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Introduction and Review of Literature

Mosquito (Family: Culicidae) and mosquito-borne disease have been

threatening human and animals for more than a century. The major mosquito

vectors span the Culex, Aedes, and Anopheles genera. Culex is the major

vector of filiariasis and Japanese encephalitis, Aedes of dengue, and

Anopheles of malaria [Hemingway et al., 2006]. There are 444 formally named

species and 40 unnamed members of species complexes recognized as

distinct morphological and genetic species of Anopheles in the world [Harbach,

2004]. The Anopheles species is rich within the Oriental Region and occupies a

wide variety of ecological niches [Reid, 1968; Foley et al., 2007]. In India, 58

species was described, out of which six have been implicated to be main

malaria vectors, namely - Anopheles culicifacies, An. dirus, An. fluviatis, An.

minimus, An. stephensi, and An. sundaicus. In Northeast India, 23 species has

been described [Nagpal and Sharma, 1987] where An. dirus, An. fluviatilis and

An. minimus are the primary vectors [Dev et al., 2006].

Although drug and vaccine development for malaria have received

increased attention since 2000, there is no major initiative to improve vector

control [Hemingway et al., 2006]. Insecticides used for malaria control globally

have included – organochlorine (OC), organophosphate (OP), carbamate, and

pyrethroid (PY). However, use of chemicals on a vast and increasing scale has

led to the widespread development of resistance as a result of selection for
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certain genes [WHOPES, 2006].  By 1992 more than 55 different species of

anopheline mosquitoes were found to be resistant to one or more of the

commonly used insecticides [WHO, 1992].

Survey, habitat preference and general physiology of Anopheles

The Ministry of Health and Family Welfare, Government of India (Annual

Report 2003-2004) recorded that malaria does not affect areas situated at 5000

ft. above sea level; and about 85% of malarial patients belonged to below

poverty line (BPL) and residents of slum area. The incidence rate (number of

cases per 1000 population) was highest in Arunachal Pradesh followed by

Orissa, Mizoram, Goa, Meghalaya, Tripura, Jharkhand, West Bengal,

Rajasthan and Chattisgarh.

Anopheline habitat mainly occurs within 180 - 2450 meters elevation

above the sea level [Devi and Jauhari, 2008]. The habitats identified had some

key environmental variables which determined their occurrence and relative

abundance, but variations in habitat preference was observed among the

various species of anopheline larvae [Herrel et al., 2001]. Usually, maximum

number of larvae has been found in mountainous streams and pools

(permanent conditions) having clean natural breeding habitats and shady along

with moderate vegetation at a water depth of 0.1–0.5 m than other temporary

habitats such as rice-fields, ditches, rock holes and irrigation channels and

stream margins [Kengluecha et al., 2005; Minakawa et al., 1999; Herrel et al.,
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2001; Devi and Jauhari, 2008]. Anopheles larvae utilize only a narrow water

segment, between the water surfaces, since the larva lack a siphon. They are

programmed for four larval instars and during the fourth instar, 80-90% of the

growth and biosynthesis takes place. If they pupate they give rise to small or

large imagoes depending on the species, while the dead larvae provide

additional food for the fourth instar (the sexual differences in growth and

biosynthesis become expressed in fourth instar).  Hormonal factors suppress

glycogen synthesis, thus favoring lipogenesis to some degree of obesity which

is necessary for their oviposition. Further, flights range up to 17 km indicating

their typical migratory behavior [Briegel, 2003].

Anopheline species abundance and habitat in the Himalayan region had

been extensively studied [Devi and Jauhari, 2008; Bhat, 1998]. The survival of

immature and emergence of pupae into adults had good correlation to the

altitude and temperature of the breeding habitat [Devi and Jauhari, 2008].

Prevalence of An. lindesayi, An. aconitus, An. annularis, An. culicifacies, An.

fluviatilis, An. jeyporiensis, An. nigerrimus, An. maculatus, An. minimus, An.

pallidus, An. pulcherrimus, An. splendidus, An. subpictus, An. stephensi, An.

theobaldi, An. vagus and An. varuna has been documented by Devi and

Jauhari [2008]. Some abundant species recorded were An. maculatus, An.

vagus, An. sinensis, An. kochi, An. philippinensis and An.dirus [Bhat, 1998;

Dutta et al., 1992].
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Biology of insecticide resistance

Insecticide resistance, by definition, is an inherited characteristic that

allows an insect to survive a dose of a pesticide that would normally prove fatal

and according to WHO [1957], “The developed ability in a strain of insects to

tolerate doses of toxicant which would prove lethal to the majority of individuals

in a normal population of the same species". Management of resistance can

help avoid resistance development in vector populations, slow the rate of

resistance development, and cause resistant vector to "revert" to a more

susceptible level [Brogdon and McAllister, 1998]. To prolong the effectiveness

of the currently available insecticides and thereby enhance vector control, it is

vital to detect the emergence of resistance at an early stage so that appropriate

action can be taken. Traditionally, detection has been based on insecticide

susceptibility tests, accompanied by biochemical assays to identify the

underlying resistance mechanism [WHO, 2005]. DDT and deltamethrin used in

the present study belongs to Organochlorine (OC) and Synthetic Pyrethroids

(PY) insecticide, respectively. The primary target of OC is the sodium channels

of nerve sheath and PY appears to be acting at virtually every part of the insect

nervous system: on sensory neurons, interneurons, motor neurons and on

neurosecretion [Devonshire et al., 1992]. It has been shown that DDT prolongs

the inward sodium current while suppressing the increase in potassium

permeability. A combination of these effects leads to the prolonged falling

phase; increases the negative after-potential, and leads, in turn, to repetitive

activity. The treated insects rapidly become hypersensitive to external stimuli
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and develop tremors of the body and appendages. After a period of violent

motion they fall on their backs and the continuous leg movement eventually

becomes more spasmodic and finally by paralysis [Brogdon and McAllister,

1998].

Biochemical resistance to insecticide has two major forms (this excludes

behavioral resistance): First, the target-site resistance occurs when the

insecticide no longer binds to its target; alterations of amino acids responsible

for insecticide binding at its site of action, allowing the insecticide to be less

effective or even ineffective [Hemingway and Ranson, 2000]. Targets of

pesticide are acetylcholinesterase (AChE) receptors in nerve synapses, and

the sodium channels of the nerve sheath. Second, detoxification enzyme-based

resistance occurs when enhanced levels or modified activities of General

esterases (GE), Glutathione S- Transferase (GST), or Mixed Function

Oxidases (MFO) prevent the insecticides from reaching its site of action.

Esterases are one of the significant enzymes for insecticide detoxification in

insects and comprise six families of proteins belonging to / hydrolase fold

superfamily [Brogdon and McAllister, 1998]. OP, carbamate and PY’s contain

carboxylester and phosphotriester bonds that are subjected to be degraded by

esterase enzymes [Fournier et al., 1992]. The MFO complex involves a

reductase and one or more cytochrome P450; requiring NADPH as cofactor

[Devonshire et al., 1992]. The cytochrome P450 belong to a vast superfamily;

they activate insecticides by conversion of phosphorothioates (P=S) to

phosphate (P=O). This can result in increased potency for inhibition of
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acetylcholinesterase by three or four orders of magnitude. The cytochrome

P450 oxidases (also termed oxygenases) metabolize insecticides through O-,

S-, and N-alkyl hydroxylation, aliphatic hydroxylation and epoxidation, aromatic

hydroxylation, ester oxidation, and nitrogen and thioether oxidation. The P450

monooxygenase are generally the rate-limiting enzyme step in the chain. These

enzymes are important in adaptation of insects to toxic chemicals in their host

plants [Schuler, 1996] and are also involved in the biosynthesis of ecdysone,

juvenile hormone, and pheromone components [Feyereisen, 1995].

Acetylcholinesterase (AChE) terminates synaptic transmission by

hydrolyzing the neurotransmitter acetylcholine. It is the only cholinesterase in

insects [Toutant, 1989] and possesses a substrate specificity that is

intermediate between that of vertebrate acetylcholinesterases and

butyrylcholinesterases [Toutant, 1989; Corbett, 1974]. Insect AChE is

composed of a single molecular form which is a glycosylated dimer, attached to

a membrane via. a glycolipid anchor [Chaabihi et al., 1994]. Insecticides (OP

and Carbamate) targets AChE and inhibit enzyme activity by phosphorylating

the serine residue within the active site gorge [Corbett, 1974]; blocking the

transmission of nerve impulses through irreversible inhibition of the enzyme at

cholinergic synapses, causing paralysis or death (Figure 1) [Mileson et al.,

1998; Walsh et al., 2001]. Cross-resistance to carbamate and OP can arise by

insensitive AChE mechanism due to the glycine to serine substitution resulting

from a single point mutation in the Ace-1 gene [Weill et al., 2003].
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Cytochrome P450 binds molecular oxygen and receives electrons from

NADPH to introduce an oxygen atom into the substrate and to form water with

the other oxygen atom:

Substrate(S) + NADPH+H+ + O2 S (O) NADP+ + H2O.

The electrons necessary for this reaction are transferred from NADPH

on the ‘substrate – PP450’ complex by an NADPH cytochrome P450

reductase, however, this reaction can also be stimulated by cytochrome b5

[Zhang and Scott, 1996]. This protein has absorption at 450 nm when reduced

and saturated with CO, hence its name [Omura and Sato, 1964]. The P450s

certainly constitute one of the most important superfamily of proteins,

considering the large number of forms. To cope with such a diversity it was

necessary to adopt a nomenclature based on sequences homologies of P450

[Nelson et al., 1993]. This nomenclature, now universally accepted, designates

all gene members of the P450 super- family with a CYP prefix, followed by a

numeral for the family, a letter for the subfamily, and a numeral for the

individual gene. All members of a family share more than 40% identity at the

amino-acid sequence level, and members of a subfamily share more than 55%

identity [Berge et al., 1998]. They are ubiquitous enzymes, found from bacteria

to mammals and are involved in endogenous metabolism as well as in the

metabolism of xenobiotics. In insects, these activities are also essential for the

synthesis and the degradation of the steroid moulting hormones and juvenile

hormones and also in the metabolism of pheromones [Berge et al., 1998], and

also for the adaptive mechanisms of insects to the toxic chemicals synthesized

by their host plants [Schuler, 1996]. Its activity can be involved in the



8

metabolism of virtually all insecticides, leading to an activation of the molecule

or, more generally, to a detoxification [Wilkinson and Brattsten 1972]. Its

involvement in pyrethroid resistance has been demonstrated by synergistic

studies with the monooxygenase inhibitor, piperonyl butoxide (PBO), and

detection of increased heme levels in resistant mosquitoes [Vulule et al., 1999;

Hargreaves et al., 2000]. In insects, a link between insecticide resistance and

increased P450 activity, especially the cytochrome P450 monooxygenase

(CYP6) families [Nikou et al., 2003] has been demonstrated (Figure 2).

However, the expression profile of all the subfamily of CYP6 may differ during

different developmental stages of Anopheles [Nikou et al., 2003].

Bioassay along with biochemical assays will provide more information on

insecticide resistance status and their possible mechanisms [WHO, 1998].

However, if the resistance ratio obtained by bioassays showed slower increase

when compared to that of biochemical assay, it would be because of more

sensitivity of the biochemical assays [Enayati and Ladonni, 2006]. Further,

resistance confirmed by bioassays would indicate that the gene frequency of

the examined mosquito population was at such level that no resistance

management strategies would be placed to success [Brogdon and McAllister,

1998]. Numerous vector species were reported to have developed resistance to

insecticides used in public health [Elissa et al. 1993, Vulule et al. 1994,

Hargreaves et al. 2000, Hemingway and Ranson, 2000]. Larval bioassay

conducted in An. stephensiand An. culicifacies showed tolerance to 0.03mg/L

deltamethrin and 0.08% permethrin which revealed that GE, MFO and GST
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were about three times as much in the field strains than as those in susceptible

strains indicating the involvement of these enzymes in pyrethroid resistance

[Ganesh et al., 2003; Enayati and Ladonni, 2006]. Metabolism of DDT (OC)

mediated by insect GST was possible through increased production of DDT-

dehydrochlorinase [Herath et al., 1988]. Elevated GST levels were observed in

DDT-resistant An. dirus [Prapanthadara et al., 1996] and in An. gambiae

[Hemingway et al., 1998]. Four different amplicon were identified for insect

esterase involved in insecticide resistance throughout the world [Fournier et al.,

1992; Brogdon and McAllister, 1998]. Due to ancient gene duplication, the

esterase genes - est and est appeared to pre-date Culex speciation

[Hemingway and Karunaratne, 1998]. In resistant An. stephensi, esterase

overproduction was a common mechanism of resistance [Enayati et al., 2003]

and three malathion metabolizing esterases were biochemically purified and

kinetically characterized as standard “B” esterases. However, they had little or

no activity with the general naphthyl acetate enzyme substrate [Hemingway,

2000]. Elevated levels of -esterases and mixed function oxidases played a

role in detoxification of permethrin and DDT in the resistant An. arabiensis

population of Tanzania [Kulkarni et al., 2010] and Zimbabwe [Munhenga et al.,

2008]. Examination of insecticide resistance was carried out by Perera et al.

[2008] in Sri Lanka and high heterogeneity of populations of Anopheles spp.

(An. culicifacies, An. subpictus, An. nigerrimus and An. peditaeniatus) was

observed. Biochemical assay also revealed elevation of monooxygenases in

An. nigerrimus, An. peditaeniatus and An. vagus populations while An.

culicifacies and An. subpictus populations exhibited high levels of insensitive
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acetylcholinesterase. The development of physiological resistance to

deltamethrin due to increased over-expression of monooxygenase in An.

minimus was observed [Chareonviriyaphap et al., 2003]; meanwhile esterase

and GST activity could not provide conclusive evidence. Elevated levels of

cytochrome P450 monooxygenase associated with PY resistance was also

observed in several mosquito genera – An. stephensi, An. subpictus, An.

gambiae [Brogdon et al., 1997; Hemingway et al., 1991; Vulule et al., 1994],

Culex quinquefasciatus [Kasai et al., 1998] and C. pipiens pallens [Gong et al.,

2005].

Biochemical and molecular methods can detect resistance mechanisms

in individual insects; therefore, we can confirm resistance with the use of few

individuals. Identification of resistance mechanisms help in determining the

cross-resistance spectrum, facilitates the choice of alternative insecticides, and

allows detailed mapping of geographical areas with resistant populations

[WHO, 1998]. Molecular information on resistance mechanisms therefore, can

be incorporated into resistance diagnostic procedures, for example, detecting

the point mutations that cause target-site resistance or changes in

detoxification enzyme specificity [Hemingway et al., 1991]. Recently, several

PCR-based detection methods have been developed to detect target site

resistance [Hemingway et al., 1998; Hemingway and Karunaratne, 1998;

Brogdon and McAllister, 1998]. In addition, a clear understanding of the

molecular basis of resistance to insecticides in mosquitoes will aid the
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development of new alternatives to the existing control measures [Hemingway

and Ranson, 2000].

Resistant allele studies through Polymerase Chain Reaction

AChE in insects, encoded by the Ace gene, is the key enzyme of the

cholinergic system because it regulates the level of acetylcholine and

terminates nerve impulses by catalyzing the hydrolysis of the neurotransmitter

[Aldridge, 1950]. Its irreversible inhibition by organophosphate (OP)

compounds, which phosphorylate or carbamylate the active-site serine of the

enzyme, leads to the accumulation of acetylcholine in the synapses. This

inhibition in turn leaves the acetylcholine receptors permanently open, resulting

in the death of the insect.  In various insect species, the molecular changes at

the target site of AChE that are responsible for resistance, or insensitivity, to

OP and Carbamate (CB) insecticides have been identified [Aldridge, 1950].

Smissaert [1961] described the first case of AChE with a reduced sensitivity to

pesticides and since then, resistance-modified AChEs have been described in

many insect species [Menozzi et al., 2004; Nabeshima et al., 2004; Weill et al.,

2004; Corbel et al., 2007].

Sequencing of the genes encoding AChE in resistant strains showed

that the modifications arose from point mutations and combinations of several

point mutations in the same protein, were found in several alleles, where they

induced higher levels of resistance [Mutero et al., 1994]. Most mutations were
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identical in several species, suggesting that a low number of mutations can

actually provide resistance [Mutero et al., 1994; Nabeshima et al., 2004; Corbel

et al., 2007]. The molecular basis of insecticide resistance due to insensitive

AChE conferred by Ace1 has been described in some mosquito species such

as An. gambiae, Culex pipiens pipiens, Cx. p. quinquefasciatus [Weill et al.,

2002; 2003; 2004; Corbel et al., 2007] and Cx. tritaeniorhynchus [Nabeshima et

al., 2004; Corbel et al., 2007]. At least five point mutations in the

acetylcholinesterase insecticide-binding site have been identified that singly or

in concert act resulting in varying degrees of reduced sensitivity to OPs and

carbamate insecticides [Mutero et al., 1994]. Ace gene had also been used as

a diagnostic marker to discriminate the 2 subspecies of Cx. Pipiens, Cx.

quinquefasciatus and their hybrids; investigation of polymorphism in the gene

would contribute to better understanding between medically important

taxonomic groups (Bourguet et al., 1998).

Insect Cytochrome P450 had been assigned to six families: five i.e.,

CYP6, 9, 12, 18 and 28 are insect-specific and CYP4 has sequence

homologies with families in other organisms [Berge et al., 1998]. Hughes and

Nei [1988] and Ota and Nei [1994] proposed that duplication events may be

followed by a winnowing process whereby some duplicate genes ‘die out’

because of accumulation of deleterious mutations; this ‘evolution by the birth-

and-death process’ allowed number of functional genes within a family to

remain stable. Multiple duplication and divergence events are thought to have

allowed xenobiotic-metabolizing P450s, such as CYP2 and CYP3 in mammals
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and CYP6 in insects, to diversify and acquire new functions [Feyereisen, 2006].

Feyereisen [2006] suggested that insect CYP genes formed four major clades

– CYP2, CYP3, CYP4 and mitochondrial clade and the ‘founder’ mitochondrial

P450 gene probably originated in the CYP2 clade. Further, the CYP6 genes

were among the first genes of CYP3 clade to be cloned and characterized from

insects and were related to the vertebrate CYP3 and CYP5 families

[Feyereisen, 1999]. Genes in CYP6 clade are the most numerous among insect

P450 genes, and are often found in large clusters. Considerable evidence

linked members of this clade to xenobiotic metabolism and also insecticide

resistance, pesticides and natural products.

A total of 28 CYP6 genes have been identified in An. gambiae through

PCR and annotation of the genome [Ranson et al., 2002]. Several PCR

methods had revealed that the mRNA of several CYP6 was constitutively

overproduced in pyrethroid resistant strains. CYP6AA7, CYP9J40, CYP9J34,

and CYP9M10 had been found to overexpress in the permethrin resistant Cx.

quinquefasciatus [Komagata et al., 2010; Liu et al., 2011]. CYP6P3 and

CYP6M2 was expressed by resistant An. gambiae s.s field-caught populations

[Djouaka et al., 2008; Muller et al., 2008; Mitchell et al., 2012]; CYP6P7,

CYP6AA3 and CYP6P8 may possibly metabolize different classes of pyrethroid

insecticides in An. minimus [Rongnoparut et al., 2003; Rodpradit et al., 2005;

Budriang et al., 2011; Duangkaew et al., 2011] and their homology models was

later developed by Lertkiatmongkol et al. [2011]. CYP6P9 and CYP6P4 were
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also over expressed in pyrethroid resistant An. funestus [Amenya et al., 2008;

Wondji et al., 2009; Matambo et al., 2010].

Phylogenetic studies

Phylogenetics is the science of estimating the evolutionary past, in

molecular phylogeny, based on the comparison of DNA or protein sequences.

The idea of representing these hypotheses as trees probably dates back to

Darwin, but the numerical calculation of trees using quantitative methods is

relatively recent [Sneath and Sokal, 1973], and their application to molecular

data even more so [Zucherlandl and Pauling, 1965]. In the age of rapid and

rampant gene sequencing, molecular phylogeny has truly come into its own,

emerging as major tool for making sense of overwhelming genomic data.

A phylogeny is an evolutionary tree that shows how different species are

related to each other [Baldauf, 2003; Harrison and Langdale, 2006]. One of the

fundamental applications of phylogenies is in classification [Whitfield, 2003;

Hibbett et al., 2007; Freitas and Brown, 2004; Seago et al., 2011]. Phylogenies

help us systematically classify organisms in an evolutionary framework and are

less prone to errors and individual biases [Sidow and Thomas, 1994; Baldwin

et al., 1997; Zhang et al., 2012]. Thus phylogenies can be used to compare and

contrast molecular systematics with morphology based classification [Wagner,

1989; Lounibos et. al., 1998; Lewis, 2001; Seago et al., 2011]. Phylogenies are

an important component in the field of historical biogeography [Kelly et al.,
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2006; Tolley et al., 2006; Dusfour et al., 2007; Thorsten et al., 2008].

Furthermore they are useful in studying species evolution (budding speciation,

sympatric vs. allopatric) and in identifying cryptic species [Wilkerson et al.,

1993; 1995; Lounibos et al., 1998; Besansky, 1999; Lehr et al., 2005; Oliver et

al., 2007; Paredes-Esquivel et al., 2009]. The study of evolution of behavioral

and morphological characters in a phylogenetic context (character evolution) is

also an exiting application of phylogenetics [Steinke et al., 2004; Millanes et al.,

2011; Ritz et al., 2012]. Gene evolution too can be studied in a phylogenetic

framework (molecular evolution) [Robe et al., 2005; Friedrich and Tautz, 1997;

Lio and Goldman, 1998; Foley et al., 1998]. Therefore, phylogenies can be built

using molecular data or morphological data, but in recent times molecular data

are increasingly being used.

Random Amplified Polymorphic DNA (RAPD) polymerase chain reaction

RAPD-PCR utilizes short synthetic oligonucleotides (10 bases long) of

random sequences as primers to amplify nanogram amounts of total genomic

DNA under low annealing temperatures by PCR, where a single oligonucleotide

of random sequence is employed and no prior knowledge of the genome

subjected to analysis is required [William et al., 1990]. It amplifies anonymous

fragments of DNA from any genome. The profile of amplified DNA primarily

depends on nucleotide sequence homology between the template DNA and

oligonucleotide primer at the end of each amplified product. Nucleotide

variation between different sets of template DNAs will result in the presence or
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absence of bands because of changes in the priming sites (Figure 3). The size

distribution of amplified fragments varies among species. Closely related taxa

have similar fragment distributions, while distantly related ones are more

divergent. Therefore, amplification products from the same alleles in a

heterozygote differ in length and will be detected as presence and absence of

bands in the RAPD profile [Bardakci, 2001]. Thus, RAPD-PCR distributions

contain considerable phylogenetic information [Espinasa and Borowsky, 1998].

However, there are several disadvantages that must be taken into account

when using the technique. It is not possible to distinguish whether a DNA

segment is amplified from a locus that is heterozygous or homozygous. RAPD

markers are therefore dominant [Bardakci, 2001]. This most easily

counteracted drawback reduces the information provided by each locus.

Because each primer can amplify several loci and there are many commercially

primers, the loss of information per locus can be easily balanced by using a

high number of loci [Jain et al., 2010]. RAPD-PCR provides a very versatile and

widely applied biotechnology technique in entomology. This method has been

widely used in the determination of population structure without prior

knowledge of DNA sequences and it gives a good resolution of genetic

differences. This technology had been used for the study of genetic diversity of

Anopheles species and identification – viz. An. albitarsis [Wilkerson et al.,

1993; 1995], An. gambiae [Wilkins et al., 2006], An. cruzi [Calado et al., 2006]

An. fluviatilis [Dezfouli et al., 2002].



17

Phylogeny construction using conserved regions - mitochondrial

cytochrome oxidase 1 (CO I) gene and Internal Transcribed Spacer 2

(ITS2) rDNA

Using conserved molecular sequences, it is possible to define and

diagnose molecular operational taxonomic units (MOTU) that have a similar

extent to traditional ‘species’. Any barcoding system should aim to acquire data

for at least a nuclear and an organellar gene from single specimens for study of

evolution patterns and taxonomic and systematic studies, thus, barcode system

is likely to become universal [Blaxter, 2004]. The existence of numerous

combined nuclear and mitochondrial gene datasets provides an opportunity to

examine across a broad array of insect groups; both of these two types of data

show patterns of nucleotide substitution that characterize nuclear and

mitochondrial genes [Lin and Danforth, 2004].

Mitochondrial genes have been for many years the most commonly used

source of data for studies of insect molecular phylogeny, biogeography

[Morgan et al., 2009] and/or phylogeography [Simon et al., 1994]. Mitochondrial

genes are viewed as advantageous for phylogenetic analysis for several

reasons. First, mitochondrial genes are generally easier to amplify than nuclear

genes and conserved mitochondrial primers are widely available [Simon et al.,

1994]. Second, mitochondrial genes lack non-coding regions (i.e., introns) that

are common in single-copy nuclear genes; third, mitochondrial genes are

clonally inherited (through the maternal lineage) and non-recombining, making



18

recombination, paralogy, and heterozygosity (heteroplasmy in mitochondrial

genes) less of a problem for phylogenetic analysis [Lin and Danforth, 2004].

Fourth, mitochondrial genes are generally thought to evolve at higher rates

than nuclear protein-coding genes. In insects, mitochondrial genes are

estimated to evolve 2–9 times faster than nuclear protein-coding genes

[DeSalle et al., 1987].

The general attributes of mtDNA still make it one of the premier marker

systems for analysis of population genetic (e.g., measurement of gene flow and

population subdivision, estimation of female effective population size) and

phylogenetic (e.g., reconstruction of relationships, estimation of divergence

times) questions [Gerber et al., 2001]. The Consortium for the Barcode of Life

(CBOL) has so far accepted mitochondrial encoded cytochrome oxidase 1

(COI) as the default DNA barcode region for vertebrates and insects and

promotes its use in as many other clades as possible. A 658-bp region (the

Folmer region) of the mitochondrial cytochrome c oxidase subunit I (COI) gene

was proposed as a potential 'barcode' [Hebert et al., 2003b]. Genomic

approaches to taxon diagnosis exploit diversity among DNA sequences to

identify organisms. In a very real sense, these sequences can be viewed as

genetic ‘barcodes’ that are embedded in every cell [Hebert et al., 2003b].

Cytochrome c oxidase I gene (COI) does have two important

advantages (Figure 4). First, the universal primers for this gene are very robust,

enabling recovery of its 59-end from representatives of most; if not all, animal
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phyla [Zhang and Hewitt, 1997]. Second, COI appears to possess a greater

range of phylogenetic signal than any other mitochondrial gene [Frezal et al.,

2008]. In common with other protein-coding genes, its third-position nucleotides

show a high incidence of base substitutions, leading to a rate of molecular

evolution that is about three times greater than that of 12S or 16S rDNA

[Knowlton and Weigt 1998]. COI is also useful to assign unknown species to

species and enhance the discovery of new species and facilitate identification

[Hebert et al., 2003a], when morphological traits do not clearly discriminate

species [Kumar et al., 2007]. Further, the dwindling pool of taxonomist signals

the need for a new approach to taxon recognition [Hebert et al., 2003b]. COI

was successfully employed for the taxonomic arrangement of subgenus Cellia

[Mohanty et al., 2009], Neocellia Series [Morgan et al., 2009] and Myzomyia

series [Chen et al., 2003] and reveals cryptic species [Lounibos et al., 1998;

Besansky, 1999; Lehr et al., 2005; Paredes-Esquivel et al., 2009].

Ribosomal DNA is used to answer systematics and phylogenetic

questions in a wide variety of organisms. In mosquitoes, each transcriptional

unit is made up of an external transcribed spacer, an 18S subunit, an internal

transcribed spacer one (ITS1), a 5.8S subunit, an internal transcribed spacer

two (ITS2), and a 28S subunit [Hwang, 2007; Kampen, 2005] (Figure 5). The

functional regions that produce the ribosomes are highly conserved, while at

the same time, there are transcribed and non-transcribed spacer regions.

These regions have high interspecific variability and intraspecific homogeneity,

making them useful for study of relationships of closely related species
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complexes and solving taxonomic problems by virtue of its fast evolution [Proft

et al.,1999; Alvarez and Wendel, 2003; Alam et al., 2007; 2008]. These

sequences also resolve the phylogenetic relationships among recently diverged

taxa, contributing to polymorphism aiding in molecular taxonomic studies

[Koekemoer et al., 1998; Zhang and Hewitt, 2003]. This fact was observed in

the study of An. funestus complex [Koekemoer et al., 1998], An. subpictus

[Chandra et al., 2010], An. fluviatilis S and An. minimus C species [Singh et al.,

2006], An. melanoon [Nicolescu et al., 2004] and An. nivipes and An.

philippinensis [Sarma et al., 2012] where morphological characters were not

able to give conclusive identification system.

As one of the most popular phylogenetic markers for eukaryota, ITS2

locus was proposed to be used as a universal DNA barcode for identifying plant

species [Casimiro et al., 2004;Yao et al., 2010; Liu et al., 2012] and as a

complementary locus for COI to identify animal species [Yao et al., 2010].  This

locus suggested a high degree of predictability across eukaryotes and its

secondary structure could be used for comparison at species and generic level

[Coleman, 2009]. In Protists the compensatory base changes (CBC) in the 30

bp highly conserved region of Helix III of ITS-2 correlate with the extent of

sexual compatibility, therefore, CBC region of the ITS was suggested as

universal DNA Barcode marker for describing the species [Coleman, 2009].

The similar proposal was also for Fungi [Schoch et al., 2012] because of its

highest probability of successful identification for the broadest range in the

genus.
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Helical regions generally define the RNA secondary structure and are

short, less than 10 base pairs in length forming stems and loops: hairpins,

bulges, and internal loops (Figure 6). Secondary structure of RNA is important

for the function of the RNA and is shown to be conserved in functional

domains. Further, the secondary structure with the minimum free energy (MFE)

is predicted to be the most stable secondary structure for the strand. For in-

depth analysis, calculation of secondary structure and determination of

structural conservation is essential. Structural energy, GC content, total base

pairs, and number of loops are the various parameters known to stabilize the

RNA secondary structure and it is shown that eukaryotic groups share the

same overall secondary structure [Banerjee et al. 2007a].

However, ITS region often varies by insertions or deletions within an

individual, making sequencing very difficult [Elbadri et al., 2002]; ITS

sequences are also very difficult to align as they tend to evolve by insertion and

deletion rather than substitution, making the secondary steps of phylogenetic

reconstruction problematic [Zhang and Hewitt, 2003].

Status of Malaria and Anophelines in Mizoram

Mizoram (92.15–93.29oE and 21.58–24.35oN) belonging to the Indo-

Burma region, is located in north-eastern India, has average rainfall of 2793.67

mm p.a., average relative humidity of 57% and a moderate climate. The main

agricultural practice of the state is Jhum or shifting cultivation and the primary
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pest management is use of organophosphate insecticide: Malathion [Dept. of

Agriculture, Govt. of Mizoramthrough verbal contact]. The state undergoes

conversion to secondary habitats at rapid rates due to human land use

[Raman, 2001].

The results of GIS projects Mizoram as a possible malaria prone/high-risk

region within northeast India due to climate change in 2050 [Bhattacharya et al.,

2006]. War against malaria started since 1957. Therefore, malaria transmission by

Anopheles vector (Diptera: Culicidae) within the region is no less significant than

other parts of the world [Bhattacharyya et al., 2010]. Further, report of Directorate

of National Vector Borne Disease Control Program, New Delhi, stated the mortality

rate in Mizoram on account of malaria was had a high 17% in 2006 and 2009

when compared to other states of the country. The record of the Mizoram State

Vector Borne disease control program (MSVBDCP) stated malaria was highest in

Lunglei district (42.2%) followed by Aizawl-west (33.95%) and Serchhip district

(14.7%) within 2003 – 2007. Towards vector control and management of Malaria

disease MSVBDCP, funded by the World Bank (The Global Fund to Fight AIDS,

Tuberculosis and Malaria project), has been setting up Full Therapeutic Depot

(FTD) and Accredited Social Health Activist (ASHA) in all towns and villages to

help malaria patients get treatment on time. The entire state is targeted for two

rounds of an organochlorine, 1% DDT spray per annum (IRS) and distribution of

1% K-othrineTM, a synthetic pyrethroid (Deltamethrin 2.5% active ingredient v/v)

treated bed-nets (ITN) in rural areas [Mizoram Govt. Health Department sources].
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Very few information on Anopheline prevalence, geographical distribution

and relative density of potential vector populations had been described from

Mizoram. The first Anopheline survey was done by Das and Baruah [1982] and

indicated the incrimination of An.minimusand An. dirus as malarial vectors. The

survey carried out by Nagpal and Sharma [1987] reported the presence of An.

barbirostris, An. nigerrimus, An. aconitus, An. annularis, An. karwari, An. kochi,

An. maculatus, An. majidi, An. nivipes, An. philipinensis, An. theobaldi, An.

vagus, An. maculatus var. willmori and An. kuchingensis, but no record ofand

An. dirus. From Tlabung, south of Mizoram, An. baimaii (An. dirus Complex)

has been incriminated as a vector of human Plasmodium [Das et al., 1990;

Sarma et al., 2012a].

The undertakings of the MSVBDCP towards malarial eradication had

focused on the human treatment, IRS and ITNs [Anonymous, 2009]; while

neglecting effective and efficient surveillance system: entomological component

viz. Anopheles habitat and seasonal abundance, adult population prevalence

and their role in malaria transmission. Therefore, the present study was

conducted to study the prevalence and abundance of Anopheles species and

their habitat preference; to establish the baseline susceptibility status against a

commonly used synthetic insecticide; quantitative  estimation of  resistance

enzymes (GE, MFO and GST); to study of the expression of cytochrome P450

and acetylcholinesterase; and to study the phylogenetic relationship between

the species.
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Objectives of the study

 Systematic survey, documentation, prevalence and identification of

Anopheline species of Mizoram.

 To establish baseline susceptibility status of Anopheline species against

commonly used synthetic insecticides by using standard WHO

procedures.

 Quantitative estimation of the level of resistance enzymes - esterase,

mixed function oxidase (MFO) and glutathione S- transferase of the

resistant Anopheline species.

 To study the expression of acetylcholine esterase resistance gene 1

(Ace1) and cytochrome P450 (CYP6) in wild population of Anophelines of

Mizoram.

 To find the genetic variations of different Anopheline species by using

Randomly Amplified Polymorphic DNA-Polymerase Chain Reaction

(RAPD-PCR).

 To study the phylogenetic relationship of the Anopheline species of

Mizoram by using mitochondrial (Cytochrome oxidase I) and nuclear

markers (ITS2 ribosomal DNA).
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Materials and methods

1. Site of collection and Habitat preference

Survey on Anopheline species was conducted in Aizawl, Kolasib,

Lawngtai, Lunglei, Mamit, and Serchhip Districts of Mizoram (Figure 7). Priority

on site of collection was based on malarial prevalence and occurrence data

obtained from either district hospitals or community health centers. Site of

collections were characterized by numerous slow-running low streams,

concrete and earthen irrigational canals and drainage and ditches; and artificial

ponds (2 – 14 m in diameter) used for harvesting fishes, 2km radius of human

residents and cattle sheds (Kim et.al., 2011).  Due to observation on presence

of divergent Anopheles species in Thenzawl of Serchhip district; the site of

Anopheline collection was secluded in this area thereafter.

Thenzawl was characterized by numerous slow-running low streams,

concrete and earthen irrigational canals and drainage and ditches; and artificial

ponds (2 – 9 m in diameter) which was used for harvesting fishes. Anopheles

spp. habitats were surveyed within 2 - 4 km radius of the town from January to

November for three years (2009 - 2011) (Figure 8). The larval habitats were

characterized by clear water (pH 5.0 – 6.2; Temp. 22 – 30oC) interrupted with

floating aquatic plants and dead/fallen plant debris and were shaded by a

vegetation of tress and tall grasses. Adults were collected at dusk and midnight
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(4:00 pm – 8:00 pm; 12:00 – 4:00 am) from cattle sheds with its nearby

residents and agricultural lands (23 – 33oC; 20 – 98% RH).

2. Method of sampling and collection

2.1. Larva collection

Larvae were collected by the scoop-net (SN) method, with larval

net of a fine mesh net (10 x 10 finely knitted threads per cm2) mounted

to an iron handle (30 cm diameter), plastic tub (28.5 cm diameter), a

plastic dipper (15.5 cm diameter) and a dropper (Figure 9) [Oo et al.,

2004]. When pools of different species were collected from a collection

site, each morphologically similar larva was separated in different

rearing plastic trays and labeled. From the collection, some were

subjected to pesticide mortality test and some cultured into adults for

identification and further molecular characterization.

2.2. Adult collection and preservation

Adults were collected using a local-made killing jar which

consisted of a 250ml glass jar (2 cm in diameter, 9.7 in length) and

cotton moisten with chloroform, kept at the base of the jar (Figure 10)

and CDC (Centers for Disease Control) light trap. Each paralyzed or

cold-shocked dead adult was immediately transferred to an apparatus
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that consisted of sterile 1.5 ml micro-centrifuge tube (TarsonTM), silica-

gel and cotton (Figure 10). On reaching the laboratory, each adult was

then transferred to sterile 1.5 ml micro-centrifuge tube, labeled and

stored at 4oC till further analysis.

2.3. Anopheles culture

The anopheline culture method was adopted from Oo et al. [2004]

and MR4 [2007]. Larvae collected were kept in plastic tray containing

water retained from the breeding habitat and there after changed twice a

day with rain harvested water. Larvae were reared at room temperature.

Each instar was kept in separate trays. Additional food (grinded fish

food) of approximately 1mg was supplied twice a day with the help of a

vial covered with a fine mesh net (10 x 10 knitted threads per cm2).

Pupae were kept in the adult cage wooden frame (1 ft3) covered with

mosquito net. Emergence of adults from pupa took 2-3 days. The adults

were fed with 10% sucrose solution; and the cotton was changed twice a

day to avoid fungal infection (Figure 11).

2.4. Statistical analysis for survey, sampling and collection

One way ANOVA and Levene’s test (based on means) was

calculated to find the homogeneity of variances of the field collection

data.  Mean and standard deviation of anopheline abundance and their

habitat preference from 2009 to 2011 in Thenzawl was recorded. The
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species abundance in relation to malarial prevalence in Thenzawl was

also calculated. All the calculations were performed using commercially

available GraphPad InStat version 3.06 software (GraphPad Software

Inc., San Diego, CA) and PAST 1.86b (Hammer et al., 2001). A p-value

of < 0.05 was noted to have statistically significant value.

3. Identification and Morphological characterization of Anopheles

species

Morphological identification was performed on the adult female taking

color patterns of the wing, palpi and the leg as focal identification characters

using dissecting microscope. The identification keys followed the illustrations of

Das et al. [1990] and Nagpal and Sharma [1995].

4. Insecticidal Bioassay

The pesticide used for vector control management K-OthineTM (2%

Deltamethrin active ingredient w/w), procured from the Department of Health

Services, Govt. of Mizoram, was used for bioassay.

4.1. Preparation of Stock and test concentration

20 ml of 1% Deltamethrin was prepared by adding 10ml of

pesticide to 10 ml of sterile Milli-Q water. Test concentration solution
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was obtained by dilution of stock ten-fold i.e., 2ml stock to 18 ml sterile

Milli-Q water. The resulting concentration was thus 0.1%. The

preparation of stock and test concentration followed the protocol

described by WHO [2005].

4.2. Insect maintenance and testing

Bioassay was conducted at the site of collection immediately after

separation of morphologically similar larva into different larval trays. Four

Anopheles species (An. vagus, An. campestris, An. jamesii and An.

nivipes) were exposed to 24 hour pesticide test at 25 + 2oC temp, 50 –

62% RH. 0.01ml – 1.0 ml was pipetted out from the test concentration

solutions into disposable cups (100ml) [WHO, 1998]. A container having

1ml sterile Milli-Q water was used as control. 100 ml of water obtained

from the habitat was then added to the test containers, since it contains

nourishment to the larva during the 24 hour exposure to pesticide. Small

amount of grinded fish food was given as a supplement. Thirty 3rd and

4th instar larvae were collected from the trays using wide-mouth plastic

pipette and kept into the test disposable cups (Figure 12). The morbid

larvae were continually revived with a needle. After 24 hours, mortality

was counted. The experiment was replicated thrice. The concentrations

that yielded 2 – 98% morality were used to determine lethal

concentration of 50% (LC50).



30

4.3. Statistical analysis for bioassay

Bioassay data were corrected for control mortality [Abbott, 1925]

using the formula: % Corrected Mortality = x
100 . The probit analysis was used to estimate LC50 values with their

fiducial limits according to the methods given by Finney [1973]. A Probit

regression line (R2 = 1 ± 1) was made against the log dose and probit

mortality. A regression equation = + b ( – ) and 50% mortality

probit corresponding to Log LC50 was calculated from the regression line

[Finney, 1973] (Figure plate 19 and 20, figure 37 – 40).Samples for

which the 95% fiducial limits did not overlap were considered to be

significantly different.

5. Biochemical Analysis

Biochemical assay was performed on freshly killed (cold treatment at

4oC for 30 minutes) adult specimens: An. campestris (NSK - 01), An. jamesii

(NSK - 03), An. maculatus (NSK - 04), An. philippinensis (NSK -06), An. nivipes

(NSK - 10), An. jeyporiensis (NSK – 09), An. vagus (NSK - 18), An. dirus (NSK

- 22) and An. minimus (NSK - 23). The preparation of stock and procedure

used for the analysis were according to WHO [1998] with modification.

Preparation of the solutions is in Appendix I (Figure 13).
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5.1 Statistical Analysis

One way ANOVA was calculated to find the homogeneity of

variances of the field collection data were performed using commercially

available GraphPad InStat version 3.06 software (GraphPad Software

Inc., San Diego, CA) and PAST 1.86b [Hammer et al., 2001] was used

to compare the different quantity of enzymes produced by the

biochemical analysis.

5.2. Standard Assays:

Four standard assays were prepared using Bovine Serum

Albumin (BSA), α-naphthol, β-naphthol and Cytochrome C (from Bovine

heart) [WHO, 1998; MR4, 2007]. Standard graphs were made

accordingly where X-axis denoted concentration and Y-axis denoted

absorbance and Regression line (R2=1) to calculate the unknown

concentration of protein and enzymes.

5.2.1. Protein standard assay through Lowry’s Method

The estimation of total protein followed the procedure of Lowry et

al. [1951]. A standard protein of Bovine Serum Albumin (BSA) of

200µl/ml stock concentration was pipetted out as100, 200, 400, 600, 800

and 1000 µl. The volume was made to 1 ml with sterile Milli-Q water to

each test-tube. For blank, 1ml sterile Milli-Q water was kept ready. 5 ml

of the reagent B (Appendix I) was added to all test-tubes. The solution
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was mixed well and incubated at room temperature for 10 minutes. 500

µl of second reagent C (Appendix I) was added and mixed well. A blue

colored solution developed and was then incubated at room temperature

for 30 minutes. The color was developed by the reduction of the amino

acids tyrosine and tryptophan present in the protein with

phosphomolybdic phosphotungistic compound in the Folin-ciocalteau

reagent and the direct reaction of the proteins with the alkaline cupric

tartarate is measured in 660nm. Optical Density (OD) was taken at the

said absorbance.

5.2.2. Standard (α – and β –) Naphthol assay

α – naphthol and β – naphthol 200µl/ml stock concentration was

pipetted out in 100, 200, 400, 500, 800 µl into test-tubes. The volume

was made to 1ml by the addition of 0.02M PBS (pH7.2) to each test-

tube. The blank contained 1ml 0.02M PBS (pH7.2).  50 ml of Fast blue

stain was added to each test-tube and incubated at room temperature

for 5 minutes. OD was read at 570nm. Two standard curves were

made, one for α – naphthol and the other β – naphthol [WHO, 1998].

5.2.3. Standard cytochrome C oxidase assay

Cytochrome C oxidase (Bovine Heart) 200 µl/ml stock

concentration was pipetted out in 100, 200, 400, 500, 800 µl into test-
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tubes. The volume was made to 1ml by the addition of 0.625M PBS

(pH7.2) to each test-tube. The blank contained 1ml 0.625M PBS

(pH7.2).  200 µl 3,3’,5,5’-Tetramethyl benzidine (TMBZ)-Sodium acetate

Buffer (pH 5.0) was added to each test-tube followed by the addition of

25 µl Hydrogen peroxide (3%) and incubated for two hours. After two

hours, the total volume was made to 3 ml with 0.625M PBS (pH7.2) and

was thoroughly mixed. The OD was read at 650 nm [MR4, 2007].

5.3. Quantitative enzyme assays

For each enzymatic assays, an individual freshly killed female

adult was homogenized dry to powdery form in –20oC cryo-box. 500 µl

of ice cold sterile Milli-Q water was added to it and homogenized further.

The solution was sonicated for 3 cycles (30 sec sonication followed by

30 sec relaxation x 3 times) using Sonicator (Hielscher Ultrasound

technology, Germany). Each individual was used for total protein assay

and three enzyme assays- GST, MFO and esterase. Total protein assay

was performed using the Lowry’s Method of protein estimation [Lowry et

al., 1951]. The procedure for assay and calculation was adapted from

WHO [1998] with a slight modification on the assay.
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5.3.1. Naphthyl Acetate assay for General Esterase and

calculation

200 µl of α– (or β–) Naphthyl Acetate was added to the 20 µl

homogenate and incubated for 15 minutes. The blank contained 20 µl of

sterile Milli-Q water. 50 µl of Fast blue stain was added and further

incubated at room temperature for 5 minutes. 2970 µl of 0.02M

Phosphate buffer (pH 7.2) was further added to make the volume to 3

ml. The OD was read at 570nm [WHO, 1998].

The protein value was first read from the BSA standard curve and

multiplied by times 2, which gave the amount of protein expected in 20 µl

homogenate and was recorded in µg to give a value of ‘x’. The OD

values obtained from both α– and β–naphthyl acetate assays were first

multiplied by times 12 (because a 260 µl had been diluted times 12 that

gave a value of 3240 µl). This volume met the requirement of the

spectrophotometer used) was then read from the corresponding α–or β–

naphthol standard curves. This value was divided by 15 (no. of minutes

before the stain was added) to give a value of ‘y’’; ‘y’ value was divided

by the ‘x’ value and timed this by 1000 to give a ‘z’ α– or β–

naphthol/min/mg protein [WHO, 1998].
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5.3.2. Assay for Mixed Function Oxidases

20 µl homogenate was mixed with 80 µl of 0.625M PBS (pH7.2),

200 µl of TMBZ– Sodium Acetate Buffer (pH 5.0) and 25 µl hydrogen

peroxide (3%) and incubated for 2 hours. The blank contained 20 µl of

sterile Milli-Q water. 2925 µl of 0.625M Phosphate buffer (pH 7.2) was

further added to make the volume to 3 ml and was thoroughly mixed.

The OD was read at 650 nm [WHO, 1998; MR4, 2007].

The protein value was first read from the BSA standard curve and

multiplied by times 2, which gave the amount of protein expected in 20 µl

homogenate an was recorded in µg to give a value of ‘x’. The OD values

obtained from mixed function oxidase assay were first multiplied by

times 10 (because a 325 µl had been diluted times 10 that gave a value

of 3250 µl). This volume met the requirement of the spectrophotometer

used and was then read from the cytochrome C oxidase standard curves

to give the value of ‘y’; ‘y’ value was divided again by the ‘x’ value and

timed this by 1000 to give a ‘z’ cytochrome/mg protein [WHO,1998].

5.3.3. Assay for Glutathione–S–Transferase

10 µl homogenate was mixed with 200 µl of Chlorodinitrobenzene–

Reduced Glutathione (CDNB–GSH) and incubated for 20 minutes. The

blank contained 10 µl of sterile Milli-Q water. 2940 µl of 0.02M PBS
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(pH7.2) was further added to make the volume to 3 ml and was thoroughly

mixed. The OD was read at 340 nm [WHO, 1998].

The concentration of GST was calculated assuming that absorbance

followed Beer -Lambert's law: A = ɛcl, where ‘A’ is the absorbance, ‘ɛ’ is

extinction coefficient of the product of reaction of CDNB valued 4.39mM–1

[WHO,1998], ‘c’ is the concentration and ‘l’ is the path length (of the

cuvette used in spectrophotometer) which was 1 cm to give an ‘x’ value.

The ‘x’ was divided by 20 (no. of minutes for incubation) and divided by

the total protein concentration to give ‘y’ value; ‘y’ was then multiplied into

times 1000 to give a value in mMoles/min/mg protein [WHO,1998].

6. Preparation and extraction of total RNA from Anopheles species

The procedure followed was as described by Sambrook et al. [1989] and

Simms et al. [1993]. 0.5 µl of Diethylpyrocarbonate (DEPC) was added to 100

ml sterile water (volume was also made to 1000ml) and stirred overnight with

magnetic stirrer to make 0.1% DEPC water. Pipette tips, Pipette boxes, tubes

of 1.5ml and 0.2ml tubes and homogenizers were soaked overnight in 0.1%

DEPC water and were autoclaved twice for 15 mins and dried in oven. DEPC

treated water was also made from the 0.1% DEPC water by autoclaving twice

under same conditions.
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The abdomen, legs and wings of individual adult females, of different

species, were removed to avoid any contamination. The remaining body was

homogenized at –20oC mini cooler. 460 µl TrisolnTM (GeNei) was added to the

crushed sample, mixed by gentle tapping and incubated at 20oC for 10 mins

and spun at 12,000 rpm for 10 mins at 4oC. The supernatant was transferred

into a fresh sterile 1.5 ml micro-centrifuge tube. 92 µl chloroform was added to

the supernatant, incubated at 20oC for 5 mins and spun at 12,000 rpm for 15

mins at 4oC. 60% (approx. 270 µl) of the aqueous solution was pipetted out and

poured in 230 µl isopropanol, and incubated further for 10 mins at room

temperature, and spun again at 12,000 rpm for 15 mins. The pellet was washed

with 460 µl of 70% alcohol and centrifuged at 5000rpm for 5 mins and air-dried.

RNA was re-dissolved in 20 µl nuclease free water and incubated at 55oC for

10 mins. The RNA samples were quantified using Biophotometer plusTM

(Eppendorf, Germany) and the samples were diluted to final a concentration of

100 ± 4 ng/µl.  5 µl aliquots were made and stored at -20oC.

6.1. RNA separation using formaldehyde agarose gel electrophoresis

The RNA separation was performed using Agarose containing

formaldehyde gel electrophoresis procedure of Sambrook et al. [1989]. 1 g

of Agarose was melted in 10 ml of 10X MOPS (3– (N–morpholino) propan

sulfonic acid) (GeNei)  and 5.8 ml of 37% Formaldehyde; 2 µl of Ethidium

bromide was added to it. The RNA sample for electrophoresis was

prepared in a 1.5 ml DEPC treated micro-centrifuge tube which consisted
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for the following – 10 ± 5 ng/µl RNA sample, 10 µl formamide, 4 µl

formaldehyde (37%), 2 µl MOPS (10X), 1 µl gel loading dye (GeNei) and

DEPC treated water was added to make a total volume of 23 µl. The

formaldehyde gel was run at 50V for 1 hour.

6.2. cDNA synthesis from Total RNA

The cDNA was synthesized using RevertAidTM First strand CDNA

synthesis kit (Fermentas) following the manufacturer’s protocol. 1 µl of

DNAaseTM (GeNei) was added to the extracted RNA sample, and

incubated at 37oC for 15 minutes for degradation of the DNA contaminants

and then at 75oC for 15 mins for degradation of DNase. The sample was

quantified using Biophotometer (Eppendorf, Germany). 10 ± 5 ng/µl of

RNA was used for the cDNA synthesis. 1 µl of RNA sample, and 1 µl of

oligo(T)TM primer was mixed and the volume was made to 12 µl with

DEPC treated water. The mixture was incubated at 65oC for 5 mins and

placed on ice. 4 µl 5X Reaction buffer, 1 µl RibolockTM RNAse inhibitor,2

µl of 10mM dNTPmix and 1 µl of Reverse transcriptase was added to the

mixture, mixed gently by gentle tapping and briefly centrifuged using a

Mini-SpinTM (GeNei). The solution was incubated at 43oC for 15 min,

followed by 70oC for 5mins. The reaction was processed in

ThermalCyclerTM PCR (Eppendorf, Germany). The resultant CDNA was

quantified using Biophotometer. 2 µl aliquots of each sample was made

and stored in mini cooler box at –20oC.
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7. Semi-quantitative Reverse Transcription – PCR

Resistant gene expression through qRT-PCR was studied on nine

freshly obtained species of Anopheles viz. An. campestris, An. dirus, An.

jamesii, An. jeyporiensis, An. minimus, An. maculatus, An. nivipes, An.

philippinensis and An. vagus. An. nivipes, the most tolerant to 0.1%

deltamethrin among the tested anopheline, was taken as positive control and

An. vagus, the most susceptible, was used as negative control.

7.1 Reverse Transcriptase(RT) - PCR of house keeping gene β-Actin

β-actin gene was amplified using RT-PCR procedure of Kumar et al.

[2008].  As standard control β-Actin (house keeping gene) was used for

the RT-PCR for the study of expression of acetylcholine esterase and

Cytochrome p450 (CYP6). The primers β-actinAF: 5´- ATG TAC GTC

GCC ATC CAG GC -3´ and β-actinAR: 5´-CGA TGG TGA TGA CCT GTC

CGT -3´ [Kumar et al., 2008] were obtained from eurofinsTM (Operon). The

25µl PCR reactants included Taq polymerase buffer (1X) (10 X Taq

polymerase buffer contains 10 mM TrisHCl pH 7.5 and 50 mM KCl), MgCl2

(1.5mM), dNTPs (0.25mM), primer (0.1 pM each), Taq polymerase (1U).

The volume was made to 25 µl with DEPC treated water and different

concentrations of cDNA template. In order to obtain similar banding

intensity, different concentrations of cDNA were made by using

Biophotometer and used in PCR. The PCR was repeated many times until
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a uniform banding pattern was obtained to ensure equal concentration of

the template cDNA. PCR conditions consisted of initial denaturation at

94oC for 1min, followed by 35 cycles of 94oC for 30 sec, 50oC for 30 sec

for primer annealing, 72oC for 30 sec as primer extension and a final

extension at 72oC for 1 min.

7.2. Study of expression of Ace1 gene through Semi-quantitative RT-PCR

(qRT-PCR)

Ace-1 gene was amplified using qRT-PCR procedure of Kumar et al.

[2008] with modifications. Three primers were designed to target the

partial region of Ace-1 gene (Figure 14). The designed primers listed in

Table 1 were obtained from eurofinsTM (Operon). Primer AChE3 gave

steady and reproducible band therefore was used for the study. The 25µl

PCR reaction included Taq polymerase buffer (1X), MgCl2 (1.5mM),

dNTPs (0.25mM), primer (0.1 pM each), 1U Taq polymerase and cDNA

template. The volume was made to 25 µl with DEPC treated water. The

concentration of the cDNA template used for the PCR was referred from

the standardized β-actin PCR result. PCR conditions consisted of initial

denaturation at 94oC for 1min, followed by 35 cycles of 94oC for 30 sec,

62oC for 30 sec for primer annealing, 72oC for 30 sec as primer extension

and final extension at 72oC for 1 min. The Ace1 RT-PCR amplicon were

quantified using Biophotometer.
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No. Name Sequence %GC Tm
1 AChE1F 5´- CAGATCGTGGACACCGTGTTCGG -3´ 60.0% 74.6

AChE1R 5´- CGGTTGCTGTTCGGGTTGTCCGG -3´ 65.0% 78.4
2 AChE2F 5´- AGCGTCATCCTCCTCCTCGTCGT -3´ 60.9% 66.0

AChE2R 5´- CCGAACACGGTGTCCACGATCTG -3´ 60.9% 66.0
3 AChE3F 5´- CCGGACAACCCGAACAGCAACCG -3´ 65.2% 67.8

AChE3R 5´- CGTGTTGAGGCCCAGCTCCAGAT -3´ 60.9% 66.0

Table 1. The name, sequences, melting temperature (Tm) and GC% of
the primers used to target AChE partial gene.

7.3. Study of expression of CYP6 gene through qRT-PCR

CYP6 partial genes was amplified following procedure of Kumar et al.

[2008], Kasai et al. [2000] and Rongnoparut et al. [2003] and using the

primers  (Table 2)  of Kasai et al. [2000] and Rongnoparut et al. [2003]

with modifications. The primers were obtained from eurofinsTM (Operon).

The 25 µl PCR reaction included Taq polymerase buffer (1X), MgCl2

(1.5mM), dNTPs (0.25mM), primer (0.1 pM each), Taq polymerase (1U)

and cDNA template. The volume was made to 25 µl with DEPC treated

water. The concentration of the cDNA template used for the PCR reaction

was referred from the standardized β-actin PCR result. The 35 cycles

PCR conditions consisted of initial denaturation at 94oC for 1min, 94oC for

30 sec, primer annealing at 50oC for 30 sec, 72oC for 30 sec as primer

extension and final extension at 72oC for 1 min. The CYP6 qRT-PCR

amplicon were quantified using Biophotometer.
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No. Name Sequence %
GC Tm Published

paper
1 CYP6AA2F 5´- AACGGAATGCGATAGTACGGC -3´ 52.4 49.6

Rongnoparut
et al., 2003CYP6AA2R 5´- TTTCCAACACTTCGGCACGCA -3´ 52.4 49.6

2 CYP6F1F 5´- CGAAACGCTCCGAAAGTATC -3´ 50.9 60.0 Kasai et al.,
2000CYP6F1R 5´- GTCCTGCCCCAAACGG -3´ 68.8 54.0

Table 2. The name of primers, sequence, melting temperature (Tm) and GC%
of the primers used to target CYP6 partial gene. The name of the primer

corresponded to
the target name of the subfamily of CYP6 gene (CYP6AA2 and CYP6F1).

8. Total DNA extraction from Anopheles species

Standardization of total DNA extraction was performed by methods of

Reineke et al. [1998] and Rivero et al. [2004].  The best quality DNA was

extracted through modified protocol of Rivero et al. [2004] (Figure 15).  An

individual adult was homogenized dry to powdery form and 20 µl of Lysis buffer

(50mM Tris-Cl pH 8.0, 5mM EDTA pH 8.0, 100µM NaCl and 1% SDS) was

added and further homogenized gently to spread the tissues. More lysis buffer

was added to make the final volume to 500 µl. 5 µl of RNAse (20mg/ml) was

added and incubated at 37oC for 1 hour, followed by addition of 50 µl of

proteinase K (2 µg/µl) and incubated again at 40oC overnight or 55oC for 3

hours. Equal volume of phenol: chloroform: isoamyl alcohol (24:23:1) and spun

in a centrifuge at 13,000 rpm for 10 minutes at 4oC twice. The supernatant was

then mixed with equal volume of chloroform: isoamyl alcohol (24:1) and

centrifuged. DNA was precipitated in 99.9% ice cold ethanol and incubated
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overnight at 4oC and centrifuged at 13,000 rpm for 5 minutes. The pellet was

air dried at 27oC for 10 ± 5 minutes and dissolved in 20 µl of Milli-Q water.

9. Genomic DNA profiling through RAPD–PCR

The genomic DNA was amplified using RAPD-PCR procedure of

Wilkerson et al. [1993] with modification. A working template DNA solution (10

± 5 ng/µl) was made prior to PCR and 5 µl of working solution of DNA template

was loaded in 0.8% agarose gel to check to quantity and quality of DNA (Figure

16). Thirty one random primers were initially tested and out of which eleven

primers that produced reproducible polymorphic bands were selected for DNA

profiling through RAPD-PCR (Table 11).  1 µl of genomic DNA were amplified

in a 25 µl reaction mixture containing Taq polymerase buffer (1X), dNTPs

(0.2mM), Taq Polymerase (1.5 U), MgCl2 (3mM), BSA (0.6mg/ml) and 11.5

primer (11.5 pM each) and the volume was made to 25 µl with DEPC treated

water. The samples were subjected to 40 cycles of initial denaturation at 94°C

for 4 min, 94°C for 1 min (denaturation) followed by 37°C for 2 min (annealing),

72°C for 2 min (extension), and finally 72°C for 10 minutes. A reaction mixture

without DNA template was used as negative control.

10. PCR amplification of mitochondrial COI gene for Phylogenetic analysis

The COI region of the mitochondrial DNA was targeted and amplified

using  PCR procedure of Kumar et al. [2007] with modifications. The AbcF (5´-
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GGA TTT GGA AAT TGA TTA GTT CCT T -3´) and AbcR (5´- ATT TTA AAT

TCC AGT TGG A -3´) (Operon) primers modified from Kumar et al. [2007] were

used for amplification of 650 – 700bp product of mitochondrial cytochrome

oxidase (COI). The 25 µl PCR reaction mixture contained Taq polymerase

buffer (1X), MgCl2 (1.5mM), dNTPs (0.25mM), primer (0.1 pM each), Taq

polymerase (1.5 U), BSA (0.6 mg/ml) and 1 µl DNA template (10 ± 5 ng/ µl).

The volume was made to 25 µl with DEPC treated water. The reaction was

conducted at 94°C for 5 min, 43°C for 1 min (annealing), 72°C for 1 min

(extension) for 5 cycles; followed by 94°C for 1 min, 55°C for 1 min, 72°C for 1

min and final extension at 72°C for 5 mins for 30 cycles. A reaction mixture

without DNA template was used as negative control.

11. PCR amplification for Internal Transcribed Spacer 2 (ITS2) region of

ribosomal DNA from different Anopheles species

The rDNA ITS2 regions were amplified from genomic DNA samples

following the protocol described by Porter and Collins [1991], with some

modifications, and using the following primers: ITS2F: 5´- CAC ACA TCC TTG

AGT GCT A -3´ and ITS2R: 5´- ACA CAT CAC TTG AGG CCA C -3´. The PCR

reaction was carried out for 25µl/reaction containing Taq polymerase buffer

(1X), MgCl2 (1.5mM), BSA (0.6 mg/ml), dNTP’s (2mM), primers (5pM each),

Taq polymerase (1.5U) and 1µl of the template DNA (10 ± 5 ng/µl). The volume

was made up using DEPC treated water. The PCR condition consisted of 6
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min. of initial denaturation at 94ºC followed by 35 cycles of 1 min. at 94ºC, 1

min. at 51-55ºC, 1 min. at 72ºC and 4 min. of final extension at 72ºC.

12. Agarose gel electrophoresis and sequencing of the PCR products

The agarose gel electrophoresis followed the protocol described by

Sambrook et al. [1989]. To visualize the different PCR products (5 µl of COI

and ITS2; 15 µl of RT-PCR and RAPD-PCR PCR amplified products) was

loaded in 1.5% agarose gel, 1X TAE pH 8.3 (Tris-acetate-EDTA

electrophoresis buffer) and ethidium bromide (0.5 µg/ml final concentration).

The gel was run at 100V for 1-2 hours and visualized with UV trans-illuminator

and photographed using UVP LSTM gel documentation system (Ultra-Violet

Products Ltd. Nuffield Road Cambridge, CB4 1TG, UK). PCR amplicon were

estimated using 100 base pairs (bp) DNA ruler or Low range DNA ruler,

whichever was necessary (GeNei).

PCR amplified products quantified using Biophotometer (Eppendorf,

Germany) were sequenced in forward direction and the sequences were

generated from GCC BIOTECH (India) Pvt. Ltd., Kolkata, India.

Electropherograms for the COI, ITS2 and AChE genes were edited and aligned

with clustal W in MEGA 5.0 [Tamura et al., 2011].
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13. Analysis on the data produced by morphological characterization

of Anopheles

For morphological data ten species of Anopheles species of Mizoram

were selected for study of phylogenetic analysis: An. campestris, An.

peditaeniatus, An. jamesii, An. sinensis, An. philippinensis, An. annularis, An.

nivipes, An. maculatus, An. jeyporiensis and An. vagus. Four parts of the body

were used as the focal key and were analyzed using a dissecting microscope:

patterns on palpi, wings, legs and abdomen hairs [Das et al., 1990 and Nagpal

and Sharma, 1995]. 34 characters were selected and their presence (+) or

absence (–) of the each character was marked accordingly a binary table

(presence-1/absence-0) was developed (Table 10) for study of phylogenetic

relation.

The data were used to calculate the Euclidean distance using the

SIMQUAL (computes similar association coefficients for qualitative data)

module. Euclidean distance calculates two morphological data (1 and 0) and

scores them on bases of similarity [Manguin et al., 1999; Broide et al., 2009].

The distance coefficient was used to construct dendrogram using UPGMA

(Unweighted Pair Grouped Method Arithmetic Average) employing the SAHN

(Sequential Agglomerative Hierarchical and Nested algorithm) algorithm with

1000 bootstrap value. The goodness of fit of the clustering compared with the

similarity matrix was tested by computing the cophenetic correlation coefficient

using the normalized Mantel statistics Z test [Mantel, 1967] with 100
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permutations via the COPH and MXCOMP procedures. COPH produces a

cophenetic value matrix or matrix of ultra-metric values from a tree matrix while

MXCOMP compares two symmetric matrices by computing their matrix

correlation and then plots a scatter diagram. All parameters were computed

using NTSYS-pc 2.01i [Rohlf, 1998].

14. Molecular characterization to study the phylogenetic relation

among the Anopheles species.

14.1. Analysis of data produced by RAPD-PCR profile

The ten species of Anopheles employed for morphological data

analysis were also used for RADP-PCR profiling. The species were An.

campestris, An. peditaeniatus, An. jamesii, An. sinensis, An.

philippinensis, An. annularis, An. nivipes, An. maculatus, An. jeyporiensis

and An. vagus. PCR reaction that generated high level of polymorphism

was repeated twice in order to verify the reproducibility of scored

polymorphic bands. For the analysis and comparison of RAPD patterns, a

set of distinct, well separated bands were selected, neglecting the weak

and unresolved bands (Figure plate 11 and 12, Figure 17). Electrophoretic

profiles were compared based on their molecular weights using Doc-It®LS

Image Analysis software and a binary table (presence-1/ absence-0)

corresponding to molecular weight and position of each bands.
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The polymorphic information content (PIC) value often used to

measure the informativeness of a genetic marker for linkage studies was

calculated for each loci of eleven RAPD primers as PICi = 2 fi (1- fi);

where fi = frequency of primer ‘i’ (Roldan-Ruiz et al., 2000).  The ability of

the most informative primer to differentiate the genotype of a band was

calculated by estimation of resolving power (RP). RP of each primer was

calculated as given by Prevost and Wilkinson (1999): Rp = ΣIb, where Ib

(band informativeness) = 1 – (2 |0.5 – p|) and p is the proportion of

genotypes containing the band. Marker Index (MI) is the product between

diversity index and effective multiplex ratio (EMR), where EMR defined as

the product of the fraction of polymorphic loci and the number of

polymorphic loci, was also calculated. Percent polymorphism, no. of

different alleles, no. of effective alleles, Shannon's Information Index,

diversity, unbiased diversity and analysis of molecular variance (AMOVA)

was calculated for morphology and RAPD data using GenAlEx 6.41

(Peakall and Smouse, 2006).

The RAPD-PCR data were used to calculate Jaccard’s genetic

distance coefficient using the SIMQUAL module. These distance

coefficients were used to construct dendrogram using UPGMA employing

the SAHN algorithm with 1000 bootstrap value. The goodness of fit of the

clustering compared with the similarity matrix was tested by computing the

cophenetic correlation coefficient using the normalized Mantel statistics Z

test [Mantel, 1967] with 100 permutations via the COPH and MXCOMP
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procedures. All parameters were computed using NTSYS-pc 2.01i [Rohlf,

1998].

14.2. Analysis of dataproduced by COI sequences

Fourteen Mizoram species - An. peditaeniatus, An. jamesii, An.

maculatus, An. philippinensis, An. nivipes, An. annularis, An. subpictus,

An. aconitus, An. varuna, An. minimus, An. campestris, An. vagus, An.

jeyporiensis and An. sinensis were used for COI sequenceanalysis and

were aligned with other Anopheles species retrieved from NCBI using the

default parameters within the MUSCLE multiple sequence alignment

programme [Edgar, 2004]. Their respective accession numbers are

indicated in Table 12.Aligned sequences were examined with the program

MEGA5 (Molecular Evolutionary Genetics Analysis, version 5.01) [Tamura

et al., 2011] and a similarity matrix was constructed. Relationships

between individuals were assessed by maximum likelihood (ML) method

with nucleotides distances (p-distance)using Tamura-Nei model [Tamura

and Nei, 1993] with a gamma distribution (shape parameter = 10).The

overall ts/tv bias (R) was calculated by the formula: R = [A*G*k1 +

T*C*k2]/[(A+G)*(T+C)], where k1 = purine and k2 = pyrimidine using

Tamura-Nei model.Estimates of average evolutionary divergence over

sequence pairs within groups and between groups; average evolutionary

divergence over all sequence Pairs; mean evolutionary diversity within

subpopulations; mean evolutionary diversity for the entire population;
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mean inter-populational evolutionary diversity and coefficient of

evolutionary differentiation were calculated using Tamura 3-parameter

model [ Tamura, 1992] and the rate variation among sites was modeled

with a gamma distribution (shape parameter =10) and with 1000

bootstrap.Tajima’s test of neutrality [Tajima, 1993]was also calculated with

1000 replications in the bootstrap test.P-value less than 0.05 was used to

reject the null hypothesis of equal rates between lineages.

Phylogenetic analysis involved 14Anopheles COI sequences of

Mizoram against 22Anophelessequences retrieved from Genbank, NCBI.

The analysisbased on the maximum parsimony (MP) algorithm was

performed for the robust clade using PAUP* 4.0b1 [Swofford, 1998].

Heuristic searches were performed with 100 replicates of random addition

option. Support for various nodes were determined through 1000

bootstrap replications where each bootstrap replication did 10 additional

replications with different input order of the taxa. The branch swapping

algorithm used was tree-bisection-reconnection (TBR). The tree was

rooted using the COI sequences of the Culex tritaeniorhynchus(GenBank

accession number: JQ003061)and C.quinquefasciatus(GenBank

accession number:GU188856) as the outgroup. There were a total of 699

total characters.Codon positions included were

1st+2nd+3rd+Noncoding.Trees with 50% majority-rule consensus tree

was considered and when describing trees, bootstrap values of 50 % or

greater were considered as strong.
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14. 3. Analysis of data produced by ITS2 sequences

For the study, ten species of Anopheles species were selected: An.

annularis, An. jamesii, An. jeyporiensis, An. maculatus, An. minimus, An.

nivipes, An. philippinensis, An. subpictus, An. vagus and An. varuna.

The sequences from each species complex were aligned using the

default parameters within the clustalW multiple sequence alignment

programme (Higgins et al., 1994). Aligned sequences were examined with

the program MEGA5 (Molecular Evolutionary Genetics Analysis, version

5.01) (Kumar et al., 1993) and a similarity matrix was constructed.

Relationships between individuals were assessed by maximum likelihood

(ML) method with nucleotides distances (p-distance), evolutionary

divergence within and between groups, transition/transversion rate ratios,

nucleotide diversity and Tajima’s test of neutrality [Tajima, 1993] with 1000

replications in the bootstrap test. Nucleotide sequences have been

submitted to the GenBank/EMBL Data Bank and their respective

accession numbers are indicated in Table 12. Dimer frequency was

calculated using Spectrum repeat finder (SRF) (Sharma et al., 2004). GC

percentage was determined using GC calculator

(http://www.genomicsplace.com/gc_calc.html). The overall ts/tv bias (R)

was calculated by the formula: R = [A*G*k1 + T*C*k2]/[(A+G)*(T+C)],

where k1 = purine and k2 = pyrimidine.
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Phylogenetic analysis based on the maximum parsimony (MP)

algorithm was performed for the robust clade using PAUP* 4.0b1

(Swofford, 1998). Heuristic searches were performed with 100 replicates

of random addition option. Support for various nodes were determined

through 1000 bootstrap replications where each bootstrap replication did

10 additional replications with different input order of the taxa. The tree

was rooted using the ITS2 sequence of the butterfly, Lysandra

caelestissima (GenBank accession number: AY556735) as the outgroup.

The analysis involved 21 nucleotide sequences. Codon positions included

were 1st+2nd+3rd+Noncoding. All positions containing gaps were treated

as missing data.There were a total of 501 total characters. When

describing trees, bootstrap values of 50 % or greater were considered as

strong.

ITS2 sequences were folded with the RNA secondary structure and

Minimum free Energy (MFE) prediction subroutine using RNAfold Web

Server program included in the Vienna RNA package (Hofacker, 2003).

Default values were used to fold the ITS2 rDNA. Structures inferred by

RNAfold were examined for common stems, loops, and bulges. The ITS2

sequence was also subjected to Spectral Repeat Finder (SRF) and

Tandem Repeat Occurrence Locator (TROLL) programmes (Sharma et

al., 2004; Benson, 1999) for identifying the presence of interspersed and

tandem repeats, respectively.
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Statistical analysis of ITS2 sequences

Data on the ITS2 repeats, copy number, MFE, RNA secondary

structure and GC contents were subjected to appropriate statistical

analyses. Analysis of variance (ANOVA) among ITS 2 repeats, minimum

free energy, and RNA secondary structures was done and critical

difference of mean (P = 0.05) were calculated using Tukey-Kramer

multiple comparison post test for taking statistical decisions. Student’s t-

test was used to examine the statistical significances of the GC content

and MFE. Analysis of covariance for elements of RNA secondary structure

adjusted by ITS 2 repeats (covariate) was performed. The correlation and

regression between internal loop (Y) and repeat (X) was assessed by

linear regression (Snedecor and Cochran, 1989).



54

Results

Anopheline population of Mizoram and their identification keys and
species abundance

General and common morphological features:

 Larva: The larvae mostly float close to the surface or to the

margins.

 Adult: Identified by their typical resting position: males and

females rest with their abdomens sticking up in the air rather than parallel

to the surface on which they are resting.

 Subgenus – Anopheles: Wing with 3 or less than three dark

spots on costa (1, 2, 3), which also involve vein 1.

 Subgenus – Cellia: Wings are with pale markings and has a

presence of 4 or more dark spots on costa [1, 2, 3, 4] which also involve

vein 1.

 Annularis group – Dorsum of abdomen have narrow scales and

the last few segments the scales form tuffs. The species prevailing in

Mizoram are An. annularis, An. nivipes and An. philippinensis.

 Hyrcanus group – In larvae, the clypeus is a with tuft of dark

scales at sides. The species are An. peditaeniatus and An. sinensis.
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 Aconitus subgroup – Female palpi with both apical and

subapical pale bands as broad as subapical dark band. The species are

An. aconitus and An. varuna.

i) Anopheles aconitus (Voucher no – NSK 13)

Author: Doenitz, 1902

Morphological identification characters (Figure plate 14, Figure 22):

 Palpi: Female palpi with pale tip. Female palpi with both apical

and subapical pale bands as broad as subapical dark band.

 Wings: Pale spots present on other wing veins besides costa

and vein 1; Wing vein 3 mainly white; vein 6 with 2 dark spots on distal

or apical half; hind margin with pale fringe spot at vein 6; and vein 2.1

with a median pale spot.

 Legs: Tibia and femur are without speckling. Tarsomeres are

without bands.

Anopheles (Cellia) aconitus belongs to the minimus group of

Myzomyia Series [Harbach, 2004]. The larval forms of this species

could not be obtained throughout the study while only the adult

specimen was collected in Mamit and Bukpui from cattle shed and

could be found only during the early pre-monsoon season (April) and

never in abundance, a total of 8 species were collected during 2008 –

2011 (Table 3).
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ii) Anopheles annularis (Voucher no – NSK 07)

Author: Van der Wulp, 1884

Morphological identification characters (Figure plate 16, Figure 30):

 Palpi: Apical pale band is nearly equal to preapical dark band.

 Wings: Wing vein 3 mainly dark and dark scales at the

bifurcation of vein 5.

 Legs: Femur and tibia are not speckled; Hind tarsomeres 5, 4

and 3 completely white and has a pale band at the junction of 1 and 2.

Anopheles (Cellia) annularis belongs to the annularis species

complex of annularis group of Neocellia Series [Harbach, 2004]. Its

larval-forms could be collected from Thenzawl, very often in clear

waters having aquatic grasses, well -shaded with grasses and tall

trees, while adults were mainly collected in cattle-sheds. In Thenzawl,

the availability of the species often restricted from March to

September, reaching its maximum during June – July (Table 3); but in

2010, two species could be collected in the month of February. CDC

light trap used in huts (human resident) of Lengpui, Pangbalkawn and

Saiphai during June - July collected 3, 28, 22 species, respectively.
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iii) Anopheles campestris (Voucher no – NSK 01)

Author: Reid, 1962

Morphological identification characters (Figure plate 15, Figure 27):

 Palpi: without any pale markings.

 Wings: inner quarter of costa with scattered pale scales, usually

with a fringe spot at vein 5.2 (barbirostris group); Presence of a

fringe spot at the end of 3rd and 5th (CU2) wing vein. Wing with narrow

pale fringe spot on vein 2 and 3 and no other pale spot in between

(campestris).

 Legs: Hind femur with small pale band.

 Female with prominent tuft of dark scales on ventral side of

abdominal segment VII (barbirostris group). Abdominal sterna with

many white scales scattered between median patch and lateral rows

(campestris).

Anopheles (Anopheles) campestris belongs to the barbirostris

group of the Myzorhynchus series [Harbach, 2004]. An. campestris

was widely distributed across Mizoram, 27 species was collected from

Lengpui (Aizawl district),  4 and 7 from Forest reserve and Saikhawthlir

of Mamit, 23 species from Kolasib (Table 3) and 3 from Ngeipui

(Lawngtlai district). Larval habitat was often restricted to fish

farms/nurseries. Resting adults found in cattle sheds and outdoors of
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human residents were collected. A total of 4972 species were collected

from Thenzawl during 2009 -2011.

iv) Anopheles culiciformis (Voucher no – NSK 19)

Author: Cogill, 1903

Morphological identification characters (Figure plate 17, Figure 34):

 Palpi: Palpi is completely dark but slightly shorter than probosis

 Wings: Completely dark.

 Legs: Completely dark.

 Larva: frontal hair are with one or two branches; lateral hair on

abdominal segments III-VI are long and with a few very fine, short,

barb-like branches; sub-antennal hair is club-shaped; innermost hair

on ventral surface of prothorax not spine-like.

Anopheles (Anopheles) culiciformis belongs to Anopheles Series

[Harbach, 2004]. A total of six larval forms were obtained from the

clear and cold waters (16oC) of Tuithiang veng of Kolasib during

March, 2009. The breeding habitat was well hidden from direct sunlight

because of rock columns on three sides. The larval form was cultured

in the laboratory into adult for its identification. The species could not

be obtained from other districts of Mizoram (Table 3).
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v) Anopheles dirus (Voucher no – NSK 22)

Author: Peyton and Harrison, 1979

Morphological identification characters (Figure plate 14, Figure 25):

 Palpi: The palpi are four banded.

 Wings: Presector dark mark on vein 1 with one or more pale

interruptions.

 Legs: Tibia and femur are with speckling and presence of a big

pale band without a ventral dark stripe is observed at its junction.

Anopheles (Cellia) dirus belongs to leucosphyrus group of

Neomyzomyia Series [Harbach, 2004]. A total of 2 adult specimens

were collected using CDC light trap (Table 3).

vi) Anopheles jamesii (Voucher no – NSK 03)

Author: Theobald, 1901

Morphological identification characters (Figure plate 15, Figure 28):

 Palpi: Female palpi not speckled and apical and subapical pale

bands are nearly equal.

 Wings: Inner quarter and outer third of costa is chiefly pale;

Wing vein 3 mainly pale and has a presence of pale scales at the

bifurcation of vein 5. Vein 5.1 pale at base.
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 Legs: Femur and tibia are speckled. Hind tarsi with at least two

apical tarsomeres completely are white and tarsomeres 5, 4 and 3 are

completely white.

 Dorsum of VII and VIII abdominal segments covered with golden

scales.

Anopheles (Cellia) jamesii belonged to jamesii group of the

Neocellia series [Harbach, 2004]. The larva was collected from artificial

ponds that were well shaded with small aquatic grasses and grassy

margins. The collected adults were found resting outdoors of cattle

shed. A total of 2910 species were collected from Thenzawl during

2008 – 2011. Three adults were collected from Bilkhawthlir (Kolasib)

through CDC (Table 3).

vii) Anopheles jeyporiensis (Voucher no – NSK 09)

Author:  James, 1902

Morphological identification characters (Figure plate 13, Figure 20):

 Palpi: Female palpi with subapical pale band are narrow and the

subapical dark band is much broader than them; and the tip is pale.

 Wings: Basal third of costa with one or more white interruptions;

vein 3 mainly white; Pale spots present on other wing veins besides

costa and 1st vein.
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 Legs: Femur and tibia not speckled; the hind tarsomere 5 is not

white and fore tarsi with narrow pale bands.

Anopheles (Cellia) jeyporiensis belonged to Funestus group of

Myzomyia Series [Harbach, 2004]. A total of 2194 specimen could be

obtained from this study area. The said variants were not found within

the 14, 36 and 37 individuals collected from Saipum, Chawnpui and

Pangbalkawn of Kolasib, respectively (Table 3).

viii) Anopheles kochi (Voucher no – NSK 21)

Author: Donitz, 1901

Morphological identification characters (Figure plate 14, Figure 24):

 Palpi: Palpi are four banded where one is narrow and three are

broad pale bands; the apical half of proboscis is pale.

 Wings: Fringe spot present on all veins.

 Legs: Tibia and femur are speckled; apical or terminal half of

hind tarsomere 5 white;

 Underside of abdomen with tuft of dark scales on segments II-

VII.

Anopheles (Cellia) kochi belonged to kochi group of

Neomyzomyia series (Fig NSK21) [Harbach, 2004].  Only a single
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adult specimen was collected from Bilkhawthir of Kolasib district (Table

3).

ix) Anopheles maculatus (Voucher no – NSK 04)

Author: Theobald, 1901

Morphological identification characters (Figure plate 13, Figure 19):

 Palpi: Apical and subapical pale bands are equal and are

separated by a narrow dark band; palpi usually not speckled; apical

half of proboscis is dark.

 Wings: Fringe spot present on all veins.

 Legs: Tibia and Femur are speckled; hind tarsomere 5 and part

of 4 are white.

 Abdomen without such tuft of scales beneath (maculatus

group); Abdominal terga IV-VIII with a few long pale scales.

Anopheles (Cellia) maculatus belonged to maculatus group of

Neocellia Series [Harbach, 2004].  Only five larval forms were collected

from clean and clear rock-hole with direct sunlight; while no adults could

be collected in Lunglei. However in Thenzawl a total of 322 adults were

collected that were found resting in and outdoors of cattle-shed and

human residents. Adult specimen was also found in Ngeipui village of

Lawngtlai. Overall total of 331 species were collected (Table 3).



63

x) Anopheles minimus (Voucher no – NSK 23)

Author: Theobald, 1901

Morphological identification characters (Figure plate 15, Figure 26):

 Palpi: Female palpi with pale tip; the palpi with both apical and

subapical pale bands as broad as or broader than subapical dark band

(a character of Minimus subgroup and shares similar character with

Aconitus subgroup).

 Wings: Wing vein 3 mainly white; inner costa with one pale

interruption; vein 5.1 is with three dark spots; fringe spot absent at vein

6; vein 2.1 dark except at base and apex.

 Legs: Fore tarsi are unbanded and the tarsomeres 1–4 are with

very small dorso-apical pale patches.

Anopheles (Cellia) minimus belonged to minimus subgroup of

Myzomyia Series [Harbach, 2004]. This species could be located only

at the river-side of Turial of Aizawl district. A total of 3 adult specimens

only could be collected using CDC light-trap (Table 3).

xi) Anopheles nivipes (Voucher no – NSK 10)

Author: Theobald, 1903

Morphological identification characters: (Figure plate 16, Figure 31)
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 Palpi: The apical pale band is nearly equal to the preapical dark

band.

 Wings: Presector dark mark on vein 1 is long usually reaching or

overlapping the distal end of the humeral dark mark on costa. Wing

vein 5 mainly white, with no dark spot at the point of bifurcation.

 Legs: Femur and tibia not speckled; hind leg tarsomere 5, 4 and 3

are completely white; apex of hind tarsomere 1 usually with white band.

Anopheles (Cellia) nivipes belonged to nivipes species complex

of annularis of Neocillia Series [Harbach, 2004]. Larva of this species

was collected with An. jamesii at Thenzawl from the same artificial

pond / rock holes / slow running stream that were characterized with

tall grassy margin; small floating aquatic grass further provided partial

shade for the larva. Adults could be collected using CDC light trap or

found resting in and outside of human residents. Few adults were also

collected outside cattle shed. A total of 4762 individuals were collected

during the whole survey period (Table 3).

xii) Anopheles peditaeniatus (Voucher no – NSK 02)

Author: Leicester, 1903

Morphological identification characters (Figure plate 13, Figure 18):

 Palpi: Palpi with four definite pale markings.
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 Wings: Basal third of costa is entirely dark and the wing is

without a fringe spot at vein 5.2; humeral cross vein without dark

scales and the remigum mostly pale scaled.

 Legs: Hind tarsomeres with narrow apical pale bands.

Anopheles (Anopheles) peditaeniatus belonged to Lesteri

subgroup of hyrcanus group of Myzorhynchus series [Harbach, 2004].

Only few larval forms were obtained and the adult specimens collected

were captured resting in- or outside of cattle-sheds in Thenzawl where

a total of 43 species could be collected. The specimen was found only

in Thenzawl (Table 3).

xiii) Anopheles philippinensis (Voucher no – NSK 06)

Author: Ludlow, 1902

Morphological identification characters (Figure plate 16, Figure 29):

 Palpi: The apical pale band is nearly equal to the preapical dark

band.

 Wings: Presector dark mark on vein 1 shorter than nivipes,

either of same length as on costa or extending basally beyond the end

of corresponding dark mark on costa, but not reaching the distal end of

humeral dark mark on costa. Wing vein 5 mainly white, with no dark

spot at the point of bifurcation.
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 Legs: Femur and tibia not speckled; hind leg tarsomere 5, 4 and 3

are completely white; apex of hind tarsomere 1 usually with white band.

Anopheles (Cellia) philippinensis belonged to annularis group of

Neocellia series [Harbach, 2004]. A total of 4 species were collected

each from Saikhawthir huts (human residence) in Mamit district and

Bukpui huts of Serchhip District using CDC light traps. From Thenzawl,

its larval forms were collected in clear and clean waters shaded with

tall grasses, floating aquatic plants and plant debris; adults could be

collected from cattle sheds and human residents. A total of 137

species were collected from this region during 2008 to 2011(Table 3).

xiv) Anopheles sinensis (Voucher no – NSK 15)

Author: Wiedemann, 1828

Morphological identification characters (Figure plate 17, Figure 32):

 Palpi: Palpi with four definite pale markings.

 Wings: Basal third of costa is entirely dark and the wing is with a

fringe spot at vein 5.2, apical pale spot or apical fringe spot is long,

commencing at or above vein 1 and Vein 1 is with some pale scales

between subcostal pale and preapical pale spot and its tip is dark

scaled.

 Legs: Hind tarsomeres with narrow apical pale bands.
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Anopheles (Anopheles) sinensis belonged to hyrcanus group of

the Myzorhynchus series [Harbach, 2004]. Their larval form was found

exclusively in clear but shaded rock holes and found only in Thenzawl.

A total of 44 specimens were recorded during the study. Surprisingly,

presence of adults was not recorded near human residents, but only in

cattle sheds (Table 3).

xv) Anopheles subpictus (Voucher no – NSK 11)

Author: Grassi, 1899

Morphological identification characters (Figure plate 13, Figure 21):

 Palpi: Female palpi with subapical dark band equal or nearly

equal to the apical pale band.

 Wings: Vein 1 has one dark spot; Fringe spots are present on all

veins, its presence was also observed between vein 5 and 6 and also

as a spot beyond vein 6.

 Legs: Femur and tibia not speckled; fore-tarsi with broad pale

bands; hind tarsomere 5 not white.

Anopheles (Anopheles) subpictus belonged to Pyretophorus

Series [Harbach, 2004] was collected only at Kolasib district from

Buhchang and Saiphai where only 4 adult specimens were obtained

through CDC. This species was not found in other districts of Mizoram

(Table 3).
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xvi) Anopheles vagus (Voucher no – NSK 18)

Author: Donitz, 1902

Morphological identification characters (Figure plate 17, Figure 33):

 Palpi: Palpi with subapical dark band 1/4th the length of apical

pale band.

 Wings: Fringe spot present on all veins, its presence was also

observed between vein 5 and 6 and also beyond vein 6.

 Legs: Tibia and femur are not speckled; fore tarsi with broad

bands; hind tarsomere 5 not white.

Anopheles (Cellia) vagus belonged to Pyretophorus Series

[Harbach, 2004] and the most widely distributed species across

Mizoram. Its larval forms were found where the water was clean and

clear; the larval forms sought shade through the floating plant debris or

small floating aquatic plants whichever was available. The water body

in general may have grassy margins or an open space. The adults

could also be collected both cattle shed and human residents. From

Thenzawl, a total of 3968 species were collected during 2009 to 2011

survey; 26 individuals from Lengpui, 11 from Lawngtlai, 5 from Mamit,

4, 5, 15, 5, 4 and 3 from Bilkhawthlir, Buhchang, Chawnpui, Kori

Camp, Lungdai and Serkhan of Kolasib districts respectively; 11

individuals were obtained from Bukpui of Serchhip district (Table 3).
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xvii) Anopheles varuna (Voucher no – NSK 20)

Author: Lyengar, 1924

Morphological identification characters (Figure plate 14, Figure 23):

 Palpi: Female palpi with pale tip; the palpi with both apical and

subapical pale bands as broad as or broader than subapical dark

band.

 Wings: Inner costa is without interruption; vein 3 mainly white;

basal third of costa with white interruptions; vein 5.1 is with two dark

spots; fringe spot absent at vein 6; vein 2.1 dark except at base and

apex.

 Legs: fore tarsomeres entirely dark scaled.

Anopheles (Cellia) varuna belonged to minimus group of

Myzomyia Series [Harbach, 2004] and 3 adult specimens were

collected only from Buhchang, Kolasib (Table 3).
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Site of
collection

Mode of
collection

Temp.
(oC)

RH
(%)

NSK
13

NSK
07

NSK
01

NSK
19

NSK
22

NSK
03

NSK
09

NSK
21

NSK
04

NSK
23

NSK
10

NSK
02

NSK
06

NSK
15

NSK
11

NSK
18

NSK
20

Aizawl District
Lengpui SN/ CDC 33 - 3 27 - - - - - - - - - - - - 26 -

Tuirial CDC 33 54 - - - - 2 - - - - 3 - - - - - - -
Lawngtlai District

Ngeipui village CDC 24 98 - - 3 - - - - - 2 - - - - - - 11 -

Lunglei District
Lunglei town
area 28 55 - - - - - - - - 7 - - - - - - - -

Mamit District
Reserve Forest CDC 28 34 2 - 4 - - - - - - - - - - - - 1- -

Saikhawthlir CDC 25 70 - - 7 - - - - - - - - - 4 - - 5 -
Kolasib District

Bilkhawthlir CDC 29 38 - - 3 - - 3 - 1 - - - - - - - 4 -

Buhchang CDC 20 78 - - 6 - - - - - - - 3 - - - 2 5 3

Chawnpui CDC 20 63 - - - - - - 36 - - - 45 - - - - 15

Kori Camp huts CDC 34 70 - - 3 - - - - - - - - - - - - 5 -

Lungdai CDC 20 55 6 - - - - - - - - - - - - - - 4 -

Pangbalkawn CDC 29 67 - 28 - - - - 37 - - - 5 - - - - - -

Saiphai CDC 25 63 - 22 - - - - - - - - 31 - - - 2 - -

Saipum CDC 27 65 - - 11 - - - 14 - - - 22 - - - - - -

Serkhan CDC 22 65 - 2 - - - - - - - - - - - - - 3 -

Tuithiang SN 18 43 - - - 6 - - - - - - - - - - - - -
Serchhip District

Bukpui CDC 32 98 - - 2 - - - - - - - - - 4 - - 11 -
Thenzawl (10
sites) SN/ CDC 12–

39oC
22-
99 - 51 4972 - - 291- 2194 - 322 - 4656 43 137 44 - 3968 -

Tot. sps 8 106 5038 6 2 2913 2281 1 331 3 4762 43 145 44 4 4067 3

Table 3. Anopheles species prevalence and abundance from different collection sites of Mizoram. The species are An.
aconitus (NSK13), annularis (NSK07), campestris (NSK01), culiciformis (NSK19), dirus (NSK22), jamesii (NSK03),
jeyporiensis (NSK09), kochi (NSK21), maculatus (NSK04), minimus (NSK23), nivipes (NSK10), peditaeniatus (NSK02),
philippinensis (NSK06), sinensis (NSK15), subpictus (NSK11), vagus (NSK18) and varuna (NSK20).
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Survey of Anopheline population of Mizoram

The larval habitats were characterized by clear water (pH of 5.0 – 6.2;

22 – 30oC) interrupted with floating aquatic plants and dead/fallen plant debris

and were shaded by a vegetation of tress and tall grasses. Adults were

collected at dusk and midnight (4:00 pm – 8:00 pm; 12:00 – 4:00 am) from

cattle sheds with its nearby residents and at agricultural lands (23 – 36oC; 20 –

98% RH) using CDC. The Anopheline species availability and abundance and

their mode of collection in different districts of Mizoram were listed in Table 3.

A total of 19757 Anopheles mosquitoes belonging to 17 species were

collected from 27 survey sites in different districts of Mizoram (Figure 7, Table

3). A total of 19757 individuals were collected. In the overall survey the most

dominant species was found to be An. campestris (p>0.01) amounting to a total

species of 5038 (Table 3), 4762 of An. nivipes (p>0.01), 4067 of An. vagus

(p>0.01), 2913 of An. jamesii (p>0.01), 2281 of An. jeyporiensis (p=0.02), 331

of An. maculatus, 145 of An. philippinensis (p>0.01), 106 of An. annularis

(p>0.01), An. peditaeniatus (p>0.01) and An. sinensis (p>0.01) with total of 43

and 44 respectively and the least was An. kochi with a total of one species.

Anopheles abundance in 2009 – 2011 in Thenzawl

A total of 19297 individuals were collected from Thenzawl during 2009 –

2011. The three year survey (Table 4) have shown that there was no significant

statistical differences in the total number of Anopheles collected in 2009 (F235.3
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= 7.5; P = 2.717E-08), 2010 (F315.9 = 7.3; P = 3.943E-08), and 2011 (F326.9= 7.5

P = 2.853E-08). Levene’s test (based on means) gave significant homogeneity

of variances within the Anopheles populations W(2009) = 1.167E-15, W(2010) =

1.549E-13 and W(2011) = 1.38E-14. The survey had revealed that abundance of

species were slightly low in 2011 (32.4% of total Anopheles spp.) as compared

to 2009 (34.2%) as shown in Figure 35. The Anopheles displayed a total

abundance (Table 4) of 6589 spp. in 2009 and decreased slightly to 6452 spp.

by 2010 and 6256 spp. in 2011. Overall, out of the total Anopheles surveyed

from 2009 to 2011, the dominant species was An. campestris (25.8%), followed

by An. nivipes (24.1%.), An. vagus (20.6%), An. jamesii (15.1%), An.

jeyporiensis (11.4%), An. maculatus (1.7%), An. philippinensis (0.7%), An.

annularis (0.26%), An. sinensis (0.23%) and An. peditaeniatus (0.22%).

The monthly (Table 5) proportion of adult Anopheles gradually increased

from February (2.8%), attained its maximum by May – June (21 – 23.1%) and

gradually decreased by November (0.85%). The most consistent species

throughout the year were An. campestris (Jan – 0.5%; Nov – 2.6%) and An.

vagus
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S1
23°17'13.21"N
92°46'50.58"E 2449ft

23 - 34°C
/ 20-80% 335 - 281 72 - - 403 - 375 216

S2
23°17'12.27"N
92°46'55.65"E 2506ft

24 - 33°C
/ 28-80% 767 - 492 - - - 443 - - 229

S3
23°17'10.01"N
92°46'49.35"E 2457ft

25 - 36°C
/ 30-98% 2228 - 959 42 - - 1102 - 360 211

S4
23°16'51.98"N
92°46'49.64"E 2505ft

26 - 32°C
/ 34-79% 367 - 236 - 29 - 348 - - 332

S5
23°16'47.49"N
92°46'29.01"E 2539ft

27 - 32°C
/ 30-90% 265 - 0 - 37 - 399 - - 1118

S6
23°17'1.02"N
92°46'28.86"E 2517ft

22 - 34°C
/ 20-80% 160 - 234 65 - - 350 - 375 435

S7
23°16'28.19"N
92°46'19.20"E 2464ft

29 - 32°C
/ 50-80% 154 - 215 - - - 415 - 367 339

S8
23°17'26.77"N
92°46'19.88"E 2726ft

30 - 32°C
/ 50-80% 166 12 - - - - 379 - - 368

S9
23°16'53.93"N
92°46'4.42"E 2603ft

24 - 33°C
/ 28-80% 256 17 254 69 29 - 424 19 354 345

S10
23°17'10.33"N
92°46'15.40"E 2563ft

25 - 36°C
/ 30-98% 274 14 239 74 42 51 393 25 363 375

Total % 25.77 0.22 15.08 1.67 0.71 0.26 24.13 0.23 11.37 20.56

Total: 4972 43 2910 322 137 51 4656 44 2194 3968

9 103 4 5 6 7 8
Surv
ey

site
Coordinates MSL Temp.  /

RH
1 2

Table 4. Global positioning system, temperature and relative humidity of survey
area with its Anopheles species distribution at Thenzawl during 2009 – 2011.
The species are 1: An. campestris (NSK01); 2: peditaeniatus (NSK02); 3:
jamesii (NSK03); 4: maculatus (NSK04); 5: philipinensis (NSK06); 6: annularis
(NSK07); 7: nivipes (NSK10); 8: sinensis (NSK15); 9: jeyporiensis (NSK09);
and 10: vagus (NSK18).

(Jan – 0.8%; Nov – 0.9%), An. campestrisreached its maximum at June

(20.6%) while the later at May (27.7%). An. jamesii and An. nivipes began its

prevalence in February (0.89% and 3.80% respectively), rose to its maximum in

May (34.0% and 22.2%) and receded in October (1.6% and 0.5%). An.

annularis and An. sinensis appeared in February (3.9% and 4.6%), displayed

continued maximum abundance in June and July (17.7% and 18.2%) and

receded in October (3.9% and 2.3%). An. philippinensis appeared in March

(2.9%), attained its maximum by July (25.6%) and receded in October (3.7%).
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Percentage abundance of An. peditaeniatus displayed interesting pattern, it

appeared in February (9.3%), remained stable during May – June and (16.3%)

showing sudden drop during July (7.0%), followed by increase in August

(16.3%) and October (14%) was followed by its disappearance in November.

Anopheles spp. general bionomics and habitat preference as observed in

Thenzawl during 2009 – 2011

Very slow running water of temperature 24 - 27oC, pH of 5.2 - 5.5, well

shaded from sunlight, with water bodies often interrupted with floating aquatic

plants provided the largest area for Anopheles larvae breeding and accounted

for 40% of all Anopheles spp. collected and adults were mainly collected in

areas with range of 22 - 36oC and 20 – 98.0% RH throughout the years. An.

campestris (p>0.1), An. maculatus (p>0.1), An. philippinensis (p>0.1), An.

nivipes (p>0.1) and An. jeyporiensis (p>0.1) were strongly anthropogenic and

endophagic and could be collected more often indoors than outdoors, while An.

vagus (p>0.1) and An. jamesii (p>0.1) were found to be highly zoophilic and

exophilic and were mainly collected from outdoors. An. peditaeniatus (p>0.1),

interestingly for An. annularis (p>0.1) and An. sinensis (p>0.01) they were

found to be highly zoophilic as they could be found only in indoor cattle–sheds.

Throughout the collection, survey site – 3 (Figure 8, Table 4) with well

vegetated, numerous and thick tall grasses, small (1.5 m in diameter) to

relatively larger (9 m in diameter) ponds were broadly scattered, and long

kutcha–huts as residents for the workers, accounted for the maximum
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collection of 25.4% total Anopheles spp.  This survey area gave the maximum

Anopheles spp. collection in May (6.35%) and lowest in January (0.05%).

Nearest to it was survey site - 2 which was characterized by relatively more

residential huts and lesser ponds and accounting for 10% of total Anopheles

spp. collections. The water body observed was cemented and earthen irrigation

canals, the area gave a maximum of 2.8% in May and least of 0.02% in

January. Anopheles spp. collection was the least from survey site - 8, which

was characterized with muddy ditches, excavated ground pools, small but fast

flowing stream, open drainage and seepages with lesser human residents and

accounted for only 4.8% of all Anopheles spp. collection. The vegetation had

more of tall tress than grasses.

Seasonal abundance variation of Anopheles spp. abundance in relation

with malaria case reports as observed in Thenzawl during 2009 - 2011

Thenzawl was dominated my malaria throughout the year. From the total

monthly collections of Anophelesspecies from 2009 to 2011, An. campestris,

An. nivipes, An. maculatus and An. jeyporiensis were found most dominant not

only in all survey sites but also within the residential area of the malaria

patients. January and February (winter months) exhibited abundance of An.

campestris to 0.54 – 1.21%
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Month
No. of
sites

surveyed

Species
present

/ Site
(%)

Total
spp.
(%)

Mean of
species

collected
NSK01 NSK02 NSK03 NSK04 NSK06 NSK07 NSK10 NSK15 NSK 09 NSK18

Jan 10 3 77
7.7 ± 4.0

27 - - - - - - - 19 31
(100%) (30 %) (0.4%) (0.5%) (0.87%) (0.78%)

Feb 10 9 536 53.6 ±
22.8

60 4 26 10 - 2 177 2 187 68
(100%) (90 %) (2.8%) (1.2%) (9.30%) (0.89%) (3.11%) (3.92%) (3.80%) (4.55%) (8.52%) (1.71%)

Mar 10 10 1472 147.2 ±
50.2

283 3 146 24 4 4 380 3 286 339
(100%) (100 %) (7.6%) (5.7%) (6.98%) (5.02%) (7.45%) (2.92%) (7.84%) (8.16%) (6.82%) (13.04%) (8.54%)

Apr 10 10 2413 241.3 ±
86.2

483 6 307 36 10 6 759 5 287 514
(100%) (100 %) (12.5%) (9.7%) (14.0%) (10.6%) (11.2%) (7.3%) (11.8%) (16.3%) (11.4%) (13.1%) (13.0%)

May 10 10 4451 445.1 ±
157.5

1011 7 989 44 18 7 1034 7 312 1022
(100%) (100 %) (23.1%) (20.3%) (16.3%) (34.0%) (13.7%) (13.1%) (13.7%) (22.2%) (15.9%) (14.2%) (25.7%)

Jun 10 10 4068 406.8 ±
143.5

1025 7 671 54 33 9 1028 8 311 922
(100%) (100 %) (21.1%) (20.6%) (16.3%) (23.1%) (16.8%) (24.1%) (17.7%) (22.1%) (18.2%) (14.2%) (23.2%)

Jul 10 10 2697 269.7 ±
93.2

771 3 352 59 35 9 697 8 315 448
(100%) (100 %) (14.0%) (15.5%) (7.0%) (12.1%) (18.3%) (25.6%) (17.7%) (15.0%) (18.2%) (14.4%) (11.3%)

Aug 10 10 1867 186.7 ±
64.2

614 7 233 65 19 6 357 7 276 283
(100%) (100 %) (9.68%) (12.4%) (16.3%) (8.0%) (20.2%) (13.9%) (11.8%) (7.7%) (15.9%) (12.6%) (7.1%)

Sept 10 10 1089 108.9 ±
36.4

335 6 139 26 13 6 203 3 170 188
(100%) (100 %) (5.6%) (6.7%) (14.0%) (4.8%) (8.1%) (9.5%) (11.8%) (4.4%) (6.8%) (7.8%) (4.7%)

Oct 10 8 463 46.3 ±
23.9

236 - 47 4 5 2 21 1 31 116
(100%) (80 %) (2.4%) (4.8%) (1.6%) (1.2%) (3.7%) (3.9%) (0.5%) (2.3%) (1.4%) (2.9%)

Nov 10 2 164 16.4 ±
12.8

127 - - - - - - - - 37
(100%) (20 %) (0.9%) (2.6%) (0.9%)

Table 5: Month, total survey area (%), total Anopheles spp. presence (%), total number of anopheline collected, Mean of
species collection, total number (%) tested for identification, and total number (%) of each Anopheles spp. collected for
each survey period by species at Thenzawl, January – November, 2009 – 2011.
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and of An. jeyporiensis 0.87 – 8.52% abundance along with malarial

prevalence of 1.83 – 2.29% of total reported malaria cases (Figure 36). The

months of March, April and May (summer season) were dominated by An.

campestris (5.69, 9.7, and 20.3%), An. nivipes (8.16, 16.3 and 22.2%), An.

jeyporiensis (13.04, 13.08 and 14.22%), and An. maculatus (7.45, 11.2 and

13.7%) meanwhile the incidence of malaria was 1.38%, 8.26% and 15.6%,

respectively. Monsoon season started with commencement of June and An.

campestris surged to its maximum abundance of 20.62% with An. nivipes to a

value of 22.1%, with corresponding increase in the number of malaria cases

(16.97%), An. jeyporiensis and An. maculatus were no less significant at this

time (14.2 and 16.8% respectively). Malarial incidence was highest in July

(26.5%) with non-receding abundance of An. campestris (15.5%), An. nivipes

(15%), An. jeyporiensis (14.4) and An. maculatus (18.3) Monsoon further

prevailed during August and September and the number of collections of An.

campestris (12.4 and 6.7%), An. nivipes (7.7 and 4.4%), An. jeyporiensis (12.6

and 7.8%) and An. maculatus (20.2 and 8.1%) and the malaria cases reported

were 15.1% and 5.05%.  October and November witnessed the receding of

monsoon and so were An. nivipes (0.45%) and An. jeyporiensis (1.41%) in

October and disappeared by November. Meanwhile An. campestris prevailed

with 4.75% and 2.55% by October and November together with Malaria cases

(3.67% and 1.83%).
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Bioassay and Biochemical assay

Bioassay was performed on the 3rd and early 4th instar larvae (based on

the diameter and volume of the larval head), there were no pupation found

during the test. The linear regression graph made for calculation of LC50 is

shown in figure plate 19 and 20, figure 37 – 40. With the 0.0015 to 0.09% range

of concentration of deltamethrin tested, the order of tolerance found among the

tested species was An. vagus<An. campestris<An. jamesii<An. nivipes and

their respective LC50 were 0.0035 < 0.0295 < 0.041 < 0.086 percent (Table 6).

The results of the biochemical resistant enzyme assay not only

displayed a correlation with the results of bioassaybut also stability in enzyme

production during the three years of study; drastic increase or reduction in

species was not observed. For the estimation of mixed function oxidase, a

standard concentration of cytochrome–C (bovine heart) was usedand for GE α-

or β- naphthol was used.The analysis of general esterase showed

heterogeneity in enzyme production. An. nivipes produced the maximum GE

assay and MFO with a value of 0.0177 ± 0.00047α–naphthol/min/mg protein

and 1.26183 ± 0.068cytochrome/mg proteins respectively (Table 7).

Meanwhile, An. dirus produced the maximum for β-naphthyl acetate assay with

a value of 0.0611 β–naphthol/min/mg protein (Table 7). An. nivipes produced

the maximum MFO, as mentioned earlier, followed by An. maculatus with

1.05238 ± 0.091cytochrome/mg protein, An.jeyporiensis (0.88459 ±
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0.004cytochrome/mg protein), An. minimus (0.23455 ± 0.099cytochrome/mg

protein), An. jamesii (0.21512 ± 0.0008cytochrome/mg protein), An. campestris

(0.16605 ± 0.009cytochrome/mg protein), An. philippinensis (0.14522 ±

0.003cytochrome/mg protein), An. dirus (0.14145 ± 0.0596cytochrome/mg

protein) and least by An. vagus (0.13663 ± 0.027cytochrome/mg protein).

Analysis of GST showed maximum quantity in An. maculatus (1.9580 ±

0.0422mMoles/minute/mg protein) and minimum in An. dirus (0.6250 ±

0.0833mMoles/minute/mg protein).An. vagus produced the minimum for both α

and β with a value of 0.0086 ± 0.00027 α–naphthol/min/mg protein and 0.0093

± 0.00070 β– naphthol/min/mg protein while showing a slight increase of GST

with 1.1320 ± 0.0229

mMoles/minute/mg protein(Table 7).

Table 6: Dose concentration used in percent and its corresponding LC50 in An.
vagus, An. campestris, An. jamesii and An. nivipes. Also shown is 2, m,
Variance of m (Vm) and 2 at 5% significance. Where m is value of x (log LC50)
corresponding to y = 5.0 (50% = 5 probits) as observed in regression line of
corresponding figures; and 2 at 5% level of significance = 28 df (n – 2= 30 – 2)
at probability 0.05 is higher than calculated 22, the expt. shows homogeneity.

No. Species
Dose
Conc.

(%)
df m Vm 2 2 at 5%

significance LC50
Fiducial

limit

1 An. vagus 0.0015 -
0.09 28 0.55 0.00023 3.62

41.34,
shows

homogeneity
0.0035 0.0034 ±

0.0038

2 An.
campestris

0.002 -
0.09 28 1.47 0.00036 0.26

41.34,
shows

homogeneity
0.0295 0.026 ±

0.031

3 An.
jamesii

0.003 -
0.09 28 1.6 0.00027 0.34

41.34,
shows

homogeneity
0.041 0.039 ±

0.042

4 An.
nivipes

0.045 -
0.09 28 2.11 0.00011 0.42

41.34,
shows

homogeneity
0.086 0.086 ±

0.132
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Semi-quantitative expression of partial genes involved in resistance

The formaldehyde agarose gel used for the separation of RNA of An.

nivipes and An. vagus (Figure 41).  A total of 28 PCR was performed for the

standardization of β-actin partial gene expression. The result of each semi-

quantitative mRNA expression including that of β-actin was repeated three

times for its confirmation. The standardized β -actin partial gene qRT-PCR

gave the optimum band intensity for the nine Anopheles sps. (Figure 42) and

different volumes of cDNA concentration was used to obtain the similar band

intensity (Table 8). The qRT-PCR amplicon quantified using biophotometer

(Eppendorf, Germany) for Ace1 and CYP6AA2 and CYP6F1 was listed in Table

9. It was observed that for Ace1 gene all the nine Anopheles species were able

to express in their differential banding pattern, while for CYP6, only some

species were able to express (Figure 43). Expression of CYP6AA2 was

detected in An. minimus, An. maculatus, An. jeyporiensis, An. nivipes while for

CYP6F1 only in An. jamesii and An. nivipes. It was observed that An. nivipes

was able to express the three partial genes and had the maximum production

when compared to the other species and therefore be characterized as

resistant population.
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Table 7. Summary of result of the biochemical assay of general esterase, mixed function oxidase and glutathione-S-
transferase during 2009 – 2011.

Species
Total Protein General Esterase Mixed Function

Oxidase
Glutathione -S-

transferase

(mg/ml) ( -naphthol/min
/mg protein)

( -naphthol/min/
mg protein)

(cytochrome/mg
protein)

(mMoles/minute/m
g protein)

An. vagus
(NSK - 18) 2.2665 ± 0.0496 0.0086 ± 0.00027 0.0093 ± 0.00070 0.13663 ± 0.027 1.1320 ± 0.0229

An. campestris
(NSK - 01) 2.2178 ± 0.0489 0.0111 ± 0.00090 0.0118 ± 0.00128 0.16605 ± 0.009 1.3146 ± 0.0268

An. maculatus
(NSK - 04) 2.2751 ± 0.0541 0.0139 ± 0.00035 0.0130 ± 0.00103 1.05238 ± 0.091 1.9580 ± 0.0422

An. philippinensis
(NSK -06) 2.2173 ± 0.0296 0.0103 ± 0.00030 0.0118 ± 0.00051 0.14522 ± 0.003 0.9477 ± 0.0109

An. nivipes
(NSK - 10) 2.2695 ± 0.0337 0.0177 ± 0.00047 0.0394 ± 0.00178 1.26183 ± 0.068 1.4238 ± 0.0213

An. jeyporiensis
(NSK - 09) 2.2538 ± 0.0386 0.0101 ± 0.00023 0.0130 ± 0.00069 0.88459 ± 0.004 1.7382 ± 0.0304

An. jamesii
(NSK - 03) 2.2152 ± 0.0251 0.0110 ± 0.00015 0.0126 ± 0.00063 0.21512 ± 0.0008 1.4034 ± 0.0145

An. dirus
(NSK - 22) 2.1472 ± 0.2867 0.0125 ± 0.00167 0.0611 ± 0.02577 0.14145 ± 0.0596 0.6250 ± 0.0833

An. minimus
(NSK - 23) 2.2919±0.3059 0.0165±0.00220 0.0139±0.00585 0.23455±0.099 1.2036 ± 0.1605

P : 2.52E-21 1.28E-17 8.18E-12 3.53E-73 1.62E-37
Total df : 89 89 89 89 89

F : 30.27 22.4 12.92 775.7 92.66
Total Sum of

squares: 67.41 0.0026 0.0145 19.01 34.2
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Nos. Name of sps. Conc. Of
cDNA (ng/l)

Volume used in
25l PCR

reaction (in l)
1 An. campestris 2197.0 2.0
2 An. dirus 2559.0 1.5
3 An. minimus 2288.7 2.0
4 An. maculatus 2119.5 1.0
5 An. jamesii 2488.0 4.0
6 An. jeyporiensis 2253.6 4.0
7 An. nivipes 2054.1 0.5

8 An.
philippinensis 2694.7 0.5

9 An. vagus 2773.0 3.0

Table 8. Nine Anopheles species and their cDNA concentration and volumes in
standardized qRT-PCR.

Name of species Ace1
(ng/l) CYP6AA2(ng/l) CYP6F1(ng/l) GenBank Acc.

No. for Ace1

An. campestris 214.6 - - JN817423
An. dirus 132.2 - - -
An. minimus 498.0 24.3 - -
An. maculatus 321.9 592.2 - -
An. jamesii 154.3 - 54.8 -
An. jeyporiensis 590.4 346.5 - -
An. nivipes 1023.7 1572.7 847.6 JN817422
An. philippinensis 52.3 - - -
An. vagus 74.0 - - -

Table 9. The result of semi-quantitative mRNA expression of resistant partial
genes Ace1 and CYP6 – CYP6AA2 and CYP6F1 in the nine Anopheles
species of Mizoram. The PCR amplified products were quantified using
BiophotometerTM (Eppendorf, Germany) and the average of three PCR product
are listed here.
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Phylogenetic study inferred from the Morphological character data analysis

The eleven species used for the study are An. campestris (NSK01), An.

peditaeniatus (NSK02), An. jamesii (NSK03), An. sinensis(NSK15), An.

philippinensis (NSK06), An. annularis (NSK07), An. nivipes (NSK10), An.

maculatus (NSK04), An. jeyporiensis (NSK09) andAn. vagus (NSK18); and An.

campestris (NSK-05-NCEF51) from Thailand. On average, the morphological

data gave a mean of 62.34 ± 2.38 % polymorphism, 0.38 ± 0.02 Shannon's

Information Index and diversity of 0.26 ± 0.02, unbiased diversity of 0.34 ± 0.02

among the Anopheles population, where each locus was derived based upon a

character (Table 10). The analysis showed a 100% molecular variance (df = 87,

FST = -0.122, p > 1.000) among the individuals within the Anopheles population.

The data reported in Table 10 was used to construct a dendrogram among the

Anopheles population as shown in Figure 44. The result of clustering had a

very good fit to the Euclidian distance matrix with cophenetic correlation

coefficient 0.94 (Mantel’s t test = 6.7, p < 1.0). The Euclidean distance

dendrogram for similar morphological characters displayed the Anopheline

population into two broad clusters. An. annularis, An. philippinensis, An.

nivipes, An. jamesii and An. maculatus lie in close proximity with An. vagus and

An. jeyporiensis. An. campestris of Mizoram showing none dissimilarity with An.

campestris obtained from ChangMai University, Thailand (used as standard

specimen for the study) were in close proximity with An. peditaeniatus and An.

sinensis.
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Sps: AC1 AC2 AP1 AH AJ1 AP2 AA AN AM AJ2 AV

A.1 + + - - - - - - - - -
A.2 - - - - - - - - + - -
A.3 - - - - + + + + + - -
A.4 - - - - - - - - - + -
A.5 - - - - - - - - - - +
A.6 - - + + - - - - - - -

B.1 - - - - + - - - + - -
B.2 + + + + - + + + - + +
B.3 - - - - + + + + + - +
B.4 - - - - - - - - - + -
B.5 + + - - - - - - - - +
B.6 - - + + - - - - - + -
B.7 - - - - + - - + - - -
B.8 - - - - - + - - + - -
B.9 - - - - + + + + - - -
B.10 - - - - - + + - - - -
B.11 - - - - + + + + - - -

C.1 - - - - + + + + + + +
C.2 + + + + - - - - - - -
C.3 - - - - - - - - - + +
C.4 + + + + + + + + + - -
C.5 - - - - + + - + + - +
C.6 + + + + - - + - - + -
C.7 - - - - - - - - - + +
C.8 + + - - - - + + - + +
C.9 + + - + + + + + + + +
C.10 - - + - - - - - - - -
C.11 - - - - + + + + - + +
C.12 + + + + - - - - + - -
C.13 - - - - - + - - - - -
C.14 - - - - - - - + - - -

D.1 + + + + - + + + - - -
D.2 - - - - + - - - + + +
D.3 + + - - - + - + - - -

A) Palpi

B) Legs

C) Wings

D) Abdomen

Table 10. Morphological characters of eleven species of Anopheles.(‘+’ or ‘–‘ indicates
presence / absence of a character).
Species: AC1=An. campestris (NSK01); AC2=An. campestris (NSK05-NCEF51); AP1=An.peditaeniatus
(NSK02); AH=An. sinensis(NSK15); AJ1=An. jamesii (NSK03); AP2=An. philippinensis (NSK06); AA=An.
annularis (NSK07); AN=An. nivipes (NSK10); AM=An. maculatus (NSK04); AJ2=An. jeyporiensis
(NSK09); AV=An. vagus (NSK18).
Characters: A.1: Palpi completely dark; A.2: Apical and subapical pale band equal and separated by dark
band; A.3: Apical & subapical pale band nearly equal to pre-apical dark band; A.4: Apical pale band
nearly equal to pre-apical dark band; A.5: Pre-apical band 1/4th of the apical pale band; A.6: Four banded
palpi; B.1: Speckling in legs; B.2: Leg speckling absent; B.3: Broad bands on fore-leg tarsomere; B.4:
Small band on fore-leg tarsomeres; B.5: Broad bands on hind-leg tarsomere; B.6: Small band on hind-leg
tarsomeres; B.7: Fifth tarsomere of hind leg is white; B.8: Hind tarsomeres with broad and dark bands;
B.9: Hind tarsomere 5, 4 and 3 is completely white; B.10: Pale band at the junction of hind tarsomere1
and 2; B.11: Hind tarsus with white band extending at 2 terminal tarsomeres; C.1: 4 or more pale areas on
costa, subcosta including vein; C.2:  >4 pale areas on costa, subcosta including vein 1; C.3: Inner costa
interrupted; C.4: Inner costa mainly dark; C.5: At the bifurcation of vein 5, the area is pale; C.6: At the
bifurcation of vein 5, the area is dark; C.7: Fringe spot present on all the veins; C.8: Fringe spot on vein 3;
C.9: Fringe spot present at wing vein 5.2; C.10: Fringe spot absent at wing vein 5.2; C.11: Fringe spot on
vein 6 (Anal); C.12: Fringe spot absent in vein 6 (Anal); C.13: Pre-sector dark mark on vein 1 not
extending basally up to the humeral dark mark of costa; C.14: Pre-sector dark mark on vein 1 extended
basally up to the humeral dark mark of costa; D.1: Abdomen mainly clothed with dark hair; D.2: Abdomen
mainly clothed with golden hair; D.3: Lower abdominal sterna with golden/white scales.
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Phylogenetic study inferred from RAPD-PCR data analysis

The eleven species used for the study are An. campestris (NSK01),

An. peditaeniatus (NSK02), An. jamesii (NSK03), An. sinensis(NSK15), An.

philippinensis (NSK06), An. annularis (NSK07), An. nivipes (NSK10), An.

maculatus (NSK04), An. jeyporiensis (NSK09) and An. vagus (NSK18); and An.

campestris (NSK-05-NCEF51) from Thailand.The analysis showed a 97%

molecular variance among the individuals and 3% variance among the

Anopheles populations (total df = 241, FST = 0.029, p > 0.001). Out of the thirty

one random decamer primers initially tested, eleven random primers gave

reproducible polymorphic bands were selected for DNA profiling through

RAPD-PCR (Figure plates 11 to 12, Figure 17). The primers gave a range of 19

– 26% polymorphic bands that revealed 65.4 ± 4.04 % polymorphism within the

population; on average, the RAPD data does not differ much from

morphological data; it gave a mean 0.34 ± 0.02 Shannon's Information Index

and diversity of 0.22 ± 0.01, unbiased diversity of 0.24 ± 0.01 among the loci.

The resolving power of the primers ranged from 9.0 to 12.7, with an average of

10.69. The polymorphic information content (PIC) value of RAPD primers

varied from 0.26 to 0.34 with an average of 0.31. The primer MA-18 and MA-26

showed the highest value of average RP. For RAPD analysis, effective

multiplex ratios (EMR) for all primers were estimated at 0.22, while marker

index (MI) was identified as 0.07 (Table 11).  Based on the presence or

absence of the amplification of RAPD bands, the pair-wise genetic similarity

according to Jaccard’s coefficient was analyzed; it ranged from 0.78 to 0.29.
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Dendrogram developed from Jaccard’s similarity index among Anopheles

genotypes based on the RAPD profile is shown in Figure 45. The cophenetic

correlation coefficient was 0.89 (Mantel's t test = 5.41, p = 1.0) indicating that

the cluster results had a very good fit to the genetic similarity matrix. The

dendrogram revealed An. maculatus and An. annularis remained at a position

different from its closely related taxa. An. jamesii, An. nivipes and An.

philippinensis of similar series are clustered together, similar case was found

for An.peditaeniatus – An. sinensis and An. campestris meanwhile, An.

jeyporiensis formed a totally separate branch.

Name Ps TNB PSz (bp) TNPB % P PIC AvBA RP
MA06 CTGCTGGGAC 101 1799 - 200 22 21.78 0.34 0.42 11.09
MA08 GTCCCGACGA 101 1987 - 200 24 23.76 0.34 0.38 11.64
MA09 GACGGATCAG 98 1565 - 230 22 22.45 0.35 0.40 11.09
MA12 ACCGCGAAGG 138 2134 - 214 30 21.74 0.29 0.42 11.64
MA13 CCAGATGCAC 109 1732 - 200 26 23.85 0.28 0.38 10.00
MA14 TGGGCGTCAA 107 2016 - 205 25 23.36 0.28 0.39 9.82
MA17 ACCTCAGCTC 92 1567 - 202 23 25.00 0.29 0.36 9.45
MA18 TGGTCAGTGA 130 1307 - 214 26 20.00 0.32 0.45 12.73
MA23 AGGCGATAAG 127 1500 - 212 25 19.69 0.26 0.46 8.36
MA26 GACGTGGTGA 116 1832 - 204 25 21.55 0.33 0.42 12.73
MA27 CCGACAAACC 84 2460 - 218 22 26.19 0.30 0.35 9.09

EMR = 0.22 MI = 0.07

Table 11. RAPD-PCR primers: Name, Sequence, Total number of bands, Total
polymorphic bands, Polymorphism percent, Polymorphic content (PIC),
Average band per assay, Resolving power (RP), Effective multiplex ratio (EMR)
and Marker Index (MI). Ps=Primer sequence; TNB=Total no of bands
produced; PSz=Product size; TNPB=Total no of Polymorphic bands produced;
%P=Polymorphism percent; AvBA=Average band per assay.
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Phylogenetic study inferred from COI sequence analysis

The COI region of fourteen species was amplified by PCR from

mitochondrial DNA. From each species three samples were amplified and

sequenced. The size of sequenced PCR amplified fragments was

approximately 700 bp. The three sequences derived from three specimen of

similar species did not have any nucleotide variation, therefore, only a single

sequence was deposited toNCBI GenBank (Figure 46; Table 12).

Sequence Analysis

The 14Mizoram Anopheles COI sequences contained no indels and

straightforward alignment. On average, the sequences had a strong A+T bias

of 68.3 % (Table 12) and the codon usage was 230. The overall tn/tv ratio (R)

calculated was 2.506and the estimated value of the shape parameter for the

discrete Gamma Distribution under the Tamura-Nei (1993) model was 0.1463

where the mean evolutionary rates calculated in 10 categories were 0.00, 0.00,

0.00, 0.00, 0.02, 0.08, 0.24, 0.68, 1.83, 7.14 substitutions per site. The

nucleotide frequencies were 30.65% (A), 37.99% (T), 15.73% (C), and 15.64%

(G) (Table 13). The pairwise genetic distance calculated using Tamura-Nei

model [Tamura and Nei, 1993]within Myzorhynchus series (sinensis,

peditaeniatus and campestris) showed a rangeof 0.07 - 0.12 andpeditaeniatus-

sinensis with lowest distance of 0.07; Myzomyia series (aconitus, varuna,

minimus and jeyporiensis) ranged from 0.09 - 0.11 with jeyporiensis-varuna

being the closest (0.09); Neocelia series (jamesii, maculatus, phillipinensis,
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nivipes and annularis) ranged from 0.002 - 0.13 and jamesii-annularis had the

farthest distance (0.13). The genetic distance between Pyretophorus series:

subpictus - vagus was 0.13 (Table 13).The equality of evolutionary rate was

calculated among Mizoram species using Tajima's relative rate test; between

An. sinensisand An. peditaeniatus of Myzorhynchus series, with An. aconitus of

Myzomyia series as outgroup;the χ2was 4.90 (P = 0.02686 with 1 df).The mean

evolutionary diversity for the entire population was calculated as 0.117 ± 0.01

with evolutionary divergence of 0.116  ±  0.009(Table 13).

Phylogenetic analysis

Phylogeny of the 14 Anopheles COI sequences of Mizoram was

constructed with 19 Anopheles COI sequences retrieved from GenBank, NCBI

- An. sinensis (GenBank: AY444351 from S.Korea and GenBank: AY768950

from China), An. crawfordi (GenBank: EU256338 from Kerela), An.

peditaeniatus (GenBank: GQ259186 from Tamil Nadu), An. aconitus

(GenBank: HQ877378 from Vietnam), An. minimus (GenBank: GQ259189 from

Orissa), An. jeyporiensis (GenBank: GQ259195 from Orissa and GenBank:

HQ877379 from Vietnam), An. varuna (GenBank: DQ149241 from Tamil Nadu

and GenBank: HQ877380 from Vietnam), An. campestris (GenBank:

JQ003059 from Thailand), An. barbirostris (GenBank: HM773367 from Assam

and GenBank: JQ003060 from Thailand), An. jamesii (GenBank: AY729972

from Pondicherry), An. maculatus (GenBank: EU256336from Kerela and

GenBank: DQ267690 from Orissa), An. annularis (GenBank: AY917197 from

Jharkand), An. subpictus (GenBank: DQ310149 from Pondicherry), An. vagus
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(GenBank: AY834247 from Pondicherry) and An. gambiae (GenBank:

JQ003061 from SouthAfrica). The analysis had 34 ingroup taxa with 2

outgroups: Culex tritaeniorhynchus (GenBank: JQ003061) and

C.quinquefasciatus (GenBank: GU188856). The construction involved a total of

699 characters, where there were 459 conserved and 240 variable

characters.The sequences had 199 parsimony informative and 41 parsimony

un-informativecharacters.The phylogenetic tree length calculated using PAUP*

4.0b1was 821, consistency,homoplasy and retention indicesof0.41,0.59and

0.667 respectively.

The phylogenetic tree generated from COI sequences in Figure 48

showed Two major clades supported by 100% bootstrap value: one clade

belonged to Pyretophorus series, its member species viz. vagus, subictus and

gambiae formed a monophyletic clade, linked with a high bootstrap value of

100%. The other larger clade belonged that of Myzorhynchus, Neocelia,

Myzomyia Series. Evolutionary divergence was calculated within each series,

the highest nucleotide variation was observed within Neocelia and

Pyretophorus with 0.1 ± 0.01 each, followed by Myzomyia series with 0.096 ±

0.01 and least within Myzorhynchus with 0.089 ± 0.01. Within Myzorhynchus

clade, Hyrcanus and Barbirostris group formed sister clades and were linked

with a significant high 100% support. The monophyly of Neocelia series was

also distinct and linked with a support of 85 – 100%.Myzomyia Series however

displayed a dissimilar pattern. Funestus group is one of the many group under

its series, under which, Minimus Subgroup and Aconitus Subgroup formed
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sister clades, displaying their close affinity (61%). An. varuna of Aconitus

subgroup [Harbach, 2004] and An. jeyporiensis,however, formed polyphyly

between their sister groups.Theevolutionary divergencebetweenNeocelia –

Myzorhynchus estimated the maximum with 0.14 ± 0.014; Pyretophorus –

Neoceliawith 0.139 ± 0.014;Pyretophorus– Myzomyiawith 0.131 ± 0.013;

Pyretophorus – Myzorhynchus and  Myzomyia – Myzorhynchus 0.129 ±  0.013;

and Neocelia – Myzomyia (0.126 ± 0.012).
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1 jamesii JN596971 632 67.9 JN710012 411 50.60 IV

2 maculatus JN596972 702 68.4 JN710013 362 57.07 IV

3 philippinensis JN596973 697 66.8 JN643725 403 49.40 I

4 annularis JN832671 732 68.5 JN710014 375 53.10 I

5 jeyporiensis JN881334 706 69.7 JN643728 464 56.70 II

6 nivipes JN596974 738 67.8 JN643727 391 48.80 III

7 vagus JQ915196 684 66.3 JN710015 604 57.40 IV

8 varuna JN832675 701 67.7 JN643726 422 54.00 II

9 subpictus JN832672 651 68.8 JQ845942 406 58.90 III

10 minimus JN881335 724 68.6 JQ845943 375 56.80 II

11 aconitus JN832673 724 67.8 - - -

12 campestris JQ003058 715 69.9 - - -

13 peditaeniatus JN596970 710 69.3 - - -

COI sequence ITS2 sequence

RDM
ITS2

GenBank
Acc. Nos.

Sr. no Name of
species

Total
bp A T % Total

bp G C %
COI

GenBank
Acc. Nos.

Table 12: Name of Mizoram Anopheles species, GenBank accession number and nucleotide composition of COI
sequence; GenBank accession number, total base pair of ITS2 sequences and RNA secondary structure domain model
type (RDM).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 sinensis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 peditaeniatus 0.072 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 aconitus 0.139 0.115 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 varuna 0.117 0.114 0.115 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 minimus 0.123 0.125 0.100 0.112 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
6 jeyporiensis 0.119 0.098 0.110 0.094 0.098 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 campestris 0.123 0.115 0.146 0.127 0.125 0.106 0.000 0.000 0.000 0.000 0.000 0.000 0.000
8 jamesii 0.127 0.108 0.115 0.108 0.111 0.096 0.148 0.000 0.000 0.301 0.000 0.000 0.000
9 maculatus 0.117 0.111 0.119 0.126 0.115 0.094 0.121 0.092 0.000 0.000 0.000 0.000 0.000

10 philippinensis 0.123 0.122 0.139 0.117 0.113 0.117 0.147 0.111 0.108 0.000 0.000 0.000 0.000
11 nivipes 0.127 0.108 0.115 0.108 0.111 0.094 0.146 0.002 0.092 0.108 0.000 0.000 0.000
12 annularis 0.131 0.117 0.127 0.125 0.116 0.112 0.145 0.135 0.137 0.091 0.133 0.000 0.000
13 subpictus 0.119 0.119 0.143 0.111 0.127 0.113 0.131 0.131 0.143 0.092 0.129 0.115 0.000
14 vagus 0.129 0.109 0.146 0.117 0.141 0.123 0.141 0.117 0.118 0.151 0.117 0.147 0.130
Conserved, variable, parsimony informative and singleton sites out of 699 bases 459, 240, 199, 65
Degenerate sites:  0, 2 and 4 folds / 699 bases 437, 110, 104
Overall evolutionary divergence 0.116  ±  0.009
Rates of transitional substitutions  (%) A→G, T→C, C→T, G→A 15.55, 8.35, 20.3, 30.31
Rates of transversional substitutions (%) A→T/G→T,  T→A/C→A,  A→C/G→C,  T→G/C→G 4.84, 3.91, 1.99, 2.0
Transition/transversion rate ratios Purines 7.762

Pyrimidines 4.193
Overall bias (R) 2.506

Mean Evolutionary Diversity for the Entire Population 0.117 ± 0.01
Mean Evolutionary Diversity within Subpopulations 0.109 ± 0.009
Number of segregating sites 184
Nucleotide diversity (π) 0.107
Discrete Gamma Distribution (ML log: -2882.060) 0.1463

Table 13: Estimates of evolutionary divergence (p-distance - below diagonal) and codon based test of positive selection
(above diagonal- in italics) between COI sequences of Anopheles species collected from Mizoram.Values of P less than
0.05 are considered significant at the 5% level [non-synonymous substitution (dN) < synonymous substitution (dS)] and
are highlighted as bold and italics.
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Phylogenetic study inferred from ITS2 sequence analysis

Sequence divergence

The rDNA-ITS2 region was amplified by PCR from genomic DNA of 100

specimens and sequenced. The size of sequenced PCR amplified fragments

varied with maximum length being 604 bp for An. vagus and minimum of 362

bp for An. maculatus, but with no intra-specific variation. An. annularis and An.

minimus showed similar length of 375 bp and 391 bp in An. nivipes. ITS2

length was observed between 403 and 464 bp in An. philippinensis, An.

subpictus, An. jamesii, An. varuna and An. jeyporiensis, respectively (Figure

47). ITS2 region obtained from 10 Anopheles species have been deposited in

GenBank (Table 12). All the 10 individuals belonging to each mosquito’s

species were collected from the same geographical zone (district) and there

was no sequence variation among different geographical zone.

The interspecific p-distances of ITS2 varied considerably in three

different series of the subgenera Cellia of Anopheline species (Table 14). The

genetic distance within Annularis group; between Annularis and Jamesii

groups; between Annularis and Maculatus; between Jamesii and Maculatus

groups ranged between0.14 - 0.19, 0.22 - 0.26, 0.18 - 0.21 and 0.24,

respectively. Hence, Annularis, Jamesii and Maculatus groups are closer to

each other than to Pyretophorus (0.08) and Myzomyia (0.46) series. In the

three series examined, the highest value was observed in the Myzomyia with a

mean p-distance of 0.466. Variation within the Pyretophorus was the smallest
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with a mean p-distance of 0.080. The genetic distance was minimum between

An. vagus and An. subpictus (0.080) and maximum between A. varuna and A.

subpictus (0.667) with an overall mean distance of 0.47 (Table 14). The

Average evolutionary divergence over ITS2 sequence pairs was greater

between Myzomyia and Pyretophorus (0.60); Neocellia and Pyretophorus

(0.548); and Neocellia and Myzomyia (0.492).  Variations in genetic distance

were observed within and between groups of the Cellia series. Species within

Cellia subgenera showed very less conserved sites (67 sites/ 501bases) at the

sequence level. There were 413 inter-specifically variable sites out of 501 sites

among ten species. The nucleotide frequencies were 23.12% (A), 21.69% (T),

28.44% (C), and 26.75% (G). Rates of different transitional and transversional

substitutions were between 10.61 - 13.80% and 5.57 – 7.30%, respectively.

The overall ts/tv bias (R) was 0.937 (Table 14). Nucleotide diversity per site (π

= 0.52) and genetic diversity estimated from segregating sites (θS = 0.32) were

higher. The interspecific sequence differences  are non-synonymous, causing

codon change (P<0.05) between An. annularis vs. An. minimus/An. vagus; An.

jamesii vs. An. jeyporiensis; An. jeyporiensis vs. An. maculatus/An.

philippinensis; An. minimus vs. An. philippinensis/An. subpictus; and An.

philippinensis vs. An. vagus.

The evolutionary distance based onnonsynonymous substitutions is

expected to begreater than synonymous substitutions (Tajima’s test of

neutrality:
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Table 14. Estimates of evolutionary divergence (p-distance - below diagonal) and codon based test of positive selection
(above diagonal- in italics) between ITS2 sequences of Anopheles species collected from Mizoram.

An.annularis An.jamesii An.jeyporiensis An.maculatus An. minimus An.nivipes An. philippinensis An. subpictus An. vagus An.varuna

An. annularis 0 1.000 0.058 1.000 0.034 1.000 1.000 0.086 0.015 0.344
An. jamesii 0.245 0 0.013 1.000 0.070 1.000 1.000 0.338 0.324 1.000

An. jeyporiensis 0.584 0.615 0 0.005 0.200 0.151 0.003 1.000 1.000 0.289
An. maculatus 0.198 0.248 0.579 0 0.074 1.000 0.307 0.341 0.142 0.201
An. minimus 0.584 0.601 0.340 0.555 0 0.125 0.029 0.050 0.142 1.000
An. nivipes 0.190 0.267 0.611 0.212 0.584 0 1.000 0.384 0.157 1.000

An.philippinensis 0.148 0.223 0.595 0.188 0.569 0.177 0 0.073 0.045 0.181
An. subpictus 0.557 0.601 0.648 0.542 0.611 0.565 0.565 0 0.349 0.326

An. vagus 0.507 0.560 0.618 0.488 0.622 0.512 0.519 0.080 0 0.321
An. varuna 0.578 0.601 0.423 0.538 0.359 0.544 0.559 0.667 0.607 0

Conserved, variable, parsimony informative and singleton sites out of 501bases 67,413,294, and 115
Degenerate sites – 0, 2 and 4 folds / 501 bases 250,15 and 26
Overall evolutionary divergence 0.47 ± 0.011
Coefficient of evolutionary differentiation 0.466 ±0.015
Mean interspecific evolutionary diversity 0.220 ± 0.009

Average evolutionary divergence over sequence pairs within
groups of

Neocellia 0.208 ±0.014
Myzomyia 0.466 ±0.016
Pyretophorus 0.080 ±0.013

Average evolutionary divergence over sequence pairs
between

Neocellia  and  Myzomyia 0.492 ±0.015
Neocellia and  Pyretophorus 0.548 ±0.021

Myzomyia  and Pyretophorus 0.600 ±0.017
Rates of transitional substitutions (%) A→G, T→C, C→T, G→A 13.05, 13.80, 11.19, 10.61
Rates of transversional substitutions (%) A→T/G→T, T→A/C→A,  A→C/G→C, T→G/C→G 5.57, 5.94, 6.87, 7.30

Transition/transversion rate ratios
Purines 1.788
Pyrimidines 2.009

Over all bias (R) 0.937
Nucleotide diversity/site (π) 0.520337
Genetic diversity estimated from segregating sites (θS) 0.322441

Tajima’s test of neutrality (D) 3.074343
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3.07)favoring positive selection (Table 14).The ClustalW results showed

the expected better alignment in the Cellia subgenera individually as well as

dissimilarity when all the 10 species were considered simultaneously. The

multiple sequence alignments depicted extremely high divergence and the

sequence mid-region had more conserved sites than towards the 5’- or 3’-

ends.

ITS2 Secondary structure analysis

The GC content among Anopheles species varied between 48.80% and

58.90%. The sequences were slightly GC rich (50.6 - 58.9%) except fornivipes

and philippinensis.These values are concordant with 49.4–54.1% GC values

reported for other members of Anopheline species(Djadid et al., 2007). MFE

ranged between -124.6 and -257.1 Kcal/mol among the Anopheline species

studied. Maximum and minimum MFE were observed in An. vagus and An.

jamesii, respectively. Significant variations found among repeats, MFE and

RNAsecondary structures of different Anopheles species (F4,45 =157.56;

p<0.0001 in the ANOVA test). MFE was significantly influenced by GC content

(p<0.0001 in the student’s t-test). Positive correlation (Intercept: 16.613; slope:

-0.07531; r: 0.6489; F4,45: 5.8194; p<0.05 in the linear regression test) was

observed between internal loops and repeats (Table 15).It therefore appears

that there was a relationship between repeats and RNA secondary structures

for fixed interspecific differences and intraspecific homogeneity and this was

tested by analysis of covariance (Table 16).
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Table 15.Interactions between number of repeats, minimum free energy and
elements of RNA secondary structures in ITS 2 regions of Anopheles species
from Mizoram tested by analysis of variance, linear regression and t- test.

Anopheles
species Repeats

GC
content
(%)

Minimum Free
Energy
(Kcal/mol)

Elements of RNA secondary structures

Hairpin Internal Bulge
An. jamesii 72 50.60 -124.60 9 10 3
An. maculatus 104 57.07 -156.64 5 11 3
An. annularis 33 53.10 -148.90 5 11 4
An. vagus 9 57.40 -257.10 9 21 1
An.philippinensis 33 49.40 -133.21 8 10 2
An. varuna 61 54.00 -168.10 7 11 5
An. nivipes 63 48.80 -154.20 6 11 5
An. jeyporiensis 87 56.70 -171.82 8 10 0
An. subpictus 90 58.90 -180.40 6 11 3
An. minimus 34 56.80 -145.80 6 16 1
One way ANOVA analysis
Source SS df MS F value P value
ITS 2 repeats, minimum free energy,  and
RNA secondary structures 291586 4 72896 157.56 <0.0001

Anopheles species 20819 45 462.65
Comparison Mean difference Q value* P value
Repeat vs.  Minimum free energy 222.60 32.738 <0.001
Repeat vs.  Hairpin 51.70 7.601 <0.001
Repeat vs.  Internal loop 46.40 6.822 <0.001
Repeat vs.  Bulge 55.90 8.218 <0.001
Minimum free energy vs.  Hairpin -170.98 25.137 <0.001
Minimum free energy vs.  Internal loop -176.28 25.916 <0.001
Minimum free energy vs.  Bulge -166.78 24.519 <0.001
Hairpin vs.  Internal loop -5.30 0.7792 NS
Hairpin vs.  Bulge 4.20 0.6175 NS
Internal loop vs.  Bulge 9.50 1.397 NS
t- test
Comparison df t value P value
GC content  vs Minimum free energy 18 18.644 <0.0001
Linear regression
Internal loop (Y) and repeat (X) r  (r2) F value P value
Intercept:– 16.613; slope : -0.07531;
sum of square: 65.763;
standard deviation of residuals: 2.867

0.6489 (0.4211) 5.8194 0.0424
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Source SS df MS F value P value

Adjusted ITS 2 repeat (A)
(Covariate) 69453.06 1 69453.06 203.43 < 0.0001

Adjusted RNA secondary
structures (B) 60900.07 1 60900.07 178.37 < 0.0001

Adjusted A x B 54521.24 1 54521.24 159.69 < 0.0001

Adjusted error 11949.58 35 341.42

Test for homogeneity of regressions

Between regressions 794.04 3 264.68 0.76 0.5249

Remainder 11155.54 32 348.61

Adjusted error 11949.58 35

Table 16. Analysis of covariance for elements of RNA secondary structure
adjusted by ITS 2 repeats for ten different Anopheles species in Mizoram.

Figure 49 shows the predicted ITS2 folding structures of all the

Anopheles species with variations in the stem and loop near the presumptive

ITS2 excision site. The tandem repeat search revealed variations. Various

common interspersed repeats (dimers, trimers, tetramers, pentamers and

polymers) were distinct and unique to Anopheline species studied (Table 5).

Short dinucleotide simple sequence repeats (microsatellites) were identified in

Anopheles species: (AC)11-32 in An. annularis, An. jeyporiensis and An.

philippinensis; (CA)17-36 in An. jamesii, An. jeyporiensis and An. varuna; (GC)28

in An. maculatus; (GA)24 in An. nivipes; (TG)21 and (GT)20 in An. subpictus. No

dimer repeats found in An. vagus and An. minimus. Three different trinucleotide

repeats of (ACA)5, (TAT)5, (ATA)5, and (ACA)5, (CAT)8 ,(CGA)10 found in An.
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philippinensis and An. varuna, respectively. There were thirty eight different

types of repeats (dinucleotides - 6; trinucleotides - 9; tetranucleotides - 6;

pentanucleotides - 10; polynucleotides - 7) observed in Anopheles species

collected from Mizoram which were unique to individual species. The only

common dimer types were AC and CA observed in An. annularis, An.

jeyporiensis, An. philippinensis, An. jamesii and An. varuna, respectively. All

the five different types of repeats were found in An. maculatus and An. varuna,

while only pentamer type was observed in An. vagus. Significant variations

(P<0.0001) were found between di-, tri-, tetra-, penta- and poly- nucleotides

(F9,40=1428.24, 479.73, 1093.35, 202.67 and 59.47, respectively) (Table 17).

ANOVA analysis of interspersed repeats showed significant variations

(p<0.0001) among Anopheline species and F9,40 value for dimer, trimer,

tetramer, pentamer and polymer repeats was 1428.24, 479.73, 1093.35,

202.67 and 59.476. An. maculatus had the highest copy number of repeats

whereas lowest copy number of repeats was found in An. vagus(Tables 14 -

16). An. vagus has only one type of repeat and least copy number of repeats

and lowest MFE whereas, An. jamesii had high copy number of three types of

repeats and highest MFE. Copy number of dinucleotides plays a major role in

determining the folding structure, in terms of highest F value, than any other

kinds of repeats (Table 17).
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Table 17. Type of repeats and copy number analysis of ITS2 Anopheles species from Mizoram by Spectral Repeat Finder
(SRF) and ANOVA analysis of different type of repeats.

Anopheles
species

Type of repeats

Dimer Trimer Tetramer Pentamer Polymer

Repea
t

Nos.
(Position)

Repea
t

Nos.
(Position)

Repea
t

Nos.
(Position) Repeat Nos.

(Position) Repeat Nos.
(Position)

An. annularis AC 21 (1-259) 0 0 0 0 CAACC 12 (1-368) 0 0
An. jamesii CA 36 (1-411) 0 0 GCAA 22 (42-335) CATCA 14 (1-411) 0 0

An.
jeyporiensis

CA 32 (1-344)
CCG 12 (1-364) 0 0 CGAAC 9 (187 -414) GTTGCGAA

C 5 (1-431)
AC 32 (1-344)

An.
maculatus GC 28 (1-362) GTG 7 (1-148)

GGCT 18 (53-286) GAGTG 7 (1-137)

GCTAGG 8  (1-362)
CTCG 18 (53-286)

GGCTC 9 (148 -358)

GCTCG 9 (148 -358)

An. minimus 0 0 0 0 CCTG 20 (95-337) CCGTG 8 (1-176) GCCCGTGT 6 (1-375)
An. nivipes GA 24 (1-259) CTA 12 (1-344) GGTA 18 (86-336) AGGTG 9 (169-391) 0 0

An.
philippinensi

s
AC 11 (1-110)

ACA 5  (1-162)

0 0 0 0 CTATCA 7 (1-375)TAT 5 (1-162)

ATA 5 (1-162)

An.
subpictus

TG 21 (1-172)
0 0 GTGC 24 (1-291) GGTGC 16  (1-363) CGGCGC 9  (1-374)

GT 20 (174-379)
An. vagus 0 0 0 0 0 0 0 0 CGGCGC 9 (1-388)

An. varuna CA 17 (1-128)

ACA 8 (1-155)

0 0 CATAC 11 (1-252) GCACCCTG 7 (94-422)CAT 8 (1-155)

CGA 10 (178-418)

F9,40 value 1428.24 479.73 1093.35 202.67 59.476
P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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The predicted secondary structure models for Anopheles annularis,

maculatus and nivipes are quite similar (Figure 49). Similarly, An. subpictus

with philippinensis and jeyporiensis with minimus are quite similar in their stem

loop regions. The putative secondary structures of the 10 Anopheline species

from the six groups of three series of Cellia could be categorized into 4 types:

type I, the standard 3-domain model with domains divided into Ia, IIa-d and IIIa-

b sub-domains; type II, a 4-domain model with domains divided into IIa-e, IIIa-b

and IVa-e sub-domains; type III, a 5-domain model with domains divided into

Ia-e, IIa and Va-b sub-domains; and type IV, a 6-domain model with domains

divided into IIa-f, IIIa-b and VIa-e sub-domains, respectively (Figure 49).

Phylogenetic analysis

Comparison of ITS2 regions from Annularis, Funestus, Jamesii,

Maculatus, Vagus and Subpictus groups with the available sequences in

GenBank from the oriental region: An. annularis (GenBank: DQ279455 from

Uttar Pradesh, India), An. philippinensis (GenBank: JN654437 from Nagaland,

India), An. nivipes (GenBank: JN654432 from Nagaland, India), An. jamesii

(GenBank: FJ526631 from Thailand), An. maculatus (GenBank: GQ500120

from East Timor), An. subpictus (GenBank: GQ870337 from Sri Lanka), An.

vagus (GenBank: HQ873039 from Assam, India), An. varuna (GenBank:

HQ873037 from Tripura, India), An. jeyporiensis (GenBank: HQ873038 from

Assam, India) and An. minimus (GenBank: HQ174209 from Arunachal

Pradesh, India). The ITS2 sequences of ten Anopheles species with an
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unassigned Lepidoptera species (outgroup) were used for the phylogenetic tree

construction (Figure 50). All ambiguous positions were removed for each

sequence pair. The alignment generated 501 sites, 294 and 115 out of 413

variable sites were parsimony informative and singleton sites (Table 14).

The alignment generated 501 sites out of which 410 sites were

parsimony informative characters. The MP analysis yielded a tree with a length

of 1227 and consistency and retention indices of 0.27 and 0.84, respectively. In

the tree shown in Figure 50, three monophyletic groups were identified:

Annularis, Jamesii and Maculatus; Subpictus and Vagus; and Funestus group.

Clade 1 consists of An. annularis, An. nivipes, An. philippinensis, An. jamesii

and An. maculatus under Neocellia series; clade 2 consists of An. varuna, An.

jeyporiensis and An. minimus under Myzomyia series; and clade 3 consists of

An. subpictus and An. vagus under Pyretophorus series, which strongly

supported the morphological taxonomy. The node between two clusters of

Neocellia and Myzomyia series received good bootstrap support (86%).

Further, Neocellia series is divided into three groups (Annularis, Jamesii and

Maculatus) and Myzomyia series into a single funestus group (Jeyporiensis,

Minimus and Varuna) with the bootstrap support of 100 % and 99 %,

respectively. As inferred with ITS2 dataset, Neocellia appears to be more

closely related to the Myzomyia than to Pyretophorus. An. jamesii and An.

maculates are sisters to the Annularis group (Figure 50).



103

Discussion and Conclusion

The present study is the first detailed morphological characterization of

Anopheles species of Mizoram. The majority of the species required

morphological identification prior to molecular assays [Harbach, 2004]. Further,

correct morphological identification and molecular analysis is also required for

vector control and management [WHO, 2012]. However, limitations to

morphological identification of species had been identified since it is dependent

on characters found in various life stages and it was also noted that the

features required for its morphological identification may be lost or damaged at

the time of transport to the laboratory. In many cases, each wild-caught female

had to produce an egg batch so that an adult progeny from that particular

female can be studied [Koekemer et al., 2002];  the process was time

consuming and many of the larval forms die before pupation. Therefore, in

order to help in confirmation to its species level, COI and ITS genes were

targeted using PCR as described later.

It was also the first detailed study on the Anopheles and its abundance

relating to malarial incidence. A detailed report on the species abundance and

prevalence was performed in Thenzawl. The yearly Anopheles spp. abundance

showed variation which could be due to rise in temperature (mean maximum of

25.3oC in 2009 to 26.3oC in 2011) and annual rainfall (248.03 cm in 2009 to
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330.45 cm in 2011) during the three year survey. The present study also

recorded that the monthly proportion of total adult Anopheles collected

gradually increased from February (2.8%) and attained its maximum by May -

June (23.1%), or in other words, the pre-monsoon season characterized with

on and off rainfall moderated the temperature and humidity and provided

adequate means to Anopheline reproduction and breeding; while the population

dropped at November (0.85%) (Table 5). This population-shift in the proportion

and abundance of Anopheles spp. was likely influenced by environmental

factors such as the heavy monsoon rains overflowing their larval habitat,

occasional cyclone, farming practices such as Jhum cultivation or use of

fertilizers and insecticides and interspecific competition (Kim et al., 2011). A

total of 218 malaria cases were reported in Community Health Centre,

Thenzawl where P. falciparum was more prevalent (80.7%) than P. vivax

(18.3%) with few mixed infections (0.92%). The present study also revealed

that the monthly abundance of An. campestris, An. maculatus, An. jeyporiensis

and An. nivipes species had significance with malarial transmission in

Thenzawl (Figure 36). Its potentiality had been observed with An. campestris

[Limrat et al., 2001] and An. maculatus [Rongnoparut et al., 1996] in Thailand;

An. nivipes in North East India [Prakash et al., 2005]; and An. jeyporiensis in

China [Chow, 1991]. Cryptic species of Barbirostris group had been

successfully studied for vector identification due to its implications in diseases

(malaria and filariasis) in Thailand [Paredes-Esquivel et al., 2009]; however its

status had not been confirmed in Mizoram. Interestingly, the two species of

Anopheles viz.: An. minimus and An. dirus incriminated as malaria vectors of
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the state [Das et al., 1982; 1990] were not found in Thenzawl during the survey

periods, further, the few species collected from Tuirial showed the limited

prevalence of the species and therefore cannot be responsible for the entire

malarial cases of Mizoram.  Further, An. aconitus incriminated as a natural

vector of Plasmodium vivax in central Thailand was reported to have three

karyotypic forms Form A, B and C in Thailand [Junkum et al., 2007] but no

reports of vector incrimination or forms in Mizoram yet.  Similar case is also

observed with An. sinensis which is the malarial vector in China [Pan et al.,

2012] and Korea [Ree, 2005]. Incubation of the malaria parasite fluctuates with

temperature and takes 9 to 30 days to infect [Paaijmans et al., 2011; Jhpiego,

2008]; this statement correlated to the Anopheles species abundance in June

and surge of malaria during July in Thenzawl.

The insecticidal bioassay and biochemical assays had found that most

Mizoram anophelines were susceptible species to 0.1% Deltamethrin. When an

enzyme was overproduced the cause of resistance may be considered to be

sequestration rather than metabolism; with the increased enzyme levels acting

as a means of holding the pesticide and preventing it from reaching the target

site within the insect [WHO, 1998]. Spraying melathion for controlling

agricultural pests by farmers [Anonymous, 2012] and IRS (Insecticide Residual

Spray) of DDT was known since 1970s while use of ITN (Insecticide treated

bed-nets) was observed only from 1990s [Anonymous, 2009]. This fact could

be the reason behind many Anopheline species being slightly tolerant to

pesticides; this was clearly observed in the bioassay and biochemical results of
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An. vagus, one of the most commonly available species, found in areas where

pesticide (DDT or melathion) spray by health department personnel or famers

or ITNs was minimum [Anonymous, 2009; 2012], may have encountered less

resistant selection pressure within its population. Meanwhile An. nivipes, An.

jeyporiensis and An. maculatus usually collected nearby human residents and

agricultural fields may have developed slight tolerance against the pesticides

(Table 6). The overall analysis has shown that most Anopheline species of

Mizoram are still susceptible, at present, to 0.01% deltamethrin. Biochemical

assays were used to establish the mechanism involved in resistance, to

measure changes in resistant gene frequencies in field populations under

different selection pressures. The level of resistance conferred was then

roughly proportional to the increase in the quantity of enzyme produced.

However, they were not complete substitutes for the standard susceptibility

tests which were used to measure resistance [WHO, 1998]. The biochemical

assay showed that the enzyme production was the least in An.vagus (Table 7)

while it was highest for An. nivipesand therefore found congruent with the

results of bioassay.

The biochemical assays were only a simple method for detecting the

quantity of the resistant enzymes; for example, the assay performed for mixed

function oxidase measured the heme content of the insect, the majority of

which was associated with cytochrome P450 in non-blood fed insects, was only

a rough means of titrating P450 content and not P450 activity per se. However,

its results validated the study of mRNA expression profile in the different
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Anopheles species and thereby characterized the resistant and susceptible

populations. These findings presented a striking contrast in the in vivo

expression of mutagenized AChE and CYP6 genes and the qualitative

modification of the enzyme production of either AChE or CYP6 or both may

have conferred insecticide resistance. Highly expressed mutant

acetylcholinesterase gene (Ace1) had been observed in many

organophosphate insecticide resistant Anopheles species [Alou et al., 2010;

Dabire et al., 2009]. Mizoram had observed its use in agriculture for many

years and its Anopheles species may have evolved due to selective pressure

since expression of Ace1 was observed in all its natural populations when

compared to that of expression of CYP6 gene (Figure 42; Table 9). Further, the

use of deltamethrin, a synthetic pyrethroid, newly developed for vector control

could have been the reason why all species were not able to amplify the gene.

Molecular mechanism of insecticide resistance inferred by the

CYP6genes:CYP6AA2 and CYP6F1 in the Anopheles species have revealed

genetic diversity [Villatte et al., 2000]. Some studies suggested that

overproduction of P450 decreased the fitness of individuals by metabolizing

hormonal endogenous molecules [Cuany et al., 1990]; this statementseemed

logical to explain the observations made in the present study. In the light of this

statement, studies have also revealed that amino acid substitutions due to

pesticide resistance may render lesser effect to the fitness of the individual as

long as these substitutions were fixed in population; but once fixed it could

facilitate overproduction of the gene as a form of genetic succession and

therefore become stable [Taylorand Feyereisen, 1996]. Therefore the present
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study,specifically to the expression of CYP6 gene,aroused the need to further

investigation – since differential expression of CYP6 genes was observed in

species, couldthe genebe lost due to absence of selection in that species which

could not express? A total of 28 CYP6 genes had been identified in resistant

An. gambiae through PCR and annotation of the genome [Ranson et al., 2002].

Several PCR methods had revealed that the mRNA of several CYP6 was

constitutively overproduced in pyrethroid resistant strains: CYP6P3 and

CYP6M2byAn. gambiae s.s field-caught populations [Djouaka et al., 2008;

Muller et al., 2008; Mitchell et al., 2012]; CYP6P7, CYP6AA3 and CYP6P8 in

An. minimusof Thailand [Rodpradit et al., 2005; Budriang et al., 2011;

Duangkaew et al., 2011]; CYP6P9 and CYP6P4 in An. funestus [Amenya et al.,

2008; Wondji et al., 2009; Matambo et al., 2010].  The CYP6 genes used in the

present study: CYP6AA2 was expressed earlier in resistant An. minimus of

Thailand [Rongnoparut et al., 2003] and CYP6F1 in Cx. quinquefasciatus

[Kasai et al., 2000]. Based on the findings of the present study, could a specific

subgene of CYP6 reflect its relative importance in resistance mechanism? Or is

it because CYP6 are under the influence of specific gene regulating

mechanisms that influence the expression of its specific subgene and therefore

the resistance mechanism? Finally, it remains unclear how many different

P450s participate in resistance in a given strain, and how many amino-acid

substitutions of importance in resistance will be found in P450s.However, there

are many sophisticated and more advanced molecular tools that can enable us

to answer these questions. In any event, it is only then that we will be able to

consider seriously the possibilities of monitoring accurately each resistant allele
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of P450 and of managing their spread in wild populations of agricultural pests

or vectors of disease. Therefore, the expression profiling of CYP6 needed

further examination through isolation of the CYP protein, synergic studies and

real time (RT) – PCR, which may facilitate in determining the expression status

of the gene and its role in resistance mechanism in Anopheles species of

Mizoram.

The phylogenetic analysis performed with RAPD-PCR and COI in the

present study was done in accordance with the traditional trend of similar

morphological characteristic relatedness. To assess the magnitude of the

evolutionary correlation between similar homologous phenotypic traits [Wagner,

1989] and between different traits, various models [e.g. Lewis, 2001; Seago et

al., 2011] had been applied to infer ancestral states but not for phylogeny

reconstruction per se. Keeping all these in view, the objective of molecular

phylogenetic analysis was to draw a broader outline of evolutionary affinity

among different groups of the anophelines and how it could help in the

identification and description.

The cluster analysis inferred by morphological character profile (Figure

44) had revealed Anopheline species of closely similar taxa grouped in their

respective series as Neocellia and Myzorhynchus series following the

description made by Harbach et al. [2004]. Grouping could not be deduced for

Pyretophorus and Myzomyia series since a single species was analyzed,

however its closely linked affinity was shown. Further, the tree had displayed
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species that belonged subgenus Cellia and subgenus Anopheles formed single

cluster, supporting the morphological character-based classification.

RAPD markers has been widely used in the determination of population

structure without prior knowledge of DNA sequences and it gives a good

resolution of genetic differences, however they are known to be dominant and

quantitative [Bardakci, 2001]. However, the loss of information per locus can be

easily balanced by using a high number of loci [Jain et al., 2010]. Therefore in

the present study, a total of 1203 loci produced by eleven RAPD primerswere

used for RAPD profiling. The technique had indeed revealed the genetic

diversity among the Anopheles population; but could not reveal the shared

derived characteristics of the species which was especially observed in the

case of An. maculatus and An. jeyporiensis (Figure 45).The previous displayed

its similarities with An. vagus rather than its closely related taxa in Neocellia

series. An. jeyporiensis could not form a cluster within its subgenus Cellia. The

overall tree topology displayed paraphyletic clustering within the subgenus

Cellia. It is noteworthy to mention that RAPD-PCR had been used for the study

of intraspecific diversity as observed in the cryptic species ofAn. albitarsis

[Wilkerson et al., 1993; 1995], An. gambiae [Wilkins et al., 2006], An. cruzi

[Calado et al., 2006] An.  fluviatilis [Dezfouli et al., 2002].

The 699bp COI sequence used in the present study satisfies the

required sequence length for DNA barcoding where a minimum criterion was

500bp [Frezal et al., 2008]. The obtained from Tajima’s test (X2 = 4.90, P =
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0.02686 with 1 df) showedthat the COI sequences evolved significantly faster

across the lineages.The differences in most interspecific sequence are

synonymous (p<0.005) except one case of non synonymous, causing a codon

change in An. jamesiivs.nivipes. The COI sequences were free of ambiguities

and no intraspecific variation was observed in nucleotide composition. This

suggests that the Anopheles species are composed of one consensus type.

This finding is observed in figure 48, where intraspecific species formed a

monophyletic clusters. Similarly, low rate evolutionary divergence rate within

member species belonging to Myzorhynchus, Pyretophorus series observed

monophyletic clusters in figure 48. The net evolutionary divergence of COI

nucleotides scored the lowest between Myzomyia–Neocelia series scored the

lowest of 0.023 ± 0.006, suggesting close affinity between the groups, as was

observed in the phylogenetic tree. This close affinity was proved from the

earlier studies by Swainet al. [2010] among Myzomyia and Neocelia series.

An effective DNA based identification system required efficient target

sequence that enabled species-level identification; and species boundaries

should be congruent with the morphological taxonomic work [Cywinska et al.,

2006]. The limitations of morphological identification was observed in many

Anopheline species in the present study, for example, An. sinensis vs.An.

peditaeniatus has only one unique difference, a fringe spot on vein 5.2 (present

in sinensis and absent in peditaeniatus); An. philippinensisvs.. An. nivipes (pre-

sector dark mark on vein 1: extends beyond humeral dark mark of costa in

nivipes and does not extend in philippinensis) [Das et al., 1990 and Nagpal and
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Sharma, 1995], such unique character is also present in Barbirostris group.

These unique and delicate characters can be lost during handling and transport

to laboratory. The RAPD-PCR profile between An. sinensisvs. An.

peditaeniatus and philippinensisvs.. An. nivipes gave 65% and 67% genetic

similarity (Jaccard’s coefficient) respectively; morphological Euclidean distance

gave 1.23 and 2.24 character–based similarity; while COI gave a significant 7.2

% and 10.8 % nucleotide difference (p-distance). The comparison of the trees

produced from morphology, RAPD-PCR and COI gene, suggests that RAPD-

PCR was not efficient in species identification and description of Anopheline

species because of improper clustering. Lehr et al. [2005] had also observed

incongruence in the clusters of RAPD-PCR profile and COI gene of Anopheles.

Though COI was described as the most slowly evolving region of all

mitochondrial protein-coding genes by Howland and Hewitt [1995], this gene

solved the purpose of molecular phylogeny of the anophelines since the

phylogeny inferred from the COI sequences were unequivocally supported by

analysis of morphological characters as described by Christophers [1924],

Sallum et al. [2002] and Harbach et al. [2004]. It, therefore, supported the

proposed utilization of the gene for the barcode of animals by Hebert et al.

[2003a].

The ten Anopheles species in study of ITS sequence analysis has been

incriminated as primary vectors in Southeast Asia [Ma et al., 2006; Alam et al.,

2010; Tikar et al., 2011; Sarma et al., 2012a; 2012b]. An. philippinensis was

found predominant in Mizoram and species differentiation based on female
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wing characters proved to be incorrect in 74% specimens [Sarma et al., 2012b].

Hence, in the present study is very useful for proper identification of Anopheles

species of Mizoram through ITS2 marker. The ClustalW results showed the

expected better alignment in the Cellia subgenera individually as well as

dissimilarity when all the 10 species were considered simultaneously. The

multiple sequence alignments depicted extremely high divergence and the

sequence mid-region had more conserved sites than towards the 5’- or 3’-

ends.

The ITS2 sequences were free of ambiguities and no intraspecific

variation was observed either in length or nucleotide composition. This

suggests that the Anopheles species in the studied areas are composed of one

consensus type. This finding is further proved from the earlier studies on An.

nivipes and An. philippinensis [Sarma et al., 2002a], An. subpictus [Ma et al.,

2006], An. annularis, An. nivipes and An. philippinensis [Alam et al., 2010] and

An. baimaii [Prakash et al., 2006]. But, Kaura et al. [2010] reported intra-

genomic variation in An. subpictus populations collected from North India. The

presence of genetic homogeneity within the same species, as observed here in

incriminated vectors, may be due to contiguous forest type and lack of

ecological barriers, which are also the likely reasons for its universally efficient

vectorial status [Ma et al., 2006; Alam et al., 2010; Tikar et al., 2011; Sarma et

al., 2011a, 2011b]. Concerted evolution (gene conversion and unequal crossing

over) maintain homogeneity of all rDNA copies [Dover, 1981]. Mutations rapidly

spread to all members of the gene family even if there are arrays located on
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different chromosomes [Tautz et al., 1988]. In ITS2, this can lead to fixed

interspecific differences and intraspecific homogeneity. The efficiency of

homogenization of rDNA is usually high [Liao, 1999]. Differences in the

complementary bases in the ITS2 sequences arise due to substitutions in the

form of transitions and transversions (ts/tv). There were a number of indels and

base substitutions accounting for both the length and sequence variabilities.

ITS2 sequences of Anopheline species aligned as per the taxonomic

classification of the six groups (Figure 50). There seems to be huge

interspecific variations, which proves that ITS2 sequence can be a good marker

to differentiate the Anopheles species of Mizoram. ITS2 region of Anopheles

species are rich in GC content and low in Neocellia followed by Myzomyia and

Pyretophorus. In Neocellia series, MFE was high and number of RNA

secondary structure were low and vice-versa in Pyretophorus. DNA sequences

of the ITS2 of the ribosomal RNA (rRNA) transcription unit have proven useful

in resolving phylogenetic relationships of closely related taxa and in

distinguishing species in mosquitoes due to their relatively rapid evolution rates

[Ma et al., 2006; Li and Wilkerson, 2007; Alam et al., 2007; Sarma et al.,

2011a, 2011b]. Numerous studies have utilized the ITS12 region for

phylogenetic comparisons because it has been reported that the ITS12 is more

informative than other gene sequences [Coleman, 2003]. The potential to

predict the folding structure (providing signals to guide the ribosomal coding

regions) has enhanced the role of ITS in phylogenetic studies, since it is
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important to guide reliable sequence alignment based on secondary structures

[Michot et al., 1999].

ITS2 repeat was used as the covariate, with RNA secondary structures

as the dependent variable. A highly significant effect of the covariate was

observed in all the Anopheline species. This showed that RNA secondary

structures depended on the copy number of repeats, but more importantly that

the relationship between ITS2 repeat and RNA secondary structures was

altered with folding structures which provide signals to guide the ribosomal

coding regions. GC content is also known to influence structural energy

[Banerjee et al., 2007a]. Frequency of the bases is an important measure for

sequence conservation analysis [Banerjee et al., 2007b]. In general, the ITS2

sequences of Anopheles species in Mizoram have high numbers of internal

loops suggesting that the non-complimentary domains are high in spacer

regions. When the repeats are minimal in occurrence and copy numbers, the

structure becomes highly stable having a low minimum free energy as

evidenced in An. vagus despite being the longest bp in length.

Among the 10 ITS2 secondary structures constructed, 2 species

belonged to type I, 3 species were of type II, 2 species were of type III, and 3

species were of type IV. Type I, III, IV and Type III, IV structures were observed

in Neocellia and Pyretophorus series. In contrast, type II was only seen in the

series Myzomyia. The domain structure varied among species and could be

classified into:  a) domain I in An. subpictus divided into 5 sub-domains; b)
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domain II elongated and divided into 2-6 sub-domains in all Anopheline species

except An. subpictus, An. jeyporiensis and An. vagus and was reduced in the

latter two species; c) domain III divided into 2 sub-domains in An. annularis, An.

vagus, An. philippinensis and An. varuna whereas reduced in An. subpictus

and An. jeyporiensis; d) domain IV divided into 5 sub-domains in An.

jeyporiensis and reduced in An. maculatus, An. nivipes and An. varuna; e)

domain V divided into 2 sub-domains in An. nivipes and reduced in An. jamesii;

and f) domain VI divided into 5 sub-domains in An. vagus and reduced in An.

jamesii (Figure 49). ITS2 exhibited the highly conserved four domain model in

fruit flies [Schlotterer et al., 1994] and six-helicoidal ring-model structure found

in yeast, insects, and vertebrates [Aguilar and Sanchez, 12006].

While the ITS2 region presents a dramatic range of length variations

among Anopheles species, its size remains relatively heterogenous within each

of the major groups [Kampen, 2005; Marrelli et al., 2005; Paredes-Esquivel et

al., 2009; Sarma et al., 2012a]. This is unlike as observed in corals, where

there was homogeneity in size within major groups [Chen et al., 2004]. An.

vagus had the longest ITS2 regions, but possesses low repeats and

polynucleotide microsatellites. In An. jeyporiensis, An. varuna and An. jamesii

possess significantly longer ITS2 regions than others due to the occurrence of

microsatellites. In contrast, shorter ITS2 regions found in An. maculatus though

it possesses all types of microsatellites and highest repeats. Different

compositions of microsatellites were also observed in the six groups of three

series of Cellia indicating that ITS2 microsatellites evolved independently in the

different lineages of Anopheles genera. Although there are very less
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conserved regions between the Anopheles species of Mizoram, all of them

retain certain common folding patterns that are required for its functions such

as processing and maturation of certain ribosomal units [Hancock et al., 1988;

Yeh and Lee, 1990; van der Sandeet al., 1992]. The genetic differentiation

within the genus Anopheles may be greater than that found between other

genera in the family Culicidae [Wesson et al., 1992].

In Mizoram, the origin and molecular nature of Anopheles species is

poorly understood, despite the region having high malarial incidence and rich

biodiversity. The present study, a diagnostic PCR assay for distinguishing the

Cellia subgenera members of Anopheles species was developed based on the

interspecific ITS2 variation. PCR based COI and ITS2 protocol provides a

means for vector ecologists, malaria epidemiologists and control personnel to

accurately identify members of the subgenera Cellia and a better

understanding of their genomic status in Mizoram.

To conclude An. campestris,jeyporiensis, maculatus and nivipeswere

suspected malarial vectors of Mizoram. However, its confirmation requires

molecular confirmation. The susceptible species to 0.01% deltamethrinis

vagus; while tolerant speciesis nivipes. The expression of CYP6 gene need

further molecular investigation perhaps through synergid studies of the

cytochome P450 protein and Real time PCR of the gene. RAPD-PCR is not an

efficient molecular marker to conclude taxonomic classification however CO1

and ITS2 gene solved the purpose of molecular taxonomy and phylogeny.
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Summary

 The present study detailed on survey of Anophelines of Mizoram and

their relationship with its occurrence and malarial incidence. A total of 17

species were identified - An. aconitus, An. annularis, An. campestris, An.

culiciformis, An. dirus, An. jamesii, An. jeyporiensis, An. kochi, An.

maculatus, An. minimus, An. nivipes, An. peditaeniatus, An.

philippinensis,An. sinensis, An. subpictus, An. vagus and An. varuna.

Based on results and discussion, An. campestris, An. maculatus, An.

nivipes and An. jeyporiensis were suspected to be malarial vectors of

Mizoram; An. philippinensis, An. annularis and An. subpictus were also

noted to be suspected vectors because of its prevalence even though

recorded in minimal quantity.

 A systematic survey on Anopheline: species abundance,

bionomics and habitat preference in relation to malaria was

conducted for three years in Thenzawl. A total of 10 species

Anopheles campestris (25.8%), An.nivipes (24.0%.), An.vagus

(20.6%), An.jamesii (15.1%), An.jeyporiensis (11.4%),

An.maculatus (1.7%), An.philippinensis (0.7%), An.annularis

(0.26%), An.sinensis (0.23%) and An.peditaeniatus (0.22%) were

collected.
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 Because of its consistency, abundance and bionomics, An.

campestris, An.jeyporiensis, and An.nivipes may have played a

role in malarial transmission.However, further cytological or

molecular identification should be carried out to find the specific

vectors of malaria in Mizoram.

 The present study was also designed to characterize Anopheles species

of Mizoram. Their characterization was carried out in the following

manner –

 Insecticide susceptible/resistance characterization: A commonly

used pesticide used for vector control in the state (Deltamethrin)

was tested against four species and the order of tolerance was

found to be An. vagus<An. campestris<An. jamesii<An. nivipes.

The similar pattern was observed in the enzyme biochemical

assay studies.Heterogeneity in enzyme production was observed

- An. nivipes produced the maximum with a value of 0.0177 α–

naphthol/min/mg protein and An. dirus with a value of general

esterase with a value of 0.0611 β–naphthol/min/mg protein, it

produced the minimum for Glutathione S-transferase; An. nivipes

(1.26183 ± 0.068) produced the maximum Mixed function

Oxidase; and while for GST, it was An. maculatus (1.9580 ±

0.0422).
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 Molecular characterization through resistant allele studies:

Expression of the gene was carried out in nine Anopheles

species. What was however, unique in this study was different

expression pattern of CYP 6 gene. It is possible that due to the

wider use of melathion than deltamethrin [Anonymous, 2012], the

mechanism of insecticide detoxification is dominated by mutant

AChE than CYP. However, the expression profiling of CYP6

needed further investigation, isolation of the CYP protein,

synergic studies and real time (RT) – PCR may facilitate in

determining the expression status of the gene and its role in

resistance mechanism in Anopheles species of Mizoram.

 Molecular characterization through phylogenetic relationship: The

study was performed in accordance with the traditional trend of

similar morphological characteristic relatedness. RAPD profile

gave a range of 19 – 26% polymorphic bands that revealed 65.4

± 4.04 % polymorphism; however, RAPD-PCR profiling did not

significantly aid in identification of Anopheline population.CO1

and ITS gene solved the purpose of molecular phylogeny of the

anophelines, since the phylogeny inferred both sequences were

unequivocally supported by analysis of morphological characters

as described by Christophers (1924), Sallum et al. (2002) and

Harbach et al. (2004).
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 Molecular characterization through secondary structure prediction

studies of ITS2 sequences.Among the 10 ITS2 secondary

structures constructed, 2 species belonged to type I, 3 species

were of type II, 2 species were of type III, and 3 species were of

type IV. Type I, III, IV and Type III, IV structures were observed in

Neocellia and Pyretophorus series. In contrast, type II was only

seen in the series Myzomyia.



122

Bibliography

A
Abbott WS (1925). A method of computing the effectiveness of insecticide. J. Econ.

Ent., 18 (2): 265–267.

Aguilar C and Sanchez J (2007). Phylogenetic hypotheses of Gorgoniid octocorals
according to ITS2 and their predicted RNA secondary structures. Mol.
Phylogenet.  Evol., 43: 774–786.

Ai J, Yu Q, Cheng T, Dai F, Zhang X, Zhu Y and Xiang Z (2010). Characterization of
multiple CYP9A genes in the silkworm, Bombyx mori. Mol. Biol. Rep., 37:
1657–1664.

Alam MT, Das MK, Dev V, Ansari MA, Sharma YD (2007). Identification of two
cryptic species in the Anopheles (Cellia) annularis complex using ribosomal
DNA PCR–RFLP. Parasitol. Res., 100:943–948

Alam MT, Bora H, Das MK and Sharma YD (2008). The type and mysorensis forms of
the Anopheles stephensi (Diptera: Culicidae) in India exhibit identical ribosomal
DNA ITS2 and domain-3 sequences. Parasitol. Res., 103:75–80

Alam MS, Khan MGM, Chaudhury N, Deloer S, Nazib F, Bangali AM and Haque R
(2010). Prevalence of anopheline species and their Plasmodium infection status
in epidemic-prone border areas of Bangladesh. Malar. J., 9: 1–15.

Aldridge WN (1950). Some properties of specific cholinesterase with particular
reference to the mechanism of inhibition by diethyl p-nitrophenyl thiophosphate
(E605) and analogues. Biochem. J., 46: 451–460.

Alou LPA, Koffi AA, Adja MA, Tia E, Kouassi PK, Kone M and Chandre F (2010).
Distribution of ace-1R and resistance to carbamates and organophosphates in
Anopheles gambiae s.s. populations from Côte d'Ivoire. Malar. J., 9: 167.

Alvarez I and Wendel JF (2003). Ribosomal ITS sequences and plant phylogenetic
inference. Mol. Phylogenet. Evol., 29: 417–434

Amenya DA, Naguran R, Lo TC, Ranson H, Spillings BL, Wood OR, Brooke BD,
Coetzee M, Koekemoer LL (2008). Over expression of a cytochrome P450
(CYP6P9) in a major African malaria vector, Anopheles funestus, resistant to
pyrethroids. Insect Mol. Biol., 17(1):19–25.

Anonymous (2009). Mizoram state vector borne disease control program, Department
of Health Services, Govt. of Mizoram, through verbal contact.



123

Anonymous (2012). Department of Agriculture, Govt. of Mizoram, through verbal
contact.

B
Baldauf SL (2003). Phylogeny for the faint of heart: a tutorial. Trends Genet., 19(6):

345–51.

Baldwin JG, Frisse LM, Vida JT, Eddleman CD, Thomas WK (1997). An evolutionary
framework for the study of developmental evolution in a set of nematodes
related to Caenorhabditis elegans. Mol. Phylogenet. Evol., 8(2): 249–59.

Banerjee AK, Arora N, Murty US (2007a). Stability of ITS2 Secondary structure in
Anopheles: What: Lies Beneath?. Int. J. Integ. Biol 1(3): 232–238

Banerjee AK, Arora N and Murty US (2007b). How far is ITS2 reliable as a
phylogenetic marker for the mosquito genera?. Electronic J. Biol., 3(3): 61–68.

Bardakci F (2001). Random Amplified Polymorphic DNA (RAPD) Markers. Turk. J.
Biol., 25: 185–96.

Benson G (1999). Tandem repeats finder: a program to analyze DNA sequences. Nucl.
Acids Res.,  27(2): 573–580.

Bardakci F (2001). Random Amplified Polymorphic DNA (RAPD) Markers. Turk. J.
Biol. 25 :185–196

Berge JB, Feyereisen R AND Amichot M (1998). Cytochrome P450 monooxygenases
and insecticide resistance in insects. Philos. Trans. R. Soc. London Ser. B., 353:
1701–1705

Besansky NJ (1999). Complexities in the analysis of cryptic taxa within the genus
Anopheles. Parasitologia, 41(1-3): 97–100.

Bhat HR (1988). A Note on Anopheles dirus Peyton and Harrison, 1979 [An.
balabacensis(sensu lato) Baisas,1936] in Indian J. Malariol. 25: 103–105.

Bhattacharya S, Sharma C, Dhiman RC and Mitra AP (2006). Climate change and
malaria in India. Curr.Sc., 90(30): 369–375.

Bhattacharyya DR, Prakash A, Sarma NP, Mohapatra PK, Singh S, Sarma DK, Kalita
MC and Mahanta J (2010). Molecular evidence for the involvement of
Anopheles nivipes (Diptera : Culicidae) in the transmission of Plasmodium
falciparum in north-eastern India. Ann. Trop. Med. Parasitol., 104(4): 331–6.

Blaxter ML (2004). The promise of a DNA taxonomy. Philos. Trans. R. Soc. Lond. B.
Biol. Sci., 359(1444): 669–679.



124

Blouin MS, Yowell CA, Courtney CH and Dane JB (1998). Substitution bias, rapid
saturation, and use of mtDNA for nematode systematics. Mol. Biol. Evol.,
15:1719–1727.

Bourke BP, Foster PG, Bergo ES, Calado DC and Sallum MAM (2010). Phylogenetic
relationships among species of Anopheles (nyssorhynchus) (Diptera, Culicidae)
based on nuclear and mitochondrial gene sequences. Acta Trop., 114: 88–96.

Bourguet D, Fonseca D, Vourch G, Dubois MP, Chandre F, Severini C and Raymond
M (1998). The acetylcholinesterase gene Ace: a diagnostic marker for the
pipiens and quinquefasciatus form of the Culex pipiens complex. J. Am. Mosq.
Control Assoc., 14(4): 390–396.

Briegel H (2003). Physiological bases of mosquito ecology. J.Vect.Ecol. 28(1): 1-11.

Brogdon WG, McAllister JC, Vulule J (1997). Heme peroxidase activity measured in
single mosquitoes identifies individuals expressing the elevated oxidase
mechanism for insecticide resistance. J. Am. Mosq. Control Assoc., 13: 233–37.

Brogdon WG and McAllister JC (1998). Insecticide Resistance and Vector Control.
Emerg. Infect. Dis., 4: 605–613.

Broide JS, Gurtler RE, Kitron U and Dujardin JP (2009). Temporal Variations of Wing
Size and Shape of Triatoma infestans (Hemiptera: Reduviidae) Populations
From Northwestern Argentina Using Geometric Morphometry. J. Med.
Entomol., 46(5): 994–1000.

Budriang C, Rongnoparut P and Yuvaniyama J (2011). An expression of an insect
membrane-bound cytochrome P450 CYP6AA3 in the Escherichia coli in
relation to insecticide resistance in a malarial vector. Pak. J. Biol. Sci., 14(8):
466–475.

C
Calado DC, Navarro-Silva MA and Sallum MAM (2006). PCR-RAPD and PCR-RFLP

polymorphisms detected in Anopheles cruzii (Diptera, Culicidae). Rev. Bras.
Entomol., 50(3): 423–430.

Casimiro S, Moura M, Ze-Ze L, Tenreiro R and Monteiro AA (2004). Internal
transcribed spacer 2 amplicon as a molecular marker for identification of
Peronospora parasitica (crucifer downy mildew). J. Appl. Microbiol., 96(3):
579–87.

Chaabihi H, Fournier D, Fedon Y, Bossy JP, Ravallec M, Devauchelle G and Cerutti M
(1994). Biochemical characterization of Drosophila melanogaster
acetylcholinesterase expressed by recombinant baciloviruses, Biochem.
Biophys. Res. Commun., 203: 734–742.



125

Chandra G, Bhattacharjee I, Chatterjee S (2010). A review on Anopheles subpictus
Grassi—A biological vector. Acta Trop., 115: 142–154

Chareonviriyaphap T, Rongnoparut P, Chantarumporn P and Bangs MJ (2003).
Biochemical detection of pyrethroid resistance mechanisms in Anopheles
minimus in Thailand. J. Vect. Ecol., 28(1): 108–116.

Chen B, Butlin RK and Harbach RE (2003). Molecular phylogenetics of the oriental
members of the Myzomyia series of Anopheles subgenus Cellia
(Diptera:Culicidae) inferred from nuclear and mitochondrial DNA
sequences.Sys. Entomol., 28: 57–69.

Chen CA, Chang CC, Wei NV, Chen CH, Lein YT, Lin HE, Dai CF and Wallace CC
(2004). Secondary structure and phylogenetic utility of the ribosomal internal
transcribed spacer 2 (ITS2) in scleractinian corals. Zoological Studies, 43(4),
759–771.

Chow CY (1991). Malaria Vectors in China. Chinese J. Entomol.,  6: 67–79.

Christian RN, Strodec C, Ranson H, Coetzer N, , Coetzee M, and Koekemoer LL
(2011). Microarrayanalysis of a pyrethroid resistant African malaria vector,
Anopheles funestus, from southern Africa. Pestic. Biochem. Physiol., 99(4):
140–147.

Christophers SR (1924). Provisional list and reference catalogue of the Anophelini.
Indian Medical Research Memoir, 3: 1–105.

Coleman AW (2003). ITS2 is a double-edged tool for eukaryotic evolutionary
comparisons. Trends in Genet., 19(7): 370–375.

Coleman AW (2009). Is there a molecular key to the level of "biological species" in
eukaryotes? A DNA guide. Mol. Phylogenet. Evol., 50(1): 197–203.

Collins FH and Paskewitz SM (1996). A Review Of The Use Of Ribosomal DNA
(rDNA) To Differentiate Among Cryptic Anopheles Species. Insect Mol. Biol.,
5(1): 1–9.

Corbett JR (1974). The Biochemical Mode of Action of Pesticides, Academic Press,
London, UK.

Corbel V, Guessan RN, BrenguesC, Chandre F, Djogbenou CL, Martin T, Akogbeto
M, Hougard JM and Rowland M (2007). Multiple insecticide resistance
mechanisms in Anopheles gambiae and Culex quinquefasciatus from Benin,
West Africa. Acta Trop., 101: 207–216.

Cuany A, Pralavorio M, Pauron D, Berge JB, Fournier D, Blais C, Lafont R, Salaun JP,
Weissbart D,Larroque C and Lange R (1990). Characterization of microsomal



126

oxidative activities in a wild-type and in a DDT resistant strain of Drosophila
melanogaster. Pestic. Biochem. Physiol., 37: 293–302.

Cywinska A, Hunter FF and Hebert PDN (2006). Identifying Canadian mosquito
species through DNA barcodes. Med. Vet. Entomol.,  20: 413–24.

D
Dabire KR, Diabate A, Namontougou M, Djogbenou L, Kengne P, Simard F, Bass C

and Baldet T (2009). Distribution of insensitive acetylcholinesterase (ace-1R) in
Anopheles gambiae s.l. populations from Burkina Faso (West Africa). Trop.
Med. Int. Health, 14(4): 396–403.

Das BP, Rajagopal R, Akiyama J (1990). Pictorial keys to the species of Indian
Anophelines mosquitoes. J. Pure Appl. Zool., 2: 131–162.

Das SC and Baruah I (1985). Incrimination of Anopheles minimus Theobald and
Anopheles balabacensis balabacensis Baisas (An. dirus) as malaria vectors in
Mizoram. Indian J. Malariol., 22(1): 53–55.

Das SC, Bhuyan M, Baruah I (1990). Active malaria transmission in South Mizoram.
Indian J. Malariol., 27(2): 111–117.

DeSalle R, Freeman T, Prager EMand Wilson AC (1987). Tempo and mode of
sequence evolution in mitochondrial DNA of Hawaiian Drosophila. J. Mol.
Evol., 26: 157–164.

Dev V, Dash AP and Khound K (2006). High-risk areas of malaria and prioritizing
interventions in Assam. Curr.Sci., 90(1): 32–36.

Devi NP and Jauhari RK (2008). Reappraisal on anopheline mosquitoes of Garhwal
region, Uttarakhand, India. J. Vector. Borne. Dis., 45: 112–123.

Devonshire AL, Field LM and Williams MS (1992). Molecular biology of insecticide
resistance. In: Insect molecular science. Crampton, J. M. & Egglesten, P. [eds].
Academic Press, London. pp. 173–183.

Dezfouli SRN, Oshaghi MA, Vatandoost H, Djavadian E, Telmadarei Z and Assmar M
(2002). Use of Random Amplified Polymorphic DNA Polymerase Chain
Reaction (RAPD-PCR) and ITS2 PCR assays for differentiation of populations
and putative sibling species of Anopheles fluviatilis (Diptera: Culicidae) in Iran.
Iranian J. Publ. Health, 31(3): 133–7.

Dhiman RC,   Chavan L, Pant M and Pahwa S (2011). National and regional impacts of
climate change on malaria by 2030. Curr. Sc., 101(3): 372–383.



127

Djouaka RF, Bakare AA, Coulibaly ON, Akogbeto MC, Ranson H, Hemingway J and
Strode C (2008). Expression of the cytochrome P450s, CYP6P3 and CYP6M2
are significantly elevated in multiple pyrethroid resistant populations of
Anopheles gambiae s.s. from Southern Benin and Nigeria. BMC Genomics, 9:
538.

Dover GA (1986). Molecular drive in multigene families: how biological novelties
arise, spread and are assimilated. Curr. Trends Genet., 8: 159–165.

Duangkaew P, Pethuan S, Kaewpa D, Boonsuepsakul S, Sarapusit S and Rongnoparut
P (2011). Characterization of mosquito CYP6P7 and CYP6AA3: differences in
substrate preference and kinetic properties. Arch. Insect. Biochem. Physiol.,
76(4): 236–248.

Dusfour I, Michaux JR, Harbach RE and Manguin S (2007). Speciation and
phylogeography of the Southeast Asian Anopheles sundaicus complex. Infect.
Genet. Evol., 7(4): 484–493.

Dutta P, Bhattacharyya DR, Sharma CK and Dutta LP (1992). Anopheline fauna of
parts of Tirap district, Arunachal Pradesh with reference to malaria
transmission. lndian J. Med. Res., 95: 245–249.

E
Edgar RC (2004), MUSCLE: multiple sequence alignment with high accuracy and high

throughput, Nucleic Acids Res., 32(5): 1792–1797.

Elbadri G A, De Ley P, Waeyenberge L, Vierstraete A, Moens M and Vanfleteren J
(2002). Intraspecific variation in Radopholus similis isolates assessed with
restriction fragment length polymorphism and DNA sequencing of the internal
transcribed spacer region of the ribosomal RNA cistron. Int. J. Parasitol. 32,
199–205.

Elias M (1996). Larval habitat of Anopheles philippinensis: a vector of malaria in
Bangladesh. Bull.W.H.O. 74(4):447–450.

Elissa N, Mouchet J, Riviere F, Meunier JY and Yao K (1993). Resistance of
Anopheles gambiae S.S. to pyrethroids in Cote d’ivoire. Ann. Soc. Belge. Med.
Trop., 73: 291–294.

Enayati AA, Vatandoost H, Ladonni H, Townson H and Hemingway J (2003).
Molecular evidence for a kdr-like pyrethroid resistance mechanism in the
malaria vector mosquito Anopheles stephensi. Med. Vet. Entomol., 17: 138–
144.



128

Enayati AA and Ladonni H (2006). Biochemical assay Baseline data of Permethrin
Resistance in Anopheles stephensi (Diptera, Culicidae) from Iran. Pakistan J.
Biol. Sc. 9(7): 1265–1270.

Espinasa L and Richard Borowsky R (1998). Evolutionary Divergence of AP-PCR
(RAPD) Patterns. Mol. Biol. Evol., 15(4): 408–414.

F
Felsenstein J (1985). Confidence limits on phylogenies: An approach using the

bootstrap. Evol. 39, 783–791.

Felsenstein J (1995). PHYLIP Manual Version 3.3 University Herbarium. University of
California, Berkeley, CA.

Finney DJ (1973). Probit Analysis. Cambridge University Press Cambridge, London,
pp. 333.

Feyereisen R (1995). P-450 mediated resistance in the house fly. In: Toward the genetic
manipulation of insects. Keyston Symposium on Molecular Cellular Biology.
Tammarron, Coloroda, USA. pp. 192

Taylor M and Feyereisen R (1996). Molecular biology and evolution of resistance of
toxicants. Mol. Biol. Evol., 13(6): 719–734.

Feyereisen R (1999). Insect P450 enzymes. Annu. Rev. Entomol., 44: 507–533.

Feyereisen R (2006). Evolution of insect P450. Biochem. Soc. Trans., 34(6): 1252–
1255.

Foley DH, Bryan JH, Yeates D and Saul A (1998). Evolution and systematics of
Anopheles: insights from a molecular phylogeny of Australasian mosquitoes.
Mol. Phylogenet. Evol., 9(2): 262–75.

Foley DH, Rueda LM and Wilkerson RC (2007). Insight into global mosquito
biogeography from country species records. J. Med. Entomol., 44: 554–567.

Fournier D, Bride JM, Poirie M, Berge JB and Plapp FW (1992). Insect glutathione S-
transferases. J. Biol. Chem., 267: 1840–1845.

Freitas AV and Brown KS Jr (2004). Phylogeny of the Nymphalidae (Lepidoptera).
Syst Biol., 53(3): 363–83.

Frezal L and Leblois R (2008). Four years of DNA barcoding: Current advances and
prospects. Infect. Genet. Evol., 8: 727–736.



129

Friedrich M and Tautz D (1997). Evolution and phylogeny of the Diptera: A molecular
phylogenetic analysis using 28S rDNA sequences. Syst. Biol., 46(4): 674–98.

G
Ganesh KN, Urmila J and Vijayan VA (2003). Pyrethroid susceptibility & enzyme

activity in two malaria vectors, An. stephensi (Liston) and An. culicifacies
(Giles) from Mysore, India.  Indian J. Med. Res., 117: 30–38.

Gerber AS, Loggins R,  Kumar S and Dowling TE (2001). Does nonneutral evolution
shape observed patterns of DNA variation in animal mitochondrial genomes?
Annu. Rev. Genet., 35:539–66.

Gong MQ, Gu Y, Hu XB, Sun Y, Ma L, Li XL, Sun LX, Sun J, Qian J and Zhu CL
(2005). Cloning and overexpression of CYP6F1, a cytochrome P450 gene, from
deltamethrin-resistant Culex pipiens pallens. Acta Biochim. Biophys. Sin., 37:
317-326.

H
Hancock JM, Tautz D and Dover GA (1988). Evolution of the secondary structures and

compensatory mutations of the ribosomal RNAs of Drosophila melanogaster.
Mol. Biol. Evol., 5: 393-414.

Harbach RE (2004). The classification of genus Anopheles (Diptera: Culicidae): a
working hypothesis of phylogenetic relationships. Bull. Entomol. Res. 95: 537–
553.

Hargreaves K, Koekemoer LL, Brooke BD, Hunt RH, Mthembu J and Coetzee M
(2000). Anopheles funestus resistant to pyrethroid insecticides in South Africa.
Med. Vet. Entomol., 14: 181– 189.

Harrison CJ, Langdale JA (2006). A step by step guide to phylogeny reconstruction.
Plant J., 45(4): 561-72.

Hebert PDN, Cywinska A, Ball SL and deWaard JR (2003a). Biological identifications
through DNA barcodes. Proc. Biol. Sci.,  270(1512): 313–321.

Hebert PDN, Ratnasingham S and deWaard JR (2003b). Barcoding animal life:
cytochrome c oxidase subunit 1 divergences among closely related species.
Proc. R. Soc. Lond. B., 270: S96–S99.

Herrel N, Amerasinghe FP, Ensink J, Mukhtar M, Van der hoek W, Konradsen F
(2001). Breeding of Anopheles mosquitoes in irrigated areas of South Punjab,
Pakistan. Med. Vet. Entomol.,15:236-248.



130

Hemingway J, Miyamoto J and Herath PRJ (1991). A possible novel link between
organophosphorus and DDT insecticide resistance genes in Anopheles:
supporting evidence from fenitrothion metabolism studies. Pestic. Biochem.
Physiol., 39:49–56.

Hemingway J and Karunaratne SHPP (1998). Mosquito carboxylesterases: A review of
the molecular biology and biochemistry of a major insecticide resistance
mechanism. Med. Vet. Entomol., 12: 1–12.

Hemingway J, Hawkes N, Prapanthadara L, Indrananda Jayawardenal KG and Ranson
H (1998). The role of gene splicing, gene amplifcation and regulation in
mosquito insecticide resistance. Phil.Trans. R. Soc. Lond. B., 353: 1695-1699.

Hemingway J and Ranson H (2000). Insecticide Resistance in Insect Vectors of Human
Disease. Annu. Rev. Entomol., 45: 371–391.

Hemingway J, Beaty BJ, Rowland M, Thomas W. Scott TW and Sharp Brian BL
(2006). The Innovative Vector Control Consortium: improved control of
mosquito-borne diseases. Trends in Parasitol., 22(7): 308 – 312.

Hammer R, Harper DAT and Ryan PD (2001). PAST: Paleontological Statistics
software package for education and data analysis. Palaeontol. Electron., 4(1): 1-
9.

Herrel N, Amerasinghe FP, Ensink J, Mukhtar M, vanderhoek W and Konradsen F
(2001). Breeding of Anopheles mosquitoes in irrigated areas of South Punjab,
Pakistan. Med. Vet. Entomol., 15: 236-248.

Herath PRJ, Jayawardena KGI, Hemingway J and Harris J (1988). DDT resistance in
Anopheles culicifacies Giles and An. subpictus Grassi (Diptera: Culicidae) from
Sri Lanka: a field study on the mechanisms and changes in gene frequency after
cessation of DDT spraying. Bull. Entomol. Res., 78: 717-723.

Hibbett DS, Binder M, Bischoff JF, Blackwell M, Cannon PF, Eriksson OE, Huhndorf
S, James T, Kirk PM, Lucking R, Lumbsch TH, Lutzoni F, Matheny PB,
McLaughlin DJ, Powell MJ, Redhead S, Schoch CL, Spatafora JW et al. (2007).
A higher-level phylogenetic classification of the Fungi. Mycol. Res., 111(5):
509-547.

Higgins DG, Thompson JD and Gibson TJ (1996). Using CLUSTAL for multiple
sequence alignments. Methods Enzymol., 266: 383-402.

Howland DE, Hewitt GM (1995). Phylogeny of the Coleoptera based on mitochondrial
cytochrome oxidase I sequence data. Insect Mol. Biol.,  4: 203–215.

Hofacker IL (2003). Vienna RNA structure server. Nucl. Acid Res. 31(13), 3429 –
3431.



131

Hughes AL and Nei M (1988).  Pattern of nucleotide substitution at major
histocompatibility complex loci reveals overdominant selection. Nature, 335:
167- 170.

Hwang UW (2007) Revisited ITS2 phylogeny of Anopheles (Anopheles)Hyrcanus
group mosquitoes: reexamination of unidentified and misidentified ITS2
sequences. Parasitol. Res., 101:885–894.

J
Jain SK, Neekhra B, Pandey D and Jain K (2010). RAPD marker system in insect

study: A review. Indian J. Biotechnol.,  9: 7-12.

JHPIEGO (2003). Prevention and control of malaria during pregnancy. Reference
Manual for health care providers. 2nd Edn. Baltimore, USA
[http://www.jhpiego.org/files/Malaria_Manual.pdf].

K
Kampen H (2005). The ITS2 ribosomal DNA of Anopheles beklemishevi and further

remarks on the phylogenetic relationships within the Anopheles maculipennis
group of species (Diptera: Culicidae). Parasitol. Res., 97: 118–128.

Kaura T, Sharma M, Chaudhry S and Chaudhry A (2010). Sequence polymorphism in
spacer ITS2 of Anopheles (Cellia) subpictus Grassi (Diptera: Culicidae).
Caryologia, 63(2): 124-133.

Kelly DW, MacIsaac HJ and Heath DD (2006). Vicariance and dispersal effects on
phylogeographic structure and speciation in a widespread estuarine invertebrate.
Evolution, 60(2): 257-67.

Komagata O, Kasai S and Tomita T (2010). Overexpression of cytochrome P450 genes
in pyrethroid-resistant Culex quinquefasciatus. Insect Biochem. Mol. Biol.,
40(2): 146-152.

Kasai S, Weerasinghe IS and Shono T (1998). P450 Monooxygenases are an important
mechanism of permethrin resistance in Culex quinquefasciatus say larvae. Arch.
Insect Biochem. Physiol., 37: 47–56.

Kasai S, Weerasinghe IS, Shono T and Yamakawa M (2000). Molecular cloning,
nuleotide sequence and gene expression of a cytochrome P450 (CYP6F1) from
the pyrethroid resistant mosquito, Culex quinquefasciatus Say. Insect
Biochem.Mol. Biol., 30: 163-171.

Kengluecha A, Singhasivanon P, Tiensuwan M, Jones JW and Sithiprasasna R (2005).
Water quality and breeding habitats of anopheline mosquito in northwestern
Thailand. Southeast Asian J. Trop. Med. Public Health., 36(1): 46-53.



132

Kim HC, Rueda LM, Wilkerson RC, Foley DH, Sames WJ, Chong ST, Nunn PV, and
Klein TA (2011). Distribution and larval habitats of Anopheles species in
northern Gyeonggi Province, Republic of Korea. J. Vect. Ecol., 36(1): 124-134.

Kimura M (1980). A simple method for estimating evolutionary rate of base
substitutions through comparative studies of nucleotide sequences. J. Mol.
Evol., 16: 111–120.

Knowlton N and Weigt LA (1998). New dates and new rates for divergence across the
Isthmus of Panama. Proc. R. Soc.Lond. B 265, 2257–2263. (DOI
10.1098/rspb.1998.0568.)

Koekemoer LL, Coetzee M, Hunt RH (1998). Hpa II endonuclease distinguishes
between two species in the Anopheles funestus group. Insect Mol. Biol., 7(3):
273-277.

Kulkarni MA,  Mosha FW, Oxborough RM, Kitau JA, Tenu F, Rowland M (2010).
Biochemical basis of permethrin resistance in Anopheles arabiensis from Lower
Moshi, north-eastern Tanzania. Malar. J., 9: 193.

Kumar NS, Tang B, Chen X, Tian H and Zhang W (2008). Molecular cloning,
expression pattern and comparative analysis of chitin synthase gene B in
Spodoptera exigua. Comp. Biochem. Physiol. B. Biochem. Mol. Biol., 149(3):
447-453.

Kumar PN, Rajvel AR, Natarajan R and Jambulingam P (2007). DNA Barcodes Can
Distinguish Species of Indian Mosquitoes (Diptera: Culicidae). J. Med.
Entomol. 44(1): 1-7.

L
Lehr MA, Kilpatrick CW, Wilkerson RC and Conn JE (2005). Cryptic Species in the

Anopheles (Nyssorhynchus) albitarsis (Diptera: Culicidae) Complex:
Incongruence Between Random Amplified Polymorphic DNA-Polymerase
Chain Reaction Identification and Analysis of Mitochondrial DNA COI Gene
Sequences. Ann. Entomol. Soc. Am., 98(6): 908–917.

Lertkiatmongkol P, Jenwitheesuk E and Rongnoparut P (2011). Homology modeling of
mosquito cytochrome P450 enzymes involved in pyrethroid metabolism:
insights into differences in substrate selectivity. BMC Res. Notes., 4: 321.

Lewis SA (2001). A Likelihood Approach to Estimating Phylogeny from Discrete
Morphological Character Data. Syst. Biol., 50(6): 913–925.



133

Li C and Wilkerson RC (2007).  Intragenomic rDNA ITS2 variation in the Neotropical
Anopheles (Nyssorhynchus) albitarsis Complex (Diptera: Culicidae). J.
Heredity, 98(1): 51–59.

Limrat D, Rojruthai B, Apiwathnasorn C, Samung Y and Prommongkol S (2001).
Anopheles barbirostris/campestris as a probable vector of malaria in
Aranyaprathet, Sa Kaeo Province. Southeast Asian J. Trop. Med. Public Health,
32(4): 739-744.

Liao A (1999). Molecular evolution ’99 Concerted evolution: molecular mechanism
and biological implications. Am. J. Hum. Genet., 64: 24–30.

Lin CP and Danforth BN (2004). How do insect nuclear and mitochondrial gene
substitution patterns differ? Insights from Bayesian analyses of combined
datasets. Mol. Phylogenet. Evol., 30: 686–702.

Lio P and Goldman N (1998). Models of molecular evolution and phylogeny. Genome
Res., 8(12): 1233-44.

Liu N, Li T, Reid WR, Yang T, Zhang L (2011). Multiple Cytochrome P450 genes:
their constitutive overexpression and permethrin induction in insecticide
resistant mosquitoes, Culex quinquefasciatus. PLoS One. Epub, 6(8):e23403.

Liu Z, Chen SL, Song JY, Zhang SJ and Chen KL (2012). Application of
deoxyribonucleic acid barcoding in Lauraceae plants. Pharmacogn. Mag., 8(29):
4–11.

Lounibos LP, Wilkerson RC, Conn JE, Hribar LJ, Fritz GN and Danoff-Burg JA
(1998). Morphological, molecular, and chromosomal discrimination of cryptic
Anopheles (Nyssorhynchus) (Diptera: Culicidae) from South America. J. Med.
Entomol., 35(5): 830-8.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ (1951). Protein measurement with
the Folin phenol reagent. J. Biol. Chem., 193(1):265-275.

Lumbsch TH, Buchanan PK, May TW, Mueller GM (2008). Phylogeography and
biogeography of fungi. Mycol Res., 112(4): 423-4.

M
Ma Y, Li S and Xu J (2006). Molecular identification and phylogeny of the Maculatus

group of Anopheles mosquitoes (Diptera: Culicidae) based on nuclear and
mitochondrial DNA sequences. Acta Trop., 99: 272–280.

Malaria Research and Reference Reagent Resource Center, MR4 (2007). Methods in
Anopheles Research, National Institute of Allergy and Infectious Diseases,



134

Centres for Disease Control and Prevention and American Type Culture
Collection. pp.1-223.
[www.mr4.org/Portals/3/Methods_in_Anopheles_Research.pdf]

Malcolm CA, Bourguet D, Ascolillo A, Rooker SJ, Garvey CF, Hall LM, Pasteur N and
Raymond M (1998). A sex-linked Ace gene, not linked to insensitive
acetylcholinesterase-mediated insecticide resistance in Culex pipiens. Insect
Mol. Biol., 7: 107-120.

Manguin S, Wilkerson RC, Conn JE, Rubio-Palis Y, Danoff-Burg JA and Roberts DR
(1999). Population structure of the primary malaria vector in South America,
Anopheles darlingi, using isozyme, random amplified polymorphic DNA,
internal transcribed spacer 2, and morphologic markers. Am. J. Trop. Med.
Hyg., 60(3): 364-76.

Mantel NA (1967). The detection of disease clustering and a generalized regression
approach. Cancer Res., 27: 209-220.

Marrelli MT, Floeter-Winter L M, Malafronte RS, Tadei WP, Lourenc¸ R, De-Oliveira
O, Flores-Mendoza C and Marinotti O (2005). Amazonian malaria vector
anopheline relationships interpreted from ITS2 rDNA sequences. Med. Vet.
Entomol., 19: 208–218.

Matambo TS, Paine MJ, Coetzee M, Koekemoer LL (2010). Sequence characterization
of cytochrome P450 CYP6P9 in pyrethroid resistant and susceptible Anopheles
funestus (Diptera: Culicidae). Genet. Mol. Res., 9(1):554-564.

Menozzi P, Shi MA, Lougarre A, Tang ZH and Fournier D (2004). Mutations of
acetylcholinesterase which confer insecticide resistance in Drosophila
melanogaster populations. BMC Evol. Biol., 4: 4.

Mileson BE, Chambers JE, Chen WL, Dettbarn W, Ehrich M, Eldefrawi AT, Gaylor
DW, Hamernik K, Hodgson E, Karczmar AG, Padilla S, Pope CN, Richardson
RJ, Saunders DR, Sheets LP, Sultatos LG, Wallace KB (1998). Common
mechanism of toxicity: a case study of organophosphorus pesticides. Toxicol.
Sci., 41(1): 8-20.

Millanes AM, Diederich P, Ekman S and Wedin M (2011). Phylogeny and character
evolution in the jelly fungi (Tremellomycetes, Basidiomycota, Fungi). Mol.
Phylogenet. Evol., 61(1): 12-28.

Minakawa N, Mutero CM, Githure JI, Beier JC, Yan G (1999). Spatial distribution and
habitat characterization of anopheline mosquito larvae in Western Kenya.Am. J.
Trop. Med. Hyg., 61(6):1010-1016.

Mitchell SN, Stevenson BJ, Muller P, Wilding CS, Egyir-Yawson A, Field SG,
Hemingway J, Paine MJ, Ranson H, Donnelly MJ (2012). Identification and
validation of a gene causing cross-resistance between insecticide classes in



135

Anopheles gambiae from Ghana. Proc. Natl. Acad. Sci. USA, 109(16): 6147-
6152.

Michot B, Joseph N, Mazan S and BAChEllerie J (1999). Evolutionarily conserved
structural features in the ITS2 of mammalian pre-rRNAs and potential
interactions with the snoRNA U8 detected by comparative analysis of new
mouse sequences. Nucl. Acids Res., 27: 2271-2282.

Mizoram Health and Family Welfare Department (2011). Epidemiological situation of
malaria, 2010 – 2011. State vector borne diseases control programme (malaria),
Health and family welfare department, Government of Mizoram, Mizoram.
[http://health.mizoram.gov.in/malaria].

Mohanty A, Swain S, Kar SK and Hazra RK (2009). Analysis of the phylogenetic
relationship of Anopheles species, subgenus Cellia (Diptera: Culicidae) and
using it to define the relationship of morphologically similar species. Infect.
Genet. Evol.,   9: 1204–1224.

Morgan K,O’Loughlin SM, Mun-Yik F, Linton YM, Somboon P, Min S, Htun PT,
Nambanya S, Weerasinghe I, Sochantha T,Prakash A and Walton C (2009).
Molecular phylogenetics and biogeography of the Neocellia Series of Anopheles
mosquitoes in the Oriental Region. Mol. Phylogenet. Evol., 52: 588–601.

Muller P, Warr E, Stevenson BJ, Pignatelli PM, Morgan JC, Steven A, Yawson AE,
Mitchell SN, Ranson H, Hemingway J, Paine MJ and Donnelly MJ (2008).
Field-caught permethrin-resistant Anopheles gambiae overexpress CYP6P3, a
P450 that metabolises pyrethroids. PLoS Genet. Epub, 4(11):e1000286.

Munhenga G, Masendu HT, Brooke BD, Hunt RH and Koekemoer LK (2008).
Pyrethroid resistance in the major malaria vector Anopheles arabiensis from
Gwave, a malaria-endemic area in Zimbabwe. Malar. J., 7: 247.

Mutero A, Pralavorio M, Bride JM and Fournier D (1994). Resistance-associated point
mutations in insecticide insensitive acetylcholinesterase. Proc. Natl. Acad. Sci.,
91: 5922-5926.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB and Kent J (2000).
Biodiversity hotspots for conservation priorities. Nature, 403: 853-858.

N

Nabeshima T, Mori A, Kozaki T, Iwata T, Hidoh O, S. Harada S, Kasai S, Severson
DW, Kono Y and Tomita T (2004). An amino acid substitution attributable to
insecticide-insensitivity of acetylcholinesterase in a Japanese encephalitis vector
mosquito, Culex tritaeniorhynchus. Biochem. Biophys. Res. Commun., 313:
794-801.



136

Nagpal BN and Sharma VP (1987). Survey of Mosquito Fauna of Northeastern Region
of India. Indian J. Mariol., 24: 143-49.

Nagpal BN and V.P. Sharma VP (1995). Indian Anophelines. Oxford and IBH
Publishing Co Pvt. Ltd. New Delhi.

National Rural Health Mission, Health Management Information Statistics report
(2009). Mizoram state report, April 2009, pp. 1-31.
[www.mohfw.nic.in/NRHM/Documents/NE_Reports/Mizoram_Report.pdf].

National Vector Borne Disease Control Programme, Government of India, 2010.
[http://nvbdcp.gov.in/Doc/Mal-Situation-Aug2011.pdf].

Nei M and Kumar S (2000). Molecular Evolution and Phylogenetics. New York:
Oxford University Press.

Nelson DR, Kamataki T, Waxman DJ, Guengerich FP, Estabrook RW, Feyereisen R,
Gonzalez FJ, Coon MJ, Gunsalus IC, Gotoh O. et al. (1993). P450 superfamily:
update on new sequences, gene mapping, accession numbers and nomenclature.
DNA Cell Biol., 12(1): 1-51.

Nicolescu G, Linton YM, Vladimirescu A, Howard TM and Harbach RE(2004).
Mosquitoes of the Anopheles maculipennis group (Diptera: Culicidae) in
Romania, with the discovery and formal recognition of a new species based on
molecular and morphological evidence. Bull Entomol. Res., 94: 525- 535.

Nikou D, Ranson H and Hemingway J (2003). An adult-specific CYP6 P450 gene is
overexpressed in a pyrethroid-resistant strain of the malaria vector, Anopheles
gambiae. Gene, 318: 91-102.

O
Oliver JC and Shapiro AM (2007). Genetic isolation and cryptic variation within the

Lycaena xanthoides species group (Lepidoptera: Lycaenidae). Mol. Ecol.,
16(20): 4308-20.

Omura T and Sato R (1964). The carbon monoxide-binding pigment of liver
microsomes. II. Evidence for its hemoprotein nature. J. Biol. Chem., 239: 2370-
2378.

Oo TT, Storch V and Becker N (2004). Review of the anopheline mosquitoes of
Myanmar. J.Vect. Ecol., 29(1): 21-40.

Ota T and Nei M (1994). Divergent Evolution and Evolution by the Birth-and-Death
Process in the Immunoglobulin VH Gene Family. Mol. Biol. Evol., 11: 469–
482.



137

P
Pahwa, S. and Dhiman, R.: Climatic determinants of malaria in view of climate change

in Mizoram, Northeast India. In Proceedings of the 2011 WCRP Open Science
Conference Climate Research in Service to Society. Denver, USA (2011).

Paaijmans KP, Blanford S, Chan BHK and Thomas MB (2012). Warmer temperatures
reduce the vectorial capacity of malaria mosquitoes. Biol. Lett., 8(3): 465-8.

Paredes-Esquivel C, Donnelly MJ, Harbach RE and Townson H (2009). A molecular
phylogeny of mosquitoes in the Anopheles barbirostris Subgroup reveals
cryptic species: implications for identification of disease vectors. Mol.
Phylogenet. Evol., 50(1): 141-51.

Peakall R and Smouse PE (2006). GENALEX 6: genetic analysis in Excel. Population
genetic software for teaching and research. Mol. Ecol. Notes, 6: 288-295.

Perera MDB, Hemingway J and Parakrama Karunaratne SHP (2008). Multiple
insecticide resistance mechanisms involving metabolic changes and insensitive
target sites selected in anopheline vectors of malaria in Sri Lanka. Malar. J.,
7:168.

Porter CH and  Collins F H (1991). Species-diagnostic differences in a ribosomal DNA
internal transcribed spacer from the sibling species Anopheles freeborni and
Anopheles hermsi (Diptera: Culicidae). Am. J. Trop. Med. Hyg., 45:  27l-279.

Posada D and Crandall KA (2001). Selecting the Best-Fit Model of Nucleotide
Substitution. Syst. Biol., 50(4): 580– 601.

Prakash A, Walton C, Bhattacharyya DR, Loughlin SO, Mohapatra PK, Mahanta J
(2006). Molecular characterization and species identification of the Anopheles
dirus and An. minimus complexes in north-east India using r-DNA ITS-2. Acta
Trop., 100: 156–161.

Prapanthadara L, Koottathep S, Prometet N, Hemingway J and Ketterman AJ (1996).
Purification and characterization of a major glutathione S transferase from the
mosquito Anopheles dirus (species B). Insect Biochem. Mol. Biol., 26: 277-285.

Prevost A and Wilkinson MJ (1999). A new system of comparing PCR primers applied
to ISSR fingerprinting of potato cultivars. Theor. Appl. Genet., 98: 107–12.

Proft J, Maier WA, Kampen H (1999). Identification of six sibling species of the
Anopheles maculipennis complex (Diptera: Culicidae) by a polymerase chain
reaction assay. Parasitol. Res., 85:837–843.



138

R
Radic Z, Gibney G, Kawamoto S, MacPhee-Quigley K, Bongiorno C and Taylor P

(1992). Expression of recombinant acetylcholinesterase in a Baculovirus
system: kinetic properties of glutamate 199 mutants. Biochemistry, 31(40):
9760-9767.

Raman STR (2001). Effect of slash-and-burn shifting cultivation on rainforest birds in
Mizoram, northeast India. Conserv. Biol., 15: 685–698.

Ranson H, Nikou D, Hutchinson M, Wang X, Roth CW, Hemingway J and Collins FH
(2002). Molecular analysis of multiple cytochrome P450 genes from the malaria
vector, Anopheles gambiae. Insect Mol. Biol., 11(5): 409–418.

Reid JA (1968). Anopheline Mosquitoes of Malaya and Borneo. Government of
Malaysia, Malaysia. pp – 529.

Reineke A, Karlovsky P, Zebitz CP (1998). Preparation and purification of DNA from
insects for AFLP analysis. Insect Mol. Biol.,7(1):95-99.

Ritz CM, Reiker J, Charles G, Hoxey P, Hunt D, Lowry M, Stuppy W and Taylor N
(2012). Molecular phylogeny and character evolution in terete-stemmed Andean
opuntias (Cactaceae-Opuntioideae). Mol. Phylogenet. Evol.  [Epub ahead of
print].

Rivero J, Urdaneta L, Zoghbi N, Pernalete M, Rubio-Palis Y and Herrera F (2004).
Optimization of extraction procedure for mosquito DNA suitable for PCR-based
techniques. Int. J. Trop. Insect Sci., 24(3): 266–269.

Robe LJ, Valente VL, Budnik M and Loreto EL (2005). Molecular phylogeny of the
subgenus Drosophila (Diptera, Drosophilidae) with an emphasis on Neotropical
species and groups: a nuclear versus mitochondrial gene approach. Mol.
Phylogenet. Evol., 36(3): 623-40.

Rodpradit P, Boonsuepsakul S, Chareonviriyaphap T, Bangs MJ, Rongnoparut P
(2005). Cytochrome P450 genes: molecular cloning and overexpression in a
pyrethroid-resistant strain of Anopheles minimus mosquito. J. Am. Mosq.
Control. Assoc., 21(1):71-79.

Rohlf FJ (1998). NTSYS-pc: Numerical Taxonomy and Multivariate Analysis System,
Version 2.201i. New York: Exeter Software, Applied Biostatics Inc.

Roldan-Ruiz I, Calsyn E, Gilliland TJ, Coll R, van Eijk MJT and De Loose M (2000).
Estimating genetic conformity between related ryegrass (Lolium) varieties. 2.
AFLP characterization. Mol. Breed., 6: 593–602.



139

Rongnoparut P, Boonsuepsakul S, Chareonviriyaphap T and Thanomsing N (2003).
Cloning of cytochrome P450, CYP6P5, and CYP6AA2 from Anopheles minimus
resistant to deltamethrin. J. Vect. Ecol., 28 (2): 150-158.

S
Saeung A, Otsuka Y, Baimai V, Somboon P, Pitasawat B, Tuetun B, Junkum A,

Takaoka H and Choochote W (2007). Cytogenetic and molecular evidence for
two species in the Anopheles barbirostris complex (Diptera: Culicidae) in
Thailand. Parasitol. Res., 101: 1337–1344.

Sallum MAM, Schultz TR, Fosters PG, Aronstein K, Wirtz RA and Wilkerson RC
(2002). Phylogeny of Anophelinae (Diptera: Culicidae) based on nuclear
ribosomal and mitochondrial DNA sequences. Syst. Entomol., 27: 361–82.

Sambrook J, Fritsch EF and Maniatis T (1989). Molecular Cloning: A Laboratory
Manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York.

Sarma NP, Prakash A, Bhattacharyya DR, Kalita MC, Mohapatra PK, Singh S, Sarma
DK and Mahanta J (2012a). Spatial distribution and molecular characterization
of Anopheles nivipes and Anopheles philippinensis (Diptera: Culicidae) in
north-east India. Acta. Trop., 122: 247– 254.

Sarma DK, Prakash A, O’Loughlin SM, R Bhattacharyya DR, Mohapatra PK,
Bhattacharjee K, Das K, Singh S, Sarma NP, Ahmed GU, Walton C and
Mahanta J (2012b). Genetic population structure of the malaria vector
Anopheles baimaii in north-east India using mitochondrial DNA. Malar.J.,
11:76.

Schuler MA (1996). The Role of Cytochrome P450 Monooxygenases in PIant-Insect
lnteractions. Plant Physiol., 112: 1411-9.

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesqueb CA, Chen W,
and Fungal Barcoding Consortium (2012). Nuclear ribosomal internal
transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi.
Proc. Natl. Acad. Sci. USA, 109(16): 6241–6246.

Schlotterer C, Hauser M, von Haeseler A and Tautz D (1994). Comparative
evolutionary analysis of rDNA ITS regions in Drosophila. Mol. Biol. Evol., 11:
513-522.

Schwartz RS and Mueller RL (2010). Branch length estimation and divergence dating:
estimates of error in Bayesian and maximum likelihood frameworks. BMC
Evol. Biol., 10: 5.



140

Seago AE, Giorgi JA, Li J and Slipinski A (2011). Phylogeny, classification and
evolution of ladybird beetles (Coleoptera: Coccinellidae) based on simultaneous
analysis of molecular and morphological data. Mol. Phylogenet. Evol., 60(1):
137-51.

Sharma D, Issac B, Raghava GP and Ramaswamy R (2004). Spectral Repeat Finder
(SRF): identification of repetitive sequences using Fourier transformation.
Bioinformatics, 20: 1405-1412.

Sidow A and Thomas WK (1994). A molecular evolutionary framework for eukaryotic
model organisms. Curr Biol., 4(7): 596-603.

Simms D, Cizdziel PE  and P Chomczynski (1993). TRIZOLTM: a new reagent for
optimal single-step isolation of RNA. Focus, 15: 99-103.

Simon C, Frati F, Beckenbach A, Crespi B, Liu H and Flook P (1994). Evolution,
weighting, and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Ann. Entomol.
Soc. Am., 87: 651–701.

Simonsen KL, Churchill GA and Aquadro CF (1995). Properties of Statistical Tests of
Neutrality for DNA Polymorphism Data. Genetics, 141: 413–429.

Singh OP, Chandra D, Nanda N, Sharma SK, Htun PT, Adak T, Subbarao SK and Dash
AP (2006). On the conspecificity of Anopheles fluviatilis species S with
Anopheles minimus species C; J Biosci, 31: 671–677.

Smissaert HR (1964). Cholinesterase inhibition in spider mites susceptible and resistant
to organophosphate. Science, 143: 129-131.

Sneath PHA and Sokal RR (1973). ‘Numerical Taxonomy; The Principles and Practice
of Numerical Classification’, W. H. Freeman, San Francisco, CA.

Snedecor GW and Cochran WG (1989). Statistical methods, 8th edition, Iowa  State
University Press, Ames.

Steinke D, Albrecht C and Pfenninger M (2004). Molecular phylogeny and character
evolution in the Western Palaearctic Helicidae s.l. (Gastropoda:
Stylommatophora). Mol. Phylogenet. Evol. 32(3): 724-34.

Stevenson BJ, Bibby J, Pignatelli P, Muangnoicharoen S, O'Neill PM, Lian LY, Müller
P, Nikou D, Steven A, Hemingway J, Sutcliffe MJ, Paine MJ (2011).
Cytochrome P450 6M2 from the malaria vector Anopheles gambiae metabolizes
pyrethroids: Sequential metabolism of deltamethrin revealed. Insect Biochem
Mol Biol., 41(7): 492-502.

Swain S, Mohanty A, Tripathy HK, Mahapatra N, Kar SK, Hazra RK (2010).
Molecular identification and phylogeny of Myzomyia and Neocellia series of



141

Anopheles subgenus Cellia (Diptera: Culicidae). Infect. Genet. Evol,.10(7):
931-939.

Swofford DL (1998). PAUP*. Phylogenetic Analysis Using Parsimony (*and Other
Methods). Version 4. Sinauer Associates, Sunderland, Massachusetts.

T
Tamura K (1992). Estimation of the number of nucleotide substitutions when there are

strong transition-transversion and G + C-content biases. Mol. Biol. Evol., 9:
678-687.

Tamura K and Nei M (1993). Estimation of the number of nucleotide substitutions in
the control region of mitochondrial DNA in humans and chimpanzees. Mol.
Biol. Evol., 10:512–526.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M and Kumar S (2011). MEGA5:
Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol. Biol. Evol.,
28(10): 2731–2739.

Tajima F (1993). Simple methods for testing molecular clock hypothesis. Genetics,
135: 599–607.

Tautz D, Hancock J M, Webb D A, Tautz C and Dover GA (1988). Complete
sequences of the rRNA genes of Drosophila melanogaster. Mol. Biol. Evol., 5:
366–376.

Tikar SN, Mendki MJ, Sharma AK, Sukumaran D, Veer V, Prakash S and Parashar BD
(2011). Resistance status of the malaria vector mosquitoes, Anopheles stephensi
and Anopheles subpictus towards adulticides and larvicides in arid and semi-
arid areas of India. J. Insect Sci., 11: 85.

Tolley KA, Burger M, Turner AA, Matthee CA (2006). Biogeographic patterns and
phylogeography of dwarf chameleons (Bradypodion) in an African biodiversity
hotspot. Mol. Ecol., 15(3): 781–93.

Toutant JP (1989). Insect acetylcholinesterase: catalytic properties, tissue distribution
and molecular forms, Prog. Neurobiol., 32: 423–446.

V
van der Sande CAFM, Kwa M, van Nues RW, van Heerikhuizen H, Raue HA and

Planta RJ (1992). Functional analysis of internal transcribed spacer 2 of
Saccharomyces cerevisiae ribosomal DNA. J. Mol. Biol., 223: 899–910.



142

Villatte F, Ziliani P, Marcel V, Menozzi P and Fournier D (2000). A high number of
mutations in insect acetylcholinesterase may provide insecticide resistance. Pest
Biochem. Physiol., 67: 95–102.

Vulule JM, Beach RF, Atieli FK, Roberts JM, Mount DL and Mwangi RW (1994).
Reduced susceptibility of Anopheles gambiae to permethrin associated with the
use of permethrin-impregnated bednets and curtains in Kenya. Med. Vet.
Entomol., 8: 71–75.

Vulule JM, Beach RF, Atieli FK, McAllister JC, Brogdon WG, Roberts JM, Mwangi
RW and Hawley WA (1999). Elevated oxidase and esterase levels associated
with permethrin tolerance in Anopheles gambiae from Kenyan villages using
permethrin-impregnated nets. Med. Vet. Entomol., 13: 239–244.

W
Wagner GP (1989). The origin of Morphological characters and the biological basis of

homology. Evolution, 43(6): 1157–1171.

Walsh SB, Dolden TA, Moores GD, Kristensen M, Lewis T, Devonshire AL,
Williamson MS (2001). Identification and characterization of mutations in
housefly (Musca domestica) acetylcholinesterase involved in insecticide
resistance. Biochem. J., 359(1): 175–81.

Weill M, Fort P, Berthomieu A, Dubois MP, Pasteur N and Raymond M (2002). A
novel acetylcholinesterase gene in mosquitoes codes for the insecticide target
and is non-homologous to the ace gene in Drosophila. Proc. R. Soc. Lond. B
Biol. Sci., 269: 2007–2016.

Weill M, Lutfalla G, Mogensen K, Chandre F, Berthomieu A, Berticat C, Pasteur N,
Philips A, Fort P and Raymond M (2003). Insecticide resistance in mosquito
vectors. Nature, 423: 136–137.

Weill M, Malcolm C, Chandre F, Mogensen K, Berthomieu A, Marquine M and
Raymond M (2004). The unique mutation in ace-1 giving high insecticide
resistance is easily detectable in mosquito vectors. Insect Mol. Biol., 13(1): 1–7.

Wesson DM, Porter CH and Collins FH (1992). Sequence and secondary structure
comparisons of ITS rDNA in mosquitoes (Diptera: Culicidae). Mol. Phylo.
Evol., 1: 253–269.

Whitfield JB (2003). Phylogenetic insights into the evolution of parasitism in
hymenoptera. Adv Parasitol., 54: 69–100.

Wilkerson RC, Parsons TJ, Albrightt DG, Klein TA and Braun MJ (1993). Random
amplified polymorphic DNA (RAPD) markers readily distinguish cryptic



143

mosquito species (Diptera: Culicidae: Anopheles). Insect Mol. Biol., 1(4): 205–
211.

Wilkerson RC, Parsons TJ, Klein TA, Gaffican TY, Bergo E and Consolim J (1995).
Diagnosis by Random Amplified Polymorphic DNA Polymerase Chain
Reaction of Four Cryptic Species Related to Anopheles (Nyssorhynchus)
albitarsis (Diptera: Culicidae) from Paraguay, Argentina, and Brazil. J. Med.
Entomol., 32(5): 697–704.

Wilkins EE, Howell PI and Benedict MQ (2006). IMP PCR primers detect single
nucleotide polymorphisms for Anopheles gambiae species identification, Mopti
and Savanna rDNA types, and resistance to dieldrin in Anopheles arabiensis.
Malar. J., 5: 125.

Wilkinson CF and Brattsten LB (1972). Microsomal drug-metabolizing enzymes in
insects. Drug Metab. Rev., 1: 153–227.

Williams JGK, Kubelik AR, Livak KJ, Rafaiski JA & Tingey SV (1990). DNA
polymorphisms amplified by arbitrary primers are useful as genetic markers.
Nucl. Acid Res. 18: 6531–6535.

Wondji CS, Morgan J, Coetzee M, Hunt RH, Steen K, Black WC 4th, Hemingway J,
Ranson H (2007). Mapping a quantitative trait locus (QTL) conferring
pyrethroid resistance in the African malaria vector Anopheles funestus. BMC
Genomics, 8: 34.

Wondji CS, Irving H, Morgan J, Lobo NF, Collins FH, Hunt RH, Coetzee M,
Hemingway J, Ranson H (2009). Two duplicated P450 genes are associated
with pyrethroid resistance in Anopheles funestus, a major malaria vector.
Genome Res., 19(3):452–459.

World Health Organization (1957). Insecticides-seventh report of the Expert
Committee. (WHO Technical Report Series No. 125).

World Health Organization (1992).Vector resistance to pesticides: Fifteenth Report of
the Expert Committee on Vector Biology and Control. Geneva (WHO
Technical Report Series, No. 818).

World Health Organization (1998). Techniques to detect insecticide resistance
mechanisms (field and laboratory manual). [WHO/CDS/CPC/MAL/98.6]

World Health Organization (2005). Guidelines for laboratory and field testing of
Mosquito larvicides.   [WHO/CDS/WHOPES/GCDPP/2005.13]

World Health Organization (2006). Pesticides and Their application: For the control of
pests of public health importance, Sixth edition [WHO/CDS/NTD/WHOPES/
GCDPP/ 2006.1]



144

World Health Organization (2012). Handbook for integrated vector management.
[WHO/HTM/NTD/VEM/2012.3.]

Y
Yang Y, Chen S, Wu S, Yue L, and Wu Y (2006). Constitutive Overexpression of

Multiple Cytochrome P450 Genes Associated with Pyrethroid Resistance in
Helicoverpa armigera. J. Econ. Entomol.,  99(5): 1784–1789.

Yeh LC and Lee JC (1990). Structural analysis of the internal transcribed spacer 2 of
the precursor ribosomal RNA from Saccharomyces cerevisiae. J. Mol. Biol.,
211: 699–712.

Yao H, Song J, Liu C, Luo K, Han J, Li Y, Pang X, Xu H, Zhu Y, Xiao P and Chen S
(2010). Use of ITS2 Region as the Universal DNA Barcode for Plants and
Animals. PLoS One, 5(10): e13102.

Z
Zhang DX and Hewitt G M (1997). Assessment of the universality and utility of a set

of conserved mitochondrial primers in insects. Insect Mol. Biol., 6: 143–150.

Zhang DX and Hewitt GM (2003). Nuclear DNA analyses in genetic studies of
populations: practice, problems and prospects. Mol. Ecol., 12: 563–584.

Zhang M and Scott JG (1996).  Purification and characterization of cytochrome b5
reductase from the house fly, Musca domestica. Comp. Biochem. Physiol., 113
(B): 175–183.

Zhang N, Zeng L, Shan H, Ma H (2012). Highly conserved low-copy nuclear genes as
effective markers for phylogenetic analyses in angiosperms. New Phytol.,
195(4): 923–37.

Zucherlandl E and Pauling L (1965). Evolutionary divergence and convergence in
proteins. In Evolving genes and proteins (Bryson V and Vogel HJ, eds)
Academic press. pp 97–166.



145

Papers published and submitted

Zomuanpuii R, Senthil Kumar N and Gurusubramanian G (2009): Insectides – Their
mode of action in mosquito and possibility of resistance. Science Vision 9(2),
85-91.

Zomuanpuii R, Senthil Kumar N and Gurusubramanian G (2010): Anopheles species
diversity in Mizoram and their molecular characterization through RAPD-PCR.
National Seminar on Biodiversity and Conservation Proceedings.

Zomuanpuii R, Senthil Kumar N, Gurusubramanian G (2009). Anopheles species
diversity in Mizoram and their susceptibility status against synthetic pyrethroid,
deltamethrin, in: Recent Advances in Science and Technology. Proceedings of
the Mizoram Science Symposium, 2009, Aizawl, Mizoram, pp. 1-4.

Zomuanpuii R, Ringngheti L, Brindha S, Gurusubramanian G,Senthil Kumar N (2012).
ITS2 characterization and Anopheles species identification of the subgenus
Cellia. Accepted in Acta Troppica, Elsevier, 2.12.2012. (Impact factor – 2.777)

Zomuanpuii R,  Gurusubramanian G,Senthil Kumar N (2012). Distribution and ecology
of Anophelines in relation to malarial prevalence: A three years study from
Thenzawl, Mizoram, India [Paper under revision, Manuscript no. MRN-882. J.
Env. Biol. ]

Zomuanpuii R, Gurusubramanian G,Senthil Kumar N (2012). Phylogenetic study of
Anopheles species inferred by morphological and molecular analysis. [Paper
under revision,  Manuscript no. TRSTMH-S-12-00224. Trop. Med. Hyg.]



146

Appendix I

I. Stock solutions:

1M K2HPO4 (Potassium Phosphate, dibasic): 34.84 g K2HPO4 dissolved in 150 ml
sterile milli-Q water. Make final volume to 200 ml.

1M KH2PO4 (Potassium Phosphate, monobasic): 27.22 g KH2PO4 dissolved in 150 ml
sterile milli-Q water. Make final volume to 200 ml. Autoclaved and stored at
4oC

1. Potassium Phosphate Buffers:

1M; pH 7.2:
1M K2HPO4 – 71.7 ml
1M KH2PO4 – 28.3 ml. Autoclaved and stored at 4oC

1M; pH 6.5:
1M K2HPO4 – 32.95 ml
1M KH2PO4 – 67.05 ml. Autoclaved and stored at 4oC

2. 0.2 M Sodium Acetate Buffer pH 5.0:

i) 0.2M Sodium Acetate
3.28g of Sodium Acetate dissolved in 150 ml sterile milli-Q water and
made up volume to 200 ml with sterile milli-Q water.

ii) 0.2M Acetic acid:
2.31 ml Glacial acetic acid dissolved in 200 ml sterile milli-Q water.

iii) 0.2M Sodium Acetate Buffer pH 5.0:
0.2M Sodium Acetate – 35.2 ml
0.2M Acetic acid – 14.8 ml. Autoclaved and stored at 4oC

3. 30mM Naphthyl Acetate(( or ):
0.2793g Naphthyl acetate dissolved in 50 ml Acetone and stored at 4oC.

4. 3% Hydrogen peroxide:
3ml hydrogen peroxide dissolved in 97 ml Sterile Milli-Q H2O and stored at
4oC.

5. TMBZ (3,3’,5,5’-Tetramethyl benzidine) solution:
0.01g TMBZ dissolved in 5ml methanol and stored at 4oC.

6. 5% SDS:
5g SDS dissolved in 100ml Sterile Milli-Q H2O, membrane-filtered and stored
at RT.
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7. Reagent A: 2% Sodium carbonate in 0.1 NaOH :
0.4g NaOH pellets dissolved in sterile milli-Q water. To this 2g of Na2CO3 was
added and the volume made up to 100ml with sterile Milli-Q water.

8. 1% Copper sulphate:
0.01 g CuSO4 dissolved in 1 ml sterile milli-Q water.

9. 2% Potassium sodium tartarate:
0.02 g Potassium Sodium Tartarate dissolved in 1 ml sterile milli-Q water.

10. Reagent B:
Reagent A – 100 ml
1% CuSO4 – 1 ml
2% Potassium Sodium Tartarate – 1 ml Stored at 4oC

11. Reagent C:
Folin phenol colchicine reagent – 20ml
Sterile milli-Q water – 40ml Stored at 4oC

12. Protein Standard (200g/ml): 20 mg BSA (Bovine Serum Albumin) dissolved
in 100 ml sterile milli-Q water.

13. Standard –naphthol (200g/ml): 20 mg -naphthol dissolved in 0.02 M
Phosphate buffer pH 7.2.

14. Standard –naphthol (200g/ml): Dissolved 20 mgNaphthol + 0.02 M
Phosphate buffer pH 7.2.

15. Standard cytochrome C (Bovine Heart) (200g/ml): 20 mg Cytochrome C
dissolved in to 100 ml 0.25 M Sodium Acetate buffer, pH 5.

II. Working solutions:

1. Phosphate Buffers:
a) 0.02M pH 7.2 (200 ml):

1M Phosphate buffer pH 7.2 Stock – 4ml
Sterile Milli-Q water – 196ml

b) 0.625 pH 7.2 (200 ml): 125 ml
1M Phosphate buffer pH 7.2 Stock – 125ml
Sterile Milli-Q water – 75ml

c) 0.1M pH 6.5 (200 ml):
1M Phosphate buffer pH 6.5 Stock – 20 ml
Sterile Milli-Q water – 180ml
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** The following solutions were prepared fresh 1-2 hours before start of experiment.

2. 0.06mM Naphthyl acetate:
30mM stock ( or ) – 2l
Sterile Milli-Q water – 990l

3. Fast blue Stain:
Fast blue B salt – 0.006 g
Sterile Milli-Q water – 600l
Dissolved and then added -
5% SDS – 1400l

4. 10mM Reduced Glutathione (GSH):
GSH – 0.0081g
0.1 M phosphate buffer pH 6.5 – 2.5ml

5. 63mM Chlorodinitrobenzene (CDNB):
CDNB – 0.013g
Methanol – 1000l

6. CDNB – GSH solution:
63mM Chlorodinitrobenzene (CDNB) – 125ll
10mM Reduced Glutathione (GSH) – 2500l

7. TMBZ – Sodium Acetate Buffer solution
TMBZ – 1500 l
0.2 M Sodium Acetate buffer pH 5.0 – 4500 l
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Figure 1. Mechanism of AChE and its interference by OP.(Source: Walsh  et al., 2001;
Mileson et al., 1998)

Figure 2. Metabolism of deltamethrin mediated by subfamilies of CYP6. CYP6M2
produced by An.gambiae [Stevenson et al., 2010], CYP6AA3 by An.
minimus [Boonsuepsakul et al., 2008] (Picture adapted from Stevenson et
al., 2010).
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Figure 3. Detection of polymorphic loci with the RAPD technique. Corresponding
chromosomes from B6 and C3H are indicated schematically as horizontal
lines. Boxes on each line represent genomic fragments (RAPD loci) that
can be amplified with a particular primer. Locus B is polymorphic. An
illustration of the gel pattern that would be obtained with amplifiable
products from B6 and C3H is shown.

Figure 4. Schematic representation of mitochondrial genome.
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Figure 5. Diagrammatic representation of ribosomal DNA within the nucleolar
organiser region of the eukaryotic genome, the tandem repeats are shown
in black boxes, the transcription unit, the non-transcribed spacers and the
two internal transcribed spacers (not to scale).

Figure 6. Elements of RNA Secondary Structure.
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Figure 7. Map of Mizoram. The figure shows the different districts; and Thenzawl the
primary site of collection of Anopheles species.

Figure 8. Sites of survey in Thenzawl.  The Figure shows the ten sites of collection
of Anopheles species.
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Figure 9. Apparatus used for scoop-net (SN) method for collection of Anopheles
larva. The picture shows larval net, iron handle, plastic tub, a plastic dipper
and a dropper.

A B

Figure 10. Apparatus used for adult Anopheles collection. A: The picture shows a
killing jar in the middleand on sidescapped  tube used for individual adult.
B: CDC (Centers for Disease Control) light trap.
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A.Larval rearing tray with aquatic plant.

C. Adult cage.

B. Pupal rearing cup.

D. Cotton moisten with 10% sucrose solution

Figure 11. Apparatus  used Anopheline culture (A-D) in the laboratory.



Figure Plate 8



Figure Plate 9

Figure 12. Deltametrin (0.1%) bioassay against Anopheles larva after 24 hours
exposure.

Figure 13. Biochemical analysis of α-naphtyl acetate assay for general esterase.



Figure Plate 10

Culex           CATCCTCGTGAAGTCGGTCC--ATTGCCGGCATCATGACATCGGTAGTTCGGTGGCACAC 711
Aedes           CATCCTGGTGCAGTCGGTCC--ATTGCCGGCATCATGACATCGGTAGTTCCACGGCGCAT 536
Anopheles       CCTCCCAGTCCGCCCAGTCCGGATCGCTCGCATC-CGGTGT--GATGTCATCCGTTCCTG 477

* ***  **     * ****  ** **  *****  *   *  *  **     *   *
ACHEP2F

Culex           CAGCTAGGATCGAAATACTCACAATCATCCTCGTTATCGTCATCCTCGCAATCGTCATCG 771
Aedes           CAGTTAGGCTCGAAGTACTCACAGTCATCCTCGTTATCGTCATCCTCGCAATCGTCATCA 596
Anopheles       CTGCC-GGAGCGTCATCCTCCTCCTCGTCGTCGCTGCTGTCATCGTC--AGCCGAGGACG 534

* *   **  **   * ***    ** ** *** *   ****** **  *  **    *
Culex           TCGTTAGCTGAAGAGGCCACGCTGAATAAAGATTCAGATGCATTTTTTACACCATATATA 831
Aedes           TCGTTAGTCGAAGATCCAGTGCTGAACAAAGATTCAGATGCATTTTTTACACCATATATA 656
Anopheles       ACGTGGCGCGCA----TTACTCTCAGCAAGGACGCAGACGCATTTTTTACACCATATATA 590

***     * *         ** *  ** **  **** *********************
Culex           GGTCACGGAGATTCTGTTCGAATTGTAGATGCCGAATTAGGTACATTAGAGCGCGAGCAC 891
Aedes           GGTCACGGAGATTCTGTTCGAATTGTAGATGCCGAATTAGGTACCCTAGAGCGCGAACAT 716
Anopheles       GGTCACGGTGAGTCCGTACGAATTATAGATGCCGAGTTGGGCACGCTCGAGCATGTCCAC 650

******** ** ** ** ****** ********** ** ** **  * ****  *  **
Culex           ATCCATAGCACTACGACCCGGCGGCGTGGCCTGACGCGGAGGGAGTCCAGCTCCGATGCC 951
Aedes           GTTCACAGCACTACCACGCGACGGCGTGGCTTAACGCGAAGGGAGTCTAGCTCAGATGGT 776
Anopheles A---GTGGAGCAACGCCGCGGCGACGCGGCCTGACGAGGCGCGAGTCAAACTCGGACGCG 707

*  * **  * ** ** ** *** * *** *  * ***** * *** ** *
Culex           ACCGACTCGGACCCACTGGTCATAACGACGGACAAGGGCAAAATCCGTGGAACGACACTG 1011
Aedes           ACCGACAATGATCCGTTGCTGATCACCACGGATAAAGGTAAGGTACGAGGACTCACACTC 836
Anopheles       AACGACAACGATCCGCTGGTGGTCAACACGGATAAGGGGCGCATCCGCGGCATTACGGTC 767

* ****   ** **  ** *  * *  ***** ** **     * ** **    **  *
Culex           GAAGCGCCTAGTGGAAAGAAGGTGGACGCATGGATGGGCATTCCGTACGCGCAGCCCCCG 1071
Aedes           GAAGCTCCAAGTGGAAAGAAAGTAGACGCATGGCTTGGCATCCCATACGCACAGCCTCCT 896
Anopheles       GATGCGCCCAGCGGCAAGAAGGTGGACGTGTGGCTCGGCATTCCCTACGCCCAGCCGCCG 827

** ** ** ** ** ***** ** ****  *** * ***** ** ***** ***** **
Culex           CTGGGTCCGCTCCGGTTTCGACATCCGCGACCGGCCGAAAGATGGACCGGTGTGCTGAAC 1131
Aedes           CTGGGGCCATTGAGATTCCGGCATCCCCGACCAGTCGAAAAATGGACGGGAGTGCTGAAC 956
Anopheles       GTCGGGCCGCTACGGTTCCGTCATCCGCGGCCGGCCGAAAAGTGGACCGGCGTGCTGAAC 887

* ** **  *  * ** ** ***** ** ** * *****  ***** ** *********
ACHEP2R / ACHEP1F

Culex           GCGACCAAACCGCCCAACTCCTGCGTCCAGATCGTGGACACCGTGTTCGGTGACTTCCCG 1191
Aedes           GCCACAACGCCACCGAACTCTTGCGTCCAGATTGTGGACACAGTATTTGGTGACTTTCCG 1016
Anopheles       ACGACCACACCGCCCAACAGCTGCGTGCAGATCGTGGACACCGTGTTCGGCGACTTCCCG 947

* ** *  ** ** ***   ***** ***** ******** ** ** ** ***** ***
Culex           GGGGCCACCATGTGGAACCCGAACACACCGCTCTCGGAGGACTGTCTGTACATCAACGTG 1251
Aedes           GGTGCCACTATGTGGAACCCGAATACACCACTATCCGAAGACTGTCTATACATCAACGTG 1076
Anopheles       GGCGCGACCATGTGGAACCCGAACACGCCCCTGTCCGAGGACTGTCTGTACATTAACGTG 1007

** ** ** ************** ** ** ** ** ** ******** ***** ******
Culex GTCGTGCCACGGCCCAGGCCCAAGAATGCCGCCGTCATGCTGTGGATCTTCGGGGGTGGC 1311
Aedes           GTTGTGCCGCACCCGAGACCAAAGAACTCAGCCGTTATGCTGTGGATATTCGGGGGCGGA 1136
Anopheles       GTGGCACCGCGACCCCGGCCCAAGAATGCGGCCGTCATGCTGTGGATCTTCGGCGGCGGC 1067

** *  ** *  **  * ** *****  * ***** *********** ***** ** **
Culex           TTCTACTCCGGGACTGCCACGCTGGACGTGTACGACCATCGGACGCTGGCCTCGGAGGAG 1371
Aedes           TTCTACTCTGGTACTGCTACTCTAGACGTGTACGACCATCGCACGCTCGCATCGGAAGAG 1196
Anopheles       TTCTACTCCGGCACCGCCACCCTGGACGTGTACGACCACCGGGCGCTTGCGTCGGAGGAG 1127

******** ** ** ** ** ** ************** **  **** ** ***** ***
Culex           AACGTGATCGTAGTTTCGCTGCAGTACCGTGTCGCAAGTCTTGGGTTTCTCTTCCTCGGC 1431
Aedes           AACGTTATCGTAGTTTCACTGCAGTATCGAGTGGCTAGTTTGGGATTTTTGTTCCTAGGT 1256
Anopheles       AACGTGATCGTGGTGTCGCTGCAGTACCGCGTGGCCAGTCTGGGCTTCCTGTTTCTCGGC 1187

***** ***** ** ** ******** ** ** ** *** * ** **  * ** ** **
Culex           ACACCGGAGGCACCCGGTAACGCGGGGCTGTTTGATCAGAACCTGGCACTGAGATGGGTC 1491
Aedes           ACTCCGGAAGCTCCGGGAAATGCCGGATTATTCGATCAAAACTTAGCATTGAGATGGGTA 1316
Anopheles       ACCCCGGAAGCGCCGGGCAATGCGGGACTGTTCGATCAGAACCTTGCGCTACGCTGGGTG 1247

** ***** ** ** ** ** ** **  * ** ***** *** * **  *  * *****
Culex           CGCGACAACATCCACCGGTTCGGCGGTGACCCCTCGCGGGTCACACTGTTCGGCGAGAGC 1551
Aedes           CGCGACAACATTCACAAGTTCGGCGGAGATCCGTCCCGGGTGACCCTGTTTGGTGAAAGT 1376
Anopheles       CGGGACAACATTCACCGGTTCGGTGGCGATCCGTCGCGTGTGACACTGTTCGGCGAGAGT 1307

** ******** ***  ****** ** ** ** ** ** ** ** ***** ** ** **
Culex           GCCGGAGCGGTCTCGGTTTCGCTGCACCTGCTGTCGGCGCTCTCGCGGGACCTGTTCCAG 1611
Aedes           GCAGGTGCTGTCTCGGTGTCACTGCATTTGCTTTCGGCCTTATCCCGGGATCTGTTCCAG 1436
Anopheles       GCCGGTGCCGTCTCGGTGTCGCTGCATCTGCTGTCCGCCCTTTCCCGCGATCTGTTCCAG 1367

** ** ** ******** ** *****  **** ** **  * ** ** ** *********
Culex           CGGGCCATCCTCCAGAGTGGCTCCCCGACGGCCCCGTGGGCGCTGGTTTCGCGCGAAGAA 1671
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Aedes           AGAGCCATTCTGCAAAGCGGATCTCCGACTGCCCCATGGGCTTTGGTTTCCCGCGAAGAA 1496
Anopheles       CGGGCCATCCTGCAGAGCGGCTCGCCGACGGCACCGTGGGCATTGGTATCGCGCGAGGAA 1427

* ***** ** ** ** ** ** ***** ** ** *****  **** ** ***** ***
Culex           GCTACGCTTAGAGCTCTTCGTCTGGCCGAGGCCGTCAACTGTCCGCACGATGCGACCAAG 1731
Aedes           GCTACGCTCAGAGCTCTTCGCTTAGCCGAAGCCGTCAATTGTCCGCACGATGCGACAAAG 1556
Anopheles       GCCACACTAAGAGCACTGCGGTTGGCCGAGGCGGTCGGCTGCCCGCACGAACCGAGCAAG 1487

** ** ** ***** ** **  * ***** ** ***   ** ******** ***  ***
Culex           CTGAGCGATGCCGTCGAATGCCTGCGAACCAAGGATCCGAACGAGCTGGTCGACAACGAG 1791
Aedes           CTCACTGACACCGTAGAGTGTCTCCGCACTAAAGATCCAAACGTGCTGGTCGATAACGAA 1616
Anopheles       CTGAGCGATGCGGTCGAGTGCCTGCGCGGCAAGGACCCGCACGTGCTGGTCAACAACGAG 1547

** *  **  * ** ** ** ** **    ** ** **  *** ******* * *****
Culex           TGGGGCACGCTGGGGATCTGCGAGTTTCCGTTCGTTCCGGTTGTGGACGGAGCCTTCCTC 1851
Aedes           TGGGGAACGCTAGGAATCTGCGAGTTTCCATTTGTACCCGTCGTTGACGGTGCATTCCTC 1676
Anopheles TGGGGCACGCTCGGCATTTGCGAGTTCCCGTTCGTGCCGGTGGTCGACGGTGCGTTCCTG 1607

***** ***** ** ** ******** ** ** ** ** ** ** ***** ** *****
Culex           GATGAGACACCGCAGCGTTCGTTGGCCAGCGGGCGCTTCAAGAAAACGGACATCCTGACC 1911
Aedes           GACGAAACACCCCAACGTTCGCTAGCCAGTGGTAGGTTTAAGAAGACGGACATCCTAACC 1736
Anopheles       GACGAGACGCCGCAGCGTTCGCTCGCCAGCGGGCGCTTCAAGAAGACGGAGATCCTCACC 1667

** ** ** ** ** ****** * ***** **  * ** ***** ***** ***** ***
Culex           GGCAGCAACACCGAGGAGGGTTACTACTTTATCATTTACTATCTAACCGAGCTGCTCAGG 1971
Aedes           GGCAGTAATACGGAGGAAGGTTATTACTTCATAATATACTACTTGACTGAACTATTGCGG 1796
Anopheles       GGCAGCAACACGGAGGAGGGCTACTACTTCATCATCTACTACCTGACCGAGCTGCTGCGC 1727

***** ** ** ***** ** ** ***** ** ** *****  * ** ** **  *  *

Culex           AAAGAGGAAGGGGTCACGGTAACACGCGAGGAGTTCCTACAGGCCGTCCGGGAGTTGAAT 2031
Aedes           AAAGAGGAGGGTGTCACAGTTTCACGGGAGGAGTTCTTGCAGGCCGTTAGAGAACTGAAT 1856
Anopheles       AAGGAGGAGGGCGTGACCGTGACGCGCGAGGAGTTCCTGCAGGCGGTGCGCGAGCTCAAC 1787

** ***** ** ** ** **  * ** ********* * ***** **  * **  * **
Culex           CCGTACGTGAACGGTGCCGCCCGGCAGGCCATCGTGTTCGAGTACACGGACTGGATTGAA 2091
Aedes           CCTTACGTGAACGGAGCCGCGAGGCAGGCTATCGTGTTCGAGTACACCGACTGGACAGAA 1916
Anopheles       CCGTACGTGAACGGGGCGGCCCGGCAGGCGATCGTGTTCGAGTACACCGACTGGACCGAG 1847

** *********** ** **  ******* ***************** *******  **
ACHEP1R / ACHEP3F

Culex CCGGACAACCCGAACAGCAACCGTGACGCGCTGGACAAGATGGTCGGGGATTATCACTTC 2151
Aedes           CCGGAAAATCCCAACAGCAATCGGGATGCATTGGACAAAATGGTCGGAGATTATCACTTC 1976
Anopheles CCGGACAACCCGAACAGCAACCGGGACGCGCTGGACAAGATGGTGGGCGACTATCACTTC 1907

***** ** ** ******** ** ** **  ******* ***** ** ** *********
Culex ACCTGCAACGTGAACGAATTCGCCCAGCGGTACGCCGAGGAGGGCAACAACGTGTTCATG 2211
Aedes           ACGTGTAATGTGAATGAGTTTGCCCAGCGATATGCAGAAGAAGGCAACAATGTGTACATG 2036
Anopheles       ACCTGCAACGTGAACGAGTTCGCGCAGCGGTACGCCGAGGAGGGCAACAACGTCTACATG 1967

** ** ** ***** ** ** ** ***** ** ** ** ** ******** ** * ****

Culex           TACCTGTACACGCACAGAAGCAAAGGAAATCCCTGGCCGAGGTGGACCGGCGTGATGCAC 2271
Aedes           TATCTGTACACTCATAGAAGCAAAGGTAACCCCTGGCCACGGTGGACCGGTGTGATGCAT 2096
Anopheles       TATCTGTACACGCACCGCAGCAAAGGCAACCCGTGGCCGCGCTGGACGGGCGTGATGCAC 2027

** ******** **  * ******** ** ** *****  * ***** ** ********
Culex           GGCGACGAGATCAACTACGTGTTTGGCGAACCGCTGAACTCGGCCCTCGGCTACCAGGAC 2331
Aedes           GGTGACGAGATCAATTATGTGTTCGGTGAGCCTCTGAACTCTGATCTGGGGTACATGGAG 2156
Anopheles       GGCGACGAGATCAACTACGTGTTCGGCGAACCGCTCAACCCCACCCTCGGCTACACCGAG 2087

** *********** ** ***** ** ** ** ** *** *    ** ** ***   **
Culex           GACGAGAAGGACTTTAGCCGGAAAATTATGCGATACTGGTCCAACTTTGCCAAGACTGGC 2391
Aedes           GATGAAAAAGACTTCAGTAGGAAGATTATGAGATACTGGTCTAACTTTGCTAAAACTGGC 2216
Anopheles       GACGAGAAAGACTTTAGCCGGAAGATCATGCGATACTGGTCCAACTTTGCCAAAACCGGC 2147

** ** ** ***** **  **** ** *** ********** ******** ** ** ***

Figure 14. The clustal W alignment of Ace-1 complete coding sequences of
Anopheles gambiae (GenBank Accession No. XM321792), Culex pipiens
(GenBank Accession No. AJ489456) and Aedes aegypti (GenBank
Accession No. EF209048). The highlighted region shows the sequences
selected for AChE primers. Note: sequence of whole coding sequence
not shown; * identical nucleotide sequences; - indels (insertions and/ or
deletions).
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Figure 15.Comparison of three DNA extraction procedures on 0.8% agarose gel.
The picture shows left: method of Reineke et al. [1998]; middle: Riverio
et. al. [2004]; and right: Modified procedure of Rivero et al. [2004].

Figure 16. The diluted 11 DNA working samples for RAPD Analysis on 0.8%
Agarose gel. (DNA bands are hardly visible with naked eye) . The order of
gel lane is as follows : An. campestris, An. peditaeniatus, An. jamesii, An.
sinensis, An. philippinensis, An. annularis, An. nivipes, An. maculatus,
An. jeyporiensis and An. vagus of Mizoram anopheline; and the last lane
belongs to An. campestris Changmai, Thailand.
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Primer MA – 06

Primer MA – 09

Primer MA – 13

Primer MA – 08

Primer MA – 12

Primer MA – 14
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Primer MA – 17

Primer MA – 23

Primer MA – 18

Primer MA – 26

Primer MA – 09

Figure 17. RAPD–PCR profile of eleven Anopheles speciesproducedby
11 primers. Gel lane is in the order: Low range DNA ruler, An.
vagus, An. maculatus, An. jamesii, An. nivipes, An.
philippinensis, An. jeyporiensis, An. peditaeniatus, An.
sinensis, An. annularis and An. campestris of Mizoram; An.
campestris from Changmai, Thaliand and Low range DNA
ruler.
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Figure 18.An. peditaeniatus (NSK02)

Figure 20.An. jeyporiensis (NSK09)

Figure 19.An. maculatus (NSK02)

Figure 21.An. subpictus (NSK11)

Figure Plate 13: Figure 18 (top left) Anopheles peditaeniatus (NSK02);
Figure 19 (Top right) An. maculatus (NSK02);
Figure 20 (Bottom left) An. jeyporiensis (NSK09);  and
Figure 21 (Bottom right) An. subpictus (NSK11)

Note: All figures show the adult form of female species
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Figure 22.An. aconitus(NSK13)

Figure 24.An. kochi(NSK21)

Figure 23.An. varuna(NSK20)

Figure 25.An. dirus(NSK22)

Figure Plate 14: Figure 22 (top left) An. aconitus (NSK13);
Figure 23 (Top right) An. varuna (NSK20);
Figure 24 (Bottom left) An. kochi (NSK21);  and
Figure 25 (Bottom right) An. dirus (NSK22)

Note: All figures show the adult form of female species
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Figure 26.An. minimus(NSK23) (Adult Female)

Figure 27.An. campestris(NSK01)

Figure 28.An. jamesii(NSK03)

Figure Plate 15: Figure 26 An. minimus(NSK23) portraying the adult form of female
species; Figure 27 An. campestris (NSK01); and Figure 28 An.
jamesii (NSK03).Note: Figure 26 shows adult form while Figures
27 to 28 shows larval, pupal and adult forms of the species.
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Figure 29.An. philippinensis (NSK06)

Figure 30.An. annularis(NSK07)

Figure 31.An. nivipes(NSK10)

Figure Plate 16: Figure 29 An. philippinensis(NSK06); Figure 30 An.
annularis(NSK07); and  Figure 31An. nivipes(NSK10).Note:
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Figures 25 to 27 shows larval, pupal and adult forms of the
species.

Figure 32. An. sinensis(NSK15)

Figure 33. An. vagus(NSK18)

Figure 34. An. culiciformis(NSK19)

Figure Plate 17: Figure 32 An. sinensis(NSK15); Figure 33. An. vagus(NSK18); and
Figure 34. An. culiciformis(NSK19).Note: Figures 28 to 30 shows
larval, pupal and adult forms of the species.
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Figure 35.Graphical representation of total Anopheles spp. at Thenzawl, January –
November, 2009 – 2011. Species are diplayed in their respective
voucher nos. NSK 01: An. campestris; NSK 02: An. peditaeniatus; NSK
03: An. jamesii; NSK 04: An. maculatus; NSK 06: An. philipinensis; NSK
07: An. annularis; NSK 10: An. nivipes; NSK 15: An. sinensis; NSK 09:
An. jeyporiensis; and NSK 18: An. vagus.
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Figure 36.Graphical representation of monthly relation ofAnopheles spp
abundancewith malarial prevalence at Thenzawl, January – November,
2009 – 2011.
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Figure  37. Regression line drawn against % probitmotalityandlog dose of An.vagus.

Figure  38. Regression line drawn against % probitmotalityandlog dose of
An.campestris.

Figure Plate 19. A regression line for calculation of LC50 in the tested An. vagus and
An. campestris; x–axis corresponds to log of dose concentration (in %)
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and y–axis corresponds to probit of mortality (in %),following the
method of Finney [1973].

Figure  39. Regression line drawn against % probitmotalityand log dose of
An.jamesii.

Figure 40. Regression line drawn against % probitmotalityand log dose of
An.nivipes.

Figure Plate 20.A regression line for calculation of LC50 in the tested An. jamesii and
An. nivipes; x–axis corresponds to log of dose concentration (in %)



Figure Plate 24

and y–axis corresponds to probit of mortality (in %),following the
method of Finney [1973].
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Figure 41. The formaldehyde agarose gel for the separation of total RNA
extraction.Lane 1:An. nivipes and lane 2: An. vagus.

Figure 42. 1.5% agarose gel showing standardized β–actin gene qRT-PCR. The gel
lane was shown in the order:100 bp DNA marker (GeNei), An.
campestris, An. dirus, An. minimus, An. maculatus, An. jamesii, An.
jeyporiensis, An. nivipes, An. philippinensis and An. vagus.

Figure 43. Gene expression of Resistant Genes through qRT-PCR (200 - 250bp) in
1.5% agarose gel. The figure displays expression of (from top) D:
CYP6F1; C: CYP6AA2;  B: Ace1; and A:   β-Actin. The gel lanes are in
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the order of (1 to 9) An. campestris, An. dirus, An. minimus, An.
maculatus, An. jamesii, An. jeyporiensis, An. nivipes, An. philippinensis
and An. vagus.

Figure 44.A dendrogram displaying complete linkage Euclidean distances using
UPGMA method (with 1000 bootstrap value) using 34 morphological
characteristics.The figure shows I: Sub genus Cellia and II: Sub genus
Anopheles.
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Figure 45.Dendrogram developed from pair-wise genetic similarity according to
Jaccard’s coefficient by UPGMA method (with 1000 bootstrap value)
using RAPD-PCR profile.The figure shows I:Cellia and II: Anopheles.
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Figure 46. PCR-amplified COI regions of the Mizoram Anopheles species.Lanes M -
100bp DNA ladder; the lanes (1-14) are An. peditaeniatus (JN596970),
An. jamesii (JN596971), An. nivipes (JN596974), An. maculatus
(JN596972), An. philippinensis (JN596973), An. annularis(JN832671), An.
aconitus (JN832673), An. sinensis (JX988757), An. varuna (JN832675),
An. subpictus (JN832672), An. minimus (JN881335), An. campestris
(JQ003058), An. vagus (JQ915196) and An. jeyporiensis (JN881334) of
Mizoram species; 15-16 are An.campestris(JQ003059),
An.barbirostris(JQ003060) from Changmai University, Thailand; and
An.gambiae (JQ003061) from South Africa.Note: The GenBank accession
numbers are in bold.

Figure 47. PCR-amplified ITS2 regions of the Mizoram Anopheles species of the
subgenera Cellia. (lanes M - 100-1000 bp ladder; lanes 1,2,3,7,13- An.
jeyporiensis; lanes 4- An. nivipes; lane 5- An. philippinensis; lanes 6,9 -
An. minimus; lane 8 – An. varuna; lane 10 – An. subpictus; lanes
11,15,16 – An.maculatus; lanes 12,17 – An. vagus; lane 14 – An.
jamesii; lane 18 – An. annularis).
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Figure 48. Molecular phylogenetic anaylsis by maximum parsimony method based
on COI sequence data. The tree was rooted with COI sequence of Culex
tritaeniorhynchus (GenBank: JQ003061) and C. quinquefasciatus
(GenBank: GU188856).

.
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Figure 49. ITS2 secondary structures of Anopheles species of Mizoram.
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Figure 50. Molecular phylogenetic anaylsis by maximum likelihood method based on
ITS2 sequence data for 10 Anopheles species from Mizoram. The tree
was rooted with ITS2 sequence of Lysandra caelestissima
(AY556735).MFE – minimum free energy (Kcal/mol); RSS – RNA
secondary structures (hairpin, internal loop, bulge); GC- GC content (%).
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