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ABSTRACT 

Malaria is a major health problem in tropical and subtropical regions of the world. This 

deadly disease is caused by Plasmodium, which completes its asexual cycle in human 

host and sexual cycle in female Anopheles mosquitoes. Several species 

of Anopheles mosquito transmit the human malaria parasite while A. stephensi and A. 

culicifacies are major malaria vectors in India.  

 In order to fight against malaria, several control measures are in progress 

however, the emergence of drug-resistant parasites and insecticide resistance in 

mosquito vectors are major hurdles in this area. Alternative malaria control strategies 

include the blocking of Plasmodium development inside the mosquito host and hence 

termed as transmission blocking approaches. In addition, the control of disease vectors 

with the help of biological agents or bioproducts is also a newly emerging area.  

The transmission blocking approaches demand to understand the molecular 

interaction of Plasmodium with the mosquito immune system and identifying those 

mosquito molecules that exclusively regulate Plasmodium development. Our study, 

characterized a heme peroxidase HPX15 from Indian malaria vectors, and identified that 

it plays a crucial role in determining Plasmodium development inside the mosquito host. 

At starting of the study, we obtained partial (1075 bp) as well as full length (1794 bp) 

clones of A. stephensi HPX15 gene. Phylogenetic analysis of these clones revealed that 

HPX15 orthologs are present in the genome of eighteen worldwide-distributed species 

of Anopheles mosquito including A. culicifacies (Indian malaria vector) and A. gambiae 

(African malaria vector). However, HPX15 orthologs are not present in human, 

nematodes or other related arthropods such as, Drosop-

hila, Aedes and Culex mosquitoes. Interestingly, all the anopheline HPX15 orthologs are 

highly conserved and share 65-99% amino acids identity. Thus, we defined HPX15 as a 

unique anopheline lineage-specific and evolutionary conserved heme peroxidase.  

The HPX15 ortholog in African malaria vector A. gambiae has been reported to 

perform tyrosine crosslinking of a mucin layer in the midgut. This mucin layer acts like a 

physical barrier to protect naturally-acquired midgut bacteria and Plasmodium against 

mosquito innate immunity. Silencing of HPX15 gene in A. gambiae induced midgut 

immunity and drastically suppressed Plasmodium and bacteria development. Due to the 

conserved and distinctive nature of HPX15, we proposed that this molecule might be 

playing a similar role in other anophelines and thus, can be exploited as a common 

target for designing transmission-blocking strategies.  



 

 

Our analysis of HPX15 characteristics in A. stephensi revealed that the 

expression of this gene is highly induced in the uninfected blood fed or Plasmodium 

infected midguts. The protein is secreted into the midgut lumen and exhibits other 

properties similar to A. gambiae HPX15. These findings revealed that A. stephensi 

HPX15 is also performing the same function as discussed above in case of A. gambiae. 

Our gene silencing strategies revealed that A. stephensi HPX15 modulates midgut 

immunity against bacteria and Plasmodium. We found that midgut Toll and Imd, the 

classical immune pathways, are induced after the bacterial feeding. However, in the 

HPX15 silenced midguts, the same bacteria did not induce the classical immune 

pathways rather it elicited an early induction of nitric oxide synthase (NOS) gene, an 

effector molecule of STAT pathway and also reported to be the negative regulator of 

Plasmodium development. These findings reveal that in the absence of midgut immune 

barrier, bacteria manipulate the mosquito midgut immunity and this can be easily 

explored to regulate the vectorial capacity of Anopheles mosquito and controlling 

Plasmodium development and subsequent transmission to the human host. 

In addition, the silencing of A. stephensi HPX15 also exhibited the expected 

results on Plasmodium development. We found that the number of Plasmodium oocysts, 

a stage of parasite development, was drastically reduced through the activation of nitric 

oxide synthase (NOS). These findings indicated that the disruption of HPX15 mediated 

mucin barrier exposes the midgut bacteria or Plasmodium to the mosquito innate 

immunity and thus, this molecule might serve as a universal target to manipulate 

mosquito immunity and arresting Plasmodium development inside the vector host. It will 

generate new frontiers in the field of malaria research and disease control. 

As we mentioned before that the biocontrol of vector population is also a 

beneficial approach in the field. We identified that the secondary metabolites, called 

phytoinsectisides, in a xerophytic plant Agave angustifolia effectively kills larvae from 

three major genera of human disease vectors Aedes, Anopheles and Culex. The plant 

extract exhibited a dose dependent lethality against mosquito larvae. This larvicidal 

activity of Agave angustifolia is heat resistant, modulated by the environmental 

temperature and independent of the plants vegetative growth.  Interestingly, the dry 

powder of Agave also exhibits stronger larvicidal activity, which makes this plant a 

leading candidate to control mosquito population in nature. 
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1.1 Malaria is a severe vector-borne parasitic disease  

Malaria is a vector-borne devastating disease caused by protozoan parasites 

Plasmodium, which is transmitted by the female Anopheles mosquito. The disease in 

humans is caused by four major species of Plasmodium; P. falciparum, P. vivax, P. 

ovale and P. malariae. Human infections with P. knowlesi, a malaria parasite that 

normally infects monkeys, have also been described in virtually all Southeast Asian 

countries and the species is now considered as the fifth causal organism for human 

malaria (White, 2008; Cox-Singh and Singh, 2008). In endemic regions, co-infection of 

humans with more than one Plasmodium species is also reported (Mehlotra et al., 

2000). 

Malaria got global attention due to the health risks associated with the disease in 

a large portion of the world. According to the WHO World Malaria Report 2015, 214 

million cases of malaria occurred and the disease led to 438,000 deaths world widely. 

Globally in 97 countries, approximately 3.2 billion people are at risk of being infected 

with malaria and 1.2 billion are at high risk (>1 in 1000 chance of getting malaria in a 

year) (Figure 1.1). This data indicates the importance of malaria in human health. 

Figure 1.1: Worldwide distribution of malaria (WHO Malaria Report, 2014).  

Tropical countries, including India are at the risk of malaria, as well as other 

vector-borne diseases. Specifically, in India the close vicinity and population density of 

host and vector augment the chances of malaria transmission and disease endemicity. 

Malaria is a major health problem in rural as well as tribal areas of the 16 Indian states, 

including seven northeastern states and nine states of central India (National Vector 

Borne Disease Control Program, 2014). Malaria endemic areas in India are depicted in 

Figure 1.2.  
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Figure 1.2: Malaria affected areas in India. Annual parasite incidence (API= Total no. of positive 

slides for parasite in a year x 1000 / Total population) is shown by colored bars.  

(http://www.malariasite.com/malaria-india).  

Plasmodium exhibits a complex life cycle, which alternates between the human 

host and the Anopheles mosquito (Figure 1.3). Infection is initiated through the bite of 

an infected female Anopheles mosquito and the release of sporozoites from the salivary 

gland into the blood stream during feeding (Matuschewski, 2006). The sporozoites are 

carried by the blood stream to the liver, within half an hour where they invade 

hepatocytes. In the hepatocytes, the sporozoites begin to multiply asexually and within 

6-15 days produce thousands of merozoites that remain inside the host cell vesicles 

called merosomes. The merozoites are eventually released into the blood circulation 

where they invade red blood cells (Figure 1.3). Inside the RBCs, the parasites replicate 

mitotically within 48 h and progress through a set of stages such as ring, trophozoite 

and schizont. The RBC containing mature schizonts burst and release merozoites, 

which immediately invade new, uninfected red blood cells and the cycle continues 

leading to the clinical manifestations of the disease. Some of the schizonts are 

stimulated to release merozoites, which further develop into male and female 

gametocytes. The mature gametocytes circulate in the human's blood stream and the 

sexual cycle of Plasmodium starts when Anopheles mosquito ingests these male and 

female gametocytes during a blood meal from the malaria infected person. 
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Figure 1.3: The Life cycle of the malaria parasite. The asexual life cycle of Plasmodium initiates 

when an infected female Anopheles mosquito bites a human being and injects sporozoites into the 

blood stream. 1) Liver stage: These sporozoites then moved towards the liver, in hepatocytes 

Plasmodium starts its pre-erythrocytic cycle and produced number of merozoites. 2) Blood stage: 

These merozoites were then released into the blood stream and invaded the RBCs and initiates the 

erythrocytic cycle. During this merozoites develop into early trophozoites. These trophozoites further 

develop into schizonts. They are then released from the RBC and immediately infect other RBCs. 3) 

Gametocyte stage: in the continuation some of them the trophozoites differentiate into female and 

male gametocytes. Sexual cycle of Plasmodium starts when female Anopheles takes blood from 

infected human, along with blood it ingests mature gametocytes and 4) Mosquito midgut stage: 

Soon after the ingestion of  mature gametocytes undergo fertilization  in the mosquito midgut. The 

zygote formed, which transforms into the motile ookinete.  It traverses the midgut  and develops into 

an oocyst. 5) Mosquito hemocoel stage: After maturation Oocyst then releases thousands of 

sporozoites into the hemocoel. 6) Mosquito salivary gland stage:  Sporozoites migrate to the 

salivary glands. This infected mosquito is ready to infect the next human host (Aminake and Pradel, 

2013).  

In the mosquito midgut gametocytes are activated by the drop in body 

temperature and mosquito derived xanthurenic acid (Billker et al., 1998; Garcia et al., 

1998; Kuehn and Pradel, 2010). Gametocyte activation leads to the emergence of 

gametes from the enveloping erythrocyte (Sologub et al., 2011; Wirth and Pradel, 2012). 

During gametogenesis, the microgametocyte (male) and macrogametocyte (female) 

replicates and produces microgametes and macrogametes. The fusion of micro- and 

macro-gametes forms a zygote within 30 min post blood meal that develops into a 
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motile ookinete within the next 24 hours. The motile ookinete then traverses the midgut 

epithelium and settled down between epithelium and basal lamina to form an oocyst 

(Pradel, 2007). Oocyst matures and produces thousands of sporozoites that are 

released and invade the mosquito salivary glands. The life cycle of Plasmodium is 

completed when mosquito infects a healthy person following the subsequent blood 

meal. 

 

1.2 Malaria Vectors and Mosquito life cycle 

Female mosquitoes of the genus Anopheles are vectors of the malaria parasites. There 

are approximately 465 Anopheles species and approximately 70 of them can 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). 

Figure 1.4:  Global distribution of dominant malaria vectors (Sinka et al., 2012). 

Anopheles gambiae and Anopheles funestus are the main vectors in Africa, where 90% 

of malaria-related deaths occur (Lindh et al., 2005). India is the tropical country, which 

has suitable climatic conditions to florist numerous mosquito fauna, that’s why 58 

Anopheles mosquito species are found in this region. Among them, A. culicifacies, A. 

stephensi, A. fluviatilis, A. minimus, A. dirus and A. sundaicus are Indian malaria vectors 

(Nagpal and Sharma, 1995).  A. culicifacies and A. stephensi are major vector of rural 

and urban malaria, respectively (Subbarao, 1998). A. culicifacies is reported to have a 
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complex of five species named as A, B, C, D and E, which are present across India with 

distinct biological characteristics (Barik et al., 2009). A. culicifacies sibling species A, C, 

D and E are vectors for human malaria while species B is a non-vector (Subbarao et al., 

1988). A. stephensi does not have species complex, but it is found in three ecological 

variants such as type form, intermediate form and variety mysorensis that were 

characterized on the basis of their egg morphometrics (Rao et al., 1938; Chakraborty et 

al., 1998). The ‘type form’ is an efficient vector of malaria in urban areas due to its 

anthropophilic (feeds on human host) nature while the ‘mysorensis’ form is a poor vector 

due to its zoophilic nature. The ‘intermediate form’ is typically recorded in rural and peri-

urban localities, and till date, its role in malaria transmission is not known (Chakraborty 

et al., 1998; Ghosh et al., 2008).  

The Anopheles mosquito 

undergoes four main developmental 

stages during its life cycle, i.e. egg, 

larva, pupa, and adult (Figure 1.5). 

The first three stages (egg, larva and 

pupa) are aquatic and take about 5-14 

days, for metamorphosis into an adult, 

depending on the species and the 

ambient temperature. Eggs are laid on 

water by females and they further 

develop into larvae within 2-3 days. 

Anopheles larva has four stages called 

instars, and then metamorphoses into pupae. At the end of each instar, the larvae molt, 

by shedding their exoskeleton and grow further. The larvae feed on algae, bacteria, and 

other microorganisms in the water surface micro layer (Wotton et al., 1997). The pupa 

then develops into adult within 2-3 days. Male Anopheles mosquitoes feed exclusively 

on sugar sources and therefore do not transmit the disease. Female mosquitoes also 

feed on sugar from different sources, however, need blood for development of their 

eggs.  

 

1.3 Malaria control strategies   

The world pays a heavy toll to malaria in terms of human health. This warrants attention 

to develop effective methods for malaria prevention. Several strategies are in progress 

to control the human cycle of Plasmodium such as, synthesis of effective antimalarial 

Figure 1.5: Mosquito life cycle (WHO, 1997, Vector 

Control Methods for Use by Individuals 

and Communities) 
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drugs and vaccines development. In addition, to control Plasmodium in mosquito host, 

the application of mosquitocidal compounds or targeting potent immune molecules of 

the vector are also important to break the life cycle of the parasite. 

 

1.3.1 Limitations of malaria control strategies in human host  

To kill Plasmodium inside the human host, the synthetic drug chloroquine (CQ) was the 

first drug of choice since 1950. However, the emergence of CQ resistance in 

Plasmodium reduced the efficacy of this drug and severely affected the initial efforts to 

control malaria (Payne, 1987). Further, CQ drug was replaced by a first-line drug 

sulfadoxine/pyrimethamine (SP) however, the resistance against SP also spread 

worldwide (Roper et al., 2003; Nair et al., 2003). The extensive use of antimalarial drugs 

leads the parasite to evolve resistance mechanisms (Klein, 2013; White, 2004). For 

successful elimination of malaria, it is necessary to stop the development of antimalarial 

drug resistance and therefore, WHO recommended the use of artemisinin-based 

combination therapies (ACTs). Moreover, in recent scenario the resistance against 

ACTs is also reported in Southeast Asia (Dondorp et al., 2009; Noedl et al., 2010; Phyo 

et al., 2012). In conclusion, presently there is no new drug against malaria that entered 

a phase II clinical trial and it might take more time before another potent drug is finally 

approved. 

Currently no commercial vaccine for malaria is in the market, but RTS,S/AS01 is 

the most advanced malaria vaccine candidate that has undergone large-scale phase 3 

evaluation in Africa. The RTS,S/AS01 malaria vaccine, which blocks the pre-erythrocytic 

(PE) stage of P. falciparum, induces humoral and cellular immune responses against 

the circumsporozoite (CS) protein present on the surface of sporozoites and liver stage 

schizonts (The RTS,S, 2014). This vaccine is effective with low efficacy (30–50%) and 

provides protection for up to 45 months, as demonstrated in a trial in Mozambique 

children in the 1–4 year old age bracket. The RTS,S vaccine shows encouraging results, 

but there is a need to improve the vaccine’s efficacy, either by modifying adjuvant or 

combining it with new antigens. Thus, further research is demanded to develop better 

vaccines against Plasmodium.  

There is the need to develop new strategies aimed to eradicate malaria. There is 

a demand to focus on developing vaccines, which target different developmental stages 

of Plasmodium life cycle, including transmission-blocking (TB) vaccines (TBVs). TBV 

can block the sexual stages of parasite development in the mosquito midgut, thus it will 
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lead to reduce the burden of disease and transmission among human population 

(Butler, 2009).  

 

1.3.2 Malaria control strategies in vector  

To control vector, global malaria eradication campaign of WHO (launched in 1955) 

executed, a plan to eradicate malaria in 10–15 years with the indoor residual spraying 

(IRS) of dichloro diphenyl trichloroethane (DDT). Later it was not effective due to the 

development of resistance in > 50 species of anopheline mosquitoes, including many 

major vectors of malaria (Hemingway and Ranson, 2000). Adverse effect of DDT on 

human health such as early pregnancy loss, fertility loss, leukemia, pancreatic cancer, 

breast cancer, neurons developmental shortage, diabetes and its non-biodegradability 

nature, make it  inappropriate as mosquitocidal (Beard, 2006; Chen and Rogan, 2003; 

Cox et al., 2007; Eriksson and Talts, 2000). The use of non-biodegradable larvicidal is 

also causing some unfavorable effects like, 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). In addition, the poor human acceptance of insecticide 

spray and development of insecticide-resistant mosquitoes are also major threats in this 

area (Kelly-Hope et al., 2008; Yang and Liu, 2013). Secondary metabolites from plants 

(called natural phyto-mosquitocides) are better alternates for controlling mosquito 

populations. These metabolites are easily obtained at reasonable cost and their intrinsic 

biodegradable nature makes them the best suitable for this purpose (Ghosh et al., 

2012).  

Another strategy to regulate malaria is to block the development of Plasmodium 

inside the mosquito vector and therefore, called transmission blocking vaccine (TBV). 

For that, Plasmodium- or mosquito target-specific antibodies are developed in the 

human host and these antibodies suppress parasite development inside the mosquito 

when ingested with the infected blood meal. The antigens such as Pfs230,  Pfs48/45 

and Pfs25/Pfs28 present on the surface of the different stages of Plasmodium 

development in the mosquito have been successfully targeted through transmission 

blocking  vaccines (Farrance et al., 2011; Pradel, 2007). However, this area further 

needs to understand the details of immune interactions between Plasmodium and 

mosquito immunity.  
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1.4 Immune regulation of Plasmodium in mosquito 

The malaria parasite, during its life cycle within Anopheles suffers severe losses (Figure 

1.6). It may be as a result of parasite exposure to the innate immune defense of the 

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

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

evidences suggest that the mosquito is able to trigger a series of diverse defense 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Parasite losses in the mosquito vector. The number of parasites successfully completing 

the sporogonic cycle is considerably affected by the host midgut environment. Parasite losses are 

often attributed to the mosquito defense mechanisms (Sinden, 1999).  

reactions upon Plasmodium infection. These defense mechanisms are believed to 

account for the reduction of the parasite number.  

 

1.4.1 Mosquito immune molecules and signaling pathways  

Mosquitoes have innate immune defense. Innate immune molecules are rapidly active 

after encountering pathogens and have specificity against a particular immune elicitor. 

Studies carried out in African malaria vector A. gambiae revealed that the activation of 

innate immune molecules is mainly regulated by Toll, Immune Deficiency (Imd) and 

Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathways 

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

is primarily activated by Gram-positive bacteria, fungi, and viruses (Michel et al., 2001; 

Ramirez and Dimopoulos, 2010). The Imd (Immune deficiency) pathway is elicited by 

Gram-negative bacteria and Plasmodium (Lemaitre et al., 1995).   

The recognition of pathogen-associated molecular patterns (PAMPs) activates 

the Toll and Imd pathways which lead to the nuclear translocation of the NF-κB 
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transcription factors Rel1 and Rel2, respectively. The negative regulators of these 

transcription factors in the cytoplasm are Cactus and Caspar, respectively. The 

activation of Toll and Imd pathways induce the transcription of numerous immune 

effector genes such as, Attacin, Cecropin, Defensin and Gambicin that are collectively 

known as antimicrobial peptides (AMPs) (Luna et al., 2006). Four AMPs- Attacin, 

Cecropin, Defensin and Gambicin are effective against Gram-positive as well as Gram-

negative bacteria, yeast, fungi, and Plasmodium. Additionally, Imd pathway regulates a 

diverse set of anti-Plasmodium immune effectors such as APL1, TEP1, LRRD7 (APL2), 

FBN9, and LRIM1 (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). 

The JAK-STAT pathway mediates immune response against the malaria parasite 

through transcriptional activation of Nitric Oxide Synthase (NOS) gene, which leads to 

the production of highly reactive nitric oxide (NO), an antiplasmodial molecule. This 

pathway is negatively regulated by Suppressor of Cytokine Signaling (SOCS) and 

Protein Inhibitor of Activated STAT (PIAS) proteins. The transcription of SOCS gene is 

also induced by the STAT pathway that modulates STAT signaling by preventing STAT 

phosphorylation, while PIAS inhibits signaling by directly binding to STAT proteins and 

targeting them for degradation (Agaisse and Perrimon, 2004; Gupta et al., 2009). 

Previous knockout studies suggested that the JAK-STAT pathway regulates 

Plasmodium development in the African mosquito A. gambiae and Brazilian malaria 

vector A. aquasalis (Gupta et al., 2009; Bahia et al., 2011).  

Although, gene silencing approaches identified several immune genes that 

effectively regulate P. berghei development, however, these genes are ineffective 

against human malaria parasites. For example, the silencing of 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. This shows the 

compatibility of mosquitoes’ immune system with different Plasmodium species 

(Jaramillo-Gutierrez et al., 2009). TEP1 mediated P. berghei lysis but remains 

ineffective against human malaria parasite P. falciparum (strain 3D7, NF54 and GB4) 

(Molina-Cruz et al., 2012). Thus, it demands the discovery of potential innate immune 

molecules, which have a broad spectrum of lethality against major species of human 

malaria parasites.  
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1.4.2 Role of gut microbial agents in physiology and immunity of 

mosquito 

Natural gut microbiota play an important role in food digestion and nutrition (Dillon and 

Dillon, 2004). In addition, these endogenous bacteria also regulate the development and 

maturation of the mosquito gut innate immune system (Pumpuni et al., 1996). In 

mosquitoes, evidences suggest that bacteria Serratia and Enterobacter contain 

hemolytic enzymes and play a role in the blood digestion (Gaio et al., 2011). The 

bacterial species Asaia bogorensis is also found to provide vitamin supplements to A. 

stephensi mosquito (Crotti et al., 2010). The midgut bacteria of insects have been 

shown to play a vital role in preventing the development of pathogens. The midgut 

bacteria elicits basal innate immune responses through the expression of numerous 

anti-microbial peptides (AMPs) and other immune-specific genes that act as antagonist 

to the Plasmodium development and prime the mosquito against infection (Cirimotich et 

al., 2010). On the other hand, mosquitoes treated with antibiotics, which eliminate the 

most of the midgut microbiota, were more susceptible to Plasmodium infection as they 

did not show upregulation of these immune genes (Dong et al., 2009). Mosquitoes co-

fed with bacteria and P. falciparum gametocytes triggered the upregulation of immune 

responses and resistance to infection. Gram-negative bacteria in Anopheles midgut 

reduced malaria parasite infection (Pumpuni et al., 1993 and 1996; Beier et al., 1994). 

Another study demonstrated that the conversion of P. falciparum ookinetes to oocysts 

number increased when anti-bacterial antibodies were generated against total midgut 

lysates (Noden et al., 2011). The mechanism by which midgut bacteria inhibit 

Plasmodium infection has been studied only to a limited extend and it has been 

suspected that midgut bacteria play a role either directly, by the production of various 

enzymes and toxins or indirectly by stimulating the mosquito’s innate immune system to 

produce antimicrobial molecules against Plasmodium (Pumpuni et al., 1993; Azambuja 

et al., 2005; Dong et al., 2009). A recent report revealed that the isolation of an 

Enterobacter bacterium from wild mosquitoes in Zambia, and further co-infection of this 

bacterium in mosquito gut leads to the inhibition of Plasmodium development through 

the production of reactive oxygen species (Cirimotich et al., 2011a).  

To maintain a fine balance between normal physiology and immunity, the gut 

immune system must distinguish commensal and pathogenic bacteria and avoiding the 

constitutive production of immune effectors, such as antimicrobial peptides (AMPs) and 

reactive oxygen species (ROS). Mosquitoes midgut synthesizes a peritrophic matrix 

(PM) in response to blood feeding, which serves as a shield to protect microvilli from 
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direct contact with ingested food and the abrasion caused by the food particles (Jacobs-

Lorena and Oo, 1996). In other words, the PM compartmentalizes the gut environment 

where the food particles are enclosed by the matrix in endo-peritrophic space and 

leaving an ecto-peritrophic space between PM and midgut epithelium. Although 

peritrophic matrix acts like a barrier between the foreign food particles and gut epithelial 

immunity, however, the soluble elicitors released by the microbes present in the food 

may interact with the gut epithelium and can induce an immune response (Ahmed et al., 

2002). Recent findings from Kumar et al., (2010) in Anopheles gambiae mosquitoes 

identified the presence of another barrier at the luminal surface of the midgut epithelium 

where mucins are cross-linked with the help of a heme peroxidases HPX15, also called 

Immunomodulatory peroxidase (IMPer). This barrier further compartmentalizes the 

ectoperitrophic space and reduces the possibility of interactions between microbial 

immune elicitors and midgut epithelium. The RNA interference (RNAi) mediated 

silencing of HPX15 gene induced an array of anti-bacterial immune markers, such as 

HPX8, cecropin, peptidoglycan recognition protein–S3 (PGRP-S3) and PGRP-LB. 

These immune genes collectively suppressed the bacterial load in the blood bolus. 

When the same experiment was carried in HPX15 silenced and antibiotics fed 

mosquitoes, these antibacterial immune markers were not induced (Kumar et al., 2010).  

 

1.4.3 Role of heme peroxidase in the modulation of 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 protest (Passardi et al., 2007). Animal heme peroxidases are present in vertebrate 

and invertebrate. In humans have role in antimicrobial and innate immune responses 

(Dunford, 1999; Klebanoff, 1970 and 1999; Wang and Slungaard, 2006). 

A heme peroxidase HPX15 (AGAP013327) from A. gambiae has a potent role in 

modulation of gut immunity (Kumar et al., 2010). HPX15 forms a barrier between blood 

bolus and midgut epithelial cell by crosslinking tyrosine residue in mucin layer after 

blood feeding of mosquito A. gambiae and lessen the midgut permeability to immune 

activators, and thus protected the microbiota. This barrier also provides a safe 

environment for Plasmodium to develop in the midgut. After silencing of this gene in A. 

gambiae, P. berghei and P. falciparum oocyst number decreased via the induction of 

NOS, because barrier is broken and immune molecules are in direct contact with 

immune elicitors to mount an immune response. In this way HPX15 is modulating vector 

immune response (Kumar et al., 2010). 



 
 
 
 
 

Chapter 1 

13 

 

Gaps in Existing Research 

The knowledge of gut immunity and immune active molecules (heme peroxidases) in 

Indian mosquitoes is least explored. Thus, understanding general mosquito gut 

immunity in major Indian malaria vectors is a prerequisite to develop malaria 

transmission blocking strategies. To achieve this goal first we have to identify 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. 

Further, manipulation of these molecules by using modern methodology will explore 

their role in the regulation of Plasmodium development.  

 

Research Objectives 

The objectives of this research work were to isolate, characterize heme peroxidase 

HPX15 from Indian malaria vector and to understand its role in regulation of 

Plasmodium and other blood-borne antigens. Along with, we also aimed to analyze the 

larvicidal activity of Agave angustifolia plant against mosquitoes. 

 

The proposed research objectives are: 

 

Objective 1: Characterization of blood-induced peroxidase in the mosquito gut 

epithelium.  

 

Objective 2: To explore the role of blood induced peroxidase in anti-bacterial immunity. 

 

Objective 3: To study the role of blood induced peroxidase in the modulation of gut 

immunity against Plasmodium using RNAi approach. 

 

Objective 4: Biocontrol of human disease vectors. 
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2.1 Rearing of mosquitoes  

Anopheles stephensi, Aedes aegypti and Culex quinquefaciatus mosquitoes were 

reared in insectory at 28°C, 80% relative humidity (RH) and 12h light:dark cycle as 

described before (Kovendan et al., 2012). 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. The hatched larvae were floated in water to continue 

the life cycle as discussed above. The mice were maintained in the central animal 

facility and all the procedures were approved by the animal ethics committee. A. 

culicifacies sibling species A was reared in an insectory at Maharshi Dayanand 

University (MDU), Rohtak under the similar conditions as mentioned above. In addition, 

for rearing A. culicifacies the insectory was also equipped with simulated dusk and dawn 

system with a 14h light and 10h dark cycle as described before (Adak et al., 1999). 

 

2.2 Designing of primers  

2.2.1 Designing of A. stephensi heme peroxidase HPX15 degenerate and 

gene-specific primers 

At the start of this study, genome sequences were not available thus, degenerate 

primers approach was used to clone A. stephensi HPX15 (ortholog of A. gambiae 

AgHPX15). Degenerate primers were designed based on the conserved regions of 

different insect peroxidase proteins as illustrated in Figure 2.1.  

Figure 2.1: Designing of degenerate primers. Peroxidase protein sequences from different insects 

were aligned and degenerate forward (degF) and reverse (degR) primers were designed from the 

conserved amino acids regions as represented by thick black bars. The vertically inclined and broken 

gray bars indicate gaps created in the sequences for presentation purpose. Numbers on left and right 

sides represent starting and ending amino acids, respectively in the particular protein. gi numbers 

represent the protein ID. Abbreviation used Dm, Drosophila melanogaster; De, D. erecta; Da, D. 

ananassae; Dp, D. pseudoobscura;  Ae, Aedes aegypti; Cq, Culex qunquifaciatus, Ag,  A. gambiae. 

The sequences of degenerate primers (Table 2.1) (5’ to 3’) were following:  

Forward (degF): TACTRBGARTGGYTGCCVATY,  



 
 
 

 
 

Chapter 2 
 

16 

 

Reverse (degR): GCCARWCCRTGRTCVCGRKYRCGCTG. With the help of above deg 

primers 428 bp cDNA fragment was cloned (Figure 3.1A). 

Later on, with the availability of A. stephensi genome (taxid: 30069), the 

AsHPX15 gene sequence was identified in contig 5285 (recently super contig 

KB665221, Ensembl gene identifier ASTE008179 in annotated genome) based on the 

nucleotide BLAST with the clone obtained by degenerate primers. The nucleotide 

sequence of this putative AsHPX15 gene was aligned with the known nucleotide 

sequence of AgHPX15 to design gene-specific primers AsHPX15 F2-R2 and AsHPX15 

F3-R3 as illustrated in Figure 3.2 (Chapter 3) and their sequences (5’ to 3’) are shown 

in Table 2.1. 

We retrieved a partial cDNA clone of AsHPX15 (GenBank: KP223285) from the 

contig 5285 (recently super contig KB665221, Ensembl identifier ASTE008179 in 

annotated genome) of A. stephensi genome using HPX15 F3R3 primers as shown in 

Table 2.1. To sequence the full-length AsHPX15 gene, we predicted 1785 bp long 

cDNA from the contig 5285 with the help of GENSCAN software as before (Burge and 

Karlin, 1997). We aligned the predicted AsHPX15 cDNA with A. gambiae AgHPX15 

(AGAP013327) cDNA and designed gene-specific primers F5R5 for full length cloning of 

the gene (Figure 4.1A). In addition, other sets of primer HPX15 F4-R4 (Figure 4.1A 

and Table 2.1) were also designed to confirm the identity of full-length clone. For tissue-

specific gene expressions HPX15 F2-R2 primer set was used (Table 2.1).  

 

2.2.2 Designing of A. stephensi gene-specific primers for immune genes 

and other heme peroxidase 

Anopheles stephensi genome sequences were used to design primers for immune 

genes, Gram Negative bacteria Binding Protein (GNBP), Toll precursor, Gambicin and 

Thioester containing protein 1 (TEP1) as well as heme peroxidase HPX8 (Table 2.1). 

For GNBP primer designing, Anopheles gambiae GNBPB1, GNBPA1 (AGAP004455-

PA) and putative GNBP (GenBank ID: AJ001042.1) sequences were used to perform 

BLAST against the genome sequence of Anopheles stephensi. As a result contig 47438 

was obtained. This contig was aligned with AgGNBPB1 and putative AgGNBP. Primers 

were designed from the conserved region using primer 3 software.  

Similarly for Toll precursor, A. gambiae Toll precursor (Choumet et al., 2007), 

which has match with Toll 5A, Toll 5B, Toll1A and Toll1B after the nucleotide BLAST 

with Anopheles gambiae. This Toll precursor sequence was used to retrieve A. 

stephensi contig 1897 after nucleotide BLAST with A. stephensi genome. 
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Table 2.1: List of A. stephensi primers.  The sequences of the primers used to amplify the respective 

A. stephensi gene fragment are provided below.  

A. stephensi contig 1897 was aligned with A. gambiae Toll precursor, Toll5A, Toll5B, 

Toll1A and Toll1B using Clustal Omega and conserved region were chosen to design 

primer by primer3 software.  

Primer Set Primer sequence 

(5′′′′-3′′′′) 

cDNA 

template 

(bp)  

gDNA 

template 

(bp) 

Purpose Referen-

ces 

DegHPX15 F 
DegHPX15 R 

TACTRBGARTGGYTGCCVATY 
GCCARWCCRTGRTCVCGRKYRCGC
TG 

428 499 Cloning,  
Sequencing 

Present 
study 

HPX15 F2 
HPX15 R2 

GAGAAGCTTCGCACGAGATTA  
GAATGTCGATTGCTTTCAGGTC 

329 400 Real time 
PCR, 
Sequencing 

Present 
study 

HPX15 F3 
HPX15 R3 

AGTGCAACAGCTTGCGTACC  
CCTTTAGTCCATGAGTGTTGTCA 

1075 1146 Partial cDNA 
cloning & 
sequencing 

Present 
study 

HPX15 F4 
HPX15 R4 

CAAAGGATGATCCCGTTCTG 
CCGGTCTCCAGCATGTTTTG 

530 530 Confirmation 
of clones & 
sequencing 

Present 
study 

HPX15 F5 
HPX15 R5 

ATGAAATCTATCGTCGGTTCAC  
CAAGGCCATCGGTTTAAATTC 

1794 1941 To obtain Full 
length 
AsHPX15 
clone and 
sequencing 

Present 
study 

SOCS F 
SOCS R 
 

CGTCGTACGTCGTATTGCTC  
CGGAAGTACAATCGGTCGTT 

241 306 Real time 
PCR 

Dhawan et 
al., 2015 

NOS F 
NOS R 

ACATCAAGACGGAAATGGTTG 
ACAGACGTAGATGTGGGCCTT 

250 382 -do- Luckhart et 
al., 1998. 

GNBP F 
GNBP R 

   GAGTTCCAGTGGTACACCAACA 
CTTCGGCAGCAACCAGAT 

333 493 -do- Present 
study 

Toll prec F 
Toll prec R 

ACCTGTCGGCGAATCCTTGG 
TCATCCTTGTGCGAGTACGA 

358 358 -do- Present 
study 

Gambicin F 
Gambicin R 

GTGCTGCTCTGTACGGCAGCCG 
CTTGCAGTCCTCACAGCTATTGAT 

344 344 -do- Present 
study 

TEP1 F 
TEP1 R 

GCTATCAAAATCAGATGCGCTATC 
ATCACAACCGCATGCTTCA 

325 325 -do- Present 
study 

HPX8 F 
HPX8 R 

GATCCTTTGCCGATGCGCTCAAT 
CAGTTCGGGCAGTTTATGTCGCAC 

381bp 381bp -do- Present 
study 

16S rRNA F 
16S rRNA R 

TCCTACGGGAGGCAGCAGT 
GGACTACCAGGGTATCTAATCCTGTT 

467 467 -do- Kumar et al., 
2010 

S7 F 
S7 R 

GGTGTTCGGTTCCAAGGTGA 
GGTGGTCTGCTGGTTCTTATCC 

487 600 PCR internal 
loading 
controls 

Vijay et al., 
2011 
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To design primers for A. stephensi gambicin, Thioester containing protein 1 

(TEP1) and HPX8, Anopheles gambiae gambicin (GamM957_A), TEP1 (isolate A07-

3114) and AgHPX8 (AGAP004038-PA) sequences from NCBI were retrieved and 

BLAST search was performed against A. stephensi genome. Nucleotide BLAST 

retrieved contig 6775, 5294 and 39256 respectively, for gambicin, TEP1 and HPX8. 

Obtained contig was aligned with respective retrieved A. gambiae gene and primers 

were designed from conserved region of A. stephensi and A. gambiae using Primer 3 

software. Primer sequences for A. stephensi gambicin, TEP1 and HPX8 are shown in 

Table 2.1. Other primers for SOCS, NOS, 16S rRNA and S7 mentioned in Table 2.1 

were retrieved from mentioned references. 

 

2.3 Malaria parasite Plasmodium berghei maintenance in lab   

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

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

developmental stages (Franke-Fayard et al., 2004) 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 (Dong et al., 2006; 

Dhawan et al., 2015). The parasitemia of the infected mice was determined from blood 

films stained with 1% Giemsa under a light microscope. For blood stage passages, 100-

150 µl of blood from an infected mouse (parasitemia ~20%) was intraperitoneal injected 

into a healthy mouse. Parasitemia in mouse blood was determined and potential 

infectivity to mosquitoes was established using exflagellation assays as described 

before (Billker et al., 1997). In brief, 2 µl of tail blood were taken into heparinized pipette 

tips, immediately mixed with 10 µl of exflagellation buffer pH 8 (10mM Tris-Cl, 150mM 

NaCl and 10mM Glucose) and 10ul FBS (10%) placed on a microscope slide and 

covered with cover-slip. Further, observed under microscope. In all the experiments, 

mice with 5-7% parasitemia and exflagellation 2-3 per field under 40X objective were 

used for infecting mosquitoes. 

 

2.4 Mosquito tissue collection 

2.4.1 Tissue collection from mosquito different developmental stages and 

body compartments  

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

instar), pupae, adult males and females were collected in RNAlater and stored at -80oC. 

In some experiments A. stephensi and A. culicifacies females were allowed to feed on 
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an anesthetized mouse. After 24h of blood feeding, the midgut (Mg) and the rest of the 

body parts (carcass, CC) were collected from the pool of mosquitoes and stored at -

80oC. Sugar fed midgut and carcass were also collected in a similar way that served as 

controls. 

 

2.4.2 Infection of A. stephensi with bacteria and tissue collection 

Escherichia coli (MTCC, no. 40) and Micrococcus luteus (MTCC no. 106) wild type 

bacterial strains were obtained from Microbial Type Culture Collection, Institute of 

Microbial Technology (IMTECH) Chandigarh, India. These two bacterial strains were 

individually grown in LB media following standard protocols (Gupta et al., 2009). 

Bacterial growth in LB medium was estimated by reading absorbance of the culture at 

600 nm and 1500 µl from each culture (A600=0.5) were mixed and centrifuged for 5 min 

at 5000 rpm. The supernatant was discarded, and the pellet was washed twice with 1X 

Ashburner’s PBS pH 7.2 (3mM Sodium chloride, 7mM disodium hydrogen phosphate 

and 3mM sodium dihydrogen phosphate) and resuspended in 3 ml heparinized mouse 

blood to make the final concentration of 109cells/ml (finally 0.5x109 cells of each 

bacterium per ml blood). A. stephensi adult female mosquitoes were allowed to feed on 

mouse blood supplemented with or without bacterial suspension through an artificial 

membrane feeder as before (Gupta et al., 2009). After blood feeding the midgut and 

carcass tissues were collected at different time point from fully engorged control and 

infected females in a similar way as given above. Sugar fed midguts and carcasses 

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

 

2.4.3 P. berghei infection in A. stephensi and tissue collection 

Four to five days old and 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 

(Kumar et al., 2010; Dhawan et al., 2015). In some experiments, one day old female 

mosquitoes were injected with dsRNA and after 4 days were fed on infected mice as 

above. The adult mosquitoes were starved for 12 h prior to feeding to ensure 

engorgement. Sugar (SF), normal blood (BF) or P. berghei infected blood (Pb) fed 

midguts were dissected from a pool of mosquitoes (n=10) at different time points of 

feeding. The dissected midguts or carcass (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. 
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2.5 dsRNA synthesis 

A 218-bp fragment of the lacZ gene (control) was amplified using the primers (5’ to 3’) F-

GAGTCAGTGAGCGAGGAAGC and R-TATCCGCTCACAATTCCACA and cloned into 

the pCRII-TOPO vector (Gupta et al., 2010). To prepare dsAsHPX15 RNA, a 428-bp 

cDNA clone was used as template given chapter 3. This recombinant plasmid already 

had a T7 promoter site at M13F end.  T7 promoter at the other end of fragment was 

incorporated by amplifying the cloned insert using the following primers: M13F-

GTAAAACGACGGCCAGT and T7-M13R-CTCGAGTAATACGACTCACTATAGGGCAG 

GAAACAGCTATGAC. PCR amplification was carried out with 94°C for 5 min, 40 cycles 

at 94°C for 30 s, 55°C for 30 s, 72°C for 30 s and 72°C for 10 min using M13 F and T7-

M13R primers. Amplicons were extracted from gel with the QIA quick 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) with the 

MEGAscript kit (Cat No. AM1626, Ambion, Austin). dsRNA was further purified using a 

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

RNase free water. 

 

2.6 Effect of gene silencing on midgut bacteria 

One to two days old female mosquitoes were injected with 69 nl of 3 µg/µl dsAsHPX15 

(207 ng/mosquito) RNA into their thoraxes using a nanojector (Drummond, Broomall, 

PA, USA). Control mosquitoes were injected with dsLacZ in the same manner. Four 

days after injection, mosquitoes were allowed to feed on mouse blood supplemented 

with or without 109cells per ml bacteria (E. coli and M. luteus). Midgut and carcass 

tissues were collected at different time points as mentioned before. The efficiency of 

mosquito HPX15 silencing as well as its effect on midgut bacteria was calculated using 

quantitative PCR.  

 

2.7 Effect of gene silencing on Plasmodium development  

Female mosquitoes were injected with 69 nl of 3µg/µl dsAsHPX15 (silenced) or dsLacZ 

(control) RNA into their thoraxes as mentioned above. Four days after injection, 

mosquitoes were allowed to feed on blood containing P. berghei (Transgenic PbGFP) 

infected mice. The gene silencing efficiency of the method was analyzed in blood fed or 

P. berghei infected midguts through qPCR against the respective controls. Further to 

evaluate the effect of gene silencing on Plasmodium development, the females were fed 
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on a transgenic GFP-P. berghei infected mice four days post injection. The number of 

oocysts per midgut was determined after seven days post infection. For that, midguts 

were dissected in Ashburner’s PBS (3mM Sodium chloride, 7mM disodium hydrogen 

phosphate and 3mM sodium dihydrogen phosphate PH 7.2), fixed for 15 min with 4% 

formaldehyde, washed thrice in PBS and mounted on glass slides in Vectashield 

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

midgut under a fluorescent microscope (Olympus). 

  

2.8 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, 30 µl β-mercaptoethanol (2-ME) 

per 1 ml RLT buffer. First-strand cDNA was synthesized using Quantitech reverse 

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

 

2.9 PCR amplification, cloning and sequencing of AsHPX15 and 

AcHPX15 heme peroxidases 

RT-PCR was performed with midgut and carcass cDNA of A. stephensi using above 

mentioned degHPX15 primers (Table 2.1). PCR with degenerate primers followed the 

first cycle at 94oC for 3 min, 55oC for 1 min, 72oC for 3 min, 94oC for 1 min, 42oC for 1 

min, 72oC for 3 min. Then another cycle at 94oC for 1 min, 52oC for 1 min, 72oC for 3 

min was repeated 34 times with a final extension at 72oC for 10 min.  The resulting PCR 

product (428 bp, Figure 3.1A chapter 3) with degenerate primers was cloned into 

PCR2.1-TOPO TA vector (Invitrogen). The clone was sequenced in an automated 

sequencer at the commercial sequencing facility. The sequence identity was confirmed 

through Mega BLAST against the nucleotide sequence database at NCBI. Further, this 

degenerate clone nucleotide sequence was used to do BLAST against A. stephensi 

genome to identify AsHPX15 putative gene as discussed above.      

The primer set HPX15F3R3 amplified ~1.1 kb PCR product from A. stephensi or 

A. culicifacies midgut cDNA templates and we termed them AsHPX15 and AcHPX15, 

respectively (Figures 3.1B and 3.1C Chapter 3). Further, the sequence identity of 

AsHPX15 and AcHPX15 was confirmed and submitted to NCBI GenBank. The 

sequence accession numbers [GenBank: KP223285] for A. stephensi AsHPX15 and 

[GenBank: KP299257] for A. culicifacies AcHPX15 were obtained. The primer set F2R2 

was used to confirm the identity of all these clones through PCR.    
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Twenty four hour blood fed A. stephensi female midgut cDNA templates were 

PCR amplified using AsHPX15 F5R5 primers set to get full length AsHPX15 clone. The 

PCR was initiated at 95oC for 5 min and then followed by 35 cycles at 95oC for 50 sec, 

57oC for 50 sec and 72oC for 2 min. The final extension was carried at 72oC for 10 min. 

The PCR product was purified and sequenced in an automated sequencer at Eurofins 

genomics (www.eurofinsgenomics.eu). Due to the longer size of AsHPX15 full-length 

clone, different sets of primers (AsHPX15 F2R2, F4R4 and F5R5) were used for 

sequencing purpose (as mentioned in Figure 4.1A and Table 2.1). The sequence 

identity of full-length AsHPX15 cDNA clone was confirmed through Mega BLAST 

against the nucleotide sequences database and submitted to NCBI 

[GenBank: KT825861].  

 

2.10  Analysis of conserved domains in AsHPX15 and AcHPX15 

sequences 

Signature domains in cloned AsHPX15 and AcHPX15 were identified using the 

Conserved Domain Database (CDD) search tool available online at NCBI (Marchler-

Bauer et al., 2015). These results were validated after comparing them to the CDD 

results of A. gambiae heme peroxidase AgHPX15 and other anopheline peroxidases.   

 

2.11  Selection of heme peroxidases for phylogenetic analysis 

and phylogenetic tree construction 

The evolutionary relationship of cloned anopheline peroxidases (AsHPX15 and 

AcHPX15) was analyzed with selected 74 heme peroxidase protein sequences from 

various organisms (as shown in Chapter 3, Table 3.1). These sequences were 

downloaded from NCBI and VectorBase databases and their overhanging sequences 

were trimmed based on the predicted protein of AsHPX15 clone. Importantly, for these 

analyses, we selected heme peroxidase protein sequences from blood feeding 

(Pediculus humanus, Aedes aegypti, A. gambiae and Culex quinquefasciatus) as well 

as non blood feeding (Tribolium castaneum, Apis mellifera and Drosophila 

melanogaster) arthropods. In addition, Caenorhabditis elegans, Arabidopsis thaliana 

and Homo sapiens heme peroxidases were also included to understand their 

phylogenetic relationship and advancements during evolution. In some analyses, we 

also included non heme peroxidase protein sequences from A. gambiae (Chapter 3, 

Table 3.1).  
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To retrieve putative HPX15 peroxidases from additional 16 different anophelines, 

we performed BLAST of AsHPX15 clone against their (anopheline species) whole 

genome shotgun (WGS) sequences available at NCBI. The contig with best match was 

obtained and aligned with AsHPX15 clone by Clustal Omega algorithm to trim the 

overhanging regions. The predicted proteins for these trimmed sequences are 

mentioned in Table 3.2 (Chapter 3). Peroxidases from other organisms were also 

trimmed in the same way. The phylogenetic tree was constructed using the full length or 

trimmed protein sequences of these peroxidases. The tree topology was same for full 

length as well as trimmed sequences thus, the results with trimmed sequences are 

presented. 

Phylogenetic trees were constructed from selected peroxidases using the 

maximum likelihood (ML) and neighbor-joining (NJ) methods 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). Following criteria were selected for the phylogenetic analysis: ‘WAG’ option was 

selected as the model for amino acid substitution as this model best fits to our data. For 

gaps and missing data, we used ‘all sites’ option. The ML tree was generated using 

nearest neighbor interchange (NNI) tree search algorithm. Branching pattern reliability 

was tested for both ML and NJ tree by 1000 bootstrap replicates. The resulting 

phylogenetic tree was analyzed based on clusters and nodes formed. Because the 

topologies of phylogenetic tree obtained by ML and NJ methods were similar, therefore, 

only the ML tree for respective analyses is presented in this study.  

 

2.12  Expression analysis of AsHPX15 and immune genes in 

different tissue samples using Real Time PCR 

mRNA expression analysis of AsHPX15 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 gene was used as 

internal loading control for normalization as described before (Kumar et al., 2010; 

Salazar et al., 1993). The primer set HPX15 F2R2 was used and other immune genes 

primer pairs for q-PCR are mentioned in Table 2.1. PCR cycle parameters were an 

initial denaturation at 95°C for 5 min, 40 cycles of 20s at 94°C, 30s at 57°C, and 50s at 

72°C. Fluorescence readings were taken at 72°C after each cycle. A final extension at 

72°C for 10 min was completed before deriving a melting curve, to confirm the identity of 
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PCR product. Fold values were calculated using ∆∆Ct method as described before (Livak 

and Schmittgen, 2001).  

 

2.13  In silico analysis of AsHPX15 gene structure 

5′ upstream sequences of AsHPX15 gene were analyzed by NNPP2.2 software to 

decipher the promoter region as mentioned before (Reese et al., 2001). In addition, the 

putative transcription binding sites in the 5′ regulatory region of this gene were 

determined by MetInspector and JASPAR software (Cartharius et al., 2005; Mathelier et 

al., 2013). For this analysis, the transcription binding sites from insect family were 

selected along with other default parameters. The putative signal peptide sequence at 

the N-terminal of AsHPX15 protein was predicted using SignalP software (Petersen et 

al., 2011). Protein 3D structure and putative substrate binding sites were analyzed using 

Phyre2 and 3DLigandSite prediction server, respectively, as discussed before (Kelly and 

Sternberg, 2009; Wass et al., 2010). 

 

2.14  Larvicidal activity of Agave leaf extracts 

Agave angustifolia plants growing in the University campus (BITS-Pilani), roadsides in 

the nearby locations (geographical coordinates: 28° 22' 0" North, 75° 36' 0" East) or 

potted were used in this study (representative plants are shown in Figure 7.1A and 

7.1B). This plant is a wild weed and therefore, no permission was required for their 

usage. Agave angustifolia leaves, freshly excised from the plants, were used to prepare 

extracts in different organic solvents such as, hexane, acetone, ethanol or aqueous 

solvents as before (Bansal et al., 2012). Briefly, the leaves were washed in water, sliced 

as shows in Figure 7.1C (Chapter 7) and their flesh was finely triturated with the help of 

a mortal pestle to prepare a thick paste. Fifteen gm of the paste was transferred to a 50 

ml centrifuge tube and 30 ml solvent, either acetone, ethanol, hexane or water was 

added to the paste and mixed properly. The tube was rocked for 2h at room 

temperature (RT), centrifuged at 2300xg for 10 min and debris-free supernatant was 

collected in a fresh tube. 

Twenty five to forty 4th instar larvae of A. aegypti, C. quinquefasciatus or A. 

stephensi were allowed to float in water cups supplemented with various doses (20, 50, 

100, 200 µg/ml) of the leaves extracts that were prepared in either of the solvent. The 

solvent alone was added in corresponding amounts to the sham treated controls. 

Percentage mortality of the larvae was calculated in each treatment against their 

respective controls at the stipulated time (12, 24 and 36h) and represented as mean ± 
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SD. The LD50 value was calculated by the probit analysis method as before (Kovendan 

et al., 2012). Quantitative measurement of the crude extract was carried after 

evaporating the solvents in speed vac. Each experiment was performed in triplicates 

and repeated at least thrice to confirm the findings.  

 

2.15   Effect of environmental conditions on the regulation of 

larvicidal activity in Agave plants 

To understand the effect of environmental temperature on induction of larvicidal activity 

in Agave angustifolia, we compared the larvicidal activity in plants those were 

maintained at different temperatures in semi-natural environments. For that, individually 

potted Agave angustifolia plants were kept at either 37oC or 4oC in plant growth 

chambers. Except the temperature, all other natural environmental conditions (light 

intensity ~1000 Lux, humidity 30-50% as present in the open environment at the time of 

study) for these plants were maintained same. After two days of incubation, the 

larvicidal activities in their leaf extracts were determined. The plants with similar 

vegetative growth and growing outside either in cold or hot weather, respectively served 

as controls for these experiments. Percentage mortality of larvae and statistical 

significance of the data was calculated as above. 

 

2.16  Larvicidal activity in Agave dry leaf powder 

For preparation of the dry powder, we took the fresh leaves and determined the 

larvicidal activity in their aqueous extract as mentioned above. Agave angustifolia 

leaves that exhibited strong larvicidal activity in their aqueous extracts were subjected to 

sun-, oven- or shade-drying process. The dried leaves were ground in a mixer and 

stored as powder in moisture-free conditions. After three months of shelf life at room 

temperature, 15 gm of powder was soaked in 30 ml water for 2h with continuous 

rocking. The tube was centrifuged at 2300x g for 10 min and powder-free supernatant 

was collected in a fresh tube. The powder-free extract or the powder itself, equivalent to 

the amount of fresh leaves, was analyzed for larvicidal activity as before. Percentage 

mortality of larvae and statistical significance of the data was calculated as above. 

 

2.17  Analysis of secondary metabolites 

Plant secondary metabolites such as flavonoids, phenols, alkaloids, phlobatannins, 

steroids, tannins, terpenoids and saponins in Agave extract were analyzed as described 

before (Edeoga et al., 2005). Briefly, the aqueous extracts of the leaves from the plants, 



 
 
 

 
 

Chapter 2 
 

26 

 

which were growing under different natural or semi natural environmental conditions, 

were bioassayed for these metabolites. For the resulting product, spectra were read at 

400-700 nm. The relative levels of these metabolites are depicted as the absorbance 

maxima (A) in the visible range. 

Analysis of alkaloids. 0.5 ml of aqueous extract was mixed with 1.5 ml of 10% acetic 

acid in ethanol and allowed to stand for 4h. The mix was filtered and the filtrate was 

concentrated to one fourth of the original volume (0.5 ml now) in a water bath at 80oC. 

Further, 0.025 ml of concentrated ammonium hydroxide was added and the orange 

color product was read in a spectrophotometer as mentioned above.   

Analysis of phenols. 0. 2 ml of ammonium hydroxide solution and 0.5 ml of amyl 

alcohol was added to 0.5 ml of plant aqueous extract. The mixture was kept at room 

temperature for 30 min to react. The spectra were read for the final greenish-brown 

colored product as above.   

Analysis of steroids. 0.5 ml ethanol was added to 0.5 ml aqueous extract and mixed 

properly. Further, 0.4 ml H2S04 and then 0.4 ml of acetic anhydride was added with 

continuous mixing. The end product with greenish-blue color was read.  

Analysis of phlobatannins. 0.5 ml aqueous extract was incubated at 80oC with 0.2 

ml of 1% aqueous hydrochloric acid for 10 min. The red colored end product was read.  

Analysis of flavonoids. 0.4 ml of the diluted ammonia solution was added to 0.5 ml 

aqueous extract. After mixing, 0.050 ml concentrated H2S04 was added. The end 

yellowish product was read in spectrophotometer. 

Analysis of saponins. 15 ml of 20% aqueous ethanol was added to the 5 gm of 

leaves paste and incubated at 55°C for 5h with continuous shaking and after incubation, 

the mixture was filtered. The residue left after the filtration was re-extracted with 15 ml of 

20% ethanol. The combined total filtrate (~30 ml) was reduced to 10 ml in a water bath 

at 90°C. 5 ml of diethyl ether was added to the concentrated filtrate and vortexed 

properly. After centrifugation the aqueous layer was separated and 15 ml of n-butanol 

was added to it. After vortexing it was centrifuged and the n-butanol layer was collected, 

washed twice with 5 ml of 5% sodium chloride. The butanol was evaporated in oven and 

the residual saponins were dissolved in methanol to read in a spectrophotometer.   

 

2.18  Statistical analysis of the data  

All the data were expressed as 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 
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(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 sigma STAT plus software 

(StatPlus v5, AnalystSoft Inc. statistical analysis program) were used to prepare graphs 

and performing the statistical analysis of data, respectively.  
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3.1 Abstract 

Human malaria parasite Plasmodium is transmitted by several species 

of Anopheles mosquitoes. To control malaria, drug-resistant parasites and insecticide 

resistance in mosquito vectors are major hurdles. Thus, the manipulation of mosquito 

immunity is one of the ideal way to block Plasmodium development inside the insect 

host. This approach demands the identification of key mosquito molecules that regulate 

anti-plasmodial immunity. Previous findings revealed that the silencing of Anopheles 

gambiae heme peroxidase 15 (AgHPX15, AGAP013327) induced mosquito innate 

immunity and drastically suppressed the development of human and rodent malaria 

parasites. Further, we aimed to characterize HPX15 orthologs in Indian malaria vectors 

and other worldwide-distributed anophelines to understand the novelty of this molecule 

as a plausible target to block Plasmodium development. AgHPX15 orthologs were 

cloned from major Indian malaria vectors A. stephensi and A. culicifacies and their 

conserve domains were determined by the CDD search tool. The sequence homology 

and phylogenetic relationship of these clones with other heme peroxidases was 

analyzed using Mega5.2 software. We found that A. stephensi AsHPX15 and A. 

culicifacies AcHPX15 clones are close orthologs of A. gambiae AgHPX15. The 

phylogenetic relationship of these anopheline HPX15 with other animal and plant heme 

peroxidases revealed that they form a separate lineage-specific cluster and their 

orthologs are not found in human, nematodes or other related arthropods such 

as, Drosophila, Aedes and Culex mosquitoes. However, their putative orthologs are 

present in 16 other globally distributed anophelines and exhibit a highly conserved 

amino acids identity in the range of 70-99%. Based on these findings, we propose that 

the anopheline-specific and evolutionary conserved heme peroxidase HPX15 may serve 

as a unique target for designing transmission-blocking strategies to block Plasmodium-

mosquito cycle. These findings will generate new frontiers in the field of malaria 

research and disease control. 

 

3.2 Introduction  

Heme peroxidases play an important role in insect development, immunity and are also 

extensively involved in the evolution and adaption to the environment (Shi et al., 2012). 

They catalyze tyrosine crosslinking in target proteins and this is a crucial process to 

stabilize extracellular matrices. This crosslinking is a fundamental feature of basal 

membranes and essential as an elemental mechanism of tissue biogenesis (Péterfi and 

Geiszt, 2014). In case of the mosquitoes similar mechanism of peroxidase-mediated 
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crosslinking is also reported in different organs at various stages of development for 

example, sclerotization of the cuticle and crosslinking during chorion hardening 

(Andersen, 2010; Kajla et al., 2015a; Kumar et al., 2010; Li and Li, 2006).  

 African malaria vector, A. gambiae has 18 heme peroxidases (HPXs), which have 

role in development and immunity in different stages of development and body 

compartments. Heme peroxidases HPX2 and HPX15 are major regulators of anti-P. 

falciparum immunity in A. gambiae (Kumar et al., 2010; Oliveira et al., 2012). A. 

gambiae heme peroxidase named AgHPX15 (AGAP013327) catalyzes protein cross-

linking to form a physical barrier on the luminal surface of midgut epithelial cells. This 

barrier suppresses the recognition of blood bolus antigens by the mosquito immune 

system. The barrier-based mechanism maintains a ‘low immunity’ zone in this area to 

support the growth of endogenous bacteria in the blood fed midguts. Plasmodium takes 

the advantages of this situation to support its own development. Interestingly, the 

silencing of AgHPX15 gene suppressed the formation of midgut barrier and induced 

mosquito immunity against bacterial flora and P. falciparum (Kumar et al., 2010). Thus, 

AgHPX15 may be a ‘potent candidate’ that can be targeted to manipulate mosquito 

immunity to block Plasmodium development. In this study, we characterized AgHPX15 

orthologs in major Indian malaria vectors, A. stephensi and A. culicifacies and analyzed 

their evolutionary relationships. Our results demonstrate that HPX15 is an Anopheles 

lineage-specific gene and evolutionary conserved among nineteen different species of 

Anopheles mosquitoes. These findings may help us to design common strategies for 

blocking the transmission of human malaria by targeting a key central molecule that 

regulates Plasmodium development.    

 

3.3 Results 

3.3.1 Characterization of AgHPX15 orthologs in A. stephensi and A. 

culicifacies 

To identify AgHPX15 orthologs in major Indian malaria vectors (A. stephensi and A. 

culicifacies), we cloned HPX15 from these mosquito species. At the starting of this 

study A. stephensi genome sequences were not available, thus degenerate primers 

approach was used to clone HPX15 as discussed in Chapter 2 Materials and Methods 

and Figure 2.1. A PCR product of 428 bp from A. stephensi midgut cDNA was cloned 

and sequenced (Figure 3.1A). The nucleotide BLAST results revealed its closest match 

with A. gambiae AgHPX15 (77% identity and E value 6e-84). This clone was named 

degAsHPX15.  
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Figure 3.1: Cloning of HPX15 gene from Indian malaria vectors, A. stephensi and A. 
culicifacies. A) 24h post blood fed A. stephensi midgut (Mg) and carcass (CC) cDNA templates were 

PCR amplified using degenerate primers (deg pri) as depicted in Figure 2.1. These primers amplified 

a desired product of 428 bp from the midgut (Mg) cDNA. B) PCR amplification of A. stephensi 

midgut (Mg) and carcass (CC) cDNA using gene-specific primers (F3R3) as depicted in Figure 3.2. 

These primers amplified a single product of ~1100 bp exclusively from Mg cDNA. The genomic 

DNA (gD) template served as a control for the PCR reactions. C) A. culicifacies cDNA templates 

were PCR amplifies using F3R3 primers. The desired band of ~1100 bp is seen only in Mg cDNA. 

The leftmost lane in all the cases represents the standard DNA molecular marker (M) reference for 

identifying the size of amplified DNA fragments. Numbers on the left side indicate standard DNA 

size in kb. PCR products indicated by arrowheads were used for cloning and sequencing. 

Later on the unannotated genome of A. stephensi (taxid: 30069) was available at 

NCBI. The nucleotide BLAST of degAsHPX15 and AgHPX15 against A. stephensi 

genome retrieved contig 5285 (recently super contig KB665221, Ensembl identifier 

ASTE008179 in annotated genome), which was used to design gene-specific primers 

(Figure 3.2). PCR with F3R3 primers amplified a fragment of ~1100 bp exclusively from 

A. stephensi midgut cDNA and no product was observed when carcass cDNA was used 

as template (Figure 3.1B). PCR with other primers F2R2 amplified a desired (329 bp) 

product and we used it to confirm the identity of our clones. We further continued with 

Figure 3.2: Designing of HPX15 gene-specific primers. The nucleotide sequence of A. stephensi 

putative HPX15 contig 5282 (recently super contig KB665221, Ensembl identifier ASTE008179 in 

annotated genome) was aligned either with the degenerate clone (degAsHPX15) or A. gambiae 

AgHPX15 gene. Primer pairs F2R2 and F3R3 are represented by thick black bars. The numbers on 

left and right sides indicate the nucleotide positions in the respective sequences. The vertically 

inclined gray bars indicate gaps created in the sequences for presentation purpose. 
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the larger (~1100 bp) PCR product obtained by F3R3 primers. This PCR product was 

sequenced (size 1075 bp), named as AsHPX15 and its sequence was submitted to 

NCBI [GenBank: KP223285]. The nucleotide or predicted protein BLAST of AsHPX15 

identified its closest match to A. gambiae AgHPX15. NCBI nucleotide BLAST of 

obtained sequences disclosed 89% query coverage, 76% identity and E value 3e-168 

with A. gambiae HPX15 (AgHPX15).  

Interestingly, the A. stephensi AsHPX15 specific F3R3 primers also amplified a 

similar size PCR product when A. culicifacies midgut cDNA was used as template 

(Figure 3.1C). The obtained clone was named as AcHPX15 and its sequence (1077 bp) 

was submitted to NCBI [GenBank: KP299257]. NCBI nucleotide BLAST of AcHPX15 

sequences revealed first hit as AgHPX15 with 81% query coverage, 77% identity and E 

value 0.0. Predicted proteins for AcHPX15 and AsHPX15 also have a close orthology to 

each other (79% identity and 86% similarity). These results revealed that AgHPX15, 

AsHPX15 and AcHPX15 are identical orthologs.  

 

3.3.2 AgHPX15, AsHPX15 and AcHPX15 have identical domains 

To understand details regarding the sequence identity, structure and functional 

relationships, AgHPX15, AsHPX15 and AcHPX15 proteins were subjected to conserved 

domain database (CDD) analysis. Results depicted in Figure 3.3A revealed that all 

these peroxidases exhibit characteristics, identity similar to the peroxinectin-like 

conserved domain of animal heme peroxidases superfamily. Peroxinectins are secreted 

as cell-adhesive and opsonic arthropod proteins that play crucial role in invertebrate 

immunity and interact with integrin family of transmembrane receptors (Sritunyalucksana 

et al., 2001). Human myeloperoxidase (MPO) is also a member of this vast family and 

interacts with integrins (Hampton et al., 1996; Persson et al., 2001). Animal heme 

peroxidases and related proteins superfamily contains a diverse group of enzymes, 

including peroxidases from metazoans and their members are also found in fungi, plants 

and bacteria (Dunford, 1999; Passardi et al., 2007). We also observed identical binding 

sites in the conserved domain of these three anopheline peroxidases. These sites are 

10 heme binding, 14 putative substrate binding and 2 homodimer interface sites (Figure 

3.3B). 
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Figure 3.3: Analysis of conserve domains in AgHPX15, AsHPX15 and AcHPX15. A) Signature 

domains in protein sequences of three heme peroxidases were determined through the Conserved 

Domain Database (CDD) search tool available online at NCBI. The number scale indicates amino 

acids in corresponding peroxidase proteins. Thick gray and black bars depict the peroxinectin-like 

conserved domain and animal heme peroxidases superfamily, respectively. B) Numerous CDD 

predicted binding sites such as heme binding, calcium binding, putative substrate binding and 

homodimer interface sites are represented by the characteristic symbols in the aligned amino acids 

sequences of AgHPX15, AsHPX15 and AcHPX15. 
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3.3.3 HPX15 is a unique anopheline-specific heme peroxidase  

The CDD analysis revealed that the domain structure of AgHPX15, AsHPX15 and 

AcHPX15 is identical and they all are designated heme peroxidases (Figure 3.3). In 

vertebrates and invertebrates heme peroxidases catalyze protein crosslinking, which is 

generally a crucial process to stabilize the extracellular matrix (Dunford, 1999; Kumar et 

al., 2010). The basic mechanism of peroxidase-mediated protein crosslinking is evident 

in A. gambiae (Kumar et al., 2010). Thus, we believe that AsHPX15 and AcHPX15 may 

also demonstrate a similar mechanism in Indian malaria vectors. Therefore, these heme 

peroxidases were further analyzed to understand their common features. 

 As we discussed before that the nucleotide and predicted protein general BLAST 

of AsHPX15 and AcHPX15 revealed A. gambiae AgHPX15 as closest match. However, 

they do not have a considerable match with any peroxidase from other organisms. Thus, 

we hypothesized that HPX15 is a unique type of heme peroxidase and its orthologs may 

be present only in the genus Anopheles. To understand the novelty of anopheline 

HPX15 peroxidases, we used WAG model to reconstruct their phylogenetic relationship 

with other peroxidases as explained in Chapter 2 Material and Methods. For this 

analysis, we selected heme peroxidases from numerous blood feeding and non blood 

feeding insects, human and plant (as mentioned in Table 3.1).  

Results presented in Figure 3.4 revealed that these peroxidases appear in two 

major clades. Each clade defines separate lineage for plants and animal heme 

peroxidases. The clade for animal heme peroxidases is further divided into 11 

subclades that are designated based on A. gambiae peroxidase representative (this 

nomenclature was adopted from VectorBase database) in the cluster of that particular 

subclade. For example, AgHPX4, AgHPX3, AgDBLOX, AgHPX6, AgHPX5, AgHPX7, 

AgHPX8, AgHPX1, AgHPX16 and AgDUOX (Figure 3.4). 

 Among 16 A. gambiae heme peroxidases, AgHPX4 and AgDUOX reveal 

orthology to a wide range of animal heme peroxidases that include human EPO and 

MPO and peroxidases from Caenorhabditis elegans, mosquitoes and other insects. This 

shows the ubiquitous nature of these genes that have been conserved during the 

evolution through lower to higher organisms. 

Interestingly, AgHPX3 orthologs are present only in arthropod as well as C. 

elegans. AgHPX1, AgHPX5, AgHPX6, AgHPX7 and AgDBLOX are arthropod-specific  
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Table 3.1: List of peroxidases from diverse organisms selected for phylogenetic analysis. The 

heme peroxidases protein sequences for various organisms were obtained from NCBI and Vectorbase 

databases as mentioned in the Materials and Methods. Each sequence is also represented by its 

abbreviation in parenthesis, which we used for the phylogenetic analysis. Asterisk (*) indicates the 

non heme peroxidases from A. gambiae.   

Organisms name 
(Abbreviation) 

Peroxidase 
nomenclature 

Gene/sequence ID Amino acids 
in full length 
protein 

Amino acids 
in trimmed 
sequence 

A. stephensi (As) AsHPX15 KP223285 - 358 
 
A. culicifacies (Ac)  AcHPX15 KP299257 - 353 
 
A. gambiae (Ag) DBLOX gi/347972907 1381 482 

DUOX gi/347973195 1000 329 
HPX1 gi/158289807 827 336 
HPX2 gi/158299743 812 353 
HPX3 gi/347970469 1470 335 
HPX4 gi/158286012 1654 328 
HPX5 gi/347963064 749 337 
HPX6 gi/347970011 866 347 
HPX7 gi/347971118 784 474 
HPX8 gi/57619500 767 335 
HPX10 gi/333466682 589 333 
HPX11 gi/347972511 593 332 
HPX12 gi/158289809 1226 335 
HPX14 gi/333469638 605 341 
HPX15 gi/347972481 602 335 
HPX16 gi/347972569 575 424 
* GPXH1 gi/118783685 167 167 
* GPXH2 gi/333467578 59 59 
* GPXH3 gi /58384280 171 171 
* TPX1 gi/119113794 234 234 
* TPX2 gi/58377838 196 196 
* TPX3 gi/158285485 250 250 
* TPX4 gi/116117223 221 221 
* TPX5 gi/58376628 223 223 

 
Aedes aegypti (Ae) Chorion 

Peroxidase 
gi/166208492 790 333 

DBLOX gi/403182607 1405 394 
DUOX gi/403182881 1452 329 
HPX4 gi/403182346 910 328 
HPX5 gi/403183503 748 337 
HPX6 gi/403183282 730 353 
HPX7 gi/403182638 744 326 
HPX8A gi/403182640 720 436 
HPX8B gi/403182639 788 362 
HPX1 gi/108878203 683 357 
HPX2 gi/108870372 679 347 
Oxi-peroxidase gi/108868308 719 357 
Oxi-peroxidase gi/108878879 770 335 
Peroxinectin gi/108880850 397 361 
Peroxidasin gi/108884376 886 328 

 
Culex quinquefaciatus 
(Cq) 

Chorion 
Peroxidase 

gi/170039127 843 343 

Chorion 
Peroxidase 

gi/170043090 775 420 

Chorion 
Peroxidase 

gi/170066961 753 342 

Chorion 
Peroxidase 

gi/170031127 685 323 
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DUOX gi/170033274 1482 466 
Oxi-peroxidase gi/170044848 1476 398 
Oxi-peroxidase gi/170052031 1401 394 
Peroxinectin gi/170043088 747 332 
Peroxidase gi/170044240 685 358 
Peroxidase gi/170065480 697 357 
Thyroid 
Peroxidase 

gi/170063064 888 330 

 
Drosophila 
melnogaster (Dm) 

Peroxidase gi/386765938 649 343 
Peroxidase gi/24647689 753 336 
Peroxidase gi/19921482 1394 390 
Peroxidase gi/24649775 1439 361 
Chorion 
Peroxidase 

gi/290457651 690 336 

DUOX gi/380865378 1537 335 
Peroxidasin gi/74871953 1527 329 
Peroxinectin gi/229462993 809 400 

 
Apis melifera (Ap) DBLOX gi/328776732 1448 357 

DUOX gi/328779750 1483 361 
HPX6 gi/328780340 1401 345 
HPX1 gi/328776817 703 334 
Peroxidasin gi/66499817 1293 334 
Peroxinectin gi/328782858 1707 336 

 
Pediculus humanus 
corporis (Ph) 

Chorion 
Peroxidase 

gi/242008911 924 354 

Chorion 
Peroxidase 

gi/242023785 792 337 

DUOX gi/212514898 1441 398 
Peroxidase gi/242006324 599 425 
Thyroid 
Peroxidase 

gi/242022412 1266 331 

 
Tribolium castaneum 
(Tc) 

DUOX gi/89235882 1512 332 
Peroxidase gi/189241488 902 336 
Oxi-peroxidase gi/91076232 761 366 
Oxi-peroxidase gi/189240397 1443 356 
Peroxidasin gi/91094043 1388 334 
Peroxinectin gi/91076750 747 334 

 
Caenorhabditis 
elegans (Ce) 

DUOX gi/74959793 1400 338 
Peroxidase gi/3879533 1490 333 
Peroxidase gi/351065684 724 327 
Peroxinectin gi/351063213 1285 334 

 
Arabidopsis thaliana 
(At) 

Peroxidase1 gi/384950711 325 325 
Peroxidase72 gi/26397792 336 336 

 
Homo sapiens (Hs) Duox1 gi/74719102 1551 345 

Eiosinophil 
peroxidase (EPO) 

gi/1352738 715 332 

Myeloperoxidase 
(MPO) 

gi/129825 745 358 

Thyroid 
peroxidase (TPO) 

gi/160281455 933 337 

Vascular 
peroxidase (VPO) 

gi/126643889 1479 331 
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heme peroxidases (Figure 3.4) and might have a conserved function across insect 

species irrespective of their blood feeding or non blood feeding behaviors as observed 

in the case of other genes (Shi et al., 2012). These peroxidases might have been 

selected by gene duplications that occurred prior to the most recent common ancestor 

(MRCA) of hemimetabolous (e.g. Pediculus humanus, Ph) and holometabolous (e.g. 

mosquitoes) insects. AgHPX16 has no ortholog in other mosquitoes such as, Aedes and 

Culex however, its ortholog is present in Drosophila. AgHPX2 and AgHPX8 are 

mosquito-specific heme peroxidases and their orthologs are present in Aedes and Culex 

mosquitoes (Figure 3.4).  

The above phylogenetic analysis also indicated the presence of lineage-specific 

mosquito heme peroxidases. Our findings revealed that there is a cluster of unique 

Anopheles heme peroxidases, which includes AgHPX10, AgHPX11, AgHPX12, 

AgHPX14 and AgHPX15. These A. gambiae-specific peroxidases do not have any 

ortholog in other arthropods that we analyzed. Interestingly, AgHPX10 and AgHPX15 

have their own paralogs named AgHPX11 and AgHPX14, respectively. However, the 

heme peroxidase AgHPX12 has no paralog even in A. gambiae (Figure 3.4). These 

unique peroxidases might have some crucial role in biology, physiology, geographical 

distribution or environmental adaptations of Anopheles mosquito as reported in the case 

of other genes (Shi et al., 2012). We emphasize that these peroxidases may be 

considered unique targets to synthesize blockers for regulating the biological activities 

of the malaria vector. However, the involvement of these peroxidases in the regulation 

of Plasmodium development needs further investigations and our group is actively 

engaged in that direction.    

It is also evident from the phylogenetic analysis that AsHPX15, AcHPX15 and 

AgHPX15 are evolutionary closer orthologs (Figure 3.4). Thus, overall this data 

represents that HPX15 is a novel peroxidase that is present at least in three different 

anopheline mosquitoes (A. gambiae, A. stephensi and A. culicifacies) and does not 

have orthologs in any other dipterans. 

 Further, we analyzed the phylogenetic relationship of AsHPX15 and AcHPX15 

with all heme peroxidase proteins of related mosquitoes (all belonging to family 

Culicidae). For that, we selected total 42 HPX proteins from the genome of A. aegypti, 

C. quinquefasciatus and A. gambiae (as mentioned in Table 3.1). 



 
 
 
 
 

Chapter 3 

38 

 

Figure 3.4: 

Phylogenetic 

analysis of 

selected heme 

peroxidases 

from various 

organisms. The 

Maximum 

likelihood (ML) 

method was 

used to construct 

the phylogenetic 

tree for 76 heme 

peroxidase 

(HPX) proteins 

selected from 

different 

organisms. The 

gene ID and 

abbreviations of 

organisms’ 

scientific names 

have been 

mentioned in 

Table 3.1. 

Arrowheads 

indicate 

AsHPX15 and 

AcHPX15 

clones. Vertical 

broken gray 

lines indicate 

specific clusters, 

which are 

named after the 

representative A. 

gambiae HPX. 

The scale bar 

represents base 

substitutions per 

site. The 

numbers on the 

branches 

represent the % 

of 1000 

bootstrap.  
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These sequences were trimmed as mentioned before in the Materials and Methods and 

reconstructed a phylogenetic tree using the WAG model (Figure 3.5). Interestingly, the 

topology of this 

phylogenetic rel-

ationship is 

broadly similar to 

that of the 

corresponding 

subclade in the 

previously cons-

tructed phylog-

enetic tree 

(comparing Fig-

ures 3.4 and 

3.5). 

 This 

phylogenetic an-

alysis clearly 

demonstrated 

that out of 16 A. 

gambiae heme 

peroxidases 10 

have their 

orthologs in 

Aedes and Culex 

mosquitoes. 

These heme 

peroxidases are 

AgHPX1, Ag-

HPX2, AgHPX3, 

AgHPX4, Ag-

HPX5, AgHPX6, 

AgHPX7, Ag-

HPX8, AgDUOX 

and AgDBLOX. This topology supports that these orthologs are selected by gene 

Figure 3.5: Phylogenetic analysis of mosquitoes heme peroxidases. The 

ML method was used to construct the phylogenetic tree of 44 heme 

peroxidases selected from Aedes aegypti, Culex quinquefasciatus and 

Anopheles gambiae as discussed in Materials and Methods. The gene ID 

and organisms details are mentioned in Table 3.1. Arrowheads indicate 

AsHPX15 and AcHPX15 clones. Vertical broken gray lines indicate 

specific clusters, which are named after the representative A. gambiae HPX. 

The scale bar represents base substitutions per site. The numbers on the 

branches represent the % of 1000 bootstrap. 



 
 
 
 
 

Chapter 3 

40 

 

duplications that occurred prior to the most recent common ancestor (MRCA) of family 

Culicidae. Importantly, 5 heme peroxidases that further exhibited anophelines lineage 

specificity are AgHPX10, AgHPX11, AgHPX12, AgHPX14 and AgHPX15 (Figure 3.5). 

AgHPX16 seems to be the most divergent A. gambiae heme peroxidase and does not 

have any known paralog however, we observed its ortholog in Drosophila (Figure 3.4). 

In addition, the anophelines heme peroxidases also experienced a lineage-specific 

expansion as reported in other insects (Shi et al., 2012). The phylogenetic relationship 

among 16 A. gambiae heme peroxidases and 8 non heme peroxidases revealed that 

both types of 

peroxidases 

appear in two 

different cla-

des and have 

diverged from 

each other a 

long before 

(Figure 3.6). 

It is also 

noteworthy to 

mention that 

gene exp-

ansion and 

duplication is 

dominant in 

A. gambiae 

heme per-

oxidases. For 

example, Ag-

HPX15 and 

HPX14 are in 

the same 

cluster (99% 

bootstarp 

value), HPX12 

is forming 

Figure 3.6: Phylogenetic analysis of A. gambiae heme and non heme 

peroxidases. ML tree was constructed for 16 heme and 8 non heme A. 

gambiae peroxidases. The sequenced of all these peroxidases were retrieved 

from NCBI and their details are provided in Table 3.1. The numbers on the 

branches represent the % of 1000 bootstrap. The scale bar represents base 

substitution per site. Arrowheads indicate AsHPX15 and AcHPX15.  
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cluster with HPX10-HPX11 (98% bootstarp value), HPX7-HPX8 and HPX4-HPX5 are 

also appearing in their own clusters, respectively (Figure 3.6). These clusters represent 

gene duplication (origin of paralogs) in heme peroxidases and explain the expansion of 

HPX family in A. gambiae. However, AgHPX1, AgHPX2, AgDUOX, AgHPX16 and 

AgDBLOX do not reveal any characteristic duplication pattern (Figure 3.6). 

 

3.3.4 HPX15 orthologs are present in the malaria vector and non vector 

species of Anopheles mosquitoes   

Our previous phylogenetic analyses revealed that HPX15 orthologs are present at least 

in three major malaria transmitting species of Anopheles mosquito such as, A. gambiae, 

A. stephensi and A. culicifacies (Figures 3.4 and 3.5). The recent availability of whole 

genome shotgun sequences of 16 additional species of anopheline mosquitoes drew 

our attention to understand the universality of HPX15 in these worldwide-distributed 

Anopheles mosquitoes. Nucleotide BLAST of AsHPX15 clone against these shotgun 

sequences provided the matching contigs (recently named as ensemble identifier as 

mentioned in Table 3.2).  

We found that all of these 16 species of Anopheles mosquitoes also have the 

putative HPX15 gene in their genome. Interestingly, in this comprehensive analysis of 

19 above-mentioned anophelines (see Table 3.2) there are 12 major, 5 minor and 2 non 

malaria vector species as defined by others (Neafsey et al., 2013). Thus, the presence 

of HPX15-like peroxidases in the genome of vectors and non vector species may not 

reveal its direct association with their vectorial capacity. We believe that HPX15 might 

have a general physiological role in these blood feeding vectors or non vector species of 

Anopheles mosquitoes and managing the phenomenon of ‘immune balance in midgut’ 

during food digestion as we reported before in case of A. gambiae (Kumar et al., 2010). 

This further warrants the detailed investigations of these mechanisms in other 

anophelines.   

 

3.3.5 HPX15 proteins are highly conserved among anophelines  

We compared the predicted protein sequences of all the sixteen HPX15 peroxidases to 

analyze their relative identity with AgHPX15, AsHPX15 and AcHPX15 proteins. The 

amino acids identity among these total 19 HPX15 peroxidases was found to be highly 

conserved (70-99%, Table 3.3). 
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Table 3.2: List of putative HPX15 peroxidases retrieved from different species of Anopheles 

mosquitoes. The putative HPX15 peroxidase contig (or Ensembl identifier) from the genome of 

different anophelines were retrieved using nucleotide sequences of AsHPX15 clone (GenBank: 

KP223285) as query. The overhanging sequences of the contigs were trimmed based on AsHPX15 

sequences as mentioned in the Materials and Methods. The BLAST query coverage, identity of 

corresponding HPX15 contig with AsHPX15 clone and the nucleotides and total amino acids in 

trimmed sequences are presented in the table. The abbreviation for individual mosquito is also 

mentioned in parenthesis. 

Vectorial 

capacity 

Anopheles 

spp. 

(abbreviation) 

Ensembl 

identifier or 

gene bank 

identity  

Retrieved 

contig 

% nucleotide 

query 

coverage 

with 

AsHPX15  

(KP223285) 

% 

nucleotide 

Identity 

with 

AsHPX15 

(KP223285) 

Nucleoti-

des 

(Amino 

acids) in 

trimmed 

sequence 

Major 

vectors 

A.arabiensis 

(Aar) 

AARA008901 1.3480 96 75 1011(337) 

A.atroparvus 

(Aat) 

AATE013459 1.2435 90 70 934 (311) 

A. darling 

(Ada) 

ADAC006384 7077 77 71 985(335) 

A. dirus (Adi) ADIR011596 1.4912 83 72 909(303) 

 

A.farauti (Afa) AFAF010327 2.1809 93 73 1015(337) 

 

A.funestus 

(Afu) 

AFUN008618 1.6688 98 76 995(331) 

A.maculatus 

(Ama) 

AMAM004556 1.2526 98 83 986 (328) 

A.sinensis 

(Asi) 

Not known 012260 96 69 1009(336) 

A.nili (Ani) Not known 19203 84 71 915  (304) 

 

A. gambiae 

(Ag) 

AGAP013327 - 89 76  1005 (335) 

A. culicifacies 

(Ac) 

KP299257 1.17233 84 79 1059 (353) 

A. stephensi 

(As) 

KP223285 5285 100 100 1075 (358) 

Minor  

vectors 

A.albimanus 

(Aal) 

AALB010446 1.835 78 71 1050 (323) 

A.epiroticus 

(Aep) 

AEPI000890 1.174 93 73 980 (326) 

A. melas 

(Amel) 

AMEC000291 2.2419 96 74 995 (331) 

A. merus 

(Amer) 

AMEM005191 2.5072 96 74 994 (331) 

A.minimus 

(Ami) 

AMIN007008 1.3585 98 83 1009 (336) 

Non-

vectors 

A.quadriannula

tus (Aq) 

AQUA003275 1.8077 96 75 1011 (337) 

A.christyi (Ach) ACHR005516 1.2278 97 75 986 (328) 
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Figure 3.7: Phylogenetic analysis of putative HPX15 peroxidases from 
different species of Anopheles mosquitoes. ML tree was constructed 

using heme peroxidase protein sequences from 19 different species of 

Anopheles mosquitoes. Details regarding HPXs nomenclature and 
anopheline species are mentioned in Table 3.2. Arrowheads indicate 

AsHPX15 and AcHPX15. Gray color solid vertical lines represent three 

sub genera (Cellia, Anopheles and Nyssorhynchus) of the genus Anopheles. 
Broken vertical lines represent series (Neocellia, Myzomyia, 

Neomyzomyia and Pyretophorus) of sub genus Cellia. The gambiae 

complex is the part of series Pyretophorus. The scale bar represents base 

substitutions per site. The numbers on the branches represent the % of 1000 

bootstrap.  

 

 

This range of percentage identity, confirmed that all these peroxidases are orthologs as 

described in case of other proteins (Peterson et al., 2009). In addition, we also analyzed the 

evolutionary rela-

tionship among 

these 19 species-

specific peroxidase 

proteins. Results 

presented in Figure 

3.7 revealed that 

the phylogenetic 

relationship of 

these nineteen 

HPX15 proteins 

follows a pattern 

similar to the 

evolutionary class-

ification of these 

mosquito species 

as described by 

other researchers 

(figure 1 of 

(Neafsey et al., 

2013). These 

findings explain that 

HPX15 is 

conserved among 

anopheline mosq-

uitoes and might 

have evolved the 

same way as 

different species of 

Anopheles evolved.  
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In conclusion, HPX15 is a highly conserved anopheline lineage-specific peroxidase 

and present in the genome of globally distributed major/minor malaria vectors. These 

findings have great advantage to the society in terms of blocking the activity of this single 

molecule might interrupt the malaria cycle in those vectors.  

  

3.4 Discussion 

Heme peroxidases (HPXs) are found almost in all living organisms and generally catalyze 

the one- and two-electron oxidation of numerous organic and inorganic substrates. The 

redox cofactor is heme b or post translationally modified heme that is ligated to either 

histidine or cysteine residue. Four heme peroxidase super families (peroxidase-catalase, 

peroxidase-cyclooxygenase, peroxidase-chlorite dismutase and peroxidase-peroxygenase) 

have differences in their enzymatic activities and also evolved independently (Zámocký et 

al., 2015).  

In general, heme peroxidases play an important role in development and immunity. 

In vertebrates and invertebrates, heme peroxidases catalyze protein crosslinking that is a 

crucial process to stabilize the extracellular matrix. This crosslinking is a fundamental 

feature of basal membranes and essential as an elemental mechanism of tissue biogenesis 

(Péterfi and Geiszt, 2014; Kumar and Barillas-Mury, 2005). Heme peroxidases are also 

extensively involved in the evolution and adaptations to the environment (Shi et al., 2012). 

Thus, HPXs super family is considered to be a group of highly diversified members. Our 

phylogenetic analysis of the heme peroxidases (HPXs) from different phyla revealed the 

existence of two separate lineages of highly diversified HPXs, namely animals and plants 

(Figure 3.4). These results are supported by the previous reports where heme peroxidases 

are classified into two major families, namely the animal and non-animal peroxidases that 

include fungal and protist heme peroxidases (Passardi et al., 2007). 

Our phylogenetic analysis of 74 animal heme peroxidases (16 from A. gambiae and 

58 from other animals) reveal that they appear in 11 different clades. Some of the A. 

gambiae heme peroxidases have their orthologs in other organisms, including human 

(Figure 3.4). For example, an extensively conserved HPX4 and DUOX clusters, which are 

originated by gene duplication events that occurred during the evolution of the kingdom 

Animalia. In addition, some of the A. gambiae heme peroxidases (e.g. HPX1, HPX3 and 

HPX5) are more close relatives of other arthropods and emerged by gene duplications that 

occurred prior to the most recent common ancestor (MRCA) of hemimetabola and 



 
 
 
 
 

Chapter 3 

46 

 

holometabola in the late carboniferous period, 318-300 million years ago (Wiegmann et al., 

2009; Hughes, 2012). Thus, it is clearly evident that gene duplication event in heme 

peroxidase super family is crucial in the evolution of biological complexity and offers raw 

material that diverged under positive selection (Ohno, 1970). These events are critical 

during evolution, speciation and the birth of new life forms.  

In A. gambiae there are 16 heme and 8 non heme peroxidases, which are 

evolutionary separated from each other (Figure 3.6). This indicates that in A. gambiae 

there is a large expansion of heme peroxidases and that may be associated with their 

geographical distribution or biological behaviors as reported in other organisms (Shi et al., 

2012). It is also noticeable that some lineage-specific heme peroxidases are present only in 

anophelines and do not have any ortholog in other animals including Aedes and Culex 

mosquitoes. These unique Anopheles heme peroxidases are HPX10, HPX11, HPX12, 

HPX14 and HPX15 (Figure 3.4). In this group, HPX12 has no paralog in A. gambiae. 

However, HPX10-HPX11 and HPX14-HPX15 are paralogs. 

As we have mentioned before that heme peroxidases are important to perform 

numerous biological functions in living organisms including insects. Anopheles mosquito is 

a known vector for human malaria therefore, we were interested to identify those novel 

heme peroxidases in this insect that regulate Plasmodium development. Among these 

above-mentioned unique A. gambiae peroxidases, AgHPX15 demonstrated a general 

physiological role in the blood fed mosquitoes, which indirectly supports the Plasmodium 

development (Kumar et al., 2010). Thus, we believe that AgHPX15 might be considered a 

potent target to block the malaria cycle in A. gambiae.   

The advocacy of AgHPX15 as a potent candidate for blocking malaria parasite 

development in mosquito requires that two important issues should be addressed. Whether, 

HPX15 is also present in all the known species of Anopheles, which are considered to be 

major/minor malaria vectors. So this single molecule may be a central point of interest to 

target all these vector species. Secondly, how conserved this molecule is so that a common 

approach to block its activity will be enough to control Plasmodium development in all 

worldwide-distributed malaria vectors. To address the first issue, we provided evidences 

that AgHPX15 orthologs are present in major Indian malaria vectors, A. stephensi and A. 

culicifacies (Figures 3.1, 3.4 and 3.5). In addition, our phylogenetic analysis with the 

retrieved sequences from 16 additional vector as well as non-vector anophelines also 

proved that the putative HPX15 gene is present in all these species (Figure 3.7). It is 
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interesting to note that HPX15 is present in both vector and non vector anophelines. This 

may be due to the reason that all these mosquitoes are hematophagous in nature and thus, 

HPX15 may be required to crosslink the midgut barrier around the ingested blood in a way 

similar to A. gambiae (Kumar et al., 2010). However, it warrants further analysis and 

understanding the correlation between the HPX15 expression and blood feeding in these 

mosquito species individually.            

For developing blocking strategies, the polymorphism in the target molecules is also 

a hurdle as reported in other systems (Mahajan et al., 2005). Thus, it is important to 

understand the genetic diversity in HPX15 orthologs as a general rule. The conserved 

domain (CD) analysis of AgHPX15, AsHPX15 and AcHPX15 provided the details about 

their identity and functional relationships (Figure 3.3). Moreover, we also found the same 

conserved domain architectures when we analyzed other 16 anopheline putative HPX15 

protein sequences. A further comparison of amino acids among total 19 HPX15 

peroxidases also revealed 70-99% identity (Table 3.3). These observations strengthen our 

hypothesis that HPX15 can be a central plausible target and a common strategy may be 

applied to block its functioning to regulate the vectorial capacity of worldwide-distributed 

malaria vectors. Our previous double stranded (ds) RNA-mediated gene silencing 

experiments add in proof to this concept. Here the dsAgHPX15 RNA, prepared from A. 

gambiae cDNA, could silence HPX15 gene in both A. gambiae and A. stephensi. Moreover, 

the silencing-mediated effects on Plasmodium development were same in these 

mosquitoes (figures 2 and S6 of (Kumar et al., 2010). These effects were probably due to 

the high (~75%) sequence identity between AgHPX15 and AsHPX15, which is evident now 

from the present study. 

Recently a remarkable role of A. gambiae AgHPX15 gene is also reported in a 

study. Here this research group demonstrated that AgHPX15 induction in spermatheca is 

regulated by sexually transferred 20-hydroxyecdysone (20E), which is essential to preserve 

the functionality of stored sperm and long-term fertility (Shaw et al., 2014). Thus, targeting 

AgHPX15 will disrupt the reproductive cycle and numbers of mosquitoes in the field. These 

findings indicate that blocking the function of HPX15 will be beneficial in many ways and 

can be easily achieved as reported previously for other mosquito targets (Dinglasan et al., 

2003; Shahabuddin et al., 1998). In these studies, a midgut-specific monoclonal antibody 

demonstrated a dose-dependent blocking effect against P. yoelii development in A. 

stephensi. Thus, we propose that the evolutionary conserved HPX15 protein in several 
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anopheline mosquitoes can also be targeted in a similar way and may certify this molecule 

as a unique candidate to block mosquito cycle of Plasmodium development.   

 

3.5 Conclusion 

A lineage-specific heme peroxidase HPX15 is present in several globally distributed 

species of Anopheles mosquito. The highly conserved nature of HPX15 reveals that this 

molecule can be a potent target for blocking Plasmodium development. These findings may 

be a great help to fight against malaria, one of the world’s deadliest diseases. 
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4.1 Abstract 
The interaction of mosquito immune system with Plasmodium is critical in determining 

the vector competence. Thus, blocking the crucial mosquito molecules that regulate 

parasite development might be effective in controlling the disease transmission. In this 

study, we characterized a full-length AsHPX15 gene from the major Indian malaria 

vector Anopheles stephensi. This gene is a true ortholog of Anopheles gambiae heme 

peroxidase AgHPX15 (AGAP013327), which modulates midgut immunity and regulates 

Plasmodium falciparum development. We found that AsHPX15 is highly induced in 

mosquito developmental stages and blood fed midguts. In addition, this is a lineage-

specific gene that has identical features and 65-99% amino acids identity with other 

HPX15 genes present in eighteen worldwide-distributed anophelines. We discuss that 

the conserved HPX15 gene might serve as a common target to manipulate mosquito 

immunity and arresting Plasmodium development inside the vector host. 
 
4.2  Introduction 
Malaria is the fatal human disease that is caused by Plasmodium and transmitted by 

various species of female anopheline mosquitoes. Plasmodium completes its sexual life 

cycle in mosquito and asexual cycle in the human host. One effective method of 

controlling malaria might be to impede parasite development inside the mosquito 

through transmission blocking strategies. For that exploring the molecular interaction of 

Plasmodium with mosquito key immune molecules is unequivocally required. 

Major studies carried in Anopheles gambiae revealed that several mosquito 

innate molecules regulate antiplasmodial immunity (Dimopoulos et al., 2002; Fraiture et 

al., 2009; Gupta et al., 2009 and 2010; Luckhart et al., 2003; Vizioli et al., 2001). 

Interestingly, many of these immune molecules effectively regulate mouse malaria 

(Plasmodium berghei) development, however, they are ineffective against human 

malaria parasite P. falciparum (Fraiture et al., 2009).  

Recent studies identified that A. gambiae heme peroxidases have regulatory 

effects against both mouse and human malaria parasites (Kumar et al., 2010; Oliveira et 

al., 2012). One important A. gambiae heme peroxidase AgHPX15 (AGAP013327) has a 

potent role in modulation of gut immunity against Plasmodium. Silencing of AgHPX15 

gene in A. gambiae decreased P. berghei as well as P. falciparum oocyst numbers 

(Kumar et al., 2010) and its orthologs are present in 19 other Anopheles species, 

including Indian malaria vector A. stephensi (Kajla et al., 2015b). We studied a partial 

clone of this gene in A. stephensi and found that it has no ortholog in human and 
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arthropods (Chapter 3 and Kajla et al., 2015b). Furthermore, we analyzed the detailed 

genomic organization and expression profile of AsHPX15 gene to understand its unique 

features and regulation in Anopheles mosquitoes.  

 

4.3 Results  
4.3.1  Characterization of full-length Anopheles stephensi AsHPX15 gene  
As mentioned in Chapter 3 that the partial AsHPX15 clone (1075 bp, GenBank: 

KP223285) does not have orthologs in other mosquitoes, insects or even humans.  

Figure 4.1: Genomic organization of AsHPX15 gene. A) AsHPX15 gene predicted by GENSCAN 
software revealed the presence of three exons viz. E1 372 bp, E2 738 bp and E3 675 bp (total CDS 
1785 bp). Two introns, I1 79 bp and I2 77 bp are represented by black dotted line. The gene promoter 
(P) was predicted 379 bp 5 upstream to the protein initiation codon. 5 UTR (343 bp) and 3 UTR (90 
bp) were also predicted in AsHPX15 gene B) AsHPX15 CDS sequencing revealed the presence of 
three exons viz. E1 369 bp, E2 743 bp and E3 682 bp (total CDS 1794 bp). Two introns, I1 76 bp and 
I2 71 bp are represented by black dotted line. Numbering indicates the nucleotide position of the gene. 
The positions of various forward (F) and reverse (R) primers are depicted here (as mentioned in 
Table 2.1, Chapter 2).   

Therefore, we were interested to 

analyze full length AsHPX15 gene, 

protein structure and regulatory 

elements to reveal its importance 

in Anopheles-pathogen intera-

ctions. For that, we predicted 1941 

bp full-length gene of AsHPX15 in 

A. stephensi genome with the help 

of GENSCAN software. The 

predicted AsHPX15 cDNA has 

three exons (372 bp, 738 bp and 

675 bp) and two introns (79 bp and 

77 bp) as depicted in Figure 4.1A. 

Full length AsHPX15 was cloned 

from A. stephensi midgut cDNA 

Figure 4.2: PCR amplification of full-length 
A. stephensi AsHPX15 gene.  A. stephensi 
midguts (Mg) cDNA template was amplified 
using F5 and R5 primers and a single band of 
expected size ~1800 bp was observed in the 
gel as indicated by the arrow head. The left 
lane (M) represents the DNA ladder used as 
reference for identifying the product size.  
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templates. PCR amplification of midgut cDNA with the help of F5 and R5 primers (Table 

2.1) amplified an expected fragment of ~1800 bp (Figure 4.2). The PCR product was 

cloned and sequenced using four different primers F2, F4, F5 and R5 (as shown in 

Figure 4.1A and Table 2.1 of the Chapter Materials and Methods) and the sequence 

was submitted to NCBI (GenBank database accession number: KT825861). The 

sequence identity of 1794 bp full length AsHPX15 clone was confirmed by general 

nucleotide BLAST and it revealed closest match with A. gambiae AgHPX15 (e value 0, 

75% identity). Interestingly, the clone does not have considerable match with any other 

organism, including Aedes and Culex mosquitoes. This data strengthen our previous 

findings that HPX15 is a unique gene that is present exclusively in anopheline 

mosquitoes (Kajla et al., 2015b).   

Figure 4.3: Analysis of regulatory elements in AsHPX15 gene. Binding sites for various 
transcription factors such as, Ecdysone, Rel, STAT and Grainy head are depicted in the regulatory 
region of AsHPX15 gene as predicted by MatInspector and JASPAR software. The TATA Box and 
transcription start site (TSS) are also shown in the regulatory region. The AsHPX15 gene (1794 bp) 
encodes for a 597 amino acids long protein. At the end, predicted Poly-A site and transcription 
termination site (TTS) are also mentioned in the figure.  
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Sequence analysis and comparison of the full-length AsHPX15 clone with A. stephensi 

genome database confirmed the presence of three exons (E1 369 bp, E2 743 bp and 

E3 682 bp) separated by two introns, 76 bp and 71 bp (Figure 4.1B). While predicted 

cDNA revealed three corresponding exons (E1 372 bp, E2 738 bp and E3 675 bp) and 

two introns (79 bp and 77 bp) as depicted in Figure 4.1A. Interestingly, the number and 

position of exons and introns are equivalent in predicted CDS (1785 bp) and the full 

length cDNA clone (1794 bp). Further analysis of AsHPX15 gene structure using GSDS 

(Gene Structure Drawing Server) software revealed that the open reading frame of 1794 

bp codes for a 597 amino acids long protein with molecular weight of 67.13 kDa (Figure 

4.3).  

 

4.3.2 AsHPX15 conserve domains are identical to A. gambiae AgHPX15 
To understand details regarding the sequence identity, structure and functional 

relationships, AsHPX15 and its true ortholog A. gambiae AgHPX15 proteins were 

subjected to conserved domain database (CDD) analysis. Results depicted in Figure 

4.4 revealed that these two peroxidases exhibit characteristics, identity similar to the 

peroxinectin-like conserved domain of animal heme peroxidases superfamily. 

Peroxinectins are generally secreted proteins and play an important role in invertebrate 

immunity, including arthropods. They are cell-adhesive and opsonic molecules and 

interact with transmembrane receptors of integrin family (Sritunyalucksana et al., 2001). 

We also observed that identical sites are present in the conserved domains of A. 

stephensi and A. gambiae HPX15 proteins. These sites are three calcium binding, ten 

heme binding, fourteen putative substrate binding and three homodimer interface sites 

(Figure 4.4). These results indicated that full-length HPX15 proteins are identical, at 

least in these two anophelines. Furthermore, we analyzed the relative identity of full-

length AsHPX15 peroxidase protein with the putative HPX15 proteins of seventeen 

other anophelines as mentioned in Table 4.1. 

The amino acids identity among these total 19 HPX15 peroxidases was found to 

be highly conserved (65-99%, Table 4.2). This conserved identity indicated that all 

these anopheline peroxidases are orthologs as discussed in case of other proteins 

(Peterson et al., 2009). In conclusion, full length HPX15 is also a conserved protein, at 

least in 19 globally distributed anopheline mosquitoes that we analyzed.   
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Figure 4.4: Conserve domains in AsHPX15 and AgHPX15 proteins. The conserved domain 
database (CDD) predicted numerous binding sites such as, heme binding, calcium binding, putative 
substrate binding and homodimer interface sites as represented by the characteristic symbols in the 
alignment of full-length AgHPX15 and AsHPX15 proteins. 

 

4.3.3 Putative transcription factor binding sites in the regulatory region of 
AsHPX15 gene  

To understand the regulation of AsHPX15 gene, we screened its regulatory region using 

NNPP2.2 software. The presence of promoter was analyzed in the randomly selected 

1800 bp 5 upstream region from the protein initiation codon of the predicted gene. This 

program predicted the transcription start site (TSS) 343 bp upstream to the first codon 

and it was assigned the position +1 (Figure 4.3). The presence of TATA box (TATAAA) 

was located at position -36 from the transcription start site. The software also predicted 
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343 bp 5’ untranslated region (UTR) just before the protein start codon ATG. 

Furthermore, we analyzed the putative transcription factor binding sites in the same 

regulatory region of AsHPX15 gene with the help of MatInspector and JASPAR 

software. The search criteria for these transcription factors binding motifs were defined 

within the insect family. Importantly, two STATs, six Rel and two ecdysone putative 

transcription factors binding sites were predicted by these software. In addition, the 

presence of one transcription factor grainy head binding site was also predicted at -750 

position in the regulatory region of AsHPX15 gene (Figure 4.3). 

 

Table 4.1: The putative HPX15 peroxidases retrieved from different species of Anopheles 
mosquitoes. The putative HPX15 peroxidase contigs (or Ensembl identifiers) were retrieved from the 
genome of different anophelines using nucleotide sequence of full-length AsHPX15 clone as query. 
HPX15 contig and total amino acids in HPX15 protein are shown in the table. The abbreviation for 
individual mosquito is mentioned in parenthesis. 

Vectorial 
capacity 

Anopheles species 
(abbreviation) 

Gene ID/ GenBank acc. 
No./Contig  

HPX15 protein 
(amino acids) 

Major 
vectors 

A. stephensi (As) KT825861 597 

A. gambiae (Ag) AGAP013327 602 

A. arabiensis (Aarb) cont1.3480 602 

A. atroparvus (Aatp) cont1.2435 603 

A. culicifacies (Acul) cont1.17233 594 

A. darlingi (Adar) cont7077 611 

A. dirus (Adir) cont1.4912 603 

A. farauti (Afar) cont2.1809 602 

A. funestus (Afun) cont1.6688 588 

A. maculatus (Amac) cont1.2526 596 

A. sinensis (Asin) cont012260 606 

A. nili (Anil) cont19203 485 

Minor  
vectors 

A. albimanus (Aalb) cont1.835 608 

A. epiroticus (Aepi) cont1.174 596 

A. melas (Amel) cont2.2419 602 

A. merus (Amer) cont2.5072 602 

A. minimus (Amin) cont1.3585 596 

Non-vectors A. quadriannulatus (Aqua) cont1.8077 602 

A. christyi (Achr) cont1.2278 598 
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Table 4.2: Percentage amino acids identity among full-length HPX15 peroxidases obtained from nineteen different anophelines. The identity among 19 different 
HPX15 peroxidase proteins was analyzed through their alignment in Clustal Omega. The total amino acids (AA) used for analysis and the nomenclature of individual 
peroxidase (1 to 19) are shown in the table. The HPX15 gene ID and abbreviations of Anopheles species are adopted from the Table 4.1. 

  AA 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

1 AalbHPX15 608  89.97 69.12 68.05 65.04 66.84 67.06 66.05 67.51 65.43 68.86 65.27   66.95 67.11 67.45 67.11 67.15 66.94 68.90 

2 AdarHPX15 611 89.97  68.50 67.77 65.27 66.72 66.27 65.77 67.39 64.48 68.24 65.16 66.67 67.00 67.34 67.00 66.32 66.17 67.95 

3 AatpHPX15 603 69.12 68.50  83.08 68.17 69.46 67.01 67.68 69.30 65.55 68.23 67.00 67.50 67.50 68.17 68.00 72.29 70.78 70.90 

4 AsinHPX15 606 68.05 67.77 83.08  69.85 71.14 67.86 67.85 69.30 64.54 68.90 67.00 67.17 67.50 68.17 68.33 70.33 69.72 70.83 

5 AsHPX15 597 65.04 65.27 68.17 69.85  86.74 78.91    78.62 79.36    69.24 74.79    75.34 76.51    76.17 76.85 76.51 68.83 71.31    73.28 

6 AmacHPX15 596 66.84   66.72   69.46    71.14    86.74   78.88    81.11 82.18    71.55    75.76 75.29    76.64 76.13    76.81 76.81 69.46    73.45    73.91 

7 AfunHPX15 588 67.06    66.27    67.01   67.86   78.91    78.88    82.42 84.01    71.55    76.32   74.49 75.00    75.00    75.51    75.34    69.57    72.40    73.21 

8 AculHPX15 594 66.05       65.77   67.68 67.85    78.62 81.11    82.42    88.72 72.51    74.03    72.56 73.74    73.06    73.57 73.74      68.49    71.16 71.79 

9 AminHPX15 596 67.51    67.39    69.30    69.30   79.36      82.18    84.01 88.72    73.45      76.81    76.17    77.52 76.85    77.35 77.18    69.04    72.61    73.74 

10 AepiHPX15 596 65.04    64.48    65.55    64.54    69.24 71.55    71.55    72.51    73.45      78.28 72.82 74.33      73.99 74.16 73.99    67.71    69.19    69.81 

11 AchrHPX15 598 68.86              68.24    68.23    68.90 74.79 75.76 76.32 74.03 76.81    78.28     82.27 83.11    83.44    83.11 82.44    70.35    71.14    72.61 

12 AmelHPX15 602 65.27    65.16    67.00    67.00    75.34 75.29    74.49    72.56    76.17 72.82      82.27    94.85    95.35    95.18 94.68    69.52   70.35    71.98 

13 AmerHPX15 602 66.95    66.67    67.50    67.17   76.51    76.64    75.00    73.74    77.52   74.33    83.11    94.85    97.51    97.51 97.01    70.56    72.03   73.32 

14 AquaHPX15 602 67.11         67.00    67.50    67.50 76.17 76.13    75.00    73.06   76.85    73.99 83.44     95.35    97.51  98.50   98.01      70.56   72.03 73.49 

15 AgHPX15 602 67.45   67.34    68.17    68.17    76.85    76.81    75.51  73.57   77.35 74.16    83.11   95.18    97.51   98.50   99.17       70.77   72.36 73.66 

16 AarbHPX15   602 67.11    67.00   68.00   68.33   76.51    76.81   75.34    73.74    77.18 73.99         82.44 94.68 97.01    98.01    99.17  70.98    72.19    73.49 

17 AnilHPX15 485 67.15    66.32    72.29    70.33    68.83    69.46    69.57    68.49 69.04    67.71    70.35    69.52    70.56    70.56   70.77   70.98    71.90   73.50 

18 AdirHPX15 603 66.94    66.17    70.78    69.72    71.31    73.45    72.40    71.16 72.61    69.19    71.14   70.35    72.03  72.03    72.36   72.19   71.90    82.72 

19 AfarHPX15 602 68.90    67.95    70.90    70.83    73.28    73.91    73.21    71.79 73.74     69.81    72.61    71.98   73.32    73.49    73.66 73.49    73.50    82.72  
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Among these transcription binding factors, ecdysone is reported as a crucial 

regulator of many genes that are involved in insect development especially, during 

molting and metamorphosis (Akagi and Ueda, 2011; Swevers and Iatrou, 2003). The 

other two transcription factor binding sites, STAT and Rel, regulate the expression of 

those genes that are involved in development as well as in immunity (Gupta et al., 2009; 

Han and Ip, 1999). Grainy head (grh) transcription factor binding sites are conserved in 

vertebrates and invertebrates and regulate those genes that contribute to manage the 

impermeable apical layer in epithelia (Narasimha et al., 2008). With these facts, we 

assume that AsHPX15 gene might be participating in the mosquito development, tissue 

biogenesis and immunity.  

 

4.3.4 AsHPX15 gene is induced in various stages of mosquito 
development  

The expression pattern of AsHPX15 

gene was determined in different 

developmental stages of the mosquito. 

For that, relative mRNA levels of 

AsHPX15 gene were analyzed by 

semi quantitative real-time PCR in 

eggs, all four instars larvae, pupae, 

adult males and females. Results 

presented in Figure 4.5 revealed that 

AsHPX15 gene is expressed in all 

stages of the mosquito development, 

with the minimum expression in the 

eggs. The relative levels of AsHPX15 

mRNA gradually increase to 9 folds 

and 19 folds in first and fourth instar 

larvae, respectively in comparison to 

the eggs. Interestingly, AsHPX15 

expression levels are largely induced 

in the pupal stage of the development. 

Our analysis revealed that AsHPX15 

mRNA levels increased 2126 folds in 

Figure 4.5: Relative AsHPX15 mRNA levels 
in different developmental stages. Results are 
representing the mean ± SD of relative mRNA 
levels in different developmental stages of A. 
stephensi. The mRNA expression levels of eggs 
were considered as controls. Significant 
differences (P < 0.0001) in the relative mRNA 
levels of different stages against controls are 
indicated by three asterisks. 
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pupae, 95 folds in adult males and 113 folds in adult females in comparison to the eggs. 

Our comparative statistical analysis revealed that the relative levels of AsHPX15 mRNA 

in pupae, males and females are highly significant in comparison to other stages of 

development (Figure 4.5). We believe that the induction of AsHPX15 in larvae and 

pupae might be due to the ecdysone hormone, which regulates larval molting and 

metamorphosis in mosquitoes in a way similar to other insects (Akagi and Ueda, 2011; 

Telang et al., 2007). 

 

4.3.5 AsHPX15 is an early blood feeding induced midgut gene  
The effect of blood feeding on the expression of AsHPX15 gene in different body 

compartments was analyzed by semi quantitative real time PCR. For that, we compared 

the relative levels of AsHPX15 mRNA in sugar or 24h post blood fed females midgut 

and carcass. In sugar fed mosquitoes, the relative levels of AsHPX15 mRNA are 45 

Figure 4.6: Relative mRNA levels of 
AsHPX15 in different mosquito body 
compartments. Relative mRNA expression 
levels were analyzed in midgut and carcass of 
sugar fed and 24h post blood fed female 
mosquitoes. The mRNA expression levels of 
sugar fed carcass were considered as controls. 
Significant differences where P<0.001 and 
P<0.0001 are indicated by two and three 
asterisks, respectively.  

Figure 4.7: Expression kinetics of AsHPX15 
gene in blood fed midguts. Relative levels of 
AsHPX15 mRNA were analyzed in sugar fed 
(SF) and blood fed midguts collected at various 
time points after blood feeding. The mRNA 
expression levels of sugar fed were considered 
as controls. Significant differences (P<0.0001) 
between each time point and controls are 
indicated by three asterisks. 
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folds higher in midgut in comparison to the carcass. After blood feeding the mRNA 

levels further increased to 670 times in midgut (Figure 4.6). However, there is no 

significant induction of AsHPX15 mRNA in the body wall of 24h blood fed females. In 

other words, the AsHPX15 mRNA levels are indifferent in the body wall before and after 

the blood feeding (Figure 4.6). Thus, AsHPX15 is exclusively expressed in midgut and 

induced by blood feeding.  

To understand the expression kinetics of AsHPX15 gene, we analyzed its 

relative mRNA levels in the midgut at different time intervals after blood feeding. The 

results presented in Figure 4.7 indicated that AsHPX15 is induced 20 times at 3h post 

blood feeding against the sugar fed controls. The mRNA expression of AsHPX15 gene 

in blood fed midguts is further induced with time and a maximum induction of 42 folds is 

observed at 18h. Afterwards, the relative mRNA levels of AsHPX15 are reduced at 24h. 

These results indicated that AsHPX15 is an early blood feeding-induced gene (Figure 

4.7). These data are in agreement with the findings in A. gambiae where AgHPX15, an 

ortholog of AsHPX15, is an early blood feeding induced midgut gene (Kumar et al., 

2010). 

 

4.3.6 AsHPX15 is a secreted globular protein  
Our sequence analysis revealed that AsHPX15 gene contains 1794 bp open reading 

frame (ORF) that encodes a 597 amino acids long protein. The SignalP analysis of 

AsHPX15 protein revealed the presence of a signal peptide (1-21 amino acids) at the N-

terminal (Figure 4.8). The cleavage site for signal peptidase (SPase) is present 

between the amino acids 21 and 22 (VLS21-Q22T, the D=0.838. D cutoff=0.450). This 

indicated that AsHPX15 is a secreted protein. These findings are similar to the A. 

gambiae AgHPX15, which is also reported to be a secreted protein (Kumar et al., 2010). 

We also predicted the secondary structure of AsHPX15 protein with the help of Phyre2 

software. The resultant output revealed that AsHPX15 contains 44% alpha helix and 1% 

beta sheets (Figure 4.8). This indicated that AsHPX15 is a globular protein, as this 

category of proteins contains more alpha helices than beta sheets (Pace and Scholtz, 

1998).  

The deduced AsHPX15 polypeptide was also subjected to three-dimensional 

structural prediction by Phyre2 software. Interestingly, 93% amino acid residues (554 

amino acids) of the full-length protein (total 597 amino acids) were modeled with buffalo 

lactoperoxidase available in protein data bank (PDB ID:2GJM) with 100% level  of 
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Figure 4.8: Deduced secondary structure of AsHPX15 protein. AsHPX15 protein contains 44% 
alpha helix (represented by spirals) and 1% beta sheets (shown by arrows) as predicted by Phyre2 
software. The red arrowhead indicates the cleavage site for signal peptidase (SPase) as predicted by 
the SignalP software. Various conserved binding sites in the protein are represented by characteristic 
symbols.  

Figure 4.9: 3D structure analysis of AsHPX15 protein. A) 3D structure of AsHPX15 protein was 
predicted by Phyre2 software using lactoperoxidase as template. B) Ligand binding site in AsHPX15 
protein was predicted by 3DLigandSite server. The residues shown in blue color are the part of active 
site. The green color represents the ligand bound to the active site.  
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confidence (Figure 4.9A). The active site of AsHPX15 peroxidase enzyme consists of 

ARG102, ILE317, GLN571 and PHE574 as predicted by 3DLigandSite software using NAG 

(N-acetyl D-glucosamine) as heterogen (Figure 4.9B).  

 

4.4 Discussion 
In general, heme peroxidases play an important role in insect development and 

immunity (Shi et al., 2012). They catalyze tyrosine crosslinking, which is a fundamental 

feature of basal membranes and essential as an elemental mechanism of tissue 

biogenesis (Péterfi and Geiszt, 2014). In case of malaria vector similar mechanism of 

peroxidase-mediated crosslinking is also reported in different organs at various stages 

of development for example, sclerotization of the cuticle and crosslinking during chorion 

hardening (Andersen, 2010; Kajla et al., 2015a; Kumar et al., 2010; Li and Li, 2006).  

In A. gambiae midgut, a heme peroxidase AgHPX15 (AGAP013327) catalyzes 

tyrosine crosslinking of the mucin layer to form a physical barrier that creates a ‘low 

immunity’ zone in the midgut lumen area to support the growth of endogenous bacteria 

and the progression of food digestion without the activation of mosquito immunity (Kajla 

et al., 2015a). The malaria parasite Plasmodium takes advantage of this low immunity 

zone to support its own development.  

To understand the specific features of HPX15 gene in the Indian major malaria 

vector we cloned the full-length AsHPX15 gene (KT825861) and its general BLAST 

provided the closest match to A. gambiae AgHPX15 (AGAP013327) gene (e value 0 

and 77% identity). Our results also revealed that full length HPX15 gene is also 

conserved among worldwide-distributed 19 anophelines and these HPX15 orthologs 

share 65-99% amino acids identity (Table 4.2). The full-length AsHPX15 protein has 

several identical features that are common to A. gambiae AgHPX15 protein. For 

example, both these orthologs have characteristic identity to the peroxinectin-like 

conserved domain of animal heme peroxidases superfamily. In addition, the calcium 

binding, heme binding, putative substrate binding and homodimer interface sites are 

also identical between AsHPX15 and AgHPX15 (Figure 4.4). These properties revealed 

that HPX15 is a unique and evolutionary conserved anopheline-specific molecule that 

may serve as a common target to arrest malaria parasite development inside the insect 

host. 

AsHPX15 gene is induced in different developmental stages of mosquito such 

as, larvae and pupae (Figure 4.5). This might indicate that AsHPX15 is playing an 

important role in the mosquito development. It is of note that in case of larvae each 
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instar stage is completed with molting that includes formation of a new cuticle and its 

sclerotization. This process is governed by ecdysone, a steroidal hormone, which is 

secreted by the prothoracic glands. In addition, pupa is the transient stage of mosquito 

development where metamorphosis takes place and the role of ecdysone hormone in 

regulation of this process is also reported in mosquitoes as well as other insects (Akagi 

and Ueda, 2011; Telang et al., 2007). Thus, we believe that increased ecdysone activity 

in larvae and pupae might be one of the factors regulating AsHPX15 gene expression. 

Our in silico analysis of AsHPX15 gene regulatory region revealed  the transcription 

binding sites for ecdysone (Figure 4.3) that explain the expression profile of this gene in 

different developmental stages (Figure 4.5). 

Interestingly, the ecdysone levels increase soon after the blood feeding in the 

insect body (Swevers and Iatrou, 2003). Thus, we speculated that this hormone might 

be initiating the early expression of AsHPX15 gene in blood fed mosquito midguts 

(Figures 4.6 and 4.7). The exclusive induction of AsHPX15 gene in midgut might be 

regulated by the presence of Grainy head (grh) transcription factor binding site in its 

regulatory region (Figure 4.3). In general, the transcription factors of Grainy head family 

are required to generate the impermeable apical layer in epithelia that protects the 

epithelium against the external environment (Narasimha et al., 2008). In other words, 

the Grainy head regulated genes contribute the barrier properties to the epithelia. It is 

evident in Drosophila that the absence of grh causes altered morphology of epithelia 

with suppressed expression of enzymes that cross-link the apical extracellular matrix 

(Bray and Kafatos, 1991; Mace et al., 2005). Our analysis also revealed the presence of 

N-terminal signal peptide in AsHPX15 protein (Figure 4.8). Thus, we believe that it is 

secreted into the midgut lumen and might be playing a crucial role in tyrosine 

crosslinking of the mucin layer at the surface of the midgut epithelium in a way similar to 

AgHPX15 protein (Kumar et al., 2010). 

It is interesting to note that the increased levels of ecdysone also stimulate the 

expression of immune molecules in mosquito hemolymph. For example, an immune 

protein LRIM9 is upregulated by blood feeding or by the inoculation of ecdysone into the 

hemolymph of Anopheles mosquito (Upton et al., 2015). Thus, the orchestrated action 

of ecdysone prepares the mosquito body to opt for the physiological changes induced 

after the blood feeding. In one way, the HPX15-mediated crosslinking of mucin layer 

strengthen the epithelial layer and finely tune the system to balance the process of 

digestion and immunity in parallel. On the other hand, the induction of immune 

molecules in hemolymph might be related to the pre-preparedness against the blood-
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borne pathogens, if they breach the midgut barrier and reach this site. In addition, the 

HPX15-mediated midgut barrier also inhibits the interaction of proliferating natural gut 

flora with the immunoreactive gut epithelium therefore, the induction of HPX15 gene in 

the blood fed midgut is univocally a favorable phenomenon for the mosquito physiology.  

A recent report also indicated an interesting finding that A. gambiae AgHPX15 

crosslinks proteins in other compartments such as, spermatheca of the inseminated 

females under the regulation of sexually transferred 20-hydroxy-ecdysone (20E) 

hormone. This phenomenon is essential to manage the functionality of stored sperms 

and their long-term fertility (Shaw et al., 2014). Based on these observations, we believe 

that the inhibition of HPX15 function will be beneficial in many ways and can be easily 

achieved through gene knockout or antibody-mediated inhibition as reported for other 

mosquito targets (Dinglasan et al., 2003; Shahabuddin et al., 1998). 

 

4.5 Conclusion 

 In conclusion, HPX15 is a unique gene that is exclusively present in the genome of 

nineteen species of Anopheles mosquitoes. AsHPX15 is 1941 bp long gene, which has 

different binding sites in its 5’ UTR region and codes for a 597 amino acids long globular 

secretory protein. It has a crucial role in the mosquito development and general 

immunity. The highly conserved nature of HPX15 protein might designate it as a 

common target to arrest the malaria parasite development inside anopheline vectors. 
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Peroxidase HPX15 Activates Diverse 

Immune Pathways to Regulate the  
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5.1 Abstract 

Anopheles mosquito midgut harbors a diverse group of endogenous bacteria that 

proliferate extensively after the blood feeding and help in food digestion and nutrition in 

many ways. Although, the growth of endogenous bacteria is regulated by various 

factors, however, the robust antibacterial immune reactions are generally suppressed in 

this body compartment by a heme peroxidase HPX15 crosslinked mucins barrier. This 

barrier is formed on the luminal side of the midgut and blocks the direct interactions and 

recognition of bacteria or their elicitors by the immune reactive midgut epithelium. We 

hypothesized that in the absence of HPX15, an increased load of exogenous bacteria 

will enormously induce the mosquito midgut immunity and this situation in turn, can 

easily regulate mosquito-pathogen interactions. In this study, we found that the blood 

feeding induced HPX15 gene in Anopheles stephensi midgut and promoted the 

proliferation of endogenous as well as exogenous fed bacteria. In addition, the mosquito 

midgut also efficiently regulated the growth of these bacteria through the induction of 

classical Toll and Imd immune pathways. In case of AsHPX15 silenced midguts, the 

proliferation of midgut bacteria was largely reduced through the induction of nitric oxide 

synthase (NOS) gene, a downstream effector molecule of the JAK/STAT pathway. 

Interestingly, no significant induction of the classical immune pathways was observed in 

these midguts. Importantly, the NOS is a well known negative regulator 

of Plasmodium development, thus, we proposed that the induction of diverged immune 

pathways in the absence of HPX15 mediated midgut barrier might be one of the 

strategies to manipulate the vectorial capacity of Anopheles mosquito. 

 

5.2 Introduction 

Mosquito midgut is the first organ where mosquito-parasite interactions are initiated. In 

the midgut, Plasmodium undergoes a series of complex developmental transitions and 

majority of parasites are killed during this process (Sinden and Billingsley, 2001; Ghosh 

et al., 2000; Pradel, 2007). It is of note that the number of Plasmodium is regulated by 

the ingested blood factors as well as mosquito innate immunity (Lensen et al., 1998; 

Ramiro et al., 2011; Simon et al., 2013; Michel and Kafatos, 2005; Vlachou et al., 2005).  

Several studies revealed that wild type or laboratory reared mosquito midgut is housed 

by a variety of bacteria (Kajla et al., 2015a; Minard et al., 2013) and their interaction with 

different development stages of Plasmodium also determines the mosquito cycle of the 

parasite (Cirimotich et al., 2011a; Touré et al., 2000; Wang et al., 2011; Boissière et al., 
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2012; Dong et al., 2009). In addition, the type and number of bacteria also vary during 

different development stages and habitat of the mosquito (Kajla et al., 2015a; Minard et 

al., 2013; Wang et al., 2011). Researchers exploited these findings to identify the 

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 Plasmodium falciparum or P. vivax sporogonic 

development. Mosquitoes treatment with antibiotics reduced the number of midgut 

bacteria that, in turn, reversed their effect on Plasmodium development (Pumpuni et al., 

1993 and 1996; Beier et al., 1994; Gonzalez-Ceron et al., 2003; Cirimotich et al., 

2011b). Interestingly, in an artificial feeding, the co-infection of bacteria with 

Plasmodium in field collected or lab-reared mosquitoes also reduced the number of 

developing parasites (Dong et al., 2009; Cirimotich et al., 2011b). Thus, understanding 

the mechanisms behind these regulations will provide an excellent tool to develop 

Plasmodium control strategies. Earlier reports indicated that the bacteria suppressed 

Plasmodium infection through numerous mechanisms. For example, various enzymes 

and toxins produced by bacteria or the mosquito immunity or reactive oxygen species 

(ROS) induced against bacteria might kill the parasite (Dong et al., 2009; Pumpuni et al., 

1993; Cirimotich et al., 2011b; Azambuja et al., 2005).  

It is noteworthy to mention that the endogenous bacteria proliferate extensively 

after the blood feeding. In addition, the feeding of exogenous bacteria supplemented 

blood also increases bacterial burden in the mosquito midgut. However, the midgut has 

a remarkable capacity to manage the midgut environment in a way to minimize the 

deleterious effects of the increased bacterial load (Kajla et al., 2015a; Dong et al., 2009; 

Gupta et al., 2009; Meister et al., 2009; Warr et al., 2008). Recent studies in A. gambiae 

mosquito identified a mechanism that modulates the innate immunity against bolus 

bacteria (Kajla et al., 2015a; Kumar et al., 2010). In these mosquitoes, a heme 

peroxidase AgHPX15 catalyzes the crosslinking of a mucin layer at the luminal surface 

of the midgut epithelium. This crosslinked mucin acts like a barrier to block the 

interaction of bolus bacteria or bacterial elicitors with the immune reactive midgut 

epithelium. This mechanism also provides a protected environment for the development 

of Plasmodium inside the midgut. Interestingly, AgHPX15 silencing resulted in induction 

of key antibacterial immune genes and decreased bacterial load in the midgut (Kajla et 

al., 2015a; Kumar et al., 2010). In addition, the reduction of Plasmodium development 

was also evident in these silenced midguts. It is also noteworthy to mention that HPX15 
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is a unique anopheline-lineage specific gene and its orthologs are absent in insects and 

human however, they are present in the genome of nineteen worldwide distributed 

species of Anopheles mosquito and share 65-99% amino acids identity (Kajla et al., 

2015b and 2016).  

These facts prompted us to develop a hypothesis that an increased load of 

exogenous bacteria in HPX15 silenced midguts will markedly induce the mosquito 

immunity due to the uninterrupted interactions of bacterial elicitors with the immune 

reactive midgut epithelium. Exploitation of this mechanism will be helpful to manipulate 

the vectorial capacity of the insect host. Thus, in the present study, we analyzed the 

mechanism of immunomodulation in the HPX15 silenced Anopheles stephensi midguts 

to understand the overview of microbial interactions with the mosquito defense system 

in this body compartment. 

 

5.3 Results 

5.3.1 Exogenously fed bacteria proliferate in mosquito midgut  

Mosquito midgut is housed by a diverged group of naturally acquired (endogenous) 

bacteria. The majority of these bacteria are Gram-negative and their proliferation is 

induced after blood feeding (Wang et al., 2011; Boissière et al., 2012; Rani et al., 2009; 

Chavshin et al., 2012). In parallel, the blood feeding also induces the formation of 

peritrophic matrix, an acellular barrier that separates blood bolus from the midgut 

epithelium (Kumar et al., 2010; Injera et al., 2013). Additionally, a heme peroxidase 

HPX15 crosslinked mucin barrier on the luminal surface of the epithelium also help to 

maintain a low immunity zone in the blood fed midgut to support the growth of 

endogenous bacteria (Kajla et al., 2015a; Kumar et al., 2010). We were interested to 

understand the relationship between the growth of exogenous fed bacterial and midgut 

immune responses in the presence of HPX15 crosslinked mucin barrier. For that, the 

adult females were fed on blood supplemented without or with a mixture of Gram+ 

(Micrococcus luteus) and Gram- (Escherichia coli) bacteria and the proliferation kinetics 

of midguts bacteria was analyzed. Results presented in Figure 5.1 revealed that the 

relative levels of 16S rRNA for endogenous bacteria increased 25 folds after 3 h of 

blood feeding when compared to the sugar fed midguts (p=0.010). Afterwards, the 

endogenous bacteria proliferated 1900, 133 and 270 times after 6 h, 12 h and 18 h of 

blood feeding, respectively against the sugar fed controls (Figure 5.1). This showed 

significant reduction in the levels of endogenous bacteria at 12 h (p=0.0008) and 18 h 

(p=0.0011) when compared to the 6h blood fed midguts. Furthermore, the endogenous 
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bacteria levels 

increased 7000 times in 

24 h blood fed midguts 

in comparison to the 

sugar fed midguts 

(Figure 5.1). These 

results are in agreement 

with previous findings 

where an increase in 

endogenous bacteria 

was observed after 6 h 

of blood feeding and 

that further followed the 

similar growth pattern 

(Kumar et al., 2010; 

Luckhart et al., 1998).  

Parallelly, in 

case of exogenous 

bacteria fed midguts, the relative levels of 16S rRNA were hundred fifty thousand folds 

at 3 h in comparison to the sugar fed midguts (Figure 5.1). Interestingly, the relative 

16S rRNA levels were indifferent at 6 h (p=0.0645) and 12 h (p=0.1696), respectively 

when compared to 3 h post bacteria fed midguts. However, the expression levels of 16S 

rRNA gene at 18h were reduced 5 folds (p= 0.0041) against 3 h post fed midguts 

(Figure 5.1). Thus, these altered levels of 16S rRNA at different time points indicated 

that the growth of bacteria is regulated rhythmically, most probably by the midgut 

immunity. 

It is noteworthy to mention that in our study, we fed a large amount of bacteria 

(109 bacterial cells/ml blood) to the mosquitoes. The comparative levels of 16S rRNA 

revealed that the exogenously bacteria fed midguts have 28 folds and 15 folds higher 

bacteria load at 6 h and 24 h, respectively when compared to the just blood fed midguts 

(Figure 5.1). The reduction in the fold ratio at 24 h seems to be due to the decreased 

levels of 16S rRNA in exogenous bacteria fed midguts and increased levels of 

endogenous bacteria in the corresponding blood fed controls. This might indicate that 

the midgut environment is particularly favorable for the growth of endogenous bacteria 

in comparison to the exogenous fed microbes.  

Figure 5.1: The kinetics of 16S rRNA levels in blood fed 
mosquito midguts. Mosquitoes were fed either on blood alone 

(controls) or supplemented with a mixture of M. luteus and E. coli 

bacteria (10
9
 cells/ml blood). The relative levels of 16S rRNA were 

analyzed in the pool of mosquito midguts collected at different time 

interval after the feeding and represented here in log10 scale 
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Figure 5.2: Expression kinetics of heme 

peroxidases and pattern recognition 

receptor (PRR) in bacteria fed midguts. 
The kinetics of relative mRNA levels of 

AsHPX15, HPX8 or GNBP gene were 

analyzed in the blood alone (controls) or 

supplemented with a mixture of M. luteus 

and E. coli bacteria fed midguts. 

Significant differences in the gene 

expressions between control and bacteria 

fed midguts are denoted by asterisks. 

5.3.2 HPX15 gene is induced in bacteria fed midguts   

Previously we found that the heme 

peroxidase HPX15 gene is highly 

induced in Anopheles gambiae or A. 

stephensi blood fed midguts (Kajla  

et al., 2016a;  Kumar et al., 2004). 

This molecule is important to 

suppress the immune activation and 

facilitating the growth of endogenous 

bacteria in the blood fed midguts 

(Kajla et al., 2015a; Kumar et al., 

2010). We also analyzed the 

expression kinetics of AsHPX15 

gene in the midguts that are 

mentioned in Figure 5.1. We found 

that AsHPX15 gene was induced 23 

folds and 27 folds at 6 h and 12 h 

post blood feeding, respectively 

when compared to the sugar fed 

midguts (Figure 5.2). The induction 

of AsHPX15 gene in 6 h post 

bacteria supplemented blood fed 

midguts was similar to the blood fed 

controls (p=0.6485). However, its 

expression levels were reduced 

drastically at 12 h and 18 h in 

bacteria fed midguts against blood 
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fed controls (p=0.0018 for 12 h and p=0.0038 for 18 h). Interestingly, HPX15 mRNA 

levels were relatively higher at 3 h and 24 h post bacteria fed midguts against the blood 

fed controls. Thus, the heavy load of exogenous bacteria in the midgut had no effect on 

the early phase of AsHPX15 gene expression (Figure 5.2). This may be simply due to 

the regulation of this gene by ecdysone hormone, which is induced in blood fed 

mosquitoes as reported before (Kajla et al., 2016). We also believed that HPX15 

catalyzed mucin barrier might be completed or its formation started within first 12 h of 

post blood feeding because the presence of mucin and HPX15 protein is detected at the 

luminal surface of A. gambiae midgut epithelium by this time (Kumar et al., 2010; Injera 

et al., 2013). On the other hand, if the mucin barrier formation is completed and it 

suppresses the midgut antibacterial immunity, then the over proliferation of exogenous 

bacteria might be lethal for the mosquito. However, we found that the mortality in blood 

fed controls and exogenous bacteria fed mosquitoes were indifferent. This indicated that 

mosquito gut immunity is capable of counteracting the increased load of bacteria without 

compromising its survival.  

 

5.3.3 The antibacterial heme peroxidase HPX8 is induced in exogenous 

bacteria fed midguts 

Our results revealed that the exogenously fed bacteria not only proliferate in the 

mosquito midgut, their number is also regulated at different time points (Figure 5.1). 

Thus, we hypothesized that some of the immune genes might be controlling the 

overgrowth of bacteria in these midguts. To test this concept, we analyzed the 

expression of a heme peroxidase HPX8, which has been reported to be an antibacterial 

gene in A. gambiae (Kumar et al., 2010). Results presented in Figure 5.2 revealed that 

HPX8 mRNA is induced 25 folds and 42 folds at 6 h and 18 h, respectively in bacteria 

fed midguts against the blood fed controls (p=0.0206 for 6h and p=0.0015 for 18h)  

however, at other time points, HPX8 mRNA levels in test and controls were indifferent. 

This induction pattern of HPX8 gene (Figure 5.2) corroborated with the bacterial 16S 

rRNA levels in these midguts (Figure 5.1). These findings indicated that HPX8 is one of 

the candidate genes that participate in the midgut antibacterial immunity. 

 

5.3.4 Classical immune pathways are induced in exogenous bacteria fed 

midguts 

In insects Gram-negative binding protein (GNBP) acts like the pattern recognition 

receptor (PRR) and triggers classical innate immunity through Toll or Imd pathway 
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Figure 5.3. Expression of Toll and gambicin immune genes in 

bacteria fed Anopheles stephensi midguts.  mRNA levels of 

midgut Toll or gambicin gene were analyzed at 6 h and 24 h after 

feeding the blood alone (controls) or supplemented with a mixture of 

E. coli and M. luteus. Relative levels of mRNA are presented against 

the sugar fed midguts. Significant differences in the gene expression 

levels are shown by asterisk.  

against Gram-positive or Gram-negative bacteria, respectively (Lemaitre et al., 1995; 

Michel et al., 2001; Waterhouse et al., 2007; Osta et al., 2004). In anopheline 

mosquitoes, several isoforms of GNBP have been identified (Warr et al., 2008; Osta et 

al., 2004; Dimopoulos et al., 1998; Christophides et al., 2002) thus, we designed a set of 

common primers to detect the expression of any given isoform of GNBP in our study 

(primer sequences are provided in Table 2.1). Our analyses revealed that mRNA levels 

of GNBP were induced ~17 folds after 3 h of blood feeding when compared to the sugar 

fed midguts and that remained unaffected by the presence of bacteria in the blood 

(Figure 5.2). However, at 6 h and 12 h post bacteria feeding, the relative mRNA levels 

of GNBP were 6 folds and 2 folds higher, respectively against the normal blood fed 

controls (Figure 5.2). Furthermore, the relative mRNA levels of GNBP were 7 folds 

higher in 24 h post bacteria fed midguts in comparison to the blood fed controls (Figure 

5.2, p=0.0019). These findings indicated that GNBP induction represents two episodes, 

an early event around 6 h and a late phase expression around 24 h post bacteria 

feeding. Thus, to 

further explore the 

immune regulatory 

mechanism that 

balances the 

mosquito midgut 

immunity against 

exogenous bacteria, 

these two time points 

were further 

analyzed in detail.  

We studied 

the induction of Toll 

and Imd pathways in 

the above-mentioned 

samples those were 

collected at early 6 h 

and late 24 h post feeding. The gene expression analyses revealed that the Toll mRNA 

levels were ~3 folds higher in the 6 h post bacteria fed midguts in comparison to the 

blood fed controls (Figure 5.3, p=0.036). However, the induction of this gene was 

indifferent at 24 h in those samples (p=0.563). In addition, we also analyzed the 
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Figure 5.4: Expression of NOS and SOCS immune genes in 
bacteria fed Anopheles stephensi midguts.  Midgut mRNA levels 

of NOS or SOCS gene were analyzed at 6 h and 24 h after feeding 

the blood alone (controls) or supplemented with a mixture of E. coli 

and M. luteus. Relative levels of mRNA are presented against the 

sugar fed midguts. Significant differences in the gene expression 

levels are shown by an asterisk.  

expression of gambicin in these samples. Gambicin is an effector antimicrobial peptide, 

which is regulated by both Toll and Imd pathways (Vizioli et al., 2001). The results 

presented in Figure 5.3 revealed that gambicin was induced 10 folds higher in 6 h post 

bacteria fed midguts when compared to the blood fed controls (p= 0.004). Although, 

gambicin expression is further induced in 24 h post bacteria fed midguts however, these 

levels were similar to the blood fed controls (p=0.294). Because gambicin is effective 

against both Gram+ and Gram- bacteria thus, its expression at early and late time points 

corroborate with the increased number of midgut bacteria (compare Figures 5.1 and 

5.3). In conclusion, the induction of classical Toll and Imd immune pathways regulate 

the proliferation of bacteria in blood fed midguts.   

 

5.3.5 JAK/STAT pathway is not induced in exogenous bacteria fed 

midguts 

Another mosquito immune pathway, known as JAK/STAT, is also reported to involve in 

gut immunity against a variety of pathogens (Gupta et al., 2009; Kumar et al., 2010). In 

this pathway, the receptor mediated activation of tyrosine kinases (JAKs) initiates the 

phosphorylation of cytosolic STAT (Signal transducer and activator of transcription) 

proteins. The phosphorylated STATs make dimer and upon translocation into the 

nucleus, they regulate the expression of numerous immune genes. One of such STAT-

mediated effector 

gene nitric oxide 

synthase (NOS) is 

reported to play a 

crucial role in 

controlling the 

pathogenic develop-

ment in Anopheles 

mosquito (Gupta et 

al., 2009; Kumar et 

al., 2010; Bahia et al., 

2011). We were also 

interested to under-

stand the activation of 

STAT pathway in 

exogenous bacteria 
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Figure 5.5: Relative levels of AsHPX15 mRNA and 16S rRNA in 

bacteria fed HPX15 silenced midguts. Mosquitoes injected with 

dsLacZ (controls) or dsHPX15 (silenced) were fed on bacteria 

supplemented blood and relative levels of AsHPX15 mRNA and 16S 

rRNA were analyzed in their midguts at different time points after 

feeding. Relative levels are presented against the sugar fed midguts. 

Significant differences are shown by an asterisk. 

fed midguts. Results presented in Figure 5.4 revealed that the NOS mRNA levels in 6 h 

and 24 h post bacteria fed midguts were indifferent from the blood fed midguts (p=0.399 

at 6 h and p=0.123 at 24 h). Collectively, these results suggested that NOS is not 

induced in the midgut against exogenous fed bacteria. Thus, we believed that STAT 

pathway does not participate in the midgut antibacterial immunity and confirms the 

previous findings as reported in other mosquitoes (Gupta et al., 2009; Kumar et al., 

2010; Agaisse and Perrimon, 2004).  

We hypothesized that either the STAT pathway in above-mentioned midguts 

remain uninduced or it is suppressed by the bacteria through some specific mechanism. 

For that, we analyzed the expression of the suppressor of cytokine signaling (SOCS) 

gene, which is a downstream feedback repressor of the STAT pathway (Gupta et al., 

2009; Wormald and Hilton, 2004; Dhawan et al., 2015). Interestingly, the SOCS is 

induced ~4 folds and ~5 folds at 6 h and 24 h, respectively in the bacteria fed midguts 

against blood fed controls (Figure 5.4, p=0.001 for 6 h and p=0.006 for 24 h). These 

results revealed that the induction of SOCS gene in bacteria fed midguts might be 

responsible for inhibiting the activation of STAT pathway and NOS expression in a way 

similar to other systems (Demirel  et al., 2013; Zhang et al., 2011; Maehr et al., 2014).  

 

5.3.6 HPX15 silencing suppressed the proliferation of exogenous bacteria 

in the midgut   

We were interested to 

understand the 

mosquito midgut 

immune regulation 

against high load of the 

exogenous bacteria 

when HPX15 

crosslinked mucin 

barrier formation is 

suppressed. For that, 

we silenced AsHPX15 

gene through dsRNA-

mediated interference 

as discussed in 

Materials and Methods. 
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Silenced mosquitoes were fed on blood supplemented with bacteria (a mixture of M. 

luteus and E. coli). The midguts were collected at early 6 h and late 24 h post feeding to 

analyze the expression profiling of the immune genes as mentioned above. Our analysis 

of HPX15 mRNA levels in controls and silenced midguts revealed that this gene was 

silenced in the range of 80-90% (Figure 5.5). The relative 16S rRNA levels in controls 

and silenced midguts were similar at 6 h post feeding (p=0.053). However, at 24 h post 

feeding there was a 63% reduction in the 16S rRNA levels in the silenced midguts 

against the unsilenced controls (Figure 5.5, p=0.0004). Thus, AsHPX15 silencing 

reduces the overall proliferation of bacteria in the midgut bolus that might include the 

endogenous as well as exogenous bacteria. These findings are in partial agreement 

with previous reports where silencing of A. stephensi HPX15 ortholog drastically 

reduced the proliferation of endogenous bacteria in A. gambiae midguts (Kajla et al., 

2015a; Kumar et al., 2010).  

 

5.3.7 Classical antibacterial immune genes are suppressed in AsHPX15 

silenced midguts  

To understand the immune regulation of bacteria in the AsHPX15 silenced midguts, we 

analyzed the expression profile of important classical immune pathways. Results 

presented in Figure 5.6 revealed that the mRNA levels of the pattern recognition   

Figure 5.6: Expression of classical immune pathway genes in AsHPX15 silenced and bacteria 

fed midguts. Mosquitoes injected with dsLacZ (controls) or dsHPX15 (silenced) were fed on bacteria 

supplemented blood and relative mRNA levels of GNBP, Toll or gambicin gene were analyzed in 

their midguts after 6 h and 24 h post feeding. Relative levels of mRNA are presented against the sugar 

fed midguts. Significant differences between dsLacZ and dsAsHPX15 samples are shown by an 

asterisk.  
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receptor GNBP were reduced significantly in silenced midguts at 6 h (p=0.005) and 24 h 

(p=0.0111) post bacteria feeding, when compared to their respective unsilenced 

controls. Thus, the reduced levels of GNBP expression in silenced midguts might reflect 

the compromised situation for the recognition and induction of classical immune 

pathways. This fact was further confirmed after analyzing the gene expression of Toll 

and Imd pathways in these samples. We found that the levels of Toll mRNA were 

indifferent in silenced and control midguts after 6 h of bacteria feeding (Figure 5.6, 

p=0.123). However, Toll mRNA levels were suppressed seven folds in the silenced 

midguts than controls at 24 h post bacteria feeding (p=0.0209). These results revealed 

that Toll pathway is not induced in HPX15 silenced midguts neither at early nor at late 

stage of post bacteria feeding. Furthermore, we analyzed the expression of gambicin in 

these HPX15 silenced samples. We observed that the expression of gambicin gene was 

significantly downregulated in the silenced midguts after 6 h post feeding against 

controls (Figure 5.6, p=0.023). Interestingly, at 24 h post feeding the expression of 

gambicin gene was induced ~3 folds in silenced midguts in comparison to the controls 

(p=0.004). These findings suggested that the induction of gambicin in 24 h silenced 

midguts might be regulated by some other mechanism(s) that is different from classical 

Toll and Imd pathways.  

 

5.3.8 JAK/ STAT pathway is induced in AsHPX15 silenced midguts against 

exogenous bacteria 

We further examined the JAK/STAT pathway genes in controls and AsHPX15 silenced 

midguts to understand the involvement of this pathway in antibacterial immunity. For 

that, we compared the expression of STAT pathway genes in silenced or sham treated 

mosquito midguts after bacteria supplemented blood feeding. Results presented in 

Figure 5.7 revealed that NOS and SOCS genes were induced 15 folds and 3 folds, 

respectively in the silenced midguts after 6 h of bacteria feeding when compared to the 

controls (p=0.0002 for NOS and p<0.0001 for SOCS expression). However, the 

expressions of both these genes in the silenced midguts were reduced 4 folds and 1.3 

folds, respectively after 24 h post feeding against unsilenced controls (p<0.0001 for 

NOS and p=0.068 for SOCS expression). This pattern of NOS and SOCS expression 

indicated the activation of STAT pathway in silenced midguts. Interestingly, the profile of 

NOS expression also corroborated with the levels of bacteria in the silenced midguts 

(Comparing Figures 5.5 and 5.7). We believed that the induced NOS during early hours 

(6 h, Figure 5.7) might be responsible for reducing the levels of bacteria at later time 
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Figure 5.7: Relative levels of NOS and SOCS mRNA in bacteria 
fed AsHPX15 silenced midguts. Mosquitoes injected with dsLacZ 

(controls) or dsHPX15 (silenced) 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 are denoted by an asterisk.  

points (24 h, Figure 

5.5) as this gene is 

reported to play an 

antibacterial role in 

mosquitoes as well 

as other insects 

(Hillyer and Este´vez-

Lao, 2010). These 

results collectively 

revealed that STAT 

pathway is actively 

engaged in 

antibacterial immunity 

in the AsHPX15 

silenced A. stephensi 

midguts. This effect 

might be due to the 

reduction of HPX15 

catalyzed mucin barrier crosslinking and that, in turn, allows direct interaction of bacteria 

or bacterial elicitors with immune reactive midgut epithelium. These findings are in 

agreement with the previous reports where NOS played an antibacterial role in HPX15 

silenced A. gambiae mosquito (Kajla et al., 2015a; Kumar et al., 2010). 

 

5.3.9 The antibacterial peroxidase HPX8 is suppressed in AsHPX15 

silenced midguts  

As we found before that HPX8, an antibacterial peroxidase, is induced after the 

exogenous bacteria feeding (Figure 5.2). We analyzed the expression of this gene in 

AsHPX15 silenced midguts to understand its role in regulating the bacterial load when 

HPX15 mediated physical barrier formation is interrupted. Results presented in Figure 

5.8 revealed that in dsLacZ injected control midguts, HPX8 gene was induced 650 folds 

after 24 h of exogenous bacteria feeding. However, its expression was reduced ~40 

times in AsHPX15 silenced midguts against the unsilenced controls (Figure 5.8). 

Moreover, the expression levels of HPX8 gene in controls and silenced midguts at 6 h 

post feeding were indifferent (p=0.078).  
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Figure 5.8: Expression of HPX8 gene in 

bacteria fed AsHPX15 silenced midguts.  

Mosquitoes injected with dsLacZ (controls) or 

dsHPX15 (silenced) were fed on bacteria 

supplemented blood and relative levels of HPX8 

mRNA in their midguts were analyzed at 

different time points after feeding. Relative 

levels of mRNA are presented against the sugar 

fed midguts. Significant differences are shown 

by an asterisk.  

These results collectively 

indicated that the classical 

antibacterial pathways are least 

effective in controlling the heavy load 

of exogenous bacteria in AsHPX15 

silenced midguts. However, the 

induced NOS (an effector gene of the 

JAK/STAT pathway) and gambicin 

seem to be the major determinants of 

the antibacterial immunity in these 

midguts. 

 

5.4 Discussion 

The mosquito midgut is an organ for 

food digestion and immunity. It is an 

excellent system to understand the 

interaction of innate immunity, 

exogenous food and endogenous 

natural microbial habitats. It is 

noteworthy to mention that a fine 

balance between the innate immunity 

and digestion process is required to 

drive the physiological functions of the 

midgut over the immune reactivity against bolus antigens. For that, mosquito midgut is 

equipped with a number of mechanisms (Kajla et al., 2015a). Among these 

mechanisms, the formation of a heme peroxidase HPX15 crosslinked mucin barrier is 

extremely important (Kumar et al., 2010). This mucin barrier does not allow the 

interaction of bolus bacteria with the immune reactive midgut epithelium and thus, 

protects them from the immune attack. As the result of that food digestion or other 

important physiological processes are driven forward without the induction of midgut 

immunity (Kajla et al., 2015a). Our data also supported this concept that the 

endogenous as well as exogenous fed bacteria easily proliferate in the midgut lumen 

and HPX15 gene is induced after feeding the normal or bacteria supplemented blood 

(Figures 5.1 and 5.2). Interestingly, we observed the reduction of AsHPX15 gene 

expression in 12 h post bacteria fed midguts (Figure 5.2). This effect might be due to 
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the SOCS mediated suppression of STAT pathway (Figure 5.4). The presence of STAT 

binding site in the regulatory region of AsHPX15 gene supported this assumption (Kajla 

et al., 2016). We also believed that the suppression of AsHPX15 gene expression in 

bacteria fed midguts might be least effective on the mucin barrier formation because the 

luminal secretion of mucins and localization of HPX15 protein occur by this time, which 

is well evident in case of A. gambiae midguts (Kumar et al., 2010; Injera et al., 2013). 

Importantly, the proliferation of midgut bacteria does not increase continuously; 

however, there is variability in their growth pattern (Figure 5.1). It may be due to the 

selection and proliferation of specific types of midgut bacteria at certain time points or all 

types of bacteria have variable growth patterns at different time of post blood feeding. 

Moreover, these assumptions warrant further investigations. On the other hand, the 

midgut immunity might also play an important role in regulating the growth of bacteria at 

certain moments therefore, some of the classical immune genes such as, HPX8, GNBP, 

Toll and gambicin are induced at 6 h after bacteria supplemented blood feeding 

(Figures 5.2 and 5.3). However, in case of bacteria-free blood fed control midguts, the 

induction of these genes is comparatively minimal to facilitate the proliferation of 

endogenous bacteria. Thus, the mosquito midgut system might determine the degree 

and strength of immune activation on the basis of bacterial or antigenic load in blood 

bolus. These findings may also explain the previous observations by other researchers 

where feeding the exogenous bacteria with Plasmodium infected blood reduced the 

parasite development (Dong et al., 2009; Pumpuni et al., 1993 and 1996; Gonzalez-

Ceron et al., 2003). We believed that the negative regulation of Plasmodium 

development in the presence of exogenous bacteria might be due to an early induction 

of midgut immunity as we observed in Figure 5.7 because some of these immune 

pathways are also known to participate in antiplasmodial immunity (Cirimotich et al., 

2011b; Bahia et al., 2014). 

Our previous findings revealed that the anopheline heme peroxidase HPX15 is a 

unique lineage-specific gene and its role in the modulation of mosquito midgut immunity 

can be targeted to control Plasmodium development (Kajla et al., 2014, 2015b and 

2016). Thus, we thought to combine our present knowledge of exogenous bacteria 

induced immunity with AsHPX15 gene silencing to understand the additive effect of 

these two events on mosquito midgut immunity. We found that AsHPX15 silencing 

induced innate immunity to suppress the bacterial load in the silencing midguts and 

capable of regulating the high load of exogenous fed bacteria (Figure 5.5). These 

findings are in agreement with the previous study where silencing of HPX15 ortholog in 



 
 
 

 
 

Chapter 5 
 

79 

 

A. gambiae suppressed the growth of endogenous bacteria through the induction of 

bacteria-specific classical immunity (Kumar et al., 2010).  These effects are simply due 

to the disruption of mucin barrier in HPX15 silenced midguts and that leads to the 

recognition of the bolus bacteria by the immune reactive midgut epithelial cells (Kumar 

et al., 2010).  

We observed that the regulation of exogenous fed bacteria in the mosquito midgut is 

due to the activation of classical Toll and Imd immune pathways when HPX15 mediated 

mucin barrier is present (Figures 5.2 and 5.3). The silencing of AsHPX15 gene and 

thus, reducing the formation of mucin barrier, might alter the number of bacteria in the 

midgut. In AsHPX15 silenced midguts the classical immune pathways are mostly 

ineffective (Figure 5.6) and the bacteria levels are regulated by another stronger 

immune mechanism. Thus, NOS is activated at early hours in AsHPX15 silenced 

midguts to control the heavy load of bacteria (that includes exogenous as well as 

endogenous bacteria) (Figure 5.7). In addition, the induction of SOCS gene in parallel 

to the NOS might again indicate the activation as well as balanced regulation of 

JAK/STAT pathway in HPX15 silenced midguts (Figure 5.7). Our findings also revealed 

that the levels of endogenous bacteria are very less in comparison to the exogenously 

fed bacteria (Figure 5.1) thus, NOS is induced in AsHPX15 silenced midguts to control 

the outsized load of these bacteria (Figure 5.7). In addition, the induction of gambicin, a 

classical immune pathway gene, in HPX15 silenced midguts might indicate its regulation 

through JAK/STAT pathway as suggested by other researchers (Buchon et al., 2009; 

Cheng et al., 2016). 

Immune regulation of a huge exogenous bacterial load in the AsHPX15 gene 

silenced midgut revealed that there is a circumstantial activation of antibacterial 

immunity. In other words, classical immune pathways are most active against increasing 

load of bacteria when AsHPX15 gene is expressed (Figures 5.2 and 5.3) however, 

STAT pathway predominates as antibacterial in the absence of HPX15 gene expression 

(Figure 5.7). This might indicate that the bacterial load and its direct interaction with the 

midgut epithelium boosts more effective immune molecule to manage the microbial 

homeostasis. Thus, we proposed a model as shown in Figure 5.9 that HPX15 helps in 

the formation of mucin barrier in A. stephensi midgut. This mucin barrier blocks the 

direct interactions of proliferating bolus bacteria with the immune reactive gut epithelial 

cells. However, the proliferating bacteria or their elicitors activate the classical Toll and 

Imd pathways that maintain gut bacterial homeostasis. On the other hand, in AsHPX15 

silenced midguts the formation of mucin barrier is compromised and bacterial elicitors 
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activate the midgut epithelial immunity. As a result, midgut epithelial cells mount a 

strong immune response through the activation of STAT pathway to regulate the 

proliferation of midgut bacteria and protecting the mosquito against its deleterious 

effects (Figure 5.9).   

Figure 9: Model of A. stephensi midgut immunity in the presence or absence of HPX15 gene.  

HPX15 catalyzes the formation of mucin layer that blocks the direct interaction of proliferating lumen 

bacteria or bacterial elicitors with midgut epithelium. The increased load of bacteria induces classical 

immune pathways such as, GNBP, Toll and an antibacterial heme peroxidase HPX8 to regulate 

bacterial numbers. HPX15 silencing reduces the formation of mucin barrier that allows direct 

interaction of lumen bacteria or their elicitors with midgut epithelium. In this condition, STAT 

pathway effector molecule NOS is induced to regulate the numbers of midgut bacteria.  

Based on our findings, we emphasized that manipulation of HPX15 gene in A. 

stephensi modulates the immune system and co-infection of Plasmodium with 

exogenous bacteria will result in the negative regulation of the parasite development 

through induction of specific immune pathways. Because HPX15 is highly conserved 

gene, exclusively among anophelines (Kajla et al., 2015b and 2016) then the proposed 

idea might be applicable for other worldwide distributed malaria vectors as a common 

strategy.   
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5.5 Conclusion  

In conclusion, bacterial load in mosquito gut is regulated through induction of NOS after 

disruption of gut barrier via HPX15 silencing. On the basis of above results we proposed 

a hypothesis that HPX15 silencing in A. stephensi may modulate immune system in 

such a way that co-infection of Plasmodium along with exogenous bacteria, result in 

Plasmodium regulation through specific immune pathways. Because HPX15 is highly 

conserved gene exclusively among anophelines, then it can be a potent target to control 

Plasmodium development inside the vector host.  

  



 

82 

 

 
 

Chapter 6 

 

Anopheles stephensi heme peroxidase 
HPX15 modulates midgut epithelial immunity 

against Plasmodium  
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6.1 Abstract 

Heme peroxidase HPX15 is an anopheline lineage-specific gene. Although it is present 

in nineteen worldwide distributed species of Anopheles mosquito however, its orthologs 

are absent in other mosquitoes, insects or human. Interestingly, the 65-99% amino 

acids identity among nineteen orthologs of HPX15 revealed the uniqueness and 

evolutionary conserved nature of this gene. In this study, we found that Anopheles 

stephensi AsHPX15 gene is exclusively expressed in the midgut and largely induced 

after uninfected or infected blood feeding. RNA interference (RNAi)-mediated silencing 

of AsHPX15 induced an immune gene nitric oxide synthase (NOS) and drastically 

reduced the number of developing Plasmodium oocysts. These AsHPX15 silencing 

mediated regulation of mosquito immunity and Plasmodium development are identical 

with the findings in another anopheline, A. gambiae, where AgHPX15 forms a dityrosine 

network at luminal side of the midgut to prevent the activation of mosquito immunity 

against the malaria parasites. These indistinguishable functional behaviors and 

conserved homology of HPX15 among anophelines might designate this midgut 

peroxidase as a ‘common target’ to manipulate the mosquito immunity and controlling 

malaria parasite development inside the mosquito host. These findings will open new 

frontiers in the field of malaria transmission and disease control and might be applicable 

for numerous Anopheles vector species globally.    

  

6.2 Introduction 
Malaria parasite Plasmodium requires the mosquito host to complete its sexual 

development. Plasmodium undergoes various stages of the complex life cycle in 

different compartments of the host. Mosquito midgut is the first organ to interact with 

Plasmodium. To interrupt the cycle of malaria transmission, it is important to block the 

parasite development inside the mosquito host. For such transmission blocking 

strategies, the understanding of molecular interactions between Plasmodium and 

mosquito immunity is highly demanded.  

In our previous work (Chapter 3 and 4), we have studied the A. stephensi heme 

peroxidase AsHPX15. This molecule modulates the midgut immunity to provide a ‘low 

immunity’ zone in the midgut region for the growth of bacteria (Kumar et al., 2010; Kajla 

et al., 2015a). It is noteworthy to mention that HPX15 is a unique anopheline-lineage 

specific gene and share 70-99% amino acid identity with its orthologs in 19 other 

Anopheles species (Kajla et al., 2015b). Thus, we have proposed HPX15 as a general 

target to modulate the midgut immunity and subsequently blocking the Plasmodium 
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development, at least in these above-mentioned 19 species of Anopheles mosquito 

(Kajla et al., 2015b and 2016). However, this hypothesis demands further investigations 

to establish the aforesaid regulatory role of HPX15 gene, in terms of Plasmodium 

development, in other anophelines. Thus, in the present study, we used the gene 

silencing approach to determined the functional role of AsHPX15 gene in the Indian 

malaria vector A. stephensi to support the belief that this unique heme peroxidase might 

be a designated ‘common target’ to manipulate mosquito midgut immunity and 

controlling Plasmodium development. 

 

6.3 Results 
6.3.1 Tissue specific expression analysis of AsHPX15 in Plasmodium 

infected mosquitoes 
To understand the organ-

specific expression of AsHPX15 

gene, we compared its relative 

mRNA levels in different body 

compartments. For that, we 

collected 24 h post uninfected or 

Plasmodium berghei infected 

blood fed midguts and 

carcasses separately from a 

pool of mosquitoes and 

analyzed the mRNA levels of 

AsHPX15 gene. We selected 

the 24 h post fed samples 

because it corresponds to the 

time when ookinetes invade the 

midgut epithelium (Smith et al., 

2014). Results shown in Figure 

6.1 revealed that in sugar fed 

midguts the basal levels of 

AsHPX15 mRNA were ~40 folds 

higher than carcasses. Furthermore, its expression in 24 h blood fed midguts was 

induced ~17 folds against sugar fed midguts (Figure 6.1). However, the expression of 

AsHPX15 gene was down regulated ~2 folds in P. berghei infected midguts when 

Figure 6.1: Body compartment specific expression 
of AsHPX15. Relative mRNA expression levels of 
AsHPX15 were analyzed in midgut and carcass of 
sugar fed (SF), 24h post normal blood fed (BF) and P. 
berghei (Pb)-infected female mosquitoes. Significant 
differences p < 0.0001 or p <0. 01 in relative mRNA 
levels of AsHPX15 are indicated by three or single 
asterisks (*) respectively. 



 
 
 
 
 

Chapter 6 

85 

 

compared to the uninfected blood fed controls (p= 0.008, Figure 6.1). Interestingly, the 

relative mRNA levels of AsHPX15 gene were indifferent in the carcasses of sugar fed 

and uninfected blood fed mosquitoes and also remained unchanged after Plasmodium 

infection (Figure 6.1). These results concluded that AsHPX15 is a blood induced 

midgut-specific gene and suppressed during the Plasmodium ookinete invasion of the 

midgut epithelium. These findings are in agreement with the previous reports where A. 

gambiae AgHPX15 gene, an ortholog of AsHPX15, is induced in blood fed midguts and 

negatively regulated after malaria infection (Kumar et al., 2004 and 2010). 

In parallel, 

we also analyzed 

the kinetics of 

AsHPX15 expre-

ssion in normal or 

P. berghei infected 

blood fed midguts 

to understand the 

regulation of this 

gene during 

malaria parasite 

development. For 

that, the controls 

or P. berghei 

infected blood fed 

midguts were 

collected at 

different time 

points after the 

feeding and 

expression levels 

of AsHPX15 gene 

were analyzed through qPCR. Results presented in Figure 6.2 revealed that the relative 

mRNA levels of AsHPX15 gene were similar in controls and infected midguts for first 12 

h after feeding (p=0.328, p=0.101 and p=0.945 at 3, 6 and 12 h post feeding, 

respectively). However, there was a significant reduction of AsHPX15 mRNA in P. 

berghei infected midguts against the blood fed controls at 18 h (p<0.0001) post feeding 

Figure 6.2: Kinetics of AsHPX15 expression in mosquito midguts. 
Relative mRNA expression levels of AsHPX15 were analyzed at 
different time points after normal (Control) or P. berghei-infected blood 
feeding in A. stephensi midguts. Relative fold induction was calculated 
against sugar fed midguts. Significant differences p < 0.0001 or p < 
0.001 or p < 0.01 between each time point and controls are indicated by 
three or two or one asterisks (*) respectively. 
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(Figure 6.2). These results indicated that the expression of AsHPX15 gene is 

unaffected during the initial hours (up to 12 h) in infected midguts when the pre-ookinete 

stages of Plasmodium development predominate in the bolus (Smith et al., 2014). 

However, at later time points, the expression of this gene is suppressed when the 

mature ookinetes start invading the midgut epithelium. These observations are similar to 

the other mosquito A. gambiae where AgHPX15 gene is down regulated in P. berghei 

infected midguts after 24 h post blood meal (Kumar et al., 2004). 

 

6.3.2 AsHPX15 silencing has a negative effect on Plasmodium 
development  

Our previous findings revealed that the heme peroxidase AgHPX15 crosslinked mucin 

barrier at the luminal side of the midgut and does not allow the bolus antigens, 

especially the naturally acquired microbes, to interact with the immune-reactive midgut 

epithelium (Kumar et al., 2010). Thus, we hypothesized that the reduction of HPX15 

mRNA levels through gene silencing approaches might initiate the recognition and 

killing of Plasmodium by the mosquito innate immunity. To test this assumption, we 

compared the number of Plasmodium oocysts in control and AsHPX15 silenced midguts 

as discussed in Chapter 2 Materials and Methods. Our analysis of the relative AsHPX15 

mRNA levels in dsLacZ injected controls and AsHPX15 silenced midguts revealed that 

we could achieve 98% silencing of this gene (Figure 6.3A).  

Further, we compared the number of developing oocysts in control and silenced 

midguts after 7 days of blood feeding. Results presented in Figure 6.3B revealed that 

the variable number of oocysts were observed in controls (oocysts range 0-1600) and 

silenced (oocysts range 0-600) midguts. However, the median value for the oocysts 

numbers in controls and AsHPX15 silenced midguts was 329 and 89, respectively. 

These results revealed that the oocysts numbers are reduced significantly in the 

silenced midguts when compared to the controls (Figure 6.3B, p=0.027). 

Representative P. berghei oocysts infected dsLacZ injected and AsHPX15 silenced 

midgut is shown in Figure 6.3C. Based on these data, we concluded that AsHPX15 is a 

natural agonist that positively regulates Plasmodium development inside the mosquito 

midgut. These results are in agreement with the previous findings where silencing of the 

AgHPX15 gene in A. gambiae also reduced Plasmodium survival (Kumar et al., 2010).  
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Figure 6.3:  Effect of AsHPX15 silencing on Plasmodium berghei development in Anopheles 
stephensi. A) Relative mRNA abundance of AsHPX15 in 24h post P. berghei infected blood fed A. 
stephensi mosquitoes injected with dsLacZ or dsAsHPX15. Three asterisks shows significant 
difference (p < 0.0001). B) Effect of AsHPX15 silencing on the number of live oocysts (green dots) 
in midguts analyzed seven days post infection. Dots represent the number of parasites present on 
individual midguts, and the median number of parasites is indicated by the horizontal line. 
Distributions are compared using the Kolmogorov-Smirnov test (p=0.027); n = number of 
mosquitoes. C) Representative A. stephensi midgut showing Plasmodium berghei oocysts in dsLacZ 
or dsHPX15 injected mosquitoes. 

 

6.3.3 Antiplasmodial immune responses are induced in AsHPX15 silenced 
midguts 

The development of Plasmodium was suppressed in AsHPX15 silenced midguts 

(Figure 6.3). Thus, we hypothesized that the silencing of AsHPX15 gene might be 

inducing the antiplasmodial immunity due to the reduced crosslinking of the mucin 

barrier and recognition of the parasites by the midgut innate immune system. These 

assumptions were confirmed through analyzing the expression of various known 
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antiplasmodial genes (Blandin et al., 2004; Kumar et al., 2010) in the silenced and P. 

berghei infected blood fed midguts. Results presented in Figure 6.4 revealed that the 

relative mRNA levels of an antiplasmodial immune gene  thioester containing protein 1 

(TEP1) were similar in dsLacZ (controls) and dsHPX15 injected (silenced) mosquito 

midguts at 24 h post P. berghei infected blood feeding (p=0.0959). Furthermore, the 

comparison of another antiplasmodial immune gene Nitric Oxide Synthase (NOS) in 

above samples revealed that this gene was induced ~13 folds in the silenced midguts 

against the controls (Figure 6.4, p=0.005). These findings suggested that the induced 

NOS might play an antiplasmodial role, as reported before (Gupta et al., 2009; Luckhart 

et al., 1998, Kumar et al., 2010).  

In mosquitoes, the induction of NOS gene is regulated by the Janus 

kinase/signal transducers and activators of transcription (JAK/STAT) pathway. NOS 

catalyzed the formation of nitric oxide (NO), a highly diffusible and reactive immune 

molecule that modifies and inactivates the macromolecules (Bahia et al., 2011; Gupta et 

al., 2009; Luckhart et al., 1998). Previous studies revealed that the suppressor of 

cytokine signaling (SOCS) is also induced in parallel to the NOS and regulates the over 

activation of JAK/STAT pathway (Bahia et al., 2011; Dhawan et al., 2015; Gupta et al., 

2009; Kumar et al., 2010). Thus, we also analyzed the activation of SOCS gene in the 

above mentioned AsHPX15 silenced midguts to understand the activation of NOS 

through JAK/STAT pathway. Results presented in Figure 6.4 revealed that the SOCS  

Figure 6.4: Expression of immune genes in Plasmodium berghei infected AsHPX15 silenced 
Anopheles stephensi midguts.  Relative mRNA expression levels of various immune genes Thioester 
containing Protein 1 (TEP1), Nitric Oxide Synthase (NOS) and Suppressor of Cytokine Signaling 
(SOCS) in 24h post P. berghei infected blood fed A. stephensi mosquitoes injected with dsLacZ or 
dsAsHPX15 midguts. Significance of induction (p < 0.001) between dsLacZ and dsAsHPX15 is 
shown by two asterisks (*).  
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gene was induced ~ 2 folds in the silenced midguts against controls (Figure 6.4, 

p=0.001). Thus, the induction of NOS, an effector gene, and SOCS, a suppressor gene, 

indicated that the activation of JAK/STAT pathway regulates antiplasmodial immunity in 

AsHPX15 silenced midguts.  

Figure 6.5: Expression of immune genes in Plasmodium berghei infected Anopheles stephensi 
midguts. Relative mRNA expression levels of various immune genes Thioester containing protein 1 
(TEP1), Nitric Oxide Synthase (NOS) and Suppressor of Cytokine Signaling (SOCS) in sugar fed 
(SF), 24h post normal blood fed (BF) or P. berghei (Pb)-infected midguts of female mosquitoes. 
Significance of induction between BF and Pb is shown by asterisks (*). p value for the same is also 
shown in figure.  

In addition, our analysis of these above-mentioned immune genes expression 

revealed that the relative levels of TEP1 mRNA  were indifferent between uninfected or 

P. berghei infected blood fed midguts  (Figure 6.5, p=0.095). However, both NOS and 

SOCS genes were significantly induced in Plasmodium infected midguts (Figure 6.5, 

p=0.011 for NOS and p<0.0001 for SOCS between infected and control midguts). These 

results collectively indicated that the activation of JAK/STAT pathway is the major 

regulator of the Plasmodium development and it is further induced in the HPX15 

silenced midguts. In other words, the absence of HPX15 catalyzed mucin barrier in 

infected midgut provide a better opportunity for the innate immune system to recognize 

the malaria parasite that in turn, activates JAK/STAT pathway to regulate Plasmodium 

development.   

 

6.4 Discussion 
Mosquito midgut is the organ that plays a crucial role in food digestion. In addition, it is 

also an important immune organ that encounters the blood-borne pathogens. This might 
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be a critical condition for the mosquito system to take a wise decision for driving the 

process of food digestion over the immune activation. In addition, the presence of 

naturally acquired microbes are also the integrated part of the midgut compartment, 

which generally proliferate after the blood feeding and help in the digestion process 

(Kumar et al., 2010; Kajla et al., 2015a; Minard et al., 2013). Thus, the protection of 

these microbes is also a major responsibility of the midgut immune system. The 

mechanism that balances these events has been recently explored in the mosquito 

(Kajla et al, 2015a). Studies carried in African mosquitoes A. gambiae identified that a 

heme peroxidase HPX15 is induced in the midgut after the blood feeding and modulates 

the midgut immunity to protect the growth of gut bacteria.   

We explored the HPX15 gene in Indian malaria vectors and found that this gene 

is present in A. stephensi midgut and induced after blood feeding (Kajla et al., 2014 and 

2016 and Chapter 4, Figure 4.6 and 4.7). The functional aspects of HPX15 gene, in 

terms of regulating the Plasmodium development, were studied extensively in A. 

gambiae as discussed above (Kumar et al., 2010). We hypothesized that the highly 

conserved ortholog of HPX15 in other mosquitoes might be performing the similar 

function. Thus, we extended our studies to explore the role of HPX15 gene in regulation 

of Plasmodium development in Indian malaria vector A. stephensi. The present study 

clearly demonstrated that the functional properties of HPX15 gene are similar in two 

mosquitoes, A. stephensi and A. gambiae. For example, in both these anophelines, 

HPX15 gene is a) exclusively expressed in the midgut (Figure 6.1), b) an early blood 

feeding induced gene (Figure 6.1 and Figure 6.2), c) induced in a pattern which is 

similar in uninfected or Plasmodium infected blood fed midguts for first 12 h (Figure 

6.2), d) drastically suppressed in 24 h post Plasmodium infected blood fed midguts 

against uninfected blood fed controls (Figure 6.2), e) significantly suppressing the 

development of malaria parasite after silencing (Figure 6.3), f) this suppression in 

Plasmodium development is mediated through NOS (Figure 6.4). 

The presence of ecdysone binding site in the regulatory region of AsHPX15 

gene was reported in our previous study (Kajla et al., 2016). Because ecdysone levels 

increase after the blood feeding therefore, we believe that this hormone might be 

responsible for the induction of AsHPX15 gene in uninfected or Plasmodium infected 

blood fed midguts (Figure 6.1 and Figure 6.2). Interestingly, the similar pattern of 

AsHPX15 mRNA induction in uninfected or Plasmodium infected blood feeding for first 

12 h might indicate that in either condition the major role of this enzyme in crosslinking 

of the mucin barrier is fulfilled. These conclusions are supported by other published 
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reports where the formation of mucin layer and peritrophic matrix takes place by 12h 

after blood feeding in mosquito gut (Injera et al., 2013; Rayms-Keller et al., 2000).  

The reduction of midgut AsHPX15 mRNA at 18 and 24 h post Plasmodium 

infection (Figure 6.2) might indicate the suppression of this gene by the mechanism 

regulated by the invading ookinetes. This is the time window where generally the mature 

ookinetes create molecular pores in the peritrophic matrix and start invading the midgut 

epithelium (Smith et al., 2014). Mosquito immune system is expected to induce during 

the ookinete invasion. Our results indicated that NOS is induced in Plasmodium infected 

midguts against blood fed controls (Figure 6.5), which is an antiplasmodial gene (Kumar 

et al., 2010; Luckhart et al., 1998). Interestingly the induction of SOCS gene also in 

these samples indicates the activation of STAT pathway as reported before (Gupta et 

al., 2009).  

As we discussed before that the formation of HPX15-mediated mucin barrier is 

important for suppressing the midgut immunity against the bolus bacteria and this might 

be also true for the Plasmodium development. This was evident from our gene silencing 

experiments (Figure 6.3). Plasmodium development was drastically reduced in HPX15 

silenced midguts. We believe that the absence of HPX15 protein would have resulted in 

the formation of a defective mucin barrier and that might be responsible for the induction 

of antiplasmodial immunity in silenced midguts. Interestingly, we found that NOS is 

highly induced in these samples and might be one of the important negative regulator of 

Plasmodium development (Figure 6.4) in the similar way as reported in A. gambiae 

(Kumar et al., 2010). These results collectively indicate that the silencing of HPX15 gene 

has negative effect on Plasmodium development at least in two anophelines, A. 

stephensi and A. gambiae. 

 

6.5 Conclusion 
 HPX15 is a unique highly conserved protein among total 19 anophelines. Its functional 

properties in terms of regulating the malaria parasite development are also similar in two 

anophelines. Thus, we propose that anopheline HPX15 might serve as a ‘potent 

candidate’ that can be targeted to manipulate mosquito vectorial capacity and blocking 

the transmission of malaria infection.  
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Biocontrol of human disease vectors: 

Identification of the temperature induced 

larvicidal efficacy of Agave angustifolia 

 

 

 

 

The entire work presented in this chapter has been published in the 
journal Frontiers in Public Health 

 

 

 



 
 
 
 
 

Chapter 7 
 

93 

 

7.1 Abstract 

Synthetic insecticides are generally employed to control the mosquito population. 

However, their injudicious over usage and non-biodegradability are associated with 

many adverse effects on the environment and mosquitoes. The application of 

environment-friendly mosquitocidals might be an alternate to overcome these issues.  In 

this study, we found that organic or aqueous extracts of Agave angustifolia leaves 

exhibited a strong larvicidal activity (LD50 28.27 µg/ml) against Aedes aegypti, Culex 

quinquefasciatus and Anopheles stephensi larvae within a short exposure of 12h. The 

larvicidal activity of Agave angustifolia is inherited and independent of the 

plants vegetative growth. Interestingly, the plant larvicidal activity was observed 

exclusively during the summer season (April-August, when outside temperature is 

between 30oC to 50oC) and it was significantly reduced during winter season 

(December-February, when the outside temperature falls to ~4oC or lower). Thus, we 

hypothesized that the larvicidal components of Agave angustifolia might be induced by 

the manipulation of environmental temperature and should be resistant to the hot 

conditions. We found that the larvicidal activity of Agave angustifolia was induced when 

plants were maintained at 37oC in a semi-natural environment against the controls that 

were growing outside in cold weather. Pre-incubation of Agave angustifolia extract at 

100oC for 1h killed 60% larvae in 12h, which gradually increased to 100% mortality after 

24h. In addition, the dry powder formulation of Agave angustifolia, also displayed a 

strong larvicidal activity after a long shelf life. Together, these findings revealed 

that Agave angustifolia is an excellent source of temperature induced bioactive 

metabolites that may assist the preparedness for vector control programs competently. 

 

7.2 Introduction 

Mosquitoes are infamous vectors for numerous life-threatening diseases. Synthetic 

chemicals (insecticides) are mostly employed to control the vector population. However, 

the disadvantages associated with their applications warrant the discovery of 

environment-friendly approaches to control mosquitoes at various stages of their 

development. Secondary metabolites from the botanical world (called natural phyto-

larvicides) may also be employed for controlling the mosquito population. These 

metabolites are easily obtained at reasonable cost and their intrinsic biodegradable 

nature makes them the best suitable for this purpose (Ghosh et al., 2012).  

We screened several randomly selected plants to study their larvicidal 

properties. Interestingly, one of the plants Agave angustifolia 'Marginata' also known as 
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Caribbean Agave revealed a potent mosquito larvicidal activity. Agave angustifolia 

(family Agavaceae) is a medium-sized monocotyledonous plant with a dense round 

rosette atop a very short trunk. This xerophytic plant is a robust survivor and tolerant to 

hot and dry environments (Gilman, 1999). The genus Agave has more than 275 species 

that are globally distributed and Agave angustifolia is a common weed or sometime 

used as ornamental plant in our region. This plant mostly propagates through vegetative 

reproduction, either by rhizomes or by bulbils, and forms aggregations of individual 

plants. However, the sexual reproduction is also reported in this plant (Singh et al., 

2014; Vargas-Ponce et al., 2009). In fact, Agaves are of economic importance as 

sources of fiber, steroids, spirits and other useful products (Piven et al., 2001).  

The aim of this study was to evaluate the larvicidal nature of Agave angustifolia 

leaf extracts against three major human disease vectors, namely Aedes aegypti, Culex 

quinquefasciatus and Anopheles stephensi and understanding the novel features of this 

plant to establish its applicability for controlling mosquito population at grass root level. 

 

7.3 Results  

7.3.1 Agave leaf extracts proficiently kill Aedes, Culex and Anopheles 

larvae  

The larvicidal properties of Agave angustifolia (Figure 7.1A and B) were analyzed 

against A. aegypti, C. quinquefaciatus and A. stephensi larvae. For that the crude  

Figure 7.1: Representative Agave angustifolia plants selected for larvicidal activity. 

Agave angustifolia plants with different heights, which denote their vegetative growth, were selected 

for analyzing the larvicidal activity in their leaf extracts. (A) Smaller size plants (12 inches in height) 

growing in a pot or (B) a larger size plants (44 inches in height) growing in an open field are shown 

here. (C) Agave angustifolia leaf depicting the pattern of slicing for crude extract preparation. Solid 

and dotted vertical lines indicate leaf areas proximal or distal to the stem, respectively. Black 

arrowheads indicate the height of each plant on an inch scale. 
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extracts from the fleshy leaf (Figure 7.1C) were prepared in different organic solvents. 

The larvicidal properties of Agave angustifolia (Figure 7.1A and B) were analyzed 

against A. aegypti, C. quinquefaciatus and A. stephensi larvae. For that the crude 

extracts from the fleshy leaf (Figure 7.1C) were prepared in different organic solvents 

as described for other plants (Bansal et al., 2012; Edeoga et al., 2005; Govindarajan, 

2009; Jayanthi et al., 2012; Kovendan et al., 2012; Panneerselvam et al., 2012;  Rawani 

et al., 2010). Since, the polarity of organic solvent is important for the extraction of plant 

metabolites, we used three different organic solvents such as, hexane, acetone and 

ethanol for this purpose as discussed in Materials and Methods. We adopted the 

simplest method of crude extract preparation so that a common user can effortlessly 

prepare it. 

We analyzed the larvicidal activity of the organic crude extracts against A. 

aegypti larvae under standard lab-rearing conditions. The larval mortality in controls or 

those exposed to 100 ppm crude extract are presented in Figure 7.2A.  

Figure 7.2: Larvicidal activity in the organic extracts of Agave. The extracts of Agave angustifolia 

leaves were prepared in different organic solvents such as acetone, ethanol or hexane. (A) A. 

aegypti or (B) C. quinquefasciatus larvae were treated with 100 ppm dose of these organic extracts 

separately. The percentage of larval mortality in each extract exposure was calculated against the 

sham treated controls and represented as the mean ± SD of triplicates. 

These results revealed that Agave angustifolia crude extract in either of the organic 

solvents is effective to kill A. aegypti larvae in a time-dependent manner. The acetone 
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Figure 7.3: Larvicidal activity in the organic 

extracts of Agave against A. stephensi 

larvae. The extracts of Agave angustifolia 

leaves were prepared in different organic 

solvents such as acetone, ethanol and hexane. 

A. stephensi larvae were treated with 100 ppm 

dose of these organic extracts separately. The 

percentage of larval mortality in each exposure 

was calculated against the sham treated 

controls and represented as the mean ± SD of 

triplicates. 

 extract is most effective and killed all the larvae within 12h of exposure. Ethanol extract 

of Agave angustifolia demonstrated the same effect at 36h (100% mortality), however, it 

killed 61 ± 2% larvae in 12h. Moreover, the hexane extracts revealed intermediate 

larvicidal activity and likewise the mortality increased consistently (77 ± 2% to 100%) 

with time (12 to 36h) (Figure 7.2A). Several studies reported that organic extracts 

prepared from other plants exhibit larvicidal activity only against one  genus of mosquito 

(Bansal et al., 2012; Govindarajan, 2009; Jayanthi et al., 2012; Kovendan et al., 2012; 

Panneerselvam et al., 2012; Rawani et al., 2010; Shahi et al., 2010). Thus, to 

understand the broad larvicidal spectrum of Agave angustifolia organic extracts we 

analyzed their effects against the larvae of other mosquitoes. We found that Agave 

angustifolia extract in hexane or acetone also killed 100% C. quinquefasciatus larvae 

within 12h (Figure 7.2B). However, the ethanol extract killed 90 ± 3% C. 

quinquefasciatus larvae in the same duration. Interestingly, the larvicidal efficacy of 

Agave angustifolia extract in the organic solvents is more pronounced against C. 

quinquefasciatus than A. aegypti 

larvae (Figure 7.2). In addition, we 

found that the above-mentioned 

Agave angustifolia organic extracts 

also have uniform lethality against A. 

stephensi larvae (Figure 7.3). The 

use of organic solvents in extract 

preparations may invite some issues 

such as, their incompatibility and 

toxicity to the natural environment, 

cost of preparation and availability for 

a common user. Thus, we prepared 

aqueous extract from Agave 

angustifolia leaves and estimated its 

dose-dependent larvicidal efficacy 

against A. aegypti larvae. Results 

presented in Figure 7.4A revealed 

that 50 µg/ml of Agave angustifolia 

aqueous extract is strong enough to 

kill all the A. aegypti larvae within 

12h.  
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Figure 7.4: Effects of seasonal variations on Agave-mediated larvicidal activity. A. aegypti larvae 

were exposed to various doses (0 to 200 µg/ml) of aqueous extracts prepared from the plant leaves 

that were growing outside in an open area during (A) summer or (B) winter season. The percentage 

mortality of larvae at each time point was calculated against the sham treated controls (0 µg/ml) and 

represented as the mean ± SD of triplicates. 

 

Table 7.1. Probit analysis of Agave angustifolia larvicidal activity against Aedes aegypti larvae. 

Time 

(h) 

N LD 50  

(µg/ml) 
Slope ±±±± SE CL (95%) Chi-

square 

p-value 

12 30 28.270 5.560 ± 

0.668 

24.183 - 32.460 0.886 0.642 

24 

 

30 19.157  5.016 ± 

1.012 

14.243 - 23.001 0.995 0.996 

The LD50 value at 12h was estimated to be 28.270 µg/ml by the probit analysis 

method (Table 7.1). Furthermore, 100 µg/ml Agave angustifolia aqueous extract also 

exhibited 100% killing efficiency against A. aegypti, C. quinquefasciatus or A. stephensi 

larvae within 12h (Figure 7.5). These findings are noteworthy in comparison to other 

reports where aqueous extract of many plants demonstrated the larvicidal activity, 

mostly between 24 to 72h and even later (Chansang et al., 2005; Farias et al., 2010; 

Singha and Chandra, 2011). 
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This least effectual time for Agave 

angustifolia-mediated larval mortality is 

a unique feature and to the best of our 

knowledge, it is never reported before.  

 

7.3.2 Agave larvicidal activity is 

highly thermostable, inhe-

rited and independent of 

plant vegetative growth 

In our region or other parts of the 

world, the environmental temperature 

reaches up to 50oC during summer. 

Because Agave angustifolia is a 

drought deciduous plant thus, we 

postulated that its larvicidal activity 

must be mediated by heat- resistant 

secondary metabolites. To demons-

trate, we pre-incubated the aqueous 

extract for 1h at different temperatures 

before performing the larvicidal assays. 

Prior incubation of aqueous extract at 

RT or 50oC killed 86 ± 6% and 80 ± 0% 

A. aegypti larvae, respectively in 12h 

(Figure 7.6, p=0.2). However, the 

extracts pre-incubated at 75oC or 

100oC killed 58 ± 8% and 60 ± 0% 

larvae, respectively in 12h (p=0.007 

between RT and 75oC incubated 

extracts). Importantly, the larvicidal 

effects of all these pre-incubated 

extracts are similar at 24h (Figure 7.6, 

p=0.1 between RT and 100oC pre 

incubated extract-mediated larval 

lethality). This heat resistant larvicidal 

activity of Agave angustifolia extract 

Figure 7.6: Agave aqueous extract-mediated 
larvicidal activity is highly thermostable.  A. 

aegypti larvae were exposed to 100 

µg/ml Agave angustifolia aqueous extracts that 

were pre-incubated at different temperatures 

for 1h. Percentage mortality of larvae was 

calculated at each time point against the sham 

treated controls and represented as the mean ± 

SD of triplicates. 

Figure 7.5: Agave aqueous extract effectively 

kills mosquito larvae. A. aegypti, C. quinquefa-

ciatus or A. stephensi larvae were sham treated 

(no extract, controls) or exposed to 100 µg/ml 

aqueous extract of Agave angustifolia. The 

percentage mortality of larvae at each time point 

was calculated against the controls for each 

genus individually and represented as the mean 

± SD of triplicates. 
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may be useful to control the mosquito 

population in natural warm-hot 

conditions.  

Agave angustifolia is generally 

a medium sized plant (~48 inches in 

height). Flowering occurs around 10 

years of age or much later (Gilman, 

1999). The plant we selected for 

larvicidal assays were approximately 

44 inches in height and thus we 

considered them mature (Figure 

7.1B). To determine the intrinsic 

larvicidal nature of Agave angustifolia, 

we compared the larval lethality in the 

aqueous extracts of juvenile and 

mature plants as represented in 

Figure 7.1A and 7.1B. We found that 

100 µg/ml aqueous extract of mature 

or juvenile plant killed 98 ± 1.4% and 

93 ± 4% A. aegypti larvae, respectively at 12h (Figure 7.7, p=0.075). On the other hand,  

Figure 7.8: Larvicidal activity of Agave collected from different locations. Aqueous extracts were 

prepared from the leaves of mature and juvenile Agave angustifolia plants that were collected from 

five different locations (L) within the 400 hectare area of the university campus and nearby roadsides. 

(A) A. aegypti or (B) A. stephensi larvae were exposed to 100 µg/ml dose of each extract separately. 

Figure 7.7: Agave larvicidal activity is 

independent of the plants vegetative 
growth. A. aegypti larvae were exposed to 100 

µg/ml aqueous extract prepared from the leaves 

of a mature (~44 inches in height) or juvenile 

(~12 inches in height) Agave angustifolia plants. 

Percentage larval mortality at each time point 

was calculated against the sham treated controls 

and represented as the mean ± SD of triplicates. 
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Percentage larval mortality at each time point was calculated against the sham treated controls and 

represented as the mean ± SD of triplicates. 

 we also analyzed the larvicidal activity in other mature and juvenile Agave angustifolia 

plants (height ranges from 4 to 50 inches) collected from different nearby locations and 

all revealed similar results (Figure 7.8). This indicates that the larvicidal nature of Agave 

angustifolia is not only inherited, it is also independent of its vegetative growth.  

 

7.3.3 Agave larvicidal activity is induced exclusively during summer  

We experienced a surprising outcome regarding the larvicidal nature of Agave 

angustifolia. Aqueous extracts prepared during summer (April-August, when outside 

temperature rises up to 45oC or higher) from the plants that were growing in the open 

field demonstrated a dose-dependent larvicidal activity against A. aegypti larvae (Figure 

7.4A and Figure 7.5). However, the aqueous extract prepared from the same plants 

revealed reduced and delayed larvicidal activity during winter (December-February, 

when the outside temperature falls between 4-10oC or lower). Results depicted in 

Figure 7.4B revealed that 100 µg/ml aqueous extract killed 0 ± 0% A. aegypti larvae in 

12h and likewise increased to 68 ± 2% at 36h of exposure. This larvicidal activity is 

significantly reduced as well as delayed in comparison to the summer activity (Figure 

7.4A and B). These observations indicated that Agave angustifolia metabolite(s) 

mediating larvicidal activity in aqueous extract is/are induced by the environmental 

conditions, at least the higher temperature. This may be due to the specific physiological 

role of these metabolite(s) under given circumstances.  

 

7.3.4 Manipulation of environmental temperature modulates Agave 

larvicidal activity and profiling of secondary metabolites 

Our results indicated that environmental conditions seem to be influencing the larvicidal 

properties of Agave angustifolia (Figure 7.4). We hypothesized that during winter if 

Agave angustifolia plants are maintained under warm conditions, their larvicidal activity 

may be induced. We tested this fact after swapping juvenile plants ~12 inches in height 

(Figure 7.1A) growing in individual pots from outside cold winter environment to 37oC in 

a plant growth chamber and compared their larvicidal activity to those growing outside. 

The aqueous extract from the plants maintained under warmer conditions revealed 

stronger lethality against A. aegypti larvae than the plants growing outside in winter 

(Figure 7.9A). 
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Figure 7.9: Manipulation of environmental temperature induces Agave-mediated larvicidal 

activity. The effect of environmental temperature on the induction of larvicidal activity in Agave 

angustifolia was analyzed against A. aegypti larvae. For that, the larvicidal activity in 100 µg/ml 

aqueous extract was compared from the plants that were growing or maintained in two different 

environmental conditions. The comparative larvicidal activities are shown here in those plants which 

were growing (A) outside in the cold environment during winter season and similar plants maintained 

at 37
o
C in a plant growth chamber or (B) outside in hot environment during the summer season and 

similar plants maintained at 4
o
C in a growth chamber as discussed in Material and Methods. The 

percentage mortality of larvae at each time point was calculated against the sham treated controls (not 

shown here) and represented as the mean ± SD of triplicates. (C) The relative levels of various 

secondary metabolites were compared in the aqueous extracts of Agave angustifolia plants maintained 

at 37
o
C in a plant growth chamber or growing in external environment during cold season as 

mentioned in the panel A. The values represent absorption maxima (A) in visible range for each 

metabolite separately. 

Aqueous extract prepared from the plants that were maintained in a warm incubator 

killed 90 ± 3% larvae at 12h of exposure. However, the similar control plant growing 
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outside in the cold weather killed 1.6 ± 2.8% larvae in same time (p=<0.001). In 

addition, we also performed the similar experiment during summer and shifted the 

plants from outside hot to 4oC, keeping rest conditions similar to the natural 

environment, and performed larvicidal assays. The results illustrated in Figure 7.9B 

revealed that the plants growing outside in hot summer conditions killed 87 ± 5% and 

those maintained at lower temperature killed 29 ± 5% A. aegypti larvae at 12h 

(p=<0.001). This indicated that, at least, one of the abiotic stress factors (i.e. increased 

temperature) stimulates the production of those secondary metabolite(s) in Agave 

angustifolia that exhibit(s) larvicidal activity. Overall, these results demonstrated that the 

Agave angustifolia is equipped with active larvicidal metabolites mostly during summer 

however, the semi-natural warmer environment under the laboratory conditions can also 

replicate the same effect.  

Our results confirmed that the larvicidal activity in Agave angustifolia is induced 

at least by environmental temperature (Figure 7.9A and B). Thus, we hypothesized that 

abiotic stress, i.e. temperature may alter the composition of metabolites and due to the 

production of specific compound(s) Agave angustifolia exhibits distinct larvicidal activity. 

To demonstrate this we analyzed and compared the levels of various secondary 

metabolites in those plants that are discussed in Figure 7.9A. The plant maintained in 

warm environment has elevated levels of several secondary metabolites such as 

flavonoids, phenols, alkaloids, phlobatannins and steroids in comparison to the plant 

growing at a low temperature (Figure 7.9C). In addition, when we analyzed these  

Figure 7.10: Secondary metabolite profiling of Agave. The relative levels of various secondary 

metabolites were compared in the aqueous extracts of identical Agave angustifolia plants maintained 

either at 4
o
C in a plant growth chamber or growing in the external environment during summer 

season as mentioned in Materials and Methods. The values represent absorption maxima (A) in 

visible range for each metabolite separately. 
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metabolites in plants as mentioned in Figure 7.9B, their levels also revealed similar 

patterns (Figure 7.10). These findings correlated an association between the external 

environment-induced production of secondary metabolites and larvicidal activity in 

Agave angustifolia aqueous extracts.   

 

7.3.5 Agave dry leaf powder formulation also exhibits strong larvicidal 

activity 

The larvicidal activity of Agave angustifolia is although inherited, but appears to be 

prominent exclusively during summer (Figure 7.4). This limited duration of available 

Agave angustifolia larvicidal activity in natural conditions impedes its utilization 

throughout the year. To overcome these limitations, we assumed that the leaf with 

larvicidal activity (Figure 7.5) 

could be dried and stored as 

powder for future usage. We 

prepared the powder from sun-, 

oven- or shade-dried leaves and 

after three months of shelf life, 

the larvicidal activity was 

analyzed in the powder or 

powder-free extract against A. 

aegypti larvae as mentioned in 

Materials and Methods. We 

found that the powder-free 

extract from sun-, oven- or 

shade-dried leaves exhibited 20 

± 1.4%, 0 ± 0% and 10 ± 0% 

larval mortality, respectively after 

12h (Figure 7.11), which was 

remarkably less in comparison to 

the original leaf extract-mediated 

anti-larval activity (Figure 7.5). 

Furthermore, these extracts 

could increase the larval mortality 

to 60 ± 4%, 55 ± 4% and 45 ± 

2.5%, respectively at 36h (Figure 

Figure 7.11: The larvicidal activity of Agave dried 

powder. Agave angustifolia leaves with active 

larvicidal activity were either sun-, oven- or shed-dried 

and the powder was prepared. The powder was stored 

at room temperature under moisture free conditions for 

three months (the shelf life of the powder). A. aegypti 

larvae were exposed to the powder-free aqueous 

extracts or powder directly added to the water in the 

amount equivalent to the fresh leaves exhibiting the 

larvicidal activity as mentioned in Figure 4. The 

percentage mortality of the larvae at each time point 

was calculated against sham-treated controls (not 

shown here) and represented as the mean ± SD of 

triplicates. 
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7.11). Interestingly, the sun- and oven-dried leaf powder itself killed 80 ± 0% and 55 ± 

3.5% larvae, respectively in 12h that increased gradually to 100% mortality at 24h 

(Figure 7.11). However, the powder prepared from shade-dried leaves revealed 

minimum mortality (10 ± 0% to 70 ± 2.5%) with time (12 to 36h). 

  In conclusion, dried leaf powders have slightly delayed larvicidal activity against 

the original leaf extract. Interestingly, the dried leaf powder-mediated larval lethality is 

dependent on the method of drying the original leaf and sun-dried leaf powder could 

reveal stronger larvicidal effects among others (Figure 7.11). The inability of powder-

free aqueous extract to kill larvae may be due to inadequate extraction of active 

larvicidal compounds from the powder due to the limitations of our extraction methods. 

Furthermore, the larvicidal activity in powders itself may be due to time-dependent 

leaching of larvicidal components into the water and that may explain those slightly 

delayed killing effects (Figure 7.11). 

 

7.4 Discussion 

Crude extracts prepared from the whole plant or specific parts of the plant such as leaf, 

stem, fruit and root have been reported to exhibit potent lethality against insect larvae 

(Bansal et al. 2012; Ghosh et al., 2012; Govindarajan, 2009) and hence, we termed 

them phyto-insecticides. These phyto-insecticides are biodegradable and reduce the 

environmental chemical burden as posed by the synthetic chemicals. In this study, we 

found that the crude extract prepared from Agave angustifolia by a simple, least labor-

intensive and cost-effective method exhibits strong larvicidal activity against A. aegypti, 

C. quinquefasciatus and A. stephensi larvae within 12h (Figure 7.5). This is the 

minimum time reported for a plant crude extract to kill all the larvae of medically 

important mosquitoes and upholds a promising future to control vector population.   

Larvicidal properties of natural compounds vary from one plant to another and 

may have a low degree of effectiveness only against selected genera of mosquitoes. 

The variations in the larvicidal efficacy of plant extracts are highly dependent on the type 

or the polarity of the solvent employed for extraction purpose (Ghosh et al., 2012). 

Therefore, the solvents with varying degree of polarity such as, hexane, petroleum 

ether, methanol, benzene, ethyl acetate, methanol, chloroform and acetone are 

generally used for this purpose (Ghosh et al., 2012; Govindarajan, 2009; Kumar et al., 

2012; Rawani et al., 2010). The use of unrelated solvents for the preparation of plant 

crude extracts sometimes reveals that the extraction efficiency of one solvent is superior 

over the other solvents (Rawani et al., 2010; Singha and Chandra, 2011). Surprisingly, 
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we found that the crude extracts of Agave angustifolia in individual solvents of varying 

polarity (ethanol and hexane) have more pronounced larvicidal effect against C. 

quinquefasciatus than A. aegypti larvae (Figure 7.2). These findings support the 

previous studies where lethal doses of Eichhornia crassipes and Artemisia nilagirica 

plant extracts vary for two different genera of the mosquito (Jayanthi et al., 2012; 

Panneerselvam et al., 2012).  

This may be due to the presence of diverged bioactive compounds in Agave or 

the varying solubility of the same compound in different solvents. In this condition, 

preparing the plant extract in a mixture of two or more solvents may enhance its 

mosquitocidal activity (Rawani et al., 2010; Singha and Chandra, 2011). In our 

experiments when we employed similar strategies to prepare Agave angustifolia extract 

by using a mixture of solvents, we did not find any additional effect on its larvicidal 

properties (Figure 7.12). This simply may be due to the limitations of our extraction 

methodology. 

Figure 7.12: Larvicidal activity of Agave extract in the combinations of different organic 

solvents. The extracts of Agave angustifolia leaves were prepared either in (A) one particular organic 

solvent such as acetone, ethanol or hexane or (B) in the combination of two or more solvents in equal 

ratio as depicted in the figure.  A. aegypti larvae were treated with 100 ppm dose of these organic 

extracts separately. The percentage of larval mortality was calculated against the sham treated 

controls and represented as the mean ± SD of triplicates. Abbreviations: Ace, Acetone; Eth, Ethanol; 

Hex, Hexane; Wat, Water. 

 In general, the organic solvents used for plant extraction might have a concern 

for ‘cost of preparation’ and may end up in escalating the chemical burden or toxicity in 

the natural environment as well. Their incompatibility to the aqueous environment is also 
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an associated concern. Therefore, we planned to analyze the larvicidal activity in a 

simply prepared aqueous extract of Agave angustifolia, which satisfies all the concerns 

related to organic solvent extractions. Interestingly, the aqueous extract of Agave 

angustifolia also exhibited a strong larvicidal activity against A. aegypti, C. 

quinquefasciatus and A. stephensi larvae (Figure 7.5). This is in contrast to some other 

reports where organic extracts from plants exhibit strong larvicidal activity however, their 

aqueous extracts remain inactive (Germinara et al., 2011).  

While planning strategies to apply plant extracts for controlling the larval 

population, especially in warm countries, it may be worthwhile to identify those 

biolarvicides that exclusively withstand the environmental temperature. In other words, 

the discovery of temperature-resistant biolarvicides may be helpful in this direction. 

Although many of the plants have larvicidal activity in their aqueous extracts however, 

this activity is lost with time and/or increased temperature (Chansang et al., 2005;  

Pontual et al., 2012). On the contrary, we found that Agave angustifolia aqueous 

extract-mediated larvicidal activity was mostly retained in the crude extract after heat 

treatment (Figure 7.6), which may signifies its advanced usage in controlling mosquito 

populations in the natural environment of tropical countries. These findings also 

highlight that it will be important to investigate the mechanism by which Agave 

angustifolia acquires heat-resistant larvicidal activity. 

The world of plants is unique in terms of producing different compounds or 

metabolites that may be directly linked to their stages of vegetative development, 

environmental conditions or geographical locations (Daniel et al., 2011). Previous 

reports suggested that the larvicidal efficacy of phytochemicals varies with plant age; 

young tissues have greater larvicidal activity than the older ones or sometimes may be 

vice versa (Ghosh et al., 2012). Thus, a consistency of larvicidal activity in the plant is 

an important concern in this field. We analyzed different sized Agave angustifolia plants, 

which denote their levels of maturity and vegetative growth, and found that the larvicidal 

activity is exhibited by all of them (Figure 7.7 and Figure 7.8). These findings clearly 

indicated that the larvicidal nature of Agave angustifolia is an inherited feature and that 

is independent of its vegetative growth. These findings are not in agreement with the 

other reports where only the mature plants exhibited the larvicidal activity (Ghosh et al., 

2012). In addition, geographical location of the plant also seems to be affecting its 

larvicidal properties. In case of Annona squamosa the plant leaves collected from 

different eco-zones possess various compositions of secondary metabolites and exhibit 

differential larvicidal activity (Daniel et al., 2011). However, when we collected Agave 
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angustifolia samples from different nearby areas, they resulted in similar larvicidal 

activity against mosquito larvae (Figure 7.8).  

In addition, some published reports indicated that another species Agave 

sisalana also exhibited positive larvicidal activity (Nunes et al., 2014; Pizarro et al., 

1999). In the first study, waste residues after sisal fiber separation from Agave sisalana 

leaves were found to be effective in killing A. aegypti or C. quinquefasciatus larvae 

within 24h. However, the effective lethal dose of these fiber residues against A. aegypti 

larvae was almost twice to that of C. quinquefasciatus larvae (Pizarro et al., 1999). In 

the second study, the liquid waste of Agave sisalana killed 100% A. aegypti larvae 

within 24h at 20 mg/ml concentration and the LC50 value was found to be 5.9 mg/mL 

(Nunes et al., 2014). Interestingly, a study was performed directly from the Agave 

sisalana leaves extracts and found that 2% dilution of the extract revealed 100% 

mortality against A. stephensi larvae however, 1% dilution exhibited same results in 

case of C. quinquefasciatus and A. aegypti larvae (Singh et al., 2014). It is also 

noteworthy to mention that the leaf extract prepared from one more species of Agave, 

Agave americana also revealed 100% mortality against 4th instar larvae of Anopheles, 

Aedes and Culex mosquitoes at a concentration of 0.08% within 24-48h (Dharmshaktu 

et al., 1987). In nutshell, all these studies indicated that although other species of Agave 

also exhibit larvicidal activity however, their larvicidal efficacy is variable against 

different mosquito larvae. Interestingly, our study revealed that a single dose (100 µg/ml 

or 0.01%) of Agave angustifolia extract killed Aedes, Culex and Anopheles larvae in a 

short duration of 12h (Figure 7.5).  

The environmental conditions sometimes have a direct effect on plant physiology 

and behavior.  Plants frequently encounter adverse abiotic conditions, such as salinity, 

drought, freezing and elevated environmental temperatures. Stress responses in plants 

are dynamic and engage complex crosstalk at different regulatory levels. Plants might 

overcome these stresses through avoidance or tolerance, which includes metabolic 

adjustment through alteration of compatible solutes or secondary metabolites 

(Krasensky and Jonak, 2012; Ramakrishna and Ravishankar, 2011). Our observations 

regarding the induction of Agave angustifolia larvicidal activity, exclusively during 

summer, might be an example of environmental abiotic stress. We believe that the plant 

might be producing some specific metabolites to counteract those stresses and some of 

these metabolites are also mediating larval lethality (Figure 7.5 and Figure 7.9).  

Variations in the temperature, an abiotic environmental factor, also alter the 

composition of plant metabolites. Studies show that the plant Panax quinquefolius 



 
 
 
 
 

Chapter 7 
 

108 

 

growing just at the difference of +5oC contains a higher concentration of storage root 

ginsenosides than the ones growing at lower temperature (Jochum et al., 2007). 

Metabolic profiling of Arabidopsis indicated that 143 and 311 metabolites were altered in 

response to heat and cold shock, respectively. Interestingly, the comparison of these 

heat- and cold-shock responses revealed that the majority of heat-shock responses 

were shared with cold-shock responses (Kaplan et al., 2004). However, in case of 

Agave angustifolia this may not be true as the metabolites exhibiting strong larvicidal 

activity seems to be induced exclusively during summer but not in the winter (Figure 

7.4). 

Our study revealed that the levels of flavonoids, phenols, alkaloids, 

phlobatannins and steroids are higher in those Agave angustifolia plants that were 

maintained in warmer environments (Figure 7.9C and Figure 7.10). This profiling of 

secondary metabolites correlated the observed larvicidal activity in these plants (Figure 

7.9A and B). These results are in agreement with other studies where several 

compounds such as terpenes, flavones, xanthones, steroids, resins, flavonoids, 

alkaloids, anthroquinones, anthocyanins, terpenoids, glycosides, phenols and saponins 

are mostly responsible for mosquitocidal activities either individually or in combinations 

(Farias et al.,2010; Ghosh et al., 2012;  Kovendan et al., 2012;  Nikkon et al., 2010). In 

our study, we did not find any significant difference in the levels of saponins in these 

plants (Figure 7.9C and Figure 7.10). Further studies are required to isolate and 

identify the active principles involved in Agave angustifolia -mediated larvicidal activity 

and their mode of action. Our group is actively engaged in that direction.   

Larvicidal activity in Agave angustifolia is not perquisite for all seasons (Figure 

7.4). However, the plant leaves with larvicidal activity may be stored in the form of 

dehydrated powder to avoid the fermentation of its active components, easy 

transportation and for future applications. Our study found that Agave angustifolia 

powder-free aqueous extract exhibited low larvicidal activity in comparison to the 

powder itself, which may be due to inadequate extraction of larvicidal metabolites in our 

preparations (Figure 7.11). In addition, powder-mediated larvicidal activity is highly 

dependent on the process of drying the wet leaves. This may be due to the 

quantitative/qualitative alteration of the active larvicidal metabolites during drying-

mediated osmotic stresses as reported in other plants where air- or sun-drying markedly 

affected the levels of both primary and secondary metabolites (Dai et al., 2010; Mbah et 

al., 2012). We look forward for Agave angustifolia dry powder formulated preparations to 

enhance its potency and stability with minimal adverse effects on the environment. This 
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could help to design efficient strategies for Agave angustifolia extract-mediated 

mosquito controls. 

 

7.5 Conclusion 

In conclusion, the plants displaying larvicidal activity portray a noteworthy attention over 

the synthetic chemicals due to their biodegradable nature. Agave angustifolia aqueous 

extract that was prepared by the least labor-intensive and cost-effective method display 

a strong larvicidal activity against three major human disease vectors A. aegypti, C. 

quinquefasciatus and A. stephensi within a short exposure. Interestingly, the larvicidal 

activity of Agave angustifolia is heat-resistant and induced under the defined conditions 

therefore, it may be easily applicable at grass-root levels to control mosquito population. 
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Conclusions and Future Prospects 

 

� Heme peroxidase HPX15 is characterized in Indian malaria vectors A. stephensi 

(AsHPX15) and A. culicifacies (AcHPX15). AsHPX15 has orthologs in 18 

worldwide distributed species of Anopheles with 65-99% amino acid identity. As 

well as HPX15 does not have ortholog in other organisms, including arthropods 

such as, Culex, Aedes and Drosophila. Therefore, HPX15 is a lineage-specific 

heme peroxidase. A. stephensi HPX15 (AsHPX15) is 1941 bp long gene (three 

exons and two introns), which has binding sites for Ecdysone, STAT and Rel in 

its 5’ UTR regulatory region and codes for a 597 amino acids long globular 

secretory protein. AsHPX15 is a blood induced midgut gene, may have role in 

development and immunity. Thus, due to the highly conserved nature of HPX15 

protein among 19 anophelines, we propose that HPX15 might serve as a ‘potent 

candidate’ that can be used as a common target to manipulate mosquito 

vectorial capacity and blocking the transmission of malaria infection. 

 

� Functional analysis of AsHPX15 through gene silencing approach reveals that 

disruption of gut barrier via HPX15 silencing lead to the activation of immune 

responses against Plasmodium and heavy bacterial load in A. stephensi midgut. 

As a result of immune activation, there is reduction in number of Plasmodium 

and bacteria. Nitric oxide synthase (NOS) is working as anti-plasmodial and -

bacterial molecule after silencing the AsHPX15 gene. Thus, on the basis of our 

observation, we proposed a model that HPX15 silencing in A. stephensi may 

modulate the immune system in such a way that co-infection of Plasmodium 

along with exogenous bacteria, result in Plasmodium regulation through specific 

immune pathways. Due to uniqueness among anophelines and role in 

modulation of gut immunity make AsHPX15 as a potent target to control 

Plasmodium development inside the mosquito host.  

 

� We have discovered that AsHPX15 is modulating gut immunity to regulate 

Plasmodium development in A. stephensi. Further, it is required to analyze the 

effect of AsHPX15 gene against field isolated Plasmodium strains. 
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� We have identified Agave angustifolia aqueous extract as potential larvicidal 

against all three disease vectors Aedes, Culex and Anopheles within short time 

period of 12h. Aqueous extract can be prepared by common man with the least 

labor-intensive and cost-effective method. Larvicidal activity is thermostable and 

dry leaf powder of plant also exhibit activity, this makes it suitable for 

transportation purpose. Further, in future  this plant extract can be used for field 

trials at larger scale in aquatic ecosystem, so that potent larvicidal nature of 

Agave angustifolia can be used to eliminate vector population from disease 

prevalent areas. 

 

� Active compound from water extract of Agave angustifolia can also be isolated to 

analyze their pronounced anti-larval effects. 
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