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Screening of Aromatic Plants against Aedes aegypti

Abstract

The control of dengue fever vectors has arrived a major phase of challenge to the
research community due to the enhanced risk of resistance to synthetic
insecticides in Aedes aegypti mosquitoes. About 2 million of the human
population has been severely affected by arthropod-borne diseases, especially by
dengue fever every year. The frequent and routine use of synthetic insecticides
for mosquito control is allied with several challenges like resistance,
environmental hazards, and toxic effects to non-target organisms. A research
based on the development of eco-friendly strategies that would enlighten the
existing method is significant for Kkilling the aforementioned challenges.
Therefore, this objective is intended to screen at least fifty locally available and
traditionally important medicinal plants against Aedes aegypti, using organic
solvents of increasing polarity. The mean percentage of mortality recorded after
24 hours of continuous exposure of extracts has exposed that out of 50
traditionally used medicinal plants, 21 plants exhibit more than 41% of toxicity,
four plants show 31-40 of toxicity, and eight plants show 20-30% of mortality.
Despite the fact that there exist several studies on medicinal plants as an effective
larvicide against mosquitoes, none of them have revealed the isolation, and
characterization of bioactive elements from three medicinal plants such as
Jasminum brevilobum, Aglaia edulis, and Pogostemon auricularius. The
aforementioned three plants have shown a prominent range of larvicidal potential
against Aedes aegypti fourth instar larvae. This study suggested that the medicinal
plants showing a prominent range of toxicity against Aedes aegypti could be

recognized as a ground-breaking notion for the development of natural insecticide.
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Identification of Bioactive Compounds

Abstract

Novel insecticides and mosquito control strategies are needed to broaden the
horizons of the chemical arsenal for preventing the threats from emerging
infectious agents, such as Dengue virus (I-V). Medicinal plants are known to
produce a wide range of phytochemical constituents with potential larvicidal
activity. Therefore, significant consideration has been given to research on a
plethora of traditionally used medicinal plants for outlining their larvicidal
potential against the dengue fever vector Aedes aegypti. The present objective
delivers the first evidence that the three isolated bioactive elements such as
Jatamansone, 3-hydroxy-2,2,4-Trimethylpentyl isobutyrate, and 2,2,4-Trimethyl-
1,3-pentanediol diisobutyrate isolated from Jasminum brevilobum, Pogostemon
auricularius, and Aglaia edulis respectively exhibited sturdy larvicidal efficacy
against Aedes aegypti fourth instar larvae. The identification and the structural
characterization of the aforementioned compounds were accomplished using
Thin-layer chromatography, Column chromatography, Fourier-transform Infrared
Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR) spectroscopy, and
Gas Chromatography-Mass Spectrometry (GC-MS). For statistical analyses,
Statistical Package for the Social Sciences (SPSS), and R software were used.
Among the three isolated bioactive elements, 2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate exhibited more toxicity than the other two with an LCso 1.724
(0.834-2.479). The findings of this objective have shown extensive effectiveness
of the isolated bioactive elements for mosquito control. This investigation
advocates that future research aims at determining the chance of emerging

insecticide resistance against the Aedes aegypti mosquitoes.
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Susceptibility Status of 4" Instar Larvae of Aedes aegypti towards the Plant
Isolates

Abstract

During the past few epochs, the emergence of resistance against various synthetic
insecticides among dengue fever vector Aedes aegypti has posed a drastic
challenge in many countries including India. One of the most effective ways to
reduce the chance of insecticide resistance is the use of bioactive elements for
vector control instead of using synthetic insecticides. Therefore, modern vector
control strategies have a habit of using less polluting and more selective bio-
derived products for mosquito control. The natural insecticides have a reputation
for being expensive; hence, makes the public choose synthetic insecticides for
vector control. In context with the aforementioned concepts, the present objective
analyzed the susceptibility status of 4" instar larvae of Aedes aegypti towards the
plant isolates such as Jatamansone, 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate,
and 3-Hydroxy-2,2,4-trimethylpentyl isobutyrate isolated from Jasminum
brevilobum, Aglaia edulis, and Pogostemon auricularius. This objective has
verified that the three selected bioactive elements such as Jatamansone, 2,2,4-
Trimethyl-1,3-pentanediol diisobutyrate, and 3-Hydroxy-2,2,4-trimethylpentyl
isobutyrate don’t instigate a threat towards mosquito control in terms of
insecticide resistance since their higher concentration causes a moderate range of
resistance in Aedes aegypti fourth instar larvae. The results obtained in this study
could be considered as a platform to prevent the challenges confronted in the

frequent use of natural insecticides for mosquito control.
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Qualitative and Quantitative Analysis of a Few Detoxifying Enzymes in
Susceptible and Phytochemical Selected Lines of Aedes aegypti

Abstract

For the effective control of Aedes aegypti mosquitoes, monitoring the emergence
of resistance against the toxic compounds is vital. The earlier objectives have
verified the toxic potential of three bioactive elements; however, their mode of
action, and mechanism behind the emergence of a moderate level of resistance
need to study for the development of natural insecticides. Therefore, the present
objective has verified the qualitative and quantitative changes of certain
detoxifying enzymes such as glucose 6-phosphate dehydrogenase (G6PD), a-
esterases (A-est), B-esterases (B-est), and cytochrome P450 with special inference
on the extermination of microbial inhabitants and phytochemical prompted
reactive oxygen species. All the isolated bioactive elements and the plant extracts
were exhibited a prominent range of toxicity against the tested microbial
consortia. The bioactive elements such as Jatamansone, 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate, and 3-Hydroxy-2,2,4-trimethyl pentyl isobutyrate were
considered as a double-edged weapon since the excessive production of free
radicals has instigated the oxidative stress in the target insect. In context with the
aforementioned results and due to the low level of esterases and dehydrogenases
activity, the bioactive elements such as Jatamansone, 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate, and 3-Hydroxy-2,2,4-trimethylpentyl isobutyrate can be
recognized as an effective raw material for the preparation of natural insecticide
against Aedes aegypti mosquitoes in future, and draws a conclusion of the

investigation.
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GENERAL INTRODUCTION

Novel repellents and insecticides are essential to extend the diversity of our
chemical arsenal for preventing the rapid proliferation of emerging pathogens
through the mosquito vectors (Procépio et al., 2015). Emerging evidence in
vector control research with special inference on unselective toxicity, insect
systems, and environmental persistence suggests that the insecticides of botanical
origin have been in the core of interest as source phytochemical compounds for
the discovery of novel insecticides (Aiub, Coelho, Sodré, Pinto, & Felzenszwalb,
2002; Amer & Mehlhorn, 2006a; Melo-Santos et al., 2010; Ocampo, Salazar-
Terreros, Mina, McAllister, & Brogdon, 2011). The plant-based protection
measures have been used in traditional practice against host-seeking arthropod
vectors, specifically mosquitoes. Traditional knowledge on repellent plants is
considered as a valuable resource to counter various mosquito-borne diseases by
developing novel natural insecticides (Kantheti, Alapati, & Sulthana, 2018; Maia

& Moore, 2011; Youmsi et al., 2017).

Today, repellent products comprising plant-based constituents have extended
aggregating popularity among customers, as these products are usually ascertained
as “harmless and safe” in contrast to previously developed synthetic products
(Maia & Moore, 2011). The use of insecticides of synthetic origin to prevent the
proliferation of mosquitoes of epidemiological significance is becoming
increasingly difficult. Problems including product residues, unacceptable threats

to non-target organisms, adverse environmental persistence, and withdrawal of
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active ingredients together with pest resistance are among those stimulating vector
control research to develop alternative strategies. The plant-derived products are
considered as significant candidates with low mammalian toxicity, and diminutive
environmental persistence (Miresmailli, Bradbury, & Isman, 2006). The
increased preference of traditional medicinal plants has subsequently propelled the
exploration of vector control strategies against mosquito vectors, specifically
Aedes aegypti (Linnaeus, 1762), a dengue fever vector. Despite rigorous efforts to
counter arboviral diseases, the illness remains to be one of the most serious threats
faced by endemic regions of the world (Cook, Diallo, Sall, Cooper, & Holmes,
2005; Ravi, 2006; Reiskind & Lounibos, 2009). The chemical control of
mosquito vectors has challenged severe complications such as unselective toxicity
of frequently used synthetic insecticides and environmental persistence followed
by the emergence of resistant strains (Aiub et al., 2002; Melo-Santos et al., 2010;
Ocampo et al., 2011; Vontas et al., 2012). One of the reasonable approaches to
mosquito vector control is the search for insecticides of botanical origin as they
are biodegradable in nature and minimize the risk of resistance development

(Vontas et al., 2012).

India has a diverse culture of traditional medicinal practices for healthcare. In
spite of significant advancements in modern therapeutic methods, medicines based
on traditional aspects have been still recognized as a primary form of treatment
against a large number of abnormalities, diseases, and wounds in developing
countries including in India. Hence, in India, a wide variety of decoctions, plants,
pastes including plant extracts have principally been used for the treatments

against wounds, burns, and cuts (Kumar, Vijayakumar, Govindarajan, &
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Pushpangadan, 2007). The number of people using traditional medicine as
alternative medicines is promptly increasing day by day all over the world. Well
established knowledge regarding the effect of plants on human physiology and the
metabolic process have extensively enlarged the significance of medicinal plants
in the current scenario (Dey, Ota, Srikanth, Jamal, & Wanjari, 2012).
Remarkably, the demand for medicinal herbs in the market is still reported as high
(Li, 2000). The prominent compounds in traditional medicinal plants constitute a
wide range of active chemical elements that can interfere with the certain
biological process of the insect vectors, thus disrupting their life cycle and
diminishing the risk to animals and humans (Fallatah & Khater, 2010). In tune
with these perspectives, a number of attempts have been made to combat
mosquito-borne disease by targeting their larvae as an effective vector control
approach. The various forecasting factors such as less chance of developing
resistance, target-specificity, higher acceptability, reduced number of applications,
appropriateness for rural regions and eco-safety are considered as additional
benefits in choosing insecticides of botanical origin (Govindarajan, Mathivanan,
Elumalai, Krishnappa, & Anandan, 2011). However, very few attempts have been
made on the practical approaches of traditionally used plant-based approaches for
the control of mosquito vectors (Innocent et al., 2014). Studies on these aspects
can also provide significant results essential for the discovery of novel compounds

with insecticidal toxicity.

Today, the majority of research in vector control and pharmacological aspects is
focused on the killing effects of plant-based products against various mosquito

species. Aromatic plants specifically those in the families of Rutaceae, Labiate,
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and Graminae are the most widely used for insect control. In addition, previous
studies have reported that several plant species from Oleaceae, Lamiaceae, and
Meliaceae families have already been investigated and verified as an effective
alternative for synthetic insecticides against Aedes aegypti, a dengue fever vector
(Candido, Cavalcanti, & Beserra, 2013; Kweka et al., 2008; Misni, Nor, &

Ahmad, 2016).

Why Aedes aegypti?

Dengue infection, clinical manifestations, pathogenesis, public threats, and

significance

Dengue infection is primarily considered as one of the major viral infections in
human populations, transmitted by Aedes mosquitoes. The extensive distribution
of dengue infections includes 3.6 billion people from 124 countries and the risk of
infection on each year has now reached around 500 million people (Villanes,
Griffiths, Rappa, & Healey, 2018). The severe form of infection is believed to be
instigated by a number of aspects, specifically including the host immune status
and virus genotype (Rico-Hesse et al., 1997). Five closely linked but
antigenically different dengue virus serotypes (DENV-I to DENV-V) have been

characterized (Mustafa, Rasotgi, Jain, & Gupta, 2015).

The level of infection rate in the tropical and subtropical regions all over the world
has rapid upsurge in these years. One of the probable reasons for the afore-
mentioned state is the enhanced number of travelers between the endemic regions
(Ito et al., 2004). Besides its burden to the public health systems, dengue-related

disorders were responsible for substantial economic losses in tourism, and the
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dengue viruses may have been found to grow owing to such significant factors as
global warming, and human population size growth together with international
transportation systems (Klungthong, Zhang, Mammen, Ubol, & Holmes, 2004).
Clearly, as a consequence of the impact of increased population density by the
development of international transportation systems and urbanization, the
exposure incidence of humans to arthropod vectors and the international mobility

of human beings have prominently increased (Gould & Higgs, 2009).

Establishment of new forest-farmland margins, deforestation, uncontrolled
urbanization, primitive irrigation systems together with vector populations
breeding in sewage systems and aquatic ecosystems, have been implicated in the
invasion of domestic animals and human beings into new arthropod vectors
habitat. The increased encroachment of human beings into the forest areas which
was formerly a habitat of arthropods and animals have consequently resulted in
certain adaptive processes also. One of the reasons for the aforementioned
adaptation (domestication of insects) is the recurrent exposure of arthropods
against the modern human environment. In addition, increased long-distance
transportation of livestock, followed by the new routing of bird migrations has
caused the bearing of viruses and arthropods to a new region (Gibbs, 1981,
Oluwayelu, Adebiyi, & Tomori, 2018). The domestic dogs that share the human
environment have usually facilitated the exchange of infectious agents between
arthropod vectors, animals and humans. This has validated that domestic animals
can act as reservoirs of several zoonotic diseases. It has also revealed the blood-
feeding patterns of dengue fever vector Aedes aegypti from Singapore, Puerto

Rico, Thailand, and the United States of America with special reference to
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domestic dogs that may be infected with flaviviruses (Thongyuan & Kittayapong,

2017).

The principal clinical manifestations of dengue infections include plasma leakage
and organ impairment together with bleeding (Verma, Sahu, & Holla, 2014).
However, classical dengue fever is regarded as one of the serious threats by a
number of severe symptoms such as headache, myalgia, arthralgia, retro-orbital
pain followed by fever. The severe forms of dengue fever have also been termed
as dengue shock syndrome and dengue hemorrhagic fever (DHF). Apart from the
general clinical manifestations of infection, several neurological manifestations
such as Guillain-Barré Syndrome (GBS), encephalitis, myositis, and myelitis have
been well characterized as dengue infection. The complications associated with
neurological manifestations were supposed to be the outcome as a result of the

multisystem derangement resulting in encephalopathy (Cam et al., 2001).

The infection has been endemic for the past two centuries in India. The first
epidemic of dengue in India has been reported during 1963-64 from Kolkata
(Bandyopadhyay, Jain, & Datta, 1996). The rapid upsurge in the frequency of
dengue outbreaks reported from Kerala, India during 2017-18, indicates the
significance of the current study (Anoopkumar, Puthur, Rebello, & Aneesh, 2019;
Anoopkumar, Puthur, Varghese, Rebello, & Aneesh, 2017a). As per the statistical
analysis of the Kerala Health Department under the Integrated Disease
Surveillance Project (ISDP), 8888 confirmed dengue infections were reported
from Kerala from January 1% to June 30", 2017. In addition to this, 56 suspected,

and 15 confirmed dengue fever deaths were reported in 2017 from Kerala, India
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(Anoopkumar et al., 2017a). It is therefore foreseen that the studies concerning
the annihilation of mosquito vectors of epidemiological significance will brighten
the imminent prospect and enhance the knowledge of natural vector control
strategies and also decrease the arboviral disease transmission level in the human

population.

Common methods for vector control

The traditional aspects of vector control strategies have mainly pivoted on a large
number of synthetic insecticides. Destruction of mosquito breeding sites by
environmental management together with microbiological larvicides and
pupicides has got much more importance in areas where endemic arthropod-borne
diseases occur (Amer & Mehlhorn, 2006b). The introduction of synthetic
insecticides such as organophosphates, pyrethroids, carbamates, and various other
insecticides of botanical origin during the 1960-1980s has contributed effectively
to vector control (Aktar, Sengupta, & Chowdhury, 2009). The development of
insecticide resistance in arthropod vectors, severe toxic effects on non-target
organisms, and damages induced in the environment has forced to regulate the use

of synthetic insecticides (Ranson & Lissenden, 2016).

Chemical methods for vector control

Synthetic insecticides

The frequent use of synthetic insecticides, especially carbamates, pyrethroids, and
organophosphates can cause adverse effects on human health. Personal protection
against arboviral diseases can encompass several strategies including the use of

mosquito repellents such as N,N-diethyl mendelic acid amide (DEM), N,N-

12| Page



diethyl-meta-toluamide (DEET), and dimethyl phthalate (DMP); as well as
phytochemical constituents, clothing that covers the maximum part of the body,
and sleeping using mosquito nets. However, sleeping under the nets has only
prevented the bite from mosquitoes during the night (Benelli, Jeffries, & Walker,
2016). Previous studies have reported that the use of insecticide-treated bed nets
reduced the spread of Plasmodium falciparum and this has resulted in the

incidence of vector-borne diseases fall from 2010 to 2015.

The use of the afore-mentioned insecticides may primarily focus on the various
stages of the vector life cycle including its larval and adult forms (Goldberg &
Margalit, 1977). In addition, indoor residual spraying (IRS) has been used as an
effective vector control strategy to prevent various mosquito-borne diseases,
especially malaria. IRS involves the spraying of insecticides on the walls of a
home or building with an alert (Kolaczinski, Kolaczinski, Kilian, & Meek, 2007).
Previous studies have reported that the effective use of DDT has successfully
eradicated the yellow fever mosquito Aedes aegypti from 19 countries during
1947 and early 1960s. However, the resistance developed against DDT has forced
the public health system to phase out these kinds of compounds. Similarly, the
development of mutation in the voltage-gated sodium ion channel together with
the neurotoxic effect by pyrethroids have limited their use in vector control
programmes (Weeratunga, Rodrigo, Fernando, & Rajapakse, 2017). In this
regard, the agencies for environmental protection have banned the practical
assumptions of synthetic insecticides; as for the reason that they induce several
adverse effects on nature and the environment including humans. The norms by

the governmental agencies together with the high cost of synthetic insecticides

13| Page



have forced the manufacturers to withdraw their products too (Collins &

Blackwell, 2000).

Today people are using various substitutes for these synthetic insecticides for
getting rid of the nuisance, biting from mosquitoes, and infectious diseases
followed by high-pitched buzzing (Table 1.1; Page No. 82). The aforementioned
important synthetic substitutes are aerosols, mosquito coils, and vapourizers.
Most of all the synthetic insecticides are thermostable and therefore have been
principally used for the preparation of mosquito coils (Sharma, 2001). While
burning liquids and various coils that are available in the market against
mosquitoes, the compounds like allethrin, s-bioallethrin 1.9%, d-allethrin 0.2 to
0.3% w/w, and years 4% become vapourized without disintegration at high
temperature (up to 400°C ), and can produce effective repellent action against
them (Rahman, 2013). However, the afore-mentioned toxic compounds are
reported with several health issues in human beings such as eye irritation, asthma,
bronchial irritation, pain in the throat, skin reaction, pain in the ear, cough,
running nose, cold, breathing problems accompanied with headache, fever, and
sneezing (Rahman, 2013). Some of the afore-said compounds including
acetaldehyde, and formaldehyde (about 55%) can cause sturdy annoyance on the
respiratory tract of humans. The frequent use of Organophosphate insecticides, a
derivative of phosphoric acid, usually inhibits the action of cholineesterases
resulting in paralysis, and death. This has validated its toxic action over the
enzyme acetylcholinesterase found in the Central Nervous System (CNS), and
Peripheral Nervous System (PNS) in synaptic junctions. The rapid hydrolysis of

acetylcholine has caused the repolarization of the basal plate found in
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neuromuscular networks, preparing for the influx of new impulses. The synthetic
insecticides have found to be generated strong covalent bonds against
acetylcholinesterase, the inhibition of enzyme happened, resulting in the
deposition of acetylcholine in the synaptic region followed by the disruption of
normal nerve impulses transmission (Rey Vega, 2011). However, due to the
insecticide resistance induced by organophosphates, and carbamates in

mosquitoes, they are no longer effective in the current scenario.

Due to the toxic nature of organophosphate pesticides on the vertebrate nervous
system, many of them are banned in several countries. However, temephos is the
unique organophosphate pesticide that is still used for vector control (Fortin,
Maire, & Leclair, 1987). Moreover, the carbamate pesticides exhibit resemblance
towards the organophosphates in their mode of action since both of them inhibit
the cholinesterase enzyme. Therefore, the impacts of carbamate poisoning in
insects are usually similar to those faced with organophosphates. The carbamates
block acetylcholinesterase enzyme by carbamylation in the muscle region, which
is recognized as a reversible reaction; hence, the carbamate poisoning in human
beings is easily recoverable than the organophosphate intoxication (Roberts &

Reigart, 2013).

Some of the synthetic insecticides including pyrethrins are known to exhibit
relatively low levels of toxicity to humans; although, it may also instigate
dizziness, nausea, and headache in male sprayers. The burning of mosquito coils
may generate many volatile organic compounds (VOCs), including suspected

carcinogens. Many of the toxic elements from the smoke may reach the
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respiratory tract, and prompt a plethora of drastic effects. The gas-phase of the
burning coil constitutes certain carbonyl compounds and the emission of the same
from one coil is equivalent to burning 51 cigarettes. Moreover, the emission of
such non-selective toxic constituents from the smoke and long-term exposure has
been previously reported to induce persistent wheeze and asthma in humans
(Rahman, 2013). The fact that many phytochemical constituents are irritants to
hematophagous insects including mosquitoes could be recognized as an
evolutionary relict, and this irritant response is well conserved in the ancestry of
Diptera, and we can choose this loophole to counteract against them. Of note,
studies that exploit the afore-mentioned perspectives can achieve the following
facts that cannot be gained from synthetic insecticide-based approaches; i) target-
specificity, ii) relatively non-toxic nature, iii) as an affordable tool in an
environmental perspective. Therefore, the traditional knowledge and prominent
use of medicinal plants as forecasting natural insecticides would be considered as
prerequisites for the development of standardized natural pesticides. Previously,
homemade natural insecticides were prominently used by human populations in
low-income countries; and from the literature, it was evident that expensive and
limited availability of some of the synthetic insecticides is the driving force
behind this circumstance (Dougoud, Toepfer, Bateman, & Jenner, 2019).
However, there exists a chance of emerging questions concerning the practical
implications and scientific evidence of such an excellent eco-friendly approach.
This investigation hence provides focus on the scientific evidence for such natural
approaches. In light of the prohibitive cost along with limited availability in the

village provinces of low-income countries, the use of botanicals with scientific
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evidence could be considered as a valid alternative to chemical insecticides.
While we consider the hazardous effects linked with the practical implications of
synthetic insecticides, the formulations and preparations of synthetic insecticides
have also allied with the extinction of natural enemies of Aedes, Culex and other
epidemiologically important mosquito vectors. Such situations may augment the
prominent use of natural insecticides in vector control. In agreement with the
afore-mentioned perspective, the local communities from different provinces over
the world, especially from African countries, adapt a plethora of approaches to
repel mosquito vectors. Burning the plant material, spraying plant extracts,
sprinkling and hanging the leaves at home are the major prominent strategies for
the previously mentioned approaches (Kishore, Mishra, Tiwari, Tripathi, & Lall,

2014).

Owing to the benefits of plant-based insecticides and deleterious effects of
synthetic products on human health and the environment, it is imperative to
diminish the use of synthetic insecticides by using safe and eco-attractive
alternatives. The residues of synthetic pesticides in food and animal feed
including the environment resulted from its frequent use are considered as one of
the eminent threats in the current scenario. Most of them cannot be degraded
from the natural source easily and thus remain for years and can lead to
bioaccumulation. The non-target nature of synthetic insecticides has also led to
the extinction of beneficial organisms, loss of biodiversity, and the emergence of
insecticide resistance (Zikankuba, Mwanyika, Ntwenya, & James, 2019). The
major following factors that are allied with synthetic products have a greater

tendency to pollute the environment including the natural water resources; and are
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a) poor storage, b) inappropriate disposal, ¢) cocktail application (single spray
using several insecticides), d) use of unlabelled products, e) continuous exposure,

and f) obtain illegal varieties of registered products.

The excessive use of synthetic insecticides is recognized as a foremost matter of
modern concern since it is assessed that around 2.5 million tons of insecticides are
used every year, creating hazards tantamount to $100 billion annually. Some of
the other major drawbacks that sprung up when chemical insecticides were
frequently used are (a) the generation of legal complications and risk; (b)
destruction of advantageous species by toxic effects to non-target organisms; (c)
reappearance of previously treated populations; (d) expensive rate of materials,
equipment followed by labour; and (e) development of insecticide resistance
(Koul, Walia, & Dhaliwal, 2008). Moreover, the toxic properties of synthetic
insecticides together with waste formed in crops, food, soil and water that
influence the public health threat are additional motives to search for novel
alternatives for the problems induced by the synthetic insecticide (Koul et al.,

2008).

Biorational insecticides

The previous studies have indicated that the use of biorational insecticides in
recent years gained much more importance than conventional strategies since they
possess low toxicity to the environment. Methoprene is reported as one of the
most commonly used insecticides which has the ability to regulate insect growth
together with a wide spectrum of action that impedes the insect lifecycle

(Klowden & Chambers, 1989). Likewise, the biorational insecticide, Spinosad
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that was made by using spinosyns A and D, has principally acted on the GABA
receptors and postsynaptic nicotinic acetylcholine receptors. The new generation
insecticides coming under biorational insecticides (eg: pyriproxyfene), tested
against larval and adult mosquitoes have caused decreased egg and sperm
production followed by a reduced mating activity and blood-feeding in insects

(Iwanaga & Kanda, 1988).

Spinosad is recognized as one of the important biorational insecticides produced
by the fermentation of actinomycete. The presence of effective spinosyn
neurotoxins in the spinosad offers high toxicity to insects of the Diptera family.
The low toxicity of spinosad to vertebrates has been observed as an additional
advantage to approve the same as a mosquito larvicide in drinking water (WHO,
2010). Spinosad has been found to have an adverse impact on the normal
immature aquatic life cycle stages of development of the vector mosquito species,
specifically ~ Anopheles  gambiae,  Anopheles  albimanus,  Anopheles
pseudopunctipennis, Culex quinguefasicatus, Culex pipiens, Aedes albopictus and
Aedes aegypti (Hertlein et al., 2010). Studies based on biorational insecticides in
practical assumptions are scanty in the current scenario. However, Marina et al.
(2012) have compared the larvicide potential of spinosad against VectoBac and
temephos granules based on their practical assumptions from Southern Mexico.
They have also discussed the influence of sunlight over the larvicidal potential and
confirmed that the half-life of the spinosad in the wet environment has been

assessed at less than three days once exposed to sunlight (Perez et al., 2007).
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Biocontrol to prevent the proliferation of the mosquito population

Use of traditionally used medicinal plants

Mosquito-borne diseases are still an imminent risk to the world population,
especially in tropics and subtropics regions. The research community around the
world prominently seeks an innovative solution to fight against them (lkram &
Simonsen, 2017). The richness of traditional medicinal plants in India, that have
been used for the past years can be exploited as a diverse chemical space for novel
biological vector control strategy (Mohanraj et al., 2018). It is remarkable to note
that the Indian herbal formulation with traditional aspects is usually based on the
empirical knowledge of the traditional medicinal practitioners rather than the

mechanical understanding of the effective bioactive elements.

The Ayurveda Materia Medic is an important book that buried the important
formulations of traditionally used medicinal plants from India. Owing to the non-
digital nature of the traditional knowledge on medicinal plants, the digitization
and database development in the afore-mentioned aspects has enabled the recent
research to develop computational strategies (Dash & Kashyap, 1999; Jensen,

Panagiotou, & Kouskoumvekaki, 2014; Pandey, Rastogi, & Rawat, 2013).

The extensive availability of medicinal plant information and their bioactive
elements can help develop various strategies for the public health system. In this
direction, the analysis of the phytochemical elements from edible, herbaceous and
traditionally used medicinal plants will help the public health system to explore

the chemistry of phytocompounds from Indian medicinal plants, that has provided
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the potential applications of bioactive elements in vector control strategies

(Govindarajan & Benelli, 2016).

The various databases such as TCM@Taiwan, CVDHD, Nutrichem,
KNAPSACK, TCMID, TCM-Mesh, and Phytochemica can be used to explore the
virtual screening of potential bioactive elements (Mohanraj et al., 2018). As per
the statistical analysis of the World Health Organization (WHO), approximately
80% of the world's population follows traditional medicines to cure various
diseases as a primary healthcare requirement. The use of herbal medicinal plants
denotes a long history of effective interactions between the environment and
humans. Previous studies have verified the beneficial biological activity of
traditional medicinal plants; and it includes antioxidant, wound healing,
anticancer, antidiarrheal and antimicrobial potential together with larvicidal
efficacy (Govindarajan & Benelli, 2016; Sasidharan, Chen, Saravanan, Sundram,

& Latha, 2011).

The higher plants could offer a rich source of the novel bioactive element with
pharmacological benefits, which are essential for the development of new drugs
and products including the antimalarial agent artemisinin and anticancer drugs
taxol and vinblastine. The careful selection of medicinal plants with special
emphasis on their chemotaxonomic data and field observation is essential for the
success of research on the aforementioned concepts. The bioactivity-guided
fractionation and isolation of novel metabolites are the main strategies to target

the bioactive elements (Queiroz, Wolfender, & Hostettmann, 2009).
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The discovery of artemisinin, a plant-based drug highlights the significance of
choosing medicinal plants as a prominent source of phytochemical elements for
mosquitocidal properties.  Subsequently, in 2015, Professor Youyou Tu has
received the Nobel Prize in Physiology or Medicine for her extensive contribution

to saving millions of lives infected with malaria (Su & Miller, 2015).

Perspectives of secondary metabolites from medicinal plants in context with
Artemisinin and Nobel Prize in Physiology or Medicine

The discovery of artemisinin by Professor Youyou Tu has intensely made
alterations in the landscape to fight against malaria thereby causing a paradigm
shift in the development of antimalarial drugs. The incidence rates of malaria
were dramatically decreased to 25% during 2000-2012 over the globe and the
mortality rate was diminished to 42% throughout the same period since the
Artemisinin and its by-products have displayed a significant role. In addition, the
practice of artemisinin combination therapies (ACTs) has averted 22% of the 663

million clinical cases (Bhatt et al., 2015).

The Artemisinin was isolated from the medicinal plant Artemisia annua. One of
the drawbacks of the isolation of Artemisinin from Artemisia annua is the low
productivity and this might lead to the scarcity of global supply. It’s complex
chemical structure has prevented us to synthesize Artemisinin using chemical
strategies. Therefore, till date, the scientific community has chosen Artemisia
annua as a significant contributor to the commercial production of the same

(Tkram & Simonsen, 2017; Pulice, Pelaz, & Matias-Hernandez, 2016).
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Based on the chemical structure, the Artemisinin is having a specific
endoperoxide structure deprived of nitrogen comprising a heterocyclic ring.
World Health Organization in 2006 has recommended the artemisinin as a
foremost choice to combat malaria (WHO, 2015). However, the emergence of
drug resistance against the compound has drawn attention to developing
artemisinin-based combination therapy (ACT). The primary substance for the
ACT is the Artemisinin (WHO, 2015). The afore-mentioned concepts have
indicated that there must be an extensive and consistent effort needed to augment
the production of artemisinin over the globe. Many biotechnological strategies
followed by certain plant-breeding approaches have also been employed for the
cultivation of Artemisia annua. Efforts in these concepts have been considered as
a challenging threat since Artemisia annua possesses heterozygous nature (Jewitt,
Agarwal, Weaver, Mutchler, & Larson, 2013). However, the combinations of
many elicitation and cultivation strategies are now being geared for the large-scale
production of artemisinin through the root of Artemisia annua. Developments in
synthetic biology and plant engineering have prominently augmented the alertness
of using herbs as production hosts thereby leading to great efforts in the
enrichment of artemisinin and other bioactive elements production for the public

health (Ikram & Simonsen, 2017).

Metabolites in plants

Plants are able to synthesize diverse chemical elements usually referred to as
secondary metabolites which have unique carbon skeleton structures. It is thus a
matter of attention to exploring the phytochemical elements to develop a novel

vector control strategy. The isolation and characterization of bioactive elements
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from plants are feasible today, but it necessitates specific knowledge of the herbs
and its phytochemical elements (Atangwho et al., 2009). The formation of
phytochemical elements is usually organ and cell-specific and they differ from
each other in respect to their types and amounts (Kliebenstein & Osbourn, 2012).
They offer protection against plants from both biotic (insects, bacteria, nematodes,
grazing by animals, and fungi) and abiotic stresses (Shading, heavy metal

exposure, moisture, injury).

The great economic value of the secondary metabolites made them an excellent
resource for the development of fragrances, drugs, dyes, and insecticides (Akula
& Ravishankar, 2011; Verpoorte, van der Heijden, & Memelink, 2000). Based on
the biosynthesis origin, three different groups of secondary metabolites such as
polyketides, terpenoids, and phenypropanoids are classified. Alkaloids are
recognized as another class of secondary metabolites usually characterized as

nitrogenous organic molecules (Croteau, Kutchan, & Lewis, 2000).

The primary metabolites perform vital metabolic tasks by participating in
reproduction and nutrition. However, it is tough to indiscriminate the primary
metabolites from secondary metabolites since some of the compounds exhibited
both primary and secondary roles in several metabolic processes (Croteau et al.,
2000). Moreover, based on the chemical nature, there are three kinds of plants
secondary metabolites has been recognized and are, i) Phenolics, ii) Terpenes, iii)
S (sulphur) and N (Nitrogen) containing compounds (Pagare, Bhatia, Tripathi,

Pagare, & Bansal, 2015). Previous studies have reported that approximately
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2,50,000 known herbs have proceeded for phytochemical studies. But the fact is

that only 5% have been investigated for their biological activities.

Alkaloids

The alkaloids are recognized as a significant group of secondary metabolites
found in more than 20% of plant species all over the world. The difference in
structure (indole alkaloids) or the presence of common precursor (pyrrolizidine,
purine alkaloids, tropane, and benzylisoquinoline) are the main criteria to
distinguish them from other chemical elements (Zulak, Liscombe, Ashihara, &
Facchini, 2006). The prominent use of alkaloids as medicine stretches back
approximately 5000 years and these chemical elements have paid the majority of
the traditional psychedelics, neurotoxins, poisons, and certain social drugs such as
cocaine, methamphetamine, opiates, and caffeine used by humans (Zenk &
Juenger, 2007). In terms of their important roles in ecological aspects, they are
principally represented as toxic elements to insects. The alkaloids are directly
linked with the nervous system as antagonists and agonists to a diverse
neurotransmitter system including ion channel function, neurotransmitter
metabolism and signal transduction (Wink, 2000). This indicates that the
alkaloids isolated from plants have been found to influence the physiological
systems of mammals and other vertebrates as well as in insect vectors. Previous
studies have mentioned their toxic effects on insects too (Saxena, Dixit, &

Sukumaran, 1992; Schneider et al., 1982).

Liu, Liu, Du and Deng (2012) reported the larvicidal potential of three isolated

alkaloids such as rutaecarpine, wuchuyuamide, and evodiamine against Aedes
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albopictus. It has been also studied that the Ipomoea cairica comprises alkaloid,
which significantly serves as an insecticide of botanical origin against the
mosquito population (Talontsi, Matasyoh, Ngoumfo, & Chepkorir, 2011). The
most common alkaloids which are used as insecticides are ryanodine, anabasine,
and nicotine. Ghosh, Chowdhury and Chandra (2012) reviewed that the mode of
action of the afore-mentioned elements on insect vectors may differ by the
structure of the alkaloids; however, they are principally noted to inhibit the
sodium channel and acetylcholinesterase (AChE). In addition, Ghosh et al. (2012)
reported that the inhibition of AChE by the alkaloid is considered as one of the
significant physical disruptions on insects since it functions as a major enzyme
responsible for the disruption of nerve impulse transmission. Congruently, the
insects (mosquitoes) exposed with constituents encompassing AChE will

eventually cause paralysis and death.

Terpenes

The terpenes are another class of elements constituting approximately 30,000
compounds. They exhibit a broad range of toxic effects in the central nervous
system of insects. The neurotoxic action of several terpenes in insect vectors have
been shown to include a link with the cholinesterase inhibition, direct and
allosteric binding to GABAAa, multiple direct interactions, allosteric binding to
GABAA receptors, followed by blockade of GABA-gated chloride channels
(Rattan, 2010). The wide range of ecdysteroids formed from the plants can also
play a wide range of defensive roles in the herbivorous insects by interfering with
the metamorphoses, delaying pupation and molting (Céspedes, Salazar, Martinez,

& Aranda, 2005). However, one of the major problems associated with the
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terpene compounds is the dual nature. That is some of them can act as both
attractants and deterrents. 1,8-cineole, a monoterpene is an excellent example of
the afore-mentioned condition since it acts as an effective toxin to some species of
flies and beetles. At the same time, it is harmless to honey bees since it acts as a

fragrant attractant for pollination (Kennedy et al., 2011).

It is important to explore that several terpenoids possess a significant range of
toxicity to insects but extremely low to mammals (Rattan, 2010). The afore-
mentioned groups of phytochemical constituents are existing in nutrition that
forms indispensable elements of our healthy diet. The major example of this
includes B-carotene (Kennedy & Wightman, 2011). Terpenoids generally show a
complex structure and they are also able to provide synergistic action (Wink,
2003). Ddria, Silva, Carvalho, Alves and Cavalcanti (2010) verified the larvicidal
potential of p-caryophyllene against the yellow fever mosquito Aedes aegypti.
Similarly, the other chemical elements such as sabineno, S-Pinene, 3-carene and
eucalyptol have possessed a significant range of larvicidal potential against

mosquito vectors of epidemiological significance.

A study conducted by Kumar et al. in 2012a has proposed that the larvicidal
potential of terpenes and other chemical elements in Calotropis gigantea
(Linnaeus, 1811) is due to the ability to destruct the sterol carrier protein (AeSCP-
2). The major function of AeSCP-2 in insects is the intracellular cholesterol
transport. The compounds which have the ability to inhibit the AeSCP-2 protein
have a high impact as an effective vector control agent since the larvae has

depended on cholesterol for the synthesis of certain steroids and their derivatives
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(Kitamura, Kobayashi, & Okada, 1996; Larson, Wessely, Jiang, & Lan, 2014).
Andrade-Ochoa et al. (2018) verified the afore-mentioned inhibition activity of
compounds using the crystal structure of AeSCP-2 in docking to develop a

homologous enzyme from Culex quinquefasciatus.

The previous studies have verified the significance of terpenoids,
phenylpropanoids, and terpenes through in vitro evaluation with special inference
to molecular perspectives. In spite of many studies concerning the larvicidal
potential of essential oils and their active ingredients, little is known on the mode
of action of phenylpropanoids and terpenoids on mosquito larvae. This has
augmented the studies on structural modulation and reactivity of chemical
constituents to reduce the effort for the development of novel compounds with

significant larvicidal efficacy (Andrade-Ochoa et al., 2018).

The prediction of the biological potential of the phytochemical constituents using
computer-assisted technologies is now a common strategy. Quantitative
Property—Activity Relationship (QPAR) and Quantitative Structure-Activity
Relationship (QSAR) studies can offer significant information to find out the bond
between biological activity and the chemical structure. In addition, the molecular
docking provides information on the free energy values based on the strength of
protein-ligand interaction (Yuriev, Agostino, & Ramsland, 2011). Andrade-
Ochoa et al. (2018) reported the larvicidal efficacy of terpenes and other related

compounds of essential oils against Culex quinquefasciatus.
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Phenolics

Till date, approximately 10,000 phenolic compounds have been identified from
plants. In most of the conditions, the phenylpropanoid pathway plays a significant
role in the synthesis of phenolic compounds. As a broad group, the phenolics
represent a wide range of compounds from low-molecular-weight (coumarins,
benzoic acid derivatives, and phenylpropanoids) to more complex compounds
(tannins, flavonoids, and stilbenes). Among them, flavonoids characterize the
most diverse group and constitute approximately more than 6,000 compounds.
Based on the alterations of the basic structure, the flavonoids can be divided into
flavonols, isoflavones, chalcones, flavan-3-ols, chalcones, and anthocyanins

(Bowsher, Steer, & Tobin, 2008; Dutta, Dey, & Chaudhuri, 2014).

Previous studies based on epidemiological aspects suggested that there are strong
associations between phenolic-rich foods and many diseases including neurologic
disorders (AD/dementia), stroke and cardiovascular diseases (Vingtdeux, Dreses-
Werringloer, Zhao, Davies, & Marambaud, 2008). It has been also reported that
flavonoid-rich foods have restricted the neurodegeneration. Resveratrol, curcumin,
and EGCG are important examples of phenolics compounds (Spencer, 2010).
Nowadays, studies on the mosquitocidal potential of known alkaloids with special
emphasis on the search for ‘unknown novel alkaloids’ remains an objective of
many researchers (Masi et al., 2017). Masi et al. (2017) isolated four alkaloids
such as sarniensine, lycorine, 3-epimacronine and tazettine with a significant
range of toxicity. The essential oil and volatile elements including phenols from

medicinal plants are highly efficient against insect vectors of epidemiological
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significance. Various previous studies have documented and verified the acute

toxic effects of phenolics against mosquitoes (Pavela, 2011).

The phenolic compounds constitute a hydroxy (-OH) group, usually attached with
aromatic ring structures or benzene ring, eg., resorcinol or catechol, and
pyrogallol.  They have provided anti-ovipositional, growth inhibitory and
antifeedant potential. In spite of the afore-mentioned fact, studies concerning the
insecticidal efficiency of phenols based on their chemical structures are scanty.
Such studies can provide significant information for the development of novel
botanical insecticides for vector control (Pavela, 2011). For instance, thymol and
other chemical elements present in the medicinal plants have exhibited significant
toxicity against larvae and adult mosquitoes (Pavela, 2007). The hydrophilic
nature of tannin coupled with a strong affinity to bind with proteins made them an
abundant phytochemical element for vector control strategies (Rey, Cuany,

Pautou, & Meyran, 1999).

The rotting vegetation in aquatic ecosystem leads to the sudden release of
biologically active tannin that is antagonistic to the development of mosquitoes.
The tannins released in the water from leaf litter may found to constitute both
deterrents as well as nutrients in the water habitat of mosquitoes. Approximately,
800 g/m2 of tannins have been produced from the forest every year and the toxic
effects induced by them on larvae of mosquitoes appear to be more acute than
conventional strategies using other insecticides. However, some of the mosquito
vectors developed P-450-associated detoxification to tannins. The addition of

piperonyl butoxide (PB) as a typical P-450 inhibitor has revealed potent
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synergistic effects against mosquitoes (Rey et al., 1999). Therefore, the studies
based on the link between chemical messengers and invertebrates with special
inference on phytochemical constituents will allow the scientific community to

develop insecticides of botanical origin.

Saponins and Glycosides

The best-known sources of saponins include soybeans, peas, and some herbs.
their chemical structure revealed a polycyclic aglycone linked with sugar side
chains. The aglycone part of saponins is either triterpene (C30) or steroid (C27).
The combination of hydrophilic sugar part and hydrophobic sapogenin caused
them to form foams. Previous studies have verified the larvicidal efficacy of
saponins against the mosquito vector Culex pipiens. In addition, the larvicidal
potential has also been exhibited by saponins as confirmed by the study by
Chapagain, Saharan and Wiesman (2008), Ghosh and Chandra (2006), and Pelah,
Abramovich, Markus and Wiesman (2002) wherein saponins displayed a
significant range of larvicidal efficacy against mosquito vectors such as Anopheles

stephensi and Aedes aegypti.

The saponins are greatly soluble in both water and organic solvents, and they can
have the ability to disarrange the cuticle membrane of the mosquito larvae, which
is recognized as the probable mode of action of tannin in mosquito larval death
(Del Carmen Recio et al., 1995). A wide range of other impeding effects such as
increased mortality levels, retardation, lowered food intake, decreased
reproduction, and disturbances in the development induced by them made

saponins effective insect control agents. They block the uptake of sterol by the
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genesis of certain insoluble complexes and make the insect as less attractive to

food.

Saponins are also able to induce deleterious effects in the digestive system of host
insect as well as molting problems (Silva, Silva, Santos, Rodrigues Filho, & Elias,
2004). The glycosides especially cyanogenic glycosides have exhibited toxicity to
different kinds of insect vectors by developing inhibiting effects on certain
respiratory enzymes and cytochrome oxidase (Yu, 2015). The iridoid glycosides
exhibit anti-feeding potential in some insect species (Bowers & Puttick, 1989).
Due to the insecticidal activity exhibited, the cyanohydrins can be used as an
effective fumigant against a wide range of insect vectors. Similary, Dave and
Lediwane (2012) reported that the bioassay-guided fractionation of
anthraquinones from the medicinal plant Cassia species revealed potent
insecticidal and antimalarial activity (Cunha et al., 2017). Phytochemical studies
based on the afore-mentioned concepts in Cestrum nocturnum (Linnaeus 1753)
confirmed the presence of phenol glucosides, flavonol glycosides, calcinogenic
glycosides, and steroidal saponins (Gao & Wang, 2006; Mimaki, Aoki, Jitsuno,

Kili¢, & Coskun, 2008).

Matsuo, Akagi, Hashimoto, Tachikawa and Mimaki (2013) have reported five
known and four novel steroidal glycosides from B. elegans. The glycosides
comprise a huge group of phytochemical elements usually distributed in plants.
They are structurally diverse and the studies reflect on the traditional aspects,
possible adverse effects, mechanisms of action, toxicity, followed by prospects

and trends in analyzing natural glycosides gained much more significance in the
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current  scenario. Post-modification of the secondary metabolites by
glycosyltransferases is recognized as the principal process involved in the
synthesis of glycosides in plants (Bruneton, 1996; Dembitsky, 2004). Frequently,
further modification such as acylation, oxidation followed by degradation has also
taken place. The extraction of glycosides from medicinal plants is typically

accomplished with the aid of polar solvents (Yu, Sun, & Yang, 2012).

As medicines

The term “Ethno-botany” depicts a significant field that made studies on the
historical and current therapeutic uses of medicinal herbs. It is of extensive
importance for the conservation of traditional medicinal values, as well as for
determining the changes in the culture and history. It also provides the sustainable
use of traditionally used medicinal plants thereby paid special inference for their
conservation of natural resources (Gemedo-Dalle, Maass, & Isselstein, 2005;

Lewu & Afolayan, 2009).

The advantageous therapeutic effects of traditionally used medicinal plants
generally result from the combinations of afore-mentioned phytochemical
constituents in the herbs. The therapeutic effects of medicinal plants are species-
specific and their phytochemicals possess a defensive role towards the pathogen
attack as well as inter-plant competition. They also offer an attractive role
towards the insect species including symbionts or pollinators (Auwal, Atiku,
Wudil, & Sule, 2012). Moreover, previous studies have confirmed their potential
role at the cellular levels as modulators of gene expression and plant growth

regulators (Briskin, 2000; Gupta, Bisht, Kukreti, Jain, & Brahmachari, 2007).
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The phytochemical constituents can have a diverse functional role in herbs. It is
likely that a significant role in ecological concerns may have some manner on
enormous medicinal effects. For instance, the phytochemicals concerned with the
plant defense processes through cytotoxicity towards the microbial consortia
could verify as an antimicrobial agent in humans (Gibbons, 2004). Similarly,
secondary metabolites and their derivatives involved in plant defense could have
advantageous effects as antidepressants, anesthetics, sedatives and muscle
relaxants in humans. In this respect, most of all the phytochemical constituents
and their derivatives may exert their activity by resembling hormones, ligands,
neurotransmitters, metabolites and signal transduction molecules and thus have an
advantage on humans owing to the similarities in their target sites such as

endocrine system and central nervous system (Briskin, 2000).

In contrast to the single chemical-based synthetic pharmaceuticals, various natural
medicines exert their advantageous impacts through the synergistic action of
several secondary metabolites acting at a multiple target site linked with
physiological activities. Of the diverse number of traditional medicinal plants
used in the non-Western medical methods, only a few numbers have gained
considerable research interest over the past few years (Houghton, 1995).
However, the past years have perceived a great resurgence in the research interest
and the use of plant products for medicinal purposes in North America. Statistical
analysis on the medicinal plants that are used as a primary health care concern by
the American public health has revealed that the usage was gradually increased

from 3% to 37% from 1991 to 1998 (Briskin, 2000).
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Research based on phytochemical constituents has led to the development of
novel drugs and paying to the local economy. Till date, millions of people rely on
traditionally used medicinal herbs as a primary health care strategy since it
provides cultural development and economic benefits. The significance of
traditionally used medicinal plants is greatly augmented in areas where hospital

facilities and services are weak (Pierce & Laird, 2003).

Antioxidant potential and Oxidative Stress linked resistance

Till date, much attention has been paid to the development of pharmaceutical
products with sturdy antioxidant potential. One of the basic principles for the
antioxidant potential of medicinal plants is the free radical scavenging activity of
the afore-mentioned phytochemical constituents such as phenolic terpenes,

polyphenols, flavonoids and tannin in plants (Shetty, Udupa, & Udupa, 2008).

The free radicals are formed instantaneously during metabolic activities of
biological systems and can induce extensive damages to biomolecules as well as
tissues leading to several severe impeding effects associated with
neurodegenerative disorders and diabetes mellitus (Yazdanparast, Bahramikia, &
Ardestani, 2008). Though a large number of drugs of synthetic origin are known
to defend oxidative impairment, a major disadvantage owing to their frequent use
is the impeding effects induced by them in the target organism. Consumption of
traditional medicines and food supplements containing natural antioxidants
constitute an alternate solution to the afore-mentioned drawbacks (Ghosh et al.,

2013).
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The free radical scavenging potential of many traditionally used medicinal plants
is rationalised by previous studies on Pentadesma butyracea, Rumex abyssinicus,
Paullinia pinnata, Hibiscus asper, Psorospermum febrifugum, Origanum
compactum, Tectona grandis,Pentadesma butyracea, Dichrostachys glomerata,

and Rumex bequaertii (Bouhdid et al., 2008; de Dieu Tamokou et al., 2013).

Londhe, Devasagayam, Foo and Ghaskadbi (2008) mentioned that polyphenol
constituents of the traditional medicinal plant Phyllanthus amarus exhibit the
significant potential to scavenge free radical (pulse radiolysis generated
ABTS " radical). Likewise, many authors have verified the medicinal properties
of plants with special inference to their great antioxidant potential. A large
number of well-known medicinal plants belong to the family Lamiaceae, in which
most of them are well studied for their biological potential. Several studies have
explored the diverse activities of these herbs. The Ayurvedic medicine system in
India has mentioned several medicinal plants and their extensive uses for the
treatment of various diseases such as rheumatoid arthritis, diabetic mellitus and
cardiovascular diseases (Shetty et al., 2008). There are still a great number of
medicinal plants that are not studied with respect to their pharmacological and
larvicidal potential (Cetin & Yanikoglu, 2006; Matkowski & Piotrowska, 2006).
Therefore, there is growing attention paid to natural antioxidants and bioactive
compounds present in the traditional medicinal plants that might aid attenuate
damage caused by free radicals (Sharififar, Dehghn-Nudeh, & Mirtajaldini, 2009).
Siraichi et al. (2013) have used Liquid Chromatography joined to Diode Array
Detection (LC-DAD) together with Electro Spray lonizationtandem Mass

Spectrometry (LC-ESI-MS/MS) to determine the various phenolic bioactive
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compounds (luteolin, scutellarein, hispidulin, isoscutellarein, apigenin, and 6-
hydroxyluteolin) with potent anti-oxidant activity from the traditional medicinal
plant Arrabidaea chica. The significant potential of the Arrabidaea chica could
be attributed to the presence of the afore-mentioned phenolic compounds.
Multiple studies have confirmed the antioxidant potential of medicinal plants
which is significantly linked with their phenolic constituents (Sharififar et al.,

2009).

The presence of hydroxyl group in their chemical configuration has enhanced
their scavenging ability. This has been studied comprehensively and was
recurrently summarised in previous investigations concerning the determination of
scavenging of superoxide anion, hydroxyl, DPPH, nitric oxide, and superoxide
radicals. It is important to note that the derivatives of diphenyl sulfone as a potent
antioxidant are used in the treatments of rheumatoid arthritis (Diaz-Ruiz et al.,

2008).

Diphenyl sulfone was found to be predominant in extracts of Gentiana glauca
(Pall, 1788). There are very few reports on its natural occurrence, most
noteworthy being in the case of plant-like Myriactis humilis. It is significant to
note that diphenyl sulfone and its derivatives have been reported as antioxidants
and are also used in the treatment of various collagenoses of rheumatoid nature
like rheumatoid arthritis as well as antioxidants. The presence of well-known
pesticide Diphenyl sulfone in the medicinal plant Galphimia glauca underpin its
significance in mosquito vector control strategies as a natural and economic

approach (Ghosh et al., 2013). The afore-mentioned concepts have indicated that
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the redox reactions induced by the free radicals have played a critical role in the
metabolic processes of insects. Moreover, it is important to note that the balance
of redox homeostasis is vital during the redox shift induced by the fluctuations in
numerous biological contexts (Champion & Xu, 2018). That is, if the amount of
free radicals/reactive oxygen species (ROS) is increased to an excess level in the
cellular regions, oxidative stress to cellular constituents occurs. This may
comprise the damages in aminoacids, nucleic acids, other cellular constituents,

and proteins including DNA (Sies, 1997; Wang & Hai, 2016).

The previous studies have mentioned the link between insecticide resistance and
oxidative stress. For instance, the higher mitochondrial free radical production
was observed in the permethrin resistant strain of Anopheles gambiae, indicating
that ROS has a prominent influence in diminishing longevity in the insecticide-
free condition thereby sustaining the insecticide resistance linked detoxification
capacity (Oliver & Brooke, 2016). The longer lives of female mosquito vectors
are more likely to reach and exceed the normal incubation period of pathogens;
therefore, minute changes in longevity can provide a substantial impact on vector
competence (Garrett-Jones & Shidrawi, 1969). The insecticide resistance and
adult vector longevity in Aedes mosquitoes are recognized as the important
phenotypes in terms of dengue epidemiology and the former can harmfully
influence the vector control interventions if not properly managed (Belinato,

Martins, & Valle, 2012).
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Insecticide Resistance in Mosquitoes

Studies on insecticide resistance in vector mosquitoes have thrived during the
1950s, once the first report of insecticide resistance to chlorinated-hydrocarbon
was issued. This has alarmed the research community to elucidate the various
prominent mechanisms influencing the insecticide resistance development, a
vibrant initiative toward the development of novel, more effective approaches to
prevent insecticide resistance and diminish the incidence of mosquito-borne

diseases (Gjullin & Peters, 1952).

Ever since the publication of first research article on insecticide resistance in
mosquitoes to chlorinated-hydrocarbon insect repellent, the effort focussed on
understanding the emergence of insecticide resistance mosquito vectors has been
strong, with a large number of original research and review articles published in
well-established scientific journals (Liu, 2015). The insecticide resistance is
considered as one of the foremost obstacles in the efforts to prevent the rapid
proliferation of mosquito vectors of epidemiological significance and it can
interfere with the vectorial capacity (Martins, Bellinato, Peixoto, Valle, & Lima,
2012).  Vector control inventions based on the frequent use of synthetic
insecticides has resulted in an increased incidence of insecticide resistance in
mosquito populations, a prominent condition that made weakening or complete
failure of mosquito control. Resistance to pyrethroid, temephos, DDT as well as
to other synthetic insecticides have already been studied in Aedes aegypti
populations all over the world (Brengues et al., 2003). The pyrethroid resistance

in mosquitoes has been associated with two significant major mechanisms; i)
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increased the rate of metabolic detoxification of the target insecticide by
monooxygenase activity, and ii) variations in the target site sensitivity (Bergé,

Feyereisen, & Amichot, 1998).

Interactions between the genes allied with resistance provide a hint concerning
exactly how this increased level of resistance may happen in insects, especially in
mosquitoes. Gene overexpression, extensive mutation followed by amplification
in coding regions that are resulted in alterations in proteins have recurrently been
interlinked to insecticide resistance in mosquito vectors, while transcriptional
overexpression of genes in resistant strains found to be a foremost determining
event in the resistance development (Liu, Liu, Zhu, & Zhang, 2007; Nabeshima et
al., 2004). In addition, the elevated levels of glutathione-S-transferases and
specific esterases have also been noted to confer resistance against pyrethroids

(Vulule et al., 1999).

The voltage-gated sodium channel is the primary target site for DDT and
pyrethroids and the sensitivity of this target site has been linked with kdr
(knockdown resistance (kdr) mechanisms) associated mechanisms in mosquitoes
(Brengues et al., 2003). Previous studies have mentioned shreds of evidence of
the specific role of acetylcholinesterase in insecticide resistance against
carbamates and organophosphates. Irrespective of the link between the enzyme
activities and range of insecticide resistance, the a-esterases, and [-esterases
enhanced activities together with acetylcholinesterase and glutathione-S-

transferase in Culex quinquefasciatus (Malaysian region) verified the insecticide
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resistance incidence towards malathion, permethrin, propoxur and DDT (Low et

al., 2013).

An elevated level of both acetylcholinesterase, glutathione-S-transferase, and
oxidases in Culex quinquefasciatus has been formerly studied (Low et al., 2013).
The enhanced level of enzyme activities is really placing a drastic burden on
present and future vector control approaches. Studies based on these aspects have
highlighted the significant need for suitable resistance management methods to be

applied in mosquito control programs all over the world (Low et al., 2013).

Taken all, the afore-mentioned concepts suggest that insecticide resistance in
mosquitoes not only happened through multiple resistance mechanisms but also
through the interaction between the resistance genes and regulatory genes. The
resistance genes usually encode proteins that are linked with insecticide
resistance. In recent years, a vast number of novel, exciting, advanced
technologies and techniques including double-stranded-RNA-mediated gene
interference  (RNAI), high-throughput  sequencing, single nucleotide
polymorphism determination, whole-genome sequencing have become widely
existing, enabling the research community to identify resistance genes involved in
insecticide-resistance mechanisms. The afore-said technologies have prominently
helped researches into insecticide resistance and have directed to substantial
progress in illustrating the roles of the genes and the communication between the
corresponding regulatory elements, as well as proteins, pathways and other

significant factors involved (Deletre, Martin, Duménil, & Chandre, 2019; Liu,
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2015).  Therefore, the studies focussed on the underlying mechanisms of

resistance in Culicidae gained much more significance in the current scenario.

Owing to the limited foraging range of Aedes Aegypti, it is more likely to spread
than other mosquitoes since it may be unintentionally transported as dried eggs.
By horizontal transmission, the Aedes female mosquito vectors become infected
and it is capable of transmitting the infectious agent when the extrinsic incubation
period (EIP) is over. Moreover, some of the infectious agents from the infected
parent mosquitoes have been transferred to the offspring during the oviposition
period, indicating the role of vertical transmission in the rapid proliferation of
mosquito-borne diseases transmitted by Aedes aegypti (Rosen, 1987). The afore-
mentioned concepts have verified that the synthetic insecticide-based mosquito
control has been confronted by the emergence of insecticide resistance to
frequently used synthetic insecticides reported all over the world for the order
Diptera. Consistently, the development of resistance in mosquitoes against a vast
number of insecticides has been reported to befall in urban and village provinces
where the mosquito population are living close to the human environment (Hamid,
Prastowo, Ghiffari, Taubert, & Hermosilla, 2017; Nagqgash, Gokce, Bakhsh, &

Salim, 2016).

The resistance to various synthetic insecticides like pyrethroid, in specific, and
resulting cross-resistance to other ones are life threatening-issues and have led to
the re-emergence of mosquito-borne diseases all over the world. The increased

resistance by mosquito species has been reported in more than 60 nations,
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influencing all of the epidemiologically important mosquito vectors and all classes

of synthetic insecticides (WHO, 2016).

The resistance related issues become more challenging in the current scenario
since the number of commercially developed new insecticides are scanty.
Controlling mosquitoes is the only effective way to fight vector-borne diseases
when appropriate vaccines for mosquito-borne diseases are not yet developed.
Since many years, a large number of international and national agencies have been
fighting against Aedes Aegypti mosquitoes as major vectors of dengue fever,
yellow fever, chikungunya and probably Zika fever. However, with partial
victory so far due to associated aspects, other struggles carried on being the
development of resistance against synthetic insecticides (Anoopkumar et al.,

2019; Hamid et al., 2017; Puthur, Anoopkumar, Rebello, & Aneesh, 2019).

Detoxification of Insecticides in Mosquitoes

The detoxification of synthetic insecticides in mosquito vectors is threatening
mosquito control programs all over the world. Glutathione S-transferases (GSTSs),
cytochrome P450s and esterases are known to possess significant roles in
resistance, permitting resistant strains to metabolize the synthetic insecticides at
maximum level. In addition, the Glucose-6-Phosphate Dehydrogenase (G6PD) is
recognized as the key enzyme involved in the oxidative pentose phosphate
pathway. This pathway converts the nicotinamide adenine dinucleotide phosphate
(NADP*) to NADPH (reduced form) and simultaneously form ribulose-5-
phosphate, pentose sugar, RNA, DNA, and ATP. The NADPH is important for

defense against oxidative stress (Peters & Noorden, 2009).
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The overproduction of cytochrome P450 monooxygenases, mixed-function
oxidases, together with elevated levels of esterases has been frequently linked
with insecticide resistance to organophosphates, organochlorines, pyrethroids, and
carbamates in mosquitoes (Brewer & Keil, 1989). P450s are important haem-
thiolate-comprising enzymes that exist in insects and are involved in the various
metabolic processes (Chandor-Proust et al., 2013). Among the diverse P450s
found in mosquitoes, the CYP6Zs has been noted as the important ones allied with

pyrethroid resistance (Marcombe et al., 2009).

The analysis of biochemical mechanisms associated with insecticide resistance in
mosquitoes can be performed using enzyme assay since it is simple, rapid and
sensitive to other approaches (Lee, 1990). Irrespective of the links between the
degree of enzyme activities and insecticide resistance, the augmented activities of
a-esterases and B-esterases in Culex quinquefasciatus verified the prevalence of
insecticide resistance towards malathion, permethrin, and DDT (Low et al., 2013).
However, studies based on the afore-mentioned aspects of isolated bioactive
compounds from traditionally used medicinal plants from India against the dengue

fever vector Aedes aegypti are scanty in the current scenario.

Altogether, natural insecticide-based mosquito control is a key tactic in the
prevention of mosquito-borne disease, especially the dengue, which results in 390
million infections every year. Low-cost insecticides like dieldrin and DDT, used
during the global malaria eradication campaign as an indoor residual spray in the
1950-1960s, have initially been very effective in several countries. However, the

emergence of insecticide resistance in the epidemiologically significant vectors
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has limited their sustained use in mosquito vector control programs. Therefore,
monitoring the insecticide resistance in mosquitoes in a systematic and
sophisticated way is vital for the vector control programmes. New inventions to
tackle the adverse effects of synthetic insecticides are urgently required. Keeping
in mind that end, an effective analysis of the factors influencing the probable
mode of action of isolated bioactive compounds from traditionally used medicinal
plants with special inference on the processes governing the insecticide resistance

and oxidative stress in Aedes aegypti is vital.
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The present investigations were made to undertake the following objectives:

1. To screen at least fifty locally available and traditionally important medicinal
plants against Aedes aegypti, using organic solvents of increasing polarity.

2. Toisolate and identify the bioactive principle from at least three plants.

3. To evaluate the susceptibility status of 4" instar larvae of Aedes aegypti
towards the plant isolates by employing the standard larval bioassay procedure
prescribed by WHO.

4. To investigate the qualitative and quantitative changes of certain detoxifying
enzymes such as esterases, dehydrogenases, and monooxygenases if any, due

to the effect of botanicals.

The objectives are discussed in separate chapters as follows:

Chapter 1:  Screening of aromatic plants against Aedes aegypti.

Chapter 2:  Identification of bioactive compounds.

Chapter 3:  Susceptibility status of 4" instar larvae of Aedes aegypti towards the
plant isolates.

Chapter 4:  Qualitative and quantitative analysis of a few detoxifying enzymes

in susceptible and phytochemical selected lines of Aedes aegypti.
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REVIEW OF LITERATURE
The first exact report of yellow fever appears to be described in the year 1495
after the Vega Real by Columbus. Based on the report by da Roch-Lima (1912),
the first emergence of yellow fever in South American provinces happens during
1658. The appearance of yellow fever in New York, Boston and Philadelphia
took place in 1668, 1691, and 1669 respectively. Although, due to the extensive
military expeditions and the services in passenger routes, rigorous epidemics of
yellow fever broke out. Similarly, during 1779 and 1780, the other important
mosquito-borne disease dengue has been reported from the three continents of

Africa, North America and Asia (Hirsch, 1883).

The basic report found to date is in the encyclopedia of disease symptoms from
China published from 265 to 420 A.D (Chin Dynasty). It was edited in 610 A.D.
and 992 A.D. (Nobuchi, 1979). The dengue outbreak could also have occurred in
the French West Indies and Panama in 1635 and 1699 respectively. However,
before the 18" century, the dengue or dengue associated infections had an
extensive geographic distribution all over the world. It is indeterminate whether
the epidemics in Cairo, Egypt, Indonesia and Batavia that happened during 1779
were dengue. However, it is fairly confirmed that the epidemic occurred in the

Philadelphia province, was dengue (Carey, 1971).

The ecologic disturbance in the Pacific and Southeast Asia regions by World War
Il has developed the convenable environmental conditions for mosquito vectors

thereby causing increased dengue epidemic transmission (Monath, 1988). The
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incidence of dengue fever in India was first reported in Chennai (Madras-1780)
during the 1780s. The epidemics of dengue fever has been very complex in the
Indian subcontinent and has significantly updated over the past decades in terms
of severe effects, different strains and wide geographical distribution

(Ramakrishnan, Gelfand, Bose, Sehgal, & Mukherjee, 1964).

De Reéaumur in 1738 described the life history of Culex pipiens, and today, he
would have been renowned as an ecologist. According to him, all the living
things are interconnected; so that he opened a new perspective on the historical
aspects of entomology. In 1741, Malaga faced five epidemics which led to the
death of more than 5,000 individuals, and Spain paid high price against the
incidence. Carl Linnaeus employed his binomial classification system in 1758
towards the mosquitoes. Dr. Finlay's wrote ten papers from 1865 to 1881 on

"black vomit" (the Spanish name for yellow fever) (Finlay, 1886).

The American anti-mosquito movement raised up the analysis concerning the
influence of mosquito vectors in pathogen transmission and public health concern
regarding life-threatening effects of mosquito vectors in the late 1800s. The
taxonomists such as Frederic Skuse, Johan Fabricius, and Daniel Coquillett in the
1900s had identified approximately 160 types of mosquitoes at the species level
(Christophers, 1960). During this period many people could have protested
against them. However, nothing was done during the late 19th century, the
scientific community opened a new chapter concerning the link between human
beings and mosquitoes with special emphasis on the pathogen transmission by

vector mosquitoes (Howard, 1921).
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The establishment of the irrigation network and railways without keeping a proper
drainage system during the 1840s in India has created several aquatic habitats for
the mosquito vectors. The aforementioned condition has forced the British
officers in India to pay extensive efforts to maintain proper drainage systems
together with chemoprophylaxis using Quinine. In addition, the economic loss,
heavy death followed by the life-threatening issues from vulnerable zones like
Punjab to British officers has been recognized as additional prominent reasons to
develop proper vector control approaches (India, 1909). Until 1871, no medical
textbooks recognized any infections that could be spread by an insect. However,
throughout the next 30 years, Harris Graham (dengue), Carlos Finlay (yellow
fever), Roland Ross (malaria), and Patrick Manson (filariasis) identified and
characterized the role of mosquito vectors in pathogen transmission. During the
early twentieth century, the revolutionary campaigns of Malcolm Watson in the
Federated Malay States, Oswaldo Cruz in Brazil, William Gorgas in Panama and
Havana, verified the efficacy of mosquito control in falling mosquito-borne
pathogens. At the same time, the demand for vector control programmes received
impetus in human populations seeking relief from mosquito-borne diseases. The
American anti-mosquito movement stimulated over three different eras during the
twentieth century: i) the mechanical control era from 1900 to 1942, ii) the
chemical control era from 1942 to 1972 and that iii) followed by integrated

mosquito management era from 1972 to present.

The mechanical era illustrates the Gorgas’s success in Panama and Havana. In
1901, a group of individuals from South Orange, New Jersey created a village

improvement society to reduce the life-threatening effects of mosquitoes.
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Surgeon-Major Sir Ronald Ross in 1881 joined the Indian Medical Services and in
1897, he established the life cycle of the malarial parasite in Anopheles
mosquitoes. Later in 1902, he was knighted and received Nobel prize in
medicine. This has unlocked new prospects in vector control research towards a
novel direction, principally concentrating on the extermination of mosquitoes.
John Smith, Professor of Entomology at Rutgers University, has published
Mosquitoes of New Jersey which drew up a scientifically grounded campaign

against vector mosquitoes.

William Herms, an Ohio entomologist-initiated California’s (Penryn, California)
first campaign in 1910 to prevent the proliferation of Anopheline mosquitoes.
Throughout the next 20 years, the control of mosquito vectors based on draining
and ditching with the limited use of oil was established in Illinois, Florida, and
Utah (Smith, 1904). Stephens, James, and Christophers in the 1900s directed a
comprehensive study in the military cantonments in Punjab with special inference
to the epidemiological concerns of mosquitoes. Christophers has supervised the
Punjab Malaria Surveys (1909-1911) and All-India Malaria Conferences (1900
1909) (http://www.nls.uk/indiapapers/index.html.). Capt. S. P. James wrote
reports on the various aspects of malaria prevention and health care needs (James,
1906). Bently (1911) and Maj. Marjoribanks (1914) drew up the significance of
drainage systems for effective mosquito-control programmes. Initial epidemics of
dengue fever in India were reported and virologically verified in 1963-1964 on the
Eastern Coast regions of India. It was then spread towards the north and southern
provinces of India and reached at Delhi and Kanpur in 1967 and 1968

respectively. Simultaneously, the whole country has faced the threat from dengue
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epidemics followed by the prevalence of all the dengue serotypes (Myers, Carey,

Banerjee, Reuben, & Ramamurti, 1968).

Myers et al. in 1968 had conveyed the presence of dengue fever vector Aedes
aegypti and DV-3 in patients at Vellore in 1966. In addition to this, four types of
dengue viruses were characterized and isolated from mosquitoes and patients
during the epidemic in 1968. Since 1968, the dengue epidemics have been
drastically observed every 3-4 years; 1970, 1982, 1988, 1996, 2003, 2006, 2010,
2013, and 2015 in Delhi, the capital of India (Daudé, Mazumdar, & Solanki,
2017). The statistical analysis revealed that approximately 5,574 hospitalizations
followed by eight deaths were reported during the 2013 outbreak. One of the
significant reasons for the afore-mentioned drastic situation is the presence of
several poor areas offering sufficient environmental conditions and habitats for the
breeding of the dengue vector Aedes aegypti. In this regard, the World Health
Organization-South East Asia (WHO-SEA) has positioned India in ‘Category A.’
The afore-mentioned concepts and the mosquito-borne epidemics put intense
pressure on the scientific community to develop novel vector control strategies

(Nagpal et al., 2016).

Jamison, Jha, Malhotra and Verguet (1900) reported that the transmission of
mosquito-borne diseases is allied with three significant factors such as i) host
susceptibility, ii) vector competence and iii) virulence of the infectious agent. In
addition, they also reported that the development of insecticide resistance has been
well studied in several arthropod disease vectors. One of the most significant

ways to prevent mosquito-borne diseases is the prominent use of insecticides. In
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this regard, several chemical compounds of synthetic origin have applied to
aquatic habitats as effective larvicides. Adulticides were used for indoor residual
sprays (IRS) and outdoor space applications (Jamison et al., 1900). The concepts
of vector control had emerged in Malaya during 1901-1903 (Watson, 1921). In
South Africa, the synthetic insecticide pyrethrum was used as an effective vector

control agent during the early thirties.

However, the notable discovery of the use of DDT (1942) as a prominent
insecticide by Paul Muller has reorganized the vector control field (Russell, West,
Manwell, & Macdonald, 1963). Based on the past history of vector control in
India, two types of eras have been distinguished; i) Pre-DDT era, and ii) Post-
DDT era. Previous studies have verified that several vector control strategies have
been commonly used during 1936 and oils, larvivorous fishes, and Paris greens
were the major constituents of the afore-mentioned strategies. The proper
drainage system may also help to exterminate the vector's population. As part of
the antimalarial campaign in India during 1944, the DDT was chosen as an
eminent insecticide for mosquito control (White, 1945). Hexachlorocyclohehane/
Benzenehexa chloride (HCH/BHC), another synthetic insecticide is used as an

effective mosquito control agent in Assam, India during the 1950s.

In 1958, the National Malaria Eradication Programme (NMEP) has launched for
the prevention of malaria and other vector-borne diseases (Rao, 1958). However,
the frequent use of synthetic insecticides to eliminate vector-borne diseases using
different strategies were not fully successful (Sharma, 1984). Therefore, various

insecticides from pyrethroid group (1980) were applied in the public health
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programme to evade the mosquito borne-diseases and its vectors. Mainly four
groups of insecticides such as organophosphates, pyrethroids, organochlorine
(DDT) and carbamates have been extensively used for mosquito control
programmes. Initially, DDT was introduced against agricultural pests in 1934.
However, it was banned due to the adverse effects from it in the environment in
1983. Based on the advice received from the World Health Organisation, the
public health community has used DDT as a common insecticide for indoor
residual spraying (IRS). One of the major pointers behind the use of DDT by

WHO is the eradication of malaria (Stein, 1970).

The organophosphate insecticide Malathion also possessed significant toxicity
against the Anopheles culicifacies population during 1969 (Rajagopal, 1977). At
the end of the 20" century, several other insecticides such as deltamethrin, lamda
cyhalothrin, and cyfluthrin have shown their potential to support the public health
programme. Many other important approaches have also been used for vector
control during the same period over India. Advanced technologies in computer
hardware have sturdily strengthened the development of specific software for
creating vector distribution maps using digital databases, remote sensing (RS)

together with Global Positioning Systems (GPS) (Montoya, 2003).

Soper (1963) suggested that the larvicides can be applied to the natural aquatic
environments or breeding sites of the vector mosquitoes and are known to reduce
the pathogen transmission. Although, in some aspects, the direct implantation of
chemical insecticides to the aquatic ecosystem is totally difficult, since it is

problematic to locate in cryptic breeding sites (Killeen et al., 2006). Morrison,
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Zielinski-Gutierrez, Scott and Rosenberg (2008) support the afore-mentioned
concept as for the reason that the economic and anthropological resources are
limited, and therefore, it is hard to attain a coverage level necessary to diminish

the threat from arthropod-borne diseases.

Ponlawat, Scott and Harrington in 2005 reported that broadcasting of larvicides in
wide-area has provided wide coverage, and either vehicle-mounted sprayers or
aircraft can be used for the same. However, their study also mentioned certain
community concerns, environmental restrictions, or regulations together with
insecticide resistance to the active constituents of existing insecticides. They also
discussed the drawbacks of the aforementioned concepts including the expensive

nature of larvicide formulations (Li & Liu, 2014).

The previous studies on various dimensions by WHO indicated that the vector
control interventions using chemical insecticides have resulted in considerable
range of reductions in morbidity and mortality induced by mosquito-borne
diseases. In contradiction to the advantageous outcomes provided by the synthetic
insecticides, a new global systematic survey among the nations at risk for
mosquito-borne infections drew consideration to life-threatening deficits in the
ability to manage mosquito control insecticides. The lack of proper guidelines for
pesticide registration and lack of training followed by gaps in pesticide store and
appropriation practices are included as the foremost life-threatening deficits

(Matthews et al., 2011).

The extensive use of various insecticides of chemical origin has elevated concerns

over the emergence of resistance to them thereby causing adverse effects on
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human health and the environment. Many studies conducted during the 1960s
outlined by Mouchet in 1972 revealed that several Aedes sp. populations from
India and Southeast Asia region were resistant to some of the commonly used
insecticides such as fenthion, DDT and dieldrin. A review by Ranson et al. in
2010 later updated by Vontas et al. in 2012 analyzed the range of insecticide
resistance in Aedes sp. all over the world (Ranson & Hemingway, 2005). The
Stockholm Convention on Persistent Organic Pollutants in 2012 highlighted the
need for replacements to the use of DDT and other insecticides in mosquito
control, given its harmfulness, bioaccumulation and the potential for
transboundary actions together with environmental persistence (Van Den Berg et
al., 2012). That is, most of all the studies concerning insecticides and mosquito
control have indicated that the frequent introduction of insecticides has instigated
several arthropods including disease vectors to create mechanisms to withstand
extensive exposure from treatments. Certainly, there is presently extensive
resistance to all types of insecticides among several arthropod vectors of
epidemiological significance, making vector control a challenging aspect in itself

(Van Den Berg et al., 2012).

McCaffery and Nauen (2006) and Britch et al. (2010) suggested that routine and
extended use of insecticides by ultra-low volume of aerosolized insecticides,
permethrin, deltamethrin, and malathion against Aedes aegypti may develop
insecticide resistance. According to Faucon et al. (2015), the possible mechanism
concerning the resistance towards pyrethroid in Aedes aegypti is the target site
mutations along with variations of enzyme activity. In addition to this, Dong

(2007) mentioned that mutations occurred in the voltage-gated sodium channel
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(VGSC) may be responsible for the impeding action of pyrethroids, thereby
resulting in knockdown resistance (kdr). Previous studies conducted by Fernando
et al. (2018) have supported the afore-mentioned concepts by evidencing the
influence of S989P, V1016G, F1534C in pyrethroid resistance in the dengue fever
vector Aedes aegypti. A further major alarm is the influence of human
urbanization as well as the environmental circumstances in insecticide resistance
demonstrated by (Nkya et al., 2014). Augmented susceptibility of Aedes
mosquitoes to routinely used insecticides could be either directed by
detoxification processes over enzymes or through target site modification.
Overexpression of concerned genes/enzymes (Glutathione S-transferases (GSTs),
Cytochrome P450s, Mono-oxigenases) has been exposed to confer resistance in

resistant strains of Aedes mosquitoes all over the world (Vontas et al., 2012).

The Environmental Protection Act in 1969 has forced the public community to
reduce the routine and improper use of insecticides in vector control programmes
since many of the insecticides instigates environmental hazards, toxic effects to
non-target organisms including human population, non-biodegradable nature,
elevating insecticide resistance followed by the greater range of biological
magnification over ecosystem (Bhatt & Khanal, 2009; Brown, 1986). This has
impelled the scientific community to stare for alternative strategies stimulating the
implementation of effective mosquito management programmes that focus on
monitoring and surveillance and public education followed by source reduction
and natural larval control. In this regard, the application of alternatives including
natural control of mosquitoes has become the backbone of the vector control

strategies in lieu of the synthetic insecticides (Ghosh et al., 2012). The

57| Page



larvivorous fishes were predominantly used in peri-urban and urban areas for
mosquito control during the early 20th century (Gratz & Pal, 1988). However, it
doesn’t provide the complete eradication of Anopheles gambiae. Additionally, the
Toxorhynchites, nematode worms, dragonflies, bacteria, and cyclopoid copepods
have been widely used for vector-borne disease eradication (Rozendaal, 1997).
Basic sanitary measures, use of livestock and marsh alteration have also provided
a significant contribution to the development of mosquito control interventions

(Ault, 1994).

Till date, the bioactive elements of botanical origin from low concentration to
higher concentration are prominently effective against Aedes, Anopheles, and
Culex mosquito population. One of the best advantages of the insecticides of
botanical origin is that it reduces the chance of insecticide resistance and even a
layman can easily formulate inexpensive adulticides, ovicides or repellents at their

home with low human toxicity (Isman & Grieneisen, 2014).

White (1973) reported that the floral biodiversity can be explored to enter the field
of a sustainable method of vector control. Phy (1999) reported that the
insecticidal potential of medicinal plants can be definitely used to develop a novel
weapon in the synthetic insecticides resource and, in future, it may be recognized

as an alternative natural product to combat vector-borne diseases.

The application of bioactive constituents from traditional medicinal plants to fight
against vector-borne diseases has emerged since the 1920s, and the discovery of
DDT, as well as other synthetic insecticides, made diminished use of

phytochemical constituents in mosquito control strategies. However, after facing
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many adverse effects by the routine use of synthetic insecticides, the scientific
community has re-focussed on bioactive elements that are easily isolated from
medicinal plants. From that moment onwards, the search for novel bioactive
elements from the plant biodiversity and an effort to its commercial production

has been started (Isman, 1997).

Shaalan, Canyon, Younes, Abdel-Wahab and Mansour (2005) reviewed different
kinds of phytochemical elements (terpenoids, phenolics,steroids, and alkaloids)
and their toxic potential towards the insects. They also mentioned various plant
families that have many kinds of larval and repellent activities against mosquitoes
of epidemiological importance in the current scenario. The families include; i)
Solanaceae, ii) Cladophoraceae, iii) Miliaceae, iv) Asteraceae, v) Rutaceae, vi)
Oocystaceae and vii) Labiatae.  Additionally, they have reviewed some
insecticides of botanical origin (Hellebore, d-limonene camphor, Pyrethrum,
Nicotine, Turpentine, Derris, Anabasine, Quassia, and Azadirachtin) used in

different nations during the early 20" century.

Kishore, Mishra, Tiwari and Tripathi (2011) reviewed the larvicidal potential of
phytochemical constituents against various mosquito species based on their
chemical nature, presence of secondary metabolites like simple aromatics,
alkenes, alkanes, alkynes, lactones, steroids, fatty acids, lignans, terpenes,
isoflavonoids, alkaloids, and pterocarpans. Additionally, they also documented
the characterization of several bioactive elements from various plants and

discussed their toxicity against mosquitoes of epidemiological significance.
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In 2012, Ghosh et al. listed some of the bioactive compounds isolated from
various plants; and are Octacoane, Geranial, Germacrene D, Plumbagin,
Pipernonaline, Marmesin, and Pachyrrhizine. They also discussed the larvicidal
potential of the following medicinal plants such as Jatropha sp, Ocimum sanctum,
Citrus sp, Momordica charantia, Azadirechta indica, Pipersp, Curcuma
domestica, Jatropha curcas (Linnaeus, 1753), Cestrum diurnum, Piper
retrofractum, Citrullus vulgaris, Euphorbia sp, Annona sp, Euphorbia tirucalli,
Annona squamosal, Solanum xanthocarpum, Solanum nigrum and Moringa

oleifera.

Similarly, Traboulsi et al. (2005), and Rahuman, Gopalakrishnan, VVenkatesan and
Geetha (2008a) reported the insecticidal activities of aromatic plants such as
Ferula hermonis, Pinus pinea, Eucalyptus spp, Citrus sinensis, Laurus nobilis,
Momordica charantia, Coccinia indica, Citrullus colocynthis, Trichosanthes
anguina, Cucumis sativus, Phyllanthus amarus, Pedilanthus tithymaloides,
Euphorbia tirucalli, Euphorbia hirta, and Jatropha curcas. = Numerous
investigations have exposed the significance of medicinal plants in mosquito
vector control strategy. For example, Benelli (2015) reviewed the larvicidal
potential of the following plants; Acalypha indica, Acalypha alnifolia,
Andrographis  paniculata Ageratum  houstonianum, Albizia lebbeck,
Andrographis lineata, Annona senegalensis, Artemisia annua, Aristolochia
bracteata, Asparagus racemosus, Basella rubra, Caesalpinia pulcherrima,
Cananga odorata Calotropis procera, Cinnamomum zeylanicum, Citrullus
colocynthis, Coccinia indica, Cassia occidentalis, Cucurbita maxima,

Cymbopogon citratus, Cardiospermum halicabum, Coccolus hirsutus, Cassia
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fistula (Linnaeus, 1753), Cleome viscosa, Cuminum cyminum, Curcuma longa,
Cymbopogon proximus, Cyperus scariosus, Eclipta alba, Delonix elata, Eclipta
prostrate (Linnaeus, 1753), Ervatamia coronaria, Erythrina indica, Euphorbia
hirta, Gliciridia sepium, Ipomoea carica, Juniperus macropoda, Limonia
acidissima, Lippia multiflora, Mentha spicata var. viridis, Moringa oleifera,
Nigella sativa, Ocimum basilicum, Ocimum canum, Parthenium hysterophorus,
Pemphis acidula, Pimpinella anisum, Pinus caribaea, Pinus tropicalis, Piper
nigrum, Pithecellobium dulce, Polygonum hydropiper, Azadirachta indica,
Pongamia glabra, Rosmarinus officinalis, Spilanthes mauritiana, Syzygium
aromaticum, Solenostemma argel, Tagetes erecta and Zingiber officinalis.
Kumar, Wahab, Mishra, and Warikoo (2012b) and Oliveira et al. (2010) reported
the lavicidal potential of following plants: Abutilon indicum, Achyranthes aspera,
Phyllanthus emblica, Cassia occidentalis, Allium sativum, Zingiber officinale,
Momordica charantia, Lantana camara, Ricinus communis, Trachyspermum
ammi, Putranjiva roxburghii, Chrysanthemum indicum, Myristica fragrans,
Bauhinia tomentosa, Melaleuca bracteata, Coccoloba mollis, Eschweilera ovate,
Guettarda grazielae, Merremia aegyptia, Ouratea nitida, Protium heptaphyllum,
Rourea doniana, Spermacoce verticillata, Tovomita brevistaminea, and Triplaris

americana.

Various biochemical processes that happened in the plant has led to the discharge
of an array of bioactive elements. The bioactive elements from botanicals have
been touted as an effective alternative to chemical pesticides for mosquito control.
Previous studies have already revealed the possible reason for the afore-mentioned

natural strategy since the bioactive elements are known to play a significant role
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in several metabolic processes associated with thermal tolerance, defense against
herbivores and attracting pollinators (Nyasembe & Torto, 2014). But, it should
not be expected that the bioactive elements are less susceptible to resistance as for
the reason that they may possess similar modes of action against the mosquito
vectors (Oladipupo, Callaghan, Holloway, & Gbaye, 2019). However, the
development of novel and eco-attractive tools for preventing the proliferation of
mosquitoes is of paramount prominence in order to confirm our future capacity to
eradicate the vector-borne diseases transmitted by mosquitoes. Because of the
vast diversity, presence of various potent phytochemical constituents, the
medicinal plants are recognized as important sources of novel natural insecticides.
Additionally, the natural complexity of insecticides of botanical origin can offer
an additional benefit in the fight against mosquito-borne diseases: since the
bioactive elements isolated from the plant extracts can act synergistically within
the insect vector, the possibility of the persistence of individuals exhibiting
resistance against any one of those compounds is impressively reduced (Siegwart

et al., 2015).

It has been reported by previous studies that the prominent toxicity of most of all
the plant species attributable to the occurrence of a wide variety of alkaloids, indol
alkaloids, glycoalkaloids and pirrolizidin, are produced as a defense mechanism
against predators, infectious agents, and insects (Ogunlesi, Okiei, Ofor, &
Osibote, 2009). Cui, Tan, Ouyang, Jiang, and Pawliszyn (2009) reported the
insecticidal activity of various alkaloids such as a-chaconine, a-solanine and a-
tomatine with special reference to economic and medical importance. Nyasembe

and Torto (2014) highlighted different types of plant volatile compounds from
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many chemical classes, including aldehydes, ketones, phenols, terpenes, and
alcohols against mosquitoes. In this regard, with the understanding of the
importance of plant volatile compounds in vector control, there has been a
growing concern in the chemistry and probable mode of action of these

compounds.

This has resulted in the development of appropriate technologies for the isolation
and exploration of bioactive compounds from medicinal plants (Harborne, 1998).
The choice of the most effective technique for the isolation of bioactive elements
is reliant on the type of plant species being studied. Several techniques including
Gas Chromatography-Mass Spectrometry (GC-MS), Liquid Chromatography-
Mass Spectrometry (LC-MS), bioassay-guided chromatographic fractionation
have been used for the collection and analysis of Phyto-compounds against

mosquitoes (Tholl et al., 2006).

Kiprop, Kiprono, Rajab and Kosgei (2007) isolated limonoid calodendrolide from
the plant Calodendrum capense Thunb with potent toxicity against Aedes aegypti
larvae. They have also isolated pedonin and harrisonin from the Harrisonia
abyssinica Oliv with larvicidal efficacy against the dengue fever vector Aedes
aegypti.  Silva et al. (2009) isolated and characterized isobrucein B and
neosergeolide from the medicinal plant Picrolemma sprucei Hook against Aedes
aegypti. Gu, Cheng, Huang, Chen and Chang (2009) reported the larvicidal
potential of cubebol, epi-cubebol and ferruginol against Aedes aegypti. They
have isolated the afore-mentioned compounds from Cryptomeria japonica.

Similarly, Madhu, Shaukath, and Vijayan, (2010) studied the toxic effect of
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sesquiterpenoid  metabolites  such as  neoprocurcumenol and  9-
oxoneoprocurcumenol isolated from Curcuma aromatic Salisb against Culex

quinquefasciatus.

Rahuman et al. (2008b) isolated and characterized the tetracyclic triterpene
derivative gluanol acetate from the herb Ficus racemosa L against Aedes
aegypti, Culex quinquefasciatus, and Anopheles stephensi. Innocent et al.
(2008) performed bio-assay guided fractionation of the root bark extract of the
traditionally used medicinal plant Lantana viburnoides subsp viburnoides var.
kisi against Anopheles gambiae. Their study also revealed the presence of
lantadene-type triterpene camaric acid and lupine triterpene betulinic acid in the
active fractions. Rahuman et al. (2008b) isolated saponin and B-sitosterol from
Achyranthes aspera and Abutilon indicum respectively against Aedes aegypti
larvae. Cheng, Huang, Chen, Kuo and Chang (2008) reported the potent larvicidal
efficacy of the anthraquinone tectoquinone from Cyptomeria japonica. Sreelatha
et al. (2010) performed the bioassay-guided fractionation of Plumbago capensis
extracts and revealed the presence of two novel napthaquinone derivatives
together with six known compounds against Aedes aegypti mosquitoes. A similar
study conducted by Maniafu, Wilber, Ndiege, Wanjala and Akenga (2009)
exposed the presence of 5-hydroxy-2-methyl-1,4-naphthoquinone and (-sitosterol
against Anopheles gambiae. Garcez, Garcez, da Silva and Hamerski (2009) used
bioassay-directed fractionation of Ocotea velloziana, and isolated aporphine

alkaloid (+)-dicentrine against Aedes aegypti.
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Innocent et al. (2008) reported the presence of furanonaphthaquinones regio-
isomers and lantadene triterpenoid camaric acid from the bioactive fraction of
Lantana viburnoides, against Anopheles gambiae. Pohlit, Rezende, Baldin, Lopes
and de Andrade Neto (2011) described the isodillapiol, and n-propyloxy and n-
butyloxy propan-2-yl ether as effective larvicides. In addition, they have
reviewed the larvicidal potential of the following chemicals: Trans-anethole,
Terpineol, B-Pinene, Borneol,a-Pinene, Borneol acetate, Linalool, Camphor,
Pulegone, 1,8-Cineole, Citronellal, p-Cymene, Thymol, and Eugenol against

Aedes aegypti (Pohlit et al., 2011).

Preethi, Raveen, Arivoli, Samuel and Madhanagopal (2014) investigated the
larvicidal potential of the methanol, aqueous, and chloroform extracts of
Jasminum officinale, Jasminum grandiflorum, and Jasminum auriculatum against
the dengue vector Aedes aegypti. Muthee et al. (2011) documented the
exploitation of several medicinal plants for the discovery of drugs. They have
reviewed the medicinal potential of the following plant families: Anacardiaceae
(Rhus natalensis and Ozoroa insignis), Amaranthaceae (Sericocomposis
hildebrandtii), Apocynaceae (Carissa edulis and Acokanthera schimperi),
Araliaceae (Cussonia holstii), Asclepiadaceae (Mondia whytei), Balanitaceae
(Balanites glabra), Boraginaceae (Cordia Africana and Kigelia africana),
Burseraceae (Commiphora swynnertonii), Capparidaceae (Caparis tomentosa),
Cannelaceae (Waburgia ugandensis), Celastraceae (Maytenus senegalensis),
Combretaceae (Terminalia brownie and Combretum molle), Compositae (Psiadia
punculata), Commeliaceae (Comelina africana), Cucurbitaceae (Zehneria

scabra), Ebenaceae (Euclea divinorum), Euphorbiaceae (Ricinus communis,
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Euphorbia cuneata, Croton megalocarpus and Euphorbia candelabrum),
Fabaceae (Indigofera arrecta, Cajanus cajan, Acacia xanthophloea,
Ormocarpum  kirkii, Albizia anthelmintica and Erythrina abyssinica)
Flacourtiaceae (Dovyalis abyssinica), Liliaceae (Aloe secundiflora), Leucas
calustachys), Loganiaceae (Strychnos henningsii), Labiatae (Leucas calustachys,
Leucas pododiskos and Iboza multiflora), Meliaceae (Azadirachta indica and
Turraea mombassana), Moraceae (Ficus thonningi and Ficus sycomorus),
Musaceae (Musa acuminata), Myrsinaceae (Rapanea melanophloes), Olacaceae
(Ximenia americana), Oleaceae (Olea africana), Oliniceae (Olinia usambarensis),
Polygonaceae (Rumex usambarensis), Proteaceae (Faurea saligna), Rhamnaceae
(Rhamnus staddo and Rhamnus perinoides), Rosaceae (Prunus africana),
Rubiaceae (Galium aprimnpoides, Hymenodictyon parvifolium and Vangueria
tomentosa), Rutaceae (Calodendrum capense, Clausena anisata, Zanthoxylum
usambarense and Teclea simplicifolia), Salvadoraceae (Salvadora persica)
(Linnaeus, 1753), Samydaceae (Trimelia bakeri), Santalaceae (Osyris
lanceolatat), Sapindaceae (Pappea capensis), Simaroubaceae (Harisonia
abyssinica), Solanaceae (Solanum taitanse Vatke and Solanum incanum),
Sterculiaceae (Dombeya rotundifolia), Urticaceae (Urtica dioica), Useneaceae
(Usnea spp.), Verbenaceae (Clerodendrum myricoides and Lippia kituiensis), and

Vitaceae (Cissus quandringularis and Rhoicissus tridentata).

The major focus of their study is to offer a platform for studies whose aim is to
develop plant-based products. This indicated that the plant-based insecticides are
prominently drawing the attention of the research community due to its cost-

effective, eco-attractive and bio-degradable nature. A recent study by Igbal et al.
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(2019) was directed to the biological synthesis of zinc oxide nanoparticles
(ZnONPs) using the various extracts of the plant Rhamnus virgate, as a stabilizing
agent. Pavela, Maggi, lannarelli and Benelli (2019) reviewed the mosquitocidal
activity of isolated bioactive compounds from plant extracts against vectors
belonging to the genera Culex, Anopheles, and Aedes with special consideration of
the probable mode of the mechanism of action. They have also discussed the
mode of action of alkamides, triterpenes, anthraquinones, aliphatics, coumarins,
acetogenonins, flavonoids, alkaloids, sesquiterpenes, sterols, sesquiterpenes,
alkaloids, sesquiterpenes, alkaloids, aliphatics, flavonoids, sesquiterpenes and

xanthones on mosquitoes from neurotoxic effects to enzymatic actions.

Benelli, Pavela, Drenaggi and Maggi (2019) reported the presence of volatile
elements such as (E)-caryophyllene, myrcene , caryophyllene oxide, and B-pinene
from Acmella oleracea against Culex quinquefasciatus. Simon-Oke and Akeju
(2019) reported the toxic effects of Citrus limonum, Citrus aurantifolia, and
Citrus sinesis. Sengar, Joshi, Prasad and Hemalatha (2015) has scientifically
verified the anti-pyretic, analgesic and anti-inflammatory activities of Jasminum
sambac. In 2014, Preethi et al. investigated the potential larvicidal efficacy of
aqueous, methanol, and chloroform extracts of Jasminum auriculatum, Jasminum
grandiflorum, and Jasminum officinale against Aedes aegypti at varying
concentrations. Similarly, Pavela et al. (2019) reviewed the modes of action of
bioactive elements from the medicinal plant Jasminum nervosum. Lallawmawma
et al. (2015) suggested that the biosynthesized AuNPs and AgNPs (silver and gold
nanoparticles) using the Jasminum nervosum extract could be an eco-attractive,

safer natural insecticides and offered significant larvicidal potential against Culex
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quinquefasciatus which could be employed for the prevention of various

mosquito-borne diseases.

Koul, Kaur, Goomber and Wahab (2004) studied the mode of action and
bioefficacy of rocaglamide isolated from Aglaia elaeagnoidea. Benelli et al.
(2018) determined the significant mosquito nanolarvicides from the Aglaia
elaeagnoidea with special reference to its ethnopharmacological concern and non-
target mosquito natural predators including waterbugs, larvivorous fishes and
backswimmers. Bacher, Hofer, Brader, Vajrodaya and Greger (1999) have
isolated nine novel flavaglines, benzo [b] oxepines (thapoxepines), and cyclopenta
[bc] benzopyrans (thapsakins) from the root extract of Aglaia edulis (Roxb, 1840)
with insecticidal property. But, they did not mention the larvicidal property of the
afore-said compounds against mosquitoes in the afore-mentioned study. Koul et
al. (1997) screened the larval growth-inhibiting effects of Aglaia elaeagnoidea,
Aglaia roxburghiana, and Aglaia odorata against Helicoverpa armigera and

Spodopteva litura.

Dreyer et al. (2001) described the isolation of cyclopentatetrahydrobenzofurans of
the rocaglamide from the plant Aglaia oligophylla. Anjana and Thoppil (2013)
evaluated the antimitotic and cytotoxic potential of Pogostemon auricularius
(Linnaeus, Hassk, 1843). Das et al. (2015) studied the synergistic mosquito-
repellent activity of Pogostemon heyneanus against Aedes albopictus. Murugan,
Mallavarapu, Padmashree, Rao and Livingstone (2010) evaluated the presence of
acetophenone, patchouli alcohol, B-pinene, and (E)-nerolidol from Pogostemon

heyneanus Benth using GC-MS. Hussaini, Agarwal, Roy, Prakash and Shoeb
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(1988) have isolated three novel diterpenoid acids from Pogostemon auricularis
(15-dien-18-oic acid and 7-hydroxy-and 7-acetoxycleistanth-13, 15-dien-18-oic
acids and cleistanth-13). Hussaini et al. (1993) have isolated and characterized a

novel Diterpenoid from Pogostemon auricularis.

As far as the review of literature could ascertain, the studies on the isolation of
bioactive compounds from three traditionally used medicinal plants such as
Jasminum brevilobum (A. DC. 1844), Pogostemon auricularius, and Aglaia
edulis against Aedes aegypti with special reference to their probable mode of
action, reactive oxygen species formation and insecticide resistance are not well

established.
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RELEVANCE OF THE STUDY
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RELEVANCE OF THE STUDY

The plant-based products have been used against vector mosquitoes for
generations in traditional approaches. The knowledge concerning the prominent
use of plant-based products gained through phytochemical research is considered
as a significant resource for the development of novel mosquito control agents.
The importance of commercial mosquito controlling products containing plant-
based ingredients has extended much more popularity among the consumers in the
current scenario since most of the previous studies have reported the deleterious
effects of long-established synthetic mosquito controlling products with special

reference to insecticide resistance.

The phenomenon of adaptation in mosquito vectors towards new living conditions
and the environment is one of the vital concepts in evolutionary biology. The
development of insecticide resistance in the target organisms has been recognized
as a significant part of natural selection. Studies on the various factors allied with
the aforementioned perspectives have a prominent impact in the current scenario.
Hence, changes in the detoxifying enzymes and the emergence of insecticide
resistance in context with the natural products, natural selection, evolutionary
perspectives, and DNA damage are core areas of interest of this investigation.
The susceptibility status, qualitative and quantitative analysis of certain
detoxifying enzymes from Fi-Fio generation of Aedes aegypti with special
reference to insecticide resistance illustrates the role of natural selection in vector

control perspectives. This investigation was intended to convey the need of

71| Page



understanding the potential position and extensive value of plant-derived products
and their prominent role in mosquito disease control with special reference to
environmental sustainability, reactive oxygen species formation, natural selection,

evolution and DNA damage.
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GENERAL METHODOLOGY

Study area and plant material

The plant specimens were collected from Pothumoola, Thirunelly in Wayanad,
Kerala, India based on the cultivational status, easily availability, medicinal
potential, traditional uses, economic perspective, commercial probability and
aromatic property together with conservational aspects. The collected plants were
identified to species level with the help of taxonomists. The GPS point of all the
plant specimens were collected. A herbarium specimen of the plant is kept in
Communicable Disease Research Laboratory (CDRL), Department of Zoology,

St. Josephs’s College, Irinjalakuda, Kerala, India with reference number.

Crude and standard extraction

The collected plants were washed and grounded with mortar and pestle. The
crude extract of the plant specimen was kept for 24 hours and the desired volume
of the extract was taken after 24 hours for larval bioassay. The shade-dried
powder of plant specimens that possess potent larvicidal efficacy among the 50
traditionally used medicinal plants were extracted using a Soxhlet extractor.
Twenty grams of dried powder of plant specimen which contains the bioactive
elements to be extracted were placed in a thimble. The thimble is usually made up
of filter paper material that allows liquids and essential contents to pass through it.
Each solvent (250 mL) was added to a round-bottomed flask, which is attached to
a Soxhlet extractor and condenser on an isomantle. The organic solvents of

increasing polarity such as petroleum ether, ethanol, acetone, and water as
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separate solvents were heated at specific boiling temperatures for 6 to 12 hours
and it initiates the movement of bioactive elements into the condenser. Once the
level of the solvent containing bioactive elements reaches the siphon, it pours
back into the round-bottomed flask (250 mL). The process was repeated
continuously until all the constituents from the plant specimen were extracted into
the organic solvent. The extracts obtained from the afore-mentioned steps were
evaporated and used for further investigations including chromatographic analysis

and larvicidal bioassay.

Experimental insect

The early fourth instar Aedes aegypti larvae were used for the accomplished
experiments. The larvae used in this study were from the laboratory colony reared
at Communicable Disease Research Laboratory (CDRL), Department of Zoology,
St. Josephs’s College, Irinjalakuda, Kerala, India. The Aedes aegypti eggs were
placed in the plastic trays (28 L x 39 Wx 14 D cm) and were transferred into
another plastic tray (28 L x 39 Wx 14 D cm) when accomplished with hatching.
They were maintained and fed on dog biscuits and yeast in the ratio 3:1. The
environmental conditions for rearing is as follows; 12 L:12 D photoperiod cycle,

27+ 2°C temperature, followed by 55-60% relative humidity.

Larval bioassay

The graded series of extracts were prepared using methanol, petroleum ether and
acetone as the solvent. Twenty-five healthy 4™ instar larvae of Aedes aegypti were
released into a 250 mL glass beaker containing 100 mL solution. Four replicates

were set up for each concentration. Aedes aegypti larvae were counted as dead if
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they failed to reach outward for respiration. The dead larvae in four replicates
will be combined and expressed as the percentage of larval mortality for each

concentration. In controls, the larvae were exposed to each solvent.

Chromatographic analysis

Repeated chromatographic separation was used for the isolation of bioactive
elements from Jasminum brevilobum, Aglaia edulis and Pogostemon auricularius.
The analytical grade acetone, hexane, and methanol were used for Column-Thin
layer chromatography (TLC) analyses. Thin-layer chromatography for
Jasminumbrevilobum acetone extract was done by using hexane and acetone as
the mobile phase. Aglaia edulis acetone extract was subjected to TLC analysis
using methanol (M), acetone (A) and hexane (H) as the mobile phases. The
bioactive elements of Pogostemon auricularius extract were isolated using
methanol, acetone, and hexane. The bioactive fractions of acetone extract of the
three medicinal plants were separated using column chromatography. Silica gel
for column chromatography (60-120 M) was packed in column (40 x 330 mm)
(Merck KGaA, Darmstadt, Germany). Analytical grade methanol, acetone, and
hexane were used as the mobile phases. Twenty grams of the acetone extract of
Jasminum brevilobum, Aglaia edulis, and Pogostemon auricularius were loaded
on to the column packed with silica and mobile phase. All the isolated bioactive
fractions have proceeded for the bioassay protocol provided by WHO. Sample
names were provided for each bioactive fraction. The purified bioactive fractions

were stored at -20 °C for further analysis.
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Identification of purified bioactive compounds

The isolated bioactive elements such as CC7, EE5, and PP4 were subjected to
GC-MS (MSQP2010 (Shimadzu, Kyoto, Japan). The peak areas of the isolated
bioactive elements were matched with those on the National Institute of Standards
and  Technology library  database @ (NIST 08-S, available at

https://chemdata.nist.gov/). Fourier-transform infrared spectroscopy (FTIR) and

Nuclear Magnetic Resonance (NMR) spectroscopy (Thermo Fisher, U.S.), a rapid
technology to identify and elucidate the structure have been used in this study to
fingerprint the isolated bioactive compounds from Jasminum brevilobum, Aglaia

edulis, and Pogostemon auricularius.

Susceptibility status

Bioactive elements, other chemicals, and selection experiments

The bioactive elements were isolated from Jasminum brevilobum, Aglaia edulis,
and Pogostemon auricularius. All the other chemicals used in this study were of
HPLC grade. A susceptible colony for Aedes aegypti was maintained. The
parental strain was colonized for 15 generations and selected as Fi. The bioassay
was performed as per the standard protocol provided by WHO, 1981. Parallel
control was maintained for all the executed experiments. The level of resistance
was calculated using the method suggested by Marcombe, Chonephetsarath,
Thammayong and Brey (2018) and Gopalan, Prakash, Bhattacharya, Anand and

Rao (1996).
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Qualitative enzyme assay- Poly Acrylamide Gel Electrophoresis (PAGE)

Polyacrylamide gel electrophoresis (PAGE) was used as qualitative analysis to
compare the bioactive elements exposed and susceptible lines of Aedes aegypti.
The glucose 6-phosphate dehydrogenase (G6PD), a-esterase, [-esterase, and

cytochrome P450 were examined to get the differential isozyme profile.

Quantitative assay

The microplate assay was performed according to the method suggested by
Hemingway and Karunaratne (1998). The esterase activity was examined using
the Esterase assay. The influence of Cytochrome P450 in insecticide resistance is
determined by means of monooxygenase assay (P-450). The effect of
dehydrogenase activity was determined with the glucose 6-phosphate

dehydrogenase assay (G6PD).

Toxicity towards microorganisms

The screening of antibacterial potential of the isolated bioactive elements were
done against the bacterial population that reside inside the mosquito larval gut viz,
Klebsiella pneumonia (MTCC 661), Bacillus subtilis (MTCC 441),
Staphylococcus aureus (MTCC 3160), E. coli (MTCC 443), and Proteus mirabilis
(MTCC 442). The Minimum Inhibitory Concentration (MIC) was determined
using the method given by Wiegand, Hilpert and Hancock (2008) and Bussmann

et al. (2010). Triplicates were maintained for each executed experiments.

Phytochemicals induced free radical generation and DNA lysing potential
The lethal effects of three isolated compounds induced free radical formation were

determined using the ammonium molybdate method (Prieto, Pineda, & Aguilar,
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1999) with slight modifications. Twenty-fourth instar larvae of Aedes aegypti
exposed with the isolated bioactive fractions were homogenized as separate
samples. Controls were maintained for each experiment. The level of isolated
compounds prompted free radicals formed in the target was determined using the

Ultraviolet-visible spectroscopy (Thermo Fisher, U.S.).

Statistical analysis

All data were entered and systemized in Microsoft Excel 2010 and 2019
spreadsheet. The data were then exported into SPSS version 24.0.0 and R
software version 3.2.3 for probit regression analysis (to get the LCso and LCgp of
crude extracts and isolated bioactive elements) and to create pictorial charts. The
data on corrected mortality rates were calculated as the mean percentage *
standard deviation (SD) for each bio-assays. The graphs were plotted with
GraphPad Prism 7.0 and the SPSS version 24.0.0 for Windows operating systems.
The resistance ratio determination and other statistical analyses were also

performed using the aforementioned software.
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CHAPTER 1

Screening of Aromatic Plants against

Aedes aegypti
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1.1.  INTRODUCTION
Aedes aegypti is a daytime, domestic foremost vector mosquito that preferably
breeds in discarded plastic containers, stream pools, tree hole, automobile tires,
mud pot, cemented tanks, plant pots, tin, coconut shell, bamboo and containers
(De Lima Santos et al., 2012). It has extensive significance in tropics and
subtropics worldwide since it is recognized as the vector of many infectious
diseases including dengue fever, yellow fever and probably the zika fever
(Anoopkumar et al., 2017a; Murrell, Wu, & Butler, 2011). In recent decades, the
dengue viral infection has grown into an increasing global health threat with 390
million dengue infections annually (WHO, 2014). The lack of an effective
vaccine against the dengue fever infection illustrates the importance of Aedes
mosquito proliferation prevention in disease control; the only way to diminish the

risk of dengue epidemics distribution.

The synthetic chemicals, principally the carbamates, pyrethroids, and
organophosphates including DDT are used to prevent the rapid proliferation of
larvae, pupae, and adult Aedes aegytpi mosquitoes. The afore-mentioned
compounds are known to exhibit extensive environmental threat, due to severe
confrontational effects on non-target organisms including the human population
(Sanchez-Fortun & Barahona, 2005). The strategies to fight the mosquito-borne
diseases mostly rely on the disruption of the transmission cycle either by pointing
the breeding sites of mosquito larvae through insecticides spraying or by

repelling/killing the adults using insecticides.
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Table 1.1. Alternatives for DDT with active ingredients

No. | Active Ingredient Product Type WHO Class
1 d-allethrin (SP) Mat, Coil I
) ?éalé)l)lethrln (Pynamine Fort) Coil I
3 d-trans-allethrin (SP) Cail Il
4 Alpha Cypermethrin (SP) WP, EC, SC Il
5 Bioallethrin (SP) Aerosol Il
6 S-Bio-allethrin (SP) Cail Il
7 Fenitrothion (OP) EC Il
9 Imiprothin (SP) Aerosol Il
10 | Lambda Cyhalothrin (SP) WP, EC Il
11 | Malathion (OP) EC Il
12 | Permethrin (SP) gﬁmso" Powder, EC, WP, I
13 | Temephos (OP) EC, G U
14 | Tetramethrin (SP) RS, Aerosol U
15 | D-Tetramethrin (SP) Aerosol U
16 | Transfluthrin (SP) Cail U
17 | Chlorpyriphos (OP) EC I
18 | Cypermethrin (SP) EC I
19 | Deltamethrin (SP) gga'k’ EC, SC, WP, Flow, I
20 | Diazinon (OP) EC I
21 | ETOC (Prallethrin) (SP) Mat, Coil, Vaporizer I
22 | Fenthion (OP) EC I
23 | Phenthoate (OP) Liquid, EC I
24 | Pirimiphos Methyl (OP) EC Il
25 | Pynamine Fort (SP) Liquid vaporizer Il
26 | Prallethrin (SP) Aerosol, Coll, Mat I

Vaporizer

27 | Propoxur (Car) Aerosol I
28 | Sumione (SP) Cail I
29 | Phenthoate (OP) Liquid, EC I
30 | Pirimiphos Methyl (OP) EC 1l

*WHO Class Il specifies moderately hazardous (non-carcinogenic, non-teratogenic, etc.),
WHO Class Il specifies slightly hazardous and WHO Class U specifies unclassified

(“SP- synthetic pyrethroid, OP-organophosphate, Car-carbamate.”)
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The frequent and routine use of chemical spraying has instigated alarm in the
scientific community attributable to several investigations exposing the adverse
effect on arthropod species, fish, wildlife and humans and several other non-
target organisms (Desneux, Decourtye, & Delpuech, 2007). Moreover, the
equally frightening adverse effects are the emergence of pesticide resistance
(towards very low concentration) in insect populations all over the globe (de

Azambuja Garcia et al., 2018).

An effective alternative to the afore-mentioned condition is the search for novel
natural insecticides for mosquito control since they are easily available and
biodegradable in nature. There are many defensive elements found in plants. The
plant-based products contain various kinds of phytochemical constituents that
exert toxic effects on the insect’s population. The discovery of the antimalarial
drug artemisinin (Fig. 1.1; Page No. 84) has verified this concept by altering the
struggles to combat mosquito-borne diseases as a paradigm shift. Additionally,
the phytochemical constituents from plants are also able to i) disrupt
developmental processes including metamorphosis, ii) exert annoyance and

disgusting effects and iii) promote morphological changes (Deletre et al., 2013).

Medicinal plants are recognized as the biochemical factories of the environment,
synthesizing several phytochemical constituents including flavonoids, tannins, and
alkaloids; most of them have pesticidal as well as therapeutic potential. The
benefits of the natural insecticides constituted by blends of multiple bioactive
phytochemical constituents are that they can act simultaneously on both

behavioural as well as physiological processes (Pilaguinga et al., 2019). Hence,
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prominent use of insecticides of botanical origin would offer a more effective and
sustainable answer against the vector-borne diseases transmitted by Aedes aegypti.
Succeeding this greener and harmless alternative approach, the medicinal plants
have potential as a natural insecticide since it reduces the chance of emerging

resistance (Oliveira et al., 2010; Pilaquinga et al., 2019).

Fig. 1.1. Structure of Artemisinin

Several plant-based insecticides principally focus on the midgut of the vector
mosquitoes in its larval stages, and some of them can prevent the distinct stages of
development of an adult. The high efficacy and least expensive nature make the
plant-based products an interesting prospect in integrated pest management (De
Lima Santos et al., 2012). Therefore, in recent years, the use of biodegradable and
eco-attractive insecticides of botanical origin has gained renewed attention for
mosquito control. More than 2000 medicinal plants from the families Asteraceae,
Oocystaceae, Miliaceae, Rutaceae, Cladophoraceae, Solanaceae and Labiatae have
been known to synthesize metabolites and bioactive elements which have great
significance in vector control programmes (Shaalan et al., 2005). Taken all
together, the growing documentation of adverse impacts of synthetic insecticides

with special reference to strict environmental regulation has brought about
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renewed attention in the development of natural insecticides for mosquito control.
Therefore, the present objective was intended to screen at least fifty locally
available and traditionally important medicinal plants against Aedes aegypti, using

organic solvents of increasing polarity.
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1.2. MATERIALS AND METHODS

1.2.1. Study area and plant material

A total of 50 traditionally (Table 1.2; Page No. 95-107) used medicinal plants
were collected on the basis of their medicinal potential, the possibility of
commercialization, easy availability, and uncomplicated cultivation. It kept
maximum attention that the fifty plant specimens were not endangered, and not
threatened. The traditionally used medicinal plants were gathered from the
neighbouring regions of Pothumoola, Thirunelly in Wayanad, that is part of the
Western Ghats, Kerala, India and brought to CDRL in different polythene pouches
from 18-11-16 to 04-04-17 (Fig. 1.2; Page No. 87). A herbarium was prepared
and kept in Communicable Disease Research Laboratory, Department of Zoology,

St. Joseph’s College, Irinjalakuda, Kerala, India for future reference.

Different parts, mainly the bark and leaf, with the eminent fact of traditional use
and non-toxicity to human population, were alienated from each plant and were
carefully cleaned with water to remove dust or other waste particles stuck over
their body. The plants selected for collection were observed sensibly with
maximum care to discover any kind of infection or diseases and if any, such parts
were removed and not used for further investigations. The collected plant
specimens were kept at room temperature (27 +2°C) for drying. The collected
plants were identified to species level with the help of taxonomists. The GPS

point of all the randomly collected traditionally used medicinal plants were taken
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using the offline application software GPS info developed by Romuld Zdebskiy in

Microsoft platform.
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Fig. 1.3. Shade dried plant specimens

1.2.2. Extraction
Soxhlet apparatus was used for extraction to get the non-polar bioactive elements.
Twenty grams of shade dried (Fig. 1.3; Page No. 87) powder of plant specimens

(sp:1 to sp:50) which contains the bioactive elements to be extracted was placed in
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a thimble. The thimble is usually made up of filter paper material that allows
liquids and essential contents to pass through it. The 250 mL of each solvent such
as petroleum ether, methanol, acetone, and water was added to the round
bottomed flask of the apparatus. The aforementioned organic solvents of
increasing polarity were heated at specific boiling temperatures for 6 to 12 hours
and this process initiates the movement of bioactive elements into the condenser.
Once the level of the solvent comprising bioactive elements reaches the siphon, it
pours back into the round bottomed flask. The process of extraction was repeated
continuously until all the ingredients from the plant specimen are extracted into
the organic solvents (Fig. 1.4; Page No. 89). The extracts obtained from the afore-
mentioned step were concentrated using a rotary evaporator and kept at 4°C for
further studies such as bio-active guided fractionation and chromatographic

analysis.

1.2.3. Experimental insect and larvicidal bio assay

Aedes aegypti maintained using standard rearing techniques at Communicable
Disease Research Laboratory, Department of Zoology, St Joseph’s College,
Irinjalakuda were used for executed experiments. The larvicidal bioassays were
performed as per WHO protocol. The petroleum ether, methanol, acetone and
water extracts of fifty medicinal plants as listed in Table 1.2 (Page No. 95-107)
were tested against Aedes aegypti to determine their larvicidal potential. Twenty-
five early fourth instar larvae of Aedes aegypti were taken and put on the glass
beaker containing 99 mL of distilled water and 1000 mg/L of each plant extract.
Four replicates were maintained for all executed experiments. Control groups

were also maintained using each solvent alone. After continuous exposure to 24
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hours, the number of moribund and dead larvae were recorded as larval mortality.
The mortality was determined by spotting the movement of Aedes aegypti larvae
after 24 hours of continuous exposure. The death of larvae were confirmed when
they showed no signs of movement. The larvae were recognized as moribund if
they showed a little bit movement but did not exhibit any kind of swimming like
movement. The plant specimens that failed to deliver a significant range of

toxicity were no longer used for bio-assay guided chromatographic fractionation.

METHODOLOGY

Collection of plants
Shade drying and powdering

Crude extract —» LARVAL BIOASSAY <«—— 4" instar Larvae
A (WHO procedure)

l

Plant showing > 50% result

®Petroleum ether

Soxhlet
b4 eMethanol
Different solvents extracts «——
® Acetone
v W
Showing high % Mortality ® Water

v

— Isolation of compounds for further studies

Fig. 1.4. Methodology involved in extraction and screening

1.2.4. Statistical analysis
All data were entered and systemized in Microsoft Excel 2010 and 2019
spreadsheet. The data were then exported into SPSS version 24.0.0 and R

software version 3.2.3 to find out the percentage of toxicity exhibited (MEAN %
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SD) by the 50 medicinal plants against Aedes aegypti. The pictorial charts were
also prepared using the afore-mentioned software. The data on corrected
mortality rates were calculated as the mean percentage + Standard Deviation (SD)
for each bio-assay. The graphs were plotted with the SPSS version 24.0.0 for

Windows Operating Systems.
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1.3. RESULTS
In this objective, 1000 mg/l of the petroleum ether, methanol, acetone and water
extracts of fifty traditionally used medicinal plants, collected from Pothumoola,
Thirunelly in Wayanad, Kerala, India were tested against early fourth instar larvae
of Aedes aegypti. The mean percentage of mortality recorded after 24 hours of
continuous exposure have revealed that out of 50 plants (Figs. 1.5-1.10; Page No.
108-113.), 21 plants exhibit more than 41% of toxicity, 4 plants show 31-40% of
toxicity, 8 plants shows 20-30% of mortality and 11 plants exhibited 10-19% of

mortality.

The details of the medicinal plants collected, their scientific name, habitat, plant
part used, date of collection, GPS (Latitude and Longitude), date of experiment,
solvents used, followed by the percentage of mortality is presented in Table 1.2
(Page No. 95-107). The result revealed that the acetone extract made from the
Euphorbia thymifolia (Linnaeus, 1753) (leaf) (Sp: 12) and Catunaregam spinosa
(Thumb, 1978) (seeds) (Sp: 15) were the most potent extract exhibiting 96% and
92% respectively. The petroleum ether (90.66+2.31), methanol (92.00+0.0) and
water (96.00+0.00) extracts of Euphorbia thymifolia also showed potent toxicity
against the Aedes aegypti larvae. Similarly, the various extracts prepared from the
Catunaregam spinosa (seeds) (Sp: 15) provided significant toxicity towards the
Aedes aegypti population. The petroleum ether (92.00+4.00) and aqueous extracts
(90.66+2.30) prepared using the seeds of Catunaregam spinosa have shown a

prominent range of toxicity against Aedes aegypti. The methanol (90.66+2.30)
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and acetone (78.66x2.31) extracts of the same have shown a relatively

considerable range of toxicity against Aedes aegypti.

In addition, the acetone extract made from the Jasminum brevilobum (Sp: 13) and
Aglaia edulis (Sp: 20) were considered as effective with 85% and 81% of toxicity
respectively. It was also perceived that the methanol, water and acetone extracts
made from Cardiospermum halicacabum (Sp: 32), Persicaria hydropiper (Sp: 46)
and Pogostemon auricularius (Sp: 47) possessed the effective larvicidal potential
of 73%, 76% and 76% respectively against Aedes aegypti. The other extracts
made from the afore-mentioned medicinal plants (Sp: 13, Sp: 20, Sp: 32, Sp: 46
and Sp: 47) have also exhibited a great range of toxicity. The petroleum ether,
water and acetone extracts prepared from Cardiospermum halicacabum (Sp: 32)
showed 63% (63.33+4.16), 68% (68.00+4.00), 63% (63.33+4.16) of larvicidal
potential respectively against Aedes egypti larvae. The petroleum ether, methanol
and water extracts prepared from the Persicaria hydropiper leaf provided 54%,

65%, and 76% of larvicidal potential respectively.

The leaf extract of Glycosmis pentaphylla (Sp: 6) Ageratum conyzoides (Linnaeus,
1753) (Sp: 10) and Plectranthus hadiensis (Sp: 31) was found to be effective with
a great range of toxicity from 60% to 63%. Among the four different types of
extracts prepared from Glycosmis pentaphylla (Sp: 6), the acetone (62.66+2.31)
extract is recognized as most effective than others. However, the other extracts of
Glycosmis pentaphylla also showed a considerable range of toxicity (methanol:
36.00+£6.93, petroleum ether: 52.00+0.0, water: 53.33+2.31). The water and

methanol extracts prepared from the Plectranthus hadiensis leaf have exhibited 63
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% (63.33+£4.16) and 61 % (61.33+1.15) respectively. The acetone extract of the
same has relatively showed a great range of toxicity (50.66+2.31). However, its

petroleum ether extract is recognized as the least effective.

Likewise, the petroleum ether and water extract made from the Mimosa pudica
(Linnaeus, 1753) (Sp: 5) and Sphaernthus indicus (Linnaeus, 1753) (Sp: 45)
exhibited 54% (54.66+£16.16) and 52% (52.00+4.00) of mortality respectively.
The medicinal plants such as Asclepias curassavica (Linnaeus, 1753) (Sp:2),
Jatropha curcas (Sp: 14), Toddalia asiatica (Sp: 22), Scoparia dulcis (Linnaeus,
1753) (Sp:30), and Thottea siliquosa (Sp:48) have exhibited a prominent range of
larvicidal potential from the range of 50% to 60%. The petroleum ether and water
extract prepared from the Asclepias curassavica exhibited similar results
(50.66+2.31). Among the four extracts prepared from the Jatropha curcas, the
methanol (53.33+£2.31) extract is recognized as the most prominent one than
others. Likewise, the water extract of Scoparia dulcis showed potential toxicity
(52.66+5.03). The Thottea siliquosa methanol (51.33+1.15) extract also showed
potent toxicity, however, the petroleum ether (43.33+5.03), acetone (43.33+5.03),
and water (41.33+2.31) extracts prepared from the same have recognized as less

active than the former one.

In addition, the other various extracts of the aforementioned medicinal plants
exhibited potent toxicity towards the dengue fever vector Aedes aegypti.
However, some of the other plant species are considered as least effective since
they exhibit the larvicidal potential of below 10%. The medicinal plant

Tamilnadia utiginosa (Retz, 1979) (Sp: 19) does not exhibited potent toxicity.
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Based on the great percentage mortality exhibited by the medicinal plants, the
conservational status, their easy availability, commercial probability and
cultivation status, three plant specimens such as Jasminum brevilobum (Sp: 13),
Aglaia edulis (Sp:20), and Pogostemon auricularius (Sp: 47) were selected for
bioassay-guided chromatographic fraction. The petroleum ether extract made
from Jasminum brevilobum (Sp: 13) showed 73% of mortality (77.33+£2.31)
whereas its methanol and water extract possessed 62% (62.66+2.31) and 74%
(74.66x2.31) respectively. Similarly, the petroleum ether, methanol and water
extracts made from the Aglaia edulis (Sp: 20) exhibited potent toxicity ranging
from 62% to 69%. The Pogostemon auricularius (Sp: 47) petroleum ether extract
exhibited the least larvicidal potential (59.33+1.15) than the methanol
(63.33£9.86), and water (72.00+4.00), and acetone (76.00+3.46) extracts. The
maximum toxicity provided by the three medicinal plants such as Jasminum
brevilobum (Sp: 13), Aglaia edulis (Sp:20), and Pogostemon auricularius (Sp: 47)
made them effective larvicides against Aedes aegypti; hence, these specimens

have been used for further investigations.
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Table 1.2. List of plant specimens collected and screened against Aedes aegypti fourth instar larvae

Latitude | Longitude
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42. | g |Camehora x8 | 8| 5| §| 3 S 2 | 2
X | (Linnaeus, 1753) O = = - - S @ g 3 Acetone 12.00+0.0
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. 3 =) o Methano 6614,
m S_—% Gloriosa superba T = § g s SS s ~ 3
' £ | (Linnaeus, 1753) g | 5| 3| 2| 8 @ =) S | Acetone 12.00+0
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(¢5]
‘“—I’q § - z w . Petroleum ether | 43.33+5.03
~ Ieod N~ <
' S | (Lam, 1981) g | 2| 5 a g - & S | Acetone 42.66+2.31
= +— (e} OLD < o
T '§ - S Water 41.33+2.31
: & = Petroleum ether | 39.33+4.16
< g 3 © © © o ~
o = c [eNe) o — <
49 2 | (Linnaeus, 1758) 3 8 % g S 2= o s < | Acetone 35.33+1.15
©] = o o0 P o
T g = S Water 44,000.0
. .00+0.
. & . - . z w . Petroleum ether | 12.00+0.0
8 | Spermacoce I ® = — — - < 3 — | Methanol 14.66+4.62
50 § | ocymoides x 3 8 S| 8| S8S S o 3
. © = — N o
£ | (Burmf. 1768) hat S 5| 7| 33 & = S | Acetone 13.33%2.31
a £ a = 2 Water 9.33+2.31

*statistical significance (P < 0.05)
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Fig. 1.5. Plant specimens collected and screened against Aedes aegypti fourth instar larvae (SP:1 to SP:9)
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Fig. 1.6. Plant specimens collected and screened against Aedes aegypti fourth instar larvae (SP:10 to SP:18). Cont.
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Fig. 1.7. Plant specimens collected, screened against Aedes aegypti fourth instar larvae (SP:19 to SP:27). Cont.
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Fig. 1.8. Plant specimens collected and screened against Aedes aegypti fourth instar larvae (SP:28 to SP:36). Cont.
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Fig. 1.9. Plant specimens collected and screened against Aedes aegypti fourth instar larvae (SP:37 to SP:45). Cont.
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Fig. 1.10. Plant specimens collected and screened against Aedes aegypti fourth instar larvae (SP:46 to SP:50).
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1.4. DISCUSSION

The findings of this investigation have exposed that the various phytochemical
constituents from fifty traditionally used medicinal plants could be a pioneering
application for the development of novel insecticides of botanical origin that could
be considered as an alternative to synthetic insecticides in future. Diverse
medicinal plants used in this study were as potent against Aedes aegypti as
described in the previous study (Anoopkumar, Puthur, Rebello, & Aneesh, 2017b;
Puthur, Anoopkumar, Rebello, & Aneesh, 2018). The use of traditionally used
medicinal plants not only extensively augment the larvicidal potential against
mosquitoes but also reduces the chance of insecticide resistance (Anoopkumar et
al., 2017b). This study determined that most of all the traditional medicinal plants
are effective to kill off fourth instar larvae of Aedes aegypti. The high larvicidal
potential and low cost make medicinal plants an interesting concern for vector
control programmes (Procopio et al., 2015). Therefore, this study can provide
significant information on the larvicidal potential of traditionally used medicinal
plants with special reference to their phytochemical constituents with the polar

features.

As described in Table 1.2 (Page No. 95-107), the various extracts of the medicinal
plant used in this study have exhibited effective larvicidal potential against Aedes
aegypti. The extracts of medicinal plants prepared using organic solvents of
increasing polarity have revealed that the same plant species has a different range

of toxicity in different solvents. For instance, the acetone extract (1 mL) prepared

114 |Page



from the Jasminum brevilobum leaf exhibited 85% of larvicidal potential
(85.33£4.62), whereas the petroleum ether (1 mL) (77.33£2.31), methanol (1 mL)
(62.66+2.31) and water (1 mL) (74.66+2.31) extract prepared from the same plant
has exhibited considerably less toxicity than acetone extract. One of the probable
reasons for this condition is the critical difference in polarity (Preethi et al., 2014).
The polarity index and type of solvents are already known to have a significant
role in toxic effects (Do et al., 2014), therefore, the percentage of toxicity between
the afore-mentioned extracts has greatly varied. The same pattern was observed
in the traditionally used medicinal plants such as Blumea lacera, Glycosmis
pentaphylla, Heliotropium indicum (Linnaeus, 1753), Euphorbia thymifolia,
Aglaia edulis, Hyptis saveolens, Persicaria virginiana, Stachytarpheta
jamaicensis, and Pogostemon auricularius. The aforementioned concepts are akin
to early reported findings (Rafinska et al., 2019; Wakeel, Jan, Ullah, Shinwari, &
Xu, 2019) who described the significance of polarity index in the quality and
quantity of plant extracts and various biological activities influenced by secondary
metabolites. This indicates that the various bioactive elements have different
polarity index; can be extracted with a solvent encompassing specific polarity
index. Additionally, among the fifty medicinal plants tested, 22 plants could be
more potent than others. Among them, based on the diversity, easy availability,
and non-toxic nature towards the human population, we found that the three
traditionally used medicinal plants such as Jasminum brevilobum (Sp: 13), Aglaia
edulis (Sp: 20), and Pogostemon auricularius (Sp: 47) can be used as effective

larvicides against Aedes aegypti.
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The results from this study were similar to a study concerning the larvicidal
potential of Jasminum sp. (Oleaceae) against the dengue fever vector Aedes
aegypti by (Preethi et al., 2014). They verified the larvicidal potential of the
flower extracts of Jasminum grandiflorum, Jasminum officinale, and Jasminum
auriculatum. Previous studies have mentioned that the preliminary screening of
various extracts is a good means of assessing the mosquitocidal potential
(Tennyson, Ravindran, & Arivoli, 2012). Studies on the larvicidal potential of
Jasminum grandiflorum, Jasminum officinale, and Jasminum auriculatum on
mosquitoes were performed with effective results, specifying the occurrence of
larvicidal elements in these plants. Previous studies have reported the toxic
effects of various phytochemical constituents such as Hexadecanoic acid,
Eicosanoic acid, Linolenic acid, Linoleoyl chloride, (2E, 6E)-farnesyl benzoate,
Hexatriacontane, Benzyl linoleate, Squalene, Heptacosane, Hentriacontane,
Phenylethanolamine, Cinnamic acid, and  3,7,11-trimethyl-3-hydroxy-6,10-
dodecadien-1-yl acetate isolated from Jasminum fluminense. The aforementioned
compounds act as potent toxicants against both adult and larval stages of mosquito
vectors, while some of them act as repellents or growth inhibitors (Arivoli et al.,
2018). They also suggest that the phytochemical compounds gained from
Jasminum fluminense can serve as effective tools for the management of vector
mosquitoes. Uniyal et al. (2016) reported that the compound Jasmine is the
predominant phytochemical constituent in the Jasminum grandiflorum (Oleaceae).
Moreover, the results of this study corroborate with previous reports of Aglaia
odorata leaf extracts yielded bioactive elements against Aedes aegypti (Nugroho

et al.,, 1999). They have also reported the presence of four new insecticidal

116 |Page



derivatives. The effective larvicidal potential of various extracts of Aglaia edulis
against Aedes aegypti, as verified in the present study, could provide a route to the
development of natural insecticides against Aedes aegypti. The observations from
the present study is in agreement with previous reports of larvicidal and
insecticidal potential of other Aglaia sp. including Aglaia elaeagnoidea, Aglaia
odorata, Aglaia malabarica, Aglaia elliptifolia and Aglaia rubiginosa (Benelli et
al., 2018; Komalamisra, Trongtokit, Rongsriyam, & Apiwathnasorn, 2005; Koul,
Singh, Singh, & Multani, 2005; Tawatsin et al., 2006). The aforementioned
findings uphold the results gained in this study that, the Aglaia edulis act a potent
larvicide against Aedes aegypti population. The reported results of this study
concerning the larvicidal potential of Aglaia edulis are far by far prominent than
those studied by others in Aedes sp. The non-toxicity to human beings,
biodegradable nature, effective larvicidal potential and therapeutic benefits

exhibited by Aglaia edulis are recognized as additional benefits to vector control.

Regarding the toxicity of plant extracts against Aedes sp, several studies pointing
on the exploration of phytochemical constituents based larvicidal potential
indicated that Pogostemon cablin, Pogostemon heyneanus, and Pogostemon
parviflorus are effective (Gokulakrishnan, Kuppusamy, Shanmugam, Appavu, &
Kaliyamoorthi, 2013). In the present study, for the first time, the larvicidal
potential of various extracts prepared from the Pogostemon auricularius leaf
against Aedes aegypti was reported. As suggested by Gokulakrishnan et al.
(2013), the use of bioactive elements (B-Eudesmol, Elemol, Carotol, and
Patchoulol) from Pogostemon cablin, Daucus carota, and Amyris balsamifera

could be an alternative tool for vector control management. Therefore, the
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medicinal plant Pogostemon auricularius can be used for further investigation
with special reference to the isolation of their phytochemical constituents with

mosquitocidal toxicity.

This study also showed that the various extracts prepared from Euphorbia
thymifolia, Catunaregam spinosa, Cardiospermum halicacabum, Persicaria
hydropiper, Glycosmis pentaphylla, Ageratum conyzoides, and Plectranthus
hadiensis have potential larvicidal toxicity against Aedes aegypti. Previous
studies have mentioned the prominent larvicidal potential of medicinal plant
species from the family Euphorbiaceae against Aedes aegypti. They include
Euphorbia tirucalli, Euphorbia hirta, Jatropha curcas, Pedilanthus tithymaloides,
and Phyllanthus amarus (Rahuman et al., 2008a). They discussed that all the
extracts prepared by them have shown great larvicidal efficacy. However, the
maximum larvicidal potential was found in the petroleum ether extracts made
from Euphorbia tirucalli, Euphorbia hirta, Jatropha curcas, Pedilanthus
tithymaloides, and Phyllanthus amarus. However, in the present study, it was
observed that the acetone extract prepared from the Euphorbia thymifolia have
potent toxicity. The family Euphorbiaceae is principally known by the presence
of a huge number of phytochemical constituents including polyfunctional
diterpenoids. In addition to this, several toxic and nonirritant polyfunctional
macrocyclic diterpenoids have also been separated from the medicinal plants of
Euphorbiaceae (Rahuman et al., 2008a). They also reported the pharmacological,
antifeedant, repellent, anthelmintic effects of Euphorbia hirta L. which is
distributed in the Western Ghats of India (Tamil Nadu region). Another medicinal

plant, Euphorbia tirucalli, is reported with larvicidal potential by Yadav,
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Srivastava, Chandra and Singh (2002). The present study strongly agrees with
Panneerselvam, Murugan, Kovendan, Kumar and Subramaniam (2013) since they
reported that several Euphorbiaceae species are being used for traditional

medicines and various biological activities.

The fruits of Catunaregam spinosa are well known for their immunomodulatory
and antidysenteric properties. The plant is primarily used as a traditional
medicine against various diseases including jaundice, emetic, asthma and
gonorrhoea. Earlier phytochemical studies have opened the way for the isolation
and characterization of various phytochemical constituents including iridoid
glucosides, lignans, coumarin glucosides and triterpenoid saponins (Gao, Lu, Tao,
Zhang, & Wang, 2011). They isolated four new compounds from the stem bark of
Catunaregam spinosa. One of the probable reasons for the potent larvicidal
efficacy of Catunaregam spinosa seed extract obtained in this study is might be
the presence of similar phytochemical constituents obtained from its bark.
Suryawanshi, Patil, Borase, Narkhede and Patil (2015) reported the insecticidal
properties of plants from Apocynaceae and Rubiaceae family since these plants
are well known for the cyclotides expression. The various phytochemical
constituents isolated from the chloroform, hexane, benzene, methanol and ethyl
acetate extracts of Cardiospermum halicacabum showed strong repellent activity
against Culex quinquefasciatus (Govindarajan & Sivakumar, 2012). Additionally,
they suggested that the afore-mentioned extracts provided strong protection to the

test person without inducing any allergic reaction.
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Our previous study (Anoopkumar et al., 2017b) verified that the leaf extracts of
Persicaria hydropiper and Plectranthus hadiensis showed remarkable larvicidal
efficacy against Aedes aegypti fourth instar larvae. This study also reported the
larvicidal potential of various extracts prepared from the traditionally used
medicinal plants such as Hydrocotyle javanica (Apiaceae), Acanthospermum
hispidum, Triumfetta rhomboidea, Sphaernthus indicus, Toddelia asiatica, Deris
trifoliata and Drymaria cordata. The members of the families of Asteraceae,
Caryophyllaceae, Rutaceae, Lamiacea, Malvaceae, Polygonaceae, and Fabaceae
possess various kinds of inhibiting activity against mosquitoes (Anoopkumar et
al., 2017b; Arivoli, Tennyson, & Martin, 2011; Pavela et al., 2019). Various
secondary metabolites including tannin, flavonoids, alkaloids and saponins in the
plants enhance the demand of traditionally used medicinal plants for vector

control approaches (Mimica-Dukic & Bozin, 2008).

Concerning the larvicidal potential of Blumea lacera, Heliotropium indicum,
Hyptis saveolens, and Stachytarpheta jamaicensis; comparison of the results from
this study to those found in the previous reports yielded the following findings: a)
the various extracts of Blumea sp. (Blumea martiniana, Blumea perrottetiana,
Blumea balsamifera, Blumea mollis and Blumea brevipes) are reported with
various biological activities including insecticidal toxicity (Zhu & Tian, 2011); b)
the Heliotropium sp. mediated silver nanoparticles showed significant larvicidal
efficacy against various mosquito species such as Culex quinquefasciatus,
Anopheles stephensi and Aedes aegypti (Santhosh, Ragavendran, & Natarajan,
2015); c¢) the genera Hyptis and Stachytarpheta are known to constitute species

with prominent insecticidal efficacy (Conti et al., 2012; Mgbemena, Ebe,
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Nnadozie, & Ekeanyanwu, 2015); d) (Anoopkumar et al., 2017b) reported the
larvicidal potential of Persicaria hydropiper against Aedes aegypti and (Hossain
& Khalequzzaman, 2018) described the oviposition deterrent activity of the same
against Bactrocera cucurbitae. The variations observed in the toxicity may be
attributable to the different methods of extraction, selection of organic solvents,
difference in polarity index or different types of phytochemical constituents

present in the plants.

Moreover, as stated in the results, this study supports the view that the different
kinds of plant families have significant biological properties. Keeping in attention
the context of their larvicidal efficacy, a total of 50 plant families were screened
against the fourth instar larvae of Aedes aegypti. The major plant families that are
included in the present study are; Acanthaceae, Apocynaceae, Asteraceae,
Lythraceae, Fabaceae, Rutaceae, Boraginaceae, Euphorbiaceae, Oleaceae,
Malvaceae, Rubiaceae, Meliaceae, Piperaceae, Verbenaceae, Lamiaceae,
Polygonaceae, Plantaginaceae, Sapindaceae, Campanulaceae, Moraceae,
Solanaceae,  Balsaminaceae,  Lauraceae,  Hypericaceae,  Colchicaceae,
Avristolochiaceae, and Amaranthaceae. Islam et al. (2012) reported that a large
number of plants have been reported with mosquito repellent activity, anti-
plasmodial activity and larvicidal activities from Asteraceae and Acanthaceae
family. The results from the present investigation are comparable with the
previous report published by (Suryawanshi et al., 2015). They evaluated the
insecticidal properties of the flower and leaf extracts of plants from the families
Apocynaceae and Rubiaceae. Another study undertaken by Samidurai (2012)

assessed the ovicidal and larvicidal potential of acetone, benzene and methanol
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solvent extracts prepared from the medicinal plants of Lythraceae family.
Govindarajan, Rajeswary and Amsath (2013) discussed the various biological
activities of medicinal plants from the families Fabaceae and Rutaceae. Johnson,
Maharajan and Janakiraman (2015) reported the medicinal potential of various
plants from the families Boraginaceae and Euphorbiaceae. In addition to this, the
scientific literature revealed that the silver and gold nanoparticles synthesized
from Oleaceae plant possessed significant toxicity against Culex quinquefasciatus.
Kumar, Warikoo and Wahab (2010) explained the structural deformations induced
by the medicinal plants from the families Meliaceae, Piperaceae, and
Verbenaceae in Aedes aegypti. Jacobson (1975a, b), and Sharma and Samant
(2014) reported the various biological activities of medicinal plants from the
families Lamiaceae, Polygonaceae, Plantaginaceae, Sapindaceae, and
Campanulaceae. A review made by Kaushik, Sharma, Thomas, Sharma and
Bansal (2019) reported the larvicidal properties of many indigenous plants from
the families Solanaceae, Balsaminaceae and Amaranthaceae against Aedes
aegypti, a dengue fever vector. The findings of this study can be used to enlighten

the possible mode of action of bioactive elements over the target insect Aedes

aegypti.

The results from the present study also suggest that the different plant species
exhibit different magnitude of toxicity. The magnitude of the toxic effects
induced by the medicinal plants has differed among various solvents. Consistent
with the insecticidal properties, most of the plant species used in this study can be
useful for mosquito control. The screening of traditionally used medicinal plants

against Aedes aegypti, as described in this study, could enlighten the development
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of natural insecticides over the synthetic insecticides. Based on the previous
studies these plant species can be either used for spatial spray treatment or indoor
residual spraying (IRS) or direct spraying to the larval habitat. In this regard, with
the exceptions of a few research articles, one of the major problems found in the
scientific community is the lack of reported statistics concerning the practical
assumptions in control of mosquitoes. Therefore, the practical perspectives of the
use of the plant species in this study are needed to be performed in future studies
to accomplish the afore-mentioned concept. Further isolation, identification, and
mode of action of bioactive elements from medicinal plants have acted as a
backbone for the development of next-generation insecticides of botanical origin

against mosquito vectors.
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1.5. SUMMARY

The importance of healthcare services in the diagnosis and treatment of arboviral
diseases has increased in the current scenario since the threat of morbidity and
mortality is increasing day by day. The increased population rate, urbanization
and international travel build a suitable environment for arboviral disease vectors,
especially the Aedes aegypti. Aedes aegypti, is primarily recognized as one of the
prominent vectors of various arboviral diseases including dengue fever, Mayaro,
chikungunya, yellow fever, and zika fever. The epidemics of dengue are endemic
in more than 100 nations in the Eastern Mediterranean, America, Africa, and
Southeast Asia. Every year, approximately 50 million dengue infections happen
together with 18,000 deaths. The WHO (World Health Organization) fact sheet in
2008 verified that 80% of the people from African and Asian follow traditional
medicinal plants for their health care needs. So far, vaccinations and precise
medication are not existing commercially against dengue fever. The only
effective method used to diminish the rate of dengue transmission is by the control
of Aedes aegypti. For the past years, the control measures for Aedes aegypti were
followed on the routine and indiscriminate use of chemical insecticides including
organophosphates, organochlorines, pyrethroids and carbamates. The blind use of
them have given rise to the development of insecticide resistance and thereby
reinforced the link between environment, health and phytochemical constituents.
The use of medicinal plants and their products for vector control are growing

globally as they don’t possess toxic effects on humans. Bearing in mind the fact
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that the increased documentation of health and environmental impacts induced by
synthetic insecticides, the present study focusses on the development of natural

insecticides for mosquito control.

The larvicidal efficacy of acetone, methanol, petroleum ether and water extracts
prepared from fifty traditionally used medicinal plants was carried out against
Aedes aegypti, a dengue fever vector. Most of all the extracts showed their
potency to impose mortality in Aedes aegypti fourth instar larvae. Among the
fifty traditionally used medicinal plants, 21 plants exhibit more than 41% of
toxicity, 4 plants show 31-40 of toxicity, 8 plants show 20-30% of mortality.
Only 11 plants exhibited 10-19% larvicidal potential. The medicinal plants with
potent larvicidal efficacy are; Euphorbia thymifolia, Catunaregam spinosa,
Cardiospermum halicacabum, Persicaria hydropiper, Ageratum conyzoides,
Glycosmis pentaphylla, Plectranthus hadiensis, Asclepias curassavica, Mimosa
pudica, Toddalia asiatica, Scoparia dulcis, Jasminum brevilobum, Aglaia edulis,
and Pogostemon auricularius. The various extracts of the afore-mentioned
medicinal plant exhibit a different range of toxicity in different extracts. One of
the probable reasons for the aforementioned condition is the polarity index of the
phytochemical constituents present in the extract. Based on the effective toxicity,
easy availability, cultivation status and commercial probability along with
conservational aspects, the three traditionally used medicinal plants such as
Jasminum brevilobum (Sp: 13), Aglaia edulis (Sp:20), and Pogostemon
auricularius (Sp: 47) were selected for the bioassay-guided chromatographic
fraction. The acetone extract of these three plants was chosen for further analysis.

It could also be perceived from the previous studies that some bioactive elements
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in the plants act as general toxicants. The initial screening is a better way of
evaluating the significant larvicidal activity of medicinal plants. The findings
gathered from this study have revealed that the phytochemical constituents of
various extracts could be a ground-breaking notion for the development of natural

insecticides.
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CHAPTERII

Identification of Bioactive Compounds
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2.1. INTRODUCTION

Globally, insect vectors are the most life-threatening group, as they are
responsible for the dissemination of several severe diseases to humans, in which,
mosquitoes are considered as important groups that cause a number of life-
threatening diseases. They are dengue fever, yellow fever, malaria, West Nile
virus, Ross River fever, Japanese encephalitis, filariasis, chikungunya and
Western equine encephalitis. Severe dengue infection was recognized as a
principal cause of death among humans in Africa, Latin American, Eastern
Mediterranean and Asian countries. Four types of dengue virus serotypes
(Flaviviridae family) are responsible for infection (DENV1, DENV2, DENV3,
and DENV4). Moreover, a new fifth serotype (DENV-5) has reported in 2013
(Anoopkumar et al., 2019; Mustafa et al., 2015). The afore-mentioned viruses
were entering into the human body through the bites of infected Aedes aegypti
mosquitoes. Nowadays, the major approach to prevent or control the dengue
transmission is to combat the Aedes aegypti mosquitoes. This can be achieved
through 1) Mosquito breeding prevention, ii) Personal protection and iii) vector
control. In addition, there exists ongoing research in the scientific community in
search of new innovative approaches that will assist global efforts to prevent the

dengue transmission, as well as other arthropod-borne diseases (WHO, 2014).

For the control of Aedes aegypti, the communities and societies prominently used
the synthetic insecticides such as Dichloro Diphenyl Trichloroethane’s (DDT),

organophosphates, carbamates, and organochlorines.  Furthermore, synthetic
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insecticides are expensive and they develop environmental issues besides inducing
toxic effects on non-target organisms. Therefore, the scientific community has
been seeking for an alternative strategy for mosquito control. Researches that are
more intensive have been recently performed to prevent mosquito proliferation in

an integrated way (Ragavendran et al., 2019; Singh, Dhiman, & Mittal, 2006).

The various phytochemical constituents in medicinal plants have been well
reported for developing an environmentally established vector control programme.
Because of their low toxicity to mammals, wide-spectrum activity and low
environmental pollution, the phytochemical constituents in plants are regarded as
alternatives to synthetic insecticides. A large number of such plants have been
used for mosquito control ever since ancient times. Previous studies have
reported the usefulness of plant-based products as effective mosquito agents and
repellents devoid of inducing toxic effects to humans. At present, more than 2000
plants have been well-known to produce bioactive elements of value in mosquito
control. But, the fact is that only a few plants have been used for practical

assumptions in mosquito control programmes (Kumar et al., 2012b).

Researchers have verified that the bioactive elements isolated from the crude
extracts of various plants possess potent toxicity against Aedes aegypti mosquito
vectors. The most favourable botanical groups that show potent toxicity against
mosquitoes are Acanthaceae, Apocynaceae, Asteraceae, Lythraceae, Fabaceae,
Rutaceae, Boraginaceae, Euphorbiaceae, Oleaceae, Malvaceae, Rubiaceae,
Meliaceae, Piperaceae, Verbenaceae, Lamiaceae, Polygonaceae, Plantaginaceae,

Sapindaceae, Campanulaceae, Moraceae, Solanaceae, Balsaminaceae, Lauraceae,
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Hypericaceae, Colchicaceae, Aristolochiaceae, and Amaranthaceae. Some of the
afore-mentioned families are regarded as aromatic plants. One of the earliest
studies concerning the use of medicinal plants against mosquito vectors is reputed
to be Campbell and co-workers (1933), who discovered that the wvarious
phytochemical constituents like methylanabasine, nicotine, lupinine, and
anabasine isolated from Anabasis aphylla, exhibited larvicidal efficacy against
mosquitoes (Amer & Mehlhorn, 2006a). These kinds of phytochemical
constituents are those formed through a complex metabolic pathway. They do not
directly link with primary biochemical events that promote growth and
reproduction.  The distribution and presence of secondary metabolites in
medicinal plants can be linked with a defensive purpose against pathogenic
organisms, pests, herbivores, and insects. The major classes of secondary
metabolites include alkaloids, phenolics and terpenoids (Amer & Mehlhorn,

20063).

Taking the whole ideas stated above into consideration, it is clear that the isolation
of phytochemical constituents from medicinal plants is a complex process.
Extraction is the initial step and it is obligatory to extract the specific bioactive
elements from traditional medicinal plants for further characterization. Various
methods are available for extraction and are; heating under reflux, soxhlet
extraction, and sonification. Owing to the fact that the various extracts of
medicinal plants constitute phytochemical constituents with different polarity
index, their isolation, and separation still continues to be a challenge. It is true
that the availability of modern techniques such as Thin Layer Chromatography

(TLC), column chromatography, Gas Chromatography-Mass Spectrometry (GC-
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MS), Fourier-transform infrared spectroscopy (FTIR) and Nuclear magnetic
resonance spectroscopy (NMR) make bioactive element isolation easier than
earlier (Sasidharan et al., 2011). A study by Talontsi et al. (2011) applied
Bioactivity-guided chromatographic separation for the isolation of alkaloids
(wuchuyuamide 1, rutaecarpine and evodiamine) with potent larvicidal efficacy.
Similarly, previous studies have used the afore-mentioned techniques for the
isolation of phenolics and terpenoids with a significant range of toxicity against
Aedes aegypti mosquitoes.  This indicates that the importance of studies
concerning the medicinal plants and their active phytochemical constituents
against mosquitoes is increasing day by day all around the world. In the course of
mass screening of traditional medicinal plants in the previous objective, the three
plants such as Jasminum brevilobum (Sp: 13), Aglaia edulis (Sp:20), and
Pogostemon auricularius (Sp: 47) was found to show prominent larvicidal

efficacy against the Aedes aegypti fourth instar larvae.

The genus Jasminum L constitutes about 200 plant species over the world; in
India, the genus is characterized by 47 species. Previous studies have reported the
toxic effects of various Jasminum species (Jasminum  officinale,
Jasminumgrandiflorum Jasminum auriculatum, Jasminum nervosum) against
mosquito vectors (Preethi et al., 2014). However, studies on the above-mentioned
aspects in Jasminum brevilobum with special reference to the isolation of

bioactive elements from its acetone extracts are scanty in the current scenario.

The genus Aglaia Lour is considered as the largest group comprising about 115

species. For the past few years, the Aglaia Lour genus has gained aggregating
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scientific focus on account of various bioactivity potential (Muellner, Samuel,
Chase, Pannell, & Greger, 2005). The medicinal and larvicidal potential of Aglaia
odorata Lour, Aglaia elaecagnoidea, Aglaia rubiginosa, Aglaia elliptifolia, Aglaia
malabarica have been reported in previous studies. Previous studies in Aglaia
edulis have revealed the presence of nine novel flavaglines with insecticidal
property. However, the larvicidal property of the isolated compounds have not
been described so far. This indicates that the larvicidal potential of Aglaia edulis
with special reference to the bioactive guided fractionation using chromatographic

approaches are not well established in previous studies.

The genus Pogostemon Desf. is represented by 340 species in India. The
mosquito repellent, pupicidal efficacies of various Pogostemon sp. were evaluated
previously by (Das et al., 2015) and (Gokulakrishnan et al., 2013). Similarly, the
larvicidal potential of Pogostemon cablin against Culex pipiens pallens was
verified by Park and Park (2012). Most of all the studies concerning the larvicidal
potential and pharmacological benefits are focussed on the Pogostemon
heyneanus. Murugan et al. (2010) verified the presence of patchouli alcohol and
other important phytochemical constituents from the medicinal plant Pogostemon
heyneanus. However, the larvicidal potential, as well as the isolation of
responsible bioactive elements from the medicinal plant Pogostemon auricularius,

are not well established in previous studies.

Among the forecasting approaches to mosquito control, the chemical method is of
great position, but the deleterious effects of such synthetic products may result in

severe health effects including respiratory problems in human beings. Moreover,
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such synthetic approaches inevitably harm environmental sustainability thereby
augmenting the rapid emergence of insecticide resistance (Hamid et al., 2017).
One of the prominent ways to prevent the afore-said problems concerning
environmental sustainability and human health is searching for natural products.
In contrast with the disadvantages of synthetic insecticides, natural insecticides
are promising alternatives. There exist many added advantages for natural
insecticides and are, a) eco-friendly, b) generate a low level of resistance, c) quick
decomposition, d) comparatively less toxicity to nontarget organisms and e)

cheap.

In view of the above-mentioned concepts, the three medicinal plants screened
from the previous objective have been chosen for bioactive guided fractionation.
Altogether, the present study intends to represent a modern strategy integrating the
traditional knowledge on medicinal plants to the mosquito larval control, with
negligible harmfulness against non-target organisms. The assessment of bioactive
element isolation for larvicidal efficacy may help in the development of novel

strategies that prevent the proliferation of Aedes mosquito vectors.
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2.2. MATERIALS AND METHODS

2.2.1. Plant collection and extraction

Fresh leaves of Aglaia edulis (11°5322.60"N; 76° 0'56.30"E), Pogostemon
auricularius  (11°53'25.30"N; 76° 047.30"E) and Jasminum brevilobum
(11°53'22.40"N; 76° 0'52.10"E) were collected from different areas of Thirunelly,
Wayanad (a part of Western Ghats), Kerala, India. The shade dried leaves of the
afore-mentioned plants were powdered using an electric grinder. As per the
results from the previous objective, various extracts of three plants were prepared
using Soxhlet extraction. Acetone, methanol, petroleum ether and water were
used as solvents for Soxhlet extraction. Twenty grams of fine powder prepared
from Pogostemon auricularius, Jasminum brevilobum, and Aglaia edulis which
contains the bioactive elements to be extracted were placed in a separate thimble.
The 250 mL of each solvent such as petroleum ether, methanol, acetone and water
was added to the round bottomed flask of the apparatus. The solvents were heated
at specific boiling temperature for 6 to 12 hours. The heating initiates the
movement of phytochemical constituents into the condenser. Once the level of
the solvent containing bioactive elements reaches the siphon, it pours back into
the round bottomed flask. The process of extraction for each plant is repeated
continuously until the colour of the solvent becomes transparent. The acetone
extracts prepared from the Pogostemon auricularius, Jasminum brevilobum and
Aglaia edulis were then concentrated using rotary evaporator and kept at 4°C for

future investigative studies.
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2.2.2. Experimental insects

Early fourth instar larvae of Aedes aegypti were used for the executed
experiments. The larvae were reared at Communicable Disease Research
Laboratory, St. Josephs’s College, Irinjalakuda, Kerala, India. The eggs of Aedes
aegypti were placed in trays containing dechlorinated water and the eggs were
hatched within 2-3 days. The first instar larvae of Aedes aegypti were then
transferred into another tray and they were provided fed upon dog biscuits and
yeast in the ratio 3:1. The pupae formed were then transferred into another plastic
bowl, which is placed inside a cloth cage. After the adult emergence, the female
mosquitoes are supplied with blood meals for egg maturation. The following
environmental conditions were executed during the rearing process; 27+2°C

temperature, 55-60% relative humidity followed by 12 L:12 D photoperiod cycle.

2.2.3. Larval bioassay

The larvicidal efficacy of isolated bioactive fractions and compounds were
followed by the method recommended by WHO. All the experiments were
executed against Aedes aegypti fourth instar larvae. The control group was
maintained for each experiment. After 24 hours of continuous exposure, the larval

mortality was recorded.

2.2.4. Fractionation and isolation of bioactive compounds from the three
plants

The purified phytochemical constituents were obtained through repeated
chromatographic purification (Column chromatography and Thin layer
chromatography). The analytical grade acetone, methanol, and hexane were used

for Thin-layer chromatography (TLC) analyses. The Silica gel having a mesh size
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of 70-30 and TLC plate was obtained from Merck Co. (Germany). The acetone
extract prepared from Pogostemon auricularius, Jasminum brevilobum and Aglaia

edulis were used for thin-layer chromatographic analysis.

2.2.4.1. Fractionation and isolation of bioactive compounds from Pogostemon

auricularius

Thin-layer chromatography for Pogostemon auricularius acetone extract yielded
five subfractions such as FRC TL1P, FRC TL2P, FRC TL3P, FRC TL4P, and
FRC TL5P. The mixture of acetone, hexane and methanol in the ratio 3:11:5 is
used as the mobile phase in Thin layer chromatography. All the isolated fractions
are then subjected to larval bioassay against Aedes aegypti. The most effective
and potent bioactive fraction (FRC TL3P) was then again separated from the
acetone extract by Thin layer chromatography until enough quantity of the
subfraction gained. The FRC TL3P subfraction was then subjected to Column
chromatography (methanol, hexane, and acetone in the ratio 4.5:4) and yielded 18
fractions and they were provided with sample names from P1 to P18. These
fractions were then subjected to larval bioassay. The bioactive fraction P8 was
again separated using Column chromatography with the same mobile phase used
in the previous step. After getting a sufficient amount, the P8 fraction was
subjected to Thin-layer chromatography (acetone, hexane and methanol in the
ratio 2:7:6). This yielded 5 subfractions and they were provided with sample
names from P8A, P8B, P8C, P8D and P8E, from which, the bioactive fraction
P8D was subjected to Column chromatography (hexane and acetone in the ratio
8:3). About, fourteen subfractions were isolated from P8D fraction and they were

labelled with sample names from PP1-PP14. The subfractions from PP1 to PP14
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were then subjected for larval bioassay. The bioactive fraction PP4 was again
isolated since it shows potent activity against Aedes aegypti fourth instar larvae.

The isolated bioactive fraction PP4 was then stored at -20°C for further analysis.

2.2.4.2. Fractionation and isolation of bioactive compounds from Jasminum

brevilobum

Thin layer chromatography for Jasminum brevilobum acetone extract yielded
seven subfractions such as FRC TL1J, FRC TL2J, FRC TL3J, FRC TL4J, FRC
TL5J, FRC TL6J, and FRC TL7J. The experiment was again performed to get a
sufficient quantity of each afore-mentioned fractions using hexane and acetone as
the mobile phase (11:5). The larvicidal potential of the afore-mentioned fractions
was performed against Aedes aegypti fourth instar larvae. The subfraction FRC
TL2J possessed significant larvicidal potential. Therefore, no consideration has
been paid to other subfractions during further studies. Additionally, the separation
of “FRC TL2J” was repeated to get enough quantity for further studies. The FRC
TL2J sub-fraction was then proceeded for chromatographic analysis. The
subfraction FRC TL2J isolated from acetone extract of Jasminum brevilobum was
then loaded on to the column packed with silica and mobile phase. The acetone
and hexane in the 5:11 ratio were used as the mobile phases in Column
chromatography. This yield twelve subfractions and they were named from C1 to
C12. All the isolated subtractions were subjected for larvicidal bioassay, in
which, the subfraction C7 showed significant toxicity against Aedes aegypti fourth
instar larvae. All the remaining fractions did not exhibit potent toxicity.
Therefore, the column chromatography was again performed until a sufficient

quantity of bioactive fraction C7 obtained. The bioactive fraction C7 isolated
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from FRC TL2J was again separated using TLC and Column chromatography
with Hexane (90 mL): Acetone (40 mL) as a mobile phase. The TLC analysis
yield four subfractions such as C7A, C7B, C7C, and C7D. The bioactive guided
fractionation using the afore-mentioned fractions such as C7A, C7B, C7C, and
C7D revealed that the subfraction C7D is potent. The column chromatographic
analysis of C7D vyielded seven subfractions and they were provided with the
sample names as CC1, CC2, CC3, CC4, CC5, CC6 and CC7. The bioactive
guided fractionation using the afore-mentioned extracts (CC1-CC7) indicated that
the CC7 is more effective than others, therefore, the column chromatographic
separation of the same (CC7) was again repeated to get sufficient quantity of

bioactive element.

2.2.4.3. Fractionation and isolation of bioactive compounds from Aglaia

edulis

Thin-layer chromatography for Aglaia edulis acetone extract yielded seven
subfractions such as FRC TL1E, FRC TL2E, FRC TL3E, FRC TL4E, FRC TL5E,
FRC TLG6E, and FRC TL7E. The mixture of methanol and hexane in the ratio
6:1.5 is taken as the mobile phase for TLC. These isolated bioactive fractions
were then subjected to larval bioassay. The FRC TL2E is again separated since it
shows potent toxicity against Aedes aegypti. The column chromatography of the
bioactive fraction FRC TL2E yielded nineteen fractions and they were provided
with sample names from E1-E19. The mobile phase used for column
chromatography is as follows; methanol, hexane, and acetone in the ratio 6:1:5.
After the larval bioassay, the bioactive fraction E11 was subjected to Thin layer

chromatography and yield 6 subfractions named as E11A, E11B, E11C, E11D,
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E11E, and E11F. The mixture of methanol and hexane in the ratio 7: 1.5 is used
as the mobile phase in TLC. They were subjected for larval bioassay and the
bioactive fraction E11D is then again separated to get enough amount of the same.
The bioactive fraction E11D then separated using column chromatography and the
ratio of the mobile phase is as follows; Methanol (70 mL): Hexane (15 mL):
Acetone (1 mL). Five fractions such as EE1, EE2, EE3, EE4 and EE5 were
separated from E11D. These isolated fractions were subjected to larval bioassay

and the effective fraction (EE5) was stored at -20°C for further investigations.

2.2.5. ldentification of purified bioactive compounds

The isolated bioactive fractions such as CC7, PP4, and EE5 were subjected to GC-
MS (Shimadzu, Kyoto, Japan). Each bioactive elements were injected separately
for GC-MS analysis. The following conditions were maintained during the
analysis; 30 meter x 0.25 mm, film thickness 0.25 um DB-5MS column, the initial
temperature is 50°C (2 min) simultaneously maintained a flow rate of 20°C/min to
130°C, 12°C/min to a 180°C. The final temperature was maintained to 280°C at
3°C per min for 15 min. The carrier gas (helium) was used at mL/min flow rate.
Optimum temperature was maintained for injection port and ion source. Electron
impact mode was selected during the process for 58 min (70 ev). For the
confirmation of analytes, selective ion mode (SIM) was used (Abirami and
Rajendran 2012). The peak area of the respective samples was matched with
those on the National Institute of Standards and Technology library database. For
the structural characterization, Fourier-transform infrared spectroscopy (FTIR)
and Nuclear Magnetic Resonance (NMR) spectroscopy were used. The FTIR was

verified to be an effective tool for the characterization of bioactive elements from

139 |Page



plants (Eberhardt, Li, Shupe, & Hse, 2007). The unknown bioactive elements
(CC7, PP4 and EES5) were identified by comparing their spectrum with the known

library.

2.2.6. Statistical analysis
The data concerning the larvae mortality were subjected to probit regression
analysis to determine the LCso and LCoo values using the statistical package of

social science (SPSS) version 24.0.0. for the Windows platform.
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2.3. RESULTS

2.3.1. Larval bioassay

In this study, the larvicidal efficacy of bioactive fractions and bioactive elements
present in the three traditionally used medicinal plants such as Pogostemon
auricularius, Jasminum brevilobum and Aglaia edulis are evaluated against fourth
instar larvae of Aedes aegypti, one of the prominent vectors of dengue fever. The
larval mortality rates were evaluated after 24 hours of continuous exposure to
varying concentrations of FRC TL 2J, C7, C7D, CC7, FRC TL 3P, P8, P8D, PP4,
FRC TLZ2E, E11, E11D and EE5. The result of each executed experiment was
noted as the lethal concentrations assessed to kill 50 % of the experimental insects
(LCs0). The LCsp values for each bioactive fractions including bioactive

compounds, along with LCqo, were given in Table 2.1 (Page No. 144).

As reported in our published article entitled “Exploring the mode of action of
isolated bioactive compounds by induced reactive oxygen species generation in
Aedes aegypti: a microbes based double-edged weapon to fight against Arboviral
diseases”, all the evaluated fractions and compounds had prominent larvicidal
efficacy varying between 1.724 mg/L and 43.688 mg/L (Fig. 2.1; Page No. 145).
Among the 12 bioactive fractions including 3 compounds, EE5 (2,2,4-Trimethyl-
1,3-pentanediol diisobutyrate) showed the most effective larvicidal efficacy
against Aedes aegypti fourth instar larvae with LCso value of 1.724 (0.834-2.479)
mg/| after 24 hours of continuous exposure. The next effective bioactive elements

identified were CC7 (2.213 mg/L (1.292-3.032) (Jatamansone ((7R)-4a,8a-
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dimethyl-7-propan-2-yl-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one) and PP4
3.356 mg/L (2.331-4.518) (3-hydroxy-2,2,4-trimethylpentyl isobutyrate). In
addition to this, remaining bioactive fractions such as FRC TL 2J, C7, C7D, FRC
TL 3P, P8, P8D, FRC TLZ2E, E11, and E11D also showed remarkable larvicidal
potential. The larvae in control groups displayed normal physical appearance
without any damage in the body. The rate of larval mortality was found to be
directly proportional to the concentrations of isolated bioactive fractions and
compounds. The larvicidal efficacy of isolated bioactive elements and fractions
against the laboratory maintained Aedes aegypti larvae were found to be dosage-

dependent with prominent mortality observed for Aglaia edulis.

2.3.2. Phytochemistry

The bioassay-guided chromatographic fractionation of the Aglaia edulis,
Pogostemon auricularius, and Jasminum brevilobum acetone extracts yielded
twelve bioactive fractions. The acetone extracts of the afore-mentioned plants
have also yielded several other fractions too, however, due to the lack of larvicidal
potential against Aedes aegeypti the below mentioned bioactive fractions have
only opted for further characterization and experiments. The fractions that are
unable to produce prominent larvicidal potential have been discarded immediately
during the study. The bioactive fractions such as FRC TL 2J, C7, C7D, and CC7
were isolated from Jasminum brevilobum. Similarly, the chromatographic
separation of acetone extracts prepared from Pogostemon auricularius yielded
four fractions such as FRC TL 3P, P8, P8D and PP4. The bioassay-guided
chromatographic fractionation of acetone extracts prepared using Aglaia edulis

produced the following bioactive fractions; FRC TL2E, E11, E11D and EES5.
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Based on the GC-MS, FTIR, and NMR, three compounds were isolated from
Jasminum brevilobum (CC7), Aglaia edulis (EE5) and Pogostemon auricularius
(PP4).The isolated compounds are i) Jatamansone (CC7- isolated from Jasminum
brevilobum), ii) 3-hydroxy-2,2,4-trimethylpentyl isobutyrate (PP4 — isolated from
Pogostemon auricularius) and iii) 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate
(Eb5 — isolated from Aglaia edulis). The isolated compounds were compared and
identified using the database of the GC-MS library provided by NIST. The GC-
MS and FTIR spectrum of the isolated bioactive fractions were shown in the Figs.
2.2-2.4 (Page No. 148, 149, 151). The structure, retention time, area, area %,
molecular weight (g/mol) of the isolated bioactive elements such as CC7, EES5,

and PP4 is provided in Table 2.5 (Page No. 152).

The spectroscopic data (FTIR and NMR) acquired from the present study were
consistent with those found in the databases, thus confirming the identity of three
isolated compounds. Based on the results obtained, the following three
compounds were identified from Jasminum brevilobum, Pogostemon auricularius,
and Aglaia edulis; 1) Jatamansone (CC7; CisH260), 2) 3-hydroxy-2,2,4-
trimethylpentyl isobutyrate (PP4; C12H2403), 3) 2,2,4-Trimethyl-1,3-pentanediol

diisobutyrate (EE5; C16H3004) (Table 2.5; Page No. 152).
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Table 2.1. Larvicidal efficacy of isolated compounds and fractions from Aglaia edulis, Jasminum brevilobum, and Pogostemon

auricularius
SI, Bioactive L Cso (Fiducial limit) LCao (Fiducial limit) _ .
No. Plant fraction (In mg/L) (In mg/L) Chi-Square df
1 FRC TL 2J 43.688 (36.003-51.306) | 97.735 (79.025-139.511) 2.652 3
2 Cc7 24.645 (19.696-30.140) | 70.273 (51.329-131.480) 4.438 3
3 | Jasminum brevilobum | -7y 0.499 (6.872-11.868) |31.226 (22.465-62.403) 4813 3
4 CcCv 2.213 (1.292-3.032) 13.549 (8.445-39.290) 1.101 4
5 FRC TL 3P 54.793 (45.389-64.209 | 122.560 (98.624-178.421) 2.918 3
6 P8 37.163 (30.883-43.799) | 85.481 (67.705-128.922) 1.865 3
Pogostemon
7 auricularius P8D 14.807 (10.863-18.883) | 51.808 (37.218-93.188) 5.235 3
8 PP4 3.356 (2.331-4.518) 19.667 (11.460-68.386) 1.597 4
9 FRC TL2E 23.645 (15.928-29.953) | 76.953 (57.022-141.596) 2.418 3
10 = 8.836 (4.532-12.692) |51.231 (32.994-131.421) 3.211 3
Aglaia edulis
11 E11D 6.546 (4.411-8.308) 22.131 (16.109- 3.155) 2.887 3
12 EE5 1.724 (0.834-2.479) | 11.775 (7.335-35.706) 4.760 4

*statistical significance (P < 0.05)
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Fig. 2.1. Probit regression analysis — Larvicidal potential of (A) Jasminum brevilobum, (B) Aglaia edulis, (C) Pogostemon auricularius,
(D) Isolated bioactive compounds, (E) Isolated bio active fractions of Jasminum brevilobum, (F) Isolated bio active fractions of Aglaia
edulis, (G) Isolated bioactive fractions of Pogostemon auricularius.
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The data obtained from *H-NMR spectrum of CC7 revealed the following data; *H
NMR: § 0.88-0.92 (9H, 0.90 (d, J = 6.8 Hz), 0.91 (s), 0.90 (d, J = 6.8 Hz)), 1.18
(3H, s), 1.36 (1H, ddd, J = 13.3, 10.3, 2.8 Hz), 1.31-1.51 (2H, 1.38 (ddd, J = 12.9,
10.2, 2.5 Hz), 1.44 (ddt, J = 13.0, 10.3, 2.9 Hz), 1.45-1.70 (6H, 1.58 (ddd, J =
12.9, 3.1, 2.5 Hz), 1.58 (ddt, J = 13.0, 2.8, 2.7 Hz), 1.64 (ddd, J = 13.3, 2.9, 2.7
Hz), 1.50 (dd, J = 13.2, 2.8 Hz), 1.59 (dddt, J = 4.1, 2.9, 2.8, 2.7 Hz), 1.50 (septd,
J = 6.8, 4.1 Hz)), 1.71-1.96 (3H, 1.82 (ddddd, J = 13.0, 10.2, 10.2, 3.5, 2.5 Hz),
1.92 (dd, J = 13.2, 2.7 Hz), 1.81 (ddddd, J = 13.0, 3.4, 3.1, 2.5, 2.2 Hz)), 2.27-2.44
(2H, 2.32 (ddd, J = 14.4, 3.5, 2.2 Hz), 2.36 (ddd, J = 14.4, 10.2, 3.4 Hz)). The
bioactive fraction CC7 was identified as Jatamansone, based on the comparison of
'H NMR spectral data (Fig. 2.2; Page No. 148) with that reported in the literature

(Table 2.2; Page No. 147).

The data gathered from the 'H-NMR analysis of the bioactive fraction EE5,
isolated from Aglaia edulis revealed the following profile; *H NMR: & 0.85-0.89
(6H, 0.87 (d, J = 6.7 Hz), 0.87 (d, J = 6.7 Hz)), 0.90-0.91 (6H, 0.91 (s), 0.91 (5)),
1.09-1.14 (12H, 1.12 (d, J = 7.0 Hz), 1.12 (d, J = 7.0 Hz), 1.12 (d, J = 7.0 Hz),
1.12 (d, J = 7.0 Hz)), 1.83 (1H, dsept, J = 7.2, 6.7 Hz), 2.38-2.47 (2H, 2.42 (sept,
J=7.0 Hz), 2.43 (sept, J = 7.0 Hz), 4.43-4.48 (3H, 4.44 (s), 4.45 (d, J = 7.2 Hz),
4.44 (s). The bioactive fraction EE5 was identified as 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate, based on the comparison of *H NMR spectral data with
that reported in the literature. The data obtained from the *H NMR analysis of the
EE5 bioactive fraction has been shown in the Table 2.3 (Page No. 147) and Fig.

2.3 (Page No. 149).
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Table 2.2. The spectral data of the bioactive fraction CC7, isolated from
Jasminum brevilobum

Assignment Delta Nb H Mult J(Hz)
24 2.321 1 ddd 14.42 3.49 2.22
23 2.36 1 ddd 14.42 10.17 3.42
36,37,38 0.902 3 D 6.80
39,40, 41 0.902 3 D 6.80
27 1.58 1 ddd 12.90 3.10 2.52
28 1.378 1 ddd 12.90 10.24 2.50
35 1.498 1 septd 6.804.11
16 1.588 1 dddt 4.112.892812.72
26 1.816 1 ddddd 13.04 10.24 10.17 3.49 2.52
25 1.815 1 ddddd 13.04 3.42 3.10 2.50 2.22
19 1.916 1 Dd 13.16 2.74
20 1.498 1 Dd 13.16 2.81
22 1.361 1 ddd 13.26 10.26 2.81
17 1.435 1 ddt 13.01 10.26 2.87
18 1.52 1 ddt 13.012.812.72

Table 2.3. The spectral data of bioactive fraction EE5 isolated from Aglaia edulis

Assignment Delta Nb H Mult J (H2)
20 4.454 1 D 7.21
21,22, 23 1.117 3 D 7.03
25, 26, 27 1.117 3 D 7.03
24 2.419 1 Sept 7.03
44, 45, 46 1.121 3 D 7.03
47, 48, 49 1.121 3 D 7.03
43 2.433 1 Sept 7.03
37, 38, 39 0.872 3 D 6.73
40, 41, 42 0.872 3 D 6.73
36 1.828 1 Dsept 7.216.73
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Fig. 2.2. Identification of purified bioactive compounds using GC-MS, FTIR and
NMR. (A-B) Gas chromatography-mass spectrometer chromatogram and mass
spectra of the isolated compound from Jasminum brevilobum; (C) Infra-red
absorption spectra of of the isolated bioactive fraction CC7; (D) NMR spectra of
the isolated bioactive fraction CC7.
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Fig. 2.3. Identification of purified bioactive compounds using GC-MS, FTIR and
NMR. (A-B) Gas chromatography-mass spectrometer chromatogram and mass
spectra of the isolated compound from Aglaia edulis; (C) Infra-red absorption
spectra of of the isolated bioactive fraction EE5; (D) NMR spectra of the isolated

bioactive fraction EE5.
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The spectral data of the bioactive fraction PP4, isolated from Pogostemon
auricularius has been depicted in the Table 2.4 (Page No. 150) and Fig. 2.4 (Page
No. 151). The H-NMR profile of PP4 revealed the following data; *H NMR: &
0.87 (9H, s), 1.02 (3H, d, J = 6.8 Hz), 1.09-1.14 (6H, 1.11 (d, J = 7.0 Hz), 1.11 (d,
J=17.0 Hz)), 2.10 (1H, hd, J = 6.8, 2.7 Hz), 2.40 (1H, sept, J = 7.0 Hz), 3.34 (1H,
d, J = 2.7 Hz), 4.32-4.37 (2H, 4.34 (d, J = 6.8 Hz), 4.34 (d, J = 6.8 Hz)). The
bioactive fraction PP4 was identified as 3-hydroxy-2,2,4-trimethylpentyl
isobutyrate, based on the comparison of *H NMR spectral data with that reported
in the literature. The spectral data of bioactive fraction PP4 isolated from
Pogostemon auricularius is shown in Table 2.4 (Page No. 150) and Fig. 2.4 (Page

No. 151).

Table 2.4. The spectral data of bioactive fraction PP4 isolated from Pogostemon
auricularius

Assignment Delta Nb H Mult J (Hz)
26 3.337 1 D 2.75
24 4.344 1 D 6.78
23 4.344 1 D 6.78
20, 21, 22 1.115 3 d 7.03
16, 7,18 1.115 3 d 7.03
19 2.403 1 sept 7.03
27,28, 29 1.023 3 d 6.79
25 2.104 1 hd 6.78 2.75
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Fig. 2.4. Identification of purified bioactive compounds using GC-MS, FTIR and
NMR. (A-B) Gas chromatography-mass spectrometer (GC-MS) chromatogram
and mass spectra of the isolated compound from Pogostemon auricularius; (C)
Infra-red absorption spectra of of the isolated bioactive fraction PP4; (D) NMR
spectra of the isolated bioactive fraction PP4.
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Table 2.5. Bioactive fractions and compounds isolated from three medicinal plants

Sl Retention MoIe:cuIar
N. ) Area | Area% | Name of the compound weight Structure Plant
0 time
(g/mol)
1 | 14041 | 123577 | 23.30 | Jatamansone 222.37 Jasminum
5 brevilobum
CC7
)\n/o
2 | 9804 | 53442 | 4628 |Vdroxy-2.2.4- 216.32 Pogostemon
trimethylpentyl isobutyrate 0 W auricularius
PP4
0
. H
3 | 9498 | 12271 | 956 |22A-Trimethyl-13- 286.41 0 0 Aglaia edulis
pentanediol diisobutyrate
EES
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2.4. DISCUSSION

The findings of this study have revealed that the three bioactive elements such as
Jatamansone ((7R)-4a,8a-dimethyl-7-propan-2-yl-3,4,5,6,7,8-hexahydro-2H-napht
halen-1-one) (CC7); 3-hydroxy-2,2,4-trimethylpentyl isobutyrate (PP4); and
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate (EE5) isolated from three plants
could be an innovative notion for the development of a natural insecticide that
would be explored as an alternative to synthetic insecticides in future. In addition
to this, the compound isolated from (2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate) Aglaia edulis could be more effective than the remaining two
compounds. The Jatamansone is a sesquiterpenoid with three uninterrupted
isoprene units and it exhibited pharmacological benefits. Likewise, the 3-
hydroxy-2,2,4-trimethylpentyl isobutyrate isolated from Pogostemon auricularius
was previously reported as an effective antibacterial agent which prevents the
growth of Clostridium perfringens. This has confirmed the toxicity of afore-
mentioned compounds against microorganisms. Incorporated with previous
discoveries, for the first time, the present study has reported the toxic effects of 3-
hydroxy-2,2,4-trimethylpentyl isobutyrate against Aedes aegypti fourth instar
larvae. In addition to this, 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate isolated
from Aglaia edulis exhibited a prominent range of toxicity against Aedes aegypti.
Previous studies have validated that a higher concentration of 2,2,4-Trimethyl-1,3-

pentanediol can offer a considerable range of toxicity (Astill, Terhaar, & Fassett,
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1972). However, no previous research has studied the toxic nature of 2,2,4-

Trimethyl-1,3-pentanediol against Aedes aegypti.

Despite many studies focussed on the larvicidal efficacy of plant extracts against
Aedes aegypti, it is found that almost all the investigations were focussed on the
preliminary studies; none piloted investigations on the larvicidal potential of
isolated bioactive elements from Pogostemon auricularius, Jasminum brevilobum,
and Aglaia edulis with special reference to the free radical formation. This

highlights the uniqueness and distinctness of the present investigation.

A number of previous reports have been carried out on the larvicidal efficacy of
bioactive compounds from various medicinal plants.  However, studies
concerning the larvicidal potential of bioactive elements isolated from the
medicinal plants Aglaia edulis, Jasminum brevilobum, and Pogostemon
auricularius are scanty in the current research. The medicinal and
pharmacological benefits of various extracts prepared from these three plants were
rarely studied in previous investigations. For example, the extracts prepared from
Aglaia spp. (Aglaia edulis, Aglaia odorata, and Aglaia elaeagnoidea ) are known
to produce high pharmacodynamic activity against Entamoeba histolytica
(Tasanor et al., 2007). The presence of various phytochemical constituents with
potent cytotoxicity from Aglaia edulis was previously reported (Kim et al., 2006).
The major compounds with potent cytotoxicity reported by them are i)19,20-
dehydroedulirin A (7), isoedulirin A, ii) edulirin A 10-O-acetate, iii) 3°-
methoxyaglaroxin A 1-O-acetate and iv) aglaroxin A 1-O-acetate. Similarly, the

two novel compounds (eximiamide A and eximiamide B) were isolated from the
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bark of Aglaia eximia with potent cytotoxcicty. The afore-mentioned studies have
verified two significant concerns; i) the Aglaia edulis contain various bioactive
elements, ii) studies concerning the larvicidal potential of isolated bioactive

compounds from Aglaia edulis are scanty in the previous studies.

In addition to this, the phytochemical analysis of Jasminum spp. for their
pharmacological benefits has reported previously. The presence of secondary
metabolites such as flavonoids, glycosides, tannins, alkaloids, steroids, terpenoids,
anthocyanins, coumarins, phlobatinins, saponins and leucoanthcyanins in
Jasminum spp. have verified the pharmacological benefits. The antioxidant,
antimicrobial, antifertility, and insecticidal activities of them have already been
reported. One of the major common species, which is known to produce the
afore-mentioned effects, is the Jasminum officinale. The various extracts prepared
from the Jasminum officinale, Jasminum grandiflorum and Jasminum auriculatum
are also able to produce mosquito larvicidal activity against filarial vector Culex
quinquefasciatus. However, studies concerning the larvicidal potential of various
bioactive elements isolated from Jasminum brevilobum are rare in the current

scenario, which makes this study unique.

The therapeutic potential of Pogostemon spp. have already been reported in
previous studies since it is considered as an important element in fragrance
industries. In addition to this, the traditional use of Pogostemon auricularis in
India, China, Bangladesh and Malaysia for stomachache, hysteria, discomfort,
headaches, abdominal pain, colds, nausea, snake bites, diarrhea, fever, insect bites,

and vomiting has been previously reported. They also analyzed the presence of
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various phytochemical constituents including phenolic, tannin, alkaloids,
flavonoids, glycosides, phytosterols, saponins, fats, cardiac glycosides, fixed oils
in the leaf of Pogostemon auricularis to confirm their pharmacological benefits
(Kamaleswari & Nandagopalan, 2017). However, studies concerning the potential
use of isolated bioactive compounds from Pogostemon auricularis for mosquito
control are scanty in the current research. These afore-mentioned aspects have
made this study unique. This has indicated that an important fragment of the flora
consists of various aromatic and medicinal plants that are prominently used as the
raw materials for fragrance, pharmaceutical, and drug industries. In spite of much
development that happened in the drug research, plants and their phytochemical
constituents are still recognized to be the important sources of insecticides. One
of the basic reasons for the prominent use of plant-based products as an alternative
to synthetic insecticides is that, it provides novel modes of action against
mosquitoes. The plant-based products also reduce the chance of developing cross-
resistance in target species (Liu & Liu, 2014). Therefore, studies based on the
phytochemical constituents with special emphasis on insect control have gained

much more significance than other studies.

Over the last decade, significant efforts have been developed to propose
phytochemical constituents as effective alternatives to synthetic insecticides, due
to their high biodegradability, effectiveness, and low toxicity towards non-target
organisms. The lack of novel insecticides, the emergence of insecticide
resistance, high cost, alarm for environmental sustainability, and extensive
biological magnification have been recognized as foremost factors that forced the

public community to use bio-derived products (Brown, 1986). In addition to this,
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the Environmental Protection Act in 1969 has outlined a number of limitations
and regulations regarding the frequent use of insecticides. The afore-mentioned
facts have prompted the scientific community to search for alternative strategies to
focus on the eco-attractive natural insecticides. The exploration of floral
biodiversity can be considered as one of the most efficient approaches in natural

insecticide development for mosquito control (Ghosh et al., 2012).

The plant-based insecticides constitute various phytochemical constituents, which
act in a concerted manner on both physiological and behavioural processes. As a
result, there is a very slight chance of emerging insecticide resistance in the target
mosquitoes. Therefore, identifying bio-active elements that are effective against
Aedes aegypti mosquitoes, as well as being suitable to ecological circumstances, is
exigent for continued effective mosquito control management (Ghosh et al.,
2012). This has indicated that the results from the present study provide a major
milestone in the quest for innovative vector control strategies based on bioactive

elements.

The previous studies have discussed the mosquitocidal activity of plants.
However, most of the studies focussed on the basic research were based on the
various extracts prepared from the plants. The following plants were previously
reported with potent larvicidal efficacy against various mosquito vectors; Abrus
precatorius, Abutilon indicum, Acacia caesia, Acacia pennata, Acacia nilotica,
Acalypha alnifolia, Acalypha indica, Acanthophora muscoides, Acer campestre,
Acer cissifolium (Siebold & Zucc.), Acer negundo, Acer platanoides, Acer

pseudoplatanus, Achillea millefolium, Achyranthes aspera, Adansonia digitata,
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Adenanthera pavonina, Adhatoda vasica Nees, Adiantum raddianum, Aegle
marmelos, Ageratina adenophora, Ageratum conyzoides, Aglaia elaeagnoidea,
Albizia polyantha, Allium sativum, Aloe fibrosa, Aloe ngongensis, Aloe
turkanensis, Aloe vera, Alstonia scholaris, Alternanthera sessilis, Anacardium
occidentale, Andrographis paniculata, Andrographis lineata, Angelica
archangelica, Anisomeles indica, Anisomeles malabarica, Annona glabra,
Annona reticulata, Annona senegalensis, Annona squamosa, Anthemis tinctoria,
Apium graveolens, Aristolochia bracteata, Aristolochia indica, Artemisia
abrotanum, Artemisia afra, Artemisia annua, Artemisia campestris, Artemisia
nilagirica, Asparagus racemosus, Asteranthe asterias, Asteranthe lutea,
Astrodaucus persicus, Atalantia monophylla, Azadirachta indica, Balanites
aegyptiaca, Balsamita major, Barleria cristata, Basella rubra, Biophytum
sensitivum, Boenninghausenia albiflora, Bombax malabaricum, Borago
officinalis, Bougainvillea glabra, Bryonia dioica, Bryopsis pennata, Bupleurum
exaltatum, Caesalpinia pulcherrima, Callistemon rigidus, Callistemon viminalis,
Calotropis procera, Campanula longistyla, Canna indica, Capsicum annuum,
Cardiospermum halicacabum, Carica papaya, Carissa carandas,Cassia
angustifolia, Cassia auriculata, Cassia mimosoides, Cassia obtusifolia, Cassia
occidentalis, Cassia roxburghii, Catharanthus roseus, Cedrus deodara, Ceiba
pentandra, Centella asiatica, Cestrum diurnum, Cestrum nocturnum,
Chloroxylon swietenia, Chomelia asiatica, Chrysanthemum cinerariifolium,
Chrysanthemum indicum,  Cichorium intybus, Citrullus colocynthis, Citrus
aurantifolia, Citrus sinensis, Citrus grandis, Clausena anisata, Clausena dentata,

Clausena lansium, Cleistanthus collinus, Cleome rupicola, Cleome viscosa,
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Clerodendrum chinense, Clerodendrum inerme, Clerodendrum phlomidis,
Clitoria ternatea, Coccinia indica, Coccoloba mollis, Cocculus hirsutus,
Coldenia procumbens, Coleus amboinicus, Coleus aromaticus, Commiphora
berryi, Convolvulus cantabrica, Cosmos bipinnatus, Cotula cinerea, Couroupita
guianensis, Croton bonplandianum, Croton macrostachyus, Croton sylvaticus,
Cryptomeria japonica, Cucumis sativus, Cunninghamia konishii, Curcuma
amada, Curcuma xanthorrhiza, Curcuma heyneana, Curcuma mangga,
Cymbopogon citratus, Cynodon dactylon, Dalbergia sissoo, Delonix elata, Derris
sp., Derris heterophylla, Derris urucu, Dicranopteris linearis, Dictamnus albus,
Dolichos biflorus, Dracocephalum moldavica, Dregea volubilis, Echinacea
purpurea, Eclipta paniculata, Eichhornia crassipes, Ervatamia coronaria,
Erythrina indica, Eugenia jambolana, Euodia ridleyi, Eupatorium odoratum,
Euphorbia hirta, Euphorbia rothiana, Evodia rutaecarpa, Feronia elephantum
Corréa, Ferula lancerottensis, Ficus benghalensis, Ficus microcarpa, Ficus
racemosa, Ficus religiosa, Foeniculum vulgare, Fumaria indica, Galatella
villosa, Garcinia mangostana, Gardenia carinata, Gilia capitata, Glebionis
coronaria, Gloriosa superba, Gluta renghas, Gmelina asiatica, Gossypium
herbaceum, Gossypium hirsutum, Guarea kunthiana, Guettarda grazielae,
Gymnema sylvestre, Habenaria plantaginea, Halodule uninervis, Halophila
ovalis, Hedyotis puberula, Hemidesmus indicus, Hibiscus rosa-sinensis, Hiptage
benghalensis, Holarrhena antidysenterica,Holostemma ada-kodien, Hoslundia
opposita, Hugonia mystax, Humulus japonicus, Hymenodictyon orixense,
Hydrocotyle javanica, Hypericum perforatum, Hypericum polyanthemum, Hyptis

suaveolens,  Hyssopus officinalis, Ichnocarpus frutescens, Imperatoria
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ostruthium, Indonesiella echioides, Inula britannica., Inula helenium, Inula
racemosa, lpomoea cairica, Ipomoea carnea, Jacobaea maritima, Jasminum
nervosum, Jatropha curcas, Justicia procumbens, Kaempferia angustifolia,
Kaempferia rotunda, Knema attenuata, Laburnum anagyroides, Lansium
domesticum, Lantana camara, Laurencia papillosa, Laurus nobilis, Matricaria
maritima, Medicago romanica, Melanochyla fasciculiflora, Millettia ferruginea,
Mentha arvensis, Merremia aegyptia, Merremia emarginata, Microdictyon
pseudohapteron, Mimosa pudica, Mimusops elengi, Momordica charantia,
Nelumbo nucifera, Nerium oleander, Nicandra physalodes, Nicotiana tabacum,
Nyctanthes arbortistis, Ocimum basilicum, Ocimum canum, Ocimum sanctum,
Ocotea velloziana, Origanum vulgare, Ormocarpum cochinchinense, Ormosia
arborea, Orthosiphon thymiflorus, Otanthus maritimus, Padina australis,
Parthenium hysterophorus, Passiflora foetida, Pavonia zeylanica, Pedalium
murex, Pedilanthus tithymaloides, Pelargonium graveolens, Pereskia bleo,
Pergularia daemia, Persea americana, Pergularia extensa, Phyllanthus emblica,
Physalis alkekengi, Piper aduncum, Piper longum, Piper nigrum, Piper
ribesioides, Piper sarmentosum, Pithecellobium dulce, Plectranthus amboinicus,
Plumbago zeylanica, Polyalthia tanganyikensis, Prosopis juliflora, Psychotria
nilgiriensis, Pteridium aquilinum, Quassia africana, Quercus infectoria,
Quisqualis indica, Reseda odorata, Rhinacanthus nasutus, Rhizophora apiculata,
Rhizophora mucronata, Ricinus communis, Rourea doniana, Rubia tinctorum,
Rubus ellipticus, Ruellia tuberosa, Salicornia fruticosa, Salvadora persica,
Salvia farinacea, Salvia officinalis, Salvia verbenaca, Salvia verticillata, Salvia

viridis,  Sargassum binderi, Sargassum wightii,  Sapindus emarginatus,
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Saponaria officinalis, Satureja hortensis, Schisandra chinensis, Scindapsus
officinalis, Scrophularia nodosa, Senecio laetus, Senna didymobotrya, Senna
occidentalis, Sesamum indicum, Sesbania grandiflora, Seseli tortuosum, Sida
acuta Burm, Sideritis euxina, Solanum nigrum, Solanum torvum, Solanum
variabile, Solanum villosum, Solanum violaceum, Solidago Canadensis, Sonchus
arvensis,  Sonneratia alba,  Sonneratia caseolaris, Spermacoce hispida,
Spermacoce latifolia, Spermacoce verticillata, Sphaeranthus indicus, Spilanthes
acmella,Spilanthes acmella, Spilanthes mauritiana, Spilanthes paniculata,
Spondias mombin, Stachys byzantina, Stachys cretica, Suaeda maritima,
Syringodium isoetifolium, Syzygium aromaticum, Tabebuia avellanedae, Tagetes
minuta, Tagetes patula, Tanacetum vulgare, Tephrosia purpurea, Terminalia
chebula, Terminalia fagifolia, Tessmannia densiflora, Tessmannia martiniana,
Teucrium chamaedrys, Teucrium hircanicum, Thespesia populnea, Thevetia
peruviana, Thymus serphyllum, Thymus vulgaris, Tinospora cordifolia, Tithonia
diversifolia,  Trachyspermum ammi, Trema orientalis, Tribulus terrestris,
Trichosanthes anguina, Tridax procumbens, Triplaris americana, Tropaeolum
majus, Turnera ulmifolia, Ulva lactuca, Umbilicaria aprina, Uvaria faulknerae,
Uvaria kirkii, Uvaria leptocladon, Uvaria lungonyana, Uvaria scheffleri,
Uvariodendron  pycnophyllum, Uvariodendron usambarense, Valeriana
hardwickii, Ventilago maderaspatana, Vernonia ammophila, Vernonia cinerea,
Verbascum pinnatifidum, Verbena officinalis, Vetiveria zizanoides, Vitex cymosa,
Vitex negundo, Vitex payos, Vitex trifolia, Withania somnifera, Wrightia
tinctoria, Xanthium strumarium, Zanthoxylum spp., Zingiber officinale, Zingiber

zerumbet, and Zornia diphylla (Pavela et al., 2019).
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In addition to this, the following studies analyzed the various extraction process,
screening methodologies, botanical ovicides, synergistic effects of plant extracts,
growth impeding phytochemicals and effects on non-target organisms with special
reference to mosquito control; (Roark, 1947) and (Sukumar, Perich, & Boobar,
1991). The authors listed the larvicidal efficacy of various herbal products from
trees, herbs, edible crops, marine plants and ornamental plants. They also
mentioned the mode of action of bio-derived products towards the different life

stages of various mosquito vectors as a reference point for future investigations.

The larvicidal potential of isolated bioactive elements against mosquitoes can vary
depending on the plant part used plant species, age of the plant, the solvent used

for extraction and the vector species.

Sukumar et al. (1991) have verified the variation in the larvicidal potential of
phytochemical constituents on target mosquito vectors. The results from this
study also point to the afore-mentioned concept since the three plant species such
as Aglaia edulis, Jasminum brevilobum, and Pogostemon auricularius showed
different range of larvicidal efficacy against Aedes aegypti. Based on the previous
studies we can assume that the probable reasons for the varied larvicidal efficacy
against Aedes aegyptiis might be due to i) The method of extraction, ii) the solvent
used for extraction, iii) the polarity index, iv) the different range of toxicity
induced by the various phytochemicals present in the plant and v) the plant part
used. However, previous studies have reported that the geographical origin of the
plant is having a significant role in determining its larvicidal potential (Ghosh et

al. 2012). They have listed the following plants with diverse larvicidal potential
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with special emphasis on their geographical origin; Jatropha sp, Momordica
charantia, Azadirechta indica, Curcuma domestica, Jatropha curcas, Cestrum
diurnum, Tridax procumbens, Euphorbia sp, Euphorbia tirucalli, Azadirechta
indica, Annona squamosal, Moringa oleifera, Ocimum sanctum, Cestrum
diurnum, Solanum xanthocarpum, and Annona squamosal. They also reported
that the Solenostemma argel showed the lowest LCso value against Culex pipiens;
whereas, many other plants used in their study (Cryptotaenia paniculata, Centella
asiatica, Nyctanthes arbotristis, and Atlantia monophylla) has shown promising
larvicidal efficacy against same vector species. Considering these, previous
studies suggest that the extracts would be fractioned in order to find out the
particular bioactive elements responsible for toxicity. Therefore, the present study
has fractioned the acetone extracts of Aglaia edulis, Jasminum brevilobum, and
Pogostemon auricularius to isolate the following bioactive elements; i)
Jatamansone, ii) 3-hydroxy-2,2,4-trimethylpentyl isobutyrate, iii) 2,2,4-Trimethyl-
1,3-pentanediol diisobutyrate. Bioactive guided chromatographic fractionation,
GC-MS, FTIR, and NMR has been used for the isolation and characterisation of
bioactive elements from the three medicinal plants such as Aglaia edulis,
Jasminum brevilobum, and Pogostemon auricularius. The GC-MS analysis of the
bioactive fractions EE5, CC7, and PP4 revealed the presence of three afore-
mentioned compounds with a strong match to the National Institute of Standards
and Technology (NIST) library. The GC-MS retention time, area, area%,
molecular weight (g/mol) together with their mass spectrum (Table 2.5; Page No.

152) clearly confirmed their characterization.
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As stated formerly, it is very common in the previous investigations to see the
larvicidal efficacy of plant extracts against mosquitoes without a bio-assay guided
fractionation. Often the activity of plant extracts is reported only and this study is
left to assume, on which bioactive elements are responsible for the toxicity of the
plant as a whole. There exists a comprehensive analysis of individual bioactive
elements for a few of the phytochemical constituents isolated in the present study.
For example, the Jatamansone was previously isolated from various medicinal
plants and found to exhibit pharmacologological benefits. The 3-hydroxy-2,2,4-
trimethylpentyl isobutyrate isolated from Pogostemon auricularius was previously
reported from a few medicinal plants, and it was shown to exhibit antibacterial
activity against Clostridium perfringens.  3-hydroxy-2,2,4-trimethylpentyl
isobutyrate was reported to be toxic to several organisms. Moreover, the toxic
nature of the afore-mentioned compounds against Aedes aegypti is not well
established in previous reports. However, the toxic nature of other phytochemical
constituents against mosquito vectors, especially against Aedes aegypti is
popularly studied. For example, previous studies have reported that
neoprocurcumenol and 9-oxoneoprocurcumenol isolated from Curcuma aromatic
could be introduced as one of the most effective candidates to prevent the

reappearance of mosquito vectors (Madhu et al., 2010).

The previous studies have reported the larvicidal efficacy of various bioactive
compounds such as visnagin, Kkhellin  (furanochromones), visnadin
(pyranocoumarins), squamocin G (acetogenins), artemisinin, dihydroartemisinin
(sesquiterpene lactones), atalantin (limonoids), p-sitosterol (phytosterols), limonin

(limonoids), cleomdiolic acid (secodammarane triterpenes), pectolinaringenin
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(flavones), emodin (anthraquinones), a-mangostin (prenylated xanthones),
nuciferine, neferine (alkaloids), persin (acetogenins), 1,2,4- trihydroxynona
decane (alkane derivatives), piperine, piperlongumine (alkaloid amides),
scinamide A, scinamide B, solasodine (alkaloids), spilanthol (alkylamides),
thiotagetin A, thiotagetin B (thiophenes), deguelin, ephrosin, and rotenone

(rotenoids) (Pavela et al., 2019).

A study on the larvicidal potential of squamocin G isolated from Annona
squamosalreported a lower LCso value of 0.01 against Aedes aegypti. In addition
to this, artemisinin (isolated from Artemisia annua), emodin (isolated from
Coccoloba mollis), a-mangostin (isolated from Garcinia mangostana) was known
to exhibit least LCso values ranging from 1.5 to 2.2. According to a study by
Godara et al. (2018), the piperine and piperlongumine isolated from Piper longum
and Piper nigrum have significant larvicidal potential on (LCso 3 to 4.6) Culex
pipiens, Aedes aegypti, and Aedes togoi mosquitoes. In corroboration with their
significant results, the present study has verified the similar range (LCso 1.724 to
3.356) of toxicity against Aedes aegypti. The results from the present
investigation are similar to previous reports who determined the larvicidal activity
of deguelin (LCso = 1.6), tephrosin (LCso = 1.4), and rotenone against Aedes
aegypti mosquito vectors (LCso = 1.6). Furthermore, according to the previous
studies on the larvicidal potential of the afore-mentioned bioactive compounds,
the authors not only focus on the larvicidal efficacy of compounds but also

targeted on the mode of action of those compounds for effective vector control.
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The advantage of examining the modes of action of phytocompounds on the target
organism is that it will offer great support for effective mosquito control
strategies. For example, the squamocin G has often been investigated for its
larvicidal efficacy with special reference to the inhibition of NADH ubiquinone
oxydoreductase, midgut damage, reduction of protein level, neuronal toxicity as
modes of action (Chen et al., 2012). Meanwhile, artemisinin, emodin, piperine,
and deguelin were reported with ROS generation, post ingestive damage, nicotinic
acetylcholine activated cation-selective channel activity, and inhibition of NADH
as modes of action in the target vector mosquitoes. Next, a-mangostin was
reported for blocking of sterol carrying proteins in the Aedes aegypti and
Anopheles gambiae mosquito vectors. Limonin and khellin were reported in
previous studies for their inhibition action (inhibition of glutathione Stransferase)
in the target mosquito vector Aedes aegypti. These afore-mentioned studies have
indicated that some of the compounds have been allied with the GABAergic
system (Kadir, Zakaria, Kechil, & Azirun, 1989).Considering all these afore-
mentioned aspects, the output obtained from this study proved to be efficient to
that of some commercially available insecticides. However, practical assumptions

need to be studied in further investigations.

The studies concerning the use of plant-based products are moving forward as the
users mandate means of escaping from arthropod bites since the natural
insecticides are safe, biodegradable and eco attractive. Many studies were beheld
at augmenting the formulations of bioactive elements from traditionally used
medicinal plants through the bioassay-guided chromatographic fractionation and

advanced technologies. The local production of natural insecticide using
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bioactive elements from plants would definitely remove the considerable expense
of importation in developing countries, like in the Indian scenario. The field of
natural insecticide development from the traditional medicinal plants is
extensively fertile due to the presence of a plethora of phytochemical constituents
seen in plants as defenses against various insects. In the past few years, certain
plant-derived compounds have been verified to be safe and efficacious to compete
with synthetic insecticides in the field of vector control. However, the number of
bioactive compounds discovered against mosquito vectors is scanty in the past
few years since most of the studies have been a focus on the plant extracts as a
preliminary investigation. In order to overcome such situations, the present study
has used bio-assay guided chromatographic fractionation, FTIR, NMR, GC-MS to
isolate and characterize efficient bioactive elements from three traditionally used
medicinal plants such as Pogostemon auricularius, Jasminum brevilobum, and
Aglaia edulis. This study highlights the use of the isolated bio-active elements
such as Jatamansone, 3-hydroxy-2,2,4-trimethylpentyl isobutyrate, and 2,2,4-
Trimethyl-1,3-pentanediol diisobutyrate; those can be exploited for mosquito

control strategies in the future.

The output from this investigation can be exploited to diminish the chance of
financial burden in developing countries augmented by the importing of synthetic
insecticides. The local production of natural insecticide using the afore-
mentioned compounds would definitely reduce the considerable expense of
importation in developing countries, like those in the Indian scenario. The
findings of this investigation underpin that these three bioactive compounds can

be considered for mosquito control approaches thereby diminishing the chance of
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financial burden in developing countries augmented by the importation of
synthetic insecticides for mosquito control. In the subsequent chapters, the
susceptibility status, influence of ROS production, the role of microbial consortia
in vector control with special emphasis on the isolated bioactive elements will be

discussed.
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2.5. SUMMARY

Mosquitoes are recognized as a major group of arthropods transmitting severe
diseases to humans. Unfortunately, the prevention of mosquito-borne diseases is
becoming challenging in the current scenario since there are no specific vaccines
available for most of the severe diseases including dengue. Approximately
700,000 people have died every year due to the threat allied with etiologic
diseases transmitted by mosquito vectors. Therefore, mosquito control is still a
significant form of disease eradication. Furthermore, the insecticide resistance
and other environmental hurdles induced by the synthetic insecticides have
lowered the efficacy of synthetic insecticide-based strategies in developing
countries. Such drastic situations call for the use of insecticides prepared from
medicinal plants as an effective alternative measure. The present study describes
the isolation and characterization of bioactive elements from medicinal plants,
highlights the importance of isolated compounds in preventing the rapid spread of
dengue, and discusses the current status of phytochemical compounds-based
studies which may lead to the development of natural insecticides for mosquito

control.

The findings of this study have revealed that the three bioactive elements isolated
from Aglaia edulis, Jasminum brevilobum, and Pogostemon auricularius could be
considered as an innovative notion for the development of natural insecticide
against Aedes aegypti in future. Among the three isolated compounds, “2,2,4-

Trimethyl-1,3-pentanediol diisobutyrate” isolated from Aglaia edulis is considered
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as the most efficient bioactive element that shows prominent larvicidal efficacy

against Aedes aegypti with lower LCso value of 1.724 (0.834-2.479).

Further more, the “Jatamansone” isolated from Jasminum brevilobum (LCso -
2.213 (1.292 - 3.032) and “3-hydroxy-2,2,4-trimethylpentyl isobutyrate” isolated
from Pogostemon auricularius (LCso - 3.356 (2.331 - 4.518) also exhibited a
prominent range of toxicity against Aedes aegypti. In addition to this, the present
investigation also reported the larvicidal potential of various bioactive fractions
isolated during the time of bio-assay guided chromatographic fractionation. The
output gathered from this investigation suggests that the use of plant-based
products for vector control would enhance the various mosquito control strategies
thereby diminishing the risk to humans followed by reduction in the financial
burden and environmental threats. However, further studies concerning the
susceptibility status of the afore-mentioned bioactive elements should be
performed to find out the chance of developing insecticide resistance in target

mosquitoes.
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CHAPTER III

Susceptibility Status of 4t Instar Larvae of

Aedes aegypti towards the Plant Isolates
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3.1. INTRODUCTION

The genus Aedes is considered one of the most common groups of mosquitoes
usually found in the tropics and subtropics all over the world. Generally, the
mosquitoes belong to this genus are known for their invasive nature and can
transmit a wide range of infectious agents to humans. In which, Aedes albopictus
and Aedes aegypti are illustrated as the primary vectors of major arboviral

diseases that already induced drastic effects in public health (Hartjes, 2011).

Aedes aegypti is the major vector that transmits the dengue viruses to humans.
Unplanned urbanization, rapid population growth, and poor water management
systems have promoted the rapid proliferation of Aedes aegypti mosquitoes.
Dengue fever, a rapid spreading arboviral disease is prevalent in more than 100
nations with 390 million infections every year. The countries that are in the Asia
Pacific zones including India were reported with the heaviest burden of infection
for the past years. The statistical analysis from the “National Vector Borne
Disease Control Programme (NVBDCP), Ministry of Health & Family Welfare,
Government of India” indicated that about 136422 of dengue cases followed by
132 deaths was observed from the various regions of India in 2019 (NVBDCP,
2020). However, it was observed that the death rate has reduced (from 172 to
132) from the previous year (2018). Although, the incidence of dengue infection
has dramatically grown up in recent decades worldwide (1800 million people at

risk). Due to the dengue endemicity that happened in Indian provinces, the World
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Health Organization-South East Asia (WHO-SEA) has given the ‘Category A’

position for India (Nagpal et al., 2016).

This has indicated that the dengue infection is known to instigate economic
challenges as well as public health problems that have been tried to suppress by
the use of several vector control strategies. So, wide spectrum strategies, that are
cost-effective and eco-attractive are proposed in dengue-infected regions. Based
on the previous studies, it was observed that mainly three kinds of vector control
strategies have been used. They are i) Physical Control, ii) Biological Control,

and iii) Chemical Control (Rather et al., 2017).

The physical control strategies include GIS mapping, education of prevention
methods, focused surveillance, community-based vector control programmes,
characterization of oviposition sites. Advanced technologies like GIS mapping
has been considered as an efficient tool in locating dengue epidemics since it can
locate the dengue foci to treat the infected individuals with preventive measures
(Gandhi, Chapla, Reddya Naik, & Gujju Gandhi, 2017). It has been previously
reported that the success of vector control approaches depends upon the strategies
involved, knowledge, the behaviour of the people and education. The education
offers a base for an individual to deal with various preventive measures and the
vector habitats. Madeira, Macharelli, Pedras and Delfino (2002) analyzed that
sharing of information concerning the distribution of dengue fever conveys
awareness among peoples to control dengue by the destruction of mosquito vector
habitats. In addition to this, community-based control programmes are established

to educate the community regarding the various preventive measures for the
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extermination of mosquito habitats. One of the major advantages of employing
community involvement is that it can possibly integrate several techniques for
maximum control of the mosquito vector population. Moreover, the
determination of the oviposition pattern of Aedes aegypti has been playing a
significant role in the reduction of population density of Aedes aegypti

mosquitoes.

The paratransgenesis, one of the prominent techniques used for the control of
Aedes aegypti mosquitoes, is based on the applications of genetically modified
symbiotic bacteria. The genetically modified microorganisms have instigated
deleterious effects in the sexual cycle of target organisms thereby diminishing the
host competence in the target organism (Wilke & Marrelli, 2015). The use of
crustacean and larvivorous fishes illustrate an eco-attractive, cost-effective and

innovative approach in controlling Aedes aegypti mosquito population.

The afore-mentioned tasks and strategies often necessitate the participation of
governmental and non-governmental sectors, sustained financial support,
sufficient numbers of trained experts and personnel, and well-established
mosquito control strategies. Despite epochs of systematized vector control
struggles, the various mosquito-borne diseases such as lymphatic filariasis,
malaria, Japanese encephalitis including dengue remain real threats in several

regions all over the world (Chareonviriyaphap et al., 2013).

However, the use of various chemical compounds, insecticide-treated bed nets,
and indoor residual sprays (IRS) reduced the density of infection rates to humans.

Therefore, during the past epochs, scaling up of indoor residual spraying and long-
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lasting insecticidal nets using synthetic insecticides have been a focal element in
vector control strategies. Mainly four groups of synthetic compounds have been
used for the afore-mentioned strategies, and are i) organophosphates, ii)
pyrethroids, iii) organochlorine (DDT) and iv) carbamates. Among them, DDT
was popularly known for its toxic effects against various insect vectors, especially
against mosquitoes. The use of synthetic insecticides against mosquitoes has
begun a steady drop in the later decades since it instigated adverse impacts on the
environment that forced the public community to ban its use for indoor residual

spraying (Chareonviriyaphap et al., 2013).

Moreover, the unmanaged and unrestrained use of synthetic insecticides has
brought about the emergence of insecticide resistance in the target insect. For
instance, the extensive use of synthetic insecticides like DDT has resulted in the
emergence of insecticide resistance in various mosquito vector populations of
Anopheles culicifacies, Anopheles philippinensis, Anopheles aconitus, Anopheles
nivipes, Aedes aegypti, and Culex quinquefasciatus. However, the insecticide
resistance has also been allied with all types of compounds including insect
growth regulators and microbial-based agents. The ability of an insect to resist the
toxic effects of an insecticide by means of mutations and adaptive natural
selection is considered as the insecticide resistance (Hemingway, Hawkes,

McCarroll, & Ranson, 2004).

Mainly, four mechanisms are concerned with the insecticide resistance and they
are, i) reduced penetration, ii) behavioural modification, iii) metabolic

detoxification and iv) target-site insensitivity. The reduced penetration is a slow-
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down mechanism that involves the modification of the cuticle composition
through structural cuticular proteins or epicuticular lipids. This allows the
detoxification enzymes to act more time thereby developing phenotypes that are
more resistant indicating the prominent role of metabolic detoxification and

target-site insensitivity (Hemingway & Karunaratne, 1998).

The target-site insensitivity inhibits the bindings of synthetic insecticides in the
target site while metabolic detoxification has linked with the detoxification of
various enzymes such as glutathione S-transferases (GSTs), cytochromeP450
monooxygenases, and esterases.  The insecticide resistance instigated by
deltamethrin or permethrin, malathion, and aerosolized insecticides against the
various mosquitoes has previously been studied. The authors also mentioned that
the probable mechanisms responsible for the resistance against the afore-
mentioned insecticides are due to the target site mutations and enzyme activity.
Previous investigations also discussed the role of urban pollutants in the
emergence of insecticide resistance. The insecticide resistance at high levels in
mosquito vectors including Aedes aegypti can seriously obstruct the mosquito

control programmes (Rose, 2001).

This has indicated that during the outbreak of arboviral diseases, the emergence of
insecticide resistance in mosquito vectors are considered as severe risks to public
health. Previous studies have reported that the bio-derived products are safer than
that of synthetic insecticides since the synthetic insecticides are known to expose
insecticide resistance after its frequent use for vector control. However, Berling

(2009) reported the possible side effects of the bio-pesticides with special
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inference on insecticide resistance. The author also described that at least 27
insects have developed prominent insecticide resistance towards the commonly
used bio-pesticide over the world. Therefore, for the long-term aim of bio-
control, the prevention of insecticide resistance is vital. Studies based on the
afore-mentioned concepts in Aedes aegypti with special reference to the bioactive
elements isolated from three medicinal plants such as Aglaia edulis, Jasminum
brevilobum, and Pogostemon auricularius have not been previously investigated
and this makes the present study unique. Pursuing the investigation concerning
the influence of insecticide resistance, instigated against natural insecticides will
provide specific attention to reducing the rate of mosquito-borne diseases in

endemic regions.
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3.2. MATERIALS AND METHODS

3.2.1. Isolated bioactive elements

The three bioactive elements such as Jatamansone (CC7); 3-hydroxy-2,2,4-
trimethylpentyl  isobutyrate (PP4); and 2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate (EE5) were isolated from Jasminum brevilobum, Aglaia edulis and

Pogostemon auricularius respectively.

3.2.2. Mosquito colony

Maintained as explained in general methodology (Page No. 75).

3.2.2a. Selection experiments

A susceptible laboratory colonized Aedes aegypti was placed under selection
pressure with three bioactive elements isolated from the medicinal plants such as
from Jasminum brevilobum, Aglaia edulis and Pogostemon auricularius. The
following three compounds were exposed on the fourth instar larvae of Aedes
aegypti for 10 consecutive generations. The parental strain (susceptible)
colonized for 15 consecutive generations is designated as the F1 generation. The
afore-mentioned parental strain is known to free from isolated bioactive elements.
The larvae from this parental line were chosen for bioassay to get LCsg at each
generation. The WHO standard method (WHO, 1981) was employed for bioassay
experiments. The required quantity of isolated bioactive elements such as
Jatamansone; 3-hydroxy-2,2,4-trimethylpentyl isobutyrate; and 2,2,4-Trimethyl-
1,3-pentanediol diisobutyrate was mixed thoroughly with 249 mL of dechlorinated

water in glass beakers (500 mL). Ascending series of six concentrations of each
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of the afore-mentioned compounds were exposed to the Aedes aegypti larvae. The
determination of doses for each compound was completely based on the
preliminary experiments. Parallel control groups were also maintained for all the
executed experiments. Twenty-five fourth instar larvae were used in each
experiment. After, 24 hours of continuous exposure at 55-60% relative humidity,

27+2°C temperature, and 12 L:12 D, the mortality rate was recorded.

The bioactive element exposed larvae were employed for selection experiments in
every generation from F1to Fio. The larvae that were survived during the previous
experiments in each generation were washed with tap water and set aside for
rearing. The bioactive elements exposed larvae that survived (LC60 level) during
the experiment produced F» generation progeny. The afore-mentioned process
was consequently repeated up to 10 generations (Fi0), thus excluding the
susceptible larvae every time. The level of resistance that emerged by the isolated
bioactive compounds against Aedes aegypti larvae in the succeeding generation
(F1-F10) was calculated by the following formula prescribed by Gopalan et al.

(1996).

LC50 or LC90 Values of the resistant larvae
LC50 or LC90 Values of the susceptible larvae

Resistance (Foldincreased) =

Probit regression analysis was used to get the LCso and LCgo Of the respective
compounds against Aedes aegypti larvae. If the control mortality is ranged
between 5 to 20%, Abbott’s formula (Abbott, 1925) was used to correct the
mortality data. Based on the WHO criteria, if the value of RRsg is more than 10,

the strain is considered as resistant. If the RRsp is between 2 to 10, it was
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considered as moderately resistant. The strain is recognized as susceptible when

the RRso is less than two.

3.2.3. Definition of key terms
The present study used the terms “CC7” (Jatamansone), “EE5” (2,2,4- Trimethyl-
1,3- pentanediol diisobutyrate), and “PP4” (3-hydroxy- 2,2,4- trimethylpentyl

isobutyrate) for respective isolated compounds.
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3.3. RESULTS
Aedes aegypti fourth instar larvae were placed under isolated bioactive elements
selection pressure. Each generation from Fi to Fio was examined for its
susceptibility. The Table 3.1-3.6 (Page No. 186-191) shows the level of mortality
induced by the isolated bioactive elements against various generations of Aedes
aegypti larvae. The LCso and LCgp values along with the degree of freedom, Chi-
square, and Resistance Ratio (RR) for respective generations of Aedes aegypti are
given in Table 3.4-3.6 (Page No. 189-191). Table 3.1 (Page No. 186) represents
the toxicity of isolated bioactive element CC7 against 10 generations of Aedes
aegypti with special reference to the susceptibility status of Aedes aegypti fourth
instar larvae. Table 3.2 (Page No. 187) summarizes the toxicity of isolated
bioactive element EE5 against 10 generations of Aedes aegypti. The susceptibility
status of Aedes aegypti against EE5 in the larval stage is presented in Table 3.5

(Page No. 190).

As stated in Table 3.1 (Page No. 186), in the F1 generation of Aedes aegypti, the
CC7 in the concentration of 0.75, 2.25, 3.75, 5.25, 6.75, and 8.25 ppm produced
mortality of 24, 36, 48, 64, 72, and 96 percent respectively. The F, generation of
CC7 treated Aedes aegypti mosquito larvae produced maximum mortality of
70.66% of mortality at 4.3 ppm. Similarly, the Fs and F4 generations of CC7
treated Aedes aegypti showed the highest degree of mortality at 4.6 and 5 ppm
respectively. Moreover, the Fs and Fe generation showed potent toxicity against

the CC7 treated Aedes aegypti fourth instar larvae. Likewise, in the F7 generation,
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the doses of 5.3, 5.4, 5.5, 5.6, 5.7, and 5.8 ppm produced 9.33, 17.33, 26.66,
42.66, 61.33, and 78.66 percent toxicity. In the Fg generation, the highest
larvicidal activity has been observed at a concentration of 6.1 ppm of CC7.
Further concentrations of CC7 in subsequent generations such as Fe, and Fio

produced potent larvicidal efficacy against Aedes aegypti fourth instar larvae.

The data on the toxicity of isolated bioactive element EE5 shows the highest
degree of mortality in every generation at different concentrations. The EE5
exposed Aedes aegypti population exhibited 96% of mortality at 6.5 ppm in the Fy
generation. The susceptibility tests performed out using the EE5 exposed Aedes
aegypti revealed that the larval mortality in the F> generation ranged from 34.66
(4.4 ppm) -78.66 (5.4 ppm) while that in the F3 generation ranged from 30.66 (4.8
ppm) -77.33 (5.8 ppm) (Table 3.2; Page No. 187). The larval bioassay performed
against the F4 generation confirmed potent toxic effects ranging from 34.66 (5.3
ppm) to 82.66 (6.3 ppm) percentages. It is imperative to note that the subsequent
generations of Aedes aegypti (Fs and Fe) are also of the highest mortality rates. In
F- generation the EE5 in the concentration of 6.87, 7.2, 7.4, 7.6, and 7.8 ppm
produced mortality of 20, 36, 44, 60, 72, and 84 percent respectively (Table 3.2;
Page No. 187). Tests of Fg progeny Aedes aegypti fourth instar larvae showed
prominent larvicidal potential (20, 28, 40, 52, 68, and 80 %) after continuous
exposure to the various concentrations (7.3, 7.5, 7.7, 7.9, 8.1, and 8.3 ppm) of
EE5. The remaining two generations (Fo and Fio) tested with the bioactive

element EE5 showed significant mortality range from 28 to 88%.
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The data on the susceptibility status of Aedes aegypti have been shown in Table
3.6 (Page No. 191). It states the highest degree of mortality rate against the
isolated bioactive element PP4. The susceptibility values of Aedes aegypti against
the isolated bioactive element PP4 are shown in Table 3.6 (Page No. 191), while
the mortality rate is presented as percentage listed in Table 3.3 (Page No. 188).
The bioassay revealed that the F1 generation of Aedes aegypti has exhibited a
prominent range of toxicity against the isolated bioactive element PP4 as reported
in Table 3.3 (Page No. 188). In the F, generation, the mortality rate was
comparatively lower (66%) at a concentration of 3.3 ppm, but the mortality rate
was increased in the subsequent experiments performed in F3, F4, and Fs
generation. Further concentrations of 3.1, 3.4, 3.7, 4, 4.1, and 4.3 ppm produced
21.33, 33.33, 45.33, 54.66, 62.66, and 68 percent mortality respectively in Fs3
generation. The maximum mortality in F4 was observed at a concentration of 5.5
ppm. In Fs, the concentrations of 5.1, 5.3, 5.8, 6.2, 6.5, and 6.8 ppm resulted 32,
42.66, 54.66, 62.66, 70.66, and 76 percent mortality respectively. A similar
pattern was perceived in the Fs and F7 generation since both of this showed the
highest degree of mortality ranged from 28 to 84%. However, it was important to
note that, the concentration of the isolated bioactive element PP4 required to
destroy the Aedes aegypti has increased from 1 to 8.7 ppm. Further,
concentrations of 7.1, 7.4, 7.7, 8, 8.3, and 8.6 ppm produced 34.66, 46.66, 54.66,
65.33,76, and 82.66 percent mortality respectively in Fg generation. Mortality
ranging from 17 to 78 percent and 24 to 80 percentages after continuous exposure

to the PP4 was observed in Fg and F1o respectively.
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Figs. 3.1-3.3 (Page No. 189-191) revealed the probit regression analysis of the
isolated bioactive elements against 10 successive generations of Aedes aegypti
fourth instar larvae. Fig. 3.4 (Page No. 192) represents the resistance ratio of the
10-successive generations of Aedes aegypti, which illustrates the ratios of the
bioactive elements tolerance increase. The determination of resistance ratio was
based on the comparative susceptibility of the F1 generation (LCso - 2.771 ppm,
LCgo -14.971 ppm for CC7; LCso - 4.071 ppm, LCg -6.383 ppm for EE5; LCxo -
1.952 ppm, LCg -6.068 ppm for PP4). Under continuous bioactive element
selection, both the LCso and LCgo values increased from F1 to Fio generation. The
LCso of CC7 exhibited a gradual increase from 2.771 ppm in the F1 to 6.375 in Fio
(RR - 2.30) (Table 3.4; Page No. 189). Based on the WHO criteria, the afore-
mentioned strain (CC7 exposed) was recorded as moderately resistant since the
RRso IS found to be ranged between 2 and 10. If the RRsois over, the strain will be
considered as resistant. The lower range of RRs like fewer than two is considered
as susceptible. The LCsg of EE5 showed a prominent increase from 4.071 ppm in
the Fito 8.760 ppm in Fio (RR-2.15) (Table 3.5; Page No. 190). This indicates
that the EE5 exposed strain was recognized as moderately resistant. In the case of
PP4 exposed strains, the LCso values ranged from 1.952 ppm to 9.302 ppm,
indicating a gradual increase in the LCso values from Fi1 generation to Fio
generation. The resistance ratio for the same was found to be 4.76, revealing its
moderate range of resistance. Among the three strains (CC7, EE5, PP4 exposed
Aedes aegypti), the resistance ratio was found to be relatively high in (RR- 4.76)
PP4 exposed strain followed by the CC7 (RR- 2.30) exposed strain (Table 3.6;

Page No. 191). An increase in the resistance ratio based on the LCsg values was
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found to be significant in studied generations (p<0.05). The regression equation
for respective generations exposed with CC7, EE5 and PP4 was given in Figs. 3.1-
3.3 (Page No. 189-191). While following the WHO criteria, it was observed that
all the strains in the present study are moderately resistant, indicating the

significance of bioactive elements from plants in mosquito vector control.
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Table 3.1. Percentage mortality of Aedes aegypti exposed to CC7 at different concentrations

Fi [ Fs Fa Fs

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality
(In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD

0.75 24+1.00 3.8 21+0.57 4.1 16+1.00 4.5 20+1.00 4.8 16+0.00

2.25 36+1.00 3.8 37+0.57 4.2 29+0.57 4.6 35+0.57 4.9 25+0.57

3.75 48+1.52 4 47+0.57 4.3 43+0.57 4.7 49+0.57 5 44+1.00

5.25 64+1.00 4.1 55+0.57 4.4 51+1.00 4.8 53+0.57 5.1 49+1.00

6.75 72+1.00 4.2 63+0.57 4.5 57+0.57 4.9 61+0.57 5.2 69+1.00

8.25 96+0.57 4.3 71+0.57 4.6 65+0.57 5 73+0.57 5.3 75+1.00

Control 0+0.00 Control 0+0.00 Control 0+0.00 Control 0+0.00 Control 0+0.00

Fe F Fs Fo Fio

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality
(In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD

5.1 12+0.00 5.3 9+0.57 5.6 15+0.57 5.8 17+£1.15 6.1 24+0.00

5.2 2040.00 5.4 17+0.57 5.7 23+0.57 5.9 27+1.52 6.2 29+0.57

5.3 40+1.00 55 27+0.57 5.8 33+1.52 6 43+0.57 6.3 36+0.00

5.4 55+0.57 5.6 43+2.08 5.9 55+0.57 6.1 51+1.15 6.4 49+0.57

55 69+0.57 5.7 61+0.57 6 67+0.57 6.2 64+0.00 6.5 57+0.57

5.6 77+0.57 5.8 79+0.57 6.1 85+0.57 6.3 81+0.57 6.6 85+0.57

Control 0+0.00 Control 0+0.00 Control 1+0.57 Control 0+0.00 Control 0+0.00

*statistical significance (P < 0.05)
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Table 3.2. Percentage mortality of Aedes aegypti exposed to EES5 at different concentrations

Fy F2 Fs Fs Fs

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality
(In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD
35 32+0.00 4.4 35+0.57 4.8 31+0.57 5.3 35+2.51 5.7 24+1.00

4 52+1.00 4.6 55+0.57 5 48+1.00 55 51+0.57 5.9 39+0.57

4.5 60£1.00 4.8 59+0.57 5.2 58+0.57 5.7 59+0.57 6.1 49+0.57

5 72+1.00 5 68+0.00 54 63+0.57 5.9 68+0.00 6.3 56+0.00

6 80+0.00 5.2 75%0.57 5.6 71+0.57 6.1 75%0.57 6.5 64+0.00

6.5 96+0.57 54 79+0.57 5.8 77+£0.57 6.3 83x0.57 6.7 73x0.57

Control 0+0.00 | Control 0+0.00 | Control 0+0.00 Control 0+0.00 Control 1+1.15

Fe F7 Fs Fo Fio

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality
(In ppm) Mean +SD (In ppm) Mean +SD (In ppm) Mean +SD (In ppm) Mean +SD (In ppm) Mean +SD

6.3 24+1.15 6.8 20£0.57 7.3 20£1.00 7.9 28+1.00 8.4 24+0.57

6.5 44+1.00 7 36+1.00 7.5 28+1.00 8.1 36+0.00 8.6 36+0.00

6.7 52+0.57 7.2 44+1.00 7.7 40+1.15 8.3 48+0.00 8.8 52+0.57

6.9 60+0.57 7.4 60+1.00 7.9 52+0.57 8.5 60+1.00 9 60+0.00

7.1 80+1.52 7.6 72+0.57 8.1 68+0.57 8.7 76%0.57 9 72+0.57

7.3 84+0.00 7.8 84+0.57 8.3 80+0.57 8.9 80+0.00 9.2 88+1.15

Control 0+0.00 | Control 0+0.00 | Control 0+0.00 Control 0+0.00 Control 0+0.00

*statistical significance (P < 0.05)
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Table 3.3. Percentage mortality of Aedes aegypti exposed to PP4 at different concentrations

Fi [ Fs Fa Fs

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration Mortality
(In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD

1 21+0.57 1.9 19+1.15 3.1 21+0.57 4 29+0.57 5.1 32+0.00

1.3 36+0.00 2.2 27+0.57 3.4 33+0.57 4.3 37+0.57 5.3 43+0.57

1.6 40+0.00 2.5 35+0.57 3.7 45+0.57 4.6 45+0.57 5.8 55+0.57

1.9 45+0.00 2.8 48+0.00 4 54+0.57 4.9 52+1.00 6.2 63+0.57

2.2 53+0.00 3.1 59+0.57 4.1 63+0.57 5.2 63+0.57 6.5 71+0.57

2.3 61+0.00 3.3 67+1.15 4.3 68+0.00 55 68+0.00 6.8 76+0.00

Control 0+0.00 Control 0+0.00 Control 0+0.00 | Control 0+0.00 | Control 1+0.57

Fe F Fs Fo Fio

Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration | Mortality | Concentration Mortality
(In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD (In ppm) Mean £SD

6 44+1.00 6.2 28+1.00 7.1 35+2.51 7.8 1740.57 8.5 24+0.00

6.3 51+0.57 6.5 48+1.00 7.4 47+0.57 8.1 28+0.00 8.8 33+0.57

6.6 61+0.57 6.8 59+0.57 7.7 55+0.57 8.4 43+0.57 9.2 43+1.15

6.9 71+1.15 7.1 64+0.00 8 65+0.57 8.7 51+1.15 9.5 56+1.00

7.2 75+0.57 8.4 73+0.57 8.3 76+0.00 9 65+0.57 9.8 64+0.00

7.5 80+0.00 8.7 84+0.00 8.6 87+0.57 9.1 79+0.57 10.1 80+0.00

Control 0+0.00 Control 0+0.00 Control 0+0.00 | Control 0+0.00 | Control 0+0.00

*statistical significance (P < 0.05)
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Fig. 3.1. Probit regression analysis of different generations of Aedes aegypti
fourth instar larvae to the bioactive element CC7 selection pressure

Table 3.4. Bioassay results of bioactive element CC7 selection experiment on
fourth instar larvae of Aedes aegypti

S | Generaion | | Fducallimit | C | piduciltimit | G- | g | g
ppm) ppm)
1 F1 2771 | 0.879-5.141 | 14.971 87226267;]_ 7.55 4 -
2 F. 4.059 | 3.968-4.160 | 4.606 | 4.399-5.251 0.40 4 1.46
3 F3 4416 | 4.335-4535 | 4.942 4.731-5.570 0.61 4 1.59
4 Fa 4761 | 4.677-4.854 | 5.267 5.082-5.788 0.66 4 1.71
5 Fs 5.079 | 5.014-5.152 | 5.472 5.340-5.764 0.59 4 1.83
6 Fe 5.383 | 5.327-5.445 | 5.714 5.610-5.920 0.41 4 1.94
7 F7 5.628 | 5.575-5.696 | 5.943 | 5.837-6.150 0.34 4 | 2.03
8 Fs 5.876 | 5.822-5.935 | 6.193 6.095-6.380 0.64 4 212
9 Fo 6.072 | 6.009-6.143 | 6.452 6.327-6.721 0.43 4 2.19
10 F1o 6.375 | 6.305-6.456 | 6.799 6.652-7.145 2.7 4 2.30

*statistical significance (P < 0.05)
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Fig. 3.2. Probit regression analysis of different generations of Aedes aegypti
fourth instar larvae to the bioactive element EE5 selection pressure

Table 3.5. Bioassay results of bioactive element EE5 selection experiment on
fourth instar larvae of Aedes aegypti

S | Generaion | (in | nppmy | gn | P Imit) O o | g
ppm) ppm)
1 F1 4071 | 3.603-4.407 | 6.383 | 5.698-8.020 | 1.94 | 4 -
2 Fa 4618 | 4.246-4.799 | 5824 | 5423-7331 | 062 | 4 | 113
3 Fs 5.113 4.827-5.287 6.285 5.879-7.707 0.43 4 1.25
4 Fs 5543 | 5.249-5.706 | 6.600 | 6.270-7.607 | 0.17 | 4 | 1.36
5 Fs 6.172 | 5.977-6.361 | 7.289 | 6.873-8.619 | 028 | 4 | 151
6 Fe 6.664 | 6.502-6.792 | 7.467 | 7.230-8.000 | 0.85 | 4 | 1.63
7 = 7.248 | 7.112-7.374 | 8.009 | 7.775-8510 | 023 | 4 | 1.78
8 Fs 7.827 | 7.696-7.970 | 8.625 | 8.360-9.215 | 024 | 4 | 1.92
9 Fo 8.306 | 8.137-8.448 | 9.184 | 8.907-9.852 | 0.32 | 4 | 2.04
10 Fio 8.760 | 8.639-8.861 | 9.375 | 9.193-9.768 | 18 | 4 | 2.15

*statistical significance (P < 0.05)
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Fig. 3.3. Probit regression analysis of different generations of Aedes aegypti
fourth instar larvae to the bioactive element PP4 selection pressure

Table 3.6. Bioassay results of bioactive element PP4 selection experiment on
fourth instar larvae of Aedes aegypti

S | Goneration | (o | Fidcialimit| (| Fiducial it | - g | g
ppm) ppm)
1 F1 1952 | 1.625-2.885 | 6.068 | 3.606-59.390 0.51 4 -
2 F2 2.834 | 2.598-3.226 | 4.814 3.915-8.363 0.26 4 1.45
3 F3 3.815 | 3.598-4.080 | 5.330 4.710-7.562 0.10 4 1.95
4 Fa 4758 | 4.409-5.171 | 7.088 | 6.042-13.017 0.05 4 243
5 Fs 5.658 | 5.198-5.973 | 7.881 | 7.067-10.939 0.16 4 | 2.89
6 Fe 6.215 | 5.443-6.520 | 8.206 | 7.533-11.337 0.10 4 | 3.18
7 F7 6.720 | 6.133-7.116 | 9.520 | 8.574-12.508 2.65 4 3.44
8 Fs 7.524 | 7.149-7.757 | 9.054 | 8.570-10.456 0.07 4 3.85
9 Fo 8.579 | 8.395-8.785 | 9.723 | 9.333-10.628 0.87 4 | 4.39
10 Fio 9.302 | 9.048-9.561 | 10.827 | 10.295-12.207 | 0.56 4 | 476

*statistical significance (P < 0.05)
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Fig. 3.4. Moderate level of resistance emerged in Aedes aegypti fourth instar larvae to the bioactive elements CC7, EE5 and PP4 isolated
from Jasminum brevilobum, Aglaia edulis, and Pogostemon auricularius respectively.
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3.4. DISCUSSION
A striking increase in the morbidity and mortality allied with dengue infection has
been reported in the current scenario in contrast to a slight drop in other vector-
borne diseases. The Aedes spp. are prominent vectors of several severe infectious
diseases such as dengue, chikungunya, yellow fever, Zika, and Rift Valley and
this made the species a vital element in the global burden of mosquito-borne
disease. The invasion of the Zika virus has exposed severe health impacts such as
GBS and congenital ZIKV infection syndrome. The infection rate of dengue is
rapidly increasing day by day and approximately 390 million peoples are infected
every year. Due to this, the health officials of various national and international
agencies have urged people to assure precautions to prevent mosquito bites. The
expansion of dengue infections has been primarily associated with certain
favouring conditions such as an unplanned urbanization, global trade, inefficient
implementation of mosquito control programs, erratic water supply, lack of
community engagement, and poor water storage practices (Horstick, Runge-
Ranzinger, Nathan, & Kroeger, 2010). The global economic burden of dengue
induced threats is still unclear. However, the economic losses instigated by
dengue fever infection all over the world have been estimated to be around 9

billion US$ per annum (Stanaway et al., 2016).

There exists no effective vaccine against dengue fever, however, the Dengvaxia
vaccine has now been known to be used against dengue in several countries.

However, the lack of availability of the Dengvaxia vaccine against dengue is
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gaining alarm in the current scenario (Su et al., 2019). Moreover, the use of
prophylaxis for dengue is not available since the dengue virus transmission cannot
be prevented during the time of the human infection phase. Mosquito control
using insecticides coupled with habitat destruction in its larval stage is therefore
assuredly vital in the control of various vector-borne diseases including dengue
fever. Currently, the control of Aedes aegypti mosquito vectors is principally

based on community engagement and synthetic insecticides (Su et al., 2019).

The practice alternative approaches including the use of natural insecticides of
botanical origin is promising but the studies based on the bioassay-guided
chromatographic fractionation of plant extracts are scanty in the current scenario.
Only a few bioactive elements are reported previously regarding the potential
applications of them in mosquito control with special emphasis on their mode of
action. The prolonged period required for new vector control strategies mean that
present natural insecticide-based strategies will play a vital role for many years to
come. Prevention of the rapid proliferation of Aedes aegypti using synthetic
insecticides, principally through IRS of organophosphate and pyrethroids, is
fraught with numerous impediments including slow operational response and high

expense (Esu, Lenhart, Smith, & Horstick, 2010).

The routine use of synthetic insecticides in health programmes as well as in vector
control programmes have instigated several harmful effects such as hazardous
effects to human beings, ecosystem destabilization, and environmental pollution.
A key concern regarding the impediments induced by the synthetic insecticides is

the rapid emergence of insecticide resistance with the capacity to diminish the
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effectiveness of present insecticide-based mosquito control approaches.
Resistance to various synthetic insecticides in mosquitoes can drastically impede
the mosquito control programmes. In the era of emerging insecticide resistance, it
is significant to study and develop natural insecticides to compete against the
threat from synthetic products. During the outbreaks of vector-borne diseases, the
emergence of insecticide resistance turns out to be a grievous risk to public health.
Due to the afore-mentioned facts, the demand for natural insecticides for mosquito
control has rapidly enhanced in the current scenario (Anoopkumar et al., 2017b).
However, like synthetic insecticides, there has been a probability to emerge
insecticide resistance against natural insecticides if the public community has
frequently used natural insecticides for mosquito control. For that reason,
determining the level of insecticide emergence in Aedes aegypti mosquitoes is
paramount for effective vector control during the mosquito-borne disease
outbreaks (Kandel et al., 2019). In addition to this, the data regarding the
mechanism of insecticide resistance with special reference to isolated bioactive
elements from medicinal plants are scanty. The afore-mentioned facts indicated
that the emergence of resistance to insecticides in Aedes aegypti vector is a key
challenge for mosquito control. Therefore, the investigations on the susceptibility
status of mosquito vectors towards the insecticides will provide sufficient figure to
aid novel insecticide choices for preventing dengue outbreaks. In this context,
considering all the afore-mentioned aspects, the present study was evaluated the
susceptibility status of 4" instar larvae of Aedes aegypti towards the plant isolates

by employing the standard larval bioassay procedure prescribed by WHO.
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The present investigation revealed for the first time moderate resistance to
bioactive elements isolated from three medicinal plants towards the fourth instar
larvae of Aedes aegypti. It nurtures the discussions concerning the significance of
the use of natural insecticide for mosquito control with particular relevance to
public health interest and insecticide resistance.  The objective of this
investigation was to evaluate the candidate bioactive elements CC7, EES, and PP4
with special reference to the susceptibility status of Aedes aegypti fourth instar
larvae. In this objective, none of the examined Aedes aegypti strains were found
to be highly resistant to the isolated bioactive elements. However, this study
delivers the confirmation that the tested strains are moderately resistant to the

three bioactive elements with low resistance ratio (RR).

This study has observed that the bioactive elements isolated from three medicinal
plants such as Jasminum brevilobum, Aglaia edulis, and Pogostemon auricularius
doesn’t instigate threat towards mosquito control in terms of insecticide resistance
since their higher concentration causes a moderate range of resistance in Aedes
aegypti fourth instar larvae. One of the foremost explanations for the afore-
mentioned statement to support the results of this study could be the lowest
resistance ratio, compared to the previous investigation on synthetic insecticides.
For example, a pyrethroid-selected strain of Anopheles stephensi has displayed
182 fold resistance against permethin (Enayati, Vatandoost, Ladonni, Townson, &
Hemingway, 2003). Their results are in line with those of deltamethrin exposed
Anopheles sinensis which showed 130 to190 folds as reported by Wang (2000).
Similarly, Gayathri and Murthy (2006) have reported that the selection of

Anopheles culicifacies against deltamethrin in Tamil Nadu, India, gives rise to
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higher resistance. Kumar et al. (2002) reported that the continuous selection of

Aedes aegypti for 40 generations with deltamethrin yields 703 fold resistance.

Previous studies have validated the emergence of resistance to pyrethroid and
organophosphate in the dengue fever vector Aedes aegypti. For example, Kumar
et al. (2002) reported the resistance emerged in Aedes aegypti to temephos and
cypermethrin. The authors also discussed the gradual increase of resistance ratio
(RR) from 9.0 to 192.7 in Brazil. In corroboration with their findings, Rodriguez,
Bisset, Ruiz and Soca (2002) reported the emergence of high resistance against
temephos in Aedes aegypti (six generations) with special reference to the use of
the afore-mentioned organophosphate for Aedes aegypti control. A similar pattern
was studied by Lima et al. (2003) who reported the emergence of insecticide
resistance in Aedes aegypti against temephos. Similarly, Harris, Rajatileka and
Ranson (2010) reported the high insecticide resistance of Aedes aegypti to
pyrethroid insecticides and DDT. According to them, the resistance ratio for
lambda-cyhalothrin, deltamethrin, and permethrin are >41.2, 29, and 434
respectively. Jirakanjanakit et al. (2014) suggested that it is essential to develop
an alternative strategy for synthetic insecticides since the deltamethrin and

permethrin have developed resistance in Aedes aegypti mosquitoes.

From the above-mentioned studies, it was clearly observed that most of all the
synthetic insecticides exhibited a prominent range of resistance in various
mosquito species especially in Aedes aegypti mosquitoes. The most commonly
used synthetic insecticides such as deltamethrin, permethrin, lambda-

cyhalothrinand, pirimiphos-methyl, and temephos exhibited a prominent range of
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resistance ratio in various mosquito species in the least concentrations. In contrast
with their results, the present study has reported for the first time that, the isolated
bioactive elements such as CC7, EE, and PP4 only exhibited a moderate range of
resistance (RR — under five for all the tested strains). For example, the RR value
of CC7 exposed Aedes aegypti strain is 2.30 in F1o generation, while the RR value
of EE5 is 2.15 in Fio generation. However, the RR value of PP4 exposed Aedes
aegypti strain was found to be 4.76, which is comparatively higher than that of

CC7 and EE5 exposed strains.

It is significant to keep in mind that getting information on the susceptibility status
of Aedes aegypti larvae towards the bioactive elements isolated from medicinal
plants is difficult in the current scenario. One of the probable reasons for the
afore-mentioned situation is that almost all the studies have focussed on the
preliminary studies rather than bio-assay guided chromatographic fractionation
and susceptibility testing. However, the mechanism of resistance to synthetic
insecticides is effectively addressed in many scientific publications. For example,
as discussed earlier, the control of Aedes aegypti at larval and adult stages is
mainly accomplished by the use of organophosphates like malathion and
temephos; and their frequent use instigated the emergence of insecticide resistance

in Aedes aegypti.

The LCso values for temephos are rapidly being increased from one generation to
another in insecticide susceptibility testing (Corbel et al., 2016). The result of this
objective complements those from the latest investigation revealing that malathion

showed higher insecticide resistance in Aedes aegypti in Magelang. The

198 |Page



susceptibility status of Aedes aegypti mosquito vectors is principally allied with
biological, operational and genetic factors as described by (Georghiou & Taylor,

1977).

A study in 2012 suggested that insecticide resistance against permethrin and
malathion may be due to their routine use in indoor residual spraying devoid of

awareness concerning the susceptibility status (Bigoga et al., 2012).

More recently, several studies have confirmed that the high level of resistance
may be due to the frequent use of synthetic insecticides for dengue vector by the
Government and non-governmental agencies including vector management
agencies. There are a large number of related reports concerning the insecticide
resistance to various insecticides (propoxur) in mosquitoes from different regions
of the world. In India, so far the propoxur is not a popular mosquitocidal tool;
but, recent reports indicate that the resistance to propoxur has emerged in various
mosquitoes (Rai, Bharati, Subba, & Saha, 2019). They also suggested that the
extensive use of malathion and other insecticides in agriculture may open the way

for generating insecticide resistance in Culex quinquefasciatus mosquitoes.

Another insecticide resistance-based study in Aedes aegypti in India also verified
the same concept and they explained the indirect exposure of insecticides against
mosquitoes. According to them, the contamination of mosquito breeding habitats
by the accumulation of synthetic insecticides which is commonly used in
agricultural sectors instigates indirect exposure which in turn emerge the

insecticide resistance (Bharati & Saha, 2018a). Similar findings concerning the
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routine use of insecticides in the agricultural sector validated the insecticide

resistance in Aedes aegypti against malathion and other insecticides.

In the persisitent struggles to address this insecticide resistance-related problem,
current research has been boosted by a novel focus on the bioactive element-based
mosquito control. Based on the earlier discussed studies, it was interesting to
mention that the RR values of CC7, EE5, and PP4 were lower than those (RR
values of previously reported insecticides) reported in the scientific literature.
Altogether, the data concerning the lower resistance of bioactive elements
reported in this study corroborate the usefulness of natural insecticides for the
accomplishment of rational management of insecticide resistance-based threats.
So, in order to diminish the synthetic insecticides induced threats in the
environment, it is imperative that plant-based products are used whenever

applicable.

The results gathered from this investigation has suggested that mosquito control
needs to be rethought with the development of novel natural insecticides that go
beyond IRS and synthetic insecticide-treated bed nets. The natural insecticides
usually possessed several benefits than that of synthetic products and several
synthetic insecticides were withdrawn from the commercial market due to the
adverse effects induced by them in the environment. In a resistant development
context, the present study has validated the beneficial role of bioactive elements in
mosquito control. One of the major benefits of using a natural insecticide is the
least chance of emerging insecticide resistance in the target organism. As

discussed earlier, several synthetic insecticides such as deltamethrin, permethrin,
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lambda-cyhalothrinand, pirimiphos-methyl, and temephos instigated the highest
insecticide resistance level with high RR value. The susceptibility status of fourth
instar larvae of Aedes aegypti has verified that the frequent use of the isolated
bioactive elements such as CC7, EE5, and PP4 for 10 generations has only
developed a low level of insecticide resistance. Therefore, the present study has
suggested that the afore-mentioned compounds can be used as an alternative to
synthetic insecticides in the future to prevent the dengue infection by preventing
the rapid proliferation of Aedes aegypti mosquitoes. However, practical

assumptions on the afore-mentioned concept need to be studied.

According to Regnault-Roger, Philogene and Vincent (2002), one of the major
reasons for evolving the insecticide resistance towards synthetic insecticides is the
frequent use of the limited number of synthetic insecticides. Studies concerning
the emergence of insecticide resistance against plant-based products are scanty in
the current scenario. However, this study suggests that the management of
insecticide resistance to plant-based products is vital for a long-term vision of
mosquito control. Recent studies suggest that, in order to prevent the emergence
of insecticide resistance against plant products, the applicability of genetic
engineering can be employed (Qi, Lan, Ma, Yu, & Zhao, 2011). The authors also
mention that the new strategies are promising to fight against the insecticide
resistance since they exhibited different modes of action. The isolated bioactive
elements in this study are a future solution to replace the synthetic insecticides and
their adverse effects. Previous studies have verified that the natural approaches
are comparatively acceptable and can be used for the treatment of larval breeding

habitats. However, as stated earlier, the existing evidence for assessing the
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practical implications of plant-based approaches for mosquito control is
inadequate (Roiz et al., 2018). The phytochemical constituent-based insecticides
are thought to exhibit fewer problems to the users and the environment than
synthetic products. The consumers always tend to favour natural products lacking

harsh chemical compounds.

According to the previous reports, the selection of an effective bioactive element
is recognized as one of the most significant considerations in the development of
insect repellent/natural insecticide. Therefore, the effective bioactive elements
isolated in this study can be considered for the afore-mentioned attention with
special reference to their low level of insecticide resistance emergence. There is a
sturdy perception that the insecticides of botanical origin are safer than synthetic
insecticides.  Previous studies have verified that natural insecticides offer
maximum safety in terms of a variety of significant factors than synthetic
insecticides (Coats, 1994; Maia & Moore, 2011; Tavares et al., 2010). In support
of their results, this objective validated that the isolated bioactive elements such as
CC7 (Jatamansone), EE5 (2,2,4-Trimethyl-1,3-pentanediol diisobutyrate) and PP4
(3-hydroxy- 2,2,4- trimethylpentyl isobutyrate) are safer than synthetic
insecticides in terms of insecticide resistance emergence, biodegradability, plant-

based origin, eco-attractive and environmental sustainability.
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3.5. SUMMARY

The health officials of both international and national agencies are confronted by a
burden of arboviral diseases despite significant efforts in mosquito control
programmes. Approximately, more than 4 billion peoples over the world faced
severe threats from dengue fever infection every year. Insecticides are considered
as one of the significant arsenals to combat mosquito-borne diseases to save
millions of lives every year. The existing interventions for mosquito control are
known to exhibit success in some instances, however, the level to which the
current approaches may have prevented the disease epidemics is not well assumed

due to the lack of prominent evidence.

For effective mosquito control, growing attention has been paid to community
involvement and plant-based approaches including integrated vector management.
Despite well-established existing strategies, the disease epidemics and rapid
spread of infectious diseases continue in the current scenario. There are a number
of significant factors that are considered as reasons for the afore-mentioned
threats. They are i) implementation of complex and inadequate programs, ii) lack
of human and infrastructural capacity, iii) insecticide resistance, and iv) inability

to scale.

Forecasting the threats of insecticide resistance in Aedes aegypti towards synthetic
insecticides is a vital part of a public health emergency. Therefore, integrated
approaches and research based on alternative strategies for mosquito control have

been of renewed attention. It is also kept in mind that, the studies concerning the
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influence of insecticide resistance in disease transmission are of paramount
significance in the current scenario since the insecticide resistance drives the
epidemics of mosquito-borne diseases. The experiments performed in this study
were principally used to find out the emergence of insecticide resistance in Aedes

aegypti towards the three isolated plant isolates such as CC7, EE5, and PP4.

While following the WHO criteria, the present study has reported that all the
Aedes aegypti strains were moderately resistant to the isolated bioactive elements
(CCT7 - Jatamansone; EE5 -2,2,4-Trimethyl-1,3-pentanediol diisobutyrateand; and
PP4 -3-hydroxy-2,2,4-trimethylpentyl isobutyrate), indicating the significance of
bioactive elements from plants in mosquito vector control. The lower resistance
ratio (RR) towards higher concentrations of CC7, EE5, and PP4 is considered as
the highlight of this study. Among the three isolated bioactive elements, the EE5
showed the least RR value of 2.15. The PP4 comparatively showed higher RR
value than the two isolated bioactive elements. However, the foremost fact is that
all the Aedes aegypti strains are exhibited moderate resistance. The RR value of
previously reported synthetic insecticides is greater than the present study,
confirming the effectiveness of natural insecticides in mosquito control. Previous
studies have reported the higher insecticide resistance of various synthetic
insecticides in mosquitoes. However, none have piloted a study concerning the
susceptibility status of Aedes aegypti fourth instar larvae towards the bioactive
elements isolated from Jasminum brevilobum, Aglaia edulis and Pogostemon
auricularius. This has made the study unique and significant. Therefore, the
results from this study suggest that the isolated bioactive elements from three

medicinal plants have diminished the risk of resistance in Aedes mosquito control.
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As a result, various mosquito-borne diseases especially, the dengue fever, can be

prevented in an eco-attractive way.
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CHAPTER IV

Qualitative and Quantitative Analysis of a Few
Detoxifying Enzymes in Susceptible and

Phytochemical Selected Lines of Aedes aegypti

206 | Page




4.1. INTRODUCTION
The major sector of integrated vector management includes the use of synthetic
larvicides, entomological surveillance, use of larvivouros fish, indoor residual
spray using 2% pyrethrum and 5% malathion for fogging. In addition to this,
some of the major compounds belonging to the pyrethroid group have also been
used for personal protection as a strong mosquito repellent product (Bharati &
Saha, 2018b). Despite the environmental problems, the above-mentioned
synthetic compounds including DDT remained an effective weapon against
mosquito-borne diseases in endemic provinces of the world. The extensive use of
synthetic insecticides has led to striking decreases in mosquito-borne disease

epidemics (Morou et al., 2010).

As discussed in the earlier objective, the routine and indiscriminate use of the
synthetic insecticides for mosquito control would result in the emergence of
insecticide resistance in mosquitoes. The emergence of resistance against the
synthetic insecticides is primarily influenced by either direct or indirect exposure
(from the agricultural field) of insecticides (Bharati, Saha, & Saha, 2018).
Mechanism of insecticide resistance and the mode of action of synthetic
insecticides have been the theme of current research interest in the scientific
community since resistance to synthetic insecticide is considered as the major
obstacle in mosquito control programmes (Morou et al., 2010). Previous studies
have indicated that several biochemical mechanisms are responsible for the

emergence of resistance in mosquitoes towards various synthetic insecticides.

207 |Page



With regard to Aedes aegypti, it has been believed as one of the important
mosquito species, which exhibited a prominent range of resistance towards
popular insecticides as those coming under the category of organophosphates,

carbamates, pyrethroids, and organochlorines (Brengues et al., 2003).

The overproduction of detoxification enzymes such as Cytochrome P450
monooxygenases, G6PD, esterases are known to instigate certain metabolism that
is allied with the emergence of insecticide resistance. For example, it has been
previously reported that the increased level of esterases is allied with the
emergence of insecticide resistance in mosquito vectors towards the various
synthetic insecticides such as organophosphates, carbamates, pyrethroids and

organochlorines (Fonseca-Gonzalez, Quifiones, McAllister, & Brogdon, 2009).

The P450s are usually encompassed with haem-thiolate enzymes that are actively
involved in the wide range of metabolism. In insects, the cytochrome P450s are
actively involved in the various metabolic processes linked with insecticide
resistance. In mosquitoes, the activities concerned with P450s have been of
specific interest since they are vital for the detoxification of various elements
including chemical carcinogens, pesticides, mutagens, and drugs. They are also
known to instigate metabolizing compounds such as steroids, fatty acids and
hormones. Most of all the studies discussed that one of the major characteristic
features of cytochrome P450s in mosquitoes is the detoxification of insecticides
by increasing its level in the target body. It has been implicated that the
overexpression of the genes responsible for cytochrome P450s activity offers the

target insect to develop insecticide resistance against insecticides. The role of
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G6PD and other enzymes in emerging insecticide resistance in mosquitoes have

been also reported in previous studies (Mourya, Hemingway, & Leake, 1993).

Most of all the previous studies have indicated that understanding the mechanisms
concerned with the emergence of insecticide resistance is a significant prerequisite
for the successful eradication of mosquito-borne diseases spread by Aedes aegypti
(Rawlins, 1998). Attempts to study the mechanisms concerned with the
insecticide resistance that would tolerate the threats from synthetic insecticides
prompt the development of effective mosquito control strategies of high attention.
It has been also found that the rationale of most of all the studies has arisen from
the afore-mentioned concepts. What rests unknown is whether the bioactive
elements are allied with the insecticide emergence in Aedes aegypti. Therefore,
studies concerning the above-mentioned concepts with a particular interest in
plant-based products will gain uniqueness and novelty. All the earlier discussed
studies have indicated that the investigation on insecticide resistance with a

particular interest in its mechanism has significant impacts on mosquito control.

The production of free radicals has been shown to possess a significant role in
various metabolic processes. The excessive production of free radicals has
instigated several drastic effects such as damages in nucleic acids and proteins
including DNA damage, changes in enzyme concentration, and cell damage
(Sohal, Sohal, & Orr, 1995). Few studies have reported the role of free radicals in
insecticide resistance. However, studies concerning the production of free
radicals with a particular interest in the mode of action in the target insect are

scanty.
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The free radicals are produced as vital molecules in a wide variety of
physiological and pathological processes. The proliferation of cells, immunity,
cell signalling together with the differentiation of cells have recognized as the
significant concerns allied with the physiological as well as pathological processes
(Janssen-Heininger et al., 2008). The biological actions of free radicals are
primarily influenced by the capacity to receive or donate electrons from various
molecules, inducing a various set of processes linked with the regular activities of
cells. However, the increased levels of free radicals may instigate adverse effects
in various signalling pathways leading to oxidative stress (Jones, 2006). Hence,
the precise balance between the ROS-detoxifying reactions and ROS-generating
systems is vital for retaining the homeostasis in organisms. The present
investigation employed this loophole as a novel intervention to prevent the rapid
proliferation of Aedes aegypti mosquitoes by inducing bioactive elements that
prompted reactive oxygen species production. In addition to this, a concept on
studying the influence of microbiomes annihilation in arboviral disease
transmission with a particular interest in microbial consortia have been discussed
in this study. The main rationale to investigate the afore-mentioned concept in
Aedes aegypti mosquito larvae is the significant link between various
microorganisms and Aedes aegypti mosquitoes. For example, the microbial
consortia that reside inside the mosquitoes have been known to show a prominent
role in the mosquito life cycle by providing give-and-take multifarious
collaborations (Sharon, Segal, Zilber-Rosenberg, & Rosenberg, 2011). The
various microorganisms such as Bacillus subtilis, Proteus mirabilis,

Staphylococcus aureus, Klebsiella pneumonia, and Escherichia coli are known to
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exhibit host-parasite interaction with mosquitoes. The present investigation also
aimed to find out the probable mode of action of bioactive elements with
particular interest on the microbiomes annihilation in mosquitoes. One of the
major reasons for the microbe-based investigation is the larval stages of
mosquitoes strongly linked with the microbial consortia, and the life cycle of
larvae becomes damaged when the extermination of microbial consortia

happened.

There have been no investigations concerned with the qualitative and quantitative
changes of certain detoxifying enzymes such as alcohol dehydrogenase,
monooxygenases, and esterases towards the isolated bioactive elements from
Jasminum brevilobum, Aglaia edulis, and Pogostemon auricularius. Despite the
point that there exist several studies on the mode of action of synthetic
insecticides on the Aedes aegypti mosquito vectors, none of them have discussed
the mode of action of bioactive elements with special reference to the free radicals
radical formation and microbiome annihilation. The present objective is the first
attempt to investigate the qualitative and quantitative changes of certain
detoxifying enzymes such as esterases, dehydrogenases, and monooxygenases if
any, due to the effect of botanicals. Subsequently, the influence of the
extermination of microbial consortia and the excessive production of free radicals
was undertaken as a novel concept to enlighten the development of effective
mosquito control strategy. In order to accomplish these two additional concepts,
the present study has risen two concerns, 1) Evaluate the toxicity of isolated
bioactive elements such as CC7, PP4, and EE5 towards the microorganisms that

maintain a symbiotic link with Aedes aegypti mosquitoes; 2) evaluate the isolated
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compounds mediated free radicals formation in the Aedes aegypti mosquito

larvae.
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42. MATERIALS AND METHODS
4.2.1. Bioactive elements and other chemicals
As stated earlier, the three bioactive elements such as CC7 (Jatamansone), PP4 (3-
hydroxy-2,2,4-trimethylpentyl isobutyrate), and EE5 (2,2,4- Trimethyl-1,3-
pentanediol diisobutyrate) used in this objective were isolated from Jasminum
brevilobum, Pogostemon auricularius, and Aglaia edulis. All the other chemicals
employed for the executed experiments were purchased from Merck Co.

(Germany) (HPLC grade).

4.2.2. Mosquito colony

The Aedes aegypti colony was maintained as explained in chapter 1 (Page No0:88).

4.2.3. Qualitative enzyme assay

Qualitative analysis of changes in certain detoxifying enzymes such as esterases,
dehydrogenases and monooxygenases if any, due to the effect of isolated bioactive
elements such as CC7, EE5 and PP4 were investigated using PAGE. Aedes
aegypti fourth instar larvae were used for all executed experiments that are made
for determining the qualitative changes in enzymes induced by the isolated

bioactive elements.

4.2.3.1. Native gel electrophoresis

Native PAGE was done using a vertical slab. Gels having a size of 0.7 mm
thickness and teflon spacers were used. The separating gels for esterases were
prepared with 7.5% acrylamide, whereas the stacking gels for the same were

prepared with 5% acrylamide. For cytochrome P450 and G6PD, 4% stacking and
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5% separating gels were employed. The gel buffer for separating gels was
prepared using prepared with Tris (hydroxyl methyl aminomethane) with a pH of
8.8, while the pH was maintained at 6.8 for stacking gels. An eight-slot Teflon
comb was used to create the sample wells. The constant power supply was

provided during the experiment.

4.2.3.1a. Sample preparation and electrophoretic study

Aedes aegypti fourth instar larvae were homogenized in an eppendorf containing
25 pL of 40% (w/v) sucrose solution. The homogenized samples were then
centrifuged for 5 min at 2,400 rpm with a constant temperature of 4°C. For
G6PD, a mixture prepared using 20% sucrose and NADP (2mg/mL) together with
0.1 M Tris-HCI (pH 8.5) were used for homogenization. The samples were then
centrifuged for 5 min at 14,000 rpm. To respective wells, an equal volume of
supernatant was attentively loaded. The gels were initially run for 20-30 min at

40 V at room temperature. The electricity was then amplified to 65 V at 4° C.

4.2.3.1b. Tray buffer preparation for different enzymes

For cytochrome P450 and esterases, 0.3M Sodium borate buffer having a pH of
8.65 was used. To prepare sodium borate buffer, 0.24 g of NaOH and 18.55 g of
boric acid were dissolved in 100 mL of distilled water. The EDTA-borate buffer
having a pH of 9.0 was prepared using 66.4 mg NAD, 37.2 mg EDTA, Tris, and
53.8 mg Boric acid, with distilled water. The final volume was made up to 100

mL using distilled water.
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4.2.3.1c. a-esterase (-A)/p-esterase (Est-B)

The following solutions (i) and (ii) were thoroughly mixed and transferred to a

glass box containing the gel and kept for 20 min at 37°C for incubation.

I. In 1 mL of acetone, 25mg of o/f naphthol acetate was dissolved. To this
mixture, 0.5 mL of 0.1 M sodium phosphate buffer having a pH of 5.9 was
added.

ii. To2.5mL of 0.1 M phosphate buffer having a pH of 6.5, 25 mg of Fast Blue

RR salt was dissolved.

4.2.3.1d. Cytochrome p450

According to the method of Thomas, Ryan and Levin (1976), the gels were
incubated in TMBZ (, 3°, 5, 5’ tetramethyl benzidine) in methanol and sodium
acetate buffer at dark at room temperature for 2 hours. The 30 mM of Hydrogen

peroxide (H202) was added and the gel bands appeared in 5 min.

4.2.3.1e. Glucose 6-phosphate dehydrogenase (G6PD)

A method suggested by Bakay and Nyhan (1969) with slight modifications was

used to stain the Glucose 6-phosphate dehydrogenase (G6PD) bands.

i) 7.5 mg NBT, 25 mg MTT, 5 mL distilled water and 0.5 mg PMS were
dissolved in Tris-HCI buffer (0.1 M - pH 8.5);

i) 12.5 mg NADP, 250 uL MgCl2 (10% w/v), and 10 mg Glucose-6-phosphate
were dissolved 0.1 M Tris-HCI having pH of 8.5.

The above-mentioned solutions such as (i) and (ii) were thoroughly mixed and the

gels were immersed in the resulting solution. For incubation, the gels were kept

215|Page



for 2 hours at room temperature. The size and intensity of the gel remain steady

for a long time if it is stored at 4°C in 7% acetic acid.

4.2.3.1f. Fixation and zymogram plotting

After the formation of gel bands, the gels were fixed in glacial acetic acid (7%)
and the zymograms were generated to reveal the respective bands. The
commonest gel bands found in both the lines were marked as 1.00. Bands that
move faster were marked with the numbers greater than 1.00. Moreover, the
bands that move slowly were marked with decreasing order of numbers. The
number for each band was provided based on the distance travelled from the

wells.

4.2.4. Microplate assay for the quantitative estimation of enzymatic changes
induced by the isolated bioactive elements
The experiment was done as per the protocol suggested by Hemingway and

Karunaratne (1998), usually regarded as a plate assay method.

4.2.4.1. Preparation of sample solution

Thirty early fourth instar larvae of Aedes aegypti were homogenized as separate
samples in 200 pL of distilled water was taken in an eppendorf tube having 1.5
mL capacity. The tube was kept on ice. The prepared homogenate proceeded for
centrifugation at 5,000 rpm for 10 min. The temperature was maintained at 4°C
during centrifugation. About 20 pL supernatant from the sample solution was
transferred to another eppendorf tube. The final volume of the sample was then

made to 100 pL using 0.1 M potassium phosphate (KPO4) buffer having a pH of
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7.2. The above-mentioned procedure was repeated for the preparation of samples

for all the executed experiments.

4.2.4.2. Esterase assay

The mosquito homogenates (100 uL, CC7, EE5, and PP4 exposed) were loaded on
the wells of the microplate. To this, 100 uL of o/ naphthol acetate was added.
The o/B naphthol acetate (80 mL phosphate buffer plus 56 mg/20 mL acetone)
was first dissolved in acetone before the addition of phosphate buffer. After the
incubation (10 min) at room temperature, using a multichannel pipet, 100 pL
dianisidine -Fast Blue was added and kept at room temperature for 2 min. The
absorbance was read at 540 nm for R-naphthol and 620 nm for a-naphthol. The
optical densities recorded in this study were compared with those of known
concentration of a/B-naphthol, by plotting a standard curve. The activity of
esterases were registered with respect to the ‘nm’ of product formed/min/mg

protein.

4.2.4.3. Monooxygenase assay (Cytochrome P450)

Heme-peroxidase assay was used to measure the total quantity of heme-containing
protein. The reaction mixture of the respective wells contained 25 pL of hydrogen
peroxide (3%), 100 uL mosquito homogenates, and 200 uL of TMBZ (3,37, 5,5
tetramethyl benzidine). The TMBZ solution was prepared using 10 mg TMBZ, 5
mL methanol and 15 mL of 0.25M sodium acetate buffer having a pH of 5.0.
Then it is allowed to expose room temperature for 2 hours. and the optical density
was measured at 450 nm. The values correspond to absorbance were compared

with a standard curve.
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4.2.4.4. Glucose 6-phosphate dehydrogenase assay

The Glucose 6-phosphate dehydrogenase assay is carried out as per the protocol
suggested by Kumar, Thomas, and Pillai (1991) with slight modifications. Each
well of the plate contained a reaction mixture which is prepared using 200 pL of
reagent mixture and 100 pL of prepared mosquito homogenates. One mL of the
reagent mixture contained 400 pL of Tris-HCI (0.15 M) having a pH of 7.5,
3.8x10* M NADP, 500 pL of 0.03 M D-glucose 6-phosphate and 0.01 mL of 0.3
M MgCI2. The optical density was measured at 340 nm. Based on the coefficient
(6.22x10°) the quantity of NADP reduced was calculated.

4.2.4.5. Estimation of protein

The protein content of the CC7, EE5 and PP4 selected lines of Aedes aegypti was
estimated using the Lowry’s method.

i) Folin ceacalteu’s reagent: Equal volumes of distilled water and Folin
Ceacalteu’s reagent were mixed toughly and freshly at the time of the
experiment.

i) Lowry’s reagent: 2% Copper sulphate, 2% Sodium potassium tartarate, 4%
Sodium carbonate is dissolved in 1:1:98 ratio. 10 pL of the mosquito
homogenate was made up to a final volume of 1 mL using distilled water.
To this 5 mL of the reagent ii was added and kept for 15 min and then 0.5
mL of the (i) reagent was added. Kept the solution for 20-30 min and the
optical density was measured at 660 nm. A standard curve was prepared
using bovine serum albumin (BSA). The total protein content of the
respective samples were determined by inferring the optical density values

with the standard protein curve.
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4.2.5. Toxicity of isolated towards microbial consortia

The toxic effects of three bioactive elements such as CC7, PP4, and EE5 against
Bacillus subtilis (MTCC 441), Escherichia coli (MTCC 443), Klebsiella
pneumonia (MTCC 661), Proteus mirabilis (MTCC 442), and Staphylococcus
aureus (MTCC 3160) were analyzed based on the method prescribed by Wiegand
et al. (2008) and Bussmann et al. (2010). The different concentrations of each
bioactive elements were loaded on the wells prepared in the microbe plated agar
plates. Controls were maintained for all the executed experiments and the plates
were left for 15 to 18 hours in the incubator at 37°C. The zone of inhibition for
respective samples were measured. For positive control, Chloramphenicol was
used. The data gained have registered as a mean + standard deviation. Minimum
inhibitory concentrations (MIC) for all the bioactive elements towards the
microbial consortia were determined using the method suggested by Wiegand et

al. (2008).

4.2.6. Phytochemicals prompted free radical generation

The ability of the bioactive elements such as CC7, PP4, and EE5 to instigate the
excess production of reactive oxygen species results in cell damage and oxidative
stress was verified using the modified ammonium molybdate method suggested by
Prieto et al. (1999). Twenty Aedes aegypti fourth instar larvae which are treated
with the bioactive elements CC7, PP4 and EE5 were homogenized. The larvae
that are unexposed with the bioactive elements are considered as the control
group. The level of reactive oxygen species formed in the untreated and bioactive
elements exposed lines was determined by the method proposed by Prieto et al.

(1999) with slight modifications. The optical density of the test samples was read
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at 695 nm using Ultraviolet-visible spectroscopy. The morphological anomalies
(in the head, abdomen and anal gills region of Aedes aegypti) developed in
response to the continuous exposure of phytochemical prompted reactive oxygen
species in the Aedes aegypti larvae were verified using the Olympus CH -20i

Microscope connected to the canon digital camera.

4.2.7. Statistical analysis

Based on the mobility of various dehydrogenase and monooxygenases enzymes
including p450 from anode to cathode, the isozymes were designated as o-EST I,
[1, 11l and so on. The same strategy was implemented for -Esterases, P450 and
G6PD. T-test was employed to analyze the quantitative changes of selected
enzymes and protein level between the phytocompounds exposed strains and
susceptible lines of Aedes aegypti (P<0.05). The present objective used Bio
Image Advance Quantifier Version 4.3.8 by Bio image systems. Inc and image J

1.5.2 by National Institutes of Health, USA for PAGE analysis.
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43. RESULTS

4.3.1. Qualitative and quantitative analysis of detoxifying enzymes

The qualitative analysis of certain detoxifying enzymes such as glucose 6-
phosphate dehydrogenase (G6PD), a- esterases (A-est), B- esterases (B-est), and
cytochrome P450 using PAGE are given in Table 4.1 (Page No. 231). The
densitometric profile of the phytochemicals exposed strains of Aedes aegypti was
also provided in the Figs. 4.1-4.12 (Page No. 228-230). Each band in the
zymogram characterizes the product of the respective allele. The different alleles
of each detoxifying enzymes are characterized by providing a number

(superscript) for their abbreviated form.

The profile of a-esterase in CC7 selected lines revealed three bands such as o-
est!? a-est®®, and a-est®® (Fig. 4.1; Page No. 228). Similarly, the EE5 strain
(Fig. 4.5; Page No. 229) showed three bands such as a-est'?, o-est'®, and o-
est?93; while the PP4 strain (Fig. 4.9; Page No. 230) showed two bands such as a-
est'? and a-est %77, The CC7 strain showed three bands in p-esterase profile such
as B-est®8, p-est!, p-estt® (Fig. 4.2; Page No. 228). The EE5 (B-est®’®, B-est!?,
B-est1%%) and PP4 (B-est®® and B-est') lines also revealed three and two bands
respectively. The electromorph together with respective densitometric profiles of
Cytochrome P450 enzyme in the CC7, EE5, and PP4 selected lines of Aedes
aegypti are given in Figs. 4.4 (Page No. 228), 4.8 (Page No. 229), and 4.12 (Page
No. 230) respectively. However, no additional bands appeared in the

electromorph of CC7, EE5, and PP4 selected lines of Aedes aegypti indicating that
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the enzyme was found to be monomorphic. An extra allele in G6PD profiles was
noticed in the CC7 selected strains of Aedes aegypti. Fig. 4.7 (Page No. 229)
depicts the electromorph profile of the G6PD enzyme in the EE5 selected strains
of Aedes aegypti. The densitometric profiles of Fio strains of most of all the
selected lines revealed the appearance of the extra band as an additional peak in
the plot. The G6PD enzyme revealed an extra band in EE5 selected lines of Aedes
aegypti. For, G6PD only one additional band was observed in the PP4 selected

lines of Aedes aegypti (G6PD*?).

The quantitative analysis of detoxifying enzymes such as glucose 6-phosphate
dehydrogenase, cytochrome P450, a-esterases, and B-esterase in CC7, EE5, and
PP4 selected strains of Aedes aegypti are provided in Figs. 4.13-4.16 (Page No.
234-235). The experiments were done on the susceptible (F1) and the selected
(F10) generations of Aedes aegypti. Thirty, fourth instar larvae were used for each
of the executed experiments. The activity of the dehydrogenases and esterases (o-

est and B-est) are found to be increased in phytochemicals exposed lines of Aedes

aegypti.

The mean value of a-esterase activity in the susceptible strain of Aedes aegypti
was found to be 0.065+0.0308 nM of a-naphthol produced/min/mg protein while
it was 0.108+0.00642 nM in the Fio strain (CC7 exposed line) (Table 4.2; Page
No. 231). The fold increase value for the o-esterase activity in CC7 exposed
strains was 1.65 times more than that of the susceptible strain. The PP4 selected
strain showed o-esterase activity with a mean value of 0.028+ 0.00642 while its

susceptible line has shown 0.0176+ 0.0308 (Table 4.3; Page No. 232). The o-
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esterase activity for the PP4 selected strain was 1.60 times more than that of the
susceptible strain. Fig. 4.13 (Page No. 234) revealed the a-esterase activity of the
afore-mentioned strains (CC7, EES, and PP4 selected lines) of Aedes aegypti. The
a-esterase activity in the EE5 selected lines of Aedes aegypti was observed as
0.055+0.0015 while its susceptible line exhibited 0.033 £0.001 activity with a fold
increase of 1.68 (significant at 0.002; (P<0.05, t-25.70)) (Table 4.4; Page No.

233).

The mean value of B-esterase activity in the CC7 selected line was found to be
0.029+0.0005nM of B-naphthol produced/min/mg protein while the susceptible
line has exhibited 0.018+0.0005nM of B-naphthol produced/min/mg protein. The
B-esterase activity for the CC7 selected line was 1.61 (P<0.05-0.001; t-32.00)
more than that of the susceptible lines as given in Table 4.2 (Page No. 231). The
PP4 selected lines of Aedes aegypti in F° produced 0.73+0.0005 nM B-naphthol
produced/min/mg protein with a fold increase of 1.71 (P<0.05-0.001; t-34.77).
Similarly, the B-esterase activity for the EE5 selected line was found to be
0.067£0.0005 nM B-naphthol produced/min/mg protein. The B-esterase activity in
the EE5 selected line was 1.56 times greater than that of the susceptible strain

(P<0.05-0.003; t-18.25).

The mean value of G6PD activity in the CC7 selected strains of Aedes aegypti was
found to be 0.027+0.0005 nM NADP produced/ min/ mg protein with a fold
increase of 1.80. The values were statistically significant (P<0.05; 0.002, t-25.00).
The EES5 (0.061+0.001; (P<0.05; 0.003, t-17.67)) and PP4 (0.117+0.0008; P<0.05;

0.000, t-16.60) selected strains of Aedes aegypti has also produced G6PD activity.
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The G6PD activity in the EE5 and PP4 selected strains was 1.79 and 1.89 times

more than that of the susceptible lines respectively.

The mean value of Cytochrome P450 activity in the CC7selected strains of Aedes
aegypti was observed as 0.005+0.00047 with a fold increase of 1.77 (P<0.05;
0.015, t-8). The mean value for PP4 and EE5 selected strains of Aedes aegypti
have been provided in Table 4.3 and 4.4 (Page No. 232, 233). The Cytochrome
P450 activity in the EE5 and PP4 selected strains of Aedes aegypti were 1.81 and
1.80 times greater than that of the susceptible lines respectively. The a- esterase,
B esterase, G6PD, Cytochrome P450 activity CC7, EE5, and PP4 selected lines of

Aedes aegypti were provided in the Figs 4.13-4.16 (Page No. 234-235).

4.3.2. Extermination of microbial consortia

The toxic potential of the plant extracts (various extracts of Aglaia edulis,
Pogostemon auricularius, and Jasminum brevilobum) and isolated bioactive
elements against five bacterial species were assessed (Fig. 4.18; Page No. 240).
As reported in our published article, (A novel intervention on the inhibiting effects
of Catunaregam spinosa induced free radical formation and DNA damage in
Aedes aegypti (Diptera: Culicidae): a verdict for new perspectives on
microorganism targeted vector control approach, International Journal Of
Tropical Insect Science (2020), Springer, Singapore) all the isolated bioactive
elements and the plant extracts exhibited a prominent range of toxicity against
Proteus mirabilis and Staphylococcus aureus (MTCC 3160) with strong MIC
values (0.08-1.65 mg/mL). The water and acetone extracts of Jasminum

brevilobum, Aglaia edulis, and Pogostemon auricularius have showed strong
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toxicity against Bacillus subtilis (MTCC 441), Staphylococcus aureus (MTCC
3160), Klebsiella pneumonia (MTCC 661), Escherichia coli (MTCC 443) and P.

mirabilis (MTCC 442) (MIC- 0.08-1.06 mg/mL).

The various extracts prepared from the medicinal plants Jasminum brevilobum
and Pogostemon auricularius remarkably exhibited strong impeding activity
against tested microbial consortia (MIC 0.42-1.65 mg/mL). However, the
petroleum ether and methanol extracts of Jasminum brevilobum, Aglaia edulis,
and Pogostemon auricularius have comparatively shown a considerable range of

impeding activity against the tested bacterial species (MIC 0.4-1.65 mg/mL).

The toxic potential of the isolated bioactive elements was also verified with
special reference to the mode of action in Aedes aegypti fourth instar larvae and
the results were published in the article entitled “Exploring the mode of action of
isolated bioactive compounds by induced reactive oxygen species generation in
Aedes aegypti: a microbes based double-edged weapon to fight against Arboviral

diseases” [International Journal of Tropical Insect Science, Springer, Singapore].

Among the three isolated bioactive elements, the EE5 (2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate) showed strong toxicity against Staphylococcus aureus
with MIC value of 0.04 (Zone of inhibition: 20.42+1.598). The same compound
also exhibited strong toxic potential against Proteus mirabilis (MIC=0.14, Zone of
inhibition (19.95+£1.530) (Table 4.5-4.6; Page No. 236-238). The bioactive
element Jatamansone isolated from Jasminum brevilobum also showed strong
impeding activity against Escherichia coli (MIC=0.0765 mg/mL; Zone of

inhibition: 20.42+1.598) and Staphylococcus aureus (MIC=0.0565 mg/mL; Zone

225 | Page



of inhibition: 21.72+0.571). The bioactive element PP4 (3-hydroxy-2,2,4-
trimethylpentyl isobutyrate) isolated from Pogostemon auricularius verified

strong inhibiting potential together with effective MIC values (0.08-0.46).

In addition to this, the present study also verified the toxic potential of
Catunaegam spinosa seed extracts against the above-mentioned bacterial strains
(Table 4.7a-b (Page No. 239, 241); Fig. 4.19 (Page No. 241)). The results from
this investigation concerning the extermination of microbial consortia indicated
that the bioactive elements isolated from the three medicinal plants sustained great
toxic potential against the microbial consortia that reside inside the Aedes aegypti

mosquitoes.

4.3.3. Mode of action of cc7, ee5, and pp4 prompted reactive oxygen species
(ROS) in Aedes aegypti

This study assessed the bioactive elements induced ROS formation towards the
dengue fever vector Aedes aegypti (Table 4.8-4.9; Page No. 242, 245). The CC7,
EE5, and PP4 were considered as a double-edged weapon since the excessive
production of free radicals has instigated the oxidative stress in the target insect
(Fig. 4.20 (Page No. 242); Table 4.9 (Page No. 245)). The level of ROS
production in the water and acetone extracts of Aglaia edulis significantly
augmented than the control strains. The control groups possess a relatively low
level of ROS. The petroleum ether, methanol, acetone and water extracts of
Jasminum brevilobum, Pogostemon auricularius and Aglaia edulis were found to
produce a large amounts of ROS and this has drawn the concern to further analyze

the bioactive-element specific oxidative stress. The present study has verified that
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the three bioactive elements such as CC7 (Jatamansone), EE5 (2,2,4-Trimethyl-
1,3-pentanediol  diisobutyrate), and PP4 (3-hydroxy-2,2,4-trimethylpentyl
isobutyrate) exposure in Aedes aegypti resulted in excessive production of ROS
inside the larvae, that also appear to be interlinked with various physiological

processes.

In addition to this, the present study also inferred the novel insights of
Catunaragam spinosa induced reactive oxygen species formation and oxidative
stress with special emphasis on the mechanism of larvicidal action (Fig. 4.21
(Page No. 243); Table 4.10 (Page No. 245)). The afore-mentioned concepts can
be also recognized as a verdict for new perspectives since the study also discussed
the toxic potential of Catunaragam spinosa seed extracts towards the microbial
consortia in context with DNA damage (Table 4.7 (Page No. 239, 241); Fig. 4.22-

4.23 (Page No. 244)).
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Table 4.1. Different a, B- esterases, dehydrogenases and Cytochrome P450 in
CC7, PP4 and EES5 selected lines of Aedes aegypti population.

Table 4.2. Differential activity of four detoxifying enzymes in susceptible and
CC7 selected lines of Aedes aegypti

Sl E CC7 exposed PP4 exposed EES5 exposed
No. nzymes strains strains strains

1 a-EST | + + +

2 a-EST I + + +

3 a-EST 111 + + +

4 | B-ESTI + + +

5 | B-ESTI + + +

6 |B-ESTIIN + - +

7 |G6PDI + + +

8 | G6PDII + + +

9 P450 I + + +

Sl.
No.

Enzyme

Susceptible
Mean+SD

Selected
Mean+SD

‘t’
value

Fold
increase

Sig. (2-
tailed)

df

a-esterase®
nM-naphthol
produced/min/mg
protein

0.065+0.031

0.108+0.00642

2.26

1.65%

0.156

B-esterase®
nM-naphthol
produced/min/mg
protein

0.018+0.001

0.029+0.0005

32.00

1.612

0.001

G6PD°

nM NADP
produced/min/
mg protein

0.015+0.001

0.027+0.0005

25.00

1.80%

0.002

Cyt P450¢

nM Cyto.-C
produced/min/mg
protein

0.003+0.001

0.005+0.00047

8.00

1.772

0.015

5

Protein

0.170+0.200

0.36+0.200

16.454

2.1

0.004

*statistical significance (P < 0.05)

@ Difference is significant at 5% level (paired t-test); ® Activity stated as pg naphthol
produced/min/mg protein; ¢ Activity represented as pumoles/min/mg protein; “Activity

conveyed as equivalent units of cytochrome C
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Table 4.3. Differential activity of four detoxifying enzymes in susceptible and PP4 selected lines of Aedes aegypti

Sl Enzvme Susceptible Selected ‘t’ value Fold Sig. of
No. y Mean £SD Mean £SD increase | (2- tailed)
a-esterase® .
1 nM-naphthol produced/min/mg protein 0.0176x0.030 | 0.028+0.0064 12.09 1.60 0.007 2
B-esterase® a
2 nM-naphthol produced/min/mg protein 0.043+0.073 0.73+0.0005 34.77 1.71 0.001 2
3 | GOPD’ 0.061:0.0011 | 0.117+0.0008 | 1660 | 189 | 00000 | 2
nM NADP produced/min/mg protein R T ' ' '
d
4 | YIPASOIIM . 0.003£0.0008 | 0.006+0.00 | 8.00 1.80° 0.015 2
Cyto.-C produced/min/mg protein
5 Protein 0.1567+0.0058 | 0.3800+0.0100 | 33.50 2.42 0.001 2

*statistical significance (P < 0.05)

aDifference is significant at 5% level (paired t-test)
PActivity stated as pg naphthol produced/min/mg protein
°Activity represented as pmoles/min/mg protein
dActivity conveyed as equivalent units of cytochrome C.
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Table 4.4. Differential activity of four detoxifying enzymes in susceptible and EE5 selected lines of Aedes aegypti

Sl Enzvme Susceptible Selected “t* value Fold Sig. df
No. y Mean £SD Mean £SD increase (2-tailed)
a-esterase® .
1 nM -naphthol produced/min/mg protein 0.033 £0.001 | 0.055+0.0015 25.70 1.68 0.002 2
B-esterase® .
2 nM -naphthol produced/min/mg protein 0.043+0.0020 | 0.067 £0.0005 18.25 1.56 0.003 2
3 | GoPY . . 0.034 £0.0081 | 0.061+0.001 | 17.67 1.79° 0.003 2
nM NADP produced/ min/mg protein R e ' ' '
Cyt P450¢ .
4 nM Cyto.-C produced/min/ mg protein 0.005 £0.0004 | 0.009+0.0004 19.00 1.81 0.003 2
5 Protein 0.1133+0.0115 | 0.3333+£0.0351 6.08 2.9 0.026 2

*statistical significance (P < 0.05)

aDifference is significant at 5% level (paired t-test)

® Activity stated as pg naphthol produced/min/mg protein
¢ Activity represented as pmoles/min/mg protein
dActivity conveyed as equivalent units of cytochrome C
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Fig. 4.13. a-esterase activity in the CC7, EE5, and PP4 selected lines of Aedes
aegypti fourth instar larvae
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Fig. 4.14. B-esterase activity in the CC7, EES5, and PP4 selected lines of Aedes
aegypti fourth instar larvae
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Fig. 4.15. Glucose 6-phosphate dehydrogenase activity in the CC7, EE5, and PP4
selected lines of Aedes aegypti fourth instar larvae
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aegypti fourth instar larvae
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Table 4.5. Toxic effects of plant extracts and isolated compounds against microbial consortia. (Zone of inhibition measured in mm)

Zone of inhibition (mm)

Solvent used for Gram-positive Gram-Negative
Plant .
extraction
Staphylococcus aureus | Bacillus subtilis | Escherichia coli | Klebsiella pneumonia | Proteus mirabilis
Mean £SD Mean £SD Mean £SD Mean £SD Mean £SD

Acetone 20.04+1.440 18.00 £ 0.535 16.73+0.679 16.99+ 0.432 18.22 +0.997
k5
§ Water 18.42+0.212 17.56 £ 0.336 15.84+0.545 15.42+ 0.650 17.44 +0.887
©
z_‘; Methanol 14.32+0.156 16.56 £ 0.210 14.52+0.469 16.40+ 0.333 16.22 +0.998
<

Petroleum ether 12.25+0.351 13.41£0.210 10.16+0.548 15.07+£ 0.432 14.43 +0.564
= Acetone 17.41+0.364 17.74 £ 1.365 14.53+0.578 16.46+ 0.333 17.03 +0.350
3
% Water 14.40+0.169 15.60 £ 0.335 10.32+0.465 15.48+ 0.241 16.44 +0.560
o]
£
2 Methanol 11.62+0.374 13.42 £ 0.460 12.36+0.659 14.67+ 0.550 15.03 +0.833
=
s Petroleum ether 9.18+0.444 10.55 £ 0.865 12.44+0.643 13.57+0.420 14.00 % 0.660
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trimethylpentyl isobutyrate

2 | Acetone 15.00+0.555 17.56 + 0.433 16.37+0.769 16.68+ 0.222 16.38 +0.157
©
3
S | Water 12.10+0.250 13.02 + 0.137 14.30+0.580 13.00 0.100 1434 +0.336
c
= Methanol 10.7420.300 13.78 + 0.555 12.05+0.560 12.05+ 0.258 13.32 +0.025
I
(@)
S Petroleum ether 8.05+0.246 12.37 +0.778 10.22+0.464 10.462 0.466 13.04 +0.360
Isolated compounds
22 4-Trimethyl-1,3- 22.65+0.700 20.56 + 0.478 18.68+0.579 18.552+ 0.507 19.95 +1.530
pentanediol diisobutyrate
Jatamansone 21.72+0.571 19.55 + 0.689 20.42+1.598 19.75+ 0.458 20.03 +0.444
3-hydroxy-2,2,4- 17.91+0.456 18.55 + 0.100 18.59+0.760 17.98+ 0.123 1957 +0.268

*statistical significance (P < 0.05)
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Fig. 4.17 Changes in protein level in the CC7, EE5, and PP4 selected lines of
Aedes aegypti fourth instar larvae

Table 4.6. Minimum inhibitory concentrations of plant extracts and isolated
compounds against microbial consortia

Solvent used for

Minimum Inhibitory Concentration (In pg/mL)

Plant > Gram positive Gram Negative
extraction
Staphylococcus | Bacillus | Escherichia | Klebsiella Proteus
aureus subtilis coli pneumonia | mirabilis
Acetone 0.08 0.26 0.58 0.51 0.29
» | Water 0.29 0.60 0.58 0.61 0.33
=
§ Methanol 0.44 0.72 0.89 0.71 0.80
'©
& | Petroleum ether 1.03 0.91 1.26 0.66 0.92
Acetone 0.44 0.42 0.89 0.54 0.49
s E
S 3| Water 0.92 0.62 1.24 0.66 0.51
— O
e =
2 @ | Methanol 117 1.04 1.09 0.95 0.60
™ o
Petroleum ether 1.56 1.36 1.08 1.00 0.92
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Acetone

0.66

0.44

0.54

0.53

0.54

Water

1.03

1.02

0.94

1.06

0.96

Methanol

Pogostemon
auricularius

1.30

1.02

1.08

1.05

1.03

Petroleum ether

1.65

1.08

1.36

1.42

1.16

Isolated compounds

2,2,4-Trimethyl-1,3-
pentanediol
diisobutyrate

0.04

0.06

0.26

0.28

0.14

Jatamansone

0.05

0.15

0.07

0.14

0.09

3-hydroxy-2,2,4-
trimethylpentyl
isobutyrate

0.08

0.23

0.25

0.46

0.17

*Statistical significance (P < 0.05)
*The microdilution method was used for MIC determination. 3 biological replicates were
maintained for all executed experiments.

Table 4.7a. Determination of toxic effects of Catunaregam spinosa seed extracts

against microbial consortia at 50 pl. (Zone of inhibition measured in mm)

Catunaregam spinosaseed
S| (Zone of inhibition (mm)
NO. | oo cteria Sp. Type Petertcﬁllsrum Ethanol Acetone Water
Mean +SD Mean £SD Mean £SD Mean £SD
1 Stapgh’:rzﬁzccus Gram +ve | 9.02+0.462 | 13.56+0.224 | 12.01+1.24 | 19.25+0.430
2 Bacillus Gram +ve | 10202090 | 1/ 410338 | 15.5741.020 | 19.00+1.732
subtilis 0
3 ESChCeOrI'iCh'a Gram —ve 10'34010'82 0.87+0.240 | 13.45+1.34 | 15.83+0.886
g | Klebsiella ) o e | 0.66£0.678 | 109140543 | 12.01£0.210 | 17.6740.577
pneumonia
5 Proteus Gram —ve | Y0-67¥152 1 14 5410166 | 10.44+0.590 | 16.33+1.155
mirabilis 8

*statistical significance (P < 0.05)
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Fig. 4.18. Level of toxicity induced by the various extracts prepared from the medicinal plants Aglaia edulis, Pogostemon auricularius,

and Jasminum brevilobum against the microbial consortia
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Table 4.7b. Minimum inhibitory concentrations of Catunaregam spinosa seed
extracts of increasing polarity against tested bacteria

S| Soa}m?;i Staphylococcus ES;![“:JSS Escherichia | Klebsiella Proteus
NO‘ (Catunaregam aureus (In coli pneumonia | mirabilis
spinosa seed) (In pg/mL) ug/mL) (In pg/mL) | (In pg/mL) | (In pg/mL)
p | Petroleum ether 1.04 132 19 5.9 0.81
extract
2 | Ethanol extract 0.40 0.80 1.83 2.1 0.96
3 | Acetone extract 0.50 0.60 0.90 3.2 1.3
4 | Water extract 0. 07 0.08 0.88 3 0.73
*statistical significance (P < 0.05)
*MIC = minimum inhibitory concentration mg/mL.
O Petroleum ether
I} Ethanol
Acetone
207 20 O water

1077

-3

o

T
Bacilius subtilis
Escherichia coli

Bacteria

T T
I Kiebsiella pneumonia l Staphylococcus aureus
Proteus mirabilis

0

-~ =Interpolation Line

BIHOSUO0D [B1qOJIIWN SPJemo) AjdIX0 |

Fig. 4.19. Level of toxicity induced by the various extracts prepared from the
medicinal plant Catunaregam spinosa
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Fig. 4.20. Level of plant extracts prompted reactive oxygen species in the Aedes

aegypti fourth instar larvae

Table 4.8. Phytochemicals prompted reactive oxygen species in the Aedes aegypti

larvae
gl S;camplti/ S(;_Iventfut?]ed EStract Absorbance Mean + SD
or extraction of the 0se .
No. plant sample (ug/mL) | (ug/mL) | Aglaia edulis t;]zsvrinllonbuumm :822352232
125 0.006+0.004 | 0.005+0.002 | 0.006+0.000
1 Aedes aegypti 250 0.017+0.004 | 0.018+0.002 | 0.018+0.000
Larvae+Distilled water 500 0.023+0.004 | 0.023+0.000 | 0.020+0.000
1000 0.041+0.004 | 0.040+0.004 | 0.041+0.000
125 0.224+0.004 | 0.171+0.000 | 0.100+0.000
» | Acetone extract 250 0.395+0.006 | 0.265+0.000 | 0.221+0.002
500 0.459+0.004 | 0.366+0.000 | 0.299+0.004
1000 0.599+0.000 | 0.461+0.000 | 0.315+0.000
125 0.141+0.001 | 0.123+0.000 | 0.103 +0.000
3 | Water extract 250 0.296+0.000 | 0.198+0.002 | 0.200+0.000
500 0.378+0.000 | 0.247+0.002 | 0.299+0.000
1000 0.495+0.004 | 0.311+0.002 | 0.359+0.000
125 0.114+0.001 | 0.028+0.004 | 0.111+0.004
4 | Methanol extract 250 0.239+0.000 | 0.173+0.004 | 0.216+0.002
500 0.263+0.004 | 0.241+0.004 | 0.279+0.002
1000 0.311+0.002 | 0.290+0.004 | 0.363+0.002
125 0.111+0.002 | 0.099+0.000 | 0.147+0.000
Petroleum ether 250 0.212+0.002 | 0.134+0.000 | 0.194+0.000
S extract 500 0.259+0.016 | 0.199+0.000 | 0.267+0.000
1000 0.289+0.006 | 0.275+0.000 | 0.324+0.004

*statistical significance (P < 0.05)
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Fig. 4.21. Mechanism of larvicidal action.
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1.
(a) Morphological deformities induced by
Catunaregam spinosa (seed) water extract:

Head Thorax

Abdomen

(b) Untreated larvae: 1. Aedes acgyptilarvae, 2. Head, 3. Abdomen, 4. Anal gills

Fig. 4.22. Catunaregam spinosa seed extract induces histological modifications
on Aedes aegypti larvae fourth instar larvae. Light micrographs of head, thorax,
abdomen, and anal gills regions of Aedes aegypti fourth instar larvae (a) with
treatment and(b) without X40 magnification.

Lane 1 :1 kb DNA Ladder
Lane 2 : Untreated DNA
Lane 3 : Hydrogen peroxide treated DNA

Lane 4 : Catunaregam spinosa treated DNA

Fig. 4.23. Mechanism of larvicidal action in the Catunaregam spinosa seed
extract exposed Aedes aegypti in context with DNA damage
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Table 4.9. Mode of action of isolated bioactive compounds prompted reactive
oxygen species as oxidative stress in Aedes aegypti larvae

Dose Absorbance

SI. No. Compound (ug/mL) Mean + SD
125 0.005 = 0.000
1 Aedes aegypti Larvae + Distilled water 250 0.016 = 0.000
(nug/mL) 500 0.022 £+ 0.002
1000 0.040 + 0.000
EES5- 125 0.301 + 0.000
. . 250 0.400 £ 0.000
2 5iizs,gt—)'ll;g/r:]a(iéhyl—1,3—pentaned|ol 500 0.572 + 0.002
1000 0.600 + 0.000
125 0.203 £ 0.000
3 CCr7- 250 0.371 £ 0.004
Jatamansone 500 0.433 £ 0.000
1000 0.552 £ 0.006
PP4- 125 0.240 + 0.000
4 3-hydroxy-2,2,4-trimethylpentyl 250 0'256 f 0.002
isobutyrate 500 0.460 £ 0.006
1000 0.559 + 0.004

*statistical significance (P < 0.05)

Table 4.10. Mode of action of Catunaregam spinosa seed extracts prompted
reactive oxygen species in Aedes aegypti fourth instar larave

s No sample Extract Dose Absorbance
T (ng/mL) Mean = SD
125 0.013+0.006

1 Aedes aegypti Larvae + Distilled water 250 0.027+0.006
(ug/mL) 500 0.047+0.006

1000 0.067+0.006

125 0.063+0.005

2 Aedes aegyptiLarvae + Catunaregam 250 0.087+0.005
spinosa Acetone extract (ug/mL) 500 0.133+0.010

1000 0.287+0.005

125 0.123+0.006

3 Aedes aegyptiLarvae + Catunaregam 250 0.247+0.005
spinosa Water extract (ug/mL) 500 0.527+0.005

1000 0.693+0.006

125 0.017+£0.05

4 Aedes aegyptilLarvae + Catunaregam 250 0.024+0.002
spinosaEthanol extract (ug/mL) 500 0.037+0.002

1000 0.051+0.005

Aedes aegyptiLarvae + Catunaregam 125 0.041+0.002

5 spinosa Petroleum ether extract 250 0.042+0.002
(ne/mL) 500 0.056+0.016

HE 1000 0.077+0.006

*statistical significance (P < 0.05)
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4.4, DISCUSSION
From the moment that the first report regarding the emergence of insecticide
resistance in the mosquitoes during the 1950s came out, the scientific community
throughout the world has been focusing on ways to find out the mode of action of
insecticides with special emphasis on the emergence of resistance. Investigations
unveiling the mechanisms and mode of actions concerned with the resistance hold
significance by having been directed towards novel strategies against the
mosquitoes (Rai et al., 2019). It is significant to keep in mind that a large number
of investigations have been carried out previously to find out the insecticide
resistance mechanisms with special emphasis on the common classes of
insecticides. For instance, previous studies have reported the emergence of
resistance in mosquitoes towards the major synthetic insecticides such as
permethrin, DDT, malathion, and deltamethrin (Thanispong, Sathantriphop, &

Chareonviriyaphap, 2008).

The previous studies have provided evidence that the Aedes aegypti mosquito
vectors are resistant to several synthetic insecticides and none have piloted a study
on the bioactive elements isolated from the traditionally used medicinal plants
such as Aglaia edulis, Jasminum brevilobum, and Pogostemon auricularius with
special reference to the insecticide resistance, mode of action, microbial
extermination and phytochemical prompted reactive oxygen species. Moreover,
majority of the studies reported that the emergence of insecticide resistance at a

high level can severely hamper the effective mosquito control programmes during
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the arboviral disease outbreaks. Hence, analyzing the level of insecticide
resistance in Aedes aegypti mosquitoes is of paramount importance for effective
vector control programme during emergency situations like dengue and zika fever

outbreaks.

Based on the afore-mentioned aspects, the present study sets out to determine the
qualitative and quantitative analysis of certain detoxifying enzymes (esterases,
G6PD, and Cytochrome P450) towards the isolated bioactive elements CC7, PP4,
and EE5. In addition to this, the role of reactive oxygen species (bioactive
elements prompted ROS) in mosquito control with special emphasis on the
extermination of microbial consortia that resides inside the Aedes aegypti larvae

were discussed in this study.

The mechanism behind the resistance towards the bioactive compounds was
qualitatively analyzed by gel profiles while its quantitative analysis was
performed using biochemical assays. As stated in the results section, the gel
profiles of a-esterases, B-esterases, P450, and G6PD show differences in selected
(CC7, EE5 and PP4) and susceptibility strains in terms of the number of bands
and mobility. The additional bands are shown in the densitometric profiles of
respective strains as additional peaks. A similar pattern was observed in previous

studies by (Jagadeshwaran & Vijayan, 2009).

Poly Acrylamide Gel Electrophoresis is an effective technique in revealing the
mechanism behind the emergence of insecticide resistance as any change in the
pattern of enzymes can be recognized as being directly influenced by the gene

function (Hemingway & Karunaratne, 1998; Jagadeshwaran & Vijayan, 2009).
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The a-esterase profile of CC7 and EE5 selected strains of Aedes aegypti in Fio
generation shows 3 bands as compared to three in the susceptible strain. A similar
pattern was observed in the EE5 and PP4 selected strains of Aedes aegypti in Fio
generation. The PP4 selected strains of Aedes aegypti has also shown an extra
band in the Fio generation compared to susceptible strains. Likewise, Ganesh,
Vijayan, Urmila, Gopalan and Prakash (2002) reported that the deltamethrin
selected lines of Anopheles stephensi revealed 3 bands for o-esterases. Aside
from the number of bands and the nature of the insecticide, the afore-mentioned
results are similar to those reported in the other mosquito species, Anopheles

stephensi (Hariprasad & Shetty, 2016).

The B-esterase profile of CC7 and EE5 have revealed three bands as reported in
Anopheles stephensi by (Ganesh et al., 2002). However, the densitometric
profiles of B-esterase reported in this study have shown variations as compared to
the profile reported by them. One explanation for this condition could be the
nature of insecticide since the present study used bioactive elements isolated from

traditionally used medicinal plants rather than synthetic insecticides.

The G6PD profiles of CC7, EE5, and PP4 selected strains of Aedes aegypti in Fio
shows additional bands as compared to susceptible strains. This is supported by
another study in Anopheles stephensi, Culex quinquefasciatus and Aedes aegypti
by Kumar et al. (1991). The present study also validated that the CYTP450 is
monomorphic as studied by Suwanchaichinda and Brattsten (2002) in Aedes
albopictus strains. The CYTP450 (monooxygenases) is primarily known for their

active participation in the metabolic system concerning the anabolism and
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catabolism of endogenous compounds and xenobiotics. In addition, the
monooxygenase linked detoxification is primarily recognized as an important
mechanism that is responsible for the emergence of insecticide resistance in

mosquitoes (Scott, 1999).

The previous studies reported that the oxidation arbitrated by monooxygenase
enzymes is recognized as the significant pathway responsible for the
detoxification of toxic elements in insects. All the afore-mentioned studies have
validated that the CYTP450s are an important metabolic system observed in all
insects. They need NADP as a cofactor to involve various metabolic processes
and the NADP was usually generated by G6PD. Therefore, an upsurge in the
level of the afore-mentioned monooxygenases and dehydrogenases is considered
as a significant factor in insecticide resistance emergence as opined by previous
reports. In addition to this, due to the drawbacks linked with the quantitative
determination of monohydogenases and dehydrogenases using conventional
strategies, the spectrophotometric coupled with microtitre plate assay has gained
importance for the quantitative determination of detoxifying enzymes in
mosquitoes. Previous studies have validated the accuracy of enzyme assay
techniques in determining the quantitative estimation of monooxygenases,
dehydrogenases, and esterases (a-esterases and B-esterases) with special reference
to the emergence of resistance against common classes of synthetic insecticides as

discussed earlier.

The enzyme assay techniques turn into apparent that it can hold accuracy of

results. In addition to this, due to the drawbacks linked with the quantitative
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determination of monohydogenases and dehydrogenases using conventional
strategies, the spectrophotometric coupled with microtitre plate assay has gained
importance for the quantitative determination of detoxifying enzymes in
mosquitoes. This has enhanced the significance of the quantitative analysis of
esterases (a-esterases and f-esterases) CYTP450 and G6PD in the CC7, PP4 and

EES selected lines of Aedes aegypti mosquitoes in the present study.

The results from the present investigation regarding the quantitative analysis of
detoxifying enzymes such as a-esterases, [-esterases, cytochrome P450, and
G6PD upon statistical analysis (P < 0.05) revealed a significant level of activities
in CC7, EE5 and PP4 selected strains of Aedes aegypti. This has revealed the fear
that the continuous exposure of insecticides may lead to the emergence of
resistance in Aedes aegypti at a moderate level as discussed in the previous
objective. The results from this investigation are in pact with the previously
published reports concerning the insecticide resistance in synthetic insecticides
(Chakravorthy & Kalyanasundaram, 1992). However, the level of insecticide
resistance that emerged in this study against the bioactive elements is relatively
lower than that of the synthetic insecticides. For instance, the pyrethroid exposed
strain of Anopheles stephensi exhibited a fold increase of 182 to permethrin
(Enayati et al., 2003). In line with their results, a study from China revealed that
12 generations of deltamethrin selected strains of Anopheles stephensi showed 190
fold increase (Ranson et al., 2000). Similar results were also reported by (Kumar
et al., 2004). Similarly, the continuous exposure of deltamethrin in Aedes aegypti
for 40 generations showed 703 fold resistance. According to previous studies, a-

esterases and [-esterases are tremendously important in emerging insecticide
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resistance (organophosphates). For instance, the elevated level of
carboxylesterases in mosquitoes is allied with the emergence of resistance against
various common synthetic insecticides such as temephos, malathion, permethrin,

lambdacyhalothrin, deltamethrin, and DDT (Rai et al., 2019).

The hydrolysis of certain toxic compounds (pyrethroids and other insecticides) is
alleged to act as a reason for emerging resistance in mosquitoes (Vulule et al.,
1999). Besides this, previous studies have reported a high level of fold increase
for esterases activity. Further support for the afore-mentioned statement is
provided by Macoris et al. (2003) and Gokhale, Jacob and Mourya (2000).
According to them, the esterase activity in DDT selected Aedes aegypti strains
was 3-4 times more than that of the susceptible lines. In accordance with their
results, the present study has reported a low level of a-esterases activity for CC7,
EE5 and PP4 selected strains with low fold increase values ranging from 1.56 to
1.71. The values were significant at P<0.05. The fold increase value for the a-
esterase activity in CC7 exposed strains was 1.65 times more than that of the
susceptible strains. The EE5 selected strain also possessed a-esterase activity
with a fold increase of 1.68. Similarly, the PP4 selected strain was known to

produce a-esterase activity with a fold increase of 1.60.

The influence of B-esterase activity in insecticide resistance in various mosquito
vectors has been reported previously by (Liu, Xu, Zhang, & Liu, 2005). In
accordance with their results, several studies have verified the link between the
emergence of insecticide resistance and B-esterase activity (Ganesh et al., 2002;

Vulule et al., 1999). In addition to this, Rai et al. (2019) have reported that the
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elevated level of carboxylesterases in mosquitoes is allied with the emergence of
resistance against various common synthetic insecticides such as temephos,
malathion, permethrin, lambdacyhalothrin, deltamethrin, and DDT (Rai et al.,
2019). A study by Poupardin et al. (2012) reported that the level of p-esterase
activity was dramatically increased in the field populations of Anopheles
stephensi. Similarly, the present study has reported the moderate level of (-
esterase activity. Among the three strains investigated, the CC7 selected lines of
Aedes aegypti showed a relatively low level of B-esterase activity with a fold
increase value of 1.65. However, while comparing the level of B-esterase activity
towards the synthetic insecticides, it was observed that the level of p-esterase
activity induced by the EE5 (Fold increase - 1.56) and PP4 (Fold increase - 1.71)
bioactive elements was frail.  The values were significant at P<0.05.
Conclusively, the data regarding the o-esterase and B-esterase activity supported
by the afore-mentioned studies clearly analysed the influence of enzymatic
metabolism in emerging moderate levels of resistance against the bioactive

elements in CC7, PP4, and EES5 selected lines of Aedes aegypti.

The monooxygenases have long been of special interest since they are vital for the
detoxification of drugs, chemical carcinogens, plant toxins, mutagens, and
pesticides. They are also known to involve in the metabolization of several
endogenous elements such as steroids, fatty acids, and hormones. A prominent
characteristic feature of P450s allied with the detoxification of pesticides and
other elements is the increase in the level of cytochrome P450 activity by the
increased expression of CYTP450 genes in target organisms, which has drawn

the emergence of resistance to insecticides (Marcombe et al., 2012).
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The following previous studies have reported the role of CYTP450s in insecticide
resistance emergence towards Permethrinand deltamethrin in Aedes aegypti
populations; (Marcombe et al., 2012; Marcombe et al., 2009; Poupardin et al.,
2012; Strode et al., 2008). Similarly there exists several studies concerning the
role of Cytochrome P450s in insecticide resistance emergence towards various
insecticides including DDT, deltamethrin, and permethrin in Anopheles spp.,
Culex sp. (Awolola et al., 2009; David et al., 2005; Djouaka et al., 2008; Liu, Li,
Reid, Yang, & Zhang, 2011; Mueller et al., 2008; Stevenson et al., 2011; Vontas
et al., 2005). In accordance with their results, previous studies have validated the
role of P450s in detoxifying various synthetic insecticide like permethrin as
important primary enzymes conferring resistance in mosquito vectors (Liu et al.,
2005; Xu, Liu, Zhang, & Liu, 2005). The present study also reported the
monooxygenase activity in three selected lines of Aedes aegypti with fold increase
values ranging from 1.70 to 1.81. The values were significant at P<0.05. In
context with the earlier discussed studies, the afore-mentioned findings suggest
that the monooxygenases have a prominent role in the emergence of insecticide
resistance. However, the comparison of the level of monooxygenases activity
towards the previously published reports on synthetic insecticides has revealed
that the bioactive elements are safer than that of the synthetic ones owing to their

low level of capacity to develop resistance in Aedes aegypti mosquitoes.

The previous studies have made attempts to correlate the potential of certain
detoxifying enzymes including glucose-6-phosphate dehydrogenase (G6PD) with
the emergence of insecticide resistance in mosquito vectors. The quantitative

estimation revealed that the CC7, EE5, and PP4 selected strains of Aedes aegypti
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have revealed G6PD activity with a fold increase ranging from 1.79-1.89. The
values were significant at P<0.05. In addition to this, the present study also
determined the total protein content of the CC7, EE5 and PP4 selected strains of
Aedes aegypti with a fold increase ranging from 2.1 to 2.9 (P < 0.05) (Fig. 4.17,
Page No. 238). Previous laboratory studies have reported the link between the
emergence of insecticide resistance and G6PD (Ganesh et al., 2002; Kumar et al.,
1991). In comparison with their results, the present study has reported a reduced
chance of emerging insecticide resistance in Aedes aegypti as verified in the
previous objective. One of the major explanations for the reduced level of
emerging insecticide resistance is the low level of esterase, G6PD and PP4
activity instigated by the bioactive elements CC7, EE5, and PP4. The afore-
mentioned facts imply that all the bioactive elements used in this study can be
used for effective mosquito control since they reduce the risk of emerging
insecticide resistance in Aedes aegypti mosquitoes than that of synthetic
insecticides. The increasing resistance ratio (RR) from the parent generation to
F10 generation has indicated that there exists a prominent role of natural selection

in exposed strains of Aedes aegypti.

The results from this objective also revealed that the phytochemical constituents
retrieved from traditionally used medicinal plants are biodegradable, eco-
attractive and reputed to have effective toxic potential towards the various
mosquito vectors. Previous studies have supported these facts; and due to this
reason, several medicinal plants and insecticides of botanical origin have been
principally used for mosquito vector control. Due to the presence of several

phytochemicals constituents like phenolic compounds, alkaloids, organic acids
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and flavonoids, the insecticides of botanical origin and their significant role in
producing the excessive level of reactive oxygen species, the medicinal plants
have taken a prominent role in the area where the humans are threatened by

arthropod-borne diseases (Anoopkumar, Aneesh, & Sudhikumar, 2020).

The plant extracts induced reactive oxygen species have been principally known
for their significance to initiate important processes that make the reactive oxygen
species as stable. The plant phytochemical constituents have been principally
known for their significance to initiate important processes that make the reactive
oxygen species as stable. The initiated reactions have made a disparity between
ROS and various defense processes thereby leading to abnormalities in amino
acids, proteins, cell constituents, and eventually causing oxidative stress and
death. In this study, the the researcher has chosen this loophole to generate an

excessive amount of free radicals inside the Aedes aegypti fourth instar larvae.

The present objective has verified that the various extracts and compounds
retrieved from the three medicinal plants have produced a high level of reactive
oxygen species in the target organism, specifically in the Aedes aegypti fourth
instar larvae. It is significant to keep in mind that the mode of action of
phytochemicals induced reactive oxygen species with special reference to the

mosquito control is scanty in the present scenario.

The present objective revealed that one of the probable reasons for the death of
Aedes aegypti fourth-instar larvae towards the continuous exposure of
phytochemicals is the excessive production of ROS instigated by bioactive

elements isolated from the three medicinal plants such as Jasminum brevilobum,
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Pogostemon auricularius, and Aglaia edulis. In specific, the elevated level of free
radicals induced by the CC7, EES5, and PP4 has recognized as the probable mode
of action in the target insect, Aedes aegypti fourth instar larvae. In agreement with
the findings of this study, Oliveira et al. (2017) reported that the excess production
of free radicals might interrupt several signalling pathways that lead to p53-

dependent apoptosis along with deformities in numerous physiological activities.

The augmented production of free radicals may also instigate damages to nucleic
acids and proteins including the cell organelles thereby leading to the death of
Aedes aegypti mosquito larvae (Anoopkumar et al., 2020; Kodrik, Bednatova,
Zemanovda, & Krishnan, 2015). In view of the afore-mentioned fact, this study
assumed that the excess production of ROS by the bioactive elements (CC7, EE5,
and PP4) and various extracts prepared from Jasminum brevilobum, Aglaia edulis,
and Pogostemon auricularius would be responsible for larval death. Additionally,
this study has verified the potential of various extracts of Catunaregam spinosa
seeds to generate an excessive amount of free radicals in the Aedes aegypti fourth
instar larvae. Based on the earlier reported and discussed findings, the researcher
has assumed that the excessive production of free radicals induced by the various
extracts of Catunaregam spinosa could be recognized as one of the prominent

reasons behind the death of Aedes aegypti fourth instar larvae.

The structural damages in the Aedes aegypti mosquito larvae instigated by the
continuous exposure of phytochemical constituents in Catunregam spinosa have
been analyzed using the microscopic examination. The severe damages in the

head, abdomen, and thorax as photographed in Fig. 4.22 (Page No. 244) indicated
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that the free radicals have a significant role in inducing damages in cells and

tissues.

After the analysis of the role of ROS in the mode of action of the phytochemical
constituents, the present investigation has invented the influence of the
extermination of microbial consortia in mosquito control. The significance of
microorganism-based techniques to analyze their profits to humans has intensely
augmented in the present research. Important efforts have been made to find out
the link between microorganisms and mosquito vectors in recent epochs. A recent
report revealed that Aedes aegypti species failed to complete their life cycle
without the presence of microorganisms in their body during their larval stage
(Valzania, Coon, Vogel, Brown, & Strand, 2018a; Valzania et al., 2018b).
According to their inference, the insects have maintained a proper give-and-take
multifarious link with microorganisms; this interaction has offered many
advantages for the insect host. One of the major beneficial impacts that the host
has received from the microbial consortia is the sufficient amount of nutrients.
The microbial consortia also help the host to provide resistance against pathogens
and parasitoids (Valzania et al., 2018b). They also mentioned that the reason
behind the death of Aedes aegypti larvae is the interrupted bacteria-induced
hypoxia signal. The microbial consortia that reside inside the Aedes aegypti
larvae produce a signal which is important to activate the hypoxia-induced
transcription factors that are allied with the growth-related activities of larvae.
Here this study chooses this loophole as an effective way to prevent the life cycle
stages of Aedes aegypti since many of the phytochemical constituents including

CC7, EE5 and PP4 are known to exhibit potent toxicity against microorganisms.
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The prevention of hypoxia-induced transcription factors can be accomplished
through the destruction of microbial consortia that reside in the Aedes aegypti
larvae. The present study validated that the extermination of Klebsiella
pneumonia, Staphylococcus aureus, Proteus mirabilis, Escherichia coli, and
Bacillus subtilis by the direct administration of various extracts and purified
compounds. In which Klebsiella pneumonia, Staphylococcus aureus, Bacillus sp,
and Escherichia coli exist in the Aedes aegypti are previously reported for their
host-parasite interaction. These microorganisms also provide essential growth
factors and most of the microbial consortia can modulate the vectorial capacity
and vector immunity (Azambuja, Garcia, & Ratcliffe, 2005; Yadav et al., 2015).
In context with the previous findings, the present study assumed that the
extermination of microbial consortia are regarded as one of the probable reasons
for the death of Aedes aegypti larvae. Therefore, the results of this investigation
suggest that all the isolated compounds (CC7 -Jatamansone; EE5 -2,2,4-
Trimethyl-1,3-pentanediol diisobutyrateand; PP4-3-hydroxy-2,2,4-trimethylpentyl
isobutyrate) can be used to eliminate the microbial consortia that reside inside the
Aedes aegypti thereby providing an intervention into the microbe based mosquito

control strategy.
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45. SUMMARY
The scientific research concerning the natural control approaches for mosquito
control in context with the mode of action of bioactive elements, insecticide
resistance, and evolutionary perspectives in Aedes aegypti would be helpful for
designing the efficient vector control protocols. Early detection of emerging
insecticide resistance is a key factor for the sustainable management of mosquito
control. The insecticide resistance in mosquitoes is mainly linked with metabolic
resistance and target site modifications. The latter one befalls through the
augmented bio-degradation of toxic elements like insecticides, typically through
the excessive production of certain detoxifying enzymes such as dehydrogenases,
monooxygenases, esterases, cytochrome P450s and glucose-6-phosphate

dehydrogenase.

The resistance to some of the commonly used insecticides is a major evolutionary
consequence that happens through natural selection. The emergence of resistance
against active and frequently used mosquito controlling products is an
environmental aspect since the mutation and enzymatic changes in Aedes aegypti
mosquitoes allow them to persist against synthetic products. Moreover, the trait
responsible for the insecticide resistance has been transferred from one generation
to the next generation and thereby forms a new strain of mosquito vector with
increased insecticide resistance capacity (Fi-Fio generation) than the parent strain

as described in this chapter.
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Any damage in the DNA of mosquitoes may also cause many alterations in certain
encoded proteins thereby instigating the inhibition of protein production. The
strand breakage, deoxyribose oxidation followed by nucleotide removal may also
develop severe abnormal processes that lead to oxidative stress which is
elaborately discussed in our published work entitled “A Novel Intervention on the
Inhibiting Effects of Catunaregam spinosa Induced Free Radical Formation and
DNA Damage in Aedes aegypti (Diptera: Culicidae): A Verdict for New
Perspectives on Microorganism Targeted Vector Control Approach”, in the

“International Journal of Tropical Insect Science, Springer, Singapore”.

The overexpression of concerned genes has been reported in association with the
emergence of insecticide resistance in many mosquitoes. Previous studies have
reported the emergence of insecticide resistance in mosquito vectors with special
reference to the influence of detoxifying enzymes. However, none have piloted a
study concerning the emergence of resistance towards phytochemical constituents
with special implications on the free radicals production, extermination of

microbial inhabitants, evolutionary perspectives and natural selection.

The first approach to this investigation was to qualitatively estimate the presence
of certain detoxifying enzymes such as a-esterases, B-esterases, G6PD, and
cytochrome P450s in CC7 (Jatamansone), EE5 (2,2,4-Trimethyl-1,3-
pentanedioldiisobutyrate) and PP4 (3-hydroxy-2,2,4-trimethylpentyl isobutyrate)
selected strains of Aedes aegypti fourth star larvae. The qualitative analysis of the
selected strains was accomplished using PAGE. It revealed that the profile of a-

esterase, [P-esterase, G6PD and cytochrome P450s profile of phytochemicals
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selected strains showed specific bands. The electromorph along with the
respective densitometric profiles of CC7, EE5, and PP4 selected strains revealed
that the cytochrome P450 was monomorphic. The quantitative estimation of the
above said enzymes were performed using microplate assay. The mean value of
a-esterase, p-esterases, G6PD, and cytochrome P450s activity was recognized to
be statistically significant. A comparison of the level of a-esterases, B-esterases,
G6PD, and P450s of the afore-mentioned strains with the previously published
reports concerning the synthetic insecticides and resistance in mosquitoes revealed

that the bioactive elements are safer than that of synthetic insecticides.

The results suggest that the investigated plant products have instigated less level
of insecticide resistance in the Aedes aegypti mosquitoes, while the synthetic

insecticides develop an extreme level of insecticide resistance in the target insect.

Moreover, this investigation has also unveiled the fact that resistance ratio of
Aedes aegypti has been increased from Fi-Fio generation indicating the concern
that the trait which was responsible for insecticide resistance has been transferred
from parent strain to exposed strains through natural selection, and this has

illustrated the evolutionary significance of this study.

In addition to this, the present study has explored the mode of action of the
bioactive elements CC7 (Jatamansone), PP4 (3-hydroxy-2,2,4- trimethylpentyl
isobutyrate) and EE5 (2,2,4-Trimethyl-1,3-pentanediol diisobutyrate) with special
reference to the formation of reactive oxygen species and extermination of
microbial consortia. The afore-mentioned perspective has been clearly discussed

in our article entitled “Exploring the Mode of Action of Isolated Bioactive

261 |Page



Compounds by Induced Reactive Oxygen Species Generation in Aedes aegypti: A
Microbes-based Double-edged Weapon to Fight against Arboviral Diseases”
published in the “International Journal of Tropical Insect Science, Springer,

Singapore”.

The three isolated compounds from the present study have prominently generated
excessive amounts of free radicals inside the treated Aedes aegypti larvae thereby
causing an imbalance in homeostasis. In context with the afore-mentioned aspects
and due to the low level of esterases and dehydrogenases activity, the bioactive
elements such as CC7 (Jatamansone), EE5 (2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate) and PP4 (3-hydroxy-2,2,4-trimethylpentyl isobutyrate) can be
recognized as effective raw materials for the preparation of natural insecticide
against Aedes aegypti mosquitoes in future. These findings recommend that the
use of bioactive elements for mosquito control is likely to be a vital factor
governing the prevention of rapid proliferation of mosquito-borne diseases. The
evolutionary perspective that emerged in this investigation could be considered as
a base for future studies concerning the influence of natural selection and

evolution in mosquito-borne disease eradication.
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GENERAL SUMMARY

263 | Page



GENERAL SUMMARY

Mosquito control is a daunting problem confronted by both the research
community and the public health experts all over the world. Aedes aegypti is
recognized as an important vector of several arboviruses which are responsible for
the transmission of various deadly diseases such as dengue, Zika, chikungunya
and yellow fever. Among them, dengue is considered as one of the most widely

spread arbo-viral disease; prevalent in more than 100 nations all over the world.

The DENV (I-V) in humans instigates a broad spectrum of symptoms ranging
from mild illness to fatal cases of hemorrhagic fever. In tropical and sub-tropical
provinces of the world where the infection is severely prevalent, the dengue
becomes hyper-endemic, resulting in foremost public health issues. In the
absence of effective vaccine against the dengue infection, it is necessary that the
rapid proliferation of dengue vector Aedes aegypti should be prevented. it is
prominent that the research community act against the illnesses and the threat of
local transmission in an efficient way by ensuing mosquito control, principally by
using natural insecticides to prevent the proliferation of Aedes aegypti mosquitoes.
Moreover, there exists a paucity of understanding regarding the evolutionary
aspects of insecticide resistance in Aedes aegypti and the topics on the mode of
action and natural selection based on the afore-mentioned concepts remain a

considerable focus of this investigation.

Finding new aspects of natural insecticides development and the mode of action

will definitely assist reducing the chance of resistance in mosquitoes, which is a
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growing problem in mosquito control. The frequent and routine use of synthetic
insecticides or the chance of developing insecticide resistance should be reduced
to prevent the threat to public health. In fact, the development of insecticide
resistance from parent strain to exposed strains (F1-Fio generation) as described in
the fourth chapter is an evolutionary phenomenon that happens through natural

selection and mutation in Aedes aegypti mosquitoes.

The present investigation was carried out using fifty traditionally used medicinal
plants against Aedes aegypti mosquitoes. Most of all the medicinal plants
exhibited potent larvicidal efficacy. Among them, 21 plants exhibit more than
41% of toxicity, 4 plants show 31-40 of toxicity and 8 plants show 20-30% of
mortality. The medicinal plants such as Euphorbia thymifolia, Catunaregam
spinosa, Cardiospermum halicacabum, Persicaria hydropiper, Ageratum
conyzoides, Glycosmis pentaphylla, Plectranthus hadiensis, Asclepias
curassavica, Mimosa pudica, Toddalia asiatica, Scoparia dulcis, Jasminum
brevilobum, Aglaia edulis, and Pogostemon auricularius exhibited maximum

range of larvicidal potential against Aedes aegypti fourth instar larvae.

Despite the fact that there exist several investigations on the larvicidal potential of
plants with mosquito vectors, only a few studies have reported the isolation and
identification of bioactive elements against Aedes aegypti mosquitoes. The
present study described the isolation and characterization of three bioactive
elements such as “2,2,4-Trimethyl-1,3-pentanediol diisobutyrate” (from Aglaia
edulis), “Jatamansone” (from Jasminum brevilobum), “3-hydroxy-2,2,4-

trimethylpentyl isobutyrate” (from Pogostemon auricularius). All the bioactive
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fractions had reported prominent range of larvicidal efficacy. The EE5 (2,2,4-
Trimethyl-1,3-pentanediol diisobutyrate) isolated from Aglaia edulis showed most
effective larvicidal efficacy against Aedes aegypti fourth instar larvae with LC50
value of 1.724 (0.834-2.479) mg/l. The results gathered from the second chapter
have recommended that the plant-based products for mosquito control would

mitigate the threat to humans.

Further investigations with reference to the susceptibility status of isolated
bioactive elements should be studied to find out the chance of emerging resistance
in the Fi-Fio generations of phytochemical exposed strains of Aedes aegypti
mosquitoes. Analysing the chance of emerging resistance towards insecticides is
paramount in public health emergencies. Therefore, the third chapter has
evaluated the susceptibility status of 4™ instar larvae of Aedes aegypti towards the
plant isolates by employing the standard larval bioassay procedure prescribed by
WHO. This chapter has reported that all the Aedes aegypti strains were
moderately resistant to the isolated bioactive elements (CC7 — Jatamansone; EE5 -
2,2,4-Trimethyl-1,3-pentanediol diisobutyrateand; and PP4 - 3-hydroxy-2,2,4-
trimethylpentyl isobutyrate), exposing the importance of phytochemical
constituents in mosquito control. All the experiments showed lower resistance
ratio (RR) towards higher concentrations of CC7, EE5, and PP4 that makes the

study unique and specific.

According to the literature, none have piloted a study on the mode of action and
mechanism behind the emergence of a moderate level of resistance with special

reference to the microbial consortia, natural selection and evolution.
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Therefore the afore-mentioned concept has been investigated in the final chapter
with special reference to the qualitative and quantitative changes of certain
detoxifying enzymes such as esterases, dehydrogenases, and monooxygenases if
any, due to the effect of botanicals. A comparison of the level of a-esterases, -
esterases, G6PD, and P450s of the phytochemical selected strains against the
previously published reports concerning the synthetic insecticides and resistance
in mosquitoes verified that botanical products are safer than that of synthetic
insecticides. The isolated bioactive elements in this study prominently instigated
the production of Reactive Oxygen Species in the target insect Aedes aegypti
larvae, thereby resulting imbalance in homeostasis. The increase in the Resistance
Ratio (RR) for phytochemicals exposed strains from Fi-Fio generation illustrates

the role of natural selection in insecticide resistance emergence.

The final chapter has also explored the role of the extermination of microbial
consortia and natural selection in mosquito control in context with DNA damage
as explained in our published article entitled as “A Novel Intervention on the
Inhibiting Effects of Catunaregam spinosa Induced Free Radical Formation and
DNA Damage in Aedes aegypti (Diptera: Culicidae): A Verdict for New
Perspectives on Microorganism Targeted Vector Control Approach”, in
“International Journal of Tropical Insect Science, Springer, Singapore”. The
importance of microorganism-based techniques to explore their benefits to
humans has intensely been augmented in the final chapter. All the isolated
bioactive elements such as (CC7 — Jatamansone; EE5 -2,2,4-Trimethyl-1,3-

pentanediol diisobutyrateand; and PP4 - 3-hydroxy-2,2,4-trimethylpentyl
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isobutyrate exhibited a prominent range of toxicity against the microbial consortia

that shares a symbiotic relationship with the mosquito vector.

In context with the previous findings, the final chapter has revealed that the
extermination of microbial consortia can principally be recognized as one of the
probable reasons for the death of Aedes aegypti larvae. This study verified that
the bioactive elements isolated from the three medicinal plants have been in the

centre of interest for natural insecticide discovery in the future.
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Abstract

The emergence of new viruses is a matter of significant concern in the current decade. It
has dazed the indigenous healthcare systems in various parts of the world. Consequently,
the resources for fighting the rapid spread of the DENV are ineffectual, insufficient, and
incompetent. Several environmental factors have been allied with dengue fever transmis-
sion. High documentation of neuropathogenesis in dengue-infected individuals in recent
years reflects the significance of our study, and the information discussed in this review
can be used to enhance clinical awareness along with advances in diagnostic approaches.
The replication of the DENV genome is usually engaged in a membrane-linked replica-
tion complex; the virion budding and morphogenesis have been found to take place in the
modified endoplasmic reticulum membranes. Most of these non-structural proteins are
believed to be responsible for RNA replication and polyprotein processing. The nucleic
acid-based strategies have provided high sensitivity and progressively replacing conven-
tional techniques. Advanced technologies like PCR have offered timely serotyping of
dengue viruses, which illustrates the early warning of dengue epidemics. The molecular
methods help to characterize the key factors responsible for the rapid spread of viruses
and thereby update the vector control programmes targeted at extenuating their adverse
impacts on public health. The vast diversity of dengue virus strains worldwide with special
inference on their clinical manifestations and genetic characteristics was also analyzed in
this study. As dengue threatens one third of the world’s population, practical applications
of advanced molecular strategies from an environmental and phylogenetic perspective are
critical for disease control.
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1 Introduction

Unapparent infection of dengue virus (DENV) from the genus Flavivirus (family-Flavi-
viridae) results in an extensive spectrum of clinical presentation, from mild febrile illness
to the severe dengue shock syndrome (DSS) including dengue hemorrhagic Fever (DHF)
(Murray et al. 2013; Anoopkumar et al. 2017a). The reservoirs of DENV (Flavivirus) in
sylvatic cycles are characterized by nonhuman primates, and the virus transmission is
accompanied by arboviral mosquito vector species such as Aedes furcifer and Aedes luteo-
cephalus (Diallo et al. 2003). The anthropophilic mosquito vectors, typically Aedes aegypti
and Aedes albopictus, transmit DENV to the human population since humans are the prin-
cipal reservoirs in the human cycle (Vijayan 2010; Kamgang et al. 2012; Puthur et al. 2018;
Anoopkumar et al. 2020a). Conventional dengue fever control programmes principally fail
to reflect the impact of environmental circumstances on the life-history traits and ecosys-
tem, together with vector populations’ innate immunity.

The prevalence of endemic and epidemic dengue increased extensively in the Ameri-
cas in 1977 (Hayes and Gubler 1992). Alarmingly, the aforementioned acute vector-borne
viral infections have been placing a prominent impact on the health of the human popula-
tion, those lives in tropical and subtropical areas of the world (Anoopkumar et al. 2019).
Triggering DHF by thrombocytopenia, plasma leakage, hemorrhage, together with coagu-
lation abnormalities, has validated the influence of mosquito-borne diseases on the human
population (Martina et al. 2009). The dengue virus serotypes maintained two significant
transmission cycles, such as sylvatic and human cycles. The former cycle involves arboreal
Aedes mosquitoes and nonhuman primates, while the human cycle involves peridomestic
Aedes albopictus and domestic Aedes aegypti.

The future of dengue in context with the environmental epidemiology and molecular
biology, if precisely projected, would help national and international agencies, including
the public health officials and governments, to take preemptive actions in saving human
populations from the dengue crisis. There exist many knowledge gaps that need to be filled
in this area. First, incorporating the information of the vast genetic diversity of dengue
viruses all over the world into projections would provide an evolutionary basis for the den-
gue epidemics. Second, certain significant environmental factors may have a prominent
role in dengue transmission as we all know. Identifying such significant factors in relation
to molecular strategies is warranted. Third, it is of immense significance to explore phy-
logenetic aspects of dengue viruses along with neurological manifestations and detection
strategies since studies based on these aspects have been scanty in the current scenario.
Most of the studies have focused on either climate change or molecular detection strate-
gies, phylogenetic aspects, pathogenicity or environmental aspects or neurological mani-
festations, or clinical trials. Some of the recent studies Hashan et al. (2020) have focused
on the meta-analysis that reveals the close link between the various factors and elements,
including the blood group, mast cell mediators (Sherif et al. 2020), and allergic symptoms
with dengue fever infection Kien et al. 2020). A study by Mata et al. 2020 has discussed
the diagnostic accuracy of rapid immunochromatographic tests (IgG ICT or IgA, NSI,
IgM) in suspected cases of dengue infection using a combination of advanced strategies
such as RT-PCR, ELISA NSI1, and IgM-IgG. While searching the review of the literature
for this article, the authors failed to find even a single article in recent years that constitu-
tively discuss all the aforesaid aspects.

To fill such gaps, a comprehensive literature search was conducted in June 2017
(updated in November 2020) using the well-established electronic databases and relevant
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research Web sites including Scopus, Web of Science, Science Direct, PROSPERO, Pub-
Med, ClinicalTrials.gov, ProQuest, and WHO ICTRP. We limited the search to peer-
reviewed articles written in English. The following keywords were used to retrieve the arti-
cles from online: "dengue," "climate,” “dengue disease transmission,” “diagnostic tests,”
“virus,” “DENV,” “environmental factors,” “mosquito vectors,” “Aedes aegypti,” “environ-
mental risk factors,” “neurological,” “clinical,” “PCR,” “pathogenicity,” “detection,” “phy-
logeny,” and “molecular.”

Here we also intend to discuss how the environmental conditions including stress lead
to the susceptibility of Aedes aegypti to DENV. Analysis of this aspect is recognized as
the potential to update the precise commencement and implementation of effective vector
control programmes. The diagnosis of dengue fever infection is accomplished by either
recognizing virus or antibody (IgM and IgG) formed in the blood at the time of infection.
The basic approaches routinely used by most laboratories include the isolation and charac-
terization of viruses, recognition of DENV-specific antibodies (IgM and IgG) together with
the recognition of genomic sequences by PCR amplification techniques (Kouri 1996). The
PCR-based techniques, including nested RT-PCR, have been used for the serum analysis
to detect the DENV nucleic acid from the susceptible individual (Gurukumar et al. 2009).
The plaque reduction neutralization assay (PRNT) also permits detection of the dengue
virus infection by analyzing the dengue specific neutralizing antibodies. The present review
provides a detailed insight into dengue epidemics with special inference on the environ-
mental influence, clinical manifestations, molecular trends, strategies, and pathogenicity.

” 39

2 Environmental epidemiology

The global circumstances, including migration and traveling, followed by improper envi-
ronmental management (Anoopkumar et al. 2020b, c; Rebello et al. 2020a, b), enhance
the rapid spread of mosquito vectors. As a result, approximately 390 million people are
infected by all dengue serotypes every year and of which 96 million incidents are symp-
tomatic (Ly et al. 2018). The literature concerning the influence of environmental factors
on dengue fever epidemics confounded that environmental epidemiology has a significant
link with the susceptibility to different arboviruses in A. aegypti mosquito vectors (Muturi
and Alto 2011). This was further convoluted by the annexation of the literature regarding
other arboviruses, proposing that the environmental factors induced stress and decreased
their susceptibility against flaviviruses in A. aegypti (Kang et al. 2018; Puthur et al. 2019).
It is important to record that the age of dengue virus-infected individuals after 2010 was
tremendously older than that of the dengue-infected individuals before 2010. One of the
possible reasons for this severe situation is that most of the people of younger age groups
have spent their daytime in air-conditioned settings and are not as likely to be exposed with
vector mosquitoes (Lin et al. 2012). The significant environmental factors responsible for
the spread of dengue fever, have been studied in Mexico, Taiwan, and Puerto Rico (Pino
et al. 1993). Among the environmental factors, rainfall, temperature, and humidity have
been noted as the prominent climate parameters correlated with dengue fever transmission.

The dengue fever transmitting mosquitoes exhibit shorter periods of development in
their life cycle when the temperature increases due to climate change and other reasons.
However, this eventually leads to augmented population growth within a short period of
time. Simultaneously, this also leads to increased feeding rate and availability of habitat
of vector mosquitoes along with the longevity of the virus. A study by Teurlai et al. 2015
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reported that increasing temperature at 3 °C may double the dengue epidemics rate. The
augmented temperature may allow the mosquito vectors to survive and attain maturity
much earlier than at lower temperatures. In agreement with the aforesaid patterns, climatic
drivers of dengue fever in Mexico, Bangladesh, Cambodia, Vietnam, Nepal, Thailand,
Philippine, Myanmar, Sri Lanka, and India have been reported from several previous stud-
ies (Anwar et al. 2019; Colon et al. 2011; Tuladhar et al. 2019). According to the fact sheet
by WHO, it was found that the disease is now endemic in more than 100 countries (WHO
2020). A recent study by Lee et al. (2019) also revealed a perilous situation in Japan, which
signals that some of the non-dengue-endemic countries are severely exposed to the threat
of sporadic behaviours of dengue. Such drastic circumstances justify the significance of
our investigation since research based on these aspects can support the appropriate preven-
tion activities.

Guzman and Kouri (2002) reported that waste management, climate change, and inad-
equate water supply are recognized as the key determinants of dengue incidents (Guzman
and Kouri 2002). The various environmental perceptions, including geographical changes
and unsustainable use of land in accordance with the development, can affect climate
change. This, in turn, may lead to severe disease incidents interlinked with the environment
(Kesetyaningsih et al. 2018; Rebello et al. 2019a). Kesetyaningsih et al. 2018 also validated
the correlation between the climate factors and dengue incidents in endemic provinces of
Taiwan using regression analysis. The link between dengue incidents and environmental
factors with the possible impact of the distance factor revealed that the average distance
travelled by the mosquito per day extended the need for the analysis of the dengue epidem-
ics in spatial pattern preferences.

3 Neurological manifestations
3.1 Neurological manifestations of dengue serotypes and viral infection

The clinical manifestation of dengue virus infections from asymptomatic to alarming cir-
cumstances, when improperly managed, leads to death. The symptomatic cases of dengue
viral infection include dengue hemorrhagic fever (DHF), dengue fever (DF), undifterenti-
ated febrile illness (UF), expanded dengue syndrome (EDS), and unusual dengue (UD) fol-
lowed by dengue shock syndrome (DSS) (WHO 2011). Dengue hemorrhagic fever (DHF)
and dengue shock syndrome (DSS) have triggered the plasma leakage into the peritoneal
and pleural cavities, thereby leading to ascites and pleural effusion. The three important
phases of dengue illness are (1) the febrile phase, (2) the leakage phase, and (3) the conva-
lescence phase (Fig. 1). In the first stage of the febrile phase, symptomatic treatment can
be accompanied. The ultrasonography, chest radiology-based techniques (chest film—right
lateral decubitus approach), and serum albumin techniques (<3.5 gm%) are usually used
to detect this stage of infection. The second stage of plasma leakage began at the end of
the febrile phase. Disastrously, a lack of proper medical treatment will increase the risk of
severe plasma leakage. Patients with pleural effusion and massive ascites may necessitate
diuretic throughout this convalescence phase. Administration of potassium supplements is
the prominent way to overcome this phase in dengue patients since the loss of potassium
in the urine and diuresis condition may increase the threat. The convalescence phase may
prolong for 2—4 weeks together with fatigue in adults.
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Phases of infections in Dengue Hemorrhagic Fever

I ‘ Febrile | I‘ Critical |I |Convalescence ‘ I

@ Defervescence 4@ Intravascular volume stabilisation
@ Leukopenia 4@ Reabsorption of accumulated fluids
@ Increasing hematocrit

Fever (2-7 Days) Plasma leak (24-48 hours) Reabsorption (2-4 Days)

High fever and Risk of developing shock and death Re absorption of accumulated fluids
symptoms consistent with Dengue fever Varying degrees of hemmorhage and stabilsation of vital signs

Potential Complications

Dehydratoin due to emesis, increased Unrecognized severe plasma leakasge Intravascular fluid overload
metabolic state and decreased fluid intake. leading to shock. during convalescence phase

Rarely, severe hemorrhage. L 4 Prolonged shock leading to death.

Convulsions due to high fever. 4 Metabolic abnormalities.

Fig. 1 Three significant phases of dengue fever infection triggered by any one of five distinct dengue sero-
types (DENV-1, 2, 3, 4, and 5)

The diagnosis of undifferentiated febrile illness (UF) is completely based on virology or
serology since it was not possible to diagnose it clinically (Kalayanarooj and Nimmannitya
2004). Following the febrile period, the infected individuals have experienced the onset
of fever together with arthralgia, myalgia, nausea, anorexia, headaches, sore throat, macu-
lar skin rash and is followed by vomiting (Ligon 2005). Many studies have predicted and
explained the risk factors responsible for the progression of the disease from dengue fever
(DF) to dengue hemorrhagic fever (DHF) (Endy et al. 2004; Wichmann et al. 2004). These
factors include population genetics, viremia titers, proinflammatory cytokines, and the
immune status of susceptible individuals (Clyde et al. 2006). Nearly 400 million individu-
als are infected by dengue viral infections every year and with approximately 96 million
people exhibiting clinical relevance, of which 2.5% of all infected individuals die. Pres-
ently, the neurological manifestations of viral infections caused by the aetiological agent
DENV have been radically reported, though their actual frequency rate persists unclearly
(Li et al. 2017). Manifestations of neurological complications described in dengue fever
infections are sleeplessness, headache, dizziness, and altered sensorium, followed by
somnolence.

Neuropathogenesis is a significant term that is usually related to the invasion of the aeti-
ological agent, flavivirus, directly into the central nervous system (CNS), metabolic altera-
tions, and autoimmune reactions. The DENV is generally reflected as a non-neurotropic
flavivirus (Cam et al. 2001). Conversely, recent studies report the correlation of dengue
viral infection with neurological complications induced by DENV. More than two decades
back, the aforesaid virus was detected in the cerebrospinal fluid (CSF) (Thisyakorn et al.
1999). The neurological involvement of the dengue virus was first conveyed in 1976, and
their incidence rate progressively increased from 0.5 to 20% (Saini et al. 2017). Raised
hematocrit, rash, liver dysfunction, thrombocytopenia together with high body temperature
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are the distinct risk factors of neurological impediments. The DENV-2 and DENV-3 are
the two specific serotypes usually associated with neurological complications. Both of
these two serotypes are detected from the pontine, cerebellar, basal gangliar, parietal,
and frontal lobes region of the brain of dengue-infected patients. One of the major fac-
tors responsible for the rapid increase in dengue epidemics is the prominent alterations of
dengue virus serotypes. For instance, a DENV-3 virus subtype was described in 1998 from
India (Messer et al. 2003).

3.2 Clinical spectrum of dengue virus infection with special inference
on neurological complications

3.2.1 Encephalitis and encephalopathy

Headache, altered consciousness, seizures, and fever are common symptoms found in den-
gue-infected patients. Encephalopathy is reflected as the most common neurological com-
plication of dengue infection and is exclusively accompanied by dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS). The reason for the origin and development of
DHEF/DSS is not well understood. However, increased vascular permeability is renowned
as the principal hallmark for the aforementioned infections. Presently, no specific and
direct treatments exist to equipoise and reduce the increased vascular permeability that
happens during the infection. The lack of better understanding of the processes leads to
the dengue virus (DV) prompted vascular leakage (Martina et al. 2009). It was charac-
terized by cognitive impairment, reduced sensitivity, behaviour disorders, collected with
agoraphobia, anxiety, acute mania, emotional liability, psychosis, and depression (Solbrig
and Perng 2015; Anoopkumar et al. 2017b). Verma et al. (2013) had described that den-
gue encephalitis leads to Epilepsia partialis continua (Verma and Varatharaj 2011). The
most preferred method for neuroimaging modality is magnetic resonance imaging (MRI).
Several encephalitis causing flaviviruses incline to involve specific structures on the brain
resulting in distinguishing image patterns. These structures could definitely aid in the clini-
cal diagnosis of Encephalitis induced by DENV. The MRI has been seen as normal in the
initial stage of infection, or it may appear disseminated as a focal abnormality, oedema,
and hemorrhage. However, MRI results bear hyperintense regions of the globus pallidus in
some of the dengue encephalitis-affected individuals (Misra et al. 2006).

3.2.2 Meningitis, myelitis, and acute disseminated encephalomyelitis and other
neurological manifestations

The dengue virus infection is rarely characterized by meningitis. Myelitis is typically flac-
cid type in the acute phase of viral infection, whereas it is spastic in the delayed phase of
infection. Several studies on manifestations of dengue fever infection revealed that the spi-
nal cord has significantly involved in dengue infection, expressing post-infectious myelopa-
thy (Mamdouh et al. 2013). Most probably, this myelitis is instigated by the direct invasion
of the virus. Very rarely, dengue virus infection leads to acute disseminated encephalomy-
elitis (ADEM) (Brito et al. 2007). The ADEM’s probable mechanism is the autoimmune
responses against myelin or self-antigens through molecular mimicry (Kunishige et al.
2004). Guillain—Barré syndrome (GBS) is characterized by a quickly rising paralysis. Only
a few cases have been reported regarding the syndrome. The precise mechanism of dengue
allied Guillain—Barré syndrome remains imprecise. Yet myalgia is a very common term in
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dengue virus infection. Muscle weakness and myositis are conspicuously uncommon for
the same. Several studies have indicated very high CPK levels, and myalgia are regarded
as the distinct form of myositis (Paliwal et al. 2011). Dengue infection resulting in hypoka-
lemic paralysis is also reported in extreme cases. Approximately 35 severe cases of hypoka-
lemic paralysis have been reported from scientific research articles from India. Moreover,
in addition to Guillain—Barré syndrome and myositis, hypokalemic paralysis could also be
predisposed for the acute pure motor quadriparesis in dengue-infected people. Potassium
supplementation is accepted as a significant approach for the management of hypokalemic
paralysis (Jha and Ansari 2010). Weeratunga et al. (2014) described three dengue-infected
individuals, and after two weeks of diagnosis, they were noticed with severe symptoms
of cerebellar syndrome. The manifestations of cerebellar syndrome comprise dysarthria,
bilateral limb, and gait ataxia together with horizontal and bilateral vertical nystagmus.

Current studies in dengue virus infection also revealed that overproduction of cytokine
in dengue-infected individuals results in endothelial cell damage (Seet and Lim 2007),
including hemorrhagic and ischemic strokes (Liou et al. 2008). Current studies have
conveyed the dengue-infected patients showing uncommon neurological anomalies that
include: abducens nerve palsy, brachial neuritis, peripheral facial palsy, phrenic nerve
palsy, long thoracic nerve palsy, and abducens nerve palsy (Patey et al. 1993). There has
been substantial progress in the rate of dengue infection associated with ophthalmic com-
plications. Maculopathy has been reported as the most frequent neurological anomalies
associated with dengue virus infection, whereas optic neuropathy, cranial nerve palsy,
and retina vasculopathy are regarded as the less commonly faced complications (Yip et al.
2012).

3.3 The dengue serotypes and their epidemiological pattern and genome structure
of viruses

The first report on probable dengue fever infection was described in a Chinese medi-
cal encyclopedia (265-420 AD) (Rush 1951). Historical aspects of dengue fever infec-
tion throughout the world revealed that the most significant outbreaks have happened
in Panama and French West Indies in the 1660s, in Mexico, Peru, Colombia, Carib-
bean, and Philadelphia of USA in the 1770s followed by Argentina, Brazil, and Ven-
ezuela in the 1800s—1900s (Istdriz et al. 2000). The dengue virus infection is primar-
ily regarded as a self-limiting viral disease caused by four distinct types of serotypes
(DENV-1, DENV-2, DENV-3, DENV-4) (Flaviviridae), together with a new fifth sero-
type termed as DENV-5 reported in 2013. The virus is primarily transmitted to the
human population through Aedes aegypti and Aedes albopictus mosquito bite (Mustafa
et al. 2015). As an arboviral disease transmission, the epidermis of the skin is the ini-
tial site of virus inoculation and primary host immune responses (Rathore and St. John
2018). The dengue virus-carrying female mosquitoes use their mouthparts, proboscis,
and probe to collect blood from the capillary, thereby leading to the invagination of
the virus into the dermis and epidermis. The virus elements have then been injected
into the inside during each probing incident. This DENV uses the lymph system as a
channel for their further transmission (Fig. 2) (Barban et al. 2018). The macrophage
lineage cells have also exhibited a dual role in transmission since it was noted that
macrophages’ diminution results in reduced infection. The DENV particle transmitted
by the mosquitoes persuades a degranulation response by macrophages (St John et al.
2013). These cytotoxic cells (NKT, NK, CDS8 p T) have been recruited into the infected
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Fig.2 Mosquito vector bite induces infection by transmitting the DENV followed by generating toxic
effects to cellular constituents including defence mechanisms

regions in a macrophage-dependent manner. The NK cells always have the capability to
destroy the virus-infected DCs through antibody relied mechanisms. During the severe
dengue infection, activated CD8 T has exhibited a skin-homing phenotype mechanism,
including the expression of CCRS5 and CXCR3 together with lymphocyte-associated
antigen. Studies based on these aspects showed the migration of DCs, monocytes, and
macrophages (Schmid et al. 2016).

Dengue viruses comprise single-stranded genomic RNA (ssRNA) (Kuno et al.
1990) (approximatelyll kb length) including a single open reading frame (ORF) for
encoding large polyproteins, a capsid and three structural proteins followed by a glyco-
protein-E and seven non-structural proteins such as NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5 (Fig. 3) (Lindenbach 2007). Of which, NS5 is recognized as the larg-
est one, approximately having 105 kDa with two domains including N-7, 2_-O-meth-
yltransferase and guanylyl transferase (Issur et al. 2009) on the N-terminal for cap-
ping of the genome. The non-structural NS1 (47 kDa) has well-known significance
in viral replication since all kinds of flaviviruses secrete it during the initial stages of
infection (Young et al. 2000). The replication of the RNA genome has been fulfilled
by RNA-dependent RNA polymerase (POL) activity of the C-terminal domain (Tan
et al. 1996). The binding of DENV to host cell receptors has resulted in endocytosis,
and the infected person is viremic for up to 8 days after the onset of severe symp-
toms. Enzyme-linked immunosorbent assay (ELISA) with specific NS1 glycoprotein
monoclonal antibody (mAb) has been principally used to detect NS1 glycoprotein from
dengue-infected individuals since the technique offers rapid results (Alcon et al. 2002).
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4 Molecular trends and virus detection and pathogenicity
4.1 Molecular diagnostic tools for dengue virus infection

The isolation and characterization can make the diagnosis of dengue virus infection in lab-
oratories of the virus, identification of dengue virus-specific antibodies, and characteriza-
tion of the genomic sequence using nucleic acid amplification technology assay (Fig. 4)
(Kouri 1996). The current diagnostic methods, including RT-PCR and ELISA (enzyme-
linked immunosorbent assay), necessitate well-developed laboratories and trained experts
(Rebello et al. 2019b). Furthermore, the transport of frozen sample serum from remote
areas to laboratories has been renowned as a challenging problem in most tropical regions
with poor laboratory circumstances. Numerous attempts have been made, and convenient,
affordable, disposable, and easily accessible techniques have been offered for the detec-
tion of dengue infections (Loureiro et al. 2017). The isolation of viruses through cell lines
from plasma samples, including acute-phase serum, has remained as the “gold standard
approach,” although it has exhibited the drawback that more than 7 days is necessary to
accomplish the process. In general, some of the available strategies like the HI-test have
become less popular in the current scenario and were replaced by new inventions since the
HI test possessed inherent disadvantages (Shu and Huang 2004).

The serological tests for the dengue virus-specific antibody detection were completely
based on the advent of the immune response from the host after the beginning of fever
within 5-6 days. Likewise, the isolation of the virus from the infected serum sample usu-
ally requires at least seven days for incubation together with the screening of the virus.
The nucleic acid-based methods usually offer specific detection of dengue virus serotypes
within a short time and are progressively substituting the culture and serological techniques
(Fig. 5). The aforementioned techniques include real-time RT-PCR (Lo et al. 2007; Rebello
et al. 2018), nested RT-PCR (Lanciotti et al. 1992), nucleic acid sequence-based amplifica-
tion (Parida et al. 2005; Anoopkumar et al. 2020d), Tagman assay (Kong et al. 2006), and
loop-mediated isothermal amplification (Parida et al. 2005).

The primary step for detecting and identifying different serotypes of dengue virus
from the infected individual using the molecular approach is the extraction and iso-
lation of viral RNA from the patient serum using a specific and easily accessible
purification kit for viral RNA. The M-MLV reverse transcriptase and dengue sero-
type-specific primers permit the viral RNA to transcribe into complementary DNA
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Fig.4 Mode of laboratory diagnosis of dengue virus infection in suspected individuals

(cDNA). The transcribed complementary DNA (cDNA) was then amplified using pol-
ymerase chain reaction (PCR) (Chutinimitkul et al. 2005), specifically by using the
SYBR Green dye since the SYBR Green expose strong affinity towards dsSDNA minor
grooves. The dsDNA products amplified during the PCR process have been detected
using the compounds’ fluorescence during binding. Hence, this method is employed
to assess the early level of viral RNA (Shu et al. 2003). The RT-LAMP assay has been
used as a sensitive approach to diagnose and distinguish the dengue virus serotypes
since it offers high sensitivity and can amplify 10° copies per hour (Lau et al. 2015).
The noticeable color change of hydroxylnaphthol blue to sky blue from violet color
has been recognized as the principal indicator of the genome amplification process. In
addition to this, the diagnosis of dengue virus infection was also accompanied by using
specific serological tests. IgG and IgM, followed by NS1 antigen, have been used for
the aforementioned serological tests (Lau et al. 2015).
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4.2 Advances in the dengue virus serotyping

In 2014, a distinctive DENV strain was successively isolated from an individual who had
displayed specific symptoms reliable with the dengue virus infection. The Bayesian evo-
lutionary phylogenetic examination revealed that Brun 2014 characterizes a novel, greatly
divergent genotype (DENV-1), usually designated as VI serotype. It has been mentioned
previously that the dengue virus serotype I has diverged from different strains of human
beings (100-200 years ago) in Asia and the Americas (Lau et al. 2015). The geneti-
cally diverged strains’ innovation specifies that the different dengue virus serotypes were
changed promptly since it is characterized as an RNA virus (single-stranded). The defini-
tive laboratory diagnosis of dengue virus has relied on the detection of virus-encoded anti-
gens, virus-impelled antibodies, infective virus serotype, and viral genomic RNA (Kao
et al. 2005). It has been shown that PCR-based diagnosis approaches are more sensitive
than other frequently employed techniques, including viral culture, and it necessitates
less time to complete each stage of the detection, as for the reason that the PCR-based
approaches are capable of detecting the dengue virus serotypes (DENV1-DEN-4) in the
acute phase of the ailment. The viral culture-based approaches usually require more than
seven days for diagnosis, and sometimes, the low sensitivity of isolation has been reported.

The virus culture-based diagnostic approaches typically accessed the inoculation of
plasma, serum, and buffy coat. In fatal cases, the autopsy tissues have been taken from
the liver, spleen, lymph nodes, and thymus for the isolation of the dengue virus. The iden-
tification of dengue virus serotype is accompanied by immunofluorescence with specific
monoclonal antibodies, and this method is partially restricted in endemic countries since it
necessitates spacious laboratory, sophisticated safety measures together with labour-inten-
sive, adequate professional trainers and much more time than other advanced approaches
(Rosen and Gubler 1974). During the beginning of the 1980s, various methods including
indirect immunofluorescent antibody tests (IFAT), complement fixation tests, hemaggluti-
nation inhibition (HI), dot-blot assays, plaque reduction neutralization tests, Western blot-
ting test, and IgM and IgG antibody-capture ELISA have been used for the determination
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of dengue viruses. The cross-reactivity (Henchal et al. 1991) of antibodies against cer-
tain flaviviruses (E protein) has been primarily considered as a challenging factor for the
precise, specific, and rapid diagnosis of dengue fever infection in certain regions of the
world where the extensive outbreak of Japanese encephalitis, yellow fever, and Zika virus
infection has been observed. For instance, in Brazil, the characterization of dengue viruses
using serological methods has been specifically problematic and complicated in recent epi-
demics (Muller et al. 2017).

The burden of DENV infection together with socioeconomic impacts remains unabated
since the antigenically distinct different serotypes of virus extend into new regions and
generated the endemic and hyperendemic provinces all over the world (Roth et al. 2014).
The dengue virus infection by distinct serotypes has been shown to generate protective
monotypic immunity including the formation of dengue-specific immunoglobulin G (IgG)
and dengue immunoglobulin M (IgM). The two pathologic mechanisms have been used by
this immunoglobulin G (IgG) and dengue immunoglobulin M (IgM) antibodies to target
the severe DENV infection enhancement and virus neutralization. The susceptible persons
mount an explicit immune response together with disease severity after the dengue virus
infection, and the persons infected with secondary infections are more probable to evolve
serious symptoms compared to the persons who are exposed to primary infections (Hal-
stead 2007).

The ELISA-based IgM method developed by Bundo and Igarashi (1985) has been rec-
ognized as an ideal diagnostic approach for the surveillance of the dengue infection since it
can productively distinguish Japanese encephalitis from dengue virus infection; however, it
shows several disadvantages including the specificity. Another drawback of the serological
detection approaches is that it is difficult to recognize the serotype of the virus since the
secondary infection shows the “original antigenic sin” (Halstead 1988) phenomenon. This
has increased the importance of PCR-based approaches in virus detection as a highly sensi-
tive approach that uses plasma or human serum for the diagnosis of dengue virus infection.
Besides, the two-step nested RT-PCR (Harris et al. 1998) and one-step multiplex RT-PCR
(Morita et al. 1991) is well known for serotyping as well as detection of dengue virus.

Yong et al. 2007 compared the real-time SYBR Green RT-PCR technique with multi-
plex RT-PCR assay for their sensitivity and specificity towards DENV1-DENV-4. They
concluded that the multiplex RT-PCR offers precision and accuracy together with speed
with special reference to the epidemiological surveillance. Moreover, the TagMan one-step
RT-PCR is another kind of RT-PCR, which can have the ability to increase the sequence
specificity of one-step SYBR Green I-based RT-PCR assay. The specificity, high ampli-
fication efficiency, and sensitivity made the RT-PCR and RT-LAMP assays convenient
methods for detecting viral nucleic acid (Sahni et al. 2013). The serotype-specific RT-PCR
has been employed as a suitable technique for the determination and characterization of
DENV-2 in previous studies (Lanciotti et al. 1992). The immunochromatography assay for
NS1 antigen has been employed as a very effective, sensitive, and less time-consuming
(15 min for one test) diagnostic approach for the detection of viral antigens. Epidemiologi-
cal perceptions (Gupta et al. 2015), together with mosquito vector control, are the acces-
sible measures for the control of dengue fever infections.

The epidemiological perception of the dengue virus (DENV-1 to DENV-5) uses
genomic evidence on the infecting virus strains. So, this review article will help the pub-
lic health system create a comprehensive virological picture in terms of clinical aspects
of dengue outbreaks from various regions all over the world. For understanding dengue
outbreaks, we use genomic analysis as a powerful tool in virology studies. The nucleotide
sequences of different strains of DENV from various endemic provinces all over the world
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were retrieved using the NCBI database (last accessed 27-04-2019) and analyzed using
the neighbor-joining method. The vast diversity of dengue virus strains over the endemic
regions (Table 1) of the worlds with special inference on their genetic characteristics has
been displayed in Fig. 6. Genetic recombination and spatiotemporal elements in evolution-
ary aspects of DENV-2 are significant in present and future studies since it possesses six
different genotypes including American/Asian, Cosmopolitan, Asian I, Asian II, Sylvatic
and American (Twiddy et al. 2002). The comparative studies concerning the genomic
aspects to infer the genetic characterization of DENV-2 have been found to be predomi-
nantly imperative in the current studies since the spatiotemporal and evolutionary factors
might strongly influence the emergence of diversifying lineages (Waman et al. 2016). Sule-
man et al. (2016) have reported that the detection approach based on NS1 antigen offers
high sensitivity than the IgM-ELISA and RT-PCR during the early stage and can be used
as a greatly suitable diagnostic tool (Suleman et al. 2016). The IgM and IgG serology with
NS1 antigen capture have provided better positive results than negative results.

The updated commercial approaches with immunochromatographic strip method
together with NS1 antigen-capture ELISA have been intended to be highly explicit with-
out perceptible cross-reactivity (Muller et al. 2017) towards NS1 species. Tesfaye Gela-
new and Elizabeth Hunsperger recently developed a serotype-specific monoclonal antibod-
ies approach using a small ubiquitin-like modifier (SUMO¥*) cloning vector against the
DENV-4 (Gelanew and Hunsperger 2018). This recent approach is specific to DENV-4,
and it can be used to detect and characterize dengue virus serotype for the infected patients
worldwide. The accuracy, sensitivity, and serotype specificity of this method have been
assessed using (1) the supernatant collected from the DENV-1 to DENV-4 infected cell
cultures, (2) INS1s of DENV-1 to DENV-4, (3) INS1s of West Nile virus (WNV) and yel-
low fever virus (YFV). The next-generation sequencing strategy and indirect immunofluo-
rescent assay (IFA) can be used to isolate the whole genome of DENV serotype 3 (DENV-
3) from the cerebrospinal fluid (CSF) of the dengue-infected patient (Dhenni et al. 2018).
Recent studies indicate that the RT-PCR-based approaches offer accuracy and precision
than conventional strategies for the rapid diagnosis of dengue virus infection together with
its serotyping.

The recent developments with special reference to DNA sequencing have improved the
way we think regarding mosquito-borne diseases’ molecular diagnostics. Yamagishi et al.
(2017) reported a novel, well-developed method using a nano-pore-type portable DNA
sequencer to detect and characterize the tropical disease pathogens, especially from the
serum samples of dengue-infected individuals. They combined MinlON sequencer and
LAMP to identify and characterize the dengue virus serotypes from DENV1-DENV4.
This method will become an indispensable approach in providing substantial evidence
for the etiological analysis concerning the provincial diversification of pathogens that can
cause dengue infection. In addition, this method will definitely boost the impact on clinical
practices over developing nations in the future.

4.2.1 An overview on comparative analysis of diagnostic approaches

The virus isolation strategies may comparatively expose certain following limitations
such as (1) the specimen should be collected during the period of viremia, (2) appropri-
ate handling and fast delivery of the collected specimen to the laboratory are necessitated
since DENV virus particle is more prone to heat and (3) sensitivity depends on the timing
of collection, storage, and transport of specimen. For short-term storage up to 24 h, the
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Fig.6 Geographical distribution of dengue virus serotypes over the epidemic provinces of world. The evo-
lutionary history was inferred using the neighbor-joining method. The optimal tree with the sum of branch
length=67.05552493 is shown. There were a total of 10,738 positions in the final dataset. Evolutionary

analyses were conducted in MEGA X

specimens should be kept at a particular temperature range (between +4 and +8 °C). The
specimens should be frozen in a deep freezer (at —70 °C) if long-term storage is required.
Compared to the former method, the sensitivity of nucleic acid-based strategies varies from
80 to 100%. However, it also depends on the approach used to detect or amplify the PCR
products, the region of the genome targeted by the primers, and the method used for sub-
typing. The nucleic acid-based strategies may also necessitate well-experienced profession-
als since any contamination may develop false-positive results. One of the major benefits
of RT-PCR is the ability to analyze the viral titer in a sample that may be considered as a
platform to investigate the pathogenicity.
Conventional strategies can also be used to verify the presence of a target nucleotide
sequence in a given sample with the help of Southern blot, colorimetric enzyme-linked
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immunosorbent assay, and agarose gel electrophoresis. In spite of being easy to perform,
the conventional approaches expose limited inference in comparison to the versatile PCR-
based strategies since the former increases the chance of risk in contamination, thereby
leading to false-positive results. Several recent studies have reported the benefits of fully
automatic real-time RT-PCR assays for dengue detection. Likewise, RT-LAMP is an excel-
lent tool for dengue virus detection in terms of its sensitivity and specificity (87.5-100%).
The ELISA-based methods may usually illustrate lower specificity. However, such sit-
uations can be managed by using the serum samples from both convalescent and acute
phases. The hemagglutination inhibition (HI) methods have also exhibited a high degree of
sensitivity. However, advanced developments in the dengue detection strategies have forced
the scientific community to pull back such conventional strategies. The HI test may some-
times fail to distinguish dengue from closely related yellow fever and Japanese encephalitis
flaviviruses. Certain immunochromatographic tests have also verified its prominent role in
dengue detection. The major advantage of this method is that the result can be analyzed by
virtue of color change within a short time that is visible to the naked eye. Most of all, the
strategies have many advantages and disadvantages; hence challenges in developing spe-
cific and highly sensitive diagnostic methods should be addressed. More possibilities for
development lie in uniting the current detecting strategies that could augment both speci-
ficity and sensitivity.

5 Conclusion

The insect-specific flavivirus detection rate in arthropod disease vectors, especially in mos-
quitoes, has rapidly increased through the availability of novel advanced sequencing tech-
nologies pooled with metagenomic concepts. Apart from new virus detection, molecular-
based studies have become a strong approach for characterizing the viral populations of
epidemiological significance. Dengue viral infections have emerged as the most common
arboviral disease, representing the world’s alacritous spreading vector-borne diseases. The
enhanced rate of international travel and sophisticated global connectivity has escalated the
risk of establishing and extending many mosquito-borne diseases. The incidence of dengue
infections has been growing steadily in the tropics and subtropics of the world. For effective
vector control actions and to diminish the incidence of dengue virus transmission, strug-
gles should be focussed on the risk factors, specifically, the environmental factors. Despite
the vector control strategies and the various molecular levels-based measures provided by
the relevant agencies, most of the tropics and subtropics regions are still facing aggravating
dengue crisis in the last few years. Given that the infection induces diverse clinical symp-
toms, precise and accurate laboratory diagnosis is vital for patient management.

Early detection of dengue fever in presumptive cases is challenging due to low levels
of viremia. Delays in diagnosing dengue fever may hinder the scientific community and
health professionals’ ability to identify the outbreaks quickly. Early diagnosis using molec-
ular procedures with high specificity contributes to proper dengue management, thereby
reducing the increasing epidemic. The serological strategies (convalescent-phase and
paired acute specimens) have been recognized as a base for dengue infection diagnosis, but
the fact is that it confirms the infection only after the infected individual recover. Recently,
advanced molecular strategies like RT-PCR could expedite and direct vector control inter-
ventions to combat dengue infections. The use of this greatly sensitive molecular strategy
would permit rapid and epidemiological assessments that may turn into enhanced patients
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care along with appropriate community interventions. There has been a rallying cry for the
increased need to further improve the conventional strategies of vector control programmes
and develop innovative and inventive approaches to prevent the occurrence and spread of
mosquito-borne arboviruses.
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Abstract

The excessive accumulation of Reactive oxygen species (ROS) has been linked to myriad of toxic effects in several signaling pathways
including growth regulatory pathways and apoptosis in insects. The current upsurge in mosquito research into the underlying mech-
anism of phytochemicals induced reactive oxygen species accumulation and larvicidal potential prompts the attention to exploring the
role of oxidative stress and microbial consortia inhabited in the mosquitoes. In addition, understanding the impacts of mosquito
microbiomes annihilation is vital for disentangling their underlying effects on arboviral diseases transmission. No investigation has
been conducted in this aspect using isolated bioactive compounds from Jasminum brevilobum, Aglaia edulis and Pogostemon
auricularius against Aedes aegypti. This study aimed to investigate the mode of action of bioactive compounds with special inference
on ROS production and microbial inhabitants. Isolation and characterization of bioactive compounds were performed using the Thin-
layer chromatography, Column chromatography, Gas chromatography-mass spectrometry and Fourier-transform infrared spectrosco-
py. R software and SPSS were used for statistical analyses. The isolated bioactive compounds induced excessive production of reactive
oxygen species thereby leading to oxidative stress and death. All the isolated compounds exhibited a sturdy inhibitory effect against
Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Klebsiella pneumonia, and Proteus mirabilis, with strong MIC values
ranging from 0.08—1.65 mg/ml. Also, they showed promising larvicidal efficacy against Aedes aegypti larvae.

Keywords Jasminum brevilobum - Aglaia edulis - Pogostemon auricularius - Vector control - Oxidative stress - Mosquito control

Introduction

Insecticides exhibit prominent role in controlling mosquito
vectors, principally when an outbreak of mosquito-borne
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disease has happened. To resist the outbreak of dengue fever
infection, several synthetic insecticides has been primarily
employed for reducing the Aedes aegypti population, the prin-
cipal vector of dengue fever infection (Thongwat et al. 2017).
According to the report provided by the World Health
Organization (WHO) in 2018, about 200 million people are
suffering from severe mosquito-borne disease, which provides
the current status of an epidemic over the world (WHO 2018).
The arboviral diseases including Chikungunya, Zika, and
Dengue, have currently occupied a principal spot in the world-
wide discussions regarding the increasing epidemics and the
elevated level of associated syndromes including microceph-
aly, instigating the World Health Organization to announce
vector-borne diseases as a public health crisis (Gulland
2016; Oliveira Melo et al. 2016; Anoopkumar et al. 2019).
Concerning the adverse effects from the mosquito-borne dis-
ease, more specific and precise data on epidemiological as-
pects are available, and the number of viral infections elevated
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nearly half a million in every year (Bhatt et al. 2013;
Anoopkumar et al. 2017a).

The inappropriate and frequent use of synthetic insecticides
has developed diverse adverse effects such as severe toxic effects
to non-target organisms and undesirable effects to mammals to-
gether with environmental pollution (WHO 1986; Gallicchio
et al. 1987; Yang et al. 2002; Aneesh and Vijayan 2010; Puthur
et al. 2018). Therefore, specific consideration has been paid to
research on several medicinal plants for defining their larvicidal
efficacy against Aedes aegypti (Anoopkumar et al. 2017a). The
plant-based products are reputed to have high toxicity and are
species-specific compared to chemical insecticides for vectors of
epidemiological significance (Sarwar et al. 2009). Like several
research programmes on biopesticide discovery, mosquito vector
control programmes has also used botanical sources of bioactive
compounds for optimization (Cantrell et al. 2012; Aivazi and
Vijayan 2009). The defensive elements of medicinal plants are
renowned as inherent silent tools for self protection, and have
non residual effects on the environment; therefore, the vector
control strategies based on these aspects gain much more signif-
icance than any other conventional synthetic insecticides
employed approaches in recent years (Poole et al. 1990; Puthur
et al. 2019).

Due to the presence of various bioactive elements and its
significant role in generating oxidative stress in mosquito vec-
tors, the traditionally used medicinal plants have taken a signif-
icant place in the regions where human population is threatened
by severe infectious diseases (Joseph et al. 2004; Kunwar and
Priyadarsini 2011). An inevitable form of specific metabolism
in insects has led to the development of oxidative stress by the
action of too much amount of free radicals or reactive oxygen
species (ROS) (Sies 1997). These free radicals have been rec-
ognized as highly unstable elements and they form strong reac-
tions towards other molecules to accomplish stability, instigat-
ing chain reactions of ROS (Devasagayam et al. 2004). These
reactions have led to the reduction of antioxidants resulting in a
disparity between antioxidant defense processes and ROS level
(Tilak et al. 2004). This intense condition developed by the free
radicals causes severe pathological conditions including pro-
grammed cell death (Devasagayam et al. 2004).

In addition, an excessive amount of ROS has suppressed or
induced certain genes and signaling pathways that prompted
toxicological impact on the organisms (Mittler et al. 2004).
The studies that focussed on bioactive compound induced
oxidative stress development in Aedes aegypti larvae are
scanty. This study was intended i) to isolate the bioac-
tive compounds from three traditionally used medicinal
plants against Aedes aegypti fourth instar larvae, ii) to
investigate the plant extracts and bioactive compounds
mediated free radical formation and oxidative stress, iii)
to evaluate the toxicity of bioactive compounds towards
the microbial consortia that symbiotically influences the
life cycles of Aedes mosquito vectors.

@ Springer

Materials and methods
Plant material collection and extraction

Fresh leaves of Jasminum brevilobum, Aglaia edulis, and
Pogostemon auricularius were collected from Thirunelly
(11°53°N 76°0'E) (belongs to Wayanad district of Kerala),
India, a part of Western Ghats. The shade dried (25+2 °C
temperature) leaves were milled into fine powder by means
of an electric grinder. Soxhlet extraction apparatus was
employed for the extraction of J. brevilobum, A. edulis and
P auricularius with acetone, methanol, hexane, petroleum
ether, and water as the solvents. The final concentrated extract
was stored at —20 °C for further experiments.

Experimental insects

Early fourth instar Aedes aegypti larvae were used for the
executed experiments. The larvae used in this study were from
the laboratory colony reared at Communicable Disease
Research Laboratory, Department of Zoology, St. Josephs’s
College, Irinjalakuda, Kerala, India. The Ae. aegypti mosquito
eggs were placed in the plastic trays containing dechlorinated
water (28 L x 39 Wx 14 D cm). After egg hatching, the larvae
were transferred into another plastic tray (28 L x 39 Wx 14 D
cm). They were fed on dog biscuit and yeast in the ratio of 3:1
in the following environmental conditions; 27 £ 2 °C temper-
ature, 55-60% relative humidity followed by 12 L:12 D pho-
toperiod cycle.

Fractionation and isolation of bioactive compounds
from the leaf extracts of the three plants

The compounds were obtained by repeated chromatographic
purification (Column chromatography and Thin layer chroma-
tography (TLC) until a single spot was obtained for each sam-
ple in TLC. The analytical grade acetone, hexane, and meth-
anol were used for TLC analyses. TLC plate and Silica gel
(70-30 mesh) for TLC was bought from Merck Co.
(Germany). The acetone extracts of J. brevilobum, A. edulis,
and P. auricularius were used for thin layer chromatographic
analysis. Thin layer chromatography for J. brevilobum ace-
tone extract was done by using hexane and acetone as the
mobile phase in the ratio 11:5. A. edulis acetone extract was
subjected for TLC analysis with methanol (M), Acetone (A)
and hexane (H) as the mobile phase in the ratio 4:5:1. The
bioactive element of P. auricularius extract was separated
using methanol, acetone, and hexane in the ratio 4:5:4. The
bioactive fractions of acetone extract of the three medicinal
plants were separated using column chromatography. Silica
gel for column chromatography having 60—120 M was packed
in column (40 x 330 mm) (Merck KGaA, Darmstadt,
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Germany). Analytical grade acetone, methanol, and hexane
were used for the mobile phase.

Twenty grams of the acetone extract of J. brevilobum was
loaded on to the column packed with silica with hexane and
acetone as mobile phase in the ratio 11:5. Sample names were
given to each fraction from C1 to C12. All the isolated fractions
were subjected for mosquito larvicidal bioassay protocol provid-
ed by WHO (WHO 2005). The bioactive fraction C7 of
J. brevilobum was again separated using TLC and Column chro-
matography with the following conditions; Hexane (90 ml):
Acetone (40 ml). Seven sub fractions were isolated from C7
and they were provided with the sample names from CCl1-
CC7. These seven fractions were subjected to bioassay and the
process of separation of CC7 was repeated using the same con-
dition since it showed potent activity. Then the bioactive fraction
CC7 was purified and stored at —20 °C for further analysis.

Twenty grams of A. edulis acetone extract was loaded on
the column using methanol, hexane, and acetone in the ratio
6:1:5; and 19 fractions were separated. Each fraction was pro-
vided with a sample name from E1 to E19. All the collected
fractions were subjected to bioassay. The bioactive fraction
E11 was again subjected for TLC and Column chromatogra-
phy using the following conditions; Methanol (70 ml):
Hexane (15 ml): Acetone (1 ml). Five sub-fractions (EE1-
EES) were isolated from E11. The bioactive EES fraction
was purified and stored at —20 °C for further analysis.

The P. auricularius acetone extract was subjected for bio-
active element separation using methanol, hexane, and ace-
tone as mobile phase in the ratio 4:5:4. The isolated 18 frac-
tions were provided with sample names from P1 to P18. These
fractions were subjected to larvicidal bioassay. Each isolated
eluent was analyzed using TLC. The bioactive P8 (from P1-
P18) fraction was again subjected for column chromatography
with hexane and acetone in the ratio 8:3. Fourteen sub frac-
tions were isolated from P8 and they were provided with sam-
ple names from PP1 to PP14. These sub-fractions (PP1- PP14)
were subjected for larvicidal bioassay and the bioactive frac-
tion PP4 was stored at —20 °C for further analysis.

Identification of purified bioactive compounds using
GC-MS and FTIR

The isolated samples such as CC7, EES, and PP4 were subject-
ed for GC-MS (MSQP2010 (Shimadzu, Kyoto, Japan). One ml
of each of the bioactive fractions (CC7, EES, and PP4) were
injected separately for GC-MS analysis with the following con-
ditions; 30 m x 0.25 mm, film thickness 0.25 um DB-5MS
column, initial temperature 50 °C (2 min) together with rate
of 20 °C/min to 130 °C; 12 °C/min to a 180 °C; and a final
temperature to 280 °C at 3 °C/min. The final temperature con-
dition was maintained for 15 min. As a carrier gas, helium was
used at 1 ml/min flow rate. The 250 °C temperature was main-
tained for ion source and injection port temperature. The

machine was run in electron impact (EI) mode for 58 min with
electron energy (70 ev). Selective ion mode (SIM) was
employed for the confirmation of analytes (Abirami 2012).
The peak areas of the samples were matched with those on
the National Institute of Standards and Technology library da-
tabase (NIST 08-S, available at https://chemdata.nist.gov/).
Fourier-transform infrared spectroscopy (FTIR) (Thermo
Fisher, U.S.), a rapid technology to identify and elucidate the
structure of chemical compounds has been used in this study to
fingerprint the bioactive compounds from the purified samples.

Toxicity of isolated plant extracts and compounds
on microbial consortia

The toxicity of isolated bioactive fractions and compounds
was determined against Klebsiella pneumonia (MTCC 661),
Bacillus subtilis IMTCC 441), Staphylococcus aureus
(MTCC 3160), Escherichia coli (MTCC 443), and Proteus
mirabilis (MTCC 442). Different concentrations of isolated
bioactive fractions were loaded on 10-mm discs positioned
over microbe plated agar plates. Controls were maintained
and the plates were kept at 37 °C for 15 to 18 h in an incubator
(ROTEK, India). The diameter of the zone of inhibition of the
isolated bioactive fraction towards the microbial consortia was
measured. Chloramphenicol was used as positive control and
triplicates were maintained for all the toxicity studies. The
data obtained have been expressed as mean + standard devia-
tion and the minimum inhibitory concentrations (MIC) were
determined using the method recommended by Wiegand et al.
2008 and Bussmann et al. 2010.

Toxicity effects of plants extracts and its fraction
on mosquito larvae

Toxicity effects of plants extracts and the isolated fractions
were performed as per the guidelines of World Health
Organization (WHO 2005). Twenty early fourth instar larvae
of A. aegypti were transferred to 250 ml glass beakers contain-
ing various extracts and isolated fractions in different concen-
trations. Three replicates of treatment were maintained and
control was included for all the executed experiments. For the
larvicidal bioassay, 250 ppm, 100 ppm, 50 ppm, and 25 ppm of
each of the acetone extracts of the three medicinal plants was
taken. One ppm to 9 ppm of the isolated compounds was used
for determining their larvicidal efficacy. The mortality rates
were recorded after 24 h of continuous exposure.

Phytochemicals prompted free radical generation
The ability of isolated bioactive fractions and compounds to
generate an excessive amount of free radicals resulted to oxi-

dative stress that was verified using the ammonium molybdate
method (Prieto et al. 1999) with slight modification. Twenty-

@ Springer


https://chemdata.nist.gov/

Int J Trop Insect Sci

fourth instar larvae of Aedes aegypti treated (ranging from 1 to
10 ppm) with the isolated bioactive fractions (CC7, EES, and
PP4) was homogenized as separate samples. The control
group represents the homogenized extract which contains
the distilled water and Ae. aegypti fourth instar larvae. The
amount of free radicals generated in the untreated and treated
larvae was determined as per the protocol given by Prieto et al.
1999 with slight modifications. The phytochemicals prompted
free radicals in the treated and untreated samples were deter-
mined using Ultraviolet-visible spectroscopy (Thermo Fisher,
U.S.) at 695 nm.

Statistical analysis

All data were entered and systemized in Microsoft Excel 2010
spreadsheet. The entered data were exported into SPSS ver-
sion 24.0.0 (Anoopkumar et al. 2017a; Pitarokili et al. 2011)
and R software version 3.2.3 (Team RC 2013) for probit re-
gression analysis (to get the LCsq and LCy of crude extracts
and their isolated bioactive fractions) and Chi-Square analysis.
The data on corrected mortality rates were calculated as the
mean percentage + standard deviation (SD) for each bio-
assays and toxicity studies on microbial consortia. The graphs
were plotted with SPSS and GraphPad Prism version 7.0 (Rao
et al. 2013) for Windows operating systems.

Results
Phytochemistry

Bioassay-guided chromatographic fractionation of the
Jasminum brevilobum, Aglaia edulis, and Pogostemon
auricularius extracts yielded three bioactive compounds.
They were compared and identified using the database of
GC-MS library provided by NIST. The compounds were iden-
tified as Jatamansone (CC7; C;sH,c0O) (Fig. 1), 3-hydroxy-
2,2 4-trimethylpentyl isobutyrate (PP4; C;,H,405) (Fig. 2),
and 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate (EES;
C16H3004) (Fig. 3) from J. brevilobum, P. auricularius, and
A. edulis respectively using GC-MS (Table 1). The structural
characterization was verified using FTIR.

Toxicity of isolated plant extracts and compounds
on microbial consortia

The toxic effect of plant extracts and the isolated compounds
were assessed against five bacterial species. All the extracts and
isolated compounds have predominantly verified strong inhib-
itory effect for Staphylococcus aureus (MTCC 3160) and
Proteus mirabilis with MIC values ranging from 0.08—
1.65 mg/ml. The acetone and water extracts of A. edulis, J.
brevilobum and P. auricularius largely showed maximum
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toxicity towards the S. aureus (MTCC 3160), Bacillus subtilis
(MTCC 441), Escherichia coli MTCC 443), Klebsiella
pneumonia (MTCC 661) and P. mirabilis (MTCC 442) with
MIC values ranging from 0.08—1.06 mg/ml. The J. brevilobum
and P. auricularius extracts were notably displayed strong
inhibiting activity towards all the tested microbial consortia
(MIC ranging from 0.42—1.65 mg/ml). However, the methanol
and petroleum ether extracts of A. edulis, J. brevilobum, and
P, auricularius has displayed a relatively considerable range of
growth suppression rate towards the bacterial species with MIC
values ranging from 0.4-1.65 mg/ml. The toxic effects of iso-
lated bioactive compounds were also evaluated against the
aforementioned bacterial species. 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate showed the maximum zone of inhi-
bition towards S. aureus (22.65+0.700, MIC =0.04) and
P. mirabilis (19.95+1.530, MIC =0.14) (Table 2). The
jatamansone exhibited strong inhibiting activity towards
Staphylococcus aureus (21.72£0.571, MIC = 0.0565 mg/ml)
and E. coli (20.42 +1.598, MIC =0.0765 mg/ml). 3-hydroxy-
2,2 4-trimethylpenty! isobutyrate isolated from P. auricularius
verified sturdy growth inhibition activity with MIC values rang-
ing from 0.08-0.46 mg/ml (Table 3). These results indicated
that all the extracts and isolated compounds sustained signifi-
cant toxicity to the bacterial species.

Toxicity effects of plants extracts and its fraction
on mosquito larvae

The larvicidal efficacy of three compounds isolated is presented
in Table 4. All the isolated compounds have showed potent
larvicidal efficacy. The larvicidal potential of the three plants
extracts and their subfractions against Ae. aegypti are shown in
Table 4 and graphically in Fig. 4. The acetone extracts of
A. edulis exhibited the highest larvicidal potential against Ae.
aegypti larvae with LCsq value of 64.466 pg/ml (fiducial limit -
38.726 - 83.414) and LCy value of 200.212 pg/ml (fiducial
limit-146.789 - 415.844). The water extracts of three plants
were also showed higher larvicidal activity. Amongst the com-
pounds isolated 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate
isolated from A. edulis showed a promising range of larvicidal
efficacy with LCs, value of 1.724 pg/ml. The other compounds
such as jatamansone and 3-hydroxy-2,2.4-trimethylpentyl
isobutyrate isolated from J. brevilobum and P. auricularius re-
spectively showed an adequate range of larvicidal efficacy.

Mode of action of phytochemicals prompted reactive
oxygen species in the target insect body

We assessed the phytochemicals induced reactive oxygen spe-
cies formation against the Aedes aegypti larvae (Table 5). The
isolated phytocompounds prompted reactive oxygen species
(Fig. 5) determined in the present study were considered as a
double-edged sword since their excessive production has
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Fig. 1 Gas chromatography-mass spectrometer (GC-MS) chromatogram and mass spectra of the fraction and compound from J. brevilobum: a GC-MS
chromatogram of the isolated bioactive fraction CC7; b Mass spectra of the identified bioactive compound, jatamansone
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Fig. 3 Gas chromatography-mass spectrometer (GC-MS) chromatogram
and mass spectra of the fraction and compound from A. edulis: a GC-MS
chromatogram of the isolated bioactive fraction EES; b Mass spectra of

arbitrated oxidative stress (Table 6) eventually causing cell
damage and death. The amount of free radicals generated in
the acetone and water extracts of A. edulis significantly in-
creased than the control group. Only a few reactive oxygen
species was formed in the control group. The acetone, water,
methanol, and petroleum ether extracts of J. brevilobum and
P, auricularius was exhibited large amount of free radicals and
this has drawn our concern to further investigate the
compound-specific oxidative stress. We established that the
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate, jatamansone,
and 3-hydroxy-2,2,4-trimethylpentyl isobutyrate exposure to-
wards the Ae. aegypti larvae caused excessive production of
free radicals inside the body, that also seem to be interconnect-
ed with numerous physiological processes.

Discussion

Toxicity of isolated plant extracts and compounds
on microbial consortia

In this study, we provided for evidence of phytochemical
prompted reactive oxygen species formation in Aedes aegypti
larvae together with the microorganism based vector control ap-
proach. The microbiota that resides in the insects has been shown

@ Springer

the identified bioactive compound, 2,2,4-Trimethyl-1,3-pentanediol
diisobutyrate

to draw a significant role in the biology of mosquito vectors by
exhibiting intricate give-and-take multifarious interactions
(Rosenberg and Zilber-Rosenberg 2011). These inhabited micro-
biota has offers several beneficial impacts for their insect hosts by
providing essential nutrients together with inducing resistance to
parasitoids and pathogens (Valzania et al. 2018). Therefore, the
use of microbes’ oriented techniques to investigate their benefits
in humans has dramatically increased in recent times (Dillon and
Dillon 2004; Rebello et al. 2018; Rebello et al. 2019a; Rebello
et al. 2019b). Recent report indicates that the larval stages of Ae.
aegypti are strongly interrelated with the microorganisms exist in
their body and the larvae cannot complete their life cycle process
in the absence of these microorganisms (Valzania et al. 2018).
The reported reason for the death of larvae in the absence of
bacteria is the certain abnormalities observed in the bacteria-
induced hypoxia signal (Lenaz et al. 2002; Coon et al. 2017,
Valzania et al. 2018). The activation of hypoxia-induced tran-
scription factors will not happen if the population of bacteria
has been destroyed inside the body (Dillon and Dillon 2004;
Puthur et al. 2019). Here we choose this loophole as a base to
control the rapid proliferation of Ae. aegypti. Our study validated
the elimination of Staphylococcus aureus, Bacillus subtilis,
Escherichia coli, Klebsiella pneumonia and Proteus mirabilis
by the direct administration of phyto-extracts and purified com-
pounds. In which S. aureus, E. coli, K. pneumonia, Bacillus sp.
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Table 1 Bioactive fractions and compounds isolated from Aglaia edulis, Jasminum brevilobum, Pogostemon auricularius
Sl Retention | Area Area% | Name of the | Molecular | Structure
No compound weight
time (g/mol)
1 14.041 123577 | 23.30 Jatamansone 222.37
0
2 9.804 53442 | 46.28 3-hydroxy- 216.32
2,2,4-
trimethylpenty 0
1 isobutyrate
0 »
3 9.498 12271 9.56 2,2,4- 286.41
Trimethyl-1,3- 0
pentanediol H
diisobutyrate /k“/ 0 0
0

exist inside the Ae. aegypti mosquito larvae are known for their
host-parasite interaction. They provide supplements of growth
factors through this interactions and most of the microbiota has
drastically increased their vectorial capacity (Azambuja et al.
2005; Yadav et al. 2015; Jayakrishnan et al. 2018). Our results
suggest all the extracts and purified compounds we tested can be
used to eradicate the microbial inhabitants thereby providing a
novel idea for microorganism based vector control strategy.

Mode of action of phytochemicals prompted reactive
oxygen species in the target insect body

Studies on the mode of action of phytochemical prompted
reactive oxygen species with special emphasis on mosquito

vector control are scanty in the current scenario. Therefore, we
examined the probable mode of action of isolated bioactive
compounds induced oxidative stress with special reference to
mosquito control. The three isolated compounds from the
present study have prominently generated excessive amounts
of free radicals inside the treated Ae. aegypti larvae thereby
causing an imbalance in homeostasis. Only a few studies have
reported the toxic effects of jatamansone (CC7), 3-hydroxy-
2,2 A-trimethylpentyl isobutyrate (PP4), and 2,2,4-Trimethyl-
1,3-pentanediol diisobutyrate (EE5S) (Arora et al. 1958; Astill
etal. 1972; Chen and Oxford 1965; Kodak 1971; Wright et al.
2017). The elevated level of reactive oxygen species has acti-
vated a diverse set of events linked with the abnormal func-
tioning of cells like disruption of redox signaling pathways,
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Table 2 Toxic effects of selected plant extracts and isolated compounds against microbial consortia at 50 pl. (Zone of inhibition measured in mm)
Plant Solvent used for Zone of inhibition (mm)
extraction
Gram positive Gram Negative
Staphylococcus Bacillus Escherichia Klebsiella Proteus
aureus subtilis coli pheumonia mirabilis
Aglaia edulis Acetone 20.04 +1.440 18.00£0.535 16.73+£0.679 16.99+0.432 18.22+£0.997
Water 18.42+0.212 17.56£0.336 15.84+0.545 15.42+0.650 17.44+£0.887
Methanol 14.32+0.156 16.56 0210 14.52+0.469 16.40+0.333 16.22+£0.998
Petroleum ether 12.25+0.351 13.41£0.210 10.16+0.548  15.07+£0.432 14.43 +0.564
Jasminum brevilobum  Acetone 17.41+£0.364 17.74+1.365 14.53+£0.578 16.46+0.333 17.03+£0.350
Water 14.40£0.169 15.60£0.335 10.32+£0.465 15.48+0.241 16.44+0.560
Methanol 11.62+0.374 13.42+£0.460 12.36+0.659 14.67+0.550 15.03+0.833
Petroleum ether 9.18+£0.444 10.55+£0.865 12.44+0.643 13.57+£0.420 14.00 +0.660
Pogostemon Acetone 15.00+0.555 17.56+£0433  1637+0.769 16.68+0.222 16.38+0.157
auricularius Water 12.10+£0.250 13.02+0.137 14.30+0.580 13.00+0.100 14.34+0.336
Methanol 10.74 +£0.300 13.78£0.555 12.05+£0.560 12.05+0.258 13.32+£0.025
Petroleum ether 8.05+0.246 12.37+£0.778 10.22+0.464 10.46=0.466 13.04£0.360
Isolated compounds
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate 22.65+0.700 20.56+£0.478 18.68+0.579 18.55+0.507 19.95+1.530
Jatamansone 21.72+0.571 19.55+£0.689 20.42+1.598 19.75+0.458 20.03 +£0.444
3-hydroxy-2,2.4-trimethylpentyl isobutyrate 17.91+0.456 18.55+0.100 18.59+0.760 17.98+0.123 19.57+£0.268
Table 3 Minimum inhibitory concentrations of selected plant extracts and isolated compounds against microbial inhabitants
Plant Solvent used for Minimum Inhibitory Concentration
extraction
Gram positive Gram Negative
Staphylococcus Bacillus Escherichia Klebsiella Proteus
aureus subtilis coli pneumonia mirabilis
Aglaia edulis Acetone 0.08 0.26 0.58 0.51 0.29
Water 0.29 0.60 0.58 0.61 0.33
Methanol 0.44 0.72 0.89 0.71 0.80
Petroleum ether 1.03 091 1.26 0.66 0.92
Jasminum brevilobum  Acetone 0.44 0.42 0.89 0.54 0.49
Water 0.92 0.62 1.24 0.66 0.51
Methanol 1.17 1.04 1.09 0.95 0.60
Petroleum ether 1.56 1.36 1.08 1.00 0.92
Pogostemon Acetone 0.66 0.44 0.54 0.53 0.54
auricularius Water 1.03 1.02 0.94 1.06 0.96
Methanol 1.30 1.02 1.08 1.05 1.03
Petroleum ether 1.65 1.08 1.36 1.42 1.16
Isolated compounds
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate 0.04 0.06 0.26 0.28 0.14
Jatamansone 0.05 0.15 0.07 0.14 0.09
3-hydroxy-2,2,4-trimethylpentyl isobutyrate 0.08 0.23 0.25 0.46 0.17

Microdilution method was used for MIC determination. 3 biological replicates were maintained for all executed experiments
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Table 4 Larvicidal efficacy of isolated compounds and extracts from Aglaia edulis, Jasminum brevilobum, and Pogostemon auricularius

Plant Solvent used LCs LCy Chi-Square df°
Aglaia edulis Acetone 64.466 (38.726-83.414) 200.212 (146.789-415.844) 2416 2
Water 120.933 (92.051-165.471) 418.761 (258.302-1652.422) 3.364 2
Methanol 101.192 (65.915-140.734) 455.782 (256.354-3601.863) .038 2
Petroleum ether 107.799 (73.553-152.393) 475.489 (265.172-3781.023) .883 2
Jasminum brevilobum Acetone 75.769 (51.872-95.311) 221.528 (162.587-446.465) 3223 2
Water 111.552 (80.820—-152.680) 426.236 (255.090-2079.013) .647 2
Methanol 123.084 (85.546-198.167) 616.541 (305.356-11,602.368) 1.538 2
Petroleum ether 111.55 (280.820-152.680) 426.236 (255.090-2079.013) .647 2
Pogostemon auricularius Acetone 86.700 (66.409—-105.635) 218.202 (166.375-377.585) 3.534 2
Water 111.274 (73.894-166.061) 551.322 (284.491-8123.569) 0416 2
Methanol 118.518 (85.761-170.459) 488.096 (275.216-3351.831) 0.456 2
Petroleum ether 145.828 (114.751-210.745) 466.020 (284.962-1851.210) 1.703 2
Isolated bioactive compounds
CC7 2.213 (1.292-3.032) 13.549 (8.445-39.290) 1.101 4
EES 1.724 (0.834-2.479) 11.775 (7.335-35.706) 4.760 4
PP4 3.356 (2.331-4.518) 19.667 (11.460—68.386) 1.597 4
Fig. 4 Probit regression analysis . . . .
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Table 5 Phytochemicals
prompted reactive oxygen species
in the Aedes aegypti larvae

Sample/ Solvent used for Extract Absorbance Mean = SD
extraction of the plant sample Dose(pg/mL)
Aglaia edulis Jasminum Pogostemon
brevilobum auricularius
Aedes aegypti Larvae + 125 0.006 +0.004 0.005 +0.002 0.006 +0.000
Distilled water (pg/mL) 250 001740004  0.018+0.002  0.018%0.000
500 0.023 £0.004 0.023 £0.000 0.020 £0.000
1000 0.041 +£0.004 0.040 +0.004 0.041 +0.000
Acetone extract (pg/mL) 125 0.224 +£0.004 0.171 +0.000 0.100+0.000
250 0.395+0.006 0.265+0.000 0.221+0.002
500 0.459 +£0.004 0.366 +0.000 0.299 £0.004
1000 0.599 +0.000 0.461 £0.000 0.315+0.000
Water extract (ptg/mL) 125 0.141£0.001 0.123 £0.000 0.103 £0.000
250 0.296 +0.000 0.198 +£0.002 0.200 +0.000
500 0.378 £0.000 0.247 £0.002 0.299 £ 0.000
1000 0.495 £0.004 0.311£0.002 0.359 +0.000
Methanol extract (pg/mL) 125 0.114+0.001 0.028 +0.004 0.111£0.004
250 0.239 +0.000 0.173 £0.004 0.216+0.002
500 0.263 £0.004 0.241+0.004 0.279 £0.002
1000 0.311£0.002 0.290 £0.004 0.363 £0.002
Petroleum ether extract 125 0.111+0.002 0.099 +0.000 0.147 +£0.000
(ng/mL) 250 021240002  0.134£0.000  0.1940.000
500 0.259+0.016 0.199 +0.000 0.267 £0.000
1000 0.289 £0.006 0.275£0.000 0.324+0.004

pS53-dependent apoptosis together with abnormalities in vari-
ous physiological processes (WHO 1986; Dillon and Dillon
2004; Kunwar and Priyadarsini 2011). This indicates that
there should be a specific balance between ROS-detoxifying
responses and ROS-generating systems which are indispens-
able for retaining homeostasis in organisms (Oliveira et al.

2017). The present study uses this loophole as an intervention
to control vector mosquitoes by inducing phytochemical
prompted free radical production. In this study, the aforemen-
tioned phyto-compounds prompted reactive oxygen species
were considered as a double-edged sword since their elevated
level induce oxidative stress eventually causing cell damage
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Table 6 Mode of action of isolated bioactive compounds prompted
reactive oxygen species as oxidative stress in Aedes aegypti larvae

Compound Dose (ug/mL)  Absorbance
Mean + SD
Aedes aegypti Larvae + 125 0.005 +0.000
Distilled water (p1g/mL) 250 0.016 £0.000
500 0.022£0.002
1000 0.040 +0.000
2,2,4-Trimethyl-1,3-pentanediol 125 0.301 £0.000
diisobutyrate 250 0.400 +0.000
500 0.572+0.002
1000 0.600 =+ 0.000
Jatamansone 125 0.203 +£0.000
250 0.371+0.004
500 0.433£0.000
1000 0.552+0.006
3-hydroxy-2,2 4-trimethylpentyl 125 0.240 +0.000
isobutyrate 250 0.356 +0.002
500 0.460 +0.006
1000 0.559+0.004

and death in Ae. aegypti larvae. Therefore, we suspected that
the excessive production of free radicals by these three com-
pounds was responsible for the death of Ae. aegypti fourth
instar larvae.

Phytochemistry and toxicity effects of plants extracts
and its fraction on mosquito larvae

The present investigation explored the use of three phyto-
chemical compounds as safer insecticides for the sustainable
approach of mosquito control. In which jatamansone exhibit-
ed pharmacological benefits (Sahu et al. 2016) and 3-hy-
droxy-2,2.4-trimethylpentyl isobutyrate was previously re-
ported as strong antibacterial agents from Tasmannia
lanceolata which impede the growth of Clostridium
perfringens. This has confirmed their toxicity towards micro-
organisms (Wright et al. 2017). Incorporated with their find-
ings, for the first time, we have reported its toxic effects
against mosquito vectors of epidemiological significance.
Similarly, 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate ex-
hibit significant range of toxicity. Previous reports on 2,2.4-
Trimethyl-1,3-pentanediol diisobutyrate revealed that its
higher concentration possesses a considerable range of toxic-
ity (Astill et al. 1972). The various phytochemical constituents
including defense-related enzymes and toxic chemicals in
plants offer defense mechanisms for them to cope with the
vast diversity of adverse biotic conditions (Jones and Dangl
2006). The production of toxic substance for defense mecha-
nism is usually accompanied with the tannins, secondary me-
tabolites, and pain-sensation prostaglandins that can be char-
acterized in three clusters: phenolics, terpenoids, and alkaloids
(Bennett and Wallsgrove 1994). In which, the phenolics are
recognized as signaling constituents generated in response to

the incursion of aggressors (Mandal et al. 2010). The various
groups of phytochemical constituents including steroids, phe-
nolics, aromatic compounds, alkaloids, terpenoids of botani-
cal origin has been noted previously for their toxicity towards
mosquitoes (Shaalan et al. 2005; Wang et al. 2019). This in-
dicates that the phytochemical constituents responsible for the
well-developed immune system in plants can be used as an
excellent source of toxic substance for natural insecticides. We
define the application of three compounds with potent toxicity
against fourth instar larvae of Ae. aegypti.

Our findings underpin that these three isolated compounds
are potentially effective and toxic and can be considered for
natural vector control approaches. Despite numerous studies on
the larvicidal efficacy of plant extracts against mosquito vectors,
it was found to be that most of all the studies only focussed on
the crude extracts of plants, and none piloted a study of
Jasminum brevilobum, Aglaia edulis, and Pogostemon
auricularius induced free radical formation with special infer-
ence on microorganism concerned vector control strategies.
Therefore, there are no other investigations are reported
concerning the bioactive compound isolation and its mode of
action on reactive oxygen species generation for mosquito vector
control strategies development using the aforementioned plants.

It is very familiar in the mosquito control research to re-
ports on the arthropod-borne viruses and its impacts in the
global human population together with various infectious dis-
eases including dengue, yellow fever, Zika, and chikungunya
(Joseph et al. 2004; Anoopkumar et al. 2017b). Zika infection
in the fetal stage can cause high risk by microcephaly and birth
defects. These abnormalities might also link to Guillain-
BarreA syndrome in most of the patients (Mittler et al. 2004;
Tilak et al. 2004). In this regard, to gain extensive perceptions
on the vector control strategies and the development of novel
vector control approaches for preventing the severe mosquito-
borne diseases, the potent phytochemical constituents of the
selected medicinal plants can be used. An investigation on the
mode of action of phytochemicals constituents from
J. brevilobum, A. edulis and P. auricularius against Ae.
aegypti larvae with special emphasis on oxidative stress and
microorganism link can provide sufficient evidence to devel-
op effective vector control strategies alternatives with new
notions, as well as for verifying the potent medicinal plants
for their future commercial benefits in mosquito-borne dis-
eases eradication programmes. The output from the present
investigation can be used for the development of mosquito
larvicidal products, and are of more interest since they are
the botanical origin and naturally non-persistent. These poten-
tial phytochemical constituents can, therefore, be applied to
different habitats of Ae. aegypti mosquitoes larvae in an iden-
tical way as conventional larvicides in the future. This will
destruct their life forms and prevents the rapid spread of
mosquito-borne diseases such as Dengue, yellow fever, zika,
and Chikungunya.
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Conclusion

An inevitable concern of bioactive elements induced toxic
effects in the target organism is the formation and accumula-
tion of unstable and reactive intermediates of oxygen. Despite
the prospective significance of bioactive elements induced
oxidative stress, it remains relatively unexamined in microbes
based vector control perspectives. In this study, we made sev-
eral observations on how the accumulation of free radicals
interrelates with the microbial consortia targeted vector con-
trol. Our findings add to the existing knowledge of mosquito
vector-related microbiomes, principally the eukaryotes, to aid
divulge microbial consortia with potential to prevent arbo-
viral diseases and to highlight the need to comprehend how
the free radicals and symbiotic microbial consortia influences
the control of vector-borne disease transmission. We suggest a
possibility that the annihilation of microbial, symbiotic inhab-
itants of mosquito vectors using the phytochemicals may po-
tentially reduce the mosquito vector population thereby
diminishing the increased epidemics of mosquito-borne dis-
eases especially the Dengue, yellow fever, zika, and
Chikungunya. Greater understanding of bioactive elements
induced free radical formation and oxidative stress together
with the elements underlying the mode of action are the sig-
nificant implications for future vector control strategies.
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Abstract

Plant extracts prompting free radical formation causing DNA damage among especially symbiotic microorganisms of Aedes
aegypti has not been extensively examined in previous studies. Here, investigated whether: (1) it was possible to reduce the
vectorial capacity by eliminating the microbial consortia of Aedes aegypti larvae, (2) the excess formation of free radical could
induce damages of genomic DNA and alter the morphological appearance of Aedes aegypti larvae, and (3) which are the probable
mechanisms driving the death of mosquitoes that has been treated with phytochemicals. The toxicity of Catunaregam spinosa
seed extracts on the microbial community of Aedes aegypti larvae was determined as previously described. The formation of free
radicals was confirmed using the ammonium molybdate method. While the GCMS method was used to assess the phytochemical
analysis and the DNA lysing potential. The petroleum ether, ethanol, acetone and water extracts of Catunaregam spinosa has
exhibited potent toxicity towards Aedes aegypti larvea’s gut bacterial microbiota, including Staphylococcus aureus, Bacillus
subtilis, Escherichia coli, Klebsiella pneumonia, and Proteus mirabilis with strong MIC values ranging from 0.07 mg/ml to
5.9 mg/ml. Plant extract induced free radical formations and oxidative damage to DNA. The presence of the bioactive element
squalene justifies the insecticidal proprieties of Catunaregam spinosa extract. This study reflects the probable mechanisms
underlying the lethal effect of Catunaregam spinosa extract on Aedes aegypti, and it potential as a novel biological vector control
approach.

Keywords Catunaregam spinosa - Aedes aegypti - Larvicidal - Gut bacterial microbiota - Oxidative damage

Introduction
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anceshembalil @stjosephs.cdu.in Extension of mosquito-borne diseases into tropical and sub-

tropical regions of the world exposed the medical importance
of mosquitoes since they designated as a public threat over
100 countries (Kadir et al. 2013). The emergence of arboviral
diseases such as yellow fever, dengue fever, Japanese enceph-
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alitis, dengue haemorrhagic fever, West Nile fever,
chikungunya, and zika within the urban and rural regions
was primarily triggered by the mosquito species Aedes aegypti
(Souza 2016; Anoopkumar et al. 2017a; Anoopkumar et al.
2019). Regarding dengue fever infections, more reliable epi-
demiological data are accessible, and the rate of infections has
to remain increased in recent years (Anoopkumar et al. 2017b;
WHO 2017). Thus, control of the vector Aedes aegypti at the
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larval stage would be a promising strategy to prevent the onset
of such diseases than curing (AhbiRami et al. 2014).

The synthetic insecticides are profoundly potent in their
part as an effective option in the prevention of various
mosquito-borne diseases. However, the frequent use of man-
made insecticides has disrupted the biological control systems
and ecosystems; and has resulted in the emergence of insecti-
cide resistance in mosquito vectors. The emergence of insec-
ticide resistance in mosquitoes coupled with the economic and
environmental burden calls for an exigent alternative to con-
ventional synthetic approaches (Nwabor et al. 2017). Recent
research trends consider the bioactive elements retrieved from
plants as alternative products to synthetic larvicides for the
reason that the plant extract comprises a plethora of phyto-
chemical constituents that are specific in mosquito larvae
(Govindarajulu et al. 2015; Tiwary et al. 2007). The use of
bioactive elements from locally available medicinal plants as
natural larvicides for mosquito vector control would generate
inexpensive methods and reduce dependence on imported
synthetic products (Bowers et al. 1995; Puthur et al. 2018;
Puthur et al. 2019). The phytochemical constituents that are
responsible for the pharmacological property of Catunaregam
spinosa has been verified in previous literature by Patil and
Khan 2017. The various phytochemical constituents of the
medicinal plants could also induce apoptosis in tumor cells
by means of generating excessive free radicals (Forcados
etal. 2017).

Several studies from all over the world are trying to analyse
the mechanisms leading the development of insecticide resis-
tance (Aivazi and Vijayan 2010; Aneesh and Vijayan 2010;
Liu 2015). Established documents on the aforesaid aspect
have exposed the links between microbial consortia (especial-
ly bacteria) and insecticide resistance (Kikuchi et al. 2012).
Previous studies have also confirmed that the mosquitoes host
specific groups of living microbes including bacterial popula-
tion for their life cycle completion (Vogel et al. 2017). For
instance, about approximately100 kinds of bacterial species
have been harbored within the Aedes aegypti fourth instar
larvae (Vogel et al. 2017) and they can also induce the vector
susceptibility to disease-causing microorganisms.

The excessive productions of free radicals can alter
DNA, disturbing the normal biological activities and
triggering oxidative stress (Neumann et al. 2003). The
elevated oxidative DNA damage together with the oxi-
dation of DNA has been noted as the prominent modi-
fications induced by oxidative stress (Cooke et al.
2006). The increased reactive oxygen species (ROS) in
animals has been associated with shorter lifespan (Sinha
et al. 2014) including the shortening of telomeres re-
sponsible for cellular aging, gradually contributing to
lethal condition (Kawanishi and Oikawa 2004).
Considering the increasing global vector-borne disease
burden, a systematic understanding of the elements
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causing larval death and insecticide resistance is essen-
tial to allay its growing risk to mosquito control strate-
gies (Dada et al. 2018).

Therefore, we cooperatively inferred and interpreted these
aspects and assign that several disease-causing mosquito vec-
tor species necessitate living microbial consortia in their body
for developmental processes. This investigation targets those
microorganisms exist inside the mosquito larvae. The impact
of plant extract induced oxidative stress and the influence of
microbial consortia over mosquito larvae with special refer-
ence to epidemiological significance has not been well
established in previous studies. Therefore, to eradicate the
rapid proliferation of mosquito transmitting disease we need
to reveal the probable mode of mechanisms of mosquito larval
death against botanical insecticides. The main focus of this
study is to disclose the probable mechanisms that could drive
the death of plant extract exposed mosquito larvae, and to
open new perspectives and notion for mosquito vector control
by targeting the microbial consortia.

Materials and methods
Collection and preparation of plant material

Healthy seeds of Catunaregam spinosa (Fig. 1) were collected
from Thirunelly, Wayanad a part of Western Ghats, Kerala,
India. The GPS coordinates (11°53’30.25” N, 76°0'52.25"E)
of the selected plant was also recorded. The powdered mate-
rial was extracted successively by using different solvents
(petroleum ether, ethanol, acetone, and water) in Soxhlet
apparatus.

Mosquito culture and larval bioassay

Aedes aegypti larvae were collected from Communicable
Diseases Research Laboratory department of Zoology

Fig. 1 Catunaregam spinosa
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(CDRL), St. Joseph’s College (Autonomous), Irinjalakuda,
Thrissur, Kerala, India (15-May-2018). The experimental in-
sects were reared under the following conditions; 55-60%
relative humidity, 12 L:12 D photoperiod 110 cycle followed
by 27+2 °C temperature (Anoopkumar et al. 2020).
Larvicidal efficacy was evaluated according to standard
guidelines provided by World Health Organization (WHO
2005). Triplicates were set up for each concentration with
corresponding controls.

Mechanism of larvicidal action
Toxicity towards microorganisms

The screening of antibacterial potential of the seed extracts of
C. spinosa was done against human pathogenic bacteria in-
cluding the bacterial population that reside inside the mosqui-
to larval gut viz., Staphylococcus aureus (MTCC 3160),
Bacillus subtilis (MTCC 441), E. coli (MTCC 443),
Klebsiella pneumonia (MTCC 661) and Proteus mirabilis
(MTCC 442). The petroleum ether, ethanol, acetone and water
extracts of C. spinosa seeds at different concentrations (10, 25,
50, and 100 micrograms) were loaded on 10-mm discs placed
on microbe plated muller hinton agar plates along with suit-
able controls and incubated for 15 to 18 h at 37 °C. The
diameter of inhibition zones (in millimetre) was noted and
compared against positive standard (chloramphenicol). All
executed experiments were maintained triplicates and values
were expressed as the mean + standard deviation (SD). Broth
microdilution method was employed for the determination of
minimum inhibitory concentrations. The Minimum inhibitory
concentration (MIC) of petroleum ether, ethanol, acetone, and
water extracts of C. spinosa seeds was determined using the
method prescribed by (Wiegand et al. 2008) and (Bussmann
et al. 2010). Triplicates were maintained for each assay and
potent activity was expressed as MIC.

Phytochemicals induced free radical generation and DNA
lysing potential

The lethal effects of petroleum ether, ethanol, acetone, and
water extracts of C. spinosa seed induced free radical forma-
tion was manipulated by verifying the morphological changes
in the treated and untreated fourth instar Ae. aegypti mosquito
larvae. Morphological changes in the head, abdomen and anal
gills region of Ae. aegypti fourth instar larvae were examined
by Olympus CH -20i Microscope connected to the digital
camera. The oxidative stress in the treated and untreated larval
tissues was verified by estimating their free radicals by am-
monium molybdate method (Prieto et al. 1999). Twenty fourth
instar larvae of Ae. aegypti were treated with varying concen-
trations of seed extracts (125 mg/L, 250 mg/L, 500 mg/L, and
1000 mg/L) against untreated controls of larvae grown in

similar laboratory conditions. The treated and untreated larvae
after 24 h of exposure were sacrificed, homogenized in dis-
tilled water and centrifuged to obtain free radicals released
from the body. The level of free radicals generated in the
untreated and treated mosquito larvae was calculated by
treating 1 ml of larval suspension with 3 ml reaction mixture
(10 ml H,SO4 + 1.47 g ammonium molybdate +1.005 g sodi-
um phosphate monobasic +290 ml of distilled water) and in-
cubated in water bath at 95 °C for 1 h. One millilitre of dis-
tilled water dissolved in 3 ml of reaction mixture served as the
blank solution. The extent of free radicals formed in the un-
treated and treated samples were recorded at 695 nm in
Ultraviolet-visible spectroscopy.

The DNA lysing potential of the extract was assessed with
the seed extract and analyzing the extent of damage by aga-
rose gel electrophoresis. The untreated DNA served as a neg-
ative control; whereas 3% H,0O, treated DNA served as a
positive control for DNA damage (Guha et al. 2011).

Analysis of bioactive compounds

The active chromatographic fraction of the plant extract was
further analyzed for its phytocompounds by GC-MS (Al
Yahya et al. 2018). The seed extracts of C. spinosa were
analyzed by GC-MS (gas chromatography-mass spectrome-
try) (GC-7890 A, Agilent Technologies). We employed the
approaches used by previously reported findings (Cheng et al.
2009; Mdoe et al. 2014), which used DB 5-MS capillary stan-
dard column. The length, diameter and film thickness of the
column was 30 m, 0.25 mm and, 0.25 pm respectively.

Helium was chosen as a carrier gas (flow rate- 1.0 ml/min).
The ideal mass spectrum was gained at 70 eV. The individual
constituents were recognized and identified using RRPLIB
and MAINLIB database library. The isolated compounds
were compared with the retention time (RT) values of refer-
ence compounds from MAINLIB and REPLIB library for
identification.

Statistical analysis The log-probit regression analysis was
employed for calculating LCsy, LCyg and 95% Confidence
limit (upper confidence and lower confidence). The other sta-
tistics including the calculation of Chi-square values, analysis
of absorbance of free radicals and antibacterial activity has
been performed using SPSS Statistical software package ver-
sion 24.0.0.

Results
Toxicity towards microorganisms

The petroleum ether, ethanol, acetone and water seed extracts
of C. spinosa were firstly tested using Disc diffusion method
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against S. aureus (MTCC 3160), B. subtilis (MTCC 441),
E. coli IMTCC 443), K. pneumonia (MTCC 661) and
P. mirabilis (MTCC 442). The initial screening included four
different seed extracts of C. spinosa with potent antibacterial
activity which was preferred for the present study to find their
MIC values. Tables 1 and 2 shows the potent antibacterial
activity of C. spinosa seed extracts against different types of
pathogenic bacteria that reside inside the mosquito larvae. The
sensitivity of Gram negative and Gram-positive bacteria to-
wards the C. spinosa seed extract varied amid the tested
strains and all the five strains were conspicuously sensitive
to the different extracts (Fig. 2). The extracts in different con-
centration were also subjected to the MIC value determina-
tion. The petroleum ether, ethanol, acetone, and water seed
extracts of C. spinosa inhibited S. aureus, B. subtilis, E. coll,
K. pneumonia, and P. mirabilis. The low MIC values against
these bacteria species indicate potent antibacterial property.
The water extracts of C. spinosa showed potent activity to-
wards S. aureus (19.25+0.430, MIC =0. 07 mg/ml),
B. subtilis (19.00+1.732, MIC =0.08 mg/ml), E. coli
(15.83 £0.886, MIC = 0.88 mg/ml), K. pneumonia (17.67 £
0.577, MIC =3.0 mg/ml), and P. mirabilis (16.33 +£1.155,
MIC = 0.73 mg/ml). The acetone extracts of C. spinosa exhib-
ited effective activity against Gram positive and Gram-
negative bacteria, with MIC values ranging from 0.5 mg/ml
to 3.2 mg/ml. The entire sample belonging to the ethanol
extracts of C. spinosa was characterized by better antibacterial
potential towards all the bacteria population with MIC values
ranging from 0.4 mg/ml to 2.1 mg/ml. The petroleum-ether
seed extracts also exhibited a considerable range of MIC
values from 0.8 to 5.9 mg/ml. The water seed extract shows
lowest MIC values ranging from 0.07 mg/ml to 3 mg/ml to-
wards the bacteria population and would be renowned as re-
markable candidates for future studies.

Larvicidal efficacy

The larvicidal efficacy was accomplished by using seed ex-
tracts of C. spinosa. All the extracts revealed potent toxic

effect on Ae. aegypti fourth instar larvae after 24 h of contin-
uous exposure. The highest larvicidal efficacy was observed
in the petroleum ether (Table 3 and Fig. 3) seed extracts of
C. spinosa (LC50-184.257 mg/L and LCyy-944.595 mg/L).
The water seed extract of C. spinosa also exhibits significant
larvicidal efficacy with an LCsy of 210.212 mg/L on 24-h
exposure against Ae. aegypti fourth instar larvae (Fig. 3).
Alike trends have been renowned for the acetone (LC50—
248.680 mg/L and LCyy-2415.714 mg/L) and ethanolic
(LC50-465.224 mg/L and LCy-5993.348 mg/L) extracts of
C. spinosa against fourth instar larvae of A. aegypti.

Mechanism of larvicidal action

The microscopic examination of C. spinosa seed extract treat-
ed larvae of Ae. aegypti showed structural damages on the
head (Fig. 4(a-1), abdomen (Fig. 4(a-2) and thorax (Fig. 4(a-
3); the untreated larvae did not exhibit any external variance in
their body (Fig. 4(b-1-3). During the present research, the
morphological changes of the C. spinosa seed extract treated
larvae have also been observed. Moreover, the larvae admin-
istrated with C. spinosa showed striking activities in terms of
behavioral aspects such as sluggishness, restless movement
followed by paralysis and death.

Administration of C. spinosa (seed) water extracts to fourth
instar larvae of Ae. aegypti made prominent alterations in the
naturally produced reactive oxygen species and it causes ox-
idative stress, leads to the death of the organism. The absor-
bance levels of free radicals at 695 nm were significantly
increased in the water extract of C. spinosa (seed) (Fig. 5(a)
than the extract homogenized with larvae unexposed to the
plant extract treatment (Table 4). C. spinosa (seed) petroleum
ether extracts were comparatively showed the low level of
absorbance (Fig. 5(b) than the water extract. Very few free
radicals were generated in homogenized extract containing
larvae and distilled water (Fig. 5(c). The ethanol (Fig. 5(d),
and acetone extract (Fig. 5(e) of C. spinosa exhibited a con-
siderable degree of free radical generation. This indicated that
the free radicals generated by C. spinosa (seed) water extract

Table 1 Determination of toxic
effects of Catunaregam spinosa
seed extracts against pathogenic
bacteria at 50 pl. (Zone of
inhibition measured in mm)

Human pathogenic Type
Bacteria Sp.

Catunaregam spinosa seed
(Zone of inhibition (mm)

Petroleum Ethanol Acetone water

ether
Staphylococcus aureus ~ Gram-positive  9.02 +0.462 13.56+£0.224 12.01+£1.24 19.25+0.430
Bacillus subtilis Gram-positive ~ 10.20+0.900  14.45+0.338  15.57+1.020 19.00+1.732
Escherichia coli Gram-negative  10.34+0.820  9.87+0.240 13.45+1.34 15.83+0.886
Klebsiella pneumonia Gram-negative  9.66+0.678 1091+£0.543  12.01+£0.210 17.67+0.577
Proteus mirabilis Gram-negative  16.67+1.528 14.24+0.166 10.44+0.590 16.33+1.155
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Table2 Minimum inhibitory concentrations of Catunaregam spinosa seed extracts of increasing polarity against tested bacteria

Staphylococcus Bacillus Escherichia Klebsiella Proteus
aureus subtilis coli pneumonia mirabilis
Catunaregam spinosa seed Petroleum ether 1.04 1.32 1.9 59 0.81
extract
Catunaregam spinosa seed Ethanol extract 0. 40 0.80 1.83 2.1 0.96
Catunaregam spinosa seed Acetone extract 0.50 0.60 0.90 32 1.3
Catunaregam spinosa seed Water extract 0.07 0.08 0.88 3 0.73
MIC minimum inhibitory concentration mg/ml
cause oxidative stress and recognized as one of the reasons for ~ Discussion

the death of Ae. aegypti fourth instar larvae. These free radi-
cals were also inducing oxidative damage to DNA when treat-
ed with plasmid DNA as an in vitro experiment to detect DNA
damage (Fig. 6).

GC-MS analysis

Gas chromatography-mass spectrometry (GC-MS) analysis of
petroleum ether seed extract of C. spinosa showed 31 peaks
which specify the presence of 31 phytochemical constituents
(Fig. 7(a), Table 5). Based on the evaluation of the mass spec-
tra of the constituents with the MAINLIB, REPLIB library, 31
compounds were characterized and recognized (Table 5). The
major chemical compounds were identified based on the
highest peaks are Heptacosane (4.499%) (Fig. 7(b),
Hexanedioic acid (1.03%) (Fig. 7(¢), 2,6,10,14,18,22-
Tetracosahexaene,2,6,10,15,19,23-hexamethyl-
(Squalene)(20.782%)(Fig. 7(d), Octacosane (8.489%)(Fig.
7(e), Tetratetracontane (54.058%), and Decane (6.134%).
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Fig. 2 Antibacterial activity of petroleum ether and water extracts of
Catunaregam spinosa seed

The principal focus of this study was to explicate the under-
lying mechanisms of the plant extract induced mosquito larval
death since the mode of action, chemical framework, toxicity
towards mosquito population have previously not been stud-
ied. There has been extensive apprehension regarding the
forecast of mosquito-borne diseases eradication in the recent
years (Ioos et al. 2014). In addition, previous studies have
shown that the mosquito vector responsible for the transmis-
sion of zika virus infection have interrelated with several mi-
croorganisms including bacteria surrounding their environ-
ment, and which might lead to the establishment of an effec-
tive symbiotic association throughout their lifetime (Villegas
et al. 2018). Until now, microorganisms specifically bacteria
are documented as well studied part of the microbial research
based on mosquito model aspects (Saldafia et al. 2017;
Rebello et al. 2018; Rebello et al. 2019a; Rebello et al.
2019b). Results from the several vector models have consis-
tently verified the symbiotic relationship between arthropod
hosts and bacterial consortia (Dong et al. 2017).

In this study, the bacterial action of C. spinosa seed extracts
was determined against Gram-negative and Gram-positive
bacteria viz., S. aureus, B. subtilis, E. coli, K. pneumonia,
and P. mirabilis. Previous studies have shown that the cell
wall of gram-negative bacteria is persisted as an effective ob-
stacle against candidate extract since the cell wall comprises
efflux pumps responsible for expelling the elements that pass
over the membrane (Brown et al. 2014). In our study, the
water extract of C. spinosa seeds has shown a high degree
of toxicity towards the bacterial species (Tables 1 and 2).
These results are in a pact with previously published reports
that revealed the high antimicrobial activity of plant extracts
against microbes of epidemiological significance (Hsueh et al.
2015; Vu et al. 2017). Mostafa et al. 2018 reported that
Cuminum cyminum, Punica granatum, Syzygium
aromaticum, Thymus vulgaris, and Zingiber officinale ex-
tracts exhibit antibacterial activity against Gram positive and
Gram-negative bacteria including E. coli and S. aureus with
strong MIC values (0.1 to 2.31 mg/ml). The presence of
S. aureus, K. pneumonia, and Bacillus sp., inhabiting the Ae.
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Table 3 Larvicidal efficacy of

Catunaregam spinosa seed Plant Sample LCsp (ppm LCoy0 (ppm) Chi P
extract against the fourth instar LCL-UCL LCL-UCL Square value
larvae of Aedes aegypti value
)
Catunaregam Petroleum 184.257 944.595 2.19 .000
spinosa ether (105.869-261.856) (589.288-2651.425)
Ethanol 465.224 5993.348 0.311 .001
(273.753-1115.004)  (1891.211-588,581.062)
Acetone 248.680 2415.714 0.334 .001
(124.335-398.460) (1077.393-31,257.200)
Water 210.212 3205.896 0214 .002

(66.898-364.010) (1172.989-248,686.198)

*Values were significant at the P < 0.05 level

LCs5y— lethal concentration that kills 50% of the exposed larvae, LCg, — lethal concentration that kills 90% of the

exposed larvae

UCL upper confidence limit, LCL lower confidence limit, x> — chi square

aegypti mosquito larvae has a prominent impact in host-
parasite interaction and they would influences the vectorial
capacity of vector-borne diseases (Yadav et al. 2015). Our
study suggests that the microorganisms targeted mosquito
vector control strategies will never eradicate the whole mos-
quito population, and this approach will provide a priority for
the sustained conservation of mosquito population. This ap-
proach will also reduce the chance of insecticide resistance
development (Kikuchi et al. 2012). The toxic property of the
C. spinosa seed extract towards the microbial population
(S. aureus, B. subtilis, E. coli, K pneumonia, and P.mirabilis)
would considered as a prominent reason for the death of mos-
quito larvae since previous studies have mentioned that the
bacterial density (Valzania et al. 2018) have strongly
interlinked with the rate of the larval growth of Ae. aegypti
mosquitoes. This may be an innovative approach to prevent
the rapid proliferation of mosquitoes as for the reason that the
seed extract can exterminate the microorganisms that share the
symbiotic relationships with Ae. aegypti mosquito population.

Fig. 3 Regression graph showing

The use of plant-derived products recognized with antimi-
crobial activities might exhibit much more significance in
therapeutic purposes since the extract constitute different
kinds of phytochemical constituents that have different bio-
logical functions (Howard et al. 2007; Iloki-Assanga et al.
2015). For instance, the phytochemicals such as saponins,
alkaloids, and tannins have medicinal and pesticidal property.
The phytochemical constituents such as flavonoids, alkaloids,
tannins, and saponins from plants are known by their insecti-
cidal toxicity to other organisms (Valgas et al. 2007). This
study has also reported the presence of the bioactive com-
pound squalene (Table 5) and this justifies the medicinal, in-
secticidal, therapeutic benefits of our plant extract. Previously
published reports (Adeosun et al. 2017) have mentioned that
this compound exhibit the aforementioned activities. Our find-
ings might also produce a link between previous reports that
revealed the leaf extract of C. spinosa shown the antioxidant
property for DPPH and FRAP assays (Surabhi and Leelavathi
2010). Previous studies produced a review of plant extracts as

Probit Transformed Responses

mortality of different solvent
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seed against Aedes aegypti fourth
instar larvae
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1.
(a) Morphological deformities induced by
Catunaregam spinosa (seed) water extract:

Thorax

[ VI

Abdomen

1.

(b) Untreated larvae: 1. Aedes aegyptilarvae, 2. Head, 3. Abdomen, 4. Anal gills

Fig. 4 Catunaregam spinosa seed extract induces histological modifications on Ae. aegypti larvae fourth instar larvae. Light micrographs of head,
thorax, abdomen, and anal gills regions of Aedes aegypti fourth instar larvae with treatment (a) and without (b) x40 magnification

mosquito larvicides and reported that octacosane (also pre-
dominant in our extract- Fig. 7(e), germacrene D and
azadirachtin, found to be poisonous to multiple species
(Ghosh et al. 2012). The phytochemicals of plant origin such
as octacosane, falcarcinol, granial, azadirachtin,
pipernonaline, plumabagin etc. are active larvicide (Kishore
et al. 2011). The presence of these compounds in our extract
justifies its insecticidal property. The tetratetracontane con-
firmed has antioxidant and cytoprotective activities (Ertas
et al. 2014) and this justifies the medicinal properties of our
extract too. Phenolic compounds such as tannins, flavonoids,
and furanocoumarins retrieved from plants might generate
free radicals in the insect species (Chaitanya et al. 2016).
This study also reports the larvicidal efficacy of C. spinosa
seed extracts for the first time. In our study, the potential
larvicidal efficacy of petroleum ether seed extract
(184.257 mg/L) is recognized as prominent and effective
against Ae. aegypti fourth instar larvae. In addition, the ability
of the water seed extract of C. spinosa with an LCs, of
210.212 mg/L on 24-h exposure to cause mortality of Ae.
aegypti is an added advantage to the layman to prepare mos-
quito larvicidal extracts rather than using organic chemicals.

These results are corroborated to the formerly reported find-
ings who described the larvicidal efficacy of Murraya koenigii
(Kumar et al. 2012) plant extracts against yellow fever mos-
quito vector Aedes aegypti. We are also able to verify the
probable mode of action of the seed extract on mosquito larval
death. The modes of action of the seed extract in this study can
principally attribute to the formation of free radicals followed
by DNA damage. The extracts of botanical origin are reputed
to have eco-friendly and prominent high toxicity compared to
chemical insecticides for mosquito vectors of epidemiological
significance (Sarwar et al. 2009).

The excessive formation of free radicals results in disparity
between the antioxidants and pro-oxidants. The ROS metab-
olism strongly influences the vector competence, immune re-
sponse, and fecundity in mosquitoes (Ha et al. 2005; Kumar
et al. 2003; Oliveira et al. 2011) and the increased levels of
ROS might interrupt the redox signaling pathways (Jones
2006). The enhanced generation of these reactive oxygen spe-
cies (ROS) along with simultaneous damage to proteins,
nucleic acids, and cell organelles might leads to the death of
the organism (Kodrik et al. 2015). In our study, it was ob-
served that the free radicals generated by C. spinosa (seed)

@ Springer



Int J Trop Insect Sci

Absorbance of free radicals

600

400+

Absorbance at 695 nm

200

T T T T T
125 250 500 1,000 control

Extract dose (Aedes aegypti Larvae + Catunaregam
spinosa Water extract) (ug/mL)

.060+]

0404

Absorbance at 695 nm

.0207

1 éﬁ 2%0 550 1 ,UIUO cor:trol
Extract dose (Aedes aegypti Larvae + Distilled water )(ug/mL)

Absorbance at 695 nm

.3004

.2004

1004

.ooor

Absorbance at 695 nm

0.287
\
\
\
\
\
\
\
\\
\
125 250 500 1,000 Control
Extract dose

(Aedes aegypti Larvae + Catunaregam
spinosa Petroleum ether extract) (ug/mL)

0.0807

0.060-

0.040

0.0207

0.000¢

T
125

T
250

T
500

T T
1,000 Control

EXtract Dose (Aedes aegypti Larvae + Catunaregam
spinosa Ethanol extract) (ug/mL)

0.080]

£ 0.060-
o
n
(=23
-
"
L3
2

& 0.040-
o
=
o
"
2
<

0.020

0.000 T T T T T
125 250 500 1,000 Control
EXtract Dose (Aedes aegypti Larvae + Catunaregam
spinosa Ethanol extract) (ug/mL)

Fig. 5 Mechanism of larvicidal action. Determination of free radicals of Catunaregam spinosa seed extract exposed Aedes aegypti larvae
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Table 4 Determination of free radicals from plant extract exposed
Aedes aegypti larvae. Experiments were executed in triplicates

Sample Extract Absorbance
Dose(pg/ Mean + SD
mL)
Aedes aegypti Larvae + Distilled water 125 0.013+0.006
(ng/mL) 250 0.027 +£0.006
500 0.047 +£0.006
1000 0.067 +0.006
Aedes aegypti Larvae + Catunaregam 125 0.063 +0.005
spinosa Acetone extract (pg/mL) 250 0.087 +0.005
500 0.133+£0.010
1000 0.287+£0.005
Aedes aegypti Larvae + Catunaregam 125 0.123 +£0.006
spinosa Water extract (pg/mL) 250 0.247 +0.005
500 0.527+£0.005
1000 0.693 £0.006
Aedes aegypti Larvae + Catunaregam 125 0.017+0.05
spinosa Ethanol extract (pg/mL) 250 0.024 +£0.002
500 0.037£0.002
1000 0.051+0.005
Aedes aegypti Larvae + Catunaregam 125 0.041+£0.002
spinosa Petroleum ether extract 250 0.042+£0.002
(ng/mL) 500 0.056+£0.016
1000 0.077 £0.006

petroleum ether, ethanol, acetone, and water, extract cause
oxidative stress, and recognized as one of the reasons for the
death of Ae. aegypti fourth instar larvae. Our results validated
that the free radicals generated by C. spinosa (seed) water
extract also induce oxidative damage to DNA when treated
with plasmid DNA as an in vitro experiment to detect DNA
damage. Any impairment of the DNA might cause severe
alterations in the encoded proteins, resulting in the protein
production inhibition. Deoxyribose oxidation, nucleotide re-
moval, strand breakage and alterations in the nitrogenous ba-
ses are recognized as the different forms of DNA oxidative
damage induced by free radicals (Sharma et al. 2012). Hence,
DNA oxidative damage induced by the free radicals from
C. spinosa (seed) water extract resulting in cellular damage
might be recognized as another reason for the death of Ae.
aegypti fourth instar larvae.

In addition, the microscopic analysis of this study clearly
specifies that the excessive formation of free radicals caused
morphological alterations in head, abdomen, and thorax, and
anal gills regions in the fourth instar larvae of Ae. aegypti.
Similar to our results, several previously published reports
revealed alterations induced by candidate drugs of synthetic
origins (Farnesi et al. 2012; Wallis and Griffin 1973). Our
findings indicate that the various phytochemical constituents
in the plant extract triggered the morphological alterations and
inhibition of the normal functioning of the mosquito larvae.
These observations are in line with the previously published
report made by Bekele et al. 2014 who found that the breeding

Lane 1 :1 kb DNA Ladder
Lane 2 : Untreated DNA
Lane 3 : Hydrogen peroxide treated DNA

Lane 4 : Catunaregam spinosa treated DNA

Fig. 6 Mechanism of larvicidal action- Catunaregam spinosa seed
extract induces DNA damage

sites of mosquitoes easily be discovered for spraying plant-
derived products and use of this inexpensive botanical extract
will destruct their life cycle and securely diminish the rapid
multiplication of mosquito population (Bekele et al. 2014).
Therefore, the plant-derived products can either be used as
insecticides or repellent for killing mosquito larvae or for the
protection from mosquito bite respectively depending on the
type of activity they exhibited. The biological control of vec-
tor mosquito population is more effective and eco-friendly.
The recommendation offered by our study is that the water
extract of C. spinosa seed can be directly prepared in the home
with minimum cost and struggle and might be used as a po-
tential natural larvicide against Ae. aegypti in future. We are
also able to give the possible mode of action of the plant
extract as well as the phytochemical constituents against the
mosquito larval death. This study demonstrates a novel linkage
between the mosquito larval response and the various mecha-
nisms involved in the larval death to plant extract exposure
with special reference to the impeding effects of various phy-
tochemical constituents induced free radical formation against
the yellow fever vector Ae. aegypti (Diptera: Culicidae).
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Fig. 7 GC-MS analysis of Chemical compounds identified in petroleum ether extract of Catunaregam spinosa seed

Conclusion

In summary, the present study made a first and foremost report
on the impeding effects of plant extracts induced free radical
formation and DNA damage toward Ae. aegypti (Diptera:
Culicidae) mosquito larvae. It was noted that the water extract
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of C. spinosa seed had the utmost toxic effects on the micro-
bial consortia which maintain a symbiotic relationship with
arthropod diseases vectors especially the dengue fever vector
Ae. aegypti in all executed experiments. The toxic effects on
the microbial consortia (S. aureus, B. subtilis, E. coli, K. pneu-
monia, P. mirabilis) have also been renowned as a probable
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Table 5 Chemical composition of Petroleum ether seed extract from Catunaregam spinosa

SI. no RT Area % Compound name

1 9.140 5.507 Oxirane, 2,2-dimethyl-3-propyl-

2 9.793 2.306 2-Hexene, 1-(1-ethoxyethoxy)-

3 9.984 1.152 Octane, 3,6-dimethyl-

4 10.171 1.363 Heptane, 3-ethyl-2-methyl-

5 10.749 0.284 2-Nonen-1-ol,

6 10.953 0.672 Trichloroacetic acid, 6-ethyl-3-octyl ester

7 11.035 1.366 Nonane, 4-methyl-

8 11.173 1.104 Nonane, 2-methyl-

9 11.401 1.755 Octane, 4-ethyl-

10 11.488 0.491 Cyclohexane, 1-ethyl-2,3-dimethyl-

11 11.812 1.435 Cyclohexane, 1-methyl-2-propyl-

12 11.972 1.142 m-Menthane

13 12.270 0.606 Sulfurous acid, cyclohexylmethyl octadecyl ester
14 12.485 6.134 Decane

15 13.130 0.822 3-Trifluoroacetoxydodecane

16 13.262 1.244 Octane, 1,1-oxybis-

17 13.558 0.616 Cyclohexane, butyl-

18 13.688 0.365 Cyclopentane, pentyl-

19 13.814 0.401 (Z)-4-Decen-1-ol, methyl ether

20 14.380 0.200 Naphthalene, decahydro-, trans-

21 15.937 0.198 Undecane

22 18.213 0.250 Bicyclo[2.2.1]heptan-2-0l, 1,7,7-trimethyl-, (1S-endo)-
23 40.669 2.337 9,12-Octadecadienoic acid (Z,Z)-

24 45.010 1.030 Hexanedioic acid, dioctyl ester

25 46.808 1.387 Heptadecane, 9-hexyl-

26 47238 0.853 1,2-Benzenedicarboxylic acid, diisooctylplasticiser
27 48.350 2.247 Heptadecane, 9-hexyl-

28 49.831 4.499 Heptacosane

29 51.401 20.782 2,6,10,14,18,22-Tetracosahexaene,2,6,10,15,19,23-hexamethyl- (Squaline)
30 52.650 8.489 Octacosane

31 54.058 7.536 Tetratetracontane

reason for the death of Ae. aegypti larvae. Here, we found that
the release of reactive oxygen species in excess amount to-
gether with the DNA damage induced by the plant extract has
triggered the formation oxidative stress results in mosquito
larval death; and these two mechanisms were probably distin-
guished as another reason for mosquito larval death. The mi-
croorganism targeted vector control approaches also offer
sustained mitigation of mosquito vectors with special priority
on insect conservation. The combinatorial role as a
mosquitocidal agent and its toxicity towards microorganisms
made this plant as an effective candidate as a natural insecti-
cide for mosquito vector control. Interestingly, this seed ex-
tract can also be used in various industrial researches includ-
ing cosmetic, pharmacological, and therapeutic research as for
the reason that the extract contains various phyto chemical

compounds including the important bioactive element
squalene.
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ABSTRACT

Minerals are valuable resources gifted to man from the Mother Earth and quite often they need to be dug out
from deep down with much effort to utilize them in many of our anthropogenic activities. The fascinating nature,
colours as well as the physicochemical properties of minerals has extended their prospective value in the
synthesis of various household and industrial products. However, knowledge of the mostly explored minerals,
associated products, and their hazardous nature becomes relevant to its prevalence in our daily life. The harmful
effects of some minerals are mostly evident from its site of occurrence, process of mining, post mining wastes left
over and even in finished products. The current review focuses to evaluate the hazardous nature of minerals,
cautions associated with its mining, drastic effects on human health, and ecosystem as an eye-opener to us.
Finally, the effective remedies that could be implemented in the exploration of minerals are also discussed to the
best of our knowledge. Bioleaching methods of rare earth elements and copper have been discussed briefly to
explain the pros and cons of biological methods over conventional chemical leaching methods.

1. Introduction

explosions which can result in disability, injury, illness, and death of
individuals in various circumstances (Han and Park, 2018). These ha-

With extensive growth in economic aspects, the prominent use of zardous chemicals induce a life risk and can result in a plethora of
hazardous chemicals has persistently augmented in the current scenario health complications in individuals who are living near to chemical
subsequently caused chemical accidents such as leakages, fires, and industries.

* Corresponding author at: Center for Innovation and Translational Research, CSIR- Indian Institute of Toxicology Research, Lucknow, 226 001, India.
E-mail address: ashok.pandeyl@iitr.res.in (A. Pandey).

https://doi.org/10.1016/j.jhazmat.2020.123474

Received 30 April 2020; Received in revised form 5 July 2020; Accepted 10 July 2020

Available online 24 July 2020

0304-3894/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2020.123474
https://doi.org/10.1016/j.jhazmat.2020.123474
mailto:ashok.pandey1@iitr.res.in
https://doi.org/10.1016/j.jhazmat.2020.123474
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2020.123474&domain=pdf

S. Rebello, et al. Journal of Hazardous Materials 402 (2021) 123474

Nevertheless, it is noted that even various naturally occurring ele- - |
ments themselves are found to be hazardous nature to the environment © % "?o = -
and ecosystem irrespective of their presence in meager quantities, and § 32 % g
most of the minerals that we harness from the earth come under this g e g g T 5 a
category. Mainly 23 elements that are of special interest for us because £ § % ; g © ; % g
of occupational and residential exposure and they are; platinum, ar- 9 _r";s g ] ; g _5 ag é 5
senic, chromium, antimony, copper, iron, nickel, manganese, cadmium, % E 4 %g 5 g TE —E N E %
gold, vanadium, thallium, bismuth, mercury, cerium, gallium, tell- E% SEZ % ég 2 % " “E o
urium, uranium, zinc, cobalt, silver, lead and tin (Mosby et al., 1996). § g; % ; ;:o :'50 oy -% '§ fﬁg ;é §
The higher dose of these aforementioned elements may instigate ha- ;O ER 'Fé s = . ;: £ 8 ESE«
zardous effects in the human population whereas long-term exposure s 3 2 g 2 g 2 £% 2 S :“ i;‘ = §°
may progressively develop severe health effects including muscular, - E § E § % E E % ; gg% El §° g g
physical and certain neurological degenerative processes that mimic § § g R i % . _:} § 2 g é 82 B
muscular dystrophy, multiple sclerosis, Alzheimer's disease and Par- -;5 g gfé ©g 'g E ?3 g ,?% _:% 2 g 2 N é
kinson's disease (Jarup, 2003). A m2838 & E& <&&£59 FESE

The studies of Markov also identified various minerals and their " 2 2
components with special inference to selenium, silica minerals, asbestos 7 E = E
(Markov, 2012). Among them asbestos is recognized as an excellent g % % o @ &
insulator; and as for the reason that it has been prominently used for %‘) E TE = £ %
construction proposes; however, it has been banned and regulated in g g % 8 g
various regions over the world, especially in European countries and £ E § 4 uE § £
the United States owing to associated toxicity. f - = g 2 E %)

In addition to the above-mentioned members there exist few rare % F“ § § § £ TE —é
hazardous elements that simultaneously induce severe health threats as i g E § § £ 8 §
well as play a prominent role in human days to-day lives. They include "g’ a W B 255 % § E g
cinnabar, thorium, galena, hutchinsonite, orpiment, torbernite, ur- 5 E £ E '51 £gg = E 8 é
aninite, fluorite (fluorspar), quartz, and K-feldspar. Table 1 enlists some & & E k: g Té = ; E g = E
of these hazardous minerals that are explored and used by mankind. g E é S %" g K3 g E “E l:?« g g % ;f
Many of them even have medicinal value and are used in primitive S <3 ‘3 % % E £ ‘é § = < g ?oé
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Many developing countries over the world depend on the asbestos
business for their economic needs. The high demand for low-cost
roofing and piping products is recognized as the driving force behind
the success of this big business over the world. Due to these reasons, the
following countries are becoming the foremost world leaders in the
production of asbestos for the past few years: Kazakhstan, China, India,
and Russia (Visona et al., 2018). Previous reports indicated that the
continuous exposure of asbestos has resulted in pulmonary fibrosis,
pleural plaques, asbestosis, pleural effusion, mesothelioma, and lung
cancer (Nynés et al., 2017; Kamp, 2009; Liu et al., 2013). The most
common health effects instigated by silica include silicosis, chronic
renal disease, lung cancer, and autoimmune disorders (Sato et al.,
2018).

2.2. Arsenic

Arsenic compounds like arsenopyrite have been principally used for
centuries for various purposes such as glass-making, wood pre-
servatives, semiconductor, and metallurgical industries, pharmaceu-
ticals, and agricultural chemicals. The wide spectrum of applications of
arsenic compounds in the agricultural industry for pesticides, in-
secticides, defoliants, herbicides, and cotton desiccants has been pre-
viously reported by several studies (Gomez-Caminero et al., 2001). In
addition to this, the arsenic compounds are known for the manufacture
of leather preservatives, sheep-dips, and pigments. Because of its pho-
tovoltaic, electromagnetic, light-emitting properties, it is used as an
important element in high-speed semiconductor devices, optoelectronic
devices, high-power microwave devices, fibre-optic sources, and de-
tectors; as well as for the manufacture of fibre optics and computer
chips. They are also used in alloys (radiators and automotive), phar-
maceutical substances, ceramics, dyes and soaps, antifouling agents in
paints as well as in electro-photography. Arsenic compounds are used in
combination with lead and copper for the manufacture of toys (Gomez-
Caminero et al., 2001).

Frequent exposure to arsenic compounds may instigate gastro-
intestinal symptoms like vomiting, abdominal pain, nausea, stomach
ulcers, and anorexia. Furthermore, arsenic compounds are also allied to
several respiratory disorders (bronchitis, pneumoconiosis, respiratory
irritation, chronic cough, pleural adhesions, and rhinitis), reproductive
effects (spontaneous abortions and menstrual irregularities) and cardi-
ovascular problems linked to electrocardiographic (ECG) changes and
increased blood pressure (Saerens et al., 2019). The major arsenic
compounds such as arsenate and arsenic trioxide cause cancer of the
skin, urinary bladder, and lung. In addition to this, there was a positive
correlation has perceived between exposure to arsenic elements and
cancer of the prostate, kidney and liver.

2.3. Antimony

The early use of Stibnite (antimonite) for medical purposes spanned
about 600 years since the element was introduced in internal treatment
(Cooper and Harrison, 2009). The hazardous effects of Stibnite allied
elements like Antimony may happen due to frequent exposure during
therapy or occupational exposure. The occupational exposure may re-
sult in pneumoconiosis, gastrointestinal symptoms, respiratory irrita-
tion, and spots on the skin. Mainly, antimony has been used for the
treatment of Schistosomiasis and Leishmaniasis; and most of the pa-
tients that are frequently exposed with the antimonials have faced
threats from pancreatitis and cardiotoxicity (Choi et al., 2018). There-
fore, it is necessary to maintain unceasing quality control of antimonials
based drugs to ensure safety.

2.4. Lead

The high density, low strength, electrochemical reaction with sul-
phuric acid, acid resistance, low melting point, ease of fabrication along
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with chemical stability in water, soil, and air of lead has augmented the
economic importance of lead allied hazardous elements. Commercial
applications of lead and its ore has included from the manufacture of
storage batteries to pipe and sheets for x-ray and nuclear shielding
(Hara et al., 2005). Galena is the most important ore of lead.

Despite the benefits from the lead, it also exhibited many hazardous
effects through gifts, toys as well as through jewellery. The lead-based
elements exposure may severely instigate harmfulness to the health of
kids since the main constituent for most of all the toys were lead-based
elements (Greenway and Gerstenberger, 2010). The continuous ex-
posure to galena results in anaemia, heart disease, stroke, hypertension,
skin cancer, and chronic kidney disease (Neuberger et al., 1990).

2.5. Mercury and cinnabar

The adverse effects in the human population due to frequent ex-
posure of cinnabar and mercury allied elements remain a major subject
of debate among the scientific community since the aforementioned
elements have a prominent role in the day to day life. The presence of
mercuric content in cinnabar has indicated its toxicity to organisms
(Pajackowska, 1970). Despite the toxic effects of cinnabar, it has a
history of being an extensive role in Chinese traditional medicines (Jain
et al., 2019). It is considered as the major ore of mercury and the long
term use of the same has resulted in the accumulation of mercury in the
kidney thereby leads to renal dysfunction. A review by Jain et al., 2019
(Jain et al., 2019) reported the neurotoxic aspects of cinnabar with
special inference on the significant human health consequences from
mercury allied elements.

Several previous studies have reported that the level of mercuric
elements in blood and urine has prominently linked with dental
amalgam exposure in the human body (Kostyniak, 1998). The positive
correlation between the urine mercury level and the dental amalgam
filling has been previously reported by (Jung et al., 2012). However, it
is prominently accepted that the mercuric elements have maintained
their foremost role in therapeutic purposes. In addition to this, the role
of cinnabar in CFL making has been previously reported by Johnson
et al., 2008 (Johnson et al., 2008).

2.6. Thorium

The human intoxication of other rare hazardous minerals like
thorium may lead to the accumulation of the same in lungs, bones, and
liver. The fact is that the thorium may absorb through the skin or open
wounds. The toxic effects of thorium in the various organs like kidney
and lungs may depend on the routes of inhalation. Contaminated water
and food could be recognized as another route of thorium exposure like
other radio-nuclides. The radiological half-life of thorium is approxi-
mately 14 billion years; however, it's biological half-life in human or-
gans has varied (liver- ~ 2y, skeleton~ 20 y, lungs - ~2) (Kumar et al.,
2013). Evidence revealed that frequent deposition of thorium and other
rare hazardous minerals in the various organs of the human body can
increase the chance of development of cancer (Akhter et al., 2003).
Despite the abovementioned dangerous facts, the importance of
thorium has prominently increased in nuclear research since the
thorium can be recognized as an alternative source of fuel against the
natural uranium. It may be so, the scientific community has now fo-
cussed on the largest deposits of natural thorium that is found in the
Kerala state of India (Kumar et al., 2013).

2.7. Rare earth elements

The 17 member group of rare metals include members of the lan-
thanides as well as other members such as scandium and yttrium; most
often associated with thorium and occasionally uranium. Hazardous
elements such as hutchinsonite, orpiment, torbernite, uraninite,
fluorite, quartz, K-feldspar, and thorium have found to exhibit benefits
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for human life in several ways. Fluorite is also considered as a part of
the environment; hence it continuously exists in people’s lives since it is
used for the manufacture of ornaments, glasses, and telescopic and
microscopic lenses for the past years. Both the hazardous elements such
as uranium and thorium have received unique characteristic features
driving their application in nuclear reactors. However, thorium is also
recognized as a sustainable energy resource since it exhibits excellent
fuel performance in nuclear reactor with lower nuclear waste (Dietrich,
1968).

But most of the individuals are not aware of the drastic and poi-
soning effects of rare hazardous elements. It is noted that exposure to
extremely high concentrations of the fluorite may lead to severe toxic
effects (Davies, 1994). Exposure to quartz dust particles through re-
spiration may result in deposition of the same in the lungs, thereby
leads to nodule formation, alveolar proteinosis, suppressed immune
functions, and cellular proliferation. There exists sufficient data on the
risk factors that are linked with quartz exposure and silicosis (W.H.
Organization, 2000). The hazardous effects linked with the dermal or
oral exposure to uraninite found to be not radiological while the ex-
posure through inhalation may instigate a slight radiological effect
(Keith et al., 2013). The hazardous nature of the uranium-based ele-
ments is always identical in nature regardless of its specific action.

3. Conventional mineral mining techniques

The mineral mining in India is recognized as a foremost activity
which contributes to the Indian economy. The density of mineral dis-
tribution in India may vary in different regions. The major rare ha-
zardous elements and their localities over India and other regions of the
world were noted in Table 2 and Supplementary Table 1 respectively
(Antimony, 2015). A close look at the data reveals that most of the
locations like Rajasthan are a good source of minerals and are explored
for numerous minerals. The occurrence of mines is scanty only in some
states of India and different states adopt different mining techniques as
per the mineral explored. The next section explains some of the con-
ventional mining techniques.

3.1. Surface mining

The demand for mining of natural elements is increased in the
current scenario. The surface of the earth is therefore considered as an
important source for minerals and mining is an effective way to collect
those minerals. Global Positioning Systems [GPS] has turned into a vital
component of vast surface mines for tracking the trucks and other
equipment, precision positioning of shovels, and guiding equipment.
There exist several surface mining strategies such as blasting, hauling,
drilling, and loading (Ramani, 2012). Surface mining is recognized as a
predominant method over the world (Hartman and Mutmansky, 2002).
It always provides high productivity at a low cost. The surface mining
technologies have been broadly divided into two; 1) Mechanical ex-
cavation methods and 2) Aqueous methods (Harraz, 2010).

3.1.1. Mechanical excavation methods

The mechanical excavation involving breaking of rock masses for
the production of ore. The Mechanical excavation methods include
Terrace mining, Open-pit mining, Auger Mining, Quarrying, Contour
strip (hilly terrain) mining, Strip (flat terrain) mining, Contour strip
(hilly terrain) mining, and Glory Holing. The open-pit mining is per-
formed through rock and soil peeled off from the topside of deposit to
dump. The following factors may affect the safety of open-pit mining:
blasting operation safety, slope stability, and road conveyance safety
(Kaihuan and Fuchuan, 2012). Terrace Mining is considered as a var-
iation of the Open-Pit mining method which is usually employed in
mineral deposits of thicker overburdens. The whole mine is subjected to
multiple stages of operation (Souza et al., 2018). The auger mining is
usually related to the contour strip (hilly terrain) mining.
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3.1.2. Aqueous extraction methods

The Aqueous extraction methods use either water or any other
convenient liquid such as weak cyanide solution, ammonium carbo-
nate, or dilute sulphuric acid to extract the minerals. Aqueous methods
divided into Placer (Panning, Sluicing, Hydraulic Mining, and
Dredging) and solution methods (In-situ leaching (ISL) and Heap
Leaching). Among them, solution mining and placer mining are re-
nowned as the best methods; however, it is limited to specific types of
mineral deposits (Harraz, 2010).

3.2. Underground mining

To eliminate the various disadvantages concerned with the tradi-
tional mining approaches, it is essential to follow effective mining
technology. Rock drilling is an important process involved in under-
ground mining and it offers high productivity and high efficiency at a
low cost. However, the mining methods may vary in different geolo-
gical conditions and a hydraulic rock-drilling jumbo is required for
drilling. In addition to this, in certain industries, a virtual reality display
along with remote control has been implanted. The parameters for rock
drilling can be adjusted to the different geological and rock conditions.
The latest intelligent rock-drilling jumbo is included with certain spe-
cific components that are essential for preventing the blockage, fre-
quency matching, and rock-characteristic acquisition (Prasad et al.,
2016). Since the successful testing of scrapers for underground mining
in the 1960s by Wagner, they have been principally used for mining
because of their manoeuvrability, high efficiency, low cost together
with flexibility. With the advanced developments in the information
technology and electronics, novel advanced technologies for scrapers
have been developed. Now the scraper has changed from conventional
manual mode to fully automatic with remote control and it is renowned
as the fourth-generation scraper (Dindarloo, 2016). Besides this, an
underground mining truck is required as a key transport vehicle to
complete the tasks concerned with underground trackless mining that
offers high efficiency, mobility, economy, high efficiency, and flex-
ibility. The major function of the mining truck is the transportation of
ore and its use can significantly offer maximum labour productivity and
production capacity, improve the transportation system and mining
technology, and upsurge the production scale. To achieve maximum
energy conservation and protection for the environment, the double-
power transmission mining truck can be used with a diesel engine
driving generator (Li and Zhan, 2018).

4. Hazards associated with conventional mineral mining
4.1. Hazards to the environment

Mining of Minerals has a great role in contributing to a country’s
economy, yet it is noted that these economic thrust areas are converted
to graveyard laden with the most toxic elements after years of mining.
The Tinto River of Spain was converted to an acidic pool with a pH of
1.5-2.5 along with prominent occurrence of pyrite pellets and heavy
metals (Pb, Ba, As, Cu, Zn, Sn, Tl, Cd, Ag, Hg, Au) as a result of mining
activities (Leblanc et al., 2000). A comparative analysis of the Nu-
merow’s pollution index of various areas of Shizishan mining area in
Tongling, China indicated values are 4 times higher in heap mining area
compared to vegetable area and the heavy metal pollution of these
areas are found even to drastically affect the microbial flora of soil
(Zhao et al., 2020).

The impact of mining on the environment is always wide affecting
every sector of the environment. The construction of infrastructure and
associated buildings leads to violation of the balanced ecosystem
leading to soil erosion, deforestation, habitat loss, decline species di-
versity as noted in Fig. 1. Studies indicate that the survival of fish, their
growth and hatching are critically affected in water streams used for
acid waste disposal if pH lowers below a value of 5 (Nemerow, 2007).
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Table 2
A close look on various mineral deposits harnessed in India.
Rare hazardous elements Locations in India
Chalcanthite 1. Rakha Cu deposit, Jharkhand, India
2. Sambhar Salt Lake, Ajmer Division, Rajasthan, India
Antimony/stibnite 1. Rampura-Agucha Zn-(Pb) deposit, Bhilwara District, Rajasthan
2. Askot, Pithoragarh District, Uttarakhand, India
Asbestos 1. Malkapuram mine, Pulivendla asbestos belt, Kadapa (Cuddapah), YSR District (Cuddapah District), Andhra Pradesh, India
2. Jharkhand Singhbhum (East), Singhbhum (West)
3. Karnataka-Chikkamagaluru,Hassan,Mandya, Mysuru, Shivamogga
4. Odisha - Kendujhar
5. Rajasthan —Ajmer, Bhilwara, Dungarpur, Pali, amphibole minerals, Rajsamand, Udaipur
6. Uttarakhand - Chamoli
Arsenopyrite
1. Mallappakonda deposit, South Schist Belt, Kolar Gold Fields, Chittoor District, Andhra Pradesh, India
2. Tosham Sn-Cu Prospect, Bhiwani District, Haryana, India
3. Bokaro coalfield, Ramgarh District, Jharkhand, India
4. Ingaldhal copper deposits ("Ingladhal" copper deposit; Ingaldal), Chitradurga (Chittaldurg; Chitaldurg), Chitradurga District, Karnataka,
India
5. Hutti-Maski belt, Karnataka, India
6. Champion lode, Central Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
7. McTaggart West lode, Central Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
8. Nundydroog Mine (Coromandal Mine; Oriental Lode), Central Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
9. West Prospect lode, Central Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
10. Hutti Mine, Raichur District, Karnataka, India
11. Uti Mine, Raichur District, Karnataka, India
12. Ajjanahalli mine, Chitradurga belt, Tumkur District, Karnataka, India
13. Rampura-Agucha Zn-(Pb) deposit, Bhilwara District, Rajasthan, India
14. Saladipura Cu-Zn deposit, Jaipur district, Rajasthan, India
15. Khetri Mines (Ketri Mine), Khetri, Sikar District, Jaipur Division, Rajasthan, India
16. Kolihan, Jhunjhunu District, Jaipur Division, Rajasthan (Rajputana), India
17. Deri-Ambaji Zn-Pb-Cu deposit, Sirohi District, Jodhpur Division, Rajasthan, India
18. Ambaji deposit, Deri-Ambaji Zn-Pb-Cu deposit, Sirohi District, Jodhpur Division, Rajasthan, India
19. Rajpura-Dariba deposit, Udaipur District, Udaipur Division, Rajasthan, India
20. Dariba Mine, Rajpura-Dariba deposit, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
21. Sindesar Khurd prospect, Rajpura-Dariba deposit, Udaipur District, Udaipur Division, Rajasthan, India
22. Mochia Mine, Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
23. Yenambail, Palwancha (Palvancha; Paloncha), Khammam District, Telangana, India
24. Askot, Pithoragarh District, Kumaun Division, Uttarakhand, India
25. Nawahatu, Purulia District, West Bengal, India
Cinnabar Chandmari Deposit, Jhunjhunu District, Rajasthan, India
Galena
1. Agnigundala Mines, Guntur District, Andhra Pradesh, India
2. Nundydroog Mine (Coromandal Mine; Oriental Lode), Central Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
3. Chigargunta Mine (Chigarikunta Mine), South Schist Belt, Kolar Gold Fields, Kolar District, Karnataka, India
4. Sargipalli Mines, Sundargarh District (Sundergarh District), Odisha (Orissa), India
5. Kayad mine, Ajmer District, Ajmer Division, Rajasthan, India
6. Kayar-Ghugra mine, Ajmer District, Ajmer Division, Rajasthan, India
7. Balaria Mine, Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
8. Baroi Mine, Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
9. Dariba Mine, Rajpura-Dariba deposit, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
10. Zawarmala Mine (Zawar Mala Mine), Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan, India
11. Mochia Mine, Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
12. Baroi Mine, Zawar Mines, Udaipur, Udaipur District, Udaipur Division, Rajasthan (Rajputana), India
13. Nawahatu #1 Baryte Quarry, Nawahatu, Purulia District, West Bengal, India
14. Askot, Pithoragarh District, Kumaun Division, Uttarakhand, India
Hutchinsonite
1. Gowari Wadhona Mine, Chhindwara District (Chindawara District; Chindwara District), Madhya Pradesh, India
2. Tirodi Mine, Tirodi, Balaghat District, Jabalpur division, Madhya Pradesh, India
3. Kajlidongri Mine, Jhabua District, Madhya Pradesh, India
4. Sitasaongi mine, Bhandara District, Maharashtra, India
5. Koduru deposit, Vizianagaram District, Andhra Pradesh, India
6. Risara, Madhya Pradesh, India
Uraninite

. Kudada, Jadugora (Jadugoda; Jaduguda), Singhbhum District, Jharkhand, India

. Turamdih U-Cu(-Fe) deposit, Jadugora (Jadugoda; Jaduguda), Singhbhum District, Jharkhand, India
Tatanagar, Singhbhum District, Jharkhand, India

. Chikkamagaluru District, Karnataka, India

. Malanjkhand Mine, Padritola, Baihar Tehsil, Balaghat District, Madhya Pradesh, India

. Samarkiya area, Bhilwara District, Ajmer Division, Rajasthan, India

Khetri Mines (Ketri Mine), Khetri, Sikar District, Jaipur Division, Rajasthan, India

. Madan-Kudan deposit, Jhunjhunu District, Jaipur Division, Rajasthan, India

. Umra, Udaipur District, Rajasthan (Rajputana), India
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(continued on next page)
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Table 2 (continued)
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Rare hazardous elements Locations in India

10. Peddur, Karimnagar District, Telangana, India

11. Mussoorie phosphorite deposit, Dehradun District, Uttarakhand, India

12. Nawahatu, Purulia District, West Bengal, India

13. Koppunuru deposit, Guntur District, Andhra Pradesh, India
14. Bagjata Mine, Jadugora (Jadugoda; Jaduguda), Singhbhum District, Jharkhand, India

Fluorite

1 Dancherla Complex, Anantapur District, Andhra Pradesh, India

2 Danduvaripalli plug, Anantapur District, Andhra Pradesh, India

3 Reddypalle plug, Anantapur District, Andhra Pradesh, India

4 Pulikonda intrusion, Kadapa district, Andhra Pradesh, India

5 Govindpal pegmatite-1, Bastar district, Chhattisgarh, India

6 Ghatkachhar, Mahasamund District, Chhattisgarh, India

7 handi Dongri, Bagbahara, Dongargarh, Rajnandgaon district, Chattisgarh (Chhattisgarh), India

Quartz
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K-Feldspar
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. Hutti Mine, Raichur District, Karnataka, India

. Sitasaongi mine, Bhandara District, Maharashtra, India

. Agargaon Mine, Nagpur District, Nagpur District, Maharashtra, India

. Gowari Wadhona Mine, Chhindwara District (Chindawara District; Chindwara District), Madhya Pradesh, India
Girola area, Bhandara District, Maharashtra, India

. Kakamunurle Mine, Karur District, Tamil Nadu, India

. Chavara Alluvial Deposit, Karunagappalli, Kollam District, Kerala, India

. Kollam Alluvial Deposit, Kollam (Quilon), Kollam District, Kerala, India

. Peralimala Intrusion, Kannur district, Kerala, India

. Ambalavayal intrusion, Wayanad district, Kerala, India

. Kunavaram area, East Godavari, Andhra Pradesh, India

. Giddalur, Prakasam District, Andhra Pradesh, India

. Errakonda Pluton, Prakasam District, Andhra Pradesh, India

. Pasupugallu pluton, Prakasam District, Andhra Pradesh, India

Koduru deposit, Vizianagaram District, Andhra Pradesh, India

. Amba Dongar complex, Chhota Udaipur District, Gujarat, India

. Hira Buddini Mine (Hira-Buddini Mine), Raichur District, Hutti-Maski belt, Karnataka, India

9. Perunthol-Kakkaponnu, Pathanapuram, Kollam District, Kerala, India
10. Ambalavayal intrusion, Wayanad district, Kerala, India

11. Tirodi Mine, Tirodi, Balaghat District, Jabalpur division, Madhya Pradesh, India
12. Sargipalli Mines, Sundargarh District (Sundergarh District), Odisha (Orissa), India

Thorium

. Odisha, India

. Andhra Pradesh, India
. Tamil Nadu, India

. Kerala, India

. West Bengal, India

. Jharkhand, India

U WN -

Since the mining activity is a continuous process, the continuous gen-
eration of acid or alkalis occurs and the often incessant burden is added
to water bodies of mining areas. The drain out of these minerals to
aquatic environments has a drastic impact on the marine environment.
For instance, Neodymium (Nd) a rare earth element used in permanent
magnets and turbine motors severely affects the bivalves such as Mytilus
at cellular level critically influencing its growth and reproduction
(Freitas et al., 2020).

The blood, liver, muscle, and otolith of predatory fish species
Greenland cod and shorthorn sculpin in areas of Arctic mines revealed
the presence of high concentrations of heavy metals; thereby indicating
the transfer of pollutants to the food chain in mining areas (Hansson
and Desforges, 2020). The occurrence of 10,000-year old mine con-
taminants in Alpine Lakes even now in high concentrations, highlights
how many years will be needed to nullify the affects of once active
mines (Elbaz-Poulichet et al., 2020). The occurrence of elements like
arsenic and cadmium in the brain of inhabitant muskrats and red
squirrels of Canada (Amuno et al., 2020), the water of mining areas of
Mali (Bokar et al., 2020) are yet other instances of metal toxicity due to
mining activity.

Soil fertility greatly relies on the microbial flora and the infiltration
of heavy metals in mining areas deteriorates the prevalence of a wide

variety of microbes including Mycorrhizae; thereby depleting the soil
quality and fertility in such areas. Studies indicate that the growth of
organic plants in such abandoned mining areas as a remedial measure is
found to revive the microbial activity as plants serve as heavy metal
quenchers (Stefanowicz et al., 2020).

Apart from destroying various ecological niches of plants, animals,
and microbial flora (Sonter et al., 2018), the occurrence of accidents in
mining areas could dump a heap of toxic wastes to adjoining areas from
waste storage dams. For instance, the collapse of the mining dam in
Minas Gerais (Brazil) was an environmental disaster resulting in xe-
nobiotic pollution in surrounding rivers, wildlife, and human loss,
hampering the delicate balance of the ecosystem as well as inhabitant
life forms (Sonter et al., 2018).

4.2. LCA of hazards during mining steps

The life cycle analysis of mining processes indicates that conven-
tional mining involves a wide range of steps, each contributing to a
wide range of aftermaths. The majority of mining activity is carried out
in situ in open pits, apart from other strategies such as placer mining
and underground mining (Navarro and Zhao, 2014). Whatever, be the
strategy of digging the earth for mining it should be ensured that
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Fig. 1. An overview of mining pollution and associated hazards.

restoration of the land after to its previous topological state is quite
necessary. In an instance noted along the coast of Kerala (India) near
Chavara where deep underground pits are laid for the Titanium ex-
ploration; unless until it is filled back after the exploration that would
cause drastic instability to that landform forcing the sea to encroach the
adjoining lands including residential areas. Such sinkholes could lead to
various environmental hazards. Similar decline of Nile Delta, as well as
Po Delta (Italy) by anthropogenic activities and its chances of sea en-
croachment, has been predicted in another study (Gebremichael et al.,
2018; Teatini et al., 2011). Thus as the economic benefits of mining
promote us to carry out such industrial processes one should ensure
such land should be restored a balanced topological form with its en-
vironment to avoid natural disasters. Strict regulations from the ju-
diciary as well as the Government should be adopted to ensure such
violations against natural borders should be prevented worldwide.
The process of beneficiation of minerals can be carried out by var-
ious techniques like grinding, sifting, gravitational separation, magnetic
separation, and froth floatation. The life cycle analysis of Scandium
mining by smelting reactions indicates that almost 88 % of the en-
vironmental impact was caused by the beneficiation step (Wang et al.,
2020a). The wastes from the beneficiation step and subsequent results
in the generation of a waste pool of unearthly matter yet finds no other
way than trailing on this earth (U. EPA). They are often laden with
highly concentrated levels of heavy metals and radioactive substances
which was once remain scattered on the earth (Vahidi and Zhao, 2017).
The chemical treatment of minerals also leaves back a trail of com-
pounds like hydrogen fluoride, sulphur dioxide, sulphur trioxides, si-
licon tetra fluorides, cyanides, rare earth minerals etc. (Protano and
Riccobono, 2002; Sun et al., 2016). The tailing impoundments, heap
leach and waste rocks often infiltrate even into groundwater and sur-
face waters in this area giving even well water a typical red colour
making it unfit to drink (Vahidi and Zhao, 2017). The accumulation of
acid wastes in water bodies of mining areas also indicates that why the
approaches to quench and detoxify such wastes should be encouraged.
A recent study on the fire gases released after coal mining revealed

the presence of components of HCN, isocyanic acid, acetaldehyde, al-
cohols, and notably SFe a greenhouse gas having a wide impact on
global warming (Kruszewski et al., 2020). While quite often the so-
called ‘cloud making factories’ (nicknamed by resident children) of
mining areas are valued for its economic benefits by adults, the un-
noticed presence of toxic gases in exhausts is depriving the chances of
clean air to next generations.

Directive methods using biological agents to treat such waste could
serve as ideal remediation processes (Johnson, 2014; Mahajan et al.,
2017). Apart from this, the incorporation of techniques of microfiltra-
tion as well as nanofiltration would be helpful to remove almost 99 % of
metals from sludge discards, thereby reducing the environmental
burden (Meschke et al., 2020). The use of adsorption based treatment of
acid wastes, adopting bio-nanomining techniques (Wong-Pinto et al.,
2020), development of composites (Khudyakova et al., 2020; Gryczak
et al., 2020), production of coal based technosols (Weiler et al., 2020)
etc, from mining wastes are some the adjoining efforts directed to re-
duce the aftermaths of mineral mining. The use of natural acid
quenching agents such as marl and sandstone in the treatment of acid
mining exudates could also aid to decelerate the effect of extensive
waste disposal from such areas (Garcia-Valero et al., 2020).

4.3. Occupational hazards

Regardless of the high incentives obtained by most of the mining
workers, the hazards they get exposed during mining cannot be ig-
nored. As noted in Fig. 2 the various stress factors the miners face are
numerous which could lead to various diseases by the time they retire
from work or even before (Fig. 3). Apart from this, the workers are also
vulnerable to various health issues described in the previous sections.

5. Microbes utility in mining

Irrespective of the need for excessive acid use, harsh smelting con-
ditions, and costly machinery needed for mining, all efforts in mineral
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Fig. 2. Occupational Hazards at mining.

extraction are prioritized due to their economic value, hilarious utility
in various sectors and contribution to a country’s economy. In such a
scenario, it’s quite impossible to ban or discourage mining operations,
but strategies to diminish its negative effects should be promoted.
Process improvements including environmentally friendly strategies,
new mine designs, effluent treatment methods etc, include some of such
clean mining efforts (Hilson, 2003). The process of microbes at mining
facilities come to play in two directions viz. to extract metals which are
difficult to extract by conventional processes as well as to remediate the

toxic wastes left over after mining (Godoy-Fatindez et al., 2015). The
former referred to as microbial bioleaching involves the active or pas-
sive action of microbes and microbial products in the recovery of mi-
nerals from ores whereas the latter involves the microbe mediated
treatment of exudates from mining leachates. Quite often drawing a line
between these two processes is not practical as even while bioleaching
remediation of exudates also happens.

Occupational disease in mining and their causing factors
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Fig. 3. Occupational diseases faced by miners.
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5.1. Microbial bioleaching

Bioleaching turns out to be an eco-friendly alternative to conven-
tional mining as well as an option even to treat toxic exudates from
mines. The use of biomining in exploring the underground mines for
metals are also encouraged owing to the ecological damage and high
cost of conventional mining techniques (Johnson, 2015). The concepts
of bioleaching involving microbes to leach minerals instead of using
acids have thus attained much interest. However, the slow rates of
extraction and long-time needed for extraction often diminishes its
prospects for safe mining efforts. Thus efforts and progressive measures
to promote bioleaching, extending its utility in treating other mining
waste as well as its concomitant use with chemical methods need to be
explored effectively in the near future at least (Asghari et al., 2013).
Moreover, bioleaching finds its role in extraction of metals from smaller
deposits, removal of arsenic or magnesium based contaminants and
lacks the need for extreme treatment conditions compared to conven-
tional methods.

The microbes oriented techniques to extract the elements from ores
is getting much more significance in the mining research. The various
microbes are known to participate in the solubilisation and deposition
of chemicals in the earth’s crust since ancient times (Clifford et al.,
2018). The prominent use microorganisms in mining have some unique
advantages over conventional strategies. Almost without exemption,
the extraction of mineral elements using microbes is more eco-attrac-
tive. They do not instigate the production of sulphur dioxide or any
other hazardous gaseous emissions during smelting or roasting.

Mainly there are two kinds of microbial mining strategies that have
been reported in previous studies viz. stirred tank-type and irrigation-
type processes. The former involves the growth of promising microbes
in stirred tank type fermenters with ores of the metals and microbial
interactions with them. The Irrigation processes comprise filtration of
leaching solutions through concentrated ores that have been loaded in
heaps, dumps, or columns (Silver, 1995). Sulfobacillus, Sulfolobus, Fer-
roplasma, Metallosphaera, are Ascidians recognized as the potentially
significant microbial consortia in Bio-mining processes (Clifford et al.,
2018; Cleaver et al., 2007). Table 3.reports some microbes used in
bioleaching. Microbial leaching can be through either direct contactor
noncontact modes with the ores and sometimes by both (Rawlings
et al., 1999). Pyrite leaching involves the combinatorial action of iron
oxidising and sulphur oxidising bacteria. The ferric ions act on the
sulfide ores liberating thiosulfates and ferrous ions, the latter being
converted to ferrous ions by iron oxidising bacteria. The sulphur oxi-
dizers in turn oxidize thiosulphates liberating sulphuric acid thereby
dissolving minerals (Li et al., 2020). The action of organic acids pro-
duced by the microbes as well as the involvement of various extra-
cellular polysaccharides involved in biofilm formation is also suggested
in some instances of rare earth element bioleaching (Wesam Abdel
Ghany et al., 2013).
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5.1.1. Rare earth element bioleaching

Rare Earth element based niches are the regions that are often the
areas of high radioactivity due to the high content of thorium in ma-
jority areas. The wide utility of the rare earth elements in electronic
devices and generated e-waste including mobile phones necessitates
exploring better methods to track and utilize such mineral wastes rather
than dumping them. Moreover, regardless of its limited occurrence
quite often the spread occurrence of REE minerals is the major factor
that limits its concentration and harnessing. Exploring the spent fly
ashes of coal mines as noted in Wyoming's Powder River Basin (Huang
et al., 2020), urban mines, e- wastes following the principles of bio-
mining is found to be promising methods to mitigate the mineral waste
toxicity.

The rare earth element (REE) mining is equally spread worldwide as
other minerals and the requirement of energy-intensive techniques,
strong chemicals, and resultant toxic end products are also evident in
the case of these elements (Hewedy et al., 2013). The recovery of REE
often involves the breakdown of ores such as phosphorus based mon-
azite using organic acids and biotechnological agents are found more
effective in this process compared to their chemical counterparts
(Wesam Abdel Ghany et al., 2013). Moreover some bioleaching studies
indicate that even precautions taken to overcome thorium infiltration is
not needed absence of thorium was noted after bioleaching rare earth
elements in their study (Fathollahzadeh et al., 2018a). The use of var-
ious organic acids such as citric acid, oxalic acid, citramalic, a- ke-
togluconic acid is found to influence the rate of REE leaching and
radioactive elements removal with different organic acids with different
microbes (Wesam Abdel Ghany et al., 2013; Brisson et al., 2020). Apart
from organic acids various other components such as siderophores and
complexing ligands to contribute to REE recovery by Actinobacteria
(Zhang et al., 2018). Biological mineral recovery is more predominant
in procedures permitting direct microbial interaction with the residual
mixtures over the use of spent media or even contactless treatment
using microbes (Fathollahzadeh et al., 2018a). The enhanced rate of
bioleaching was also found by the combinatorial action of organic acids
and sulphuric acid produced by A. ferrooxidans and E. aerogenes re-
spectively in a consortium mediated REE recovery experiment from
monazite ores (Fathollahzadeh et al., 2018b).

The use of various microbes such as Penicillium tricolor indicated
that the leaching capacity of rare earth minerals from red mud was
highest when the pulp ratio was 2-5 % and the microbe gave sa-
tisfactory radioactivity removal results as per Chinese standards (Qu
and Lian, 2013), but pulp rates are found to be different for different
microbes. The use of Gluconobacter oxydans feeded Continuous stirred
tank fermentors to treat mining waste yielded 55 % efficiency in REE
recovery; demanding more intensive research in this direction
(Thompson et al., 2018). The recovery of REE from waste electronic
devices has also been possible by the acidic environment provided by
Acidithiobacillus thiooxidans aiding a recovery % greater than 99 % for

Table 3

Microbial Bioleaching agents an overview.
Microbe involved Ore/substrate used for recovery Metal Reference
Acidithiobacillus caldus. copper-bearing sulfide ore Copper (Feng et al., 2019)
Sulfobacillus and Leptospirillum pyrite Iron, copper
Leptospirillum ferriphilum & Acidithiobacillus Low grade copper ores from mines Copper (Wang et al., 2020b)

ferrooxidans
Paecilomyces
Aspergillus ficuum and Pseudomonas aeruginosa
Penicillium tricolor
Gluconobacter oxydans

Actinobacteria (Streptomyces)

E. aerogenes and A. ferrooxidans

Monazite

Monazite

Red mud

retorted phosphor powder (RPP) and spent fluid
catalytic cracking (FCC) catalyst.

Bastnaesite (REE(CO53)F)

monazite

Rare earth elements
Rare earth elements
Rare earth elements
Rare earth elements

Rare earth elements (Ce, La or
Y.)

Rare earth elements (Ce, La,
Nd, Pr, and Y)

(Brisson et al., 2020)

(Wesam Abdel Ghany et al., 2013)
(Qu and Lian, 2013)

(Reed et al., 2016)

(Zhang et al., 2018)

(Fathollahzadeh et al., 2018b)
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cerium, europium and neodymium (Marra et al., 2018). The ability to
recover yet more metals from bio-remediated leachate at a later stage
using a different microbe also increases the prospects of metal recovery
even in the case of high risk elements. However, the need for long in-
cubation times and low loading rates compared to chemical processes is
a major challenge (Kucuker and Kuchta, 2018).

5.2. Copper bioleaching

The wide-spread prevalence of chalcopyrites (CuFeS,) compared to
other copper sulphides such as bornite (CusFeS4) and chalcocite (Cu,S),
often promotes copper recovery from chalcopyrite (Turan, 2014).
Copper bioleaching from such ores thus are achieved by indirectly
oxidising the iron as well as sulphur moieties of such ores indirectly
yielding copper from ores. Indirect bio-oxidation of Copper from ores
are brought about usually by the action of various iron oxidising bac-
teria which firstly oxidizes ferrous ions (Fe2™) to ferric ions (Fe3*) and
the latter in turn returns to its Fe>* state after interacting with Cu
thereby yielding copper from the ore (Yang et al., 2009). The indirect
process of bioleaching is the most widely opted method and could be
either with direct contact of bacterial biofilms with ores or mere oxi-
dative action of ferric ions on ores through a bacterial noncontact
mechanism (Silva et al., 2015). The involvement of extracellular exo-
polysaccharrides in development of biofilms and aiding in copper bio-
leaching is also well noted (Feng et al., 2019).

The recovery of Cu from the wastes of mines from Brazil using
Acidithiobacillus ferrooxidans assisted by silicate dissolution has aided
to buffer the leachate pH to a great extent (Henne et al., 2018). Mostly
the incorporation of autochthonous bacteria from leaching sites such as
Leptospirillum ferriphilum and Acidithiobacillus ferrooxidans have
proven noteworthy in regulating the pH and redox potential of leachate
effectively by implementing techniques of cross bioleaching and mi-
crobial population regulatory strategies (Wang et al., 2020b).

Copper ore deposits are diminishing worldwide and thus recovery of
copper from residual ores as well as e-waste using biological agents has
achieved magnitude worldwide. The utility of Leptospirillum ferriphilum
and Sulfobacillus thermosulfidooxidans culture-free supernatants were
efficient in removing 100 % copper from 5 g/L of copper based e-waste;
while almost 90 % of 100 g/L was recovered by a period of 9 days (Feng
et al., 2019). Such studies open doors to consider developing e-waste
managing units in different areas to manage their proper remediation.
However, bioleaching of low grade copper sulfides by column floatation
experiments has also been reported to take a long period of 75 days also
even to 45 % recovery rates (Wang et al., 2014). Bioleaching of low
grade copper sulfides and chalcopyrite by Acidithiobacillus ferrooxidans
and Acidithiobacillus thiooxidans was found to be best at 30 °C at pH of
2.0 with pulp density of 5-10 % (Wang et al., 2014). Pyrite leaching
using Sulfobacillus and Leptospirillum consortium indicates that the
bioleaching properties of the former were directly influenced by the
presence of active biofilms of the latter microbe and the inactivation of
Leptospirilllum drastically affected the leaching efficiency of Sulfobacillus
(Li et al., 2020). Comparative analysis of chemical leaching over bio-
leaching of copper sulphides indicates that bioleaching was advanta-
geous for copper yields while it gave comparable results with iron
yields (Bobadilla-Fazzini et al., 2017). In countries like Chile while
Hydrometallurical copper recovery accounts for 23 %, bioleaching from
copper leachates accounts for 42 % (Acevedo and Gentina, 2013).

6. Conclusion

A close look at every mining location worldwide is that they are
either toxic by the presence of hazardous minerals or their environment
is turned more toxic for living as a result of the mining. Thus whatever
is the reason, the essentiality of such areas is to convert them to life-
supporting nontoxic niches for life and bioleaching finds a reasonable
solution in this direction. The establishment of an optimized
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bioleaching environment becomes essential for every mining location
considering efforts of research using autochthonous microbes and
practical expertise to implement successful remediation strategies of
leachate. Apart from the general notion to gain economical benefit from
mining, efforts in the direction of considering the delicate balance of
Mother Earth should also be weighed by relying on eco-friendly bio-
leaching techniques concomitantly.
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Abstract

The current epidemics of vector-borne diseases in tropical countries, especially in India, have extended the need for a comprehensive
understanding of the distribution of epidemiologically important vector mosquitoes. The advanced developments in genomic research
including phylogenetic studies will empower the molecular studies that are vital to determine the genetic divergence and evolutionary
history of mosquito vectors. The use of the cytochrome oxidase ¢ subunit I (COI) gene-based approaches to outline the interrela-
tionship of vector mosquitoes from different genera could also elucidate the obscurity that has risen from improper taxonomical
classification. The mosquitoes were collected from Nelliyampathy, Kerala, India and identified using systematic keys and catalogues.
The genomic DNA of the mosquitoes was extracted using NucleoSpin® Tissue Kit and PCR amplification of the mitochondrial COI
gene was accomplished by using the following primers: Forward 5- GGTCAACAAATCATAAAGATATTGG-3' and reverse 5'-
TAAACTTCAGGGTGACCAAAAAATCA-3'. The genetic divergence was assessed by means of the NJ-K2P method. The
neighbor-joining tree was constructed using the MEGA7 software. The diversity of mosquitoes was estimated using the Shannon
index through SPSS and Venn diagram plotter. The COI gene-based mitochondrial DNA analysis revealed distinct clustering of
individual mosquito species within every genus together with strong bootstrap support. In total, our investigation productively
identified and confirmed the interrelationship between the COI gene sequences of ten epidemiologically important mosquito species.
This study also discusses the substantial evidence of mosquito species complex formation. Our findings offer a base for future
research which is essential for the better understanding of mosquito phylogeny and shed light upon, a novel vector control strategy.

Keywords DNA barcoding - COI - Mosquitoes - Phylogeny - Diversity

Introduction Hence, mosquitoes are known as the most important arthro-
pods implicated in nearly 90% of major vector-borne diseases
Intensified movement of animals and humans builds rapid  over the world (WHO 2011). Precise and accurate identifica-
openings for the establishment of vector mosquito species.  tion of the mosquitoes is imperative to develop the mosquito-
control strategies (Otranto et al. 2009). The Aedes, Anopheles,
and Culex genera are reflected as the principal vectors for the
transmission of mosquito-borne diseases including malaria,
West Nile fever, filariasis, dengue, and yellow fever.
Extension of the geographic distribution of mosquitoes over
the world increases the significance of epidemiologically im-
portant species identification (Tipayamongkholgul et al. 2009;
Aivazi and Vijayan 2010; Do et al. 2014).
The morphological identification of mosquitoes became
challenging in closely related species differing in host and
ecological preferences (Apote 1947). The identification based
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subtle differences in morphological characters (Borstler et al.
2014; Laurito et al. 2015). The conventional taxonomic meth-
od of mosquito identification relies on morphological charac-
ters of the organisms, is time-consuming, requires special
knowledge, and might be problematic when damaged speci-
mens are obtained for identification (Batovska et al. 2016;
Wilke et al. 2016).

The cytochrome oxidase ¢ subunit I (COI) gene-based
methods for molecular phylogeny; genetic diversity (Low
et al. 2014) and species identification have received more
significance in the current mosquito research (Singh et al.
2004; Kang and Sim 2013). The 5'- segment is referred as
the most commonly accepted barcode region for animal spe-
cies identification using COI gene-based molecular methods
(Ratnasingham and Hebert 2007). DNA barcoding of a wide
range of mosquitoes offers insights into the mosquito genera
composition of a particular geographic region (Reinert and
Harbach 2005). In addition, the significant relationship be-
tween mosquito genotypes and their ability to transmit
disease-causing pathogens has prompted the need of genetic
diversity based studies on mosquitoes (Fansiri et al. 2013;
Thongsripong et al. 2013). Molecular studies on species di-
versity and species composition of mosquito population in the
local region have contributed to the public system to develop
advanced strategies for the preclusion of mosquito-borne dis-
eases (Mwangangi et al. 2013).

As per the statistical analysis of Directorate of Health
Service, Kerala Government health department in 2017, sev-
eral people (2287 people infected, 37 people died) near the
study area were infected, threatened and died due to mosquito-
borne diseases such as dengue, chikungunya, and malaria.
This drastic situation indicated that the study area is prone to
severe mosquito-borne diseases. The elevated number of for-
eigners and tourist visitors in this region might also contribute
to increasing infection rate by mosquito-borne diseases. The
importance of mosquitoes in the transmission of pathogens
underscores the significance of accurate, comparable and pre-
cise approaches of population diversity determination and
phylogenetic analysis among their species in Nelliyampathy.
Many reports regarding the severe infections transmitted by
dengue and malaria vectors necessitate advanced molecular
studies to analyze the population diversity and extensive ge-
netic divergence of mosquitoes occurring in the study region.
Moreover, this region is an ecotone formed by two different
ecosystems, particularly forest and semi-urban ecosystems
which makes the study unique. There are only few research
articles correlating molecular studies and species-specific sim-
ilarity identification of mosquitoes in Nelliyampathy.
Therefore a molecular study was required to determine the
species-specific host-pathogen interaction with special refer-
ence to co-evolution. In this study, we focussed on the species
diversity, distribution, medical importance, and phylogeny of
selected mosquito species collected from Nelliyampathy, a
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part of Western Ghats, hotspot of biodiversity, Palakkad dis-
trict of Kerala, India.

Materials and methods
Study area and mosquito sampling

The study area Nelliyampathy (Fig. 1) is a forest and semi-
urban tourist place belonging to the Palakkad district of
Kerala, India. Larvae, pupae, and adult mosquitoes were ran-
domly collected during April to September 2017 by using
white enameled dippers and mosquito traps. The collected
mosquitoes were counted, kept in small plastic bottles and
transferred individually to plastic trays for rearing in laborato-
ry conditions. The adult mosquitoes that emerged from larvae
and pupae were identified with the help of experienced taxon-
omists (using dichotomous keys) together with the COI gene-
based molecular analysis (Clark-Gil and Darsie 1983; Ward
2005; Cywinska et al. 2006; Chan et al. 2014). A sample
number was allotted to each adult mosquito specimen since
the voucher specimen was deposited at Communicable
Disease Research Laboratory (CDRL), Department of
Zoology, St. Joseph’s College, Irinjalakuda.

All mosquito specimens analysed in this study were col-
lected as a part of UGC research award (UGC Research
Award - F30-6/20—16(SA-IT)). The CDRL (Communicable
Disease Research Laboratory, Department of Zoology, St.
Joseph’s College, Irinjalakuda, Kerala, India) serves as the
reference centre for the identification of field collected mos-
quito specimens under the above-mentioned programme. The
collected mosquitoes were identified to species level using
systematic keys and catalogues (Christophers 1933; Barraud
1934; Stone et al. 1959; Hayat and Subba Rao 1981).

DNA extraction, polymerase chain reaction and DNA
sequencing

DNA from selected mosquito species was extracted from their
legs. Sterilized forceps was used for removing the fore-, mid-,
and hind legs. As per the manufacturer’s instructions, the ge-
nomic DNA from the selected tissues was extracted using
NucleoSpin® Tissue Kit (Macherey-Nagel). The extracted
DNA was then stored at 20 °C for further analysis. The PCR
amplification of the mitochondrial COI gene was performed
by using the following primers: forward 5- GGTCAACA
AATCATAAAGATATTGG-3' and reverse 5'- TAAACTTC
AGGGTGACCAAAAAATCA-3'". The PCR reaction condi-
tions were maintained as follows: initial denaturation at 98 °C
for 30 s, followed by 10 cycles of denaturation at 98 °C for 5 s,
annealing at 50 °C for 10 s, and extension at 72 °C for 10 s and
1 min. Another 35 cycles of amplification reaction were per-
formed at 94 °C for 40 s, annealing at 51 °C for 1 min together
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Fig. 1 Map of mosquito sampling locations in Nelliyampathy, Palakkad District of Kerala, India. 1 - Site 1, 2 - Site 2, 3 - Site3

with extension at 72 °C. The final extension was maintained at
72 °C for 10 min.

Agarose gel electrophoresis of PCR products

The amplicons were visualized in 1.2% agarose gels prepared
by using TBE buffer (0.5X) encompassing 0.5 pg ml™
ethidium bromide. Aliquots of the PCR products were loaded
after mixing with 6X loading dye. The electrophoresis was
done for about 1-2 h at 75 V in a power supply along with
standard DNA markers. 2-log DNA ladder (NEB) was used as
a molecular standard, and gels were visualized by using a
UV transilluminator (Genei). ExoSAP-IT (GE Healthcare)
treatment was employed for the removal of unwanted elements
from PCR products, including dNTPs and primers.

The sequencing reactions of the DNA samples were carried
out in a PCR thermal cycler with the help of BigDye
Terminator v3.1 Cycle Sequencing Kit developed by
Applied Biosystems, USA. The quality of the sequence was
validated by using the Sequence Scanner Software v1. The
obtained sequences from the selected mosquito species were
forwarded to Geneious Pro v5.1 (Drummond et al. 2010) for
editing and sequence alignment. The aligned COI sequences
generated from the present investigation were deposited in
NCBI (National Center for Biotechnology Information)
GenBank (http://www.ncbi.nlm.nih.gov).

Sequence alignment and phylogenetic analysis

Clustal W version 1.6 was employed for DNA sequence align-
ment (Thompson et al. 1994). The phylogenetic relationships

of the selected specimens were inferred using the neighbour-
joining method (MEGA7 Version 7.0). Maximum Composite
Likelihood method was employed for the evolutionary dis-
tance computation (Saitou and Nei 1987; Tamura et al.
2004). The Codon positions comprised were 1st+2nd + 3rd +
Noncoding. The positions encompassing gaps were eliminated
and the evolutionary analyses were accomplished using
MEGA7 (Kumar et al. 2016).

Statistical analysis

The statistical analysis was performed using the SPSS
version 24.0.0. and Venn Diagram Plotter version
1.5.5228.29.250. The diversity index was calculated by
using the following equation.

Shannon Index (H/) and Sorensen's Coefficient (CC)
Shannon Index <H/) = i pilnpi
=1

Where p is the proportion of individuals, In is the natural
log, and ¥ is the Sum of the calculations.

Values of Shannon index ranged from 0.6 to 2.1. Larger
Shannon index values represent greater diversity of mosquito
species from the selected sites.

The Sorensen’s Coefficient analysis was made to determine
similarities between communities

2C
S1+ 52

Sorensen’s Coefficient (CC) =
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The number of species of two communities is represented
by C. S1 represents the total number of species in community
1; S2 represents the total number of species recorded in com-
munity 2.

Results

Of the 150 samples collected, 104 mosquito specimens
belonging to 10 species of 4 genera were analysed at the
molecular level. After the collection and molecular identi-
fication of mosquitoes (Aedes, Culex, Anopheles, and
Armigeres), the data were arranged for the determination
of species diversity in Nelliyampathy. Most of the mosqui-
toes that were collected as larvae were reared in laborato-
ries to adults before identification. Advanced develop-
ments in molecular biology (Mitochondrial DNA
Analysis) allows us to complement the conventional taxo-
nomic methods of mosquito species identification. Our in-
vestigation included three species of Aedes (n=75), three
species of Anopheles (n=22), three species of Culex (n=
50), followed by one species of Armigeres (n=3). As
shown in Figs. 2, 3, and 4, COI gene-based mitochondrial
DNA analysis revealed the distinct clustering of individual
mosquito species within every genus together with strong
bootstrap support. The clustering patterns strongly ap-
proved the conventional morphological identification, per-
mitting the differentiation of individual mosquito species
based on mitochondrial DNA analysis (COI sequences).
Moreover, the sequences from the present study clustered
with those of other related species from various prevalent
regions reported in the NCBI databases. It was noted that
various morphologically similar Culex and Aedes species
can be differentiated to species level based on mitochon-
drial DNA analysis. The COI sequences-based identifica-
tion in the present study revealed the presence of 10 mos-
quito species such as Aedes aegypti, Aedes albopictus,
Aedes vittatus, Anopheles annularis, Anopheles stephensi,
Anopheles culicifacies, Culex quinquefasciatus, Culex
tritaeniorhynchus, Culex pipiens, and Armigeres
subalbatus (Table 1). Aedes aegypti, Ae. albopictus, and
Cx. quinquefasciatus were the most widespread and were
observed at all three study sites. Aedes vittatus and An.
annularis were absent from site 2, whereas Ar. subalbatus
was not recorded from site 3. Neighbour-joining (NJ) phy-
logenetic tree constructed using the COI sequences for
Aedes species is shown in Fig. 2. Figures 3 and 4 show
the NJ tree of Anopheles and Culex species together with
Armigeres, respectively. The NJ tree for Aedes species
formed 20 distinct clades with strongly supported boot-
strap values, each representing an individual species
(Fig. 2). The six morphologically identified Anopheles
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species were grouped into 21 clades in the NJ tree (Fig.
3). All of the aforementioned clades were strongly support-
ed by bootstrap values. Figure 4 shows the phylogenetic
analysis of Culex species using three Culex species COI
sequences obtained in the present study together with se-
quences retrieved from NCBI database.

Genetic divergence was assessed based on the sequence of
mosquito specimens using NJ-K2P method (Fig. 5). The av-
erage value for inter-specific genetic divergence was (0.0000—
0.0020) 0.0018. The most genetically divergent clusters in-
cluded Cx. pipiens (Cpn) with An. annularis (Ann) (0.1853)
and Cx. quinquefasciatus (Cqf) with An. annularis (0.1801);
while the most similar pairs were Ae. albopictus (Aps)
(0.0017) and Ae. aegypti (Agt). Anopheles stephensi (Stp)
showed relatively greater genetic (Table 2) divergence of
0.1494 (range 0.1214-0.1763) with respect to the other groups
of field-collected mosquitoes from Nelliyampathy.

All the mosquito specimens analysed in this study can,
therefore, be identified to species level based on their COI
sequences, which offers a 100% compatibility between taxo-
nomic and molecular identification and reveals that COI gene-
based phylogenetic analysis is a convenient approach to com-
plement conventional taxonomy.

Abundance and species richness

The present study revealed four mosquito genera, 10 species,
and 150 individuals distributed among the three selected sites
from Nelliyampathy. Of the 150 mosquito specimens collect-
ed, 50% belonged to the Aedes genus, followed by 14.66% of
Anopheles spp., 33.33% of Culex spp., and 3% of Armigeres
spp. The most abundant species were Ae. aegypti (26.66%),
Ae. albopictus (20%), followed by Cx. quinquefasciatus
(20%). Owing to their significance in the transmission of se-
rious diseases including yellow fever, malaria, dengue fever,
Japanese encephalitis, dengue hemorrhagic fever, West Nile
fever, chikungunya, zika, and filariasis the aforementioned
species are considered to be of specific interest. The mosquito
species composition differed among the three study sites. This
is illustrated and explained by diversity indices (Shannon
Index), Sorensen’s Coefficient (CC), and Venn-diagram. The
Venn-diagram (Fig. 6) showed that 50% of the collected mos-
quito specimens were found in all three sites.

Aedes spp. diversity

Shannon index diversity values strongly differed between
the three study sites (Fig. 7) (6 =0.6-1.8; p<0.001). The
highest Shannon index (Table 3) values were found at site
3 (Shannon Index (H'=1.8599), followed by site 1 (H'=
0.8602), and site 2 (H'=0.6774). The significant findings
from the diversity index were reliable with the cluster
analysis of the selected mosquito specimens.
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Fig. 2 Phylogenetic tree based on COI sequences of Aedes spp. A
450 bp-region of the COI mitochondrial gene was used to construct the
Neighbour-joining tree in MEGA 7.00 software 7.0.9 beta version. The
numbers displayed on branches were derived from the bootstrap method

Culex spp. diversity

Prominent differences were noticed between diversity values
in the three study sites. The Shannon index value at site 1 (H
"=2.1846) higher than at the remaining two sites (site 2: H' =
0.8018; site 3: H'=0.9291) (Fig. 7).

Anopheles spp. diversity
Diversity analyses on Anopheles mosquito specimens indicated

that site 1 had the highest Shannon index value (H'=0.9011),
followed by site 3 (H'=0.6931) and site 2 (H' = 0.6108) (Fig. 7).

NLY/29/0717/Aedes albopictus '

using 1000 replications. The gene sequences retrieved from NCBI are
shown with accession numbers. The sequences starting with NLY were
generated during the present study and are highlighted in blue colour

Sorensen’s coefficient (CC)

Sorensen’s Coefficient values for the comparison of mos-
quito species composition between three selected sites are
presented in Fig. 8. Prominent similarity was found be-
tween mosquito communities at site 1 and site 2 (CC=
0.87). Similar results were obtained when comparing site
2 and site 3 (CC =0.66). In addition, the CC value for site
3 and site 1 (0.82) also shows overlap between them. The
aforesaid findings were strongly consistent with those of
the statistical analysis together with the diversity analyses
and the Venn diagram.
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Fig. 3 Phylogenetic tree based on COI sequences of Anopheles spp.. A
432 bp-region of the COI gene was used to construct the Neighbor-
joining tree in MEGA 7.00 software 7.0.9 beta version. The numbers
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(02

on branches were derived from the bootstrap method using 1000

Discussion

The present investigation offers molecular characterization
and diversity of ten mosquito species belonging to four genera
from three selected sites (site 1, site 2 and site 3) of
Nelliyampathy. The increased level of mosquito-borne

@ Springer

<_

Anophelinae

replications. The gene sequences retrieved from NCBI are shown with
accession numbers. The sequences starting with NLY were generated
during the present study and are highlighted in blue colour

diseases epidemics is strongly influenced by tourist visitors.
The study area Nelliyampathy is a well-known site for tour-

ists, especially for foreigners. Anoopkumar et al. (2017) re-
ported that about 8888 people were infected by dengue fever
in Kerala from June 1st -30th 2017, of which one individual
died due to severe dengue infection from Palakkad district
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Fig. 4 Phylogenetic tree based on COI sequences of Culex spp. and bootstrap method using 1000 replications. The sequences from NCBI
Armigeres spp.. An alignment of COI gene sequences (616 bp) was are shown with accession numbers. The sequences starting with NLY
used to generate the Neighbor-joining tree in MEGA 7.00 software were obtained during this study and are highlighted in blue colour
7.0.9 beta version. The numbers on branches were derived from the

nearby the study site Nelliyampathy, Kerala. This has en-  vector control surveillance programmes (Higa et al.
hanced the importance of characterizing the molecular diver- 2010; Chan et al. 2014; Puthur et al. 2018).
sity and species divergence of mosquitoes from the study area. The mosquito species identification using conventional
The presence of foremost and potential vectors of var-  methods possess some complexity and it requires specimens
ious mosquito-borne diseases throughout the world regard-  in excellent condition, without any damages (Cywinska et al.
less of ecological circumstances shows the prominent  2006). During the present investigation, the mitochondrial COI
threat of severe diseases re-emerging over a region where  gene was used to confirm the uniqueness of morphologically
they had been eradicated. Thus, the accurate and precise  identified mosquitoes. Neighbor-Joining tree constructed using
identification of vector mosquitoes is indispensable in  the COI sequences is the most widely accepted approach in
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Table 1 Mosquito species collected from Nelliyampathy, Palakkad, Kerala, India in 2017

Mosquito species Number of specimens collected Total Percentage Percentage of
of species each genera
Jan-2017, to June-2017 July-2017 to
December 2017
Site 1 Site 2 Site 3
Aedes aegypti (Linnaeus, 1762) 15 10 15 40 26.66 50%
Aedes albopictus (Skuse, 1894) 7 7 16 30 20
Aedes vittatus (Bigot, 1861) 2 0 3 5 333
Anopheles annularis (Van der Wulp, 1884) 1 0 3 4 2.66 14.66%
Anopheles stephensi (Liston, 1901) 5 7 3 15 10
Anopheles culicifacies (Giles, 1901) 3 0 0 3 2
Culex quinquefasciatus (Barraud, 1934) 8 7 15 30 20 33.33%
Culex tritaeniorhynchus (Giles, 1901) 5 2 3 10 6
Culex pipiens (Linnaeus, 1758) 2 0 8 10 6
Armigeres subalbatus (Coquillett, 1898) 2 1 0 3 2 2%

several barcoding studies on mosquitoes since the method of-
fers accurate and effective recognition of the targeted species
(Kumar et al. 2007; Gunay et al. 2015; Rozo-Lopez and
Mengual 2015). As formerly stated, all mosquitoes were

identified to species level by comparing the sequences obtain-
ed in this study with the sequences available from the reference
NCBI database, and most of the sequences had identity values
above 96%. The COI gene-based phylogenetic analysis is

Culex tritaeniorhynchus (Ctr) = /

Culex quinquefasciatus (Cqf) =
Culex pipiens (Cpn) — |
Armigeres subalbatus (Asb) |
Anopheles stephensi (Stp) ~ |
Anopheles culicifacies (CIf) ~ |
Anopheles annularis (Ann) =
Aedes vittatus (Vts) ™|

Aedes albopictus (Aps)

Aedes aegypti (Agt) ~ |

1 I 1 1 I
0.0247 I 01245 I 0135 I 01527 I 01773
0.0001 naz1z2 0.13M 01435 01763

Divergence

Fig. 5 Mean of K2P distances in ten mosquito species clusters. The species clusters were defined using the NJ-K2P pairwise distance method typically

employed in barcoding using MEGA7 Software
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Table2 Mean of K2P distances in ten mosquito species clusters

Mosquito species n Asb Cqf Ctr Cpn Stp Ann CIf Vts Aps Agt

Armigeres subalbatus (Asb) 3 0.0001

Culex quinquefasciatus (Cqf) 30 0.0247  0.0013

Culex tritaeniorhynchus (Ctr) 10 0.1212  0.0716 0.0012

Culex pipiens (Cpn) 10 0.1435 0.0916  0.0501  0.0020

Anopheles stephensi (Stp) 15  0.1763  0.1453  0.1545 0.1214  0.0000
Anopheles annularis (Ann) 4 0.1245 0.1802 0.1715 0.1853 0.0175 0.0100

Anopheles culicifacies (CIf) 3 0.1773  0.1311  0.0221  0.0114  0.0395  0.0599  0.0010

Aedes vittatus (Vts) 5 0.1302  0.1250  0.1488  0.1530  0.1546  0.1204  0.1418  0.0011
Aedes albopictus (Aps) 30 0.1528  0.1220  0.1481  0.1484  0.1229  0.1465  0.1106 ~ 0.0119  0.0001
Aedes aegypti (Agt) 40  0.1350  0.1847  0.1169  0.1301  0.1272  0.1096  0.0967  0.0045  0.0017  0.0010

The species clusters were defined using the NJ-K2P pairwise distance method typically employed in barcoding. The K2P distance values highlighted in
bold letters indicates inter-specific genetic divergence. The numbers of individual specimens were also included

renowned as the suitable method for mosquito species identi-  defines the genetic diversity in a visually satisfying elegance

fication in this study. The tree-based analyses are renowned as  (Goldstein and DeSalle 2011). A significant benefit of using
a graphic criterion for the identification of species, which ~ phylogenetic tree-based method is that it provides a direct logic

SITE 2

SITE 3

Fig.6 Venn diagram of mosquito species in Nelliyampathy, Palakkad district of Kerala, India. Diagram shows the occurrence of mosquito species in the
study sites: site 1 (green), site 2 (blue), site 3 (orange)
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Fig. 7 Shannon index of Aedes,
Anopheles, Culex, and Armigeres
species

Aedes spp.

8
000 1.2000 16000 2.0000

Culex SPp. Ang others

ite 1
ite 2
ite 3

of the statistical consistency (Goldstein and DeSalle
2011). The results from the COI gene-based species iden-
tification through the NJ phylogenetic tree analysis
strongly approved the results of morphological identifica-
tion. Based on the similarity of COI sequences, the mos-
quitoes were grouped into species, with strong bootstrap
values in the NJ phylogenetic tree approving the results of
conventional morphological identification. Our study an-
alyzed and confirmed the COI sequences of ten epidemi-
ologically important mosquitoes (Table 1). As per the NJ
phylogenetic tree analysis, the morphologically identified
Aedes, Culex, Anopheles and Armigeres species were sup-
ported by strong bootstrap values.

Table 3  Shannon index of Aedes, Anopheles, Culex and other species
Site Shannon index value

Aedes Culex and others Anopheles
Site 1 0.8602 2.1846 0.9011
Site 2 0.6774 0.8018 0.6108
Site 3 1.8599 0.9291 0.6931

@ Springer

The Aedes, Culex, and Anopheles, species analyzed in
this study are epidemiologically important since they
transmit several severe human disease agents in India,
specifically in Kerala (Anoopkumar et al. 2017; Vijayan
2010). In addition, the significance of mitochondrial gene
analysis in taxonomy is clear at circumstances where one
member of the sibling species complex is responsible for
the transmission of several diseases while the other is not.
Precisely, An. annularis A is responsible for the transmis-
sion of malaria in India, but An. annularis B does not
transmit this disease (Atrie et al. 1999).

Apart from facilitating the differentiation of sibling
taxa, the use of mitochondrial COI gene in taxonomic
studies can unveil the significant genetic divergence be-
tween single species, which might have disease transmis-
sion implications (Beebe et al. 2005). Several previous
studies revealed significant genetic diversities in both
Ae. aegypti and Ae. albopictus just as we noted in our
study. This offers substantial evidence on the mosquito
population origin and relationships and insights into the
role of these mosquito species in disease transmission
(Mendes dos Santos et al. 2011). Our study revealed that
both species exhibited considerable genetic differences.
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Between site 3 and site 17

Between site 2 and site 3
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Between site 1 and site 2
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Sorensen’'s Coefficient (CC)

Fig. 8 Sorensen’s Coefficient values for the comparison of mosquito species composition between three study sites

Aedes albopictus is the vector of nearly 22 arboviruses,
including chikungunya, West Nile virus (WNV), dengue,
and possibly zika virus (Aliota et al. 2016; Chouin-
Carneiro et al. 2016).

Several previous studies reported that Culex spp. might be
undergoing speciation together with microevolution (Harbach
et al. 2012), resulting in species complexes including the for-
mation of hybrid mosquitoes from sibling species mating
(Medeiros-Sousa et al. 2015). These species complexes are
adapted to live in both temperate and tropical climate regions
in Brazil since they are formed from Cx. quinquefasciatus and
Cx. pipiens (Wilke et al. 2016).

In the present investigation, we identified the epidemiolog-
ically significant Culex spp., particularly Cx. quinquefasciatus,
a key vector of WNV. The variability of COI gene sequences
between Cx. quinquefasciatus and Cx. pipiens have been re-
ported as low (Shaikevich et al. 2016). Therefore, the gradually
narrowing siphon (Fig. 9) and difference in the number of
branches in the siphon seta of Cx. pipiens has been recognized

as an added advantage in the distinguishing of Cx. pipiens from
Cx. quinquefasciatus. Culex quinquefasciatus has a wide
shaped siphon in the middle and the numbers of branches in
the siphon seta significantly differ from other Culex spp.
Additional taxonomic literature regarding the differences in
the morphological characters between Cx. pipiens and Cix.
quinquefasciatus has been discussed by Dehghan et al. (2016).

To our knowledge, this is the first and foremost report on
the molecular analysis of selected field-collected mosquitoes
from Nelliyampathy. In addition, our study also described the
diversity of Aedes, Culex, Anopheles, and Armigeres adults.
Species diversity of Aedes spp. and Anopheles spp. was high
in sites 3 and site 1, respectively. The diversity of Culex spp.
and other species was very high in site 1. The transmission of
mosquito-borne diseases encompasses a complex interaction
between pathogens and arthropod vectors, the host organism,
and their environment. Approximately 30% of emerging
vector-borne disease events was triggered by mosquito-
borne pathogens of wildlife origins (Ganser and Wisely

@ Springer
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1.0 mm

} Siphon

Culex pipiens

Siphon

Culex quinquefasciatus

Fig. 9 Morphological identification of fourth instar larvae of Culex pipiens and Cx. quinquefaciatus

2013). Thus, the present study also examined similarities be-
tween mosquito communities in three sites using Sorensen’s
Coefficient analysis and indicated great similarities between
them. The analysis of similarities between two communities
offer a better understanding of the mosquito population that
may lead to ecologically efficient strategies in vector control
programmes (YAN and Zhong 2005). The results gathered
from the present study will be economically as well medically
beneficial to humans. Hence, investigation on the species di-
versity, genetic divergence and similarities between the

@ Springer

mosquito populations with special reference to the
mosquito-borne disease epidemics is essential to develop ef-
fective mosquito vector control strategies.

Conclusion

The findings conveyed in this study using COI gene analysis
of mosquito specimens have facilitated the determination of
molecular taxonomic status and species diversity of ten
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mosquito species from three selected sites in Nelliyampathy.
The high number of foreigners and tourist visitors in the study
area and its specific nature as an ecotone urgently necessitate
the molecular characterization of vector mosquitoes with spe-
cial reference to phylogenetic analysis together with species-
specific similarity determination and population diversity in-
dices. As the foremost comprehensive molecular analysis of
these epidemiologically important mosquitoes, our findings
offer a base for future research which is necessary for the
better understanding of novel vector control approaches. The
reliability, versatility, and accuracy of the aforesaid strategies
as a tool for mosquito species identification, determination of
genetic divergence, species-specific similarity and population
diversity make them an indispensable approach in vector con-
trol surveillance programmes. The results can also be used to
develop significant recommendations and suggestions for
public health policy regarding vector-borne diseases and their
transmission in two different ecosystems, specifically in an
ecotone habitat.
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Abstract Heavy metals are considered as the major classes of a contaminant in
nature. Heavy metal contamination from fertilizers, metal mining, and industrial
activities leads to toxic effects on humans and other organisms. Although the toxic
effects of these elements have been recognized for a long time, exposure to these
elements continues. The toxic effects induced by them can lead to death in humans.
Several advanced strategies have primarily employed to tidy up the surrounding
from toxicants; however, most of the strategies are considered as problematic when
getting results. The current concerns regarding the contamination due to heavy metal
deposition have introduced the novel advanced technologies to detect the presence
of them from soil and wastewater. Several plants have been recognized as potent
herbs since they are able to absorb these toxicants. The phytoremediation techniques
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usually uptake the heavy metals from the soil and wastewater and recognized as a
well-established approach to remediate the toxic effects induced by them. The plant-
based techniques have some advantages over the conventional strategies. Therefore,
the present research has focused on the various technologies used to remove the
metal pollutants from natural resources especially from water and soil. These
affordable and effective technologies are potentially cost-effective and environmen-
tal friendly.

Keywords Contaminants - Heavy metals - Phytoextraction - Remediation

12.1 Introduction

Environmental pollution by the deposition of toxic heavy metals in natural resources
including water and soil has become a serious threat over the globe in recent years.
The disturbance of natural biogeochemical cycles and industrialization together with
urbanization has instigated the toxic impacts (Srivastava 2016). Industrial actions
including metal fabrication shops, textile factories, service stations, waste disposal
areas, and chemical works followed by intensive cultivation are specifically awk-
ward of contaminating the environment (Freitas et al. 2004; Wong 2003). The
enhancing reliance on synthetic fertilizers in the soil for the agricultural purpose
has enforced a long-term threat over the environment (Barla et al. 2017; McLaughlin
etal. 1999; Rebello et al. 2019). Emission of toxic elements has principally regulated
in industrialized countries, whereas in the case of developing countries, hasty
population explosion and industrial development coupled with worst pollution
control strategies that have ensued in wide heavy metal pollution over natural
resources (Ji 2000). The entry of heavy metals into the food chain consequently
develops a severe impact to animal and human health (Sarwar et al. 2017). The
heavy metals usually have a high atomic number, high density, and mass (Alloway
2012). These elements also accumulated in the living organisms, referred to as
bioaccumulation, thereby increasing their concentrations in higher trophic levels
by biomagnification.

The major heavy metals include copper (Cu), manganese (Mn), iron (Fe), chro-
mium (Cr), and nickel (Ni). The excessive accumulation of these elements in plant
cells has induced toxic effects even at low concentrations by adversely affecting
photosynthetic and respiratory processes, plant growth, membrane integrity,
deoxyribonucleic acid structure, and functionality and enzymatic activities (Lajayer
etal. 2017b). In addition, certain redundant compounds including lead (Pb), mercury
(Hg), cadmium (Cd), and arsenic (As) are considered as highly toxic towards various
biochemical and physiological processes take place in plants (Lajayer et al. 2017a).
The conventional strategies for indemnification of heavy metals tainted water and
other natural resources might not be feasible in most of all the situations since they
are expensive and inefficient (Lajayer et al. 2017a). This chapter thereby determines
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the various strategies and concepts and risks and effectiveness involved in the
phytoextraction of heavy metals associated with environmental contamination and
natural resources.

12.2 Heavy Metals: Sources, Contamination, and Effects
in the Environment

Current disquiets concerning the heavy metal-induced environmental damage have
extended the need of developing appropriate novel and versatile technologies to find
out its presence in natural resources. Instead of numerous contaminants, the effluent
from various industrial firms including paper mill is recognized as a rich source of
nitrogen, calcium, phosphorus, and magnesium together with trace elements (Jain
et al. 2005). Pollution due to the accumulation of metal elements cadmium, chro-
mium, copper, silver, lead, and zinc induces a hazardous effect on biological systems
since most of them do not endure biodegradation (Table 12.1) (Pehlivan et al. 2009).

Table 12.1 Major plants those are able to accumulate heavy metals

SI. no. Metal Plant species that accumulate heavy metals

1. Nickel Alyssum serpyllifolium

Bornmuellera kiyakii

Sebertia acuminata
Berkheya coddii

2. Cobalt Crotalaria cobalticola
3. Zinc Picris divaricata

Arabis gemmifera
Sedum alfredii
Arabidopsis halleri

4. Copper Crassula helmsii

Ipomea alpina

5. Lead Hemidesmus indicus

Plantago orbignyana

Sesbania drummondii

6. Selenium Stanleya pinnata

7. Cadmium Arabidopsis halleri
Bidens pilosa

8. Manganese Virotianeurophylla

Austromyrtus bidwillii

Maytenus founieri

Phytolacca americana

9. Chromium Leersia hexandra

Gynura pseudochina
Salsola kali
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Hence, these toxic heavy metals need to be transformed into non-toxic compounds
using various physic-chemical strategies (Gaur and Adholeya 2004; Rebello et al.
2018).

The anthropogenic sources such as pesticides, energy, power, construction, steel
manufacturing, waste incineration, food processing waste disposal, smelting, and
mining followed by coal combustion and military operations are primarily consid-
ered as important sources of environmental contamination. This has indicated that
the enhanced anthropogenic activities have influenced the environment directly
through food chain since heavy metal contamination in vegetables causes potential
health threats and safety issues (Ugya et al. 2019). Irrigation of agricultural fields
using wastewater frequently has resulted elevated level of heavy metals in several
crops (Pan et al. 2016; Rana et al. 2014). In addition, the poor agricultural practices,
misuse of the soil, and urban waste disposal, followed by the regular use of the
chemical have resulted in soil pollution (Li et al. 2016; Mahmoud and Ghoneim
2016).

It is well known that the frequent consumption of food sources tainted with the
aforesaid elements has cause severe risk to human health. One of the reasons for this
condition is the accumulation of heavy metals at an elevated level. The frequent
intake of a hazardous range of heavy metals through food resources has resulted in
chronic accumulation in the liver and kidney of humans followed by triggering
disruption of several biological and physiological processes including kidney, car-
diovascular, bone, and nervous-associated diseases (Mahmood and Malik 2014).
Several cleanup inventions are developed for the detoxification of contaminated
natural resources; however, few technologies stand efficient to decontaminate the
resources. This has enhanced the need for using plants and plants allied microor-
ganisms to degrade, inactive, or remove the toxic environmental contaminants and to
invigorate contaminated regions which are receiving much more care and consider-
ation (Vaikosen and Alade 2017).

12.3 Deposition of Toxic Elements

Several toxic elements including nickel, manganese, copper, and zinc are important
micronutrients required for the completion of plants’ life cycle. Hence, the concept
concerning the use of the plant as a phytoremediation technique has gained much
more interest in in the past few eons (Number et al. 1997; Shiowatana et al. 2001).
The important heavy metals influence the economic balances by reducing the crop
production and induce the risk over and groundwater contamination. Research based
on basic chemistry, ecological impacts, and linked health disorders caused by heavy
metals are essential to find out their bioavailability and remedial preferences together
with speciation. The speciation and chemical nature of the element has also
influenced the fate and spread. The initial fast reactions of heavy metal contamina-
tion normally require minutes to hours, whereas its slow adsorption necessitates days
and years. This indicates their diverse chemical form with toxicity, and
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bioavailability has principally involved in the redistribution of toxic elements
(Buekers 2007). The distribution of the aforesaid metals is supposed to be controlled
by various processes induced by metals from the resources. They include
(1) dissolution and precipitation of minerals; (i) ion exchange; (iii) adsorption,
desorption, and aqueous complexation; and (iv) biological immobilization followed
by plant uptake.

The accumulation of lead in the kidneys, central nervous system, and gastroin-
testinal tract may lead to severe threat including poisoning, hyperactivity, decreased
reaction time, weakness of the joints, anorexia, loss of memory, lower intelligence
quotient, mental deterioration, insomnia, shortened attention span, and impaired
development even death. It is well reported that its toxic effects have been much
more broadly studied than any other heavy metals in trace amounts since it can
generate severe bruise to the kidneys, neuron system, and brain together with a vast
range of toxic effects in biological systems. Direct ingestion is primarily renowned
as the one of the major sources of lead exposure from the soil. Previous studies have
reported its toxic effects; however, they also revealed that it is never accumulated in
the fruit crops (strawberries, beans, tomatoes, corn, apples, and squash) in large
amounts. Its high concentrations are principal to be found on the exterior of leafy
vegetables (Wuana and Okieimen 2011).

Arsenic is one of the heavy metals responsible for environmental contamination
which always induced notorious toxic effects to humans and other living organisms.
The various species of these heavy metals determine its level of toxicity to the living
organisms. The inorganic and organic form of arsenic is strongly influenced by the
following factors such composition of minerals in surrounding environment, the pH,
and activities executed by microbial communities. The two mineral species of
arsenic, namely, arsenite and arsenate, are recognized as the foremost one in the
mainstream of the environment (Yusof and Malek 2009). These two aforementioned
elements are known as highly toxic since the other forms are less toxic.

The naturally occurring mercury is present silver—white, odorless liquid and
shiny, and is present in various forms. It usually combines with various other
elements including oxygen, chlorine, and sulfur and results in the formation of
white powders or crystals containing inorganic mercury compounds. Due to its
easy vaporization and low boiling point, mercury is always gained much more
significance in numerous industrial products. Like any other element, mercury has
been found as several forms in soil. Mainly three forms of silver have been found to
be present in the soils, and they include (1) the most reduced Hgo (2), ionic of
mercurous ion Hg? (3), and mercuric ion Hg>*. The major binding force for the
adsorption of mercury includes electrostatic forces, precipitated as sulfide, hydrox-
ide, phosphate, and hydroxide. Conventionally, certain anaerobic bacteria have been
used for the methylation, a major way for the decontamination of mercury from the
contaminated resource (Rodriguez et al. 2005). The aforementioned concepts and
statements have verified that the organomercury compounds, especially the mercury
salts, are among the major poisonous elements in our surroundings. In addition, the
degree of toxicity and mechanisms of their action over the surroundings and
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organisms has strongly interlinked with the redox state and type of compound
(Wagner-Dobler).

The phosphate fertilizers, refined petroleum products, and detergents are the
principal source of cadmium in environmental pollution. The acidification of soils
by acid rain has enhanced the geochemical transport of cadmium. It is a
biopersistent; however, it has exhibited only a few toxicological concerns, once
ingested in the body of an organism, leftovers resident for a long period of time.
Within the body, it seriously affects many enzymes and proteins and causes renal
damage followed by proteinuria. Precisely, they generate harmful effects towards
various important enzymes that are essential for the resorption of proteins and
hormones. It is as well capable of diminishing the action of alcohol dehydrogenase,
delta-aminolevulinic acid synthetase, and lipoamide dehydrogenase, followed by
arylsulfatase; simultaneously it augments the activity of pyruvate decarboxylase,
delta-aminolevulinic acid dehydratase, and pyruvate dehydrogenase.

Copper is an important element indispensable for both plants (as a micronutrient)
and hominids (essential for the production of blood hemoglobin) in several ways. At
a minimal level, copper plays an important role in disease resistance and seed
production together with regulation of water whereas its high concentration has
resulted in kidney damage, anemia, stomach, and intestinal disorders and liver
damage. It normally ingested into the human body through the drinking water
from copper pipes. The contaminated soils have exhibited certain effects that are
either direct or indirect. The direct effects comprise the negative effects on crop
growth and profit, whereas the indirect concerns include the entry of toxic compo-
nents into the food chain with potential adverse impact on the human population.
The drastic reduction in crop production could also lead to economic loss for the
long term.

Nickel is a heavy metal element; it can generate toxic effects when the concen-
tration has reached above the threshold level. It can cause various genetic disorders
including cancer in animals. The major source of nickel is the steel manufacturing
companies, plating industries, and industries. It may also be released into the
atmosphere by trash incinerators and power plants. Most of all nickel compounds
will adsorb to sediment when they are released into the environment. Nickel
becomes leaches down to the neighboring groundwater in acidic soils and also
induces adverse effects to microorganisms and thereby diminishes their population
size. However, the microorganisms generally grow resistance against nickel.

12.4 Metal Accumulating Plants: The Notable Natural
Resource for Phytoextraction

Most of the plants are able to accrue high levels of heavy metals in their tissues. In
this regard, mainly three technologies such as phytoextraction and
phytostabilization, followed by phytovolatilization, have been wused for
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Fig. 12.1 Phytoextraction P hytoext raction
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phytoremediation. The phytoextraction uses plants to decontaminate the elements
from soil, and the phytostabilization reduces the mobility of metals, while the
phytovolatilization converts metals to volatile chemical species. By virtue of this
notable property, phytoextraction could be considered as economically viable and is
alternative to the high cost of conventional remediation strategies (Wither and
Brooks 1977). The process of heavy metals accumulation in plants involves a series
of steps comprising the mobilization of soil, its uptake by roots, transport to shoot
through the xylem, and distribution followed by storage in the tissues (Clemens et al.
2002). The uptake of elements by plant species strongly depends on diverse con-
tributing aspects such as the total quantity of the available elements in soil, usually
referred as quantity factor, the reaction kinetics, and the intensity factor (Briimmer
1986).

Phytoextraction in a natural way is principally troubled by low biomass of heavy
metals, and it has required a long period of time to reach environmentally permis-
sible levels. Taking into the applications of phytoextraction, several authors have
verified the highly specific and efficient mechanisms of plants to get vital
micronutrients, even at low ppm levels. The phytoextraction feats the capability of
herbs to uptake the metals from natural resources (Fig. 12.1) (Raskin et al. 1994).
However, the phytoextraction has several limits that are arising from threatened
metal obtainability and troubles in uptake by roots; and needs great energy as well as
xylem loading and symplastic mobility (Meagher 2000). Plants exhibit diverse
responses to metal contamination, and most of the morphophysiological responses
are sensitive to very minute concentrations. The metal accumulation is usually
expressed by “plant to-soil metal concentration ratio.” In addition, both the translo-
cation factor and bioconcentration factor clearly influence the phytoextraction.

Tolerant herb species have a habit of less accumulation of heavy metals since they
restrict transfer between soil to root together with root to shoot. Usually, the plants
exhibit greater than 1 BAC (biological absorption coefficient) can be used for
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phytoextraction; for phytostabilization, plants with higher than 1 bioconcentration
factor and lower than 1 transcription factor value can be used (Briimmer 1986). The
effectiveness of phytoextractions depends on several desirable properties such as
(1) high biomass and rapid growth, (2) well-developed rot system for uptaking large
volumes of elements, (3) effective tolerance to metals with high concentrations,
(4) great translocation factor, and (5) adaptability against specific area. The
phytoextraction of heavy metal-contaminated natural resources especially soil fol-
lows on the utilization of herbs to translocate the elements to their specific harvest-
able regions.

Principal focus of phytoextraction is diminishing the concentration if heavy
metals in contaminating resources within a short time frame (Nascimento and
Xing 2006). The engineering calculations regarding the concept of phytoextraction
suggested that effective plant-based decontamination of natural resources would
normally necessitate crops capable to concentrate toxic elements in high. Deposition
of heavy metals at high concentration would definitely destruct the non-accumulator
plant within short time. However, biotechnology has now been productively
employed to assess heavy metal uptake through plants. For instance, the expression
of binding proteins that are specific against heavy metals and mammalian
metallothionein has resulted in increased metal tolerance in Nicotiana tabacum
(Lefebvre et al. 1987).

Accumulation of heavy metals in natural resources is considered as an interesting
area of research that, excepting to major commercial uses, should be responsible to
provide answers to certain important questions of phytochemistry, nutrition, and
environmental hazards followed by heavy metal accumulation. Phytoextraction of
heavy metals at the industrial level, although still in its early stages, may 1 day grow
into a well-known cleanup strategy. An integrated multidisciplinary study that links
plant biochemistry, agricultural applications, soil microbiology, soil chemistry, and
environmental engineering is essential for the development of phytoremediation
techniques. It is imperative to note that plants that deposit toxic elements can be
grown intended for economic benefits, leaving the water or soil including various
natural resources with a diminished level of heavy metal contamination. Environ-
mental cleanup using plants may guarantee a cleaner and greener earth for all of us.
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and Aedes albopictus (Skuse)
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Abstract

Mosquito borne diseases remain as the world’s most severe insect-borne disease with excessive rates of
morbidity and mortality. Mosquitoes transmit various severe diseases such as dengue, malaria, filariasis,
viral encephalitis, chickungunya and zika virus infections causing millions of deaths worldwide; and no part
of the world is liberated from mosquito borne diseases. Aedes aegypti and Aedes albopictus represent
the two important mosquito vectors for dengue virus transmission in America and Asia. According to the
Integrated Disease Surveillance Project (ISDP), 8888 confirmed dengue infections were reported from
January 1° to June 30 2017 in Kerala state, India with 409 confirmed dengue infections reported from
Thrissur district of Kerala including Irinjalakuda Municipality (the area of this study). Additionally 15
confirmed and 56 suspected dengue fever deaths were also reported from Kerala state, India. Current
epidemics of dengue and severe mosquito borne diseases from Kerala have exposed the need for more
comprehensive understanding of the mosquito species types, their vectorial capacity and the habitat
characteristics that offer them for proper breeding environment in the study area. The present study also
explored the applicability of CO1-based DNA bar coding as an alternative approach to identify mosquito
species such as A. aegypti and A. albopictus.

Keywords: Aedes aegypti, Aedes albopictus, CO1 barcoding, vectors
Introduction

Mosquitoes are significant groups of arthropods that inhabit aquatic habitats. They are probably adverse arthropods,
which transmits wide range of pathogens that cause drastic deadly diseases such as human malaria, dengue, filariasis
and viral encephalitis!¥. Zika virus, another mosquito borne infection was first reported in Brazil by Pan American Health
Organization in 2015 and since then the virus has spread tremendously all around America. Zika infection begins with
mild symptoms lasting up to a week after being bitten by vector mosquito; but an infection during pregnancy may
cause certain neurological anomalies like microcephaly and several other brain defects!?. Thus control of mosquitoes
becomes the need of the hour to prevent wide epidemic infections. However, it is difficult to control and prevent severe
consequences created by mosquito species®.

Currently a total of 3549 recognized mosquito species belonging to subfamily Culicinae are reported all over the world™;
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with more than hundred species of mosquitoes capable of
disease transmission to humans and other animals!. One-
third of this subfamily is represented by the Genus Aedes
(Suleman et al. 1996) of which members of A. aegypti and
A. albopictus representing the two important mosquito
vectors for dengue virus transmission in America and Asia®..

Urbanization significantly made modifications in the Aedes
mosquito ecology by certain environmental changes®.
The mosquito borne diseases such as dengue, zika, and
yellow fever are primarily transmitted to the humans
by the mosquito species A. aegypti and vector control is
significant to restrain the transmission of these drastic
viral diseases!”). Studies indicate that 390 million people in
the world face dengue infections per year with 96 million
infections confirmed clinically!®l. Additionally, the rapid
spread of mosquito borne diseases is vitalized by global
freight transportation and international travel® 19, A,
albopictus are vigorous throughout the year in tropical and
subtropical habitats. Over winter they lay eggs on the sides
of water-filled containers such as bird baths, flowerpots,
animal watering dishes, natural holes in vegetation and
tires'Y. Destruction of these mosquito breeding habitat is
an efficient method for mosquito vector control2,

For the proper development, the larvae and pupae
of mosquitoes necessitate an aquatic environment
with standing or flowing water. Larvae of the majority
mosquito species generally filter out and feed organic
matter, other microorganisms from water*3!, Heterotrophic
microorganisms such as bacteria, fungi and protozoans
from detritous surfaces or containers are significant for the
larval diet!**. Freshwater swamps, rice fields, borrow pits,
marshes, puddles, water-filled tracks, ditches, gulleys and
drains are tremendous source of mosquito larval habitats.
Wide range of ‘natural container- habitats’ such as, rock-
pools, water-filled bamboo stumps, tree holes filled with
water, leaf axis in banana, snail shell and coconut husks
offer enough requirements for mosquito larval habitat.
Man-made container habitats including water storage jars,
tin cans, motor vehicle tyres and discarded kitchen utensils
also contribute space for breeding of mosquitoes*°..

Korimbussery
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After the larvae have accomplished their fourth larval molt
they develop into pupae (called tumblers). Pupae don’t
require food and be alive for 1-3 days before the adult
form. Male adult mosquitoes primarily feed nectar from
plants to get sugar while the female mosquitoes imbibe the
blood meal to generate viable eggs*®l. Female mosquitoes
usually nourish every 3-5days. A. albopictus females are
diurnal feeders; they not only give preference to attack
large mammals but also imbibe blood meals from birds!*®..

A conventional method to identify mosquito species is
morphological identification, which is critically based on
external characters and they may differ for different species.
Taxonomic keys such as Bram, Harrison and Scanlon,
Rattanarithikul are significantly used for morphological
identification of individual mosquito species*’??, Apart
from the requirement of much expertise, morphological
identification is exceedingly time-consuming and imperfect
identification may result when significant morphological
features such as bristles and scales are impaired!. Prompt
and perfect species identification with immense accuracy
can be achieved through molecular approach??¥.

DNA barcoding has been encouraged as a consistent method
for the species identification of both invertebrate and
vertebrate taxa'?. DNA based molecular techniques and
approaches for species identification, molecular phylogeny,
and genetic diversity of mosquito acquire attention in
recent years?®3l, The present study aimed to evaluate
the molecular diversity, vectorial capacity and habitat
characteristics of Aedes mosquito species in the study area.

Materials and Methods
Sample collection

Samples of A. aegypti and A. albopictus were collected
from Irinjalakkuda municipality which belongs to Thrissur
district of Kerala state, India (10.33 N 76.23 E) (Fig. 1).
The study area is rich in diverse topography and provides
habitat for different kinds of mosquito species. Different
spots were randomly selected with an intention to cover
entire topography of the study area.
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Figure 1.Study area
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Mosquito larval collections were carried out from different
habitats including both natural and artificial using dippers
(12cm diameter and of 300 ml capacity), pippets and
plankton nets. Dippers and plankton nets were used in
open sources for sampling while pippets were used in tree
holes. Collected larvae were carefully transferred alive to
the insectary and allowed to emerge as adults. Identification
of the collected specimen was authenticated at CDRL, St.
Joseph’s College, Irinjalakuda.

Insect rearing

A. aegypti and A. albopictus larave were reared in plastic
trays (36x 24x7) containing dechlorinated water. The larvae
were fed on powdered dog biscuits and yeast in the ratio of
3:1. The insectary was maintained at 27+ 2°C and 75-85%
relative humidity, with 12:12 light and dark photoperiod
cycle for larval growth. Pupae were transferred to a bowl
containing dechlorinated water and were maintained
in insectary (30x30x30) where adults emerged. Adult
mosquitoes were fed with water soaked grapes. On day
6, an immobilized young chick was kept inside the cage to
provide blood meal for female mosquitoes. Plastic bowl
(12 cm diameter) containing dechlorinated water with a
lining of partially immersed filter paper was kept inside
the cage to allow the female mosquitoes to lay their eggs.

DNA isolation, PCR amplification and sequencing

CTAB method was used to isolate Genomic DNA from insects
(Hunt, 1997). The mitochondrial gene of the mosquito
species was amplified by CO1 PCR with forward primer
5’-TATTATTAGACAAGAATCTGGTAAA-3’ and reverse primer:
5’- AGGAAATGTTGA GGGAAGAAAGTAA-3’. PCR amplification
was performed in 25ul volumes containing 15ng of DNA, 30
pmol of each primer, Tag DNA polymerase reaction buffer
with MgCIzl 2.5mM dNTPs and 1 unit of Tag DNA polymerase
mixed in the PCR buffer (Sigma). Amplification parameters
in the Mastercycler were as follows: An initial denaturaton
of 95°C for 2 minutes followed by 30 cycles of denaturation
at 94°C for 30 seconds. Annealing and extension were
performed at 54°C for 30 seconds and 72°C for 1 minute
respectively. The final extension was accomplished at
72°C for 10 minute. PCR product was purified with
Ilustra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare), according to the manufactures instructions
and recommendations. Sequencing was performed using
Big Dye Terminator cycle sequencing chemistry for ABI
Bioprism (Applied Biosystems). The sequences generated
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were deposited in the NCBI gene bank data base (http://
www.ncbi.nlm.nih.gov).

Data analysis

Significant variation in the birth rate and duration of
development of A. aegyptiand A. albopictus was illustrated
as pie diagram using IBM SPSS Version 24.

Phylogenetic analysis

Neighbor-Joining method was used to investigate the
evolutionary relationships®?The sum of branch length
of tree is equal to 1.23192720. Maximum Composite
Likelihood method was used to calculate evolutionary
distance®®. Eight nucleotide sequences were involved in
analysis. 1st+2nd+3rd+Noncoding positions were included.
Position showing gaps and missing data were excluded. A
total of 371 positions were appeared in the final data set.
Evolutionary analyses were performed through the software
MEGA®6 (Molecular Evolutionary Genetics Analysis, version
3.1)B4, Species discrimination using DNA barcode was
performed by comparing the nucleotide sequences on
NCBI gene bank data base.

Results
Life cycle and bio-ecology of A. aegypti and A. albopictus

The data obtained on the vectorial capacity of the collected
mosquito species were compiled in table I. Continuous
observations were made for both the species in respect
of their fecundity and other ecological aspects for three
generations. Thus a comparative analysis on the life cycle
(Table Il and Fig.2) of A. aegypti and A. albopictus was
possible. The results from the present study revealed
certain variation in birth rate and duration of development
(in terms of number of days). A. aegypti took 28.5 days
to complete its life cycle while A. albopictus use only 22.5
days as depicted in fig 3. Both of them took 8.5 days to
attain pupal stage; and there was no variation observed
in this aspect. However, there was significant difference
in the life expectancy of adult mosquitoes of A. aegypti
and A. albopictus which was calculated to be twenty and
fourteen respectively. This variation was evident from the
stage of number of eggs obtained from A. aegypti (=114)
and A. albopictus (= 65) as shown in table Ill. However, the
percentage of egg hatching (85.9 and 86.32) and percentage
of adult emergence (80 and 81.5) remained almost same
for A. aegypti and A. albopictus.
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Table 1.Vector status of Aedes aegypti and Aedes albopictus

Vector status of Aedes aegypti and Aedes albopictus

Aedes aegypti Aedes albopictus
A. aegypti is the formost Zika vector“!, Capable of transmitting Zika virus!®.
Dengue vector e, Dengue vector (Beebe et al. 2005), Viral pathogens

including chikungunya, several filarial Nematodes
namely Dirofilaria immitist”.,

Bites mainly humans (anthropophilic)**. Primarily attack wild and domestic animals (zoophilic)
but also humans®**.

Typically feeds several times per cycle of egg Usually feeds single per cycle of egg production!*.
production,

Adapts well to human urban settlements!#. Inhabits rural and urban areas®**.

Table 2.Characteristics of common mosquito vectors Aedes aegypti and Aedes albopictus

Characteristics of common mosquito vectors Aedes aegypti and Aedes albopictus

Aedes aegypti Aedes albopictus

A. Eggs

e Eggs are laid on damp surfaces in areas!®.. e Water-holding containers such as tyres, animal
watering dishes, birdbaths, flowerpots and natural
holes in vegetation are the excellent space for egg

laying!tY,
e Commonly eggs are laid at varying distances above e Eggs are typically elongate and / or ovoid in shape
the water linel*!. and are smooth!!,
e Eggs are smooth, long, and ovoid in shape!®!. e Eggs do not encompass floats and micropylar
collarst,

e Eggsare usually one millimeter long and encompass *  Eggs are black and having a length of 0.5 mm[Y,
the presence of very prominent micropylar collars®.

B. Laravae

e The larvae pass through four instars. And|e Larvae are vigorous feeders*.
Temperature significantly influences larval
development!,

e Males develop quicker than females. e They feed particulate organic matter from water.
C. Pupae
e After the fourth larval molt, it enters the pupal | ¢ Pupae are activel®.
stagelY.
e pupae may react to stimulil, e They do not require food but can move about®",
D. Adult
¢ Adult having just about 4 to 7 mmb2, e Adult having approximately 2.0 to 10.0 mm. males are
on average 20% smaller than females)PY.
e Adults posses white scales on the dorsal (top) e Adult posses bold black shiny scales and distinct silver
surface of the thorax®2. white scales on the palpus and tarsif*tl,
e The abdomen is usually dark brown to black and | e Each tarsal segment bear white basal scale and legs are
also showed white scales??, black in color®®,
e Males are smaller than females™. e Males are approximately 20% smaller than females®®.
e Males encompass!*. e The abdomen narrows into a point is the characteristic

of the genus AedestY,
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Figure 2.Aedes Mosquito Development Cycle
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Figure 3.Development in days (a) Aedes aegypti (b) Aedes albopictus
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Table 3.Fecundity of Aedes aegypti and Aedes albopictus

Fecundity of Aedes aegypti and Aedes albopictus
Aedes aegypti Aedes albopictus
No. of. Eggs 114 65
Hatching 98 56
Percentage of hatching 85.9 86.32
4™ instar larvae 95 54
Pupae 93 53
Adult 92 53
Percentage of adult emergence 80 81.5

The study indicated that manmade materials were
predominantly found to be a habitat for mosquitoes
rather than natural counterparts. Tree hole, cemented
tanks, stream pools, tyres, bowls and containers are the six
different kinds of habitats populated by both the species
A. aegypti and A. albopictus (Table 1V). Out of the 14
habitats, 57 % of mosquitoes prefer artificial means of

habitat selection.Analysis on different habitats occupied
by mosquitoes revealed that out of the 11 habitats of A.
aegypti was only four were natural habitats. Similarly only
four of the 9 habitats used by A. albopictus were natural
habitats. Out of the total 14 habitats populated by mosquito
species A. aegypti and A. albopictus, six were inhabited by
both the species.

Table 4.Habitat preference of different Aedes species in the study area

Habitat preference of different Aedes species in the study area

Habitat Aedes aegypti Aedes albopictus
Tree hole + +
Cemented tanks + +
Stream pools + +
Mud pot + -
Plastic containers + -
Tyers + +
Plant pot + -
Nuts + -
Tin - +
Bowls + +
Coconut shell + -
Leaf axils - +
Bamboo - +
Containers + +

CO1-based DNA barcoding and phylogenetic analysis

The morphological features of the test specimens were
matched with molecular characterization while comparing
theCO 1 genes with NCBI genbank. Thus it confirms that

37

the test specimens were A. aegypti and A. albopictus.
CO1-based phylogenetic analyses (Table V) showed that A.
aegypti strain was congregated with A. aegypti KT313648.1
(Fig. 4a) and A. albopictus strain was clustered with A.
albopictus KP896552.1 (Fig. 4b).

E ISSN: 0019-5138 | P ISSN: 2394-7047



Anoopkumar A N et al. J. Commun. Dis. 2017; 49 (3)

Table 5.Accession id with species retrieved from phylogenetic analysis

Accession id with species retrieved from phylogenetic analysis

Number Species GenBank ID
1 Aedes aegypti Fu Aedes ae
2 Aedes aegypti KT313648.1
3 Aedes cinereus KM457571.1
4 Aedes albopictus KP896552.1
5 Aedes rossicus KJ496102.1
6 Aedes vittatus KU380388.1
7 Aedes esoensis DQ397890.1
8 Aedes albopictus SNA-
9 Aedes albopictus KP896552.1
10 Aedes rossicus KJ496102.1
11 Aedes esoensis DQ397890.1
12 Aedes unilineatus KU351085.1
13 Aedes vittatus KU380388.1
14 Aedes aegypti KT313648.1
15 Aedes cinereus KM457571.1

(a) Aedes aegypti

fu Aedes ae - Aedes aegypti

KT313648.1 -Aedes aegypti
KM457571.1 - Aedes cinereus
KU380388.1 -Aedes vittatus

KU351085.1- Aedes unilineatus
— KP896552.1 - Aedes albopictus

E KJ496102.1 - Aedes rossicus
DQ397890.1 - Aedes esoensis

0.1

(b) Aedes albopirus.

SNA- Aedes albopictus
KP896552.1- Aedes albopictus

|_‘:KJ4961 02.1- Aedes rossicus
DQ397890.1- Aedes esoensis

KU351085.1- Aedes unilineatus

KU380388.1- Aedes vittatus
L{ EKTS‘I 3648.1- Aedes aegypti
KM457571.1- Aedes cinereus

Figure 4.Phylogenetic analysis against other reported mosquito species

Discussion of habitats of mosquitoes including climatic discrepancy

significantly influence outbreak of mosquito borne diseases.
A. aegypti is well adapted to live urban areas and they  Hence the disease situation can be tackled by improving
preferentially feed humans®®\. Agro industrial modifications  the knowledge about the mosquito vectors and mosquito

.
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borne- diseases. The information should explain the risk
of diseases transmitted, and planning of control measures
to support disease control programs. In the light of their
economic importance, the present study was made to
monitor and asses the mosquito species types in the study
area, their vectorial capacity and the habitat characteristics
that offer them proper breeding environment. The present
study reported the life expectancy of adult A. aegypti and
A. albopictus ranged from 22.5 to 28.5 days. This report
goes in accordance to findings of Maricopa in 20061,
who found the above mosquito species utilized around
two weeks to a month depending upon environmental
condition to complete its life cycle.

A number of Aedes mosquito species are responsible for
the transmission of arboviral diseases such as dengue

Anoopkumar A N et al.

and yellow fever®37:381 Mosquito-borne diseases critically
posses economic impact, including defeat in commercial;
and all part of the world were infected by vector-borne
diseases. The incidence of dengue has grown dramatically
worldwide. The World Health Organization reported that
50-100 million people infected by dengue fever every
yeart4o 41,

According to the Integrated Disease Surveillance Project
(ISDP), 8888 confirmed dengue infections were reported
form January 1° to June 30" 2017 in Kerala state, India
(Table VI). Of which 409 confirmed dengue infections
were reported from Thrissur district, Kerala (Table VI).
15 confirmed dengue fever deaths were also observed
from Thiruvananthapuram (6), Kollam (5), Palakkad (1),
Kozikkode (3) districts of Kerala state, Indiat?.

Table 6.Month wise on Data Communicable Diseases from January 1% to June 30*, ISDP 2017

Month wise on Data Communicable Diseases from January 1 to June 30
(KERALA STATE), ISDP 2017

SI No.

Month Dengue fever
Confirmed Death
1 January 435 -
2 February 302 1
3 March 463 -
4 April 1066 1
5 May 2477 7
6 June 4145 6
Total 8888 15

Immature mosquitoes use a variety of aquatic habitats
such as ponds, ditches, streams, marshes, temporary and
permanent pools, plant containers (leaves, tree holes, and
bamboo nodes), artificial containers (tires, cans, flower
vases, bird feeders) habitats!*> 4. Similarly, the important
habitats chosen by Aedes species in the study area includes
tree hole, cemented tanks, stream pools, fountains, ditches,
mud pot, plastic containers, tyres, plant pot, rocky pool,
pods, nuts, tin, flower bracts, interriodes, latex collecting
containers, bowls, duck weed ponds, coconut shell, leaf axils,
temporary pools, fishponds, bamboo and containers (Table
[1).The present study reported that 57% of “mosquitoes
prefer artificial means of habitat selection”. These results
drastically alarming the health care systems. A. aegypti
increases arbovirus transmission in urban areas while A.
albopictus in rural areast*®.

In addition, we also explored the applicability of advanced
DNA- based molecular approaches such as DNA barcoding
for taxonomical identification of mosquito species.
Comparison with data in Genbank revealed that the test
DNA sequences were close sequence matches against A.
albopictus and A. aegypti. The phylogenetic investigation
was achieved through MEGA 6. The results from MEGA 6

39

authenticated that A. albopictus strain was congregated
with A. albopictus KP896552.1. While A. aegypti strain
was clusterd with A. aegypti KT313648. Similarly, Abigail
Chan and co workers in 2016 used DNA barcoding as an
alternative, universally applicable method to support the
existing methods for mosquito identification. Conclusively,
the presence of diverse habitats (including artificial and
natural) and the progressing history of disease outbreak by
Aedes species in the study area inspire an intensification
of the vector surveillance activities.

Acknowledgements

We thank Principal, St. Joseph’s College, Irinjalakuda for the
laboratory facilities provided. The authors thank University
Grants Commission, Government of India (F.NO.42-
609/2013 SR), Kerala State Council for Science, Technology
and Environment (KSCSTE) (No.27/SRSLS/2013/CSTE).

Conflict of Interest: None
References

1. Rasool, V., S.Rasool, and S. Mushtaq, Viral encephalitis
and its management through advanced molecular

E ISSN: 0019-5138 | P ISSN: 2394-7047



Anoopkumar A N et al.

10.

11.

12.

13.

14.

15.

16.

17.

diagnostic methods: a review. Clinical pediatrics 2014.
53(2): p. 118-120.

Plourde, A.R. and E.M. Bloch, A literature review of Zika
virus. Emerging infectious diseases 2016. 22(7): p. 1185.
Aneesh, E. and V. Vijayan, Laboratory selection of
carbofuran tolerant line of Culex quinquefasciatus
Say, the filarial vector at Mysore. ] Commun Dis 2010.
42(3): 201-07.

Harbach, R.E. and 1.J. Kitching, The phylogeny of
Anophelinae revisited: inferences about the origin
and classification of Anopheles (Diptera: Culicidae).
Zoologica Scripta 2016. 45(1): p. 34-47.

Freitas, M., et al., Novel DNA extraction assay for
molecular identification of Aedes spp eggs. Genetics
and Molecular Research 2014. 13(4): p. 8776-8782.
Li, Y., et al., Urbanization increases Aedes albopictus
larval habitats and accelerates mosquito development
and survivorship. PLoS neglected tropical diseases,
2014. 8(11): p. e3301.

Souza, V.M. Identifying Aedes aegypti Mosquitoes by
Sensors and One-Class Classifiers. in Iberoamerican
Congress on Pattern Recognition 2016. Springer.
Bhatt, S., et al., The global distribution and burden of
dengue. Nature 2013. 496(7446): p. 504.
Straetemans, M. and E.C.G.0.V.-R.R.f.C.V.T.i. Europe,
Vector-related risk mapping of the introduction and
establishment of Aedes albopictus in Europe. Euro
surveillance: bulletin Européen sur les maladies
transmissibles= European communicable disease
bulletin 2008. 13(7).

Medlock, J.M., et al., A review of the invasive mosquitoes
in Europe: ecology, public health risks, and control
options. Vector-borne and zoonotic diseases 2012.
12(6): p. 435-447.

Hawley, W.A., The biology of Aedes albopictus. Journal
of the American Mosquito Control Association.
Supplement, 1988. 1: p. 1-39.

Dame, D. and T. Fasulo, Mosquitoes. Public Health
Pesticide Applicator Training Manual 2003.

Rueda, L.M., Pictorial keys for the identification of
mosquitoes (Diptera: Culicidae) associated with dengue
virus transmission 2004, Walter Reed Army Inst Of
Research Washington Dc Department Of Entomology.
Merritt, R., R. Dadd, and E. Walker, Feeding behavior,
natural food, and nutritional relationships of larval
mosquitoes. Annual review of entomology 1992. 37(1):
p. 349-374.

Service, M., Medical entomology for students 2008:
Cambridge University Press.

Savage, H., et al., Host-feeding patterns of Aedes
albopictus (Diptera: Culicidae) at a temperate North
American site. Journal of Medical Entomology 1993.
30(1): p. 27-34.

Bram, R.A., Contributions to the mosquito fauna
of southeast Asia-Il. The genus Culex in Thailand
(Diptera: Culicidae) 1967, SMITHSONIAN INSTITUTION

E ISSN: 0019-5138 | P ISSN: 2394-7047

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

J. Commun. Dis. 2017; 49 (3)

WASHINGTON DC.

Harrison, B.A. and J.E. Scanlon, Medical Entomology
Studies-1l. The Subgenus Anopheles in Thailand
(Diptera: Culicidae)(Contributions of the American
Entomological Institute. Volume 12, Number 1) 1975,
WALTER REED ARMY INST OF RESEARCH WASHINGTON
DC DEPARTMENT OF ENTOMOLOGY.
Rattanarithikul, R., et al., lllustrated keys to the
mosquitoes of Thailand I. Background; geographic
distribution; lists of genera, subgenera, and species;
and a key to the genera. Southeast Asian Journal of
Tropical Medicine and Public Health, 2005. 36(S1): p. 1.
Panthusiri, P., ILLUSTRATED KEYS TO THE MOSQUITOES
OF THAILAND |V. ANOPHELES. The Southeast Asian
Journal of Tropical Medicine and Public Health 2006.
37:p. 2.

Rattanarithikul, R., et al., lllustrated keys to the
mosquitoes of Thailand V. Genera Orthopodomyia,
Kimia, Malaya, Topomyia, Tripteroides, and
Toxorhynchites. The Southeast Asian journal of tropical
medicine and public health 2007. 38: p. 1-65.
Panthusiri, P., ILLUSTRATED KEYS TO THE MOSQUITOES
OF THAILAND VI. TRIBE AEDINI. The Southeast Asian
Journal of Tropical Medicine and Public Health 2010.
41: p. 1.

Jinbo, U., T. Kato, and M. Ito, Current progress in DNA
barcoding and future implications for entomology.
Entomological Science 2011. 14(2): p. 107-124.
Cywinska, A., F. Hunter, and P.D. Hebert, Identifying
Canadian mosquito species through DNA barcodes.
Medical and veterinary entomology 2006. 20(4): p.
413-424.

Hebert, P.D., A. Cywinska, and S.L. Ball, Biological
identifications through DNA barcodes. Proceedings
of the Royal Society of London B: Biological Sciences
2003. 270(1512): p. 313-321.

Manonmani, A., et al., rDNA-ITS2 polymerase chain
reaction assay for the sibling species of Anopheles
fluviatilis. Acta tropica 2001. 78(1): p. 3-9.

Singh, O., et al., Differentiation of members of the
Anopheles fluviatilis species complex by an allele-
specific polymerase chain reaction based on 28S
ribosomal DNA sequences. The American journal of
tropical medicine and hygiene 2004. 70(1): p. 27-32.
Kang, D. and C. Sim, Identification of Culex complex
species using SNP markers based on high-resolution
melting analysis. Molecular ecology resources 2013.
13(3): p. 369-376.

Pfeiler, E., et al., Genetic diversity and population
genetics of mosquitoes (Diptera: Culicidae: Culex
spp.) from the Sonoran Desert of North America. The
Scientific World Journal 2013. 2013.

Low, V., et al., Mitochondrial DNA analyses reveal
low genetic diversity in Culex quinquefasciatus from
residential areas in Malaysia. Medical and veterinary
entomology 2014. 28(2): p. 157-168.

40



J. Commun. Dis. 2017; 49 (3)

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

41

Shepard, J.J., T.G. Andreadis, and C.R. Vossbrinck,
Molecular phylogeny and evolutionary relationships
among mosquitoes (Diptera: Culicidae) from the
northeastern United States based on small subunit
ribosomal DNA (18S rDNA) sequences. Journal of
medical entomology 2006. 43(3): p. 443-454.

Saitou, N. and M. Nei, The neighbor-joining method:
a new method for reconstructing phylogenetic trees.
Molecular biology and evolution 1987. 4(4): p. 406-425.
Tamura, K., M. Nei, and S. Kumar, Prospects for inferring
very large phylogenies by using the neighbor-joining
method. Proceedings of the National Academy of
Sciences of the United States of America 2004. 101(30):
p. 11030-11035.

Tamura, K., et al., MEGA6: molecular evolutionary
genetics analysis version 6.0. Molecular biology and
evolution 2013. 30(12): p. 2725-2729.
Medeiros-Sousa, A.R., et al., Diversity and abundance
of mosquitoes (Diptera: Culicidae) in an urban park:
Larval habitats and temporal variation. Acta tropica
2015. 150: p. 200-209.

Maricopa, Life cycle and information on Aedes
aegypti mosquitoes 2008.

Gubler, D.J., Dengue, urbanization and globalization:
the unholy trinity of the 21st century. Tropical medicine
and health 2011. 39(4SUPPLEMENT): p. $3-S11.
Murray, C.J., et al., Disability-adjusted life years (DALYs)
for 291 diseases and injuries in 21 regions, 1990-2010:
a systematic analysis for the Global Burden of Disease
Study 2010. The lancet, 2012. 380(9859): p. 2197-2223.
Fradin, M.S. and J.F. Day, Comparative efficacy of insect
repellents against mosquito bites. New England Journal
of Medicine 2002. 347(1): p. 13-18

Van den Berg, H., R. Velayudhan, and M. Ejov, Regional
framework for surveillance and control of invasive
mosquito vectors and Re-emerging vector-borne
diseases 2014—-2020. World Health Organization,
2013. 26.

Organization, W.H., Yellow fever: rapid field
entomological assessment during yellow fever
outbreaks in Africa: handbook: methodological field

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Anoopkumar A N et al.

approaches for scientists with a basic background in
entomology 2014.

ISDP, Integrated Disease Surveillance Project Kerala
State. 2017. Directorate of Health service, District
wise daily report (24-06-2017, 28-06-2107).

Laird, M., The natural history of larval mosquito
habitats 1988: Academic Press Ltd.

Rueda, L.M., Global diversity of mosquitoes (Insecta:
Diptera: Culicidae) in freshwater. Hydrobiologia 2008.
595(1): p. 477-487.

Organization, W.H., Zika virus, microcephaly and
Guillain-Barré syndrome situation report 2016.
Ashfaq, M., et al., Analyzing mosquito (Diptera:
Culicidae) diversity in Pakistan by DNA barcoding.
PLoS One, 2014. 9(5): p. €97268.

Scholte, E.-J., W. Takken, and B.G. Knols, Infection of
adult Aedes aegypti and Ae. albopictus mosquitoes with
the entomopathogenic fungus Metarhizium anisopliae.
Acta tropica 2007. 102(3): p. 151-158.

Jia, P, et al., How does the dengue vector mosquito
Aedes albopictus respond to global warming? Parasites
& vectors 2017. 10(1): p. 140.

Zettel, C. and P. Kaufman, Yellow fever mosquito Aedes
aegypti (Linnaeus)(Insecta: Diptera: Culicidae) 2012,
Citeseer.

Bova, J., S. Paulson, and G. Paulson, Morphological
Differentiation of the Eggs of North American Container-
Inhabiting Aedes Mosquitoes. Journal of the American
Mosquito Control Association 2016. 32(3): p. 244-246.
Rios, L. and J.E. Maruniak, Asian Tiger Mosquito, Aedes
albopictus (Skuse)(Insecta: Diptera: Culicidae) 2004,
Florida Cooperative Extension Service, Institute of
Food and Agricultural Sciences, University of Florida.
Farajollahi, A. and D.C. Price, A rapid identification
guide for larvae of the most common North American
container-inhabiting Aedes species of medical
importance. Journal of the American Mosquito Control
Association 2013. 29(3): p. 203-221.

Date of Submission: 2017-08-11

Date of Acceptance: 2017-09-07

E ISSN: 0019-5138 | P ISSN: 2394-7047


https://www.researchgate.net/publication/320144961

y¢ Symbiosis

Research Article

SOJ Microbiology and Infectious Diseases

www.symbiosisonline.org
www.symbiosisonlinepublishing.com

Open Access

Screening of a Few traditionally used Medicinal Plants for
their Larvicidal Efficacy against Aedes aegypti Linn (Diptera:
Culicidae), a Dengue Fever Vector

Anoopkumar AN?, Sreedev Puthur? Sharrel Rebello? and Embalil Mathachan Aneesh?

1Department of Zoology, Christ College, Irinjalakuda, University of Calicut

2Communicable Disease Research Laboratory, Department of Zoology, St Joseph’s college, Irinjalakuda

Received: 21 July, 2017; Accepted: 30 August, 2017; Published: 06 September, 2017

*Corresponding author: Embalil Mathachan Aneesh, Communicable Disease Research Laboratory, Department of Zoology, St Joseph’s college,

Irinjalakuda. Tel: +91 9400741861; Email: aneeshembalil@gmail.com

Abstract

Mosquitoes are the significant group of insects as they cause
morbidity and mortality to human beings by severe diseases, such as
zika, malaria, filariasis, dengue fever, Japanese encephalitis, West Nile
virus and chikungunya. According to World Health Organization draft
on global vector control response, 2017 more than 80 percentage of
global human populations were significantly infected by at least one
vector-borne disease. This vector - borne diseases may induce social
and economic burden over the globe. Herbal products with larvicidal
properties have been used as natural insecticides for eco-friendly
vector control programme. The larvicidal efficacy of nine medicinal
plants collected from Wayanad district of Kerala, a part of Western
Ghats, India was assessed against fourth instar larvae of Aedes aegypti.
The larvicidal bio assay had been carried out according to WHO
standard protocol with acetone, methanol, petroleum ether and water
as extracts. Out of nine traditionally used medicinal plants screened,
Persicaria hydropiper and Plectranthus hadiensis have significant
larvicidal efficacy with LC,, 489.278 Mg/ L and LC,, 411.746 Mg/
L respectively against the fourth instar larvae of this dengue fever
vector. Hence the aforesaid plants can be used as a potential natural
insecticide against mosquitoes thus, to control mosquito borne
diseases.

Keywords: Aedes aegypti; Vector mosquitoes; medicinal plant;
larvicidal efficacy; plant extracts

Introduction

Mosquitoes (Diptera: Culicidae) have significant impact
on human health, principally because they act as vectors for
ruinous pathogens and parasites causing many severe infectious
diseases such as dengue, chikungunya, malaria, West Nile virus
and filariasis [1- 3]. Dengue fever recognized as the most severe
mosquito-borne disease, responsible for medical and economic
burden together with defeat in commercial [4-11]. The World
Health Organization in 2017 reported that roughly 65 to 136
million people were infected by dengue fever in every year [12].
The genus Aedes are liable to transmit various arboviral diseases
including dengue fever all over the world [13]. Aedes aegypti has
been reported as the principal vector of chikungunya and dengue

in the United States and other regions of tropical and sub tropical
countries [14]. There are only a small number of vaccines are
available to treat the pathogens transmitted by mosquitoes and
the scientific community is yet to discover the vaccines for severe
mosquito borne diseases including dengue [15]. However, fight
against mosquito transmitting diseases is a challenging problem
to public health [3,16].

Mosquito control - targeting its larvae remains the most
effective approach to prevent various mosquito borne diseases
[17]. Control of such ailments is ending up progressively
troublesome be-reason for expanding resistance in mosquitoes
to synthetic insecticides [18]. Plant derived products are safer
than synthetic insecticides [19].

Several people use either synthetic or plant based repellents
to protect them from mosquito transmitting diseases. Bed nets
treated with insecticide and indoor residual spraying may also
be used for preventing mosquito-borne diseases [3,17,20-23].
Active, frequent use of synthetic insecticides in farming and
health programs may leads to various harmful results such as
ecosystem destabilization, environmental pollution, hazardous
effects to human beings and non target organisms [24,25].

Use of plant based insecticides against mosquitoes becoming
a significant approach for the prevention of various mosquito
transmitted diseases because of a number of advantages rather
than artificial repellents [26,27].

Plant derived products with insecticidal activity have been
used in the recent years to control different types of vectors
[28].Various methods have been implicated to control mosquito
population. One of the methods to prevent mosquito transmitting
disease is by Kkilling its larvae at larval stage. The modern
mosquito control method is based on artificial insecticides [29].

World Health Organization in 2008 reported that 80
percentage of population of some countries in Asia and Africa
may use traditional medicines to cure various diseases due to
monetary and environmental constrain. Traditional medicines
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are used to maintain health by preventing various severe diseases
based on knowledge, experience and practice [30].

Extracts of plants constitute various bio active phyto
compounds; hence they can be used as alternative approach to
mosquito larval control. Many scientific studies have proven that
the plant extracts or plant derived products can be used as an
alternate approach to control mosquito population [31-33].

Various vector borne diseases can be prevented by means
of traditionally used medicinal plants. Hence, the demand for
traditional medicines is enhancing as they are usually recognized
to be bio degradable, natural, safer than synthetic drugs [34].
Thus, searching for natural insecticides is of greatest significance
in vector control. This study focused on screening of few
traditionally used medicinal plants for their larvicidal efficacy
against dengue fever vector Aedes aegypti to develop an efficient,
natural, biodegradable insecticide of plant origin.

Copyright:
© 2017 Aneesh et al.

Methods
Plant Material

Fresh leaves of nine traditionally used medicinal plants were
collected from different regions of Thirunelly (11°53'N, 76°0'E),
Wayanad a part of Western Ghats, Kerala, India. The collection
was performed during their dynamic growing season, June to
September (monsoon season).

Preparation of Extracts

Fresh leaves of nine medicinal plants were collected and
shade dried (Table 1). The dried plant materials were ground
to fine powder using a mechanical grinder and proceeded for
soxhlet extraction using different solvents such as petroleum
ether, methanol acetone and water. The extracts obtained were
evaporated and used for further study.

Table 1: List of plants collected for bioassay from Thirunelly,Western Ghats, Kerala, India

GPS
S No. Plant Name Family Local Name Parts used
Latitude Longitude
1 Sphaernthus indicus Asteraceae Adakkamaniyan Seed 11°53'29.20"N 76° 0’59.00"E
2 Hydrocotyle Apiaceae Eranga Leaf 11°53'29.50"N 76° 0'34.20"E
javanica
3 Deris trifoliate Lour Fabaceae Thuduthuduppankayi Leaf 11°53'29.40"N 76°0'34.20"E
4 Persicaria Polygonaceae Kovvanenji Leaf 1°53'25.00"N 76° 0’50.40"E
hydropiper
5 Acanthospermum Asteraceae Nherinjil Leaf 11°53'27.80"N 76° 0°47.80"E
hispidum
6 Drymaria cordata Caryophyllaceae Odivally Leaf 11°53'21.14"N 76° 0’59.64"E
7 Toddelia asiatica Rutaceae Narinarakam Leaf 11°53'7.30"N 76°0'38.90"E
8 Plectranthus Lamiacea Bhaya Leaf 11°53'23.00"N 76° 1'1.90"E
hadiensis
9 Tnumfe_tta Malvaceae Kodithoova Leaf 11°53'27.64"N 76°0’47.59”E
rhomboidea

Mosquito’s Culture

Aedes aegypti were reared in the Communicable Disease
Research Laboratory, Department of Zoology, St Josephs College,
Irinjalakuda. The larvae were maintained and fed with dog biscuit
and yeast in the ratio 3:1. Adult mosquitoes were provided with
10% sucrose solution and young chick was kept within the
cage to offer blood meal. Mosquitoes were held at 27 + 2°C
and 75-85% relative humidity, with 12:12 Light and dark
photoperiod cycle.

Larvicidal Bioassay

Larvicidal bioassay of plant extracts were tested against
fourth instar larvae of Aedes aegypti. The tests were conducted
in glass beakers with WHO standard protocol. Larvicidal efficacy
was tested against fourth instar larvae of Aedes aegypti using
petroleum ether, methanol, acetone and water extracts of the plant

material (1000 mg/L). A set of control groups were included for
each test. 1 ml of petroleum ether, acetone, methanol and water
was mixed separately with 249ml of distilled water for control
groups. Twenty five healthy larvae were released in each glass
beaker and mortality was observed after 24 hours of exposure.
The dead larvae in replicates were pooled and percentage of larval
moratlity was calculated. The larvicidal bioassay was performed
at 27 = 2°C and 75-85% relative humidity, with 12:12 Light
and dark photoperiod cycle.

Statistical Analysis

Larval mortality was calculated in percentage and if the
control mortality was ranged from 5-20%, it was corrected using
Abbott’s formula [35].

% test mortality —% control mortality «100

corrected mortality =
100 —% control mortality
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LC,, and LC,, values for different solvent extract such as
petroleum ether, methanol, acetone and water was calculated by
using [BM SPPSS Version.24.

Results

Results for screening of the nine traditionally used medicinal
plants against Aedes aegypti fourth instar larvae were shown in
Table 2. The highest mortality was observed in leaf extract of
two plant species such as Persicaria hydropiper and Plectranthus
hadiensis. The petroleum ether extract of Plectranthus hadiensis
showed promising larvicidal efficacy with LC_, - 411.746 mg/L
against fourth instar larvae of Aedes aegypti (Table 3). However,
methanol, acetone and water extracts of the same may also
showed considerable larval mortality. Methanol extract of
Persicaria hydropiper also showed significant larvicidal property

Copyright:
© 2017 Aneesh etal.

with LC, -489.278 mg/L against Aedes aegypti (Table 3). Besides
this, petroleum ether, acetone and water extracts of Persicaria
hydropiper exhibit substantial larvicidal property against fourth
instar larvae of Aedes aegypti. The medicinal plant Sphaernthus
indicus showed less mortality in Petroleum ether, methanol,
Acetone and Water extract against Aedes aegypti. Similarly
the other medicinal plant species such as Sphaernthus indicus,
Hydrocotyle javanica, Deris trifoliate Lour, Acanthospermum
hispidum Drymaria cordata, Toddelia Asiatic and Triumfetta
rhomboide showed relativiely less mortality against Aedes
aegypti fourth instar larvae. Among the nine plants investigated,
maximum larval mortality was obtained from the petroleum ether
and methanol extract of Plectranthus hadiensis and Persicaria
hydropiper respectively.

Table 2: Screening of plant extracts for larvicidal activity against Aedes aegypti at 1000 mg/L concentration

S No. Plants tested Petroleum Acetone Methanol Water
ether
1 Sphaernthus indicus - - - -
2 Hydrocotyle javanica - - - -
3 Deris trifoliate Lour. - - - -
4 Persicaria hydropiper + + + +
Acanthospermum
5 L - - - -
hispidum
6 Drymaria cordata - - - -
7 Toddelia asiatica - - - -
8 Plectranthus hadiensis + + + +
9 Triumfetta rhomboidea - - - -
+ above 50 percent mortality at 24 hr, - No larval mortality
Table 3: Larvicidal activity of plant extracts against fourth instar larvae of Aedes aegypti after 24 h exposure (mg/L )
Acetone Methanol Petroleum ether Water
Plants
LC,, LC,, LC,, LC,, LC,, LC,, LC,, LC,,
Persicaria 658.005 5572.689 489.278 4121.964 750.326 5023.5 773.69 8120.726
hvdropiper (422.174- (2027.987- (316.218- (1651.772- (494.333- (2013.139- (469.252- (2434.857-
yaropip 1625.366)  143992.195) 962.289) 68018.777) 1763.542) 72991.339)  2767.500) = 759740.251)
Plectranthus 432.238 4555.766 500.655 3452.934 411.746 2250.134 485.791 5512.748
hadiensis (262.951- (1662.711- (336.181- (1544.054- (285.842- (1194.474- (295.213- (1857.242-
874.953) 148706.043) 903.638) 31689.036) 633.040) 10160.482) | 1112.471) 303616.247)
Discussion degradable, natural, and safer than synthetic drugs [34].

Natural insecticides are safer than synthetic ones as they
posses little chance of developing insecticide resistance [1].
Vector control at its larval stage is the significant option as they
are slow mobile and their habitats can easily be recognized [36].
However, frequent use of synthetic insecticides for mosquito
control may leads to various harmful effects to human beings and
non target organisms [24,25]. Hence, the demand for plant based
products is enhancing as they are usually recognized to be bio

Extracts of plants contain various active phyto compounds;
hence they can be used as alternative approach to mosquito
larval control. Many scientific studies have proven that plant
derived products can be used as an alternate approach to control
mosquito population [31,32].

The finding of the present investigation indicated that
Persicaria hydropiper can be used as an alternative to synthetic
insecticides to control mosquito transmitting diseases. The
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petroleum ether, methanol, acetone and water extract of
Persicaria hydropiper showed highest mortality against fourth
instar larvae of Aedes aegypti. Similarly Plectranthus hadiensis
showed potential mortality againt fourth instar larvae of Aedes
aegypti. The remaining plant species such as Sphaernthus indicus,
Hydrocotyle javanica, Deris trifoliate Lour, Acanthospermum
hispidum Drymaria cordata, Toddelia asiatica, Triumfetta
rhomboidea comparitvely showed less mortality than the other
two plant species.

The present investigation obviously proved that the leaf
extracts of Plectranthus hadiensis and Persicaria hydropiper has
remarkable larvicidal property against Aedes aegypti vector
mosquitoes. The flora vegetation of India has prosperous
aromatic plant diversity; hence they can be used for the
development of natural insecticides for controlling mosquito
population and to prevent mosquito transmitting diseases. The
results from the present investigation might encourage the search
for novel, natural insecticides offering an alternative to synthetic
insecticeds from traditionally used medicinal plants. The leaf
extracts of Plectranthus hadiensis and Persicaria hydropiper have
the potential to be used as an ideal approach for the mosquito
control programmes.
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23.1 Introduction

The realm of surfactants has marked its presence in every aspect of human life right
from household, cosmetics, chemical industries, agriculture, biotechnology, petro-
chemicals, pharmaceuticals, etc. (Rebello et al., 2014; Rodrigues et al., 2006).
Their range of utility extended from the soft hygiene-oriented toothpastes and soaps
to harsh and toxic pesticides with a myriad of varieties, brands, and activity levels.
As per statistical reports, the surfactant market is expected to reach a targeted
economy of $44.9 billion by 2022 (https://www.prnewswire.com/news-releases/
the-global-surfactant-chemical-and-material-market-should-reach-449-billion-by-
2022300580229.html).

Irrespective of its wide utility in human life, surfactants have also gained more
attention on the impacts it leaves off during synthesis, use, and its disposal. A critical
analysis of published reports indicates that surfactants have greatly depleted and
harmed the macro as well as microbiota of the aquatic and terrestrial environment
(Rebello et al., 2014; Susmi et al., 2010; Cserhati et al., 2002; Azizullah et al., 2012).
The high level of toxicity of surfactants is always associated with its unwise disposal
to adjoining water bodies, thereby ascertain the need of pretreatment of surfactant
effluents before their disposal (Ivankovic and Hrenovi¢, 2010; Bandala et al., 2008).
Apart from the environment, humans are also seriously affected by the aftermaths of
surfactant pollution (Enomoto et al., 2007; Hrabak et al., 1982); but they are often
unaware of the hidden consequences due to ignorance or anesthetic agents that mask
the exact level of impacts (Azizullah et al., 2012; Vian et al., 1995).

The complexity and disposal strategy of each kind of surfactant varies and
depends on its exact chemistry (Pletnev et al., 2001). In such a scenario of toxicity

Refining Biomass Residues for Sustainable Energy and Bioproducts. DOI: https:/doi.org/10.1016/B978-0-12-818996-2.00023-5
© 2020 Elsevier Inc. All rights reserved.
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Figure 23.1 An overview of surfactants used in the market based on their origin.

induced by synthetic detergents the use of eco-friendly, green, and biologically
derived biosurfactants have been promoted (Marchant and Banat, 2012). Generally,
surfactants can be generated by one of the three routes, namely, petrochemicals
(from petroleum products), oleochemicals (from plant oils), or biosurfactants (plant
or microbial) as depicted in Fig. 23.1. The use of petrochemical- and oleochemical-
derived surfactants has gained predominance over biosurfactants due to their eco-
nomic feasibility compared to biosurfactants. However, the cost of environmental
pollution induced by the former two processes in causing increased greenhouse gas
emission, global warming, ozone depletion, etc. is highly significant. The current
chapter thus targets the life-cycle analysis (LCA) of different surfactant systems
and outlays the process of LCA at a whole.

23.2 Life-cycle analysis—an overview

LCA of any process plays a significant role in assessing the entire process of any
synthetic as well as nonsynthetic production right from the raw materials, stages of
production, and finally the aftermaths of the production on the environment as
depicted in Fig. 23.2. In a true sense, all the effects and impacts that can be associ-
ated with all factors contributing to the birth of a product, distribution, and its recy-
cling can be assessed (Frischknecht and Krewitt, 2007). The technical frame or steps
to be obeyed in conducting an LCA analysis has been critically reviewed by the envi-
ronmental protection agencies to get a clear idea on different essential steps in the
better evaluation of any production process (Madsen et al., 2001; Union, 2010).
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Figure 23.2 Life-cycle analysis, an overview of different phases.

However, all of them follow the standard methodologies specified by the
International Organization for Standardization (ISO) in ISO 14040 and 14044
(Finkbeiner et al., 2011).

Generally, the LCA of any process includes defining the goal of the analysis,
inventory analysis, impact analysis, and improvement analysis (Rebitzer et al.,
2004). The first and foremost step of defining the goal explains the necessity to
conduct an LCA for a process or product, the involved functional units, boundaries,
and depth of data provided in the study (Curran, 2017). This would span the various
stages of raw material acquisition, their bulk processing, product fabrication; pack-
aging as well as transported distribution of the finished product; and the final stage
of reuse, recycle, or disposal of associated products. The impact analysis of various
processes includes different categories, such as climate change, ozone layer deple-
tion, eutrophication, acidification, toxicology on human health and ecosystems,
exhaustion of resources, water use, land use, and noise (Rebitzer et al., 2004). As a
whole, LCA involves the total effect of different inputs or raw materials used in the
process (even if they are synthesized in different locations), the effects induced by
the process as well as the consequences till the disposal of the product or its compo-
nent (https://prezi.com/ihie2hajsseo/life-cycle-analysis-for-laundry-detergent/).

23.3 Merits and demerits of life-cycle analysis

LCA, sometimes nicknamed the “cradle to grave” and sometimes restricted to “cra-
dle to gate” analytical approach of production systems, broadens the boundaries of
environmental impact assessment (La Rosa, 2016; Laurent et al., 2016). The basic
step of representing laying down every small step in the forms of figures and flow-
charts, enlisting the energy costs, associated emissions, generated by-products as
well as risk factors throughout the process enables to critically evaluate the eco-
nomic and environmental viability of a process.
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The essentiality of LCA to identify, evaluate, and overcome the aftermaths of
different production systems—chemical, physical and biological—has gained rele-
vance with the increasing environmental awareness and ever increasing instances of
natural disasters (Kellenberger and Althaus, 2009). The UN Earth Summit held at
1992 envisaged the significance of critically evaluating every input and output fac-
tor of a process to lay down the ups and downs associated with every industrial pro-
cess (Jensen, 1992). Such an analysis would enable to identify the critical risk
factors linked with any procedure and compare the suitability of different techni-
ques. Moreover, such an analysis could also direct our efforts and research to the
improvement and development of alternate eco-friendly and sometimes cost-
effective strategies leading to productive results (Seppild et al., 2001; Miettinen
and Hamalainen, 1997).

Lack of expertise in LCA, unreliability of data due to quality as well as regional
variations, high cost of LCA, restricted or unfriendly access to different LCA meth-
ods, and inadequate provision to address unexpected risk events apart from normal
operative conditions often nullify or diminish the advantages of LCA (DEAT,
2004; Finnveden, 2000). The environmental conditions in different continents vary
and thus generalization of any process would be unwise. As noted in a study on
LCA of household detergents in Europe, the high-energy requirement attributed to
heat water during washing is not found in tropical countries. Therefore the associa-
tion of increased risk factors with use rather than the production of detergents could
be neglected in a different country. Furthermore, drastic environmental depleting
effects of various products used in the production and disposal of xenobiotics would
thus gain light than the factors, such as increased energy requirement. It is also true
that even secondary factors, such as washing machines, could drastically contribute
to the LCA (Cullen and Allwood, 2009). Another drawback associated with LCA is
the inconsistency in the data provided in various LCA, making it difficult to com-
pare the data of various studies even in a particular geographical continent (Curran,
2014).

23.4 Industrial production and life-cycle analysis
of synthetic surfactants

The industrial synthesis of surfactants mostly depends on the chemical synthesis or
modification of different petroleum derived by-products to surface active mole-
cules. The individual surfactants are generally classified as anionic, cationic, non-
ionic, and amphoteric surfactants based on their overall charge. The synthesis of
individual surfactants might include simple steps such as that of triglyceride with
NaOH as observed in soaps, or multistep mediated as observed in the synthesis of
linear alkylbenzene sulfonate (Huang, 2008). The latter is synthesized by the addi-
tion of benzene on chlorinated paraffin in presence of hydrochloric acid and further
sulfonation with sulfur trioxide or sulfuric acid. Table 23.1 summarizes the steps
involved in the chemical synthesis of common synthetic detergents. The most



Table 23.1 Chemical synthesis of surfactants an overview.

Name of the surfactant

Type of surfactant

Process in brief

Alcohol sulfate (FAS)
Alcohol ether sulfate
Alkylbenzene sulfonate
SAS

«a-Olefin sulfonates
MES

Isothiocyanates

AEO

APEO

APG

Fatty acid ethoxylate
Quaternary ammonium salts
Betaine

Sulfobetain

Anionic
Anionic
Anionic
Anionic
Anionic
Anionic
Anionic
Nonionic
Nonionic
Nonionic
Nonionic
Cationic
Amphoteric
Amphoteric

Sulfation of alcohol

Fatty acid alcohol ethoxylated and sulfated

Chlorinated paraffin reacted with benzene in HCI and sulfonated

Paraffin sulfonated with sulfur trioxide, olefin obtained by ethylene polymerization
a-Olefin sulfonated with sulfur trioxide

Methylester of a fatty acid sulfonated

Fatty acid reacted with sodium isothiocyanate

Alcohol (fossil or renewable) reacted with ethene oxide

Olefin reacted with phenol and then ethane oxide

Saccharide with fatty acid

Reaction of fatty acid with ethane oxide or polyethylene glycol

Reaction of tertiary amine and methyl chloride or dimethylsulfate

Reaction between tertiary amine and monochloroacetic acid together with sodium hydroxide
Addition of epichlorohydrin to tertiary amine followed by sulfation

SAS, Secondary alkane sulfonates; MES, methyl ester sulfonate; AEO, alcohol ethoxylate; APEO, alkylphenolethoxilate; APG, alkylpolyglucoside.
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commonly used laundry detergents are often produced as a mixture or combinations
of a wide array of surfactant molecules along with granular enzymes to increase
their cleaning efficiency. Fig. 23.3 depicts LCA in the synthesis of linear alkylben-
zene sulfonate (LAS).

LCA of six different household detergents used in Europe was done exempting
environmental and human toxicity impacts from the study (Golsteijn et al., 2015),
thereby questioning the true impact of the LCA in a true sense. As per the study,
the use of detergent and the source of ingredients are found to be major environ-
mental contributors than processes of manufacture, transport, and disposal of deter-
gents in terms the energy used and water used for processing (Saouter and Hoof,
2002). The high-energy demand of detergent use is due to the necessity to increase
the heat of the water in European countries and almost 98% of the biological oxy-
gen demand is contributed by the disposal.

Table 23.2 enlists some of the LCAs conducted on surfactants. The LCA of
detergent builders, such as sodium tripolyphosfate (STPP) and zeolites, indicate
that their effect on the environment is less in relation to the benefits they provide to
different sectors, also discouraging environment harmful detergent builders, such as
nitrilotriacetic acid (Morse et al., 1995). However, STPP the major phosphate-based
compound in detergents greatly contributes to eutrophication characterized by
large-scale algal development, leading to a ban in their use in detergents at least in
some countries (Singh et al., 2014). Thus the choice of less toxic and degradable
inputs for detergent synthesis also is relevant, thereby leading to the development
of various phosphate-free environment-friendly surfactant candidates. The LCA of
LAS, one of the predominantly used synthetic anionic surfactants, has been found
to drastically affect the production of fossil fuels, alter the extent of land usage, and
contribute generation of respiratory inorganics (Thannimalay and Yusoff, 2014).

Atmospheric
emission

Salt
mining

ENY
material

Alkylation

Linear alkyl
sulfonation

Sulfur
mining

NaOH
production

Aguatic

Figure 23.3 LCA inventory for synthesis of synthetic detergent linear alkylbenzene
sulfonate. LAS, Linear alkylbenzene sulfonate; LCA, life-cycle analysis.
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Table 23.2 List of life-cycle analysis conducted on surfactants as examples.

Name of the Type of surfactant Reference

surfactant

STPP, Zeolite, NTT Detergent builders Morse et al. (1995)

Zeolite A (detergent builder) Fawer et al. (1998)

Laundry detergents Database of different detergents Saouter and Hoof (2002)

Laundry detergents Both petrochemical-based and Schowanek et al. (2018)

oil-based detergents

Methyl ester Palm oil based Zolkarnain et al. (2016)
sulfonates

Alkylpolyglucoside Plant oil-based biosurfactant Guilbot et al. (2013)

The use of gas to liquid-based methods for linear alkylbenzene synthesis compared
to conventional methods is found to emit considerably fewer quantities of green-
house gases thereby reducing its effect on global warming (Forman et al., 2014).

23.5 Industrial production and life-cycle analysis
of biosurfactants

Biosurfactants are regarded as the green surfactants owing to their eco-friendliness,
biodegradability, and least toxicity compared to synthetic surfactants.
Biosurfactants can be divided as two, namely, the ones produced using the plant-
derived fatty acid and microbially derived biosurfactants. Biosurfactant synthesis
involves various steps as shown in Fig. 23.4.

A study on the synthesis of palm oil—based methyl ester sulfonates (MES) indi-
cated that most impact categories include fossil fuel, respiratory organic com-
pounds, and climate change and they were found to be comparatively less when
compared to the impact caused by conventional petroleum-based production techni-
ques (Zolkarnain et al., 2016). In a similar context, the comparative LCA of LAS
(synthetic detergent) and MES revealed that the latter was found to be more eco-
friendly in terms of significant risk factors associated with its production
(Thannimalay and Yusoff, 2014).

A relative analysis of different biosurfactants, such as rhamnolipids and sophoro-
lipids, indicates that the major contributors to environmental impact include air
emissions, electricity, and thermal requirements (Kopsahelis et al., 2018). The pro-
duction of acetylated sophorolipids is found to be much more efficient than sophor-
olipids in terms of the toxicity associated with it (Baccile et al., 2016). The LCA on
the green synthesis of oil-based alkylpolyglucoside indicated that phases of its for-
mulation and terminal use played a critical role in its environmental impact contri-
bution of 15% and 51%, respectively (Guilbot et al., 2013). The study also laid
forward the environmental benefits of replacing glass bottles instead of plastic.
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Figure 23.4 LCA inventory for synthesis of biosurfactant from a microbe. LCA, Life-cycle
analysis.

The use of microbial consortium of Azotobacter vinelandii and Pseudomonas sp.
in biosurfactant production indicated that evolved 4545 = 817.93 g CO, in terms of
g CO,/1000 kg biosurfactant, a global warming potential of 0.046 t/1000 kg biosur-
factant and a eutrophication potentials of 0.008 t/1000 kg and 0.0014 tonnes/
1000 kg of biosurfactant (Aru and Onwurah, 2018). The biosynthesis of biosurfac-
tant alkanolamide over conventional sodium methylate—based alkanolamide
revealed that the former was more energy efficient (Adlercreutz et al., 2010).
However, the former was 1.4 times costlier than conventional alkanolamide synthe-
sis mainly attributed due to the use of immobilized lipases in the biosynthetic
process.

23.6 Conclusion

The relevance of LCA obtaining a clear and close look at the impact of a process is
well evident from concurrent research. However, the reliability of such analysis
greatly relies on the effective inclusion of both environmental and human toxicity
impact factors. The choice of suitable proxy data and efficient LCA analytical
expertise becomes very essential. The chapter came to a conclusion that LCA
favored biosurfactant production than the synthetic detergents. Thus the choice of
better and eco-friendly solutions to surfactant synthesis should be adopted for the
proper environmental sustainability.
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Bioenergy and Bioproducts have gained augmented relevance in the wake of depleting fossil fuels and escalating
environmental problems induced by anthropogenic activities. The paper outlays the various applications of
biomass and their significance in various processes. The prospects of lignocelluloses and algal raw materials to
biofuel production are well established; however the life cycle analysis of every bioprocess becomes essential for
its technical feasibility. The paper mainly targets the life cycle analysis of various pretreatment strategies

adopted in the generation of biofuels. Biomass pretreatment- accounts to a major cost contributory factor in the
entire production process and thus the identification of alternate cost effective strategies is of much significance.
The LCA analysis identifies biofuel superior to petroleum chemicals based on its environmental effects, however
better results are expected to be achieved by depending on methods using solar based energy sources for limiting
fossil fuels even in processes of biofuel production.

1. Introduction

The upsurge in human population growth coupled with the devel-
opments in society has made an extensive demand for energy and food
(Ahorsu et al., 2018). The overexploitation of energy and the depletion
of current energy reserves including fossil fuels the demands to explore
cost effective alternative resources (Muduli, 2010). Still there is a co-
pious source of fossil fuels at reasonable cost; however this is expected
to change in the future scenario, but more censoriously an extensive
exploitation of fossil fuels is suspected to be sustainable in the lifelong
due to the endorsed upsurge in the emission of greenhouse gases such as
such as carbon dioxide, methane, and nitrous oxide from the frequent
use of fuels and the environmental impact induced by them on the
global warming (Hill et al., 2006; Solomon et al., 2007). Therefore, the
need for interest in pinpointing alternative approaches of renewable
resources is increased in the current scenario (Demirbas, 2009).Table 1.

With the ever-increasing research knowledge, global environmental
perceptions including economic aspects, removal of by-products and
contaminants, from the past periods, there has been a prominent in-
crease in scientific knowledge in the value of algae, lignocellulose-
based biomass (Arevalo-Gallegos et al., 2017). The significant
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E-mail address: sharrel.rebello@gmail.com (S. Rebello).
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properties like renewability, ease of availability throughout the year
over the globe; recyclability together with natural abundance, all the
aforementioned benefits make lignocellulose and algae as an eco-at-
tractive candidate (Arevalo-Gallegos et al., 2017; Yang et al., 2011).
Research is in progress over the world on ‘greener’ technologies based
concepts. The intervention of green chemistry based on green agenda
concerns has either redirected or directed the present search against the
development of value-added eco-attractive recyclable materials. Based
on the aforementioned concepts, the deviation from petroleum-based
non-renewable resources to the renewable biomass-based resources is
positioned at the center of interest in world-wide industrial research
(Bilal et al., 2017; Igbal, 2015). Herein, concepts based on bio-refinery
aspects have disputes on eco-pollution, thus they can be recognized as
the evolution of concerns identical to green chemistry (Gruber et al.,
2006). Yet the concepts on refinery is not a novel, however, in the
current scenario, the integrated bio-refineries including research on
lignocellulose and algae, are perceived as a significant route to find out
our intentions for safeguarding nature and sustained prosperity
(Arevalo-Gallegos et al., 2017). Therefore the effort has been shifted to
the aforesaid concepts to address the rising environmental impacts
where fossil fuels based energy are and resources are unsustainable.
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Table 1
Important Algae Based Companies in World.

Sl. No.  Company Head quarter Technology

1 Algenol Florida a. Production of ethanol from algae
b. Production of gasoline, diesel and jet with involvement of algae, carbon
dioxide, salty water and sunlight.

2 SolixAlgredients Colorado Production of Solasta ®, Astaxanthin, Solmega® and DHA omega-3

3 Sapphire Energy San Diego, California, United Production of biofuel green crude

States

4 TerraVia Holdings, Inc. (formerly Solazyme) United States Production of high value oils from low cost plant sugars

5 Aurora Biofuels California Excellent algae derived products with extensive application in nutrition,
pharmaceutical, and fuel market.

6 Earthwise Spirulina California high-quality Spirulina production

7 Nutress Europe Production of value added products to feed, pharmacy and food sector.

8 Shibin Chlorella India Production of Chlorella

9 Herbal hills India Production of Spirulina tablets

10 Parry Nutraceuticals Chennai, India Microalgal health supplements

11 Spiruzan™ Combination of Spirulina and Astaxanthin

12 Taiwan Chlorella Manufacturing Company (TCMC)  Taiwan Chlorella production

13 Nutrex-Hawaii Hawaiian Kailua-Kona Popular brands of spirulina

14 Bulk Supplements China Pure Spirulina production

15 Far East Bio-Tec Co., Ltd. (ALGAPHARMA Taiwan Spirulina production

BIOTECH CORP.)
16 FEBICO SOROKINA® Taiwan PPAR dietary supplements

Of the various renewable resources available as sustainable and cost
effective feed stocks for biofuel production, lignocelluloses biomass as
well as algae has been explored to a great extent. As natural elements
that could replace the use of extensive fossil fuels, both lignocelluloses
biomass and algae, gains equal priority to combined efforts to sus-
tainable energy production. Though they represent two different types
of feedstocks, the main utility of both these sources are mainly targeted
to a common aim of improved biofuel yield, apart from its various other
uses. While, plant derived lignocelluloses demands land for extensive
cultivation, algal based strategies can be overcome by reactors de-
manding comparatively less space. Irrespective, of their cultivation
strategies, both lignocelluloses biomass as well as algae is utilized only
after pretreatment of these are conducted effectively. The current re-
view paper thus outlays the various uses of lignocelluloses and algal
biomass, the LCA analysis of the different pretreatment strategies and
the challenges that need to be addressed to yield sustainable energy
resources.

2. Lignocellulosic & algal biomass as sustainable alternative
2.1. Lignocellulose biomass & byproducts

The Lignocellulosic biomass (LCB) is recognized as the most co-
piously accessible eco-attractive resource constituting to about 1.3
billion tons of global yield every year. During the past few years, the
scientific community had confirmed significant development in
Lignocellulose associated processes which triggered a wide range of
biotechnological applications concerned with the purification and im-
mobilization of ligninolytic enzymes to express their potential benefits
(Asgher et al., 2017; Igbal et al., 2011). The hydrolysis of Lig-
nocellulosic biomass has led to the release of several reducing sugars.
These sugars are greatly esteemed for the production of biogas, phenols,
bioethanol, and aldehydes. The biological polymers such as hemi-
cellulose, lignin, and cellulose are the major components of the LCB.
They are strongly linked with each other by hydrogen and covalent
bond thereby forms a highly recalcitrant structure. In addition to this,
previous studies have validated that the production of acids, xylitol,
saccharides, cellulose acetate, saccharides, and biogasoline/biodiesel
are recognized as the promising applications of LCB (Behera et al.,
2014). Except for biofuels, other products such as biofertilizer/manure
as a good value-added eco-attractive deliverable has been made from
the residues of biomethane and bioethanol (Kumar et al., 2009;

Limayem and Ricke, 2012).

The role of cellulases, laccase, and hemicellulases is important in
lignin degradation into hexose and pentose formation (Balan et al.,
2013). After the successful production of ethanol and biomethane, the
formed solid residue can be efficiently used for the development of
biofertilizer. The formed residue can also act as an important source of
essential nutrients for plant growth (Balan et al., 2013; Sylvia et al.,
2005). Biobutanol has possessed several benefits than the traditional
biofuel, and are i) higher energy content, ii) can be mixed with diesel in
pure or mixed form, iii) can be used in automobile engines without any
modifications, iv) lower vapor pressure, v) less susceptible to separation
in water (Bankar et al., 2013; Prakash et al., 2017). However, certain
drawbacks and challenges such as the excess cost of saccharification,
pretreatment, and fermentation have made this strategy not a popular
one. In addition, the lignocellulosic biomass has to exhibit enormous
potential on the bioethanol and lactic acid production (Balan, 2014;
Isikgor and Becer, 2015).

The forest biomass as lignocelluloses characterizes an effective re-
servoir of carbon-rich material. The wood hydrolysate is found to be
potentially renewable feedstock and inexpensive that has been made
through dilute acid or enzymatic hydrolysis of either hemicellulose or
cellulose to fermentable forms of sugars like mannose, galactose, glu-
cose and xylose (Cara et al., 2008; Rebello et al., 2018).

The natural fibers of lignocellulosic materials constitute several
functional groups. These make them fit for appropriate alternatives for
a wide range of applications in various industries associated with filter
materials, biocomposites and technical textiles. Though, their deprived
mechanical properties together with high biodegradability limit the use
of natural fibers (Manna et al., 2017; Marin et al., 2013; Reddy and
Yang, 2005). Kenaf, jute, sisal fibers and banana have been principally
exploited for the preparation of natural fiber-reinforced combinations.
Moreover, the lignocellulosic biomass has been used for water treat-
ment as an innovative technology for the past few years. However, the
various factors such as capacity, specificity, affinity together with their
physicochemical nature have influenced their efficiency (Basso et al.,
2002; Kristensen et al., 2007).

2.2. Microalgae: sustainable and renewable applications
Algae are primarily recognized as the photosynthetic organisms that

have been grown in a wide range of aquatic habitats such as rivers,
lakes, oceans, wastewater, and ponds. They are also able to tolerate the
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various environmental factors like extreme pH, a wide range of tem-
peratures, different light intensities followed by salinities (Barsanti
et al., 2008). Based on the size of them, two kinds of algae have been
classified; i) macroalgae (comparatively large in size) 2) microalgae
(small in size). The macroalgae are large-size algae, multicellular and
visible with the naked eye whereas, microalgae are microscopic, pro-
karyotic and sometimes eukaryotic, and shows resemblance towards
the Chloroxybacteria.

Due to the presence of large amounts of carbon compounds, the
microalgae have been primarily utilized in health supplements, cos-
metics, biofuels, and pharmaceuticals. They also exhibit significant
applications in atmospheric CO, mitigation and wastewater treatment.
Various kinds of bioproducts such as lipids, proteins, bioactive com-
pounds, antioxidants, and polysaccharides are produced by them
(Brennan and Owende, 2010; Zhang et al., 2017). The concern in algae
as an eco-attractive and sustainable feedstock for various bio-products
has opened a new way in the biorefinery. The applications of genetic
engineering coupled with growth enhancement techniques may extend
their potential benefits for future research concerning renewable bio-
products. The production of biofuels from industrially cultivated mi-
croalgae has been dramatically upsurge in the past few years. The ex-
cess quantity of algae is directly sold as food and nutrient supplements,
whereas their processed elements are used in cosmetics and bio-
pharmaceuticals (Borowitzka, 2013; Pulz and Gross, 2004).

The microalgae also produce several other value-added elements
including carotenoids, vitamins, bioactive compounds, polyunsaturated
fatty acids (PUFAs) and pigments (da Silva Vaz et al.,, 2016).
Derwenskus et al. 2019 reported that wet algae such as Chlorella vulgaris
and Phaeodactylum tricornutum are known for their potential to produce
carotenoids and mono- and polyunsaturated fatty acids (PUFA)
(Derwenskus et al., 2019). In addition, the freshwater algae Haemato-
coccus pluvialis is recognized as an important source of astaxanthin
pigment. Similarly, Chlorella vulgaris is has been used as a food sup-
plement while the and Dunaliella species is specific for B-carotene
production (Sharma and Sharma, 2017). The thermochemical conver-
sion or thermal liquefaction converts the algal biomass into bio-oils,
which contains several organic elements deposited as lipids, carbohy-
drates, and proteins (Peng et al., 2000; Peng et al., 2001; Sawayama
et al., 1999). The diversity of resources for bioenergy and biofuel has
become a serious issue in the current scenario. Therefore, today, sig-
nificant attention has been paid against bio-hydrogen production.
However, the industrial production of bio-hydrogen is not feasible since
the various processes for the production is recognized as expensive and
it provides only low biomass concentration. Recent research trends
reported that some of the algae are able to trigger considerable quantity
of hydrogen gas. However, the technology for the aforementioned
concept is still in its initial stage and processes need to be improved at
higher level (Saifuddin and Priatharsini, 2016).

Due to the presence of sulfur-containing polysaccharide in the bio-
mass from Spirulina platensis, the entry of human pathogenic viruses
including measles virus, Herpes simplex, and Human cytomegalo
viruses has been blocked (Ayehunie et al., 1998; Hayashi et al., 1996).
Similarly, the antiviral activity of red alga Porphyridium has been en-
hanced due to sulfur containing polysaccharides, which prevents the
entry of HSV-1, HSV-2 (Huleihel et al., 2001). An effective metabolite
(cryptophycin) which is isolated from Nostoc ATCC 53789 was found to
be exhibit higher anticancer activity (Schwartz et al., 1990).

The numerous bioactive elements from both macro- and microalgae
are capable of promoting plant growth through seed germination fol-
lowed by leaf, stem growth, and flowering. They also provide protec-
tion against plant diseases. This has indicated that the research on both
macro and microalgae has gained extensive significance in the current
scenario. For most of the aforementioned benefits, the industry is still
emerging and the practical applications of them have extended into
new regions. With the growth of sophisticated instrumentation and
approaches, the microalgal biotechnology can now meet the maximum
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demands of the pharmaceutical, cosmetics and food industries.
3. Life cycle analysis and its significance

Life cycle analysis or often referred to cradle to grave analysis is of
great relevance to evaluate the impact of any production process, ir-
respective of its aim of production. The process of life cycle assessment
of any process involves the evaluation of the various environmental
impacts of it on the ecosystem. Four different principles of goal defi-
nition, inventory analysis, impact assessment and interpretation are
done as the process. The various steps or inventories in the production
including from raw materials, every treatment process, purification
step, energy utilisation/generation rate, waste generated amidst the
process etc till its final product generation are considered as inventories
and are analysed to do a life cycle analysis. It is an environmental
management tool employed to examine the life cycle of a product based
on a framework given by ISO 14040 and 14044 (Finkbeiner, 2013;
Schau and Fet, 2008). Moreover, the inclusion of guidelines to various
algal based biotechnological interventions would validate their utility
(Morales et al., 2019). Such analysis can also be applied to the process
of bioenergy generation to evaluate its effectiveness asn environmental
impact.

4. Life cycle analysis of lignocellulose biotreatment

For the large scale production of ethanol in developing countries,
the inexpensive and abundantly available LCB can be used. The three
major steps such as delignification, saccharification followed by fer-
mentation are renowned as the three principal steps for bioethanol
production from LCB. The major organic materials included in the LCB
are i) agricultural crops, ii) grass, iii) algae, iv) agrowastes, v) wood and
certain other renewable resources. In addition, for the past few years,
the LCB such as rice straw, timothy grass, wheat straw, sugarcane ba-
gasse, woody raw materials, paper pulps, barley, softwoods, and forest
residues have been extensively explored for biofuel production (Akhtar
et al., 2016; Loow et al., 2015).

The production of renewable energy provides the potential to offer a
prominent source of low carbon energy to reduce the chance of toxicity
in the environment. The sustainable use of environmental elements
including lignocellulosic biomass is now acknowledged to be a sig-
nificant natural resource for bioenergy production, since carbon neutral
process is associated with several environmental impacts such as
growth of feedstock, system production and transportation issues
(Borrion et al., 2012). The lignocellulosic biomass is often recognized to
be a carbon neutral, however, specific amount of GHG have formed and
released during the life cycle. The growth of feedstock at farming level
followed by the conversion of biofuel and transportation are noted as
the significant steps involved in the LCA study of biofuel.

4.1. Hurdles to lignocelluloses based biofuels

Wide ranges of lignocellulosic biomass such as food based feed stock
(corn, wheat, sugarcane, sorghum etc) and non food based feedstock
(sugarcane bagasse, corn stover, wheat grass etc) are attributed to the
generation of First generation and Second generation biofuels. Such
lignocellulose based biofuel generation are found to be less harsh and
ecofriendly compared to fossil fuel based production strategies in terms
of direct GHG emissions; however concerns do exist on indirect emis-
sions due to plant growth as well as conversion of food land to land for
fuel production (Zhang, 2019). The use of various grass like species
such as Miscanthus have also been attempted in various industries (Lask
et al., 2019), yet the extent of success of these industries are still a
question mark (Zhang, 2019). Moreover, large amount of fossil fuels are
also consumed in downstream pretreatment processes, which need to
be resolved. The green house gas emissions from nitrogen fertilisers as
well as requirement of large hectares of land for energy generation was
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cited as drawbacks in the LCA of ricestraw based ethanol production
(Kumar and Murthy, 2012). The disadavantage of high electricity
consumed during the process can be overcome with the use of renew-
able energy sources instead of fossil fuels.

4.2. LCA based solutions to pretreatment

Several pre-treatments such as biological, chemical, physical and
physicochemical approaches are principally applied for lignin de-
gradation (Kuila and Sharma, 2017). Mn-dependent peroxidase, lignin
peroxidase (LiP) and Laccase- facilitated pre-treatment has found their
significance in the pre-treatment stage since they have offered meagre
inhibitor formation, substrate specificity, less necessity for water, fol-
lowed by maximum efficiency at mild conditions. The action of xyla-
nase and cellulase during the saccharification process has transformed
the hemicellulose and cellulose into glucose and xylose (Galbe and
Zacchi, 2012; Singhvi and Gokhale, 2013). The breakdown of the lignin
barrier has accompanied the delignification stage (Kuila and Sharma,
2017; Petersson et al., 2007). Previous studies have introduced several
pre-treatment strategies ranging from mechanical (irradiation, physical,
steam explosion, thermal and extrusion), biological (consortium, bac-
teria, enzymatic, fungal) and combined (Van Fan et al., 2018). Pre-
treatments posseses significant role in improving the various processes
by increasing the substrate accessibility to obtain high yield of various
biobased products including biogas and biofuels as shown in Fig. 1.

The LCA analysis of pretreatment involving Liquid hot water (LHW),
steam, dilute acid treatment and organosolvents indicate that LHW
using pressurised deioinised water alone for pretreatment was quite
effective in reducing the GHG and yielding more sugar for fermentation
to biofuel production (Prasad et al., 2016). In another study using rice
straw steam explosion pretreatments gave better results compared to
dilute acid, dilute alkali, hot water pretreatments; however the results
of energy yield was promising compared to gasoline alternatives
(Kumar and Murthy, 2012).

A comprehensive review on the utility and LCA of thermochemical
processes in biomass treatment process gives an updated idea on the
topic and help to identify suitable pretreatment strategy for the biomass
of choice (Ubando et al., 2019). Sugarcane is found to be pretreated
effectively by combinatorial approach involving hydrothermal strate-
gies, NaOH (84%) and acid + NaOH (86%) yielding better sugars, but
the Life cycle analysis of the process is not provided to evaluate the
reliability of the process based on its impact to the environment
(Candido et al., 2019).

The environmental impact of various chemicals used for

Pre treatment

o
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BIOLOGICAL
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pretreatment suggest that methanol had the least effect on global
warming potential (GWP), eutrophication, acidification, photochemical
oxidation demand and marine and human ecotoxicity; whereas use of
sodium hydroxide posed the highest bad effects to the environment
(Smullen et al., 2019). A combinatorial approach involving chemical
treatment using alkaline peroxide, mechanical treatment and enzymatic
hydrolysis of sugarcane bagasse is found to reduce the energy con-
sumption to 65% and waste generation compared to conventional
chemical methods (Chuetor et al., 2019).

5. Life cycle analysis of algal biomass and its pretreatment

Algal based biofuel production has gained much significance in the
scenario of excessive depletion of fossil fuels, increased green house gas
emission, toxic effects to the environment, global warming and re-
sultant climate change (Roux et al., 2017). However, the more energy
intensive production of algal biofuels as compared to conventional fuels
has practically reduced or not made feasible prevalent use of algal
biofuels (Shirvani et al., 2011). The effective utility of algae against
natural gas (a representative of fossil fuel) for the production of me-
thane is appreciated in terms of the benefits of three reduced compo-
nents viz, green house gas emissions, ozone depletion and eutrophica-
tion index (Langlois et al., 2012). The presence of large lipid contents,
rapid rate of growth, no requirement of cultivable land are the main
attributes of algae that adds to its utility in biofuel generation (Sharma
et al., 2018). Furthermore, the absence of lignin, 3 D structures and
complex recalcitrant structures in algae also extends its candidature as
an ideal biomass for energy production compared to terrestrial plants.
These fastest growing plants are grown worldwide in open or closed
ponds, raceways as well as photobioreactors industrially to produce
algal biofuels as enlisted in table 2.

The biofuel production from microalgae involves two major steps
such as downstream and upstream processes. The downstream step
plants highlight the sustainable production and harvesting patterns of
biofuel; while, the upstream step possesses diverse cultivation aspects
that are required to maximize the biomass (Medipally et al., 2015).
Biofuels from algae are economically viable, require slight water use,
mitigate CO,, and require no additional plots. Although commercial
production of biodiesel from algae-based strategies are not practical,
owing to its expensive downstream processes and low biomass con-
centration.

Irrespective of its acceptance as an ecofriendly method for energy
generation, the field of algal biofuels face a major obstacle of high
productivity cost which is approximately sometimes 10-100 times

_> BIOPOLYMERS

BIO FUELAND OIL

Py BIOPOLYMERS

CHEMICALS

I | FOOD ADDITIVES
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Fig. 1. Pretreatment of lignocelluloses to yield products.
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greater than petroleum based techniques; depending upon the meth-
odologies adopted for production (Hannon et al., 2010). Such produc-
tion costs are to be reduced at different stages of algal growth, har-
vesting, dewatering, pretreatment and bioconversion to fuels.

5.1. LCA based solutions to algal growth

Algal biofuels synthesis commonly contains stages of algal growth,
harvest and extraction which further delineates to dry, wet as well as
acoustic methods based on different algal species, its biofuel yield and
characteristic growth parameters. The choice of algae primarily influ-
ences the life cycle of biofuel yield based on the fact that each algal
source varies in its fuel yield (Demirbas and Fatih Demirbas, 2011).
Natural high lipid yielding strains of Chlorella protothecoides (Cheng
et al., 2009), Chlorella zofingiensis (Liu et al., 2011), Ochromonas danica
(Lin et al., 2019) etc and even potent lipid yielding strains developed
with the aid of metabolic engineering or recombinant technology could
be promising workforce for the synthesis of biofuels (Sharma et al.,
2018).

LCA analysis of algal growth indicates that wastewater based units
could serve as promising surfaces for cultivation, thereby reducing the
expense required to set up photoreactors when needed. Macroalgae are
proven to be ideal candidates in aquaculture farms to produce biofuels
and various value added chemicals, thereby reducing the waste effluent
mediated eutrophication and adjoining problems by integrating aqua-
culture farms with algal growing nets (St Peter and Pietrak, 2010). Yet
other studies with macroalgae viz, Macrocystis pyrifera have been done
at lab scale and found promising; however scaling to large scale is
needed to visualise the commercialised production (Aitken et al.,
2014).

5.2. LCA based solutions to pretreatment

The pretreatment strategy adopted for any bioprocess varies greatly
from each biomass used as well as the product intended to be produced
from the substrate. For instance macroalgae being a rich source of
carbohydrate is utilised for fermentative production of biofules such as
biogas, bioethanol etc is pretreated mostly with chemico-enzymatic
methods, whereas microalgae a dominant lipid source is used for the
converted mediated production of biodiesel are mechanically disrupted
(Yoo et al., 2015). A wide array of methods such as physical, chemical,
mechanical, enzymatic, hydrothermal methods are employed for the
algal treatment (Fig. 2). Quite often the major portion of the cost of
algal by product synthesis is spent in extended by such extraction
techniques.

Conventionally thermal dewatering is adopted in most cases of
algae bioprocess units; however the consistent efforts and intensive
research has paved the way of better extraction methods such as wet
extraction, hydrothermal liquefaction, electroporation, jet engine ex-
traction etc. As per the studies with Chlorella it was noted that floccu-
lation of algae by pH adjustments to alkaline range (using lime) as well
as use of synthetic flocculants is preferred to energy consuming
methods of centrifugation normally used for algal harvest. The analysis
of dry method of lipid extraction from algae indicates that dry extrac-
tion can be done using a conveyor belt dryer followed by counter
current extraction using hexane (Lardon et al., 2009). The wet extrac-
tion of Chlorella grown in nitrogen limiting conditions in the above
study stood out as an effective strategy than the dry method producing
an effective 105 MJ of energy after production; thereby resulting less
energy- fertilizer demands and reduced negative impacts to the eco-
system.

The LCA analysis of algal biofuel production by conventional
methods as per USLCL, indicated that thermal dewatering process alone
accounted for significant amount of fossil energy of 3556 kJ/kg of
water removed (Sander and Murthy, 2010). Thus alternatives to replace
the this fossil fuel used for dewatering methods of centrifugation and
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pressing needs to be found out. In such a scenario, the use of solar dryer
can be optimised and practised for algal dewatering utilising the solar
based dewatering carried out in sludge (Solmaz and Okaygiin, 2018).
Though such solar based strategies are not practical worldwide, colla-
borative efforts utilising the resources in tropical countries could help
to find effective solutions in this direction.

Assessment on the life cycle of algal based hydrothermal liquefac-
tion and lipid extraction instigated the use of less algae was needed; but
it resulted in higher levels of CO, emissions and lesser energy was
produced even to meet requirements of algal growth and harvest (Frank
et al.,, 2013). Novel methods such as confined impinging jet mixers
permits turbulent mixing of lipid with solvents and thus they permit
faster lipid recovery of algae even bypassing the steps of dewatering
(Tseng et al., 2019). The prospect of inducing reversible and irrever-
sible pores in algae to facilitate easy recovery of their byproducts has
been explored in Chlamydomonas reinhardtii by giving short pulses of
5 us (Bodenes et al., 2019).

A fifteen year study initiated by National Alliance for Advanced
Biofuels and Bioproducts has identified novel strategies of algal fuel
synthesis with 45% reduction of green gas emissions against base
methods (Shi et al., 2019). This comprehensive study involving mul-
tiple LCA components identified that the use of acoustic harvesting and
acoustic extraction of algal lipids had a great impact of LCA by reducing
the GHG emissions. It is also noted that the conversion of microalgae to
butanol rather than to biodiesel is found to pose less environmental
effects on climate change and human health (Wu et al., 2019).

The LCA analysis of macroalgal biofuels involved analysis of the
environmental impacts at different stages of growth, harvest, milling,
pretreatment and acidogenic digestion needed for its conversion to
organic acids. The study indicated that the major energy consumption
was during the distillation phase due to the requirement of steam and
additional electricity to run the concerned equipment (St Peter and
Pietrak, 2010). Apart from all the above mentioned pretreatment stra-
tegies of lignocellulose and algal biomass, biological treatments using
bacterial or fungal enzymes have been found effective in better energy
yield and productivity, however, such methods are not always adopted
in large scale options due to some technoeconomic problems de-
manding long pretreatment time and its sure extensive research in this
direction would lead to reversal of such situations in near future (Zabed
et al., 2019).

6. Conclusion

The life cycle analysis giving emphasis on pretreatment of biomass
is comparatively less than other stages of biofuel production.
Generalised comparison of different algal production strategies will not
give conclusive, yet compiling worldwide efforts targeting a common
aim of economised commercial biofuel synthesis augments novel
technological advancements in this direction. Quite often the life cycle
analysis of a multitude of production strategies generated after years of
research may help to develop sustainably feasible routes of synthesis.
Moreover, the routes of optimisation and LCA analysis have to be
concentrated on a single type of feed stock to get practically validated
results.
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and Embalil Mathachan Aneesh

Abstract The relevance of enzyme fortification in animal feeds has been well
established and exploited to generate a high income generating sector of industrial
enzymes. Apart from aiding the better nutritional uptake and utility of the food
constituents from the animal feed, the economic benefits gained by the production
of better meat yield from livestock has prompted the acceptability of these enzymes
in the feedstock. The current review outlines the various types of enzymes sup-
plemented in animal feeds, their functional role and advantages of feed enzymes on
animal growth and productivity. The effectiveness of feed enzymes in reducing the
release of unused residual metabolites into the environment and the contributory
role of these enzymes in diminishing the aftermaths of global warming are also
discussed. The various strategies adopted in the individual and combinatorial
generation of feed enzymes, their substrates and the characteristics of such feed
enzymes are also presented in a concise manner. Finally, the advancements in the
industrial production of feed enzymes and its supplementation are reviewed.
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15.1 Introduction

Enzyme supplementation in feed has gathered great momentum in the modern
world due to the increased interest for improved nutritional quality of food.
Research and relevance of feed enzymes primarily took its origin in the United
States, emphasizing their nutritive benefits in barley supported food products
(Jensen et al. 1957; Willingham et al. 1961). Early studies on phytases, for example,
augmented the phosphorus availability on poultry diets which enhanced the growth
performance and facilitated digestion (Singh 2008). Irrespective of the wide utility
of enzymes in a wide array of products, research on feed enzymes is still at a state
of infancy. The development of target specific enzymes is however, gaining
momentum in the last 3 decades. More research carried out in fermentation and
microbiological technologies resulted new opportunity to produce feed enzymes in
more cost-effective and in commercial formulations (Ravindran 2013).

Enzymes otherwise nicknamed as the biological catalysts are proteins with a
compact three-dimensional molecular structure and substrate specificity, capable of
accelerating chemical reactions and released by biological cells (Aehle 2007). Apart
from its common role of adding nutritive value to food; enzymes differ in their
specific mechanisms of action, molecular characteristics, stability (demanding or
disregarding protective layers), site of action and efficiency of catalytic role. Thus
different recipes of enzyme preparations are utilized in different food products to
meet the nutritive demand of the food consumer as specified by the nutritionist.

15.2 Types of Feed Enzymes

Poultry feed, as well as most of the food, occurs as a mixture of proteins, fats,
carbohydrates and proteins; demanding the use of enzyme cocktails to enable the
breakdown of its nutritive molecules and better absorption by consumers (Selle and
Ravindran 2007). Thus generally feed enzymes can be basically classified as cel-
lulase (B-glucanases), phytases, proteases, lipases and galactosidases as enlisted in
Table 15.1. Sometimes they are merely grouped as carbohydrases (lysing any
carbohydrate), proteases (breaking proteins) and phytases (lysing phytate content)
based on the target molecules they act on. Enzyme addition to feed may have a
varied effect on different animals influencing the rates of nutrient utilization and
digestive ability (Juanpere et al. 2005). The combinatorial use of multienzymes
along with phytase augmented the nutrient utility and performance of broiler
chickens compared to unsupplemented (Attia et al. 2012; Choct 2006; Rani et al.
2003). However, generalization of enzyme recipes for entire animals does not seem
to be effective; as different organisms respond differently to enzyme supplemen-
tation. In rainbow trout, for instance, phytase supplemented with protease showed a
reverse impact on the growth performance; whereas an enzyme mix of pectinase,
phytase, cellulase or enzyme mix had an anti-nutritive effect on nutrient utilization
(Yigit and Keser 2016; Yigit et al. 2018) (Table 15.2).
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Table 15.1 List of feed enzymes and their targeted feedstuff
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Enzyme Target substrate Target feedstuff
Phytases Phytic acid All plant-derived ingredients
B-Glucanases B-Glucan Barley, oats, and rye
Xylanases Arabinoxylans Wheat, rye, triticale, barley,
fibrous plant materials
a-Galactosidases Oligosaccharides Soybean meal, grain legumes
Proteases Proteins All plant protein sources
Amylase Starch Cereal grains, grain legumes
Lipases Lipids Lipids in feed ingredients
Mannanases, cellulases, hemi Cell wall matrix (fiber Plant-derived ingredients,
cellulases pectinases components) fibrous plant materials

Table 15.2 A list of some commercially available feed enzyme with their characteristics

Trade name of enzyme Type of enzyme Company Characteristics
Ronozyme Hi Phos Phytase Ronozyme Increases phosphorus
availability
QUANTUM® Blue Phytase ROAL. AB release phytate bound
Vista nutrients
HiZyme P-5000 Phytase Vetline India | Aid phosphorus use in
poultry feeds
FINASE® EC E. coli derived ROAL. AB Used in pig and poultry
phytase Vista feeds
RONOZYME® ProAct Protease Ronozyme Improve protein
digestion
RONOZYME® RumiStar™ | Amylase Ronozyme Improves corn
utilization in dairy diets
ECONASE® GT Beta-glucanase ROAL. AB Used in barley- and
Vista oat-based diets for
piglets and broilers
ECONASE® XT Beta 1-4, ROAL. AB Maximise energy
endo-xylanase Vista utilization in pig and
poultry feeds
HiZyme (Multi-Enzyme) Blend of enzymes | Vetline India | Aids better-feed
utilization, increased
growth rate and
production in broilers
CBT XL Combination of V. Excel Combination of heat
non-starch International tolerant enzymes
polysaccharide targeting feed with high
(NSP) Enzymes oil and fat content,
with Probiotics supplemented with
probiotics
AveMix® enzyme Phytases, protease | Avevebiochem | Aid in polysaccharide,
and non non-starch protein and phytate
polysaccharide digestion
(NSP) hydrolase
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Carbohydrases include NSP (Non-starch polysaccharides) degrading enzyme
that degrade fiber or NSP found on the plant cell wall, constituents large feed
enzyme segment. Certain enzymes included in the segment is xylanases,
beta-glucanases, xyloglucanses, galactomannanases, pectinases and debranching
enzymes such as arabinofuranosidases and ferulic acid esterases. Among these
enzymes, most widely used and important enzyme classes are xylanases and ara-
binoxylans that constituents a major part of NSP as feed ingredients (Le et al.
2013). These enzymes reduce the anti-nutritional factors of NSP by degrading the
soluble fiber to reduce gut viscosity and enhance the nutrient absorption. Moreover,
the degradation of polysaccharides yields oligosaccharides that act as prebiotics
which benefits the gut microflora. Another class of carbohydrases widely used in
the poultry industry is amylase, used in fast-growing broilers to improve starch
digestibility level. Moreover, amylase supplemented with cellulase results in the
enhancement of milk yield and back fat thickness. Commercially available enzymes
are derived from Bacillus of different species viz, halmapalus, licheniformis and
stearothermophilus (Gessesse et al. 2011). One of the basic problems with starch is
that is it harder to absorb in the gut in form of pelleted feed as opposed to crushed
feed and starch digestion seems to be less effective in fast-growing modern boiler
breeds than low growing breeds; necessitating amylase in their diet (Svihus and
Hetland 2001).

The other important class of enzyme is protease, included in feed with the
purpose of increasing protein hydrolysis and thus improving the nitrogen utilization
(Oxenboll et al. 2011). Protein digestion enables the better amino acid availability
and enhanced absorption of other valuable nutrients. Another advantage of protein
digestion is the reduced release of undigested protein in manure thereby reducing
the drastic environmental effects such as eutrophication and acidification.

Phytases are enzymes supplemented to break down the anti-nutrient factor
phytate present commonly in animal feed; thereby enabling the better functional
utility of biomolecules (Rebello et al. 2018). Such phytate breakdown will enable
the mobilization of various nutrient minerals from the animal feed into its body for
utilization (Rebello et al. 2017).

15.3 Mode of Action and Functional Role of Enzymes

The use of enzymes in animal feed is of great commercial importance. Consistent
increase in the price of feed ingredients had been a major limitation in most of the
developing countries. (http://www.enzymesinc.com/vegetarian-vs.-animal-derived-
enzymes.html). The ultimate aim of adding enzymes is to improve growth and
profitability through enhanced digestion of dietary components (protein, amino
acids, starch, lipids, and energy) in ingredients. However, the acceptance of feed
enzymes could also be due to the necessity of varied feed formulations (in the
presence of different feedstuffs), development of homogenous nutritive content
even in different batches of production, reduced manure output, lowering of water
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content in excreta, better digestibility and absorption of nutrients, upliftment of gut
immunity of animals and development of uniformly healthy animals (Bedford and
Cowieson 2012; Collett 2012; Jaroni et al. 1999).

Different feed enzymes in the industry have different modes of action due to
substrate specificity, yet their exact mechanism is still unclear. This would involve
sometimes the degradation of anti-nutrient factors or undigestible bonds in feed or
even the breaking of physical cell walls aiding nutrient release (Bedford and
Partridge 2001). In such an environment, it normally results in an altered pattern of
digestion and the necessity of endogenous proteins for digestion is greatly reduced
(Cowieson et al. 2009). The subsequent reduction in intestinal weight, alterations in
intestinal microflora has a direct effect on its constituent enzymes and it often
enhances the digestion rates (Svihus 2010).

15.4 Benefits on Nutrition

Various animal experiments bring significant data indicating the limited
digestibility of nutrient elements in the small intestine of poultry (Low and
Longland 1990; Pettersson and Aman 1989). Therefore, sufficient enzyme pro-
duction might be renowned as the major factor responsible for the aforesaid state.
The feed enzymes used in poultry might change the nutritional profile of feed
elements to increase the efficiency of egg and meat production (Bedford 2000).
Hence, appropriate use of feed enzymes in poultry might enrich the nutrient content
and dietary energy together with the economic benefits for the public (Pettersson
and Aman 1989).

Recently, considerable interest has been shown in the use of phytase as a feed
additive, as it not only increases the availability of phosphate in plants but also
reduces environmental pollution. The type and amount of cereals included in the
diet, the level of anti-nutritive factor in the cereal, the concentration of enzymes
used, the type and age of the animal (younger animals respond better to enzymes
than older animals), type of gut micro-flora in digestive track and finally the
physiology of the bird (Khattak et al. 2006). Although the majority of research trials
of feed enzyme were conducted on broilers, the responses of egg-laying hens to
enzyme-supplemented feeds are also well-documented. The use of an enzyme
complex containing carbohydrases and phytase improves the growth potential of
broilers, egg-laying hens, ducks, and Japanese quail (Yang et al. 2010). Certain
enzymes, such as cellulase, xylanase, phytase, etc., required for the digestion of
NSPs and phytates are not produced by birds. Hence, supplementation of NSP
degrading enzymes and phytase not only reduce the anti-nutritive effects of NSPs
and phytates but releases some nutrients to be utilized by the birds (Attia 2012).
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15.5 Economic Advantages

The extensive characteristic feature of the poultry sector has allowed the faster
uptake of advanced technologies including the use of feed enzymes. The extended
use of these feed enzymes in animal nutrition is becoming a most widely used
practice to overcome the harmful impacts of anti-nutritional elements (Ravindran
2013). The global market of enzymes is rapidly raised up to 7% during 2015. Based
on the regional perception, North America was documented as the prevalent con-
sumer of enzyme products in the regional markets of Western Europe. Similarly,
the demand for feed enzymes in Asia/Pacific region including Japan, China, and
India have increased rapidly (Adrio and Demain 2014; Li et al. 2012). In addition to
this, the feed enzyme consumption in China was promptly growing at an annual rate
of 7.5% in 2013 (Li et al. 2012).

The current research on farming systems receives much more attention towards
feed enzymes for animal nutrition (Choct 2006). The economic advantages of most
of all the enzymes used for poultry nutrition are associated with the reduction of
feeding cost. The supplementation of different kinds of enzymes such as proteases,
carbohydrases, lipases, and phytases on diet might upsurge the production effi-
ciency and quality of poultry (Bedford and Partridge 2001).

One of the major economic advantages of supplementing feed enzymes into
poultry is the enhanced production performances (Chen et al. 2002). Previous
studies have reported that 10% of the total production performance of broilers can
be improved by using the aforesaid feed enzymes (Cowieson and Ravindran 2008).
However, the performance of feed enzymes on animal nutrition absolutely depends
on the quality and quantity of feedstuff used together with the environmental
conditions (Acamovic 2001). Peri¢ et al. in 2011 reported that the supplementation
of multi-enzyme complex of feed enzymes in animal nutrition improved economic
advantages of poultry including reduced production cost (Peri¢ et al. 2011).

15.6 Environmental Benefits

The production of poultry over the world has been rapidly increased during the
sixties; the livestock population is found to be nearly 4 billion animals, and 500
million tons of manure has been produced in every year (Oxenboll et al. 2011). The
overproduction of poultry is considered as one of the major drivers for enhanced
production of nitrogen fertilizers and the emission of the aforesaid
nitrogen-containing compounds might generate adverse impacts over the environ-
ment by atmospheric and water pollution (Crutzen et al. 2016). In order to increase
the utilization of nutrients and reduce environmental pollution caused by poultry
waste, several factors in the animal feeding aspects must be documented.
Nitrogen-containing compounds from the poultry waste are considered as one of
the major perspectives for air and water pollution (Kendall et al. 1999). A number
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of environmental benefits have been offered when protease is used as an additive in
animal nutrition. Oxenboll et al. in 2011 reported that the use of protease as an
additive in animal feed could contribute predominantly to reduce the quantity of
nitrous compounds enter into the aquatic environment together with the reduction
of acidification and eutrophication (Carpenter et al. 1998; Erisman et al. 2007
Oxenboll et al. 2011). The addition of feed enzymes to broiler diet offered better
protein digestibility together with the drastic reduction of Nitrogen output from the
broiler waste (Charlton and Pugh 1995). Manipulation of specific feeding enzymes
to animal nutrition has greatly affected excretion of Nitrogen in urine and feces
(Parsons et al. 1992).

The emission of ammonia can be reduced by employing low protein diet and
specific nutrition techniques in animal feeding (Backus et al. 1997). Abdel and
Tahir in 2015 reported that the supplementation of phytase enzyme in broilers has
significantly reduced the phosphorus pollution from poultry waste, (Abdel-Megeed
and Tahir 2015). The administration of phytase enzyme in broiler chicken has made
substantial effects on pH and phosphorous content of excreta. They also discussed
that the feed enzyme supplementation might decrease feed cost for phosphorous
supplementation and the importance of inorganic phosphorus as a non-renewable
element for the sustainable farming (Abdel-Megeed and Tahir 2015) (Fig. 15.1).

Decreased
unabsorbed ions
and nutrients
leftover in
animal excreta

Reduced

disposal of
inorganic
phosphates
! and minerals
to waterbodies

Feed Enzymes

4
Lowered

eutrophication

.//——
Reduced effects
of global
warming

Fig. 15.1 Impacts of feed enzyme supplementation an overview
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15.7 Industrial Production of Feed Enzymes

The industrial production of enzymes plays a significant role in modern biotech-
nology since the enzymes have been used in various biological systems including
animal nutrition (Headon and Walsh 1994). The advanced developments in the
biotechnology including genetic engineering have now enabled the industrial pro-
duction of enzymes easy (Singhania et al. 2010). Hence the field of enzymology has
been reflected as one of the most established branches of biotechnology. The dis-
covery of novel enzymes together with the understanding of formerly reported
enzymes and their functions offers several innovative applications for the industrial
production and utilization of the aforesaid enzymes (Headon and Walsh 1994; Kirk
et al. 2002; Volesky et al. 1984).

The amylases of plant and microbial (fungal and bacterial amylases) origin have
played a major role in animal nutrition as feed enzymes since the industrial pro-
duction of amylases offers low cost, consistency, and less time-consuming pro-
cesses (Burhan et al. 2003). The solid-state fermentation (SSF) and submerged
fermentation (SmF) is considered as the principal techniques for the rapid pro-
duction of amylases at low cost (Hamliton et al. 1999; Haq et al. 1997; Pandey
2008). Several Bacillus bacterial species such as Bacillus subtilis, B. licheniformis,
and Bacillus stearothermophilus are widely employed for the industrial production
of a-amylases (Janecek 2002). The industrial sectors predominantly use B. subtilis
as major producers for the large-scale production of proteases (Deviram et al.
2015). In addition to this, the microbial organisms from the genus Aspergillus have
been also renowned as a good producer for the industrial production of a-amylases
and proteases (Ward et al. 2009; Vihinen and Mantsiila 1989).

The Solid-state fermentation (SSF) technique has gained much more importance
for the industrial production of a-Galactosidase due to its economic benefits such as
improved enzyme yield, increased product stability, and lower cost (Holker et al.
2004). Manipulation of several parameters such as pH, temperature, carbon sources,
nitrogen sources, moisture, metal ions, and surfactants has been required for the
large-scale production of feed enzymes (Ashraf et al. 2005; Burhan et al. 2003;
Chandra et al. 1980; Ramesh and Lonsane 1990).

The fore-stomach tissue of lambs, pancreatic tissues of pigs, and plants can be
used as an excellent source for the production of lipases. However, microbial
lipases are presently receiving much more attention than others because of its
economic benefits and technical advantages together with the drawbacks of using
animal lipases (Vakhlu 2006). The bacteria, yeast, fungi, and actinomycetes are
renowned as admirable sources lipases (Ertugrul et al. 2007). Submerged culture,
solid-state fermentation methods, and immobilized cell culture (used in rare cases)
have been used for the large-scale production of lipases (Chen et al. 1999;
Hemachander et al. 2001). Several previous studies have been conducted to
understand the optimal nutritional requirements for the large-scale production of
lipases using submerged culture since the production processes is strongly
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influenced by several factors such as culture pH, dissolved oxygen concentration,
temperature followed by the concentration of nitrogen and carbon sources (Elibol
and Ozer 2000).

15.8 Conclusion

The practise of enzyme supplementation in feeds becomes very essential in the
viewpoint of increased nutrition, better productivity, and yield of livestock. Apart
from the nutritional benefits, the reduction in cost associated with waste manage-
ment of poultry can be greatly reduced by enzyme addition in animal feeds.
Moreover, the problems associated with increased environmental pollution and
global warming can be addressed effectively by the practise of enzyme uptake by
inhabitant animals grown in farms.
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Abstract

The augmented rates of pest infestation in stored grains have forced humans to rely on pesticide application in stored food
grains even in developed countries. The greater incidence and alarming rate of pesticide resistance and safety concerns about
their use in the food industry also contribute to ill-being of grain consumers and environment, thereby alluring constructive
attempts to reduce the levels of agrochemical use. The current research elucidated the synergistic role of Hypericum japoni-
cum (a medicinal plant) and pyrethroid deltamethrin in controlling the most common storage pest rice weevil, Sitophilus
oryzae even at low concentrations than recommended by FAO. The screening of pesticidal property of methanolic extract of
H. japonicum, pyrethroid deltamethrin, and their combinatorial assay was evaluated by standard procedures under labora-
tory conditions and mortality was gauged after 24 h of exposure. The LCs, and LCy, concentrations of deltamethrin alone
(0.725 mg/l and 3.577 mg/l respectively) and in combination with Hypericum methanolic extract (LCs, 0.119 mg/l and LCy,
1.27 mg/1 respectively) were found to be potent. The study revealed that the supplementation of plant extract in the pest
controlling formulation substantially reduced the effective individual LCy, concentration of the pesticide required for pest
control. The plant extracts showed synergy towards deltamethrin with SF 6.09. This is the foremost report on the synergistic
effect of H. japonicum with deltamethrin against rice weevil, which could serve as an effective and more safer storage pest
control method against the indiscriminate pesticide use and abuse.

Keywords Hypericum japonicum - Sitophilus oryzae - Deltamethrin - Combinatorial bioassay

Introduction

The escalating population rates, as well as increased lev-
els of plant raw material utility in industries, has always
demanded the need for increased agricultural outputs world-
wide (Ribeiro et al. 2003). Grain damage by pests has been
a major test to the agricultural sector and the stored grain
products being infested from the time of harvest to consump-
tion. Majority of these pests belong to the coleopteran family
and the most damaging candidates include Sitophilus Genus
members (commonly called weevils) (Huignard et al. 2011;
Tennyson et al. 2012). Rice weevil (Sitophilus oryzae) a
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serious pest of stored grains has a worldwide distribution
especially in temperate areas, critically affecting the qual-
ity and quantity of the stored grains (Agarwal et al. 1979;
Batta 2004). The damages caused by the pest alone accounts
to 40% of the worldwide stored grain production (Mishra
et al. 2013), as the adult weevils consume the endosperm of
the grain and diminish its carbohydrate and protein content
(Belloa et al. 2000).

In such a scenario, synthetic pesticides, especially contact
insecticides are traditionally used to prevent and eliminate
various insect pests (Cengiz et al. 2016). Deltamethrin is
one such synthetic pyrethroid-based pesticide widely used
in agriculture and veterinary applications for the man-
agement of rice weevils (Bekele et al. 2010; Vélez et al.
2017). Regardless of its benefits in pest control, the great-
est resultant problem is that the continued application of
synthetic pesticides leads to physiological resistance and
undesirable ecological effects (Suresh et al. 2017). Moreo-
ver, the increasing pyrethroid resistance in grain weevils
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also demands the use of higher pesticide concentrations to
effectively control them (Salerno et al. 2002). Such chaos
amidst the adverse effects of chemical control methods and
need for quality pest free grains have envisaged the utility
of plant-derived materials as alternative pest control agents,
individually or in combination with pesticides at very low
concentrations (de Andrade Dutra et al. 2016; Herrera et al.
2017). While some plant bioactives have a natural pesti-
cidal role, others serve as repellants not harming the living
organisms and most of them are found to be biodegradable
(Mavundza et al. 2011; Sreedev 2016).

The present study has been undertaken to evaluate the
synergistic property of methanolic extract of H. japonicum
with pyrethroid deltamethrin for achieving the highest insec-
ticidal activity with minimal pesticide usage. H. japonicum
is a plant widely used as a traditional medicine in China
and has great importance because it consists of many active
compounds (Hosni et al. 2017; Li et al. 2007). The plant
has been used for treatments of hepatitis, gastrointestinal
disorders and tumors (Samaga and Rai 2013). Previous stud-
ies also proved that the methanolic extract of H. japonicum
possesses significant larvicidal and anticancerous activity
(Puthur et al. 2018), there by inviting more research interests
in the plant. The current research paper primarily targets the
effectiveness of deltamethrin and H. japonicum in the con-
trol of common rice pest S. oryzae. The study also tries to
solve the burden of increased pesticide resistance incidence,
by reducing the effective deltamethrin concentrations when
used along with phytobased compounds.

Materials and methods
Details of sample

Samples of H. japonicum were collected from Pothumolla,
Wayanad district with latitude 11°53'N and latitude 76°0'E,
Kerala, India during June 2017 in the vegetative phase.
Voucher specimens of the plant were maintained at CDRL
Laboratory, Thrissur and authenticated by comparison with
the corresponding herbarium documents. The adult rice
weevil (S. oryzae) were collected from Chalakudy, Thrissur
district Kerala. The pests were collected along with damaged
rice grains and were properly stored in a container along
with rice grains throughout the study period. Only the adult
weevils were used for the subsequent experiment. The ana-
lytical grade Deltamethrin standard used for this study was
procured from Sigma-Aldrich India.

Preparation of the plant extract

The collected plant material (H. japonicum) were washed,
shade dried and powdered. The extraction of the plant was

@ Springer

carried out using a Soxhlet apparatus by using methanol as
an organic solvent. In reducing the pressure of 2022 mmHg
at 35 °C the solvent undergoes distillation by using a vacuum
rotary evaporator. The extract was evaporated to complete
aridness at normal room temperature and stored for further
analysis (Anoopkumar et al. 2017).

Bioassay

Susceptibility tests were done against the pest using impreg-
nated-paper assays on 80-mm diameter in glass petri dishes
(Ali et al. 2012). Whatman No. 1 filter papers were cut into
two halves and dipped into the five differently concentrated
plant extract solutions for 5 s against distilled water as a con-
trol. After drying in a hood for 2 min, each paper was placed
at the bottom of the Petri dish and adults of S. oryzae were
introduced (into the Petri dish). Both the test and control beak-
ers were placed under similar conditions of 25+2 °C, 12 h
light/dark regime, with no food for 24 h, and mortality was
monitored. The pest was considered as dead if they were not
responsive to gentle prodding with a fine needle. All the tests
in the following experiments were done in triplicate using 20
individuals, and values were expressed as mean =+ standard
deviation. The results were expressed as percent mortality.

Similarly, deltamethrin stock solutions were diluted using
distilled water and the susceptibility test was carried out with
five varying concentrations using the above-mentioned proto-
col. Data from all replicates were pooled for analysis. LCs, and
LCy, values were calculated from a log dosage-probit mortal-
ity regression line using a computer software program (IBM
SPPSS version. 17.0). Mortality was measured in percentage,
and if the control mortality fluctuated, it was corrected using
Abbott’s formula (Abbott 1925).

Combinatorial bioassay

For combinatorial studies, varying concentrations of deltame-
thrin were prepared to range 1.125-2 mg/l. The LC 5, value
of plant extract obtained from the probit analysis was kept as
a standard and each concentration of the pesticide formula-
tion was mixed with the plant extract accordingly. Mortality
obtained after 24 h were recorded. The resulting data from the
observation were subjected to statistical analysis to calculate
the LCs, and LCy, values. The synergistic factor (SF) (Kaly-
anasundaram and Das 1985) and the co-toxicity coefficient
(CTC) (Sun and Johnson 1960) are also calculated.
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Table 1 Efficacy of methanol extract of H. japonicum against S. oryzae
Extract Concentration Percent LCs, (LCL-UCL) (mg/l) LCy, (LCL-UCL) (mg/l) Chi square value P value
(mg/l) mortality
Control 0 0 - - - -
Plant extract 200 25
500 40 498.29 (603.82-725.48) 2507.79 (3567.24-6075.67) 3.680 0.15
1000 60
2000 85
LCL lower confidence limit, UCL upper confidence limit
*P <0.15 significant difference at 1%
Table 2 Efficacy of deltamethrin against S. oryzae
Extract Concentration  Percent mor-  LCs, (LCL-UCL) (mg/l) LCy, (LCL-UCL) (mg/l) Chi square P value
(mg/l) tality value
Control 0 0 - - - -
Deltamethrin 0.125 10
0.25 20 0.725 (1.017-1.439) 3.577 (5.960-14.272) 5 0.50
0.5 25
1 40
2 60
3 80
4 95

LCL lower confidence limit, UCL upper confidence limit
*P <0.50 significant difference at 5%

Results
Bioassay of individual components

The pesticide deltamethrin alone showed potent activity
with LCs, and LCy, value of 0.725 mg/l and 3.577 mg/l
causing the death of 50% and 90% of pest populations
respectively in post-treatment. On the other hand, the
plant extracts required a higher LCs, and LCy, value of
498.29 mg/l, 2507.79 mg/1 respectively, to induce sig-
nificant lethality of rice weevil. The bioassay results of
methanolic extracts of H. japonicum and deltamethrin are
summarized in Tables 1 and 2 respectively. The survival
of the pest species varied significantly by doses and time
of exposure. The LCs, value of plant extract was a bit on
the higher side compared to deltamethrin. The survival
values were found in good proportion to the concentration
applied and ranged from 75 to 15% of low to a high dose
of plant extract applied; whereas in deltamethrin, the val-
ues ranged from 90 and 10% for low to high doses. How-
ever, the survival rate in control was 100% throughout the

Probit Transformed Responses

1.0

0.5

Probit

0.0

-0.51

T T T
225 250 275 3.00 325
Log of Conc.

Fig. 1 Log concentration-percent mortality relationship of S. oryzae
to H. japonicum methanolic extract

experiment proving the pesticidal activity of the individ-
ual components considered in the above study. Figures 1
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Fig.2 Log concentration-percent mortality relationship of S. oryzae
to deltamethrin

and 2 depict the log dose probit mortality responses of
plant extract and deltamethrin against rice weevil.

Combinatorial bioassay

The combinatorial use of pesticide deltamethrin along
with the methanolic plant extract yielded better pest con-
trol results compared to their individual effects against
rice weevil as depicted in Table 3. Moreover, the study
also succeeded in lowering the effective LCy, and LCq,
values of deltamethrin to 0.119 mg/l and 1.27 mg/l
respectively, when supplemented with H. japonicum phy-
toextract at a concentration of 498.29 mg/l (correspond-
ing to its individual LCy, value) for a 24-h treatment. The
combinatorial assay showed synergy with a synergistic
factor of 6.09. The log dose probit mortality responses of
combinatorial bioassay are shown in Fig. 3.

Probit Transformed Responses
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© 05
S
o
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-1.00 075 050 025 0.00 0.25
Log of Conc.

Fig.3 Log concentration-percent mortality relationship S. oryzae to
combinatorial bioassay

Discussion

S. oryzae (rice weevil) occurs as a cosmopolitan pest in rice,
sorghum, maize, wheat and almost all grains with infestation
caused by both adult and larvae (Srivastava and Subrama-
nian 2016). The damage is characterized by the formation
of an intact pericarp shell of grains when infested with rice
weevils, leading to high levels of economic damage to stored
crops worldwide (Hong et al. 2018). The individual use of
deltamethrin was found effective in controlling rice weevils
during this study, as high mortality rate was observed but the
development of resistance is a major drawback that raises a
caution. The growing pesticide resistance, especially against
pyrethroids has been reported in a wide variety of pests
attributed to knockdown resistance mutations in sodium
channels and altered detoxification strategies (Haddi et al.
2018). Apart from pests, even vectors such as mosquitoes
are reported to show pesticide resistance (Amelia-Yap et al.

Table 3 Synergistic effect of H. japonicum methanol extract and deltamethrin against S. oryzae

Extract Concentration (mg/l) Percent LCs, (LCL-UCL) (mg/l) LCy, (LCL-UCL) (mg/1) CTC SF
mortality
Control 0 0 - - - -
Plant extract+del- 498.2+0.125 35
tamethrin
498.29+0.25 50 0.119 (0.266-0.426) 1.271 (2.602-18.099) 87.5 6.09
498.29+0.5 60
498.29+1 75
498.29+2 90

LCL lower confidence limit, UCL upper confidence limit, CTC co-toxicity coefficient, SF synergistic factor
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2018), thus demanding alternate strategies to control pests
or reducing the unchecked usage of pesticides.

Literature survey revealed the exploration of various
plant species for insecticidal properties. The lethal effect of
Datura alba seed extract against onion thrips (Malik 2005),
Datura stramonium leaf extract against Tribolium castaneum
(Pascual-Villalobos and Robledo 1998) and Datura fastuosa
extracts against rice weevil (Kamruzzaman et al. 2005) are
some examples of herbal extracts against pests. H. japoni-
cum is an annual herb widely distributed through Asia and
used as traditional medicine for viral and bacterial disor-
ders in China. This plant produces phloroglucinol flavonoid
derivatives with potential antioxidant activity (Peng et al.
2006). References to the insecticidal activity of Hyperi-
cum species analyzed using essential oils was displayed in
insecticidal action against Brachiacantha dentipes (Liu et al.
2007).

Significant mortality was shown by H. japonicum plant
extract (p <0.15) against S. oryzae, thereby raising its pros-
pects as a herbal insecticide. The methanolic extract of H.
Jjaponicum comprises potent compounds which attribute its
insecticidal activity (Puthur et al. 2018). There is a direct
correlation between efficacy and concentration of phytoex-
tract, the lethal effect was maximum at high concentration
(Kuganathan et al. 2008). The present results agree with the
studies conducted by Ali et al. (2012) in which D. alba leaf
extracts active against S. oryzae and Trogoderma granarium.

Irrespective of its insecticidal properties, the individual
use of botanicals face a major drawback of bio compound
deterioration that promotes the prospects of synergistic use
of plant extracts with insecticides (Nenaah 2011). Synergis-
tic effects are defined as the action of multiple compounds
on a pest that is greater than the action of individual com-
pounds (Kumar and Parmar 1996; Scott et al. 2002). Muroi
and Kubo (1993) reported the mechanism of synergy, such
compounds will destroy the ability of the pest to metabolize
toxins and leads to death. Plant extracts in combination with
phenthoate and fenthion also showed significant synergism
against malarial vector (Kalyanasundaram and Das 1985).
Extracts of Rhizophora apiculata, Caulerpa scalpelliformis
and Dictyota dichotoma showed synergism with synthetic
insecticides against Aedes aegypti (Thangam and Kathiresan
1991).

According to the findings of the present study, metha-
nolic extracts H. japonicum can be used as a natural weapon
against stored grains pest S. oryzae and the extracts show
synergy in combinational use with deltamethrin. Data veri-
fied by the above study thus suggests a combinatorial use
of methanolic extracts of the plant at concentrations of
498.29 mg/l, and deltamethrin at 0.119 mg/l concentrations
could serve as an effective decoction to reduce the pest
population of stored grain by 50%. As per the regulations
of FAO, pyrethroids are applied at a rate of 3 mg/l in stored

grains to prevent infestation by pests (http://www.fao.org/
docrep/t1838e/T1838E1g.htm). This would reduce the cur-
rent pesticide use from 3 mg/l to lower concentrations gains
relevance.

Our study revealed the pesticidal efficacy of H. japonicum
plant extract, Deltamethrin and their combinatorial effect
against S. oryzae with a synergy frequency of SF 6.09. This
indicates that the insecticidal efficacy of the individual com-
ponents is increased approximately seven times when used
in combination. This method has the dual benefit in reducing
the amount of synthetic insecticide and making the applica-
tion more effective, the problems of insecticide resistance
of pests can be overcome to an extent by using such control
measures (Mohan et al. 2007; Morales-Rodriguez and Peck
2009). The exact mode of synergistic action is still not fully
understood, however, previous studies conducted shows that
plant secondary metabolites and synthetic pesticide will
inhibit the acetylcholine esterase (AChE) activity of S. ory-
zae (Maazoun et al. 2017; Saad et al. 2018). This is the first
report on synergistic and pest control role of H. japonicum.
Thus synergistic combinations of H. japonicum methanolic
extracts with substantially low concentrations of deltame-
thrin could be used as an effective solution for commercial
grain storage. This investigation has the benefit of pesticide
usage reduction maintaining environmental sustainability,
and reducing the chance of developing toxicity to non-target
organisms.
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Green synthesis of Nanoparticles gained much momentum because of its therapeutic uses and also has
environmental benefits over traditional chemical methods. The present study describes the cost-
effective eco-friendly synthesis of Zinc oxide nanoparticles from Acorus Calamus aqueous extract widely
used as medicine in the traditional ayurvedic system of Kerala. The SEM analysis shows the synthesized

ZnONPs are spherical and hexagonal wurtzite in structure and it was confirmed by the XRD data. The FTIR

spectra revealed the role of Chemical moieties in the formation and stabilization of ZnONPs. The Acorus

gg)’ ‘r"l'zrg;amus Calamus ZnONPs shows promising antioxidant activity and it shed light upon the role of phenolic com-
FTIR pounds transferred from the plant during synthesis. The in vivo application of ZnONPs was very limited
ZnONPs in the literature. The Acorus calamus ZnONPs may expect to serve as an alternative antioxidant supple-
SEM ment against disorders caused by oxidative stress and infections.

Antioxidant

© 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

The developments in the nanotechnology has opened up the
novel and applied boundaries in therapeutic science. Nanoparticles
owed much interest in industrial level because of their size, high
surface ratio, and crystalline structure. Zinc oxide (ZnO), nanopar-
ticles are metal oxides having the photocatalytic and photo-
oxidizing capacity with biological species [1,2]-making it a
prospective substance in medical areas. Moreover, ZnO NP has an
implausible use in biological sensing, biological labeling, gene
delivery, drug delivery and nanomedicine applications [3].

Zinc (Zn) was an essential mineral element in the animal king-
dom for growth, immune function, metabolism, and oxygen free
radical scavenging [4]. ZnO in low doses could be an alternative
supplement form for zinc and it has a good biocompatibility to
human cells over Zinc [5]. The ZnO nanocomposite has shown
antibacterial and antifungal activity [6,7]. Various studies have
proved that green synthesized nanoparticles have high biocidal
efficacy against pathogens. ZnO nanoparticles have stronger chem-
ical reactivity and undergo oxidation reactions with a variety of
organic compounds and it can help to avoid adverse gastrointesti-
nal reactions [8]. The use of chemical methods for nanoparticles

* Corresponding author.
E-mail address: aneeshembalil@stjosephs.edu.in (E.M. Aneesh).

https://doi.org/10.1016/j.apt.2020.10.016

synthesis was the common approach; however, it requires a high
amount of chemicals, complex reactions and produces toxic
byproducts. Recently, synthesis of NPs via eco-friendly routes has
gained much momentum due to its low cost, non-toxicity and
environmental compatibility.

Acorus calamus belonging to the family Acoraceae widely dis-
tributed in tropics and subtropics up to 1800 m altitude. It is one
of the valuable plants in traditional Ayurveda medicine system,
widely used in a number of infirmities like epilepsy, chronic diar-
rhea, bronchial catarrh, kidney and liver troubles, rheumatism,
sinusitis and eczema [9,10]. The present study describes the green
synthesis of ZnO NPs using Acorus calamus, characterization of the
synthesized particles and its antioxidant properties.

2. Experimental details
2.1. Preparation of Acorus calamus plant extract

The fresh rhizome of Acorus calamus was collected from Waya-
nad District, Kerala, India. The rhizomes were washed with dis-
tilled water to remove dust particles and were shade dried at
room temperature. 10gm of dried rhizome powder was boiled in
100 ml of distilled water for 20 min. The mixture was then cooled
and filtered using Whatman No: 1 filter paper and stored at 4 °C for
further use [11].

0921-8831/© 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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2.2. Preparation of zinc nanoparticles

A 2 M solution of zinc acetate (10 ml) was mixed with 10 ml rhi-
zome extract and boiled using a water bath. The temperature of the
reaction mixture was maintained at 70 °C and the solution was agi-
tated continuously for 30 min. An off-white precipitate formed,
was then dried overnight at room temperature. The precipitate
was washed with de-ionized water and annealing were carried
out in a muffle furnace at 400 °C for 3 h [12].

2.3. Characterization of ZnONPs

The synthesized ZnONPs were characterized using UV-Vis spec-
trum, FTIR and SEM Analysis.

The UV-Vis spectrum of the synthesized ZnO nanoparticles was
carried out on a UV- Vis Spectrophotometer (Shimadzu, India). The
absorption maximum of the Nanoparticles was scanned between
100 nm and 400 nm. The chemical structure of ZnONPs was
revealed using FTIR Spectrometer (PerkinElmer 1725x). The shape
and size of synthesized ZnO nanoparticles were analyzed using a
Scanning Electron Microscope (SEM) JSM-6390. The phase purity
of the nanoparticle was determined using X-ray diffraction (XRD)
analysis (Bruker AXS D8 Advance Twin Twin).

2.4. Test for antioxidant property

The total antioxidant capacity of ZnONPs was determined using
the method described by Prieto[13]. ZnONPs were made up to dif-
ferent concentrations ranging from 62.5 to 1000 ug/l. Ascorbic acid
was used as a standard; the ascorbic acid stock solution (1000 pg/
L) was prepared in distilled water. In a series of test tubes 1 ml of
different concentrations of ZnONPs were taken and mixed with
3 ml of the reaction mixture (0.6 M sulfuric acid, 4 M ammonium
molybdate, and 28 M sodium phosphate) all test tubes were cov-
ered and incubated at 95 °C for 90 min. The mixture was then
cooled and absorbance was recorded at 765 nm spectrophotomet-
rically. The total antioxidant capacity of ZnONPs was expressed as
ascorbic acid equivalent (AAE) per ml.
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Fig. 5. Total Antioxidant activity of the Acorus calamus ZnONPs.

3. Results and discussion

The formation of ZnONPs was confirmed by way of visual exam-
ination. The colour of the reaction mixture was changed from dark
brown to off-white in color during the end of the reaction, which
indicates the formation of ZnONPs. The functional sulfate and cyclic
peptide groups play a vital role in the formation and stabilization
of ZnONPs [14].

FTIR confirmed the structure of Acorus calamus nanoparticles
with band at 3476.59, 1633.59, 1411.30, 1199.26, 1013.93 cm™!
Fig. 1(a) displays the FTIR spectrum of Acorus calamus ZnONPs, in
which the band at 1200-1300 cm™! was not visible indicating
the disappearance of stretching vibrations of sulfate groups and
denotes the role of sulfate group in the formation of nanoparticles.

The band intensity around 3476.59 to 1013.93 cm ™' indicates the
C-0 vibration. Another band at 1633.59 cm™! is associated with
the stretching vibrations of (NH) C=0 group that are characteris-
tics of proteins indicating the role of cyclic peptides involved in
stabilizing the nanoparticles [15]. The signal at 448 cm™! corre-
sponds to the stretch band of zinc and oxygen. The FTIR spectrum
of pure ZnONPs only shows a band at 430 cm™ -

Fig. 2 represents the SEM image of synthesized nanoparticles;
the pure ZnONPs formed were agglomerated with spherical and
hexagonal wurtzite structures and the particle size ranging from
1 nm to 50 nm with some deviations. This agglomeration is prob-
ably due to polarization and electrostatic attraction of ZnO
nanoparticles [16].

The UV-vis absorption spectrum of the pure ZnO nanoparticles
was presented in Fig. 3 a high absorption peak in the 334 nm wave-
length indicates the ZnONPs crystals basic band gap absorption due
to the electron transitions from the valence band to the conduction
band (02p-Zn3d) [17].

Fig. 4 represents the XRD image of synthesized nanoparticles
positions of the peaks was perfectly matching with
cardnumber36-1451 of the Joint Committee on Powder Diffraction
Standard (JCPDS). The peak intensity profile clearly indicates the
wurtzite structure of synthesized ZnONPs. The mean particle sizes
of the nanoparticles were estimated from FWHM using the Scher-
rer’s equation [12]. The X-ray Wave length (1.5406A1), Bragg
diffraction angle corresponding to the (18.96) plane, and full width
at half maximum (FWHM) of the (18.96) plane, respectively. The
mean particle size of the pure ZnO NPs was around 35 nm, which
is well complemented with the measured Crystal diameter
obtained from FESEM images.

Fig. 5 represents the graph exhibiting the total antioxidant
activity evaluated using phosphomolybdate method. The ZnONPs
has displayed high reducing capability of Mo (VI) to Mo (V) indi-
cate its antioxidant properties [18]. The total antioxidant capacity
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of ZnO-NPs was found to be 66% at 1000 pg/ml when compared
with the standard ascorbic acid it was found to be 99%. This antiox-
idant activity may be due to the coating of the phenolic group pre-
sent in plant extract on ZnONPs metal surface [19].

4. Conclusions

In the present investigation revealed an economical and an eco-
friendly way to develop ZnONPs from aqueous extracts of Acorus
calamus. FTIR analysis obtained was pointed out the role of sulfate
groups in the formation of ZnONPs. The synthesized nanoparticles
have spherical and hexagonal wurtzite structures and the particle
size ranging from 1 nm to 50 nm with significant antioxidant activ-
ity. The Acorus calamus ZnONPs is expected to have prominent
application as an antioxidant in pharmaceutical products and also
in biomedical, cosmetic industries.
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ARTICLE INFO ABSTRACT

The current study suggests the utility of ZnO nanoparticles to increase the thermotolerance of phytase enzymes;
thereby aiding their effective utilization to provide better phosphate uptake when applied in animal feeds.
Microbial isolates with predominant phytase activity were isolated from industrial wastewater to obtain a

Keywords:
Antimicrobials
Lactobacillus

Penicillium promising thermotolerant isolate of Penicillium decumbens. The purified phytase showed activities at mash
E‘;?;r;‘;ng preparatory temperature (32.59 + 0.045Uml 'min~' at 55°C), animal feed pelletising temperature

(37.83 + 0.127 Uml ™ 'min~"' at 80 °C) and steam sterilization temperature (18.56 + 0.027 Uml™'min~! at
100 °C) of animal feeds as per standard phytase assays. The supplementation of ZnO nanoparticles found to
increase thermostability of phytase from 18.56 Uml ™' min~! to 30.5 Uml ™' min~* at 100 °C. The antibacterial
role of the nanocomposites was checked against human pathogens to obtain satisfactory results against standard
antibiotics. Thus the incorporation of ZnO nanoparticles in combination with phytase provided a dual benefit of

increasing its thermostability and antimicrobial property thereby increasing its shelflife.

1. Introduction

Phytases have gained much attention as a prominent feed and
fodder enzyme accounting to about 83.6% of the global market in 2015
(https://www.millioninsights.com/). The relevance of phytases in nu-
trition, increased mineral uptake, better energy generation and cleaving
of antinutrient dietary elements has greatly increased the industrial
demand for these enzymes (Rebello et al., 2017). Apart from increasing
the phosphate uptake, nutrition and growth of phytase supplemented
animals in a farm, phytase in animal diet can avoid the need of sup-
plementing easily absorbable inorganic phosphates. The animals also
nutritionally get benefited by better absorption of Ca, Zn, Fe, N,
maintenance and effective utilization of proteins (Lei and Stahl, 2000).
Almost 60% of the feed phosphate including phytate as well as myoi-
nositol hexakisphosphate can be hydrolyzed to inorganic phosphate in a
stepwise reaction, enabling effectual consumption of phosphates. Stu-
dies also reveal that a single unit of the livestock industry of US could
yearly contribute almost 100,000 metric tonnes of nitrogen and almost
one-fourth phosphorus (Mallin and Cahoon, 2003). As per reported
animal farms often face the burden of phosphate-rich manure disposal,
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which sometimes account for almost 5% of the production costs (Jones,
2012). Thus phytase appears as a life and environment replenishing
enzyme with good applicability in cattle feeds.

Traced from its discovery in 1907, phytases have advanced and
appeared around the market as either natural or genetically engineered
counterpart superior for its better catalytic efficiency and enzymatic
potential (Lei et al., 2013). Irrespective of occurrence of various phy-
tases in the market, the need of thermostable enzymes becomes es-
sential as the process of sterilization and pelletisation often denatures
the enzyme. Comparative analysis of various phytases indicates that
almost 30% of its activity is lost post-exposure to temperatures above
80 °C (Nampoothiri et al., 2004; Sato et al., 2016). Though there are
reports of increased thermotolerance in some of the recombinant phy-
tases derived from commonly found Aspergillus niger (Ushasree et al.,
2015) and a beetle fungus (Tan et al., 2016), commercialized produc-
tion is still underway. Metabolic industrial approaches and mutational
analysis of natural variants of phytases are also attempted to obtain
better enzymes (Qvirist et al., 2017). Apart from this, studies also in-
dicate that various physical techniques like enzyme addition after
sterilization of animal feed, supplementation of extraneous agents such
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Table 1
Screening of different microbial isolates for phytase activity.
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Sno Site of water effluent sampling Isolate ID Phytase activity (Uml~ ! min~1) Taxonomic identification
1 Appollo Tyres, Kalamaserry A 4.8 = 0.17 Aspergillus niger

2 IRE, Kochi B 2.1 £ 0.50 Fusarium oxysporum

3 Synthite C 4.6 = 0.04 Penicillium chrysogenum
4 FACT D 12.9 = 0.24 Penicillium decumbens

5 Neta Gelatin E 8.2 + 0.31 Saccharomyces cerevesiae
6 Kerala Pharmaceuticals, Athani F 1.3 = 0.08 Aspergilllus niger

7 KMML, Kollam G 2.5 * 0.14 Pichia stiptitis

as magnetite chitosan (Onem et al., 2016) and immobilization techni-
ques can be used to increase enzyme thermotolerance (Cho et al.,
2011). The current article outlays the screening, identification of
thermotolerant phytases from Penicillium decumbens an environmental
isolate and the use of ZnO nanoparticles to improve thermotolerance of
its phytase.

2. Materials and methods
2.1. Screening and molecular identification of potent phytase producer

Microbial isolates with predominant phytase activity were isolated
from industrial wastewater from four different companies of Kerala,
India as enlisted in Table 1. Wastewater was enriched by inoculating
1ml of water in 50 ml of phytate minimal medium (glucose-15gl ™,
NH4NO3-5¢gl~ %, KCl-0.5gl™!, MgSO,7H,0-0.5gl"}, FeS0O,7H,0-
0.01gl™!, MnSO47H,0-0.01 gl~ ') provided with 1% rice bran as
phytate supplement and incubated at room temperature of 28 °C over-
night for enrichment of phytase producing isolates. Overnight grown
cultures were spread plated onto sodium phytate (0.05gl™!) supple-
mented mineral agar based medium (with sodium phytate replacing
rice bran in the above media) to obtain well isolated colonies after
incubation at 28 °C for 2-3 days.

Individual colonies of seven fungal isolates (designated A, B, C,...G)
obtained from different sites were individually inoculated in sodium
phytate based minimal media, incubated at 28 °C for 3 days and as-
sessed for its phytase activity (Heinonen and Lahti, 1981). Briefly, 50 pl
of the culture supernatants were treated with 10 mM sodium phytate in
acetate buffer and incubated at 55 °C for 30 min. The enzyme reaction
after incubation was stopped by using 5% Trichloroacetic acid (TCA)
and treated with 4ml of colouring reagent solution (containing 5%
ammonium molybdate in 5N H,SO4 mixed in equal proportions with
twice the volume of acetone). The inorganic phosphates liberated by
phytase action, formed complexes with ammonium molybdate of the
colouring reagent and were estimated spectrophotometrically at
400 nm against standard concentrations of 50 mM KH,PO, to express
the enzyme activity as Uml~ ' min~!. The enzyme extract primarily
treated with TCA and mixed with reaction mix served as a negative
control. One unit of phytase activity was expressed as the amount of
enzymes required to produce 1 pmol of inorganic phosphate per ml per
unit time of the reaction.

The different isolates were screened for the extent of their phytase
activity and the best isolate D showing highest phytase activity was
selected for further study. The isolate was phenotypically characterized
based on its macroscopic and microscopic appearance (Hoog et al.,
2000). The genotypic identification of the isolate was done using 18S
rRNA PCR using universal eubacterial primers targeting 18S rRNA re-
gion of fungi. The PCR product was purified, sequenced, analyzed using
the gapped BLAST against the NCBI database and DNA sequence was
deposited in its genebank database.

2.2. Phytase purification, thermostability assay and resistance to gastric
digestion

The phytase enzymes of isolate D was isolated using its cell-free
extract obtained after 5day incubation in phytate based media, pre-
cipitated by ammonium sulphate precipitation at 4 °C overnight, pel-
leted by centrifugation at 2800g for 30 min at 4 °C and was redissolved
in phosphate buffered saline (PBS) after desalting with a sephadex
based PD-10 desalting column (GE Healthcare) against PBS. The de-
salted protein was further purified by column chromatography on a
DEAE (Diethylaminoethyl)-Sepharose CL-6B column and eluted with
various salt gradients in elution buffer (200 mM Tris-HCI, pH 8.0).
Sephadex G-100 gel filtration column pre-equilibrated with 200 mM
acetate buffer (pH 5.0), was used for desalting and separation of pro-
teins based on size. Fractions showing high absorbance at 280 nm were
assayed for phytase activity. Aliquots of the protein were used for SDS-
PAGE electrophoresis and the thermostability assays. The thermo-
stability of the enzyme extracts was assessed by incubating it at tem-
peratures viz. 37 °C, 55°C, 80 °C and 100 °C for respective time dura-
tions. A long incubation at of 30 min was used for 55°C and 37 °C
whereas an incubation of 10 min was used at 80 °C and 100 °C con-
sidering the chance of inactivation and the lesser time exposure of
enzyme to a higher temperature during animal feed processing. The
units of phytase activity were estimated as described earlier. The usual
time of steam exposure of animal feed pellets at 100 °C is around 90's
(https://www.cpm.net/downloads/Animal%20Feed% 20Pelleting.
pdf).

The suitability of phytase in physiological conditions and resistance
to gastric digestion was estimated by their incubation in simulated
gastric juice and assessment of phytase activity post incubation at 37 °C
for 30 min. Simulated gastric juice was prepared using 125 mM sodium
chloride, 7mM potassium chloride, 45 mM sodium bicarbonate and
3 gl ™ 'pepsin adjusted to a final pH of 2.5 as explained in another study
(Zarate et al., 2000).

2.3. ZnO nanoparticle biosynthesis

The biosynthesis of ZnO nanoparticles was done using curd derived
Lactobacillus strains obtained on its selective media (De Man, Rogosa
and Sharpe agar, abbreviated as MRS agar), which was further used in
the synthesis of nanoparticles as per modified protocol depicted in
Fig. 1 (Selvarajan and Mohanasrinivasan, 2013). Briefly, log phase
culture of Lactobacillus was mixed with 0.4 M NaOH and 0.1 M ZnSO, in
equal volumes each and heated in a microwave for 1-2 min to produce
nanoparticles. The settled nanoparticles were further washed with
deionized water several times, centrifuged to collect them, homo-
genized and dried overnight to obtain a fine powder. The formation of
nanoparticles was further verified by UV-Vis spectroscopy (Systronics,
India) and the structural analysis of the nanoparticles was done using
Scanning Electron Microscopy (Carl Zeiss, Germany).

2.4. Phytase-nanocomposite thermostability assays

The nanoparticles of different concentrations were treated with
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uv-Vis spectrum
and
SEM analysis

Fig. 1. Combinatorial use of Lactobacillus and microwaves in ZnO nanoparticle synthesis an outline.

phytase enzyme produced by isolate D (selected for study) and sub-
jected to phytase assay as explained in Section 2.1. Variant con-
centrations of the nanoparticles viz. 1000pugml~', 500pugml %,
100 ugml_l, 40 ugml_l, 20 pgml_l, 10 ugml_l, 5 l_lgrnl_l and
2.5ugml~! were treated with phytase enzyme. Briefly, 50 ul of the
enzyme (with activity of 30 Uml™! min~') were treated with 40 pl of
nanoparticles of variant concentrations and 10 mM sodium phytate in
acetate buffer and incubated at 55 °C for 30 min. The extent of phytase
activity was analyzed at different temperatures (37 °C, 55 °C, 80 °C and
100 °C) and the level of inorganic phosphates liberated were assessed as
per ammonium molybdate mediated phytase assay by spectro-
photometric analysis at 400 nm.

2.5. Antimicrobial role of nanocomposites

Primary antimicrobial activity studies were done by agar well dif-
fusion by inoculating test organisms (Escherichia coli MTCC 443,
Salmonella typhi MTCC 733, and Klebsiella pneumoniae MTCC 109) with
turbidity equal to 0.5 McFarland on Muller Hinton Agar (MHA) plates.
The antimicrobial testing was done following the principles of the two
fold dilution techniques at different range of ZnO nanoparticles (viz,
80ugml~!, 40pgml~', 20pgml~!, 10ugml~!, Sugml”?,
2.5ugml™ ') to find the minimum inhibitory range of nanoparticles
against the microbes. Fifty microlitre each of ZnO nanoparticles dis-
solved in DMSO at different concentrations (viz, 80pug ml™
40ugml~?!, 20pugml~?, 10pgml~!, Spugml~! and 2.5pugml™") was
poured in each agar wells cut on microbe seeded MHA plates, pre-in-
cubated at room temperature for half an hour till the nanoparticles
diffused from wells and were further incubated at 37 °C for 18 h. The
zone of inhibition of microbial growth around each agar well was noted
after 18 h of incubation along with suitable positive control of ampi-
cillin (40 mgml™'). The antibacterial activity was calculated by mea-
suring zone of inhibition produced by nanoparticle against pathogenic
bacteria.

The minimum inhibitory concentration (MIC) against the test mi-
crobes was further verified using microtitre plate method by using two
fold dilution techniques initially taking concentrations of 20 ugml™?,
10ugml™!, 5pgml~!, 2.5pgml~! of ZnO dissolved in DMSO in
working volumes as per results obtained from agar well diffusion ex-
periments. Briefly, 100 ul of each dilution of ZnO nanoparticles ob-
tained after dilution was treated with 100 pl of test culture with ab-
sorbance equivalent to 0.5 Mc Farlands absorbance, incubated at 37 °C
for 24 h and the absorbance at 620 nm was taken after incubation. The

extent of inhibition was verified with respective positive and negative
controls.

3. Results
3.1. Identification of potent phytase producer

Seven phytase producing fungal isolates (A-G) were isolated from
industrial effluents of seven companies located in Kerala after incuba-
tion on phytase based agar medium as noted in Table 1. The sites ex-
plored in the study reported to have different fungi (except for Asper-
gillus niger common at two sites) with different phytase production
properties which formed the basis for further selection of isolates. The
absence of phytase degrading bacteria was noted in all the sites in-
dicating the predominant phytase production by fungi in these sites. Of
the various phytase degrading isolates, the isolate D gave the maximum
phytase activity after 3 days of incubation in phytate based broth media
as per phytase assay. Thus the isolate D was selected, further analyzed
for phytase production and thermostability studies.

The growth of the isolate D in liquid media initiated with formation
of button likes globules of the fungus to fill the entire flask by seven
days of incubation. Microscopic examination after staining of the iso-
late revealed the presence of spore characteristic of Penicillium sp. The
sequenced 18S rRNA region of the isolate was deposited in the NCBI
database with accession number MG386503 and analyzed by BLAST
tool. The genotypic typing by 18S rRNA typing further confirmed the
isolate D to be Penicillium decumbens as it showed 99% similarity to
Penicillium decumbens.

3.2. Synthesis and characterization of ZnO nanoparticles

Biosynthesis of ZnO at nanoscale was done using Lactobacillus
strains with the aim of providing an extra antimicrobial and probiotic
role to enzyme ZnO nanocomposites. The formation of nanoparticles
was screened using UV-Vis spectroscopy to obtain an absorption peak
at around 260 nm. Scanning Electron Microscopy Analysis revealed the
formation of globose nanoparticles in the range of 240 nm to 300 nm as
shown in Fig. 2. The formation of nanoparticles was done with micro-
waves and Lactobacillus requiring limited processing time than other
techniques needing longer duration of incubation of substrates with the
microbes.
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Fig. 2. Characterization of nanoparticles by UV-Vis spectroscopy and SEM analysis.

3.3. Phytase-ZnO thermotolerance and resistance to gastric digestion

Phytase of Penicillium decumbens in the current study was thermo-
stable till 80°C with an enzyme activity of
37.83 + 0.127Uml™'min~?; but at a temperature of 100 °C its ac-
tivity dropped. The presence of prominent activity at 80 °C indicated
the thermophilic nature of the isolate; but inactivation at still higher
temperatures demanded modes to improve its thermotolerance. The
formation of ZnO-phytase nanoparticles at concentrations from
10 ugml ™! till 40 pgml~! showed a beneficiary role on the activity of
phytase aiding to improve its thermotolerance as noted in Table 2.
However, higher ZnO nanoparticle concentrations were found to be
inhibitory to phytase activity. As noted in Fig. 3, the formation of ZnO-
phytase nanocomposites at merely 10 ugml ™! concentrations aided to
improve its thermotolerance at 100 °C.

The phytase enzyme was also found to be active at physiological
conditions at 37 °C adding an extra-advantage to its utility in animal
feeds; as most often enzymes derived from thermophiles seldom work at
lower physiological temperatures. The utility of the phytase in phy-
siological conditions of stomach with pH 2, presence of digestive en-
zymes such as pepsin was evaluated in simulated gastric juice. The
purified enzyme was also found to exhibit an enzyme activity of
30.52 + 0.08 Uml™'min~! at 37°C in simulated gastric juice; thus
indicating its suitability and effectiveness for in vivo applications
through animal feed incorporation. The activity of the enzyme was also
found to be unaffected at pH of 2.5, indicating its suitability to function
at physiological conditions.

3.4. Antimicrobial activity

The antimicrobial role of the ZnO nanoparticles were evaluated
both by agar well diffusion and microtitre plate method to get similar
results. ZnO nanoparticles were effective antibacterial agents against
Escherichia coli MTCC 443, Salmonella typhi MTCC 733 and Klebsiella
pneumoniae MTCC 109. The bacterial growth was totally inhibited on

Table 2
Effect of different concentrations of ZnO nanoparticles on phytase activity.

Nanoparticle concentration (g ml~ D) Phytase activity at 37 °C (Uml™'min~1)

1000 10.43 = 0.12
500 12.5 = 0.20
100 20.89 + 0.04
40 31.02 = 0.15
20 32.20 = 0.02
10 32.61 = 0.05
5 32,12 + 0.25
2.5 32,4 = 0.01

40
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Fig. 3. Effect of ZnO treatment (10 ug ml ™) on phytase activity at 100 °C.

Muller Hinton agars plates when treated with ZnO nanoparticles at high
concentrations beyond 20 ug ml . The agar well diffusion experiments
indicated that concentrations of the nanocomposites at 40ugml~!
caused lysis of all three pathogens; leaving behind a clear agar plate
after incubation. Thus the antimicrobial experiments on microtitre
plates were conducted with ZnO nanoparticles at concentrations of
20pugml ™, 10pgml~t, 5ugml~?, 2.5 ugml ™! of ZnO; also taking into
consideration the factor of enzyme inhibition at higher ZnO con-
centrations. The MICs, refers to the minimum concentration of the
compound that causes 50% inhibition to the test organism, whereas
MICg, refers to the minimum concentration of compound that causes
90% inhibition to the test organism as noted in previous studies (Cheng
et al.,, 2017). The minimum inhibitory concentration (MICso) of the
nanoparticles targeting the pathogens under this study could be com-
monly considered approximately as 10 ug ml~!; whereas a minimum
inhibitory concentration (MICq) of 20 ugml ™' of ZnO is needed to
inhibit almost the 90% population of the three cultures studied as ob-
served in Fig. 4. The study also showed that similar antimicrobial ac-
tivity was shown by the phytase-nanocomposites also indicating that
interactions with phytase didn't hinder the antimicrobial activity of
ZnO.

4. Discussion

The positive impacts of phytase supplementation in animal feeds
such as reduced global warming, lesser environmental pollution, and
better nutritional uptake; greatly relies on its residual phytase activity
post sterilization of animal feeds. However, most of the phytases lose
their phytase activity during pelleting processing; needing alternate
techniques to add to their thermostability. Studies indicate the presence
of different phytase producing microbes including bacterial isolates
such as Bacillus (Yu and Chen, 2013), Geobacillus (Parhamfar et al.,
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Fig. 4. Antimicrobial activity of ZnO nanoparticles against different microbes.

2015) as well as fungi such as Penicillium oxalicum (Lee et al., 2015),
Fusarium verticillioides (Marlida et al., 2010), Rhizopus (Sato et al., 2016)
etc.; but approximately 80% their activity is lost when processed at
high temperatures. The isolate Penicillium decumbens of our study also
showed a similar pattern of reduced enzyme activity at temperatures
beyond 80 °C.

The current study analyzed the role of ZnO nanoparticles in the
development of thermotolerance of phytase enzyme at 100 °C. The use
of ZnO nanoparticles at concentrations from the range of 10 uygml~? to
40 pgml ! aided to improve the phytase activity even after treatment
at high temperatures. The incorporation of ZnO nanoparticles at a
concentration of 20pgml~! caused the inhibition of pathogens;
whereas 40 ugml~' concentrations resulted in the lysis of microbial
cells indicating the antimicrobial role of the nanoparticles. The animal
feed pellets itself undergo a standard sterilization protocol which kills
pathogens in the feed; the additional incorporation of ZnO at low
concentrations would thus be sufficient to overcome the chances of
contamination post packing during its transport, storage and use. The
use of Lactobacillus for ZnO synthesis also adds an additional probiotic
benefit to the phytase nanocomposites in the form of antimicrobial
activity; thereby biosynthesis of ZnO nanoparticles was used in the
above study. Lactobacillus assisted ZnO nanoparticle synthesis is a safe
and ecofriendly mode of nanoparticle production than chemical
methods (Garmasheva et al., 2016). ZnO is considered to be non-toxic,
biocompatible and stable metal oxide with unique optimal, electronic
and photocatalytic properties which find various applications.

Phytases being a prospective additive in pelletised animal feeds,
estimation on its activity at different temperatures of feed processing
gains relevance. Animal feed processing involves steps of mash pre-
paration (around 45-55°C), pelletisation (around 80 °C) and finally
steam sterilization (at 100 °C), thus the thermostability assays of our
study were planned accordingly with enzyme exposure for different
time durations at these temperatures (https://www.cpm.net/
downloads/Animal%20Feed%20Pelleting.pdf). An increase in the
thermotolerance of nanoparticle-treated enzyme at 100 °C was obtained
at ZnO nanoparticles concentrations as low as 10 ugml~?, thereby
suggesting nanoparticles at lower concentration was sufficient to im-
prove enzyme thermotolerance.

The effectiveness of ZnO nanoparticles in enhancement of thermo-
active properties and pH tolerance of enzymes such as cellulases is yet
another instance (Srivastava et al., 2016). As per analyzed Zn based
molecules as such are found to be thermostable; particularly ZnO can
withstand high temperatures till 300°C (Jones et al., 2013). Thus
complexing enzymes with ZnO nanoparticles could aid to improve en-
zyme thermotolerance, provided the catalytic site and efficiency of the
enzyme is not drastically affected. Apart from ZnO the use of im-
mobilizing agents such as magnetite chitosan nanoparticles (Onem
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et al., 2016), alumina (Vinogradov and Avnir, 2015) and gold nano-
particles (Shankar et al., 2015) in increasing enzyme thermostability
have been suggested. Immobilization of phytase onto gold nano-
particles by electrostatic forces found to reduce the activation energy of
phytase and increased its thermostability (Shankar et al., 2015).

An evaluation on the influence of chemically derived ZnO nano-
particles on various biological enzymes viz. proteases and amylase
(from Aspergillus niger), xylanase (from F. oxysporum) and phytases
(from Hypocrea lixii) indicated that three of them except amylase was
active even at high ZnO concentrations (Aroma et al., 2016). Biogeni-
cally synthesized ZnO nanoparticles in combination with phytase of
Penicillium decumbens did not inhibit the enzyme activity at low con-
centrations till 20 ugml ™! but higher concentrations inhibited the en-
zyme as shown in Table 2. This difference in observation of phytases
could be due to the difference in the protein structure of phytases from
Penicillium sp. and Hypocrea lixii.

Reports on the antimicrobial role of ZnO nanoparticles against
methicillin-resistant ~ Staphylococcus  aureus  (Dobrucka  and
Dlugaszewska, 2016; Joseph et al., 2016), Klebsiella pneumonia (Reddy
et al., 2014), Escherichia coli (Baek et al., 2017), Mycobacterium tu-
berculosis (Patil and Taranath, 2016), Campylobacter jejuni (Xie et al.,
2011) as well as various fungi (El-Feky et al., 2014; He et al., 2011)
supports the antimicrobial role of ZnO nanoparticles against pathogenic
microbe as observed in the current study. ZnO nanoparticles are proven
to induce bacteriolysis of human pathogens such as Salmonella typhi-
murium and Staphylococcus aureus in approximately 8h rather than
merely inhibiting their growth (Tayel et al., 2011). This adds yet an-
other advantage in using ZnO nanoparticles as bacteriostatic and bac-
teriolytic agents. Moreover, ZnO also provides an additional anti-
bacterial effect by the generation of other reactive oxide radicals post-
exposure to UV and visible light which causes oxidative stress, mem-
brane lysis and cell apoptosis of exposed microbes (Fortunati et al.,
2017; Padmavathy and Vijayaraghavan, 2008). ZnO is also considered
as generally regarded as safe to be added in foods as per FDA and thus
they can be added as active ingredients of food (Marcous et al., 2017).

5. Conclusion

The current study suggests the role ZnO nanoparticles at con-
centrations up to 10ugml~' as effective doses to increase phytase
thermotolerance and antimicrobial activity. Considerable loss of phy-
tase activity applied in animal feeds can be addressed by simple
methods such as ZnO nanoparticle immobilization to enhance its
thermostability. This could also avoid the use of costly machinery
needed to supplement phytase after the post pelletisation procedure.
Combinatorial use of techniques of microwave aided Lactobacillus
mediated ZnO nanoparticle synthesis along with phytases active at
physiological conditions could greatly reduce the antinutrient role of
phytate in food. The oxidative stress induced damage caused by ZnO
nanoparticles against human pathogens also would aid to reduce the
rate of spoilage of feed on storage and transport. Phytase constituting a
major portion of industrial enzymes, the linking of simple nano-based
techniques to increase its thermostability will surely benefit the phytase
industry. This is the first attempt to link a probiotically synthesized ZnO
nanoparticle with phytase to increase its thermostability.
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Abstract Mosquito control with naturally derived herbal insecticides has gained much mo-
mentum, with the increased insecticide resistance of vectors and the multiple infectious
diseases spread by them. Yet, recent studies also suggest that mosquitoes could probably
transmit some cancerous cells or cancer-causing viruses from one individual to another
between their blood meals. The current research thus focused on the screening and character-
ization of novel plants with both mosquitocidal and anticancerous properties. Accordingly,
different solvent extracts of Hypericum japonicum, a key plant in Chinese medicine, were
screened for its larvicidal efficacy using the fourth instar larvae of Aedes aegypti (major vector
of Dengue and chikungunya). Methanolic extracts of the plant showed effective larvicidal
property with LCsq 7.37 ppm and LCy11.59 ppm values. The anticancerous property of the
plant extract was also evaluated by in vitro cytotoxicity assay against Daltons Lymphoma
Ascites (DLA) cells. The results indicated that H. japonicum plant extracts at very low
concentrations of LCs00.95 ppm and LCy,1.85 ppm were potent cytotoxic agents. To the best
of our knowledge, this is the first and the foremost report of Hypericum japonicum as a potent
mosquitocidal and anticancerous agent. Identification and characterization of such plant-
derived bioactive plants thus could serve as a double-headed sword against the spread of
infectious diseases and cancer.
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Introduction

Mosquitoes are vectors of many devastating diseases which is one of the major reasons
for depletion of the human population worldwide. Millions of people severely struggle
by mosquito vectors and associated infections every year [3, 42]. Among them, dengue
fever is widely distributed to tropics and subtropics and about 1.5 million people living
in temperate regions are at a high risk of dengue virus transmission [14]. Mosquito-borne
disease has a negative impact on economic development of a country by causing death,
diminished productivity, and high medical costs in the tropical and subtropical countries
[11, 37]. The huge outbreak of vector-borne diseases is due to the increased amount of
vector population resulted by disturbed ecosystem, agricultural development, inadequate
disposal facilities, and urbanization as well as water accumulation which favor mosquito
production [12, 13].

Aedes aegypti, a significant vector of dengue fever in South-East Asia, Africa, and in
America, is of prime concern because of its global distribution range and disease
transmission capability [31]. Vector control continued to be the most efficient way to
control mosquito population; it has advantages like mosquitoes are being killed in larval
stages before they spread into different habitats and which also aids the habitat destruc-
tion of mosquitoes [19]. Due to the high-risk clinical conditions and economic imbalance
caused by mosquito vectors, mosquito control is the prime goal of many new researchers
over the past decade [28].

The usage of synthetic insecticides to control mosquito population is a common approach
to control mosquitoes. However, in the environmental point of view, they are hazardous as
majority portion of these insecticides applied are broken down into the air and deposited in
plants and soils [29]. During the application of insecticides, only 0.1% reaches the target
organism and the rest 99% influence the non-target species and causing toxicity [5]. Devel-
opment of insecticidal resistance is one of the major hurdles of persistent use of synthetic
insecticide, with the utilization of different classes of pesticides like pyrethroids, carbamates,
and organophosphates [2]. This will contribute as one of the major drawbacks of synthetic
insecticidal application.

Apart from the increasing pesticide resistance, studies indicate that some of the
mosquito repellants as well as larvicidal agents on prolonged use lead to health hazards
such as lung cancers [39]. Interestingly, the Anopheles and Aedes mosquitoes in the spread
of' malaria and cancer mortality have also been reported [23, 24]. Hypothesis on the role of
mosquitoes in cancer spread also exist, for instance, hamster reticulum cell sarcoma cells
could be transferred through Aedes mosquitoes as tumor cells remain alive in mosquitoes
for about 8 h [6, 7]. Recent studies also justify the chances of spread of cancerous cells via
mosquito bites [8].Thus, an urge for effective natural agents with both mosquitocidal and
anticancerous role would be of great significance in the prevention of various infections.
Thus, the current study evaluated the mosquito biocontrol efficiency and cytotoxic prop-
erties of Hypericum japonicum a plant widely used in Chinese traditional medicine
system. The plant has been used for the treatments of bacterial, viral, and gastrointestinal
disorders [40, 43].
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Materials and Methods
Sample Collection

Samples of Hypericum japonicum were collected from Pothumolla, Wayanad district, Kerala,
India. Voucher specimens of the plants were maintained at Communicable Disease Research
Laboratory, Thrissur and authenticated by comparison with corresponding herbarium
specimens.

Taxonomic Identification

Genomic DNA from the plant sample was extracted using NucleoSpin® Plant II Kit
(Macherey-Nagel), and the molecular identification of the plant was done by rbcL typing
using primers forward primer 5-ATGTCACCACAAACAGAGACTAAAGC-3' and reverse
primer 5-TCGCATGTACCTGCAGTAGC-3'. PCR amplification reactions were carried out
in a 20-pl reaction volume which contained 1X Phire PCR buffer (with 1.5 mM MgCl,),
0.2 mM each dNTPs (dATP, dGTP, dCTP, and dTTP), 1 ul DNA, 0.2 pl Phire Hotstart Il DNA
polymerase enzyme, 0.1 mg/ml BSA and 3% DMSO, 0.5 M Betaine, and 5 pM of forward and
reverse primers. The PCR amplification was carried out in a PCR thermal cycler (GeneAmp
PCR System 9700, Applied Biosystems) with initial denaturation at 98 °C for 30 s, followed
by 40 cycles involving denaturation at 98 °C for 5 s, annealing at 58 °C for 10 s, extension at
72 °C for 15 s, followed by final extension at 72 °C for 60 s and cold holding at infinity. The
PCR amplicon was purified by ExoSAP-IT Treatment (GE Healthcare) and sequenced using
Big Dye Terminator v3.1. chemistry. The sequenced PCR amplicon was further BLAST for
similarity in the NCBI database to genotypically identify the plant.

Extract Preparation

The whole plant of Hypericum japonicum was shade dried, powdered, and extracted by
Soxhlet method using different organic solvents (acetone, hexane, petroleum ether, and
methanol) based on polarity until exhaustion. Solvents were distilled in a vacuum rotary
evaporator under reduced pressure of 20-22 mmHg at 35 °C, and the extract concentrates
were further evaporated to complete dryness at room temperature for further analysis.

Mosquito Colony

Larvae of Aedes aegypti collected from their natural habitats were maintained and reared at
ideal environmental parameters like temperature, humidity, and optimum nutritional require-
ments in the Communicable Disease Research Laboratory, Irinjalakuda, Kerala, of India for
the study. The adults were reared in cages (30 x 30 X 30 cm) fitted with mosquito netting and
fed first on freshly water-soaked raisin. Female mosquitoes were allowed to feed on albino rat
placed in resting cage overnight on the third-day post-emergence. Small bowls filled with
dechlorinated water were used to collect the egg rafts for hatching. The larvae were reared in
large plastic trays (36 x24 x7 cm), containing dechlorinated water and fed with finely
powdered dog biscuits and yeast mixture in the ratio of 2:1. The food was sprinkled on the
surface of the water once daily, and the rearing water was changed daily until pupation. Pupae
were collected daily, transferred to tiny bowls containing dechlorinated water, and placed in
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cages for adult emergence. The test population was maintained in the laboratory under
environmentally controlled conditions (26+2 °C and 75+5% relative humidity) with a
photoperiod of 14 h light and 10 h dark.

Larval Bioassay

Larval susceptibility tests were done against the early fourth instar larvae of Aedes aegypti
using different plant extracts at varying concentrations along with respective controls as per
WHO standard procedures [44]. Briefly, the bioassay was performed in batches of 25 early
fourth instar larvae against 1 ml of the extract at different concentrations; in glass beakers of
500 ml capacity to attain a final volume of 250 ml. The toxicity of each extract was determined
with three various concentrations ranging from 2.5 t07.5 mg/l to provide a mortality range of
10 to 98%. Control beakers contained 25 test organisms and 249 ml of tap water along with
1.0 ml acetone (the diluents for various extracts). Both the test and control beakers were placed
under similar conditions of 25+2 °C, 12 h light/dark regime, with no food for 24 h, and
mortality was monitored. The larvaec were considered as dead or morbid if they were not
responsive to gentle prodding with a fine needle. All the tests in the following experiments
were done in triplicate, and values were as expressed as mean + standard deviation. The results
were expressed as percent mortality.

Data from all replicates were pooled for analysis. LCsq and LCyq values were calculated
from a log dosage-probit mortality regression line using computer software program (IBM
SPPSS version.17.0). Larval mortality was measured in percentage, and if the control mortality
was ranged between 5 and 20%, it was corrected using Abbott’s formula [1]. The corrected
mortality was determined by using the following formula.

%test mortality—%control mortality "

100
100—%control mortality

corrected mortality =

Characterization of Components with Mosquitocidal Properties

The methanolic phytoextract was completely dried over anhydrous calcium chloride and
chromatographed over a thin layer of silica gel (GF254) with standard mobile phase of
chloroform: ethanol in the ratio 7:2. The developed chromatogram was inspected under UV
light, and major bands were detected. Ten grams of methanolic extract was grounded with 2 g
of'silica gel and loaded to the silica gel column and eluted stepwise using different gradients of
chloroform: ethanol (0:100: 10:90, 90:10: 100:0). Of the four fractions obtained in TLC plate,
the most active fraction was further purified by column chromatography, evaporated to
complete dryness, and analyzed by gas chromatography mass spectrometry (GC-MS). Larval
bioassay using the pure fraction was also conducted to find out its larvicidal efficacy against
the fourth instar larvae of Aedes aegypti.

In Vitro Cytotoxicity Study
The in vitro cytotoxicity of the different plant extracts was done against Daltons Lymphoma

Ascites (DLA) cells. DLA cells aspirated from the peritoneal cavity of tumor bearing mice
were washed with phosphate-buffered saline (PBS) and assessed for its viability by trypan blue
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method. Different extracts of the plant at varying concentrations were treated with viable DLA
cells (with concentration of 1 x 10° cells per 100 ul), made up to 1000 pl using PBS and
incubated for 3 h at 37 °C to assess its cytotoxicity potential in vitro. The extent of cytotoxicity
of the plant extracts was measured after incubation by staining the cells with 100 pl of 1%
trypan blue for 2-3 min and by counting the dead cells on a hemocytometer. The differenti-
ation of dead and viable cells is based on the principle that while dead cells take up blue color,
living cells remain colorless. The percentage of cell toxicity is expressed as the percentage of
dead cells against the total number of cells (both dead and live).

Results and Discussion
Taxonomic Identification of Plant

Comparison of the various morphological characteristics of the test plant against known plant
identification keys indicated that the plant belonged to Hypericum japonicum species. The
morphological identification was further substantiated by rbcL PCR-based molecular
barcoding of the plant. The rbcL targeted PCR resulted in a 1-kb amplicon which was
sequenced, and the result showed 100% similarity to Hypericum japonicum on BLAST
analysis against the NCBI database. Hypericum japonicum is widely found in the water logged
areas of the grasslands and evergreen forests of the Western Ghats and Eastern Ghats
(http://indiabiodiversity.org/ species/show/ 249777). The above plant is also reported in
various countries of Asia including Bangladesh, Bhutan, China, Japan, Korea, Laos,
Malaysia, Myanmar, Nepal, and the Philippines and is commonly used in traditional
medicine [41].

Evaluation of Mosquitocidal Properties

It is important to test the susceptibility status of mosquito vectors in different areas to stop the
resurgence of communicable diseases. The types of solvents used for the extraction affect the
efficacy of volatile phytochemicals. Solvents from polar to non-polar range generally used for
bioassay screening depending on the solubility of phytoconstituents [38]. The bioactivity of
extracts depends on the chemistry of compound, nature of solvent, and procedures opting for
extraction [26]. Table 1 presents the results of toxicity of the Hypericum japonicum whole
plant extracts by different solvents tested against Aedes aegypti larvae. The methanolic extracts
of Hypericum japonicum showed high larval mortality against the fourth instar larvae of Aedes
aegypti with LCs7.37 ppm and LCy11.59 ppm. Significant lethality was also exhibited by
petroleum ether and hexane extracts with LCsqy 8.27 and 9.63 ppm, respectively, while least
activity was shown by acetone extract with LCsq 13.15 ppm. The bioactive compound isolated
from the same was found more effective than the parent fraction with LCsq 0.95 ppm and LCy
1.85 ppm as presented in Table 2. The log dose probit mortality responses of extracts and
fraction were shown in Figs. 1 and 2.

Significant larvicidal property was shown by both polar methanol (»p <0.17) and
non-polar petroleum ether (p <0.17) extracts. The bioactive fraction was found to be
more effective (p <0.008) than the rest of the plant extracts even with the parent
methanolic extract. The present results are in consonance with the studies conducted
by Madhu et al. 2011 [27] in which Piper longum was active against Culex
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Table 1 Larvicidal efficacy of a few solvent extracts of H. japonicum against A. aegypti

Solvent extracts LCso (ppm) (LCL-UCL) LCy¢ (ppm) (LCL-UCL) Chi-square value P value

Acetone 13.15 (12.72-13.59) 18.54 (18.30-20.46) 5.68 0.106
Hexane 9.63 (9.05-10.28) 19.53 (17.23-23.17) 3.03 0.055
Petroleum ether 8.27 (7.82-8.73) 15.20 (13.91-17.05) 6.01 0.066
Methanol 7.37 (6.23-8.55) 11.59 (10.32-18.60) 4.98 0.039

LCL lower confidence limit, UCL upper confidence limit
*P < 0.05 significant difference at 5%

quinquefasciatus. Literature survey revealed the exploration of various Hypericum
species for insecticidal properties. Hypericum perforatum showed significant larvicidal
activity against Culex quinquefasciatus with LDsy 496 ppm and LDgg 960 ppm,
respectively [34]. Considerable work also is done with different plant species, for
instance, P. logum, P. ribesoides, and P. sarmentosum showed parricidal activity
against Stegomyia aegypti [10]. The ethanol extracts of P. beetle has effectively
destroyed the larvae of potential mosquito vectors A. aegypti, C. quinquefasciatus,
A. dirus, and Monsonia uniformis [21]. Apart from plants, recent techniques using
microbial insecticide-derived hexamerin proteins [35] as well as RNA interference
techniques [18] to control mosquitoes also have invited research interest.

GC-MS analysis of the active fraction of Hypericum japonicum was done and
showed peaks corresponding to phytochemical constituents. Based on the comparison
of the mass spectra of the constituents with the MAINLIB, REPLIB library, three major
chemical compounds were identified as isopropyl hexadecanoate, phenol-2,4-bis(1,1-
dimethylethyl), and benzenepropanoic acid. One of these compounds, viz., isopropyl
hexadecanoate derived from various plants are found to have the ability to act as a
natural pest controlling agent [9]. Various studies indicate that Isopropyl hexadecanoate
or isopropyl palmitate is an effective insect repellant and effective insecticide which
has resulted in various patents [17, 33]. Phenol 2, 4-bis(1,1-dimethylethyl) derivatives
are reported in ayurvedic herbal extract Ashokarishtam and has both antibacterial and
anti-inflammatory function [4]. As listed by USEPA, benzenepropanoic acid is used as
inert components in pesticide formulations, and they could serve as free radical
stabilizers in such pesticide formulations [36]. The study thus developed an active

Table 2 Mosquito larvicidal effects of bioactive fraction from methanol extract of H. japonicum against
A. aegypti

Fraction Concentration  Percent LCso (ppm) (LCL- LCy (ppm) (LCL- Chi-square P
(ppm) mortality UCL) UCL) value value
Control 0 0 - - - -
Bioactive 04 16.1
fraction
0.8 27.0 0.95(0.49-1.44)  1.85(1.44-3.92) 11.66 0.000
12 56.2
1.6 79.0
2 96.0

LCL lower confidence limit, UCL, upper confidence limit
*P <0.00 significant P value
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Fig. 1 Log concentration-percent mortality relationship of A. aegypti larvae to H. japonicum extracts

fraction from Hypericum japonicum which were very effective in biocontrol of mos-
quito larva even at LCsy 0.95 ppm which was lower than the parent extracts. Findings
from the study strongly support observations made by Lee (2000) and Yang et al. 2002
[22, 45].
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Fig. 2 Log concentration-percent mortality relationship of A. aegypti larvae to bioactive fraction, an active
fraction obtained from H. japoniccum
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Fig. 3 Log concentration-percent mortality relationship of DLA cells to H. japoniccum extracts

In Vitro Cytotoxicity

Figure 3 represents the in vitro cytotoxicity of the Hypericum japonicum different solvent
whole plant extracts tested against Dalton Lymphoma Cells DLA. The highest short-term
in vitro cytotoxicity was shown by acetone extract and the least by methanolic extract. The
dose required to kill 50% of DLA cells for acetone extract was 29.30 ppm, whereas the LDs,
of petroleum ether and hexane extracts were 38.57 and 38.89 ppm, respectively. There is only
slight dose variation as in the case of petroleum ether and hexane extracts. The least LDsq was
shown by methanolic extract with a value of 60.20 ppm (Table 3).

The use of chemotherapeutic drugs in cancer treatment is nonselective and involves the risk
of life-threatening host. The hunt, consequently, goes on to develop the drugs which selec-
tively act on tumor cells. Naturally occurring active compounds exhibit cytotoxic activity
against various cancer cell lines [20, 30]. The different extracts of Hypericum japonicum
showed significant results with acetone extract (p <0.13) followed by hexane (p < 0.56) and
petroleum ether (p <0.59) and the least activity by methanolic extract (p < 0.64). From the
result, it is evident that there is no converse relationship between extract efficacy and solvent
polarity in in vitro cytotoxicity screening; the highest efficacy was shown by acetone with

Table 3 Cytotoxic activity of a few solvent extracts of H. japonicum against DLA cells

Solvent extracts LDsg (pg/ml) LDyg (pg/ml) Chi-square value P value
Acetone 29.30 182.13 3.00 0.001
Hexane 38.89 294.21 5.60 0.132
Petroleum ether 38.57 245.10 591 0.116
Methanol 60.20 297.90 3.43 0.329

LD lethal dose
*P<0.01 significant difference at 1%
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polarity index (5.1) followed by hexane and petroleum ether of polarity index (0.1), and the
least activity was shown by methanol with polarity index (5.1).

Plants of family Hypericum are reported to have antitumor activity from H. perforatum,
H. hookerianum, H. mysorence, H. patulum, H. polyanthemum, and H. drummondii [32] with
scanty reports on antitumor activity of Hypericum japonicum except for few [25]. Reports also
support the antibacterial role of Hypericum japonicum thereby increasing its biopotential role
[16]. The role of various terpenoid phloroglucinols of Hypericum japonicum are also reported
to be effective against the proliferation of herpes simplex viruses [15].

Conclusion

An evaluation on the mosquitocidal and cytotoxic activity of Hypericum japonicum yielded
highest activity using the methanolic and acetonic extracts, respectively. This indicates that it
had the potential for both mosquitocidal and anticancerous property. Thus, effectiveness of the
plant extract for simultaneous biocontrol and anticancerous role would be possible when a
combination of both the extracts were used simultaneously. Data verified by the above study
thus suggests a combinatorial use of methanolic extracts of the plant at concentrations of
7.37 ppm, and acetonic extracts at 29.30 ppm concentrations could serve as an effective
decoction to reduce the mosquito population as well as cancer cell population by 50%. Since
the use of herbal products is suggested for the control of mosquitoes, the problems of
insecticide resistance of vectors can be overcome by using such control measures. To the best
of our knowledge, this is the first report on mosquitocidal and anticancerous role of Hypericum
Japonicum simultaneously. This strategy of vector control thus could serve as an effective
solution on the chance of cancerous cell transmission, as they are found to be viable in
mosquitoes even when transmitted as indicated by previous research [8].
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