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Abstract

The world has experienced perceptible climate change for the past 100 years. Global
warming enhances the rapid spread of mosquito-borne diseases resulting in unknown con-
sequences in the future. The global economic development, increased urbanization, and
climate change have significantly increased the mosquito-borne disease transmission pat-
tern and dynamics. In India, mosquito-borne diseases have been a core public issue for
decades. Hence, mosquito control is primordial for preventing the transmission of malaria,
lymphatic filariasis, dengue fever, Yellow fever, Zika virus infection, West Nile fever,
and chikungunya virus infection in the human population. The mosquito control strate-
gies based on ecology have received much more attention during the 1960s, as chemical
pesticides induce negative impacts on human health and the ecosystem. Most of the cur-
rent approaches in mosquito control have several limitations related to the development of
insecticide resistance, lack of long-term sustainability, and negative impacts on the eco-
system and the environment. This review offers invaluable insights into severe mosquito-
borne diseases, various vector control strategies, and the influence of climate change in
mosquito-borne disease transmission.

Keywords Mosquito-borne diseases - Climate change - Vector control strategies - Mosquito
control - Synthetic insecticides - Biological control

1 Introduction

Vector-borne diseases were recognized as one of the pre-eminent health problems that

shockingly affected the human populace over the world during the twentieth century.
According to the World Health Organization in 2017, about 80% of the human population
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Fig. 1 Adverse impact of mosquito-borne diseases over the world in 2017

were infected by at least one or more vector-borne diseases (Fig. 1). It causes 7,00,000
deaths per year (WHO, 2017). Malaria, dengue fever, Yellow fever, and other deadly dis-
eases caused morbidity, disabilities (Fig. 2), and mortality among the human population.
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Fig. 2 Disability rates of people infected with mosquito-borne diseases in 2017
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The prevention and control of these vector-borne diseases were highly efficient when the
control measures were principally focussed on arthropod vectors (Anoopkumar & Aneesh,
2021).

Despite advanced developments in mosquito vector control aspects, infectious diseases
remain to continue to spread worldwide, as highlighted by the recent outbreaks in various
regions. Moreover, through trade and travel, dangerous mosquito vectors are being intro-
duced into areas that were not threatened by mosquito-borne diseases previously. Due
to the critical effort from the scientific community, many chemical products have been
developed to offer extensive safety to public health in the current scenario (Anoopkumar
et al., 2020a). Apart from their great benefit, the chemical products are also known to insti-
gate toxicity to human beings instigating impairment in the nervous system, skin and eye
irritation, swelling, and rashes. As a significant drawback, these synthetic products may
also develop insecticide resistance in the target organisms like Aedes aegypti and Culex
quinquefasciatus and the extensively challenging or impossible job of locating and treat-
ing all breeding habitats of such mosquito vectors (Anoopkumar et al., 2020e). Owing to
the extensive concerns linked with public health and mosquito-borne diseases, researchers
across the globe are continuously working hard in investigating the various novel strategies
to combat the infection in terms of climate change aspects. As a follow-up, the noticeable
focus has been made by the research community on designing and formulating effective
diagnostic approaches, drugs, and vaccines together with vector control strategies. There-
fore, new discussions regarding the drawbacks, benefits, and developing novel strategies
targeting mosquito vectors are urgently imperative.

The intense and frequent extreme climatic events including augmented temperature,
droughts, floods, and various environmental factors have exposed detrimental impacts like
outbreaks of mosquito-borne diseases. Such events may also develop a large burden on
developing countries in terms of social and economic cost. The prominent link between
the epidemics of infectious disease together with climate change is investigated in previ-
ous studies (Lowe et al., 2020). The influence of climate change and climate-related fac-
tors on the dynamics of infectious disease, distribution, and transmission has necessitated
the need for significant discussion (Pascual & Bouma, 2009). The four significant facts
for efficient vector control programmes include: i) incrimination of the mosquito vector,
ii) a better understanding of bio-ecology of the mosquito vector, iii) surveillance, and iv)
public awareness programme. In addition to this, the major tools and approaches pres-
ently employed to control vector-borne diseases include drugs for its deterrence and treat-
ment and insecticides of natural and synthetic origin to control the vector population. Here
we describe the critical assessment of various important mosquito control strategies and
whether climate change influences mosquito vector control perspectives. The goal is not
only to evaluate the risks of climate change in vector control but also to consider various
effective approaches to mosquito control programmes.

2 Literature review

One of the major aspects of this investigation was which are the major mosquito con-
trol strategies that are offering minimum risk to the human population in terms of health
problems. Moreover, the influence of climate change in mosquito control disease epidem-
ics is also recognized as another major focus of this study. A study by (Katz et al., 2008)
revealed that arthropod bites may be considered as a cause of morbidity in many instances

@ Springer



A critical assessment of mosquito control and the influence... 8903

since the bite can develop either systemic or local effects that may inflammatory or infec-
tious in nature. Studies that have focussed on the aforementioned aspects have driven us
to investigate the most important groups, specifically the mosquitoes that are included in
the insect group. The phylum, Arthropoda, includes the invertebrate group of animals such
as insects, centipedes, spiders, crayfish, and shrimp. Insects are one of the most important
groups of arthropods, in which mosquitoes represent a major threat to public health as they
spread severe vector pathogens to the human population. Hence, the World Health Organi-
sation (WHO) in 1996 declared the mosquitoes as ‘public enemy number one’. The abil-
ity of mosquitoes to transmit various pathogens to humans causes severe diseases such as
malaria, dengue fever, chikungunya, lymphatic filariasis, Yellow fever, Japanese Encepha-
litis, and Zika virus infection. This further leads to millions of deaths every year (A. N.
Anoopkumar et al., 2019). The principal vector for malaria and lymphatic filariasis was
Anopheles mosquito species. More sustained vector control efforts are also necessary to
prevent the proliferation of Culex species as they spread Japanese Encephalitis, Lymphatic
Filariasis, and other viral diseases. Aedes spp of vector mosquitoes have the greatest impor-
tance in public health (Rozendaal, 1997).

According to (Trampuz et al., 2003), malaria is recognized as a major public health
threat and remains one of the principal sources of morbidity and mortality induced by
infectious diseases worldwide and early diagnosis along with prompt treatment can block
unwanted outcomes. The probable arrival of the disease in Rome (first century AD) was
recognized as a turning point in European history. The disease was spread to Fertile Cres-
cent and Greece from the African rain forest. From there, through Greek traders and colo-
nists, it further spread to Italy, Denmark, and England. Plasmodium parasites belonging to
the genus Plasmodium were recognized as the major pathogen for malaria. The pathogens
are primarily transmitted to human beings and other animals through the bites of infected
Anopheles mosquitoes, principally between dusk and dawn. Ronald Ross in 1897 isolated
and identified plasmodial oocysts from mosquito’s gut and simultaneously reported the
potential of mosquitoes in malaria transmission. For the first time, Charles Louis Alphonse
Laveran in 1880 discovered the Plasmodium parasites from the blood sample of patients
distressed by malaria (Cox, 2010). The incubation period for malaria infection may vary
from 7 to 30 days in most cases.

Geographically specific malaria induces adverse effects such as poverty and eco-
nomic burden over the human population. In India, a large number of people are infected
by malaria (Kumar et al., 2007). Similarly, with the exception of northern and southern
extremes of Africa, most of the African countries were seriously threatened by malaria.
Haiti, a Caribbean country usually considered as the poorest nation in the Western Hemi-
sphere, is still facing severe risks from malaria (Laumann, 2010). These findings indicate
that the risk from malaria is serious and were geographically specific. One of the promi-
nent facts that have arisen behind this is that the African towns have a habit of growing
outwards with borders consisting of underdeveloped settlements. Besides this, poorly mon-
itored land use, urban agricultural practices, socioeconomic status, poor-quality housing,
uncontrolled urban expansion, and unpaved roads have also been recognized as additional
contributing factors for the aforementioned perspective (De Silva & Marshall, 2012).

The Centre for Disease Control and Prevention (CDC) in 2020 has also mentioned the
role of local weather conditions, socio-economic instability, and scarce resources in pre-
venting effective malaria control activities (CDC, 2020b). Besides this, relative humidity
and temperature have a direct influence on malaria transmission. The statistical analysis by
WHO in 2018 revealed that malaria has decreased from 251 to 228 million from 2010 to
2018. However, the latest report in 2019 indicated that more than 80 nations were currently
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under the threat of malaria and this report offers an ample update on malaria epidemics
over the world. Studies conducted in 2019 verified the strong link between the climatic
variables and malaria using the convergent cross-mapping technique. They have also
reported that the risky weather events (extreme warmer) could augment the risk of malaria
re-emergence away from the current distribution. The new developments in high-through-
put technologies have assisted the quantification of complete transcriptomes has exposed
a significant transcriptional variation. Studies based on the aforementioned aspects have
allowed the scientific community to monitor the influence of the transcriptional activity
with special inference on malaria infection (Abad-Franch et al., 2017; Solano-Villarreal
et al., 2019).

Recent studies indicated that the innate immune response-allied molecular mechanisms
and interactions of malaria vectors are prominently associated with the vectorial capacity
and prevalence of mosquitoes. Besides this, the diagnosis of malaria infection is vital for
accomplishing the aim of malaria eradication proposed by the Government of India. The
World Malaria Report by the World Health Organization in 2018 revealed that there is no
progress of reduction in global malaria cases from 2015 to 2017. To defeat the hurdles, the
novel innovations along with existing strategies concerning disease surveillance, mass drug
administration, and mosquito control practices hold the key to resolve the vast problem.
The World Health Organisation has provided recommendations regarding the choice of
rapid diagnostic tests (RDTs), but the selection concerning the RDTs remains challenging
in the endemic provinces. Therefore, the analysis of genetic variability of the Plasmodium
has received much more attention than others (Solano-Villarreal et al., 2019).

After malaria, lymphatic filariasis (first described in 1500 B.C.) is recognized as one
of the second most common mosquito-borne parasitic diseases. It affects 120 million peo-
ple in tropical countries (Ramzy et al., 2005). The lymphatic filariasis is caused by three
kinds of nematodes such as Wuchereria bancrofti, Brugia malayi, and Brugia timori.
These pathogens were transmitted by Culex, Anopheles and Aedes mosquito vectors,
respectively (WHO, 2010). The incubation period for the disease may vary from 4 weeks
to 8-16 months. The World Health Organization established a novel concept to start a
programme for the eradication of lymphatic filariasis as a public threat by the year 2020
(Ottesen et al., 1997).

Several previous studies have employed ecological niche modelling to find the present
status of lymphatic filariasis and its distribution in Africa. Those studies also discover the
mechanism of future changes in population and climate leading to the rapid spread, eco-
nomic loss, and burden to the continents (Slater & Michael, 2012). Based on the report
from WHO, approximately 893 million people were infected by lymphatic filariasis. At the
start of the Global Programme to eliminate lymphatic Filariasis, about 81 nations were rec-
ognized as endemic. Until this moment, the following countries and territories are accred-
ited as accomplishing the eradication of lymphatic filariasis as a public health concern: The
Cook Islands, Maldives, Niue, Palau, Tonga, Wallis, Cambodia, Egypt, Marshall Islands,
Thailand, Togo, Vietnam, Fortuna, Kiribati, Yemen, Sri Lanka, and Vanuatu. Among the
72 endemic countries, they have eliminated the lymphatic filariasis in more than 11 coun-
tries. The successful outcome of the efforts has forced international agencies to design and
develop systematic planning with execution for the eradication of lymphatic filariasis. The
Global Programme for Elimination of Lymphatic Filariasis (GPELF) targeted and triggered
mass drug administration (MDA) using albendazole and diethylcarbamazine to eradicate
the disease in 2020. Moreover, as suggested by (Fang & Zhang, 2019), long-term care is
essential to prevent the chronic effects associated with filariasis. Good hygiene should be
maintained for the treatment of lymphoedema. It includes systematic cleaning with water
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and soap and the use of specific antifungal or antibiotic agents. Inadequate health infra-
structures, the threat of drug resistance, lack of political wills, logistical issues are the sig-
nificant factors that are linked with the infection rate. Recurrence of lymphatic filariasis
owing to the migration of infected individuals into regions with disrupted transmission
grants acts as an important challenge in disease eradication efforts.

Mores et al., (2014) discussed the human infection models with special inference on
dengue fever transmission, and such aspects can prominently augment the knowledge of
the society regarding the significance of some phenotypic traits of viral strains, thereby
informing the trial design. The historical perspectives using human infection model have
open prominent insight into the transmission mechanisms of dengue viruses. The first clin-
ical report of dengue virus transmission was reported from Philadelphia during 17891780
by Benjamin Rush. Prior to 1970, merely nine nations had faced a threat to dengue epidem-
ics. The dengue viruses and their transmitters have become extensively distributed over
the tropical and subtropical provinces of the world, especially in Southeast Asia (SEA),
Western Pacific region, the region of the Americas, African, and European regions. Now,
the infection is endemic in more than 100 nations in the provinces of Western Pacific,
South-East Asia, Eastern Mediterranean, and Africa. Recent reports based on cartographic
approaches suggest that nearly 400 million people are infected with dengue fever every
year. The incidence of dengue infections in 2019 is found to be high than the infection rate
reported in 2017-2018. Across the Western Pacific region, an upsurge in infection rates
has been found in Singapore, Lao PDR, Australia, Malaysia, Vietnam, China, Philippines,
and Cambodia. The disease outbreak has also been reported in the African region (Tan-
zania, Congo, and Codte d’Ivoire) and the American region (Colombia, Honduras, Brazil,
and Nicaragua). Moreover, the rates of infection have dramatically increased in Nepal,
Thailand, Bangladesh, Sri Lanka, and various regions of India (WHO, 2019b). This is per-
haps because of the presence of multiple other contributing factors such as climate change,
travel, globalization, and socioeconomics.

Dengue fever is presently regarded as a severe mosquito-borne viral disease caused by
serotypes of dengue virus (DENV-1-DENV-4) primarily transmitted by the Aedes aegypti
mosquito population (Anoopkumar et al., 2020b, 2020e; Puthur et al., 2018). The virus
constitutes seven non-structural and three structural proteins together with a 10.7 kb sin-
gle strand of ribonucleic acid and a lipid envelope. The infections are usually asympto-
matic in most of the infected individuals (75%). The incubation period for the infection
can last from 3 to 10 days. However, most dengue patients experience an immediate onset
of fever (2-7 days) followed by symptoms such as arthralgia, sore throat, anorexia, head-
aches, myalgia, and macular skin rashes over the body. A multifaceted interaction of viral
factors along with the host after the infection determines whether the infection is severe or
asymptomatic. Mainly four criteria were included for dengue fever infections. They are:
i) probable dengue, ii) warning signs of dengue, iii) severe dengue, and iv) dengue shock
syndrome clinical warnings. The first criterion includes the individuals who live in the
dengue-endemic area. The major symptoms for probable dengue infections include fever
along with the following conditions such as vomiting, myalgias, nausea, arthralgias, and
rash. The second criterion includes persistent vomiting, ascites, lethargy, liver enlargement,
mucosal bleeding, thrombocytopenia, and abdominal pain. The third criterion includes
dengue fever with haemorrhage, organ dysfunction, plasma leakage, impaired conscious-
ness, pulmonary dysfunction, and myocardial dysfunction. The fourth criterion includes
various symptoms and clinical warnings allied with intense abdominal pain, narrowed or
lacking blood pressure, and quickly increasing haematocrit (Yacoub et al., 2016).
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According to (Chen & Wilson, 2020), many authors have developed and discussed mod-
els to predict the threat from yellow fever, its forecasting geographic spread, sudden out-
breaks, and significant findings that may be considered beneficial in planning novel strate-
gies to fight against the disease. Yellow fever is an infectious disease caused by Flavivirus,
belonging to the family Flaviviridae. The disease was first reported from Africa (first epi-
demic in 1648) and may instigate a vast clinical spectrum that potentially results in haem-
orrhagic fever allied with severe damage in the liver. The incubation period for the infec-
tion is usually between 3 and 6 days. Yellow fever has primarily been transmitted through
the sylvatic cycle and urban cycle. The former cycle involves the transmission of the virus
between non-human primates, while the latter one involves the transmission between urban
mosquitoes (Aedes aegypti) and humans. The disease is endemic in the tropic regions of
South America and Africa. An upsurge in the population density and distribution of the
Aedes aegypti mosquito vector induced the high risk of spread of Yellow fever over the
North to Central America and Asia. Due to the adverse impact of Yellow fever, some of
the American colonies refused admittance to ships from Yellow fever-infected regions
in the 1980s (Pearson & Miles, 1980). The live-attenuated vaccine against Yellow fever
was established in 1934. It was discontinued in 1980 as the vaccine generated more risk
of encephalitic reaction specifically in children. The low coverage of vaccines permits
approximately 80,000-2,00,000 infections and 30,000-60,000 deaths every year over the
world. The global supply is inefficient for Yellow fever vaccination; hence, dose-sparing
strategies have been implemented including intradermal administration and fractional dos-
ing to overcome such circumstances (Chen & Wilson, 2020).

(de Freitas et al., 2019) reported the inhibiting activity of sofosbuvir against hepati-
tis C with special emphasis on their practical assumptions. They also discovered that the
sofosbuvir diminishes the infected cells count and the production of virus particles car-
rying infectious properties. Their significant output is specifically relevant in the current
scenario since the liver is the major target of the infection. The other added advantages of
using sofosbuvir include the protection from weight loss, mortality, and liver injury. As of
its antiviral potential (in vitro and in mice) and safety profile in humans, sofosbuvir may
be considered as a novel option for the treatment of Yellow fever in the human population.
Duarte-Neto et al., 2019 used the orthotopic liver transplantations (OLTs) to treat fulmi-
nant Yellow fever hepatitis. Among the seven unvaccinated individuals, four of them died
and three of them were recovered. In addition to this, they have also mentioned the autopsy
findings of unvaccinated individuals who faced a severe threat from fulminant hepatitis
followed by Yellow fever. Faddy et al. 2019 mentioned that the inactivation of the virus
can be accomplished by treating the methylene blue, ultraviolet C light, and visible light
in platelet concentrates. However, further studies are necessitated to find out the practical
assumptions including the determination of threshold concentration to prevent the Yellow
fever transmission. Recently, a DNA vaccine was developed against the Yellow fever virus
(de Azevedo Marques et al., 2019). Their study is primarily based on the sequences of
those codes for the Yellow Fever Virus Envelope protein (p/YFE). The output from their
investigation is recognized to be promising for the reason that the constructs can augment
T-cell response towards the epitopes prompted by 17DD vaccine.

Before a few years back, the scientific community and news reporting agencies have
reported recurrently regarding the Zika fever outbreaks from the world. Several previ-
ous studies like an investigation by (Zanluca & Dos Santos, 2016) have reported that the
situation during the outbreak is really crucial because of the augmenting panic and fear,
exclusively when the clear management guidelines and definitive treatments are unavail-
able. The Zika virus infection is principally transmitted by Aedes aegypti, Aedes hensilli,
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Aedes africanus, and Aedes albopictus. The incubation period for the disease may vary
from 3-14 days. The Zika virus belongs to the Flaviviridae family and its evolutionary
characteristics revealed that the virus is linked to Asian and African lineage. The isolation
of the Zika virus for the first time in the world was performed from a macaque in Uganda’s
Zika forests. Right after, the Zika virus was isolated from Aedes africanus mosquitoes from
the same forest. In 1952, the first infection on humans was reported from Nigeria. The first
epidemic of ZIKV infection consists of forty-nine confirmed cases from Yap Island, Micro-
nesia, in 2007. The non-mosquito transmission of ZIKV by sexual mode has been reported
in 2008. More than 400 cases of ZIKV infections were reported in the second epidemic
(French Polynesia).

The link to Guillain-Barré syndrome with Zika virus infection was verified in 2013. The
infection rate was drastically increased to be greater than 1.5 million cases in the third epi-
demic that happened in South America. As a result of the incidence of microcephaly with
ZIKV infection in 2015, the WHO in the next year (2016) has announced Zika as a public
health threat. The frequency of Zika fever infection in the American regions drastically
declined in 2017 and 2018 in comparison with 2016. In 2018, the disease was also reported
from the Rajasthan State in India by the Ministry of Health and Family Welfare-Govern-
ment of India (MoHFW). The central response teams and state health authorities in India
continuously paid efforts to prevent the spread of infection over the nation. Mainly two
kinds of ZIKV infections are reported: congenital ZIKV syndrome and Zika fever. Congen-
ital Zika syndrome develops serious neurological anomalies associated with microcephaly
in the infected person. The Zika fever has exhibited severe manifestations stretching from
asymptomatic (80% of infections) to febrile sickness. The symptoms and various other
signs of infection imitate “dengue-like” syndrome with bilateral non-purulent conjunctivi-
tis, asthenia, retro-orbital pain, headache, low-grade fever, retro-orbital pain, arthritis, joint
pain, vertigo, vomiting, maculopapular exanthema, and muscle pain (Hasan et al., 2019;
Weltman, 2016).

Hasan et al. (2019) provided a detailed and comprehensive review of the Zika infec-
tion with special inference on public health concern. The non-mosquito transmission of
ZIKV infection like sexual mode has been reported by previous studies (Foy et al., 2011).
In agreement with their findings, (Musso et al., 2015) reported the point that the viral
RNA can be spotted in the semen for 17 days of acute illness followed by 62 days after
the symptoms have been observed in the infected individuals. In addition to this, (Dénes
et al., 2019) discussed a compartmental model to determine the role of asymptomatic car-
riers in Zika virus transmission. They mentioned a non-autonomous model that allows the
scientific community to explain the epidemics of Zika infection. The ZIKAV is currently
circulating in 38 countries including Easter Island, Canada, Japan, Germany, The USA,
Australia, and Italy.

During 2008, alarming news was aired on news channels that unveil the re-emergence
of kid killer in Uttar Pradesh (UP). Due to a large number of infections and the unavail-
ability of proper medical treatment many peoples have died. Japanese Encephalitis was first
reported in 1871 from Japan and is still considered as a neglected tropical disease. The
causative agent Japanese Encephalitis virus (JEV) is a member of the Flaviviridae family.
Among the five genotypes of JEV, genotype 1 is known to circulate considerably more
than others. The size of the virus is about 50-nm spherical particles constituting an elec-
tron-dense core surrounded by a lipid layer. The domestic animals including pigs are usu-
ally considered as the intermediate hosts, while humans are recognized as dead-end hosts
of infection. The incubation period is usually 5-15 days. The significant vector respon-
sible for Japanese Encephalitis transmission includes Culex mosquitoes. On account of
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the infeasibility of eliminating arthropod vectors, vaccination is considered as an effective
means of preventing infection (Schigler et al., 2007).

Various vaccines have been available in the market against the Japanese Encephalitis
infection since the 1950s. The various kinds of vaccines include: i) inactivated vaccines
cultured on kidney cells, ii) inactivated vaccines derived from mouse brain, and iii) live-
attenuated vaccines (strain SA 14-14-2). Owing to the unsatisfactory safety properties, the
production of mouse brain-derived vaccines in Europe and the USA has been discontinued.
A formalin-based vaccine is widely used as an effective drug against infection in China
during 1968. In terms of safety along with effectiveness, a live-attenuated SA14-14-2 vac-
cine is currently used in Sri Lanka, Nepal, South Korea, Thailand, and India. Also, the sec-
ond-generation vaccines (chimeric Japanese Encephalitis vaccine and IXIARO®) against
JE infections have used a lesser dosage scheme together with an extensive safety profile
(Amicizia et al., 2018).

Japanese Encephalitis is endemic in Australasian and Asian regions including India,
Nepal, Pakistan, Burma, Sri Lanka, Malaysia, Singapore, Indonesia, Philippines, Maritime
Siberia, Korea, Vietnam, and Japan (Vaughn and Hoke Jr, 1992). The outbreak of Japa-
nese Encephalitis has corresponded with two important epidemiological patterns such as
monsoons and post-monsoon periods. The density of the vector population has dramati-
cally increased in these periods. Moreover, the population density and abundance of the
Japanese Encephalitis vector is strongly dependant on climate change and human activities.
Approximately 30,00050,000 clinical cases have been reported every year, causing a mor-
tality of 10—15,000 deaths annually. Fever, abdominal pain, lethargy, headache, vomiting,
nausea, hypertension, and papilledema are the foremost signs of Japanese Encephalitis.

There have been several studies reviewed and focussed on West Nile Virus (WNV)
infection and mosquito control. West Nile Virus (WNV) infection attained much more
attention from 1937 to 1999 since it caused febrile illness throughout Asia, Europe, and
Africa. The virus was first isolated from Uganda in 1937. The biggest outbreaks of West
Nile Fever happened in Romania, Greece, the USA, Israel, and Russia. One of the major
points regarding the WNV outbreaks is that most of the outbreak sites are routes of migra-
tory birds. The pathogens responsible for West Nile Virus (WNV) infection are primar-
ily transmitted by Culex vector mosquitoes (Culex tarsalis, Culex quinquefasciatus, Culex
stigmatosoma, Culex thriambus, Culex pipiens, and Culex nigripalpus). The incubation
period is usually 2—-6 days. However, it may vary from 2 to 14 days for immunocompro-
mised people. The transmission of WNV infection is seasonal (from July to October) in
the temperate zones of Europe, North America, and the Mediterranean Basin (Zeller &
Schuffenecker, 2004).

The West Nile Virus infections in human beings are mainly subclinical. However,
clinical manifestations are also reported from febrile illness to neurological complications
including neuroinvasive disease. In 2019, the incidence and drastic effects of WNV-linked
anomalies have increased in the European Union with a specific concern for the Mediter-
ranean regions. With the growing distribution of vectors and the extensive endemic poten-
tial of infection, the WNV is worldwide renowned and augmenting public health concerns.
Alarmingly, there are no specific and effective antiviral treatments or vaccines presently
available against WNV (Chianese et al., 2019). Histopathologic studies on WNV-infected
human beings indicated that this virus causes severe neurological syndromes including
loss of neurons, variable necrosis, and perivascular inflammation (Guarner et al., 2004).
The control and prevention of WNV infection are mainly focussed on controlling the vec-
tor species by the use of insecticides. However, recent research on the novel concepts has
revealed that the scientific community can target the blood-feeding behaviour of mosquito
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bridge vectors as a vector control strategy (Nguyen et al., 2019). Their study mainly
focussed on the IVM-treated bird feed to control and prevent the infection. Laboratory and
field trials with special inference on effective endectocide during WNV season have also
been performed by them.

A study by (Ganesan et al., 2017) reported that lack of a specific adequate model for
testing in both animals and humans is considered as the one of the major tasks in pre-
venting the progressions in research allied with chikungunya virus infection. Chikungunya
virus infection is predominantly transmitted by the mosquito vectors such as Aedes aegypti
and Aedes albopictus (Anoopkumar et al., 2017b). The infection has emerged as an epi-
demic threat and causes a severe form of febrile illness, maculopapular rash, neurological
disorders, and polyarthralgia in human beings. The virus was isolated in 1953 from Tan-
zania (Robinson, 1955). The incubation period for the disease is usually 3-7 days. Com-
paratively, an extensive range of persistent disability (30%—45%) and fatality rates (17%)
were reported among the individuals who faced threats from CHIKV-linked encephalitis.
Moreover, the augmented frequency of other neurological anomalies including Guillain-
Barré syndrome has also been documented during a chikungunya outbreak in Polynesia
(Oehler et al., 2015).

Mainly three kinds of chikungunya virus genotypes have been identified and are: i)
Asian, ii) West African, and iii) East/Central/South African (ECSA). The development of
A226V mutation in the chikungunya virus (E1- ECSA), as reported in Réunion in 2005,
augmented the chance of spread of the virus through the Aedes albopictus (Van Bortel
et al., 2014). A recent update on the studies concerning chikungunya infection has revealed
that interferon-inducible protein (IFI) 16 prominently regulates the CHIKYV infection in
human skin fibroblasts. They also examined that the induced expression of interferon-
inducible protein (IFI) 16 entirely restricted the infection (Wichit et al., 2019). Recent
reviews indicated that no licensed effective vaccines are available for chikungunya virus
infection. However, several highly auspicious candidate drugs have proceeded for preclini-
cal studies, and only a small number of them have been tested in practical assumptions in
humans (Rezza & Weaver, 2019). CHIKYV infection has re-emerged in the Reunion Island,
Indian subcontinent, South-Eastern Asia, and Africa. During 2014, 2811 clinical cases of
chikungunya virus-induced infection were reported from the USA including 12 local clini-
cal infections from Florida. The epidemiology of chikungunya is strongly associated with
the weather conditions of Southeast Asia (Fischer et al., 2013). Several scientific reports
have emphasized the enhancing climatic constancy for Aedes mosquito vectors in the
European region as a consequence of changes in the climatic conditions (Caminade et al.,
2012). From the review of literature, it was clearly evident that studies that linking various
mosquito control strategies, epidemiology, clinical aspects, and barriers in vector control
strategies like climate change as a case study are scanty in the current scenario, and this
has enhanced the significance of this investigation.

3 Materials and methods
3.1 Data collection
We performed a review concerning the major mosquito-borne diseases, epidemiology,

various methods to combat vector-borne disease along with major outbreaks and climate
change perspectives. The search was executed using the various databases including Web
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of Science, ProQuest, ScienceDirect, EbscoHost, ClinicalTrials.gov, Scopus, PubMed,
Semantic Scholar, Wiley Online Library, IEEE Xplore Digital Library, JSTOR, Microsoft
Academic, Elsevier, Nature, PLOS One, Springer, and Directory of Open Access Journals
(DOAJ) and Google Scholar. The keywords used for the search were: “mosquito-borne
diseases”, “vector control”, “arboviruses”, “mosquito management”, “predators” “boosted
SIT (Sterile Insect Technique)”, “entomopathogenic microorganisms”, “dengue”, “envi-
ronmental factors”, “Malaria”, “larvivorous fishes”, “sex pheromones”, “sterile insect
technique”, “climate change”, “Wolbachia bacteria”, “Africa”, “epidemiology”, “model”,
“risk”, “vector-borne diseases”, “Zika virus”, “West Nile virus”, and “Chikungunya virus”.
The time line for the selection of article was set from 1900 to 2021. The retrieved articles
that are only in English language were then checked for their relevance to this investigation
based on the title and the abstract. The reference part of all the important retrieved articles
was also reviewed to get additional benefits. The data were then exported to the Microsoft
office 2010-2019, R software version 3.0, and SPSS 24.0.0 (Fig. 3). Extraction of data
from the collected literature is primarily based on the quality of the database, and the arti-
cles that did not meet the sufficient quality are immediately excluded. After the extraction
of data, it has been then subjected to cross-checking to ensure the maximum quality of
output for this investigation.

3.2 Statistical analysis

The Microsoft office 2010-2019, R software version 3.0, and SPSS 24.0.0. have been used
throughout this investigation to perform the statistical analysis. The paired T test for an
infection rate and disability/death rate of respective mosquito-borne disease has been per-
formed. The preparation of graphical illustrations has been also done by using the afore-
mentioned software.

4 Case study

WHO directed a global initiative to eliminate malaria between 1955 and 1970. In 1955,
the WHO has launched the Global Malaria Eradication Programme (GMEP) to eradicate
malaria from endemic provinces. The control strategies mainly focussed on the use of
dichlorodiphenyltrichloroethane (DDT) (1960s). The GMEP mainly relied on indoor resid-
ual spraying (IRS) followed by systematic detection and treatments. The implementation

Frame work to accomplish > Research Planning _» Research Article
the research target andLiterature review selection
High infection Web of Science, ProQuest, ScienceDirect, 1. Ezng]iis:l language
/Death rate EbscoHost,  ClinicalTrials.gov, ~Scopus, 3.6 < e;an;::
PubMed, Semantic Scholar, Wiley Online A Q;:;sc “1‘“?
Library, IEEE Xplore Digital Library, - Ny emlyeh

JSTOR, Microsoft Academic, Elsevier,
Vari M ito MOSQUITO Nature, PLOS One, Springer, and Directory
e S SV8  [mplication of of Open Access Journals (DOAJ) and
EOREDL SRS strategies Google Scholar

Microsoft office 2010-2019,
SR R software version 3.0
SO G and SPSS 24.0.0

Fig. 3 Experimental framework
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of the Global Malaria Control Strategy (1992) and the introduction of the Roll Back
Malaria Initiative (1998) have increased financial investment in disease control (Shretta
et al., 2017). The Global Malaria Programme (GMP) directed by WHO is liable for organ-
izing WHO’s global efforts to eradicate malaria. The Global Technical Strategy for Malaria
2016-2030 (GTS) offers a technical outline for all the malaria endemic provinces strug-
gling against malaria eradication. The main goal of GTS includes: i) diminishing the inci-
dence of malaria infection by at least 90%, ii) reducing the mortality rate to 90%, iii) eradi-
cating malaria from least 35 nations, and iv) preventing the resurgence of the disease in all
nations that are malaria-free (Programme, 2016). Likewise, in order to prevent the drastic
effects of lymphatic filariasis, the WHO has initiated Global Programme to Eliminate Lym-
phatic Filariasis (GPELF) (2000). The major focus of the GPELF includes: i) reduce the
threats of affected individuals and ii) diminish the intensity of infection.

The Yellow fever initiative and vaccination campaign in 2006 and 2016, respectively,
launched by WHO has focussed on diminishing the intensity of outbreaks rapidly together
with preventing its spread. The outbreak of Zika in Central, South, and North America with
arapid increase in the intensity of Guillain—Barré syndrome has forced the WHO to declare
Public Health Emergency of International Concern (PHEIC) in 2016 (Sikka et al., 2016).
Various countries including South Korea and Japan are recognized as prominent nations
that gained successful results from Japanese Encephalitis control programmes. The Japa-
nese Encephalitis control programmes principally employed the following four key factors:
i) pig immunization, ii) human immunization programmes, iii) improved mechanization,
and iv) well-developed living standards. The Ministry of Agriculture and Environmental
Protection has initiated WNV surveillance programmes in 2014. The significant objectives
of the programmes include the early detection of WNV with special inference on clinical
aspects and mosquito control. The major strategy in mosquito vector control programme
is the prominent use of either botanical or synthetic insecticides. The present investiga-
tion has developed a notion that supports the eco-attractive methods to create a platform to
combat mosquito proliferation. One of the major factors to support such aspects is the high
cost of synthetic insecticides, the harmful effect of synthetic products on human health, the
concern for environmental sustainability, and the lack of essential novel insecticides.

The prominent aspects of this investigation are as follows: first, this study assessed the
various mosquito-borne disease and mosquito control aspects that reflect the significance.
Second, the data revealed from paired T test of transmission rate and disability/death rate
for respective mosquito-borne diseases have verified their threatening effects to the human
population, indicating the significance of this investigation in the current scenario.

5 Results and discussion

Here the various vector control strategies that are widely used for mosquito control
worldwide are reported and discussed. Based on the statistical analysis from WHO, it
was found that the mosquito-borne disease results morbidity and mortality in world,
indicating the prominent role of infectious diseases in day today life of human beings.
The WHO also reported that about 445,000 deaths have been reported due to malaria
in 2016. The other mosquito-borne diseases have also showed their ability to instigate
life-threatening effects to human population by augmenting the infection as well as the
death rate, as illustrated in the statistical analysis of this investigation (Fig. 4; Tables 1
and 2). The T test analysis of infection rate and disability/death rate for mosquito-borne
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Fig.4 Paired T test for mosquito-borne diseases infection and disability rate from 2017 to 19

Table 1 Paired T test for mosquito-borne diseases infection rate from 2017 to 2019

Pair Infection rate from 17 to 19 T value P value df
Pair 1 Year—Malaria 4.80 0.00140 1
Pair 2 Year—Lymphatic filariasis 1.08 0.00474 1
Pair 3 Year—Dengue 1.09 0.00472 1
Pair 4 Year—Yellow fever (Africa) 0.976 0.00508 1
Pair 5 Year—Zika Virus Infection (Americas) 0.992 0.00502 1
Pair 6 Year—Japanese Encephalitis 0.909 0.00530 1
Pair 8 Year—Chikungunya 0.996 0.00501 1

diseases provided a clear picture of threatened effects in the human population. The
prominent results gathered from the analysis have open the door towards the various
strategies that can be used to prevent such mosquito-borne diseases. One of the major
approaches to accomplish the aforesaid perspectives is targeting the mosquito vector
population using different kinds of effective approaches. Hence, here we scrutinized the
prominent vector control strategies in terms of their benefits and disadvantages as well
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Table 2 Paired T test for

disability/death rate of mosquito- Pair  Disability/death rate 2017-2019 T value P value df

ggrf;e diseases from 2017 to Pair 1 Year—Malaria 3304  0.0020 1
Pair 2 Year—Lympbhatic filariasis 1.000  0.0500 1
Pair 3 Year—Dengue 1.793  0.0032 1
Pair 4 Year—Yellow fever (Africa) 1.767  0.0088 1
Pair 5 Year—Zika Virus Infection (Americas) 2.018  0.0005 1
Pair 6 Year—Japanese Encephalitis 3473  0.0018 1
Pair 8 Year—Chikungunya 2018 0.0014 1

as the practical implications. The influence of climate change in mosquito control pro-
gramme as an important obstacle has also been discussed in this part.

5.1 Chemical methods of vector control

Mosquito control methods have conventionally focussed on killing mosquito popula-
tions by using different types of insecticides. The use of chemical insecticides for mos-
quito control would develop insecticide resistance and generate toxic effects on non-
target organisms which might cause damages to the environment (Aneesh & Vijayan,
2010; Puthur et al., 2019, 2021; Strode et al., 2014). Mainly four different kinds of syn-
thetic insecticides (Table 3) such as organochlorines, carbamates, organophosphates,
and pyrethroids are used for mosquito control programmes (Rivero et al., 2010).

These chemical insecticides may generate four types of insecticide resistance mech-
anisms: metabolic resistance, penetration resistance, target site resistance, and behav-
ioural resistance (Hemingway & Ranson, 2000). However, some of the major advan-
tages of chemical methods for vector control are that they are effective within a short
period of time and can produce immediate results at a reasonable cost. Therefore, these
chemical insecticides are efficiently preferred in emergency situations including disease
outbreaks. The World Health Organization in 2006 described a statement encouraging
the effective practice of indoor residual spraying (IRS) using dichlorodiphenyltrichloro-
ethane (DDT) for malaria eradication in endemic and epidemic areas (Sadasivaiah et al.,
2007).

5.2 Residual spraying, larviciding, and space spraying

Indoor residual spraying (IRS) has been recognized as one of the effective methods of
chemical insecticide strategies for malaria control. It involves the controlled and care-
ful spraying of synthetic insecticides on inside walls of a community building or home.
World Health Organisation in 2006 recommended that DDT (organochlorine), feni-
trothion (organophosphate), malathion (organophosphate), pirimiphosmethyl (organophos-
phate), propoxur (carbamate), bendiocarb (carbamate), alpha-cypermethrin (pyrethroid),
cyfluthrin(pyrethroid), deltamethrin (pyrethroid), etofenprox (pyrethroid), lambda-cyhalo-
thrin (pyrethroid), and bifenthrin (pyrethroid) can be used for indoor residual spraying
with limited dose (Pesticides, 2006). But, the agencies for environmental protection have
proscribed the use of many synthetic insecticides as they cause serious problems to the
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environment including human population. In addition to this, some of the synthetic insecti-
cides were directly withdrawn by the manufacturers due to their high cost and norms by the
government against them. However, crude kerosene and petroleum oils were also used for
killing the mosquito larvae (WHO, 1982). Besides this, mosquito control programmes also
recommend space spraying methods to prevent various mosquito-borne diseases.

5.3 Biological and environmental strategies for mosquito control

Vector-borne disease transmission mainly depends on three primary factors such as patho-
genicity of the infectious agent, the competence of the vector, and the host organism’s sus-
ceptibility (Chareonviriyaphap et al., 2013). The transmission is also affected by a diverse
number of interconnected environmental factors. Hence, for the successful control of
mosquito-borne diseases needs a better understanding of the relation between these three
factors and several other environmental and biological factors. This transmission cycle is
directly and indirectly driven by a diverse number of inter-related environmental factors
(Roberts & Andre, 1994). Environmental methods for the reduction of mosquito breed-
ing sites have been also used along with synthetic insecticides. The notable innovation of
the plant-based drug, artemisinin used for malaria treatment and subsequent Nobel Prize
award in 2015 explores the significance of screening of plant metabolites against mosquito
vectors (Tu, 2011). Recent progress in applied microbiology with special inference on
enzymes and aquatic organisms including algae has enabled the development of extensive
and inexpensive approaches (Rebello et al., 2018; Rebello et al., 2019; Marten, 1986; Shar-
rel Rebello, 2019; Rebello et al., 2020a; Anoopkumar et al., 2020c; Puthur et al., 2020).
Destruction of mosquito populations can also be achieved by applying biological agents on
breeding sites of mosquito larvae.

During the twentieth century, larvivorous fishes were particularly used in peri-urban and
urban areas for mosquito control (Gratz & Pal, 1988). But, larviciding did not have a sig-
nificant role in the complete eradication of Anopheles gambiae in Brazil and Egypt. Still,
molecules of plant origin ranging from very low concentration to high concentration are
often effective against Aedes, Anopheles, and Culex mosquito population as natural ovi-
cides and larvicides. Plant-based natural insecticides might reduce the chance of mosquito-
cidal nanoformulations. Even a layman can rapidly prepare inexpensive repellents or ovi-
cides with low human toxicity (Anoopkumar et al., 2017a, 2020d; Benelli, 2016; Rebello
et al.; Anoopkumar et al., 2021; Rebello et al., 2020b; Vijayan, 2010). It has been found
that various natural enemies of mosquito larvae and pupae have a significant role in vector
control. The mosquito larvae are preyed upon by various biological control agents such as
amphibians, fish, and water bugs.

Currently, vector control programmes based on genetic manipulation to diminish the
vectorial capacity of natural mosquito population also received much more attention.
Moreover, predatory mosquitoes (toxorhynchites), dragonflies, cyclopoid copepods, nema-
tode worms, fungi, and bacteria have been widely used all over the world to control vari-
ous mosquito-borne diseases (Rozendaal, 1997). Besides this, zoophylaxis, marsh altera-
tion, and basic sanitary measures have also played a significant role in mosquito vector
control as environmental methods (Ault, 1994). There is an extensive eagerness for novel
approaches in mosquito control programmes, not only to prevent ZIKAV infections but
also to control a wide range of mosquito-borne infectious diseases transmitted by Aedes
aegypti populations. In 2017, Abad-Franch and his colleagues developed an innovative
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approach to vector control. This approach uses a potent synthetic analogue (pyriproxy-
fen) of juvenile hormone from mosquitoes. This material does not develop toxic effects on
human population.

5.4 Disease control programme on both international and national level
5.4.1 International level

During 1901-1903 in India, a concept of naturalistic vector control had emerged which was
executed in Malaya against Anopheline mosquito habitat (Watson, 1921). During the early
thirties, pyrethrum extract spray was used as a vector control strategy in South Africa. The
notable discovery of the use of DDT as a synthetic insecticide by Paul Muller in 1942 reor-
ganized the field of vector control (Russell, 1963). Based on the history of mosquito con-
trol in India, two kinds of eras can be distinguished, viz., pre- and post-DDT era. Several
vector control methods have been used prior to 1936. Most of the methods were focussed
on the use of oils, paris greens, and larvivorous fishes. The appropriate drainage system
may also reduce the mosquito population. During 1944, the DDT was implemented as a
residual insecticide for the mosquito control programme in India by antimalarial campaign
(White, 1945). During 1950, another synthetic insecticide called hexachlorocyclohexane/
benzene hexachloride (HCH/BHC) was introduced for mosquito controlling programmes
in Assam, India. However, the continuous transmission of malaria and severe mosquito-
borne diseases may lead to the development of the National Malaria Eradication Pro-
gramme (NMEP) during 1958 in India (Rao, 1958).

The organophosphate insecticide, namely Malathion, was also used to control the pop-
ulation of Anopheles culicifacies in 1969 (Rajagopal, 1977). The continuous practice of
synthetic insecticides to eliminate malaria using different experiments and methods was
not absolutely successful (Sharma, 1984). Excessive and prophylactic use of such synthetic
insecticides may lead to management failure by heritable resistance, and this may aug-
ment the chance of preventing the successful eradication of malaria (Chandler et al., 2011).
Hence, during the 1980s, the insecticides from pyrethroid group were implemented in the
public health programme to avoid the rapid spread of mosquito-borne diseases (Singh
et al., 1989). At the end of the twentieth-century deltemethrin, lambda cyhalothrin, and
cyfluthrin were used as insecticides for public health programme. Various other methods
have also been used for the same purpose over India. Advances in computer hardware have
strongly reinforced the software development for vector distribution mapping by means of
remote sensing (RS), global positioning systems, and digital databases.

Prevention of vector-borne diseases has been intensely influenced by Ross-Macdonald
model theory, which emphasizes that the potential for the transmission of the mosquito-
borne pathogen principally depends on the abundance of adult vector mosquitoes and
human biting rate. For sustained mosquito-borne transmission mitigation, indoor spraying
was preferred to residual insecticides (Achee et al., 2015). Nowadays, promising alternative
genetic control approaches have been developed for vector control. The genetic approaches
for vector control include the implementation of disease-refractory mosquitoes against
the vector population. Another genetic approach for mosquito control comprises the dis-
charge of mosquitoes carrying a lethal gene that is responsible for suppressing the target
population (Wilke & Marrelli, 2015). Several important problems have been faced before
the implementation of these aforesaid techniques for mosquito control. Issues related to
transposon stability, drive mechanisms, and sibling species complexes are still recognized
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as a serious problem while using these genetic techniques. The aforesaid factors need to
be considered before the implementation of mosquitoes carrying the lethal gene into the
wild population (Riehle et al., 2007). Paratransgenesis is considered as a strategy to pre-
vent mosquito proliferation by using symbiotic bacteria. This approach uses the genetically
modified symbiotic bacteria which expressing effector molecules were reintroduced into
the mosquito population where they generate desire effect (Coutinho-Abreu et al., 2010).
The preferable effective approaches for mosquito control include chemical, biological, and
environmental methods (Fig. 5).

5.4.2 National level

In 1947, approximately 22% population of India was estimated to suffer from marking
with 0.8 million deaths and 75 million cases of infection due to malaria. In order to fight
against the threats from malaria, National Malaria Control Programme (NMCP) was initi-
ated in 1953. Mainly three strategies have been followed for the success of the programme
and are: i) insecticidal residual spray (IRS) using DDT, ii) monitoring and surveillance of
infections, and iii) treatment of patients. After the success of the programmes, in 1958, the
NMCP was then converted to the National Malaria Eradication Programme (NMEP). How-
ever, insecticide resistance, the suboptimal monitoring, and logistics together with poor
health infrastructure in many parts of the country have instigated the resurgence of malaria
(6.46 million cases) in 1976. This has forced the national agencies to launch a modified
plan of operations (MPO) in the next year (1977) with three strategies, viz., early diag-
nosis and prompt treatment, IEC/BCC with public involvement, and mosquito control. In
1997, 2002, and 2005, Enhanced Malaria Control Project (EMCP), National Vector Borne
Disease Control Programme (NVBDCP), The Global Fund to fight AIDS, Tuberculosis
and Malaria (GFATM), respectively, have been launched to prevent various vector-borne
diseases with special emphasis on malaria.

The National Vector Borne Disease Control Programme (NVBDCP) launched in 2002
has also provided importance to prevent other diseases such as dengue, chikungunya,
lymphatic filariasis, Kala-azar, and Japanese Encephalitis (Malaria & Ums, 2011; NHM,
2019). In 1955, the National Filaria Control Programme (NFCP) was initiated in India to
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Fig.5 Various prominent strategies to combat the mosquito-borne diseases
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delimit the threats instigated by lymphatic filariasis in India. The control measures were
mainly focussed on mass drug administration (MDA) antilarval measures, indoor residual
spraying, and annual single-dose co-administration. The dengue fever infection is endemic
in most of all the states in India. This indicates that it had a wide distribution in both peri-
urban and rural areas. The National Vector Borne Disease Control Programme (NVB-
DCP) has significantly contributed by combating against the threats of dengue fever. In
addition to this, Integrated Disease Surveillance Programme (IDSP), Department of Health
Research Associated Research and Programmes (Diagnostic Laboratories (VRDL) and 52
Virus Research Laboratories) have also been involved in the dengue surveillance initia-
tives (Ganeshkumar et al., 2018). To prevent the rapid spread of Zika infection in India, a
well-established Monitoring Group of Technical Experts and a control room were launched
at National Centre for Disease Control (NCDC). In 2016, India has launched a vaccina-
tion programme against Japanese Encephalitis, which turned into National Immunization
Programme in 2014 (Narain et al., 2017). Till now, the afore-mentioned programme has
provided vaccines for 179 districts across India. However, the threatening effects of such
mosquito-borne diseases have continued in recent years. As depicted in Fig. 4, the paired
T test conducted in this investigation has provided a clear illustration of the various mos-
quito-borne diseases and their drastic effects on human health with strong support of statis-
tical analysis (Tables 1 and 2).

5.5 Climate change and vector control

The various aspects of global change include climate variability, climate change, water
storage, land use, urbanization, chemical pollution, travel, trade, and irrigation. The pro-
cess of climate change exhibits unknown risks in the future to ecosystems including the
human population. IPCC (The Inter-Governmental Panel on Climate Change) in 1966
stated that “the scientific studies on climate change suggest that the various activities by
human population throughout the last century have led to a discernible consequence on
world’s climate” (Houghton, 1996). Pathogens carried by vector mosquitoes are principally
sensitive to climatic conditions. The relationship between vectors and climatic conditions
has been described and quantified during the 1920s and 1950s, respectively. The extreme
temperature kills vector mosquitoes. However, the warmer temperature within survival
range has been increasing their biting and reproductive activity (Epstein, 2001).

There have been a number of reviews covering various aspects of global change, human
health, and infectious diseases that were published in the scientific community (Aneesh
EM et al., 2021). Several scientific reviews have been strongly targeted on mosquito-borne
infectious diseases. Svante Arrhenius, a Swedish Chemist, predicted that global warming
is a slow process that might generate severe consequences on time together with elevated
sea levels, fluctuations in global rainfall patterns, modifications to plant and animal inhab-
itants, and serious harmful health impacts. The global average temperature (1906-2005)
has increased by 0.74 °C (Parry et al., 2007). Based on the data from “Global Climate
Report—August 2020 the average temperature was reported to 0.94 °C (NOAA, 2020).
Based on the aforementioned concepts, without any doubt, we can say that climate change
may directly influence the risk of emerging vector-borne diseases all over the world.

According to Uriel Kitron (Professor of Epidemiology at the University of Illinois in
Urbana-Champaign), global warming has a significant impact on the transmission of vari-
ous mosquito-borne diseases, particularly malaria and dengue. The authors also studied the
various aspects of global warming as a serious threat in the spread of various vector-borne
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infectious diseases including dengue and malaria (Suk, 2016). The increased rainfall and
the process of global warming may significantly contribute to the distribution and abun-
dance of mosquito vectors. Current studies confirmed that inter-decadal and inter-annual
climate variability might have a strong impact on the epidemiology of mosquito-borne dis-
eases. The development, ecology, behaviour and survival of vectors, and the transmission
cycle might directly be influenced by several climatic factors such as temperature, humid-
ity, rainfall, and wind too. These factors may play an important role in the transmission rate
of pathogens (Fig. 6). Temperature is considered as the major parameter that influences the
rate of multiplication in the vector (Reisen et al., 2006).

The insects have various developmental mechanisms that are achieved through evo-
lutionary times to cope with thermal stress. Synthesis of heat-shock proteins, adjusting
behavioural activity together with thermoregulation is considered as the afore-mentioned
mechanisms to maintain cellular integrity, thereby optimizing their fitness, survival, and
adaptations, though their activity and fitness become impaired beyond the critical mini-
mum and maximum temperature range. In addition to this, certain other factors such as
the age of the insect, its physical state, and type of species may also influence the afore-
mentioned condition. When they overcome such situations, the adaptations would allow
them to colonize various habitats, thereby transmitting many infectious diseases to humans
and other organisms. As illustrated in Fig. 7, from an environmental perspective of global
warming and climate change, the host-seeking behaviour, ecology, population dynamics,
spatial distribution, and vector relevance have played a prominent role in the rapid prolif-
eration of Aedes aegypti and Aedes albopictus mosquitoes.

Aedes aegypti mosquitoes are unable to fly at extreme low temperature (10 °C). How-
ever, they were able to fly between 15 °C and 32 °C. A study by (Rowley & Graham,
1968) argues that lower temperature allows them to be active at the early morning and late
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Fig. 6 Influence of climate change on mosquito-borne disease epidemics
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Fig. 7 Prominent role of environmental factors including climate change in mosquito-borne disease trans-
mission: (1) the changes in environmental and ecological factors including temperature influences support
the development of mosquito vector life cycle. (2) The host-seeking behaviour and general activity of the
mosquito vector are also influenced by temperature changes. (3) The rainfall pattern and other environmen-
tal factors augment the disease transmission risk. (4) The global temperature change is shown to reveal a
prominent role in spatial distribution, geographic repartition, and population density, thereby increasing the
chance of spreading mosquito-borne diseases rapidly
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afternoon. Mosquito vectors also use several different cues such as chemical, visual, and
thermal information to seek and locate the host. Samuel Rickard Christophers, 1960b have
verified the link between environmental temperature and wingbeat frequency (367 beat/s
at 18 °C vs). In addition to this, Scott et al., 1993 reported that the blood intake in Aedes
aegypti was positively correlated with the environmental temperature. The environmen-
tal temperature has also altered the population dynamics by directly affecting the develop-
mental stages such as eggs, larvae, and pupae as well as general activity and reproduction
(Couret & Benedict, 2014). Aedes strains from the USA south part had a worse capability
to overwinter than those from the northern region indicating the strong ability of Aedes
mosquitoes to rapidly adapt to a new habitat or thermal conditions, thereby rapidly pro-
liferating their population. The warmer temperature is linked with the pathogen transmis-
sion and overwintering strategies by altering both mosquito distribution and biting activity
as well as pathogen transmission and development. Beyond the afore-mentioned factors,
short days inducing diapause and day length have affected the egg hatching and population
dynamics. Based on the above-mentioned facts, it has been clearly evident that climate
change can be recognized as an important factor that promotes the quickly increased abun-
dance of mosquito vectors. The yearly pattern of mosquito distribution has been indeed
prominently affected in the tropics and subtropics regions all over the world.

The growth rate of vector mosquitoes rapidly upsurges when the temperature rises. It
also increases the virus evolution rate too. Previous studies based on the effects of rain-
fall and temperature on Aedes albopictus reported that the populations of warmer regions
are likely to produce a large number of adult mosquitoes (Brower, 2001). Besides this,
climate change can make alterations in the seasonal transmission and geographic ranges
of mosquito-borne infectious diseases such as Yellow fever, dengue fever, and other

Increased
temeperature

S 3

Emergence of Arboviral Diseases £

CFCs Responsible for
climate change

Air travel/ Cargb

Fig.8 Climate change and vector-borne diseases
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vector-borne diseases too (Fig. 8). Previous studies have reported the impact of climate
change on species diversity, distribution, and abundance of Aedes aegypti population in
Australian regions (Kearney et al., 2009). The link between the life cycle of Culex mosqui-
toes and weather parameters in Northern Italy and Egypt was verified by (Abouzied, 2017).
With the help of evolutionary theory and biophysical models in climate change context,
(Kearney et al., 2009) found that egg desiccation, water availability, tolerance to colder
environmental temperature are prominent factors that drive the establishment of mosquito
vector species to new regions of Australia. Kobayashi et al., (2002) reported a significant
correlation between the population density of Aedes mosquitoes with annual mean tem-
perature in Japan with the help of geographical information system (GIS). They also men-
tioned that the environmental temperature during their study and global warming allows
the Aedes mosquito species to expand them to the northern region of Japan. The ability of
them to transmit the pathogen to the newer regions primarily depended on two significant
factors: (1) whether the infectious agent can disseminate and (2) whether the infectious
agent can infect the midgut cells. The major fact is that the changes in global temperature
or environmental temperature can affect both the afore-mentioned factors. Global climate
change allows the mosquito species to develop and transmit infectious agents and diseases
to humans and other organisms more quickly. Previous studies have reported that relatively
higher temperatures influence the amplification of West Nile Virus in the mosquito vector,
permitting increased transmission rates in warmer regions.

West Nile Fever (WNF) transmissions have increased in Israel during the hot summer
(2000 and 2010). This justifies the relationship between climate change and vector control.
Climate change would also contribute to an increase in the dengue transmission rate since the
rapid increase in global temperature would allow for wide distribution of Aedes mosquitoes
and increased virus transmission (WHO, 2014). A study by (Thu et al., 1998) with special
emphasis on climate change has indicated that the propagation of Aedes aegypti and ampli-
fication of the virus have increased in warmer environmental conditions. Similarly, the chi-
kungunya transmission by Aedes albopictus is strongly influenced by favourable climatic con-
ditions, especially in northwestern Mediterranean. During the 1960s, the local transmission

1.Malaria Bl 2. Lymphatic filariasis Bl e 3. Dengue fever lllle 4. Yellow fever Hlllle 5. Zika e
6. Japanese Encephalitis e 7.WestNile fever mmmEMe 8.West Nile fever e

Fig. 9 Distribution of mosquito-borne diseases over the globe
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of chikungunya virus was notably reduced due to the lack of reproducing Aedes aegypti and
Aedes albopictus populations in Canada. The limiting factor responsible for the reduced num-
ber of Aedes aegypti and Aedes albopictus population in Canada was the cooler Canadian
climate during 1960s (S Christophers, 1960a). But, as a result of climate change, the Aedes
mosquito population has become established in the Canadian region (Capinha et al., 2014)
(Fig. 9). The life cycle of vector population and the reproduction rate of pathogens inside the
vectors were directly influenced by the climatic factors. Simultaneously, the temperature rise
might boost the transmission risk of infectious diseases through increased vector population.
The long-term alterations in the seasons may also affect mosquito vectors and host animals.
The population dynamics and distribution of malaria are predominantly directed by abiotic
factors than the biotic elements (Southwood, 1977). In addition to this, the rainfall also plays a
significant role in the epidemiology of malaria. It offers the aquatic medium for the larval and
pupae stages of the mosquito life cycle. The rainfall proves advantageous to mosquito breed-
ing by means of increasing relative humidity.

5.6 Policy and managerial implications

As mentioned in the earlier sections, everyone is at risk because of mosquito-borne diseases to
a varying degree depending on the environmental sanitation, rainfall, and temperature (WHO,
2019a). The WHO and PAHO during the twenty-first century have developed frameworks and
strategies focussing on current mosquito control. The various perspectives that arisen from
this investigation based on the literature survey had illustrated that the following strategies can
be implemented to combat mosquito-borne disease. Community participation, advocacy, and
social communication have played a prominent role in the vector management programme.
Since the vector control strategies vary in effectiveness and coverage, the national and inter-
national agencies have advised the travellers to use general protective measures including the
use of repellents against mosquitoes. While vaccines are not available for the diseases such as
West Nile Encephalitis, Zika, chikungunya, dengue, and filariasis, the CDC recommends the
consumers to use the repellent products registered under Environmental Protection Agency
(EPA) (CDC, 2020a). CDC also recommends certain general protective measures like: 1)
avoid outbreaks, 2) bed nets, 3) insecticides and spatial repellents (DEET, Picaridin, PMD or
Oil of lemon eucalyptus (OLE), 2-undecanone, and IR3535), and 4) wear appropriate cloth-
ing. Environmental management methods are recognized as the most effective approach in
diminishing the number of mosquito breeding sites, thereby effectively preventing the spread
of mosquito-borne diseases (CDC, 2019). The reduction of the larval source through “clean-
up” campaigns in public spaces, around the house and schools, has also been formed as a sig-
nificant strategy in vector control approaches. All aspects of integrated vector management as
discussed above necessitate well transparent communication. Collaboration with other coun-
tries to share the available tools, strategies, and supporting research including larvicides and
GIS will provide additional support for effective vector control in practical aspects. In addi-
tion to this, the individuals should have trust in national vaccination programmes and should
accept both the benefits and risks from it. It is essential to have support from ministries, pub-
lic health professionals, collaborating institutions, and healthcare professionals collaborating
on resource allocation and developing plans to manage the disease outbreaks and seasonal
illnesses.
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6 Conclusion

While considering the current endemic nature of mosquito-borne infectious diseases all
over the world, this investigation evaluates the mosquito-borne diseases, the various strate-
gies for vector control, and the influence of climatic factors governing vector-borne dis-
ease transmission. The three important mosquito genera responsible for the transmission
of vector-borne diseases to human population include Aedes, Culex, and Anopheles. The
increased geographic distribution of mosquito vectors induces the emergence of patho-
gens and diseases in new regions. Now, the mosquito-borne diseases made epidemics that
interrupt health security and cause socioeconomic impacts all over the globe. The various
vector control strategies include chemical, biological, and environmental methods. Inter-
estingly, nowadays, micro-organisms including symbiotic bacteria (paratransgenesis) have
been used in vector control programmes. For effective vector control, the influence of cli-
matic factors on vector-borne diseases should be studied since the mosquito vectors are
also sensitive to the alterations in the climatic condition and the existing vector control
approaches are inadequate to combat with the adverse effects of global warming.
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