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ABSTRACT 

Mosquitoes are the vectors of several important human infectious diseases. Anopheles 

mosquitoes are responsible for spreading malaria whereas Aedes species are for 

arbovirus. To cope up with these infections mosquitoes possesses strong immune 

responses. Most of the time, both the mosquitoes are present in one particular location 

and able to transmit diseases. Anopheles and Aedes mosquitoes are present in different 

region of Rajasthan, India. We collected the larvae of both mosquitoes from the Pilani 

region of Rajasthan and characterized at a morphological and molecular level as 

Anopheles stephensi and Aedes aegypti. Further to understand their immunity against 

pathogens, we characterized STAT signaling pathway in An. stephensi. Further, we 

compared this pathway and its downstream genes with other genome sequenced 

Anopheles species. ABC transporters are also play a role in insect immunity, therefore 

we identified and annotate ABC transporter in A. aegypti mosquitoes. 

STAT is an evolutionarily conserved transcription factor of JAK-STAT signaling 

pathway that is involved in immunity, growth and development of organisms. Unlike to 

Drosophila and A. aegypti; An. gambiae contains two STAT genes; conserved AgSTAT-

A and retro-duplicated, intron-less AgSTAT-B. To identify whether other Anopheles 

species also contain two STATs, genomic data of different Anopheles were used for 

annotation. Comparative genome analysis has revealed that out of 18 Anopheles, 5 

species do not contain retro-duplicated STAT-B. An. sinensis, An. albimanus, An. 

darlingi, An. dirus and An. farauti comprises only conserved STAT-A gene. 

Interestingly, 13 species that contain both STATs are mutually diverged and showed 

sequence variability in protein motifs. In taxonomical classification, only Anopheles 

species have two STATs in class Insecta. 

The suppressors of cytokine signaling5 (SOCS5) and protein inhibitor of activated STAT 

(PIAS) genes play an imperative role in regulation of STAT pathway. Existence of two 

STATs in Anopheles mosquito provides the high chances for complication in the 

functioning of this pathway. This study has sought to understand the subsequent 

evolution and diversification through the examination of SOCS5 and PIAS gene in 18 

Anopheles species. We have annotated SOCS5 gene and retrieved the highly conserved 

SH2 and SOCS box domain in all Anopheles species. The N-terminal region was found 

to be diverged however, 92 amino acid long region showed the conservation in sequence 

which could be the putative orthologs of JAK interacting region of higher organism. 
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Thorough analysis of N-terminal domain showed the repetition of several amino acids in 

this region viz. 8 histidine, 3 phenylalanine, 4 serine and variable alanine repeats. This 

Anopheles genus specific conservativeness of N-terminal region suggests its regulatory 

role in STAT pathway. The PIAS protein has been proposed to interact with many 

transcription factors involved in the immune system. PIAS proteins regulate transcription 

through several mechanisms, including blocking the DNA-binding activity of 

transcription factors, recruiting transcriptional co-repressors and promoting protein 

sumoylation. Annotation of PIAS gene in eighteen different Anopheles species revealed 

much conserved domains viz. SAP domain, PINIT domain and the MIZ/SP-RING zinc 

finger domain. Phylogenetic study of SOCS and PIAS genes reveal the same 

evolutionary pattern as it was followed in taxonomical hierarchy of Anopheles species. 

Further, laboratory colonized An. stephensi mosquito was used to identify the STAT 

pathway genes; AsSTAT-A, AsSTAT-B, AsSOCS5 and AsPIAS has cloned and 

sequenced using specific primers. The expression of these five genes (AsSTAT-A, 

AsSTAT-B, AsPIAS, AsSOCS5 and AsNOS) in An. stephensi mosquito 24 hour after 

Plasmodium berghei infection was investigated. Quantitative real time PCR analysis 

revealed that AsSTAT-A and AsSTAT-B mRNA levels were remained constant after P. 

berghei infection. As these are the transcription factors therefore their requirement is to 

switch-on the pathway. In case of AsSOCS5, near about six times higher expression was 

observed in the infected midguts, whereas in the carcass samples it was three times 

highly express compare to controls. In addition to that AsPIAS and AsNOS expression 

was found significantly high in midgut but not in carcass compare to blood-fed control. 

This indicates that STAT pathway induced during ookinete invasion and in parallel the 

suppressor of this pathway is also active to counter balance the immune reactions. 

Functional characterization through RNAi experiment envisaged a new paradigm in this 

mosquito species. We have individually silenced the STAT-A or STAT-B gene by 

injecting dsRNA of the gene through nanoinjection into hemolymph of adult female An. 

stephensi. After silencing of AsSTAT-A gene, we found there was no significant change 

in expression of downstream genes of the pathway. However, silencing of other 

AsSTAT-B resulted in the silencing of AsSTAT-A as well as reduced the expression of 

other downstream genes. There was a marked reduction of expression recorded of 

AsSTAT-A, AsSOCS5, AsPIAS and AsNOS gene after AsSTAT-B silencing. This 
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functional depiction clearly indicated that STAT-B regulates the basal level of STAT-A 

gene as well as other downstream genes. 

In another section of thesis we characterized and identified the field collected Aedes 

aegypti species as well as excavate their ABC transporters gene family. We collected the 

Aedes larvae from Pilani region of Rajasthan and characterize them at morphological and 

molecular level. The molecular identification was done through nuclear internal 

transcribed spacer-2 (ITS-2) and mitochondrial markers cytochrome oxidase subunit-I 

(mtCOI). Lab adapted Aedes species were further compared with globally distributed 

Aedes species for their ITS-2 and COI sequences. A comprehensive multiple sequence 

alignment and phylogenetic analysis revealed that COI gene of A. aegypti showed 

extremely low genetic variability with one of the Indian isolate from Thirumala, Andhra 

Pradesh region. Though, in context of different geographical location, it indicates close 

similarity with Thailand and high variability from Madagascar population. On the other 

hand, ITS-2 illustrated highest identity with A. aegypti of Saudi Arabia whereas high 

divergence from Mayotte, France. These finding suggest that isolate from Rajasthan is 

similar to other Asian continent strains possibly due to the same origin. 

The ABC transporter is the largest transporter gene family in all living organisms. In 

insects, ABC transporters have diverse physiological functions which include molecule 

transport, metabolism, insecticide resistance and immunity. Here, we analysed the 

genome of Aedes aegypti and identified different subfamilies of ABC transporter genes. 

Total 71 putative ABC genes identified which were classified into eight subfamilies (A-

H). 25 ABC transporter genes were identified as full transporters lies in the subfamilies 

ABC-A, ABC-C and ABC-D and 46 were reported as half transporters. Subfamilies E to 

H contain only half transporters whereas subfamilies A to D contain both full and half 

transporters. We also found that A. aegypti ABC family is significantly larger than other 

known dipterans. Comparative genome analysis revealed that this increase is due to gene 

expansion within a single clade of subfamily ABC-C and ABC-G. Gene duplication was 

found very evident in ABC-A, ABC-C and ABC-G subfamilies, whereas gene numbers 

and structures are well conserved in ABC-D, ABC-E, ABC-F, and ABC-H subfamilies. 

Phylogenetic analysis of all A. aegypti ABC proteins exactly confirmed their position in 

that particular subfamily and showed the similarity with other subfamily members. 
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1.1 Mosquito and their life-cycle  

Mosquitoes are the vectors of several important human infectious diseases including 

malaria, lymphatic filariasis and arbovirus, transmitted by the few species of Anopheles, 

Culex and Aedes respectively (Krzywinski and Besansky 2003). There are more than 3500 

species of mosquitoes distributed throughout the world in 34 genera; mostly belongs to 

genus Anopheles, Culex and Aedes (Dong et al., 2004; Ghosh et al., 2013). Mosquitoes are 

insects belong to the order Diptera, the “True Flies”. Like other dipterans, they have two 

wings with scales, their mouthparts form a long piercing sucking structure called proboscis 

(Robinson, 1939). Males differ from females by having feathery antennae and proboscis, 

only suitable for sucking and feed on nectar, plant sap, flowers, overripe fruits throughout 

their life-span (Wahid et al., 2003). The mosquitoes have a holometabolous type of 

development, having four distinct stages in their life cycle: egg, larva, pupa, and adult 

(Truman and Riddiford, 1999). In Figure 1.1 each of these stages can be easily recognized 

by their special appearance. Moreover, these specific key morphological features are the 

basis for their taxonomical categorization (Clements, 1992). 

 

Figure 1.1 Life-cycle of Anopheles mosquitoes comprises three life stages in aquatic environment 

(viz. eggs, larvae, pupae) and adults live only in aerial mode of life. Figure has been adopted from 

http://www.biology-resources.com/insects. 

 

Egg: Anopheles and Aedes, as well as many other genera, lay their eggs singly but Culex 

genus mainly laid their eggs in the form of raft (Raikhel et al., 2002). Each raft may contain 
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100-200 or more eggs, loosely cemented together. A female Anopheles mosquito usually 

laid 50-60 eggs at a time, 3-4 days after the blood-meal. They float on the surface of the 

water through the definite flap present on the edge (Malhotra et al., 2000). Culex and 

Anopheles lay their eggs on the water surface while many Aedes species lay their eggs on 

damp soil that will be flooded by water (Farnesi et al., 2015). Most eggs hatch into larvae 

within 48 hours under the availability of constant temperature (Impoinvil et al., 2007). 

Larva: After egg hatching, there are four larval stages (L-I, L-II, L-III and L-IV). Each 

stage has the larval time period of about 24 to 26 hours depend upon optimum temperature. 

The larva shed (molt) their skins four times, growing larger after each molt (Jarośík et al., 

2004). Most larvae have siphon tubes for breathing and hang upside down from the water 

surface. Anopheles larvae have very tiny siphon and lie parallel to the water surface to get a 

supply of oxygen through a breathing opening (Mereta et al., 2013). Culex and Aedes larvae 

show distinctive swimming style, so they are known as “wrigglers”. They have a distinctive 

tube for breathing which extends from the end of their body. All the instars are voracious 

eaters, taking of microscopic size food materials into the buccal cavity by instant vibration 

of its feeding brushes (Merritt et al., 1992). 

Pupa: The 4th instar larva at the end of its stage give rises to a comma shaped pupa. Pupae 

do not feed but are very active, respiring through its pair of breathing trumpets. The pupal 

stage is a resting, non-feeding stage of development. When metamorphosis is complete, the 

pupal skin splits and the adult mosquito emerges.  

Adult: The newly emerged adult rests on the surface of the water for a short time to allow 

itself to dry and all its body parts to harden. The wings have to spread out and dry properly 

before it can fly. Male adult mosquitoes solely feed on nectar and do not bite humans while 

the female mosquito after mating requires a blood meal for their ovarian development and 

vitellogenesis. The entire cycle is completed in 10-14 days. How long each stage lasts 

depends on both temperature and species characteristics (Christiansen-Jucht et al., 2014). 

 

1.2 Taxonomy and zoogeography of Anopheles mosquitoes 

Anopheles mosquitoes are the vectors of several important human infectious diseases and 

found on all continents, with the exception of Antarctica. Genus Anopheles represents more 
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than 500 species that are often organized in sibling species complexes. Human malaria is 

solitary transmitted by the Anopheles mosquitoes, but not all species within the genus or 

even all members of each vector species (sibling species or vector complex) are efficient 

malaria vectors. This suggests an underlying genetic/genomic plasticity that results in 

variation of key traits determining vectorial capacity within the genus. Genus Anopheles 

currently includes 465 formally named species that are disproportionately divided between 

seven subgenera: Anopheles, Baimaia, Cellia, Kerteszia, Lophopodomyia, Nyssorhynchus 

and Stethomyia [Mosquito Taxonomic Inventory. http://mosquito-taxonomic-inventory.info/ 

(accessed on 1 September 2014)]. The current sub generic classification of Anopheles is 

primarily based on the number and positions of specialized setae on the gonocoxites of the 

male genitalia (Christophers, 1915). Three of the subgenera, Anopheles, Cellia, and 

Nyssorhynchus, include the major species that transmit malaria parasites whose genome 

sequence recently been submitted (Neafsey et al., 2013). The informal categories used in the 

classification of Anopheles include Sections, Series, Groups, Subgroups and Complexes. 

Since many of the primary malaria vectors belong to species complex (Flowchart 1). Their 

non ranked classification was compiled according to the Bulletin of Entomological Research 

(Harbach, 2004). Accurate phylogenetic reconstruction and demographical distribution of 

species are necessary for understanding their evolutionary relationship. Eighteen Anopheles 

species whose genomes have been sequenced shown in Table 1.1 These species belong to 

different subgenus, series and spread in various part of the world. 

 
Flowchart 1. Taxonomical categorization of genus Anopheles 
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Table 1.1 Taxonomic and geographical information of Anopheles species whose genome has been 

sequenced (Neafsey et al., 2015; Sinka et al., 2010a; Sinka et al., 2010b; Sinka et al., 2011) 

Mosquito 

Name 

Infra specific 

name (Strain)  

Subgenus  Series Group  Region 

An. gambiae  Pest Cellia  Pyretophorus  gambiae comp.  Ethiopian 

An. arabiensis  DONG5_A Cellia  Pyretophorus  gambiae comp.  Ethiopian 

An. 

quadriannulatus  

QUAD4_A Cellia  Pyretophorus  gambiae comp. Ethiopian 

An. melas  CM1001059_A Cellia Pyretophorus gambiae comp. Ethiopian 

An. merus  MAF Cellia  Pyretophorus  gambiae comp. Ethiopian 

An. christyi  ACHKN1017 Cellia  Pyretophorus   Ethiopian 

An. epiroticus  epiroticus2 Cellia  Pyretophorus   Oriental 

An. maculatus  maculatus3 Cellia  Neocellia Maculatus  Oriental 

An. stephensi  Walter Reed Cellia  Neocellia Maculatus  Oriental 

An. culicifacies  species A-37-1  Cellia  Myzomyia Funestus  Oriental 

An. minimus  MINIMUS1 Cellia  Myzomyia Funestus  Oriental 

An. funestus  FUMOZ Cellia  Myzomyia Funestus  Ethiopian 

An. dirus  WRAIR2  Cellia  Neomyzomyia  Leucosphyrus  Oriental 

An. farauti  FAR1 Cellia  Neomyzomyia  Punctulatus  Australasian 

An. atroparvus  EBRO Anopheles Anopheles Maculipennis  Palaearctic 

An. sinensis  AS2 Anopheles Anopheles  Hyrcanus  Palaearctic 

An. albimanus  ALBI9_A Nyssorhynchus  Albimanus  Albimanus  Nearctic 

An. darlingi  A_darlingi Nyssorhynchus  Argyritarsis  Darlingi  Neotropical 

Approximately 60 species of Anopheles mosquitoes have the capacity to transmit malaria 

parasites and 41 are dominant vector species (DVS) (Cohuet et al., 2010; Hay et al., 2010). 

Each individual Anopheles mosquito species was categorized in Wallace’s zoogeographical 

provinces. All human malaria causing vector species have been shown in Figure 1.2 

(Manguin et al., 2008). Among these 60 Anopheles species, 18 vector species whose genome 

sequences are available has been shown in the map legend (◄). Out of eighteen, 2 are non-

vector species for malaria present in Ethiopian region.  

The specific vector and parasite relationship determines the dynamicity of parasite 

development and malaria transmission among humans (Sinka et al., 2012). It has been 

hypothesized that the molecular mechanism of malaria vector species varies with pathogen 

due to disproportional susceptibility (Molina-Cruz and Barillas-Mury, 2014). Recently, a 

landmark study was published by Molina-Cruz et al., 2015 in which they have proposed the 

lock-key theory; which implies that with different haplotypes of Pfs47 gene (gametocyte 

surface protein, P47) of Plasmodium strains, the malaria vector species of different world 

regions behave differently. Why only certain species of anopheline are malaria vectors 

which determines the vector competence remains an enigma and warrants its elucidation. 
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Figure 1.2 Zoogeographical provinces on world map showing different endemic species of genus Anopheles. The map presented here provides 

particular species location information and highlights the existence of a greater number of vector species in that realm. Maps clearly illustrate the 

spatial extent of a species’ distribution (Sinka et al., 2010a; Sinka et al., 2010b; Sinka et al., 2011). Symbol (◄) is showing those Anopheles 

species whose genome assemblies have been submitted to the NCBI (Neafsey et al., 2013). 
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1.3 Mosquito immune system 

Mosquitoes are encountered by several pathogens throughout their lifetime. To fight against 

the infections, they have strong innate immunity but lack adaptive immunity (Vilmos and 

Kurucz, 1998). Mosquito innate immune system can be divided into two main classes: 

cellular immunity and humoral immunity (Hillyer, 2010). The cellular response include: 

cell‑mediated phagocytosis and encapsulation by hemocytes and pericardial cells (Castillo et 

al., 2006; Hillyer et al., 2003a and 2003b). Three primary mechanisms employed by the 

mosquitoes to kill the pathogens viz. phagocytosis, melanization and lysis (Figure 1.3).   

 
Figure 1.3 Mosquito immune responses in the three major immune compartments. In the hemocoel, 

granulocyte, oenocytoid hemocytes and fat body, kill pathogens via phagocytosis, lysis and 

melanization. In the midgut immune factors are produced by epithelial cells, hemocytes and possibly 

fat body, kill pathogens via lytic and melanization pathways (Figure adopted from Hillyer, 2010). 

 

The humoral response include pattern recognition receptors, inducible antimicrobial 

peptides, the phenoloxidase cascade system of melanization, wound healing, reactive 

oxygen and nitrogen intermediates. The production and secretion of antimicrobial peptides 

(AMPs) in response to microbial challenge is the classical property of humoral immune 

response. These AMPs secreted locally as well as into the hemocoel (insect body cavity). 

The latter is referred to as the systemic immune response and is primarily regulated by the 

fat body, an organ comparable to the vertebrate liver and adipose tissues and the major 

production site of antimicrobials. Systemic responses are classically thought to turn on when 
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pathogens have managed to break the anatomical barriers of midgut which are also part of 

innate immune system. In the midgut, peritrophic matrix lines the intestinal lumen which 

creates physical barrier and comparable to mucous secretion in the vertebrate digestive tract 

(Lehane, 1997; Merzendorfer and Zimoch, 2003). This matrix is composed of secreted 

chitin, proteins, proteoglycans and serves as a semi-permeable barrier for gut pathogens. 

 

1.3.1 Immune Signaling Pathways 

Three major immune signaling pathways have been identified in insects: Toll, Immune 

Deficiency (IMD) and Janus kinase-signal transducer and activator of transcription (JAK-

STAT). These pathways play key roles in defense against various pathogens (Figure 1.4). 

 

Figure 1.4 Toll, IMD and JAK-STAT pathways. Insect tissues recognize pathogen-associated 

molecular patterns (PAMPs) by transmembrane receptors (DOME, Toll and PGRPs) and activate the 

three pathways. The transcription factors (STAT, DIF and Relish) translocate to the nucleus through 

the nuclear membrane activating the expression of its transcriptional targets resulting in the 

production of antimicrobial peptides and other immune responses. (Figure adopted from Garcia et 

al., 2009, Parasit Vectors 2:33) 

 

The Toll pathway is more specific for Gram-positive bacteria, fungi and viruses, whereas the 

Imd pathway is mainly active against Gram-negative bacteria and Plasmodium (Blandin et 

al., 2002 and Cirimotich et al., 2010). Toll pathway is also activated in response to dengue 

and chikungunya virus infection in A. aegypti and controls viral proliferation in the 

mosquito midgut (Shin et al., 2005 and 2006; McFarlane et al., 2014). Activation of the Imd 

pathway leads to the expression of anti-bacterial peptides, such as defensin (Xi et al., 2008). 
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Recently, the receptors involved in the specific recognition of pathogens have been 

identified. These molecules belong to the peptidoglycan-recognition protein (PGRP) family 

and are thought to mediate NF-kB signaling in the fat body cells (Gottar et al., 2002). The 

JAK-STAT pathway in insects has been proposed as functionally analogous to the interferon 

system in mammals (Kingsolver et al., 2013). STAT transcription factor has been implicated 

in biological events as diverse as embryonic development, programmed cell death, 

organogenesis, innate immunity, adaptive immunity and cell growth regulation in organisms 

ranging from slime molds to insects to man (Horvath, 2000). Although Toll, IMD and JAK-

STAT pathways have been most investigated in few mosquitoes but other less characterized 

like, JNK pathway also contributed to the mosquito immunity (Ramphul et al., 2015). 

 

1.3.2 The JAK-STAT pathway 

The JAK-STAT signaling pathway is involved in various molecular events and mediated by 

cellular and humoral responses to viruses, some bacteria and other pathogens. STAT 

transcription factors are latently present in cytoplasm and activated by tyrosine 

phosphorylation in response to extracellular signals which is evolutionary conserved and 

canonical form of the pathway (Levy and Darnell, 2002). Recent findings in Drosophila 

have identified a non-canonical mode of JAK-STAT signaling, which directly controls 

heterochromatin stability (Li, 2008). In contrast to the canonical mode of signaling, in the 

non-canonical mode, a portion of the unphosphorylated-STAT pool is localized in the 

nucleus on heterochromatin in association with histone protein (HP1). The heterochromatin-

associated unphosphorylated STAT is essential for maintaining HP1 localization and 

heterochromatin stability (Shi et al., 2008). This indicates that JAK-STAT pathway also 

controls cellular epigenetic status, which affects expression of genes beyond those under 

direct STAT transcriptional control. 

Drosophila as a representative of the order diptera due to having completeness and 

simplicity, make it a good model to study the functions and regulation of the JAK-STAT 

signaling pathway (Zeidler et al., 2000). Despite numerous components discussed above, the 

signal transduction mechanism of JAK-STAT pathway is simpler in Drosophila compare to 

other vertebrates (Arbouzova and Zeidler, 2006). Drosophila genome contains single copy 

of JAK and STAT gene. The presence of single-copy gene simplifies interpretation of gene 
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function based on gain- or loss-of-function mutations. The complexity, interdependence and 

mutual redundancy often complicates this pathway in vertebrates but the situation in 

Drosophila is significantly more straightforward (Hoffmann and Reichhart, 2002). In 

mammals they are largely involved in a number of biological processes including immunity, 

hematopoiesis, inflammation and development (Ortmann et al., 2000). By contrast, 

Drosophila contains a simpler ‘streamlined’ pathway that is sufficient to mediate a 

multitude of different life processes. Likely to vertebrate system, in Drosophila the JAK-

STAT pathway also contributes to the renewal of intestinal stem cells and to their 

differentiation into enterocytes after damage and stress-induced Upd production in the 

midgut (Jiang et al., 2009). 

 

Figure 1.5 Mechanisms of JAK-STAT Signaling Pathway in mosquito: Binding of ligand to its 

receptor induces JAK-mediated STAT tyrosine phosphorylation and dimerization. STAT dimers 

translocate to the nucleus and bind to responsive DNA elements in the promoters of target genes and 

initiate gene expression. 



Chapter 1 
 

11 
 

Mechanistically, JAK-STAT pathway is activated with the binding of an extracellular ligand 

to a transmembrane receptor, which results in the activation of receptor-associated tyrosine 

kinase JAKs (Figure 1.5). The exact molecular mechanism, for how ligand binding activates 

receptor is still unclear. In the canonical model of the JAK-STAT pathway ligand binding 

induces rapid receptor dimerization followed by the activation of downstream targets 

(Agaisse et al., 2003). In Drosophila, ligand binding is predicted to cause conformational 

changes in the receptor homodimer, allowing interaction between associated Hop (JAK-

Tyrosine Kinase) molecules (Brown et al., 2003). This tyrosine kinase then self-

phosphorylated and their associated receptors generate docking sites for the Src homology2 

(SH2) domains of STATs. According to the established models, STATs are normally 

present in the cytoplasm as inactive monomers before recruitment to the phosphorylated 

receptor/JAK complex. Once bound to the receptor/JAK complex, STAT molecules are 

themselves phosphorylated and dimerized (Chen et al., 1998). Phosphorylation in STATs is 

taken place on a single tyrosine (Y) residue, after which they form homo- or heterodimers 

with other phosphorylated STAT proteins. This dimerization is stabilized by the interaction 

between the SH2 domain of one molecule and the phospho-Tyr of the other molecule 

(Becker et al., 1998). These dimers detach from the receptor and translocate to the nucleus 

where it binds to a palindromic DNA sequence in the promoters of target genes to activate 

transcription (Agaisse et al., 2003). Three negative regulators, PIAS, SHP and SOCS have 

been shown to suppress the JAK-STAT pathway in D. melanogaster. 

Comparative genomic analysis has confirmed the proximity and evolutionary conservation 

of orthologs for PIAS (SUMO) and SOCS in the JAK-STAT pathway between different 

mosquito species (Dimopoulos et al., 2000). Signal transduction components exhibit an 

unexpected mode of evolution even though they share a broadly similar body plan and a 

considerable number of other features, but they are also substantially different (Waterhouse 

et al., 2007). Although, in An. gambiae, this pathway is controlled through 2 STAT 

transcription factors, activation of the STAT pathway requires STAT-B mediated activation 

of STAT-A (Barillas-Mury et al., 1999; Gupta et al., 2009). Activation of this pathway leads 

to the induction of human complement-like protein known as thioester like proteins-1 (TEP-

1) in An. gambiae and nitric oxide synthase (NOS) in An. stephensi and An. gambiae, upon 

Plasmodium infection (Levashina et al., 2001; Luckhart et al., 1998; Gupta et al., 2009).  



Chapter 1 
 

12 
 

Almost half of the genes of Drosophila and Anopheles genomes are interpreted as orthologs 

and show an average sequence identity of about 56%. However, there are low levels of 

redundancy in JAK-STAT pathway components; which gives the general idea to describe 

the conserved roles of JAK-STAT pathway (Zdobnov et al., 2002; Souza-Neto et al., 2009). 

Although two STAT genes were annotated and analyzed in the complete genome sequence 

of An. gambiae; only one STAT gene has been characterized in other mosquitoes. Similarly, 

there is only one STAT gene in the analogous insect Drosophila. The possibility of having 

another STAT gene in mosquito species requires further investigation. To gain insight into 

JAK-STAT pathway evolution, a comprehensive bioinformatics strategy was employed to 

identify and characterize STAT, PIAS and SOCS genes from diverged Anopheles species 

and functionally characterized in Indian malaria vector An. stephensi. 

 

1.3.3 ABC Transporters 

ATP-binding cassette (ABC) transporters gene family hydrolyzes the ATP and use energy to 

transport the compounds across the membrane (Dean, 2008). The functional protein contains 

two types of protein domains, the one which binds to ATP, known as ATP-binding domains 

or nucleotide-binding domain (NBD) and another transmembrane domain (TMD). The 

transmembrane domains form the membranous channel through which compounds are 

transported and important in determining the specificity of the transported substrate. Genes 

are classified as ABC transporters based on the sequence identity of the ATP-binding 

domain(s) which are highly conserved from bacteria to higher organism. Evolutionary 

analyses of ABC genes and the degree of identity of protein sequence of NBDs has allowed 

classification of the mammalian ABC genes into 7 subfamilies A-G. Subfamily ABCH has 

not reported in human (Dean and Allikmets, 1995). 

These genes are found abundantly in the genomes of all organisms, consistent with the fact 

that regulation of transport is essential to all life forms (Dassa and Bouige, 2001). ABC 

genes are important in the biology of cells and cause many different human genetic diseases 

and also contribute to the resistance of tumor cells to chemotherapy drugs (Dean and Annilo, 

2005). In general, most of its members are involved in transport of ions, amino acids, lipids, 

sugars, peptides, metals across the membrane (hence named as importers or exporters) and 

fewer members perform other cellular functions such as regulation of gene expression, 
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repairing of cell DNA and protein synthesis (Zhao et al., 2004). Importantly the ABC 

transporters which are exporters in nature are commonly found in eukaryotes however, the 

transporters with importing property are generally associated with prokaryotes (Wilkinson 

and Verschueren, 2003) The ABC genes encode a large family of transporters that are 

expressed on the outer membrane of cell or on intracellular organelles (Higgins, 1992).  

This major activity of these transporters is not only helpful for the physiological functioning 

but also provides many other conditional advantages to the cells. For example, in bacteria 

ABC transporters concentrate intracellular nutrients, in eukaryotes export products out of 

cells as well as in immunity (Wu et al., 1991; Abele and Tampe, 2004). Insects, being the 

pathogens carriers, have also been aimed comprehensively by many researchers to 

understand the elite features of their ABC transporters so this knowledge can be helpful in 

designing tools to control the spread of diseases. A genome-wide analysis in some insects 

reveals the phylogenetic and structural specificity of ABC transporters and also their human 

transporters equivalent functioning such as transport of metabolic components, tolerance to 

xenobiotics and also, in addition, the insecticide resistance (Roth et al., 2003). ABC 

transporters also play a great role in manipulating the host metabolism for adaptations. For 

example, recent studies in hornworm (Manduca sexta) indicate that proficient excretion by 

P-glycoprotein like transporters reduces the neurotoxic effect of nicotine and provides an 

adaptation for survival on the tobacco leaves (Murray et al., 1994). Surprising facts from Bt 

toxins resistance in insects also impart the role of ABC transporter and casts a question to 

think ahead for the future of Bt crops (Gahan et al., 2010). Insect ABC transporters also play 

an important role in innate immunity and provide protection against various ranges of 

pathogens. In a way similar to mammalian ABCs, the insect ABC transporters also 

somehow regulate the anti-viral immunity. In Drosophila the sulfonylurea receptor (SUR), 

which is the part of K
+,

 channel as well the target for benzoylurea-derived insecticides 

diflubenzuron, when silenced through RNA interference (RNAi) made the fly sensitive to 

Flock House Virus (FHV) (Nasonkin et al., 1999). These reports might be helpful in detailed 

analysis of ABC transporters in Aedes aegypti and establishing a comparative database to 

explore their exclusive aspects in vector immunity against pathogens in general. 

The severity of dengue and other mosquito-borne viral infections has been increased for past 

few years. Some major concerns accelerating the severity and occurrence of these diseases 
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are associated with the abundance of higher vector population, close vector-human 

association, vector-friendly environment and evolvement of resistance in pathogens and 

mosquitoes against drugs and insecticides, respectively. High proximity of densely 

populated areas provides ample opportunities for the transmission of diseases. Asia’s 

contribution is 70% (approximately 67 million) towards the apparent infections in the 

comprehensive global disease burden. India contributes 34% to the global infection which 

amounts to about 33 million infections (Chakravarti et al., 2012; Wichmann et al., 2011; 

Kakkar, 2012). These facts call for an urgency to explore the host-pathogens interactions 

either to develop potential drugs/vaccines or strategies to block disease transmission. This 

warrants the discovery of newer targets which can be potentially exploited and may be 

possible only after we understand the genomic structure of vectors in natural population. 

The genome sequencing project of Aedes aegypti provides the scope to evaluate mosquito 

genes encoding different protein families and verifying them after comparing with the 

genome of other organisms, especially the insects (Waterhouse et al., 2008). The limitations 

of advances in the field of mosquito-pathogen interactions demand exploring the available 

information and analyzing it to find newer targets which can potentially manipulate host-

pathogen interactions. The collective efforts of modern molecular techniques and mosquito 

genome sequencing data might be helpful in this direction. The comparative understanding 

of insect vectors genome such as Aedes aegypti (dengue vector) and Anopheles gambiae 

(malaria vector) reveals that the genome of former is almost 5 times larger than the later one 

(Nene et al., 2007). In addition, approximately half of the Aedes genome consists of 

transposable elements which are major driving force of genome evolution (Boulesteix and 

Biémont, 2005). In order to understand the evolution and organization of Aedes genomes, a 

comparative approach is required while keeping natural population polymorphism in mind. 

 

1.4 Current efforts in developing novel control strategies for mosquito borne diseases 

Conventional mosquito control has dependent upon killing the parasites using chemotherapy 

and/or the disease vector mosquitoes using insecticide (e.g. DDT etc.). However, mosquito 

borne disease has reappeared due to the following factors: the rapid spread of drug resistant 

parasites; the development of mosquito resistant to insecticides; huge genetic diversity exist 

between different mosquitoes species of same genus (Hemingway and Ranson, 2000; 
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Ranson et al., 2011; Manguin and Boëte, 2011). Thus new control strategies are urgently 

demanded. Current efforts toward new strategies for controlling these diseases are as 

follows: (1) Development of vaccines (Good et al., 2004; Aponte et al., 2007; The RTS,S 

Clinical Trials Partnership, (Krishna (Ed.), 2014) including transmission blocking vaccines 

directed at parasites in the mosquito or the mosquito itself (Dinglasan and Jacobs-Lorena, 

2008). (2) Development of new drugs (Noedl, 2013) and (3) development of genetically 

modified mosquitoes (Harris et al., 2012). More recently, it has been argued that genetic 

manipulation of mosquito vectorial capacity is a promising by using the new bio weapon 

(Scholte et al., 2005; 2006; Fang et al., 2011). The first two attempts seem to be effective for 

a while but not have the longetivity due to drug resistance and even not have the broad 

spectrum due to huge genetic diversity in mosquito and parasite population worldwide 

(Takala and Plowe, 2009; Jallow et al., 2009). 

The convinced approach for the mosquito control through next two above mentioned 

attempts was recently been made. The first successful germ line transformation of 

mosquitoes (transgenesis) was reported for Aedes aegypti (Jasinskiene et al., 1998) and later 

for An. stephensi and An. gambiae (Catteruccia et al., 2000; Grossman et al., 2001). 

Replacement of natural vector populations using transgenic parasite-refractory mosquitoes 

has been proposed as a novel way to control malaria although this strategy is still 

controversial in many aspects (Boëte, 2011).  

Before such a strategy could be excluded, several research objectives must be solved. First, a 

stable transformation system for a model mosquito An. gambiae must be available and 

documented efficiently, heritable and stable integration of exogenous DNA into mosquito 

genome (Moreira et al., 2004; Fuchs et al., 2013). This is an essential requirement to 

investigate the efficacy of parasite-killing candidate genes on parasite development in 

mosquitoes. The lack of precise genetic tools, however, has been a serious limitation to the 

in-depth analysis of mosquito immune system (Curtis et al., 2006). Reverse genetic analysis, 

on the basis of RNAi and transgenic techniques; fill these deficiencies in the research of 

mosquito innate immunity (Blandin et al., 2002 and Shin et al., 2003). 

Second, inducible stage/tissue-specific promoters are essential to express anti-parasite genes 

at appropriate times and in the correct tissues (James et al., 1999; Moreira et al., 2004). 

While these and other advances in mosquito transgenesis show the feasibility of generating 
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parasite-resistant vector (Marrelli et al., 2007; Fang et al., 2011). The characterization of 

homologous promoters that provide precise control of transgenic expression continues to be 

a requirement.  Third, antiparasitic genes are a prerequisite for disease control through 

manipulation of vector competence is embedded under the understanding of mosquito-

parasite interaction. Which lead to identification of target genes or gene product at the 

vulnerable points of the parasite`s life cycle in the mosquito vector (Reeves et al., 2012). 

The discovery of numerous bacterial nucleic acid modification systems has led to the recent 

development of two modular, precise genome editing tools. The TALEN (transcription 

activator-like effector nuclease) and CRISPR/Cas (clustered regularly interspaced short 

palindromic repeats) systems have recently been optimized for research use to site- 

specifically introduce mutations and manipulate transcriptional activation and repression in 

a variety of organisms (Mali et al., 2013; Gaj et al., 2013). 

 

1.5 Genetic and genomic diversity as a major research gap 

1. More popularly the laboratories data have been generated using model organisms have 

several limitations viz., the natural host–parasite relationship is different from one 

geographical area to another. 

2. In order to unravel the mechanisms behind the evolution of drug-resistant strains of 

pathogens and identify better drug targets, a deeper and thorough understanding of the 

host and parasite's biology is vital. 

3. Large evolutionary distance exists between different mosquito species (200 to150 

mya) hence functional annotation based on comparative genomics analysis is 

demanded. Although the maintenance of genome database Flybase or Vectorbase are 

not completely supporting the end user requirement. 

4. Completely understanding an organism at molecular level is quite challenging, because 

any cellular machinery is highly dynamic and involved in complex interactions with 

each other. Thus, simply listing out the genes at a particular time point would be 

insufficient unless the interactions between them are also traced to the level of 

individual interactions with pathogen. 

5. Several genome sequences have rapidly add in NCBI database including 18 Anopheles 

species, 1 Aedes and 2 Culex. These whole genome shotgun (WGS) sequences are still 
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unannotated form which can provide immense information related to population 

dynamics and solve the mystery of genetic variation (Figure 1.6). 

6. Unavailability of information in genetic diversity and variation among same species 

complexes are also a matter of mystery. The lack of comprehension of interactions 

between the two and potentially even three organisms (i.e. parasite and both the 

vertebrate and invertebrate hosts) is missing, that will become easier if WGS of all 

“partners” and species complexes become available. 

 

Figure 1.6 Year wise distribution of newly submitted genomes and their annotation, through NCBI. 

(Source: http://www.ncbi.nlm.nih.gov/genome/annotation_euk/#graphs) 

 

1.6 Research Objectives 

The specific objectives of thesis work are as follows- 

1. In silico analysis of STAT signaling pathway genes in newly submitted genome 

assemblies of eighteen Anopheles species. 

2. Characterization of STAT signaling pathway genes from Indian urban mosquito An. 

stephensi and their role in development and antiplasmodial immunity. 

3. Identification and molecular characterization of Aedes aegypti mosquitoes from the 

natural environment of Pilani region Rajasthan. 

4. Genome wide identification and characterization of ABC transporters gene family in 

Aedes aegypti. 
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2.1 Introduction 

2.1.1 STAT pathway: an evolutionary perspective 

The Signal Transducer and Activator of Transcription (STAT) is a tyrosine kinase 

signaling pathway first identified in mammals through the study of interferon-α (IFN-α) 

and interferon γ (IFN-γ) induced transcriptional activation (Darnell et al., 1994). The 

STAT pathway has been found conserved during the evolutionary time and studied in 

many model organisms including mouse Mus domesticus, zebrafish Danio rerio, fruitfly 

Drosophila melanogaster, nematode Caenorhabditis elegans and the slime mould 

Dictyostelium discoideum (Dearolf, 1999). Thorough investigations of all model 

organisms have revealed that this pathway is regulated by the homologues of at least one 

STAT which is highly conserved (Hurst et al., 2004). The STAT signaling pathway was 

found in early metazoans to higher animals except plants (Aaronson and Horvath, 2002). 

The availability of high-quality whole genome sequences from variety of organisms, 

including Dictyostelium, insects, mollusks, nematodes and various vertebrate animals, 

allowed us to systematically investigate the evolutionary process of the genes. The STAT 

family of transcription factors is involved in both differentiation and signaling processes. 

It is absent from the yeast genome but present in a facultative metazoan Dictyostelium 

(slime mold) in which it mediates the selective expression of an extracellular matrix 

protein in pre-stalk cells, in response to a differentiation-inducing factor (Kawata et al., 

1997). Surprisingly, Dictyostelium, the only known non-metazoan organism having 4 

STAT genes STATa, b, c and STATd which possesses protein kinases and Src2 

homology (SH2) domains with remarkable divergent function which suggests a non-

canonical mode of activation of STAT pathway (Kimmel et al., 2004). Therefore, 

molecular phylogenetic analysis indicated that the slime mold STATs form a distinct 

clade, which raises the possibility of mixed intensive and birth-and-death evolution of 

STAT family of transcription factors (Zhukovskaya et al., 2004). Consequently, the 

discovery of STAT family members in the slime mold placed this phosphotyrosine 

signaling pathway at the beginning of multicellular evolution. 

On the next hierarchical order, a demosponge Amphimedon queenslandica, a nematode 

C. elegans and other genome sequenced insects including Drosophila, Apis a single 

STAT gene have been identified (Wang and Levy, 2006). In round worm, C. elegans 

only STAT homologs (STA-1) are found which also shows very different and primitive 

functions (Wang and Levy, 2006; Zhukovskaya et al., 2004). Along with Drosophila 

(Order Diptera), honeybee Apis mellifera, (Order Hymenoptera) silk moth, Bombyx mori 
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(Order Lepidoptera) and other major insect orders only one homolog of STAT have been 

reported (Wang and Levy, 2012) (Table 2.1). In Drosophila, STAT gene was invented 

as a key player which involved in many developmental processes and maintained its 

conserved function as in other living organisms (Yan et al., 1996).  

 

Table 2.1 STAT gene(s) in early metazoan, lower and higher invertebrate animals. 

Organism Common 

Name 

Taxonomical 

category 

No. of 

STAT 

gene in 

genome 

Accession No. Reference 

Amphimedon 

queenslandica 

Demo 

sponge 

Porifera 1 XP_011402870 Srivastava et al., 

2010  

Caenorhabditis 

elegans 

Round 

worm 

Nematode 1 AAY18583 Wang and Levy, 

2006 

Penaeus 

monodon 

Black tiger 

shrimp 

Crustacea 1 AAQ94739      

 

Chen et al., 2008 

Artemia 

franciscana 

Brine 

Shrimp 

Crustacea 

 

1 ACJ63721 

 

Cheng et al., 

2010 

Bombyx mori Silk Worm Lepidoptera 1 ACR61178 Tanaka et al. 

2008 

Bombus 

terrestris 

Buff-tailed 

Bumble Bee 

Hymenoptera 1 XP_003401031    Sadd et al., 2015 

Apis mellifera Honey bee Hymenoptera 1 XP_397181 NCBI's 

Annotation  

Apis florae dwarf honey 

bee 

Hymenoptera 1 XP_012339763 NCBI's 

Annotation 

Apis dorsata Giant 

honeybee 

Hymenoptera 1 XP_006608218 NCBI's 

Annotation 

Aedes 

albopictus 

Dengue 

mosquito 

Diptera 1 AY299686.1  Lin et al., 2004 

Culex 

tritaerhynchus 

Filarial 

mosquito 

Diptera 1 AY299687.1 Lin et al., 2004 

Biomphalaria 

glabrata 

Fresh water 

Snail 

Mollusca 2 FJ804763 

FJ804764 

Zhang and 

Coultas 2011 

Crassostrea 

gigas 

Pacific 

oyster 

Mollusca 2 EKC37808 

XP_011437452 

Zhang et al., 

2012 

Ciona 

intestinalis 

Sea Squirt Urochordata 2 BAE06716-A 

BAE06717-B 

Hino et al., 2003 

Saccoglossus 

kowalevskii 

Acorn 

Worm 

Hemichordata 2 XP_006814942  

XP_006814944 

NCBI's 

Annotation 

Analysis of the first sequenced genome of a medically important An. gambiae (order 

diptera) mosquito revealed the early occurrence of two STAT genes in its genome. Later 

at above hierarchy, a mollusk Biomphalaria         glabrata (Freshwater snail) and a 

tunicate Ciona intestinalis (Sea squirt) also show two STAT transcription factors 

(Zhang and Coultas, 2011; Hino et al., 2003). Another STAT gene contributes an 

additional support for the gene duplication theory, comes from the discovery of STAT5a 
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and STAT5b genes in zebrafish (Lewis and Ward, 2004). A canonical STAT signaling 

pathway in the mosquito An. gambiae revealed two stat genes originated through retro-

duplication (Gupta et al., 2009). All insect STATs are predicted to be identical to 

mammalian STATs in domain structure, in contrast to the partial identities in the 

Dictyostelium and nematode STATs, suggesting that STAT evolution by domain 

accretion stopped before the rise of Deuterostomes over a billion years ago. The insect 

STATs also form a single clad in phylogenetic analysis, and constitute an ancient class of 

STATs with the clad consisting of STAT5s and 6 (Bach and Perrimon, 2003). 

2.1.2 Regulation of STAT pathway 

The fruit fly, D. melanogaster and the malaria mosquito An. gambiae, both are highly 

adapted, successful dipteran species that diverged about 250 million years ago (Gaunt 

and Miles, 2002). They share a broadly similar body plan and a considerable number of 

other features, but they are also substantially different in terms of ecology, morphology, 

life style and genome size (the Anopheles genome is twice the size of that of Drosophila) 

(Zdobnov et al., 2002). The detailed comparative study at genome and proteome level 

with malaria mosquito An. gambiae and Drosophila has revealed major differences in 

immunity-related and signaling pathway genes (Christophides et al., 2002). 

It has long been anticipated that duplication of gene is a major driving force for genomic 

and organismal complexity during evolution (Liongue et al., 2012). However, the 

mechanism and evolutionary details of gene duplication related evidence remain largely 

unknown. The only way to get the direct insight into this dynamic process will be gain 

from individualized comparative genomic analyses, particularly those focusing on 

families of paralogous genes (Skrabanek and Wolfe, 1998). Gene duplication is thought 

to be generated by three types of mechanisms, chromosomal unequal crossing over, 

retrotransposition, and chromosomal (or genome) duplication, the outcomes of which are 

quite different (Zhang, 2003). With over one million representatives, arthropods have 

most diverse group of animals and likely shared the last predecessor with vertebrates at 

least one billion years ago. Evidence showed that during the evolution of vertebrates 

from early deuterostome ancestors entire genomes were duplicated through two rounds 

of duplications (the ‘one-to-two-to-four’ rule) (Meyer and Schartl, 1999). The first 

genome duplication in chordate evolution might predate the Cambrian explosion. The 

second genome duplication possibly dates back to the early Devonian (Sidow, 1996; 

Dehal and Boore, 2005). 
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The JAK-STAT pathway of Drosophila is quite simple and well studied; their molecular 

and functional data clearly indicate that a high level of conservation exists between the 

insect and mammalian pathways (Bach and Perrimon, 2003). In Drosophila the JAK-

STAT pathway encodes, three unpaired ligands domain (upd), Upd1, Upd2 and Upd3 

which secrete the glycosylated and extracellular matrix binding protein for the pathway 

(Wright et al., 2011; Harrison et al., 1998). The domeless gene encodes a transmembrane 

receptor protein called Domeless (dome) which shows most similarity to mammalian IL-

6 receptor family (Brown et al., 2001; Chen et al., 2002). The hopscotch gene encodes a 

Drosophila JAK homologue, hop which is maternally essential for the establishment of 

normal embryonic segmentation. The hopscotch (hop) protein shares all the 

characteristics of mammalian JAK family non-receptor tyrosine kinases and similar to 

human JAK2 (27% identity) with high homology in kinase and kinase-like domains 

(Binari and Perrimon, 1994). Likely to human, in Drosophila STAT proteins (Stat92E) 

have been discovered with a highly conserved SH2 domain and a single tyrosine (Y) 

residue at the C-terminus which will be phosphorylated by JAKs upon activation (Yan et 

al., 1996). Stat92E is the only signal transducer and transcription activator of Drosophila 

which is highly homologous to human STAT5a (37% identity). Stat92E includes a SH2 

domain, DNA binding domain and a single tyrosine residue around position 700 found in 

STAT-like genes (Hou et al., 1996). 

Drosophila genome encodes various negative regulators of JAK-STAT pathway to 

suppress the signaling, including three suppressor of cytokine signaling (SOCS) proteins, 

termed SOCS16D, SOCS36E and SOCS44A. Of these, SOCS36E is the best-

characterized family member, with closest homology to mammalian SOCS5. 

Transcription of SOCS36E mRNA is JAK-STAT pathway regulated (Karsten et al., 2002 

and Stec et al., 2013) and the resulting protein has been shown to negatively regulate 

both JAK-STAT and epidermal growth factor receptor (EGFR) signaling in vivo (Stec et 

al., 2013). At the molecular level, all SOCS proteins are recognized by a C-terminally 

located SOCS-box domain, through which Elongin B and Elongin C interact and 

subsequently recruit Cullin-5 and Rbx-1 protein. This complex, termed the Elongin-

Cullin-SOCS (ECS) complex which eventually help in the ubiquitinization of dome 

receptor (Babon et al., 2009). Centrally located SH2 domain mediates the interaction 

with phosphorylated tyrosine (pTyr) residue; SOCS molecule fulfills the role of substrate 

recognition in the ECS complex. By contrast, N-terminal of SOCS5 of Drosophila 

protein does not contain any recognizable domains and share low level of conservation 
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between family members (Stec et al., 2013). However, in mouse SOCS5 gene shows 

some conservation in N-terminal region known as N-terminal conserved region (NTCR) 

which is 70 amino acids long and have JAK interacting region (JIR) (Feng et al., 2012; 

Chandrashekharan et al., 2015). 

Another possible means of directly suppress the pathway through protein inhibitor of 

activated STAT (dPIAS) which was first discovered as an inhibitors of activated STATs 

in vertebrate system (Darnell, 1997a). However, the physiological relevance of PIAS in 

vivo was first established with its Drosophila PIAS homologues, dPIAS (originally 

known as zimp) (Mohr and Boswell, 1999). Betz et al. demonstrated in Drosophila, the 

in vivo functional interaction of the dPIAS proteins with stat92E which bind and block 

the DNA binding domain of activated STATs and strongly inhibit STAT-driven 

transcription (Betz et al., 2001). Reduction or over expression of dPIAS in Drosophila 

leads to increases or decreases of JAK-STAT activity respectively, suggesting that 

dPIAS acts as a negative regulator of the pathway identified by RNAi experiments 

(Muller et al., 2005). 

Interestingly, a study in mammalian systems suggests that PIAS proteins have 

miscellaneous functions including their roles as SUMO (small ubiquitin-like modifier)-

ligases. These proteins have been shown to function as E3 ligase that promotes the 

SUMO modification of a number of transcription regulators (Jackson, 2001). While 

genetic studies in Drosophila have shown that dPIAS is in fact allelic to the Su(var)2-10 

locus and regulates the chromosome structure and function (Hari et al., 2001). For most 

of the non-model organisms it is not feasible to dissect individual components of this 

complicated pathway. Because transcription factors are the key molecules in any 

regulatory pathway, and to investigate the other components will augment the 

complications. Mosquitoes are also belonging to the order diptera (class insecta) but their 

genomes are quite larger than Drosophila. Most of the Anopheles genomes have very 

recently been submitted and presently they are in unannotated form. These genomic 

resources provide the way for detailed comparative analyses within and across the 

species level. Here we tried to summarize the extension and evolution of STAT 

transcription factor along with two main negative regulators (SOCS5 and PIAS) in 

diverse Anopheles mosquitoes of different geographical location and belong to different 

non-ranked taxonomic groups. 
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2.2 Materials and Methods 

2.2.1 Retrieval of genome information of sequenced Anopheles species 

An. gambiae is the most studied malaria vector species throughout the research 

community but other Anopheles species are equally important to understand the host 

parasite interaction. Afrotropical major malaria vector, An. gambiae Pest strain genome 

assembly (AgamP3) is available for the malaria research community since 2002 and was 

used as a single reference till now (Holt et al., 2002; Sharakhova et al., 2007). Currently, 

whole genome sequences of different Anopheles species (major and minor) from various 

geographical regions are available at NCBI. Their whole genome shotgun (WGS) 

sequences are still in unannotated form which can be used to solve the mystery of genetic 

variation within the same genus (Neafsey et al., 2013). 16 Anopheles species were 

selected for genome sequencing with varying degrees of vectorial capacity and a wide 

range of geographic locations and ecological conditions (Besansky, 2008; Fontaine et al., 

2015). The sequenced Anophelines fall under 3 main subgenera (Cellia, Nyssorhynchus, 

and Anopheles) (Flowchart 1 of chapter 1). The details related to their NCBI taxid 

number, assembly name, release date, GenBank assembly number and genome size have 

been mentioned in the Table 2.2. 

 

Table: 2.2 Description of retrieved information related to sequencing of Anopheles 

mosquito genomes considered for present study 

Mosquito Name 
Taxid 

No. 

Genome 

Assembly Name 

GenBank 

Assembly No. 

No. of 

scaffold 

Genom

e size 

(Mb) 

An. gambiae 62324 AgamP3 AgamP5 - 265.1 

An. stephensi 30069 ASM30077v2 GCA_000300775.2 23371 221.3 

An. minimus 112268 MINIMUS1_V1 GCA_000349025.1 678 201.8 

An. quadriannulatus 34691 QUAD4_A_V1 GCA_000349065.1 2823 283.8 

An. funestus 62324 FUMOZ_V1 GCA_000349085.1 1392 225.2 

An. epiroticus 199890 epiroticus2_V1 GCA_000349105.1 2673 223.5 

An. albimanus 7167 ALBI9_A_V1 GCA_000349125.1 204 170.5 

An. dirus 7168 WRAIR2_V1 GCA_000349145.1 1266 216.3 

An. christyi 43041 ACHKN1017_V1 GCA_000349165.1 30369 172.7 

An. arabiensis 7173 DONG5_A_V1 GCA_000349185.1 1214 246.6 

An. sinensis 74873 AS2 GCA_000441895.2 9592 220.8 

An. maculatus 74868 maculatus3_V1 GCA_000473185.1 47797 141.9 

An. culicifacies 139723 A-37_1_V1 GCA_000473375.1 16162 202.9 

An. farauti 69004 FAR1_V2 GCA_000473445.2 310 183.1 

An. atroparvus 41427 EBRO_V1 GCA_000473505.1 1371 224.3 

An. melas 34690 CM101059_A_V2 GCA_000473525.2 20229 224.2 

An. merus 30066 MAF_V1 GCA_000473845.2 2027 288.1 

An. darlingi 43151 A_darlingi_V1 GCA_000211455.3 2220 136.9 
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2.2.2 In silico prediction and annotation of STAT pathway genes 

Here, we have analysed four genes of STAT signaling pathway which includes two 

transcription factors STAT-A, STAT-B and their regulatory proteins PIAS and SOCS5. 

These four genes have been identified and annotated from all genome sequenced 

Anopheles species. For full gene prediction we used previously reported gene sequences 

(intentionally laboratory verified sequences only) of Anopheles species to get the 

maximum and reliable homology through genome-wide BLASTN program (Table 2.3). 

Here, lab verified sequence of An. gambiae and/or An. stephensi; An. culicifacies were 

used as a model Anopheles species to identify the STAT pathway genes into their 

neighboring Anopheles species. We selected AgSTAT-A, 3568bp (Accession No 

FJ792607) and AsSTAT-A, 2639 bp (KR779999) for retrieval of STAT-A gene from 

other Anophelines. AgSTAT-B, 2918bp (Accession No AJ010299) and AsSTAT-B, 

2540bp (KR780000) sequences were used as a query to search the orthologs of STAT-B 

gene. For PIAS, lab verified gene sequence of An. gambiae was not available hence An. 

aquasalis (AqPIAS) sequence (Accession No HM851177) sequence was used as a query. 

For SOCS An. stephensi, 1194 bp (Accession No KU306401) or An. culicifacies partial 

sequence, 975 bp (Accession No KJ914628) were utilized to retrieve the full gene. 

  

Table 2.3 List of lab-verified cDNA sequences used as a query for genome-wide 

homology searches of STAT pathway genes 

Genes GenBank 

ID 

Gene 

size 

(bp) 

5’UT

R 

(bp) 

CDS 

(bp) 

3’UTR 

(bp) 

Protein 

length 

(aa) 

Reference 

AgSTAT-A/ 

AsSTAT-A 

FJ792607.1 

KR779999 

3568 

2639 

1064 

227 

2259  

2259  

245 

153 

752 

752 

Gupta et al. 2008 

Present study 

AgSTAT-B/ 

AsSTAT-B  

AJ010299/ 

KR780000 

2918 

2540 

450 

271 

2169  

2231  

299 

38 

722 

743 

Barillas-Mury et al., 

1999; Present study 

AqPIAS HM851177 2407 211 1953  243 651 Bahia et al., 2011 

AcSOCS5/ 

AsSOCS5/ 

AgSOCS5 

KJ914628/  

KU306401/ 

EF631979 

- 

1194 

1617 

- 

- 

316 

975  

1194 

1197 

- 

- 

110 

325 

397 

398 

Dhawan et al., 2015 

Present study 

 

Using these above cDNA sequences, different Anopheles species genome sequences 

were searched through BLAST for their respective contigs/supercontigs comprises the 

respective genes, individually. BLASTN searches were limited by Anopheles species 

taxid numbers in respective WGS dataset (Table 2.2). Matched region of the contigs 

with good query coverage and identity were retrieved and considered as predicted gene 

(gDNA sequence). These contigs were subjected to identify putative exons and introns 
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boundaries from Genscan programme (Burge and Karlin, 1997). Predicted CDS were 

used for translated BLAST search (tBLASTn) to verify the relevant genes. On 

confirmation of the CDS; sequences were then translated through ExPASY translate tool 

to get the deduced amino acid sequence (Gasteiger et al., 2003). 

  

2.2.3 Sequence alignment and domain search 

All deduced amino acid sequences were used for multiple sequence alignment using 

Clustal omega to fetch out their conserved domains and consensus motifs. Conserved 

domains and motifs in these predicted proteins sequences were analyzed using the 

Conserved Domain (CD) search tool at NCBI which integrates search with Pfam 

databases (Marchler-Bauer and Bryant, 2004; Marchler-Bauer and Anderson, 2007; Finn 

et al., 2008). Determination of their protein domain range through their related CDD link 

was done. Comparisons were made for the size of proteins domain along with genus 

specific conserved motif sequences for gene of interest. Amino acid and nucleotide 

sequences were aligned with the default parameters and assembled to generate amino 

acid and nucleotide percentage identity matrices for each gene of STAT pathway in 

Clustal omega web tool. (http://www.ebi.ac.uk/Tools/msa/clustalo) (Sievers et al., 2011). 

The sequence logos of multiple sequence alignments of the JAK-STAT pathway genes 

were generated by Weblogos 3.2 (Crooks et al. 2004) without any compositional 

adjustment. Sequence logos are a graphical representation of the multiple sequence 

alignment of a protein and/or DNA sequences. 

 

2.2.4 Phylogenetic analysis 

Phylogenetic analysis was performed using MEGA 5.2 software (Tamura et al., 2011). 

Phylogenetic studies carried out for all 4 STAT pathway genes (STAT-A, STAT-B, 

SOCS and PIAS) and compared to find a relationship between different subgenus and 

series. The evolutionary history of all these were inferred by using the Neighbor-Joining 

(NJ) method (Saitou and Nei, 1997). Reliability of the trees through branch support was 

assessed by using a bootstrap test with 1000 replicates. The percentage of replicate trees 

in which the associated taxa clustered together in the bootstrap test is shown next to the 

branches (Tamura et al., 2011). In case of gaps or missing data, partial deletion and p-

distance (amino acid differences) of the sequences parameters was chosen. Other 

parameters were kept as default. 
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2.3 Results 

The JAK-STAT pathway is crucial for development and immunity of mosquito. The 

important key regulators of pathway include: transcription factors STAT-A, STAT-B; 

and negative regulators PIAS and SOCS5 genes. These genes were analysed for intron–

exon region, full CDS and respective protein domains. Homology search were performed 

by WGS assembly option of BLAST using complete cDNA sequence of respective gene. 

The matching region on respective contigs were retrieved and used for putative exon-

intron prediction through Genscan web tool (Burge and Karlin, 1998). It is worth to 

mention here that, the computer generated prediction algorithms were erroneous or 

partial hence we corrected them manually. It was found in many cases; a likely erroneous 

intron was projected at the end of the conserved sequence. It is fascinating that the 

prediction algorithms failed so frequently in this group of genes, and specifically in one 

site which was also the case in knirps gene family proteins of arthropods (Perl et al., 

2014). To overcome this problem, the BLAST homology search matches were taken and 

compared it with the number of ranges in alignment section. Depending upon the 

predicted exonic/coding sequences, the ORF were formed and deduced amino acids were 

subjected to submit at CDD search. This elementary approach of gene annotation was 

utilized for all Anopheles species and their assembled sequences were submitted to NCBI 

under third party annotation (TPA) section. Following subsections is the finding of in 

silico prediction of JAK-STAT pathway genes and illustrate the genomic diversity exists 

if any among these mosquito species. 

 

2.3.1 Identification and annotation of STAT-A and STAT-B genes in different 

Anopheles species 

STAT-A and STAT-B genes were identified together as they frequently come 

concomitantly in each BLAST search because of the same domain architecture. The 

percentage of their query coverage, percentage identity and the priority of their 

occurrence get changed but they used to appear concurrently (Figure 2.1). AgSTAT-A 

(3568bp) and AgSTAT-B (2169bp) were separately used as a query for BLAST searches 

for all Anopheles WGS sequences one after another. Homology search in An. stephensi 

genome, through BLAST showed two distinct and diverge genomic scaffold_00038; 

KE388927.1 and scaffold_00093; KE388982.1 with initial match of 11573bp and 

1397bp in the form of two contig. Result shows 65% and 39% query coverage and 95% 

and 66% identity respectively based on AgSTAT-A sequence. One striking outcome was 
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that, second contig had only 39% coverage but does not showed intronic sign, similar to 

An. gambiae AgSTAT-B. These two intact STATs were identified separately from their 

respective contigs and designated as AsSTAT-A (KE388927.1) and AsSTAT-B 

(KE388982.1) in case of An. stephensi (Figure 2.1A and B). 

 

 

Figure 2.1 Somewhat similar BLASTn homology search result appear with AgSTAT-A as 

query showing good similarity and sequence coverage (A). AgSTAT-B sequence when used as 

query showing neither good similarity nor much sequence coverage, confer that STAT-B gene is 

highly divergent in nature (B). 

 

Same exercise was also done for rest other Anopheles species. In some cases we found 

that the computer generated predictions were erroneous or partial. A presumably 

erroneous intron was predicted just after the end of the conserved core sequence of 

STAT-A. Manual curation was done to overcome the erroneous predictions and to 

deliver maximal reliability. Manual annotation through BLAST homology search 

revealed that STAT-A gene from all Anopheles species showed same genomic 

architectures irrespective of their intron lengths. All Anopheles species are conserved in 

number and length of exons while their introns are more or less diverged in size. STAT-

A gene fully covered through homology searches showing 7 exons and 6 introns in the 

whole gene. Their constant exon size is 128bp, 974bp, 124bp, 124bp, 490bp, 340bp and 

79bp in 5’ to 3’ direction which are similar in all species. The 6
th

 intron (I6) of STAT-A 

is the largest one ranging from 4.5-9.0 kb in different species (Table 2.4). Schematic 

representation of AsSTAT-A is given in figure 2.2A. 

B 

A 
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Figure 2.2 Schematic presentations of genomic architecture of AsSTAT-A (A) and AsSTAT-B 

(B) gene. Grey color box and black lines are showing exonic and intronic regions; Black color 

boxes at the ends are 5’ and 3’ UTRs. 

 

Table 2.4 STAT-A gene architecture in 18 Anopheles species. The size of Exons (E1-

E7) and Introns (I1-I6) in base pairs (bp) are mentioned for each species. 

 E1 I1 E2 I2 E3 I3 E4 I4 E5 I5 E6 I6 E7 

An. gambiae 128 80 974 68 124 477 124 81 490 93 340 8342 79 

An. arabiensis ” 71 ” 66 ” 1319 ” 80 ” 78 ” 8755 ” 

An. melas ” 82 ” 91 ” 88 ” 78 ” 77 ” 8056 ” 

An. merus ” 78 ” 90 ” 295 ” 77 ” 93 ” 8523 ” 

An. 
quadriannulatus 

” 80 ” 75 ” 1284 ” 83 ” 78 ” 8652 ” 

An. christyi ” 172 ” 98 ” 94 ” 129 ” 89 ” 5742 ” 

An. funestus ” 110 ” 88 ” 88 ” 129 ” 83 ” 8000 ” 

An. minimus ” 104 ” 83 ” 96 ” 176 ” 78 ” 6669 ” 

An. culicifacies ” 88 ” 71 ” 82 ” 177 ” 71 ” 6880 ” 

An. epiroticus ” 74 ” 82 ” 100 ” 94 ” 97 ” 8516 ” 

An. maculatus ” 80 ” 70 ” 80 ” 78 466 74 ” 7147 ” 

An. stephensi ” 100 ” 76 ” 77 ” 80 ” 67 ” 8683 ” 

An. sinensis ” 84 ” 75 248 - - 74 ” 71 ” 6416 ” 

An. atroparvus ” 77 977 148 ” 84 ” 118 ” 132 ” 5695 ” 

An. dirus ” 76 ” 75 ” 82 ” 77 ” 86 ” 6681 ” 

An. farauti ” 92 ” 87 ” 72 ” 81 ” 84 ” 6147 ” 

An. darlingi ” 84 ” 84 ” 77 ” 94 ” 131 ” 4514 ” 

An. albimanus ” 81 ” 81 ” 86 ” 89 ” 130 ” 4572 ” 

Few species from the cohort showed the occurrence of gene on more than one gDNA 

contigs. An. maculatus, An. melas, An. merus, An. quadriannulatus and An. christyi 

STAT-A gene is lying on two or three different contigs (Table 2.5, third column). Their 

annotation was done with extra care to join both the contig either in (+/+) or (-/-) 

direction for attainment of the full coding sequence. An. maculatus STAT-A relevant 

contig were not able to retrieve full gene sequences. Nucleotide sequence data of STAT-

A of 16 Anopheles species reported here are available in the Third Party Annotation 

(TPA) section of the DDBJ/EMBL/GenBank databases under the accession numbers 

TPA: BK009250-BK009262; BK009380-BK009382 (Table 2.5; last third column). 
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Table 2.5: Table represents the genome attributes of STAT-A gene retrieved from their respective contigs: primary sequence IDs, %identity and coverage; start 

and end position for each analysed Anopheles mosquitoes through BLAST. After annotation the final submitted STAT-A gene reference IDs their size of gene and 

deduced proteins have also been shown in last three column. 

Mosquito Name 
Scaffold/ 

Supercontigs 

Primary 

Sequence ID 

% Query 

Coverage 

% 

Identity 

No. of 

Matches 
Start End 

A
F

T
E

R
  A

N
N

O
T

A
T

IO
N

 

NCBI 

Reference ID 

Gene 

Size (bp) 

Amino 

acids (aa) 

An. arabiensis supercont1.22 APCN01000022.1 98 99 7 2077128 2089755 BK009250 2259 752 

An. melas 

cont2.19858 

cont2.5179 

cont2.5178 

AXCO02019858.1 

AXCO02005179.1 

AXCO02005178.1 

42 

26 

9 

99 

99 

90 

3 

3 

1 

1235 

5324 

6633 

2713 

6435 

6964 

BK009382   2259 752 

An. merus 
cont2.3659 

cont2.3661 

AXCQ02003659.1 

AXCQ02003661.1 

77 

20 

99 

85 

8 

2 

38454 

4635 

50418 

7117 
BK009251 2259 752 

An. 

quadriannulatus 

cont1.4019 

cont1.4015 

APCH01004019.1 

APCH01004015.1 

77 

18 

99 

91 

8 

3 

5707 

38009 

18765 

40478 
BK009253 2259 752 

An. christyi 
cont1.3570 

cont1.21783 

APCM01003570.1 

APCM01021783.1 

63 

2 

93 

96 

7 

1 

4575 

914 

7350 

1001 
BK009252 2259 752 

An. funestus cont1.4905 APCI01004905.1 64 92 8 16786 27748 BK009254 2259 752 

An. minimus cont1.1601 APHL01001601.1 64 94 8 64897 74540 BK009256 2259 752 

An. culicifacies cont1.3811 AXCM01003811.1 61 88 7 6364 16170 BK009255 2259 752 

An. epiroticus cont1.469 APCJ01000469.1 99 91 7 8361 19580 BK009258 2259 752 

An. maculatus* 

cont1.34279 

cont1.20232 

cont1.5479 

AXCL01034287.1 

AXCL01020239.1 

AXCL01005484.1 

54 

34 

3 

93 

93 

96 

4 

2 

1 

1 

1857 

371 

1588 

2703 

453 

BK009380 2235 744 

An. dirus cont1.3648 KB672824.1 99 94 7 3890385 3899721 BK009257 2259 752 

An. farauti cont2.1351 AXCN02001351.1 63 92 7 22853 31684 BK009260 2259 752 

An. sinensis contig013419 KE524855.1 61 91 6 879020 888000 BK009381 2259 752 

An. atroparvus supercont1.14 KI421895.1 99 92 7 3042336 3050881 BK009259 2259 752 

An. darlingi cont8097 ADMH02002153.1 62 78 7 10384 17616 BK009261 2259 752 

An. albimanus cont1.1265 APCK01001266.1 55 79 7 15636 22705 BK009262 2259 752 

* Full gene was not retrieved due to shortage of contig and/or not showing match with another contig. 
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In another episode, less query coverage was observed for STAT-B gene which 

pinpointed that only highly conserved domain was matched and confined only to DNA 

binding and SH2 domain in maximum incidents (Figure 2.1B). To elucidate the full 

STAT-B gene, searches were intensified in both directions of contig in continuous ORF 

to get all four relevant domains of STATs. For full identification of STAT-B CDS; 

AgSTAT-B (AJ010299.1) was selected as a query but it showed high divergence in 

sequence especially from Neotropical, Australasian and Oriental region Anopheles 

species (Table 1.1; Chapter 1). STAT-B gene was found to be intronless in every 

Anopheles species but their less query coverage was confined mainly to SH2 domain 

region except gambiae complex species and An. atroparvus. Remaining portion of the 

STAT-B gene was obtained by extending forward on the same contig or by using 

AsSTAT-A (KR790000) as a query. The whole procedure was done through manual 

annotation using BLAST homology searches. STAT-B gene was found highly diverged 

in CDS length irrespective to STAT-A (2259bp) of Anopheles species (Table 2.6).  

Out of these two STATs, STAT-A has considered as ancestral gene and STAT-B as a 

duplicated gene, arisen through retrotransposition phenomenon. It has been hypothesized 

in case of An. gambiae that a spliced mRNA of AgSTAT-A gene have reverse-

transcribed and integrated back into its genome, giving rise to a second ‘intronless’ 

STAT-B gene through retro-transposition (Zdobnov et al., 2002). Counting on, this 

hypothesis, we retrieved the STAT-B gene in the genome assemblies of 17 Anopheles 

WGS sequences. Schematic representation of AsSTAT-B gene (intronless) is given in 

figure 2.2B. 

Out of 18 only 13 species showed the existence of two STAT genes in their genome. An. 

dirus (from Oriental region), An. farauti (from Australasian region), An. darlingi and An. 

albimanus from new world (Neotropical region) were deficient of STAT-B gene (due to 

lack of duplication) in their genome. Nevertheless, the size of protein among same genus 

of mosquito also varies from 726-750 amino acids (Table 2.6; last third column). 

Nucleotide data of all Anopheles STAT-B genes are reported in the Third Party 

Annotation Section of the DDBJ/EMBL/GenBank databases under the accession 

numbers TPA: BK009265-BK009275. Retrieval of gene sequence from the unannotated 

genome assembly is very cumbersome process and efforts were made to achieve the full 

gene sequences in most of the cases. In very few mosquito’s species where contig size 

was smaller, we were only able to confer the partial gene sequences (e.g. An. maculatus 

STAT-A and An. christyi STAT-B). 
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Table 2.6: Data mining result of STAT-B gene of all Anopheles species. Locations of BLAST hits of An. gambiae AgSTAT-B gene (AJ010299.1) used 

as a query. Table represents their primary sequence IDs, %identity and coverage; start and end position for each analysed Anopheles mosquitoes. The 

final submitted STAT-B gene reference IDs with their size of gene and deduced protein have also been shown. 

 

Mosquito Name 
Scaffold/ 

Contig 

Primary 

Sequence ID 

% Query 

Coverage 

% 

Identity Start End 

A
F

T
E

R
 A

N
N

O
T

A
T

IO
N

 

NCBI 

Reference ID 

Gene 

Size (bp) 

Amino 

acids (aa) 

An. arabiensis cont1.5152 APCN01005153.1 100 98 2411 4597 BK009265 2187 728 

An. christyi* cont1.18593 APCM01018593.1 58 74 1 1301 BK009268 1299 432 

An. funestus cont1.2772 APCI01002772.1 25 67 1712 3591 BK009270 2211 736 

An. melas cont2.19567 AXCO02019567.1 100 96 1718 3898 BK009266 2181 726 

An. merus cont2.4426 AXCQ02004426.1 100 96 562 2742 BK009267 2181 726 

An. quadriannulatus cont1.10110 APCH01010111.1 100 98 5744 7927 BK009269 2184 727 

An. minimus cont1.4283 APHL01004283.1 16 69 3557 4884 BK009272 2208 729 

An. culicifacies cont1.170 AXCM01000170.1 12 72 7829 9165 BK009271 2250 749 

An. maculatus cont1.13601 AXCL01013607.1 17 67 1388 2730 BK009273 2208 736 

An. epiroticus cont1.3133 APCJ01003133.1 57 65 56092 57311 BK009274 2229 739 

An. atroparvus cont1.2665 AXCP01002665.1 23 68 37586 39742 BK009275 2253 750 

 

* Full gene was not retrieved due to shortage of contig and/or not showing match with another contig.
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Table 2.7 Percentage nucleotide and amino acid identity matrix for STAT-A gene among 18 Anopheles species. Upper triangle comprises the % 

nucleotides identity (green color) and lower triangle is showing the percentage of protein identity (grey color). STAT-A gene has revealed the good 

percentage identity with each other at nucleotide as well as protein level. 

 

  
Mosquito Name 

% Nucleotide Identity 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 An. gambiae   99 99 99 99 92 90 91 88 92 92 90 93 92 79 79 89 89 

2 An. arabiensis 100   100 99 100 92 90 91 88 91 92 90 93 92 79 79 89 89 

3 An. merus 100 100   99 99 92 90 91 88 91 92 90 93 92 79 79 89 89 

4 An. melas 100 100 100   99 92 90 91 88 91 92 90 93 92 79 79 89 89 

5 An. quadriannulatus 100 100 100 100   92 90 91 88 91 92 90 93 92 79 79 89 89 

6 An. christyi 100 100 100 100 100   89 90 87 90 92 89 89 88 78 79 87 86 

7 An. funestus 100 100 100 100 100 99   90 90 93 88 90 87 86 79 79 85 84 

8 An. stephensi 100 100 100 100 100 99 100   89 91 90 93 89 88 79 79 86 86 

9 An. culicifacies 96 96 96 96 96 96 96 96   93 87 89 87 86 78 78 84 84 

10 An. minimus 99 99 99 99 99 99 99 99 96   91 91 90 88 79 79 87 86 

11 An. epiroticus 99 99 99 99 99 99 99 99 96 99   89 91 89 80 80 88 87 

12 An. maculatus 97 97 97 97 97 97 97 98 93 97 97   88 87 79 79 86 85 

13 An. dirus 97 97 97 97 97 97 97 97 95 97 97 94   94 78 79 88 89 

14 An. farauti 94 94 94 94 94 94 94 94 92 94 94 92 95   78 78 88 88 

15 An. darlingi 93 93 93 93 93 93 93 93 90 93 93 91 93 90   93 80 79 

16 An. albimanus 93 93 93 93 93 93 93 93 90 93 93 90 92 90 100   80 79 

17 An. atroparvus 95 95 95 95 95 95 95 95 93 95 95 92 94 92 93 93   91 

18 An. sinensis 93 93 93 93 93 93 93 93 91 93 93 90 93 90 92 92 96   

  

% Amino Acid Identity 
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STAT-A and STAT-B partial or full nucleotide and protein sequences of all Anopheles 

species were utilized to build the percentage identity matrix. STAT-A was revealed the 

high percentage of sequence similarity at both nucleotide and protein level. STAT-A 

gene of all Anopheles species showed the conservation in sequences greater than 95% 

(Table 2.7). STAT-A nucleotides sequence diversity are in agreement with the rule that 

dissimilarity in the nucleotide at third position often code the same amino acid. 

Consequently, proteins of different species are maintaining the same structure and 

function; even there is a huge change in coding gene.  

Contrary to the above fact, STAT-B gene was found to be very similar at nucleotide 

level but their protein sequences varied highly from species to species (Table 2.8). 

Although among all the 13 Anopheles species, few of them showed some similarity with 

neighboring species which renders to their taxonomical hierarchy or endemicity of 

particular location. But all of these were very peculiar and dissimilar with each other at 

nucleotide and even more at protein level. This percentage difference at protein level in 

different species of same genus provide the clue that these STATs possibly have some 

different function (independent or in same pathway) which compels us to believe their 

divergent evolution or neofunctionalization of the gene (Rottschaefer et al., 2015). This 

finding supports that STAT-B gene is still under selection pressure and have arisen 

through retro-duplication phenomenon. 

Table 2.8 Percentage nucleotide and amino acid identity for STAT-B gene. Upper triangle 

showing % nucleotides identity (green color) and lower triangle is % identity of deduced amino 

acids (grey color). 

 
Mosquito Name 

% Nucleotide Identity 

  1 2 3 4 5 6 7 8 9 10 11 12 13 

1 An. gambiae   99 97 96 99 73 55 63 54 54 54 53 55 

2 An. arabiensis 97   96 96 98 73 55 63 54 55 54 53 55 

3 An. melas 94 94   96 97 73 55 63 54 54 54 53 55 

4 An.merus 93 93 92   96 73 55 64 54 54 54 53 55 

5 An. quadriannulatus 97 96 94 93   73 55 63 54 54 54 53 55 

6 An. christyi 61 61 63 62 61   59 66 57 56 56 54 58 

7 An. funestus 39 39 39 39 39 45   53 65 72 72 63 57 

8 An. epiroticus 46 46 46 46 46 50 39   53 52 53 52 53 

9 An. maculatus 39 38 38 38 39 42 50 36   63 63 78 58 

10 An. minimus 35 35 35 36 35 44 56 37 48   74 62 58 

11 An. culicifacies 36 36 36 37 36 42 57 37 48 59   62 58 

12 An. stephensi 38 37 37 37 37 41 51 34 66 47 46   60 

13 An. atroparvus 42 42 42 42 43 48 43 39 42 40 42 41   

  

% Amino Acid Identity 



Chapter 2 
 

43 
 

2.3.1.1 Comparative protein domain analysis of STAT-A and STAT-B 

Conserved domains and motifs in these predicted proteins were determined using the 

programs, Pfam or Conserved Domain (CD) search. Protein sequences were aligned 

through Clustal Omega and their conserved motifs was highlighted through web logo 

tool. Alignments of the full translated amino acids illustrate the additional smaller 

conserved motifs consisting of few amino acids in all the sequences. These are located in 

each sequence at a particular site and called as signature motifs. Domains and motifs are 

two main entities that remain conserved during evolution and therefore, important factors 

for evaluating the evolution process. Protein domains of STAT-A and STAT-B were 

compared and their overall organization and domain size with their sequence length as 

well as amino acids present in each domain tabulated in Table 2.9 and 2.10, respectively. 

All Anopheles species have the same functional domain organization for STAT protein 

viz. STAT interaction domain, alpha domain, STAT binding domain and SH2 domain 

presented schematically in Figure 2.3A. 

Table 2.9 Domain size of STAT-A protein from different Anopheles species retrieved through 

CD search. Size of each domain has been given in parentheses. 

Mosquito 

species 

Protein 

Size (aa) 

Signature Domains 

STAT 

interaction 

STAT alpha DNA binding SH2 domain 

An. gambiae 752 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. arabiensis ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. melas ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. merus ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. 

quadriannulatus 
,, 

2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. christyi ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. funestus ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. culicifacies ,, 2-127 (126) 135-322 (188) 324-571 (248) 562-676 (115) 

An. minimus ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. epiroticus ,, 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. stephensi ,, 2-127 (126) 141-322 (182) 324-571 (248) 578-677 (115) 

An. maculatus 744 2-125 (124) 139-320 (182) 322-571 (246) 562-676 (115) 

An. dirus 752 2-127 (126) 141-322 (182) 324-571 (248) 562-676 (115) 

An. farauti ,, 2-126 (125) 141-322 (182) 324-571 (248) 562-676 (115) 

An. sinensis ,, 2-128 (127) 141-322 (182) 324-571 (248) 562-676 (115) 

An. atroparvus ,, 2-128 (127) 142-323 (182) 325-572 (248) 563-677 (115) 

An. darlingi ,, 2-128 (127) 135-322 (188) 324-571 (248) 562-676 (115) 

An. albimanus ,, 2-128 (127) 135-322 (188) 324-571 (248) 562-676 (115) 

All tentative domains were also found in STAT-B protein of all anophelines (Table 

2.10). The known STATs have highly conserved sequences among the DNA binding and 

SH2 domains present at C-terminal. However, the N-terminal STAT interaction and 
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alpha domain have lower homology, compare to C-terminal STAT domains. The 

conserved amino acid residues were also analysed. For example: A tyrosine residue at 

685 position in STAT-A to be phosphorylated by JAKs during activation (Darnell 1997a, 

1997b) was found constantly in each species while the position of tyrosine residue in 

STAT-B were highly variable (Figure 2.3 B and C). 

Table 2.10 Size of STAT-B domains of Anopheles mosquitoes retrieved through Pfam search. 

Size of each domain has been given in parentheses. 

Mosquito Name  Protein 

size (aa) 

STAT 

interaction  

STAT alpha  DNA binding  SH2 domain 

An. gambiae 722 3-116 (114) 121-290 (170) 292-538 (247) 550-628 (79) 

An. arabiensis 728 4-116 (113) 133-295 (163) 297-543 (247) 555-633 (79) 

An. melas 726 4-116 (113) 121-295 (175) 297-543 (247) 555-633 (79) 

An. merus 726 3-116 (114) 133-295 (163) 297-543 (247) 555-633 (79) 

An. 

quadriannulatus 

727 3-116 (114) 94-295 (202) 297-543 (247) 555-633 (79) 

An. christyi 432 - - 10-257 (248) 269-347 (79) 

An. funestus 736 5-119 (115) 133-318 (186) 320-566 (247) 573-656 (84) 

An. epiroticus 738 1-115 (115) 134-310 (177) 320-562 (243) 574-652 (79) 

An. maculatus 735 6-120 (115) 131-316 (186) 318-563 (246) 575-653 (79) 

An. stephensi 743 6-122 (117) 131-316 (186) 318-567 (248) 579-650 (72) 

An. minimus 728 4-120 (117) 132-317 (186) 319-567 (247) 579-650 (72) 

An. culicifacies 749 5-116 (112) 133-319 (187) 321-570 (250) 577-660 (84) 

An. atroparvus 750 2-127 (126) 137-324 (188) 326-574 (249) 586-664 (79) 

 

Figure 2.3 Conserved domains of STAT-A and STAT-B (A) showing consensus motif of DNA 

binding and SH2 domain respectively and phosphotyrosine residue (B and C) necessary for JAK 

activation. 
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Protein sequence analysis showed that consensus motif sequences of STAT-A were 

found constant in all Anopheles mosquitoes while there was a huge variation in STAT-B 

consensus motifs (Figure 2.3). Among highly conserved domains of STATs; STAT-

binding and SH2 domains, consensus motif sequences are “SLPVVV” and “GTFLLRF” 

respectively which was found conserved for each species STAT-A. Whereas it varies a 

lot in case of STAT-B; Anopheles species belonging to Neocellia and Myzorhynchus 

series showed the difference among themselves but remain conserved in the same 

category (Figure 2.3). This variation showed that STAT-B gene is still under high 

selection pressure in above mentioned subgenera and may have some different role either 

in same pathway or different. The C-terminal region containing transactivation potential 

is poorly conserved among STAT-B proteins. Not only do they differ in length, ranging 

from 722-750 amino acids, they are sometimes missing entirely, such as splice variants 

of the mammalian STATs and the Dictyostelium sp. STATs (Zhukovskaya et al., 2004). 

 

2.3.1.2 Phylogenetic correlation of STAT-A and STAT-B gene 

Deduced amino acid sequences of all Anopheles mosquitoes were aligned through 

ClustalW and used for phylogenetic analysis through MEGA 5.2 software. Trees were 

obtained using NJ methods for 18 mosquitoes STAT-A and STAT-B genes, respectively. 

Their biogeographical landmarks support their genetic diversity and convergence 

relationship. Phylogenetic analysis of STAT-A gene also propounded the same genetic 

diversity in different Anopheles species as anticipated from their taxonomical 

categorization. The Asian mosquitoes, An. dirus and An. farauti belong to the series 

Neomyzomyia, consistently suggesting that this series is a phylogenetically separate 

sister clade from the remaining series: Pyretophorus (An. gambiae, An. arabiensis), 

Myzomyia (An. funestus) and Neocellia (An. stephensi) (Figure 2.4). 

STAT-A genes are conserved at protein level therefore they clustered together according 

to their taxonomic groups. An. albimanus and An. darlingi belong to series Argyritarsis 

of subgenus Nyssorhynchus diverged first from the most common ancestor of subfamily 

Anophelinae. More advanced An. sinensis (series Myzorhynchus) and An. atroparvus 

(Series Anopheles) are diverged almost parallel with subgenus Nyssorhynchus. This type 

of diversification was common in both STAT-A and STAT-B genes. An. farauti and An. 

dirus of series Neomyzomyia diverged first from the last common ancestor of subgenus 

Cellia. Rest of the species of subgenus Cellia, An. maculatus and An. stephensi (series 

Neocellia), An. minimus and An. culicifacies (series Myzomyia) and gambiae complex 



Chapter 2 
 

46 
 

species along with An. christyi and An. epiroticus (series Pyretophorus) were clustered 

together in STAT-A and STAT-B (Figure 2.4). 

 

 
Figure 2.4 Phylogenetic tree of all Anopheles species of STAT-A and STAT-B gene obtained 

through NJ method. The clustering patterns were labeled with their specific taxonomical 

position; on left side subgenus and curly braces on right side are showing the series where they 

belong. The numbers on the branches represent the % of 1000 bootstrap. Black circle (●): 

Pyretophorus – gambiae complex and white circle (○): non-gambiae complex. Black square (■): 

Myzomyia and White square (□): Neocellia. Black triangle (▲): Neomyzomyia, Inverted black 

triangle (▼):  Argyritarsis, Black diamond (♦): Anopheles, White diamond (◊): Myzorhynchus. 
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2.3.2 Identification and annotation of SOCS5 genes 

Suppressors of cytokine signaling (SOCS) protein function as negative regulator of 

cytokine signaling and are involved in fine tuning of the immune responses. In contrast 

to other STAT pathway components, which exist as single members in invertebrates, 

three SOCS family members have been identified in fruit fly (SOCS36E, SOCS44A, 

SOCS16D) (Karsten et al., 2002). Among these three; SOCS36E is the orthologous to 

human SOCS5 and functions as negative regulator in JAK-STAT signaling pathway. 

SOCS5 nucleotide sequences from different Anopheles species were extracted from 

BLAST driven genome databases as described previously. Among all Anopheles species, 

An. maculatus is not showing complete match with any of the contigs, probably due to 

incomplete genomic assembly during the time when data was retrieved. In this case, the 

exon-I was only able to hunt through homology search. Similarly, An. albimanus, An. 

sinensis, An. atroparvus and An. darlingi SOCS5 gene showing high variability at 

5’region; their exon II size was also found larger compared to other species (Table 

2.11).The accession IDs of contigs and size of CDS for all SOCS5 of Anopheles are 

listed in Table 2.12.  

 

Table 2.11 SOCS5 gene architecture in 18 Anopheles species. The size of exons and introns are 

mentioned for each species. 

Mosquito Name  Exon I 

(bp) 

Intron I 

(bp) 

Exon II 

(bp) 

Intron II 

(bp) 

Exon III 

(bp) 

 An. gambiae 374 548 525 84 298 

 An. arabiensis 374 544 525 82 ” 

An. melas 365 744 525 114 ” 

An. merus 371 545 525 83 ” 

An. quadriannulatus 380 548 525 99 ” 

 An. christyi 380 637 510 82 ” 

 An. epiroticus 374 676 513 79 ” 

 An. funestus 350 660 513 85 ” 

 An. minimus 362 608 513 64 ” 

 An. culicifacies 374 516 513 65 ” 

 An. maculatus* 389 187 - - - 

 An. stephensi 383 606 513 75 ” 

 An. dirus 350 873 537 487 ” 

An. farauti 347 813 537 128 ” 

 An. sinensis 398 1686 597 70 ” 

An. atroparvus 362 829 582 81 ” 

 An. darlingi 344 291 559 89 ” 

 An. albimanus 341 191 555 86 ” 

* Full gene was not retrieved due to shortage of contig and/or not showing appropriate 

match with any other contigs. 
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Table 2.12 Data mining result of SOCS5 gene of all Anopheles species. Table represents the genome attributes of SOCS5 gene retrieved from their 

respective contigs: primary sequence IDs, %identity and coverage; start and end position for each analysed Anopheles mosquitoes through BLAST. After 

annotation the final SOCS5 gene size and deduced proteins have also been shown in last two columns. 

 

Mosquito Name 
Contigs/ 

Chromosome 
Sequence ID 

% Query 

Coverage 

% 

Identity 

Gene 

size 

(bp) 

Start 

(bp) 
End (bp) 

A
F

T
E

R
  A

N
N

O
T

A
T

IO
N

 

CDS 

(bp) 

amino 

acids 

(aa) 

An. gambiae chromosome 3L NT_078267.5 100 99 1829 15673360 15671532 1197 398 

An. arabiensis supercont1.6 KB704895 99 99 2015 2671828 2674075 1197 398 

An. melas cont2.6542 AXCO02006542 98 94 2238 863 3314 1188 395 

An. merus supercont2.1 KI915156.1 100 96 2136 6566114 6568356 1194 397 

An. 

quadriannulatus 
supercont1.7 KB667888.1 100 96 2166 1043486 1045758 1203 400 

An. christyi supercont1.906 KB703082 93 87 2108 13996 16208 1188 395 

An. epiroticus supercont1.194 KB670658.1 90 91 2141 298990 301231 1185 394 

An. funestus supercont1.111 KB668345 80 84 2120 278126 280245 1161 386 

An. minimus supercont1.4 KB663943.1 100 94 1845 5639113 5640957 1173 390 

An. culicifacies 
cont1.17340 

cont1.5070 

AXCM01017340 

AXCM01005070 

51 

35 

84 

70 
2748 

3228 

17704 

4124 

18273 
1185 394 

An. maculatus* cont1.37974 AXCL01037983 32 81 389 942 1330 389 129* 

An. stephensi contig_3551 ALPR02003551 87 87 2029 52284 53972 1194 397 

An. dirus cont1.2079 APCL01002080 91 88 2743 72739 75582 1185 394 

An. farauti supercont2.6 KI915045.1 91 85 2321 11051573 11053963 1182 393 

An. sinensis scf7180000695811 KE524349.1 62 83 1376 504766 506042 1293 430 

An. atroparvus supercont1.12 KI421893.1 96 83 2152 1249127 1251278 1242 413 

An. darlingi cont7210 
ADMH0200168

0 
100 91 1581 126663 128243 1125 374 

An. albimanus supercont1.4 KB672424.1 55 79 2495 13624554 13625509 1194 397 

  

 * Full gene was not retrieved due to shortage of contig and/or not showing appropriate match with any another contig.
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The nucleotides and protein sequences are highly variable for above mentioned mosquito 

species. Sequence analysis based on AgSOCS5 with all Anopheles genome database 

confirmed the presence of three exons separated by two introns (Figure 2.5). The length 

of exon I and exon II speckled from one species to another species which leads to the 

variability in N-terminal domain of SOCS5 proteins (Table 2.11 and 2.13). 

Consequently, the size of SOCS5 gene, whose full genes are completely retrieved, varies 

from 1100bp to 1200bp. There are three exons and two introns were found common in 

all Anopheles species. Exon III, among all coding sequences was found to be analogous 

by having the 298bp sequence length which was found equivalent in all Anopheles 

species.  

 

Figure 2.5 Schematic organization of SOCS5 gene in An. stephensi (5’→ 3’). The size of 1st 

and 2nd exons varies from species to species while and 3
rd

 exon is 298bp equivalent in all 

Anopheles species. 

 

2.3.2.1 Conserved domains of SOCS5 

SOCS5 share a similar domain organization; central SH2 domain, conserved C-terminal 

SOCS box and the N-terminal domains that vary in length and amino acid sequence 

(Figure 2.6A). The SOCS-box motif is an essential protein domain, through which 

Elongin B and Elongin C interact and subsequently recruit Cullin-5 and Rbx-1 protein. 

Centrally located Src homology 2 (SH2) domains mediates the interaction with 

phosphorylated tyrosine (pTyr) residues. Protein sequence analysis of all Anopheles 

reveals the presence of highly conserved SH2 and SOCS box domains and least 

conserved N-terminal region (Dhawan et al., 2015) (Figure 2.6 B, C and D). 

Comparatively, the N-terminal of SOCS5 protein is larger in size and contain N-terminal 

conserved region (NTCR) which found to be conserved among family members (Figure 

2.6B). 

The SH2 and SOCS box domains showed 99-100% similarity with each other and 80-

85% similarity while comparing the whole SOCS5 protein of Anopheles (Table 2.14).  It 

indicated that SH2 and SOCS box domains were highly conserved during evolution due 

to their important role in receptor signaling. These observations indicate that SOCS N-

terminal amino acids identity is solely similar, rather limited to, anopheline SOCSs. This 

variability may indicate that all the domains of SOCS experienced differential selection 
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pressures and it provides the evidence that N-terminal domain is under least selection 

pressure (Wang et al., 2010). 

 
Table 2.13 Size of SOCS5 protein domains from different Anopheles species through CD search. 

Mosquitoes Size of 

Protein 

N-terminal 

region 

Range (size-aa) 

of SH2 domain 

Range (size) of 

SOCS box 

An. gambiae 398 231 232-331 (101) 340-389 (50) 

An. arabiensis 398 231 232-332 (101) 342-391 (50) 

An. melas 395 228 229-329 (101) 339-388 (50) 

An. merus 397 230 231-331 (101) 341-390 (50) 

An. quadriannulatus 400 233 234-334 (101) 344-393 (50) 

An. christyi 395 228 229-329 (101) 339-388 (50) 

An. epiroticus 394 227 228-328 (101) 338-387 (50) 

An. funestus 386 219 220-320 (101) 330-379 (50) 

An. minimus 390 223 224-324 (101) 334-383 (50) 

An. culicifacies 395 228 229-329 (101) 339-388 (50) 

An. maculatus 129 129 - - 

An. stephensi 397 230 231-331 (101) 341-390 (50) 

An. dirus 394 227 228-328 (101) 338-387 (50) 

An. farauti 393 226 227-327 (101) 337-386 (50) 

An. atroparvus 413 246 247-347 (101) 357-406 (50) 

An. sinensis 430 310 311-411 (101) 421-470 (50) 

An. albimanus 397 230 231-331 (101) 341-390 (50) 

An. darlingi 374 207 208-308 (101) 318-367 (50) 

 

Table 2.14 Percentage amino acid identity matrix of SOCS5 protein from different Anopheles 

species 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 An.gambiae 100

2 An.arabiensis 99 100

3 An.melas 98 98 100

4 An.merus 99 99 98 100

5 An.quadriannulatus99 99 98 99 100

6 An.christyi 88 89 88 89 88 100

7 An.epiroticus 88 89 88 88 88 89 100

8 An.funestus 85 85 85 85 84 89 88 100

9 An.minimus 85 85 85 85 84 89 90 96 100

10 An.culicifacies 85 85 85 85 84 88 88 96 96 100

11 An.stephensi 86 86 86 86 85 89 87 93 95 94 100

12 An.farauti 85 85 84 85 85 87 85 86 87 86 86 100

13 An.dirus 86 87 86 87 86 88 86 88 89 88 88 94 100

14 An.atroparvus 77 78 78 78 77 78 78 78 80 80 78 81 81 100

15 An.sinensis 76 76 77 77 76 76 76 77 77 77 77 77 78 85 100

16 An.albimanus 70 71 71 71 71 70 72 72 71 71 71 71 72 74 75 100

17 An.darlingi 69 69 69 70 69 71 72 72 70 71 71 69 69 69 69 89 100
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Figure 2.6 A. Schematic presentation of SOCS5 protein. B. Conserved region covered in 

black rectangle of N-terminal domains considered as a NTCR (N-terminal conserved region) 

among all Anopheles species which may act like JAK interacting region (JIR) orthologs of 

mammalian SOCS5 and SOCS4. C & D. SOCS protein has highly conserved SH2 and SOCS 

box domains in all Anopheles mosquitoes. 

 

2.3.2.2 Phylogenetic correlation of SOCS5 

The phylogenetic tree was constructed using the full length protein sequences of SOCS5 

of all Anopheles species except An. maculatus. The evolutionary relationships among 

different proteins were inferred through Neighbor-Joining (NJ) method (Saitou et al., 

1997). The branch support of the NJ phylogenetic tree was estimated using a bootstrap 

test with 1000 replicates. The percentage of replicate trees in which the associated taxa 
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clustered together in the bootstrap test is shown next to the branches. In case of gaps or 

missing data in sequences, partial deletion and p-distance of the sequences parameters 

was chosen. Other parameters were kept as default. Deduced amino acid sequences of 

SOCS5 gene of all Anopheles species were aligned by ClustalW in MEGA 5.2 software 

and further used for phylogenetic analysis (Tamura et al., 2011). The resulting 

phylogenetic tree was analyzed based on clusters and nodes formed. 

Evolutionary trend of 17 Anopheles mosquito SOCS5 genes support their genetic 

diversity and convergence relationship. SOCS5 gene of all Anopheles species is clustered 

according to their taxonomical hierarchy (Figure 2.7). Series Pyretophorus mosquitoes 

are clustered in one group whereas another cluster has the mosquito species belong to 

series Myzomyia and Neocellia of subgenus Cellia. Evolutionary tree of SOCS5 gene of 

all 17 mosquito species reveal same taxonomical hierarchy which is according to 

Anopheles evolution. 

 

Figure 2.7 Phylogenetic tree of SOCS5 gene obtained through NJ method of all Anopheles 

species. The clustering patterns were further labeled with their taxonomic groups. The numbers 

on the branches represent the % of 1000 bootstrap. Black circle (●): Pyretophorus – gambiae 

complex and white circle (○): non-gambiae complex. Black square (■): Myzomyia and White 

square (□): Neocellia. Black triangle (▲): Neomyzomyia, Inverted black triangle (▼):  

Argyritarsis, Black diamond (♦): Anopheles, White diamond (◊): Myzorhynchus. 
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2.3.3 Identification and annotation of PIAS genes 

Transcriptional suppression plays a central role in regulation of eukaryotic gene 

expression.  Protein factors that obstruct in DNA binding activity of a transcription factor 

by corepressors control the basal transcriptional machinery or remodeling chromatin 

(Horwitz et al., 1996). The PIAS proteins have been shown to function as E3 ligases that 

facilitate the SUMO modification of a number of transcription factors (Rogers et al, 

2003; Shuai, 2006). There is a single PIAS gene present in both Drosophila and Aedes, 

whilst four PIAS members in mammals (PIAS1, PIAS3, PIASx, PIASy) (Betz et al., 

2001). In other insects including Anopheles, the probability of having one PIAS gene is 

definite. After the finding of two STAT genes, are present in majority of Anopheles 

species, then PIAS gene was taken into account to check the numbers of orthologous 

gene present in these species. 

There is a lack of experimentally verified PIAS full gene for mosquitoes, even for An. 

gambiae hence An. aquasalis (Neotropical, new world) was first used as query. The full-

length AqPIAS cDNA consists of 2407bp including a 1953bp CDS, which encodes a 

protein of 651 amino acid, as well as a 211bp 5’-UTR and 243bp 3’-UTR respectively 

(Bahia et al., 2011). We observed a huge genomic diversity among new world (Nearctic 

and Neotropical) and old world (Afrotropical and Oriental) mosquito species, that’s why 

An. stephensi AsPIAS gene was used for query. Initially, An. aquasalis AqPIAS full 

gene sequence (HM851177) was used for predicting the An. stephensi full gene.  

We followed the same strategy to retrieve the PIAS gene from the genome assembly of 

individual Anopheles mosquitoes. The full PIAS genes of all Anopheles species showed 

10 exons and 9 introns, found common in all full annotated Anopheles species except An. 

sinensis (Table 2.15). The size of exons in An. stephensi in 5’ to 3’ direction are 42bp, 

164bp, 661bp, 241bp, 106bp, 129bp, 164bp, 95bp, 196bp and 77bp respectively (Figure 

2.8). The annotated CDS and deduced amino acids sequence have been tabulated in 

Table 2.16. The sequence length of all Anopheles PIAS gene, whose full genes were 

annotated vary from 1750bp to 1953bp. An. maculatus and An. darlingi PIAS genes were 

not fully retrieved due to less query coverage or some of the sequence at 3’ end was not 

matching with any of the contigs. 
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Table 2.15 Retrieved PIAS gene architecture of all Anopheles species. The size of exons and introns are mentioned for each species. 

Mosquito Name  E1 I1 E2 I2 E3 I3 E4 I4 E5 I5 E6 I6 E7 I7 E8 I8 E9 I9 E10 CDS 

 An. gambiae 42 1149 164 94 631 94 241 75 106 78 129 89 164 136 137 40 181 1916 77 1872 

 An. arabiensis ” 1151 ” 94 631 87 ” 81 ” 78 ” 89 ” 159 137 40 181 2898 92 1887 

An. melas ” 1142 ” 94 631 126 ” 70 ” 79 ” 95 ” 177 137 45 136 1636 77 1827 

An. merus ” 1186 ” 98 631 85 ” 72 ” 79 ” 94 ” 142 95 84 181 1627 77 1827 

An. 

quadriannulatus 

” 1135 ” 91 631 87 ” 74 ” 78 ” 90 ” 177 54 28 240 1636 70 1841 

An. christyi ” 1047 ” 79 631 63 ” 76 ” 79 ” 79 ” 78 98 78 195 2109 75 1815 

 An. epiroticus ” 1246 ” 122 574 79 ” 60 ” 96 ” 104 ” 473 98 81 196 1761 74 1792 

An. stephensi ” 1136 ” 88 661 89 ” 75 ” 77 ” 89 ” 133 95 80 196 1487 77 1875 

An. maculatus* ”  ” 155 499 91 ” 70 ” 76 ” 80 ” 100 95 - - - - - 

An. culicifacies ” 1036 ” 141 610 77 ” 79 ” 78 ” 99 ” 143 98 87 181 972 74 1809 

An. minimus ” 1030 ” 88 661 77 ” 25 ” 73 143 62 ” 726 98 80 181 1241 74 1764 

An. funestus ” 1025 ” 82 634 98 ” 90 ” 89 133 88 ” 268 98 2530 82 1102 137 1800 

An. dirus ” 1160 ” 94 664 86 ” 86 ” 224 ” 731 161 515 95 72 184 527 77 1863 

An. farauti ” 1130 ” 98 661 78 ” 64 ” 377 ” 313 154 620 95 87 184 560 70 1859 

An. atroparvus ” 902 ” 71 619 114 ” 88 ” 80 ” 95 ” 74 92 88 163 894 128 1848 

 An. sinensis# ” 846 ” 117 616 72 ” 86 ” 82 ” 71 ” 113 92 77 166 - - 1724 

An. darlingi* ” 128 ” 63 643 71 ” 85 ” 71 137 47 147 76 102 62 166 2388  1758 

 An. albimanus ” 108 ” 54 637 72 ” 68 ” 69 ” 58 ” 71 98 67 166 2013 84 1953 

* Full gene was not retrieved due to shortage of contig and not showing match with any other contig. # An. sinensis contain only 9 exons and 8 

introns. 

 

Figure 2.8 Generalized schematic organization of AsPIAS gene in 5’→ 3’direction. The genomic architecture is showing ten exons, separated by nine 

introns; first and ninth introns are larger in size. Grey colour boxes at the end are showing the 5’ and 3’ UTRs. 
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Table 2.16 Data mining result of PIAS gene of all Anopheles species. Locations of BLAST hits of Anopheles protein inhibitor of activated 

STAT genes. Table represents their primary sequence IDs, %identity and coverage; start and end position for each analysed Anopheles 

mosquitoes. The final annotated PIAS gene size and deduced protein have also been shown. 

 

Mosquito Name  Contigs/ 

Chromosome  

Sequence ID % 

Query 

coverage 

% 

Identity 

Gene 

size 

(bp) 

Start 

(bp) 

End (bp) 

A
F

T
E

R
 A

N
N

O
T

A
T

IO
N

 

CDS 

(bp) 

Amino 

acids (aa)  

 An. gambiae chromosome 2L   NT_078265.2  93 76 5536  8615382 8620917 1872 623 

 An. arabiensis supercont1.15  KB704396.1  99 98 6564 5120699 5126594 1887 628 

An. melas cont2.8888  AXCO02008888  88 77 5284  7330 12613 1869 623 

An. merus supercont2.112 KI915267.1 88 76 5297 387000 386930 1827 609 

An. 

quadriannulatus 

supercont1.18  KB666287.1  88 76 5237  759912 765188 1841 613 

 An. christyi supercont1.1024 

supercont1.4376 

KB674025.1 

KB697878.1 

96 

4 

82 

93 

6807 

 

16384 

2110 

19722 

2185 

1803 600 

 An. epiroticus supercont1.380 KB671599.1  89 75 5814  160413 166222 1794 597 

 An. funestus supercont1.31  KB668848.1  66 74 7173 56306 62411 1800 599 

 An. minimus supercont1.2  KB663721.1 95 81 5329  19059412 19064736 1911 589 

An. culicifacies cont1.5731  AXCM01005731 95 82 4521  7652 12168 1809 602 

 An. maculatus * supercont1.1367

3 

KI436596.1 73 91 1970 1022 2999 1398 466* 

 An. stephensi scaffold_00068  KE388957.1 73 76 5129  825853 831577 1875 624 

 An. dirus supercont1.11  KB672602.1 87 78 5358  964955 970305 1860 620 

An. farauti supercont2.5  KI915044.1  99 84 5179 7449830 7455002 1859 618 

 An. sinensis scf71800069604

8  

KE525340.1 55 70 4552  18249 22800 1724 574 

An. atroparvus supercont1.5 KI421886.1 48 75 4254  2682241 2686049 1848 615 

 An. darlingi* cont3176  ADMH02000560 63 69 2380  709 3275 1758 585 

 An. albimanus supercont1.31  KB672415.1  89 91 4604  140496 145280 1953 650 

* Full gene was not retrieved due to shortage of contig and not showing match with any other contig. 
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2.3.3.2 Conserved domains of PIAS proteins 

PIAS proteins were initially described as regulators of STAT signaling and were therefore 

named as protein inhibitor of activated STAT (PIAS). PIAS proteins regulate transcription 

through several mechanisms, including blocking the DNA-binding activity of transcription 

factors, recruiting transcriptional co-repressors and promoting protein sumoylation (Shuai 

and Liu, 2005). The size of PIAS protein in Anopheles varies from the 574 amino acids in 

An. farauti to 645 amino acids in An. sinensis but they share same conserved domain 

architecture (Table 2.17). The PIAS protein family contains several highly conserved 

regions (Fig 2.9 A).  

 
Table 2.17 PIAS protein domains size from different Anopheles species 

Mosquitoes 
Protein Size 

(aa) 

SAP domain 

(aa) 

PINIT domain 

(aa) 

MIZ/SP-RING 

zinc finger (aa) 

An. gambiae   640 2-34 (33) 162-319 (158) 364-413 (50) 

An. arabiensis 616 17-49 (33) 183-334 (152) 379-427 (48) 

An. melas 623 17-49 (33) 183-334 (152) 379-428 (50) 

An. merus 609 17-49 (33) 183-334 (152) 379-428 (50) 

An. quadriannulatus 613 17-49 (33) 183-334 (152) 379-428 (50) 

An. christyi 562 17-51 (35) 179-330 (152) 375-424 (50) 

An. epiroticus 597 20-48 (29) 166-317 (152) 362-411 (50) 

An. funestus 608 20-48 (29) 193-344 (152) 389-438 (50) 

An. minimus 589 20-46 (27) 193-344 (152) 388-403 (16) 

An. culicifacies 602 20-46 (27) 176-327 (152) 372-421 (50) 

An. maculatus 466 6-34 (29) 125-276 (152) 321-370 (50) 

An. stephensi 624  20-48 (29) 193-344 (152) 389-438 (50) 

An. dirus 620 17-47 (31) 194-345 (152) 390-439 (50) 

An. farauti 574 20-48 (29) 193-344 (152) 389-405 (17) 

An. sinensis 645  17-45 (29) 175-326 (152) 371-420 (50) 

An. atroparvus 615 17-49 (33) 179-330 (152) 375-424 (50) 

An. albimanus 524 20-48 (29) 183-336 (154) 381-430 (50) 

An. darlingi 585 20-48 (29) 185-338 (154) 383-432 (50) 

An. aquasalis  650 20-48 (29) 181-338 (158) 383-432 (50) 

The most striking conserved domain of the PIAS family is a MIZ/SP-RING-finger-like 

zinc-binding domain (RLD) and the SAP (scaffold attachment protein-A/B, acinus and 

PIAS) domain. The N-terminal SAP domain is evolutionarily conserved in proteins 

ranging from yeast to human in origin. They share the origin with other chromatin-binding 

proteins, such as scaffold attachment factor A and B (SAFA and B) (Aravind and Koonin 

2000). The SAP domain can recognize and bind to AT-rich DNA sequences present in 

scaffold-attachment regions/matrix-attachment regions (S/MAR) and provide a unique 

nuclear microenvironment for transcriptional regulation (Kipp et al. 2000). Incorporated 
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within the SAP domain, PIAS proteins have an LxxLL signature motif that has been 

suggested to mediate interactions with the nuclear receptors and their co-regulators. 

(Figure 2.9 B) It has also been seen that the LxxLL motif in PIAS is essential for the 

PIAS mediated down regulation of STAT activity, but it is not required for the STAT1-

PIASy interaction (Heery et al., 1997; Liu et al., 2001). In all Anopheles species the 

LQQLL motif is conserved except in subgenus Nyssorhynchus where LQHLL is present. 

 

Figure 2.9 Conserved domains of PIAS protein, consensus motif and sequence variability. A. 

Schematic representation of three conserved domains of PIAS protein. B. Highly conserved SAP 

domain, showing consensus motifs (LxxLL) in all Anopheles mosquitoes captured in rectangular 

selection. C. Least conserved PINIT domain showing high variability in protein sequence have 

PVNIT motif. D. Third conserved MIZ/SP RING Zn Finger domain possibly mediates 

noncovalent interactions with SUMO (small ubiquitin-like modifier). 

 

Next to the SAP domain, the Pro-Ile-Asn-Ile-Thr (PINIT) domain is attached, which 

represents a highly conserved region of PIAS proteins and involved in the nuclear 

retention of PIAS (Duval et al., 2003). This signature motif PINIT thought to regulate the 

subcellular localization found in each Anopheles species with some modification P`V’NIT 

(Figure 2.9 C). The centrally situated PINIT domain is least conserved and larger in size 

compared to other domain of the PIAS protein (Table 2.17). The C-terminal RING 

(Really Interesting New Gene)-finger-like zinc-binding domain (RLD) in the end of the 

protein is the most conserved region and is needed for the SUMO (small ubiquitin-like 
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modifier) E3 ligase function of PIAS proteins (Fig. 2.9 D) (Hochstrasser, 2001; Rytinki et 

al., 2009). Adjacent to the RING domain, a SUMO interacting motif is there, which 

mediates noncovalent interactions with SUMO proteins (Johnson, 2004; Sharrocks, 2006).  

 
2.3.3.2 Phylogenetic correlation of PIAS 

Similar to STAT-A gene, PIAS gene was also found conserved at protein level therefore 

they are clustered together according to the taxonomic groups. An. albimanus, An. darlingi 

along with An. aquasalis belong to series Argyritarsis of subgenus Nyssorhynchus that 

diverged first from the last common ancestor of subfamily Anophelinae. More advanced 

An. sinensis (series Myzorhynchus) and An. atroparvus (Series Anopheles) are diverged 

almost parallel with subgenus Nyssorhynchus (Figure 2.10). This diversification was 

found common in STAT-A, PIAS and SOCS5 gene. An. farauti and An. dirus of series 

Neomyzomyia have shown diverged first from the last common ancestor from subgenus 

Cellia. Rest of the species of subgenus Cellia, An. maculatus and An. stephensi (series 

Neocellia), An. minimus and An. culicifacies (series Myzomyia) and series Pyretophorus 

species were clustered together (Figure 2.10). 

 

Figure 2.10 Phylogenetic tree of PIAS gene obtained through NJ method for all Anopheles 

species. The clustering patterns were further labeled with their taxonomic groups. The numbers on 

the branches represent the % of 1000 bootstrap. Color and shape codes are as follows: black circle 

(●): Pyretophorus – gambiae complex and white circle (○): non-gambiae complex. Black square 

(■): Myzomyia and Neocellia. Black triangle (▲): Neomyzomyia, Inverted black triangle (▼):  

Argyritarsis, Black diamond (♦): Anopheles, White diamond (◊): Myzorhynchus. 
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2.4 Discussion 

Mosquitoes are the primitive metazoans in the living world where two STATs genes 

appeared for the first time in the taxonomical hierarchy. Among insects, D. melanogaster 

STAT pathway is well studied with their human orthologs for each component. Anopheles 

mosquitoes are separated from Drosophila through a common ancestor 260 million year 

ago and due to have divergent habit and habitat lead to different genome (Zdobnov et al., 

2002). Report based comprehensive investigation exhibit that only Anopheles mosquitoes 

are the initial organism where two STAT genes appeared first. In An. gambiae two STAT 

genes showed its versatile effect on bacteria and Plasmodium infection (Barillas-Mury et 

al., 1999; Gupta et al., 2009). 

Both STAT genes participate as the transcriptional regulator beginning to end (STAT-B 

regulates the STAT-A activation) and initiate the transcription of several effector genes to 

overcome the infection but their mechanism of action is still not clear (Gupta et al., 2009). 

An. gambiae has shown the late phase immune response against P. falciparum infection 

and contrary to that, another species from Neotropical region; An. aquasalis has shown 

invert effect (Early phase immunity) of STAT gene upon P. vivax infection (Bahia et al., 

2011). Hence, it might be possible, two different type of mechanism exist in different 

subgenus of Anopheles. Analysis of 18 Anopheles genome, showed ancestral STAT gene 

(STAT-A) and retroduplicated STAT-B are present in the genome of 13 Anopheles 

species. While only one STAT gene (ancestral STAT-A) is present in 5 Anopheles species. 

Retro-duplicated STAT-B gene is not found in the genome of An. darlingi, An. albimanus, 

An. sinensis, An. dirus and An. farauti. 

This suggested that retro-duplication event occurred more recently even before the 

divergence of the Anopheline and Culicine lineages (145-200MYA; Krzywinski et al., 

2006), yet the two STAT copies are remarkably diverged. STAT-A deduced amino acid 

sequences are very much identical to each other and showed high similarity in the 

conserved motifs. Whereas STAT-B was found similar in domain architecture but 

sequentially it was very much different from one another especially in species belongs to 

subgenus Nyssorhynchus and Neomyzomyia of subgenus Cellia. Gene duplicates are often 

maintained in the genome because they acquire a function that is distinct from that of the 

ancestral gene. Even though the rapid divergence of STAT-B, there is no evidence of 

pseudogenization and both STAT-A and STAT-B appear to play a dependent role in 

immunity in the same pathway (Gupta et al. 2009). In this case, we may predict evidence 

of adaptive evolution in STAT-B, particularly when compared with STAT-A, due to high 
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amino acid divergence (Rottschaefer et al., 2015). According to the previous reports 

related to evolution of genome, it is an implicit fact that when genes are retrotransposed 

there will be introns in the parental copy, but no introns in the daughter copy. As far as the 

JAK-STAT signaling pathway is concerned, its involvement in defense mechanism of 

insects have been reported very piercingly which maintain the fact that immune pathway 

genes are more rapidly evolved than non-immune genes (McTaggart et al., 2012). 

SOCS5 is an important molecule of the STAT pathway which regulates the developmental 

processes and immune responses (Dhawan et al., 2015). Particularly, STAT pathway 

regulates the expression of SOCS5 gene in a downstream process which bind to JAKs and 

negatively suppress the pathway of its own origin (Wang et al. 2011). SOCS5 proteins 

display a three-part architecture, the N-terminal, central SH2 and C-terminal SOCS box 

domain. The SH2 domain is involved in substrate binding through recognition of cognate 

phosphotyrosine motif. Anophelines SOCS5 domains (SH2 and SOCS box) exhibit 

considerable higher amino acids identity with each others. However, the N-terminal region 

is highly divergent and may indicate that different Anopheline SOCS5 domains 

experienced differential selection pressures. This diversified N-terminal of SOCS protein 

have a conseved 92 amino acid long NTCR which may function like the JIR (JAK 

inhibitory region) of mammalian SOCS5 (Feng et al., 2011; Chandrashekaran et al., 

2015). Sequence analysis reveals the existence of Elongin B/C box in SOCS box domain 

(~50 amino acids) depicts how SOCS acts as adaptor protein to regulate signal 

transduction by linking their substrates to the ubiquitination machinery which eventually 

leads to proteosomal degradation of the target proteins in a way similar to other insects 

(Stec and Zeidler, 2011). The PIAS protein has been proposed to interact with many 

transcription factors involved in the immune system. PIAS protein revealed much 

conserved domains viz. SAP domain, PINIT domain and the MIZ/SP-RING zinc finger 

domain. Phylogenetic study of SOCS and PIAS genes reveal the same evolutionary 

pattern as it was followed in taxonomical hierarchy. 

 

2.5 Conclusion 

Two STAT transcription factors were only been recognized in An. gambiae genome. We 

here elucidated the occurrence of two STAT genes in other Anopheles species except An. 

darlingi, An. albimanus, An. sinensis, An. dirus and An. farauti in which only ancestral 

STAT was found. The significance of having two STAT genes in mosquito genome like 

vertebrates is very interesting because surprisingly it is not present in other insects 
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including Drosophila (Zdobnov et al., 2002). We showed that it is possible to reconstruct 

the taxonomic hierarchy of this gene family, taking advantage of its individual protein 

sequence. Both STATs are sharing the same STAT functional domain. This study was 

investigated to understand the differential evolution of STAT gene since the formation of 

the canonical JAK-STAT signaling pathway. This study will provide new insights into the 

evolutionary process, with implications for immune system evolution in different 

Anopheles mosquitoes. The STAT genes family of mosquito makes a remarkable study for 

molecular evolution, as it is fairly small, usually no more than two paralogs per species. 

Interestingly, we found that Anopheles SOCS5 is present in all Anopheline mosquitoes 

with variable length due its N-terminal diversity. The SH2 and SOCS box domain exhibit 

considerable higher amino acids identity with each other. We have observed the N-

terminal region of all Anopheles species have some conserved region called as NTCR and 

might be the orthologs of human JIR of SOCS5. 

PIAS gene architecture confirms the presence of 10 exons, separated by 9 introns.  

Phylogenetic analysis indicates PIAS of same series of Anopheles are closer to each other. 

The study gives an insight into changes that may be taking place in the JAK-STAT 

pathway genes from Anopheles genome. The canonical cytokine receptor-JAK-STAT 

system, including its key negative regulators, evolved prior to the appearance of chordates, 

being observed in extant invertebrates such as fruit fly (Liongue et al., 2012). This study 

has sought to understand the subsequent evolution and diversification of this system 

during invertebrate evolution through the examination of the STAT, PIAS and SOCS gene 

in relevant species.  
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3.1 Introduction 

3.1.1 Role of STAT signaling pathway in development of insects 

Drosophila melanogaster has been extensively used as a representative organism in 

developmental research. These studies have revealed the essential role of the JAK-STAT 

pathway in many developmental processes (Harrison et al., 1995). The first evidence that the 

JAK-STAT pathway involved in development came from the characterization of dominant 

gain-of-function alleles of hop (Perrimon and Mahowald, 1986; Williams, 2000). The 

massive amount of roles played by this signal transduction pathway regulated through 

multiple regulatory mechanisms. Its role starts with sex determination and segmentation and 

subsequently the formation of the tracheal pits, elongation of intestinal tracks and formation 

of the posterior spiracles in Drosophila (Arbouzova and Zeidler, 2006). Other, less well 

defined roles include: development of axons within the central nervous system and 

embryonic dorsal/ventral patterning (Ihle et al., 1996). This pathway is also needed for eye 

development, cell proliferation, photoreceptor differentiation and establishment of equator 

and ommatidia polarity (Luo et al., 1999). Classical embryological studies in Drosophila 

revealed broad developmental similarities exist among diverse dipteran species (Goltsev et 

al., 2007). Here we consider the information about conserved roles of the STAT pathway 

during mosquito development in view of their similar and unwavering genomic array of 

developmental gene. 

 

3.1.2 Role of STAT signaling pathway in insect immunity 

Insects have an evolutionarily conserved first-line host defence that comprises the senses of 

pathogenic microorganisms through pattern-recognition receptor (PRR) molecules 

(Hoffmann and Reichhart, 2002; Shuai and Liu, 2003). Innate immune system not only 

combats foreign invaders but it also employed in wound healing, stress responses and the 

management of microbial symbiotic populations (Loker et al., 2004). However, memory-like 

responses have been reported in some insects that are termed as “immune priming” (Pham et 

al., 2007). There are examples of nonspecific and pathogen-specific priming in An. gambiae 

that can be long-lasting. Very recently a molecular mechanism has been elucidated, which 

allows the innate immune system to ‘remember’ a previous encounter with a pathogen 

(Ramirez et al., 2014). Challenged mosquitoes constitutively release a soluble haemocyte 
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differentiation factor (Lipoxin/Lipocalin complex) into their hemolymph, when transferred 

into naive mosquitoes, which ultimately induces priming (Rodrigues et al., 2010; Ramirez et 

al., 2015). The signaling pathway(s) that mediate the establishment of immune priming are 

not known. 

Although Toll and Imd signaling pathways have been well studied against bacterial, fungal 

and Plasmodium infections ((Dimopoulos et al., 2002; Meister et al., 2005; Blumberg et al., 

2013). Now many evidences have recently been cited to describe the role of JAK-STAT 

pathway in anti-bacterial and anti-viral infections (Gupta et al., 2009; Souza-Neto et al., 

2009). The first evidence that the JAK-STAT pathway also plays a role in insect immunity 

was shown in the mosquito Anopheles gambiae where AgSTAT translocate into the nucleus 

of fat body cells in response to bacterial infection (Barillas-Mury et al., 1999). In Drosophila, 

STAT92E translocate into the nucleus of fat body cells upon bacterial challenge, which 

resulted into expression of several anti-microbial peptides including Tep and Tot protein 

families. Tep1 is one of the four members of the Tep family that contain thioester motifs and 

has high similarity to C3/α2-macroglobulin super family of human. Tep1 expression was 

found highly induced in fat body cells upon immune challenge in Drosophila and An. 

gambiae (Lagueux et al., 2000; Levashina et al., 2001). Tep1 is also induced upon 

Plasmodium infection and responsible for lysis of ookinetes during evasion of mosquito 

midgut (Blandin et al., 2004 and 2008). 

Mosquitoes primarily rely on Toll, Imd, JAK-STAT and recently known JNK signaling 

pathways for limiting pathogen infection (Ramphul et al., 2014). STAT signaling in Indian 

Anopheles species against Plasmodium infection has not been characterized yet. Literature 

supports that there is much genetic diversity exist in Anopheles mosquitoes due to different 

geography and host-parasite interaction (Neafsey et al. 2015). Our study also revealed that 

STAT gene varies in different Anopheles species suggesting that it might act differently from 

one species to another species. Moreover, An. gambiae STAT pathway display the late phase 

immunity against P. falciparum and P. berghei while Brazilian species, An. aquasalis show 

the early immune response against P. vivax infection (Gupta et al., 2009, Bahia et al., 2011). 

Immune genes in general evolve at faster rate than whole genome, which is explained by the 

persistent selective pressures posed by new type of pathogens (Obbard et al., 2009). 

Therefore, we analysed STAT pathway genes in An. stephensi against P. berghei infection. 
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3.2 Materials and Methods 

3.2.1 Anopheles mosquito characterization and colony maintenance 

The Anopheles stephensi mosquitoes used in the present research work were collected from 

nearby locality of Pilani, Rajasthan region (28°22′N 75°36′E). Mosquito larvae were 

collected from the field and reared inside the insectary. These larvae kept in deionized water 

in plastic pans or tray (white or transparent) in sterile condition according to manual for 

mosquito rearing and experimental techniques published by American Mosquito Control 

Association California (AMCA) (Gerberg, 1979; Feldmann et al., 1989). All the stages of 

mosquito were reared inside the insectary with 28±0.5⁰C temperature, 80±5.0% relative 

humidity and 12-hour light and 12-hour dark cycle. For better growth and adaptation, we kept 

approximately 200 larvae per pan with a fine powder of tetramin (TetraWerke, Melle, 

Germany), fish food (Gold Tokyo, India) and dog feed (Pet Lover`s crunch milk biscuit, 

India) in 1:1:1 ratio until pupation. Pupae were kept in standard cages for hatching in to the 

adult form.  

Adults were maintained on 10% sucrose-soaked cotton balls which were changed every day. 

Supply of sucrose was eliminated 12 hours prior to blood-feeding. Blood feeding of female 

mosquitoes was performed on anaesthetized swiss albino mice (Mus domesticus) with the 

prior permission of the Institutional animal ethical committee (Protocol No 

IAEC/RES/15/01). After feeding, egg cups covered with cellulose paper was kept inside the 

mosquito cage for egg laying. Life-cycle of mosquito has been maintained throughout the 

study.  

The laboratory reared Anopheles stephensi mosquitoes were characterized morphologically 

and at molecular level before the commencement of experiments. Mosquitoes were initially 

identified using morphological identification keys customary used for larva and adults’ 

identification (Glick, 1992). Morphological characterization was done through microscopic 

examination. The key feature include palpi with speckling, apical and sub apical band are 

equal separated by a dark band, speckled appendages, 4 dark bands on costa and sub costa, 

6
th

 vein has two dark spots as shown in Figure 3.1A with black arrow heads. 

The molecular marker of second internal transcribed spacer (ITS-2) and third domain (D3) of 

the rDNA was used for molecular characterization. For that, lab designed ITS-2 and D3 
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primers from the reported sequence for An. stephensi conserved region were used (Alam et 

al., 2008). These primer sequences were as follows: 

AsITS2-Fwd 5’-ATCGGACGACTCAACCCAAC-3’ 

AsITS2-Rev 5’-CTGTCGTGCTAACCTCACTCAC-3’ and  

AsD3B-Fwd 5’-TCGGAAGGAACCAGCTACTA-3’ 

AsD3A-Rev 5’-GACCCGTCTTGAAACACGGA-3’ 

PCR was done from gDNA taken directly from the mosquito leg and the same mosquito was 

use to maintain the pure-line. Desired sizes of band from agarose gel had been eluted and sent 

for sequencing (Figure 3.1 B). BLAST result confirmed the 99% identity and 100% query 

coverage with the already reported sequences for An. stephensi. 

 

Figure 3.1 Morphological and molecular identification of field collected An. stephensi mosquito A. 

Anopheles stephensi mosquito were identified through peculiar morphological features comprises 

banding pattern on labium, palpi, wings and hind leg marked with black arrows (Das et al., 1990). B. 

Molecular characterization through ITS-2 and D3 markers showing desired band size and sequencing 

revealed 100% similarity with reported sequences of Anopheles stephensi. 

 

3.2.2 Maintenance of Plasmodium in mouse and mosquitoes infection  

Mice were maintained in central animal facility (CAF) of institute at standard condition. Only 

25-30gm and ≤ 3 month old female mice were used in the present study with proper handling 

and care. To infect the mice, Plasmodium berghei (ANKA strain) infected frozen Pₒ blood 
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was intraperitoneally (ip) injected immediately after thawing it from -80⁰C deep freezer. 

After 1 week, when infection appears, blood from these mice subsequently passed in another 

mouse. For mosquito infection study, we used mice having 5-6% parasitemia and 1-2 

exflagellations/field (Billker et al., 1997). 

For infection study 3-4 days old female mosquitoes were fed on anesthetized P. berghei 

infected mice. After infected blood feeding, mosquitoes were maintained at 19-21⁰C 

temperature inside the incubator (as this is the optimum temperature for P. berghei 

sporogonic development) (Vandenbergh and Yoeli, 1966) and provide 10% sucrose solution 

ad libitum. Control (only blood-fed) and Plasmodium infected mosquito after 24 hours were 

dissected on ice chilled 1x Ash burner’s PBS. Their midgut and carcass (remaining body 

parts) were collected in RNA later (Qiagen) and stored at -80°C. For developmental stages, 

samples were collected from different life forms viz. eggs, 4
th

-instar larvae, late pupae 

(tanned stage) and non blood fed adult mosquitoes (male and females) and snap freezed at -

80°C till further use. 

 

3.2.3 Degenerate and gene specific PCR and cloning 

Initially due to unavailability of genome sequence of An. stephensi (before 2013) degenerate 

primers were designed on the basis of conserved regions of STAT, SOCS and PIAS with the 

help of known amino acid sequences of An. gambiae, An. aquasalis, Aedes aegypti, Apis 

mellifera and D. melanogaster. Only insect species have been taken into the consideration to 

design more accurate and less degeneracy in primers (Table 3.1).  

Table 3.1 List of degenerate primers of STAT pathway 

S.No. Deg Primers Primer Sequence (5’3’) 

1. DegSTAT-Fwd GARAADCARCCRCCRCARGTSATG 

2. DegSTAT-Rev GTRAAYGGCTGRATGTGYAGDAYCTG 

3. DegPIAS-Fwd GCCGCTCGAGCARGTICARYTIAGRTTYTGYYT 

4. DegPIAS-Rev GCCGCTCGAGCCAIGTIGGYTTYYTYTCRTTCATYTG 

5. DegSOCS-Fwd GCCGCTCGAGCCIGHIGGIACITTYYTIGTIMGNGA 

6. DegSOCS-Rev GCCGCTCGAGTTYTGYTTRTARTGRTAYTCYTT 

For cloning of the STAT, SOCS and PIAS genes, gDNA or midgut cDNA were used as 

template. The PCR cycles were used as follows: two cycles (1 min steps at 95⁰C, 55⁰C and 

72⁰C, and 95⁰C, 42⁰C and 72⁰C) followed by 40 cycles at moderate stringency (1 min steps 
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at 95⁰C, 52⁰C and 72⁰C) and a final 10 min extension at 72⁰C. We followed the same PCR 

protocol for all degenerate amplification as per the earlier reports (Barillas-Mury et al., 

1999). All amplicons generated were purified through Qiaquick PCR purification kit (Qiagen 

Cat No. 28104). If purified products were not used immediately for cloning, 3’ poly-A 

overhang was inserted and cloned into PCR-II TOPO TA-Vector® (Invitrogen Cat No 

K46001-01) following the manufacture instruction. Recombinant plasmid was utilized to 

transform high efficiency DH5-α TOP10 Escherichia coli chemi-competant cell. Few white 

colonies (anticipate to contains insert) were screened through colony PCR with M13 

universal primers present in the vector and checked on a gel. The standard DNA molecular 

marker (Fermentas, catalogue no. SM0331) was used as reference to identify the size of 

amplified DNA fragments in each gel image. Recombinant colony containing inserts were 

used for plasmid isolation and sent for sequencing (either to Delhi University or Excleris Lab 

Pvt. Ltd. Ahmadabad). Sequencing results were analysed using Chromas software 

(http://www.technelysium.com.au/) and confirmed using BLAST search. 

To clone full genes of STAT-A, STAT-B, SOCS and PIAS, annotated sequences of An. 

stephensi was used as given in chapter 2. The majority of primers were: 19–22 base pairs 

long, selected to have a GC content of >50% with fewer than 4 contiguous identical bases 

and melting temperatures between 55°C and 60°C. Total cDNA and gDNA were used as 

template to confirm the size of exon and introns. Following primer sequences (5'→3') (primer 

numbers 1-8 used in result section) were utilize to amplify the full gene (Table 3.2). 

3.2.4 Total RNA isolation and cDNA synthesis 

Total RNA was isolated from eggs, IV
th

 instar larvae, pupae, female and male adult 

mosquito. Additionally, RNA was isolated from Pb-infected midgut and remaining whole 

body except midgut (Carcass) using the RNeasy Mini Kit (Qiagen catalogue No. 74104) 

according to the manufacturer instructions. RNA was eluted in nuclease free water already 

having the RNAse inhibitor (Genei) (1μl in 100μl of water) and stored in -80°C deep freezer 

until further use. First-strand cDNAs were synthesized from 1-2µg of total RNAs using 

QuantiTect Reverse Transcription kit, (Qiagen Catalogue No. 205311) according to kit 

manual instruction which contains gDNA wipe-out buffer to remove gDNA contamination. 

The cDNA was diluted with equal volume 1x TE buffer and used 1μl as template for 

amplification of desired gene using gene-specific primers. 

http://www.technelysium.com.au/
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Table 3.2 List of gene specific primers used in the study 

Primer No. Primer Name Primer Sequence (5'3') 

 STAT-A 

1 AsSTAT-A-PW Forward: TCGCTTCATTAGAGCGGGAC 

2 AsSTAT-A-Seq Forward CAATCCGGCCCAGCTGTAC 

3 AsSTAT-A-GS Reverse: GTGCGCACCATTATCTGCAG 

4 AsSTAT-A Realtime Forward: CCTGTGTGAAAAAGCGTTCA 

5 AsSTAT-A Realtime Reverse: ATAATCCTCCGCCTTCGACT 

6 AsSTAT-A-PW Reverse: CGGGCACCTGACCGTAATTG 

7 AsSTAT-A-3'UTR Reverse: CGTAAACCTTAAGCTACCGTGC 

 STAT-B 

1 AsSTAT-B-5’UTR Forward: TAGTGTTTTCCCCGCTGCAT 

2 AsSTAT-B-WG Forward:  GCTTTGCAGTCATCGACCTG 

3 AsSTAT-B-GS Reverse: TGCCGTATTGATCGTTGCCT 

4 AsSTAT-B-PW Forward: TATCGGTGCGTATGCCAAGC 

5 AsSTAT-B-WG Reverse: CGAAGAATTTGGGGCGGTTG 

6 AsSTAT-B-RT Forward:  GCCAGTTGTAAGCCGGGCACA 

7 AsSTAT-B-PW Reverse: CAGCTCCGTCGCGATATAGT 

8 AsSTAT-B-3’UTR Reverse: CTTTTCATCATCGTAAGCTCCG 

 SOCS5 

1 AsSOCS-WG1 Forward: CCATATGCTAAGCTCGCTCCG 

2 AsSOCS-WG Forward: GACCATCATCCGTCGTTCTT 

3 AsSOCS-GS Reverse: TTGTTCGCCATCAGCAGCCC 

4 AsSOCS-GSP Forward: CGTCGTACGTCGTATTGCTC 

5 AsSOCS-GSP Reverse: CGGAAGTACAATCGGTCGTT 

6 AsSOCS-WG Reverse: CCGCTGCCGGTAGTGATACTC 

7 AsSOCS-WG1 Reverse: CATCGAGCAGCTACGCGTTGG 

 PIAS 

1 AsPIAS-PW Forward: TAGCCGACGAGTTTCCTGTG 

2 AsPIAS Realtime Forward: ACAACGACGCATCAAAGCAC 

3 AsPIAS Realtime Reverse: GTGTCCGTTGCCGAATCCTA 

4 AsPIAS-PW Reverse: TACACCAACTGCGAGTCTGC 

 NOS 

 AsNOS Forward: ACATCAAGACGGAAATGGTTG 

 AsNOS Reverse: ACAGACGTAGATGTGGGCCTT 

 Other Primers 

 S7 Forward: GGCGATCATCATCTACGT 

 S7 Reverse: GTAGCTGCTGCAAACTTCGG 

 Pb (28srRNA) Forward: CGTGGCCTATCGATCCTTTA 

 Pb (28srRNA) Reverse: GCGTCCCAATGATAGGAAGA 

 M13 Forward: TGTAAAACGACGGCCAGT 

 M13 Reverse:   CAGGAAACAGCTATGAC 

 Xho-T7-M13 Reverse: 

CTCGAGTAATACGACTCACTATAGGGCAGGAAACAGCTATGAC 
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3.2.5 Expression analysis of STAT pathway genes through real time PCR 

The resulting cDNA was analyzed for expression of different genes by semi-quantitative real 

time PCR using the BioRad iCycler Optical Module (Biorad). Reactions were prepared in 

volumes of 20μl using 2 X IQ SYBR Green supermixes (Biorad) and 1pmoles/μl of final 

primer concentration with respective cDNA templates. PCR cycle parameters involved an 

initial denaturation at 95°C for 5 min, 40 cycles of 10 s at 95°C, 20 s at 58°C and 30 s at 

72°C. Fluorescence readings were taken at 75°C after each cycle. A final extension at 72°C 

for 10 min was completed before deriving a melting curve, to confirm the identity of the PCR 

product. Each reaction was performed in triplicates. Ribosomal protein subunit S7 (rpS7; 

housekeeping gene) was used as an internal loading control for normalization of the gene 

expression (Salazar et al., 1993). The fold expression was analysed using 
ΔΔ

Ct method (Livak 

and Schmttgen, 2001). All the data were expressed as mean ± standard deviation. Statistical 

significance was analyzed by Student’s t-test or one-way ANOVA using GraphPad Prism 5.0 

software (Motulsky, 1999).  

 

3.2.6 dsRNA synthesis and gene silencing 

For silencing of STAT-A or STAT-B genes, dsRNA was synthesized using MEGAscript 

RNAi Kit (Applied Biosystems, AM1626). To achieve gene specific silencing, highly 

mismatched region of ASSTAT-A and AsSTAT-B was selected from their whole gene 

sequence. Fragment of 681bp of AsSTAT-A and 534bp of AsSTAT-B were cloned in PCRII 

TOPO TA vector. This vector contains T7 promoter sequence at one end. To generate a 

template having T7 promoters at both ends, PCR was carried out using above STAT-A or 

STAT-B plasmid DNA with M13 forward and Xho-T7-M13 reverse primers (sequence is 

given in table 3.2). The 1-2μg of this PCR purified template was used for in vitro dsRNA 

synthesis as described in the MEGAscript RNAi kit manual. Similarly, dsRNA of LacZ gene 

(500bp from bacterial origin) was also prepared and used as a control. The synthesized LacZ, 

STAT-A and STAT-B dsRNA were further purified with Millipore column (Microcon 

YM1000) and concentrated up to 3μg/μl with nuclease free water. The concentration of 

synthesized dsRNAs was quantified by measuring the absorbance at 260nm in Nano-

spectrophotometer and their integrity was assessed by electrophoresis in 1% agarose gel. 



Chapter 3 
 

77 
 

20-20 female mosquitoes of one day old were used in each case to inject LacZ, STAT-A or 

STAT-B dsRNA. 69nl dsRNA of 3μg/μl stock (0.21μg/mosquito) was injected into the 

hemolymph of each mosquito using the nanoinjector (Drummond) attached to the 

micromanipulator under dissecting microscope. After injection, mosquitoes were placed 

slowly into their respective cages for 4 days provided with sucrose and kept at 28ᵒC 

temperature with 80% humidity. To check the gene silencing after 4 days of injection, 10 

mosquitoes were taken from each cage to make RNA and cDNA. Real time PCR was 

performed to check the effect of silencing. 

 

3.3 Results and Discussion 

3.3.1. Identification and cloning of An. stephensi STAT-A gene 

To identify STAT pathway genes in An. stephensi, initially degenerate primers were designed 

based on conserved sequence of different mosquitoes. From the multiple sequence alignment 

of STAT protein sequences of various mosquitoes, we selected QPPQVMK and 

LHIQPFTARD conserved motifs that belong to STAT-DNA binding and Src Homology 2 

(SH2) domains respectively (Figure 3.2A).  

 

Figure 3.2 A. Degenerate primers sequences of STAT pathway genes designed from conserved 

region of the protein. The numbers on right side correspond to amino acid residue in particular 

protein. Multiple sequence alignment of STAT protein of different mosquito species include Ag-B, 

Anopheles gambiae STAT-B (CAA09070.1); Ad, Anopheles darlingi (EFR26562.1); Ag-A, 

Anopheles gambiae STAT-A (ACO05014.1); Ct, Culex tritaeniorhynchus; Ae, Aedes aegypti 

(ABO72629.1) and Aa, Aedes albopictus (AAQ64662.1). Thin under-line in bottom represent the 

boundaries of STAT-DNA binding and Src Homology 2 (SH2) domains. Thick line on top reveals 

conserved amino acids sequences where forward and reverse degenerate primers (DegSTAT) were 

designed. B. Confirmation of An. stephensi STAT-A (AsSTAT-A) clones. All clones (C1, C2, C3) 

were confirmed by colony PCR with the help of DegSTAT primer (lanes 1, 2 and 3; band size 1234 

bp) and universal M13 (lanes 4, 5 and 6; band size ~1450 bp) primers. Last three lanes are showing 

the EcoRI digestion of plasmids isolated by the same colony. 
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With the help of newly designed DegSTAT primers (Table 3.1), only ~1200bp AsSTAT-A 

gene fragment was amplified from gDNA (Figure 3.2B). The eluted PCR product was cloned 

in PCR-II TOPO TA vector (Invitrogen) and sequenced. The sequence of AsSTAT-A showed 

the maximum identity of 98% with An. gambiae AgSTAT-A gene (Gene ID: FJ792607.1). 

AsSTAT-B gene sequence was found extremely diverged from AsSTAT-A (46% at amino 

acid level and 63.5% at nucleotides level) hence the amplification through degenerate primers 

could not be achieved simultaneously (Table 2.8, chapter 2). 

 

Analysis of full length STAT-A gene 

To clone and confirm the predicted cDNA of An. stephensi STAT-A gene given in chapter 2, 

Figure 2.2A, different primers were designed and PCR was performed the using gDNA or 

midgut cDNA as template. An. stephensi predicted cDNA sequence of AsSTAT-A has 7 

exons and primers are lying only in the exonic region. Different forward and reverse primer 

sets were used to clone and confirm the size of exons and introns lying in that region (Figure 

3.3A). Numbering of each primer set (1-7) correlates with the primer names as given in 

materials and methods section (Table 3.2). Each of the PCR products was checked on 

agarose gel to verify the existence and size of introns.  

 

Figure 3.3 A. Schematic presentations of exonic (box) and intronic regions (lines) of AsSTAT-A 

gene. Grey color boxes are exonic region and their size given inside it; black color boxes are 5’ and 3’ 

UTRs. Black color lines are showing the length of introns and arrows represent the forward and 

reverse primers locations in the gene used for cloning/sequencing. B, C, D and E are amplified PCR 

products with cDNA and gDNA and their sizes have been analyzed through respective gel images. 
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The full AsSTAT-A gene was not amplified through its distantly situated 5’ and 3’ terminal 

primer sets hence full gene was not cloned in a single effort. Overall STAT-A gene was 

cloned in two partial and overlapping fragments; 2011bp and 862bp from cDNA (Figure 

3.3C and D). 8.7kb long intron was present at the 3’ end therefore; fragments were not 

amplifiable with gDNA using primer number 4 and 6; 4 and7 (Figure 3.3 D and E). For 

dsRNA synthesis one small region with cDNA (681bp) was also cloned which has maximum 

dissimilarity in that region compare to STAT-B (Figure 3.3.B and 3.12) Full-length 

AsSTAT-A cDNA consists a 2259bp coding region, which encodes a protein of 752 amino 

acid residues, plus 227 bp 5’ upstream and 153bp 3’ downstream UTR. With the 

confirmation of result, a gene map was prepared and cDNA sequence of AsSTAT-A was 

submitted to GenBank with accession numbers KR779999. 

 

3.3.2 Identification and full gene organization of An. stephensi STAT-B gene 

The putative AsSTAT-B gene sequence was extracted by using An. gambiae AgSTAT-B 

CDS 2918bp (Accession no. AJ010299.1) sequences as query through BLASTN based 

homology searches (Figure 2.1B). To elucidate the full AsSTAT-B gene; searches were 

expanded in both directions in scaffold_00093 with continuous ORF finding and CDD 

searches to get all four relevant domains of STATs. With the pronouncement of results, this 

contigs were termed as AsSTAT-B and further validated. Similar to AsSTAT-A, AsSTAT-B 

was also not feasible to amplify from its terminal 5’ and 3’ primers set. Since AsSTAT-B is 

intronless and have some similarity with AsSTAT-A, all AsSTAT-B primers (listed in 

material and method) were designed in such a manner so that they do not share any stretch of 

identical nucleotide sequence longer than 7bp as well as highly mismatched at 3’end. 

AsSTAT-B was found intron-less gene hence every time it gave same amplicons size with 

gDNA or cDNA in each PCR reaction with all designed primers (Figure 3.4A). The full 

coding region of AsSTAT-B gene was cloned with blood fed carcass cDNA in two 

overlapping fragments. These two cloned sequences of AsSTAT-B cDNA were 983bp and 

1312bp (Figure 3.4D and E). For STAT-B silencing, dsRNA was synthesized from one 

small cloned region with cDNA has dissimilarity with AsSTAT-A towards 5’ end (Figure 

3.4B and 3.12). To report the full gene sequence of AsSTAT-B; primers were designed from 

the predicted UTRs and amplified PCR products were sent for sequencing without cloning 
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(Figure 3.4B and F). The final 2231bp full cDNA sequence along with UTRs of AsSTAT-B 

was deposited to GenBank with accession numbers KR780000. 

 

Figure 3.4 A. Schematic presentations of intronless AsSTAT-B gene. Grey color box is the exonic 

region which is 2231 bp long and black color boxes are 5’ and 3’ UTRs. White and black arrows 

represent the forward and reverse primers locations in the gene used for cloning/sequencing. 

Numbering of each primer set correlates with the primer names given in materials and methods 

section. B and F are PCR products amplified with cDNA and gDNA and sequenced. C 534bp region 

of cDNA was used for cloning and utilized in dsRNA preparation. D and E PCR products were used 

for cloning in two overlapping fragments and sequenced. Their sizes have verified through respective 

gel images. 

 

3.3.3 Identification and cloning of An. stephensi SOCS5 gene 

Cloning of SOCS5 gene was done through degenerate primers (degSOCS) designed from 

most conserved domains containing SH2 and SOCS box from An. stephensi gDNA. These 

primers were designed to amplify sequences corresponding to two terminal stretches of 7-9 

amino acids residues, PEGTFLLRD and KEYHY(K/R)Q, which are highly conserved among 

many insect SOCS genes and amplified 436 bp fragment using gDNA (Figure 3.5 A and B). 

The cloned fragment was sequenced and its nucleotide identity was confirmed through 

BLAST with available gene sequences in NCBI. The sequence thus obtained was used to 

design gene specific primers (AsSOCS) that revealed the presence of intron on comparing the 

amplicons obtained from gDNA (315bp) and cDNA (240 bp) (Figure 3.6E). The cloned 

SOCS fragment (436 bp) contains partial SH2 domain and full length SOCS box domain.  
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Figure 3.5 A. Protein sequence alignment of SOCS protein of different insect species includes Ag, 

Anopheles gambiae (ABV01933.1); Ae, Aedes aegypti (XP_001656067.1); Ad, Anopheles darlingi 

(AND_003361); Dm, Drosophila melanogaster (AAO39436.1); Md, Musca domestica 

(XP_005179585.1). Thin underline in bottom represent the boundaries of SH2 and SOCS box 

domains. Thick line on the top reveals conserved amino acids sequences where forward and reverse 

degenerate (DegSOCS) primers were designed. B. Verification of AsSOCS5 clones through 

degenerate SOCS (DegSOCS) primers (lanes 1, 2 and 3; expected size 436bp) and with M13 primers 

(expected size 656bp) using three bacterial colonies (C1, C2 and C3) as templates. Last three lanes are 

showing the EcoRI digestion of plasmids isolated by the same colony. 1 Kb ladder was used as a 

reference. 

 

Analysis of full length SOCS5 gene  

In order to annotate and identify the full SOCS5 gene, the genomic sequence that includes the 

conserved area of the SOCS gene were extracted. We selected AgSOCS5, 1617bp (GenBank 

accession No EF631979.1) sequence as a query for BLAST homology search. AgSOCS5 

comprises 1191bp of CDS which encodes 396 amino acids and 316bp of 5’ and 110bp 3’ 

plausible UTR region. The obtained contig for AsSOCS was ALPR02003551; contig_3551. 

Finally, the obtained putative cDNA sequence of AsSOCS was also confirmed by tBLASTn 

program for their respective protein domains (Table 2.12). These predicted cDNA sequences 

were used for primer designing to acquire full gene sequences and further gene cloning. 972 

bp and 1653 bp fragment were amplified from cDNA (blood-fed midgut) and gDNA, 

respectively suggesting the presence of intron(s) in this region (Figure 3.6C and D). 

AsSOCS5 gene of An. stephensi has the 3 exons and two introns; 3 exons indicate the size of 

383, 513 and 298bp respectively separated by 2 intron of size 606 and 75bp (Figure 3.6A). 

Only one 972bp region was cloned and remaining 5’ and 3’ terminal region were apmlified 

by primer pairs 1 and 2; 2 and 7, purified PCR product were sequenced to get the full length 
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gene (Figure 3.6B and F). The sequence of AsSOCS5 gene has been submitted to the 

Genbank under the accession number KU306401. 

 

Figure 3.6 A. Schematic presentations of exonic (box) and intronic regions (lines) of AsSOCS5 

gene. Grey color boxes are exonic region and their size given on above the boxes and black color 

lines are showing the length of introns. White and black colour arrows represent the forward and 

reverse primers locations in the gene used for cloning/sequencing. Numbering of each primer set 

correlates with the primer names given in materials and methods section. B, C, D, E and F are the 

PCR products amplified with cDNA or gDNA and their sizes have been verified through respective 

gel images. 

 

3.3.4 Identification and cloning of An. stephensi PIAS gene 

Based on sequence alignment of the highly conserved domain of PIAS proteins, degenerate 

oligonucleotides were designed and used to amplify An. stephensi genes using cDNA as 

template (blood fed midgut). For PIAS, PINIT domain conserved sequence VEPKRPPRPVN 

and Zn finger motif NLVIDGYFQ conserved region were targeted (Figure 3.7A). We 

successfully amplify the 528bp AsPIAS fragment from cDNA template which was further 

purify and cloned into TOPO TA Vector (Figure 3.7B). The sequencing result of these 

clones was shown the maximum identity with A. gambiae and Ae. aegypti and A. aquasalis of 

respective genes. The sequencing details were utilized for designing of gene specific primers 

for real time analysis (Figure 3.8C).  
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Figure 3.7 A. Degenerate primers sequences of PIAS genes designed from conserved region of the 

protein. Protein sequences for different insects were obtained from NCBI database. The numbers on 

left side correspond to amino acid residue in particular protein. Sequence alignment of PIAS protein 

of different insect species include Am, Apis mellifera (XP_623571.3); Dp, Drosophila pseudoobscura 

(XP_002138569.1); Aq, Anopheles aquasalis (AEK26394.1); Ae, Aedes aegypti (XP_001647815.1); 

Ag, Anopheles gambiae (XP_001688469.1). Thin underline in bottom represents the boundaries of 

PINIT and SP-RING Zn finger motif domains. Thick line on top reveals conserved amino acids 

sequences where forward and reverse degenerate (DegPIAS) primers were designed. B. Confirmation 

of An. stephensi PIAS (AsPIAS) clones through M13 and DegPIAS primers. 1 Kb ladder (SM0331) 

was used as a reference for each gel image. 

 

Analysis of full length PIAS gene 

As done earlier, the cDNA sequences of AgPIAS (XM_001688417.2) 2050bp partial CDS of 

An. gambiae were used to retrieve the complete sequence of AsPIAS gene (Table 2.16 and 

Figure 2.8). The obtained contig for AsPIAS was KE388957.1; scaffold_00068. Finally, the 

obtained putative cDNA sequence for PIAS was also confirmed by tBLASTn program for 

their respective protein domains. These predicted cDNA sequences were used for primer 

designing to get full gene sequences and further gene cloning. AsPIAS gene of An. stephensi 

has the maximum number of exon and intron among other genes of this pathway (Figure 

3.8A). Primer no. 2 is lying on two consecutive exons therefore, not amplified the gDNA and 

give 908bp fragment with cDNA using reverse primer no. 4  (Figure 3.8D). Primer pair 1 

and 3 were used to get 5’ end of PIAS and PCR product 1209bp obtained from cDNA 

(Figure 3.8B). Amplified PCR products were outsourced for sequencing. 
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Figure 3.8 A. Schematic presentations of exonic (box) and intronic regions (lines) of AsPIAS gene. 

Grey color boxes are exonic region and their size given on above the boxes and black color lines are 

showing the length of introns. White and black arrows represent the forward and reverse primers 

locations in the gene used for cloning/sequencing. Numbering of each primer set correlates with the 

primer names given in materials and methods section. B, C and D are the PCR products amplified 

with cDNA and gDNA and their sizes have been rectified through respective gel images. 

 

3.3.5 Expression profiles of STAT pathway genes in different developmental stages 

It was well established fact that, STAT pathway participates in the developmental process of 

many insects including mosquitoes (Baumer et al., 2011; Bahia et al., 2011). Therefore, the 

involvement of STAT pathway in different developmental stages of An. stephensi was 

investigated. Different developmental stages of mosquito life cycle viz. egg, larva, pupae and 

adult male and female were collected. Total RNA was isolated and their cDNA were 

prepared and these samples used for gene expression analysis. For expression analysis; 

primer pair 4 and 5 for STAT-A; primer pair 6 and 7 for STAT-B; primer pair 4 and 5 for 

SOCS5 and primer pair 2 and 3 were used for PIAS gene. Ribosomal protein subunit S7 

(rpS7; housekeeping gene) was used as an internal loading control for normalization of the 

gene expression (Salazar et al., 1993).  

Semi quantitative real time PCR (qPCR) analysis indicated that STAT pathway gene 

expression was detected in all life stages of An. stephensi (Figure 3.9). The comparison of 
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relative mRNA expression of two STATs (STAT-A and STAT-B) in different developmental 

stages of An. stephensi indicated that the expression levels of STAT-A are higher than STAT-

B in all life stages. The expression of STAT-A is significantly high in egg, larva, pupa, adult 

male and female stages (P<0.001) compare to STAT-B using one way ANOVA (Figure 

3.9A). It is in agreement that the least expression of STAT-B in An. gambiae is sufficient to 

regulate the STAT pathway (Gupta et al., 2009). SOCS5 gene showed the constitutive gene 

expression in all stage from egg to adult female. AsNOS is continuously expressing higher 

(P<0.01) in all developmental stages except larvae and female mosquitoes. As far as the 

PIAS and NOS genes are concerned, pupae and adult male mosquito have the highest 

expression level with respect to eggs and larvae (Figure 3.9).  

     

 

Figure 3.9 Expression profiles of STAT pathway genes in different developmental stages of An. 

stephensi. Relative expression level of AsSTAT-A, AsSTAT-B, AsSOCS, AsPIAS and AsNOS 

mRNA at different developmental stages (Eggs, Larvae-IV, Pupae, Males and Females) were 

determined based on qPCR amplification of this gene as described in Material and Method. Relative 

gene expression values were normalized using An. stephensi ribosomal protein S7 mRNA levels as 

internal loading controls. Results are mean±SD of duplicates for each developmental stage. 
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We also observed that during pupal stages of development, expression levels of STAT, PIAS 

and NOS are high compare to larvae. These findings correspond with other reports where 

STAT pathway is upregulated during insect metamorphosis and also induce the expression of 

its own regulators. For example, in Drosophila SOCS36E mRNA is developmentally 

expressed, with relatively high expression in 2 and 12 hour embryonic stages. In addition, 

SOCS36E mRNA levels rapidly decline at the end of embryogenesis and return to basal level 

during larval stages of development (Mukherjee et al., 2006; Callus et al. 2002). In Brazilian 

mosquito An. aquasalis, expression levels of both STAT and PIAS genes are higher in pupa 

compare to larval stages (Bahia et al., 2011). 

Mosquito pupa is in fact a transient stage of development where almost whole body 

reorganization takes place under the influence of hormones (Truman and Riddiford, 1999). 

This is a stage where cell death and regeneration occurs extensively. These findings also 

supported by others studies where the expression of STAT pathway and negative regulators 

are induced in mosquito pupae (Bahia et al., 2011; Callus et al., 2002). The induced 

expression of genes during An. stephensi pupal development indicated that STAT pathway is 

also responsible for reorganization of the internal body parts during metamorphosis. The 

expression of SOCS genes is comparatively higher in males than females that correlate this 

finding with other reports where SOCS is found to be a male biased gene in mosquito An. 

gambiae and An. culicifacies (Magnusson et al., 2011; Dhawan et al., 2015). These findings 

may support the concept that sex-regulated genes control gender dimorphism and determine 

the ability of male or female mosquitoes to perform specific behaviors such as, female 

precision to transmit malaria parasite. The study of such genes may certainly help in 

understanding the sexual development and also provides valuable targets for controlling 

fertility, altering the sex ratio and reducing mosquito population through genetic control 

measures. 

 

3.3.6 Expression profile of STAT pathway genes in Plasmodium berghei infected 

mosquitoes 

The Plasmodium cycle commences when female Anopheles mosquito ingests gametocytes-

infected blood. Ingested gametocytes differentiated into macro- and micro-gametes in the 

mosquito midgut immediately after blood feeding. These motile micro (male) gametes 
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emerge from erythrocytes through a process called exflagellation (Billker et al., 1997). This 

is followed by the fertilization of macrogamete which leads to the formation of non-motile 

zygote. During 15-20 h post fertilization, the zygote differentiates into motile ookinete and 

penetrates the nonmembranous peritrophic matrix. This matrix surrounds the blood bolus and 

acts like a barrier between the gut epithelium and the bolus antigens (Kumar et al., 2010; 

Kajla et al., 2015). Plasmodium invades mosquito gut cells and encounters the immunity, 

which limits their growth and development (Baton and Ranford-Cartwright 2005). It may be 

a general phenomenon of interaction of Plasmodium with vector Anopheles species and 

defined as a strategy for parasite survival in host (Vinetz et al., 2005; Vlachou et al., 2006). 

Among the variety of immune responses, STAT pathway plays a fundamental role by 

inducing the expression of NOS, which catalyzes the formation of nitric oxide (NO), a highly 

reactive immune molecule (Han et al., 2000). The NO gets converted to NO2 which mediates 

protein nitration in a peroxidase-catalyzed reaction (Kumar et al., 2004; Oliveira et al., 2012). 

The alleviated production of NO not only bears out toxicity to the parasite, it can also be 

potentially deleterious to the host itself (Luckart et al., 1998; Han et al., 2000). Therefore, to 

ease the overall rigorousness of these toxic molecules, STAT pathway should be negatively 

regulated by PIAS and SOCS through a negative feedback loop.  

These antiplasmodial roles of STAT pathway have been extensively studied in other insects 

and mosquitoes however, it is unknown in An. stephensi. To understand the involvement of 

STAT pathway genes in anti-Plasmodium response, adult female mosquitoes were fed on a 

non-infected (control) or Plasmodium berghei (Pb)-infected mouse. After 24h of blood 

feeding (it is the time when Plasmodium ookinetes invade midgut epithelium) midgut and 

carcass were collected separately and the expression of STAT pathway genes were analyzed. 

The one-way ANOVA test was used as statistics method to calculate the significant 

difference. We investigated the effect of P. berghei (Pb) infection on expression of these five 

genes (STAT-A, STAT-B, PIAS, SOCS and NOS). 

Quantitative PCR analysis revealed that AsSTAT-A and AsSTAT-B transcription factors 

mRNA levels are not affected after Pb infection. As mentioned earlier that their expression is 

quite low and their requirement is to switch-on the pathways. They are expressing constantly 

in both control and infected samples but difference in their mRNA level is nonsignificant (P 

value > 0.5). In case of AsSOCS5 near about 6 times higher expression was observed in the 
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infected midguts (P < 0.001), whereas in carcass samples it was three times (P < 0.01) highly 

expressed compare to controls (Figure 3.10).  

 

Figure 3.10 Expression profiles of STAT pathway genes in control and infected tissue samples of 

An. stephensi. Relative expression level of AsSTAT-A, AsSTAT-B, AsSOCS, AsPIAS and AsNOS 

mRNA were determined based on qPCR amplification of this gene as described in Material and 

Method. Grey and red color bars represented the expression levels of genes in control and infected 

mosquito samples respectively. Results are mean±SD of duplicates for each sample. 
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When ookinetes invade the mosquito midgut epithelium numerous immune responses are 

induced, which are not exclusively limited to this compartment of the mosquito body. 

However, another compartment of body, the body wall also exhibits the induction of 

immunity in parallel (Dixit et al., 2009; Hillyer, 2010). This reveals the cross talk between 

these two compartments. Therefore, 24 hours after infection when ookinetes are crossing the 

midgut epithelium, AsSOCS5 is induced approximately three folds (P< 0.05) in the carcass 

of infected mosquitoes in comparison to uninfected controls. This clearly implies a very 

decisive task being played by AsSOCS5 gene to curb the production of lethal effector 

molecules that formerly were produced in response to ookinete invasion of midgut cells. 

The expression of AsPIAS was found significantly high in midgut (P < 0.01) compare to 

blood-fed control. Likely, to AsPIAS, AsNOS was not found significantly expressed in 

midgut compare to control. There is no effect of AsPIAS and AsNOS (P > 0.05) genes on 

wall tissues of infected mosquitoes (Figure 3.10). This indicates that STAT pathway might 

be induced during ookinete invasion and in parallel the suppressor of this pathway is also 

active to counter balance the immune reactions. These findings are in agreement with other 

reports where STAT pathway genes and its suppressors are induced simultaneously at 24h 

after Plasmodium infection (Bahia et al., 2011; Gupta et al., 2009).  

Studies carried in An. aquasalis mosquitoes indicate the induction of NOS is also paralleled 

with PIAS in midgut during P. vivax’s ookinete invasion (Bahia et al., 2011). Studies carried 

in An. gambiae also revealed similar findings that both NOS and SOCS5 are induced during 

P. falciparum and P. berghei invasion of mosquito midgut (Gupta et al., 2009). Although 

those two studies used different mosquito species and Plasmodium combinations however, 

these observations clearly indicate the involvement of STAT pathway in antiplasmodial 

immunity and PIAS and SOCS5 being suppressants of this pathway is also induced during 

this process. Induction of mRNA expression of PIAS indicates that STAT pathway is on 

during ookinete invasion and in parallel the suppressor of this pathway is also active to 

counter balance the immune reactions. Moreover, in another Anopheles species the induction 

of NOS and SOCS5 is also reported during midgut invasion by diverse Plasmodium species 

(Noh et al., 2006). Interestingly, the silencing of SOCS causes hyper activation of NOS 

which mediates Plasmodium killing in mosquito midgut (Gupta et al., 2009; Sharma et al., 

2010; Vijay et al., 2011). Dengue viruses (DENV-2) in Aedes mosquitoes exploit similar 
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mechanism to evade host immunity (Souza-Neto et al., 2009). The midgut compartment of 

mosquito represents one of the most exigent environments for the survival and development 

of Plasmodium.  

 

3.3.7 Functional characterization of STAT-A and STAT-B through RNAi experiments 

RNA interference (RNAi) is a gene regulatory mechanism that controls the coding transcript 

level (mRNA) by either suppressing transcription (transcriptional gene silencing or TGS) or 

by activating a homology based mRNA degradation process (post-transcriptional gene 

silencing or PTGS) (Zamore et al., 2000; Tomari and Zamore, 2005).  

 

Figure 3.11 Systematic illustration of gene silencing by RNAi inside the mosquito cells. dsRNA of 

target genes trigger RNAi machinery and processed by RNAse III enzyme ‘Dicer’ to synthesize 21-24 

bp small interfering RNAs (siRNAs). RNAi inducing silencing complex (RISC) binds these siRNAs. 

The guide strand of siRNAs helps RISC to target the corresponding mRNA. Argonaute protein (Argo) 

present in RISC complex cleaves the target mRNA. The cleaved target mRNA is amplified by RNA 

dependent RNA polymerase (RdRp) to form dsRNAs, which enter in RNAi pathway and amplify the 

signal. However, the signal amplification step in insects is not yet very well understood. (Figure 

adapted from Kola et al., 2015) 
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The process involves the production of double stranded RNAs (dsRNA) of target gene which 

is processed into 21–24 nucleotides RNA duplexes by the RNase III enzyme dicer and its 

homologs. These siRNAs are then incorporated into a multi-subunit endonuclease silencing 

complex called RNA-induced silencing complex (RISC). Argonaute proteins, the core 

catalytic components of RISC, use small interfering RNAs (siRNA) as a guide to recognize 

and degrade the complementary gene or mRNA (Hammond et al., 2000) (Figure 3.11). 

 

Figure 3.12 Sequence alignment of AsSTAT-A and AsSTAT-B from highly mismatched region (N-

terminal region) used for dsRNA synthesis. Double underlined sequence at the beginning showing 

forward primer and bold underlined sequence are the reverse primers. 

 

To check the functional role of a particular gene in the pathway or against to infection, RNAi 

technology of gene silencing were utilized. First, double-stranded RNAs (dsRNAs) were 

synthesized in vitro for a particular gene of interest and later injected in to the mosquito with 

the help of a Nano-injector. Here, we synthesize the dsRNA of AsSTAT-A (681bp) and 

AsSTAT-B (534bp) from the most divergent regions (N-terminal) of the gene and used to 
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silence the gene expression. These probes were designed so that they do not share any stretch 

of identical nucleotide sequence longer than 8bp (Figure 3.12). This strategy was used to 

specifically silence the expression of particular gene only. dsRNAs for AsSTAT-A, 

AsSTAT-B or LacZ  (500bp from bacterial origin as control) were produced from PCR-

amplified fragments previously cloned in PCR-II TOPO vector having the T7 promoter at 

one end. Template for dsRNA synthesis using the T7 MEGAscript kit has already been 

described in Material and Method section. 

 

Figure 3.13 Preparation of dsRNA for AsSTAT-A gene. A. AsSTAT-A gene were amplified with 

primer no. 1 and 3 (STAT-A-5’UTR Fwd and STAT-A-GS-Rev) and eluted PCR product cloned in to 

PCR-II TOPO TA vector. B. Addition of T7 overhangs in cloned plasmid template through M13 Fwd. 

and Xho-T7 primers. C. PCR product after in vitro transcription reaction. D. After annealing E. 

Purified dsRNA of AsSTAT-A through Millipore column. 

 

Amplicons for dsSTAT-A and dsSTAT-B were produced using plasmid as a templates 

already cloned reverse transcriptase PCR (RT-PCR) products (681bp and 534bp), from 

blood-fed female cDNA, respectively. Each of the plasmid was further used for addition of 
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T7 overhang in both the end of cDNA as shown in the Figure 3.13 and 3.14. PCR purified 

eluted products (905bp and 768bp) were used for overnight transcription reaction. 

Transcribed products were used for annealing reaction at 75ᵒC and further for ssRNA 

digestion. Final products were eluted in to nuclease free water and checked for concentration 

on gel as well as Nano-spectrophotometer. The final concentration of dsSTAT-A and 

dsSTAT-B 3μg/μl were achieved and stored in -20ᵒC freezer for further use. 

 

Figure 3.14 Preparation of dsRNA for AsSTAT-B gene. A. AsSTAT-B gene was amplified with 

primer no. 2 and 3 (STAT-B-WG-Fwd and STAT-B-GS-Rev) and eluted PCR product (534bp) 

cloned in to PCR-II TOPO TA vector. B. Addition of T7 overhang in STAT-B cloned plasmid 

template through M13 Fwd and Xho-T7 Rev primers. C. PCR product after in vitro transcription 

reaction. D. After annealing E. Purified dsRNA of AsSTAT-B through Millipore column. 

 

Silencing of STAT-A and STAT-B genes 

To test how these two STAT genes controls the downstream genes of JAK-STAT pathway in 

An. stephensi or else one another. The effect of silencing of transcription factors AsSTAT-A 

and AsSTAT-B was evaluated by systemic injection of dsRNA separately. As a control, 
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female mosquitoes were injected with dsLacZ, a gene not present in mosquito genome.  At 4 

days after injections, 10 mosquitoes were collected for RNA isolation and cDNA preparation. 

Silencing of STAT-A and STAT-B was checked, through real time PCR using S7 as a 

internal control. Expression levels of downstream genes were checked in the STAT-A and 

STAT-B silenced cDNA samples respectively. 

 

3.3.7.1 Gene silencing of STAT-A and effect on downstream genes 

The transcription levels of STAT-A were reduced in mosquitoes injected with dsSTAT-A, 

relative to those injected with dsLacZ. The expression level of AsSTAT-A mRNA were 

significantly reduced 84% (P value < 0.05) when mosquitoes were injected with their 

respective dsRNA (Figure 3.15). AsSTAT-A silencing was effective but did not reduce 

AsSTAT-B expression in An. stephensi females in which the gene was silenced by systemic 

injection of dsRNAs. To rule out the possibility of non-specific cross-silencing, an 

independent dsRNA was designed from the 5’UTR region of AsSTAT-A, which bears no 

sequence homology to AsSTAT-B (Figure 3.12). Expression levels of downstream genes 

were checked through real time PCR in the STAT-A silenced cDNA samples. 

The effect of AsSTAT-A silencing on the expression of other downstream gene which 

supposed to regulate through STAT-A has no effect compared with dsLacZ injected female 

mosquitoes of same age. There was no effect on expression of AsPIAS, AsSOCS and AsNOS 

genes when experiment was repeated several times. This suggested that either it may not 

participate in canonical JAK-STAT pathway or it works together with STAT-B and make 

heterodimers to control the expression of SOCS, PIAS or NOS. Insects have comparatively 

simpler JAK-STAT pathway having one STAT gene in most of the insects (Lemaitre and 

Hoffmann, 2007). However, only An. gambiae possess two STATs and effect of these two 

STATs only analyzed in this species. STAT-A was found to be regulated through STAT-B 

and controls the expression of SOCS and NOS (Gupta et al., 2009). As present study reveals 

that STAT-A may regulate other effector molecule, which need to be require further 

investigation. 
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Figure 3.15 Silencing of An. stephensi female mosquito with AsSTAT-A dsRNA significantly 

reduces (*) the AsSTAT-A (P< 0.05) expression, but does not affect the AsSTAT-B, AsPIAS, 

AsNOS and AsSOCS mRNA levels (nonsignificant). Silencing with AsSTAT-B dsRNA significantly 

reduces (*) the AsSTAT-A (P< 0.05) expression. The AsSTAT-B reduces the expression of AsSTAT-

A, AsPIAS, AsNOS and AsSOCS mRNA levels (P value < 0.05). 
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Figure 3.16 Silencing of An. stephensi female mosquito with AsSTAT-A dsRNA significantly 

reduces (*) the AsSTAT-A (P< 0.05) expression, but does not affect the AsSTAT-B, AsPIAS, 

AsNOS and AsSOCS mRNA levels (nonsignificant). Silencing with AsSTAT-B dsRNA significantly 

reduces (*) the AsSTAT-A (P< 0.05) expression. The AsSTAT-B reduces the expression of AsSTAT-

A, AsPIAS, AsNOS and AsSOCS mRNA levels (P value < 0.05). 
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3.3.7.2 Gene silencing of STAT-B and effect on downstream genes 

To silence the AsSTAT-B gene, dsRNA of STAT-B was injected in to the hemolymph of 

female mosquitoes. Silencing was checked after 4 days of nanoinjection. Expression of 

STAT-B was significantly lower (46%) then LacZ control indicated that silencing is working. 

Unexpectedly, AsSTAT-B silencing also reduced AsSTAT-A mRNA levels by about 70% 

(Figure 3.16). Expression levels of downstream genes were checked through real time PCR 

in the STAT-B silenced cDNA samples. AsSTAT-B gene also silenced AsSTAT-A 

expression in adult females, indicating that AsSTAT-B regulates the basal levels of AsSTAT-

A mRNA. Further analysis of downstream gene indicated that silencing of STAT-B also 

lower down the mRNA expression of SOCS (63%), PIAS (68%) and NOS (70%). These 

findings support a model for the STAT pathway in An. stephensi in which both STAT genes 

are in the same signaling cascade, with AsSTAT-B acting upstream and regulate AsSTAT-A 

expression as it was observed in An. gambiae (Gupta et al., 2009). Recent studies of An. 

clouzzi (formerly known as An. gambiae M form) revealed adaptive evolution and 

neofunctionalization of STAT-B (Rottschaefer et al., 2015). It may be possible that in An. 

stephensi, STAT-B may have new functions and regulated the ancestral STAT-A. Further 

investigation required to understand this pathway more clearly. However due to time 

constraint, it is not possible to be reported in present study. 

 

3.4 Conclusions 

Among many known genes, STAT pathway genes are important as they have been involved 

in regulating developmental processes and immunity against a variety of pathogens (Agaisse 

and Perrimon, 2004). STAT pathway also regulated by the constitutive expression of SOCS 

and PIAS genes in a downstream process to negatively suppress the pathway. NOS is an 

important effector molecule of STAT pathway and subsequently exploited to regulate the 

transmission of vector borne pathogens. (Gupta et al., 2009) At this point, we characterize the 

components of evolutionary conserved STAT pathway genes from major Indian malaria 

vector An. stephensi. We focused to characterize the STAT pathway genes and analysed its 

expression during developmental and Plasmodium infection. Gene organization and primary 

sequence of Anopheles mosquito were found to be more or less identical to already reported 

An. gambiae pathway components. Comparative pathway studies with other mosquito species 
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provide further direction to work on immune system and verified the in silico prediction. We 

found two diverse STAT genes in An. stephensi which may be due to retro-duplication event 

because AsSTAT-B was found intronless. This is the principal mechanism for generating this 

additional diversity in this mosquito species. Expression analysis of each studied pathway 

components showing significant change after Plasmodium infection. The specific 

upregulation of effector gene in response to Plasmodium infection is suggestive of its role in 

contributing in immunity to the An. stephensi. 

Expression of STAT pathway gene throughout the developmental stages reveals its important 

role in development. Expression of STAT-A was higher in all developmental stages compare 

to STAT-B. In An. gambiae STAT-A mRNA expression was not found at pupal stage (Gupta 

et al., 2009). However, in An. stephensi it is present in pupa stage and higher than the STAT-

B expression. Recent report revealed that STAT-B gene was expressed at higher level in An. 

clouzzi larvae than in An. gambiae larvae (Cassone et al., 2014). Larval habitat preferred by 

An. clouzzi from biotically to abiotically environment condition leads to differential 

expression of genes. This may also be true that mosquito of different origin may have 

different expression pattern of both genes. Interestingly, the SOCS5 gene at larval stage was 

found as male biased gene in An. culicifacies and play an important role in controlling gender 

dimorphism and gender-based specific behaviors (Magnusson et al. 2011; Dhawan et al., 

2015). These findings are common with An. stephensi and other mosquitoes and may be 

targeted to alter the sex ratio and reducing mosquito population through genetic control 

measures.  

Our results clearly demonstrate the upregulation of SOCS, PIAS and NOS after Plasmodium 

infection in these mosquitoes. Silencing of STAT-B, down regulate the expression of these 

genes indicated that they are under the control of STAT pathway. Further, investigations of 

STAT-A and STAT-B gene may be better picture of overall regulation of this pathway. 

Moreover, refinement of the cross talk between signaling pathways and various immune 

elicitors will make the scenario of Plasmodium bottleneck more lucrative. Advanced analysis 

may assist in finding out the way for manipulation of mosquito immune system towards 

effective strength and in blocking the pathogenic cycle in mosquito.  
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4.1 Introduction 

The reinfestation of dengue fever (DF) and dengue hemorrhagic fever (DHF) in South Asian 

countries including India have become a major public health concern (Bhatt et al., 2013; 

Vikram et al., 2016). Aedes aegypti and Aedes albopictus are invasive species as they 

transmit various serotypes of viral pathogens like dengue and chikungunya to human 

population (Higgs and Vanlandingham, 2015). Almost whole world, especially the tropical 

countries, lies in the danger zone of these infectious diseases (Thiboutot et al., 2010). Recent 

reports from WHO indicated that up to 50-100 million infections are now estimated to occur 

annually in over 100 endemic countries, putting almost half of the world’s population at risk 

(WHO report 2014). India is also at the risk of these diseases where more than 97,000 

confirmed cases and approximately 200 deaths have been reported due to dengue and 

chikungunya in year 2015 (NVBDCP report 2015).  

Aedes being the important vector is a prime target for disease surveillance program in India 

(Gupta et al., 2012). However, information regarding its distribution, density, disease 

transmission and seasonal prevalence is still very fragmentary (Angel and Joshi, 2008). In 

addition, parallel occurrence of cryptic species of Aedes also make the situation worrisome 

as reported from some parts of the world (Cook et al., 2005). Out of the 334 species of 

Aedes, only some of them have been characterized at molecular levels. Nevertheless, very 

few of these characterized mosquitoes were further lab colonized to determine their vectorial 

capacity against viral pathogens and identifying as susceptible and resistant strains (Caicedo 

et al., 2013) 

Aedes aegypti (Linnaeus) (Diptera: Culicidae), vector competence varies from one 

geographical region to another and affected by both genetic and environmental factors (Sim 

et al., 2013). A detailed study on Ae. aegypti population of Southeast Asia, Africa, America 

and Latin American countries illustrated that there is a local genetic variation and gene flow 

among same species which is responsible for different diseases transmission rate (Urdaneta-

Marquez and Failloux, 2011). According to earlier reports, certain variants of Ae. aegypti 

species are known to carry only specific virus of a family but not others and vice-versa 

(Wallis et al., 1985). Therefore, understanding the molecular mechanisms that influence 

vector competence as well as molecular identification of Aedes species may help in 

developing novel strategies to control vector-borne diseases.  
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Aedes aegypti is the major disease vector which spreads many viral pathogens of different 

families (arboviruses and alphaviruses) and serotypes in human population. Genetic 

selection of Ae. aegypti strain to carry the virus load and successively its transmission to 

next host is defined by their degree of susceptibility. 

Species identification is the first step to understand the vector competence. Conventionally, 

mosquito identification was carried based on their morphological characteristics but since it 

was time consuming and needs professional expertise, only few species had been identified 

throughout the world, morphologically (Reinert et al., 2004; Besansky et al., 2003; Pennisi, 

2003). In recent years, Aedes with overlapping morphological characteristics was best 

differentiated by DNA-based methods (Cameron et al., 2010, Kumar et al., 2007). The 

nuclear ribosomal and mitochondrial genes have frequently been used as molecular markers 

in species identification and evolutionary studies. To study the genomic diversity within and 

among Ae. aegypti species from different world population, the second internal transcribed 

spacer (ITS-2) of rRNA gene had been used frequently (Mousson et al., 2005). The lack of 

recombination in mitochondrial genome and high copy number of gene in each cell, 

mitochondrial cytochrome c oxidase (mtCO) had also been used as a universal entity to 

differentiate the mosquitoes at species level or lower (Hlaing et al., 2009). 

The intergenic spacer (IGS) and nuclear ribosomal internal transcribed spacers (ITS-1 and 

ITS-2) within the genome have become very popular targets for addressing taxonomic issues 

among Aedini (Figure 4.1A). Beside this, mitochondrial genes are often superior choice for 

phylogenetic studies as they evolve faster than nuclear DNA (Higa et al., 2010). 

Cytochrome c oxidase subunit I (COI) is the terminal catalyst in mitochondrial respiratory 

chain and is involved in electron transport and proton translocation across the membrane 

(Morlais et al., 2002). COI is the largest gene among 3 mitochondrial-encoded cytochrome 

oxidase subunits and the nucleotide sequence of this region is often much more polymorphic 

between two species than within species (Behura et al. 2011; Manonmani et al., 2013) This 

makes this region of genome (Figure 4.1B) useful for delineating molecular differences 

between cryptic species by length or sequence polymorphism (Musters et al., 1990).  

The nuclear ribosomal ITS-1 and ITS-2 and mitochondrial COI genes are not only one of the 

most important markers in molecular systematic but also used in species barcoding and 

DNA array technologies (Kumar et al., 2007; Landis and Gargas, 2007).  In the present 
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study we identified the Aedes aegypti at molecular level collected from Pilani region of 

Rajasthan and continuous rear them in insectary. Moreover, we also compare the molecular 

variation of ITS-2 and COI genes of Aedes aegypti strains present in different parts of world. 

 

Fig.4.1. Schematic representation of rDNA and mtDNA of Aedes aegypti with positions of primers: 

A. Genomic organization of rDNA showing 18S, 5.8S, 28S ribosomal subunit and their intergenic 

spacers; ITS-1 & ITS-2 B. Partial gene organization of mtDNA for COI, COII and COIII genes. 

(Symbol ► and ◄: indicate primer pair used in the present study). 

 

4.2 Materials and Methods 

4.2.1 Collection of Aedes mosquito and pure line maintenance 

Morphologically identified Aedes aegypti larvae were collected from temporary and semi-

permanent groundwater pools, fields and water storage containers from Pilani region of 

Rajasthan (28°22′N 75°36′E). These field collected larvae were reared in the laboratory 

under specific conditions according to manual for mosquito rearing and experimental 

techniques published by American Mosquito Control Association California (AMCA) 

(Gerberg, 1979). Briefly, laboratory conditions: 28±2ᵒC temperature, 80±10% relative 

humidity and 12:12 hour light: dark cycle was maintained. Larvae were reared in plastic 

containers with RO water and fed daily with Spirulina rich fish food. Pupae were collected 
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in small plastic cups and kept in big close plastic container having net on the top, to emerge 

into adult. Adults were fed with a 10% sucrose solution daily; deprived only on blood 

feeding day for few hours. Blood feeding is necessary to obtain the eggs and for 

establishment of colony. Use of mice for rearing and maintenance of mosquito culture were 

followed according to the approved guidelines (IAEC/RES/18/01). 

The Aedes aegypti adult female and male were identified morphologically with the help of 

pictorial keys for the identification of mosquitoes (Diptera: Culicidae) associated with 

dengue virus transmission guide published by Magnolia Press (Rueda et al., 2004). 

Characterizations and colonization of mosquito colony were done as reported by Hoshino et 

al., 2010 and Benedict et al., 2009 after slight modifications as follows. For establishing 

pure line colony of Ae. aegypti, Individual female mosquitoes (total 20 females) were 

separated and kept individually in falcon tubes and provided the blood meal to lay eggs.  All 

females laid eggs; however eggs of only 5 females, were able to complete their entire life 

cycle. DNA from 1
st
 instar larvae of their F1 generation from all 5 viable pure lines were 

used for PCR analysis and sequencing. As all of them produce same size of ITS-2 fragment 

and having same sequence suggesting similar mosquito species, therefore only one line 

called AePL-2 mosquito colony was used for self-mating to produce F2 generation. 

Morphologically and molecularly confirmed single mosquito colony (AePL-2) was 

propagated in insectary. 

 

4.2.2 Morphological identification and molecular markers 

Genomic DNA was extracted from pure line (AePL-2) of IV
th

 instar larvae using the method 

of Gupta and Preet (2012). Precisely, ten 4
th

 instar Aedes larvae were grounded in 100µl 

lysis buffer (100mM Tris-HCl, pH 8.0; 0.5% SDS; 50mM NaCl; 100mM EDTA) and the 

mixture was treated with 5 µl of proteinase K (20mg/ml) for 1 hour at 55°C. To this cell 

lysate 5µl of RNAse was added (10mg/ml) and kept for 30 min for incubation at 37°C in 

water bath. The suspension was extracted twice with equal volume of phenol-chloroform, 

and DNA was extracted by the addition of 3M sodium acetate (pH 5.6) and isopropanol. 

Centrifuge at high speed for 5 min and wash the pellet in 70% ethanol, air dry, and 

resuspend in 50μl TE buffer. Purity of DNA was checked by absorbance ratios A260/A280. 
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ITS-2 sequences of Ae. aegypti from different world isolates, available at NCBI database 

(Table 4.1) were aligned to get a common conserved region. Selected common region of 

oligonucleotides were used for primer designing. Primers were checked on oligoanalyser 

and Primer 3 platform for their compatibility. The designed primers of ITS-2 were lying in 

5.8S region AeITS-2-Fwd: 5’-ATCACTCGGCTCGTGGATCG-3’ and AeITS-2-Rev: 5’-

ATGCTTAAATTTAGGGGGTAGT-3’ that ends at 28S region (Figure 4.1A). For mtCOI, 

primers were taken from published reports on Indian Aedes mosquitoes (Kumar et al., 2007). 

The primer sequence was AeCOI-Fwd: 5’-GGATTTGGAAATTGATTAGTTCCTT-3’ and 

AeCOI-Rev: 5’-AAAAATTTTAATTCCAGTTGGAACAGC-3’ (Figure 4.1B). Primers 

were used at a final concentration of 1.0pmol/μl. 

 

4.2.3 PCR amplification and cloning 

Nuclear ITS-2 and mitochondrial COI region were amplified through PCR reaction carried 

out in a volume of 50µl. Each reaction tube contained 50ng of genomic DNA, 1U/µl of Taq 

DNA polymerase (Genei), 1µl of 10mM dNTP (Genei), 5µl of 10x PCR buffer having 

2.5mM MgCl2 and 1µl of each 20pmol of forward and reverse primers. The PCR conditions 

were subjected to single cycle of Pre-denaturation at 95°C for 3 minutes then 35 cycles of 

95°C for 30 sec, 55°C for 30 sec, and 72°C for 45sec. A final 72°C extension was carried 

out for 10 min and stopped the reaction at 4°C. Amplicons were resolved and visualized on 

1.2% agarose gel according to standard procedures and photographed on gel doc. Single 

band of ~313bp and ~700bp long fragment was purified through Qiaquick PCR purification 

kit (Qiagen Cat No. 28104) according to the manufacturer instruction. COI purified gene 

product was sent directly for sequencing with their respective primers while ITS-2 PCR 

product was used for cloning. 

The purified PCR product of ITS-2 was cloned using PCR-II TOPO TA-Vector® 

(Invitrogen, Cat No K46001-01) as per the protocol. Recombinant colonies were further 

screened through colony PCR with universal M13 vector specific primers as well as gene 

specific primers. Each colony was analysed for their accurate amplification in agarose gel 

electrophoresis and one selected colony was used for plasmid isolation using Qiaprep Spin 

Miniprep Kit (Qiagen Cat No. 27104). Purified plasmid was sent for sequencing to Delhi 

University (India) through vector specific M13 universal primers. 
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4.2.4 Genetic polymorphism and phylogenetic analysis 

Sequencing data of Pilani, Rajasthan AeITS-2 and mtCOI were analyzed using Chromas 

software (http://www.technelysium.com.au/) and confirmed through blast search. Other 

available ITS-2 and COI sequences of Ae. aegypti mosquito’s isolates were retrieved from 

the NCBI (Table 4.1). The DNA sequences were subjected for alignment using Clustal 

omega platform as before (Sievers et al., 2011) and their sequence variability had been 

recorded. Sequence divergences among individual species were quantified using the Kimura 

two-parameter (K2P) distance model (Kimura, 1980) obtained by 100 bootstrap replicates. 

This is a quantitative approach to identify the genetic variation among different population 

of same species. Here we used 2 genes; one from nuclear origin ITS-2 and another 

mitochondrial gene COI to identify the genetic variability. Same lengths of nucleotides 

(~191 bp and ~621 bp respectively) from each variant were taken and aligned together. The 

alignment session was exported in MEGA format and estimated the average evolutionary 

divergence, conducted using the Neighbor-Joining (NJ) method (Tamura et al., 2011). The 

average evolutionary divergence was estimated as a number of base substitutions per site 

from averaging over all sequence pairs within and between each group. All results are based 

on the pair-wise analysis of known sequences of ITS-2 and COI of other reported isolates 

(Table 4.1). All positions containing gaps and missing data were eliminated from the dataset 

(Complete deletion option). Phylogenetic tree was constructed by MEGA using NJ method 

with 1000 bootstrap value and complete deletion option. 

 
Table 4.1 NCBI retrieved sequences of ITS-2 and COI of Aedes aegypti from different geographical 

locations of India and world 

Aedes aegypti ITS-2 sequences from world 

Variant Accession number Sequence Length Submitted by 

Ryukyu, Japan AB548800 207bp Higa et al., 2010 

Cajamarca, Peru AY512665 274bp Leiva and Caceres, 2003 

Hosta, Russia HE820724 314bp Ganushkina et al., 2012 

Saudi Arabia JX423807 378bp Alhudaib et al., 2012 

Mayotte, France KF135506 213bp Le Goff et al., 2013 

Uganda M95126 948bp Wesson et al., 1992 

Rajasthan, India KJ862124 313bp Gupta et al., 2014 Present study 

Aedes aegypti COI sequences from India 

Variant 
Accession 

number 

Sequence 

Length 

Submitted by 

Ennore, Tamilnadu1 DQ424949 656bp Kumar et al., 2007 

Agricultural farm Tamilnadu2, AB907183 705bp Veeramani et al., 2014 

http://www.technelysium.com.au/
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Pondicherry AY729987 510bp Kumar et al., 2007 

Mamulapusi, Orissa HM807269 710bp ” 

Thiruvananthapuram, Kerala HM807268 708bp ” 

Thirumala, Andhra Pradesh P7 HM807267 668bp ” 

Thirumala, Andhra Pradesh P6 HM807266 669bp ” 

Thirumala, Andhra Pradesh P5 HM807265 660bp ” 

Thirumala, Andhra Pradesh P4 HM807264 671bp ” 

Thirumala, Andhra Pradesh P3 HM807263 676bp ” 

Thirumala, Andhra Pradesh P2 HM807262 677bp ” 

Puthur, Andhra Pradesh P1 HM807261 665bp ” 

Rajasthan, India KP121340 609bp Gupta et al., 2014 present study 

Aedes aegypti COI sequences from world 

Variant Accession number Sequence Length Submitted by 

Cambodia JQ926688 764bp Paupy et al., 2012 

Bolivia JQ926679 ” ” 

Brazil JQ926703 ” ” 

Cameroon JQ926702 ” ” 

Ivory Cost JQ926694 ” ” 

Guinea JQ926700 ” ” 

Tanzania JQ926704 ” ” 

Thailand JQ926692 ” ” 

USA JQ926684 ” ” 

Venezuela JQ926701 ” ” 

Vietnam JQ926687 ” ” 

Martinique JQ926696 ” ” 

Mexico JQ926698 ” ” 

France HQ688296 948bp Fort et al., 2012 

Madagascar HQ688298 948bp Fort et al., 2012 

Portugal KF909122 1098 Seixas wt al., 2013 

 

4.3. Results 

4.3.1 Molecular characterization of Aedes 

Field collected mosquito larvae were brought in bulk to insectary and maintained in standard 

conditions as described in methodology. After hatching into the adult stage, some females 

were visualized under microscope for their unique morphological feature as described in the 

key guide for Aedes mosquitoes (Rueda et al., 2004). Particularly, scales on vertex and wing 

structure specific to Ae. aegypti in male and female mosquitoes had been observed. 

Microscopic examination showed middle of vertex has silvery white flat scales with erect 

forked bristles which are restricted to occiput. Wings were oval in shape and posterior hind 

margin has erect fringe scales. Those females who followed the above morphological 

features were selected for molecular characterization and pure line generation. 
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Each identified female mosquito was housed in individual cages and fed with mice blood to 

lay eggs and colony propagation. Total gDNA from 1
st
 instar larva from each individual 

female cage was used as a template for the amplification of ITS-2 gene from gene-specific 

primers. PCR amplified ~300 bp fragments from AePL-1 to AePL-5 colonies respectively 

are shown in Figure 4.2A. Larvae of lane 2 (AePL-2) were allowed to complete 

metamorphosis and established in insectary. Isolated gDNA from this colony was further 

used for amplification of ITS-2 and COI gene which are the reliable gene marker to confirm 

the species (Figure 4.2B and 4.2C). 

         

   A.       B.       C. 

Fig.4.2 A. Molecular characterization of morphologically identified individual mosquito pure lines 

(AePL 1-5), B. Gel image showing the desired band size (313bp) of ITS-2 for one colony (AePL-2) 

that was finally selected for colonization in the insectary C. PCR amplification of COI gene (714 bp) 

of the same colonized mosquito pure line AePL-2. 

 

4.3.2 Cloning and sequencing of ITS-2 and COI genes 

Purified PCR product of ITS-2 (~313bp) of AePL-2 was cloned in PCR-II TOPO TA vector 

as described above. White colonies with ITS-2 as insert were screened through colony PCR 

using M13 universal primers. One of the positive colonies were used for plasmid isolation 

and sent for sequencing and 205bp region of ITS-2 was obtained. In case of COI ~714bp 

partial gene was amplified and sequenced. Through sequencing only 621bp sequence was 

obtained. ITS-2 and COI sequences were checked for its nucleotides identity and confirmed 

through BLAST. ITS-2 gene showed highest identity with Ae. aegypti of Saudi Arabia 
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(JX423807), as none of the ITS-2 gene sequence was reported from India. While COI gene 

showed 99% identity with Ae. aegypti Indian isolate from Thirumala, Andhra Pradesh 

region (HM807266). These two sequences were reported as complete ITS-2 and partial COI 

with accession numbers KJ862124 and KP121340 to NCBI respectively. The morphological 

characteristics of field collected mosquito were matched with molecular markers and the 

species was confirmed as Aedes (Stegomyia) aegypti. 

 

4.3.3 Genetic polymorphism among Aedes aegypti species 

To compare the genetic diversity among Ae. aegypti of Rajasthan (India ITS-2, mentioned in 

Figure 4.3A) with others species located in different geographical location, 204bp fragment 

of ITS-2 was examined.  Since no ITS-2 sequence of Indian isolate was available, 

comparison was made with different Ae. aegypti isolates from various geographical 

locations of world (Table 4.1). Sequence analysis with other world isolates indicates highest 

identity to Ae. aegypti of Saudi Arabia (JX423807) origin and farthest to Mayotte, France, 

isolate. Amongst 204 nucleotides of ITS-2, we found 9 polymorphic sites (4.4%) in all 6 

world isolates at base pair position number 22, 26, 28, 29, 37, 110, 116, 150 and 154 

(Figure 4.3A) 

For the COI analysis, 609bp was selected for multiple sequence alignment. A total of 12 

isolate of Indian origin and 16 isolates from different countries (Table 4.1) were compared 

with Rajasthan isolate. Unlike ITS-2, we observed less genetic difference within Indian 

isolate as well as other globally reported isolates. There are 19 polymorphic sites (3.1%) 

were observed from Indian isolates at different base pair position as given in the figure 

starting from 51 bp position to 465 bp position (Figure 4.3B). While compared at 

worldwide we found 36 sites (5.9%) started at base pair position number 6 and ended at 591 

base pair position (Figure 4.3C).  The above observation is based on, the numbers of base 

differences per site from averaging over all sequence pairs were 0.011 and 0.014 

respectively. Interestingly, lab colonized Ae. aegypti of Rajasthan, COI gene showed only 

one difference with Ae. aegypti Indian isolate from Thirumala, Andhra Pradesh region 

(HM807262.1), while other isolates of Andhra Pradesh showed high genetic variation. 

Likely, India Rajasthan COI showed similarity with Thailand, except one difference at 51bp 

position. 
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Figure 4.3 Genetic polymorphic sites of ITS-2 and COI for Indian isolate compared with NCBI 

retrieved sequence as given in Table 4.1 respectively. At the top of the alignment, vertical number 

digits are showing the polymorphic sites at particular base pair position (A) 9 nucleic acid 

polymorphic sites for Indian Aedes aegypti ITS-2 compared with other world isolates (B) Variable 

nucleic acid sites in Indian Aedes aegypti, showing 19 polymorphic sites for COI gene (C) 36 nucleic 

acid polymorphic sites for Indian Aedes aegypti COI compared with world isolates. 

 

4.3.4 Phylogenetic analysis 

Phylogenetic analysis of Indian Ae. aegypti ITS-2 with 6 world isolates showed high 

similarity with Saudi Arabia and diverged from France isolate ITS-2 sequence (Figure 
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4.4A). Russia and Japan Ae. aegypti strains are more closer to Indian Ae. aegypti whereas 

Peru and Uganda are very closer to each other.  

The phylogenetic analysis of COI sequence involved 13 Ae. aegypti sequences from India 

and 17 sequences globally. Rajasthan Ae. aegypti showed high similarity with Andhra 

Pradesh isolate (AndhraP2COI) of India and Thailand isolates (Figure 4.4B and 4.4C). The 

COI dendrogram of Ae. aegypti clustered in to two clearly shows that based on Indian 

variant of Ae. aegypti specimens; it is clustered into two groups. The first consists of Island 

species and other continental species of subtropical and tropical origin (Figure 4.3C). 

Madagascar COI is highly diverged showing in separate clad suggesting much different 

from other Ae. aegypti mosquitoes. 

 

Figure 4.4 Evolutionary relationship of Ae. aegypti based on the aligned region of ITS-2 sequences 

(A). Phylogenetic tree deriving the relationship of AePL-2 COI sequence from Indian isolate (B) and 

other world isolates (C), respectively. Previously published sequence data are shown together with 

their GenBank accession numbers in Table 4.1. 
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4.4 Discussion 

Ae. aegypti is an important disease vector causing millions of death every year and therefore 

justifies the focus that has been given to its genetic diversity (Kawada et al., 2014; Vikram 

et al., 2016).  Wide combinations of genetic markers are used to examine population 

structure, genetic differentiation and gene flow of the species. These are, therefore, an 

essential component of vector-borne diseases management strategies as geographic origins 

of mosquito populations have epidemiological importance. This has been shown by several 

studies where relevance among the geographic origin of vectors with vector competence and 

insecticide resistance has been established (Lourenço-de-Oliveira et al., 2004). Similarly, 

sequences of COI and ITS-2 of Ae. aegypti from Pilani region of Rajasthan have been 

phylogenetically analysed and compared with their counterparts of India and World. The 

results showed that COI from Pilani isolate shows a striking polymorphism in 51
st
 position 

that may be a result of the arid climate interactions. On the other hand, ITS-2 showed close 

relatedness with the mosquitoes from Saudi Arabia. This close relationship can be attributed 

to the similar climatic condition and arid environment that led to the similar evolutionary 

event within two mosquito strains for its successful adaptation. The results presented here 

are the first genetic analysis of Ae. aegypti from north western India (Pilani region of 

Rajasthan). Sequence analysis of ITS-2 and COI from morphologically identified Aedes 

confirmed the identity of the species that were subsequently colonized in the laboratory. 

Correct vector identification is crucial aspect for the designing of strategies that could 

effectively manage the vector-borne diseases. 

 

4.5. Conclusion 

Aedes has been classified as one of the “100 of the World’s Worst invaders species” and its 

close contacts with humans mainly in urban areas could be a threat for the emergence of 

several diseases (Lowe et al., 2000). The results presented here are the first evaluation of the 

genetic analysis of Ae. aegypti from Pilani region of Rajasthan as well as from north western 

India. The present study is fruitful to colonize the mosquito colony and further work on 

mosquito immunity. In present study, we first amplified the ITS-2 region in order to 

potentially discriminate between Aedes sp. such molecular diagnostic may also facilitate 

larger scale studies. This molecularly identified Ae. aegypti are now continuously reared in 
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the insectary. Further we are performing different experiment to understand mosquito 

immunity to understand specifically ABC transporters and its role against bacterial and viral 

infections. 
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5.1 Introduction 

The ATP-binding cassette (ABC) transporter family is one of the largest families of 

membrane proteins identified in all living life from bacteria to human (Higgins, 1992; 

Schuller et al., 2003). This family usually functions in an ATP-dependent manner to 

transport various substrates across plasma membranes, such as inorganic ions, sugars, 

amino acids, lipids, lipopolysaccharides, peptides, metals, and chemotherapeutic drugs 

(Schuller et al., 2003). ABC transporters have been classified and analyzed in several 

insect species, such as Drosophila melanogaster (Dean et al., 2001) Anopheles gambiae 

(Roth et al., 2003) Bombyx mori (Liu et al., 2011; Xie et al., 2012) Tribolium castaneum 

(Broehan et al., 2013). However, comparisons of ABC transporter family members 

among taxonomically related species are rare. The genome sequences of An. gambiae, 

Aedes aegypti and Culex quinquefasciatus (Holt et al., 2002; Nene et al., 2007; 

Arensburger et al., 2010) are available now for intensive genome wide analyses which 

are also important vectors for several human diseases. An. gambiae ABC transporters 

have been analyzed and classified at the genome level (Roth et al., 2003). But, the 

mechanism by which ABC transporter family evolves in other mosquito species remains 

unknown. 

The ABC transporters are represented with four functional units: two nucleotide-binding 

domains (NBDs) and two transmembrane domains (TMD) encoded by a single peptide 

chain. ABC genes can be organized either as full transporters or half transporters. A 

typical ABC full transporter consists of two NBDs and two TMD, each of which 

contains 5–6 transmembrane helices and provides substrate specificity. While an ABC 

half transporter consists of one TMD and one NBD or either one (Figure 5.1 B-D). 

Either two identical (homo) or two different (hetero) half transporters come together as a 

dimer to assemble a functional transporter (Wilkinson and Verschueren, 2003). The 

highly conserved region of ABC protein is their NBDs which contains three 

characteristic motifs, namely, Walker A, Walker B, and the ABC signature (LSGGQ) 

motif that links the two Walker motifs also known as C motif (Walker et al., 1982; Smith 

and Rayment, 1996; Bianchet et al., 1997) (Figure 5.1 A). In general, Walker A and B 

have found to be approximately 100 amino acids apart from each other. In contrast, the 

transmembrane domains of these transporters may have 6-11 transmembrane helices 

composed of less conserved amino acids (Schneider and Hunke, 1998; Holland and 

Blight, 1999). 
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Figure 5.1: Schematic representation of different types of ABC transporters A. Consensus motifs 

in NBDs. Different colors distinguish the conserved segments: Walker A motif (red), LSGGQ 

motif (purple), Walker B motif (blue), and the Q loop (yellow), H motif (green). B. A typical 

ABC full transporter showing two TMD and two NBD (ATPase domain) on a lipid bilayer 

membrane with 6 transmembrane helices. C. ABC half transporters showing one TMD at N-

terminal and one NBD at C-terminal D. Another type of half transporter showing NBD at N-

terminal and TMD at C-terminal. 

 

Nucleotide-binding domain (NBD) is in fact the ATP-binding domain which provides 

the energy for transportation of a diverse array of molecules against concentration 
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gradients through ATP hydrolysis (Saurin et al., 1999; Hollenstein et al., 2007). In 

addition, substrate-binding proteins (SBP) also comprise the part of ABC transporters for 

substrate uptake in ion gradient-driven transporters found in both prokaryotes and 

eukaryotes (Berntsson et al., 2010). With the conservation of NBDs, ABC transporters 

have been divided into eight subfamilies (A–H) (Jones & George, 2004). Members of 

these subfamilies are commonly present throughout the known genomes starting from 

bacteria to human however; some of them are exclusively limited to the genome of 

specific organisms (Schneider and Hunke, 1998). The human ABC transporters were the 

first to be identified and 48 ABCs were classified into 7 subfamilies (ABCA to ABCG) 

(Dean et al., 2001). The eighth subfamily, ABCH is absent in the genome of plants, 

worms, yeast and mammals including human and was first identified in D. melanogaster 

and appears to be present in Dictyostelium (soil-dwelling amoeba), all insects and zebra 

fish (Dean and Annilo, 2005; Liu et al., 2011). Thus, the evaluation of ABCs, 

exclusively confined to insects, may provide an insight into their relationship to vector 

biology of pathogens development and transmission in human population.  

The genes within a subfamily also show considerable identity in their TMDs and have 

similar intervening sequence location (gene organization) (Wilkinson and Verschueren, 

2003). Six of the ABC gene subfamilies are found in the yeast genome, indicating that 

these groups were established early in the evolution of eukaryotes, are essential to all 

plants and animals and therefore have been retained. The ABCA, ABCB and ABCC 

subfamilies are the most abundant and each have 10-12 genes in the human genome. 

Genes within the same subfamily often have very different functions, and genes from 

different sub-families can have related functions (Schuller et al., 2003). In general, most 

of its members are involved in transport of ions, amino acids, lipids, sugars, peptides, 

metals across the membrane (hence named as importers or exporters) and fewer 

members perform other cellular functions such as regulation of gene expression, 

repairing of cell DNA and protein synthesis (Zhao et al., 2004). Importantly, ABC 

transporters which are exporters in nature are commonly found in eukaryotes however, 

the transporters with importing property are generally associated with prokaryotes 

(Wilkinson & Verschueren, 2003; Dawson & Locher, 2006). These transporters are not 

only helpful in physiological functions but also provide other conditional advantages to 

cells (Abele and Tampe, 2004).  
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The importance of ABC transporters increases due to their involvement in transport of 

xenobiotics, chemotherapeutic drugs and cancer therapy (Misra et al., 2011; Kennedy 

and Tierney, 2013). The first characterized eukaryotic ABC transporter (P-glycoprotein) 

present on cancer cell surface mediates multidrug resistance (MDR) through efflux and 

prevents the accumulation of effective chemotherapeutic drugs inside these cells 

(Kartner et al., 1983). In addition, the over-expression of ABC transporters in human 

cancer cells also enhances their drug resistance. Moreover, mutations in human ABC 

transporters are linked to many disorders such as, cystic fibrosis, hypercholesterolemia 

and diabetes (Klein et al., 1999; Gottesman and Ambudkar, 2001). Also near about 17 

human ABC transporters, out of total 48 ABCs, have been found to be involved in 

hereditary diseases including cystic fibrosis, adrenoleukodystrophy, Stargardt disease 

and disorders of cholesterol metabolism (Dean et al., 2001; Dean and Annilo, 2005). 

Along with P450 monooxygenases, glutathione-S-transferases and carboxylesterases, the 

ABC transporter family is also considered as a major detoxification gene family due to 

its functions in transporting drugs or insecticides (Srivastava et al., 2010). Several ABC 

members reportedly participate in important roles like insecticide resistance in 

lepidopterans; these members include the P-glycoproteins from the ABCB subfamily and 

the multidrug-resistance associated proteins from the ABCC subfamily (Labbe et al., 

2011). Insect P-glycoproteins and MDR associated proteins are frequently linked to 

pesticide resistance. Some ABC transporter genes are upregulated in pyrethroid-resistant 

strains of An. gambiae, Ae. aegypti and An. stephensi mosquitoes (Bonizzoni et al., 2012; 

Epis et al., 2014; Bariami et al., 2012). In the present study, we have classified and 

compared the functions of ABC transporters of Ae. aegypti (Liverpool strain), to explore 

the gene expansion or deletion in the evolution of the ABC transporter family. The 

comparatively conserved nature of NBD and their phylogenetic relationship is helpful to 

categorize eukaryotic ABC transporters into subfamilies.  

 

5.2 Materials and Methods 

5.2.1 Identification of ABC transporters in Aedes genomes 

To identify the total number of ABC transporters from Aedes genome, Drosophila, ABC 

gene accession numbers were used from previous studies (Roth et al., 2003; Sturm et al., 

2009). The highly conserved NBDs were extracted for each Drosophila’s ABC protein 

by using the Scanprosite software at Expasy (Table 5.1). As a query for homology 
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searches, we used only N-terminal NBDs from the Drosophila genomes, if the ABC 

transporter had two NBDs. Individual NBD of Drosophila ABC transporters was used to 

perform BLASTP against Aedes genome. Hits from individual member were only 

considered when the E-values were less than 10
-6

. Among these hits, identified putative 

Aedes ABC transporter proteins were also validated by VectorBase protein databases. 

With the help of Microsoft Excel programme, the redundancy in the current repository 

was minimized and unique protein ID was used.  

 

Table 5.1 Inventory of Drosophila melanogaster N-terminal NBDs used as a query for genome 

wide homology search through BLASTP 

Subfamily Accession no. Start – End No. of AAs in NBD 1 Protein Size 

ABCA (10) 

 

CG1494 

CG1718 

CG1801 

CG1819 

CG6052 

CG8908 

CG31213 

CG31731 

CG33173 

CG32186 

541 – 773 

538 – 767 

500 – 733 

841 – 1065 

515 – 745 

434 – 633 

491 – 720 

408 – 638 

438 – 668 

339 – 568 

233 

230 

234 

225 

231 

230 

230 

231 

231 

230 

1695 

1714 

1655 

1981 

1700 

1625 

1809 

1544 

1459 

1459 

ABCB (8) 

 

AAF 47525 

AAF 48177 

AAF 50670 

AAF 55241 

NP 476831 

NP 523724 

NP 523740 

NP 569844 

485 – 719 

462 – 699 

414 – 650 

576 – 810 

405 – 641 

402 – 638 

431 – 667 

445 – 684 

235 

238 

237 

235 

237 

237 

237 

240 

743 

761 

1320 

866 

1302 

1302 

1313 

692 

ABCC (14) 

 

AAF 46706 

AAF 52639 

AAF 52648 

AAF 53223 

AAF 53950 

AAF 54656 

AAF 55707 

AAF 56312 

AAF 56869 

AAF 56870 

AAF 58947 

NP 477472 

NP 609930 

NP 724148 

428 – 655 

621 – 850 

445 – 668 

649 – 871 

265 – 487 

422 – 645 

443 – 666 

495 – 722 

448 – 673 

420 – 649 

499 – 722 

785 –1014 

434 – 656 

434 – 657 

228 

230 

224 

223 

223 

224 

224 

228 

226 

230 

224 

230 

223 

224 

1312 

1487 

1355 

1549 

1145 

1316 

1362 

1402 

1374 

1320 

1374 

2171 

1307 

1323 

ABCD (2) 
AAF 49018 

AAF 59367 

446 – 665 

505 – 727 

220 

223 

665 

730 

ABCE (1) AAF 50342 78 – 323 246 611 

ABCF (3) 

AAF 48069 

AAF 48493 

AAF 49142 

352 – 596 

74 – 315 

178 – 424 

245 

242 

247 

911 

611 

708 

ABCG (15) 
 

AAF 45826 

AAF 47020 

AAF 49455 

AAF 51027 

93 – 341 

34 – 261 

69 – 316 

145 – 384 

249 

228 

248 

240 

687 

675 

666 

832 



Chapter 5 

 

126 
 

AAF 51122 

AAF 51130 

AAF 51131 

AAF 51341 

AAF 51548 

AAF 51552 

AAF 56361 

NP 722827 

NP 729728 

NP 733058 

1 – 207 

148 – 388 

23 – 261 

106 – 351 

46 – 285 

54 – 294 

10 – 251 

15 – 248 

15 – 246 

303 – 536 

208 

241 

239 

246 

240 

241 

242 

234 

232 

234 

634 

808 

609 

766 

698 

677 

604 

615 

623 

911 

ABCH (3) 

AAF 52284 

AAF 56807 

NP 001034071 

4 – 238 

74 – 308 

51 – 282 

235 

235 

232 

711 

808 

777 

 

5.2.2 Analysis of conserved domain in ABC protein 

The protein IDs of each unique ABC transporters of Aedes were used to retrieve the full 

protein sequence from NCBI. From the supporting information of Nene et al., 2007, their 

genome coordinates like position of these transporters on genomic contigs were 

retrieved. The sequences were re-evaluated with NCBI’s Conserved Domain (CD) search 

tool from conserved domain database (Marchler-Bauer and Bryant, 2004; Marchler-

Bauer et al., 2007) to search the corresponding domain of particular subfamily. The 

peptide sequences of each distinct subgroup of all annotated NBDs were analysed using 

multiple sequences alignment program Clustal omega (Sievers et al., 2011).  

 

5.2.3 Subfamily classification of Aedes ABC transporters and structural topology 

The respective NBDs of each protein was analysed to classify these particular ABC 

transporters in relevant subfamily. For naming the ABC proteins of Aedes aegypti, 

following nomenclature convention were followed. Ae indicating the species Aedes 

aegypti, ABC the protein superfamily abbreviation, A-H the subfamily name, followed 

by the Arabic numbers according to their increased occurrence of NCBI accession 

numbers designating its arbitrary place in the subfamily. All amino acid sequences were 

used to extract the topology by performing Pfam searches at the Sanger Institute website 

(Finn et al., 2008). Pattern of distribution of these conserve domain further decides their 

topology in form of full and half transporters. Number of helices in the ABC protein was 

determined using TMHMM tool (Krogh et al., 2001).  

 

5.2.4 Phylogenetic relationship of ABC transporter subfamilies 

The NBD sequences of ABC transporters for An. gambiae were also retrieved from 

NCBI following the similar strategies as described above. Only N-terminal NBD 
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domains of Aedes along with An. gambiae and D. melanogaster were used for 

phylogenetic analysis. Phylogenetic analysis was performed using MEGA 5.2 software 

(Tamura et al., 2011). Phylogenetic studies was carried out for all 8 subfamilies genes 

individually whereas ABCD, ABCE, ABCF and ABCH altogether due to having least 

number of members in these subfamilies. The evolutionary history was inferred using the 

Neighbor-Joining (NJ) method (Saitou and Nei, 1997). The branch support of the NJ 

phylogenetic tree was estimated using a bootstrap test with 1000 replicates. The 

percentage of replicate trees in which the associated taxa clustered together is shown 

next to the branches (Tamura et al., 2011). In case of gaps or missing data in sequences, 

partial deletion and p-distance of the sequences parameters was chosen. 

 

5.3 Results 

5.3.1 Identification of Aedes aegypti ABC transporter 

The conserved NBDs of all 56 D. melanogaster genes were used as queries for 

homology searches performed by BLASTP in RefSeq database of updated genome 

assembly of Ae. aegypti. All putative ABC transporter with E-value lower than 10
-6 

were 

assembled together and duplicates were eliminated from these clusters. All the obtained 

accession numbers of ABC transporters were verified through vectorbase data search. 

Ultimately, a total of 71 putative ABC transporters genes were confirmed in the Aedes 

genome. ABC transporters were further classified in subfamilies ABCA-ABCH as 

mentioned in Table 5.2. These Aedes ABC transporters were compared with ABCs 

inventories of other arthropods available in public database. 

 

Table 5.2 Classification of ABC transporters in 7 arthropod species, Dm: Drosophila 

melanogaster, Ag: Anopheles gambiae, Bm: Bombyx mori, Tc: Tribolium castaneum, Dp: 

Daphnia pulex, Tu: Tetranychus urticae and Ae: Aedes aegypti and the % of ABC genes in 

genome. 

Subfamilies Dm Ag Bm Tc Dp Tu Ae 

A 10 6 9 9 4 9 13 

B 8 5 9 6 7 4 7 

C 14 14 15 31 7 39 21 

D 2 1 2 2 3 2 3 

E 1 1 1 1 1 1 1 

F 3 3 3 3 4 3 3 

G 15 12 12 13 23 23 20 

H 3 2 2 3 5 22 3 

Total ABCs 56 52 53 68 64 103 71 

Total gene 17215 13184 14436 16540 30613 18414 17339 

% of ABC 0.32% 0.39% 0.37% 0.41% 0.21% 0.56% 0.41% 
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Among arthropods, an arachnid Tetranychus urticae genome revealed the maximum 

member in ABC superfamily. This organism has 103 ABC transporters that constitute 

0.56% of whole protein coding genes (Dermauw et al., 2013). After that, Aedes aegypti 

(order diptera) with 71 and Tribolium castaneum (red flour beetle, belongs to order 

coleoptera) with 68 comprise maximum number of members in this superfamily 

(Broehan et al., 2013). Interestingly, among the known genomes of insects, Aedes has the 

highest number of ABC gene compare to others. Comparative genome study clearly 

showed that, one coleopteran T. castaneum (0.41%) and a dipteran Ae. aegypti (0.41%) 

have the maximum number of ABC transporter genes in so far known insect genomes 

(Table 5.2). 

 

5.3.2 Genome wide comparison and protein domain analysis 

Subfamily assignment of ABC transporters were evaluated on the basis of the known 

architecture of conserved domains as before (Dassa and Bouige, 2001). All the Aedes 

ABC-binding proteins were grouped according to their functional domains as mentioned 

in Table 5.3. We analysed the conserved domains (CD search) in each ABC protein and 

grouped them together. Proteins were named accordance with the above mentioned 

guidelines. The ABCA, ABCC and ABCG transporter subfamilies of Aedes have the 

maximum members among the other category; these subfamilies have 13, 21 and 20 

proteins, respectively (Table 5.2). Subfamily ABCG is the third in abundance after an 

arachnid and crustacean species but again higher among insects. 

The ABCE and ABCF subfamily genes encode proteins with ATP-binding domains 

(only NBD) but no transmembrane segments (TMD). These two families are 

comparatively short having 1 and 3 proteins respectively which also maintains the group 

size as found in other arthropods as well as insects. The ATP-binding domains of these 

genes are clearly related to other genes in the superfamily, and these proteins either bind 

compounds related to ATP (ABCE1) or are thought to be regulatory subunits for other 

proteins (ABCF). Subfamily ABCD (3) and ABCH (3) are also small in size and 

maintain the number of members as found in other species except T. urticae (Table 5.2). 

All ABC protein sequences of Ae. aegypti were used to extract the topology by 

performing Pfam searches. Various pattern of array of NBDs or TMDs were observed on 

a protein sequence which inferred their structure. Pattern of distribution of these 

conserve domains further decide their topology in form of full and half transporters. 

Those ABC peptide sequences having 2 NBDs and 2 TMDs or 1 TMD and 2 NBDs were 
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considered as full transporters. While protein sequences have 1 TMD and 1 NBD or 1 

NBD and 2 TMD or either one were listed as half transporters. 

 

Table 5.3 ABC protein domains identified through CD search depict their plausible 

functions 

Subfamily Domains 

ABCA  Energy Coupling Factor Transporter ATP binding Protein (ECFA2) 

 Retinal Specific rim ABC Transporter (RIM) 

 PQQ Dependent Alcohol Dehydrogenase System (PQQ) 

 Multidrug Transport System, ATPase Component (CCM) 

 Na+ Transport System (NAT) 

ABCB  Eye Pigment Precursor Transporter Protein (EPP) 

 ABC Transporter G-25 

 Multidrug Transport System Permease Component (YadH) 

 Cyclic Beta 1,2 Glucan Transporter 

 Polar Amino Acid Transport System (GlnQ) 

 Conjugate transporter 2 Family Protein 

 Lipoprotein Export System (LolD) 

 Cytochrome C biogenesis Protein 

ABCC  Multidrug Resistance Associated Protein (MRP) 

 Thiamine ABC transporter (thiQ) 

 ABC Transporter C family member (PLN03130) 

 Sulfate ABC Transporter, ATP binding Protein (3a0106s01) 

ABCD  Putative Bacteriocin Export ABC Transporter (Locin 972) 

 Peroxysomal Fatty Acyl CoA transporter (3a01203) 

ABCE  Translation Inititation Factor RLI 1 

ABCF  Arginine Transport System (ArtP) 

ABCG  Phosphonate ABC Transporter (phnC) 

 CCM A Multidrug Transporter System 

ABCH  Cobalamine Siderophores Fe3+ Transport System (fepC) 

 Nodulation Protein (Nod 1) 

 Daunorubicin resistance ABC Transporter ATP Binding Unit (drrA) 

 

There are 28 full transporters which belong to subfamily ABCA-D and 43 half 

transporters which are present in other subfamilies. Full repository of ABC transporter 

with their genome coordinates have been provided in to two exclusive tables as full 

transporters (Table 5.4) and half transporters (Table 5.5). The largest ABC transporter 

has 2056 amino acids and smallest one with 252 amino acids encoded by 

XP_001663398.1 (AeABCC18) and XP_001662304.1 (AeABCC15), respectively. 

However, they might have different chromosomal locations which are not known in this 

particular genome. We identified their genomic occurrences in respective supercontigs or 

contigs through the genome/proteome inventory submitted by Nene et al. 2007. 
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Table 5.4 Genome coordinates of full ABC transporters of Aedes aegypti 

Subfamily NCBI-ID Vector base ID 
Amino 

acids 
Topology 

No of TM 

Helices  
Supercontigs Start End 

A1 XP_001649361.1 AAEL014699-PA 1480 NBD-TMD-NBD 10 1.1224 80946 112357 

A3 XP_001650080.1 AAEL004968-PA 1582 NBD-TMD-NBD 7 1.136   297771 303977 

A4 XP_001650791.1 AAEL015146-PA 1549 2(TMD-NBD) 12 1.1520 51863 59635 

A5 XP_001653233.1 AAEL008388-PA 1666 2(TMD-NBD) 13 1.321 644618 664804 

A6 XP_001653234.1 AAEL008384-PA 1660 2(TMD-NBD) 13 1.321 675803 697600 

A7 XP_001653235.1 AAEL008386-PA 1569 2(TMD-NBD) 12 1.321 698372 730927 

A8  XP_001654315.1 AAEL001938-PA 1673 2(TMD-NBD) 14 1.46 792516 818527 

A9 XP_001662813.1 AAEL012702-PA 1669 2(TMD-NBD) 14 1.726 372101 377726 

A10  XP_001662814.1 AAEL012700-PA 1669 2(TMD-NBD) 14 1.726 372101 377726 

A11  XP_001662815.1 AAEL012701-PA 1669 2(TMD-NBD) 12 1.726 372101 377726 

A12 XP_001662816.1 AAEL012698-PA 1669 2(TMD-NBD) 12 1.726 372101 377726 

         

B1 XP_001648931.1 AAEL004331-PA 1419 2(TMD-NBD) 12 1.115 240545 271476 

B2 XP_001652165.1 AAEL006717-PB 744 2(TMD-NBD) 6       

B4 XP_001654492.1 AAEL010379-PA 1307 2(TMD-NBD) 11 1.474 313030 327570 

         

C3 XP_001650217.1 AAEL005043-RA 1505 2(TMD-NBD) 16 1.139 1140679 1145559 

C4 XP_001650218.1 AAEL005026-RA 1384 2(TMD-NBD) 15 1.139 1168407 1184363 

C5 XP_001650219.1 AAEL005045-PA 1514 2(TMD-NBD) 17 1.139 1184563 1195380 

C6 XP_001650220.1 AAEL005030-PA 1396 2(TMD-NBD) 17 1.139 1233513 1252972 

C8 XP_001651693.1 AAEL005918-PA 1312 2(TMD-NBD) 11 1.180 664096 681744 

C11 XP_001652123.1 AAEL006622-PA 1540 2(TMD-NBD) 13 1.213 838086 915438 

C12 XP_001656872.1 AAEL013567-PA 1311 2(TMD-NBD) 12 1.871 281423 317150 

C14 XP_001662303.1 AAEL012192-PA 1345 2(TMD-NBD) 9 1.664 660781 670973 

C16 XP_001662529.1 AAEL012395-PA 1357 2(TMD-NBD) 7 1.688 67831 72390 
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C17 XP_001662530.1 AAEL012386-PA 1351 2(TMD-NBD) 9 1.688 87463 91714 

C18 XP_001663398.1 AAEL013215-RA 2056 2(TMD-NBD) 12 1.806 207278 448223 

C19 XP_001664022.1 AAEL013833-PA 807 NBD-TMD-NBD 5 1.936 247719 261239 

C20 XP_001664023.1 AAEL013834-PA 1235 2(TMD-NBD) 8 1.936 291553 353031 

                  

D1 XP_001651026.1 AAEL005499-PA 1382 NBD-TMD-NBD 11 1.160 1362499 1398139 

 

Table 5.5 Genome coordinates of Aedes aegypti half ABC transporters  

Subfamily NCBI-ID Vector base ID 
Amino 

acids 
Topology No of TM Helices Supercontigs Start End 

A13 EJY57605.1 AAEL017572-PA 347 NBD  0 1.176 1628836 1629879 

A2 XP_001647575.1 AAEL015644-RA 551 TMD  5 1.413 1036 2842 

                  

B3 XP_001652166.1 AAEL006717-PA 734 TMD-NBD 6 1.219 178589 203717 

B5 XP_001655364.1 AAEL002468-RA 703 TMD-NBD 3 1.58 1203051 1224141 

B6 XP_001656464.1 AAEL000434-RA 693 TMD-NBD 5 1.8 3711414 3730662 

B7 XP_001658950.1 AAEL008134-PA 848 TMD-NBD 10 1.302 73729 107503 

                  

C1 XP_001649738.1 AAEL004743-PB 1069 TMD-NBD 10 1.129   994901 1030978 

C2 XP_001649739.1 AAEL004743-PA 1089 TMD-NBD-TMD 10 1.129 994901 1030978 

C7 XP_001650467.1 AAEL015067-PA 571 TMD-NBD 2 1.1442 8853 20230 

C9 XP_001651697.1 AAEL005937-PA 1300 TMD-NBD 11 1.180 724473 765746 

C10 XP_001651698.1 AAEL005929-PA 1413 TMD-NBD 12 1.180 786121 801780 

C13 XP_001657174.1 AAEL013854-PA 1013 TMD-NBD-TMD 7 1.941 98439 117196 

C15 XP_001662304.1 AAEL012189-PA 252 TMD 2 1.664 689083 689967 

C21 EJY57511.1 AAEL017209-PA 903 TMD-NBD  9 1.107 820177 825969 

                  

D2 XP_001654181.1 AAEL010047-PA 753 TMD-NBD 3 1.449 843528 895566 

D3 XP_001662679.1 AAEL002913-PA 659 TMD-NBD 4 1.71 1617561 1676168 
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E1 XP_001660605.1 AAEL010059-PA 609 NBD-NBD  0 1.450 713084 727146 

                  

F1 XP_001652415 .1 AAEL001101-PA 894 NBD-NBD  0 1.23 2941514 2961984 

F2  XP_001654470.1 AAEL010359-PA 712 NBD-NBD  0 1.473 244386 260577 

F3 XP_001661220.1 AAEL010977-PA 602 NBD-NBD  0 1.529 122943 143748 

                  

G1 XP_001653354.1 AAEL008627-PA 264 NBD 0 1.337 9155 10003 

G2 XP_001653355.1 AAEL008624-PB 593 NBD-TMD 6 1.337 23491 61022 

G3 XP_001653356.1 AAEL008624-PA 593 NBD-TMD 6 1.337  23491 61022 

G4 XP_001653357.1 AAEL008632-PA 607 NBD-TMD 7 1.337 68512 71099 

G5 XP_001653358.1 AAEL008628-PA 571 NBD-TMD 5 1.337 85665 99799 

G6 XP_001653359.1 AAEL008625-PA 606 NBD-TMD 5 1.337 119628 131014 

G7 XP_001653360.1 AAEL008629-PA 723 NBD-TMD 7 1.337 131034 224797 

G8  XP_001653363.1 AAEL008631-PA 759 NBD-TMD 7 1.337 276979 394542 

G9 XP_001653364.1 AAEL008635-PA 676 NBD-TMD 6 1.337 470559 525334 

G10 XP_001655903.1 AAEL012170-PA 275 NBD 0 1.662 13565 20660 

G11 XP_001657117.1 AAEL003703-RA 616 NBD-TMD 5 1.94 984346 994398 

G12 XP_001658974.1 AAEL008138-RA 773 NBD-TMD 7 1.303 412767 432830 

G13 XP_001659406.1 AAEL008672-PA 689 NBD-TMD 6 1.340 378892 469513 

G14 XP_001661538.1 AAEL011265-PA 787 NBD-TMD 6 1.561 434947 481728 

G15 XP_001662000.1 AAEL011863-PA 547 NBD-TMD 7 1.624 277315 291745 

G16 XP_001663554.1 AAEL013372-PA 599 NBD-TMD 6 1.830 256110 301680 

G17 EJY57442.1 AAEL016999-PA 692 NBD-TMD 6 1.310 837158 838440 

G18 EJY57661.1 AAEL017188-PA 692 NBD-TMD 6  1.225 1495602 1528709 

G19 EJY58108.1 AAEL017106-PA 686 NBD-TMD 6 1.1174 142758 145023 

G20 AAC04894.1 
Not listed in 

Vectorbase 
692 NBD-TMD 6 U88851.1 - - 

                  

H1 XP_001648758.1 AAEL014428-PA 727 NBD-TMD 6 1.1111 126773 184623 

H2 XP_001650571.1 AAEL005249-PA 872 NBD-TMD 7 1.147 1132338 1176150 

H3 XP_001650952.1 AAEL005491-PA 783 NBD-TMD 7 1.159 901905 920193 



Chapter 5 

 

133 
 

5.3.3 Topology and pattern of occurrence of NBD Proteins 

To analyze the structural topology of Aedes ABC transporters, positions of the NBDs 

and TMDs were identified for each protein. The characteristic pattern of NBDs and 

TMDs decide the function of ABC transporters as a full or half transporters. Through this 

analysis total eight types of pattern of TMDs and NBDs were found (Figure 5.2).  

 

Figure 5.2:  Topological distribution of domains on ABC proteins in ABC transporters inventory 

of Aedes aegypti. There are 8 types of structural patterns have found which is further revealed by 

their subfamily name and number of members is presented in parentheses. 

 

Full transporter topological architecture comprises either 2 NBDs and 2 TMDs which 

includes 9 members from ABCA, 3 from ABCB and 12 ABCC subfamily proteins or 2 

NBDs and 1 TMDs comprising 2 members of ABCA, 1 ABCC and 1 ABCD subfamily. 

Half transporters in Aedes have various configurations viz. (a) 2 TMDs and 1 NBD 

including 2 members of ABCC (b) 1 TMD and 1 NBD including 4 members from 

ABCB, 5 members from ABCC and 2 ABCD (c) 1 NBD and 1 TMD including 18 

members from ABCG and 3 from ABCH (d) only 2 NBDs including 1of ABCE and 3 of 

ABCF (e) only 1 NBD including 1 member from ABCA and 2 ABCG (f) only 1 TMD 

having one members from ABCA which is not present in any other insect repository. 

 

5.3.4 Phylogenetic analysis 

To analyse the evolutionary position of the 71 putative Aedes ABC transporters, 

phylogenetic analysis was performed using NBDs of Aedes and with existing dipterans 

genomes fruit fly (D. melanogaster) and malaria mosquito (An. gambiae). For two 

reasons, separate analyses were carried out for each subfamily. First, the domain 
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architecture of ABC transporters is highly variable among subfamilies, which 

complicates bioinformatics analyses on full length sequences of the protein. Second, the 

NBDs of different transporters show a similar length and organization; their sequence is 

too conserved to provide a meaningful degree of resolution in phylogenetic analysis. 

The ABCA transporters in mammals perform critical functions in the control of cellular 

lipid-transport processes (Kaminski et al., 2006) yet little is known about their 

physiological functions in insects. The ABCA subfamily proteins were well-

characterized as full transporters. A total of 8, 13 and 10 ABCA genes were identified in 

An. gambiae, Ae. aegypti, and Drosophila, respectively. The Aedes ABCA subfamily 

contains thirteen members: eleven full transporters and two half-size members 

comprising one member with only an NBD domain (EJY57605.1) and one with only 

TMD (XP_001647575.1), suggesting that the ABCA subfamily has underwent rapid 

divergence. The speculated duplication of genes within the ABCA subfamily were 

observed between AeABCA1 and AeABCA13; AeABCA4 and AeABCA11; AeABCA6 

and AeABCA7; AeABCA9 and AeABCA10 (Figure 5.3). AeABCA proteins are the 

largest among the 8 subfamilies, with sizes ranging from 1480 to 1673 amino acids.  

The evolutionary relationships of ABCA transporters proteins with An. gambiae and D. 

melanogaster are shown in Figure 5.3. Phylogenetic analysis of the ABCA subfamily 

revealed a clear orthologous relationship between D. melanogaster CG31731 

(DmABCA8) with AeABCA1 and AeABCA13; DmABCA4 with AeABCA3 proteins. 

Except for CG31731, reported to be down regulated in the salivary glands of an E93 

mutant of D. melanogaster (Dutta, 2008), no information is available on the function of 

these insects ABCA transporters. Little is known about the function of human ABCA5, 

6, 8 and 10 but several studies have suggested roles of these transporters in lipid 

transport (Wenzel et al., 2007). Human ABCA12 on the other hand has been thoroughly 

characterized and is known as a keratinocyte lipid transporter (Akiyama, 2013). The role 

of arthropod orthologues of these human ABCAs is unknown, but they might play a role 

in lipid transport. To date, only one study has investigated the function of ABC proteins 

in this insect-specific ABCA group. Injection of dsRNA targeting TcABCA-9A or 

TcABCA-9B of T. castaneum resulted in 30% mortality during the pupae and adult 

molting showed severe wing defects and elytra shortening (Broehan et al., 2013). Future 

studies might confirm that this group of insect-specific ABCAs is involved in 

development. 
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Figure 5.3 Phylogenetic tree of ABCA subfamily of proteins in three insect genomes. N-terminal 

NBDs sequences were used to generate a phylogenetic tree using the neighbor-joining (NJ) 

method. Bootstrapping (1,000 replicates) was used to determine the relative support of various 

branches. Dm: Drosophila melanogaster; Ae: Aedes aegypti (●); Ag: Anopheles gambiae. 

 

The protein size of Aedes ABCB subfamily proteins ranges around 693-1419 amino 

acids, include both half and full transporters (Table 5.4). The ABCB subfamily of Aedes, 

consists of 3 full and 4 half transporters. Unlikely to 5 ABCB members of An. gambiae, 

Ae. aegypti have seven members which might be due to the duplication of AeBCB5 and 

AeABCB6 genes. Different from Ae aegypti and An. gambiae, D. melanogaster has 8 

ABCB proteins, three of which are called Mdr49, Mdr50, and Mdr65. Mdr49 and Mdr65 

confer multidrug resistance phenotype (Wu et al., 1991; Begun and Whitley, 2000). 

Phylogenetic analysis of ABCB subfamily showed that the MDR transporters of 

Drosophila were clustered together with Aedes AeABCB5, AeABCB6 having the same 
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domain for drug resistance (Figure 5.4). Both two full ABCB transporters appeared to be 

most closely related to the Drosophila biochemical defense genes (Mdr49, Mdr50 and 

Mdr65). All these genes formed a closer cluster with human Pgp (MDR/PGP) subfamily, 

which have a wide range of functions including bile salt excretion from the liver and 

export of hydrophobic molecules and steroids (Dermauw and Leeuwen, 2014). 

 

Figure 5.4 Phylogenetic tree of ABCB subfamily of proteins in three insect genomes. Dm: 

Drosophila melanogaster; Ae: Aedes aegypti (●); Ag: Anopheles gambiae. 

 

The ABCB subfamily is involved in multidrug resistance (MDR) in human, ABCB1 

known as P-glycoprotein was first identified and characterized to confer a MDR 

phenotype in mammalian cancer cell lines (Kartner et al., 1983). In mosquitoes, the P-

glycoprotein inhibitor verapamil can increase the toxicity of cypermethrin, endosulfan 

and ivermectin to Culex pipiens 4
th

 instar larvae but not that of chlorpyrifos. The 

expression of Ae aegypti P-glycoprotein (AeABCB4-AAEL010379) increases 8-fold in 

temephos-treated larvae and silencing of this gene expression significantly increases 

temephos toxicity (David et al., 2014; Figueira-Mansur et al., 2013). ABCB6, ABCB7, 

ABCB8 and ABCB10 are members of mitochondrial ABC systems, which play roles in 

the metabolism of iron and the transport of Fe/S protein precursors (Dean et al., 2001). 
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D. melanogaster ABCB6 (CG4225) known as heavy metal tolerance factor one, confers 

resistance against cadmium (Sooksa-Nguan et al., 2009). T. castaneum ABCB7 

(TcABCB-5A) affects development and female reproduction (Broehan et al., 2013). Ae. 

aegypti ABCB3 (AAEL006717) is reportedly upregulated in a pyrethroid-resistant strain 

(Bariami et al., 2012). 

In the Aedes genome, ABCC proteins form the largest subfamily with 21 members while 

14 in An. gambiae and 14 in D. melanogaster have been reported. In human the ABCC 

subfamily contains 12 full transporters with a diverse functional spectrum that includes 

ion transport, cell-surface receptor and toxin secretion activities. Ae. aegypti ABCC 

subfamily contain 13 full transporters and 8 half transporters. The huge burst in the 

ABCC subfamily of Aedes is obvious due to high duplication rate in their genome. As a 

result of this, it could be speculated from the phylogenetic relationships of ABCC 

proteins that 6 duplication events have occurred within the subfamily. This duplication 

include following members: (1) AeABCC1 and AeABCC2; (2) AeABCC5 and 

AeABCC13; (3) AeABCC10 and AeABCC11; (4) AeABCC18 and AeABCC20; (5) 

AeABCC12 and AeABCC16; (6) AeABCC19 and AeABCC21. Phylogenetic analysis 

showed that AeABCC1, 2, 3, 4, 9, 21 grouped with Anopheles AgABCC1, AgABCC2, 

AgABCC3, and AgABCC4 have MRP1 domain (Figure 5.5). 

HsABCC4 proteins are organic anion transporters that mediate the cellular efflux of a 

wide range of exogenous and endogenous compounds, such as cyclic nucleotides and 

anti-cancer drugs (Schuetz et al., 1999; Borst et al., 2007). ABCC4 also functions in 

insecticide detoxification. For example, DDT and lindane induces the expression of 

zebrafish ABCC4; in addition, over expression of zebrafish ABCC4 significantly 

decreases the cytotoxicity and accumulation of DDT and lindane in LLC-PK1 cells and 

developing embryos (Lu et al., 2014). An Ae aegypti ABCC9 gene (AAEL005937) is 

upregulated in pyrethroid resistant strains (Bariami et al., 2012). In Pediculus humanus 

(bedbug), ABCC1 is highly expressed after exposure to the insecticide ivermectin 

exposure (Yoon et al., 2011). 

The ABCD, ABCE ABCF and ABCH subfamilies in Aedes contained a small number of 

members with clear orthologous relationships. These subfamilies are comparatively 

conserved in insects and even higher organisms. Aedes ABCD transporters contain 3 

members, two half transporters and one half transporters have orientation TMD-NBD 

and NBD-TMD-NBD. 
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Figure 5.5 Phylogenetic tree of ABCC subfamily of proteins in three insect genomes. Dm: 

Drosophila melanogaster; Ae: Aedes aegypti (●); Ag: Anopheles gambiae 
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In Tetranychus urticae have two ABCD proteins, which are orthologous to human 

ABCD1/2 and ABCD3 (Dermauw and Leeuwen, 2014). In yeast and mammals, ABCD 

transporters are located in the peroxisome membrane and involved in transporting acyl 

coenzyme A esters across (fatty acid transport) their membrane (Wanders et al., 2007; 

Morita and Imanaka, 2012). However, the role of ABCDs has not been studied in insects.  

 

Figure 5.6 phylogenetic tree of ABCD, ABCE, ABCF and ABCH subfamilies of proteins in 

three insect genomes. Dm: Drosophila melanogaster; Ae: Aedes aegypti (●); Ag: Anopheles 

gambiae 

 

The ABCE and ABCF subfamilies are involved in biological processes rather than 

transportation because of lacking transmembrane domains (Dean et al., 2001). The 

proteins of subfamilies E and F are characterized by two NBD domains and they are 

unlikely to function as transmembrane transporters. Most of the higher organisms only 

have one ABCE member in this smallest subfamily that is highly conserved during 

evolution (Dermauw and Leeuwen, 2014). Figure 5.6 reveals the close relationship of 
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AeABCE1 with AgABCE1 and DmABCE1 with high bootstrap value. In human ABCE1 

was identified as an RNAse L inhibitor which is an important component of interferon 

regulated 2-5A pathway (Bisbal et al., 1995). The Drosophila ABCE1 is called as 

“pixie” which is essential for translation initiation through binding of 40S ribosomal 

subunit in an ATP dependent manner (Andersen and Leevers, 2007).  

Each of the insect species mentioned in table 5.2 has three ABCF proteins except 

Daphnia pulex, which belong to ABCF1, ABCF2 and ABCF3. By phylogenetic analysis 

of ABCF transporters, AeABCF1 and AeABCF3 were found orthologous with human 

ABCF1 and HsABCF3 (61% and 63% amino acid identity). In addition, AeABCF2 is a 

homolog of Drosophila CG9281 (DmABCF3), but its function is not clear (Figure 5.6). 

Each ABCF protein has two NBD domains and no TM domain. In mammals, ABCF1 

(ABC50) plays a key role in the control of translation initiation (Paytubi et al., 2009). In 

T. castaneum, interference of ABCE1 (TcABCE-3A) or ABCF1 (TcABCF-2A) 

expression produces the lethal phenotype in larvae (Broehan et al., 2013). 

The ABCH subfamily was first identified in D. melanogaster and later found to exist in 

other insects and zebrafish (Popovic et al., 2010).  D. melanogaster and Ae. aegypti have 

three ABCH genes, whereas An. gambiae has two ABCH genes, which formed three 

paralogous groups (Figure 5.6). The function of ABCH is poorly understood, although it 

is closely related to the ABCG subfamily. A recent study has shown that RNAi 

knockdown of the T. castaneum TcABCH9C gene (homologous to An. gambiae 

AGAP003680) and TcABCG-4C gene (homologous to An. gambiae AGAP009850) 

causes similar phenotypes: arrested development, rapid death during the quiescent stage, 

rough cuticles and reduced reproduction (Broehan et al., 2013). This evidence suggests 

ABCH genes function in transport of cuticular lipids and is deposited in epicuticular 

layer to prevent water loss. 

The Aedes ABCG proteins are the second largest subfamily after ABCC, with 20 

members, which were half ABC transporters with a reverse domain organization (NBD-

TMD). Two ABCG proteins (AeABCG1: AAEL008627-PA and AeABCG9: 

AAEL012170-PA) has only a single NBD domain. The size of ABCG protein is ranging 

from 547-787 amino acids excluding 2 above mentioned protein have only NBD domain. 

This genomic architecture supports the duplication of gene and explodes in number 

within the subfamily. These duplicated genes include AeABCG1 and AeABCG2; 

AeABCG4 and AeABCG5; AeABCG15 and AeABCG16; AeABCG17 and AeABCG20. 
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Figure 5.7 Phylogenetic tree of ABCG subfamily of proteins in three insect genomes. Dm: 

Drosophila melanogaster; Ae: Aedes aegypti (●); Ag: Anopheles gambiae 
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These mosquito ABCG genes were homologous to human ABCG1, ABCG4, ABCG5, 

and ABCG8, which are primarily involved in the transport of endogenous and dietary 

lipids in mammals (Dean et al., 2001). The functions of ABCG1, -G4, -G5, and -G8 

genes in insects are unknown. In Ae aegypti, two ABCG genes (AAEL008138-

AeABCG12, AAEL008624-AeABCG2) were upregulated in pyrethroid-resistant strains 

(Bariami et al., 2012). In humans, ABCG2 is a multidrug resistance protein that is over 

expressed in cell lines cultured under mitoxantrone selection pressure (Miyake et al., 

1999). However, ABCG2 homologs were not found in mosquitoes. The three best-

studied insect ABCG subfamilies, i.e., white, scarlet, and brown, were present in 

mosquito species. Each mosquito had one orthologous white or brown gene and two 

orthologous scarlet genes. Phylogenetic analysis revealed that AeABCG1-6 had clear 

orthologous relationships with Drosophila (Figure 5.7). In D. melanogaster, white, 

brown and scarlet genes are involved in pigment transport in eyes by transporting 

guanine or tryptophan, the precursors of the red and brown eye pigments (Mackenzie et 

al., 1999; Borycz et al., 2008). 

 

5.4 Discussion 

The ABC families of five insect species, along with one crustacean (Daphnia pulex) and 

a chelicerate (T. urticae) have been previously annotated in some details. We have 

identified 71 unique ABC transporters in Ae aegypti genome through homology searches 

which was found comparatively higher in order Diptera (Table 5.2). Comparative 

analyses of sequenced insect genomes including: fruitfly (D. melanogaster), malaria 

mosquito (An. gambiae), a lepidopteron silkworm (B. mori), a coleopteran beetle (T. 

castaneum) and water-flea (D. pulex) show that these species also contain 50–80 ABC 

genes with almost the same basic subfamily organization. Among insects, Ae aegypti, 71 

ABC genes form the largest ABC data set after T. castaneum according to the available 

reports. However, the percentage of ABC genes in total genes is almost similar in Aedes 

and Tribolium (Table 5.1). This huge number might be evident because Aedes genome is 

known to have 50% gene duplication event which was also observed in voltage-gated 

sodium channel genes. Nevertheless, a huge portion of mitochondrial genome of Aedes 

aegypti is integrated to the nuclear genome several million years ago (Severson and 

Behura, 2012; Martins et al., 2013). Similar results were obtained by Harland et al., 

(2005) when comparing bacteria with different respiratory requirements since aerobic 
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bacteria have larger genomes and display greater numbers of ABC systems than 

anaerobes. These finding support that number of ABC genes encoded in bacterial 

genomes correlates with genome size and also with physiological niche in which bacteria 

live (Harland et al., 2005). 

In vertebrates, a remarkable decrease in the number of ABC genes was observed: for 

instance, only 48 ABC genes have been identified in humans (Dean and Annilo, 2005). 

Unlikely to human, insects have 8 subfamilies of ABC transporters (A-H). A novel 

subgroup ABCH was identified in Drosophila ABCs (Dean et al., 2001; Vasiliou et al., 

2009). Although the number of ABC members in different subgroups is generally 

similar. Drosophila has three times more ABCG-type proteins than human (Dean et al., 

2001). It may indicate the expansion and deletion of specific ABC transport during 

evolution and may indicate differential adaptation for individuals. The identification and 

domain analysis of ABC transporters in Ae aegypti genome has revealed interesting traits 

of these proteins in this medically important mosquito species. The high conservation in 

Aedes ABC proteins involved in fundamental cellular processes (such as the 

mitochondrial ABCB half transporters and the members of ABCD, ABCE and ABCF 

subfamilies) suggesting an evolutionary ancestral origin of these proteins (Dermauw and 

Leeuwen, 2014). The complement of ABC proteins shows parallel between two insects 

Anopheles and Drosophila in that both lacking homologues to the human proteins TAP 

(translocations involved in antigen processing) and CFTR (chloride channel regulated by 

ATP) (Abele and Tampe, 2004). Moreover, the importance of these transporters 

increases due to their involvement in transport of xenobiotics, chemotherapeutic drugs 

and also in MDR and immunity (Labbe et al., 2011). The first characterized eukaryotic 

ABC transporter (P-glycoprotein) which is present on the cancer cell surface mediates 

MDR through efflux and prevents the accumulation of effective chemotherapeutic drugs 

(Kartner et al., 1983; Van-Veen et al., 1998). These facts provide evidences that the 

bacterial and human transporters are functionally compatible and conserved from 

bacteria to human. 

The members of E and F subfamilies are not transporters and diverge from other 

subfamilies proteins since they possess two NBDs but lack TMDs. In C. elegans ABCE 

proteins are inhibitors of RNAse L and involved in the assembly of preinitiation complex 

while ABCF proteins have roles in ribosome assembly and protein translation (Zhao et 

al., 2004; Dong et al., 2004; Bisbal et al., 1995; Marton et al., 1997; Tyzack et al., 2000). 



Chapter 5 

 

144 
 

The comparatively conserved nature of NBD domains and their phylogenetic 

relationship is employed to categorize ABC transporters into 8 subfamilies (subfamily A-

H). The uniformity of the ABCs, NBD domains between diverse groups of organisms is 

helpful to understand their phylogenetic relationship. This statement can be supported 

with examples where white eye pigments protein in Drosophila and mosquito are 65% 

identical; both of them are near about 35% identical to human white protein (Waterhouse 

et al., 2008).  

 

5.5 Conclusion 

Mosquitoes, being the pathogens carriers, have also been aimed exhaustively to 

understand the selected features of their ABC transporters for designing tools to control 

the spread of diseases. ABC transporters in insects are known to regulate the transport of 

metabolic components, pigments, chemoattractant, uric acid metabolism and 

development. Moreover, ABCs-mediated insecticide resistance and tolerance to 

xenobiotics also increases their importance (Bates et al., 2000). Taken together, our 

analyses indicate that Ae. aegypti ABC transporters family members are conserved and 

may play multiple roles. Thorough phylogenetic analysis of three dipteran ABC protein 

subfamilies, infer homologous relationships which suggest its conserved function. The 

majority of ABC proteins function as primary transporters that bind and hydrolyze ATP 

while transporting a large diversity of substrates across lipid membranes. The diverse 

functions of ABC proteins has been well studied in insects for their role in drug 

resistance but, less is known about its role in the transport of endogenous and exogenous 

substances in arthropods.  
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Future Prospectives 

The scope of this thesis was to identify the important immune genes which are 

playing a crucial role in mosquito immune system, against pathogens. In this 

thesis comprehensive bioinformatics analysis for STAT pathway and the 

interaction between An. stephensi mosquito and Plasmodium parasite was 

analyzed. Beside this a complete inventory of Ae. aegypti ABC transporters were 

also envisaged. A further research will include the functional elucidation of 

following future perspectives: 

 If STAT-A and STAT-B are playing a role in same canonical pathway then 

mechanistically how these STATs are working in the same cascade is a matter of 

high interest. 

 The occurrence of two STATs only in Anopheles species of mosquitoes 

(especially in few series of the subgenus) is due to high rate of host pathogen 

interaction which needs to be checked in other species whose genome is not 

available. 

 Whether STAT-A and STAT-B are also playing a non-canonical mode of action 

which is not yet reported in any insect species. As well as other downstream and 

effector gene of the STAT pathway are further needs to be characterized. 

 Characterization of important ABC subfamily members against blood-borne 

pathogens needs to be identify in the laboratory colonized Ae. aegypti 

mosquitoes. Important candidate genes from each subfamily further needs to be 

elucidated for their role in insecticide resistance or blood-borne pathogens. 
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