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Abstract

within the targeted time frame.

India has committed to eliminate malaria by 2030. The national framework for malaria elimination released by the
Government of India plans to achieve this goal through strategic planning in a phased manner. Since vector control is
a major component of disease management and vector elimination, it requires a thorough understanding of the biol-
ogy and bionomics of malaria vectors exhibiting definite distribution patterns in diverse ecosystems in the country.
Although a wealth of information is available on these aspects, lesser-known data are on biting time and rhythm,

and the magnitude of outdoor transmission by the vectors which are crucial for effective implementation of the key
vector control interventions. Most of the data available for the vector species are at sensu lato level, while the major
vectors are species complexes and their members distinctly differ in biological characters. Furthermore, the persistent
use of insecticides in indoor residual spray and long-lasting insecticidal nets has resulted in widespread resistance

in vectors and changes in their behaviour. In this document, challenges in vector control in the Indian context have
been identified and possible solutions to overcome the problem are suggested. Adequate addressing of the issues
raised would greatly help make a deep dent in malaria transmission and consequently result in disease elimination
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Background

As per the World Malaria Report 2018, in 2017 80% of
the global malaria burden was borne by 15 countries in
sub-Saharan Africa and India. India (with 4% malaria
cases) is one of the five countries that contributed 50%
malaria cases worldwide. The other four countries are
Nigeria (25%), Democratic Republic of the Congo (11%),
Mozambique (5%), and Uganda (4%) [1]. Total malaria
cases reported in 2017 in India were more than 9.5 mil-
lion and this number is 3 million cases fewer than those
reported in 2016. Plasmodium falciparum cases were
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63.38% and the other major parasite species was Plas-
modium vivax (about 33-34%); Plasmodium malariae
and Plasmodium ovale continued to be about 2-3% of
the total cases. Plasmodium knowlesi cases are so far
reported only from Andaman and Nicobar Islands.

National framework for malaria elimination

In line with global developments in achieving the elimi-
nation of malaria in different countries, India has com-
mitted to eliminating malaria by 2030. The National
Framework for Elimination of Malaria in India [2] was
released on 16 February, 2016. Based on the epidemio-
logical data of 2014, 15 states and Union territories (UTs)
with annual parasite incidence (API) less than 1 are
placed under Category 1, 11 with API less than 1 and 1
or more districts with API more than 1 under Category

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-019-3011-8&domain=pdf

Subbarao et al. Malar J (2019) 18:396

2, and 10 with API more than 1 under Category 3. The
national malaria control programme plans to achieve
elimination in a phased and strategic manner, and pre-
vent re-establishment of local transmission of malaria in
areas where it has been eliminated and sustain a malaria-
free status nationally by 2030. In order to reach the timely
milestones and ultimately the elimination by 2030, key
interventions recommended for the three categories are
listed in detail in the document, and the vector control
forms the major component of malaria control.

With the use of indoor residual spray (IRS) and long-
lasting insecticidal nets (LLINs) in association with
prompt case detection and treatment facilities, there has
been a reduction in the incidence of malaria cases in the
country. Epidemiological data of the country shows that
certain areas still report intense malaria transmission [1].

Of the different technical and operational reasons iden-
tified for failure of control, lack of relevant knowledge on
the behaviour of vectors could be one. There are reports
from several countries [3—6] and from India [7, 8] show-
ing drift in mosquito behaviour to rest outdoors owing
to the use of insecticide interventions, especially LLINs.
The concern is that the effectiveness of these tools would
eventually be compromised. Reports on change in the
behaviour of vectors are a warning and require attention
to achieve elimination target. Hence, outdoor transmis-
sion and residual malaria are receiving renewed focus
globally.

In the context of India’s commitment to malaria elimi-
nation by the year 2030, there is a need to revisit the
existing knowledge on biology and bionomics of malaria
vectors. The recently published monograph Guidelines
for malaria vector control [9] states that “accurate spe-
cies identification is crucial for all studies and surveil-
lance activities on field populations of vectors. Many
of the vectors belong to species complexes and require
advanced molecular analyses for species identification,
necessitating appropriate laboratory resources. Without
accurate species identification, data collected on behav-
iour, distribution and infection rates for decision-making
by control programmes will have limited use”

Extensive studies have been carried out in differ-
ent parts of the country and several books, articles, and
reviews have been published (to mention a few: [10-13]).
The objective of writing this review is to describe the bio-
logical characters and bionomics of major malaria vectors
to highlight the changes that have occurred in the species
prevalence and biological characters, as this information
is important for planning vector control strategies. In this
article, studies that need to be carried out to generate
data to fill the gaps in existing knowledge in vector biol-
ogy and bionomics, and generate data to quantify behav-
ioural aspects to facilitate informed decisions in selecting
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tools/strategies to interrupt transmission effectively are
suggested. Furthermore, mechanisms to integrate exist-
ing tools, additional vector control interventions to
complement the existing ones, with a focus to address
biological aspects of vectors are discussed in this review
article.

Vector species prevalence in India

Six Anopheles species, Anopheles baimaii, Anopheles
culicifacies, Anopheles fluviatilis, Anopheles minimus,
Anopheles stephensi, and Anopheles sundaicus are impli-
cated as primary vectors transmitting malaria in differ-
ent eco-geographical regions of India. In addition, the
secondary/local vectors Anopheles annularis, Anopheles
nivipes, Anopheles philippinensis, and Anopheles varuna
transmit malaria along with either one or two major vec-
tors in different parts of the country. Anopheline vector
fauna of this country is further enriched by the recog-
nition of certain of these vector species as species com-
plexes [11, 13]. The anopheline species that have been
found as complexes and the members in each of these
complexes found in India are: Culicifacies Complex
(A, B, C, D, E), Dirus Complex (two-An. baimaii in the
northeast and Anopheles elegans in the south), Fluviatilis
Complex (S, T, U, V), Minimus Complex (An. minimus),
Sundaicus Complex (species D), Annularis Complex
(A and B) and Subpictus Complex (A, B, C, D) [11, 13].
These species, owing to their distinct biological charac-
ters and ecological preferences, show a specific distribu-
tion pattern. Malaria epidemiology in India is complex
and the endemicity varies distinctly in diverse ecosystems
of the country. The ecosystems vary in the proportions of
two predominant malaria parasites P. falciparum and P
vivax, and the prevalence of the six major Anopheles vec-
tor species and their sibling species along with one or two
vectors of local importance.

Eco-geographical distribution of major malaria
vectors

The major ecosystems where malaria is endemic in the
country are forests, rural plains, urban, coastal, and arid
areas. There is a strong relationship between ecosys-
tem and vector and parasite species prevalence to the
malaria transmission in an area. Vector species have a
distinct distribution pattern in the country and the pat-
tern is governed by land use patterns and type of breed-
ing sites available. For example, topography and climatic
conditions in the forest eco-systems, in addition to influ-
encing the prevalence of vector species, also affects lon-
gevity of the vectors. In laboratory studies at 27-28 °C
and 70-80% relative humidity, P, falciparum takes longer
to complete its sporogonic cycle than P vivax in vectors
[14] and there were similar observations in laboratory
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feeding experiments done at NIMR (unpublished). As all
malaria vector species in India transmit both the major
parasite species P, falciparum and P. vivax the differences
observed in the prevalence of parasite species are due to
variable climatic conditions in the ecosystems prevalent
in the country.

Broadly, ecosystems and the major malaria vectors and
their sibling species observed in different states are given
in Table 1.

Biology and bionomics of major malaria vector
species and their sibling species in different
ecosystems

Anopheles culicifacies and An. fluviatilis are major vec-
tors contributing to 75-80% malaria in India, and An.
culicifacies alone is responsible for 60—70% of malaria. In
a hilly-forested ecosystem, An. fluviatilis is the major vec-
tor species with An. culicifacies in the secondary role, and
in plain and forest-fringe areas An. culicifacies is the pre-
dominant vector species. In certain plain areas, An. culic-
ifacies is the only species transmitting malaria. Biology
and bionomics studies carried out in India broadly reveal
that An. culicifacies and An. fluviatilis predominantly
rest indoors and bite indoors [10, 15-17]. Anopheles
culicifacies is observed in high densities (per man-hour
densities) and is predominantly a zoophilic species, and
indoor-resting collections from cattle sheds are generally
more than those from human dwellings [10, 17, 18]. In
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contrast, densities of An. fluviatilis are low with signifi-
cantly higher numbers in human dwellings than in cattle
sheds. This species has a high human blood index (HBI)
ranging between 0.8 and 0.9 in areas where it has been
implicated in malaria transmission [17, 19-22]. In Bala-
ghat district of Madhya Pradesh, An. culicifacies tested
positive for Plasmodium antigen, almost in equal num-
ber from cattle sheds and human dwellings. Furthermore,
from outdoor light traps and indoor light traps positives
were found. Of the total 67 An. fluviatilis collected, 3/13
positives were found from human dwelling pyrethrum
spray collections [23]. In district Sundergarh (Odisha), in
the forested areas, human biting rates (HBR) of An. culic-
ifacies and An. fluviatilis were 0.6 and 6.47 per person
per night, respectively, and in plain areas where only An.
culicifacies was found, its HBR was the same as in forest
areas [21]. In areas where both An. culicifacies and An.
fluviatilis transmit malaria, as in hilly, forested villages
of Odisha, low densities of An. fluviatilis from April to
September are compensated by An. culicifacies, and from
October to February—March An. fluviatilis, with its high-
est densities of the year, transmit malaria leading to per-
ennial transmission [17, 21, 24].

These studies establish the distinct difference in inten-
sity of malaria transmission in plain and forest areas in
the same district, and also show distinct difference in
transmission efficiencies of these two vector species.
Similar observations were made in Madhya Pradesh in

Table 1 Major malaria vector species prevalent in different ecosystems in India

Ecosystem
observed in ecosystems

Major vector species and sibling species

Regions/States

Rural plains, undulating plains

An. culicifacies A, B, C, D, E (sibling species with

Entire country

variable prevalence exhibit specific sympatric

associations)

Plain and undulating forests (deep valleys, hills
and hillocks with thick forests)

Hilly-forested terrains

An. baimaii
An. baimaii+ An. minimus

Forest and forest-fringe areas of northeast

Foothill regions An. minimus

Deforested areas where rice cultivation is
prevalent

Peri-urban areas
Urban and semi-urban areas

Arid zone

Island ecosystem areas with brackish water and
freshwater breeding places

An. culicifacies B, C, D+ An. fluviatilis S, T

An. fluviatilis S, T+ An. culicifacies B, C, E
An. minimus + An. fluviatilis S, T

An. minimus + An. culicifacies s. |.

An. stephensi + An. culicifacies s. .

An. stephensi—3 ecological forms—type form,
intermediate form, var. mysorensis

An. stephensi—type form and var. mysorensis
An. sundaicus species D (cytotype D)

Central and eastern regions: Madhya Pradesh,
Chhattisgarh, Jharkhand

Eastern region: Odisha, Chhattisgarh and Andhra
Pradesh
Eastern region—parts of Odisha

All northeastern states

Northeastern states: Arunachal Pradesh, Assam,
Manipur, Meghalaya, Mizoram, Nagaland and
Tripura

Northeastern states

Northeastern states: Assam, Manipur, Meghalaya,
Sikkim

Delhi, Goa, Tamil Nadu, etc.

Andhra Pradesh, Delhi, Goa Maharashtra, Kerala,
Telangana, Tamil Nadu, West Bengal

Rajasthan, Gujarat
Andaman and Nicobar Islands
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areas of Mandla and Dindori districts, which are differ-
ent in terrain and forest cover [25]. Anopheles culicifacies
was incriminated from both the districts, while only An.
fluviatilis from evergreen forests of Dindori. In Madhya
Pradesh, in whole night collections using light traps, Axn.
culicifacies and An. fluviatilis were collected in outdoor
traps [23, 25]. There was no difference in the number of
An. culicifacies in indoor and outdoor light traps, while
a higher number of An. fluviatilis was collected in out-
door traps than in indoor resting collections, suggesting
the preferential exophilic nature of this species. In Panna
district (Madhya Pradesh), families that spent about
3 weeks in the forest for the collection of mahua flowers
(Madhuca indica used for making liquor) returned with
falciparum malaria infection [26]. These studies suggest
the occurrence of outdoor transmission of malaria in for-
est areas of central India. In Assam, Meghalaya, Manipur
and Sikkim States in the northeast where deforesta-
tion was done for agricultural purpose and rice cultiva-
tion is in practice, An. culicifacies was found with higher
sporozoite rates than An. minimus. Irrigation channels
for rice cultivation were one of the important breed-
ing sites for An. culicifacies, and seen to be responsible
for the increased presence of this vector in these States
[27]. Similarly, in Thar Desert area of northwestern
Rajasthan, with the development of canal-irrigation sys-
tem, An. culicifacies established itself as a vector [28].
However, An. stephensi continues to be the major vector
in irrigated and non-irrigated villages in these areas of
Rajasthan [29].

Of the five sibling species identified in the Culicifacies
Complex, except species B (which is either a poor or non-
vector), all other species (A, C, D, E) transmit malaria in
different parts of the country [23, 30-34]. Epidemiologi-
cal and laboratory susceptibility studies support the poor
vector status of species B [35, 36]. All these sibling spe-
cies have a distinct distribution pattern in the country
with species B prevalent in all the areas surveyed either
exclusively or in sympatric association with other sibling
species [11, 13]. Host feeding preference studies of spe-
cies A, B, C, and D showed them to have low HBI ranging
between 0 and 0.05 [13, 37]. Distinct seasonal variations
in prevalence were observed among the sibling species
[11, 13, 18]. Among the four sibling species examined
for the biting rhythm, species A and B showed peak bit-
ing activity in the second quarter of the night, between
22:00 and 24:00 h, in all the seasons. Species C and D
showed a different biting rhythm with peak biting in
the first quarter between 18:00 and 21:00 h in April [13,
38]. In Chhattisgarh, Madhya Pradesh and Odisha, spe-
cies C is the predominant sibling species [17, 21, 31]. In
Madhya Pradesh, biting in early hours (first quarter of
the night) was 60% for species C and 30 to 40% for the
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next predominant vector species, species D [38]. For spe-
cies A, B, C, and D, the proportion of biting in the first
quarter was highest in April (biting rhythms of species E
has not been studied so far). In Madhya Pradesh, in April,
active malaria transmission of P. vivax and P. falciparum
cases was observed where species C was predominant
[39], and in Jharkhand, transmission was reported in
April, although An. culicifacies was in low densities [40].

Among the four members S, T, U, and V of the Flu-
viatilis Complex, species S was found with very high
anthropophagy (90-98%) and positivity to P vivax and
P falciparum infections [11, 17, 19]. Species T is pre-
dominantly zoophilic [19], and a few specimens positive
for P vivax and P. falciparum sporozoite antigen were
found in forest villages of Madhya Pradesh [23]. Sporo-
zoite antigen-positive specimens of species U have not
been found so far. Species V was identified in district
Hardwar in Uttarakhand State in sympatric association
with species T and U. In the indoor collections, 70%
specimens of species V were collected from human and
mixed dwellings and its HBI was 0.04, while in the same
sample collection, species T and U were totally zoophilic
[41]. Because of distinct differences in the distribution of
these sibling species and their feeding preference, great
variation in the role of An. fluviatilis sensu lato in malaria
transmission was observed in the country. Anopheles flu-
viatilis species S is a highly efficient sibling species of this
complex and the major vector in hilly, forested villages of
Chhattisgarh [20] and Odisha [8, 17, 21, 24, 33]. However,
in recent studies in Keonjhar and Sundergarh districts in
Odisha State in contrast to earlier observations, species T
was predominant and along with species S it was found in
higher numbers in cattle sheds than in human dwellings
[7, 8]. In the Singhbhum hill area in Keonjhar district, An.
minimus was reported along with An. fluviatilis species S
(90%) and species T (9.1%) in indoor and outdoor human
landing catches for the first time outside of the northeast
[42, 43]). Anopheles minimus and An. fluviatilis S were
observed throughout the year and were highly anthropo-
philic with 92 and 90.2% human blood positivity, respec-
tively. Recently, An. minimus has been found in other
districts in India, West Singhbhum district, Jharkhand
(MK Das, pers. comm.) and Kalahandi district, Odisha
(RK Hazara, pers. comm.). Anopheles annularis is a sec-
ondary vector in Odisha. This taxon is a complex of two
sibling species, A and B [44].

Anopheles baimaii and An. minimus are vectors in the
northeastern states. Anopheles baimaii is reported from
all the states in the northeast (Sikkim, unpublished) [45].
Anopheles baimaii which is predominantly exophilic
rests during day time on tree trunks/creepers in for-
ests. It bites indoors and outdoors, and it briefly rests
indoors on walls for about 20—30 min before biting [46].
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Recently it has been collected indoors in large numbers
in the State of Tripura [47, 48]. It is highly anthropophilic
species and in Assam its HBI ranged from 0.667 to 1.0
during different months (average 0.923) [46]. Biting was
observed in all the four quarters of the night with about
6-7% in the first quarter, 75% of biting in the second
and third quarters, and 20% in the fourth quarter. In this
study in Assam, 21% of overall effective entomological
inoculation rate (EIR) was seen in the first quarter of the
night [49]. Anopheles elegans, the second member in the
Dirus Complex reported from southern India, has not
been incriminated as vector so far. Presently only one
sibling species of the Minimus Complex, An. minimus
is reported from India. This species is reportedly endo-
philic, endophagic and highly anthropophagic and is
found in low densities ranging from <1 to 7 mosquitoes
per man-hour in indoor resting collections [50]. Prefer-
ence to bite humans was very high (93%) and sporozoite
rate was 3.3% with sporozoite positives found during all
months of the year. Biting activity was observed through-
out the night with peak biting after midnight, between
01:00 and 04:00 h. In the northeastern states, in addi-
tion to An. baimaii and An. minimus, An. nivipes and An.
philippinensis play a secondary role in the transmission
of malaria. Anopheles nivipes was observed in Arunachal
Pradesh, Assam, Manipur, Meghalaya, and Nagaland
[51]. Between these two closely related mosquito species
under the Annularis Group, An. nivipes was predominant
in Assam and Nagaland, while An. philippinensis was
more prevalent in the states of Mizoram and Arunachal
Pradesh. Anopheles nivipes was incriminated as a vector
of P. falciparum in Nagaland bordering Assam, and both
these species were reported exophilic in behaviour and
predominantly zoophilic [52].

Anopheles sundaicus is now found only in Andaman
and Nicobar Islands and was not reported from the
mainland after its last report in 1974-75 from South 24
Parganas district in West Bengal [10]. Prior to its dis-
appearance from mainland, this species was reported
from Andhra Pradesh, Odisha and West Bengal [10].
This is a species complex, and only one species, species
D (cytotype D) was found in the islands [53, 54]. It has
a low preference to bite humans, with HBI of 0.025, but
in exclusive human dwelling collections, HBI was 0.18
[55]. It was collected indoors from both human dwellings
and cattle sheds, and also from outdoors. Exophagy and
bimodal biting activity with peak biting around 23.00 h
and the second peak around 02.00 h were observed [56].
In a recent study conducted in the Andaman and Nicobar
Islands, An. sundaicus was found positive for P knowlesi
[57].

The three forms of An. stephensi distinguished on the
basis of ridge number on floats of eggs are type form
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predominant in urban areas, intermediate in semi-urban
areas, and var. mysorensis in rural areas [58]. As no mat-
ing barrier was observed in laboratory crosses between
the three forms, and that egg morphological and chro-
mosomal inversion polymorphism studies in rural and
urban areas suggested the three forms to be differen-
tially found in different ecosystems, they were referred
as ecological forms [58-60]. Anopheles stephensi is the
major malaria vector in urban areas and transmits at
low densities [61]. While this species is the major vec-
tor in arid zones of rural Rajasthan [28, 29], it is con-
sidered as a poor/non vector in the rural areas of other
parts of India [58]. In certain parts of Iran An. stephensi
var. mysorensis was found as the only vector transmitting
malaria [62]. In these areas, animal hosts were very low
in number or were totally absent. Recently this species
is speculated to be a complex based on examination of
odorant binding protein 1 intron I sequence in An. ste-
phensi specimens collected from Iran and Afghanistan
[63]. The three biological species recognized as species
A, B and C correspond to type form, intermediate form
and var. mysorensis, respectively. The main strategy to
interrupt malaria transmitted by An. stephensi in urban
areas by the National Vector Borne Disease Control Pro-
gramme (NVBDCP) under the urban malaria scheme is
larval control, and in rural areas of Rajasthan where this
species is reported resting and biting indoors, indoor
residual spraying is used. In Rajasthan, in pre-DDT era
this species was found resting on the walls of the houses,
but recently in Jodhpur district of Rajasthan this spe-
cies was found resting on household objects (hanging
clothes, furniture, stacked clothes, etc.) avoiding walls
both in insecticide sprayed and unsprayed villages, sug-
gesting change in its resting behaviour [64]. Furthermore,
An. stephensi biting was observed outside the houses in
courtyards during dusk, and it was found entering the
houses after 23.00 h and most of the entry was between
01.00 and 04.00 h. In Goa State, An. stephensi is the major
vector. In this state An. stephensi could not be collected
from well-built houses, and large collections were made
from huts near construction sites [65]. In human land-
ing catches inside the houses, seasonal variations were
observed in biting times [66]. In Chennai city, An. ste-
phensi is the vector and this city contributes 60—-70% of
malaria cases of Tamil Nadu State [67]. In one of the high
malaria-endemic areas of Chennai, higher densities of
An. stephensi were observed in cattle sheds in the vicin-
ity of human dwellings than in human dwellings [68].
Maximum mosquito collections were from houses with
thatched roofs and only about 5% were from houses with
asbestos and tiled roofs. In addition to An. stephensi, An.
subpictus was found positive for sporozoites in coastal
areas of Goa [69] and in Chennai [68]. In Goa, sporozoite
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positive specimens were identified as species B of An.
subpictus. Anopheles subpictus is reported to be a com-
plex of 4 sibling species [70], and species B, which is a
coastal species, was earlier incriminated in Puducherry
[71].

Vector control strategies in use

Under NVBDCP, India vector control has been playing
an important role in disease management. The two main
vector control strategies that are being used are indoor
spraying with residual insecticides (IRS) and LLINs tar-
geting adult mosquitoes in rural areas of the country. In
urban areas, where vector breeding is in defined and con-
fined habitats, larval control using chemical insecticides,
bacterial pesticides and larvivorous fish is the applied
strategy. In the northeastern states and in forested areas
of the states in Central India, LLINs are being distributed
to saturation.

Current situation on responses of major vectors

to vector control tools

For indoor residual spraying, DDT, malathion and pyre-
throids have been introduced in the malaria control pro-
gramme in a sequential order. In 1959 An. culicifacies was
reported resistant to DDT [72], to hexachlorocyclohex-
ane [73] and in 1973, to malathion [74]. The differential
development of resistance among the sympatric sibling
species under similar selection pressure was observed
[11, 15, 75-77]. Now that IRS has been in practice for
more than six decades, vector species have developed
increased levels of resistance to one or more insecticides
in a given area depending on the use of insecticides and
the selection pressure exerted on the vector species. In a
recent review of the resistance/susceptible status of vec-
tor species to different insecticides, it is mentioned that
An. culicifacies in the rural plains have exhibited wide-
spread resistance [78]. In 70% of the districts examined,
this species has shown resistance to at least one insecti-
cide, while in some to two and in some other districts to
all three classes of insecticides. Resistance to pyrethroids
has been found widespread in Chhattisgarh, Madhya
Pradesh and Odisha while in other states it was sporadic.
With reference to other vector species: An. fluviatilis in
hilly, forested and foothill areas, where it is the major
vector, was mostly susceptible to DDT, in one district
even to malathion and fully susceptible to pyrethroid; Axn.
baimaii and An. minimus (except in one district resist-
ant to DDT), which are major vectors in the northeastern
states, were fully susceptible to all the three insecticides;
An. sundaicus was reported to be resistant to DDT and
malathion in Car Nicobar; and, An. stephensi, a vector
in urban areas, is susceptible to Temephos, used for lar-
val control, and is also susceptible to bacterial pesticide
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Bacillus thuringiensis israelensis (Bti) [78]. Scaling up of
LLIN intervention has brought about changes in sibling
species composition, resting behaviour and feeding pref-
erences of An. fluviatilis in Odisha [7, 8].

Challenges and possible solutions to effective
vector control

To achieve effective vector control towards elimination,
among various confounding factors it is important to
identify the challenges pertaining to the biological and
bionomic characters of vectors and related operational
issues. Those identified and the few more that require
attention are listed in Table 2, in order to facilitate tak-
ing informed decisions on strategies to be used to limit
transmission.

Conclusions

The use of indoor spray with residual insecticides and
LLINSs to target adults is the cornerstone of the national
malaria control programme. The efficacy of these inter-
ventions depends on the biological characters of the vec-
tor species, such as resting and feeding behaviour. The
success of IRS depends exclusively on the indoor rest-
ing (endophilic) behaviour of vector species irrespective
where they feed, while for LLINs it depends on site of use
(indoor/outdoor) and on feeding time of biting. Consid-
ering that the major vectors are mainly indoor resting
and endophagic, these strategies are being implemented
against all the vector species in the country. In the light
of widespread resistance in An. culicifacies to the three
classes of insecticides in use for interventions, there is an
urgent need to implement novel strategies to overcome
resistance [79], which includes use of insecticide mol-
ecules with novel modes of action for the management
of resistance and for the effective control of vector spe-
cies. Soon interventions using combinations of syner-
gists with insecticides and mixtures containing new class
of insecticides for IRS and LLINs will be available. The
data presented in the section on biology and bionomics
points out the presence of populations of vector species
that are exophilic and early biting. Cultural and agricul-
tural practices in certain endemic areas make people vul-
nerable to biting by vector species that are exophilic and
early biters. To address outdoor and early biting of vec-
tor species there is an urgent need for new tools and to
evaluate them for their efficacy and feasibility to use in
different ecosystems. In recent years in different endemic
countries newer tools are being tested for their efficacy,
such as spatial dispensers using volatile pyrethroids [80]
and for treating eve ribbons and odour-baited traps
[81], eave tubes [8], totally mosquito-proof portable
huts for the protection of rice cultivators [82], attrac-
tive toxic sugar baits [83, 84], etc., are being evaluated



Page 7 of 11

(2019) 18:396

Subbarao et al. Malar J

SUOI1D3JUl UBWINY 01 UBWNY| JO/PUR D110UOOZ :3POW UOISSIW
-sueJ1 ) Bulysiigeiss pue ‘auseled Jo 9duasaid ay3 10) SpUe|SI 9yl UO 1Uasald (1soimouy o 104
150y Alewid ay1) S1DNJISD) DIDIDYY JO UONBUILIBXT—SPUER|SI SUL Ul 924D UOISSILISURIL 9y Il

J01D9A 941 |0JIUOD 0} S31631..IS S|GR1INS JO UOeIYUSpP! pue sa10ads
J01D9A JO $21LI0UOIG pue ABojoIg UO Sa1pnis yidap ul Buieniul pue uoissiwsuesl Jo aus bul
-Us1|geIST 1S9IMOUY o JO UOISSILISURIY 9} Ul $3193ds J01D9A 19410 JO 3|0J 3|g1ssod ay) Buissassy |

Seale [PISROD Ul
UOISSILUISURIY Ul 9|01 DAI1R[J SH JO JUSWISSISSe pUe ‘sa1ads S1y1 Jo ApNnis soluwiouolq pue Abojolg

awiil buniq pue souasgud
Buipaay 150y ‘sa1s Bunsal 01 92U YUM JOIARYSQ Ul pue uoIsoduwlod sapads bulgls
pue sa13ads a1 Ul sabueYD 104 Seale PIINGUISIP SNITT Ul $219dS JOIDIA JO 9DUE||IDAINS JejnbHay

10109 Buljlamp 15310} pue dijiydoxs 19b1e) 01 5|001 JO UONIS|SS g IIl
Abojoluapida yum a1e[a) pue seale 153104 01 JUaW
-9A0W sajdoad 1oj paulwexs 90 01 aJe (S911S PUBYMIRY( PUB YSSpeId PIYPUY ‘Yiebsinieyyd)
uoIb3J UJ21SeS pUE [BIIUSD Ul SBAIR 15310} JSY1Q Seale 153104 Wolj bupeulblo s| eyl uols

-SIWISUBI] JO UOIBWIISS PUP Usapeld BAYPEI JO SBSJE 15310} 31 Ul SI01D9A JO UONRIYNUSP| e Iil
sa01nbsow d1j1ydoxa 1ab.e1 ued 1eyi 5|00}

|0JIUOD J01I3A JO UOIIDNPOIIUI—IOIDDA SAISN|IXS S SI IIDWIDQ "UY S19yM Seale sy3 buiwisg il
SY|3 ybnoIY1 SI00PINO UOISSILISURI) JO Wniuenb syl bul

-UsI|ge1se pue Seale UONBAIND WNYf Ul/Seale 159104 Ul S3SNOY WO} Aeme Builig 10109A UO e1eq |

awn ysnp buunp syuajiadas uopdaroid euosiad jo asn Bupowoid p i
S100pul bunsal 1oy 06 pjnom ysiym ssounbsow buniq Ajies ayi 19b.e1 01 Spays 911e3/53snoy
3U1 Ul sUop 3 03 3|q1ndadsns si sa12ads ay3 YoIym 03 9pIDIIdasUl JO SSe|d JUIaIp Buisn Sy|
AJ[RUOI}IPPE ‘(SI00PINO PUB SI00PU) PAISSTO S| Bulig Ajies pue pasn buiag a1e SNITT4 D Il
uolssiusuel) Jo sapniubew ayi Ajauenb 01 sy(3 asim-1a1en q il
AUE JI SUOIJeLIBA [RUOS
-B3s pue HBulIg JOOPINO SY3 21BWIISS 0 JI9PIO Ul 1YBIU Y3 Jo sianenb 1ualayip buunp pue
SUOSeas JUIayIp Bulnp sioopino,/sioopul bupiq uoljiodoid—ises Yilou Jo sa1eis ayi |8 uj ‘e Il
paviodal ale g sa10ads pue D) $a123ds a1aym
$31PIS Y} Ul SUOSeIS JUIaKIP Buunp saipnis WyiAyl buniq ybiu jje 10opino pue Joopu |

eliejew
10§ DIWISPUS SPUB|SI 9Y1 Ul SIPNIS SIILUOUOI] JO1DIA P3|IeISP SPUE|S| JEGODIN %9 UBWEPUY U] ‘Al

ABa1e.1S [03U0D UIBW 9Y1 MOU SI YdIym a6esn ulew SN|T]

01 sasuodsal J1ay1 pue sa1dads bul|gls S) pUe SaiopjIolind Uy JO 3|0 dAIIR[RJ dY3 () puUe seaie
PO123[9S Ul SNWIUIW “UY PUB IDWIDQ "UY JO SIIPNIS SIUIOUOIG $9181S UIS1Se LLIoU 9yl Ul (B) ‘Il

|9A3] sa19ads Bul|gls ayi 1 9A0ge PaUONUW Se sa1dads

SI0129A JO S2IWOUOI] (G) pue saxa|dw0d 359yl Jo sa1dads Bul|gis JO uonesynuap! (e)—saxa|d
W02 $3123ds aJe Y10q pUE SI01D3A JO[eW 31e SI1IDIANY Uy PUB SaIDDYI21N3 Uy Seale 953yl U] ‘Il

elie|ew JO 92uspidul ybiy yum ss1eis ur dn

UXE1 3 03 S3IPNIS ‘SIUIBIISUOD 92IN0S3I [BIDUBUY PUB UBWINY 3Y1 M3IA Ul Buidasy) '€ 9 7 sau
-063180) 91 Ul |y SUO UBY) 10U SABY YDIYM SIDLISIP 941 |[e Ul SSIPNIS INO ALieD 01 9|geiisaq 'l

:AjIgndaosns appRdasul ‘sy (3 ‘WyiAys builig 4noineyaq (Abeydoxa pue Abeydopus)

BunIg pue (JoopINo pue Joopul) buisal ‘sa159ds J0109A JO AlISUSP [PUOSESS UO Blep 1e
-19uab 01 Ajje1>adsa SOIOUOI] 419yl pue dud(eAald $3123dS J01D3A JO SIsAjeue [euolienlis

[sajmouy

4 10§ 2A1IS0d puUNoy U sey snowpuns Uy ‘Aeg [loqduie) pue essia] 4eqodiN 4eD) “lejg 1od
—spuejst JeqodIN 19 UBWEPUY JO SPUB|S| JUSISYIP Ul PUNOY SIeaWS poo|g aAIISOd [Samouy
SDILWRUAD UOISSILUSURIY [SOIMOUY o

payiodai si
UOISSIUISUBJ] BlIR[EUL SI9UM SBJR [PISROD JSUI0 Ul OS|e PUB ‘leUUSYD) pue BOD) Ul Snididqns “uy

BYSIPO Ul PAAISSGO Se pa1dadxe aie sawin bunig pue bunssi 01 159dsas yum

$10109A 3Y1 Ul sabueyd ‘splosyiaiAd Jo ssiuadoid syl Jo asnedsq pue ‘sa1e1s diwapu ybiy
ul AB31eJ1S [041U0D JO1DSA Uleul Se pasn Bulag st uonNGLISIP SNITT YU SeaJe JO UOeInies sy
$I0129A JO JOIARYS] 3y Ul sabuey)

9onpo.d 109|102 01 06 3jdoad a1aym Seale 152104 Ul UOISSIUISUR) |

$152104 Ul bunsal punoy oljiydoxe Apueulwopaid—ipwing ‘uy

SNWIUILW Uy ‘11DWIDQ "UY—Se3Je UOIIRAILND WNY[ Ul UOISS|UWISURIY J0OPINQ |
UoIsSIWSUe.) pue Bulisal JoopinQ

libwioq uy
Q pue D saads sappyoInd Uy |
SWYIAYl bunig syl Ul suoneneA [euoseas pue buniqg Aje3

s1310e4RYD [eD160]0Iq JI9Y3 Ul
0s|e pue 3oudjeAaid sa12ads J01D3A AU Ul saBUBLD 01 P3| 9ARY $3193dS JOIDIA UO SIPIDIIdASUI
40 2Inssaid snonNURUOD puUe ‘SaIANDE [elUSWIdO[aASP 0} DNP WISASODS 3y} Ul sabueyd

papasu a1aym s|00} Jamau Buikuapl pue sauo BUlISIXd WO4) S|00) [013U0D J0IDDA
9endoidde Huisooypd ‘sorwouoiq pue £60]01q 10323A UO SBIPNIS—SUOIIEPUSWIWOIDY

sabuajjeyy ‘oN°S

|043U0D 103231 dA1IBYD 104 suolnjos 3|qissod pue payuapl sabuajjeyd ¢ ajqeL



Page 8 of 11

(2019) 18:396

Subbarao et al. Malar J

213 590N1 9ART “IA
(9S1v) sueq JeBbns S1x0} SAIDRIY A
's1ny 3jgeniod jooud onnbsow Ajje1o] Al
Slasuadsip Jua|iadal elreds
219 SYD0WWERY ‘say1o|> [euosiad pue s1ayue|q ‘s19ays pateubaidull apIondasul |
suoneniis [epads ul pasn
90 PINOD YdIym s3ual ausjAyiak|od seaued ‘uljnediel dnsed ‘syus1 pareubaidul spionoasul |
sBuUISs Uelpu| Ul Aljigesns pue Aoedys JIay3 1oy
pa1en|eAs 8 pjnNod $aLIIUNOD JIWSPUS BLIB[EW JOYIO Ul PR1Sa) U] 9ARY 1BY] 5|00) BulmO||04
SNIT740 Sy| ‘suwuiesboid
9y1 Ag pasn Bulaq aJe Jey S|001 UleW OM] 33 YlIm Uo1133101d 01 9|gISSadde 10U 2Je pue
153104 Ul 9AI| OYM 3503 01 UoNd3101d 3plA0d 01 BIPU| Ul 3|Ge|IBAR S|O0) OU 3B 3131 Juasaid 1y

$I3UIRIUOD BULIOIS J31BM UI USY SNOJOAIAIR| IO SIPIDIALL] JO SN PUB UONONPaI
221n05 "dueydadde sajdoad pue Buisnoy Jo adA1 ay3 uo Bulpuadap pasn ag Ued SNITT 40 Syl Il
Syl 01 UoHIPPE Ul IO
Syl O ABa1eiis Jua1ind ay3 Bupde|dai (3|qissod JaAa1aym) BUIPIDIAIR] “D19 USY SNOJOAIAIR| ‘UOI}
-O>NpaJ 924N0s ‘uoliendiuew pue 1USWSHBRURW [PIUSWUOIAUS—SPOYIDW [PIUSWUOIIAUS-0Ig ‘|

S9PIDIID3SUI AU JO SSB|D SUIES JO SPIoILYISIAd YlIM SH| PUBe SN|TT JO 95N SNosueINWIS

BUIpIOAY "S2PIDND3sUl BUNSIXS 01 9dUPRISISa) 2DRURW 01 PIPIIU BJE S3SSE|D SPIDIIIASUI MIN ‘Il
sa16a1e.15 JUSW

-obeuew adueIsIsal ue|d 01 BULIONUOW DUBISISSI PUB SDIWRUAD JO1D9A JO 9DUR|[I9AINS Jejnbay |

SYIUOW/SUOSEIS OIS
-SIWISUBIL 93 JIDA0D 01 Pa|NPaydsal 9G 01 $3|2AD Aeidg UoIssILSUeI] 9Y) 1dniialul 01 Spunol

99141 [P101 "9l SY| JO PUNOJ BIIXS YD1y A|qeSd10U 2B S9SED BliE|RW PUR AJBniga4 pue Alenuer

01Ul SPUIXS 9UR[eASI IS PUE ‘SI01D3A 31 SNWIUIUI “UY PUE SI[IDIANY Uy 319YM SeaJe 9y) U]

sJaAelds UoIssa1IdWIOd JO s "Il
2be1an02 Aeids Jo adURLIOdWI UO AYUNWIWOD Sy} O3 UOIRINPS Y3eaH Il
Bulkeids A1jenb Joy jpuuosiad Aeds o3 bujules] I

PaIpN1s 2q PJNOD syluow uoosuow-aid Ui ployiaiAd jo punos auo Buikelds jo Aujigiseas ' 1ad

031 3uBlSISal AYBIY SI I SADDYDIND Uy [013U0D O] "A|SANDIYS S/IDIANY “UY [043U0D 0} pakelds

24 ued 1 dqd ‘SNITT 40 pesisul ‘1@ 03 2|gidadsns si siibiAny Uy pue du1edwAs a1e sapjioind

Uy puUe SyIDIANY Uy 19YMm Seale Ul ‘ainssald uondass sployiaiAd asealdsp o] ‘[g/] swiou
OHM BUIMO||0) PaARISP 10 PIPIOAR 3G PINOYS 3DURISIS) PlolyiiAd Jo JuswdopAsp Ajuewild

spays aped
ay3 Buipnpul sadejd BuiIsal 3y [ Ul BuiAeids 'SI0129A JO [013UOD DY JOJ 210D 3Y3 S| SH| 243YM

BuluaAS sy Ul Jo Bululow Jo sinoy Apiea bulnp (Al) sasnoy

91 wouj Aeme apIsINo saounbsow Ag usniq 196 oym (11l pue (35es Y1iou) UOIIRAILIND wny(

10410 (YSopeld BAYPERIA PUB 1589-ULION) 92npoid 153104 JO UOID3||0D 9yl J0j spoliad 1ioys
10} SWOY J19Y1 WOy Aeme dA1] Oy (11) $353104 91 Ul Bulalf (1) ajdoad 01 uondaloid buipinoid
$9110 01NbSOW WO} S9SNOY WO} Aeme sease Ul 9jdoad 01 uonde10id

Auanonpoid oynbsow

95BIDUI JBY] S9US UONINIIXD 129(0Id [PIUSUIAO[SASP JBYI0 18 PUB S3US UONDNIISUOD 1Y 'II
$9SNOY JO s|jem Uo Bunsas buipioae pue s193(qo ploy

asnoy uo bunsas pue Abeydoxs ‘Ajiydoxa—ueyiseley JO seale [eint pUe-Iwas Ul 1suaydals ‘uy

SI0129A 1210 U] 32163 SWOS 01 OS[e PUB ‘S9/20/121/n “UY Ul SOPIdNISU

95341 01 92URISISI JO S|9AR] YBIY Ul Pansal sey uolyiejew pue |dd JO 3sN SNONURUOD

"UoIIPPe Uj 'sployiaikd 01 aoueisisal bupeididaid s| seale swes ayl uj uoaNguIsip SNIT]

PUE SY| "S2I0D121N3 "UY J0XD3A J0[eW 33 Ul PAAISSCO US3( sty sploiyiaiAd 01 aouelsisal
'SNITT/SNL Ul pue sAeids Joopul Ui sploayiaiAd Jo asn Buiseaidul pue snonuizuod 3yl YUAA
JUBWabeURW SDURISISSI SPIDDASU|

1aquwiandasAsnbny
—AINf Ul Jay1oue pue sunf—Ae\ Ul aUo Aeids JO SpPUNOI OM] SaUIPPING dDAFGAN Y1 Jad sy
BulAeids Jo swi pue s394 Aeids Jo JaquunN

219 $9|NPayYds Buimo||o ‘9be1anod 1ood ‘DpId1dssul Jo abesop pue Alend
SY| 01 paiefal sanss| jeuonelado

sploayIaiAd 01 aduelSISal JO JUBWdORASQ

pakelds ale sbuljjamp uewny Ajuo ‘Y| 1oy ABaiells 3uand ayy 1ad sy

'SPaYs 9|11e2 01 BUINSSI SU PAYIYS SeY SIIDIANY ‘U SNITT JO 3SN 9Y1 Yaim ‘ajoulayuing ybiy
2/e SUOI1D3]|0D Pays a[11ed pue dibeydooz Apueuiwopaid aie sa1dads Bulgis Sanpind Uy
SIIIDIANY “UY PUB S3/2DJID1{N> “UY JO [0J1UOD 941 J0J SY|

€l

cl

0l

papaau a13ym s]00} Jamau Bulfuspi pue sauo HuISIXa Wol) S|00} [013UO0D 101I3A
ajeidoadde Buisooyd ‘s>sjwouolq pue £60[ol1q 1033A UO SIIPNIS—SUOIIRPUIWIWOIDY

sabuajjeyd ‘oN‘S

(ponunuod) zsjqey



Subbarao et al. Malar J (2019) 18:396

in malaria-endemic countries. Insecticide-impregnated
sheets, blankets, personal clothes, and hammocks, etc.,
can be used to protect people who stay in forests for spe-
cific occupations. Novel and emerging tools for species-
specific control include Wolbachia-based disease control
strategy, sterile insect technique (SIT), incompatible
insect technique (IIT), gene drive technology, etc. While
SIT and IIT are used for population suppression, Wol-
bachia transinfected mosquitoes and those that are mod-
ified using gene drive/editing technology can be used for
population replacement to control the disease they trans-
mit. A strain of An. stephensi transinfected with Wol-
bachia from Aedes albopictus showed refractoriness to P,
falciparum [85]. Another strain of An. stephensi that was
genetically engineered to express genes targeted against
the malaria parasite P falciparum using CRISPR-Cas9
system interrupted the development of P falciparum
[86]. Both these strains are yet to be field-tested. Species-
specific tools, although very effective, have a limitation:
in many areas more than one vector transmits malaria
and many of the major malaria vectors are species com-
plexes. This necessitates the need for the release of more
than one species strain in an area. These techniques are
advantageous in areas where only one species is responsi-
ble for the transmission, and because they could provide
protection from disease while not attempting species
elimination.

With intensive control activities to reach the elimina-
tion target, regular surveillance of vectors for changes
in prevalence of vector species and their behavioural
aspects, and regular monitoring of insecticide resistance
should be made routine activities by the programme. The
need of the hour is to identify the knowledge gap and to
generate data to fill it. Equally important is to test new
tools for their efficacy and their suitability in different
ecosystems the vector species are occupying.
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