hygiene 1995;98: 73-83.

Dev V, Raghavendra K, Barman, K, Phookan S, Dash AP. Wash-resistance and field
efficacy of Olyset net, a permethrin incorporated long-lasting insecticidal netting
against Anopheles minimus transmitted malaria in Assam, Northeastern India. Vector-
Borne and Zoonotic Diseases 2010;10: 403-10.

Dev V, Raghavendra K, Singh SP, Phookan S, Khound K, Dash AP. Wash resistance
and residual efficacy of long-lasting polyester netting coated with alpha-cypermeth-
rin (Interceptor) against malaria-transmitting mosquitoes in Assam, northeast India.
Transactions of the Royal Society of Tropical Medicine and Hygiene 2010;104: 273-8.

Dixit ], Srivastava H, Sharma M, Das MK, Singh OP, Raghavendra K, Nanda N, Dash
AP, Saksena DN, Das A. Phylogenetic inference of Indian malaria vectors from mul-
tilocus DNA sequences. Infection, Genetics and Evolution 2010;10: 755-63.

Dixit ], Srivastava H, Singh OP, Saksena DN, Das A. Multilocus nuclear DNA mark-
ers and genetic parameters in an Indian Anopheles minimus population. Infection, Ge-
netics and Evolution 2011;11: 572-9.

Srivastava A, Nagpal BN, Sexena R, Dev V, Subbarao SK. Prediction of Anopheles
minimus habitat in India — a tool for malaria management. International Journal of
Geographical Information Science 2005;19: 91-7.

Sallum MA, Peyton EL, Wilkerson RC. Six new species of the Anopheles leucosphyrus
group, reinterpretation of An. elegans and vector implications. Medical and Veterina-
ry Entomology 2005;19: 158-99.

Obsomer V, Defoumy P, Coosemans M. The Anopheles dirus complex: spatial distri-
bution and environmental drivers. Malaria Journal 2007;6.

Takano KT, Nguyen NTH, Nguyen BTH, Sunahara T, Yasunami M, Nguyen MD, Ta-
kag M. Partial mitochondrial DNA sequences suggest the existence of a cryptic spe-

265



266  Anopheles mosquitoes - New insights into malaria vectors

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

cies within the Leucosphyrus group of the genus Anopheles (Diptera: Culicidae),
forest malaria vectors, in northern Vietnam. Parasites & Vectors 2010; 3:41.

Baimai V, Andre RG, Harrison BA, Kijchalao U, Panthusiri L. Crossing and chromo-
somal evidence for two additional sibling species within the taxon Anopheles dirus
Peyton and Harrison (Diptera: Culicidae) in Thailand. Proceedings of the Entomolog-
ical Society of Washhington 1987;89: 157-66.

Green CA, Munstermann LE, Tan SG, Panyim S, Baimai V. Population genetic evi-
dences for species A, B, C, and D of the Anopheles dirus complex in Thailand and en-
zyme electromorphs for their identification. Medical and Veterinary Entomology
1992;6: 29-36.

Hii JLK. Involvement of the X-chromosome in hybrid male sterility from crosses be-
tween species A and species B of the taxon Anopheles dirus. Mosquito News 1984;44:
192-96.

Walton C, Handley JM, Kuvangkadilok C, Collins FH, Harbach RE, Baimai V, Butlin
RK. Identification of five species of the Anopheles dirus complex from Thailand, using
allele-specific polymerase chain reaction. Medical and Veterinary Entomology
1999;13: 24-32.

Manguin S, Kengne P, Sonnier L, Harbach RE, Baimai V, Trung HD, Coosemans M.
SCAR markers and multiplex PCR-based identification of isomorphic species in the
Anopheles dirus complex in Southeast Asia. Medical and Veterinary Entomology
2002;16: 46-54.

Clark RHP, Choudhry MA. Observations on Anopheles leucosphyrus in Digboi area of
upper Assam. Journal of Malaria Institute of India 1941;4: 103-07.

Sen SK, John VM, Krishnan KS, Rajagopal R. Studies on malaria transmission in Ti-
rap district, Arunachal Pradesh (NEFA). Journal of Communicable Diseases 1973;5:
98-110.

Rajagopal R. Role of Anopheles balabacensis balabacensis in the transmission of malaria
in Assam. Journal of Communicable Diseases 1979;10: 71-4.

Dutta P, Bhattacharyya DR, Sharma CK, Dutta LP. The importance of Anopheles dirus
(Anopheles balabacensis) as a vector of malaria in northeast India. Indian Journal of
Malariology 1989;26: 95-101.

Das SC, Baruah I. Incrimination of Anopheles minimus Theobald and Anopheles balaba-
censis balabacensis Baisas (An. dirus) as malaria vectors in Mizoram. Indian Journal of
Malariology 1985;22: 53-5.

Prakash A, Bhattacharyya DR, Mohapatra PK, Mahanta J. Seasonal prevalence of
Anopheles dirus and malaria transmission in a forest fringed village of Assam, India.
Indian Journal of Malariology 1997; 34: 117-25.



[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Das NG, Talukdar PK, Kalita J, Baruah I, Sribastava RB. Malaria situation in forest-
fringed villages of Sonitpur district (Assam), India bordering Arunachal Pradesh
during an outbreak. Journal of Vector Borne Disease 2007;44: 213-8.

Rosenberg R, Maheswary NP. Forest malaria in Bangladesh. II. Transmission by
Anopheles dirus. American Journal of Tropical Medicine and Hygiene 1982;31: 183-91.

O’Loughlin SM, Okabayashi T, Honda M, Kitazoe Y, Kishino H, Somboon P, Sochan-
tha T, Nambanys S, Saikia PK, Dev V, Walton C. Complex population history of two
Anopheles dirus mosquito species in Southeast Asia suggests the influence of Pleisto-

cene climate rather than human-mediated effects. Journal of Evolutionary Biology
2008;21: 1555-69.

Morgan K, Linton Y-M, Somboon P, Saikia P, Dev V, Socheat D, Walton C. Inter-spe-
cific gene flow dynamics during the Pleistocene-dated speciation of forest-dependent
mosquitoes in Southeast Asia. Molecular Ecology 2010;19: 2269-85

Kondrashin AV, Jung RK, Akiyama J. Ecological aspects of forest malaria in South-
east Asia. In: (eds, Sharma VP and Kondrashin AV) Forest malaria in Southeast Asia,
Proceedings of an Informal Consultative Meeting. WHO/MRC, New Delhi 1991.
p1-28.

Dutta P, Bhattacharyya DR, Khan SA, Sharma CK, Mahanta ]J. Feeding pattern of
Anopheles dirus, the major vector of forest malaria in North-east India. Southeast
Asian Journal of Tropical Medicine and Public Health 1996;27: 378-81.

Prakash A, Bhattacharyya DR, Mohapatra PK, Mahanta J. Malaria transmission risk
by the mosquito Anopheles baimaii (formerly known as An. dirus species D) at differ-
ent hours of the night in North-east India. Medical and Veterinary Entomology
2005;19: 423-7.

Dutta P, Khan SA, Bhattacharyya DR, Khan AB, Sharma CK, Mahanta J. Studies on
the breeding habitats of the vector mosquito Anopheles baimaii and its relationship to
malaria incidence in Northeastern region of India. EcoHealth 2010;7: 498-506.

Prakash A, Bhattacharyya DR, Mohapatra PK, Mahanta J. Insecticide susceptibility
status of Anopheles dirus in Assam. Journal of Communicable Diseases 1998;30: 62.

Sarma DK, Prakash A, O’Loughlin SM, Bhattacharyya DR, Mohapatra PK, Bhatta-
charjee K, Das K, Singh S, Sarma NP, Ahmed GU, Walton C, Mahanta J. Genetic pop-
ulation structure of the malaria vector Anopheles baimaii in north-east India using
mitochondrial DNA. Malaria Journal 2012;11: 76.

Prakash A, Sarma DK, Bhattacharyya DR, Mohapatra PK, Bhattacharjee, K, Das K,
Mahanta J. Spatial distribution and r-DNA second internal transcribed spacer charac-
terization of Anopheles dirus (Diptera: Culicidae) complex species in north-east India.
Acta Tropica 2010;114: 49-54.

Dusfour I, Blondeau ], Harbach RE, Vythilingham I, Baimai V, Trung HD, Sochanta
T, Bangs MJ, Manguin S. Polymerase chain reaction identification of three members

267



268 Anopheles mosquitoes - New insights into malaria vectors

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

of the Anopheles sundaicus (Diptera: Culicidae) complex, malaria vectors in Southeast
Asia. Journal of Medical Entomology 2007; 44: 723-31.

Dusfour I, Michaux JR, Harbach RE, Manguin S. Speciation and phylogeography of
the Southeast Asian Anopheles sundaicus complex. Infection, Genetics and Evolution
2007;7: 484-93.

Singh N, Nagpal BN, Sharma VP. Mosquitoes of Kutch, Gujarat. Indian Journal of
Malariology 1985; 22: 17-20.

Nagpal BN, Kalra NL. Malaria vectors of India. Journal of Parasitic Diseases 1997; 21:
105-12.

Das MK, Nagpal BN, Sharma VP. Mosquito fauna and breeding habitats of anophe-
lines in Car Nicobar Island, India. Indian Journal of Malariology 1998; 35:197-205.

Nanda N, Das MK, Wattal S, Adak T, Subbarao SK. Cytogenetic characterization of
Anopheles sundaicus (Diptera: Culicidae) population from Car Nicobar island, India.
Annals of Entomological Society of America 2004;97: 171-6.

Alam MT, Das MK, Ansari MA, Sharma YD. Molecular identification of Anopheles
(Cellia) sundaicus from the Andaman and Nicobar islands of India. Acta Tropica
2006;97: 10-18.

Kumari R, Joshi H, Giri A, Sharma VP. Feeding preferences of Anopheles sundaicus in
Car Nicobar Islands. Indian Journal of Malariology 1993; 30: 201-6.

Kumari R, Sharma VP. Resting and biting habits of Anopheles sundaicus in Car Nico-
bar Islands. Indian Journal of Malariology 1994; 31: 103-4.

Kalra NL. Forest malaria vectors in India: Ecological characteristics and epidemiolog-
ical implications. In: Proceedings of an Informal Consultative Meeting WHO/MRC
18-22 February 1991(Eds. VP Sharma and AV Kondrashin, New Delhi), p93-114.

Subbarao SK, Vasnatha K, Adak T, Sharma VP, Curtis CF. Egg-float ridge number in
Anopheles stephensi: ecological variation and genetic analysis. Medical and Veterinary
Entomology 1987;1: 265-71.

Sweet WC, Rao BA. Races of Anopheles stephensi Liston 1901. Indian Medical Gazette
1937;72: 665-74.

Rao BA, Sweet WC, Subba Rao AM. Ova measurements of Anopheles stephensi type
and Anopheles stephensi var. mysorensis. Journal of Malaria Institute of India 1938;1:
261-6.

Sharma SN, Subbarao SK, Choudhury DS, Pandey KC. Role of An. culicifacies and An.
stephensi in malaria transmission in urban Delhi. Indian Journal of Malariology
1993;30: 155-68.



[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Chakraborty S, Ray S, Tandon N. Seasonal prevalence of Anopheles stephensi larvae
and existence of two forms of the species in an urban garden in Calcutta City. Indian
Journal of Malariology 1998;35: 8-14.

Ghosh SK, Tiwari S, Raghavendra K, Sathyanarayan TS, Dash AP. Observations on
sporozoite detection in naturally infected sibling species of the Anopheles culicifacies
complex and variant of An. stephensi in India. Journal of Biosciences 2008;33: 333-6.

Saguna SG. Y-chromosome dimorphism in the malaria vector Anopheles stephensi
from south India. Medical and Veterinary Entomology 1992; 6: 84-6

Nagpal BN, Srivastava A, Kalra NL, Subbarao SK. Spiracular indices in Anopheles ste-
phensi: a taxonomic tool to identify ecological variants. Journal of Medical Entomolo-
gy 2003;40: 747-9.

Saguna SG. Inversion (2) R1 in Anopheles stephensi, its distribution and relation to egg
size. Indian Journal of Medical Research 1981;73 (Supplement): 124-8.

Mahmood F, Sakai RK. Inversion polymorphism in natural populations of Anopheles
stephensi. Canadian Journal of Genetics and Cytology 1984;26: 538-46.

Sweet WC, Rao BA, Subba Rao AM. Cross-breeding of Anopheles stephensi type and
An. stephensi var. mysorensis. Journal of Malaria Institute of India 1938;1: 149-54.

Rutledge LC, Ward RA, Bickely WE. Experimental hybridization of geographic
strains of Anopheles stephensi (Diptera: Culicidae). Annals of Entomological Society of
America 1970;63: 1024-30.

Sumodan PK, Kumar A, Yadav RS. Resting behavior and malaria vector incrimina-
tion of Anopheles stephensi in Goa, India. Journal of the American Mosquito Control
Association 2004;20: 317-8.

Korgaonkar NS, Kumar A, Yadav RS, Kabadi D, Dash AP. Mosquito biting activity
on humans and detection of Plasmodium falciparum infection in Anopheles stephensi in
Goa, India. Indian Journal of Medical Research 2012;135: 120-6.

Akhtar R, Dutt AK, Wadhwa V. Malaria resurgence in urban India: lessons from
health planning strategies. In: Malaria in South Asia, eradication and resurgence dur-
ing the second half of the twentieth century. (eds. R Akhtar, AK Dutt, V. Wadhwa),
Springer, New York; 2010. p141-155. DOI 10.1007/978-90-481-3358-1_8.

Prasad H. Evaluation of malaria control programme in three selected districts of As-
sam, India. Journal of Vector Borne Diseases 2009;46: 280-7.

Dev V. Long-lasting insecticidal nets for malaria control. Current Science 2009;97:
469-70.

Dev V. Rolling back malaria initiative in India. Transactions of the Royal Society of
Tropical Medicine and Hygiene 2009;103: 210.

269



270 Anopheles mosquitoes - New insights into malaria vectors

[170]
[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

Dev V. Malaria recession and the way forward. Current Science 2010;99: 1507-9.

World Health Organization. Global Plan for Insecticide Resistance Management in
Malaria Vectors (GPIRM). http://www.who.int/malaria/vector_control/ivm/gpirm
(Accessed 02 July 2012).

Sharma SK, Upadhyay AK, Haque MA, Tyagi PK, Kindo BK. Impact of changing
over of insecticide from synthetic pyrethroids to DDT for indoor residual spray in
malaria endemic area of Orissa, India. Indian Journal of Medical Research 2012;135:
382-8.

Sharma RC, Gautam AS, Bhatt RM, Gupta DK, Sharma VP. The Kheda malaria
project: the case for environmental control. Health Policy and Planning 1991;6 (3):
262-70.

Beier JC, Keating ], Githure JI, Macdonald MB, Impoinvil DE, Novak RJ. Integrated
vector management for malaria control. Malaria Journal 2008; 7 (Suppll): S4 doi:
10.1186/1475-2875-7-51-54.

Ghosh SK, Tiwari SN, Sathyanarayan TS, Sampath TR, Sharma VP, Nanda N, Joshi
H, Adak T, Subbarao SK. Larvivorous fish in wells target the malaria vector sibling
species of the Anopheles culicifacies complex in villages in Karnataka, India. Transac-
tions of the Royal Society of Tropical Medicine and Hygiene 2005; 99: 101-5.

Ghosh SK, Satyanarayan T, Ojha VP. A renewed way of malaria control in Karnatka,
South India. Frontiers in Physiology 2012;3: 1-3.

Dev V, Dash AP, Hojai D. Fishing out malaria in Assam, northeastern India: hope or
hype? Transactions of the Royal Society of Tropical Medicine and Hygiene 2008;102:
839-40.

Prakash A, Bhattacharyyya DR, Mohapatra PK, Mahanta J. Role of the prevalent
Anopheles species in the transmission of Plasmodium falciparum and P. vivax in Assam
state, north-eastern India. Annals of Tropical Medicine and Parasitology 2004;98:
559-68.

Dhiman S, Bhola RK, Goswami D, Rabha B, Kumar D, Baruah I, Singh L. Polymerase
chain reaction detection of human host preference and Plasmodium parasite infections
in field collected potential malaria vectors. Pathogens and Global Health 2012; 106:
177-180.

Singh S, Prakash A, Yadav RNS, Mohapatra PK, Sarma NP, Sarma DK, Mahanta ],
Bhattacharyya DR. Anopheles (Cellia) maculatus group: Its spatial distribution and mo-
lecular characterization of member species in north-east India. Acta Tropica 2012;
124: 62-70.

Harbach RE. Mosquito Taxonomy Inventory. (http://www.mosquito-taxonomy-in-
ventory.info/) accessed 23 September 2012.



[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

The Dominant Mosquito Vectors of Human Malaria in India
http://dx.doi.org/10.5772/55215

Alam MT, Das MK, Dev V, Ansari MA, Sharma YD. Identification of two cryptic spe-
cies in the Anopheles (Cellia) annularis complex using ribosomal DNA PCR-RFLP. Par-
asitology Research 2007; 100:943-48.

Dash AP, Bendley MS, Das AK, Das M, Dwivedi SR. Role of Anopheles annularis as a
vector of malaria in island of Orissa. Journal of Communicable Diseases 1982; 14: 224.

Subbarao SK, Vasantha K, Nanda N, Nagpal BN, Dev V, Sharma VP. Cytotaxonomic
evidence for the presence of Anopheles nivipes In India. Journal of the American Mos-
quito Control Association 2000;16: 71-4.

Alam MT, Das MK, Dev V, Ansari MA, Sharma YD. PCR-RFLP method for the iden-
tification of four members of the Anopheles annularis group of mosquitoes (Diptera:

Culicidae). Transactions of the Royal Society of Tropical Medicine and Hygiene
2007;101: 239-44.

Bhattacharyya DR, Prakash A, Sarma NP, Mohapatra PK, Singh S, Sarma DK, Kalita
MC, Mahanta J. Molecular evidence of involvement of Anopheles nivipes (Diptera: Cu-

licidae) in the transmission of Plasmodium falciparum in north-east India. Annals of
Tropical Medicine and Parasitology 2010; 104: 331-36.

Suguna SG, Gopal Rathinam K, Rajavel AR, Dhanda V. Morphologcial and chromo-
somal description of new species in the Anopheles subpictus complex. Medical and
Veterinary Entomology 1994; 88-94.

Panicker KN, Geetha Bai M, Bheema Rao US, Viswam K, Suryanaryanmurthy U.
Anopheles subpictus vector of malaria in coastal villages of Southeast India. Current
Science 1981; 50: 694-5.

Kulkarni SM. Detection of sporozoites in Anopheles subpictus in Bastar district, Mad-
hya Pradesh. Indian Journal of Malariology 1983; 20: 159-60.

Amerasinghe PH, Amerasinghe FP, Wirtz RA, Indrajith NG, Somapala W, Pereira
LR, Rathnayake AMS. Malaria transmission by Amnopheles subpictus (Diptera: Culici-
dae) in a new irrigation project in Sri Lanka. Journal of Medical Entomology 1992; 29:
577-81.

John TJ, Dandona L, Sharma VP, Kakkar M. Continuing challenge of infectious dis-
eases in India. Lancet 2011;377: 252-69.

Dash AP, Valecha N, Anvikar AR, Kumar A. Malaria In India: Challenges and op-
portunities. Journal of Biosciences 2008;33: 583-92.

World Health Organization. World Malaria Report 2011. http://www.who.int/malar-
ia/world_malaria_report_2011. (accessed 02 July 2012).

271



ntechOpen

ntechOpen



