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ABSTRACT

Context: Arthropod-borne diseases are remaining as a major public health issue in the resource-constrained settings. Mosquitoes are closely associated with
mankind since time immemorial and play an important role in the transmission of many dreadful diseases like malaria, filariasis, Japanese encephalitis,
dengue and yellow fever. Over the decades, vector control is an important element to minimize the vector-borne disease burden worldwide and in fact,
it heavily relies upon synthetic insecticides as a mainstay. However the overuse and misuse of insecticides have led to the emergence of resistance, which
undermines the potentiality of vector control.

Evidence Acquisition: In order to pursue effective research pertained to this issue, a detailed search on Scopus, Medline, Google Scholar and academic premier
databases has been conducted between the time periods of 1955 and 2012.

Results: Over the past sixdecades, insecticides are serving as one of the important arsenals in the fight against vector-borne diseases to save hundreds of millions
of lives. Consequently, in the last decade we have attained a remarkable success to combat with many diseases particularly malaria due to the combined effect
of indoor residual spraying (IRS) and long-lasting insecticidal nets (LLINs). Currently, malaria mortality rates have drastically fallen by more than 25% globally,
33% in sub-Saharan Africa and over a million lives have been saved attributable to massive scale-up of LLINs and IRS. Since, both LLINs and IRS are cost-effective
and robust form of interventions; they are serving as a central pillar in the National Malaria Control Programmes (NMCPs) of malaria endemic countries.
Nevertheless, LLINs are easy-to-deliver, most economical and practical even in the resource-poor settings, where implementation of IRS is not feasible. The heavy
reliance, recurrent and inappropriate insecticide applications are key sources for resistance which is a potential threat to the global public health. Therefore, it
has to be addressed immediately to sustain the recent success of vector control, unless otherwise it would become uncertain.

Conclusions: Though, development of resistance is an evolutionary phenomenon, it can be tackled judiciously by implementing appropriate and
comprehensive resistance monitoring and management strategies within the framework of integrated vector management. This scrutiny recommends the
following measures; (i) identification of effective novel tools for monitoring and evaluation, (ii) searching for alternative interventions to minimize the further
resistance evolution as well as to preserve the efficiency of existing insecticides, (iii) exploration of next generation vector control tools in terms of nets and
new classes of non-pyrethroid insecticide formulation with new mode of action, (iv) building partnership by bringing together the people actively engaged in
the vector control, like public health experts, policy-makers, researchers, medical entomologists and insecticide manufacturers, could ideally pave the way to
collectively address the current debacle in the near future.

Keywords: Pest Control; Disease Vectors; Mosquito Control; Insecticide Resistance

Copyright © 2013, DocS.; Published by DocS.

»Article type: Review Article; Received: 17 Dec 2012, Revised: 16 Feb 2013, Accepted: 25 Feb 2013;

»Implication for health policy/practice[research/medical education:

The content and results of the present review article helps to identify in detail about the insecticide resistance, existing challenges and per-
spectives in terms of vector control. The outcome could be useful for the policy/decision makers in order to employ potential vector control
measures to minimize the vector-borne diseases burden and for eventual elimination as well as eradication in the near future.

»Please cite this paper as:
Karunamoorthi K, Sabesan S. Insecticide Resistance in Insect Vectors of Disease with Special Reference to Mosquitoes: A Potential
Threat to Global Public Health. Health Scope. 2012;2(1): 4-18. DOI:10.17795jhealthscope-9840

»Copyright © 2013, Health Promotion Research Center.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which per-
mits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Insecticide Resistance in Insect Vectors of Disease

KarunamoorthiK et al.

1. Context

1.1. Vector-Borne Diseases: A Global Burden

Despite several decades of control effort, arthropod-
borne diseases are still regarded as a major public health
problem in the tropical and subtropical regions of the
world. They are more common in the developing as well
as resource-poor countries and inflict enormous burden
in terms of morbidity and mortality. Regrettably, the ma-
jority of victims are from the pitiable underprivileged
members of society. Besides the heightened health im-
pact, they also contribute to extensive poverty, under-
development and school absenteeism and dropout etc.
These diseases are also responsible for huge economic
losses both in terms of health-care costs and loss of pro-
ductivity, mostly in countries that can least afford them
(1).

The uncontrolled population growth in many areas has
led to extensive deforestation, irrigation, and unplanned
urbanization. These high population densities and as-
sociated environmental modifications have created con-
ditions that favor the proliferation of certain arthropod
vectors (2). Vector-borne diseases are responsible for 17%
of the global burden of parasitic and infectious diseases.
They resultin preventable ill-health and death, economic
hardship for affected communities, and are a serious im-
pediment to economic development (3). More than a bil-
lion people, primarily in developing countries, are now
at the risk of contracting such diseases like malaria, fila-
riasis, leishmaniasis, onchocerciasis, trypanosomiasis,
dengue, yellow fever, Japanese encephalitis, Plague, the re-
lapsing fevers, and various rickettsial diseases (4).

In the 21st century, the emergence and re-surgence of
vector-borne diseases still constitute an important threat
to human health, causing over a million death and con-
siderable mortality and morbidity worldwide. Indeed
global warming is a major environmental driving force,
which directly as well as indirectly attributes to entomo-
logical and epidemiological issues for disease transmis-
sion. It also influences the frequency and transmission
dynamics of infectious diseases. In addition, it may play a
pivotal role in sustaining the transmission cycle between
vectors and human hosts by the re-emergence of vec-
tors, increased man-vector contact and parasite exposure
to diverse strains. Therefore at the moment, control of
vector-borne diseases is becoming a great challenge, de-
manding for novel as well as innovative approaches (5).

1.2. Vector Control: A Friend in Need to Save Lives

Vector control is defined as measures of any kind, di-
rected against vectors of diseases and intended to limit
their ability to transmit diseases. Over the past several
decades, vector control has remained as one of the most
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powerful weapons in the battle against vector-borne dis-
eases. Even today, it is considered as a corner stone in the
malaria control and elimination campaigns, under the
specific set of environmental conditions. It is indeed ex-
tremely helpful to manage vector populations to reduce/
interrupt disease transmission cycle (6).

Insecticides are considered to be a powerful weapon
or silver bullets in the developing countries in order to
enhance the agriculture productivity and considerably
to improve the major public health indices too (7). They
remain as the mainstay in most of the vector control
programmes and are commonly applied against adult
insects through indoor residual sprays, fumigants, space
sprays and treated bed nets. Insecticides are highly effec-
tive when optimally implemented (8, 9), nevertheless the
compounding factors such as inadequate resources and
operational capability (10), insecticide resistance (11), and
the use of adulterated or poor-quality insecticides (12),
may all combine to reduce their efficiency.

There is overwhelming evidence that insecticide
treated nets (ITNs) have enormous potential to allevi-
ate the unbearable burden of malaria in Africa and rest
of the world. Furthermore, the efficiency of ITNs can be
improved by retreatment with insecticides (13). Indeed,
insecticides are one of the most potent arsenals in the
fight against many vector-borne diseases, particularly
malaria. IRS has historically proved to be effective during
the Global Malaria Eradication Campaign (1955-1969) in
most hitherto malaria endemic countries and over the
past several decades, it has been serving as an important
component in the National Malaria Control Programmes
(NMCPs) in most of the malaria endemic countries (14).
IRS is playing a vital role to reduce the prevalence of
vector, by minimizing the population/life span and dis-
ease incidence considerably. However, it is important to
note that the real success of an IRS programme heavily
depends upon the quality of the spray (15). Indeed, the
current malaria control heavily relies on one class of in-
secticides, the pyrethroids. The accumulating evidence
clearly suggests that genes responsible for resistance to
pyrethroid insecticides have been spreading rapidly and
are now widespread in African malaria vector mosqui-
toes. There is ample evidence that at least some of these
genes have the potential to threaten the effectiveness of
current malaria vector control interventions (16).

Figure 1 clearly shows the evidence of accumulation of
malaria vector resistance to commonly used insecticides
in several malaria endemic countries worldwide, includ-
ing Cote d'Ivoire (17), South Africa (18), Burkina Faso (19),
Ghana (20), Equatorial Guinea (21), Angola (22), Gabon
(23), Benin (24), Ethiopia (25) and Congo-Brazzaville (26).

The emergence of resistance may jeopardize the cur-
rent vector control efforts. Hence, knowledge of vector
resistance and changing trends of resistance in target
vector species are the basic elements to guide insecticide
selection and use in the vector control programmes (27).
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Figurel. CountriesWith Ongoing Malaria Transmission Where Insecticide Resistance has Been Identified in at Least One of Their Major Vectors

Though the insecticide resistance has been reported
in several insect vectors of disease, the present scrutiny
gives a special emphasis on the impact of insecticide
resistance among the Anopheles mosquitoes, due to
the public health importance of malaria related illness
worldwide particularly in the resource-limited settings.

It is important to note that there are fairly adequate
numbers of literature available, however the present
communication describes on the current status of insec-
ticide resistance and knowledge of resistance manage-
ment practices. In this perspective, the present scrutiny
becomes more significant and pertains. The outcome
of the present scrutiny could pave the way to bring to-
gether all the stakeholders actively engaged in vector
control programmes such as the researchers, public
health experts, medical entomologist and policy makers,
to develop appropriate and comprehensive resistance
assessment and management techniques in order to col-
lectively find an amicable solution to address the existing
global public health issue of insecticide resistance in the
future.

2. Evidence Acquisition

In order to collect appropriate research materials
for the present scrutiny, a detailed search on Scopus,
Medline, Google Scholar and Academic Search Premier
Databases has been carried out for the period of 1955-

2012. A Boolean search strategy was adopted and the key
words entered for search were "insecticide resistance”,
“insecticide resistance management”, “insect resistance
development”, “impact of insecticide resistance”
“insecticide resistance in mosquitoes” “resistance
management in mosquitoes” and “cross insecticide
resistance” in differing orders, in order to extract
studies. Only articles, notes and reviews were chosen,
and their bibliographic details (authors, title, full source,
document type and addresses) were downloaded to a file
for this narrative review.

2.1. Insecticide: A Powerful Weapon - Silver Bullet

Insecticide-based vector control interventions are serv-
ing as the mainstay to minimize the vector-borne disease
burden throughout the world (14). Almost all malaria vec-
tor control programs overly rely on either IRS or LLINs.
Though much effort has been made to introduce envi-
ronmental, biological, and immunological methods of
control, chemical insecticides are essential to most of the
vector-borne disease control programs, especially where
no alternative means of preventing transmission of the
disease are available (28). At the moment, insecticides
belonging to different groups viz., organochlorines, or-
ganophosphates, carbamates and synthetic pyrethroids
are widely used for various vector control programmes.
Some of the key terms related to insecticide resistance
have been listed in text box 1(Table 1).

Health Scope. 2013;2(1)
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Table 1. Key Terms

Insecticide

Insecticide is a toxic substance that kills insects or eliminates disease-transmitting pests/vectors

Insecticide Resis-
tance

Cross Resistance

Multiple Resistance

Metabolic Resistance

Resistance Cost

It is a heritable, statistically defined decrease in sensitivity to a chemical in a pest population relative to
the response of susceptible populations that have never been exposed to pesticides. It is the natural abil-
ity of a biotype of an organism to survive exposure to a pesticide that would normally kill an individual
of that species.

It refers to a type of resistance in which a pest population develops resistance to more than one pesticide
within a chemical family (e.g., organophosphate insecticides, EBDC fungicides, etc.).

It involves multiple, independent resistance mechanisms, which often lead to resistance to chemicals
from different families (i.e., organophosphate and carbamate insecticides, dodine and DMI fungicides).

It is a resistance mechanism involving detoxification enzymes that can catalyse the biotransformation
of xenobiotics into metabolites that are less or non-toxic to the organism.

Resistant individuals have lower fitness levels than do sensitive individuals in the absence of the xenobi-
otic, thus implying a cost of resistance.

The use of two or more insecticide applications within a building, e.g. one insecticide on the walls and
another on nets in the same household. Insecticide combinations differ from insecticide mixtures in

Two or more compounds are mixed within a single product or formulation so that the mosquito is guar-

The spraying of compound A in one area and compound B in another area, so that some mosquito popu-

Insecticide Resis- It is an effort to slow down or prevent the development of resistance.
tance Management
Insecticide Combina-
tion
that the same insect is likely, but not guaranteed, to come in contact with both insecticides.
Insecticide Mixture
anteed to come into contact with both at the same time.
Insecticide Mosaic
lations are exposed to A while others are exposed to B.
Synergist

A substance which does not itself have insecticidal properties, but which, when mixed or applied with

insecticides of a particular class, considerably enhances their potency, for example by inhibiting an
enzyme that normally has detoxifying activity against the insecticide.

2.2. Mode of Action of Insecticide

In General, the mode of action of an insecticide on in-
sect is shown diagrammatically in Figure 2. When insecti-
cides are applied on insects, the active principle reaches
the target sites as follow; (i) an insecticide active mol-
ecules quickly infiltrates through the integument (the
outer layer or cuticle) of an insect, (ii) it reaches the site
of action, (iii) insecticide molecules bind with the action
site, which may be a vital enzyme, nerve tissue, or recep-
tor protein and eventually (iv) when they have attained
threshold concentrations they cause the insect's death.

2.3. Insecticide Resistance: A Global Threat to
Public Health

According to WHO (1957) (29) resistance has been de-
fined as “the developed ability in a strain of insects to
tolerate doses of toxicant which would prove lethal to
majority of individuals in a normal population of the
same species”. Insecticide resistance is the major threat
to effective prevention and control of malaria (30). More
than 40 years of intensive organic synthetic insecticide
use to control arthropod pests and disease vectors have
resulted in pesticide resistance among over 450 species
(31). The indiscriminate and injudicious use of pesticides
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has led to the widespread development of resistance.
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Figure 2. Mode of Action of an Insecticide on Insect

Some insects’ species have shown multiple resistances to
all classes of insecticide, making their control by means
of chemical methods to be extremely difficult and expen-
sive. The number of insecticide-resistant arthropods of
public health importance has been observed to rise from
2in1946 to150 in 1980 and 198 in 1990 (32).

A recent study from India has reported that Culexqui-
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nquefasciatus is highly resistant to DDT, malathion, and
an incipient resistance to synthetic pyrethroids (delta-
methrin, cyfluthrin, permethrin, and lambda cyhalothrin)
(33). The situation in Burkina Faso is emblematic with
Anopheles gambiae populations showing high levels of
resistance to most of the existing synthetic insecticides
(34).

In India, six primary vectors of malaria are observed,
which include An. culicifacies, An. stephensi, An. fluviatilis,
An. minimus, An. dirus and An. sundaicus. In addition to
these, An. annularis, An. philippinensis, An. varuna and An.
jeyporiensis have also been reported as secondary malaria
vectors. An. culicifaciess.l., the major vector in most parts
of the country, has been observed to develop with wide-
spread resistance to DDT, dieldrin/HCH, and also to Mala-
thion in several districts. Other vectors that are reported
to be resistant to both DDT and dieldrin/HCH in India are
An. stephensi, An. annularis, and An. Philppinensis(35). In In-
dia, the recent susceptibility studies reveals that both An.
stephensi and An. subpictus species exhibited variable de-
gree of resistance to DDT and Malathion. Larvae of both
the species showed some evidence of resistance to chlor-
pyriphos followed by fenthion too (36).

The resistance usually occurs due to insecticide detoxi-
fication by mutant enzymes (isozymes) engendered by
resistant gene alleles, but some resistance may also be
conferred by the reduced toxicant uptake. The rapid de-
velopment of resistance to dichlorodiphenyltrichloro-
ethane (DDT) and organophosphates (OPs) is well docu-
mented (37). Resistance also arises through the over-use
and/or misuse of a pesticide against a pest species and
results from the selection of resistant forms of the pest
and the resulting evolution of populations become resis-
tant to that pesticide and its mode of action (38). In 1984,
the Insecticide Resistance Action Committee (IRAC) was
formed in order to provide a coordinated private-sector
response to prevent or at least delay the development of
resistance (32). It facilitates communication, awareness
on insecticide resistance and also promotes the develop-
ment of resistance management guidelines for sustain-
able agriculture and enhanced public health (39).

Over the past several decades, the induction of modern
synthetic insecticides in the vector control programme
has led to the selection pressure on insect populations.
It has caused many species of insects, particularly
vector of diseases to evolve resistance against various
commonly used insecticides (40). At the moment, it has
been reported that there is a widespread resistance to all
classes of existing insecticides among many insect pests
of agricultural and public health importance, making
their control more arduous than ever before. In China,
all the seven major mosquito vectors have developed
resistance to at least three of the four existing classes of
insecticides (41). It is important to note that not only
mosquitoes, but also the other public health important
insects such as fleas, ticks, cockroaches, bedbugs, sand

flies, and houseflies evolved insecticide resistance (39),
due to their permanent exposure.

2.4. The Mechanisms of Insecticide Resistance

There are four major forms of resistance mechanisms
described on the biochemical basis; (i) altered target-site
resistance, which occurs when the insecticide no longer
binds with its targets, (ii) metabolic resistance that oc-
curs due to the modified activities of three major enzyme
groups such as esterases, oxidases, or glutathione S-trans-
ferases (GST) which inhibit the insecticides from reach-
ing their potential target sites. The resistant insects may
possess overproduction of detoxification enzymes that
break-down the toxic insecticides into non-toxic com-
pounds, (iii) behavioral resistance occurs when the re-
sistant insects avoid the insecticide treated surface area
by changing their customary behavior. For instance the
An. arabiensis mosquito has changed its resting behav-
ior from endophilic (resting indoor) nature to exophilic
(resting outdoor) in order to avoid the contact or expo-
sure to indoor residual spray in Africa. (iv) Penetration
resistance occurs when the cuticle (outer layer of insects)
absorb the insecticides molecules much more slowly
than the susceptible insects. In addition, the mechanism
on thermal stress response has also been proposed by Pa-
til et al. (1996) (42), but its significance has not been well-
established.

2.5. The Biochemical Resistance Mechanisms on
the Molecular Level

2.5.1. Knockdown Resistance (kdr)

Pyrethroids are one of the most broad-spectrum insec-
ticides and are commonly applied to control virtually all
arthropods in terms of agricultural and medically im-
portant concern. It is a large class of structurally very
diverse, synthetic analogues of natural pyrethrins from
the plant of Chrysanthemum spp. extracts. The insecticide
resistance mechanism of pyrethroid is known as knock-
down resistance (kdr) resulting from mutations in the
voltage-gated sodium channel (the target-site for DDT
and pyrethroids) (43). Although many insecticide resis-
tance mechanisms are hitherto proposed, the kdr and
metabolic resistance due to insecticide-detoxification are
considered to be the most significant mechanisms.

(A)Single amino acid mutation in the IIS6 membrane-
spanning region of the voltage-gated sodium channel gene
confers with the target site DDT-pyrethroid resistance in An.
gambiae. The similar type of mutated codon produces resis-
tance to a number of diversified insects such as mosquitoes,
sand flies, cockroaches, and flies (Figure 3).

(B)The regulatory element termed the Barbie Box al-

Health Scope. 2013;2(1)
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lows induction of insecticide detoxifying enzymes like
oxidase and esterase resistance genes (Figure 3).

(C)Esterase A2-B2 alleles (amplicons). An amplicon is a
piece of DNA or RNA that is the source of replication pro-
cess, which produce one or more copies of a genetic frag-
ment. These resistance esterase genes lie 5' end to 5' end
within the same amplification unit. It has been estimated
that nearly more than 100 copies of this amplicon may be
present within a single species of mosquito (26) (Figure
3).
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Figure 3. The Bio-Chemical Resistance Mechanisms on the Molecular
Level

2.6.Three Principal Types of Resistance Mechanisms

Three types of résistance mechanisms are clearly illus-
trated in Figure 4 (44); the circle represents a cross section
of an insect, whereas the left side represents a susceptible
and the right denotes a resistant insect. Resistance may
happen at each step of this pathway; (i) the integument/
outer-layer (cuticle) of an insect may be altered into a less-
er permeable, thus reducing the entry ratefamount of in-
secticide; (ii) new or more abundant metabolic enzymes
may be selected, which break down the insecticide active
ingredients more efficiently and make it ineffective; and
(iii) alter the target sites-as a result insecticide molecules
are no longer able to bind with action sites. Among the
types of resistance mechanisms, metabolism and action
site insensitivity are the most important types. However,
it is important to note that a reduction in the rate of cu-
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ticular penetration fosters both types of mechanisms in
amore synergistic way (45, 46).

RESISTANT

PENETRATION

METABOLISM

SITE
INSNSITIVITY

Source: Georghiou 1987 (46)

Figure 4. The Three Principal Types of Insecticide Resistance Mecha-
nisms in Cross SectionThrough Susceptible and Resistant Insects

2.7.Insect Resistance Development (IRD)

The natural selection by an insecticide allows some ini-
tially rare naturally occurring pre-adapted insects with
resistance genes, to survive and pass the resistance trait
on to their progenies. The continuous application of in-
secticides with similar mode of action, results in the se-
lection of the resistant individuals and hence resistance
gradually increases among insect population which
eliminates the susceptible ones. The resistant insects
may multiply more rapidly than the susceptible ones,
when the selection pressure continues to be constant, it
directly indicates that the insecticide is no longer effec-
tive(47).

Mosquito control has focused on the use of insecticides
(initially organochlorines, followed by organophos-
phates and carbamates) through indoor residual spray-
ing. By 1990, more than 500 species of insects and mites
had developed resistance to one or more classes of insec-
ticides (44). The use of ITNs for both individual and col-
lective protection against malaria has shown potential in
reducing childhood malaria morbidity by 50% and global
mortality by 20-30% in the Gambia, Ghana, and Kenya (48-
50). The insecticides of choice for bed net impregnation
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are pyrethroids because of their high efficacy, rapid rate
of knockdown, strong mosquito excito-repellent proper-
ties,and low mammalian toxicity (51). The recommended
doses of pyrethroids for mosquito net treatment pose
little or no hazard to people treating the nets or to users
of the treated nets. Even the frequent exposure to lower
concentrations of pyrethroids, the risk of toxicity is re-
mote (52).

2.8. Risk Factors Associated With Insect Resistance
Development (IRD)

The most important aspect in terms of selection pres-
sure on public health important insect species is purely
due to the availability of limited number of insecticides.
To date, only four classes of synthetic insecticides such
as organochlorines (now banned in many countries), or-
ganophosphates, carbamates and pyrethroids are avail-
able to control adult mosquitoes (53). Furthermore, it is
important to note that these four classes of insecticides
have only two different modes of action to kill the insects.
Consequently there is much less target-site diversity
among the public health important insect vectors than
the pests of agriculture (54, 55).

Since insecticides are poison in nature, they must be
used very cautiously and deliberately- not indiscrimi-
nately. Indeed, the quality vector control programmes
must ensure the quality assurance in terms of minimiz-
ing the unnecessary insecticide selection pressure in
non-endemic areas, which may considerably reduce the
avoidable operational costs too (56). It is well established
that resistance does not evolve at the same rate in every
species or population. Résistance may develop rapidly in
some populations and slowly in some others. Selections
in the laboratory under seemingly similar conditions,
mainly on house flies and mosquitoes, have shown vary-
ing propensities for résistance to different insecticides.
Resistance evolved most rapidly to higher levels toward
the pyrethroid permethrin and most slowly toward the
toxin complex of Bacillus thuringiensis subsp. israelensis
(BTI) (57).

Several biotic and non-biotic factors have contributed
to the evolution of insecticides , factors such as rapid
reproduction of insects, migration, existence of suscep-
tible populations, host range, the effective dosage of in-
secticides, the period and number of applications of in-
secticides (47). However, it is interesting to note that the
development of insecticide resistance is observed to be
quite enormous under greenhouses due to their rapid
reproduction potential, lack of migration of susceptible
insects and the recurrent application of insecticides (47).

In addition, the degree of resistance in insect vector
populations is largely dependent both on the volume
and frequency of insecticide applications and the inher-
ent nature of the insect species involved. For instance,

the tsetse flies (vector of African trypanosomiasis/Sleep-
ing sickness) were controlled by wide-scale spraying of
DDT for several years, but so far DDT resistance has never
been developed among tsetse flies. Correspondingly, the
triatomid bugs (vector of American trypanosomiasis|
Chagas disease) exhibits little or no resistance to insecti-
cides. In both cases, the major influencing factor is their
life cycle pattern, especially the long life cycles of triato-
mid bugs and the production of limited numbers of de-
scendant by the tsetses. In contrast, mosquitoes have all
the characteristics suited to rapid insecticide resistance
development, including short-span of life cycles with
abundant progeny (40). However, in the last decade, vari-
ous degrees of pyrethroid resistance have been detected
in Bolivia, the site of Triatomainfestans origin and disper-
sal (58), and in some neighboring areas of Argentina (59).
In other disease vectors, reduced penetration, increased
sequestration, metabolic resistance, and alterations in
the target site and behavior modification, are the most
widely recognized mechanisms of resistance (60).

2.9. Cross-Resistance: An Urgent Call for a Tangible
Action

The research on insecticide resistance in insect vector
of diseases has mainly focused on insecticides of public
health concerns. However, it has been estimated that
nearly 90% of all insecticides worldwide are used for ag-
ricultural purposes (61). Therefore, agricultural activities
have often been blamed for disease vector of insecticide
resistance, but so far only a few attempts have been made
to establish the direct impact of agrochemicals. However,
Lines (1988) (62) and Georghiou (1990) (63) have reviewed
the correlation between agrochemicals and insecticide
resistance in mosquito vectors. The insecticide resistance
in disease vectors as a result of selection pressure due to
agrochemicals have been reported from Central America
(64-66), Africa (51), and South Asia (67).

The cross-resistance among different classes of insec-
ticides could substantially impair the usage of existing
insecticides due to alterations of target sites or detoxi-
fication process. In General, the bio-chemical mecha-
nisms of resistance are primarily associated with either
an alteration in the sensitivity of insecticide target site in
the central nervous system (sodium channels, gamma-
aminobutyric acid (GABA) receptors, and acetylcholines-
terase) or an increased rate of insecticide detoxification
(40). The mechanism of detoxification is also commonly
known as metabolic resistance, which primarily involves
three major groups of enzymes such as Esterases (ESTs),
Glutathione-S-transferases (GSTs), and Mixed Function
Oxidases (MFOs) (40). In the recent years, the cross-re-
sistance among the mosquito vectors is a very common
phenomenon and well-recorded too. The oxidase-based
DDT-pyrethroid cross-resistance has been reported in
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Guatemalan An. albimanus (42) and Kenyan An. gambiae
(68), between organophosphates and pyrethroids cross-
resistance conferred by esterases in An. albimanus (69),
and between organophosphates and carbamates in An.
albimanus (70). Furthermore, multiple resistances are
also well-known and reported among the mosquitoes. It
is mainly due to the wide-spread and sequential applica-
tion of different classes of insecticides to control several
species of Anopheles (57, 71).

2.10. Impact of Insecticide Resistance

The development of insecticide resistance makes in-
secticide use ineffective and limits the available vector
control options (72), and consequently, resistance is con-
sidered as a serious public health issue in the disease
control (73). In most of the cases, not only does resistance
render the selecting compound much less effective but
it also often confers cross-resistance to other chemically
inter-related compounds. The striking fact is that the
cross-resistance can occur when resistance to one insecti-
cide confers resistance to another insecticide, even where
the pest has not been ever exposed to the latter product
(38). The medically important insects successfully adapt
to most of insecticides by becoming physiologically or
behaviorally resistant to them (74) and this creates im-
mense practical problems. Additionally, previous se-
lection with insecticides can confer resistance to new
materials through cross-resistance (75-77) and can have
serious impacts on control by reducing the effectiveness
of many new insecticides.

Strategies to manage resistance have usually been
designed after resistance has already been developed.
However, if the likelihood of resistance development to
novel insecticides can be predicted before they are used;
it should be possible to establish an effective resistance
management program. Improving our understanding of
resistance and cross-resistance mechanisms will there-
fore enable us to develop a successful program to mini-
mize or prevent further resistance development (78).

Indeed resistance to insecticides by insectsis considered
as a recent evolutionary adaptation to environmental
changes, occurring in less than one century in response
to sequential applications of chemical insecticides like
organochlorines (OCs), organophosphates (OPs), carba-
mates and pyrethroids, and even biological insecticides.
The emergence of resistance problems not only shortens
the lifespan of currently available insecticides but also
undermines the efficacy of newly discovered or devel-
oped insecticides owing to cross-resistance and multiple
resistance mechanisms (41).

In addition, data on insecticide use for vector control
are extremely important to design appropriate pesticide
management systems on judicious use, resistance man-
agement, and reduction of risks to human health and the
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environment (79). However, a recent global survey drew
attention to critical deficiencies in the capacity to man-
age vector control insecticides. It includes the lack of pes-
ticide registration guidelines, gaps in pesticide procure-
ment practices, and a lack of expertise of vector control
decision makers (80, 81). These shortcomings could heav-
ily hamper the optimal selection and use of insecticides
and application methods for vector control heavily un-
dermine the effectiveness and safety of operations (79).

2.11. Insecticide Resistance Management (IRM)

Indeed, there is always a considerable risk of resistance
evolution, especially when the insecticides are indis-
criminately misused or over-used. The main objective of
effective insecticide resistance management programme
is to prevent or delay the evolution of resistance, or assist
to retrieve the susceptibility status in which insecticide
resistance has already been well-established. Since the
majority of the insect pest/vector populations are usu-
ally larger in size and have the potential for rapid prolif-
eration in terms of shorter life-span with huge number
of progeny. For instance a single mosquito can reproduce
several thousand progenies within a couple of weeks(38).

Over the past decades, a considerable progress has been
made in terms of our knowledge and understanding re-
garding the biochemistry of résistance and its dynamics
in field populations. Indeed, no single prescription can
be offered to forestall resistance under any conditions.
There are hundreds of different insect pest species that
are under chemical control, and each species represents
several distinct combinations of biological and ecologi-
cal characteristics. Management by moderation should
be the basic approach and should be supplemented to
the maximum possibly by integrated pest management
measures (45).

Interestingly, there are several different strategies that
have been proposed to tackle the insecticide resistance
crisis. The World Health Organization (WHO) strongly
recommends the simultaneous use of different vector
control tools and this has formulated the basis for Inte-
grated Vector Management (IVM) strategies (82). Indeed,
IVM is a rational decision-making process to optimize the
use of resources for vector control. The main objective of
the IVM approach is to contribute to the achievement of
the global targets set for vector-borne disease control, by
making vector control more efficient, cost effective, eco-
logically sound and sustainable with the available tools
and resources. In the face of current challenges to vector
control, the IVM approach is vital to achieve the national
and global targets set for vector-borne disease control
(83).

In addition, the rotation of chemically different class-
es of insecticides has been tested and the use of novel
insecticides alone (84, 85) or in a mosaic with existing
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insecticides (86) has also been proposed. The early at-
tempts in using entomopathogenic fungi as microbial
control agents against insect pests were overshadowed
by the development of numerous potential chemical in-
secticides. However, currently, to address the insecticide
resistance by means of biological control agents like the
entomopathogenic fungi such as Metarhiziumanisopliae
and Beauveriabassiana have also been advocated (87). A
recent study demonstrated the importance as well as po-
tentiality of the combination of permethrin and entomo-
pathogenic fungi as vector control interventions against
the insecticide-resistant An. gambiae mosquitoes (88). It
is important to note that it also exhibited a significant
level of synergistic effect on malaria vector mortality and
it could prevent or delay the resistance development sub-
stantially.

Howard et al. (2010) (89) indicated that the insecticide-
resistant strains of An. gambiae mosquitoes were more
highly susceptible to fungal infection than the insecti-
cide-susceptible strain of An. gambiae. It provides an op-
portunity to kill insecticide resistant mosquitoes more
quickly than the susceptible ones. Therefore, it could
serve as one of the ideal tools to tackle the resistance
crisis under the field conditions. Furthermore, the ento-
mopathogenic fungal infection may quickly and easily
eliminate the insecticide-resistance genes from the wild
population and it leaves the susceptible mosquitoes to
breed further and this unique phenomenon is extreme-
ly important to keep the fungus “evolution-proof” (90).
This could lead to an effective resistance management
without further application of insecticides. It is one of
the most promising techniques, as fungal infection kills
the vector mosquitoes at a slower rate than the conven-
tional chemical insecticides.

IRM is used to describe practices aimed at reducing
the potential for insect pests to become resistant to a
pesticide. Kerr (1963) (91) attributed the resistance de-
velopment rate to the frequency of resistance genes, the
nature of the genes, generational turnover, and the inten-
sity of selection pressure. The first three factors are indig-
enous to the population and beyond control. Regarding
the fourth factor, Georghiou (1980) (92) and Brown (1981)
(93) suggested several methods whereby selection pres-
sure might be reduced, and henceforth to postpone the
development of resistance. Today, resistance manage-
ment in the context of integrated pest management has
evolved as the favored approach to prevent, delay, or re-
duce the impact of insecticide resistance. In Colombia,
during 2005 and 2006 resistance to pyrethroids and DDT
was identified in An. darlingi. Subsequently a quick deci-
sion has been made to change to fenitrothion (an organo-
phosphate) with a different mode of action, for IRS. This
alternative intervention has removed the selection pres-
sure and reduced the frequency of resistance. As a result,

the recent susceptibility tests showed that the frequency
of resistance genes in the vector population had dropped
below the level of detection, and pyrethroids were once
again introduced into the IRS programme, albeit on a
more limited scale. It clearly suggests that the resistance
genes can be eliminated from the vector population by
removing the selection pressure. To fully develop this
strategy, a thorough knowledge of insecticide resistance
mechanisms is extremely essential.

2.12. Insecticide Resistance Monitoring and Sur-
veillance

Resistance monitoring and evaluation are critical ele-
ments of vector control programme and their impacts
are essential to understand the progress, challenges and
success of disease control. It should be an integral part
of vector/[public health pest control programmes. Knowl-
edge of vector/pest susceptibility to pesticides, changing
trends of resistance and their operational implications
are the basic requirements to guide pesticide use in
vector-borne disease and pest control programmes. This
information provides a basis to select pesticide(s), ascer-
tain continued susceptibility and efficacy of pesticide(s)
in use, and manage vector/pest pesticide resistance.

If, resistance is once established in a vector population,
there is a genuine threat of the resurgence of vector-
borne diseases that had been presumed to be under con-
trol and by the time such resistance is detected, it is often
far too late. Therefore, focusing on continuous insecti-
cide resistance surveillance and monitoring is extremely
essential to react proactively (39). Indeed, bioassays are
the primary tool for the resistance monitoring, but they
must be supplemented by molecular and biochemical as-
says wherever resistance is detected (56).

2.13. Necessity of Skilled Medical Entomologist

Vector control can be targeted against larvae and adults
of insect vectors and it may differ in countries and even
regions within the same country. Therefore, it must be
selected more cautiously by considering the existing epi-
demiological and entomological tools like susceptibility
status, population dynamics, vectorial capacity, feeding
preference, and major disease transmission season of
local insect vectors to sustain in the long-run. The evalu-
ation of existing entomological indicators and/or the
development of new indicators can be carried out by the
skilled/trained medical entomologist. It could serve as a
valuable tool to predict the transmission potential, and
selection of practical operational tools for planning and
management of vector control programmes, tailor-made
for local settings.

However, currently, the lack of entomological capacity
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in vector control programmes is one of the major hin-
drances to implement effective insecticide resistance
monitoring and surveillance in malaria control. There-
fore, it is extremely important in all National Malaria
Control Programmes (NMCPs) to establish capacity for
basic entomological monitoring, by appointing senior
medical entomologists or train entomologists wherever
necessary, and establish the necessary infrastructure for
basic entomological surveillance. In addition, adequate
fund also must be allotted to establish the necessary ca-
pacity for the vector control programme (56).

2.14. Development of Next Generation Green Pesti-
cides/Risk-Reduced Pesticides

At the moment, people are appreciating and insinuat-
ing the use of plant-based insecticides as pest control
agents to control insect vectors and pests. It has ceased
the tendency of heavy reliance on chemical insecticides
to reduce negative impacts on human health and the
environment (94). Although, the usage of plant-based
pesticides is a part of tradition and culture in the devel-
oping countries, over the past three decades there has
been a tremendous dedication and commitment to de-
velop plant-based ideal pesticides or green pesticides by
various researchers. As a result we have evaluated over
thousands of plants as potential pest control agents in
terms of insecticidal, antifeedant, repellent, oviposition
deterrent, growth regulatory and antivector activities.
However, only a few plant-derived botanicals such as
neem, lemon grass, etc have demonstrated their broad
effectiveness against various insects. Therefore, develop-
ment of next generation vector control tools is extremely
important particularly formulating new plant-based in-
secticides in terms of cost-effective, user-environmental
friendly with new mode of action.

2.15. Insecticide Resistance in Mosquitoes

Malaria is a disease of poverty inflicting a serious nega-
tive impact on health and socioeconomic development
in the poorest countries of the world that cannot afford
to succeed (95). Presently we have minimized the global
malaria burden considerably, by inducting the low-cost
interventions like ITNs. Control of the vector mosquitoes
has been an integral part of efforts to either eliminate or
control the disease worldwide. In West Africa, where the
main vectors are members of the An. gambiae complex
and the An. funestus group, various attempts were made
to control malaria, by use of insecticides, from the early
1930s until the 1960s. In West Africa, resistance to pyre-
throids due to knockdown resistance (kdr) mutations
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in An. gambiae populations has been reported in Cote
d’Ivoire (96, 97), Burkina Faso and Benin (98) despite the
absence of large-scale mosquito control in these coun-
tries. Resistance of An. gambiae, the main malaria vector
in West Africa, to pyrethroids poses a great challenge to
the strategy of using insecticide-treated materials for
malaria control. The number of available and effective
pesticides for malaria vector control is also reported to
be decreasing. Currently, only the pyrethroid class of in-
secticides is appropriate for ITNs impregnation and LLINs
(30). However, vectors developing resistance against py-
rethroid is already a serious threat to sustain the con-
tinuous use of ITNs and IRS. Although 12 insecticides are
currently recommended by the WHO for IRS, they belong
only to four different chemical classes namely organo-
chlorines, pyrethroids, carbamates, and organophos-
phates, and the cross-resistance among insecticides is
often frequent.

The widespread use of the same insecticides in the agri-
cultural sector has made the situation worse. Resistance
may develop due to changes in the mosquito’s enzyme
systems, resulting in more rapid detoxification or se-
questration of the insecticide, or due to mutations in the
target site preventing the insecticide-target site interac-
tion (99). Insecticides that can be used in malaria control
are becoming increasingly limited. Introduction of inap-
propriate insecticides without a proper understanding
of the prevailing resistance mechanisms may lead to en-
hanced vector resistance and vector control failure. Early
detection and knowledge on the resistance status and
the underlying mechanisms in vector mosquitoes are es-
sential for effective long-term control of the vector.

It is obvious that the ongoing malaria vector control
strategies heavily rely on the use of IRS and ITNs. The
current success of these strategies in reducing the occur-
rence of malaria, contributed towards the optimism that
elimination of this disease which is a major public health
problem is a feasible objective. Substantial international
efforts have been made for the last three years enabling
access to approximately 289 million ITNs in sub-Saharan
Africa, enough to cover 76% of the 765 million people at
the risk of malaria. The number of countries that em-
ployed IRS as vector control strategy has increased from
31in 2007 to 68 in 2009 (56).

In Africa, LLINs and IRS are now being deployed in a
large-scale more than ever before, which considerably
exposes African vectors to enormous selection pressure
for insecticide resistance. Unfortunately, since the intro-
duction and commercialization of the pyrethroids in the
1970s and 1980s, little public investment has been ob-
served in insecticides for public health purposes. There-
fore, the majority of this selection pressure comes from
the pyrethroid insecticides. These are the only class of
insecticides currently applied to treated nets and most
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commonly used for IRS application (56).

Therefore the widespread as well as indiscriminate
usage of pyrethroid insecticide increases the risk of re-
sistance. The situation may be accelerated by the rein-
troduction of DDT in several countries of Africa as cross-
resistance between these classes of insecticides which
can occur as a result of amino acid substitutions in the
shared target sites. All major malaria vectors in Africa
have developed resistance to these insecticides and the
resistance alleles appear to be spreading at an exception-
ally rapid rate (16). Inheritable resistance traits develop
by selective pressure exerted on a mosquito population.
Fast-acting insecticides exert strong selection pressures,
and the short generation time and prolific progeny char-
acteristic of the mosquito lifecycle is well suited for quick
development of resistance. Over 50 species of Anopheles
are reported to be resistant to insecticides (40).

Insecticide resistance in the vector Aedesaegypti is an
important but under research, and poorly understood
phenomenon. Several early reports of DDT resistance,
in the 1960s to 1980s, reported cross-resistance between
DDT and pyrethroids. Later literature suggests that or-
ganophosphate resistance is also developing in some
areas. The impact of this resistance on operational ac-
tivities such as larviciding and space spraying is largely
unknown. Resistant populations of Aedesaegypti have
been detected in several countries throughout the geo-
graphical range of this species and, in some areas; the
evolution of insecticide resistance has been linked to the
failure of the dengue control programme. Very little is
known about the molecular or biochemical basis of this
resistance and yet such information is needed to identify
the origin of resistance and develop suitable strategies to
reduce its spread and minimize the impact of resistance
mutations.

2.16. Resistance Management in Mosquitoes

Certainly, IRS programmes should avoid the practice of
spraying the same class of insecticide repetitively year
after year. Instead, another opportunity is to spray in-
secticides with different modes of action alternately and
alternating different insecticides in space, as a mosaic in
rotation, (56). Rotations are common forms of ‘best prac-
tice’ in agriculture, and are considered to have a good
record in slowing down the evolution of resistance. Com-
bination of interventions involves using different insec-
ticide classes applied in different forms within a house
(e.g. a carbamate sprayed on the wall and a pyrethroid
on an LLIN). In the case of larval control, there is only one
which is currently recommended, organophosphate,
temephos, which could be used in rotation or as a spatial
mosaic with other larvicidal agents (30). Therefore, such
combinations are likely to play a vital role in the future
insecticide resistance management programmes (56).

It is important to understand that almost all public
health insecticide classes are also used in agriculture
and it substantially contributes to some degree of the
resistance problem in malaria vectors. In the develop-
ing countries farmers obtain insecticide from the public
health personals engaged in the indoor residual spray-
ing and use for agricultural pest control. For example in
Ethiopia, although DDT has been totally banned for agri-
culture pest control, a recent study reported that DDT has
been extensively applied by the farmers as a pesticide,
which has been procured illicitly through the black mar-
ket at a low-cost (7).

3. Results

The evolution of high gene frequencies of resistance is
most commonly associated with IRS. It is interesting to
note that numerous numbers of insecticides are current-
ly available in the market for agricultural pest control
rather than malaria vector control. Therefore, the agricul-
tural sector has many choices for the selection of various
kinds of appropriate insecticides and must avoid using
the insecticides of public health importance. It is desir-
ables for both the agriculture and public health sectors
to work together for sustainable insecticide resistance
management. However, it demands further research to
understand the influence of different agricultural and
domestic pesticide uses on emergence and spread of in-
secticide resistance which are important to public health
(56).

Currently there is a lack of alternative, cost-effective and
safe insecticides. The development of new, alternative in-
secticides is a high priority, but is an expensive and long-
term endeavor. Indeed, it is essential that novel alterna-
tive insecticides belonging to new or different classes be
developed if current scaling-up efforts are to be sustained
and if local interruption of malaria transmission is to be
achieved. Above all, new classes of insecticides with novel
mode of actions are urgently needed; especial insecticide
products are suitable for use on bed nets. Furthermore, it
is also essential to preserve and prolong the susceptibil-
ity and effectiveness or life of the currently available in-
secticides, which will involve new formulations designed
for resistance management (56).

In the recent years, an encouraging progress has been
made to develop insecticides with new active ingredi-
ents to manage insecticide resistance. Innovative Vector
Control Consortium (IVCC) (100) has already developed
an impressive pipeline for reformulations of existing
insecticides, and the ongoing search for new active in-
gredients is promising. The new formulation makes the
insecticide more effective on more challenging surfaces,
such as traditional mud used in house building in rural
African communities, and reduces IRS programme costs
by increasing the required interval between applications.
The new formulation not only increases the residual per-
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formance of the insecticide, but also provides an effec-
tive tool to control pyrethroid resistant mosquitoes in
the field. But greater investments are urgently required
to speed up the research and development process (100)

Besides, promoting appropriate and alternative eco-
friendly vector control technologies like use of botanical
pesticides may reduce the use of hazardous insecticides
(5) as well as minimize the insecticide resistance in the
future. Otherwise, the recent advances will be rapidly
jeopardized, especially in the case of indoor residual
spraying, which tends to lose its efficacy as soon as vec-
tors become resistant.

At present, malaria control relies heavily on a limited
arsenal: artemisinin derivatives and pyrethroids. How-
ever, these could also become ineffective, owing to the
development of resistance. In this perspective, innova-
tive user-friendly and environment-friendly alternatives
to conventional vector control are apparently inevitable.
The exploration and development of novel and powerful
contextual community-based vector control interven-
tions are also warranted. Continuous effort is extremely
needed in terms of research and development to devel-
op next generation vector control tools as well as to im-
prove the existing interventions, such as vector control,
diagnosis, treatment, vaccines, bio-control of vectors,
environmental management, and surveillance, for the
sustainable elimination of malaria and possible eventual
eradication in the near future (6).

4. Conclusions

Insect-borne diseases such as malaria, filariasis, Leish-
maniasis, onchocerciasis, trypanosomiasis, dengue, yel-
low fever and Japanese encephalitis are not only existing
as a major health issue but also as a foremost cause of
poverty. Insecticides remain as the most important ele-
ment of vector control programmes. However, the pres-
ent scrutiny clearly suggests that many insect vectors
of diseases have evolved a widespread resistance to the
key classes of insecticides, particularly, pyrethroids used
for effective vector control. The potentiality of the exist-
ing insecticides must be preserved by reducing further
resistance, unless otherwise insecticide resistance could
be a potential threat to global public health. In fact, it is
a global and evolutionary phenomenon which calls for
stringent efforts to sustain the effectiveness, by avoiding
resistance problems to promote the development of ap-
propriate resistance management strategies.

The management of Insecticide resistance can be
achieved by various means and they are suggested in
terms of the following strategies; (i) better knowledge
on vector susceptibility status to insecticides (ii) continu-
ous and careful resistance monitoring and surveillance
in order to understand the current threat and evolution
of insecticide resistance (iii) understanding the varying
trends of resistance (iv) appropriate usage of biochemi-
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cal or molecular techniques for resistance detection (v)
implementation of appropriate insecticide resistance
management practices to preserve insecticide suscepti-
bility (vi) elimination of resistance genes from the vec-
tor population by removing the selection pressure (vii)
reduction of heavy reliance of chemical insecticides to
slow down the evolution of resistance (viii) searching for
next generation vector control tools (ix) exploration of
non-pyrethroid formulations with unique novel modes
of action for LLINs and IRS. (x) Building the partnership
by bringing all the stakeholders actively engaged in the
vector control programmes like public health experts,
researchers, medical entomologist, policy makers, indi-
viduals and insecticide manufacturers, to pave the way
to address the current disaster, in the near future. We are
both hopeful and optimistic that addressing the chal-
lenges posed by insecticide resistance could be an initial
foot step to create a world that is free from the scourge of
vector-borne diseases.
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