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ABSTRACT 

Malaria, a vector-borne disease, affects approximately 3.2 billion people worldwide each 

year. The transmission of this disease is initiated by an infectious bite of female 

Anopheles mosquito which carries the parasite of genus Plasmodium. Malaria parasite 

requires human host to complete its asexual life cycle and female Anopheles to 

complete its sexual life cycle. A number of Anopheles species transmit human malaria 

parasite and in India, Anopheles stephensi is one of the major urban malaria vector. 

The mosquito feeds on plant nectar. However, female mosquito requires blood 

meal for the development of eggs. During the blood meal, female Anopheles 

accidentally encounters the malaria parasite, Plasmodium. Several body compartments 

of mosquito are involved in the Plasmodium development and midgut is the first 

compartment that the parasite encounters in the mosquito. Plasmodium interacts with 

several molecules of mosquito midgut during its development. Molecules that positively 

regulate the development of Plasmodium are called as agonists. Also, Plasmodium 

undergoes massive losses during its development in the mosquito midgut and faces a 

sizeable bottleneck, suggested that midgut epithelial cells mount a potent immune 

response against it. Mosquito molecules that negatively regulate the Plasmodium 

development are known as antagonists. Currently, Plasmodium developmental stages 

of midgut are targeted to control malaria transmission. One such method is the 

development of vaccines against malaria in mosquito and known as Transmission 

Blocking Vaccines. Midgut-specific molecules can be used as vaccine candidates to 

control malaria transmission. Hence, targeting midgut molecules which are crucial for 

successful development of Plasmodium inside the mosquito host will prevent malaria 

transmission. Recently, in Anopheles gambiae, heme peroxidases such as HPX15, 

HPX2 and Duox are reported in modulating the midgut immunity. Functional studies of 

these heme peroxidases in A. stephensi may provide an opportunity to target these 

molecules as vaccine candidates in developing transmission blocking strategies. 

 In this thesis work, we carried out the molecular characterization of heme 

peroxidase gene HPX2 from Indian malaria vector A. stephensi and showed that it plays 

a crucial role in maintaining bacterial homeostasis and in limiting Plasmodium 

development inside the mosquito midgut. The AsHPX2 is a secreted protein of 692 

amino acids. The orthologs of AsHPX2 are only present in mosquitoes. The expression 



of this gene is reduced in blood fed midguts. RNAi based silencing of AsHPX2 gene in 

sugar fed midguts showed increased bacterial load. So, this gene is involved in 

maintaining the midgut bacterial homeostasis in the sugar fed mosquitoes. Silencing of 

AsHPX2 gene increased Plasmodium oocysts number and exhibited the anti-plasmodial 

property in the midguts in a way similar to its ortholog AgHPX2 in A. gambiae. In A. 

gambiae it is reported that HPX2 enhanced the clearance of Plasmodium ookinetes 

during midgut invasion. Thus, AsHPX2, a mosquito-specific gene may be targeted to 

design such strategy that can arrest Plasmodium development inside the mosquito.  

Studies exploring the mosquito’s innate immune defense mechanism against 

Plasmodium and detailing the importance of the midgut microbiota in vector competence 

may contribute towards the development of effective control strategies. In our study, we 

characterized Dual Oxidase (Duox) gene in Indian malaria vector and showed that it 

plays a crucial role in bacterial homeostasis and also in Plasmodium development in the 

mosquito midgut. Duox in A. stephensi is a transmembrane protein with N-terminal 

cytoplasmic heme peroxidase domain and a non-cytoplasmic NADPH oxidase domain 

at C-terminal. In addition, it also has a calcium binding domain and seven 

transmembrane domains. The AsDuox ortholog, AgDuox in A. gambiae performs 

tyrosine crosslinking of a mucin layer in the midgut. This mucin layer acts as a physical 

barrier and protects midgut commensal bacteria and Plasmodium against midgut 

immunity. Silencing of AsDuox in either sugar fed or blood fed midguts revealed 

increased endogenous bacterial growth. Thus, we assumed that AsDUOX gene plays a 

dual role, on one hand, it protects the bacteria from midgut immunity by creating low 

immunity zone through midgut barrier formation, and on the other hand, it controls their 

over-growth due to its anti-bacterial nature. The expression of this gene is induced in 

exogenous bacteria supplemented blood fed midguts and has a strong negative 

correlation with the growth of bacteria in these midguts. This indicates that Duox is one 

of the major molecules of midgut immunity. 

AsDuox gene also plays important role in Plasmodium development and 

silencing of this gene suppressed Plasmodium oocysts number through activation of 

TEP1 (Thioester-containing proteins) molecules. Previously, in A. gambiae, it has been 

reported that Duox gene supports the development of Plasmodium and silencing of 

AgDuox reduced the number of Plasmodium oocysts. These findings explored that 

agonist role of Duox is conserved in both A. stephensi and A. gambiae. Thus, Duox 

gene is an important molecule of innate immunity against pathogens in Anopheles. 

Hence, this molecule might serve as a universal target to manipulate mosquito immunity 



and midgut bacterial population that can be used to arrest Plasmodium development 

inside the vector host.  

Heme peroxidases belong to multi-gene family in which gene duplication event is 

very common. So, we were interested in studying the gene duplication event in heme 

peroxidase family of Anopheles. We found that previously reported heme peroxidase 

HPX15, a transmission blocking vaccine candidate, in A. gambiae and A. stephensi has 

its tandemly duplicated paralog named HPX14. The duplicated genes are are flanked by 

the presence of boundary elements and might act as an independent domain of gene 

expression. We found that duplicated genes are under the purifying selection and 

hence, might maintain two distinct functional copies. We found that both the genes are 

functional and the mRNA levels of AsHPX15 gene are higher than AsHPX14 gene in the 

midguts. However, the spatial and temporal expression of AsHPX14 gene might be 

suppressed by CTCF (CCCTC-binding factor), an insulator protein. To reveal the 

function of AsHPX14 gene, we silenced the AsHPX15 gene in the midguts. We found 

that expression of AsHPX14 gene is induced in AsHPX15 silenced bacteria 

supplemented blood fed midguts but not in AsHPX15 silenced blood fed midguts against 

respective controls. The high bacterial load in absence of barrier formation (silencing of 

AsHPX15) cause some signal to displace CTCF protein and induce the expression of 

AsHPX14 gene. This data suggested that HPX14 gene may have a role in immunity 

against bacteria but not in physiology. Hence, we conclude that there is no redundancy 

in the function of duplicated gene. This strengthen the potentiality of AsHPX15 as a 

vaccine candidate to block Plasmodium transmission. This study suggests the potential 

functional roles of CTCF in the mosquito. This can be used to improve mosquito 

transgenesis. This can also provide a new model for the study of CTCF function in a 

species with medical significance. CTCF can be explored in managing and regulating 

genome-wide chromatin architecture and gene expression. 

This thesis work contributes to a better understanding of the mosquito immune 

system to the malaria parasite, mosquito midgut microbiota interactions, mechanisms 

that maintain midgut homeostasis and chromatin organization of two duplicated heme 

peroxidases involved in the immunity. It would be of great interest to study the exact 

molecular mechanism that controls the expression of these heme peroxidases in the 

midgut. In future, functional study of these heme peroxidases in different anophelines 

may explore their use for widespread control of malaria.  
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1 Introduction 
1.1 Malaria is a life-threatening vector-borne parasitic disease  
Several major human diseases are caused by insects and malaria is one of the most 

important and life-threatening diseases. Malaria is caused by a protozoan parasite of the 

genus Plasmodium, which is transmitted to human by the female Anopheles mosquito. 

Out of hundred species of Plasmodium, six species can infect human. The four major 

species of Plasmodium are P. falciparum, P. vivax, P. ovale and P. malariae and the 

newly considered fifth species is P. knowlesi, a malaria parasite that normally infects 

macaques (William et al., 2013; White, 2008; Cox-Singh and Singh, 2008). Very rare 

cases of malaria in human that are caused by P. cynomolgi are reported (Ta et al., 

2014). In endemic regions, several cases of malaria have been reported in the human 

having co-infection with more than one Plasmodium species (Mehlotra et al., 2000). 

Malaria is reported over ninty-one countries, primarily in tropical and subtropical 

regions of sub-Saharan Africa, Central and South America, the Caribbean island of 

Hispaniola, the Middle East, South-East Asia, and Oceania (Figure 1.1). There is a high 

risk associated with malaria as almost about 3.2 billion people (almost half of the world’s 

population) are at risk, making it a worldwide problem. On an average, more than 212 

million people are infected and 0.429 million people die due to malaria every year 

worldwide (WHO, 2016). These data indicate the severity of malaria and its impact on 

human health. 

Figure 1.1: Distribution of malaria worldwide. The world map shows the malaria prevalent 
regions reported by UCSF Global Health Group’s Malaria Elimination Initiative (MEI) 
(http://globalhealthsciences.ucsf.edu/our-work/diseases-and-conditions/malaria).  
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Figure 1.2: Malaria affected areas in India. In India, malaria is present throughout the 
country excluding areas >2000 m in Himachal Pradesh, Jammu and Kashmir, and Sikkim.  
(https://www.cdc.gov/malaria/travelers/country_table/i.html). Source: Global Health– 
Division of Parasitic Diseases and Malaria available at Centers for Disease Control and 
Prevention.  
 

Tropical countries, including India, are at the risk of a number of vector-borne 

diseases including malaria. India reports approximately 61% of all confirmed malaria 

cases in the South-East Asia region (WHO, 2011). In the Indian subcontinent, for the 

past few years, severe complications (cerebral malaria, pulmonary edema, acute renal 

failure, etc.) are also reported in malaria patients (Kaushik et al. 2012; Patil, 2012) that 

make the situation worrisome. The high human population and suitable climate to 

support higher mosquito density might also accelerate the rate of malaria transmission 

throughout the country. Malaria is a major health problem in rural as well as tribal areas 

of 16 Indian states, including seven northeastern states and nine states of central India 
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(National Vector Borne Disease Control Program, 2014). Malaria endemic areas in India 

are depicted in Figure 1.2.  

 
1.2 Life cycle of malaria parasite 
The malaria parasite, Plasmodium completes its life cycle in two evolutionary far hosts; 

an invertebrate host, the mosquito and a vertebrate host such as human. The sexual life 

cycle of Plasmodium is completed in female Anopheles mosquito (a definitive primary 

host) while asexual life cycle is completed in human (a secondary host). The life cycle of 

Plasmodium in Anopheles starts with the ingestion of Plasmodium gametocytes during 

blood feeding of malaria infected person. Soon after ingestion, Plasmodium 

gametocytes undergo gametogenesis and fertilization that form zygote inside the midgut 

lumen. In the midgut, the gametogenesis is activated by the drop in body temperature 

and mosquito derived Xanthurenic acid (Billker et al., 1998; Garcia et al., 1998; Kuehn 

and Pradel, 2010). Further, in the same compartment, the formation of ookinete from 

zygote takes place near about 15 h after ingestion of Plasmodium infected blood. 

Ookinete traverses the midgut epithelial cells around 24 h of ingestion and develops into 

an oocyst in the space between midgut epithelium and basal lamina (Figure 1.3). 

Oocyst matures approximately after 10 days and then releases thousands of 

sporozoites into the mosquito hemocoel. Sporozoites circulate throughout the 

hemolymph and some of them invade the salivary glands. Sporozoites in salivary gland 

further undergo maturation and during the subsequent feeding, they are ready to be 

injected into the new host (Zheng, 1997; Beier, 1998; Sinden, 2002).  

Plasmodium life cycle in the human host begins with the infective bite of female 

Anopheles that releases sporozoites into circulating blood. These sporozoites migrate 

towards the liver and initiate a pre-erythrocytic cycle in hepatocytes that continue 

approximately for 6-15 days. During this phase, Plasmodium undergoes extensive 

growth and division. At the end, thousands of merozoites are released into the 

bloodstream. These merozoites further invade the red blood cells (RBCs) and initiate an 

erythrocytic cycle (Frevert, 2004). This asexual erythrocytic cycle further produces more 

merozoites and after 48 or 72 h of erythrocyte infection, depending on Plasmodium 

species, they are released from the RBCs and immediately invade new erythrocytes 

(Figure 1.3). In continuation of the erythrocytic cycle some merozoites differentiate into 

gametocytes (Cowman et al., 2012) and after ingestion by another female mosquito, 

they continue the sexual cycle as discussed above. 
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Figure 1.3: The life cycle of Plasmodium. The sexual life cycle of Plasmodium initiates when a 
mosquito ingests an infected blood meal containing gametocytes into the midgut lumen. A) Mosquito 
stages: 1) Midgut stage: Soon after the ingestion, gametocytes undergo gametogenesis and 
fertilization in the midgut that form zygotes. The zygotes differentiate into motile ookinetes that 
traverse the midgut and develop into oocysts. 2) Hemocoel stage: After maturation, oocysts release 
thousands of sporozoites into the hemocoel. 3) Salivary gland stage:  The released sporozoites 
specifically invade the salivary glands. When an infected mosquito bites a human it releases 
sporozoites into the bloodstream. B) Human stages: 4) Liver stage: These sporozoites travel towards 
the liver. In hepatocytes, Plasmodium schizont starts its exo-erythrocytic cycle and produces a 
number of merozoites. 5) Blood stage: These merozoites are released into the bloodstream and 
invade, the RBCs that mark the beginning of the erythrocytic cycle. During the erythrocytic cycle, 
merozoites enter the ring stage and develop into early trophozoites. These trophozoites further 
develop into schizonts. The RBCs rupture and release new merozoites that immediately infect other 
RBCs. 6) Gametocyte stage: The second fate of trophozoites during an erythrocytic cycle is to 
differentiate into female and male gametocytes. When female Anopheles takes blood from an infected 
human, its sexual life cycle starts again (Kakani et al., 2016).  
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1.3 Malaria vector distribution and its life cycle 
The malaria parasite Plasmodium is transmitted by female mosquitoes of the genus 

Anopheles. Worldwide, there are approximately 465 Anopheles species, out of which, 

approximately 41 are dominant malaria species (DVS) that spread human malaria 

(Sinka et al., 2012). These anophelines are worldwide distributed as shown in Figure 

1.4 and transmit different species of Plasmodium depending on the region and the local 

environment. 

Figure 1.4:  Dominant malaria vectors and their worldwide distribution: Graph shows the 
distribution of malaria vectors over the 5 major geographical regions (Sinka et al., 2012). 

 

India is a tropical country and the epidemiology of malaria is complex because of 

geo-ecological diversity and climatic conditions which are suitable for wider distribution 

of anopheline vectors (Anvikar et al., 2016). In India, nine out of 58 Anopheles species 

are designated as the vector of the human malaria parasite (Nagpal and Sharma, 1995). 

Among these, six species (A. minimus, A. fluviatilis, A. culicifacies, A. dirus, A. 

stephensi, A. sundaicus) are considered as the primary vectors (commonly feed on 

humans and have measurable sporozoite rates), while three (A. annularis, A. nivipes/ A. 

philippinensis and A. varuna) are designated as secondary vectors (have low sporozoite 

rates) (Dash et al., 2007).  Of these, Anopheles stephensi Liston 1901 considered as an 

important vector in India, mainly in the urban and industrial areas and prefers human 

blood (Adak et al., 1999; Sharma, 1999; Swami and Srivastava, 2012).  
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The mosquito life cycle is an example of complete metamorphosis. There are 

four distinct stages in the life cycle of a mosquito: egg, larvae, pupa, and adult. The life 

cycle starts with the tiny egg. The adult female Anopheles requires at least one blood 

meal before she can oviposit. Eggs are deposited singly on the surface of the water at 

various breeding sites, including shallow sunlit pools, borrow pits, drains, car tracks, 

hoof prints near water holes, rice 

fields, irrigation canals, pools left 

behind by receding rivers, and 

rainwater collecting in natural 

depressions (Gillies & DeMeillon, 

1968). The eggs hatch into larvae 

2-3 days after egg laying. The 

hatched larvae or “wrigglers” 

swims in the water and goes 

through four growth stages called 

instars, in which they grow in size. 

The larvae undergo three 

successive moults during their 

development. After the fourth 

instar larvae, the pupae form that 

often called “tumblers”, do not feed and respire with the help of respiratory trumpets. 

After 2-3 days, the adult mosquitoes emerge from the pupae (Ramirez et al., 2009) 

(https://www.cdc.gov/malaria/about/biology/mosquitoes/index.html). 

 

1.4 Current and past malaria control strategies   
Malaria is a serious public health issue in many parts of the world with an enormous 

socioeconomic impact and people pay a heavy tax in terms of human health. This draws 

attention to initiate several prevention methods and development of control strategies. 

One such strategy is controlling the life cycle of Plasmodium in human using antimalarial 

drugs and vaccines. In addition, several other strategies involve reducing the contact 

with mosquitoes through the use of insecticide-treated bed nets, repellents, and 

controlling mosquitoes using insecticides, larvicides, and bacteria that produce toxins. 

Another strategy is to break the life cycle of Plasmodium by targeting important 

molecules of mosquito that are required for successful development of Plasmodium 

(transmission blocking strategies). 

Figure 1.5: Mosquito life cycle. The life cycle of 
Anopheles starts with an egg that hatches into larva. 
The larva undergoes three consecutive moults and 
transforms into fourth instar larva. Larva finally 
develops into pupae, metamorphosis takes place and 
develops into an adult (WHO, 1997, Vector Control 
Methods for Use by Individuals and Communities). 
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1.4.1 Treatment and prevention of malaria in human host  
Early diagnosis of malaria and treatment of an infected person with the antimalarial 

drugs can also control transmission of Plasmodium. Synthetic drugs like chloroquine 

(CQ) and sulfadoxine/pyrimethamine (SP) are used extensively as antimalarial drugs. 

However, the extensive use of these drugs is the major cause of developing drug 

resistant Plasmodium (White, 2004; Klein, 2013). Presently, artemisinin-based 

combination therapies (ACTs) are used to treat malaria but some cases of resistance 

against them are also reported in South-East Asia (Dondorp et al., 2009; Noedl et al., 

2010; Phyo et al., 2012). These reports warrant discovery of new drugs to treat malaria.   

In addition to the drugs, vaccines can be used to prevent malaria. The purpose 

of vaccination strategies is to induce protective memory immune responses in advance 

of infection, to provide protection in the case of encountering the disease-causing agent 

again. Most current vaccine candidates target a single stage of the parasite's life cycle, 

at early pre-erythrocytic stages or later at blood stage. There are several malaria 

vaccines that are currently in clinical trials. The vaccines that target the pre-erythrocytic 

life-stage of Plasmodium are RTS,S/AS01E, RTS,S-AS01, PfCelTOS FMP012, 

Adenovirus (Ad35) vectored CS and RTS,S-AS01 in heterologous prime-boost regimen, 

ChAd63/MVA(CS; ME-TRAP), PfSPZ. The vaccines against Blood-stage of Plasmodium 

are ChAd63.AMA1/MVA.AMA1+Al/CPG7909, AMA1-C1-Alhydrogel+CPG 7909, BSAM-

2-Alhydrogel+CPG7909, EBA175.R2, SE3, ChAd63/MVAAMA1, FMP2.1-AS01B (AMA1 

3D7), NMRC.M3V.Ad.PfCA, MSP3[181–276], GMZ2 (Arama and Troye-Blomberg, 

2014). The most advanced candidate for malaria vaccine is RTS,S/AS01 that is 

currently in phase 3 trials. This vaccine induces humoral and cellular immune responses 

against the circumsporozoite (CS) protein present on the surface of sporozoites or liver 

stage schizonts and block the pre-erythrocytic (PE) stage of P. falciparum. Recently in 

Africa, WHO will introduce Malaria Vaccine Implementation Programme (MVIP) in 2018 

that will make the RTS,S vaccine  (trade name Mosquirix™) available in selected areas 

of Ghana, Kenya, and Malawi (The RTS,S, 2014; RTS,S Clinical Trials Partnership, 

2015). The RTS,S vaccine showed encouraging results, but low protection and high 

required amount of doses do not make the vaccine suitable for wide rollout in the areas 

that need it most (high disease burden, low resource settings). This calls for more 

research and development into a malaria vaccine that can give good protection and is 

easy to use in low resource contexts as a priority.  
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1.4.2 Vector control strategies 
To reduce the risk of transmission, vector control is one of the most effective means to 

prevent malaria. Larvicides are used to control aquatic habitat of mosquito, larvae. The 

use of synthetic and non-biodegradable larvicidal is also causing some unfavorable 

effects such as killing of beneficial organisms and biological accumulation through the 

food chain that resulted in a negative impact on the ecological systems (Mrema et al., 

2013). Secondary metabolites from plants (called natural phyto-mosquitocides) are 

better alternates for controlling mosquito populations. Several studies have documented 

the efficacy of plant extracts as a source of bioactive toxic agents against mosquito 

larvae (Ghosh et al., 2012; Kajla et al., 2016a). But only a few have been commercially 

produced and extensively used in vector control programs. To control the population of 

adult mosquito, adulticides are used. At the moment, insecticides belonging to different 

groups viz., organochlorines, organophosphates, carbamates and synthetic pyrethroids 

are widely used in various vector control programs. Insect resistance to insecticides of 

all classes of compounds mentioned above is observed (Smith Gueye et al., 2016). Well 

known mosquitocidal dichloro diphenyl trichloroethane (DDT) developed resistance in 

>50 species of anopheline mosquitoes and its adverse effect on human health as well 

as its non-biodegradability nature, makes it inappropriate as mosquitocidal (Hemingway 

and Ranson, 2000; Beard, 2006; Chen and Rogan, 2003; Cox et al., 2007; Eriksson and 

Talts, 2000). Currently, insecticide use still plays a significant role in malaria control 

programs involving the use of insecticide-treated bednets and indoor residual spraying. 

Although, various methods are extensively used to cure and prevent malaria, 

such as anti-malarial drugs, bed nets, indoor residual spraying, larvicides and insectides 

but the emergence of drug resistant parasites and insecticide resistant mosquitoes have 

also played a significant role in the occurrence and severity of the malaria transmission 

worldwide. Also, insufficient financial support and health infrastructure in malaria-

endemic areas have decreased the success of available control strategies to eradicate 

malaria. For these reasons, there is an urgent need to improve current malaria control 

methods. It is also important to develop new strategies to eliminate and eventually 

eradicate the disease. In recent years, there has been wider interest in the mosquito 

stages of Plasmodium life cycle as potential targets to develop new transmission-

blocking strategies (TBS) that could help to control and ultimately eliminate the disease. 
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1.4.3 Transmission-blocking strategies 
The eventual eradication of malaria implicates breaking the cycle of transmission of 

Plasmodium between human and mosquito hosts. One such strategy utilizes 

Transmission Blocking Vaccines (TBV) that can block the development of sexual stages 

of parasite in the mosquito midgut. A vaccine with the ability to prevent transmission of 

Plasmodium would be a critical tool for achieving the long-term goal of malaria 

eradication (Butler, 2009). TBV is designed to target Plasmodium antigens expressed 

during sexual stages of development or those Anopheles midgut proteins whose 

molecular interactions are necessary for the fertilization of gametes, ookinete invasion of 

midgut epithelium, or ookinete-to-oocyst transition. For that, Plasmodium- or mosquito 

target-specific antibodies are developed in the vertebrate host and these antibodies 

suppress parasite development inside the mosquito when ingested with the infected 

blood meal. The antigens such as Pfs230, Pfs48/45 present on the surface of P. 

falciparum gametocytes and gametes, and Pfs25/Pfs28 present on the surface of the 

zygote and ookinetes, Pvs25 and Pvs28 on ookinetes of P. vivax have been 

successfully targeted through transmission-blocking vaccines (Farrance et al., 2011; 

Pradel, 2007; Chaurio et al., 2016). Transmission-blocking vaccines (TBV) can also 

target those Anopheles molecules which are crucial for Plasmodium development. 

Midgut molecules are the prime vaccine candidates as Plasmodium infection to 

vertebrates is only possible, if there is successful development of malaria parasites in 

the mosquito midgut. Also, it is the first compartment of mosquito which is interacting 

with Plasmodium. In Anopheles, midgut molecule such as glycoproteins, several 

annexin-like protein isoforms, sulfated proteoglycans, Croquemort scavenger receptors 

(SCRBQ2), a secreted glycoconjugate of unknown function (SGU), enolase binding 

protein (EBP), alanyl aminopeptidase 1 (APN1), carboxypeptidases A and B, FREP1 

(fibrinogen-like domain), and heme peroxidase HPX15 are reported as transmission 

blocking vaccine candidates (Raz et al., 2013; Armistead et al., 2014; Kajla et al., 

2015a; Niu et al., 2017; Venkat Rao et al., 2017; Dinglasan et al., 2003; Kotsyfakis et 

al., 2005; Dinglasan et al., 2007; Gonzalez-Lazaro et al., 2009; Mathias et al., 2014; 

Vega-Rodriguez et al., 2014). Promising results have been obtained from the research 

conducted in this area but none have yet been utilized in the field. So, the screening of 

new such molecules will help in the development of more novel approaches. So, this 

area further needs understanding the details of immune interactions between 

Plasmodium and mosquito immunity.  
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Figure 1.6: Plasmodium bottleneck during development 
in the mosquito vector. Malaria parasite faces bottleneck 
situation during sporogonic cycle that is considerably 
affected by the midgut environment of mosquito and is 
accredited to the mosquito defense mechanisms (Sinden, 
1999).  
 

Mosquito immune pathways and their effector genes have been implicated in 

limiting the development of Plasmodium. Mosquito’s anti- Plasmodium immune 

repertoire is full of possibilities for the screening of new vaccine candidates. The 

immune responses offer a number of diverse mechanisms that could be manipulated to 

act synergistically, ensuring a more comprehensive elimination of malaria. So, the study 

of mosquito immunity is an important and interesting area, as it could be incorporated 

into a variety of control methods. 

 
1.5 Mosquito immunity against Plasmodium 
In order to continue the transmission and infection of malaria in the human host, the 

parasite engages in a series of complex interactions with the mosquito. Parasite suffers 

several major bottleneck 

situations (Figure 1.6) in the 

mosquito, such as, when the 

ookinete traverses the midgut 

epithelium prior to the 

development of the oocysts 

on the basal side and during 

the migration of sporozoites to 

the salivary glands (Sinden, 

2002; Hillyer et al., 2007). The 

mosquito’s innate immune 

system has been shown to 

play a key role in killing parasites and thereby affecting parasite development. 

Mosquitoes, like other insects, are known to mount potent immune responses against 

invading bacteria, fungi, viruses and parasites (Lehane et al., 2004). Several pieces of 

evidence suggested that mosquito is able to trigger a series of diverse defense 

reactions upon Plasmodium infection. These defense mechanisms are believed to 

account for the reduction in parasite number. The details of immune responses are 

discussed below. 

 

1.5.1 Mosquito immune molecules and signaling pathways  
Mosquitoes have innate immunity as a defense mechanism against parasite. Innate 

immune molecules are rapidly active after encountering pathogens and have specificity 

against a particular immune elicitor. Three major signaling pathways of mosquito 
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immunity contribute to defense mechanisms: the Toll, the Immune deficiency (Imd), and 

the Janus Kinase-Signal Transducers and Activators of Transcription (JAK-STAT) 

pathways (Christophides et al., 2002; Meister et al., 2005; Lemaitre et al., 1996). The 

Toll pathway is primarily activated by Gram-positive bacteria, P. berghei, fungi, and 

viruses (Michel et al., 2001; Ramirez and Dimopoulos, 2010; Frolet et al., 2006). The 

Imd (Immune deficiency) pathway is elicited by Gram-negative bacteria and P. 

falciparum (Lemaitre et al., 1995).   

The recognition of pathogen-associated molecular patterns (PAMPs) is initiated 

by pattern recognition receptors (PRRs) such as Peptidoglycan Recognition Proteins 

(PGRPs) and Gram-Negative Binding Proteins (GNBPs). These receptors can either 

indirectly trigger the induction of intracellular signaling pathways that control 

transcription of effector genes or directly invoke microbial killing mechanisms such as 

encapsulation and phagocytosis (Hillyer, 2010). The PRRs activate the Toll and Imd 

pathways which lead to the nuclear translocation of the NF-B family transcription 

factors Rel1 and Rel2, respectively. The activation of Toll and Imd pathways induce the 

transcription of numerous immune effector genes such as, Attacin, Cecropin, Defensin 

and Gambicin etc. that are collectively known as Anti-microbial Peptides (AMPs) (Luna 

et al., 2006). AMPs synthesis is considered as a hallmark of insect humoral responses 

to microbial infections such as Gram-positive as well as Gram-negative bacteria, yeast, 

fungi, and Plasmodium. AMPs interact with bacterial membrane or cell wall and mediate 

their killing. The net positive charge and a high ratio of hydrophobic amino acids let the 

AMPs to selectively bind a negatively charged bacterial membrane. The binding of 

AMPs to the bacterial membrane leads to non-enzymatic disruption of bacteria (Zhang 

and Gallo, 2016). Additionally, Imd pathway regulates a diverse set of anti-Plasmodium 

immune effectors such as A. gambiae Down syndrome cell adhesion molecule gene 

(AgDscam), leucine rich repeat containing proteins like LRRD19 (APL1), LRRD7 

(APL2), LRIM1, FBN9 (Fibrinogen-Related Proteins), and TEP1 (Thioester containing 

proteins) (Meister et al., 2005; Riehle et al., 2008; Povelones et al., 2009; Blandin et al., 

2004;  Frolet et al., 2006; Garver et al., 2009 and 2012). LRIM1 and APLs are leucine 

rich repeat containing proteins that play an important role in melanization and killing of 

Plasmodium (Cirimotich et al., 2010). FBN9 is a member of Fibrinogen-Related Proteins 

(FREPs) family that binds ookinetes as they invade the midgut epithelium (Dong et al., 

2006). Thioester-containing proteins (TEPs) are hemolymph proteins involved in the 

killing of bacteria and Plasmodium ookinetes by phagocytosis. TEP1 formed a complex 

with the leucine-rich repeat containing proteins LRIM1 and APL1C prior to bacteria 
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binding in hemocoel or ookinetes in the midgut, triggering their destruction (Fraiture et 

al. 2009). 

The A. gambiae JAK/STAT-pathway and LPS-induced TNFα transcription factor 

(LITAF)-like 3 (LL3) are also reported to mediate late phase immunity. The JAK/STAT 

pathway regulates expression of nitric oxide synthase (NOS) that has a negative effect 

on developing oocysts (Gupta et al., 2009). In the A. gambiae, LL3 binds to the 

promoter region of an anti-plasmodial gene named serine protease inhibitor 6 (serpin 6) 

and modulates its expression. Silencing of LL3 gene restricts the differentiation of 

hemocytes and their response to parasite infection that results in the increased number 

of oocysts in silenced mosquitoes. Thus, LL3 implicates late-phase immunity against 

Plasmodium oocysts through hemocytes (Smith et al., 2012 and, 2015). 

Although, gene silencing approaches identified several immune genes that 

effectively regulate P. berghei development in Anopheles, however, these genes are 

ineffective against human malaria parasites. For example, the silencing of leucine rich 

repeat containing proteins, LRIM1 gene in A. gambiae increased P. berghei infection 

and has no effect on P. falciparum infection. In addition, LRIM1 silencing has no effect in 

A. stephensi-P. yoelii system (Jaramillo-Gutierrez et al., 2009). TEP1 mediates P. 

berghei lysis but remained ineffective against human malaria parasite P. falciparum 

(strain 3D7, NF54 and GB4) (Molina-Cruz et al., 2012). This shows the different 

interaction of mosquitoes’ immune system with different Plasmodium species. It is 

important to note that there are inconsistencies in the molecules’ immune roles between 

mosquito and parasite strains that raised concern for widespread control of malaria 

using these molecules. Is this the ecological niche that influences the immunity and 

vector competence?. Understanding the dynamics of midgut endogenous bacteria, 

malaria parasites and midgut immune components may help us to improve vector-based 

control efforts and offer some unique control possibilities. 

 

1.5.2 Role of gut microbiota in vector competence  
Gut harbors numerous type of bacterial population often established the symbiotic 

relationship with the host. These bacteria perform important functions in supplying the 

nutrients, host development, food digestion, reproduction and also defend the host 

against colonization by opportunistic pathogens (Shin et al., 2011; Storelli et al., 2011; 

Venema, 2010; Tremaroli and Bäckhed, 2012; Gaio et al., 2011; Coon et al., 2016). The 

role of bacteria in blood digestion is evident by the secretion of hemolytic enzymes by 

Serratia and Enterobacter (Gaio et al., 2011). In A. stephensi, vitamin supplements are 
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provided by the bacterial species Asaia bogorensis (Crotti et al., 2010). The midgut 

bacteria of the insect have also been shown to modulate vectorial capacity by 

preventing the development of pathogens. This is an emerging area of interest since 

different Anopheles strains harbor quantitatively and qualitatively different microbial 

flora. The microbial environment can influence Plasmodium development within the 

mosquito (Pumpuni 1996). The symbiotic bacteria in the midgut activate the basal innate 

immune activity through induction of ROS producing gene, AMPs and other immune-

specific genes that can also act against Plasmodium (Cirimotich et al., 2010). Moreover, 

immune responses that are raised by the mosquito against bacteria and Plasmodium 

overlap to a large degree. Additionally, host immune responses raised against gut 

bacteria also affect Plasmodium development (Dimopoulos et al., 2002). Researchers 

explored these findings to identify mosquito gut-specific symbionts that can regulate 

Plasmodium development (Boissière et al., 2012). Gram-negative bacteria (for example, 

Serratia marcescens, Entobacter species such as E. amnigenus, E. cloacae, E. 

sakazaki) have been identified in anophelines midgut that inhibit P. falciparum or P. 

vivax sporogonic development. It has been shown that co-feedings of either live or heat-

killed bacteria cause decrease in P. falciparum oocysts whereas depletion of gut 

bacteria with antibiotics yields higher oocyst load (Dong et al., 2009a).  

Symbiotic gut bacteria can also directly exert antiplasmodial activity. 

Enterobacter species, a resident of wild A. arabiensis can directly suppress P. 

falciparum survival through ROS production (Cirimotich et al., 2011). Presence of Gram-

negative bacteria in Anopheles midgut has a negative effect on Plasmodium 

development (Pumpuni et al., 1993 and 1996; Beier et al., 1994). Another study 

demonstrated that more number of P. falciparum ookinetes transformed into oocysts 

when anti-bacterial antibodies were generated against total midgut lysate (Noden et al., 

2011). So, it can be concluded that midgut bacteria play a role either directly through the 

production of various enzymes and toxins or indirectly by stimulating the mosquito’s 

innate immune system to produce antimicrobial molecules that limit Plasmodium 

development (Pumpuni et al., 1993; Azambuja et al., 2005; Dong et al., 2009a). The 

mechanisms by which Anopheles midgut maintains bacteria homeostasis and process 

of bacteria mediated inhibition of Plasmodium infection are studied only to a limited 

extent. Thus, dissection of the tripartite interactions between mosquito midgut immunity, 

endogenous bacteria and Plasmodium and a fine-tuned manipulation of this system may 

provide an opportunity to devise an integrated approach. This may target multiple 

parasite stages and thereby increases the efficacy of the treatment. 
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1.6 Mechanisms maintaining midgut microbial homeostasis  
Midgut of insect harbors natural bacteria (symbionts/commensal) that perform many 

functions and play a crucial role in the development of the host. It is noteworthy to 

mention that the gut epithelium tolerates the proliferation of endogenous bacteria to a 

certain extent to allow beneficial interactions with its host (Lemaitre and Hoffmann, 

2007). So, the gut immune system must distinguish commensal and non-commensal 

microbes to maintain a fine balance between normal physiology and immunity. Then 

how does the gut epithelium tolerate commensal bacteria while retaining the ability to 

trigger an efficient immune response after infection with pathogenic bacteria?. It is 

reported in A. gambiae that Caudal is the negative regulator of IMD pathway and RNAi-

mediated silencing of Caudal suppressed the midgut microflora (Clayton et al., 2013). A 

similar mechanism is also reported in Drosophila that in response to the commensal 

bacteria, there is activation of IMD signaling pathway but its negative regulator Caudal 

suppresses the production of AMPs to protect commensal bacteria (Lemaitre and 

Hoffmann, 2007; Ryu et al., 2008). The transcription of primary anti-bacterial immune 

molecules AMPs and Duox (Dual oxidase)-dependent ROS generation in gut epithelium 

is solely depended upon IMD pathway (Lemaitre and Hoffmann, 2007). However, 

infection with pathogenic bacteria increases the large quantities of PAMPs, which 

transiently increases the signaling strength and suppresses the activity of Caudal that 

triggers AMPs and ROS production. There are several studies that emphasized the 

antagonistic relationship between Caudal and Relish, a relationship that ensures a 

balance between immune defense and microbiota homeostasis in the gut (Charroux and 

Royet, 2010; Leulier and Royet, 2009; Muyskens and Guillemin, 2008; Royet, 2011; Ryu 

et al., 2008). 

Mosquito being hematophagous in nature fed on sterile blood. It is noteworthy to 

mention that endogenous bacteria proliferate extensively after the blood feeding in the 

mosquito midgut (Kumar et al., 2010; Oliveira et al., 2011). However, midgut has a 

remarkable capacity to manage its environment to minimize the deleterious effects of 

midgut immunity on increased endogenous bacterial load as they are required for blood 

digestion (Kajla et al., 2015a; Dong et al., 2009a; Gupta et al., 2009; Warr et al., 2008). 

Midgut synthesizes a peritrophic matrix (PM) in response to blood feeding, which 

shields direct contact of ingested food with midgut (Jacobs-Lorena and Oo, 1996). The 

peritrophic matrix in insects is a non-cellular sieve-like structure that lines the midgut 

epithelium and made up of chitin fibrils and chitin-binding proteins (Lehane, 1997). 

However, the soluble elicitors released by the microbes present in the food may interact 
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with the gut epithelium and can induce an immune response (Ahmed et al., 2002).  

In Anopheles, it is reported that heme peroxidase HPX15/dual oxidase system 

catalyzes the cross-linking of mucin layer on the luminal side of the midgut in response 

to blood feeding. This mucin barrier decreases the permeability of the midgut PM to 

immune activators. In other words, this barrier creates a low immunity zone that protects 

the midgut microbiota from epithelial immunity (Kumar et al., 2010). RNAi-mediated 

silencing of HPX15 gene results in decreased bacterial load in the midgut and induced 

key antibacterial effectors such as heme peroxidase HPX8, cecropin, PGRPS3 and 

PGRP-LB. Hence, heme peroxidases modulate the midgut immunity and play important 

role in maintaining the bacterial growth in the blood fed midgut.  

 
1.7 Heme peroxidases have a vital role in midgut immunity  
Heme peroxidases are divided into two major families, namely the animal and non-

animal heme peroxidases. Non-animal heme peroxidases include plant, bacterial, fungal 

and protist (Passardi et al., 2007). Animal heme peroxidases are present in vertebrates 

and invertebrates. Heme peroxidases catalyze the hydrogen peroxide-mediated one- 

and two-electron oxidation of thousands of molecules including aromatic molecules 

(e.g., coniferyl alcohol or tyrosine), cations (e.g., Mn2+), anions (e.g., ascorbate or 

halides) or even proteins (e.g., cytochrome c). A heme peroxidase performs 2 different 

types of reactions. One is the formation of dityrosine covalent bonds via peroxidase 

cycle (dehydrogenation) in which H2O2 is reduced to water and one-electron donors 

such as oxygen is oxidized to the respective superoxide radical. The other reaction is 

catalyzed by chloro-peroxidase which involves the oxidation of two-electron donors like 

halides (X-) to the corresponding hypohalous acids (HOX) (Zámocký et al., 2015; Kumar 

et al., 2010). In humans, heme peroxidases have a central role in defense mechanisms. 

For example, an oxidative killing of Staphylococcus aureus (Ramsey et al., 1982) or 

Escherichia coli by eosinophils or neutrophils are mediated through an azide-sensitive 

myeloperoxidase-dependent pathway (Persson et al., 2001). Some classical 

peroxidases, such as eosinophil peroxidase (EPO) and myeloperoxidases (MPO) are 

well-known effector molecules in vertebrate immunity. Several studies in Drosophila 

have shown that gut generates a dual oxidase (DUOX)-dependent reactive oxygen 

species (ROS) (Ha et al., 2005a, 2009a, 2009b) as the first line of defense against 

microbial population. Investigations in other insects like Bactrocera dorsalis and Bombyx 

mori also revealed the role of Duox generated ROS in maintaining the homeostasis of 

the gut bacterial community (Hu et al., 2013; Yao et al., 2016). 
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Several reports on mosquito immunity suggested the role of heme peroxidase in 

immunity against blood-borne antigens. There are several classes of peroxidases in 

Anopheles such as glutathione peroxidases, NADPH-dependent peroxidases, and heme 

peroxidases. Heme peroxidases have been found to associate with many immune 

responses directly or indirectly. The heme peroxidase HPX15 with dual oxidase forms 

mucin barrier and creates a low immunity zone (Kumar et al., 2010). Plasmodium takes 

advantage of this barrier and hides in the midgut. Another report in A. gambiae showed 

that heme peroxidase HPX2/NOX5 (NADPH oxidase) system has antiplasmodial 

response during Plasmodium development in the midgut. This system potentiate the 

toxicity of NO (nitric oxide) and enhanced the clearance of Plasmodium via TEP1 

mediated lysis (Oliveira et al., 2012). So, mucin barrier formed by HPX15/Duox system 

protects Plasmodium from immune responses while at the time of midgut traversing, the 

midgut epithelial HPX2/NOX5 system enhanced their killing. In this way, heme 

peroxidases are modulating the gut immunity. Hence, studying the function of heme 

peroxidases in mosquito immunity may explore their potential role in limiting the 

Plasmodium development.  

 

1.8  Evolution of heme peroxidase multi-gene family 
A multigene family is a group of genes that have descended from a common ancestral 

gene and therefore have similar functions and similar DNA sequences. Heme 

peroxidases in eukaryotes belong to multigene family. The core event behind the 

expansion of multi-gene family is gene duplication that occurs in all organisms. The raw 

materials of evolution are mutations, such as gene gain, gene loss and single nucleotide 

changes that alter the protein-coding sequence. The divergence of these genes is 

driven by a dynamic and diversifying evolution. This process of evolution sometimes 

gives rise to loss or gain of lineage-specific genes or origin of multi-gene families 

(Zdobnov et al., 2002; Wu et al., 2009). In evolution, gene duplication is also a powerful 

driving force that plays significant roles leading to the formation of lineage-specific new 

duplicated genes (NGD) (Fan et al., 2008, Audemard et al., 2012; Pegueroles et al., 

2013). 

Gene duplication event generates duplicate copy of a gene through retroposition, 

unequal crossing over or chromosomal (or genome) duplication. Of all the types of gene 

duplication known, tandem duplication is one of the major mechanisms involved in the 

origin, expansion, and evolution of multigene families and also in the formation of 

lineage-specific tandem arrays. This tandem array or gene cluster shows a different 
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degree of divergence most probably the functional divergence. This may contribute to 

the novel function of the new gene (Tachida and Kuboyama, 1998; Walsh and Stephan, 

2008; Jiang et al., 2013; Wang et al., 2013). 

The evolutionary fate of duplicated gene can be broadly categorized into 

pseudogenization, function redundancy, subfunctionalization, and neofunctionalization. 

Pseudogenization leads to the loss in function due to the accumulation of degenerative 

or deleterious mutations over time like an introduction of a stop codon that causes the 

formation of immature mRNA or change in protein domain structure. Functional 

redundancy is a situation when newly duplicated genes perform the same function as of 

original gene and during evolution acquire symmetrical but not significant difference and 

rapidly fixed in the genome. It is also possible that the 2 copies can evolve 

symmetrically and accumulate different mutations leading to the splitting of roles (that 

had previously been performed by the original gene), a process is known as 

subfunctionalization (Force et al., 1999; Wagner, 2000; Gu et al., 2002). Gene 

duplication followed by purifying selection on one copy to retain its original function, 

whereas duplicated copy is allowed to evolve freely and can acquire new functions 

referred as neofunctionalization (Zhang et al., 1998). Freely evolving gene has 

accelerated rate of evolution leading to accumulation of asymmetric mutations in the 

direction of novel functions (Hurles, 2004; Zhang, 2003; Pegueroles et al., 2013). As 

stated above, one of the major consequences of gene duplication is the birth and 

evolution of multigene family and lineage-specific tandem array. Evolution of immune 

genes is dominated by expansions and contractions of gene families (Waterhouse et al., 

2007). Immune genes like PGRPs, GNBPs, defensin and TEP are the most labile 

components of insect immunity showing rapid gene birth–death dynamics and lineage-

specific gene families (Waterhouse et al., 2007). Hence, more studies are needed to 

better understand the evolutionary dynamics between hosts immunity and pathogens as 

pathogen exerts the strongest selective pressure on components of the immune system, 

for example, as seen in Drosophila Relish. In Relish, the positive selection sites were 

located in the caspase cleavage site that is required to activate Relish (Sackton et al., 

2007; Viljakainen et al., 2015). Heme peroxidases belong to multigene family and genes 

belong to this family has very diverse roles ranging from development to immunity 

(Neafsey et al., 2015; Kumar et al., 2010; Oliveira et al., 2012; Ramsey et al., 1982; 

Kajla et al., 2016b, 2016c, 2017). The recent release of the genomes of 16 Anopheles 

species (Neafsey et al., 2015) offered the unique opportunity to get insights into the 

function and evolution of heme peroxidase gene family in anopheline mosquitoes. There 
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are number of heme peroxidases gene present in these 16 Anopheles species. These 

genes are phylogenetically related and have diverged gradually. It is reported that in A. 

gambiae this gene family has 18 heme peroxidases and out of these, 3 pairs of heme 

peroxidases are tandemly duplicated paralog (HPX15/HPX14, HPX10/HPX11, 

HPX7/HPX8) (Kajla et al., 2015a; Hughes, 2012).  

 

Gaps in Existing Research 
In spite of intensive research in this field, only particular Anopheles-Plasmodium 

interactions have been studied. Most of the interaction studies were carried out in A. 

gambiae. It is the major African malaria vector which predominantly transmits P. 

falciparum. In India, A. stephensi is one of the major malaria vectors which transmit both 

P. falciparum and P. vivax. It has been reported that the interaction of different 

Plasmodium varies with different Anopheles (Molina-Cruz et al., 2015). The knowledge 

of gut immunity and immune active molecules (heme peroxidases) in Indian mosquitoes 

are least explored. Thus, parallel understanding of general mosquito gut immunity in 

major Indian malaria vectors is a prerequisite in developing malaria transmission-

blocking strategies. This requires identification of potent mosquito gut molecules (heme 

peroxidases) which are specifically exhibiting a dynamic behavior (induction or 

suppression) in the presence of blood and/or microbial antigens. A novel vaccine target 

should have a conserved function in at least major malaria vectors so that it can be used 

for widespread control. Hence, it is required to study the function of already reported 

immune molecules of A. gambiae in the major Indian malaria vectors. Further, 

manipulation of these molecules by using modern methodology will explore their role in 

the regulation of Plasmodium development.  

For exploring bacteria to inhibit Plasmodium development, it is required to study 

their interaction with midgut immune molecules. The mechanism that maintains 

microbial homeostasis inside the Anopheles midgut requires more intensive studies. 

The study of the Anopheles gut microbiota and efforts to characterize mosquito-parasite 

interactions in greater depth to develop new methods for controlling disease 

transmission has recently emerged as an important field. A deeper understanding of 

mosquito-microbiota interactions may highlight mechanisms by which bacteria can be 

utilized to block malaria transmission. 
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Research Objectives 
The objectives of this research work are to isolate, characterize heme peroxidases 

(HPX2 and Duox) from Indian malaria vector and to understand their role in the 

regulation of Plasmodium and blood-borne antigens. Along with this, we also aimed to 

study the gene duplication event between heme peroxidases HPX15 and HPX14 in 

Anopheles. Studying and exploring the function of HPX14 might strengthen the potential 

of HPX15 as a vaccine candidate. 

The proposed research objectives are: 

Objective 1: Molecular cloning and characterization of the heme peroxidases HPX2 

and Duox from Anopheles stephensi genome.  

 

Objective 2: Functional characterization of heme peroxidase genes (HPX2 and 

Duox) and their role in bacterial homeostasis and Plasmodium 

development in the midgut of Anopheles stephensi. 

 

Objective 3: Studying the divergent expression of anopheline lineage-specific 

duplicated heme peroxidase genes (HPX15 and HPX14). 
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2. Materials and Methods 
2.1 Rearing of mosquitoes  
Anopheles stephensi mosquitoes were reared in insectory at 28°C, 80% relative 

humidity (RH) and 12 h light: dark cycle as described before (Kovendan et al., 2012, 

Kajla et al., 2016a). Larvae were fed on a 1:1 mixture of dog food (Pet Lover`s crunch 

milk biscuit, India) and fish food (Gold Tokyo, India). Adult mosquitoes were regularly 

allowed to take 10% sucrose solution. For colony propagation, four to five days old 

females were fed on anesthetized mice and their eggs were collected in moist 

conditions (Day, 2016, Kajla et al., 2016b). The hatched larvae were floated in water to 

continue the life cycle. The mice were maintained in the central animal facility and all the 

procedures were approved by the Institutional Animal Ethical Committee, BITS-Pilani, 

Rajasthan under the protocol No: IAEC/RES/18/02. 

 
2.2 Retrieval of heme peroxidase genes from A. stephensi 

genome 
The heme peroxidase (HPX) genes that are reported as important molecules of midgut 

immunity against blood-borne antigens in A. gambiae (Kumar et al., 2004, 2010; Oliveira 

et al., 2012) were retrieved from A. stephensi genome (taxId: 30069) available at NCBI. 

In brief, A. gambiae heme peroxidase (AgHPX) genes listed in Table 2.1 were 

individually blasted against A. stephensi genome to retrieve putative contig that contains 

the ortholog of respective AgHPX gene. Contig listed as best hit of BLAST result was 

further considered to retrieve the putative heme peroxidase gene in A. stephensi 

genome. For that, the obtained contig was analyzed using Augustus software (Stanke et 

al., 2008) to predict the HPX gene. A. gambiae heme peroxidase gene ortholog was 

identified in A. stephensi genome and respective contigs are listed in Table 2.1 with 

SuperContig and Ensembl identifier in annotated genome. 

 
Table 2.1: List of heme peroxidase genes. GeneID of A. gambiae heme peroxidases (HPX15, 
HPX14, HPX2 and Duox) and their respective orthologs in A. stephensi along with their contig 
number, supercontig and Ensemble identifier are listed in the table. 
   

S. 

No.  

A. gambiae Heme 

peroxidase (GeneID) 

Heme peroxidase 

Ortholog in A. 

stephensi  

Genomic location in A. stephensi 

genome retrieved from BLAST result 

Contig 

number 

Supercontig Ensembl 

identifier 

1 AgHPX2 (AGAP009033) AsHPX2 7145 KB664566 ASTE003848 

2 AgDuox  (AGAP009978) AsDuox 2339 KB664518 ASTE003295 
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3 AgHPX15 (AGAP013327) AsHPX15 5284 KB665221 ASTE008179 

4 AgHPX14 (AGAP010810) AsHPX14 5285 KB665221 ASTE008179 

 
2.3 Designing of A. stephensi heme peroxidases gene-specific 

primers  
From the putative A. stephensi contigs obtained above, full-length heme peroxidase 

genes are predicted using Augustus software (Stanke et al., 2008). The nucleotide 

sequences of the predicted gene and respective AgHPX gene were aligned to design 

gene-specific primers (5′ to 3′) and are mentioned in Table 2.2. Other primers like 

immune genes, 16S rRNA universal primers and S7 are also mentioned. 

 
Table 2.2: List of A. stephensi primers.  The primers used to amplify and sequence the respective A. 
stephensi gene fragment are provided below.  

Primer Set Primer sequence 
(5-3) 

Amplified PCR 
product size 

from template 

Purpose References 

cDNA 
(bp) 

gDNA 
(bp) 

HPX15 F1 
HPX15 R1 

ACTATGAATGGTTGCCAATA 
GGCCCGGTGAATGTCGAT 
 

428 499 Cloning,  
dsRNA 

preparation 

Present study 

HPX15 F2 
HPX15 R2 

GAGAAGCTTCGCACGAGATTA  
GAATGTCGATTGCTTTCAGGTC 

329 400 Real time 
PCR 

Kajla et al., 
2016b 

AsHPX14 F 
AsHPX14 R 

CGAGGCCAAACACTTTCTCT 
GACCGTAGCGCGTGGAAT 

181 181 Real time 
PCR 

Present study 

AsDUOX F1 
AsDUOX R1 

CGAGATCGAGAAGTGTGACG 
GTGCCAACGTAGGAACAGAA 

398 466 Cloning, 
dsRNA 

preparation 

Present study 

AsDUOX F2 
AsDUOX R2 

TCGGTGGAGAAAATGGTAGC 
CGTAAGCCTCACGGAAGAAA 

409 409 sequencing Present study 

AsDUOX F3 
AsDUOX R3 

TGCCATTCTGTTCCTGCGTT 
ACCATTTTCTCCACCGACAC 

1180 1395 sequencing Present study 

AsDUOX F4 
AsDUOX R4 

GCGTTCCTGGACAAGGAGAT 
GGCGTCACGAATTCTGGTAA 

624 624 Real time 
PCR 

Present study 

AsDUOX F5 
AsDUOX R5 

AAGTTCTTCTGGAACGCACA 
GTCCCTCGATGCGTATCTTC 

448 448 sequencing Present study 

AsDUOX F7 

AsDUOX R6 

CGGTGTGTGGAGAGGGTTTT 

ATGAGCCACGTCGAAAAGCAG 

4463 9479 sequencing Present study 

AsDUOX F8 

AsDUOX R8 

GAATCGCGACCTAATGCTGG 

GTAACGCCGGTGATGGTTTG 

1179 1460 sequencing Present study 
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AsHPX2 F1 
AsHPX2 R1 

CCGGTTGGATCTGTCGCAAC 
GCGGCCGTTGCGAACTCGTTGC 

445 445 Cloning,  
dsRNA 

preparation 

Present study 

AsHPX2 F2 
AsHPX2 R2 

GCAGATCCTCGACGGCTA 
CGTCGTGCATCGTCTGGA 

443 443 Real time 
PCR 

Present study 

AsHPX2 F3 
AsHPX2 R3 

CTGCTGCACACACTGTTCCT 
TGTCTAGCGCGAGCACATC 

472 472 sequencing Present study 

AsHPX2 F4 
AsHPX2 R4 

ATGTGTAGGTCTGTGTTTGTGCA 
TACTCTTTCGAGGCGATCAA 

482 482 sequencing Present study 

AsHPX2 F5 
AsHPX2 R5 

TTCGCTTCTACAGCACGATG 

TTAAACGAGTCGCGCAAGAT 

706 706 sequencing Present study 

Defensin F 
Defensin R 

AGTCGTGGTCCTGGCGGCTCT 
ACGAGCGATGCAATGCGCGGCA 

298 298 Real time 
PCR 

Dong et al., 2011 

PGRP-LC F 
PGRP-LC R 

ACCGTACAGGCTGTAGTTGGA 
ACTCGAGGAACTTTTCCGACAT 

317 317 Real time 
PCR 

Dong et al., 2011 

SOCS F 
SOCS R 

CGTCGTACGTCGTATTGCTC  
CGGAAGTACAATCGGTCGTT 

241 306 Real time 
PCR 

Dhawan et al., 
2015 

NOS F 
NOS R 

ACATCAAGACGGAAATGGTTG 
ACAGACGTAGATGTGGGCCTT 

250 382 Real time 
PCR 

Luckhart et al., 
1998. 

GNBP F 
GNBP R 

   GAGTTCCAGTGGTACACCAACA 
CTTCGGCAGCAACCAGAT 

333 493 Real time 
PCR 

Kajla et al., 
2016c 

Toll prec F 
Toll prec R 

ACCTGTCGGCGAATCCTTGG 
  TCATCCTTGTGCGAGTACGA 

358 358 Real time 
PCR 

Kajla et al., 
2016c 

Gambicin F 
Gambicin R 

GTGCTGCTCTGTACGGCAGCCG 
CTTGCAGTCCTCACAGCTATTGAT 

344 344 Real time 
PCR 

Kajla et al., 
2016c 

TEP1 F 
TEP1 R 

GCTATCAAAATCAGATGCGCTATC 
ATCACAACCGCATGCTTCA 

325 325 Real time 
PCR 

Kajla et al., 
2016c 

HPX8 F 
HPX8 R 

GATCCTTTGCCGATGCGCTCAAT 
CAGTTCGGGCAGTTTATGTCGCAC 

381 381 Real time 
PCR 

Kajla et al., 
2016c 

NOX5 F 
NOX5 R 

TCATGCATCGCTACTGGAAG 
CCCGAACTGGTCACACTTGTA 

473 473 Real time 
PCR 

Present study 

16S rRNA F 
16S rRNA R 
(universal 
primers) 

TCCTACGGGAGGCAGCAGT 
GGACTACCAGGGTATCTAATCCTG
TT 

467 467 Real time 
PCR 

Kumar et al., 
2010 

Pb 28S 
rRNA F 
Pb 28S 
rRNA R 

CGTGGCCTATCGATCCTTTA 
GCGTCCCAATGATAGGAAGA  

168 168 Real Time 
PCR 

Brandt et al., 
2008 

S7 F 
S7 R 

GGTGTTCGGTTCCAAGGTGA 
GGTGGTCTGCTGGTTCTTATCC 

487 600 PCR internal 
loading 
controls 

Vijay et al., 2011 
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2.4 PCR amplification, cloning and full-length sequencing of 
heme peroxidase genes  

To sequence the putative AsHPX2 and AsDuox genes, gene-specific primers were 

designed as discussed above. The PCR product was amplified and sequenced to 

confirm the presence of putative heme peroxidase gene in the retrieved contig of A. 

stephensi. This fragment was further cloned to prepare dsRNA for gene silencing using 

RNAi. In addition, full-length gene sequence was also amplified using PCR. For this, 

primers were designed and due to the longer size of cDNA, many sets of primers given 

in Table 2.2 were also designed to get the full-length sequence of the gene.  

PCR was done using Phusion High-Fidelity DNA Polymerase (Thermo scientific, 

#F-530S) and 24 h blood fed female midgut cDNA as a template with respective primer 

set mentioned in Table 2.2 to get full-length AsHPX2 or AsDuox cDNA sequence. The 

PCR was initiated at 98oC for 30 s and then followed by 35 cycles at 98oC for 10 s, 62oC 

for 30 s and 72oC for 2 min. The final extension was carried out at 72oC for 10 min. The 

PCR product was purified and sequenced commercially at Eurofins genomics 

(www.eurofinsgenomics.eu). Due to the longer size of AsHPX2 and AsDuox full-length 

cDNA, different sets of primers were used for sequencing purpose (as mentioned in 

Table 2.2). The sequence identity of full-length AsHPX2 and AsDuox cDNA was 

confirmed through BLAST result and sequence was submitted to NCBI Genbank. The 

sequence accession numbers GenBank: KY363390 for A. stephensi AsHPX2 and 

GenBank: KY386660 for AsDuox were obtained. 

 

2.5 Malaria parasite Plasmodium berghei maintenance and 
infection to mosquitoes   

P. berghei (ANKA strain) was provided by Prof. Asif Mohammad, Scientist, ICGEB, New 

Delhi, India), and a transgenic P. berghei PbGFP, expressing GFP at all developmental 

stages, was a gift from Dr. Agam Prasad Singh, National Institute of Immunology, New 

Delhi, India. Both the Plasmodium strains were maintained in Swiss albino mice 

following the protocols as described previously (Dong et al., 2006; Dhawan et al., 2015, 

Kajla et al., 2017). The parasitemia of the infected mice was determined from blood 

films stained with Giemsa under a light microscope (http://www.malariasite.com 

/tag/giemsa-stain/). For blood stage passages, 100-150 μl of blood from an infected 

mouse (parasitemia ~10%) was injected intraperitoneally into a healthy mouse. 

Parasitemia in this mouse blood was determined and potential infectivity to mosquitoes 

was established using exflagellation assays as described before (Billker et al., 1997). In 
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brief, 2 µl of tail blood was taken into heparinized syringe, immediately mixed with 10 µl 

of exflagellation buffer pH 8 (10mM Tris-Cl, 150mM NaCl and 10mM Glucose) and 10 µl 

FBS (10%) placed on a slide and covered with coverslip. Further, this slide was 

observed under microscope at 40X objective. In all the experiments, mice with 5-7% 

parasitemia and having exflagellation of 2-3 per field under 40X objectives were used for 

infecting mosquitoes.  

 

2.6 Mosquito tissue collection 
2.6.1 Tissue collection of different developmental stages and body 

compartments of A. stephensi  
Different developmental stages of A. stephensi such as eggs, first to fourth instar larvae, 

pupae, adult males, and females were collected separately in RNAlater (Qiagen) and 

stored at -80oC. In some experiments, A. stephensi females were allowed to feed on an 

anesthetized mouse. After 24 h of blood feeding, the midgut (Mg) and the carcass (CC, 

rest of the body parts except midgut) were collected from the pool (n=20) of mosquitoes 

and stored at -80oC. In other experiment, midguts were collected at different time points 

post blood feeding. Sugar fed midguts and carcasses were also collected in a similar 

way and served as controls. 

 
2.6.2 Bacteria inoculation in 4th instar larvae of A. stephensi 

Escherichia coli (Gram negative bacteria, MTCC 40) and Micrococcus luteus (Gram 

positive bacteria, MTCC 106) were procured from MTCC (Microbial Type Culture 

Collection), Institute of Microbial Technology, Chandigarh, India. Bacterial cultures were 

grown to an optical density of A600=0.5 in LB broth, and 500 μl of each culture was 

mixed and centrifuged for 5 min at 2300xg. The supernatant was discarded, and the 

pellet was washed twice with Ashburner’s PBS (Phosphate Buffer Saline) pH 7.2 (3mM 

Sodium chloride, 7mM disodium hydrogen phosphate, and 3mM sodium dihydrogen 

phosphate). For bacterial injection, the pelleted cells were resuspended in 125 μl 

Ashburner’s PBS and 69 nanoliters were injected into the thorax of 4th instar A. 

stephensi larvae using a nanoinjection system (Nanoject II microinjection system; 

Drummond).  

 

2.6.3  A. stephensi bacterial feeding and tissue collection  
The two bacterial strains (E. coli and M. luteus) were individually grown in LB media and 

pelleted in the same manner as described in section 2.6.2. The pellet was resuspended 
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either in saline or mouse blood to make the final count of 109cells/ml (finally 0.5x109 

cells of each bacterium per ml). A. stephensi adult female mosquitoes were allowed to 

feed on saline alone (control) or bacteria supplemented saline with the final 

concentration of 109cells/ml through an artificial membrane feeder as before (Gupta et 

al., 2009). Similarly, A. stephensi adult female mosquitoes were allowed to feed on 

mouse blood alone or supplemented with a mixture of bacteria through an artificial 

membrane feeder as before (Gupta et al., 2009). After feeding the midguts were 

collected at different time points from fully engorged control and bacteria fed females in 

a similar way as mentioned above. Sugar fed midguts served as controls and were also 

collected in a similar way.  

 

2.6.4 P. berghei infection in A. stephensi and tissue collection 
Four to five days old and 12 h starved female mosquitoes were fed on anesthetized 

Swiss albino mouse infected with the wild-type or GFP expressing P. berghei. After 

feeding the females were maintained at 21°C, which is a permissive temperature for P. 

berghei development (Kumar et al., 2010; Dhawan et al., 2015). The mosquitoes fed on 

an uninfected mouse served as control. Sugar (SF), normal blood (control) or P. berghei 

infected blood (infected) fed midguts were dissected from a pool of mosquitoes (n=20) 

at different time points of feeding. The dissected midguts or carcasses (rest of the body 

except midgut) were kept in RNAlater solution (Qiagen) and stored at -80°C. Sugar fed 

midguts and carcasses served as controls and were also collected in a similar way. 

 

2.7 dsRNA synthesis 
A 218-bp fragment of the LacZ gene (control, to nullify the effect of injection and dsRNA) 

was amplified using the primers (5′ to 3′) F-GAGTCAGTGAGCGAGGAAGC and R-

TATCCGCTCACAATTCCACA and cloned into the pCRII-TOPO vector (Gupta et al., 

2010). The gene specific primers given in Table 2.2 were used to amplify the PCR 

product of heme peroxidase gene. This was purified and processed to add 3′ poly-A 

overhang and inserted into pCR-II TOPO TA-Vector® (Invitrogen Cat No K46001-01) 

following the manufacturer instructions. The recombinant plasmid was used to transform 

high efficiency DH5-α TOPO10 E. coli chemi-competent cell provided with pCR-II TOPO 

TA-Vector® kit. Few white colonies (Blue/white screening) were screened through 

colony PCR with M13 universal primers present in the pCR-II TOPO TA-Vector® 

(Figure 2.1). The recombinant colony that contains insert was used for plasmid 

isolation. This recombinant plasmid already had a T7 promoter site at M13F end as 
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shown in Figure 2.1.   

T7 promoter at 

the other end of the 

fragment was incor-

porated by amplifying 

the inserted fragment 

using the following 

primers: M13F-GTAAA 

ACGACGGCCAGT 

and T7-M13R-CTCG 

AGTAATACGACTCAC

TATAGGGCAGGAAACAGCTATGAC. The PCR reaction was performed as follows: an 

initial step of 5 min at 94°C, followed by 40 cycles with denaturation at 94°C for 30 s, 

annealing at 55°C for 30 s and extension at 72°C for 30 s. After the final cycle, the 

product was extended for 10 min at 72°C using M13 F and T7-M13R primers. 

Amplicons were extracted from the gel with the QIAquick Gel Extraction Kit (cat no 

28704, Qiagen, Valencia, CA, USA). PCR-purified amplicons tailed with T7 promoter 

sequences were used to synthesize dsRNAs (In vitro transcription) using the 

MEGAscript kit (Cat No. AM1626, Ambion, Austin). dsRNA was then purified with the 

help of Microcon YM-100 filter (Millipore) and finally concentrated to 3 µg/µl in DNase- 

and RNase-free water. 

 

2.8 Analyzing the effect of gene silencing on the growth of 
midgut bacteria 

One to two days old female mosquitoes were injected with 69 nl of 3 µg/µl dsAsHPX2 or 

dsAsDuox or dsAsHPX15 (207 ng/mosquito) RNA into their thorax using a nanojector 

(Drummond, Broomall, PA, USA). Control mosquitoes were injected with LacZ dsRNA in 

the same manner. In some experiments, these injected mosquitoes were maintained on 

continuous 10% sugar solution and after 4 days midguts were collected. In other 

experiments, four days after injection, mosquitoes were allowed to feed on a healthy 

mouse. Some of the injected mosquitoes were allowed to feed on mouse blood 

supplemented with a mixture of bacteria (E. coli and M. luteus) (final concentration of 

109 bacteria/ml of blood) using an artificial feeder. Midguts were collected at 6 h and 24 

h post feeding. The efficiency of RNAi silencing and its effect on the growth of midgut 

bacteria were analyzed through quantitative PCR.  

Figure 2.1: The pCRII-TOPO-TA vector map. The vector map 
demonstrating the position of the PCR product insert, position of T7 
promoter, and location of M13F and M13R primers (https: 
//tools.thermofisher.com/content/sfs/manuals/topota_man.pdf) 



 
 
 

 
 

Chapter 2 
 

29 

 

2.9 Analysing the effect of gene silencing on Plasmodium 
development  

One to two days old female mosquitoes were injected with 69 nl of 3µg/µl dsAsHPX2 or 

dsAsDuox (silenced) or dsLacZ (control) RNA into their thoraxes as mentioned above. 

Four days after injection, mosquitoes were allowed to feed on mice infected with P. 

berghei (Transgenic PbGFP). The gene silencing efficiency of RNAi method was 

analyzed in P. berghei infected midguts through qPCR against the respective controls. 

Further to evaluate the effect of gene silencing on Plasmodium development, some of 

the injected females (control and silenced) were allowed to feed on transgenic GFP-P. 

berghei infected mice and were continuously maintained on 10% sugar solution. Seven 

days post infection number of oocysts per midgut was determined. For that, midguts 

were dissected in Ashburner’s PBS, fixed for 15 min with 4% paraformaldehyde, 

washed thrice in PBS and mounted on glass slides in Vectashield (Vector Laboratories) 

mounting medium. The numbers of green fluorescent oocysts were counted in each 

midgut under a fluorescent microscope (Olympus). 

  

2.10  RNA isolation and cDNA preparation  
Total RNA was isolated from above-mentioned tissue samples using RNAeasy mini kit 

from Qiagen (Cat no. 74104) with slight modification, adding 30 μl β-mercaptoethanol 

(2-ME) per 1 ml of RLT buffer given in the kit. First-strand cDNA was synthesized using 

Quantitect reverse transcription kit (Qiagen Cat no. 205311) following manufacturer’s 

instructions. 

 

2.11 Expression analysis of heme peroxidase and immune genes 
in different tissue samples using real time PCR 

The mRNA expression analysis of heme peroxidases and other immune genes were 

carried out through real time PCR using SYBRgreen supermix in an IQ5 multicolor real-

time PCR detection system (Bio-Rad), where ribosomal protein subunit S7 mRNA was 

used as internal loading control for normalization as described before (Kumar et al., 

2010; Salazar et al., 1993; Kajla et al., 2016b). The primers set used for heme 

peroxidase and other immune genes for qPCR are mentioned in Table 2.2. PCR cycle 

parameters were as follows: an initial denaturation at 95°C for 5 min, 40 cycles of 20 s 

at 94°C, 30 s at 57°C, and 50 s at 72°C. Fluorescence readings were taken at 72°C 

after each cycle. For final extension, incubation at 72°C for 10 min was completed and 

then subjected for a melting curve, to confirm the identity of PCR product. Fold values of 
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mRNA expression were calculated against respective controls using ΔΔCt method as 

described before (Livak and Schmittgen, 2001).  

 

2.12  Analysis of conserved domains in heme peroxidases  
Conserved domains in full-length sequences of AsHPX2 and AsDuox were identified 

using the Conserved Domain Database (CDD) search tool available online at NCBI 

(Marchler-Bauer et al., 2015) and SMART database (Letunic et al., 2014). The result 

was further compared with the respective ortholog of A. gambiae to compare the 

conserved domains present in the heme peroxidase gene.   

 

2.13  Selection of heme peroxidases for phylogenetic analysis of 
AsHPX2 and AsDuox  

To construct the evolutionary relationship, the sequences of heme peroxidase proteins 

from various species were downloaded from the NCBI (https://www.ncbi.nlm.nih.gov/) 

and VectorBase database (https://www.vectorbase.org) and separate phylogenetic trees 

for HPX2 and Duox proteins were constructed. GenBank accession numbers of the 

protein sequences used for tree construction are given below in Table 2.3.  
 
Table 2.3: List of peroxidases from diverse organisms selected for phylogenetic analysis. The 
heme peroxidases protein sequences of various organisms were obtained from NCBI and Vectorbase 
database. 

 
List of peroxidase used to construct phylogeny with AsHPX2 

Organisms name 
(Abbreviation) 

Peroxidase nomenclature Gene ID/ Accession 
Number 

A. stephensi  AsHPX2 KY363390 
 
A. sinensis   AsiHPX2 ASIS008239 
 
A. gambiae  HPX1 AGAP010734 

HPX2 AGAP009033 
HPX3 AGAP003714 
HPX4 AGAP007237 
HPX5 AGAP000051 
HPX6 AGAP003502 
HPX7 AGAP004036 
HPX8 AGAP004038 
HPX10 AGAP013282 
HPX11 AGAP010899 
HPX12 AGAP010735 
HPX14 AGAP010810 
HPX15 AGAP013327 
HPX16 AGAP011216 
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Aedes aegypti  Chorion Peroxidase AAEL004386 
HPX2 AAEL013171 

Peroxinectin AAEL003612 
Peroxidasin AAEL000342 

 
Aedes albopictus  HPX2 AALF004168 
 
Culex quinquefasciatus  Chorion Peroxidase CPIJ007711 

Chorion Peroxidase CPIJ018105 
Chorion Peroxidase CPIJ005949 

Peroxidase CPIJ007579 
Peroxidase CPIJ017588 
Peroxidase CPIJ007710 

Thyroid Peroxidase CPIJ016742 
HPX2 CPIJ001764 

 
Drosophila melanogaster  Peroxidase CG4009 

Peroxidase CG5873 
Peroxidase CG10211 
Peroxidase CG42331 

Peroxidase (IRC) CG8913 
Chorion Peroxidase CG3477 

Peroxidasin CG12002 
Peroxinectin CG7660 

 
Pediculus humanus corporis  Chorion Peroxidase PHUM184790 

Peroxidase PHUM103320 
 
Tribolium castaneum 
 

Peroxidase GA19195 
Peroxinectin CG7660 

 
Caenorhabditis elegans  Peroxidase CELE_K10B4.1 
 
Arabidopsis thaliana  Peroxidase1 AAA32849 
 
Homo sapiens  Eosinophil peroxidase EPO 

Myeloperoxidase MPO 
Thyroid peroxidase TPO 

Lactoperoxidase LPO 
 
Ixodes scapularis  Peroxinectin ISCW002680 
 
Apis mellifera  Peroxidase LOC724541 

Chorion Peroxidase LOC412013 
Peroxidasin LOC413025 
Peroxnectin LOC551544 
Peroxidase LOC408953 

 
Sarcoptes scabiei  Peroxidase KPM11066 

List of orthologs of Duox used to construct phylogenetic tree 
Class Organisms name 

(Abbreviation) 
Gene/sequence ID 
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Diptera  A. stephensi KY386660 
 A. gambiae AGAP009978 
 Aedes aegypti AAEL007563 
 Culex quinquefasciatus CPIJ003117 
 Drosophila melanogaster AAF51201.2 
 Bactrocera dorsalis AKS43593.1 
 Lucilia cuprina KNC33589.1 
Bees Apis melifera FAA00352.1 
 Melipona quadrifasciata KOX68568.1 
Lepidoptera Bombyx mori AFV61649.1 
 Papilio machaon KPJ08497.1 
 Papilio xuthus KPI94366.1 
Ant Lasius niger KMQ97574.1 
 Acromyrmex echinatior EGI68387.1 
Crustacea  Daphnia magna KZS20913.1 
 Daphnia pulex EFX77976.1 
 Marsupenaeus japonicus BAM76968.1 
 Pediculus humanus corporis XP_002429864.1 
 Ixodes scapularis EEC10543.1 
 Anasa tristis AFK29281.1 
Nematodes Caenorhabditis elegans NP_490684.1 
 Meloidogyne incognita AAY84711.2 
Vertebrates Homo sapiens Duox1 AAI14939.1 

Duox2 EAW77288.1 

Sus scrofa Duox1 AAN39338.1 

Duox2 AAN39339.2 

Pteropus alecto Duox1 ELK05460.1 

Duox2 ELK05457.1 

Mus musculus Duox1 NP_001092767.1 

Duox2 NP_808278.2 

Macaca fascicularis Duox1 EHH63050.1 

Duox2 XP_005559477.1 

Cricetulus griseus Duox1 ERE70908.1 

Duox2 ERE70901.1 

 

To retrieve putative Duox from other anophelines, we performed BLAST of 

AsDuox full-length mRNA against their (anopheline species) whole genome shotgun 

(WGS) sequences available at NCBI. The contig with the best match was analyzed 

through Augustus software to obtain the predicted Duox gene and aligned with AsDuox 

by Clustal Omega. The predicted protein sequences are mentioned in Table 2.4. The 

phylogenetic tree was constructed using the full-length protein sequences of these 

putative Anopheles Duox as discussed below. 
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Table 2.4: List of putative Duoxes retrieved from different species of Anopheles. The putative 
Duox contig (or Ensembl identifier) from the genome of different anophelines were retrieved using 
nucleotide sequences of AsDuox clone (GenBank: KY386660) as a query.  
  

Vectorial capacity Anopheles species 
(abbreviation) 

Retrieved 
Contig 

Ensembl 
identifier or 
gene bank 

identity 

Duox 
protein 
(amino 
acids) 

Major vectors A. stephensi (As) cont 2339 KY386660 1475 

A. gambiae (Ag) - AGAP009078 1475 

A. arabiensis (Aarb) cont1.662 AARA003798 1475 

A. atroparvus (Aatp) cont1.8099 AATE007950 1475 

A. culicifacies (Acul) Cont1.1826 ACUA025429 1475 

A. darlingi (Adar) Cont8040 ADAC009476 1475 

A. dirus (Adir) cont1.4135 ADIR009419 1475 

A. funestus (Afun) cont1.1257 AFUN010730 1475 

A. maculatus (Amac) cont 

1.31810/1.6591 

AMAM017333 1475 

A. sinensis (Asin) cont016143 not available 1475 

Minor  vectors A. albimanus (Aalb) cont1.540 AALB000205 1475 

A. epiroticus (Aepi) cont1.2810 AEPI007127 1475 

A. melas (Amel) cont2.624 AMEC008242 1475 

A. merus (Amer) cont2.3241 AMEM009260 1475 

A. minimus (Amin) cont1.3730 AMIN006748 1475 

Non-vectors A. quadriannulatus 

(Aqua) 

cont1.9713 AQUA009090 1475 

A. christyi (Achr) cont1.905 ACHR003065 1475 

 

Phylogenetic trees were constructed using the neighbor-joining (NJ) method 

implemented in MEGA 5.2 program as described before (Saitou and Nei, 1987). We 

aligned all selected protein sequences by Clustal W algorithm in the MEGA 5.2 program 

as before (Tamura et al., 2011). Branching pattern reliability was tested for NJ tree by 

1000 bootstrap replicates. The resulting phylogenetic tree was analyzed to explore the 

evolutionary relationship with other heme peroxidases based on clusters and nodes 

formed. 

 

2.14  In silico analysis of heme peroxidase proteins  
The putative signal peptide sequence at the N-terminal of protein was predicted using 

SignalP software (Petersen et al., 2011). Protein 3D structure and putative substrate 
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binding sites were analyzed using TASSER (Yang et al., 2015), Phyre2 (Kelly et al., 

2015) and RaptorX (Källberg et al., 2012). Analysis of nature of protein (cytoplasmic, 

non-cytoplasmic or presence of transmembrane domain) was done using Phobius 

software that is based on hidden Markov model (HMM) (Käll et al., 2007). The molecular 

weight and isoelectric pH of heme peroxidase protein were analyzed online at 

http://web.expasy.org/compute_pi/ (Gasteiger et al., 2005). 

 

2.15  Retrieval, Identification and analysis of tandemly duplicated 
paralogs (HPX15 and HPX14) in the genome of Anopheles 

To retrieve the genomic, mRNA and protein sequences of heme peroxidases HPX15 

and HPX14 genes from the A. gambiae genome, we have used NCBI 

(http://www.ncbi.nlm.nih.gov/) and Vectorbase database (http://www.vectorbase.org). 

The 5′ upstream and 3′ downstream regions of genes in A. gambiae were also retrieved 

from the NCBI. To find out the lineage-specific AgHPX15 duplicate gene, protein BLAST 

against A. gambiae database was performed and gene satisfying ≥50% alignment 

identity and ≥70% alignment coverage at the amino acid levels was considered as 

paralog generated through gene duplication as discussed previously (Audemard et al., 

2012). We also analyzed the genome location of paralogs to understand the mechanism 

behind their duplication. We defined paralogs as generated by tandem duplication 

mechanism if both copies are adjacent to each other. To further confirm their tandem 

duplication, we used two-step strategy, first at genome level and second at the protein 

level. The paralogs are said to be tandemly duplicated if they are less than T kb (150 kb) 

apart and each tandem unit (gene) has a minimum length of l bp (500 bp) with alignable 

units separated by less than L kb (40 kb) apart (Audemard et al., 2012). To further 

confirm gene duplication at protein level we computed the identity I’= I x min (n1/L1, 

n2/L2) where I is the proportion of identical amino acids in the aligned region (including 

gaps) between the sequence 1 and sequence 2 by the alignment program FASTA, L is 

the length of sequence, and n is the number of amino acids in the aligned region in 

sequence and I’ > 30% as proposed by Li et al., 2001.  

 
2.16  Analysis of sequence and structure of duplicated heme 

peroxidase genes in A. stephensi genome  
The A. gambiae heme peroxidase showed duplication (HPX15) and was used as query 

and BLAST against the whole genome sequence of A. stephensi (taxid: 30069) 

available at NCBI. The retrieved contig (5285) (Supercontig KB665221, Ensembl 
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identifier ASTE008179 in the annotated genome) was then analyzed to explore the 

duplicated gene and duplication event in the A. stephensi genome. For this, genome 

sequence was analyzed to understand the exon-intron boundaries, untranslated regions 

(UTRs) of the duplicated genes with the help software such as Genscan and Augustus 

as before (Burge and Karlin, 1997; Stanke et al., 2008). The retrieved genes were then 

analyzed to reveal the tandem duplication event as described above. Post-translational 

modifications in the proteins were analyzed by programs available at CBU prediction 

server (http://www.cbs.dtu.dk/services/). 

 
2.17  Bioinformatics analysis of promoter, transcription factors, 

and regulatory elements for heme peroxidase genes 
The 5′ region of HPX15 and HPX14 in both A. gambiae and A. stephensi was analyzed 

to locate the promoter sequence in these genes. The 5′ upstream sequences of heme 

peroxidases gene were analyzed by Genscan (http://genes.mit.edu/GENSCAN.html) 

(Organism vertebrate and Suboptimal exon cutoff 1), Augustus (http://bioinf.uni-

greifswald.de/augustus/submission.php) (organism D. melanogaster) and NNPP2.2 

(http://www.fruitfly.org/seq_tools/promoter.html) (organism selected Eukaryotes and 

Minimum promoter score 0.8) software to decipher the promoter region as mentioned 

before (Reese et al., 2001; Burge and Karlin, 1997; Stanke et al., 2008). In order to 

decipher putative regulatory motifs within the 5′ upstream region of HPX15 and HPX14 

genes of both A. gambiae and A. stephensi transcription factor binding sites in the 5 

upstream region of genes were predicted by MatInspector (https://www.genomatix. 

de/matinspector.html) and JASPAR (http://jaspar.genereg.net/cgibin/jaspar_db.pl?rm= 

browse&db= core&tax_group=insects) software (Cartharius et al., 2005; Mathelier et al., 

2013). For this analysis in both the software, the transcription binding sites from insect 

family were selected with 80% of similarity as threshold value. The promoter region was 

also analyzed by MEME suits (Bailey et al., 2009) and the obtained motifs were then 

analyzed by the TOMTOM feature (Gupta et al., 2007) available in the MEME suit by 

selecting JASPAR insect core database as a reference.  

 
2.18  Analysis of sequence divergence in duplicated genes 
Sequence divergence and phylogenetic relationships of A. gambiae and A. stephensi 

duplicated heme peroxidases proteins were constructed using Neighbor-Joining (NJ) 

methods implemented in MEGA 5.2 software with 1000 bootstrap replicate to assess 

support (Tamura et al., 2011). In addition, we also calculated ka/ks ratio using tools 
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available at http://services.cbu.uib.no/tools/kaks keeping all the parameters default. The 

default parameter for Ka/Ks were set at none, means no codon bias is used in the 

algorithm. The window option is also set at none means no windows are used and the 

whole sequence is averaged together. To analyze selective forces on each amino acid 

we used Selecton server version 2.4 and using Null model as Evolutionary model with 

no positive selection (M8a, beta + w =1) (Stern et al., 2007; Doron-Faigenboim et al., 

2005). 

 
2.19  Analysis of chromatin boundary elements and insulators in 

5′ and 3′ region of duplicated genes 
We used cdBEST software (Srinivasan and Mishra, 2012) to predict boundary elements 

in the domain that contains the duplicated gene in both A. gambiae and A. stephensi. 

The tool was run with a set window size of 1000 bp and window slide of 10 bp across 

the duplicated domain. The image output width is based on sequence length where 1 

pixel is equal to 100 bases.  

 

2.20  Statistical analysis of the data  
All the data were expressed as a mean ± standard deviation. Statistical significance 

between test and respective controls was analyzed by Student’s t-test or one-way 

ANOVA post-Tukey's Multiple Comparison Test using GraphPad Prism 5.0 software 

(Motulsky et al., 1999). The data with p< 0.05 was considered significant. The sigma 

plot (SigmaPlot 10.0 Systat Software, San Jose, CA) and GraphPad Prism 5.0 software 

(Motulsky et al., 1999) were used to prepare graphs of data.  
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3.1. Abstract  
In this chapter, we carried out the molecular characterization of heme peroxidase HPX2 

from Indian malaria vectors A. stephensi. This gene encodes for a secreted 

peroxinectin-like protein of 692 amino acids. Phylogenetic analysis of AsHPX2 with 

heme peroxidases of other organisms revealed that its orthologs are present only in 

mosquitoes. In AsHPX2 silenced sugar fed midguts, increased bacterial growth is 

observed against control. Blood feeding suppressed the expression of AsHPX2 gene, 

however, the bacteria supplemented blood feeding induced its expression in the 

midguts. In AsHPX2 silenced bacteria supplemented blood fed midguts, increased 

bacterial growth against control is observed. Collectively, AsHPX2 gene is one of the 

molecules that maintain bacterial homeostasis in the sugar fed midguts and its reduced 

expression in blood fed midguts may create a physiological condition that allow 

proliferation of gut bacteria as they are required for the digestion of blood. Silencing of 

AsHPX2 gene increased the Plasmodium oocysts number and hence, is an anti-

plasmodial molecule. This is in agreement with anti-plasmodial role of AgHPX2 in the A. 

gambiae. Thus, AsHPX2, a mosquito-specific gene can be targeted to arrest 

Plasmodium development inside the mosquito. 

 
3.2. Introduction 
The completion of a sexual cycle of malaria parasite inside the mosquito is a complex 

process. During this process, parasite interacts with a large number host molecules that 

are beneficial for its development called agonists. On the other hand, the successful 

development of the parasite in the mosquito vector is also determined by its interaction 

with host immunity. Plasmodium overcomes the several immune responses to complete 

its life cycle. Identification of these immune mechanisms will be helpful in arresting 

Plasmodium development inside the vector. This is the basic strategy to develop 

transmission-blocking vaccines (TBV). 

In this aspect, mosquito-derived molecules that support the development of 

parasite such as carboxypeptidase A/B, alanyl aminopeptidase N, Fibrinogen-related 

protein 1 (FREP1) and heme peroxidase HPX15 have been proposed as transmission-

blocking vaccine (TBV) candidates (Raz et al., 2013; Armistead et al., 2014; Kajla et al., 

2015a; Niu et al., 2017; Venkat Rao et al., 2017). Another way for developing 

transmission blocking strategies is to target those molecules which are the antagonist to 

the Plasmodium. We mainly focus on those molecules which are active in 

antiplasmodial immunity during midgut invasion by ookinetes.  
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Therefore, in this study, we explored the role of heme peroxidase HPX2 in A. 

stephensi because in A. gambiae its ortholog AgHPX2 acts as an anti-plasmodial 

molecule (Oliveira et al., 2012). Thus, exploring the role of A. stephensi HPX2 in the 

migdut immunity against bacteria and Plasmodium may open up news ways to target 

this molecule for the widespread control of malaria.  

 

3.3. Results 
3.3.1. Cloning and characterization of AsHPX2 gene from A. stephensi 

3.3.1.1. PCR amplification and full-length sequencing of AsHPX2 gene 

To identify AsHPX2 gene in the genome of A. stephensi, the PCR-based approach was 

used. Gene-specific primers were designed as described in the Material and Methods. 

A. stephensi genomic DNA (gDNA) or cDNA (midgut and carcass) was used as a 

template to amplify AsHPX2 gene. The results presented in Figure 3.1A showed the 

amplification of a single 450 bp fragment from each template. This fragment was 

sequenced and BLAST 

result confirmed that it has 

similarity with A. gambiae 

HPX2 gene (E value 7e-

54, identity 84%). The 

partial clone of 450 bp 

confirmed the presence of 

HPX2 in A. stephensi 

genome. Then the full-

length AsHPX2 gene was 

predicted using bioinfor-

matics approaches. In 

brief, the AgHPX2 gene 

was BLAST against A. 

stephensi genome to retrieve the putative Contig that contains AgHPX2 ortholog. The 

AsHPX2 gene is present in contig 7145 (SuperContig KB664566, Ensembl identifier 

ASTE003848 in the annotated genome of A. stephensi).  

From the A. stephensi contig, full-length AsHPX2 is predicted using Augustus 

software to reveal the gene structure. The predicted AsHPX2 gene is 2868 bp long. It 

contains an open reading frame (ORF) of 2079 bp that encodes for a protein of 692 

amino acids. The predicted 5′-untranslated region (5′-UTR) is 438 bp and 3′-UTR is 351 

Figure 3.1: PCR amplification of A. stephensi AsHPX2 gene. 
(A) PCR amplification of A. stephensi partial AsHPX2 gene 
segment using F1R1 primers and genomic DNA or cDNA (450 
bp) as a template. (B) PCR amplification of full-length AsHPX2 
using F4R5 primers and cDNA of 24 h blood fed midguts as a 
template. M represents the DNA ladder in kb used as a reference 
for identifying the product size. 
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bp. The signal for polyadenylation AATAAA was found at the 331 bp downstream from 

stop codon in 3′-UTR (Figure 3.2). Further, primers for full-length cloning were designed 

based on the alignment of AgHPX2 and AsHPX2 genes mentioned in Table 2.2 and 

PCR product was amplified using cDNA of 24 h blood fed midguts as a template 

(Figure 3.1B). The F4R5 primers amplified the expected PCR product of ~2 kb. The 

product was sequenced and BLAST against the NCBI nucleotide database. It showed 

80% identity with its ortholog AgHPX2 and was submitted to the NCBI (GenBank 

Figure 3.2: The nucleotide and deduced amino acid sequences of AsHPX2 gene. The cDNA 
(2868 bp) encodes a protein of 692 amino acid residues (residue number mentioned on the left). The 
figure depicts the amplified CDS and predicted UTRs. The predicted promoter, start codon (ATG) 
and stop codon (TAA) are highlighted in gray. Transcription start site (TSS) is denoted by +1. 
Polyadenylation (Poly-A) and transcription termination site (TTS) are indicated with an underline. 
Binding sites for various transcription factors such as GATA/Rel, Broad complex and AP-1 are 
depicted in the regulatory region of AsHPX2 gene as predicted by JASPAR software. The integrin 
binding motif, LDV is highlighted. 
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database accession number: KY363390). The AsHPX2 cDNA was aligned with the A. 

stephensi genomic sequence (contig 7145), to determine the exon-intron boundaries 

and revealed no intron is present in this gene. Sequence comparison with its ortholog 

AgHPX2 of A. gambiae revealed similar gene structure (Figure 3.3). Further analysis of 

AsHPX2 and AgHPX2 cDNA, revealed that AsHPX2 encodes for a polypeptide protein 

that is 20 amino acids longer than AgHPX2.  

 
3.3.1.2. Sequence and domain analysis of AsHPX2 protein 
The complete domain structure of AsHPX2 protein was analyzed by the SMART 

program (Figure 3.4) and it was categorized as an animal heme peroxidase. The 

deduced amino acid sequence has a signal peptide of 21 amino acid residues in the N-

terminus with the signal peptidase cleavage site located between Gly21-Arg22 residues. 

This suggested that AsHPX2 is a secreted protein. The deduced amino acid sequence 

had a predicted molecular mass of 76.9 kDa and an isoelectric point of 6.09. The 

secondary structure prediction by Phyre2 software revealed that it is composed of 47% 

of alpha helix (Figure 3.5). Since, the three-dimensional structure can be a valuable 

indicator of protein structure and function (Edwards and Cottage, 2003), thus, we built 

the three-dimensional structure of AsHPX2 using TASSER server which selected 

lactoperoxidase of buffalo (PDB ID 3FAQ) as a template. The quality of the predicted 

model is assessed by TM-score and normalized Z-score and are 0.70±0.12 and 2.62, 

respectively (Figure 3.6). This suggested that the predicted model is likely to have 

correct fold (Xu and Zhang, 2010). The active site of the protein includes amino acid 

positioned at Thr212, Ala430, Gly602, and Arg669. The conserved domain database (CDD) 

analysis of AsHPX2 protein revealed the presence of LDV, an integrin binding motif, 

indicating that it is a peroxinectin like protein. The 5’ region near promoter was analyzed 

using JASPAR to mark putative transcription factor binding motifs (TFBM) for 

understanding the transcriptional regulation of AsHPX2. The 5′ regulatory region 

contains the binding site for GATA, Rel, AP-1 and Broad complex (Br-C) (Figure 3.2). 

Figure 3.3: Genomic organization of HPX2 gene. HPX2 gene of both A. gambiae and A. stephensi 
have single exon of 2019 bp and 2079 bp, respectively. The 5′ and 3′ UTR of AgHPX2 gene are 372 
bp and 351 bp while in AsHPX2 gene they are 438 bp and 351 bp, respectively.   
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Figure 3.4: Domain organization of AsHPX2 protein. The protein sequence of AsHPX2 is 
analyzed with the help of SMART server (http://smart.embl-heidelberg.de/). The AsHPX2 protein has 
an animal heme peroxidase domain and a signal peptide.  

Figure 3.5: The secondary structure of AsHPX2 protein. The AsHPX2 protein contains several 
alpha helixes (represented by spirals) as predicted by Phyre2 software. The cleavage site for signal 
peptidase (SPase) is indicated by an arrowhead as predicted by the SignalP software. Conserved 
binding sites in the protein are represented by characteristic symbols.  
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3.3.1.3. Sequence homology of AsHPX2 protein with other heme 

peroxidases  
The AsHPX2 protein sequence was aligned with the protein sequence of heme 

peroxidases from species such as Anopheles, Aedes, Culex, Drosophila and human to 

understand the sequence conservation. The Clustal Omega alignment result is used to 

determine the percentage identity with the other heme peroxidases. AsHPX2 shared 

79% and 73% similarity with A. gambiae HPX2 and A. sinensis HPX2, respectively. 

AsHPX2 shared 57%, 59% and 58% similarity with HPX2 of A. aegypti, A. albopictus 

and C. quinquefasciatus, respectively. Interestingly, AsHPX2 shared only 35% similarity 

with immune-related catalase (IRC, it is a heme peroxidase which performs catalase 

cycle (Ha et al., 2005a, 2005b)) of D. melanogaster. The sequence homology with 

human peroxidases like MPO, TPO, EPO and LPO is less than 38%. The above 

analysis showed that AsHPX2 shared high sequence homology with other anophelines.  

 
3.3.1.4. Phylogenetic analysis of AsHPX2  
To better explain the evolutionary relationships between AsHPX2 and other heme 

peroxidases, a phylogenetic tree was constructed. AsHPX2 protein sequence was 

BLAST to access the protein sequence of peroxidases from other organisms. The 

accession numbers, symbols, and nomenclature of sequences used in the phylogenetic 

analysis are given in Table 2.3 (on page 31). The phylogenetic tree showed that HPX2 

of different mosquitoes appeared in a single cluster and get diverged from D. 

melanogaster IRC (Figure 3.7). Human peroxidases appeared in the separate cluster 

from the rest of the insect’s peroxidases. It is noteworthy to mention that AsHPX2 

shared >55% similarity with mosquito HPX2 while <40% similarity with other heme 

peroxidases. This indicated that its orthologs are present only in the family Culicidae 

(Mier et al., 2015).  

Figure 3.6: The Tertiary structure of AsHPX2. A) The 3D structure of AsHPX2 protein and the 
amino acids at active site are represented by one letter symbol and number indicate their position. B) 
The integrin binding motif, LDV is present on the surface of the protein. 

A B 
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Figure 3.7: Phylogenetic analysis of AsHPX2 protein. The Neighbour-joining (NJ) method was 
used to construct the phylogenetic tree of AsHPX2 with heme peroxidases (HPX) protein selected 
from different organisms as mentioned in Table 2.3 (on page 31). Arrowhead indicates AsHPX2 
protein. The vertical gray line indicates the mosquito-specific cluster of HPX2. The scale bar 
represents base substitutions per site. The numbers on the branches represent the % of 1000 
bootstraps.  
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3.3.2. Expression analysis of AsHPX2 gene 

3.3.2.1. Expression profile of AsHPX2 in different developmental stages of 
A. stephensi 

The expression of AsHPX2 in the different developmental stages of A. stephensi was 

determined using semi-quantitative real-time PCR. The AsHPX2 gene was expressed 

throughout all developmental stages of A. stephensi; namely, egg, first to fourth instar 

larvae, pupa, male and female adults. The results presented in Figure 3.8 showed that 

the relative mRNA levels of 

AsHPX2 are 6-fold in first 

instar larvae, 4-fold in second 

instar larvae and 2.5-fold in 

third instar larvae, respectively 

when compared to the eggs. 

The mRNA levels are 0.65-fold 

in the fourth instar larvae and 

2-fold in pupae in comparison 

to the eggs. The mRNA levels 

of AsHPX2 showed high 

induction in the adult stage 

with the highest expression in 

the adult females. Our analysis 

showed that expression of 

AsHPX2 gene increased 26-

fold in the males while 84-fold 

in the females against eggs. 

Statistical analysis revealed 

that the relative levels of 

AsHPX2 mRNA in males and 

females are highly significant 

in comparison to other 

developmental stages (Figure 

3.8). 
 

 

 

Figure 3.8: Relative mRNA levels of AsHPX2 gene in 
different developmental stages of A. stephensi. Results 
represented the mean ± SD of relative mRNA levels of 
AsHPX2 gene in different developmental stages. The 
mRNA levels in eggs were considered as control or 1.0. 
Significant differences (p < 0.001 or 0.01) among 
relative mRNA levels of different stages against control 
are indicated by three or two asterisks (*), respectively. 
E, eggs; I, II, III, IV, various stages of instar larvae; P, 
pupae; M, males; F, females. 

 



 
 
 
 

Chapter 3 

46 

 

3.3.2.2.   Expression of AsHPX2 in mosquito body compartments  
The relative mRNA levels of AsHPX2 gene were analyzed in sugar fed and 24 h post 

blood fed midguts and carcasses to decipher its tissue-specific expression. The result 

presented in Figure 3.9 showed that AsHPX2 expression levels are 33-fold (p<0.001) 

higher in sugar fed carcasses than midguts. However, its expression is reduced in 24 h 

post blood fed midguts and 

carcasses. The result shown in 

Figure 3.9 revealed that expression 

of AsHPX2 in the midgut is reduced 

by 2-fold (p=0.0367) while in the 

carcass it is decreased by 10-fold 

(p<0.0001) when compared to the 

sugar fed midguts and carcasses, 

respectively. The downregulation of 

AsHPX2 gene in blood fed midguts 

can be explained by the presence of 

Broad complex binding motifs. The 

broad complex (Br-C) is a 

transcriptional regulator (Zhu et al., 

2007; Chen et al., 2004) and might 

be active in the transcriptional 

regulation of AsHPX2 upon blood 

feeding as depicted described in 

other genes such as vitellogenin 

(Vg) in A. aegypti (Chen et al., 

2004). 

The CDD analysis of AsHPX2 protein revealed its peroxinectin like nature. 

Peroxinectin is involved in the invertebrate immunity and is a homolog of vertebrate 

myeloperoxidase. This is involved in the antibacterial responses by selectively binding 

to the bacteria. This protein kills the bacteria by the enzymatic reaction with H2O2 and 

halide which leads to the formation of an anti-bacterial molecule, hypochlorous acid 

(HOCl) (Klebanoff, 1968; Allen and Stephens, 2011). Hence, the presence of 

peroxinectin like domain in AsHPX2 gene might suggest its involvement in anti-bacterial 

immunity. In conclusion, downregulation of this gene in blood fed midgut may create a 

physiological condition that allows the proliferation of bacteria as they are required for 

Figure 3.9: AsHPX2 gene expression in different 
mosquito body compartments. Relative mRNA 
levels of AsHPX2 in midguts and carcasses of sugar 
fed or 24 h post blood fed mosquito. Significant 
differences p< 0.001 or 0.05 are indicated by three or 
one asterisk (*), respectively. 
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the proper digestion of blood meal (Kajla et al., 2015b; Kumar et al., 2010).  
 

3.3.2.3. Blood feeding downregulates AsHPX2 gene in the midguts 

To study the expression kinetics of AsHPX2 gene in the midgut after blood feeding, we 

analyzed its relative mRNA levels using qPCR. The results presented in Figure 3.10 

revealed that AsHPX2 mRNA levels are downregulated 3-fold at 3 h post blood feeding 

against the sugar fed controls. The mRNA levels of AsHPX2 further reduced with time 

and showed 2-fold and 20-fold downregulation at 6 h and 9 h post blood meal, 

respectively. In blood fed midguts, the maximum reduction of 22-fold in the expression 

of AsHPX2 is observed at 12 h post feeding. The mRNA levels of AsHPX2 showed 10-

fold reduction at 18 h and 2-fold 

reduction at 24 h was observed in 

blood fed midguts in comparison to the 

sugar fed midguts. This result 

indicated that expression of AsHPX2 is 

more in sugar fed midguts and its 

mRNA levels reduced after the blood 

meal. It is noteworthy to mention that 

bacterial growth is more dominant post 

6 h of blood feeding in midguts (Kumar 

et al., 2010), hence, reduced 

expression of AsHPX2 gene in blood 

fed midguts post 6 h correlates with 

the bacterial growth (relative levels of 

16S rRNA) as shown in Figure 3.10. 

Figure 3.10: Temporal expression of 
AsHPX2 mRNA and 16S rRNA in blood 
fed midguts. Relative mRNA levels of 
AsHPX2 gene and 16S rRNA were analyzed 
in midguts collected at different time points 
after the blood feeding. The mRNA levels of 
sugar fed midguts were considered as 
controls or 1. Significant differences (p < 
0.001) between each time point and control 
are indicated by three asterisks (*). 
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3.3.3.  AsHPX2 has role in antibacterial immunity  

3.3.3.1. Expression of AsHPX2 gene is induced in bacteria supplemented 
saline fed midguts 

Since the expression of AsHPX2 is higher in the sugar fed midgut than blood fed 

midguts; we were interested to know whether this gene has any role in immunity against 

exogenous bacteria. In this context, we allowed mosquito to artificially feed either on 

saline alone (control) or supplemented with a mixture of E. coli and M. luteus (total 109 

bacterial/ml). To confirm that the exogenous bacteria which were fed to the mosquito act 

as immune elicitors, we checked the expression of GNBP (Gram-Negative Bacteria-

Binding Protein). The GNBP is a PRR which is transcriptionally upregulated in the 

presence of bacterial elicitors like ß-1,3-glucan and lipopolysaccharide (Dimopoulos et 

al., 1997; Lemaitre et al., 1995; Michel et al., 2001; Waterhouse et al., 2007; Osta et al., 

2004). The expression kinetics of GNBP shown in Figure 3.11 revealed that this gene 

was significantly upregulated in bacteria supplemented saline fed midguts by 15-fold at 

2 h, 8-fold at 6 h, 4-fold at 12 h, and 7-fold at 18 h against sugar fed midguts. The 16S 

rRNA levels presented in Figure 3.11 showed that there is increased bacterial growth 

by 11000-fold at 2 h, 30000-fold at 6 h, 1200-fold at 12 h and 69000-fold at 18 h against 

sugar fed midguts. The mRNA levels of AsHPX2 gene in the presence of exogenous 

bacteria is induced by 938-fold at 2 h, 321-fold at 6 h, 602-fold at 12 h, and 412-fold at 

18 h in bacteria supplemented saline fed midguts against sugar fed midguts (Figure 

3.11). This result indicated that AsHPX2 gene is induced due to heavy load of 

Figure 3.11: Relative mRNA levels of various genes in bacteria supplemented saline fed 
midguts. Mosquitoes were fed either on saline alone (control) or bacteria (M. luteus and E. coli) 
supplemented saline and midguts were dissected at different time points post feeding. The expression 
kinetics of 16S rRNA, GNBP and AsHPX2 genes was analyzed in their midguts. SF represents the 
sugar fed midguts and taken as 1. Relative levels are presented against respective control at each time 
points. Significant differences p< 0.001, 0.01 or 0.05 between sugar fed and bacteria fed are indicated 
by three, two or one asterisk (*) respectively. 
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exogenous bacteria in the midgut. The induced AsHPX2 mRNA levels and its 

peroxinectin like nature might indicate that this gene is participating in anti-bacterial 

immunity.  

 
3.3.3.2. Expression of AsHPX2 gene is induced in bacteria supplemented 

blood fed  
We also investigated the expression kinetics of AsHPX2 gene in exogenous bacteria 

supplemented blood fed midguts. For this, female mosquitoes were allowed to feed on 

either blood alone (control) or bacteria supplemented blood (test) and midguts were 

collected at different time points as described in Material and Methods. The bacterial 

growth was analyzed in 

controls and exogenous 

bacterial fed midguts. 

The 16S rRNA levels 

presented in Figure 3.12 

revealed the growth of 

exogenous bacteria in 

the bacteria supplemen-

ted blood fed midguts 

against respective blood 

fed midguts. In these 

samples, expression of 

gambicin, an anti-

microbial peptide was 

studied to ensure that the 

bacteria that we had 

given to the mosquito act as immune elicitors. The result showed in Figure 3.13 

revealed that gambicin is induced 43-fold at 3 h, 10-fold at 6 h, 8-fold at 12 h, and 2.5-

fold at 18 h in bacteria supplemented blood fed midguts in comparison to their 

respective blood fed controls. We then analyzed the mRNA levels of AsHPX2 gene in 

these midguts to understand its role against exogenous bacteria. We found that 

expression of AsHPX2 is downregulated after blood feeding when compared to the 

sugar fed controls (Figure 3.13). The mRNA levels of AsHPX2 were unaffected by the 

bacterial feeding at 3 h, 12 h and 18 h when compared to their respective blood fed 

controls. However, in the bacteria supplemented blood fed midguts, AsHPX2 gene 

showed significant induction of 11-fold at 6 h and 2-fold at 24 h. Analysis of relative 

Figure 3.12: The expression kinetics of 16S rRNA levels in 
bacteria supplemented blood fed midguts. Mosquitoes were fed 
either on blood alone (controls) or supplemented with a mixture of 
M. luteus and E. coli bacteria (total 109 cells/ml blood). The 
relative levels of 16S rRNA were analyzed in their midguts 
collected at different time points post feeding and represented here 
in the log10 scale against the control at each time points. 
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levels of 16S rRNA in bacteria supplemented blood fed midguts against blood fed 

controls revealed reduced bacterial growth this two time points (Figure 3.12). So, we 

conclude that mRNA levels of AsHPX2 are induced in the midgut in the presence of 

exogenous bacteria and might participate in the anti-bacterial immunity. This was further 

studied by AsHPX2 silencing using RNAi approach.  

 

 
3.3.3.3. Silencing of AsHPX2 gene induces the growth of midgut 

endogenous bacteria  
The expression of AsHPX2 gene is reduced after blood feeding when compared against 

sugar fed midguts (Figure 3.9 and 3.10). The peroxinectin like nature of AsHPX2 gene 

and its induction after bacterial feeding prompted us to hypothesize that this gene might 

be involved in maintaining the bacterial homeostasis in the sugar fed midguts. To further 

explore antibacterial role of AsHPX2 gene, we carried out the silencing of the gene and 

evaluated its effect on the growth of endogenous bacteria in the sugar fed midguts. In 

particular, to achieve this goal, a group of mosquitoes was injected with the LacZ 

(control) or AsHPX2 (silenced midguts) dsRNA and after 4 days midguts were collected. 

We analyzed the percentage of gene silencing by comparing the relative mRNA levels 

of AsHPX2 gene in control and silenced midguts which revealed that we could achieve 

Figure 3.13: Expression kinetics of gambicin and AsHPX2 genes in bacteria supplemented 
blood fed midguts. Relative mRNA levels of gambicin and AsHPX2 genes were analyzed in the 
blood alone (controls) or bacteria supplemented blood fed midguts. Significant differences p<0.001 or 
0.01 between controls and bacteria fed are indicated by three or two asterisks (*), respectively. 
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Figure 3.14: Relative levels of AsHPX2 mRNA and 16S rRNA in AsHPX2 silenced sugar fed 
midguts. Mosquitoes injected with dsLacZ (control) or dsAsHPX2 (silenced) RNA were kept for 4 
days and continuously fed on 10% sugar. After 4 days relative levels of AsHPX2 mRNA and 16S 
rRNA were analyzed in their midguts. Significant differences (p < 0.001 or 0.01) are shown by three 
or two asterisks (*), respectively. 

90% silencing of this gene (Figure 3.14). In addition, to explore the effect of AsHPX2 

silencing on bacteria growth, we analyzed 16S rRNA levels of endogenous bacteria in 

the above-mentioned midguts. Results presented in Figure 3.14 revealed that bacteria 

levels were increased ~4-fold in the silenced midguts against control (p=0.0012). Thus, 

AsHPX2 silencing increased the overall growth of bacteria and hence, this gene 

participates in maintaining the bacterial homeostasis in sugar fed midguts.  

 
3.3.3.4. AsHPX2 silencing promotes the growth of bacteria in exogenous 

bacteria fed midgut  
We were then interested in exploring the role of AsHPX2 against the high load of the 

exogenous bacteria in the midguts. To achieve this, we silenced AsHPX2 gene through 

dsRNA-mediated interference. Silenced mosquitoes were fed on bacteria supplemented 

blood as mentioned in the Materials and Methods. The result presented in Figure 3.12 

revealed that the levels of 16S rRNA in exogenous bacteria supplemented blood fed 

midguts showed reduced bacterial growth at 6 h and 24 h when compared against their 

respective blood fed midguts. Moreover, expression of AsHPX2 in exogenous bacteria 

supplemented blood fed midguts showed biphasic induction at 6 h and 24 h post 

feeding in comparison to their respective blood fed midguts (Figure 3.13). Thus, to 



 
 
 
 

Chapter 3 

52 

 

explore the immune regulatory mechanism that balances the mosquito midgut immunity 

against exogenous bacteria, these two time points were further analyzed in detail. The 

mRNA levels of AsHPX2 in control and silenced midguts revealed that this gene was 

silenced 74% and 

63% at 6 h and 24 h, 

respectively (Figure 

3.15). The growth of 

bacteria in the As-

HPX2 silenced 

midguts was analyzed 

by studying the 16S 

rRNA levels in exo-

genous bacteria fed 

midguts of control and 

silenced mosquitoes. 

Results presented in 

Figure 3.15 revealed 

that there is a 

significant increase in 

the bacterial growth in 

silenced midguts by 

1.75-fold at 6 h and 2-

fold at 24 h post 

feeding in comparison to the controls (p=0.0140 and p=0.0416, respectively). Thus, 

AsHPX2 silencing increases proliferation of bacteria in the midgut.  

We then analyzed the mRNA levels of antibacterial immune genes to study the 

regulation of bacteria by mosquito immunity in the AsHPX2 silenced midguts. The 

mRNA levels of GNBP and gambicin were analyzed in these samples to understand the 

involvement of classical immune pathways in maintaining the midgut bacterial 

homeostasis (Lemaitre et al., 1995; Michel et al., 2001; Waterhouse et al., 2007; Osta et 

al., 2004; Tanji et al., 2007; Vizioli et al., 2001).  It was found that pattern recognition 

receptor GNBP induces 46-fold and 40-fold at 6 h and 24 h, respectively in bacteria 

supplemented blood fed controls (Figure 3.16). However, in the silenced midguts, 

GNBP expressions was reduced significantly by 36% at early time point (6 h) 

(p=0.0022) and remained similar at later time point (24 h) (p= 0.5228) when compared 

Figure 3.15: Relative levels of AsHPX2 mRNA and 16S rRNA in 
AsHPX2 silenced bacteria supplemented blood fed midguts. 
Mosquitoes injected with dsLacZ (controls) or dsAsHPX2 (silenced) 
RNA were fed on bacteria supplemented blood and relative levels of 
AsHPX2 mRNA and 16S rRNA were analyzed in their midguts at 6 h 
or 24 h post feeding. Relative levels are presented against the sugar 
fed midguts. Significant differences p<0.001, 0.01 or 0.05 between 
control and silenced midguts are indicated by three, two or one 
asterisk (*), respectively 
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to the non-silenced controls (Figure 3.16). We also studied the expression of gambicin 

in the AsHPX2 silenced bacteria supplemented blood fed midguts. We found that the 

mRNA levels of gambicin were 4.5-fold and 7-fold at 6 h and 24 h, respectively in non-

silenced bacteria supplemented blood fed midguts against sugar fed controls (Figure 

3.16). However, gambicin mRNA levels were similar at 6 h but induced 1.5-fold at 24 h 

(p=0.0057) in AsHPX2 silenced midgut when compared to the control. We also 

analyzed the expression of one of the AMPs, defensin which is controlled by both IMD 

and TOLL pathways (Tanji et al., 2007). Data presented in Figure 3.17 showed that 

mRNA levels of defensin have no difference at 6 h or 24 h post feeding in AsHPX2 

silenced midguts against controls.   

Previously, our 

laboratory reported 

that A. stephensi heme 

peroxidase AsHPX15 

modulates the immun-

ity in exogenous bac-

teria supplemented 

blood fed midgut. 

When we silenced the 

AsHPX15 gene, the 

heavy load of bacteria 

was reduced by the 

induction of NOS 

(Kajla et al., 2016c).  

Thus, we were interested to find out the effect of AsHPX2 silencing on the 

expression pattern of AsHPX15 in the presence of exogenous bacteria. The result 

shown in the Figure 3.17 revealed that AsHPX15 is induced 50-fold and 30-fold at 6 h 

and 24 h post bacterial supplemented blood feeding in non-silenced control midguts, 

respectively, against sugar fed controls. Interestingly, its mRNA levels were 82-fold and 

43-fold at 6 h and 24 h in AsHPX2 silenced bacteria supplemented blood fed midguts, 

respectively. Hence, AsHPX15 is induced in AsHPX2 silenced bacteria supplemented 

Figure 3.16: Expression of immune genes in AsHPX2 silenced bacteria supplemented blood fed 
midguts. Mosquitoes injected with dsLacZ (controls) or dsAsHPX2 (silenced) were fed on bacteria 
supplemented blood and relative mRNA levels of GNBP and gambicin genes were analyzed in their 
midguts at 6 h or 24 h post feeding. Relative levels of mRNA are presented against the sugar fed 
midguts. Significant differences p < 0.01 between control and silenced midgut are shown by two 
asterisks (*).  
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blood fed midguts against control. HPX15 gene mediates the crosslinking of mucin layer 

after blood feeding that reduces the permeability between midgut bolus and epithelial 

cells and thus, creates a low immunity zone. This will, in turn, protect the bacteria from 

the midgut immune responses. Thus, the induced levels of AsHPX15 might reflect the 

important function of barrier formation (Kumar et al., 2010) during such a heavy 

bacterial load, so 

that mosquito immu-

nity does not com-

promise the survival 

of the mosquito as 

we observed similar 

rate of survival in 

control and AsHPX2 

silenced mosquitoes 

groups.  

So, above 

findings suggested 

that AsHPX2 silen-

cing increased bac-

terial growth in the 

midgut. The form-

ation of gut barrier 

protects the bacteria 

from being re-

cognized by epithelial immunity and so, we could not observe induction of mosquito 

immunity (immune genes like defensin and GNBP) against the increased bacterial load. 

In addition, we also found that rate of survival of mosquitoes was indifferent in AsHPX2 

silenced bacteria supplemented blood fed midgut when compared to the controls. This 

suggested the advancement in mosquito immunity as compared to the other insects like 

Bactrocera dorsalis and Drosophila. In these insects, when they were fed on bacteria 

supplemented food, their mortality increases (Yao et al., 2016; Ha et al., 2016).  

 

 

Figure 3.17: Expression of defensin and AsHPX15 genes in 
AsHPX2 silenced bacteria supplemented blood fed midguts. 
Mosquitoes injected with dsLacZ (controls) or dsAsHPX2 (silenced) 
were fed on bacteria supplemented blood and relative mRNA levels of 
defensin and HPX15 genes were analyzed in their midguts at 6 h or 24 
h post feeding. Relative levels of mRNA are presented against the 
sugar fed midguts. Significant differences p < 0.01 between control 
and silenced midguts are shown by two asterisks (*).  
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Figure 3.18: Expression 
kinetics of AsHPX2 gene 
in the midguts and car-
casses during P. berghei 
infection. Relative mRNA 
levels of AsHPX2 gene 
were analyzed in A. 
stephensi midguts and 
carcasses at different time 
points after feeding on an 
uninfected (Control) or P. 
berghei-infected mouse. 
Relative fold induction was 
calculated against sugar fed 
midguts (open bar). 
Significant differences p 
<0.001, 0.01 or 0.05 
between control and 
infected midguts and 
carcasses are indicated by 
three, two or one asterisk 
(*), respectively.  
 

3.3.4. AsHPX2 gene is antagonist to Plasmodium development 

3.3.4.1. Expression analysis of AsHPX2 gene in P. berghei infected 
mosquitoes  

To decipher the regulation of AsHPX2 gene during malaria infection, we analyzed its 

mRNA levels in blood 

fed (control) and P. 

berghei infected mid-

guts and carcasses 

that were collected at 

different time points 

after feeding. Results 

shown in Figure 3.18 

revealed induced 

expression of AsHPX2 

gene in the infected 

midguts in comparison 

to the controls. The 

mRNA levels of 

AsHPX2 gene were 
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Figure 3.19: Expression kinetics of NOX5 gene in the 
midguts during P. berghei infection. Relative mRNA 
expression levels of NOX5 were analyzed in A. stephensi 
midguts at different time points after feeding on an uninfected 
(Control) or P. berghei-infected mouse. Relative fold induction 
was calculated against sugar fed midguts. Significant 
differences p <0.001 or 0.01 between control and infected 
midguts are indicated by three or two asterisks (*), 
respectively.  
 

significantly induced by 4-fold at 3 h, 3-fold at 12 h, 3-fold at 18 h and 3-fold at 24 h 

(p=0.0022, p=0.0035, p=0.0126, p=0.0001, respectively) post infection against their 

uninfected controls. 

These results indicated that the expression of AsHPX2 gene is induced in 

infected midguts when the pre-ookinete stages of Plasmodium development 

predominate in the blood bolus (3 h) as well as when the mature ookinetes start 

invading the midgut epithelial cell (~24 h) (Smith et al., 2014) (Figure 3.18). These 

results are in accordance with the previous findings where A. gambiae AgHPX2 gene, 

an ortholog of AsHPX2, is induced in Plasmodium infected midguts at 24 h post feeding 

(Kumar et al., 2004; Oliveira et al., 2012).   

The mRNA levels of AsHPX2 gene were also analyzed in P. berghei infected 

carcasses as shown in Figure 3.18. The result revealed that unlike midgut, there is no 

induction of AsHPX2 gene in the carcass up to 18 h post infected blood feeding. The 

expression of AsHPX2 is 

induced 6-fold at 24 h when 

compared to its respective 

blood fed control.  However, 

in comparison to sugar fed 

carcasses, there is no 

induction of AsHPX2 mRNA 

levels in the Plasmodium 

infected carcass.  

These findings are 

in accordance with the 

previous data where it has 

been shown that HPX2 in 

A. gambiae is induced at 

the time of midgut invasion 

by the ookinetes (Kumar at 

al., 2004). In these 

mosquitoes, the HPX2/ 

NOX5 system potentiates 

the toxicity of nitric oxide by 

mediating epithelial nitration 

which modifies the ookine-
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Figure 3.20: Expression 
kinetics of TEP1 gene in 
the midguts during P. 
berghei infection. Relative 
mRNA expression levels 
of TEP1 were analyzed at 
different time points in A. 
stephensi midguts after 
feeding on an uninfected 
(Control) or P. berghei-
infected mouse. Relative 
fold induction was 
calculated against sugar 
fed midguts. Significant 
differences p <0.001, 0.01 
or 0.05 between control 
and infected midgut are 
indicated by three, two or 
one asterisks (*), res-
pectively. 

 

tes and makes them visible to the TEP1 (Thioester-containing protein 1), a molecule of 

mosquito complement system that mediates their lysis while traversing the midguts 

(Oliveira et al., 2012). 

To better understand the similar mechanism in the A. stephensi, we analyzed 

the expression of NOX5 and TEP1 genes in these P. berghei infected midguts. The 

mRNA levels of NOX5 gene induced 2-fold at 3 h (p=0.0025), 2-fold at 12 h (p=0.0031) 

and 17-fold at 24 h (p=0.0007) in P. berghei infected midguts as compared to their 

respective controls (Figure 3.19). The mRNA levels of TEP1 also induced 11-fold at 3 h 

(p=0.0004), 2-fold at 6 h (p=0.0324), 2-fold at 18 h (p=0.0041) and 2-fold at 24 h 

(p=0.0409) in infected midguts against respective controls (Figure 3.20). These 

observations revealed that all the genes, AsHPX2, NOX5, and TEP1 showed induced 

expression at 3 h and 24 h post P. berghei infection in the midguts in comparison to the 

respective blood fed control midguts. The previous report showed the induction of these 

genes in A. gambiae at 24 h post infection in the midguts, the time when ookinetes are 

traversing the midgut epithelial cells (Oliveira et al., 2012). Based on these findings, we 

can speculate that in A. stephensi AsHPX2/NOX5 system works in a similar manner and 

the lysis of ookinetes is mediated by TEP1. 
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In the previous study, HPX15 gene from A. gambiae is involved in the formation 

of midgut mucin barrier which creates a low immunity zone and supports the growth of 

bacteria as well as Plasmodium (Kumar et al., 2010). However, this barrier can only 

protect ookinetes which are present in the midgut and ookinetes traversing the midgut 

are modified by HPX2/NOX5 system. This modification makes them visible to the 

mosquito complement-like system and mediates their killing (Oliveira et al., 2012). 

 
3.3.4.2. AsHPX2 gene silencing increased Plasmodium development 
The mRNA levels of AsHPX2 gene were induced post P. berghei infection in the 

mosquito midguts as compared to the respective controls (Figure 3.18). To decipher the 

role of AsHPX2 in the regulation of P. berghei development, we performed silencing of 

this gene. For this, we injected mosquitoes with LacZ (controls) or AsHPX2 (silenced) 

dsRNA and after 4 days these mosquitoes were fed on P. berghei infected mouse. The 

percentage of gene silencing and number of developing oocysts was analyzed as 

described in Material and Methods. The relative AsHPX2 mRNA levels in controls and 

silenced midguts revealed 80% silencing of this gene (Figure 3.21A).  

 

Figure 3.21:  Effect of AsHPX2 gene silencing on P. berghei development. A) Relative mRNA 
levels of AsHPX2 gene in dsLacZ (unsilenced) or dsAsHPX2 (silenced) RNA injected and 24 h post 
P. berghei infected midguts. Two asterisks shows significant difference (p < 0.01). B) Effect of 
AsHPX2 silencing on the number of live oocysts (green dots) in midguts analyzed seven days post 
infection. Horizontal line indicates the medians. Distributions are compared using the Kolmogorov-
Smirnov test (p=0.0003); n = number of mosquitoes.  
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Further, we counted the number of developing oocysts in control and silenced 

midguts after 7 days of Plasmodium infected blood feeding. Results presented in Figure 

3.21B revealed a variable number of oocysts in control and silenced midguts. However, 

the median value for the oocysts numbers in controls and AsHPX2 silenced midguts 

was 12 and 35, respectively. This indicated that the numbers of developing oocysts are 

increased significantly by 3-fold in the silenced midguts against controls (Figure 3.21B, 

p= 0.0003). Our data showed that AsHPX2 is an antagonist of P. berghei development 

in the mosquito midgut. These findings are in agreement with the previous report where 

silencing of the AgHPX2 gene in A. gambiae also increased Plasmodium survival 

(Oliveira et al., 2012).  

 
3.4. Discussion  
In the present study, we have characterized and studied the functional role of heme 

peroxidase HPX2 in A. stephensi, an equivalent ortholog of A. gambiae HPX2. To 

understand the transcriptional regulation of AsHPX2, we have cloned the full-length 

gene and analyzed its sequence (Figure 3.1 and 3.2). BLAST result of AsHPX2 gene 

revealed that it has closest match to A. gambiae and A. sinensis HPX2. Our result 

showed that AsHPX2 shared 55-60% of identity with its ortholog present in A. aegypti, 

A. albopictus and C. quinquefasciatus. Furthermore, general BLAST result showed that 

its orthologs are not present in species other than Culicinae. Hence, this gene is present 

only in the mosquito and shared a high percentage of similarity (> 70%) within the genus 

Anopheles.  

The expression analysis of AsHPX2 gene showed that it is expressed in all the 

developmental stages of A. stephensi. This gene showed induced expression in 1st 

instar larvae in comparison to the eggs and the highest expression is seen in the adult 

females (Figure 3.8). This suggested the important role of AsHPX2 in mosquito 

development. The similar pattern of expression of peroxidase is seen in Mayetiola 

destructor across developmental stages (Chen et al., 2016). The 1st  instar larvae 

encounter various pathogens and should mount immune responses against them. 

Failure in this will result in larval death. Hence, AsHPX2 induction in 1st  instar larvae 

might be due to immune responses against pathogens. The reduced expression of 

AsHPX2 gene in 4th instar larvae and pupae might be because of transition stage from 

larvae to pupae and pupal stage has overall acquiescent metabolic activity. This further 

correlates with the earlier study where reduced peroxidase expression is reported 

during larvae to pupal transition (Chen et al., 2016). 
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The mRNA levels of AsHPX2 gene decreased after the blood feeding in the 

mosquito midguts (Figure 3.10). In other words, the mRNA levels of this gene were 

highest in sugar fed midguts. Thus, we silenced the gene in the sugar fed midguts and 

analyzed its effect on bacterial load. Surprisingly, the levels of 16S rRNA in the silenced 

midguts were significantly higher in comparison to the control midguts (Figure 3.14). 

This data might suggest the anti-bacterial nature of AsHPX2 gene which maintains 

midgut bacterial homeostasis in the sugar fed midguts. In this study, we have also 

shown that mRNA levels of AsHPX2 gene are induced in the presence of exogenous 

bacteria in the midguts (Figure 3.13). The presence of TFBM for GATA/Rel suggested 

the tissue-specific expression of this gene in immunity (Senger et al., 2006). 

Previous reports have shown that Plasmodium invaded midgut cells produced a 

high level of NOS (nitric oxide synthase) and peroxidase that cause an increase in the 

level of midgut nitration (Kumar et al., 2004). Invasion of Midgut epithelial cells by 

parasite activates the HPX2/NOX5 system which causes the nitration of epithelial cells 

and is regulated by the c-Jun N-terminal kinase (JNK) pathway. This epithelial nitration 

enhanced the thioester-containing protein 1 (TEP1)-mediated lysis of ookinetes (Oliveira 

et al., 2012; Garver et al., 2013). Silencing of AgHPX2 greatly increased the number of 

oocysts. Our study also showed that mRNA levels of AsHPX2 are significantly induced 

post 24 h of P. berghei infection in the midguts the time when motile ookinetes traverse 

the midguts (Figure 3.18). The presence of AP-1 binding motifs in the 5′ region of 

AsHPX2 gene suggested its expression through JNK pathway during immunity against 

Plasmodium (Garver et al., 2013). Silencing of AsHPX2 gene increased the 

Plasmodium infection by 3-fold (Figure 3.21). This result indicated the anti-plasmodial 

property of AsHPX2 in a way similar to AgHPX2. 

Collectively, based on the present finding, it is clear that AsHPX2 gene plays 

important role in mosquito physiology and immunity. AsHPX2 is one of the molecules 

that maintain the bacterial homeostasis in the sugar fed midgut and its mRNA levels are 

reduced in blood fed midgut may be for the proliferation of the endogenous bacteria, as 

they are required for the various processes like digestion and reproduction (Kajla et al., 

2015b). Also, in the blood fed midgut there is the induction of another heme peroxidase 

HPX15 which catalyzes the crosslinking of mucin layer that acts as a barrier and blocks 

the recognition of gut proliferating bacteria by the immunoreactive epithelium. This 

mechanism creates a “Low Immunity Zone” in this body compartment to promote the 

bacterial growth that supports blood digestion (Kajla et al., 2015b; Kumar et al., 2010). 

The AsHPX2 along with NOX5 showed upregulation in mRNA levels in P. berghei 
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infected midgut is involved in anti-plasmodial responses when ookinetes are traversing 

the midgut epithelial cells that greatly enhance their clearance by TEP1 mediated lysis, 

a similar mechanism reported in A. gambiae (Oliveira et al., 2012).  

 

3.5. Conclusion 
The identification of Anopheles genes that are involved in immune responses against 

both bacteria and Plasmodium is of great value. Here, we found that AsHPX2 gene is 

exclusively present in the genome of mosquito species. It has an important role in the 

mosquito development and mosquito immunity against both bacteria and Plasmodium. 

Our results showed that the anti-plasmodial role of HPX2 is conserved among both A. 

gambiae and A. stephensi. Hence, this heme peroxidase can be targeted for arresting 

Plasmodium development. 
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4.1 Abstract  
Our study characterized the Dual Oxidase (Duox) gene from Indian malaria vectors A. 

stephensi. Here, we showed that silencing of this gene in either sugar fed or blood fed 

midguts increased the bacterial population in comparison to the controls. Moreover, 

expression of this gene has a strong negative correlation with bacterial growth in 

exogenous bacteria supplemented blood fed midguts. Hence, Duox is one of the key 

molecules of mosquito immunity that maintains the bacterial homeostasis in the 

midguts. AsDuox gene is also induced in the midguts post-P. berghei infection and 

silencing of this gene suppressed Plasmodium development. This finding corroborates 

with the previous report where AsDuox ortholog AgDuox in A. gambiae mediates the 

formation of mucin barrier on the luminal side of the midgut. This creates a low-immunity 

zone and suppresses the activation of mosquito immunity against the Plasmodium. 

Thus, AsDuox gene is an important molecule of innate immunity against pathogens in 

the mosquito. Hence, this molecule might be targeted to manipulate mosquito immunity 

and arrest Plasmodium development inside the vector host. 

 

4.2 Introduction  
The insect gut is in direct and constant contact with microbes and harbors naturally 

occurring bacteria. The symbiotic bacteria perform important functions in nutrient 

supply, host development, food digestion, reproduction, defense against colonization by 

opportunistic pathogens (Ley et al., 2006; Weiss et al., 2011; Broderick et al., 2014; 

Shin et al., 2011; Storelli et al., 2011; Venema, 2010; Tremaroli and Bäckhed, 2012, 

Gaio et al., 2011; Coon et al., 2016). Thus, gut epithelium must be able to tolerate the 

optimal proliferation of natural gut bacteria but still capable of eliminating the pathogenic 

or opportunistic bacterial community. 

Till date, few investigations have focused on this phenomenon to understand the 

interaction mechanism between bacteria and gut epithelial cells. In Drosophila anti-

microbial peptides (AMPs) are secreted by gut epithelial cells against the pathogenic 

bacteria (Lemaitre and Hoffmann, 2007), additionally dual oxidase (DUOX) pathway 

also activates to maintain microbial homeostasis (Ha et al., 2009a; 2009b; 2005a). In 

mosquitoes, maintenance of bacterial homeostasis is more challenging as endogenous 

bacteria are present in the midgut and proliferate extensively after blood feeding (Dong 

et al., 2009; Kumar et al., 2010; Oliveira et al., 2011).  

In Anopheles mosquito, bacterial homeostasis is one of the major components 

that determine the Plasmodium development (Boissière et al., 2012; Dong et al., 2009; 
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Bahia et al., 2014). The molecular mechanism of midgut immunity that tolerates 

endogenous bacteria while triggering immune responses against exogenous bacteria 

remains to be elucidated in Anopheles. So in this study, we investigated the role of 

Duox in maintaining midgut bacterial homeostasis and in the development of malaria 

parasite, Plasmodium in the midguts of A. stephensi.  

 

4.3 Results 
4.3.1 Molecular cloning and sequence analysis of AsDuox gene 
We have retrieved and analyzed AsDuox gene in A. stephensi genome using AgDuox 

gene (AGAP0099778) of A. gambiae as a reference. In brief, the AgDuox gene 

(AGAP0099778) was BLAST against A. stephensi genome to retrieve the contig that 

contains putative AgDuox ortholog. We found that putative AsDuox gene is located in 

contig 2339 (SuperContig KB664518, Ensembl identifier ASTE003295 in the annotated 

genome of A. stephensi). From this contig, the full-length putative AsDuox gene (9.45 

kb) is predicted using Augustus software. The PCR based approach was used to 

confirm the presence of A. stephensi AsDuox gene in contig 2339. For that, gene-

specific primers were designed based on the alignment of AgDuox and Augustus 

program predicted AsDuox gene as described in the Material and Methods and primers 

are mentioned in Table 2.2.  

A. stephensi genomic DNA (gDNA) or cDNA was used as a template to amplify 

the AsDuox gene segment. The result presented in Figure 4.1A showed that the primer 

set F1R1 amplified 

466 bp and 398 bp of 

PCR product from 

gDNA and cDNA 

template, respectively. 

This partial AsDuox 

clone was sequenced 

and BLAST result 

revealed that it has the 

closest match to A. 

gambiae AgDuox (AG-

AP0099778) (identity 

89% and E value 2e-

134).  

Figure 4.1: PCR amplification of A. stephensi Duox gene. A) 
amplificantion of partial AsDuox gene. PCR product was amplified 
from genomic DNA (466 bp) and cDNA (398 bp) using F1R1 
primers. cDNA of midguts (Mg) and carcasses (CC) post 24 h of 
blood feeding was used as a template. B) PCR amplification of full-
length AsDuox gene. Full-length AsDuox cDNA is amplified using 
F7R6 primers and cDNA of 24 h blood fed midgut is used as a 
template. The left lane (M) represents the DNA ladder in kb and used 
as a reference for identifying the product size.  

A B
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Figure 4.2: The nucleotide and deduced amino acid sequences of A. stephensi dual oxidase 
(AsDuox). The AsDuox cDNA (4,428 bp) contains a complete ORF that encodes a protein of 
1,475 amino acids (residue number indicated on the left). The promoter, start codon (ATG) and the 
stop codon (TGA) are shaded in gray color. Polyadenylation and transcription termination site 
(TTS) is indicated with the underline. Various transcription factors were also marked in the 
promoter region of AsDuox gene as predicted by JASPAR. 
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This confirmed the presence of Duox gene in A. stephensi genome. Further, this 398 bp 

long partial clone was used to prepare dsRNA to silence the AsDuox gene. 

After the confirmation of AsDuox gene in A. stephensi genome, we further 

analyzed the full-length gene using Augustus software. The predicted AsDuox cDNA is 

of 5709 bp with an open reading frame (ORF) of 4428 bp. This encodes for a protein of 

1475 amino acids. It has 5′-untranslated region (5’-UTR) of 165 bp and 3′-UTR of 1116 

bp. The signal for polyadenylation, ATTTA, is found at 964 bp downstream to the stop 

codon (Figure 4.2). The deduced AsDuox protein has a predicted molecular mass of 

171 kDa and an isoelectric point of 8.47. Further, to amplify the full-length cDNA of 

AsDuox, the primer set F7R6 are used and PCR product was amplified using cDNA of 

24 h blood fed midgut as a template (Figure 4.1B). The primer set F7R6 amplified the 

expected PCR product of ~5 kb from the cDNA template. This PCR product was 

sequenced and BLAST to confirm the identity. The sequence was submitted to NCBI 

(GenBank database accession number: KY386660 and Ensembl identifier ASTE003295 

in the annotated genome of A. stephensi). The full-length AsDuox cDNA was aligned 

with A. stephensi genomic contig 2339 sequence to determine exon-intron boundaries. 

We found that AsDuox gene is organized into 12 exons and 11 introns in a way similar 

to A. gambiae AgDuox gene (Figure 4.3). To understand the transcriptional regulation 

of AsDuox gene, the 5′ upstream sequence adjacent to the promoter or start codon was 

analyzed using JASPAR software to mark putative transcription factor binding motifs 

(TFBM). The 5′ sequence of AsDuox has binding site for transcription factors such as 

Ecdysone, GATA, and ATF-2 (Figure 4.2).  

 

4.3.2 Domain Structure of AsDuox 
The complete domain structure of AsDuox protein was compared with other Duoxes 

such as A. gambiae and D. melanogaster by SMART program (Letunic et al., 2014) 

(Figure 4.4). AsDuox has an N-terminal heme peroxidase domain of total 522 amino 

acids (at positions 7–528), calcium-binding domain containing 3 EF-hand (a helix-loop-

helix topology) motifs of 87 amino acids (at positions 797-825, 833-861 and 878-906). A 

ferric–reductase domain of total 148 amino acids (at positions 1010–1157), a FAD 

binding domain of 122 amino acids (at positions 1173-1294) and a NAD binding domain 

of 157 amino acids (at positions 1300–1456) are also identified. Transmembrane 

domain analysis of was carried out using TMHMM Phobius (Käll et al., 2007) and seven 

transmembrane domains of total 158 amino acid are identified (at positions 566-588, 

968-988, 1000-1025, 1055-1076, 1106-1129, 1141-1162 and 1168-1187) (Figure 4.5) 
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Figure 4.3: Genomic organization of Duox gene in A. gambiae and A. stephensi. The genomic structure of AgDuox and AsDuox genes revealed the presence of 12 
exons. AgDuox gene is 9.72 kb long while AsDuox gene is 9.45 kb and each of the genes encode for the ORF of 4428 bp.  

Figure 4.4: Domains organization of AsDuox protein. Schematic view of different domains present in AsDuox protein. AsDuox protein contains an N-terminal heme 
peroxidase domain (blue) (HPX), Transmembrane (TM) domains (dark green), EFh or EF hand (calcium binding sites) (green) and an NADPH oxidase domain that 
contains ferric reductase domain (yellow), FAD binding domain (golden yellow) and NAD binding domain (brisk).  
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The similar domain structure was found in Duoxes of many species; e.g. A. gambiae 

AgDuox, D. melanogaster DmDuox, Homo sapiens Duox1 and Duox2 (Hu et al., 2013; 

Sumimoto, 2008; Donkó et al., 2005). The AsDuox protein has 12 heme binding sites, 

12 substrate binding sites, 19 calcium-binding sites and 25 active sites in NADPH-

binding domain. The N-terminal heme peroxidase domain of the protein is non-

cytoplasmic and the C-terminal NADPH oxidase domain is cytoplasmic (Figure 4.5). 

The 3-dimensional structure of AsDuox was modeled using RaptorX as shown in Figure 

4.6. The Best template chosen by the program for peroxidase domain (1-557) was goat 

peroxidase (2E9E) and residues from 692-1370 were modeled based on the structure of 

4IL1 (Rat calcineurin) which contains several EF-hand motifs. The residues from 1371-

1475 were modeled based on the template 3A1F (NADPH-binding domain of gp91 

(phox)). The software modeled the 100% (1475 amino acids) residues of AsDuox 

protein. The quality of predicted model is assessed by un-normalized Global Distance 

Test (GDT, a measure of similarity between two protein structures) and the overall GDT 

for AsDuox model is 620. The three-dimensional structure of AsDuox revealed domain 

organization similar to the 3D structure of Duox previously described in kuruma shrimp, 

Marsupenaeus japonicus (Yang et al., 2016). 

Figure 4.5: Transmembrane domains in AsDuox protein. AsDuox protein contains seven 
putative transmembrane domains as shown in gray color. The result showed that N-terminal is 
non-cytoplasmic indicated by blue color while C-terminal is cytoplasmic as shown by green 
color.  
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4.3.3 Sequence homology and phylogenetic analysis of AsDuox protein 
The protein sequence of AsDuox was aligned with Duoxes of other organisms to 

determine the percentage of protein similarity. AsDuox protein shared sequence 

homology of 99%, 94% and 93% with Duox of A. gambiae, A. aegypti and Culex 

quinquefasciatus, respectively. The AsDuox shared more than 70% similarity with 

Duoxes of other insects and less than 40% similarity with Duoxes of human. To better 

understand the evolutionary relationships between AsDuox and several Duox from other 

organisms, a phylogenetic tree was constructed using MEGA 5.2 as described in 

Material and Methods. The accession numbers, symbols and nomenclature of 

sequences used in the phylogenetic analysis are given in Table 2.3 (on page 31). The 

phylogenetic tree is divided into two major clusters; one is composed of Duoxes from 

Vertebrates and another of Duoxes from Arthropods and Nematodes as shown in 

Figure 4.7. The cluster of Arthropods was further divided into 4 major sub-clusters that 

include the Duoxes from Crustacean, Hymenoptera, Lepidoptera, and Diptera. The 

Duoxes of Drosophila and mosquitoes (Anopheles, Aedes, and Culex) appeared in a 

single cluster of order Diptera (Figure 4.7). The major Vertebrate Duoxes cluster is 

further divided into two sub-clusters of Duox1 and Duox2. Hence, it is clear from the 

Figure 4.6: Model of three-dimensional structure of AsDUOX. The heme 
peroxidase (HPX) domain is highlighted in blue color and calcium binding domains 
in green color. NADPH oxidase domain contains Ferric reductase (FR), FAD and 
NAD-binding domains. The 3D structure was predicted using RaptorX software. 
 



 
 

Chapter 4 

70 
 

Figure 4.7: Phylogenetic analysis of A. stephensi Duox. Phylogenetic relationship of Duoxes from 
various insects, vertebrates, and nematodes was built using Neighbor joining (NJ) method 
implemented in MEGA 5.2. Details regarding Duox nomenclature are mentioned in Table 2.3 (on 
page 31). The scale bar represents base substitutions per site. The numbers on the branches represent 
the % of 1000 bootstrap.  
 

phylogenetic analysis that Duoxes although present in lower species to higher species 

animals but form different cluster with their closest match. The AsDuox formed cluster 

with Dipteran Duoxes and is far diverged from the vertebrate Duoxes. 
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Figure 4.8: Phylogenetic analysis of putative Duoxes from different species of Anopheles 
mosquitoes. Neighbor joining (NJ) tree was constructed using Duox protein sequences from different 
species of Anopheles mosquitoes. Details regarding Duoxes from anopheline species are mentioned in 
Table 2.4 (on page 33). The scale bar represents base substitutions per site. The numbers on the 
branches represent the % of 1000 bootstrap.  
 

To elucidate the presence of Duox protein in the 17 worldwide distributed 

anophelines and similarity among them, we searched the putative ortholog of AsDuox in 

their genome as described in the Material and Methods. The list of these anophelines 

Duoxes is mentioned in Table 2.4 (on page 33). To better understand the evolutionary 

relationship between Duox proteins of anophelines, we constructed the phylogenetic 

tree. The phylogeny of Duox proteins within the genus Anopheles revealed that it 

followed the classical classification of molecular taxonomy of Anopheles (Figure 4.8) 

(Harbach, 2004). Alignment of different anophelines Duox proteins using Clustal Omega 

revealed that Duox is highly conserved and shared 97-100% sequence identity within 

the genus Anopheles (Table 4.1). Interestingly, Duox genes of anophelines listed in 

Table 4.1 encode for a protein 1475 amino acids. The high conservation in Duox 

proteins across different species of genus Anopheles suggested its essential role in the 

fundamental cellular processes. It has been established through various studies that 

essential genes play a central role in the viability of the organism and should be highly 

conserved during evolution (Bergmiller et al., 2012). 
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Table 4.1: Percentage amino acids identity among full-length Duoxes obtained from different anophelines. The identity among different Duox proteins was 
analyzed through their alignment in Clustal Omega. The total amino acids (AA) used for analysis and the nomenclature of individual Duox are shown in the table given 
below. The Duox gene ID and abbreviations of Anopheles species are adopted from the Table 2.4 (on page 33). 

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

1 AatpDUOX 1475  99.05 97.90 97.90 97.76 98.17 97.76 97.97 98.10 97.90 97.76 97.83 97.83 97.90 97.90 97.90 97.83 
2 AsinDUOX 1475 99.05  97.90 97.76 97.63 97.90 97.90 97.83 98.10 97.90 97.76 97.76 97.83 97.90 97.90 97.90 97.83 
3 AalbDUOX 1475 97.90 97.90  99.86 97.63 97.83 98.03 97.90 98.17 97.97 98.03 97.83 97.97 98.03 98.03 98.03 97.97 
4 AdarDUOX 1475 97.90 97.76 99.86  97.63 97.83 97.90 97.76 98.03 97.83 97.90 97.83 97.97 98.03 98.03 98.03 97.97 
5 AmacDUOX 1475 97.76 97.63 97.63 97.63  99.59 98.71 98.98 99.12 98.92 98.71 98.44 98.51 98.58 98.58 98.58 98.51 
6 AsDUOX 1475 98.17 97.90 97.83 97.83 99.59  98.92 99.19 99.32 99.12 98.85 98.71 98.71 98.78 98.78 98.78 98.71 
7 AdirDUOX 1475 97.76 97.90 98.03 97.90 98.71 98.92  99.05 99.32 99.12 98.58 98.17 98.24 98.31 98.31 98.31 98.24 
8 AfunDUOX  1475 97.97 97.83 97.90 97.76 98.98 99.19 99.05  99.46 99.25 98.58 98.37 98.37 98.44 98.44 98.44 98.37 
9 AminDUOX  1475 98.10 98.10 98.17 98.03 99.12 99.32 99.32 99.46  99.80 98.85 98.58 98.64 98.71 98.71 98.71 98.64 
10 AculDUOX 1475 97.90 97.90 97.97 97.83 98.92 99.12 99.12 99.25 99.80  98.64 98.37 98.44 98.51 98.51 98.51 98.44 
11 AepiDUOX 1475 97.76 97.76 98.03 97.90 98.71 98.85 98.58 98.58 98.85 98.64  98.71 98.85 98.98 98.98 98.98 98.92 
12 AchrDUOX 1475 97.83 97.76 97.83 97.83 98.44 98.71 98.17 98.37 98.58 98.37 98.71  98.92 99.05 99.05 99.05 98.98 
13 AmelDUOX 1475 97.83 97.83 97.97 97.97 98.51 98.71 98.24 98.37 98.64 98.44 98.85 98.92  99.86 99.86 99.86 99.80 
14 AarbDUOX  1475 97.90 97.90 98.03 98.03 98.58 98.78 98.31 98.44 98.71 98.51 98.98 99.05 99.86  100 100 99.93 
15 AgDUOX 1475 97.90 97.90 98.03 98.03 98.58 98.78 98.31 98.44 98.71 98.51 98.98 99.05 99.86 100  100 99.93 
16 AquaDUOX 1475 97.90 97.90 98.03 98.03 98.58 98.78 98.31 98.44 98.71 98.51 98.98 99.05 99.86 100 100  99.93 
17 AmerDUOX 1475 97.83 97.83 97.97 97.97 98.51 98.71 98.24 98.37 98.64 98.44 98.92 98.98 99.80 99.93 99.93 99.93  
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4.3.4 AsDuox is highly expressed in pupal stage of developmental 
The mRNA levels of AsDuox gene were analyzed in different developmental stages of 

A. stephensi namely egg, larvae, pupae and adults (Figure 4.9). The result shown in 

Figure 4.9 revealed that AsDuox is expressed in all the developmental stages of 

mosquito. The mRNA levels of 

AsDuox remained similar from 

egg to 3rd instar larvae but 

reduced significantly in 4th 

instar larvae by 10-fold in 

comparison to the eggs. The 

gene then showed the highest 

induction of 7-fold in the pupal 

stage in comparison to the 

eggs. In the adult stages, 

AsDuox gene expression is 

significantly higher in the adult 

females by 2-fold in 

comparison to the eggs. In A. 

stephensi, during development 

from 1st instar to 3rd instar 

larvae there is molting, change 

in cuticle layer and growth in 

size occur. The extracellular 

cuticle should be strong 

enough to protect larvae from 

the external environment 

(temperature, moisture and 

pathogens, etc.), or it will die (Tajiri et al., 2017; Page and Johnstone, 2007). In A. 

stephensi, AsDuox gene might be responsible for the proper formation of extracellular 

cuticle layer as reported earlier in Caenorhabditis elegans that its ortholog stabilizes the 

extracellular cuticle layer. In C. elegans, the extracellular cuticle matrix of larvae is 

stabilized by the cross-linking of tyrosine residues of cuticle protein and is catalyzed by 

the peroxidase MLT-7 and the dual oxidase BLI-3. The collagen cross-linking and 

proper extracellular matrix formation are critical for post-embryonic viability in C. 

elegans. Silencing of either gene causes body morphology defects most notably molt, 

Figure 4.9: Relative mRNA levels of AsDuox gene in 
different developmental stages of A. stephensi. Results 
presented the mean ± SD of relative mRNA levels of 
AsDuox in different developmental stages of A. stephensi. 
The mRNA levels of eggs were considered as 1. Significant 
differences (p < 0.001 or < 0.01) in the relative mRNA 
levels of different stages against eggs are indicated by three 
or two asterisks (*), respectively.  
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dumpy and arrest at early larval stage (Edens et al., 2001; Thein et al., 2009). The 

presence of ecdysone binding site is in the promoter region of AsDuox gene might 

explain the reduced expression of this gene in 4th instar larvae. It has been reported in 

Drosophila that during larval growth the high amount of ecdysone hormone induces 

molting and its levels are reduced in the last stage of larvae that causes larvae to enter 

the non-feeding or wandering stage (Nijhout et al., 2014). Further, the induced 

expression of AsDuox gene in pupal stage might indicate an important role of this gene 

in pupae development mainly for the stabilization of the cuticle structure present like in 

the wings through tyrosine cross-linking processes. This assumption was further 

supported by a study carried out in Drosophila that revealed the role of Duox in the 

development of normal wings via stabilization of the cuticle structure (Anh et al., 2011). 

Another study in Drosophila reported that protein named Curly Su (Cysu) which acts as 

Duox stabilizes the wing on the last day of pupal development (Hurd et al., 2015). 

Moreover, the high expression of AsDuox in pupae might be due to the presence of 

putative binding motif of ecdysone hormone in the promoter region of this gene (Figure 

4.2), which regulates the larval molting and metamorphosis in other insects like 

Drosophila and Aedes aegypti (Akagi and Ueda, 2011; Telang et al., 2007).  

 

4.3.5 Expression of AsDuox gene is induced in bacteria inoculated 4th 
instar larvae of A. stephensi  

The expression of AsDuox in bacteria (E. coli and M. luteus) challenged 4th  instar larvae 

was evaluated using qPCR as described in Material and Methods to decipher its role in 

immunity. The result presented in Figure 4.10 revealed that expression of 16S rRNA is 

increased gradually post bacteria challenge. To confirm that bacteria given act as 

immune elicitors, the expression of the well-known anti-bacterial peptide defensin was 

analyzed (Tanji et al., 2007). The mRNA levels of defensin showed 363-fold induction 

post 30 minutes of bacterial injection in the larvae against non-injected larvae. The 

mRNA levels were induced 45-fold, 91-fold and 286-fold at 1 h, 2 h and 4 h, respectively 

post bacterial challenge against non-injected larvae. The mRNA levels of defensin 

showed induction of 2170-fold at 6 h, 770-fold and 1824-fold at 9 h and 12 h, 

respectively post bacterial challenge against non-injected larvae (Figure 4.10). The 

induced expression of defensin gene is also reported in bacteria infected larvae of 

Spodoptera littoralis (Seufi et al., 2011). Expression analysis of AsDuox gene showed 

upregulation of 2-fold and 4-fold at 6 h and 12 h post bacterial challenge, respectively as 

shown in Figure 4.10. The defensin responds rapidly to the bacterial challenge while 
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Duox showed upregulation at the later time points. The similar pattern of expression of 

AMP genes like cecropin, attacin, defensin, diptericin, muscin, and domesticin were 

observed in the Musca domestica larvae during bacterial infection (Tang et al., 2014).  In 

C. elegans similar type of study revealed that although there is no induction of Duox 

(BLI-3) in response to infection with Enterococcus faecalis or Candida albicans but Duox 

mutant C. elegans is more susceptible to infection (Van der Hoeven et al., 

2015).  Similarly, Duox in Zebrafish larvae conferred immunity against enteric pathogen 

Salmonella and in Bombyx mori, Duox showed significant upregulation in the larval 

midgut upon challenge by E. coli and B. mori nucleopolyhedrovirus (BmNPV) (Flores et 

al., 2010; Hu et al., 2013). This suggested that like other organisms, in A. stephensi, 

AsDuox is also actively involved in immune responses against bacteria in larvae. 

 

4.3.6 Blood feeding induces expression of AsDuox gene in midguts 
The expression of AsDuox gene was analyzed in different body compartments of A. 

stephensi to decipher its spatial-temporal expression. For that, we compared the relative 

mRNA levels of AsDuox gene in sugar fed or blood fed female midguts and carcasses 

post 24 h blood feeding. The relative mRNA levels of AsDuox were 100-fold higher in 

the carcasses than midguts of sugar fed mosquitoes. The AsDUOX mRNA levels post 

24 h blood feeding are significantly upregulated by 7-fold in the midguts (Figure 4.11). 

However, there is no significant difference in the expression of AsDuox in the 24 h 

blood-fed carcasses in comparison to the sugar fed carcasses (Figure 4.11). Thus, 

AsDuox is induced in blood fed midguts only. We found two transcription factors binding 

Figure 4.10: Expression analysis of 16S rRNA, defensin and AsDuox genes in bacteria 
challenged  4th instar A. stephensi larvae. Relative levels of 16S rRNA, defensin and AsDuox 
mRNA were analyzed at different time point after bacterial challenge. 0 h represents the non-injected 
larvae and is taken as 1. Relative levels at each time points are presented against their respective PBS 
injected controls. Significant differences (p<0.001, 0.01 or 0.05) against control are indicated by 
three, two or one asterisk (*), respectively. 
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motifs in the regulatory region of the gene (Figure 4.2) that might explain its 

transcriptional regulation in the blood fed mosquitoes. One of the transcription factors is 

ecdysone, which might be responsible 

for the induction of AsDuox gene in 

response to blood meal, as the 

ecdysone levels increase soon after the 

blood feeding in the mosquito and in 

other insect body (Swevers and Latrou, 

2003; Hagedorn et al., 1975). The other 

transcription factor is GATA that might 

be responsible for the midgut-specific 

induction of AsDuox gene. It drives the 

tissue-specific expression of genes as 

reported earlier in Drosophila (diptericin) 

and mosquito (hexamerin-1.2) (Jinwal et 

al., 2006; Senger et al., 2006). 

 

 

4.3.7 AsDuox maintains microbial homeostasis in sugar fed midguts 
The life cycle of Drosophila and Anopheles is much more alike, having stages of eggs, 

larvae, pupae and adults. One of the major differences between Drosophila and 

Anopheles is in the nutritional behavior of female adults. Drosophila is saprophagous in 

nature (Anagnostou et al., 2010) while for egg development Anopheles female relies on 

blood meal (Logue et al., 2016). Besides taking the blood meal, female Anopheles also 

feed on the nectar of plants. Hence, the sugar fed midgut of female Anopheles might 

resemble the midgut of female Drosophila adult as both reflect the physiology of non-

hematophagous insect. Since Drosophila is saprophagous in nature, it encounters more 

food-borne micro-organisms (Broderick and Lemaitre. 2012). It is reported that in the 

midguts of Drosophila the bacterial homeostasis is maintained by Duox (Ha et al., 

2005a). So, it was hypothesized that bacterial homeostasis is maintained by Duox in the 

sugar fed midguts of the female Anopheles. 

Figure 4.11: Relative mRNA levels of AsDuox in different body compartments of mosquito. 
Relative mRNA expression levels were analyzed in midgut and carcass of sugar fed (0 h) and 24 h 
post blood fed female mosquitoes. The mRNA levels of sugar fed midgut were considered as 
controls. Significant differences (p<0.01) are indicated by two asterisks (*).  
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For this, silencing of AsDuox gene was done using RNAi. Two groups of 60 

mosquitoes were taken, one group is injected with dsLacZ (control) and another group 

is injected with dsAsDuox (silenced) RNA after that they were continuously fed on 10% 

sugar solution and survival 

rate of mosquitoes was 

recorded. The sugar fed 

midguts were collected 

after 4th day of dsRNA 

injection as described in 

Materials and Methods. 

The mRNA levels of 

different genes were then 

analyzed in these midguts. 

The mRNA levels of 

AsDuox in control and 

silenced midguts revealed 

that we could achieve 70% 

silencing of this gene in 

sugar fed midguts (Figure 

4.12). The 16S rRNA levels 

of endogenous bacteria 

were increased by 32-fold 

in AsDuox silenced midguts 

as compared to the non-

silenced controls (Figure 

4.12). The data shown in 

Figure 4.12 are in agreement with the previous reports where Duox from other insects 

such as A. aegypti, D. melanogaster, B. dorsalis and Marsupenaeus japonicus regulates 

the homeostasis of gut bacterial community and silencing of Duox increases the 

bacterial load in the gut (Yao et al., 2016; Inada et al., 2013; Oliveira et al., 2011; Ha et 

al., 2005a). 

In spite of the increased bacterial growth, we observed indifferent changes in the 

survival of AsDuox silenced mosquitoes as compared to the controls. The increased 

endogenous bacterial load can easily trigger the immune responses in the midgut. 

Hence, we decided to study the expression of known anti-bacterial immune genes in 

Figure 4.12: Relative mRNA levels of different genes in 
AsDuox silenced sugar fed midguts. Mosquitoes injected with 
dsLacZ (controls) or dsAsDuox (silenced) RNA were fed on 
sugar and expression of AsDuox mRNA, 16S rRNA and other 
immune genes was analyzed. Relative mRNA levels are 
presented against control midguts. Significant differences p< 
0.001, 0.01 or 0.05 are shown by three, two or one asterisk (*), 
respectively.  
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these control and silenced midguts. The expression analysis of known anti-bacterial 

genes showed either non-significant changes or downregulation in their mRNA levels in 

control and silenced midguts. The mRNA levels of defensin and Toll showed non-

significant differences in silenced mosquito midguts against controls. On the other hand, 

the mRNA levels of gambicin and HPX8 showed downregulation in silenced midguts as 

compared to the controls (p=0.0166 and p=0.0166, respectively). The downregulation of 

gambicin and HPX8 may be controlled by a single mechanism similar to the Drosophila. 

In Drosophila, although there is activation of IMD pathway in response to the 

endogenous bacteria, however, its negative regulator Caudal suppresses the production 

of AMPs (Lemaitre and Hoffmann, 2007). So, a similar mechanism might be working 

that regulates the expression of AMPs against endogenous bacteria in the midgut of A. 

stephensi.  

This data showed that like Drosophila, Anopheles midgut epithelial does not 

mount an effective immune response against endogenous bacteria (Capo et al., 2016). 

Thus, finely tuned regulation of signaling mechanism developed immune tolerant 

environment against endogenous bacteria in the sugar fed midguts. From the above 

study, it can be concluded that Duox is one of the key molecules that play a major role 

in maintaining the bacterial homeostasis in sugar fed midguts of A. stephensi.   

 

4.3.8 Blood feeding induces bacterial growth and expression of AsDuox 
gene in A. stephensi midgut 

To decipher the expression kinetics of AsDuox gene after blood feeding, we analyzed its 

relative mRNA levels in the blood fed midguts at different time points. The result 

presented in Figure 4.13 revealed that AsDuox is induced by 1.5-fold at 3 h post blood 

feeding in midguts against the sugar fed midguts (p= 0.0101). The relative mRNA levels 

of AsDuox gene in blood fed midguts further increased with time and induced 20-fold at 

6 h (p= 0.0007) against sugar fed midguts. At 24 h, the mRNA levels of AsDuox in the 

blood fed midgut is 4-fold in comparison to the sugar fed midguts (p= 0.0058). Hence, 

AsDuox gene is induced by blood feeding in the midguts (Figure 4.13). The bacterial 

growth in the blood fed midguts was analyzed using 16S rRNA levels. The 16S rRNA 

levels showed 14-fold induction at 3 h in blood fed midguts (p< 0.0001) against sugar 

fed midguts. The 16S rRNA levels increased by 9-fold at 6 h (p= 0.0061), 18-fold at 12 h 

(p= 0.0022), 11-fold at 18 h (p= 0.0049) and 24-fold at 24 h (p= 0.0005) in the blood fed 

midguts against sugar fed midguts. This data is in accordance with the previous findings 

where bacteria proliferate after blood feeding and is necessary for the proper digestion 
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of blood (Kumar et al., 2010; Kajla et al., 2015b; Minard et al., 2013). These bacteria are 

protected from midgut epithelial immunity by the formation of midgut barrier by 

HPX15/Duox system as reported in A. gambiae (Kumar et al., 2010). But at the same 

time bacteria should not over-

proliferate to cause any 

deleterious effect on the 

survival of the host. Analysis of 

rRNA levels of 16S and mRNA 

levels of AsDuox in blood fed 

midguts at different time points 

revealed a weak negative 

correlation (r=-0.529, p= 

0.0425) between bacterial 

growth and AsDuox expres-

sion. Hence, we hypothesized 

that A. stephensi Duox, an 

ortholog of A. gambiae Duox, 

not only protects the gut 

bacteria through barrier formation but might also be responsible for balancing their 

population after the blood meal (Kumar et al., 2010). 

 

4.3.9 AsDuox maintains bacterial homeostasis in blood fed midguts 

Female Anopheles requires a blood meal for the development of eggs. The mosquito 

feeds on sterile blood and endogenous bacteria present in the mosquito midgut 

proliferate (Kumar et al., 2010; Oliveira et al., 2011). Hence, it is required for the 

mosquito to develop some strategy so that at the same time it allows the proliferation of 

the bacteria but not over proliferation.  

It is evident from Figure 4.13 that bacteria grow post blood feeding in the midgut 

and a weak negative correlation between bacterial growth and AsDuox expression is 

observed. This suggested that AsDuox maintains bacterial growth in blood fed midguts. 

To further support our hypothesis, we silenced AsDuox gene in the midguts and allowed 

the female Anopheles to feed on a healthy mouse. The time points post feeding early at 

6 h and later at 24 h were selected based on the expression kinetics of AsDuox gene in 

blood fed midguts for further analysis. 

Figure 4.13: Relative levels of 16S rRNA and AsDuox 
mRNA in blood fed midguts. Mosquitoes were fed on 
blood and relative levels of AsDuox mRNA and 16S 
rRNA were analyzed in their midguts at different time 
points after feeding. Relative levels are presented against 
the sugar fed midguts.  
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The mRNA levels of AsDuox gene in control and silenced midguts post 6 h and 

24 h blood meal revealed that this gene was silenced 80% and 79%, respectively as 

shown in Figure 4.14.  

The relative 16S rRNA 

levels in controls and 

silenced midguts are 

analyzed and revealed 

that in AsDuox 

silenced blood fed 

midguts there is a 

significant increase in 

the bacterial load 

(Figure 4.14). The 

levels of 16S rRNA are 

induced 10-fold and 5-

fold at 6 h and 24 h 

post blood feeding, 

respectively in the silenced midguts against controls. This data supported our 

hypothesis that AsDuox is responsible for maintaining the midgut microbial homeostasis 

in the blood fed midguts. This result is similar as described in the previous section 

where AsDuox silencing in sugar fed midguts also increased bacterial growth (Figure 

4.12). It might be possible that in AsDuox silenced blood fed midgut of A. stephensi, 

only one or certain types of bacteria are proliferating, which needs further analysis of 

bacterial communities. Reports from other insects like A. aegypti, D. melanogaster and 

B. dorsalis revealed that there is a shift in midgut commensal bacterial population in 

Duox silenced midguts (Yao et al., 2016; Xiao et al., 2017). 

Further to explore the immune responses against an increased bacterial load in 

AsDuox silenced blood fed midgut, we analyzed the expression of AMPs such as, 

defensin and gambicin that are controlled by both IMD and TOLL pathways (Tanji et al., 

2007; Vizioli et al., 2001). Data presented in Figure 4.15 showed that expression of 

defensin is similar at 6 h but reduced significantly at 24 h in AsDuox silenced blood fed 

midguts as compared to the controls. The expression of gambicin is induced at 6 h but 

reduced significantly at 24 h in AsDuox silenced blood fed midguts as compared to the 

controls (Figure 4.15). 

Figure 4.14: Relative levels of 16S rRNA in AsDuox silenced 
blood fed midguts. Mosquitoes injected with dsLacZ (control) or 
dsAsDuox (silenced) RNA were fed on a mouse and relative levels 
of AsDuox mRNA and 16S rRNA were analyzed in their midguts at 
6 h or 24 h post blood feeding. Relative levels are presented against 
the control midguts. Significant differences (p < 0.01 or 0.05) 
between control and silenced midguts are shown by two or one 
asterisk (*), respectively. 
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The crosslinking 

of mucin layer upon 

blood feeding by HPX15 

and Duox creates a low 

immunity zone and 

hence leads to an 

immune tolerant environ-

ment in the midgut 

(Kumar et al., 2010). 

However, in AsDuox 

silenced midguts where 

mucin barrier has been 

broken, induction of 

immunity is not pronoun-

ced against the increa-

sed bacterial load. In AsDuox silenced blood fed midguts increased bacterial load did 

not induce the expression of known anti-bacterial peptide like defensin and gambicin. 

Hence, mosquito gut can tolerate the endogenous bacteria without mounting effective 

immune responses against them. This process might be similar to the Drosophila where 

Caudal, a negative regulator of IMD pathway suppresses the activation of pathway 

against endogenous bacteria. The similar result was observed in B. dorsalis where 

feeding with dominant communities of endogenous bacteria does not evoke induction of 

Duox and hence midgut is tolerant to commensal bacteria (Yao et al., 2016). 

 

4.3.9.1 Induction of anti-plasmodial genes in AsDuox silenced blood fed 
midguts  

It is noteworthy to mention that bacteria proliferate extensively after blood feeding in the 

midguts and so, levels of bacteria are very high in AsDuox silenced blood fed midguts 

than AsDuox silenced sugar fed midguts. This high bacterial load can easily trigger the 

death of mosquitoes but we did not observe significant change in the rate of survival. 

So, we also analyzed the expression of other immune genes that might be involved in 

regulating the bacterial growth. Expression analysis of well known anti-plasmodial 

genes, NOS and TEP1 showed induced expression of these genes in AsDuox silenced 

blood fed midguts against controls (Figure 4.16). We also analyzed the expression of 

an anti-plasmodial HPX2/NOX5 system (Oliveira et al., 2012) and found that it is 

Figure 4.15: Relative mRNA levels of immune genes in 
AsDuox silenced blood fed midguts. Mosquitoes injected with 
dsLacZ (control) or dsAsDuox (silenced) were fed on a mouse and 
relative levels of defensin and gambicin genes were analyzed in 
their midguts at different time points after feeding. Relative levels 
are presented against control midguts. Significant differences 
(p<0.05) between control and silenced midguts are shown by one 
asterisk (*).  
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Figure 4.16: Relative mRNA levels of various anti-
plasmodial genes in AsDuox silenced blood fed midguts. 
Mosquitoes injected with dsLacZ (control) or dsAsDuox 
(silenced) were fed on a mouse and relative levels of anti-
plasmodial genes such as NOS, TEP1 and HPX2/NOX5 were 
analyzed in their midguts at different time points after feeding. 
Relative levels are presented against the dsLacZ injected 
midguts. Significant differences (p < 0.01) between control and 
silenced midguts are shown by two asterisks (*). 
 

significantly induced in the AsDuox silenced blood fed midguts against controls as 

shown in Figure 4.16. As reported in A. gambiae that Duox gene catalyzes the 

crosslinking of mucin layer 

in the midgut and 

silencing of this gene 

causes disruption of 

mucin barrier (Kumar et 

al., 2010). In AsDuox 

silenced blood fed 

midguts, the disruption of 

barrier and midgut bre-

aching by bacteria might 

induce the expression of 

antiplasmodial immune 

molecules. It is note-

worthy to mention that 

midgut epithelial cells can 

distinguish between endo-

genous and pathogenic 

bacteria. So, it might have 

some mechanism that 

regulates the increased 

endogenous bacterial 

growth to avoid any delet-

erious effect on survival of 

host and also it should not 

completely kill the bac-

teria, as they are required 

for the proper physiology of mosquito (Kalja et al., 2015a). Thus, the induced expression 

of anti-plasmodial gene suggested their involvement in regulating the bacterial growth 

as described earlier (Kajla et al., 2016c; Blandin et al., 2004).  
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4.3.10 AsDuox is induced in Plasmodium berghei infected midguts  
A previous study has revealed that Duox in A. gambiae is upregulated in P. berghei 

infected midgut and silencing of this gene negatively affects the development of 

Plasmodium. So, we want to understand the role of AsDUOX during midgut stages of 

Plasmodium development. For this, the control (uninfected mouse fed) or P. berghei 

infected mouse fed mosquito midguts were collected at different time points and 

AsDuox gene expression was analyzed. The result presented in Figure 4.17 showed 

that mRNA levels of this gene are induced in P. berghei infected blood fed midguts 

against controls. The expression of AsDuox gene is induced 7-fold at 3 h in P. berghei 

infected midgut in comparison to the respective non-infected controls. Gamete 

fertilization and zygote formation predominate at 3 h post infected blood feeding in the 

midgut. The significant reduction in the mRNA levels of AsDuox was observed from 6 h 

Figure 4.17: Expression kinetics of AsDuox gene during P. berghei infection in the midguts. 
Relative mRNA levels of AsDuox gene were analyzed in A. stephensi midguts at different time points 
after normal (Control) or P. berghei-infected blood feeding. Relative fold induction was calculated 
against sugar fed midguts. Significant differences p< 0.01 between control and infected midguts are 
indicated by two asterisks (*).  
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to 18 h in Plasmodium infected midguts in comparison to their respective controls. The 

reduced expression of AsDuox gene might be regulated by Plasmodium to avoid 

oxidative burst caused by increased ROS level. At 24 h, this gene showed significant 

upregulation in the Plasmodium infected midguts against blood fed controls as shown in 

Figure 4.17. The similar pattern of expression was observed in the mRNA levels of the 

AgDuox at 24 h in P. berghei infected midguts as compared to the blood fed controls 

(Kumar et al., 2004). At 24 h, Plasmodium is motile ookinete and is invading the midgut 

epithelial cells. The induced mRNA levels of AsDuox in P. berghei infected midguts 

might suggest its role in Plasmodium development which was further confirmed using 

RNAi.  

 

4.3.10.1 AsDuox silencing decreases Plasmodium oocysts number 
To decipher the role of AsDuox in the development of Plasmodium, RNAi-mediated 

gene silencing approach was used. For this, we compared the number of Plasmodium 

oocysts in dsLacZ (control) and dsAsDuox (silenced) RNA injected midguts as 

discussed in Materials and Methods. The relative AsDuox mRNA levels in control and 

AsDuox silenced midguts revealed that we could achieve 80% silencing of this gene 

(Figure 4.18). In these control and AsDuox silenced midguts, we analyzed the 

expression of 28S rRNA of P. berghei, to study the effect on its growth.  

Figure 4.18: AsDuox silencing in the midgut suppresses P. berghei development. A) 
Relative mRNA abundance of AsDuox gene in dsLacZ (unsilenced) or dsAsDuox 
(silenced) RNA injected and 24 h post P. berghei infected midguts. Asterisks showed the 
significant difference (p < 0.01) between unsilenced and silenced midguts. B) The effect 
of midgut AsDuox silencing on the number of live oocysts (green dots) seven days post P. 
berghei infection. The horizontal line indicates median number of parasites with p=0.017 
calculated by the Kolmogorov-Smirnov test. n = number of mosquitoes.  
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The result shown in Figure 4.19 revealed reduced expression of 28S rRNA in 

the AsDuox silenced P. berghei infected midguts 24 h post feeding against controls. 

Further, we compared the number of developing oocysts in control and silenced midguts 

post 7 days of Plasmodium-infected blood feeding. Results presented in Figure 4.18 

revealed that the variable numbers of oocysts were observed in control and silenced 

midguts. However, the median value of the oocysts numbers in control and AsDuox 

silenced midguts are 12 and 3, respectively (p= 0.017). These results revealed that the 

oocysts numbers are reduced significantly in the silenced midguts when compared to 

the controls (Figure 4.18). Reduction in the oocysts number by 4-fold in the AsDuox 

silenced midguts indicated the positive role of this gene in Plasmodium development. 

Thus, AsDuox gene is Plasmodium agonist that positively regulates Plasmodium 

development inside the mosquito midgut. These results are in accordance with the 

previous findings where silencing of AgDuox gene in A. gambiae also reduced 

Plasmodium oocysts numbers (Kumar et al., 2010). 

In the previous study, it has been shown that silencing of Duox in A. gambiae 

disrupt the crosslinking of mucin barrier. This makes immune system to recognize the 

parasite and activates the anti-plasmodial immunity (Kumar et al., 2010). Thus, we 

assumed that the silencing of AsDuox gene and Plasmodium infection might induce 

anti-plasmodial immunity and these assumptions were confirmed by analyzing the 

mRNA levels of various known anti-plasmodial genes (Blandin et al., 2004; Kumar et al., 

Figure 4.19: Expression of P. berghei 28S rRNA and immune genes in AsDuox silenced P. 
berghei infected midguts. Relative mRNA expression levels of various immune genes Thioester-
containing Protein 1 (TEP1) and Nitric Oxide Synthase (NOS) in 24 h post P. berghei infected blood 
fed A. stephensi mosquitoes midguts injected with dsLacZ (control) or dsAsDuox (silenced) RNA. 
Significant difference (p < 0.001 or 0.01) between control and silenced midguts are shown by three or 
two asterisks (*), respectively.  
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2010) in the AsDuox silenced P. berghei infected blood fed midguts. Results presented 

in Figure 4.19 revealed that the relative mRNA levels of an antiplasmodial immune 

gene thioester-containing protein 1 (TEP1) are induced 3-fold in AsDuox silenced 

mosquito midguts post 24 h of P. berghei infected blood feeding as compared to the 

controls (p=0.0002). Furthermore, expression analysis of another antiplasmodial 

immune gene Nitric Oxide Synthase (NOS) in the above samples revealed that its 

mRNA levels reduced 2-fold in the silenced midguts against the controls (Figure 4.19, 

p=0.005). These findings suggested that the elevated TEP1 might play an 

antiplasmodial role as reported before in A. gambiae (Blandin et al., 2004; Ramphul et 

al., 2015; Fraiture et al., 2009). In both A. gambiae and A. stephensi silencing of Duox 

gene causes reduction in P. berghei oocysts number. In A. stephensi the upregulated 

TEP1 expression in AsDuox silenced P. berghei infected midguts against control might 

explain the reduction of Plasmodium oocysts number. However, in A. gambiae, 

reduction in Plasmodium oocysts number is mediated by the induced expression of 

NOS gene (Kumar et al., 2010). Hence, there is a subtle difference in the immune 

mechanism of two different Anopheles species with the same outcome. 

 

4.3.11  AsDuox gene is induced in exogenous bacteria supplemented blood 
fed midguts  

The gut of insects is in contact with different types of microbes like symbionts, non-

symbionts, food-borne microbes and life-threatening pathogens. The gut should be able 

to differentiate both endogenous and exogenous bacteria. In Drosophila, the finely 

tuned IMD pathway regulates the gut immunity against bacteria. The induction of IMD 

pathway against endogenous bacteria is inhibited by its negative regulator Caudal while 

in presence of exogenous bacteria signaling strength driven by PAMPs to activate 

pathway increases and overcome the suppressive effect of Caudal and activates the 

transcription of several AMPs (Lemaitre and Hoffmann, 2007). In Drosophila, several 

reports have shown that in response to bacterial infection there is induction of AMPs. 

The infection with Erwinia carotovora induced the expression of AMPs like attacin, 

diptericin, drosomycin, metchnikowin, and defensin (Tzou et al., 2000). The infection 

with M. luteus/E. coli, Pseudomonas entomophila also induced the expression of 

diptericin, drosomycin in Drosophila (Vodovar et al., 2005). Hence, infection triggers the 

activation of a number of immune molecules. Additionally, in response to natural 

infection of Erwinia carotovora carotovora 15 (Ecc15), induction of Duox is also reported 

in Drosophila (Ha et al., 2005a). In other insects like A. aegypti and B. dorsalis 
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involvement of Duox is also reported in immunity (Yao et al., 2016; Xiao et al., 2017).   

In AsDuox silenced sugar fed midguts and blood fed midguts increased bacterial 

growth is observed (Figure 4.12 and 4.14). So, in A. stephensi, AsDuox gene is one of 

the molecules that maintain the bacterial homeostasis in the midguts. Moreover, we 

observed induced expression of anti-plasmodial gene in AsDuox silenced blood fed 

midguts against increased bacterial load. So, we wanted to study the gut immune 

responses against exogenous bacteria as it has been shown in A. gambiae that co-

feedings of bacteria and Plasmodium cause a decrease in Plasmodium oocysts number 

(Dong et al., 2009; Cirimotich et al., 2010; Bahia et al., 2014). Thus, exploring the role of 

AsDuox in midgut immunity against exogenous bacteria and possible manipulation of 

the gut environment with the help of exogenous bacteria may open new ways to limit 

Plasmodium development inside the mosquito.  

For this, A. stephensi females were allowed to feed on blood alone or 

supplemented with a mixture of Gram+ (M. luteus) and Gram- (E. coli) bacteria. We 

investigated the expression of AMPs to check the activation of immunity against 

exogenous bacteria as their synthesis is considered a hallmark of insect humoral 

responses to microbial infections. Thus, we analyzed the expression of anti-microbial 

peptide gambicin and 

defensin as both can be 

regulated by Toll and IMD 

pathways (Tanji et al., 2007). 

The expression of gambicin is 

induced in response to 

exogenous bacteria in the 

midguts (Figure 3.13). We 

also analyzed the expression 

of defensin in these 

exogenous bacterial fed 

midguts. The result presented 

in Figure 4.20 showed 

induced expression of 

Figure 4.20: Expression kinetics of defensin gene in bacteria supplemented blood fed midguts. 
The kinetics of relative mRNA levels of defensin gene were analyzed in the blood alone (controls) or 
bacteria supplemented blood fed midguts. Relative levels are presented against the sugar fed midguts. 
Significant differences (p < 0.001 or 0.05) between control and bacteria fed midguts are shown by 
three or one asterisk (*), respectively.  
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defensin gene in response to bacterial feeding. The mRNA levels of defensin showed 9-

fold induction at 3 h and 4-fold at 6 h in bacteria supplemented blood fed midguts 

against the blood fed controls (p=0.0007, p=0.0092), respectively. The mRNA levels of 

defensin showed the induction of 18-fold at 12 h in bacteria supplemented blood fed 

midguts against the blood fed midguts (p=0.0001). The mRNA levels of defensin 

showed 4-fold induction at 18 h and 1.5-fold at 24 h post bacteria supplemented blood 

feeding in midguts against controls (p=0.0206, p=0.0177, respectively). This data 

suggested the active involvement of mosquito immunity against exogenous bacteria.  

Further, to analyzed the role of AsDuox in immunity against exogenous bacteria, 

the relative mRNA levels of 

AsDuox were analyzed 

through qPCR and are 

presented in Figure 4.21. 

The mRNA levels of AsDuox 

were similar at 3 h in 

bacteria supplemented blood 

fed midguts but showed 12-

fold induction at 6 h in 

bacteria supplemented blood 

fed midguts in comparison to 

the controls (p=0.0007). 

Again the mRNA levels of 

AsDuox is reduced 3-fold at 

12 h in bacterial fed midguts 

than control (p=0.0043). At 

18 h and 24 h post feeding, 

AsDuox showed significant 

upregu-lation of 8-fold and 2-

fold in bacteria supple-

mented blood fed midguts as compared to controls (p=0.0185, p=0.0031, respectively). 

Therefore, we conclude that AsDuox is induced in a biphasic manner, early at 6 h and 

later at 18 h and 24 h. The similar report is observed in B. dorsalis that BdDuox gene 

regulates the homeostasis of the gut bacterial community and induced only in the 

presence of opportunistic pathogens like E. coli DH5α and Staphylococcus aureus (Yao 

et al., 2016).  

Figure 4.21: Expression kinetics of AsDuox gene in 
bacteria supplemented blood fed midguts. The relative 
mRNA levels of AsDuox gene were analyzed in the blood 
alone (controls) or bacteria supplemented blood fed mosquito 
midguts. Relative levels are presented against the sugar fed
midguts. Significant differences (p < 0.001 or 0.01) between 
control and bacteria fed midguts are shown by three or two 
asterisks (*), respectively. 
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To understand the biphasic expression of AsDuox and its role in bacterial 

growth, we have analyzed expression of 16S rRNA in bacterial supplemented blood fed 

midguts. The result presented 

in Figure 4.22 showed that 

mRNA levels of AsDuox are 

induced in bacteria fed 

midguts at 6 h and there is 

reduced bacterial load at 6 h 

in bacteria fed midguts when 

compared to 3 h bacteria fed 

midguts. At 12 h in bacteria 

fed midguts, expression of 

AsDuox gene is reduced and 

increased bacterial growth is 

observed in comparison to 

the 6 h. Further, at 18 h 

mRNA levels of AsDuox is 

again induced and at the 

same time point bacterial 

growth is reduced. At 24 h in 

bacteria fed midgut, 

expression of AsDuox is 

reduced and increased 

bacterial growth is observed. 

The expression of AsDuox 

and growth of bacteria 

showed a strong negative 

correlation (r=-0.7948, p= 

0.029) in bacteria supple-

mented blood fed midguts at 

different time points. 

Figure 4.22: Relative levels of 16S rRNA and AsDuox 
mRNA in bacteria supplemented blood fed midguts. 
Mosquitoes were fed on bacteria supplemented blood and 
relative levels of AsDuox mRNA and 16S rRNA were 
analyzed in the midguts at different time points after 
feeding. Relative levels are presented against the sugar fed 
midguts.  
 

Figure 4.23: Expression kinetics of PGRP-LC gene in bacteria supplemented blood fed midguts. 
The relative mRNA levels of PGRP-LC were analyzed in the blood alone (controls) or bacteria 
supplemented blood fed midguts. Relative levels are presented against the sugar fed midguts. 
Significant differences p< 0.01 or 0.05 in the gene expressions between control and bacteria fed 
midguts are denoted by two or one asterisk (*), respectively.  
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This data suggested that AsDuox is one of the major molecules of immunity that 

maintains the bacterial homeostasis. In Drosophila, PGRP-LC activates IMD pathway 

that induces Duox (Leulier and Royet, 2009). So, to decipher the mechanism behind the 

activation of AsDuox in A. stephensi, we analyzed the expression of PGRP-LC. The 

mRNA levels of PGRP-LC in Figure 4.23 showed 16-fold induction at 3 h in exogenous 

bacteria supplemented blood fed midguts against controls (p=0.0007).  At 6 h, 18 h, and 

24 h the expression of PGRP-LC is indifferent in bacteria supplemented blood fed 

midguts as compared to their controls. However, its expression levels were induced 3-

fold at 12 h in bacteria supplemented blood fed midguts against controls (p=0.0026). 

Hence, PGRP-LC mRNA levels showed 16-fold and 3-fold induction at 3 h and 12 h 

post bacteria supplemented blood fed controls against the blood fed midguts, 

respectively (Figure 4.23).  

In Drosophila, IMD pathway is strongly activated in response to the high 

microbial burden due to a large amount of microbe-associated molecular pattern 

(MAMP) especially PGN (peptidoglycan). PGRP-LC, the canonical membrane-

associated receptor for peptidoglycan in flies, is an activator of IMD pathway which 

mediates the peptidoglycan-dependent activation of the MEKK1-MKK3-p38-ATF2 

pathway (Leulier and Royet, 2009). In addition, Duox transcription is upregulated via 

p38-mediated activation of ATF2. A large quantity of DUOX produces the abundant 

ROS and is needed to fight against infectious microbes (Leulier and Royet, 2009). 

Collectively, we can speculate from the expression data of 16S rRNA, PGRP-LC 

and AsDuox that upon high bacterial load induced expression of PGRP-LC is observed 

due to increased PAMP/PGN. This, in turn, activated the IMD pathway and caused 

induction of downstream gene, Duox. The AsDuox mediated generation of ROS kills the 

bacterial cells. Hence, we observed the strong negative correlation between bacterial 

growth and AsDuox expression in the exogenous bacteria fed midguts.  

 

4.3.12 AsDuox silencing reduced the growth of exogenous bacteria in the 
midgut  

To understand the role of AsDuox in maintaining the homeostasis in midguts upon 

exogenous bacterial feeding, we used RNAi mechanism to silence this gene. The 

control and AsDuox silenced mosquitoes were then fed on bacteria supplemented blood 

as described in Materials and Methods. The 16S rRNA levels in bacteria supplemented 

blood fed midguts in comparison to their respective controls, revealed that there is 

reduced bacteria growth at 6 h and 24 h (Figure 4.22) when compared to the other time 
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points. Also, the expression of AsDuox at different time points revealed that it is induced 

at these two time points (6 h and 24 h) in bacteria supplemented blood fed midguts 

against control (Figure 4.21). Hence, the two time points 6 h and 24 h were further 

analyzed in detail to explore the immune response against the exogenous bacteria in 

AsDuox silenced midguts similarly as described earlier (Kajla et al., 2016c).  

The result presented in Figure 4.24, showed that we could achieve 80% (p= 

0.0024) and 65% (p= 0.0024) silencing of AsDuox gene at 6 h and 24 h, respectively in 

bacteria supplemented blood fed midguts against control. We compared the rate of 

survival in the control and silenced group of mosquitoes post bacterial feeding and 

surprisingly, we found no significant difference in the rate of survival between two 

groups. 

Thus, we analyzed the expression of 16S rRNA in the two groups to monitor the 

bacterial growth. The result showed in Figure 4.24 revealed that expression of 16S 

rRNA at 6 h was 2.5-fold higher in silenced midguts than controls (p= 0.0017). However, 

in the AsDuox silenced bacterial supplemented blood fed midguts, the expression of 

16S rRNA is reduced by 56% at 24 h (p= 0.0031) against controls (Figure 4.24).  

Figure 4.24: Relative levels of 16S rRNA in AsDuox silenced bacteria supplemented blood fed 
midguts. Mosquitoes injected with dsLacZ (controls) or dsAsDuox (silenced) RNA were fed on 
bacteria supplemented blood and relative rRNA levels of 16S and mRNA levels of AsDuox were 
analyzed in their midguts at different time points post feeding. Relative levels are presented against 
the sugar fed midguts. Significant differences (p< 0.01) between control and silenced bacteria fed 
midguts are shown by two asterisks (*). 
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To decipher the mechanism behind the reduction of bacterial population, we 

analyzed the expression of various immune genes in these samples. As stated 

previously in Drosophila, the immune responses of gut epithelial cells are solely under 

the control of IMD pathway (Lemaitre and Hoffmann, 2007). So, we analyzed the 

expression of defensin in the controls and AsDuox silenced bacteria supplemented 

blood fed midguts. The expression of defensin induced 2-fold at 24 h (p= 0.0040) in 

AsDuox silenced midguts as compared to the controls (Figure 4.25). The mRNA levels 

of GNBP and Toll showed significant upregulation of 3-fold and 2-fold in the AsDuox 

Figure 4.25: Expression of classical immune genes in AsDuox silenced and bacteria fed midguts. 
Mosquitoes injected with dsLacZ (controls) or dsAsDuox (silenced) RNA were fed on bacteria 
supplemented blood and relative mRNA levels of defensin, GNBP or Toll gene were analyzed in 
these midguts after 6 h or 24 h post feeding. Relative levels of mRNA are presented against the sugar 
fed midguts. Significant differences (p< 0.01) between control and silenced are shown by two 
asterisks (*).  
 

Figure 4.26: Expression of immune genes in AsDuox silenced and bacteria fed midguts. 
Mosquitoes injected with dsLacZ (controls) or dsAsDuox (silenced) RNA were fed on bacteria 
supplemented blood and relative mRNA levels of gambicin, HPX8, and HPX2 were analyzed in these 
midguts after 6 h or 24 h post feeding. Relative levels of mRNA are presented against the sugar fed 
midguts. Significant differences (p< 0.01 or 0.05) between control and silenced are shown by two or 
one asterisk (*), respectively.  
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Figure 4.27: Relative mRNA levels of NOS and SOCS genes in 
AsDuox silenced bacteria fed midguts. Mosquitoes injected with 
dsLacZ (controls) or dsAsDuox (silenced) RNA were fed on bacteria 
supplemented blood and relative levels of NOS or SOCS mRNA were 
analyzed in their midguts at different time points after feeding. Relative 
levels of mRNA are presented against the sugar fed midguts. 
Significance differences (p< 0.05) are denoted by an asterisk (*).  
 

silenced exogenous bacteria fed midguts at 24 h against controls (p= 0.0017, p= 

0.0049), respectively. The induced expression of immune genes might be responsible 

for reduced bacterial growth in AsDuox silenced bacterial supplemented blood fed 

midguts against controls.  

We also analyzed the expression of other anti-bacterial genes like gambicin and 

HPX8 (Vizioli et al., 2001; Kumar et al., 2010) in the silenced midguts to explore their 

role in the reduction of bacteria. We found that both the immune genes showed reduced 

expression in the AsDuox silenced bacteria supplemented blood fed midguts as 

compared to the controls as shown in Figure 4.26. Additionally, we also analyzed the 

expression of AsHPX2 in AsDuox silenced bacterial fed midguts. Results presented in 

the Figure 4.26 showed that AsHPX2 is induced 4-fold at 24 h (p= 0.0012) in AsDuox 

silenced bacteria supplemented blood fed midguts against controls. This induced 

expression of AsHPX2 suggested that this might be one of the molecules that control 

the bacterial growth.  

We also explored the involvement of JAK/STAT pathway in the reduction of 

bacterial load (Gupta et al., 2009; Kajla et al., 2016c). The expression of NOS, an 

effector molecule of JAK/STAT pathway and SOCS (a negative regulator of JAK/STAT 

pathway) were ana-

lyzed in AsDuox 

silenced bacteria 

supplemented blood 

fed midguts. Data 

shown in Figure 4.27 

revealed reduced ex-

pression of NOS at 6 

h and indifferent ex-

pression at 24 h in 

the silenced midguts 

as compare to the 

controls. The ex-

pression of SOCS 

remained similar at 6 

h but induced at 24 h 

post feeding in the silenced midguts against controls. From the above data, it can be 

concluded that IMD and TOLL pathways are responsible for the reduced bacterial load 
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and not JAK/STAT pathway in the AsDuox silenced bacterial fed midguts. This data is in 

partial agreement with our previous finding where silencing of AsHPX15 suppressed the 

growth of exogenous bacteria and is mediated by JAK/STAT pathway (Kajla et al., 

2016c). In conclusion, HPX15 and Duox are involved in midgut barrier formation and 

disruption of barrier by silencing of these genes causes reduction in the bacterial load 

but the immune mechanism of bacterial killing is different. In AsHPX15 silenced 

exogenous bacteria supplemented blood fed midgut, the reduction in the bacterial load 

is mediated by the upregulation of the NOS via JAK/STAT pathway (Kajla et al., 2016c) 

while in AsDuox silenced exogenous bacteria supplemented blood fed midgut, the 

bacterial reduction is caused by the upregulation of Toll and IMD pathway.  

This reduction in the bacterial growth in the AsDuox silenced midgut could be 

the possible explanation for the survival of the mosquito in spite of heavy bacterial load. 

This suggested that mosquito midgut is much more evolved and highly efficient and 

equipped to handle the excessive bacterial load. This showed that in mosquito if one 

mechanism fails to control the bacterial growth another pathway(s) activates and 

maintains the microbial homeostasis. While in case of Drosophila silencing of Duox 

causes great mortality (Ha et al., 2005a).   

 

4.4 Discussion  
The most important mechanism of innate immunity of insect midgut is the production of 

free radicals by dual oxidases (Duox), a class of enzymes from the NOX family of 

proteins (Ha et al, 2005a; Ha et al, 2009). This transmembrane enzyme is capable of 

producing H2O2, a ROS molecule and has N-terminal peroxidase domain. This event is 

also found in mosquitoes and affects their vector competence to transmit human 

diseases such as malaria (Kumar et al., 2003; Kumar et al., 2010; Molina-Cruz et al., 

2008). 

The ORF of AsDuox gene is 4428 bp long and encodes for a protein of 1475 

amino acids and is highly conserved among anophelines (sequence identity 97-99%). 

Analysis of the AsDuox protein has revealed that it is a membrane-bound protein with a 

non-cytoplasmic heme peroxidase domain and a calcium-binding domain at the N-

terminus and cytoplasmic conserved FAD- and NAD-binding domains at the C-terminus 

(Figure 4.5). This showed that structure of AsDuox is similar to other Duoxes from 

invertebrates (Hu et al., 2013; Sumimoto, 2008) and vertebrates (Donkó et al., 2005). 

The AsDuox protein contained amino acid sequences SGQWVR, FTLTSAPHEN 

and GIGVTPYAS in the NAD-binding domain which are conserved in both invertebrates 
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and vertebrates. The NAD-binding sites have an important role in transporting electrons 

from NADPH to FAD in Nox2 of Human (Torres and Dangl, 2005). Therefore, the 

presence of these conserved sites in the NAD-binding domain of AsDuox suggests a 

crucial role of this protein in the electron delivery system. The AsDuox active sites within 

the peroxidase domain shared 9% identity and substrate binding domain shared 50% 

identity with human Duoxes. The calcium-binding domain shared 57% identity and 

NADPH oxidase domain shared 76% identity for with human Duoxes. 

The A. stephensi Duox gene is expressed in all the developmental stages. The 

expression of Duox is similar from egg to 3rd instar larvae to ensure the proper formation 

of extracellular cuticle layer as described previously in C. elegance. The CeDuox is 

required for post-embryonic development. The presence of ecdysone hormone binding 

motif in the promoter region of AsDuox gene might explain the highest expression of this 

gene in pupae as ecdysone regulates the larval molting and metamorphosis in other 

insects like Drosophila and Aedes (Akagi and Ueda, 2011; Telang et al., 2007). Also, in 

Drosophila recent study showed that Duox is required to stabilize the wing on the last 

day of pupal development (Hurd et al., 2015). The bacterial challenge to 4th instar larvae 

induced the expression of AsDuox gene (Figure 4.10). This suggested the role of 

AsDuox in immunity against bacterial infection in larvae similarly as previously 

characterized in C. elegans, Zebrafish larvae and in Bombyx mori (Van der Hoeven et 

al., 2015; Flores et al., 2010; Hu et al., 2013). 

In innate immunity, the role of ROS, such as O-
2 and H2O2, is to eliminate 

microbes. In Aedes aegypti, ROS is described to produce in sugar fed midguts and 

silencing of Duox increases the bacterial load (Oliveira et al., 2011). There is increased 

bacterial growth in the AsDuox silenced midguts as compared to control (Figure 4.12). 

It is well reported in Drosophila that Duox is expressed in the gut and involved in 

immune responses. This gene has been shown to exhibits microbicidal activity that 

prevents over proliferation of dietary bacteria and yeast during natural infection (Ha et 

al., 2005a). Thus, our results suggested that AsDuox plays an important role in 

maintaining the bacterial homeostasis in sugar fed midguts similar to that of the Duoxes 

of other insects (Yao et al., 2016; Ha et al., 2005a). 

To elucidate the mechanism underlying in maintaining the bacterial homeostasis 

after blood feeding in the midgut, we compared the expression pattern of AsDuox and 

16S rRNA. The transcriptional analysis revealed that although mRNA of AsDuox is 

highly expressed in carcass but induced only in the midgut after blood feeding (Figure 

4.11 and 4.13). Our analysis showed that bacterial growth and AsDuox expression at 
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various time points post blood meal in midgut has a weak negative correlation. Hence, 

A. stephensi dual oxidase (AsDuox) has a dual role it is not only protecting the gut 

bacteria through barrier formation but is also responsible for balancing their population 

after the blood meal. In AsDuox silenced blood fed midguts, we observed increased 

bacterial population against control midguts and no induction of immunity against 

increased bacterial load (Figure 4.14). Thus, like Drosophila, mosquito gut can also 

tolerate the endogenous bacteria and hence there is no upregulation of AMPs in 

AsDuox silenced blood fed midguts. This data suggested that AsDuox is involved in 

maintaining the bacterial homeostasis. The similar mechanism is reported in both A. 

aegypti and D. melanogaster where dual oxidase (Duox)-regulating pathway maintains 

the bacterial homeostasis in the gut (Xiao et al., 2017). In A. aegypti, in response to the 

blood feeding expression of AaDuox gene is induced and proliferation of bacteria takes 

place in midguts. Silencing of AaDuox gene increased the bacterial load. This study has 

revealed that Duox is the major molecule in maintaining the gut homeostasis and 

manage healthy gut–microorganism interactions in insects (Xiao et al., 2017). 

The upregulation of AsDuox gene in bacteria supplemented blood fed midguts 

suggested that A. stephensi also uses AsDuox dependent immune response against 

exogenous bacteria in the gut in a way similar to Drosophila (Ha et al., 2005a; Bae et 

al., 2010). In this study, we also explored the molecular pathway behind that might 

regulate the expression of AsDuox during bacterial infection. We have shown that 

AsDuox expression is under the control of the IMD pathway as previously described for 

Drosophila Duox (Lemaitre and Hoffmann, 2007). During bacterial feeding, induced 

expression of AMPs is observed. So, in A. stephensi, during bacterial infection, there is 

activation of IMD pathway, which upregulates the expression of AMPs and Duox. Thus, 

bacterial feeding manipulates the immunity of mosquito midgut and this can be explored 

for arresting Plasmodium development since high levels of PAMPs activated the 

immune pathways this, in turn, culminating in an increased abundance of effector 

molecules that may defend against infection with Plasmodium. 

The reduced bacterial growth is observed in the AsDuox silenced bacteria 

supplemented blood fed midguts than controls and is mediated by induced mosquito 

midgut immunity. In the previous study, it has been shown that Duox is involved in the 

formation of the midgut barrier that protects bacteria from the mosquito immunity 

(Kumar et al., 2010). So, silencing of Duox disrupts the formation of mucin barrier and 

this activates the mosquito immunity against exogenous bacteria. The similar report was 

published earlier where disruption of the gut barrier by silencing of HPX15 leads to 
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reduction of bacteria in silenced bacteria fed midguts via activation of NOS molecule 

(Kumar et al., 2010, Kajla et al., 2016c). 

We also investigated the role of A. stephensi Duox gene in the regulation of 

Plasmodium development. We found that mRNA levels of AsDuox gene were induced in 

the midguts post Plasmodium-infected blood feeding. Interestingly, the expression of 

AsDuox is significantly increased during ookinete invasion of the midgut epithelium (24 

h post infected blood feeding) (Figure 4.17). These findings are in agreement with the 

previous reports where AgDuox gene is induced post 24 h of Plasmodium infection in 

midguts (Kumar et al., 2004). 

Furthermore, our data revealed that AsDuox plays important role in the 

regulation of Plasmodium development in midguts. The silencing of AsDuox gene 

greatly reduces the number of developing oocysts in the silenced midgut as compared 

to the control (Figure 4.18). The disruption in the formation of mucin barrier in the Duox 

silenced midguts, in turn, induced antiplasmodial immunity and we found that TEP1, is 

highly induced in these samples (Figure 4.19) and might be one of the important 

negative regulators of Plasmodium development similarly as reported in A. gambiae 

(Kumar et al., 2010). In A. gambiae the reduction in Plasmodium oocysts number is 

mediated by the activation of NOS molecule.   

 

4.5 Conclusion  
A. stephensi Duox gene has an important role in the innate immunity. This gene is 

responsible for ROS generation and maintenance of bacteria homeostasis in the 

midgut. The AsDuox gene has a weak negative correlation with the endogenous 

bacterial growth while a strong negative correlation with the exogenous bacterial growth. 

AsDuox gene also has an important role in Plasmodium development. Hence, 

manipulation of this gene will open up new frontiers in blocking the Plasmodium 

development as bacteria are the antagonist of Plasmodium development. 
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5.1 Abstract 
In this study, we have investigated the gene duplication event in the heme peroxidase 

multi-gene family. It is found that heme peroxidase HPX15 in A. gambiae and A. 

stephensi has its tandemly duplicated paralog gene termed HPX14. The two genes 

although shared similar exonic structures but differed in their intronic structures. These 

genes are under purifying selection and phylogenetic analysis showed that the 

duplication event occurred prior to the speciation. The two genes are flanked by the 

presence of boundary element and might act as an independent domain of gene 

expression. The genes of the duplicated cluster are highly divergent in their spatial-

temporal expression. The expression of AsHPX15 gene is higher in all the 

developmental stages and was thousand fold in blood fed and bacteria supplemented 

blood fed midguts of A. stephensi in comparison to the expression of AsHPX14. The 

presence of binding motifs of an insulator protein, CTCF in the regulatory region of 

AsHPX14 suggested that it might regulate the transcription of AsHPX14 and hence, 

expression of AsHPX14 remained suppressed. AsHPX15 silencing and blood feeding 

did not induce the expression of AsHPX14 in the midgut but its expression is induced in 

the AsHPX15 silenced bacteria supplemented blood fed midguts in comparison to the 

respective controls. This data suggested that there is no functional redundancy between 

the two duplicated genes and AsHPX14 might evolve to have a role in immune 

responses against bacteria but not in physiology. Silencing of HPX15 causes disruption 

of mucin barrier and we assume that the high bacterial load might cause some signal to 

displace CTCF protein and activates the expression of HPX14 gene. This study 

provided insight regarding the potential functional role of CTCF in mosquito and may be 

used to improve mosquito transgenesis.  

 
5.2 Introduction  
Mosquitoes exhibit several aspects of innate immune responses to withstand 

Plasmodium infection. Plasmodium interaction with mosquito draws major attention to 

understand both the conservative and the dynamic evolutionary nature of immune 

responses interfering with malaria pathogen development (Waterhouse et al., 2007). 

Thus, understanding mosquito immunity in the regulation of Plasmodium development is 

a hot topic because these findings will be helpful in designing strategies in the future 

that will control Plasmodium transmission.  

Previous studies from our laboratory found that heme peroxidase HPX15 is 

induced upon blood feeding in the midguts and catalyzed the crosslinking of tyrosine 
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residues of mucin layer to form a gut barrier (Kumar et al., 2010). This gut barrier 

creates a low immunity zone that supports the growth of bacteria as well as 

Plasmodium. This is a lineage-specific gene that is present in all 19 worldwide 

distributed anopheline species and thus, we proposed that mosquito heme peroxidase 

HPX15 may be targeted to block the Plasmodium development (Kumar et al., 2010 and 

Kajla et al., 2016b, 2016c, 2017).  

In previous reports, it has been suggested that heme peroxidase family belongs 

to the multi-gene family and has several gene duplication events (Loughran 2008; 

Neafsey et al., 2015). Gene duplication event generates a duplicate copy of a gene and 

is very eminent in eukaryotes. Thus, we analyzed the duplication event of HPX15 in the 

Anopheles genome to understand the relationship with its duplicate copy HPX14 (Kajla 

et al., 2015a). Studying the gene duplication event and expression pattern of duplicated 

copy is necessary to claim HPX15 as a transmission-blocking candidate. Therefore, in 

the present study, we have identified and characterized the duplicated paralog of 

HPX15 gene in Anopheles and studied the gene structure and expression pattern of the 

duplicated genes. We also studied the sequence divergence, characterized spatial-

temporal expression and involvement of putative transcription factors that might regulate 

their expression to decipher the probable evolutionary divergence between these two 

duplicated genes.  

 
5.3 Results 
5.3.1 Anopheles gambiae HPX15 (AgHPX15) gene is evolved with its 

tandemly duplicated paralog HPX14 (AgHPX14) 
The gene structure of the HPX15 in A. gambiae genome was retrieved and further, we 

performed the paralog search to identify whether a copy of this gene was generated 

through duplication event. Our criterion of gene satisfying ≥50% alignment identity and 

≥70% alignment coverage (query coverage) at the amino acid level is taken into further 

consideration as discussed before (Audemard et al., 2012). We have identified that 

AgHPX14 is the paralog of AgHPX15 generated through gene duplication (Figure 5.1).  

The paralogs are said to be tandemly duplicated if they are less than 150 kb 

apart from each other. In addition, each tandem unit (gene) has a minimum length of 

500 bp and separated by less than 40 kb (Audemard et al., 2012; Li et al., 2001). Our 

results revealed that tandemly duplicated gene cluster of AgHPX15 and AgHPX14 

(43363 bp, Chromosome 3L: 10755137-10798500) is situated adjacent to each other. 
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Table 5.1: Comparison of the genomic features between A. gambiae and A. stephensi duplicated paralogs: The various genomic features of HPX15 and 
HPX14 from A. gambiae and A. stephensi are given in the table below. The genomic sequence of A. gambiae and A. stephensi was retrieved from NCBI and 
gene structure was then predicted using Augustus software.  
 

Features AgHPX15 AgHPX14 AsHPX15 AsHPX14 
Gene length 1961 6042 1941 2913 

Intergenic region (bp) between paralogs - 2885 - 754 

Number of Exons in gene 3 3 3 3 

1st exon (bp) 372 387 369 397 

2nd exon (bp) 750 741 743 736 

3rd exon (bp) 684 714 682 706 

1st intron (bp) 82 4159 76 993 

2nd intron (bp) 72 66 71 81 

5′ UTR (bp) 940 449 344 410 

3′ UTR (bp) 82 688 72 879 

Gene location Chromosome/contig  Chromosome 3L Chromosome: 3L SuperContig KB665221 SuperContig KB665221 

Gene span or start- end positions 10,786,057-10,788,017 10,791,477-10,797,515 711,425-718,063 711,425-718,063 

Protein length (amino acids) 602 614 597 612 

Signal Peptidase cleavage signal position GLS21-Q22T (D=0.764) VLA27-V28C (D=0.768) VLS21-Q22T  (D=0.838) VLA30-V31C (D=0.697) 

Figure 5.1: Location and distribution of the boundary elements across the duplicated genes of mosquitoes, A. gambiae (Ag) and A. stephensi (As). 
The gene cluster of A. gambiae and A. stephensi are shown with tested boundary elements as lining shaded bars present on both the side of the duplicated 
gene cluster. Exonic structures in genes are shown as a black rectangle box and the gray lines within the genes indicate intronic regions. The UTRs are shown 
in gray rectangle. The scale on the upper line corresponds to 1000 bp for 1 unit. 
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AgHPX14 gene is situated 2885 bp downstream of AgHPX15 gene on same DNA 

strand in head to tail orientation (Figure 5.1 and Table 5.1). The protein length of AgHPX15 

and AgHPX14 is 602 and 614 amino acids, respectively. The BLASTP results revealed that 

the alignable region between these two proteins is of 584 amino acids with 326 identical 

amino acids. Further, we confirmed the gene duplication between AgHPX15 and AgHPX14 

gene at protein level through computed identity [I’= I x min (n1/L1, n2/L2)] as discussed 

before (Li et al., 2001). In general, I’ > 30% satisfies the tandemly duplicated paralogs. The 

calculated I’ value for AgHP15 and AgHP14 is 55.87% with the query coverage of 95% and 

56% identity. In conclusion, AgHPX15 and AgHPX14 are true tandemly duplicated 

paralogs. 

 
5.3.2 A. stephensi AsHPX15 also has tandemly duplicated paralog  
The nucleotide BLAST of AgHPX15 gene against partially annotated A. stephensi genome 

revealed that its ortholog is present in contig 5285 (SuperContig KB665221: 711,425-

718,063) and situated between nucleotide ranges from 14000 to 16000 and termed it as 

AsHPX15 (Kajla et al., 2016b). Both genes, AgHPX15 and AsHPX15 have 75% sequence 

identity with the query coverage of 96%. Further, BLAST of AsHPX15 against A. stephensi 

genome revealed that its paralog is also located in the same contig between nucleotide 

17000 and 21500. Interestingly, this paralog is located 754 nucleotides downstream to 

AsHPX15, on the same DNA strand in head to tail orientation, similarly as AgHPX15 and 

AgHPX14 (Figure 5.1 and Table 5.1). It is noteworthy to mention that the genomic location 

of AsHPX15 paralog is equivalent to AgHPX14 thus, we named it as AsHPX14. AgHPX14 

gene shared 81% sequence identity with AsHPX14 gene and hence, the two are also 

orthologs. 

 

5.3.3 Structural divergence in duplicated genes of Anopheles  
The genomic sequences retrieved in section 5.3.1 and section 5.3.2 that has HPX15 and 

HPX14 genes were analyzed using Augustus software to elucidate the gene structure for 

further comparison. The comparative analysis of A. gambiae (AgHPX15 and AgHPX14) and 

A. stephensi (AsHPX15 and AsHPX14) gene clusters revealed that both share several 

common features (Figure 5.1 and Table 5.1). A. gambiae AgHPX15 gene is of 1961 bp 

with 3 exons and 2 introns. Interestingly, its paralog AgHPX14 gene is of 6042 bp with the 

same number of exons and introns. However, the first intron is comparatively larger in case 
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of AgHPX14 than AgHPX15 (4159 bp versus 82 bp) (Table 5.1). This may indicate the 

insertion of an extra segment of DNA in the first intron of AgHPX14. This situation is in 

agreement with other tandemly duplicated genes such as F-box, AP2, and cyclin where one 

of the paralogs has longer intron (Xu et al., 2012). 

We found that all the four genes AgHPX15, AgHPX14, AsHPX15 and AsHPX14 

showed structural conservation. We also found that gene structure of AsHPX15 and 

AgHPX15 showed more conserved structure, whereas AgHPX14 and AsHPX14 diverged 

structurally in the intronic region. The first intron of HPX14 showed significant divergence in 

length when compared to the first intron of HPX15 in both A. gambiae and A. stephensi. In 

A. gambiae the first intron of AgHPX14 is 4135 bp and almost 50 times in length (bp) in 

comparison to the first intron of AgHPX15 and in A. stephensi the first intron of AsHPX14 is 

993 bp and 10 times of the first intron of AsHPX15 (Figure 5.1).  Collectively, the gene 

organization of these two duplicated genes showed intronic divergence in case of both 

paralogs as well as orthologs while showed conservation in exonic structures.  

The presence of structural divergence in the intronic region of paralogs suggested 

that different selective pressure might act on introns during evolution as also reported in the 

growth hormone GH1 and GH2 in the eight species of Salvelinus genus (Pankova et al., 

2013). The previous study showed that the structural divergence found in the exons-introns 

of duplicated pairs showed a positive correlation with the divergence in expression. This 

data is further supported by the findings reported in Arabidopsis duplicated genes such as 

F-box, AP2, and cyclin (Xu et al., 2012).  

 
5.3.4 Duplicated heme peroxidases are secreted globular proteins  
It has been reported earlier that AgHPX15 and AsHPX15 proteins are secreted into the gut 

lumen (Kumar et al., 2010, Kajla et al., 2016b). Analysis of presence of signal peptide 

sequence by SignalP (Petersen et al., 2011) in AgHPX14 and AsHPX14 revealed that both 

these proteins also contained the cleavage site for the signal peptidase (Figure 5.2). This 

data suggested that HPX15 and HPX14 both are secreted proteins. The alpha helixes 

present in the proteins of AsHPX15 and AsHPX14 are 44% and 41%, respectively (Figure 

5.2). This indicated that these are globular proteins, as this category of proteins contains 

more alpha helixes than beta sheets (Pace and Scholtz, 1998). The result presented in 

Figure 5.2 revealed that both AsHPX15 and AsHPX14 proteins share conserved heme, 

substrate, calcium and homodimer interface binding sites. 
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Figure 5.2: Deduced secondary structure of duplicated paralog. Both the proteins contain alpha 
helixes (spirals) and beta sheets (arrows) as predicted by Phyre2 software. The red arrowhead indicates 
the cleavage site for signal peptidase (SPase) and various conserved binding sites in the protein are 
represented by characteristic symbols. (AsHPX15 secondary structure modified from Kajla et al., 2016b)  
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The deduced AsHPX15 and AsHPX14 polypeptide were also subjected to a three-

dimensional structural prediction by Phyre2 software. Interestingly, 93% and 91% amino 

acid residues (554 and 558 amino acids) of the full-length AsHPX15 or AsHPX14 protein 

(total 597 and 612 amino acids) were modeled with buffalo lactoperoxidase available in 

protein data bank (PDB ID:2GJM) with 100% level of confidence, respectively (Figure 5.3). 

The active site of AsHPX15 consists of ARG102, ILE317, GLN571 and PHE574 amino acids and 

in AsHPX14 it is consists of ARG111, ILE325, ASN584 and PHE587 amino acids as predicted by 

3DLigandSite software using NAG (N-acetyl-D-glucosamine) as heterogen. 

 
5.3.5 Tandemly duplicated heme peroxidase paralogs of A. gambiae and A. 

stephensi are functional  
Fixation and conservation of newly duplicated genes in genome require conquering over 

ample hurdles. Once fixed, the evolutionary fate of duplicated gene may end up in 

pseudogenization. This process leads to the loss in function due to the accumulation of 

degenerative or deleterious mutations over time in the regulatory region or the gene itself 

(Roth et al., 2007). In order to understand the functional nature of the tandemly duplicated 

AgHPX14 and AsHPX14 genes, we analyze its regulatory elements such as a promoter, 

TATA protein binding site, transcription start site (TSS) as they play a central role in the 

functional nature of a gene. 

We analyzed the 5’ upstream region of AgHPX14 and AsHPX14 genes with the help 

of various computational programs like Augustus, GenScan, and NNPP to predict the 

putative promoter as described in Material and Methods. We found that both the genes 

Figure 5.3: 3D structure of AsHPX15 and AsHPX14 proteins. 3D structure of A) AsHPX15 
and B) AsHPX14 proteins were modeled by Phyre2 software that used lactoperoxidase (PDB ID: 
2GJM) as a template.  
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have promoter region with TATA-binding motifs and transcription start site (TSS). The 

promoter of AgHPX14 is 449 bp upstream of start codon while in AsHPX14 it is 410 bp 

upstream of start codon as analyzed by NNPP and Augustus software (Figure 5.1).  

 
5.3.6 Phylogeny revealed gene duplication of heme peroxidase HPX15 and 

HPX14 occurred before speciation 

We used the phylogeny based algorithm to infer duplication and speciation events from the 

phylogenetic tree as described earlier (Huerta-Cepas et al., 2007). The Phylogenetic 

analysis of protein sequences was performed using the neighbor-joining (NJ) methods 

implemented in MEGA 5.2, with 1000 bootstrap replicates to assess support as described 

in Material and Methods. The HPX15 from both A. gambiae and A. stephensi formed one 

cluster while HPX14 formed the other cluster. This data showed that there is a gene 

duplication event followed by speciation, which might be accelerated the rate of evolution 

(Figure 5.4) (Pegueroles et al., 2013).  

 
5.3.7 HPX15 and HPX14 are under purifying selection  
Nucleotide substitutions in protein-coding regions are divided into two classes, ones that 

change amino acid (nonsynonymous) and those that do not (silent or synonymous).  For 

most protein-coding regions the ratio Ka/Ks has been found to be significantly smaller than 

1 (Nekrutenko et al., 2002; Makalowski and Boguski 1998). The Ka/Ks ratio > 1 indicates 

positive selection while < 1 indicates the purifying selection on the duplicated genes. 

Predictably, Ka/Ks ratio < 0.5 revealed functional constraints on both paralogs (Li, 1997). 

Subsequently, purifying selection maintains two functionally distinct copies of duplicated 

genes in the genome. We further calculated the non-synonymous (Ka) (amino-acid-

Figure 5.4: Phylogeny of duplicated genes HPX15 and HPX14 of A. gambiae and A. stephensi. 
The neighbor-joining (NJ) method was used to construct phylogeny of duplicated genes. The scale 
bar represents base substitutions per site. The numbers on the branches represent the % of 1000 
bootstrap. 
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Figure 5.6: Purifying selection on HPX15 and HPX14 of A. gambiae and A. stephensi. Analysis of 
natural selection on four genes was carried out using Selecton server. Purifying selection is colored in 
shades of magenta in the consensus sequence of four genes. The heme binding, calcium binding, putative 
substrate binding and homodimer interface sites as represented by the characteristic symbols. All four 
genes showed a significantly high level of purifying selection. 

changing) and synonymous (Ks) (silent) 

substitution rate of coding sequences for 

duplicate pairs. The Ka/Ks ratio of the 

duplicated genes HPX15 and HPX14 of A. 

gambiae and A. stephensi revealed that the 

values at each node < 0.5 and is shown in 

Figure 5.5 and hence, the duplicated genes 

are under purifying selection (Figure 5.6). 

Therefore, we hypothesized that the 

functional constraints on HPX15 and HPX14 

genes might contribute in the evolution of 

the duplicate paralog in Anopheles. 

 

   

 

 

 
 

 

 

Figure 5.5: Ka/Ks annotated evolutionary tree. Ka/Ks values for each node in the tree. Numbers 
indicated the nodes of the tree (1, 2 and 3). Ka/Ks ratio values are indicated above each branch. 
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5.3.8 Identification of boundary elements in the duplicated cluster 
Boundary elements are able to contribute in the organization of the chromatin structure by 

supporting the formation of functional domains on the chromosome and might be 

responsible for gene clustering. Chromatin loops created by boundary elements causes 

regulation through inter-insulator contacts, thus, provide the chance of rigorous regulation 

inside this domain (Ma et al., 2016). 

Boundary elements share functional properties from flies to human despite their 

poor sequence conservation. However, they contain small sequence motifs like other cis-

regulatory elements that serve as binding sites for proteins involved in boundary function. 

Drosophila uses the binding sites of multiple proteins, dCTCF, Su(Hw), BEAF, GAF, Zw5, 

Mod(mdg4) and CP190, to derive its boundary function. Due to conserved nature of the 

Drosophila boundary interacting proteins such as CTCF with mosquitoes and other insects 

also, might make them recognize the similar DNA motifs and contribute towards boundary 

function in A. gambiae as well in A. stephensi (Schoborg and Labrador, 2010; Gray and 

Coates,2005). 

Based on these facts, we have used cdBEST software (Srinivasan and Mishra, 

2012), to identify potential boundary elements from the duplicated domain of HPX15 and 

HPX14 in A. gambiae and A. stephensi. Using cdBEST that was developed originally for 

Drosophila, we predicted putative boundary elements across the duplicated cluster of 

HPX15 and HPX14 of A. gambiae as well as in A. stephensi (Figure 5.1). The predicted 

boundaries fall in the intergenic regions and have multiple binding sites for GAGA 

Associating Factor (GAF). To understand how boundary elements may define domains in 

A. gambiae and A. stephensi cluster, we mapped putative transcriptional enhancers 

identified by different TFBs prediction tool.  

Interestingly, the marked boundary elements flank the mapped TFB motifs across 

the cluster both in A. gambiae as well as in A. stephensi. This arrangement of boundaries 

flanking the cis-regulatory region is in accordance with their suggested role in the formation 

of chromatin domains. Comparison of cis-regulatory elements revealed that in both the 

species these clusters contain an array of transcriptional enhancers organized into domains 

flanked by boundary elements. It is interesting to note that in A. gambiae the size of 

duplicated gene cluster is 40 Mb, which is roughly 2 times the size of duplicated cluster in 

A. stephensi. These differences in size and domain organization may be specific to the 

evolution of these genes in A. gambiae and in A. stephensi. Overall, the special localization 
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of boundaries do not have protein-coding sequences and is in agreement with a role for 

these elements in organizing the genome into independent domains of gene expression 

(Ahanger et al., 2013).  

 
5.3.9 A. stephensi AsHPX15 and AsHPX14 exhibit a differential expression 

pattern   

To date, studying functional genomics by comparing the gene expression of duplicated 

genes is one of the principal ways to decipher rapid acquisition of divergent tissue-

expression patterns after gene duplication (Huminiecki and Wolfe, 2004; Farre and Alba, 

2010). 

Figure 5.7: Relative mRNA levels of AsHPX15 and AsHPX14 genes in different developmental 
stages of A. stephensi. Results present the mean ± SD of relative mRNA levels of AsHPX15 and 
AsHPX14 in different developmental stages of A. stephensi. The mRNA levels of eggs of AsHPX14 were 
considered as controls or 1. Significant differences (p<0.05) among different stages are indicated by an 
asterisk (*).E, eggs; I, II, III, IV, various stages of instar larvae; P, pupae; M, males; F, females. 
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To analyze AsHPX15 and AsHPX14 gene expression in A. stephensi, gene-specific 

primers for both these genes were designed as mentioned in Material and Methods. The 

qPCR analysis was used to study the expression of AsHPX15 and AsHPX14 genes in 

different developmental stages. We have investigated the expression of AsHPX15 and 

AsHPX14 genes in the developmental stages of A. stephensi viz. eggs, I to IV instar larvae, 

pupae, males and females. The gene expression profiles of AsHPX15 and AsHPX14 were 

highly divergent in all the stages of mosquito development (Figure 5.7). AsHPX14 mRNA 

was found in all the stages of development and showed significant upregulation by 2-fold 

(p= 0.0067) in adult females in comparison to the eggs. Comparing the expression profiling 

of AsHPX15 with respect to the mRNA levels of AsHPX14 gene in eggs, AsHPX15 mRNA 

levels remained high in all the stages (Figure 5.7). It has been found that the mRNA levels 

of AsHPX15 gene were the highest in the pupae (Figure 5.7). The mRNA levels of 

AsHPX15 were 30-fold in eggs (p=0.0030), 4-fold, 2-fold and 6-fold in first instar, third instar 

and fourth instar larvae (p=0.0014, p=0.0043, p=0.0092), respectively in comparison to the 

mRNA levels of AsHPX14 in the eggs. The expression of AsHPX15 was 1150-fold in pupae 

(p<0.0001), 30-fold in adult males (p=0.0006) and 70-fold in the adult females (p=0.0067) 

when compared to the mRNA levels of AsHPX14 in the eggs. This data showed that mRNA 

levels of AsHPX15 were higher in all the developmental stages when compared to the 

mRNA levels AsHPX14.  

Mosquitoes are hematophagous in nature and therefore blood feeding is one of the 

major signals that activate the number of genes participating in the digestion (e.g. trypsin) 

(Müller et al., 1995) and immunity (e.g. HPX15) (Kajla et al., 2016b, Kumar et al., 2010). 

We have investigated the expression of AsHPX15 and AsHPX14 in the blood fed midgut of 

A. stephensi at different time points post blood meal. The result presented in Figure 5.8 

revealed that midgut mRNA levels of AsHPX14 showed significant upregulation of 4-fold 

and 4-fold at 6 h and 12 h post blood feeding (p=0.0070, p=0.0003), respectively. The 

mRNA levels of AsHPX14 were 2.5-fold at 36 h post blood feeding (p=0.0026). The mRNA 

levels of AHPX15 also showed upregulation and were thousand folds when compared 

against the mRNA levels of AsHPX14 in the sugar fed midguts (Figure 5.8). The mRNA 

levels of AsHPX15 was 140-fold higher (p=0.0110), and increases to 19890-fold at 6 h 

(p=0.0015) and 21500-fold at 12 h (p=0.0007) post blood meal in midguts, in comparison to 

the mRNA levels of AsHPX14 in sugar fed midguts. AsHPX15 showed induction of 12500-

fold at 24 h (p=0.0001) and 4781-fold at 36 h (p=0.0013) post blood feeding in midguts 
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against mRNA levels of AsHPX14 in sugar fed midgut. This suggested that AsHPX15 is 

highly inducible gene upon blood feeding in comparison to AsHPX14 which showed 

induction but its mRNA levels are very less in comparison to the AsHPX15 (Figure 5.8). 

In both A. gambiae and A. stephensi, the HPX15 is highly induced by blood feeding 

in midguts and mediates the cross-linking of mucin layer to form a gut barrier (Kumar et al., 

2010, Kajla et al., 2016b). The midgut barrier blocks the interaction of midgut bacteria and 

epithelium immune responses thereby, supporting the growth of natural gut flora. Our 

previous study showed that mRNA levels of AsHPX15 are induced in response to the 

exogenous bacterial supplemented blood feeding (Kajla et al., 2016c) and its silencing 

suppressed the growth of gut bacteria due to disruption of gut barrier and activation of 

epithelial immunity (Kajla et al., 2016c; Kumar et al., 2010). 

Figure 5.8: Expression kinetics of AsHPX15 and AsHPX14 genes in blood fed midguts. Relative 
mRNA levels of AsHPX15 and AsHPX14 genes were analyzed in blood fed midguts collected at various 
time points post blood feeding. The mRNA levels of AsHPX14 sugar fed (0 h) were considered as control 
or 1. Significant differences (p<0.05) against control are indicated by an asterisk (*). 
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To explore the role of AsHPX14 and immune response associated with this gene 

cluster we have studied the expression of AsHPX15 and AsHPX14 in the blood fed (BF) or 

bacteria supplemented blood fed (BF+Bac) midgut of A. stephensi as described in Materials 

and Methods. The result presented in Figure 5.9 showed that both AsHPX15 and 

AsHPX14 were induced in bacteria supplemented blood fed midguts at 24 h post feeding. 

However, their mRNA levels were non-significantly different at 6 h against their respective 

blood fed midguts. The mRNA levels of AsHPX14 showed significant induction of 2-fold at 

24 h (p=0.0317). The 

induced mRNA levels 

of AsHPX15 were 

thousand folds in 

comparison to mRNA 

levels of AsHPX14 

and induced 1.5-folds 

against its respective 

blood fed control (p= 

0.0164) (Figure 5.9).  

So, the above 

expression analysis 

revealed that al-

though AsHPX14 

showed spatial-

temporal upregulation 

in its mRNA levels in 

blood fed midguts or 

bacteria supplemen-

ted blood fed midguts 

but its mRNA levels 

are very less when 

compared with the 

mRNA levels of 

AsHPX15 that were 

thousand folds in 

Figure 5.9: Expression kinetics of AsHPX15 and AsHPX14 in 
bacteria supplemented blood fed midguts. The kinetics of relative 
mRNA levels of AsHPX15 and AsHPX14 genes were analyzed in the 
blood alone (control) (BF) or supplemented with a mixture of M. luteus 
and E. coli bacteria fed midguts (BF+Bac). The relative mRNA levels 
were calculated against AsHPX14 levels in sugar fed controls (0 h). The 
significant differences (p<0.05) in the gene expressions against control 
are denoted by an asterisk (*). 
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comparison to the mRNA levels 

of AsHPX14 in midguts (Figure 

5.9). So we were interested in 

exploring the function of 

AsHPX14 gained after gene 

duplication.  

We further investigated 

the expression of AsHPX14 in 

the AsHPX15 silenced A. 

stephensi female to decipher 

the AsHPX14 function. The 

control and AsHPX15 silenced 

female mosquitoes were 

allowed to feed on mouse or 

bacteria supplemented blood as 

described in the Material and 

Methods. We could achieve the 

significant silencing of 

Figure 5.10: Relative mRNA levels 
of AsHPX15 and AsHPX14 genes 
in AsHPX15 silenced midguts. 
Mosquitoes injected with dsLacZ 
(controls) or dsAsHPX15 (silenced) 
RNA were fed on a A) mouse 
(blood) or B) and C) bacteria 
supplemented blood and relative 
mRNA levels of AsHPX15 and 
AsHPX14 were analyzed at 6 h or 24 
h post feeding in A) blood fed 
midguts, B) bacteria supplemented 
blood fed midguts and C) bacteria 
supplemented blood fed carcass. 
Relative mRNA levels are presented 
against the mRNA levels of sugar 
fed midguts of AsHPX14. 
Significant differences (p<0.05)  
between control and silenced 
midguts are shown by an asterisk (*). 
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AsHPX15 gene in both the experiments in the range of 60-80% in mRNA levels when 

compared against control midguts (Figure 5.10) and expression of AsHPX14 was then 

analyzed in these samples. It is found that when we silenced the AsHPX15 gene and 

allowed the female to feed on a mouse, there is no significant difference in the expression 

of AsHPX14 in the control and silenced blood fed midguts (Figure 5.10A). This might 

suggest that AsHPX14 has no role during blood feeding in comparison to the AsHPX15 

which is induced in midgut in response to the blood feeding and involved in the gut barrier 

formation (Kajla et al., 2016b, Kumar et al., 2010). We have also analyzed the expression 

of AsHPX14 in AsHPX15 silenced mosquitoes which were allowed to feed on bacteria 

supplemented blood. Expression analysis of AsHPX14 gene showed that it induced 8-fold 

and 21-fold at 6 h and 24 h in the AsHPX15 silenced bacteria supplemented blood fed 

midguts (p= 0.0076, p< 0.0001), respectively against controls (Figure 5.10B).  

To know the spatial expression of AsHPX14, we also analyzed its expression in the 

AsHPX15 silenced bacteria supplemented blood fed mosquito carcasses. The data 

presented in Figure 5.10C showed that its mRNA levels were indifferent in the carcass 

tissue. Hence, it can be concluded that AsHPX14 mRNA levels were induced only in the 

midguts of AsHPX15 silenced bacterial supplemented blood fed midguts.  

The induced expression of AsHPX14 gene in the midgut where gut barrier is 

disrupted and high bacterial load is present suggested its involvement in the anti-bacterial 

immune response and this is further strengthened by the presence of peroxinectin-like 

domain in the protein of AsHPX14. The protein of AsHPX14 contains the LRE motif as an 

integrin binding domain (Ruoslahti, 1996) as shown in Figure 5.2. The peroxinectin is a 

homolog of vertebrate myeloperoxidase and involved in the invertebrate immunity. It 

selectively binds to the bacteria and kills them by the enzymatic reaction with H2O2 and 

halide which leads to the formation of hypochlorous acid (HOCl), an anti-bacterial molecule 

(Klebanoff, 1968; Allen and Stephens, 2011). 

Analysis of post-translational modifications in HPX15 and HPX14 proteins revealed 

that although both the proteins have similar protein sequence but expected post-

translational modifications sites in the proteins are different as given in Table 5.2. The 

number of phosphorylation sites is similar in AgHPX15 and AsHPX15 proteins as shown in 

Table 5.2. The phosphorylation sites in AgHPX14 and AsHPX14 also similar. The number 

of N-linked glycosylation sites is 2 in AgHPX15 and AsHPX15 proteins and only one site is 

present in AgHPX14 protein while two sites are present in AsHPX14 protein. Hence, the 
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number of N-linked glycosylation is similar in all the four proteins. The most diverged type of 

modification is O-linked glycosylation which is mostly present at N-terminal domain of both 

AgHPX15 and AsHPX15 proteins while in AgHPX14 and AsHPX14 proteins it is also 

situated in the C-terminal region as highlighted in pink color in Figure 5.2 (Table 5.2).  

 
Table 5.2: Predicted post-translational modifications in HPX15 and HPX14 protein of A. gambiae 
and A. stephensi. Post-translational modifications were analyzed by program available at CBU prediction 
server (http://www.cbs.dtu.dk/services/) and numbers indicate the occurrence of modification, 
respectively.  

Type of modification 
(numbers indicate the total sites of 
modification) 

Genes 

AgHPX15 AgHPX14 AsHPX15 AsHPX14 

Phosphorylation 81 66 82 72 
N-linked glycosylation 2 1 2 2 
O-linked 
glycosyl
ation 

Total number of sites in the protein 8 7 9 12 
At N-terminal 5 1 9 6 
In middle 3 3 0 0 
At C-terminal 0 3 0 6 

 
In the previous studies, it has been shown that heme peroxidase can perform either 

peroxidase cycle or halogenation cycle (Sundaramoorthy et al., 1995; Davies, 2011). One 

of the factors that decide the reaction catalyzed by heme peroxidase is post-translational 

glycosylation such as N-linked oligosaccharide chains and O-linked oligosaccharide chains. 

The peroxidase that performs halogenation cycle has more O-glycosylation sites in the C-

terminal domain of the protein, which contains numerous serine and threonine residues 

(Sundaramoorthy et al., 1995). Hence, it suggests that due to the presence of O-

glycosylation site in the C-terminal of HPX14 protein and not in HPX15, HPX14 might be 
able to perform the halogenation cycle. Thus, we can postulate that AsHPX14 is a 

peroxinectin that has both cell adhesion and peroxidase activity. The peroxinectin protein 

might produce hypochlorous acid in the vicinity of the pathogen and mediates their killing 

(Cerenius et al., 2008; Jiravanichpaisal et al., 2006; Dong et al., 2009b; Johansson, 1999). 

The spatial-temporal expression analysis of AsHPX14 deciphered the possible role 

of this gene in immunity against bacteria. In conclusion, this gene might be evolved to 

combat bacterial infection in the absence of midgut barrier. Our study showed differential 

spatial and temporal expression pattern of AsHPX15 and AsHPX14 genes. So, to 

understand the regulatory mechanisms behind these differential expressions of the 
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duplicated genes, we further analyzed the structure and position of the promoter with other 

cis-regulatory elements of these genes. 

 

5.3.10 Analysis of transcription factors binding motifs 

The promoter is required for the basal expression of a gene, but its differential expression is 

contributed by the presence of different type of cis-regulatory elements near or in the 

promoter region. To explore the mechanism of differential expression of HPX15 and 

HPX14, we have analyzed the regulatory elements or transcription factor (TF) binding 

motifs in the 5′ upstream region of these genes in both A. gambiae and A. stephensi. 

Various TF databases like JASPAR, MEME suit, MatInspector and Consite have been used 

to predict putative transcription factor binding sites as described in Material and Methods. 

List of predicted transcription factors obtained from MatInspector is given in Table 5.3. The 

transcription factors that regulate the expression of genes involved in the developmental 

process, immunity, physiology and transcription factors that mediate transcriptional 

repression of the gene are found in the regulatory region of these four genes.   

 
Table 5.3: The list of transcription factors binding motifs in 5′ regulatory region of duplicated gene. 
Transcription factors in the promoter region of A. gambiae and A. stephensi HPX15 and HPX14 genes are 
analyzed by MetInspector and JASPAR database.  
 

Transcription factors 
Frequency of TF in 5′ regulatory region of 

Genes 
AgHPX15 AgHPX14 AsHPX15 AsHPX14 

Activator of alcohol dehydrogenase gene, ADF-1 
protein 2 1 - - 

Activator-, mediator- and TBP-dependent core 
promoter element for RNA polymerase II 
transcription from TATA-less promoters 

1 - 1 - 

Bicoid-like homeodomain transcription factors 1 3 1 - 
Boundary element associated factor 10 13 6 3 
BTB/POZ proteins Bric a brac 4 5 - - 
Cis-acting silencer sequences binding Drosophila 
polycomp group proteins - 1 - - 

Core promoter initiator elements 8 14 10 3 
Dead ringer factor 2 6 2  
DNA replication-related element factor 11 17 9 2 
Drosophila Abd-B group 5 7 4 - 
Drosophila basic helix-loop-helix transcription 
factors 3 3 4 - 

Drosophila broad-complex for ecdysone steroid 
response 6 4 2 1 

Drosophila C/EBP like bZIP transcription factors 6 6 - - 
Drosophila Chorion Factor 1 /Ultraspiracle - 1 1 - 
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Drosophila Chorion Factor 2 4 13 2 1 
Drosophila Dorsal Ventral Factor 7 11 6 1 
Drosophila ecdysone induced protein E74A 4 7 3 1 
Drosophila fork head factors 1 1 - - 
Drosophila gap gene hunchback 1 2 2  
Drosophila gap gene Krueppel 2 10 6 1 
Drosophila GLI ortholog factors - 1 - - 
Drosophila Glia Cell Missing factors - 3 - - 
Drosophila heat shock factors 3 1 4 - 
Drosophila homeobox transcription factor with CUT 
domain 2 11 2 - 

Drosophila homeodomain protein caudal 1 3 2 - 
Drosophila homeoproteins 22 42 15 4 
Drosophila neuronal cis element binding factor 3 7 3 1 
Drosophila odd-skipped - 2 3 - 
Drosophila proneural repressor 2 5 2 1 
Drosophila segmentation gene knirps 4 4 7 1 
Drosophila segmentation gene tailless 4 3 2 - 
Drosophila sex determinating transcription factor 
doublesex 1 3 - 1 

Drosophila Six factors 1 2 1 1 
Drosophila snail protein 4 3 3 - 
Drosophila STAT 4 4 6 1 
Drosophila supressor of Hairless 2 2 2 1 
Drosophila T-box transcription factors 2 6 1 - 
Drosophila T-cell factor 4 7 2 - 
Drosophila tramtrack protein 1 - - - 
Drosophila winged-helix nude 4 1 3 - 
Drosophila OVO transcription factor 4 5 5 1 
Drosophila giant transcription factor 7 9 4 2 
GAGA element, binding sites for proteins of the 
trithorax group (trxG) 1 - - - 

General transcription factor IID, GTF2D 2 1 - - 
General transcription factor IIIC, GTF3C 1 - - - 
Iroquois group of transcription factors 4 10 3 1 
NK-family of homeodomain transcription factors 1 - - - 
Paired homeodomain factors 8 19 7 - 
Plant TATA binding protein factor 1 15 2 - 
Proximal proneural response elements - 1 - - 
RNA polymerase II transcription factor II B - 1 - 1 
Runt-domain transcription factors 3 1 1  
TGIF (TG-interacting factor)-Exd (extradenticle) 
group 2 3 2 1 

Transcription factors with POU-domain - N-terminal 
to homeobox domain 6 4 5 1 

Vertebrate TATA binding protein factor 13 38 9 3 
Yeast TATA binding protein factor 4 8 - - 
Zeste transvection gene product - - - 1 
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The frequency of various transcription 

factors in the regulatory region of four genes 

has been analyzed. The TFs have been 

categorized into conserved and specific 

transcription factors among paralogs and 

orthologs based on their presence in the 

promoter region of the duplicated gene in A. 

gambiae and A. stephensi and are presented 

in Figure 5.11. The frequency of transcription 

factors that might explain the spatial-temporal 

expression of the duplicated gene was 

analyzed and presented in the Figure 5.12. 

In natural condition, AgHPX15 

showed high induction only in blood fed 

midguts (Kumar et al., 2010). The presence 

of ecdysone binding sites with GATA in the 5’ 

region of AgHPX15 may explain its specific spatial and temporal expression pattern in 

blood fed midguts (Figure 5.13). Similar expression pattern is obtained in AsHPX15 gene in 

response to blood feeding as shown in Figure 5.8. So, the presence of putative binding 

sites for transcription factors ecdysone and GATA in the 5’ upstream region of AsHPX15 

gene suggested the plausible involvement of these two TFs in the tissue-specific differential 

expression. 

Figure 5.11: Transcription factors 
distribution in paralogs and orthologs of A. 
gambiae and A. stephensi. Distribution of 
conserved and specific transcription factors in 
the regulatory region of paralogs and orthologs 
of A. gambiae and A. stephensi.  

Figure 5.12: The frequency of transcription factors in orthologs. The frequency of transcription 
factors in the regulatory region of orthologs of HPX15 and HPX14 of A. gambiae and A. stephensi. 
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The previous study also showed that AgHPX15 causes the cross-linking of mucin 

layer and forms the gut barrier to provide low immunity zone (Kumar et al., 2010). Genes 

involved in the cross-linking mechanism of the matrix are regulated by TF grainy head 

(Narasimha et al., 2008). Our finding showed the presence of putative binding sites for TF 

grainy head in the vicinity of AgHPX15 and AsHPX15 promoter, correlates with its known 

biological function that is cross-linking of mucin layer on the luminal side of the midgut. 

 
5.3.11 CTCF, an enhancer-blocking element (insulator), regulates expression 

of duplicated paralog 
To decipher the putative mechanism which regulates the spatial and temporal expression of 

the duplicated genes AsHPX15 and AsHPX14, we searched for the regulatory element in 

the 5’ upstream region of both the genes in A. gambiae and A. stephensi. Our findings 

revealed the presence of putative binding sites for evolutionary conserved insulator element 

CTCF in the promoter region of both AsHPX14 and AgHPX14 genes. CTCF has enhancer-

blocking activity and it ensured that only appropriate promoter will be active in a gene 

cluster domain under particular enhancer. CTCF protein consists of 11 zinc-finger domains 

and for CTCF binding, a central ~12-20 bp core (DNA sequence common to most CTCF 

sites) DNA motif is required (Kim et al., 2007; Renda et al., 2007). In addition, 10 bp of 

upstream and downstream motifs may also affect the binding affinity (Nakahashi et al., 

2013). We found 3 CTCF binding sites in the regulatory region of HPX14 gene (the longest 

motif of 21 bp (CACCACATCGAGTGCGCCGTA) is present in the regulatory region of 

AsHPX14 gene at -21 from start codon). We also found CTCF binding site in the upstream 

region of AsHPX15 (-308 bp) and AgHPX15 (-1150 bp) (Figure 5.13 and 5.14), but motifs 

predicted were only 6 bp long and hence, CTCF binding may not be strong to drive gene 

repression as described earlier (Phillips and Corces, 2009; Nakahashi et al., 2013). Thus, 

CTCF might regulate the spatial and temporal expression of HPX14 genes (Ishii and 

Caemmli, 2003). 
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Figure 5.13: Analysis of 
transcription factors in 
the regulatory region of 
AgHPX15 gene. The 
putative transcription factor 
binding sites for various 
factors such as Ecdysone, 
Rel, STAT, GATA and 
Grainy head are depicted in 
the regulatory region of 
AgHPX15 gene as predicted 
by MatInspector and 
JASPAR software. The 
binding of CTCF is 
highlighted by the gray box. 
The promoter region is 
shown by double zigzag 
underline with TATA Box 
and transcription start site 
(A) in bold letters.  

 



Chapter 5 

121 
 

 

 

 

 

 

 

 

 

Figure 5.14: Analysis of 
transcription factors in 
the regulatory region of 
AsHPX15 gene. The 
putative transcription factor 
binding sites for various 
factors such as Ecdysone, 
Rel, STAT, GATA and 
Grainy head are depicted in 
the regulatory region of 
AsHPX15 gene as predicted 
by MatInspector and 
JASPAR software. The 
binding of CTCF is 
highlighted by the gray 
box.The promoter region is 
shown by double zigzag 
underline with TATA Box 
and transcription start site 
(A) in bold letters.  
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Figure 5.15: Analysis of 
transcription factors in 
the regulatory region of 
AgHPX14 gene. The 
putative transcription factor 
binding sites for various 
factors such as Ecdysone, 
Rel, STAT, GATA and 
Grainy head are depicted in 
the regulatory region of 
AgHPX14 gene as predicted 
by MatInspector and 
JASPAR software. The 
binding of CTCF is 
highlighted by the gray box. 
The promoter region is 
shown by double zigzag 
underline with TATA Box 
and transcription start site 
(A) in bold letters.  
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Figure 5.16: Analysis of 
transcription factors in the 
regulatory region of 
AsHPX14 gene. The putative 
transcription factor binding 
sites for various factors such 
as Ecdysone, Rel, STAT, 
GATA and Grainy head are 
depicted in the regulatory 
region of AsHPX14 gene as 
predicted by MatInspector and 
JASPAR software. The 
binding of CTCF is 
highlighted by the gray box. 
The promoter region is shown 
by double zigzag underline 
with TATA binding protein 
motif and transcription start 
site (A) in bold letters.  
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The presence of putative CTCF binding site in the 5′ upstream region (promoter) of 

AgHPX14 gene as shown in Figure 5.15 is also supported by the previous finding reported 

in a study carried out by Johanson, 2013. Further, the presence of CTCF motifs in 5′ 

upstream region of AsHPX14 gene (Figure 5.16) might demonstrate that although similar 

TF binding motifs are present in the promoter region of both AsHPX15 and AsHPX14 genes 

but CTCF controls the expression of AsHPX14 (non-significant differential expression in 

comparison to AsHPX15) during the natural condition (presence of AsHPX15 and formation 

of gut barrier), Hence, basal expression of AsHPX14 gene is observed and its mRNA levels 

are very less in all the conditions in comparison to the mRNA levels of  AsHPX15 gene. 

The expression of AsHPX14 gene showed non-significant difference in AsHPX15 

silenced blood fed midguts against controls. However, its expression is significantly induced 

in AsHPX15 silenced bacteria supplemented blood fed midguts against controls. We have 

suggested that change in the natural condition because of disrupted gut barrier and 

challenge with bacteria causes some signal to displace CTCF from the promoter region of 

AsHPX14 and recruitment of immunity associated TFs (putative binding sites are shown in 

Figure 5.15 and 5.16) in the promoter of AsHPX14 causes its induction. Thus, the function 

of AsHPX14 might be against exogenous bacteria when midgut barrier was disrupted. In 

the previous study, it has been shown that lysozyme gene repression is mediated by the 

enhancer-blocking protein CTCF/cohesin complex and pro-inflammatory stimuli, such as 

lipopolysaccharide (LPS) treatment, causes transcriptional activation of this gene. The 

treatment with LPS for 30 min to chicken cell lines HD11 and HD37 causes binding of 

C/EBPb and AP1 to a newly activated cis-regulatory element and recruitment of RNA Pol II 

causes nucleosome remodeling. This chromatin remodeling eventually leads to the removal 

of CTCF and its partner cohesin, allow transcription factor to act on the promoter and 

cancel the effect of relief CTCF mediated gene repression (Lefevre et al., 2008).  

Hence, from the above data, we conclude that transcription of AsHPX14 gene is 

under the control of CTCF and AsHPX14 is a peroxinectin, might perform halogenation 

cycle, as summarized in the Figure 5.17. In AsHPX15 silenced bacteria supplemented 

blood fed midgut, mucin barrier disrupts and exogenous bacteria releases PAMPs. These 

processes cause immune signaling pathway to recruit transcription factors in the regulatory 

region of AsHPX14 which initiate displacement of CTCF. The recruited transcription factors 

induce the transcription of AsHPX14 gene.  
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Figure 5.17: Hypothetical model depicts the duplicated gene cluster organization and function in 
Anopheles. The duplicated genes are flanked by the boundary elements (BE). In dsLacZ RNA injected 
midguts and exogenous bacteria supplemented blood feeding, HPX15 shows the peroxidase activity and 
catalyzes the cross-linking of mucin layer that blocks the direct interaction of proliferating lumen bacteria 
or bacterial elicitors with midgut epithelium. The HPX14 is under the control of CTCF and remained in 
the off condition with the basal expression. In dsAsHPX15 RNA injected midguts and exogenous bacteria 
supplemented blood feeding, HPX15 silencing disrupts the mucin barrier that allows direct interaction of 
lumen bacteria or their elicitors with midgut epithelium. In this condition, some molecules get attached to 
the pathogen recognition receptor (PRR) and activate the unknown transcription factor (TF) which goes 
and displace the CTCF from the promoter region of HPX14. This, in turn, causes the induction of mRNA 
levels of HPX14 gene. The AsHPX14 might perform halogenation cycle to produce HOCl that, in turn, 
kills bacteria.  
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In our previous report, we showed upregulation of STAT pathway in AsHPX15 

silenced exogenous bacteria fed midguts (Kajla et al., 2016c). Transcription factor analysis 

revealed the presence of putative STAT binding site in the regulatory region of AsHPX14. 

So, the two data might suggest the involvement of STAT pathway in the induction of 

AsHPX14 as immune gene against bacterial challenge. This hypothesis is supported by the 

other studies which showed that JAK/STAT pathway mount immune responses upon 

bacterial challenge (Stokes et al., 2015). 

  
5.4 Discussion 
Previous studies showed that heme peroxidase HXP15 of A. gambiae and A. stephensi is 

highly induced after blood feeding in the midgut and carried out the formation of the gut 

barrier that creates low immunity zone for the proliferation of commensal bacteria (Kumar et 

al., 2010, Kajla et al., 2016b). In the current study, we analyzed the computational and 

functional genomics of lineage-specific tandemly duplicated genes of heme-peroxidase 

multi-gene family from two major malaria vectors A. gambiae and A. stephensi. The aim of 

this study was to explore their divergent expression and their cis-regulatory motifs 

(AgHPX15, AgHPX14, AsHPX15 and AsHPX14). Our analysis showed that this duplicated 

gene cluster is present in all the genome 19 worldwide distributed anophelines species. 

Additional investigation is carried out to compare and evaluate protein divergence among 

these duplicated genes by Ka/Ks (non-synonymous to synonymous substitution) analysis. 

These two duplicated genes are considered functional as the ratio of Ka/Ks values are 

much lower than 0.3 and seem to be under purifying selection. Neofunctionalization has 

been normally accepted as the terminal fate of duplicated genes under purifying selection.  

To further evaluate their functional divergence after duplication, we also analyzed 

the expression of these genes in the Indian malaria vector A. stephensi. Finally, to decipher 

their promoter region, transcription factors, insulators, associated chromatin boundaries and 

other related elements, we performed the computational prophecy using different tools. In 

our study, we have found that HPX15 of A. gambiae and A. stephensi contains binding sites 

for TFs that induce the transcription of genes in response to blood feeding, in immunity and 

development. HPX15 of A. gambiae and A. stephensi is induced in blood fed midgut only 

and involved in the cross-linking of mucin layer (Kumar et al., 2010, Kajla et al., 2016b). So, 

the presence of motifs that could be recognized by ecdysone, GATA and grainy head 

showed positive co-relation with the blood-induction, tissue-specific expression and 



Chapter 5 

127 
 

involvement in cross-linking of mucin layer as reported earlier for other genes (Jinwal et al., 

2006; Senger et al., 2006; Giannoni et al., 2001; Swevers et al., 2003; Narasimha et al., 

2008). Although all these TF binding sites are present in the promoter region of HPX14 in 

both A. gambiae and A. stephensi but due to the presence of putative CTCF binding sites, 

activity of all these TFs are repressed. Our study suggested that differential expression of 

AsHPX14 gene is under the regulation of CTCF.  

When AsHPX15 is active in the gut, there is no induction of AsHPX14 upon bacterial 

challenge but in AsHPX15 silenced bacteria supplemented blood fed midguts induced 

expression of AsHPX14 is observed. This might have happened because transcription 

factors binding sites present in the promoter region of AsHPX14 gene remain suppressed 

because of CTCF binding. However, in AsHPX15 silenced bacteria fed midguts, some 

signal causes the displacement of CTCF and activation of AsHPX14 by binding of 

transcription factors. In our previous report, we have shown that silencing of AsHPX15 in 

the exogenous bacterial fed midgut suppressed the growth of exogenous bacteria. This is 

achieved through the induction of NOS gene via the activation of STAT pathway (Kajla et 

al., 2016c). The presence of STAT binding site in the promoter region of AsHPX14 might 

suggest the involvement of STAT pathway in the induction of this gene in AsHPX15 

silenced bacteria supplemented blood fed midguts. The overall study can be concluded as 

during evolution mosquito immunity generates some sort of machinery, which activates 

when general immune pathways are not enough to fight pathogen development. As shown 

in our previous report, when exogenous bacteria are present in the gut and barrier 

formation takes place, induction of known anti-bacterial classical immune molecules such 

as Toll, GNBP and gambicin is observed. In AsHPX15 silenced bacteria supplemented 

blood fed midguts, disruption of gut barrier causes induction of immunity. In these silenced 

midguts, the classical immune molecules such as GNBP, Toll etc. are not induced but 

induced expression of NOS is observed (Kajla et al., 2016c). Further investigation might 

confirm the exact signaling between AsHPX15, AsHPX14 and STAT pathway upon 

bacterial challenge. 

 
5.5 Conclusion  
It is clear from the above study that this duplicated gene cluster is a functional domain 

composed of genes that are acting in the developmental processes, have tissue-specific 

expression and possess innate immune responses. We have also shown that these 
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domains are unique to Anopheles which might indicate its evolutionary importance. Our 

observations on this heme-peroxidase cluster also showed that detailed analysis of 

individual genes from this cluster might be a promising way to identify novel functional units 

of various biological processes probably in mosquito immune defense mechanisms against 

blood-borne antigens and can be targeted to develop transmission blocking strategies. 
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Conclusion of thesis 

The work presented in this thesis focused on the role of heme peroxidases in maintaining 

bacterial homeostasis and regulating Plasmodium development in the midgut of A. 

stephensi. A sincere effort was done to explore the interaction of two heme peroxidases, 

AsHPX2 and AsDuox in immunity against bacteria and Plasmodium at the molecular level 

in A. stephensi midgut.  

Molecular characterization of AsHPX2 revealed that it is a single exonic gene that 

encodes for a globular secreted protein of 692 amino acids. The presence of integrin 

binding motif, LDV revealed that it is a peroxinectin like protein. The expression of AsHPX2 

is reduced in blood fed midgut. This gene is induced in the presence of exogenous bacteria 

in the midgut. The silencing of AsHPX2 gene in the sugar fed midgut and bacteria 

supplemented blood fed midguts significantly increased the bacterial growth in silenced 

midgut in comparison to the control midguts. This data suggests that AsHPX2 is one of the 

molecules that maintain midgut microbial homeostasis in the midgut. Our study also 

showed that silencing of AsHPX2 increased the Plasmodium development and hence, acts 

as an anti-plasmodial molecule in the midguts. This result revealed that the anti-plasmodial 

role of HPX2 is conserved in A. gambiae and A. stephensi. Thus, this mosquito-specific 

gene can be targeted to manipulate mosquito vectorial capacity.  

Our study on Dual oxidase of A. stephensi revealed that it has both heme 

peroxidase and NADPH oxidase domain. This gene is highly conserved among world-wide 

distributed anophelines. This gene is induced in blood fed midguts and has a weak negative 

correlation with the growth of endogenous bacteria in blood fed midguts. Silencing of 

AsDuox in sugar fed and blood fed midguts increased the bacterial growth. The increased 

endogenous bacteria in the AsDuox silenced blood fed midguts induced the expression of 

anti-plasmodial molecules such as NOS, TEP1, HPX2 and NOX5. This showed that 

AsDuox silencing modulates the midgut immunity and this can be further explored to block 

Plasmodium development in the midguts. Expression analysis revealed that this gene is 

induced in bacteria supplemented blood fed midguts and has a strong negative correlation 

with the growth of bacteria in these midguts. Silencing of AsDuox and infection with 

exogenous bacteria did not have any effect on the rate of survival of control and silenced 

mosquito. Analysis of 16S rRNA in these midguts revealed the reduced bacterial growth. 

This showed that mosquito midgut immunity is highly efficient to handle the bacterial load. 
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This data showed that Duox is one of the major molecules of midgut immunity. AsDuox 

gene is induced in response to the Plasmodium infection and silencing of this gene reduced 

the number of Plasmodium oocysts. Thus, we conclude that AsDuox gene is an important 

molecule of innate immunity against blood-borne antigens in midgut. This gene maintains 

bacterial homeostasis and regulate Plasmodium development in the midgut. Hence, the 

manipulation of this gene will open up new frontiers in blocking the Plasmodium 

development. 

Besides these, gene duplication event in the heme peroxidase multi-gene family 

was also analyzed and we found that HPX15 which is previously reported as a vaccine 

candidate has a duplicated paralog named HPX14 in both A. gambiae and A. stephensi 

have. They are tandemly duplicated paralog present in head to tail orientation in the 

genome and organized into an independent domain of gene expression. Expression 

analysis of this duplicated domain revealed that HPX15 and HPX14 have differential pattern 

of gene expression. The mRNA levels of AsHPX15 are very high in comparison to the 

AsHPX14 in blood fed midguts and exogenous bacteria supplemented blood fed midguts. 

To elucidate the cause of basal expression of AsHPX14, we analyzed the transcription 

factor binding motifs in the regulatory region of this duplicated paralog. Surprisingly, we 

found the presence of an insulator protein CTCF, and its core motif is present only in the 

promoter region of AsHPX14. Hence, we assumed that CTCF regulates the expression of 

duplicated paralog, AsHPX14. Further studies revealed that AsHPX14 is induced in 

AsHPX15 silenced bacteria supplemented blood fed midguts, however, expression of 

AsHPX14 remained unaffected in AsHPX15 silenced blood fed midguts. This data 

suggested that AsHPX14 may have a role in immunity and not in physiology. Our analysis 

revealed that there is no redundancy in the function of AsHPX14 and AsHPX15 and hence, 

strengthen the potentiality of HPX15 as a vaccine candidate.  

Thus, overall we conclude that in A. stephensi heme peroxidases HPX2, Duox and 

HPX15 are involved in maintaining gut bacterial homeostasis and also regulate 

Plasmodium development. The study suggested that gut physiology can be manipulated by 

targeting these heme peroxidases to arrest Plasmodium development. Hence, further these 

heme peroxidases can be explored to develop transmission blocking strategies to control 

malaria. 
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Future Prospects 

 

A further research will include the functional elucidation of following future perspectives: 

 It would be interesting to know the exact mechanism of HPX2 and Duox in 

maintaining the midgut bacterial homeostasis. It is a subject of great interest to 

know the function of HPX2/Duox in other major Indian malaria vectors to propose 

these proteins as vaccine candidates. 

 

 In future, analysis of bacterial communities will explore the type of bacteria that are 

proliferating in HPX2/Duox silenced sugar fed or blood fed A. stephensi midgut. 

Further, these bacteria can be used in designing the promising paratransgenesis 

techniques to block Plasmodium development.  
 

 It would be of great interest to know the molecular mechanisms involved in the 

induction of HPX14 in HPX15 silenced bacteria supplemented blood fed midguts. 

Further investigation may confirm the exact transcriptional regulation of HPX15 and 

HPX14 genes in midgut. Future studies include expression analysis of these genes 

in other worldwide distributed anophelines and their role in the development of 

Plasmodium.  
 

 Deciphering the molecular mechanism associated with the CTCF in regulating the 

expression of HPX14 can be the future refinement of this thesis. 
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Summary of thesis 
 
Chapter 1: Introduction 

Malaria is one of the serious diseases that have an enormous socioeconomic impact. 

Globally, near about 3.2 billion people (almost half of the world’s population) are at the risk 

of malaria (WHO, 2016). The causing organism of malaria is a protozoan of the genus 

Plasmodium, which is transmitted to the vertebrate host by Anopheles mosquito. 

Plasmodium requires two hosts to complete its life cycle; the vertebrate host to complete 

the asexual life cycle and mosquito to complete the sexual life cycle. Anopheles female 

encounters Plasmodium during a blood meal from the malaria infected host. The 

gametocyte stages of Plasmodium fertilize in the mosquito midgut to form zygotes that 

transform into the motile ookinetes around 18-24 h of ingestion. These motile ookinetes 

traverse the midgut epithelium and reach the basal lamina where they are transformed into 

the oocysts. After maturation, the oocyst releases thousands of sporozoites into the 

hemocoel and they finally enter the salivary gland. Now the mosquito is infected and it 

injects these sporozoites into the vertebrate host during subsequent blood feeding (Sinden, 

2002).   

Numerous anti-malarial drugs are used to treat malaria and anti-malaria vaccine 

development is also underway. Additionally, the malaria eradication program also 

emphasized to introduce synthetic chemicals (called insecticides) to control the mosquito 

population in a natural environment. As mosquito development has 4 stages (eggs, 1st to 4th 

instar larvae, pupae, adult male and female) and among them, larvae remain localized to 

particular water bodies and thus, are considered to be the best targets for insecticides. 

Although, the above-said methods have been successful in many areas of the world, 

however, there are numerous roadblocks that prevent these classical approaches from 

eradicating malaria completely (Hemingway et al., 2016). The major issues in the 

elimination of malaria include the development of insecticide-resistant mosquitoes and 

drug-resistant parasites. This situation demands to develop new prevention methods of 

controlling malaria. One such strategy is to block Plasmodium development inside the 

mosquito host and thus, called transmission blocking strategies or transmission blocking 

vaccines.  

Plasmodium completes its development in different body compartments of the 

mosquito host and midgut is the foremost compartment that encounters the parasites. 
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Inside the midgut, Plasmodium undergoes a sizeable bottleneck situation during its 

development (Sinden, 2002). However, numerous mosquito midgut-specific molecules also 

determine the successful development of Plasmodium. These insect molecules are called 

agonists and considered potent vaccine candidates for blocking Plasmodium development 

and subsequent transmission among humans (Kajla et al., 2015; Niu et al., 2017; Venkat 

Rao et al., 2017).  

Interestingly, the mosquito midgut microbiota also plays an important role in the 

regulation of Plasmodium development. In particular, midgut bacteria either directly kill 

Plasmodium by the production of toxins or indirectly through induction of mosquito anti-

plasmodial immunity (Cirimotich et al., 2011; Dong et al., 2009). Therefore, the mosquito 

microbiota has received great attention and new concepts of microbiota-mediated 

transmission blocking are currently under investigation. Recent studies revealed that heme 

peroxidases modulate midgut immunity in African mosquito, Anopheles gambiae (Kumar et 

al., 2010; Oliveira et al., 2012). However, the knowledge of gut immunity and immune active 

molecules is least understood in the major Indian malaria vector A. stephensi. Thus, 

functional studies of these heme peroxidases in A. stephensi may provide an opportunity to 

target these molecules as vaccine candidates for widespread control of malaria. 

It is noteworthy to mention that heme peroxidases in eukaryotes belong to a 

multigene family and gene duplication is a very common event in this process. In A. 

gambiae 18 heme peroxidases are reported (Kajla et al., 2015; Neafsey et al., 2015). Thus, 

to strengthen the potentiality of mosquito heme peroxidases as vaccine candidates, their 

comparative study and functional analysis will be also very helpful in Indian mosquitoes.  

 

Chapter 2:  Materials and Methods 

 A. stephensi mosquitoes were reared in insectory at 28°C, 80% relative humidity (RH) 

and 12h light:dark cycle as described before (Kajla et al., 2015). 

 Heme peroxidase (HPX) gene sequences were retrieved from the partially annotated 

genome of A. stephensi using A. gambiae HPX gene sequences as references. 

Molecular characterization of HPX gene was carried using PCR based approaches.  

 The obtained HPX gene sequences were analyzed using various computational tools to 

determine their genetic structure, domain organization and transcription factors in the 

regulatory regions, post-translational modifications and three-dimensional structure of 

proteins. 
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 Phylogeny of A. stephensi heme peroxidases was analyzed using the neighbor-joining 

(NJ) method implemented in MEGA 5.2. 

 cDNA was prepared from mosquito samples and expression of heme peroxidase and 

various immune genes was analyzed through Real Time PCR using ribosomal protein 

subunit S7 mRNA as an internal loading control for normalization. Relative mRNA levels 

were calculated against respective controls using ΔΔCt method.  

 The expression pattern of peroxidase genes was analyzed in different development 

stages such as eggs, 1st to 4th instar larvae, pupae, adult males and females. 

 In addition, the role and expression kinetics of these peroxidases were also analyzed in 

bacteria challenged or Plasmodium infected A. stephensi female mosquitoes.  

 To explore the role of heme peroxidases (HPX) in immune responses against bacteria 

and Plasmodium, gene silencing approach was adopted. For this, dsRNA of LacZ 

(control) or HPX (test or silenced) gene was prepared and injected into the thorax of 

female mosquitoes. These control and silenced mosquitoes were maintained separately 

on 10% sugar solution (sugar fed, SF) for four days and then further used in various 

experiments. To understand the effect of gene silencing on bacterial growth, gene 

silenced sugar-, blood- or bacteria supplemented blood-fed midguts were dissected and 

expression of 16S bacterial rRNA was analyzed. Similarly, to analyze the effect of gene 

silencing on Plasmodium development, gene silenced mosquitoes were infected with P. 

berghei and after seven days the midguts were dissected and oocysts (one of the 

development stage of Plasmodium) numbers were counted.  

 The gene sequences of peroxidases were compared using various computational tools 

(JASPAR and MatInspector) to analyze their gene structure, promoter region and the 

presence of boundary elements. Gene duplication event was analyzed in the heme 

peroxidase multi-gene family of Anopheles using BLAST and other methods as 

described before (Audemard et al., 2012; Li et al., 2001).  

 Statistical significance between test and respective controls was analyzed by Student’s 

t-test or one-way ANOVA post-Tukey's Multiple Comparison Test using GraphPad 

Prism 5.0 software as before (Motulsky et al., 1999). 
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Chapter 3: Molecular cloning and functional characterization of the heme 

peroxidase HPX2 from Anopheles stephensi and its role in immunity against blood-

borne antigens 

One of the A. gambiae heme peroxidase named as AgHPX2 is reported to involve in anti-

plasmodial immunity (Oliveira et al., 2012). We characterized AgHPX2 ortholog in major 
Indian malaria vector A. stephensi and studied its role in antiplasmodial immunity. We found 

that A. stephensi HPX2 (AsHPX2) is an intron-less gene that encodes for a 692 amino acid 

long secreted protein. The conserved domain analysis of AsHPX2 protein revealed the 

presence of peroxinectin like domain. Peroxidase that contains integrin binding motif is 

known as peroxinectin. Mosquito peroxinectins are involved in various immune responses 

such as phagocytosis, encapsulation and they can also perform halogenation cycle to 

produce hypochlorous acid that in turn, kills bacteria. Phylogenetic analysis showed that 

AsHPX2 is a mosquito-specific peroxidase. It is expressed in all the developmental stages 
of A. stephensi and exhibit maximum relative expression in adult females. Blood feeding 

suppressed AsHPX2 gene expression, however, it was induced in exogenous bacteria 

supplemented blood fed midguts. Silencing of AsHPX2 gene in non-blood fed (also called 

sugar fed) midguts increased the load of endogenous bacteria against non-silenced 

controls. This effect was also observed when AsHPX2 silenced mosquitoes were fed on 

bacteria supplemented blood. These results revealed that AsHPX2 is one of the molecules 

that actively participate in maintaining bacterial homeostasis in the midgut. Interestingly, the 
AsHPX2 gene was induced in P. berghei infected midguts and its silencing enhanced the 

number of developing oocysts significantly when compared to the controls. Thus, we 

concluded that AsHPX2 is an anti-bacterial and -plasmodial gene. These findings 

corroborate with the previous study in African mosquito (Oliveira et al., 2012). The 

functional conservation of HPX2 gene in two different anophelines indicates that it can be 
targeted to arrest Plasmodium development inside the mosquito. 

Chapter 4: Functional characterization of Anopheles stephensi midgut Dual 

Oxidase gene and its role in bacterial homeostasis and Plasmodium development 

The most important mechanism of innate immunity in insect midgut is the production of 

reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and superoxide (O2
•−) 

anions. ROS is mostly generated by NADPH oxidase (NOX) or dual oxidase (Duox) family 

of proteins (Bedard and Krause, 2007). The Duox gene is least explored in Indian malaria 
vector Anopheles stephensi. Thus, we identified and characterized A. stephensi Duox 

(AsDuox) gene, analyzed its expression and involvement in mosquito immunity against 
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bacteria and Plasmodium. Molecular characterization of Duox in A. stephensi genome 

revealed that it is a 9.45 kb long gene, which is organized into 12 exons. The AsDuox 

mRNA is 4428 bp long and encodes for a 1475 amino acids long protein. Domain 

organization analysis showed that AsDuox gene has cytoplasmic N-terminal heme 

peroxidase domain, a calcium-binding domain, seven transmembrane domains and a non-
cytoplasmic C-terminal NADPH oxidase domain. Phylogenetic analysis revealed that 
AsDuox protein is highly conserved (sequence identity 97-100%) among genus Anopheles 

and is highly diverged from Human Duoxes (<40% similarity). AsDuox gene is expressed in 
different developmental stages of A. stephensi with relative maximum expression in the 

pupal stage. This gene is induced in midguts in response to the blood feeding. Silencing of 

this gene increased bacterial growth in both sugar- or blood fed midguts. Interestingly, the 

silenced midguts did not induce any immune response against increased growth of 

endogenous bacteria. It revealed that mosquito midgut has a remarkable capacity to 

regulate its immune signaling pathways to maintain an immune tolerant environment. 
Silencing of AsDuox reduced Plasmodium oocysts number and that was mediated through 

the activation of TEP1 (Thioester-containing protein 1) gene. In conclusion, these results 

revealed that AsDuox gene is the important molecule of midgut immunity and can be 
targeted to arrest Plasmodium development in the midgut. 

Chapter 5: CTCF, an insulator protein, regulates the divergent expression patterns 

of lineage-specific duplicated Anopheles peroxidases HPX15 and HPX14 

Heme peroxidases belong to a multi-gene family and gene duplication event is a very 
common phenomenon in the multi-gene family. Analysis of duplication event in Anopheles 

stephensi heme peroxidases revealed that a peroxidase HPX15 has one duplicated copy 

named HPX14. HPX15 and HPX14 are tandemly duplicated paralogs situated in head to 

tail orientation on the same DNA strand. This duplicated domain is under the purifying 

selection and thus, might be under functional constraints. Boundary element analysis 

revealed that duplicated domain is flanked by the presence of boundary element and hence 

acts as an independent domain of gene structure. Protein sequence analysis of AsHPX15 

and AsHPX14 revealed that both of them are globular secreted proteins. The expression 
analysis of duplicated genes in various developmental stages of A. stephensi revealed a 

differential expression pattern of these two genes with relative high mRNA levels of 

AsHPX15 in comparison to AsHPX14. The low level expression of HPX14 gene was found 

to be due to the core binding motifs of CTCF, an insulator, in its regulatory region. To 

explore the function of AsHPX14 gene, we silenced AsHPX15 gene and found that the 
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expression of this gene was induced in silenced midguts only in the presence of exogenous 

bacteria. However, blood alone without exogenous bacteria did not induce AsHPX14 in 

AsHPX15 silenced midguts. These results suggested that AsHPX14 has a role in immunity 

against bacteria but may not have any role in mosquito physiology. Our analysis revealed 

that there is no redundancy in the function of AsHPX14 and AsHPX15 and hence, 
strengthen the potentiality of HPX15 as a vaccine candidate. 

In this thesis work, we have identified the candidate genes for transmission blocking 

and in future, these heme peroxidases can be targeted to develop transmission blocking 

strategies to control malaria. 
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Conclusion of thesis 

The work presented in this thesis focused on the role of heme peroxidases in maintaining 

bacterial homeostasis and regulating Plasmodium development in the midgut of A. 

stephensi. A sincere effort was done to explore the interaction of two heme peroxidases, 

AsHPX2 and AsDuox in immunity against bacteria and Plasmodium at the molecular level 

in A. stephensi midgut.  

Molecular characterization of AsHPX2 revealed that it is a single exonic gene that 

encodes for a globular secreted protein of 692 amino acids. The presence of integrin 

binding motif, LDV revealed that it is a peroxinectin like protein. The expression of AsHPX2 

is reduced in blood fed midgut. This gene is induced in the presence of exogenous bacteria 

in the midgut. The silencing of AsHPX2 gene in the sugar fed midgut and bacteria 

supplemented blood fed midguts significantly increased the bacterial growth in silenced 

midgut in comparison to the control midguts. This data suggests that AsHPX2 is one of the 

molecules that maintain midgut microbial homeostasis in the midgut. Our study also 

showed that silencing of AsHPX2 increased the Plasmodium development and hence, acts 

as an anti-plasmodial molecule in the midguts. This result revealed that the anti-plasmodial 

role of HPX2 is conserved in A. gambiae and A. stephensi. Thus, this mosquito-specific 

gene can be targeted to manipulate mosquito vectorial capacity.  

Our study on Dual oxidase of A. stephensi revealed that it has both heme 

peroxidase and NADPH oxidase domain. This gene is highly conserved among world-wide 

distributed anophelines. This gene is induced in blood fed midguts and has a weak negative 

correlation with the growth of endogenous bacteria in blood fed midguts. Silencing of 

AsDuox in sugar fed and blood fed midguts increased the bacterial growth. The increased 

endogenous bacteria in the AsDuox silenced blood fed midguts induced the expression of 

anti-plasmodial molecules such as NOS, TEP1, HPX2 and NOX5. This showed that 

AsDuox silencing modulates the midgut immunity and this can be further explored to block 

Plasmodium development in the midguts. Expression analysis revealed that this gene is 

induced in bacteria supplemented blood fed midguts and has a strong negative correlation 

with the growth of bacteria in these midguts. Silencing of AsDuox and infection with 

exogenous bacteria did not have any effect on the rate of survival of control and silenced 

mosquito. Analysis of 16S rRNA in these midguts revealed the reduced bacterial growth. 

This showed that mosquito midgut immunity is highly efficient to handle the bacterial load. 
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This data showed that Duox is one of the major molecules of midgut immunity. AsDuox 

gene is induced in response to the Plasmodium infection and silencing of this gene reduced 

the number of Plasmodium oocysts. Thus, we conclude that AsDuox gene is an important 

molecule of innate immunity against blood-borne antigens in midgut. This gene maintains 

bacterial homeostasis and regulate Plasmodium development in the midgut. Hence, the 

manipulation of this gene will open up new frontiers in blocking the Plasmodium 

development. 

Besides these, gene duplication event in the heme peroxidase multi-gene family 

was also analyzed and we found that HPX15 which is previously reported as a vaccine 

candidate has a duplicated paralog named HPX14 in both A. gambiae and A. stephensi 

have. They are tandemly duplicated paralog present in head to tail orientation in the 

genome and organized into an independent domain of gene expression. Expression 

analysis of this duplicated domain revealed that HPX15 and HPX14 have differential pattern 

of gene expression. The mRNA levels of AsHPX15 are very high in comparison to the 

AsHPX14 in blood fed midguts and exogenous bacteria supplemented blood fed midguts. 

To elucidate the cause of basal expression of AsHPX14, we analyzed the transcription 

factor binding motifs in the regulatory region of this duplicated paralog. Surprisingly, we 

found the presence of an insulator protein CTCF, and its core motif is present only in the 

promoter region of AsHPX14. Hence, we assumed that CTCF regulates the expression of 

duplicated paralog, AsHPX14. Further studies revealed that AsHPX14 is induced in 

AsHPX15 silenced bacteria supplemented blood fed midguts, however, expression of 

AsHPX14 remained unaffected in AsHPX15 silenced blood fed midguts. This data 

suggested that AsHPX14 may have a role in immunity and not in physiology. Our analysis 

revealed that there is no redundancy in the function of AsHPX14 and AsHPX15 and hence, 

strengthen the potentiality of HPX15 as a vaccine candidate.  

Thus, overall we conclude that in A. stephensi heme peroxidases HPX2, Duox and 

HPX15 are involved in maintaining gut bacterial homeostasis and also regulate 

Plasmodium development. The study suggested that gut physiology can be manipulated by 

targeting these heme peroxidases to arrest Plasmodium development. Hence, further these 

heme peroxidases can be explored to develop transmission blocking strategies to control 

malaria. 
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Future Prospects 

 

A further research will include the functional elucidation of following future perspectives: 

 It would be interesting to know the exact mechanism of HPX2 and Duox in 

maintaining the midgut bacterial homeostasis. It is a subject of great interest to 

know the function of HPX2/Duox in other major Indian malaria vectors to propose 

these proteins as vaccine candidates. 

 

 In future, analysis of bacterial communities will explore the type of bacteria that are 

proliferating in HPX2/Duox silenced sugar fed or blood fed A. stephensi midgut. 

Further, these bacteria can be used in designing the promising paratransgenesis 

techniques to block Plasmodium development.  
 

 It would be of great interest to know the molecular mechanisms involved in the 

induction of HPX14 in HPX15 silenced bacteria supplemented blood fed midguts. 

Further investigation may confirm the exact transcriptional regulation of HPX15 and 

HPX14 genes in midgut. Future studies include expression analysis of these genes 

in other worldwide distributed anophelines and their role in the development of 

Plasmodium.  
 

 Deciphering the molecular mechanism associated with the CTCF in regulating the 

expression of HPX14 can be the future refinement of this thesis. 
 
 

 


