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INTRODUCTION 

The mosquito vectors are known to spread various deadly diseases including dengue 

fever, chikungunya, zika, West Nile, yellow fever, malaria, and Japanese encephalitis. 

Among the various reported mosquito vectors, the mosquitoes belong to Aedes, 

Anopheles, and Culex are known to possess significant threat to human population. The 

recent research focusing on the eradication of mosquito borne diseases indicated that 

the mosquitoes belonging to Aedes genus are principally contributing to enhance the 

frequency of deadly diseases in the recent scenario (Naik, Tyagi, & Xue, 2023). 

The arboviral disease-disseminating mosquitoes vectors including the Aedes aegypti 

spread the most dangerous pathogens responsible for chikungunya, zika and dengue 

fever. More than 129 countries are now facing the intimidating impacts of dengue fever 

and of which 70% of cases are focused in the Asian continent. Notably, the endemic 

regions of India comprises 12 states, in which Kerala and Tamil Nadu states are 

recorded to be most distressed with dengue cases (Acharya et al., 2024). In addition to 

this, the aforesaid regions are also threatened by chikungunya diseases which was 

spread by the Aedes aegypti and Aedes albopictus. However, the causative mosquito 

vector Aedes aegypti is restricted to the tropics and subtropics while the Aedes 

albopictus does exist in temperate regions. Clinical trials are dynamically directing 

over the globe, even though it may yield years before specific antiviral drugs or 

immunizations are made available to the general public (Gulland, 2016). Similar to the 

potential severe impacts of chikungunya, the yellow fever has also be noted to produce 

destructive impacts to the public. The primary vectors and reservoirs of the disease are 

fall into the category of mosquitoes belonging to the genus Aedes. 
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The primary hosts of yellow fever are monkeys, while the primary vectors and 

reservoirs of the disease are Aedes and Haemogogus species. Although there isn't 

currently a specific antiviral medication on the market, the immunization is safe, 

affordable, and only needs one injection  (Organization, 2014).  

Innovative methods to combat mosquito-borne diseases are urgently required due to the 

restrictions on elimination progress imposed by insecticide- and drug-resistance and the 

absence of vaccinations (Naik et al., 2023). In this work, we examine the 

microorganisms that were found in the gut of Aedes aegypti larvae using both the 

culture independent and culture dependent methods and the larvae were collected from 

kole wetland in thrissur district. Wetlands and disease-carrying mosquitoes coexist on a 

global and local scale because mosquito larval stages need water to develop. Wetland 

restoration are found to lowers mosquito populations by preventing or reducing floods 

and by creating a favourable environment for mosquitoes' natural predators (Medlock & 

Vaux, 2015). For example, when a 1,500-acre marsh in Massachusetts was restored as a 

part of the Essex County Mosquito Control Project, the mosquito population dropped 

by 90% and thus the local experts are aware that restoring wetlands works hand in hand 

with successful mosquito control. Likewise, in Indiana, the worst mosquito problems 

are usually found in areas with floods and forested pools. Therefore, by restoring 

healthy wetlands, we can actually do a lot of good for ourselves and all Indians. The 

environment in which organisms reside has a significant impact on and defines the 

microbiota within the gut, and here we have collected fourth instar larvae from kole 

wetlands. This area is a special place for mosquito breeding, and only a few researches 

have been done there. 
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Aedes aegypti and inhabited microbes 

In 2001, a study on the microbiota of Aedes aegypti mosquitoes was published 

(Luxananil, Atomi, Panyim, & Imanaka, 2001). The researchers used a culture-based 

approach, where they collected larvae from natural breeding sites in Thailand, isolated 

their guts, and plated the gut homogenates on Luria-Bertani (LB) agar. The resulting 

bacterial colonies were analyzed based on their appearance, Gram-staining, and 

standard biochemical tests (Koneman, Allen, Janda, Schreckenberger, & Winn, 1997). 

This initial study identified two strains of Bacillus cereus as particularly common and 

suggested their potential use in developing mosquito larvicides (Luxananil et al., 2001). 

Later studies used additional methods, including 16S rRNA analysis and Sanger 

sequencing, to confirm and expand on these findings. These studies identified Serratia 

as a predominant species, along with Bacillus sp. and Bacillus subtilis strains as part of 

the mosquito microbiota (Desiely Silva Gusmão et al., 2007). Over the following 

decades, researchers continued using culture-dependent methods with various media 

and isolation techniques to explore the diversity and composition of microbiota in both 

Aedes aegypti and Aedes albopictus mosquitoes (Desiely S Gusmão et al., 2010). 

Eukaryotic organisms and microbes share a symbiotic relationship where bacteria 

produce essential nutrients that help their hosts absorb and digest food more effectively. 

While it is well-known that gut microorganisms are crucial for metabolism, health, and 

development in animals, the specifics of this symbiotic relationship remain unclear 

(Pernice, Simpson, & Ponton, 2014). Recently, insects have gained attention as model 

systems for studying these interactions because they typically host fewer microbial 

species compared to vertebrates. Research has shown that bacteria are present in insects 

and play specific roles in their hosts. Both culture-dependent (Demaio, Pumpuni, Kent, 

& Beier, 1996; Dinparast Djadid et al., 2011; Dong, Manfredini, & Dimopoulos, 2009; 
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Y. Wang, Gilbreath III, Kukutla, Yan, & Xu, 2011) and culture-independent methods 

(Chavshin et al., 2012; Osei‐Poku, Mbogo, Palmer, & Jiggins, 2012; Y. Wang et al., 

2011) have been used to identify gut bacteria in these studies. 

The composition of bacterial communities in insects varies significantly based on diet, 

life stage, sex, species, and environmental factors (Merritt, Dadd, & Walker, 1992). 

Field studies on mosquitoes from the Culicidae family reveal that adult mosquitoes 

typically host bacterial communities with low diversity but significant variations 

between individuals and species. However, it is still unclear how these microbiomes 

develop, what influences their composition, and whether they are essential for mosquito 

survival. 

The structure and physicochemical properties of insect digestive tracts vary widely, 

influencing the microbial communities they host. As holobionts, mosquitoes undergo 

significant changes in their microbiomes during their metamorphic transformation from 

larvae to adults. For example, Aedes aegypti has a complex life cycle that involves 

drastic changes in its environment, form, and function (H. Singh, Akhtar, & Gupta, 

2024). Female mosquitoes lay eggs on moist surfaces inside water-filled containers. 

When water covers the eggs, larvae hatch and feed on microbes and organic particles, 

growing through four larval stages. After sufficient growth, the larvae metamorphose 

into pupae, non-feeding forms that eventually become flying adults. 

Each stage of the mosquito life cycle is associated with changes in its microbiota 

(Alfano et al., 2019) due to shifts in habitat and feeding patterns. For example, larvae 

primarily feed on bacteria and plankton, which establish the initial bacterial 

colonization in their guts. When mosquitoes reach adulthood, their diet shifts to blood 
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and nectar, leading to changes in their gut microbiota. Some bacterial species thrive in 

the adult stage, while others decline. 

Studies by (Duguma et al., 2013) showed that the bacterial communities in Culex 

nigripalpus adults varied depending on the nutrient levels in their larval habitats. 

Mosquitoes from high-nutrient environments had an abundance of Clostridiales, while 

those from low-nutrient environments were associated with Burkholderiales. 

Additionally, research by (Coon, Brown, & Strand, 2016b) demonstrated that larvae 

from different mosquito species in the same habitat had similar bacterial communities, 

while larvae of the same species from different habitats had distinct bacterial 

compositions. Comparing aquatic larvae and adult mosquitoes revealed that larval gut 

bacteria closely resemble the microbes in their habitats, whereas adult mosquito gut 

bacteria differ significantly. These findings highlight the major roles of diet, habitat, 

and developmental stages in shaping the gut microbiota of mosquitoes. 

Furthermore, the results of additional investigations show that some bacteria carried by 

larvae can survive in adults (Figure1). It is fascinating to note that the Thorsellia genus 

was found in Culex tarsalis in both immature (early and late larval instars and pupae) 

and adult stages (Duguma et al., 2015). Some bacteria from the Micrococcaceae, 

Pseudomonadaceae, and Staphylococcaceae families are present in Aedes albopictus 

larvae, adult males, sugar-fed females, and blood-fed females (Yadav et al., 2016). 

Mosquito metamorphosis from pupa to adult would not result in total bacterial 

clearance, which strongly suggests that a portion of this environmental bacterial 

microbiota will naturally be included in the holobiont cell components (Moll, Romoser, 

Modrakowski, Moncayo, & Lerdthusnee, 2001). Similarities between their bacterial 

communities were found in a larger study that included 12 mosquito species found in 
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the USA, including Aedes, Anopheles, and Culex. Gluconobacter, Propionibacterium, 

and Staphylococcus bacterial species dominated these communities.  

Thus, a portion of the microbiota in adult mosquitoes would come from the aquatic 

larval habitat, and the remaining portion would be reliant on food sources, such as 

naturally occurring plant-based sugars or blood meals for females. Bacterial diversity 

and composition are subsequently altered by a blood- or sugar-meal, which heightens 

inter-individual variances (Gimonneau et al., 2014). Particularly, blood meal modifies 

the makeup and organization of microbial populations, which results in a systemic 

change in the oxidative conditions in the gut. Both the presence of a viral infestation 

and how long it has been since the blood meal have an impact on the diversity and 

makeup of the bacterial communities in Aedes albopictus.  

Blood meal influences bacterial composition but not structure, whereas only a small 

number of taxa changed substantially as a result of chikungunya infectious agent 

(Zouache, Michelland, FAILLOUX, Grundmann, & Mavingui, 2012). Aedes japonicus 

and Aedes triseriatus infected with the La Crosse virus (LACV) had higher bacterial 

abundance while the richness and evenness of the local fungus reduced (Muturi, 

Ramirez, Rooney, & Dunlap, 2016). Otherwise, Aedes aegypti infected with DENV has 

less bacterial abundance (Ramirez et al., 2012). Additionally, Rhodobacteraceae and 

Desulfuromonadaceae, which have been proposed as possible markers for ZIKV (L. E. 

Villegas et al., 2018), are affected by ZIKV infection in Aedes aegypti.  

Blood meal and infection-related effects tend to emphasize microbiota-mosquito 

immunological interactions, such as immune response and redox and detoxifying 

enzyme metabolisms. Similar to this, a study by (Short, Mongodin, MacLeod, Talyuli, 

& Dimopoulos, 2017) revealed that the midgut microbial populations in Aedes aegypti 
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were impacted by the host amino acid metabolic pathway, which involves branched 

chain amino acid breakdown. This may help to partially explain variability in the 

midgut  

Recent research has focused on the host- microbiota phylosymbiosis or the agreement 

between the host phylogeny and the divergence in the makeup of the accompanying 

microbiome. According to a field study done by (Novakova et al., 2017) on 11 

mosquito species from Canada, the phylogeny of the hosts and the variations in the 

bacterial communities they are linked with are consistent. Moreover, not all closely 

linked host species showed this co-evolutionary tendency. In fact, Aedes aegypti had a 

more divergent microbiota from the closely related species, Aedes atropalpus than from 

the distantly related species An. gambiae in conventional laboratory settings (Coon, 

Vogel, Brown, & Strand, 2014). On the other hand, species belonging to the same 

subgroup of microbial species also showed similar trend in their microbial 

communities. Aedes albopictus and a cryptic species living in sympatry in Vietnam 

were shown to have a lot in common, according to an analysis of gut bacterial flora 

(Minard et al., 2017).  

Those results might be accounted for subsequent host-microbe co-adaptation. To fully 

understand how host genotypes and local environmental factors affect the composition 

of the mosquito microbiome, more research is required. Additionally, horizontal gene 

transfers (HGTs) between Wolbachia and Aedes mosquitoes have been documented 

(Hou et al., 2014). As Wolbachia can control the transmission of some infections 

depending on the mosquito species, the evolution of Wolbachia-mosquito partnerships 

raises the question of the impact of bacterial-to-mosquito HGTs on the adaptive 

capacity of the holobiont or/and mosquito vector competence (Caragata, Dutra, & 

Moreira, 2016).  
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Functional bacterial HGTs may also have an effect on the holobiont's ability to adapt. 

The aforesaid circumstance has been observed in coffee-crop bug where the HGT may 

expand and allow the insect to persists for new environment (Acuña et al., 2012). The 

co-evolution and diversification of some MSVs from the Bunyaviridae and Flaviviridae 

families with their mosquito hosts have also been emphasized by phylogenetic studies 

(Marklewitz, Zirkel, Kurth, Drosten, & Junglen, 2015). Along with the bacterial 

microbiota, MSVs should also be given consideration in this evolutionary setting since 

they may serve as biological trait-drivers that affect whether the mosquito holobiont can 

spread infections or not. 

Role of bacteria in various physical activities and immunological respone 

Symbiotic relationships in insect guts play critical roles in host development and 

survival. Most gut bacteria assist with metabolism, enhance digestion, and protect the 

host from harmful pathogens. In mosquitoes, bacteria primarily inhabit the midgut, 

though they are occasionally found in the salivary glands, ovaries, and male accessory 

glands. For instance, Asaia species are prominent in the microbiota of An. stephensi and 

influence host growth by modulating cuticle synthesis genes (Mitraka, Stathopoulos, 

Siden-Kiamos, Christophides, & Louis, 2013), resembling how Saccharomyces 

cerevisiae, Klebsiella, and Aeromonas support Cx. pipiens development (Steyn, Roets, 

& Botha, 2016). 

Experimental studies highlight the essential role of gut microbiota in mosquito 

development. Axenic larvae, raised without bacteria through antibiotic treatments, fail 

to survive or develop without microbial support, whereas gnotobiotic larvae (colonized 

with single bacteria species) grow normally (Muturi et al., 2018). For 
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example, Asaia can reverse growth delays caused by antibiotics in An. 

stephensi (Chavshin et al., 2012).  

Gut bacteria may act as signaling agents by altering pH or oxygen tension, crucial for 

larval growth and molting. In Aedes aegypti, cytochrome bd oxidase reduces gut 

oxygen levels, stabilizing hypoxia-induced transcription factors (HIFs), which are 

necessary for molting and development (Coon et al., 2017; Valzania, Coon, Vogel, 

Brown, & Strand, 2018). 

Microbial influence extends to egg production. While Aedes aegypti females require 

blood meals to produce eggs, Aedes atropalpus can lay eggs without blood, relying on 

their gut microbiota to provide nutritional reserves from larval development. 

Moreover, Cx. pipiens females prefer oviposition sites 

containing Klebsiella and Aeromonas (Coon et al., 2016b; Diaz-Nieto, D´ Alessio, 

Perotti, & Beron, 2016). 

Interestingly, some gut bacteria increase mosquito susceptibility to pathogens. For 

example, the presence of Escherichia coli, Aeromonas, and Serratia odorifera in Aedes 

aegypti enhances vulnerability to DENV-2, potentially by suppressing immune 

responses through P40-porin interactions. S. marcescens facilitates dengue virus entry 

by cleaving membrane-bound mucins, while aminopeptidases secreted 

by Chromobacterium degrade viral E proteins, reducing infection rates (Saraiva et al. 

2018). Other bacterial species, such as Proteus sp., may have anti-dengue effects, either 

by boosting immunity or directly obstructing viral colonization (Diaz-Nieto et al., 

2016). 

Fungal symbionts also play a role in vector-pathogen interactions. For instance, the 

fungus Talaromyces (Tsp PR) in Aedes aegypti enhances DENV infection by 
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suppressing gut trypsin transcripts, reducing enzymatic activity that otherwise counters 

viral colonization. Similarly, Penicillium chrysogenum components in An. 

gambiae increase susceptibility to Plasmodium by modulating the mosquito's innate 

immune response, particularly through the overactivation of ornithine decarboxylase, 

which depletes protective nitric oxide pathways (Angleró-Rodríguez et al., 2016; 

Chavshin et al., 2012). 

Further research on mosquito-microbiota coadaptation has revealed that midgut bacteria 

differ between mosquito species. For instance, Pantoea stewartii from Aedes aegypti 

demonstrated greater survival in its host compared to its performance in An. 

stephensi (Terenius et al., 2012). The reported  results illustrates the interrelationship 

between the microbial consortia and mosquito vectors, and the strong correlation not 

only impacts the reproduction and development, but also influence the  vector 

competence and the disease transmission. 

Various methods for bacterial identification and characterization 

The genes having 1.5 kb-long size were used for the bacterial identification while the 

ITS-based strategies are implemented for identification of fungal strains according to 

the various seasons. Also, 16S rRNA based sequencing coupled with the metagenomics 

were used for throughout the molecular analysis. The CR was completed with universal 

primers and verified using gel electrophoresis.  

The metagenomic strategies allow to differentiate all the microbial population including 

bacteria, fungi and viruses without any culture based approaches. In addition to this, the 

metagenomic strategies also permits the scientists to discover novel microbial 

population along with their functional role. Such kind of movement can advance our 

understanding regarding the mosquito biology, thereby we can open new way for the 
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development of advanced and efficient strategies for mosquito control and diseases 

prevention. By unveiling the specific microbial consortia inhabited in the mosquito 

vectors, the scientific community can exploit the identified roles in diseases spread, 

pathogen transmission and susceptibility. Hence, studies investigating the microbial 

dynamics and significant association with the mosquito vector is principally critical and 

vital.(Karunaratne & Surendran, 2022). Additional techniques for identifying sequences 

include temperature gradient gel electrophoresis (TGGE) (Zoetendal et al. 1998), 

terminal-restriction fragment length polymorphism (T-RFLP) (Marsh, 1999), 

denaturing high-performance liquid chromatography (DHPLC) (C. Liu et al., 2010), 

single-stranded conformation polymorphism (SSCP) (Gong, Zhou, Plowman, Dyer, & 

Hickford, 2012), constant denaturing capillary electrophoresis (CDCE), and temporal 

temperature gradient gel electrophoresis (TTGE) (Rani, Sharma, Rajagopal, Adak, & 

Bhatnagar, 2009). Culture-dependent techniques cannot detect microbes that cannot 

grow in the lab, while culture-independent methods cannot use the identified microbes 

for further studies like Para transgenesis or detailed characterization. Therefore, 

combining both approaches is more effective for accurately identifying 

microorganisms. Additionally, fluorescent in situ hybridization (FISH) can be used to 

directly visualize bacterial symbionts without sequencing the 16S rRNA gene, by using 

fluorescently labeled probes. Other visualization methods include DAPI (4′,6-

diamidino-2-phenylindole) and green fluorescent protein (GFP), which help observe gut 

microbes. 

Fungal diversity in mosquito 

In watery habitats where mosquito larvae grow, they come into contact with various 

bacteria and fungi, and the environment plays a key role in shaping fungal diversity in 

mosquitoes. Mosquitoes interact with fungi in different ways, ranging from parasitic to 
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non-harmful relationships. Research has focused mainly on fungal pathogens that kill 

mosquitoes and their potential use as bioinsecticides to control larvae and adults. 

However, not all fungi harm mosquitoes. 

The majority of fungi associated with mosquitoes belong to Ascomycota (73–92% in 

Aedes and Culex species) and Basidiomycota (8–25% in Aedes and Culex species), 

including yeasts and filamentous fungi (Luis et al., 2019; Thongsripong et al., 2018). 

Common fungal species found in mosquitoes include Aspergillus gracilis, Aspergillus 

puulaauensis, Cladosporium sp., Phaeophleospora hymenocallidicola, and Penicillium 

sp., which were present in over 70% of sampled mosquitoes (Bozic et al., 2017; Frants 

& Mertvetsova, 1986; Luis et al., 2019; Thongsripong et al., 2018). Yeasts and yeast-

like fungi make up a large part of mosquito fungal communities, ranging from 19% to 

47% on average and reaching as high as 84% in some Aedes albopictus populations. 

Fungal diversity changes with mosquito development stages. In newly emerged adults, 

fungal diversity drops because the midgut undergoes partial sterilization during 

metamorphosis (Diaz-Nieto et al., 2016; Steyn et al., 2016). Female mosquitoes that 

feed on blood also experience reduced fungal diversity in the midgut, as certain species 

like Meyerozyma spp. become dominant (Muturi et al., 2016). Fungi not only inhabit 

the midgut but also invade the ventral diverticulum and reproductive organs of 

mosquitoes (Desiely S Gusmão et al., 2010; Desiely Silva Gusmão et al., 2007). 

While vertical transmission of bacteria has been observed in mosquitoes (Damiani et 

al., 2010), it is still unclear whether fungi use the same mechanism. Additionally, dead 

female mosquitoes are often seen floating on water after laying eggs, which allows 

fungi associated with adult mosquitoes and larvae to colonize new environments (Steyn 

et al., 2016). 
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The microbiota, including fungi, is essential for mosquito larvae development. Axenic 

(microbe-free) larvae grow more slowly, taking over six extra days to develop or failing 

to grow past the first stage, even with plenty of sterile food (Valzania et al., 2018). 

Yeasts also play a role in mosquito growth by causing gut hypoxia. For example, 

Saccharomyces cerevisiae lowers oxygen levels in the gut of Aedes aegypti to below 

5% through aerobic respiration, triggering growth and molting (Valzania et al., 2018). 

Hypoxia activates transcription factors (HIFs) that promote fat storage and molting 

(Coon et al., 2014; Valzania et al., 2018). A similar process may occur in other 

mosquito species like Culex pipiens (Diaz-Nieto et al., 2016). In adult mosquitoes, a 

yeast-only microbiota helps maintain survival rates (68–100%) but slightly shortens 

their lifespan. 

Fungi can significantly affect how many eggs a female mosquito lays. For example, 

female Aedes aegypti mosquitoes infected with Edhazardia aedis (a type of 

microsporidia parasite) consume 23% less blood and lay 30% fewer eggs (Barnard, 

Xue, Rotstein, & Becnel, 2007). Similarly, Anopheles gambiae females infected 

with Vavraia culicis show a 16% decrease in eggs laid during their first egg-laying 

cycle and a 45% decrease by the fourth cycle, with the negative effect increasing as the 

mosquito ages (Lorenz & Koella, 2011). 

The yeast W. anomalus has been found in the reproductive organs of both male and 

female An. stephensi mosquitoes, suggesting it plays a role in mosquito reproduction 

and might be passed down from one generation to the next (Ricci et al., 2011). The 

presence of W. anomalus in the midgut of larvae (L1-L4) and pupae, as well as adult 

mosquitoes reared under controlled laboratory conditions (fed only sterile food and 

raised without W. anomalus in the larval water), supports the idea that the yeast is 

transferred through stages of mosquito development. The fact that W. anomalus was 
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still present in adults at least ten days after emergence suggests it can survive in the 

midgut and get nutrients from the mosquito's diet (Ricci et al., 2011). 

Most interactions between fungi and mosquitoes help both the mosquito and the fungus 

get nutrients and energy (Guégan, Zouache, Démichel, Minard, Tran Van, et al., 2018). 

Both the male and female mosquitoes usually acquire sugar (glucose, fructose, and 

sucrose) from the environment, they may also get the chance of acquiring the fungal 

population directly to the  gut of mosquito vector (Barredo & DeGennaro, 2020; 

Desiely Silva Gusmão et al., 2007). According to Guégan et al., 2020, the fungal 

composition may not differ according to the gender of mosquito vector. Recent 

investigations reported  that the some of the fungal strains including Wickerhamomyces 

guilliermondii may colonizes within the Phlebotomus perniciosus, which are known to 

be the predominant vector of leishmaniasis. Furthermore, the potential of the fungal 

strain Wickerhamomyces anomalus once it is inhabited in the midgut and gonads of 

certain mosquito vectors including Anopheles, to produce toxic elements with strong 

antimicrobial potential made them to get the name as “"killer yeasts"” as mentioned by 

earlier studies (Barredo & DeGennaro, 2020), (Desiely Silva Gusmão et al., 2007), 

(Foster, 1995; Guégan et al., 2020; Souza-Neto, Machado, Lima, Valle, & Ribolla, 

2007), (Stefanini, 2018), (Guégan et al., 2020), (Esquivel, Cassone, & Piermarini, 

2016), (Martin et al., 2018)., (Bozic et al., 2017; Steyn et al., 2016), (Ricci et al., 2011), 

(Cappelli et al., 2019; Ricci et al., 2011), (Valzano et al., 2016).. Studies have shown 

that yeasts can reduce parasite populations (zygotes and ookinetes) by 65%. However, 

the later stages of the parasite's life cycle, the oocysts and sporozoites, are unaffected by 

these yeast toxins, likely because they are outside the midgut lumen and do not come 

into contact with the toxins (Cappelli et al., 2019; Valzano et al., 2016). 
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On the other hand, some fungi may promote the growth of pathogens in mosquitoes. 

For example, the filamentous fungus Talaromyces sp., which commonly lives in the 

midgut of Aedes aegypti mosquitoes, enhances Plasmodium infection in Anopheles 

gambiae mosquitoes and supports the transmission of the dengue virus. It does this by 

inhibiting the mosquito’s gut digestive enzymes. The fungus secretes heat-sensitive 

substances that suppress the activity of genes responsible for digesting blood meals, 

including trypsin and endo-protease genes. These fungal by-products alter the activity 

of trypsin, affecting the mosquito's ability to process the blood meal (Angleró-

Rodríguez et al., 2017). 

Modulation of immune system by fungus 

Unlike adaptive immunity, which is influenced by previous encounters with pathogens, 

mosquitoes rely solely on innate immunity. The presence of certain  non-

entomopathogenic fungi including Saccharomyces cerevisiae and Candida albicans, 

can induce melanization within various mosquito vectors including Culex 

quinquefasciatus and Anopheles albimanus. The process of melanisation may develops 

when protein that constitutes the  thioesters (TEPs) detects the aforesaid fungal 

population and resulting them to cover the fungi cells with the formed melanin (A. 

Kumar et al., 2018), (Tawidian, Rhodes, & Michel, 2019). As a result, the fungal cells 

die from nutritional deficiency, without being consumed by immune cells (Da Silva, De 

Albuquerque, De Araujo, Peixoto, & Hurd, 2000; Hernández-Martínez, Lanz, 

Rodrguez, González-Ceron, & Tsutsumi, 2002). Fungi may therefore affect a 

mosquito's ability to transmit diseases by either stimulating or suppressing the immune 

system. For example, microsporidia like Vavraia culicis, which don’t harm mosquitoes, 

can prevent the development of Plasmodium berghei (a malaria-causing parasite) 
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in Anopheles gambiae mosquitoes. This happens because the fungi trigger immune 

reactions like melanisation.  

Studies have shown that mosquitoes infected with microsporidia produce significantly 

fewer oocysts (58%) compared to uninfected mosquitoes (81%) (Bargielowski and 

Koella 2009). Similarly, another type of microsporidia, Microsporidia MB, found in the 

midgut and ovaries of Anopheles arabiensis, affects the development of Plasmodium 

falciparum (another malaria parasite). Certain fungi can’t have the potential to produce 

toxic elements while they can activate the immune system of mosquito population as 

reported by Cappelli et al., 2019.  

The potential of some of the fungal strains to produce  reactive oxygen species or 

cyanide to stop the proliferation of virus or other diseases causing infectious agents was 

reported in earlier observations by (Cirimotich et al., 2011; Herren et al., 2020; Ramirez 

et al., 2014) (Angleró-Rodríguez et al., 2016). 

Fungi's effect on mosquito behaviour and the volatile components they produce 

To locate their food sources (vertebrate hosts and/or nectar), mate, and find places to 

lay their eggs, mosquitoes use a variety of signals, such as visual, humidity, and 

olfactory cues (Ko, 2022). Chemical signals that influence mosquito behaviour, such as 

feeding, mating, and oviposition, primarily include carbon dioxide (CO2) and volatile 

organic compounds (VOCs). While some of these chemicals are directly emitted by 

plants and vertebrate hosts, others are produced by organisms like fungi, which colonize 

nectar or the skin of humans and animals.  

Specifically, yeasts involved in fermentation produce CO2 and other volatile secondary 

metabolites, which attract various insects, including mosquitoes (Aldridge et al., 2016; 
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Becher et al., 2018; Madden et al., 2018; Smallegange et al., 2010). It has been 

demonstrated that, alongside VOCs, the CO2 produced by yeasts during fermentation of 

different carbon sources attracts mosquitoes much more strongly than industrial CO2 or 

octenol (a fungal aromatic molecule) on its own (Jerry, Mohammed, & Mohammed, 

2017; Mweresa et al., 2014; Smallegange et al., 2010). 

However, mosquitoes can be either attracted to or repelled by VOCs, depending on the 

mosquito species, the specific VOCs present, and their concentrations. For example, 

sucrose and molasses are more attractive to mosquitoes than honey, even though the 

fermentation of honey by yeasts leads to higher levels of VOCs, including appealing 

chemicals like hexanoic acid or phenylethyl alcohol. This suggests that the absence of 

certain VOCs that repel mosquitoes could enhance their attractiveness to mosquitoes 

(Aldridge et al., 2016). Some entomopathogenic species, such as Beauveria bassiana 

and Metarhizium anisopliae, which produce fungal spores, attract Anopheles 

stephensi females by releasing unidentified VOCs (George, Jenkins, Blanford, Thomas, 

& Baker, 2013). 

Gravid (egg-laden) female mosquitoes use both physical signals and semiochemicals 

released by larvae, eggs, and/or microorganisms to determine the suitability of potential 

oviposition sites. For instance, gravid Aedes aegypti females prefer to lay their eggs in 

locations with their own species' eggs and in water that contains larvae that are neither 

hungry nor infested with harmful parasites.  

The yeast Candida pseudoglaebosa, which commonly inhabits Aedes aegypti 

mosquitoes, has been shown to attract gravid females to breeding sites with this yeast in 

the water (Reeves, 2004). In contrast, gravid Culex pipiens females do not seem to be 
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attracted to breeding sites by Saccharomyces cerevisiae, a yeast that is not part of the 

mosquito gut mycobiota (Diaz-Nieto et al., 2016). 

Impact on larval and adult feeding behavior 

As previously established, CO2 and VOC emissions from plant mycobiota, particularly 

yeasts that inhabit nectar, attract mosquitoes (Barredo & DeGennaro, 2020; Peach et al., 

2021). These fungal volatile chemicals enable yeasts to be dispersed during insect 

foraging, signalling the presence of sugar sources (Becher et al., 2018; Madden et al., 

2018). This behaviour helps explain why many phytopathogenic fungi and yeasts that 

occupy floral nectar are also found in the mosquito mycobiota (Barnard et al., 2007; 

Luis et al., 2019; Thongsripong et al., 2018). 

Infected gravid females are more likely to feed on blood more frequently. For 

instance, Edhazardia aedis significantly reduces both the number of eggs laid and the 

amount of blood consumed by Aedes aegypti females (Barnard et al., 2007). As 

mentioned earlier, yeasts can facilitate larval development in Aedes aegypti mosquitoes 

by promoting food uptake and energy accumulation. Interestingly, Anopheles mosquito 

larvae have been shown to respond to the presence of yeasts, which are known to be 

potentially behaviourally active odorants. In contrast to the insect repellent 

DEET, Saccharomyces cerevisiae increases rest periods while decreasing average larval 

movement speeds and body rotations (C. Liu et al., 2010; Xia et al., 2008). 

Entamopathogenic fungi inside the gut 

Only fungi that can be produced in vitro at a reasonable cost and have the potential to 

kill larval stages reliably should be considered for use against mosquitoes. In addition to 

a single application, repeated use is necessary, and the fungi must exhibit residual 
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activity and persistence. They should also retain their activity during storage (long shelf 

life) and be safe for humans and other non-target organisms. Furthermore, their 

application should be effective across a wide range of salinities, temperatures, relative 

humidity’s, and breeding sites with varying water quality. Despite human intervention, 

entomopathogenic fungi have been shown to significantly impact insect populations 

worldwide. This suggests that modifications, such as enhancing inoculum potential, 

could improve the effectiveness of fungi in vector control (Roberts, 1965). 

Fungi such as Lagenidium, Culicinomyces, and Coelomyces are crucial for mosquito 

control strategies. Each of these fungi has one or more beneficial characteristics for 

controlling mosquitoes, but none possesses all the required qualities for cost-effective 

and widely applicable eradication. While they are effective at killing 

mosquitoes, Coelomyces spp. have been found to cause epizootics, and their production 

is limited to in vivo methods, with species having constrained host ranges. Lagenidium 

giganteum is considered one of the best fungi for controlling mosquito larvae, although 

it is only effective in stagnant waters. A major advantage of Lagenidium is that it 

requires only one treatment per season, which differentiates it from Bacillus 

thuringiensis israelensis (Bti). Lagenidium has also been developed for commercial use 

as a mosquito repellent (Khetan, 2000). 

Numerous fungi have been identified as entomopathogenic and suitable for use in 

mosquito control. While non-target species are largely unharmed, some mosquitoes 

show susceptibility to Leptolegnia chapmanii Seymour (Pelizza, Scorsetti, & Tranchida, 

2013). These fungi typically follow a similar mode of action. Conidia, the asexual 

spores responsible for infection, begin to germinate upon contacting a compatible host's 

cuticle, triggering enzyme activity that facilitates recognition between the pathogen and  
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host. The fungus then penetrates the circulatory system through the exoskeleton's 

cuticle, forming penetration pegs, appressoria, and germ tubes (R. A. Samson, Evans, & 

Latgé, 2013).  

In entomophthoralean fungi, hyphal bodies spread throughout the insect's body, 

consuming nutrients until the host dies. Some fungi also produce spherical protoplasts 

to evade detection by the host's immune system (Arora, Ajello, & Mukerji, 1991). Once 

the host insect dies, sporulation or conidiogenesis typically occurs on the outside of the 

body. However, in fungi like Metarhizium anisopliae var. acridum, sporulation starts 

inside the body, with spores emerging through the ventral surface or mouth parts. These 

spores may be dispersed by wind or other insects present (Christine Roy, Dewit, & 

Aubert, 2001; Hemmati, McCARTNEY, & DEADMAN, 2001). The fungi produce 

resting spores that remain dormant in the soil during unfavourable conditions (Wilding 

& Brady, 1984). 

Examples of entomopathogenic fungi used for pest eradication include Entomophthora 

maimaiga for controlling Lymantria dispar (Hajek, Humber, & Elkinton, 

1995), Zoophthora radicans against spotted alfalfa aphid (Kenneth & Olmert, 

1975), Therioaphis trifolii f. maculate, Verticillium lecanii against aphids on 

chrysanthemums (Hall, 1981), Beauveria bassianafor insect pests in North America 

(Poprawski, Carruthers, Speese III, Vacek, & Wendel, 1997), Metarhizium 

anisopliae for locusts and grasshoppers in Africa (Shah & Goettel, 1999), Beauveria 

brongniartii for cockchafers in Europe (Keller, 1992), and Neozygites fresenii for Aphis 

gossypii in the USA (Pell, Macaulay, & Wilding, 1993). 

When using these fungi for insect pest control, safety for humans, the environment, and 

non-target organisms is paramount (Mehra & Avanthi, 2024). Profitability, long-term 
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control, and practical application are also important considerations. The first step in 

these operations is the identification and characterization of the relevant molecules. 

When compared to other pathogens such as bacteria, viruses, and protozoa, which 

exhibit a wide variety of virulence traits that enable them to be ingested and infect from 

the oral cavity and/or intestinal tract, the ingestion route for infection by 

entomopathogenic fungi is much rarer. However, recent advancements in next-

generation sequencing technologies have provided insights into the genomes of major 

entomopathogenic fungi, uncovering numerous fungal genes that may contribute to 

their ability to cause oral infections (Schabel, 1976). In contrast, pathogens like Bacillus 

thuringiensis, which primarily infect their host through ingestion, contain several 

virulence factors within their genomes, allowing them to penetrate and kill an insect 

from within (Vilcinskas, 2016).  

In addition to reported perspectives concerning the genomic diversity, it is well inferred 

that the mosquito vectors usually feed the fungi present in their surrounding habitat and 

wit helps them to maintain the microbial population within their gut. Also through 

various events like vertical transmission certain microbial population may transferred 

from one female mosquito to the next generation. However, no specific studies are 

conducted earlier to exploit the predominant role of the fungi population with special 

reference to the aforesaid mechanisms and events (Biswas, Joop, & Rafaluk-Mohr, 

2018; Rafaluk-Mohr, Wagner, & Joop, 2018), (Steyn et al., 2016), (Damiani et al., 

2010), (Steyn et al., 2016), (Correa, Matusovsky, Brackney, & Steven, 2018), (Valzania 

et al., 2018), (Stefanini, 2018), (Souza et al., 2019), (Valzania et al., 2018), (Diaz-Nieto 

et al., 2016), (Souza et al., 2019), (Barnard et al., 2007), (Lorenz & Koella, 2011).  
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The fungal strains predominantly impacts the fecundity of certain female mosquito 

vectors including the Aedes aegypti (D. R. Barnard et al., 2007).  Similarly, Lorenz & 

Koella (2011) reported that the egg lying potential of Anopheles gambiae females was 

reduced to 16% when they exposed with the Vavraia culicis. This detrimental effect of 

microsporidia on egg-laying intensifies with the mosquito's age. Additionally, the 

yeast Wickerhamomyces anomalus has been detected in the reproductive organs of both 

male and female An. stephensi mosquitoes, suggesting that these organisms may play a 

role in mosquito reproduction and that vertical transmission is likely (Ricci et al., 2011).  

The discovery of W. anomalus in the midgut of pre-adult stages (larvae L1-L4 and 

pupae) and in adults under laboratory conditions, where mosquitoes were reared on 

sterile food without W. anomalus in their larval breeding water, further supports the 

hypothesis of transstadial transfer. The persistence of W. anomalus in adult mosquitoes 

for up to ten days after emergence highlights its ability to survive in the midgut and 

derive nutrients from the mosquito diet (Ricci et al., 2011). 

Trophic interactions between fungi and mosquitoes often result in a mutual benefit for 

both parties in terms of acquiring nutrients and energy. Differences observed within the 

microbial population of mosquito vectors including the Aedes albopictus are primarily 

influenced by the sex of the vector, specifically concerning the mechanism allied with 

the fructose. For instance the Malassezia genus and Cyberlindnera genus has been 

reported to metabolise the fructose in an aggressive manner male and female mosquito 

vectors respectively. Moreover, the Aspergillus and Cladosporium has been witnss3d to 

be actively engaged in various mechanisms in male population as reported by previous 

studies (Guégan et al., 2020), (Barredo & DeGennaro, 2020). (Foster, 1995), (Guégan 

et al., 2020; Souza-Neto et al., 2007). (Stefanini, 2018), (Guégan et al., 2020). 

(Malassigné, Valiente Moro, & Luis, 2020), (Esquivel et al., 2016), (Martin et al., 
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2018). (Ricci et al., 2011), (Valzano et al., 2016), (Cappelli et al., 2019), (Cappelli et 

al., 2019). 

On the other hand, certain fungi may play a role in promoting the development of 

mosquito pathogens. For example, the filamentous fungus Talaromyces sp., which 

commonly inhabits the midgut of Aedes aegypti, has been shown to 

enhance Plasmodium infection in Anopheles gambiae mosquitoes. This fungus also 

contributes to the transmission of the Dengue virus by inhibiting the activity of 

digestive enzymes in the mosquito's gut. Talaromyces secretes heat-sensitive 

metabolites and proteins that suppress the expression of various genes involved in the 

digestion of blood meals, particularly trypsin and endo-proteases. These fungal by-

products disrupt the normal activity of trypsin, which may impair the mosquito’s ability 

to digest blood effectively, potentially promoting pathogen survival and enhancing 

transmission (Angleró-Rodríguez et al., 2017). 

How they acquire and transmit these microbes. 

The physicochemical properties of insect digestive tracts exhibit considerable variation, 

and these characteristics profoundly influence the composition and diversity of 

microbial communities present. Microorganisms can be transferred through different 

life cycle phases in two main ways: as beneficial symbionts or as harmful pathogens. 

These microorganisms rely on two modes of transmission for successful colonization of 

their hosts: vertical transmission (parental mode of transfer) and horizontal transmission 

(non-parental transfer). Both types of transmission are essential for the survival and 

establishment of microorganisms within the host. Vertical transmission can occur 

through two primary methods: transovarian transfer and trans ovum transfer. 

Transovarian transfer, which takes place during the development of the eggs, is more 
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likely to be successful compared to trans ovum transfer, which occurs when 

microorganisms attach to the egg's surface.  

Numerous bacteria, including Wolbachia, Asaia, Serratia, Rickettsia, Spiroplasma, 

Buchnera, Hamiltonella, and Elizabethkingia, demonstrate vertical transmission. In 

addition, several viruses, such as Dengue virus (DENV), West Nile 

virus (WNV), Japanese encephalitis virus (JEV), Chikungunya virus (CHIKV), and St. 

Louis encephalitis virus, also exhibit vertical transmission. While vertical transmission 

is important, the primary mode of pathogen transfer is typically horizontal transmission, 

which does not rely on parental involvement (Fine, 1975; Leake, 1992). 

Paratransgenesis  

The paratransgenesis contributes a new strategy to manage the drastic spread of 

mosquito vectors followed by the prevention of extensive spread of mosquito borne 

diseases. The paratransgenesis usually consists various major steps in the following 

way; 1) isolation and identification of specific microbial population, (2) identification 

of effector proteins with the potentials of preventing the disease instigating infectious 

agents, (3) release of the identified elements towards the host.  

One of the major  approach is to manipulate the microbial consortia an effective 

antagonist against the various pathogens including Chikungunya virus, Plasmodium and 

Dengue virus (Wilke & Marrelli, 2015), (Beard et al., 2001), (Chang et al., 2003; Rao et 

al., 2005), (Valiente Moro, Tran, Nantenaina Raharimalala, Ravelonandro, & Mavingui, 

2013). The Paratransgenesis based approaches can extensively offers an effective and 

innovative way towards the mosquito vector control by microbial consortia 

manipulation.  
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The success of paratransgenesis based approaches primarily depends on unveiling the 

diversity of microbial population and how the particular microbial population 

communicate with the infectious agents and host. The Aedes aegypti larvae collected 

from the Kole wetlands, Thrissur, Kerala, India provided a strong environment for the 

microbial diversity along with wide distribution of both bacterial and fungal population. 

By investigating the genomic variation between and within of both bacterial and fungal 

population, the scientific community can unveil the specific interactions formed by the 

microbial consortia (Favia et al., 2008), (Gladieux et al., 2014; Stelkens, 2024), (J. 

Wang, Gao, & Aksoy, 2023) (Alves et al., 2018), (Alves et al., 2018), (Wilke & 

Marrelli, 2015). 

Studies targeting the genomic difference within and between the microbial population 

can point out how the microbial population vary across diverse populations of mosquito 

vectors and it allowing the development of an efficient mosquito vector strategies in a 

region specific manner. Also, the genomic diversity of both the bacterial and fungal 

population not only significant for controlling the mosquito vector population or the 

infectious agents but also for reporting novel microbial strains that may have not 

explored for diseases control earlier. With the aid of advanced strategies including 

metagenomic analysis, the scientific community can report novel microbial population 

having unique characteristic features (Alves et al., 2018). 

The primary objective of this study is focused on the isolation, characterization and 

identification of the specific bacterial as well as the fungal population inhabited within 

the Aedes aegypti fourth instar larvae gut collected from the Kole wetlands, Trissur, 

Kerala, India. This study have employed both culture dependent approaches and 

advanced molecular strategies including 16 s sequencing and metagenomic analysis to 

unveil the extensive diversity of the microbial population within the Aedes aegypti 
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fourth instar larvae. The next strand of this investigation have focused on the extensive 

genetic divergence within and between both the bacterial and fungal populations. The 

findings of the intra- and inter specific genetic divergence of both bacterial and fungal 

populations can provide significant information concerning the adaptative nature of the 

reported microbes according to the varying environmental setting. Altogether the 

objectives of the present study augment our understanding concerning the microbial 

consortia allied with Aedes aegypti mosquito vectors and their significant implications 

towards the development of advanced and efficient strategies for mosquito vector 

control. 
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REVIEW OF LITERATURE 

The mosquito vectors fall under the Aedes genus are witnessed to be the public health 

concern in earlier observations as they instigate severe diseases including the Zika, 

chikungunya, dengue and other arboviruses as reported by Obtel et al., (1995). The 

principal way to combat the spread of diseases spready by the mosquito vector under 

the Aedes genus is targeting the larval population since there exists no specific vaccines 

for many of the infectious disease transmitted by Aedes mosquito vectors. Recent 

studies have focusing on the role of microbial consortia with special reference to 

interaction with hosts to develop an efficient and promising tool for the control of 

mosquito borne diseases (Obtel et al., 1995).  

Mosquito Gut Physiology 

The midgut of mosquito vector usually harbours various predominant functions as 

reviewed by Hecker (1977). It switches its functions from other to process the blood 

meal and sugar for nutrient acquisition together with energy for reproduction and 

survival when it serve as a digestive organ. Simultaneously, it provides selective habitat 

for the microbial population thereby forms stable structure between the immune 

responses towards microbial tolerance. In addition to this the role of midgut in disease 

transmission along with the potential to serve as a filter for pathogens has also been is 

reported in earlier studies (Franz, Kantor, Passarelli, & Clem, 2015; Smith, Vega-

Rodríguez, & Jacobs-Lorena, 2014)..  (Hecker, 1977), (Franz, Kantor, Passarelli, & 

Clem, 2015; Smith, Vega-Rodríguez, & Jacobs-Lorena, 2014). 

A study by  (A. G. Ramirez et al., 2025) inferred the  predominant role of chymotrypsin 

(AaCHYMO) in the Aedes aegypti midgut and they concluded that the area remain 

unexplored. According to their major findings, the AaCHYMO possessed  critical and 
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unique role during the digestion of blood meal. Furthermore, in addition to the aforesaid 

findings, the results from the knockdown experiments revealed a diminished activity of 

chymotrypsin without affecting the fecundity of the mosquito vector. This circumstance 

indicates the unique interaction allied with the midgut proteases. 

Bacteria isolation from aedes aegypti gut 

The microbiota of Aedes aegypti was first studied in 2001 (Luxananil et al., 2001). In 

this research, a culture-based method was used. The researchers collected larvae from 

natural breeding sites in Thailand, extracted their guts, and plated the gut homogenates 

onto Luria-Bertani (LB) agar. They identified the resulting bacterial colonies based on 

Gram-staining, biochemical tests, and colony morphology (Koneman et al., 1997). 

Among the bacteria isolated, two strains of Bacillus cereus were found to be common. 

Since these bacteria were consistently associated with Aedes aegypti, the researchers 

suggested they could be useful for developing mosquito larvicidal systems (Luxananil 

et al., 2001). 

Later, another study focused on identifying bacterial symbionts of Aedes aegypti using 

a similar approach (Desiely Silva Gusmão et al., 2007). Alongside morphological and 

biochemical methods, the researchers extracted bacterial DNA and sequenced the 16S 

rRNA gene using the Sanger method to identify the bacteria.  

Microbiota Across Mosquito Life Stages 

Mosquito vectors usually interact with the connected microbial population according to 

their life cycle stages. During the larval stages, the mosquito vectors acquire the 

microbial consortia directly from breeding sites though feeding the water. The 

microbial consortia of mosquito larvae consists  Operational Taxonomic Units (OTUs) 
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and this has been verified for both the Aedes aegypti and Aedes albopictus as reported 

by  earlier studies (Coon et al., 2016b), (Dada et al., 2014; Ponnusamy et al., 2008), 

(Coon et al., 2016b), (Dickson et al., 2017), (Lindh, Borg-Karlson, & Faye, 2008), 

(Coon et al., 2016b), (Kaufman, Walker, Smith, Merritt, & Klug, 1999), (Benzon & 

Apperson, 1988), (Coon et al., 2016b; Osei‐Poku et al., 2012; Valiente Moro et al., 

2013; Zouache et al., 2011). The findings of earlier studies indicates that the microbial 

consortia within the larval population may vary according to the locations, seasons and 

species (Coon et al., 2016b). This inference illustrates the significance of studying the 

surrounding environment that alter the profile of microbial consortia within the 

mosquito vector. A reported by Dickson et al., (2017), distinct microbial consortia has 

been exists in the Aedes aegypti inhabited in the forest and residential habitat. The 

composition of the microbiota changes significantly as an organism transitions from a 

larva to an adult (Thiery, Nicolas, Rippka, & Tandeau de Marsac, 1991; Vázquez-

Martínez et al., 2002). During metamorphosis, adult insects eliminate most of the 

bacteria present in their larval midgut. For instance, Aedes aegypti removes more than 

90% of its bacterial species (Moll et al., 2001; Xia et al., 2008), a process observed in 

other insects as well (Y. Wang et al., 2011) . However, some bacteria are carried over 

between life stages, as seen in the arboviral vector Culicoides imicola (Coon et al., 

2014; Moll et al., 2001). The gut microbiota, which directly influences mosquito vector 

biology, has been the focus of most studies (Dharne, Patole, & Shouche, 2006; Mancini 

et al., 2018). 

Both Anopheles and Aedes mosquito species host microorganisms that inhabit various 

organs, such as the salivary glands and reproductive tissue. According to Mancini et al., 

(2018) the Proteobacteria has been reported as the predominant microbe within the gut, 

salivary glands, ovaries and testes in both Aedes aegypti and Aedes albopictus. 
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However, differences has been noted for the distribution of microbial consortia across 

the tissues.  (Mancini et al., 2018; Punita Sharma et al., 2014; Tchioffo et al., 2016). 

In the salivary glands of female Aedes albopictus, Gammaproteobacteria dominate, 

whereas Aedes aegypti’s salivary gland microbiota is more diverse, including genera 

such as Serratia, Escherichia-Shigella, Pantoea, Acetobacter, Sphingomonas, 

Burkholderia, and Cupriavidus. According to the findings of Dickson et al., 2018; 

Dickson et al., 2017; Mancini et al., 2018, it is uncertain that whether the diversity of 

microbial population within the Aedes mosquitoes are more diverse than other 

mosquito vectors. They also mentioned that the following factors may significantly 

impacts the composition of microbial population within each mosquito vector genera; 

age of insect, number of generation, genetic history and surrounding environmental 

conditions (Dickson et al., 2018; Dickson et al., 2017; Mancini et al., 2018).  

Factors Influencing Mosquito Microbiota 

The various factors allied with the environment may possess predominant role in 

modulating the microbial consortia inhabiting the mosquito vector. The temperature, 

chemistry of water followed by other habitat associated critical factors may 

significantly impacts the composition of microbial population within the mosquito 

vectors.  For instance as reported by Hörtnagl, Pérez, Zeder, & Sommaruga (2010); 

Onchuru et al., (2016) the elevated temperatures in their habitat supports the 

proliferation of Betaproteobacteria. Simultaneously the increased temperature may 

enhance the population density of Anopheles mosquito vector compared to the Aedes. In 

addition to this, anthropogenic impacts may also have substantial significance in 

microbiota proliferation since anthropogenic activities usually alter the geochemical 

characteristic features of the habitat and breeding sites. The important elements such as 
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phosphorus and ammonium from the fertilizers may also promote the growth of 

bacterial population as witnessed in earlier observations by Merritt et al., (1992); 

Muturi, Ramirez, et al., (2016).  (Zhao et al., 2025) validated the prominent influence of 

microbial consortia reside the surroundings of mosquito vector habitat towards the 

population dynamics of mosquito vectors, specifically from the urban ecosystems.  By 

investigating the population diversity of the microbial consortia with special reference 

to the changing breeding sites and water quality, their findings establishes a study 

association between the productivity and composition of microbial population. 

(Hörtnagl, Pérez, Zeder, & Sommaruga, 2010; Onchuru et al., 2016), (Merritt et al., 

1992; Muturi et al., 2016),  (Minard, Mavingui, & Moro, 2013; Zhao et al., 2025) 

(Coon et al., 2014; Oliveira et al., 2011; Y. Wang et al., 2011; Yadav et al., 2016). 

(Terenius et al., 2012; Y. Wang et al., 2011), (Coon et al., 2014). (Muturi, Dunlap, 

Ramirez, Rooney, & Kim, 2019), (da Fonseca Meireles et al., 2025). Specific unique 

factors associated with the host including the sex, diet and development can also alter 

the type and intensity of microbial population and the aforesaid perspectives was 

verified by (Minard, Mavingui, & Moro, 2013). In agreement with this earlier 

observations (Coon et al., 2014; Oliveira et al., 2011; Y. Wang et al., 2011; Yadav et 

al., 2016) unveiled that the blood feed female mosquitoes inhabited across various 

habitats and acquire a plethora of microbial population. After the blood meal, the 

diversity of the microbial consortia often diminishes according to the season, while the 

diversity of mosquitoes fall under certain genera including Delftia and 

Chryseobacterium may increases in a significant manner. The process of blood feeding 

in other mosquito vector like Anopheles gambiae may generate slightly different result, 

precisely, oxidative stress, which is primarily allied with the digestion of feed blood 

(Terenius et al., 2012; Y. Wang et al., 2011). As per the findings of previous studies 
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(Muturi, Dunlap, Ramirez, Rooney, & Kim, 2019), the source of blood meal also 

produced substantial impact towards the composition of microbial consortia. For 

instance, in Aedes aegypti, the composition, dissolution and diversity of microbial 

population such as Chryseobacterium, Elizabethkingia, Serratia and Leucobacter 

significantly impacted by the following sources; human blood, chicken blood and rabbit 

blood. A study by (da Fonseca Meireles et al., 2025) offers significant information 

concerning the pattern of blood feeding in adult mosquitoes with special inference on 

the microbial population shares the same habitat with the mosquito vector.   

Using 16S rRNA amplicon sequencing, the study revealed distinct bacterial 

assemblages in water, larval, and adult midgut samples, with marked compositional 

shifts based on developmental stage and feeding status. While Proteobacteria 

predominated in adult guts and water samples, Firmicutes were dominant in larvae, 

reflecting stage-specific microbial filtering processes. Notably, only a fraction of 

bacterial taxa overlapped between environments and host stages, suggesting selective 

acquisition and retention mechanisms during mosquito development and after blood 

ingestion.  

These findings underscore the complexity of gut microbiota structuring in mosquitoes, 

shaped by both environmental exposure during larval life and physiological changes 

following blood meals. The patterns observed are broadly relevant to Aedes aegypti, 

reinforcing the hypothesis that gut microbiota is not merely passively inherited but 

shaped by ecological, developmental, and dietary factors. Implementing dynamic 

interactions towards the investigations concerning Aedes aegypti  midgut microbial 

consortia can results novel insights into microbiome manipulation strategies for vector 

control. 
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Sugar-based diets influence microbiota differently. Bacteria like Pseudomonas spp. and 

unclassified Acetobacteraceae, often linked to sugar-feeding insects, are abundant in 

sugar-fed mosquitoes (Crotti et al., 2016; Muturi et al., 2019). Unlike blood, which is 

digested in the midgut, sugar meals are stored in the crop, where microorganisms like 

Serratia and Pichia sp. are found and may transfer to the midgut with food (Desiely S 

Gusmão et al., 2010; Desiely Silva Gusmão et al., 2007). For Anopheles gambiae, 

Elizabethkingia spp. are prevalent in sugar-fed females but decrease after blood feeding 

(David, Santos, Vicente, & Maciel-de-Freitas, 2016). 

Sexual differences in feeding behavior further shape microbiota composition. Male 

mosquitoes primarily feed on sugar, while females alternate between blood and sugar, 

leading to variations in their microbiomes (Minard et al., 2013; Zouache et al., 2011). In 

Anopheles species, these differences might also result from the unique tropism of 

endosymbionts towards male and female reproductive organs (Segata et al., 2016). 

Microbiota composition also changes as mosquitoes age, likely due to competition 

among symbionts for sugar resources or changes in nutrient availability and immune 

responses (Dong et al., 2009; Montagna et al., 2015; Terenius et al., 2012). Interactions 

between bacteria and other microorganisms, including viruses, also influence 

microbiota structure. For instance, specific bacterial families like Rhodobacteraceae 

and Desulfuromonadaceae are biomarkers for Zika virus (ZIKV) infection in Aedes 

aegypti (L. E. Villegas et al., 2018). Similarly, artificially introduced Wolbachia in 

Aedes aegypti interacts with other microbiota members without significantly altering 

the overall microbial community (L. E. Villegas et al., 2018). 

Residual antibiotics in human blood change the gut flora of Anopheles gambiae 

females, increasing their susceptibility to Plasmodium infection (Gendrin et al., 2015). 
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In Aedes albopictus, antibiotics administered to larvae modify the bacterial 

composition, reducing certain taxa while promoting Wolbachia and Dysgonomonas spp. 

(Guégan, Zouache, Démichel, Minard, Tran Van, et al., 2018). Dysgonomonas spp., 

known to aid in vitamin B12 production in termites, are prevalent in Aedes albopictus, 

though their role in mosquitoes remains unclear (Husseneder, Berestecky, & Grace, 

2009; Minard et al., 2015). 

The study of midgut bacteria in mosquitoes, specifically Anopheles punctipennis (Say), 

Culex pipiens (L.), and Aedes aegypti (L.), focuses on the position of these bacteria in 

relation to meconial peritrophic membranes (MPMs) and how bacterial numbers change 

throughout midgut metamorphosis. The peritrophic membrane, or matrix (PM), is a 

noncellular, chito-protein layer that surrounds consumed food in the midgut of most 

insects. This membrane may act as a barrier to food-borne pathogens, isolating the food 

bolus from the midgut epithelium.  

After the adult mosquitoes emerge, few to no microorganisms are found in the midgut 

of Aedes, Anopheles, and most Culex mosquitoes. However, a small number of bacteria 

were found in the lumen or within the MPMs/meconia of newly emerged adult 

mosquitoes. In a few Culex specimens, low amounts of bacteria were found in the 

lumen, with much higher numbers in the MPMs/meconia. Bacterial counts were highest 

during the fourth instar stage in all three species, decreased after the larvae passed their 

final feces, rose in the immature pupae, and increased even further in the mature pupae. 

The microbial consortia in these mosquitoes are directly linked to their blood-feeding 

behavior. For instance, Aedes aegypti mosquitoes are known for their hematophagy, 

feeding on blood meals that can increase their weight by 2-3 times. Hemoglobin, the 

primary protein in blood, is digested in the mosquito's gut, releasing large amounts of 
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heme. When this heme is unbound from proteins, it can have pro-oxidant and cytotoxic 

effects (Jeney et al., 2002; Ryter & Tyrrell, 2000). Female Aedes aegypti mosquitoes, 

when fed sugar, constantly produce reactive oxygen species (ROS); however, after a 

blood meal, the production of ROS rapidly decreases through a mechanism involving 

heme-mediated protein kinase C (PKC) activation. This change occurs alongside an 

increase in gut bacterial levels, suggesting that ROS plays a role in regulating midgut 

bacteria (Oliveira et al., 2011). 

Influence of microbiota on reproduction and development 

The microbial consortia may form vital role in the maturation and growth of the 

mosquito vectors. A study by (Chouaia et al., 2012) done rescue experiments where 

treated rifampicin against Anopheles stephensi and provided rifampicin resistant Asaia 

bacteria and observed for the development of larvae with special reference to 

preventing delays. They verified that presence of eukaryotes within the Aedes aegypti 

larvae is vital to maintain its life since the microbial population may induce an hypoxic 

signal within the  stomach of mosquito vectors as reported by (Coon et al., 2017; 

Valzania et al., 2018). However, recent study justifies that the mosquito vectors without 

the aforesaid microbiome can still continue to develop and reach adult and the major 

role of the microbial population is might me the supply of essential nutrients for the 

larval development.   

The findings of each studies have been varied according to the treatment and 

conditions. For instance, when the midgut microbial consortia was completely removed, 

(A. Sharma, Dhayal, Singh, Adak, & Bhatnagar, 2013) observed diminished  life span 

of Anopheles stephensi and (McMeniman, Lane et al. 2009) observed reduced longevity 

in Aedes aegypti due to the infection instigated by the Wolbachia (Chouaia et al., 2012). 
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(Coon et al., 2014; Valzania et al., 2018). (Coon et al., 2017; Valzania et al., 2018). 

(Correa et al., 2018; Valzania et al., 2018). (Sharma, Dhayal, Singh, Adak, & 

Bhatnagar, 2013), (Contreras et al., 2019). 

The microbiome can also influence the preoviposition and reproductive behaviour of 

mosquitoes. The composition and quantity of the microbiota can vary, making male 

Anopheles stephensi mosquitoes that are transgenic and resistant to Plasmodium more 

attractive to wild-type females (Pike et al., 2017). For Culex pipiens, bacterial strains 

such as Klebsiella sp. and Aeromonas sp. promote oviposition (Diaz-Nieto et al., 2016). 

Similarly, Candida pseudoglaebosa-infected Aedes aegypti larvae increase the 

attractiveness of oviposition sites (Reeves, 2004). Antibiotic treatments, however, 

reduce egg production in Aedes aegypti (Correa et al., 2018). Adding specific 

commensal bacteria, such as Paenibacillus, Chryseobacterium, Sphingobacterium, 

Aquitalea, or Comamonas, to germ-free Aedes aegypti can restore their fecundity. 

However, only Comamonas was able to restore egg production to levels similar to 

conventionally reared females; the other microbes were less effective in supporting egg 

production in Aedes atropalpus (Coon et al., 2016b). 

Wolbachia, a bacteria that infects many arthropods, also influences mosquito 

populations through a process known as cytoplasmic incompatibility (CI). Infected 

male mosquitoes, when mating with uninfected females, result in embryonic lethality, 

while mating infected males with infected females leads to viable offspring (Flores & 

O’Neill, 2018). The molecular mechanisms behind CI are still not fully understood. For 

CI to occur, the actin cytoskeleton interacts with the mosquito-borne Wolbachia (wPip 

strain) Type IV Effector WD0830 (Sheehan, Martin, Lesser, Isberg, & Newton, 2016).  
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The deubiquitylating enzyme (DUB) CidB and its partner CidA from Wolbachia (wPip 

strain) play a role in the CI process (Beckmann, Ronau, & Hochstrasser, 2017). In 

mosquitoes infected with Wolbachia (wPip strain), a cin operon encoding a nuclease, 

CinB, and a second protein, CinA, also appear to be involved in CI (Chen, Ronau, 

Beckmann, & Hochstrasser, 2019), (LePage et al., 2017). 

Vectorial Capacity and the Microbiome 

The vectorial capacity was influenced by several significant factors including vector 

density, bite rate, vector competence followed by the incubation period of the respective 

pathogen. The aforesaid factors are recognized to be the fundamental elements deciding 

how each mosquito vectors transmit the diseases in a drastic way. Recent investigations 

have illustrated the complexity allied with the mosquito-pathogen link and such studies 

have emphasized the prominent role of microbial consortia in impacting the vectorial 

capacity (Simões, Caragata, & Dimopoulos, 2018).  

The microbial consortia inhabited in the mosquito vector also modulate vectorial 

capacity by influencing various biological mechanisms including   immune responses, 

pathogen replication as well as the interactions between the mosquito vector host and 

the microbes. The findings from earlier studies  (J. L. Ramirez et al., 2012) clearly 

indicates that the microbial consortia can directly interfere the infectious agents through 

biofilm  formation, replication, transmission and lysis (Simões, Caragata, & 

Dimopoulos, 2018),  

Microbiota and Vector Competence 

The vector competence usually referred as the potential of the mosquito vector to 

acquire, maintain and transmit the infectious agents to the specific organisms. As 
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reviewed in earlier sections, the microbial consortia have possessed significant role in 

impacting the immune responses of mosquito vectors thereby the vector competence 

may have altered. According to (J. L. Ramirez et al., 2012) certain microbial population 

have the potential to diminish the susceptibility of mosquito vector against the 

infections and associated processes including DENV-2 replication (Ramirez et al., 

2012), (Apte-Deshpande, Paingankar, Gokhale, & Deobagkar, 2012; Carissimo et al., 

2015). 

Implications for Vector Control 

Unveiling the predominant role of the microbial consortia towards the vectorial 

capacity of mosquito vectors directs new way for the development of diseases control 

and prevention strategies. As mentioned earlier, by manipulating the specific microbial 

population within the mosquito vectors, it is easier to alter the vector competence 

thereby diminish the rate of transmission or prevent the infection together. The 

aforesaid perspectives and targets could achieved through various methods including 

genetic modification of the microbiome or introduction of specific bacteria towards the 

drastic vector population (Gnambani, Bilgo, Sanou, Dabiré, & Diabaté, 2020), (Kozlova 

et al., 2021) (Farine, Cortot, & Ferveur, 2014) (Fischer et al., 2017; Leitão-Gonçalves et 

al., 2017; C. Wang & Wang, 2017).  

There exists strong evidence that arboviruses are primarily influenced by the microbial 

consortia. For example, as per the findings of (Zouache et al., 2012), the population 

diversity of the microbial population fall under the family Enterobacteriaceae was 

dramatically increased in Aedes albopictus during the CHIKV infection while the 

population diversity of  Wolbachia and Blattabacterium diminished. It unclear that 
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whether the aforesaid pattern are directly impacted by the CHIKV infection in in Aedes 

aegypti as suggested by McFarlane et al., (2014). 

Both bacterial pathogens and symbionts in mosquitoes depend on specific nutrients 

from their hosts. For example, the internalization of the mosquito lipoprotein lipophorin 

by Plasmodium oocysts suggests a metabolic need for lipids from the vectors (Atella, 

Bittencourt-Cunha et al., 2009). Similarly, effective protein digestion by DENV and 

WNV viruses requires intracellular membrane remodelling (Martin et al., 2018). DENV 

also affects lipid content and homeostasis and regulates genes involved in lipid 

trafficking in both vertebrate and invertebrate models (Heaton et al., 2010; Jupatanakul, 

Sim, & Dimopoulos, 2014; Perera et al., 2012), which alters host membrane trafficking. 

Inhibition of DENV replication by chemically targeting the fatty acid synthase enzyme 

highlights the importance of lipids in the virus’s life cycle (Jupatanakul et al., 2014).  

Symbionts can sequester such nutrients, potentially preventing pathogen growth and 

infection. For instance, Wolbachia, the most common intracellular symbiont in insects, 

may sequester cholesterol and other lipids within insect cells, limiting DENV, CHIKV, 

and Plasmodium infections (Moreira et al., 2009; Sinkins, 2013), (Caragata et al., 

2013). 

Fungal- bacterial link instigated mosquito death  

The insect gut microbiota possess prominent role in regulating the various interactions 

allied with the intestinal pathogens and the host. For example, the gut microbial 

inhabitants also helps the mosquito vectors to control the infections through down-

regulating the antimicrobial peptides. Previous studies have clearly validated the 

aforesaid link between the fungal population and mosquito vectors (Wei et al., 2017) 

(Schrank & Vainstein, 2010), (Ruiz-Sanchez, Lange, & Orchard, 2010).  
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Moreover, Beauveria bassiana’s toxin oosporein promotes fungal infection by 

suppressing polyphenol oxidase activity and reducing the expression of antifungal 

peptide genes in the insect’s fat body (Feng, Shang, Cen, & Wang, 2015). Oosporein 

also downregulates the expression of dual oxidase (Duox) in the midgut, which leads to 

reduced reactive oxygen species (ROS) production. Since Duox-dependent ROS 

production plays a vital role in gut immunity and the regulation of gut-associated 

bacteria, this disruption could weaken the insect’s defense mechanisms (S. Kumar, 

Molina-Cruz, Gupta, Rodrigues, & Barillas-Mury, 2010). The activation of Duox-

dependent immunity in Drosophila helps to identify and control opportunistic 

pathogenic microorganisms (Bae, Choi, & Lee, 2010).  

When Duox expression is suppressed in the gut, S. marcescens, an opportunistic 

pathogen, may overpower other commensal bacteria, further enhancing fungal 

pathogenicity (Wei et al., 2017). The reported observations offers significant 

information concerning the mechanisms of fungal toxicity within the insect groups 

(Wei et al., 2017). High-throughput sequencing of the microbiome showed that 

antibiotic treatment significantly decreased Asaia in both mosquito species. 

Interestingly, introducing an Asaia mutant resistant to antibiotics completely stopped 

Wolbachia transmission and reduced mortality caused by blood meals in treated 

mosquitoes. These findings suggest that the local mosquito microbiome plays a crucial 

role in preventing Wolbachia transmission (Hughes et al., 2014). 

In vertebrates, the gut microbiota also contributes to the invasion of intestinal 

pathogens. For example, the gut commensal microbiota can indirectly promote viral 

infections by encouraging the proliferation of target cells or directly by activating 

immunosuppressive cytokines (Kane et al., 2011; Kuss et al., 2011; Wilks & 

Golovkina, 2012). 
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Other microbes in mosquitoes 

Mosquitoes are known to carry two types of viruses: insect-specific viruses (ISVs), 

which can only replicate in insects, and arboviruses, which infect humans and animals 

(Öhlund, Lundén, & Blomström, 2019). Earlier investigations have unveiled that 

various pathogenic bacterium including the Bacillus thuringiensis produced toxic 

impacts towards the lepidopterans   (Broderick, Raffa, & Handelsman, 2006). 

Furthermore, the organisms fall under Clostridia and Serratia inhabited inside  the host 

augmented the intensity of death rate of Spodoptera littoralis by invading the  body 

through specific toxin-instigated epithelial lesions and it was investigated by (Caccia, 

Di Lelio et al. 2016). 

The effectiveness of this approach would depend on the host specificity of the MSVs 

being used, which determines how specific the target mosquito species would be. This 

method would be similar to current vector control strategies, such as insecticides or 

treatments with fungi and bacteria, which aim to reduce the overall mosquito population 

and thereby limit arbovirus transmission. For example, when applied to manmade or 

natural ponds, densovirus  successfully reduced mosquito population density (Johnson 

& Rasgon, 2018). However, this method could face challenges such as issues with 

target specificity or the evolution of resistance in mosquitoes. A potential solution to 

these challenges could involve using MSVs that are more specific, do not harm the 

environment, and are resistant to evolution. Such MSVs could harm mosquitoes only 

during the later stages of their life or when they are infected with an additional 

arbovirus, thus minimizing disruption to the ecosystem. AgDV, another densovirus, is 

an example of a virus that shows late-life pesticide activity. Unlike other densoviruses, 

AgDV does not reproduce significantly in mosquito larvae or pupae, but it does in older 

adult mosquitoes. 
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MSVs often cause chronic infections in mosquitoes with minimal effects on the host, 

which could be advantageous in a strategy where the simultaneous infection of 

mosquitoes with both MSVs and arboviruses is required to harm the insect. This 

balance might be disrupted by the presence of more arbovirus infections, as they could 

consume more nutrients, occupy more space, or provoke an immune response, which 

could ultimately be harmful to the mosquito. The arthropod borne viruses are primarily  

instigating various diseases towards the human population through the mosquito bites 

as reported by  (Öhlund, Lundén, & Blomström, 2019).  

The conventional strategies focusing on the detection of viruses are usually targeting 

the specifc diseases while the bacteria can be easily detected with the aid of simple 

molecular startegies including the ribosomal gene sequencing. Although, with the 

emergence of advanced strategies in the current scenario, our understanding concerning 

the viral ecology together with the environment has been greatly diversified.  

Mosquito-specific viruses (MSVs) with the potential  to diminish and impact the 

fitness, survival, and fertility can be exploited for controlling various mosquito vectors, 

specifically those transmits the arboviruses, regardless of taxonomic characteristic 

features. In addition to controlling mosquitoes directly, MSVs can also be used to 

prevent arbovirus infection and transmission without harming the mosquito vector. As 

discussed earlier, some MSVs interfere with or restrict arbovirus infection, supporting 

the idea that MSVs could be used in this manner.  

This strategy would be more environmentally friendly because it would target arbovirus 

transmission rather than the mosquito population itself. The availability of MSVs that 

interfere with various arboviruses would be crucial for the success of this strategy. 

However, no MSV has yet been identified that can restrict arboviruses from all 
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significant arbovirus families. Most reported cases of restriction have been seen when 

both the MSV and arbovirus belong to the same viral family. More research is needed 

to understand how MSVs interfere with arboviruses, including theories like 

superinfection exclusion, immune system induction, and competition for resources such 

as food and space.  

Recent studies have investigated the potential of mosquito-specific viruses (MSVs) and 

found that they might not only diminish the fitness but also immunize the mosquito 

vector population. The findings of such studies (Leggewie & Schnettler, 2018; Olson & 

Blair, 2015) also unveiled that the aforementioned mechanism might be inherited 

towards the progeny or next generation since it is associated with the genetic factors 

and hence they always referred as “vaccination”. 

However, a significant limitation of this approach is its viral specificity. These MSVs 

would likely only be effective for a single arbovirus species in a given region, making 

them less useful in areas with multiple arboviruses. To broaden the effectiveness, 

different arboviruses would need to be incorporated into MSVs, potentially through 

mixing virus components or creating multiple dsRNA molecules targeting different 

viruses. In addition to viruses, mosquitoes are host to various microorganisms, 

including bacteria, fungi, and protozoa. Protozoan infections have been less studied but 

can also affect mosquito populations. For example, Lambornella stegomyiae was 

reported to infect mosquito larvae in 1921, and other species of ciliated protozoa, like 

Tetrahymena pyriformis, Lambornella clarki, and Chilodonella uncinata, have been 

identified as being virulent to mosquitoes. These protozoa invade the mosquito’s 

haemocoel, impacting tissues like the gut epithelium, fat bodies, and muscles. Protozoa, 

particularly during the larval stages, can multiply within the mosquito, eventually 

killing it by consuming the host’s tissues. 
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No discussion of mosquito microbiota would be complete without mentioning 

Plasmodium, the protozoan responsible for malaria. Plasmodium species are transmitted 

by Anopheles mosquitoes and require the mosquito to serve as a definitive host, where 

sexual reproduction of the parasite occurs. There are five species of Plasmodium that 

cause malaria in humans: P. falciparum, P. vivax, P. malariae, P. ovale, and P. 

knowlesi. While P. knowlesi is primarily maintained in macaque monkeys and causes 

zoonotic malaria in Southeast Asia, the other four species are specific to humans. 

Anopheles mosquitoes transmit Plasmodium by biting an infected human and then 

injecting the parasite into another host during a second blood meal. P. falciparum is the 

most deadly species, especially in young children and pregnant women. Over 30 species 

of Anopheles mosquitoes can spread malaria, but only certain species are capable of 

supporting the development of Plasmodium parasites, and this varies by parasite 

species. Plasmodium has a remarkable ability to adapt genetically, allowing it to rapidly 

develop resistance to treatments like antimalarials and alter its host specificity, which 

poses a significant challenge to malaria control (Leitão-Gonçalves et al., 2017). 

Mosquito and kole wetlands 

Wetlands are undoubtedly important ecosystems, a fact supported by numerous studies 

and resources spanning many years. These ecosystems have been the focus of 

considerable attention in various conferences, books, and scholarly articles. The Kole 

Wetlands of Kerala, a designated Ramsar wetland ecosystem, provide highly favourable 

environmental conditions for mosquito breeding because of their extensive seasonal 

flooding, shallow water bodies, dense aquatic vegetation, organic-rich sediments, and 

fluctuating hydrological regimes. The wetlands remain inundated for nearly six months 

annually, creating numerous temporary and permanent aquatic habitats suitable for 

mosquito larval development. The seasonal flooding pattern of the Kole ecosystem 
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increases the availability of stagnant and semi-stagnant water pools, which serve as 

ideal breeding sites for several mosquito species. Previous studies conducted in the 

Kole wetlands have documented a rich mosquito fauna, indicating that the wetland 

functions as an important reservoir for mosquito populations throughout different 

seasons. For Aedes aegypti, the Kole Wetlands may function as an important ecological 

interface where natural wetland habitats coexist with nearby human settlements and 

agricultural landscapes. Such heterogeneous environments facilitate exposure to diverse 

microbial communities, organic substrates, and breeding sites, contributing to both 

mosquito proliferation and microbiome diversity. These conditions make the Kole 

Wetlands a valuable natural system for studying mosquito–microbe interactions, 

seasonal microbiome shifts, and vector ecology. 

Vector control and genomic inferences 

Wiemers, Graf, Addo, Arck, & Diemert, (2025) reviewed the impact of climate change 

towards the transmission of vector-borne disease. They emphasize how the elevated 

temperature across the globe have supported the rapid distribution of mosquito vectors 

towards newer provinces where the diseases has not been reported earlier. Their 

observation agreed the extensive discussion regarding the ecology of mosquito vectors 

and detailing how the climate shift affects the distribution of mosquito vectors in 

sensitive habitats. These observations highlights the need to integrate  the microbial 

consortia based research with climate shift for investigating the implications concerning 

the development of efficient approaches for mosquito control (Chandra & 

Bhattacharjee, 2024). This work reinforces the significance of integrated vector 

management and public health education, particularly in the context of changing 

ecological and socio-economic conditions that continue to drive the spread of mosquito-

borne diseases. 
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Unfortunately, these diseases are increasing due to several factors: changes in how we 

deal with public health, global warming, mosquitoes becoming resistant to insecticides, 

the diseases themselves becoming resistant to drugs, and shifts in how people live and 

the structure of society. For a disease to spread, three things need to come together: the 

disease itself, the insect that carries it, and the human it infects. These diseases 

disproportionately affect developing countries in tropical regions. 

In the early 1900s, the diseases spread by insects were controlled by simply controlling 

the insect populations. These successes led to high hopes that we could even eliminate 

these diseases entirely using insecticides and drugs against the diseases themselves. 

However, this optimism didn't last long (Gubler, 1998). Insects started becoming 

resistant to insecticides, some insecticides harmed the environment, and there weren't 

enough resources or the ability to carry out these control plans effectively (Abraham, 

CHA, & JACOBS‐LORENA, 2007). It's clear that our current methods to fight insect-

borne diseases are not enough, and we need to find new ways to combat them. 

Mosquitoes are recognized as significant vectors for numerous infectious diseases, 

including those caused by parasitic and viral agents such as lymphatic filariasis, 

chikungunya, and Zika. These diseases pose substantial health risks to both humans and 

animals (Weaver, Charlier, Vasilakis, & Lecuit, 2018). Emerging evidence suggests 

that mosquitoes may also transmit bacterial pathogens, such as Rickettsia felis. The 

global burden of mosquito-borne diseases (MBDs) is substantial. Malaria alone, 

according to the World Health Organization, accounted for an estimated 229 million 

cases in 2019, resulting in 409,000 deaths. The majority of these cases and associated 

fatalities occur within the African region, primarily concentrated in sub-Saharan Africa 

(Tolle, 2009). While North African countries generally experience lower MBD 

prevalence, climate change poses a significant threat. Modeling studies predict an 
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increased transmission risk of various MBDs in these regions (Tolle, 2009). 

Furthermore, the emergence of indigenous mosquito species capable of transmitting 

pathogens in temperate zones presents a growing concern (Blagrove et al., 2017). 

Mosquito-borne viruses are influenced by a complex mix of factors, including human 

immunity, mosquito abundance, and environmental conditions. This makes controlling 

outbreaks challenging, as each situation requires a tailored approach. Since vaccines 

and effective treatments are often lacking, prevention strategies primarily focus on 

personal protection against mosquito bites and controlling mosquito populations.  

Virus genomics plays a crucial role in improving our understanding and response to 

outbreaks. By analyzing the virus's genetic data, scientists can identify the specific 

viruses causing outbreaks, which aids in developing better diagnostic tests. 

Furthermore, advanced genomic techniques can track the virus's spread within 

communities, pinpoint outbreak origins, and identify factors driving transmission 

(Nebbak, Almeras, Parola, & Bitam, 2022). This information empowers public health 

officials to target control efforts more effectively. Evolutionary biology provides 

valuable insights into virus spread and evolution during outbreaks.  

Outbreaks and Genomic perspectives 

Across the globe, over 3,500 different mosquitoes are reported so far (Foster & Walker, 

2019).  Majority of these mosquitoes are recognized as the vector for a plethora of 

infectious diseases with the help of microbial consortia inhabited in their gut. Recent 

studies are now focusing on how the microbial consortia has been reached inside the 

mosquitoes and what are the major predominant microbial consortia reside there.  

Frequent research on these aspects unveiled that the microbes produced predominant 
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role in mosquito vectors and there  by the disease transmission happens (Foster & 

Walker, 2019).  

Mosquito Gut Microbiota: A Review 

Research on the gut bacteria of mosquitoes (Culicidae family) has become increasingly 

important in recent years (Gao, Cui, Wang, Jacobs-Lorena, & Wang, 2020). Mosquitoes 

start their lives in water, where they spend their early stages as larvae once they grow 

up, they become adults and live on land. Larvae mainly eat decaying matter, tiny single-

celled organisms, and small creatures. Adult mosquitoes of both sexes typically feed on 

sugary liquids from plants (H. Liu et al., 2024). However, adult female mosquitoes also 

need to feed on blood from animals to produce eggs. This blood-feeding can 

unfortunately spread diseases between animals. Researchers have long known that 

mosquitoes have tiny living things called microbes inside their gut. But only recently 

have we started to understand these microbes and how they affect mosquitoes.  

Research shows that these gut microbes can both help and hinder a mosquito's ability to 

transmit diseases. The article (H. Liu et al., 2024) have discussed  how mosquitoes get 

these gut microbes, what kinds of microbes live there, and how these microbes 

influence the development of mosquito larvae and the health of adult mosquitoes. 

Mosquitoes primarily acquire their gut microbiota from the environment, with larvae 

hatching devoid of extracellular microbes. The composition of larval gut microbiota 

mirrors the surrounding aquatic environment, and the high variability observed across 

individuals suggests environmental acquisition rather than inheritance (H. Liu et al., 

2024).  
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Although vertebrate blood typically contains few microbes, its ingestion can 

significantly impact the gut microbiota through changes in redox conditions or host 

metabolism (Jaffar, Ahmad, & Lu, 2022). Furthermore, infections with various vector-

borne pathogens can also alter the composition of the gut microbiota, likely through 

complex and yet to be fully understood mechanisms (Ishigami, Jang, Itoh, & Kikuchi, 

2023). 

Composition and functional roles of the gut microbiota in mosquitoes 

Strand, in  2018 primarily learn about the types of microbes living in a mosquito's gut 

by studying their genetic material. Most of these microbes are bacteria that thrive in the 

presence of oxygen or can survive with or without oxygen. They belong to four main 

groups: Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria.  

These groups are also common in other insects that get their gut microbes from their 

environment, suggesting that their presence in mosquitoes might be due to their 

abundance in the insect's surroundings. Some of these bacteria have been successfully 

grown in the laboratory. In addition to bacteria, other tiny organisms like fungi, algae, 

and parasites have also been found in the guts of some mosquito species.  

Earlier studies have reported that the larvae of Aedes aegypti with naturally occurring 

bacteria usually have reduced level of oxygen compared to the larvae lacking the 

microbial population (Coon et al., 2017). This circumstance indicates that the bacteria 

within the mosquito vector may develops reduced oxygen environment and this low 

setting may accelerates the growth of the same. 

Based on the various research article reviewed here, it was perceived that the impact of 

altering habitat, diet and other environmental factors towards the microbial consortia 
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inhabited inside the mosquito vector remains not investigated and the same inference 

was reported by (Strand, 2018). To address the aforesaid research gap, research should 

be carried on this direction and the scientific community can determine the specific 

sand exact function and role of each microbial population within the mosquito vector.  

The impacts of insecticides on the mosquito microbiota have been extensively 

investigated across various mosquito species, including Aedes aegypti, Aedes 

albopictus, Anopheles albimanus, Anopheles arabiensis, Anopheles coluzzi, Anopheles 

gambiae sensu stricto, Anopheles stephensi, Culex pipiens, and Culex quinquefasciatus 

(Strand, 2018). Conversely, the abundance of Bacteroides faecichinchillae was 

significantly decreased in the midguts of resistant Aedes aegypti, while Akkermansia 

muciniphila was observed to be more abundant in insecticide-susceptible mosquitoes. 

Furthermore, the specific changes in the microbial community structure and the 

predominant species or genera vary significantly among different mosquito species and 

even within the same species across different study sites.  

Now the scientific community have focused to find out the answer for how the 

mosquito vectors manage the fungal infection?  By investigating the types and patterns 

of fungi inhabiting inside the mosquito vector, the scientific community can develop 

efficient approach for mosquito control (P Tawidian et al., 2019).  

The Aforesaid research article primarily focused on gathering the information 

concerning the predominant fungi that have the potential to kill the mosquito vectors. 

Previous studies also reported the potential of certain fungi like Entomophthorales to 

kill the mosquito vectors. However, the short life span of spores followed by the 

difficulty in cultivating under laboratory conditions made them unsuitable for the 

mosquito vector control programs (Scholte et al., 2004; P Tawidian et al., 2019). 
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A balanced microbial ecology is suggested by the coexistence of dominant and low-

abundance species found in this study. Through metabolic complementarity and niche 

specialisation, low-abundance bacterial groupings like Actinobacteriota, Bacteroidota, 

and Campylobacterota may support community stability. Similarly, fungal colonies can 

maintain microbial homeostasis in the gut environment by influencing bacterial 

colonisation patterns and taking part in nutrient cycling. According to (Wei et al. 2024), 

despite their low abundance, uncommon microbial species frequently make a 

disproportionate contribution to ecosystem resilience and functional stability. Prior 

research has shown that immunological activation mediated by microbiota influences 

vulnerability to pathogens such Plasmodium parasites, dengue virus, and chikungunya 

virus. Native gut bacteria affect mosquito immune responses and can lessen pathogen 

development in the stomach, according to (Dong et al. 2009) and (Ramirez et al. 2012). 

Through immunological activation, competitive exclusion, or the synthesis of 

antimicrobial compounds, some bacterial species prevent the growth of pathogens. 

Changes in the environment may have an impact on vector competence by changing the 

microbial makeup. This is in line with the findings of (Muturi et al. 2018), who found 

that environmental factors greatly influence mosquito microbiota and, consequently, 

mosquito-pathogen interactions. Larval mosquitoes live in nutrient-rich watery 

environments where they continuously consume microorganisms from their 

surroundings. These microorganisms aid larvae in using a variety of nutrition sources 

and adjusting to shifting environmental circumstances. Research by Duguma and his 

colleagues in 2015 and Muturi and his colleagues in 2018, shown that the microbial 

composition of mosquitoes is mostly determined by the features of breeding habitats. 

The present study focused to investigate the genetic divergence within and between the 

bacterial and fungal population inhabited in the Aedes aegypti vectors mosquitoes,that 
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are collected from the Kole wetlands of Thrissur, Kerala, India. Investigating the 

genomic diversity between and within both the bacterial and fungal strains can provide 

significant information concerning their ecological role followed by the pathogen 

transmission. The reported findings of the present study can be used for the 

development of efficient strategies for mosquito control. Also, earlier studies according 

to the aforesaid direction in Aedes aegypti found scanty in Kerala, India. Hence the 

current study focused to fill this research gap by offering significant information 

concerning the extensive diversity of both the bacterial and fungal strains allied with the 

Aedes aegypti in the selected study site in a regionwide manner. In addition to this none 

have piloted a study concerning the isolation and identification of both bacterial and 

fungal population inhabited in the Aedes aegypti with advanced approaches including 

the culture dependent strategies and metagenomics. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 57

 

                                                          

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 

 

 

 

 

 

 

 

 

 

 

 

 



 58

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 59

OBJECTIVES 

 

1. To Isolate, characterize and identify bacterial inhabitants from gut of fourth instar 

Aedes aegypti larva collected from kole wetlands by culture dependent method and 

metagenomic analysis. 

2. To isolate, characterize and identify fungi from fourth instar Aedes aegypti larva 

collected from kole wetlands by culture dependent and metagenomic analysis. 

3. To find out the inter and intraspecific genetic divergence between bacterial and 

fungal isolates from the fourth instar Aedes aegypti larvae collected from kole 

wetlands. 

The objectives are discussed in separate chapters as follows: 

 Chapter 3: 

To Isolate, characterize and identify bacterial inhabitants from gut of fourth 

instar Aedes aegypti larva collected from kole wetlands by culture dependent 

method and metagenomic analysis. 

 

 Chapter 4: 

 To isolate, characterize and identify fungi from fourth instar Aedes aegypti larva 

 collected from kole wetlands by culture dependent and metagenomic analysis. 

 
 Chapter 5: 

  To find out the inter and intraspecific genetic divergence between bacterial and 

 fungal isolates from the fourth instar Aedes aegypti larvae collected from kole 

 wetlands. 
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CHAPTER 3 

 

TO ISOLATE, CHARACTERIZE AND IDENTIFY BACTERIAL 

INHABITANTS FROM GUT OF FOURTH INSTAR AEDES 

AEGYPTI LARVA COLLECTED FROM KOLE WETLANDS  

BY CULTURE DEPENDENT METHOD AND METAGENOMIC 

ANALYSIS. 
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INTRODUCTION 

The Aedes aegypti mosquitoes are recognized to be the principal vector of many 

diseases Including Zika, yellow fever, and chikungunya and it instigates severe health 

concerns across the globe as reported by (Leta et al., 2018). The complex and strong 

link between the mosquito vector and the microbial consortia including the fungal and 

bacterial strains possessed vital role in various mechanism allied with the behaviour, 

development and transmission capacity of mosquito vectors (Ricci et al., 2012).  Such 

microbial consortia usually harbours the various parts of the mosquito vector including 

the gut, where they may impact the immunity, acquisition of nutrients and hoist 

potential to spread the diseases. Many of the earlier studies have directly investigated 

the ecological role while the research targeting the microbial consortia within the gut of 

mosquito vectors still scanty.  

The microbes inhabiting the mosquito vectors can have both detrimental and 

advantageous effects (Guégan, Zouache, Démichel, Minard, Tran Van, et al., 2018; Wei 

et al., 2017). Unveiling the prominent role of microbial consortia inhabiting the Aedes 

aegypti larvae is not only for basic information on its ecological function but also for 

mosquito control approaches targeting the microbial population.  

No earlier studies have completed the isolation and identification of both bacterial and 

fungal population inhabited in the Aedes aegypti with advanced approaches including 

the culture dependent strategies and metagenomics from the current study site. The 

wetlands were opted as the study site for the present investigation since the Wetlands 

usually offers a strong base with standing water for mosquito vectors. The Kole 

wetlands of Thrissur, Kerala, India also known to exhibit extensive distribution of 
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biodiversity along with distinct and unique aquatic ecosystems that sustains the life of 

various organisms and plants.  

The microbial populations of wetland ecosystems are prominently impacted by various 

environmental factors including the organic matter availability, quality of water 

followed by the variations across the seasons (Faulwetter et al., 2009). According to 

(Scolari, Casiraghi, & Bonizzoni, 2019), the potential role of microbial population in 

mosquito vector is multifaceted in Aedes aegypti, since they verified the role of 

microbes in nutrient acquisition, digestion, immunity and resistance towards pathogens. 

From this point of view, to get deeper understanding, here the present implemented 

both culture-dependent strategies and advanced approaches including metagenomic 

analysis. 
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MATERIALS AND METHODS 

Study Area 

The Kole Wetlands of Thrissur district of Kerala, India was chosen for the current study 

site (10.52°N, 76.21°E). The total wetland area was divided into different sampling zon

es based on geographical location, habitat characteristics, and accessibility. Zone I – Put

henchira Kole region, Zone II – Mala–Annamanada Kole region, and Zone III –Puzhak

kal Kole region. Within each zone, potential mosquito breeding habitats such as shallow 

stagnant water collections, marshy areas, and vegetation-associated water bodies were i

dentified. Sampling sites were randomly selected from each zone to obtain representativ

e larval populations. A total of nine sampling sites were selected, with three sites from e

ach zone. Mosquito larvae were collected using a standard larval dipper from different b

reeding habitats. Approximately 10–15 fourth instar mosquito larvae were collected fro

m each sampling site. Three collections (replicates) were made from each zone. Thus, a 

total of approximately 90–135 fourth instar larvae were collected during the study perio

d. The collected larvae were transferred into sterile containers containing habitat water 

and transported to the laboratory for further processing. Larvae collected from each sam

pling zone were pooled together and used  for culture-dependent and metagenomic anal

yses.The larvae of Aedes aegypti at regular interval from June 2019 to May 2020 was c

ollected across the three seasons such as Premonsoon, monsoon and post monsoon with 

respective code as AAMB, AAMA and AAMC. 

Culture-Dependent Isolation of Bacteria from the Gut 

Mosquito larvae were surface sterilized with 70% ethanol and rinsed twice with 250 µl 

phosphate-buffered saline (PBS) (Walters et al., 2016). Larvae were collected during  
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the pre-monsoon, monsoon, and post-monsoon seasons. The midguts of fourth instar 

Aedes aegypti larvae were dissected under sterile conditions using a binocular 

dissecting microscope. The midguts were placed in 2 ml microcentrifuge tubes 

containing 500 µl PBS, homogenized, and transferred to 10 ml of nutrient broth. The 

samples were incubated at 28-37°C for 24-48 hours. A control was set up without the 

dissected gut. 

Bacteria Isolation from Plate Cultures 

The bacterial cultures were serially diluted in sterile distilled water, and 100 µl of each 

dilution was plated onto sterile agar plates. These were incubated at 28-37°C for 24-48 

hours. The number of colony-forming units (CFUs) was counted, and morphologically 

distinct colonies were selected, subcultured on nutrient agar to obtain pure bacterial 

cultures (Pereira et al., 2011). 

Molecular Identification Using 16S rRNA Sequencing 

Genomic DNA was isolated using the NucleoSpin® Tissue Kit (Macherey-Nagel) 

according to the manufacturer's instructions (Chandy, Swamy, & Sen, 2024). A 1.5 ml 

culture was treated with 180 µl T1 buffer and 25 µl proteinase K, and incubated at 56°C 

until the cells were lysed. After adding 5 µl of RNase A, the mixture was incubated for 

5 minutes at room temperature, followed by incubation at 70°C with 200 µl B3 buffer. 

After adding 210 µl of 100% ethanol, the sample was processed using the NucleoSpin® 

Tissue column. The DNA was eluted in 50 µl BE buffer. 

Agarose Gel Electrophoresis for DNA Quality and Quantity 

The quality of the isolated DNA was checked by loading 5 µl of DNA mixed with 1 µl 

of 6X gel-loading buffer onto a 0.8% agarose gel in 0.5X TBE buffer containing 0.5 
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µg/ml ethidium bromide. Electrophoresis was performed at 75 V until the bromophenol 

blue dye reached the bottom of the gel. The gel was visualized under UV light, and 

images were captured using a gel documentation system. 

PCR Amplification of 16S rRNA 

PCR amplification was performed in a reaction mixture containing 5 µl of 2X Phire 

master mix, 4 µl distilled water, and 0.25 µl of forward (5’CAGGCCTA 

ACACATGCAAGTC) and reverse primers (GGGCGGWGTGTACAAGGC). The 

PCR cycling conditions included an initial denaturation at 95°C for 5 minutes, followed 

by 35 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, 

and extension at 72°C for 60 seconds. A final extension was performed at 72°C for 7 

minutes. The amplified product was visualized on a 1% agarose gel containing ethidium 

bromide under UV light. 

16S rRNA Sequencing 

Sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems) in a PCR thermal cycler (GeneAmp PCR System 9700). The 

sequence quality was checked using Sequence Scanner Software v1. Sequences were 

aligned and edited using Geneious Pro v5.1. 

Phylogenetic Analysis 

BLAST (Basic Local Alignment Search Tool) was used for sequence comparison and 

alignment against the GenBank database. 
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Metagenomic Analysis 

Bacterial community profiling was performed by high – through put 16S rRNA gene 

amplicon sequencing trageting the V3 – V4 hypervariable regions.  

Quality Control of Raw Reads 

Metagenomic sequencing generates raw data in FASTQ format, which is first subjected 

to quality control using FastQC. This tool evaluates base quality scores, GC content, 

sequence length distribution, duplication levels, and presence of adapter contamination. 

Summary statistics and per-read metrics are reviewed to ensure data integrity before 

proceeding. 

Trimming and Filtering of Reads 

Reads containing low-quality bases (Phred score < 20) and residual adapter sequences 

are trimmed using tools like Trimmomatic or Cutadapt. Parameters such as sliding 

window trimming and minimum read length thresholds are applied to retain high-

quality data. For paired-end reads, orphaned or unpaired sequences are removed post-

trimming to ensure consistency. 

Host DNA Depletion 

To remove host (mosquito) DNA contamination, trimmed reads are aligned against a 

reference mosquito genome using Bowtie2. The resulting SAM/BAM files are 

processed using SAMtools, and only unmapped reads (representing microbial origin) 

are retained for downstream microbial analysis. 

Metagenome Assembly 

Unmapped high-quality microbial reads are assembled into longer contiguous 

sequences (contigs) using MEGAHIT and metaSPAdes, both optimized for 

metagenomic data. The assembly process reconstructs partial or complete microbial 
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genomes from the short sequencing reads, improving taxonomic and functional 

resolution. 

Binning of Metagenome-Assembled Genomes (MAGs) 

Contigs are binned into metagenome-assembled genomes using automated binning 

tools such as MetaBAT2, MaxBin2, or CONCOCT. Binning relies on sequence 

composition and coverage profiles. The quality of the resulting genome bins is 

evaluated using CheckM to assess completeness and contamination. 

Taxonomic Classification of Assembled Reads 

For taxonomic profiling, unassembled or assembled reads can be classified using 

Kraken2, a fast k-mer–based classifier, and MetaPhlAn3, which uses clade-specific 

marker genes for accurate species-level profiling. Both tools generate relative 

abundance tables of bacterial taxa from phylum to species. The relative abundance of 

bacterial taxa at the phylum, class, genus, and species levels was separately plotted to 

provide a clear visualization of the microbial composition in the mosquito gut. These 

plots highlight the distribution and variation of microbial communities across different 

taxonomic levels. 

Taxonomic Visualization Using Krona 

The output from Kraken2 or MetaPhlAn3 is converted into input compatible with 

KronaTools. Krona generates interactive, multi-layered radial plots that display the 

taxonomic composition of microbial communities in a hierarchical manner, enabling 

clear visualization of dominant and rare taxa. 
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RESULTS 

Isolation and Identification of Bacterial Inhabitants 

The cultured bacteria population exhibited extensive morphological characteristic 

features as shown in Figure 3.1, indicating the vast diversity of microbial consortia 

within the Aedes aegypti fourth instar larvae.  

Among the isolated microbial strain each microbial species such as Enterobacter 

roggenkampii, Bacillus cereus, Bacillus pacificus, Enterobacter hormaechei, and 

Stutzerimonas stutzeri possessed their own unique characteristics. In addition to  this, 

the following species are known to contribute towards morphological diversity; Bacillus 

illus subtilis, Priestia aryabhattai, Aeromonas enteropelogenes, Enterobacter cloacae, 

Rahnella aquatilis, Rahnella aceris, Bacillus wiedmannii, and Stutzerimonas 

kunmingensis, Klebsiella quasivaricola and Mycolicibacterium vaccae. The presence of 

these significant microbes highlights the extensive diversity of microbial population 

within the Aedes aegypti fourth instar larvae. The diverse biochemical and 

morphological characteristic features of the isolated microbes observed in the current 

study has been given in Figure3.1. 
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1   2    3 

 
4   5    6 

 
7   8   9 

 
10   11    12 

 
13   14   15 

Figure 3.1 Bacteria isolated during different seasons. 1.AATP3, 2. AATM3, 3. 

AATPO3, 4. AATP1, 5. AATM4, 6. AATPO2, 7. AATPO1, 8. AATP4, 9. AATM1, 

10. AATPO4, 11. AATP2, 12. AATP5, 13. AATP6, 14. AATM5, 15. AATM6 
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The fourth instar larvae of Aedes aegypti collected from the Kole wetlands has been 

witnessed to consists the 15 following bacteria; Enterobacter roggenkampii, Bacillus 

pacificus, Enterobacter hormaechei, Bacillus cereus, Stutzerimonas stutzeri, Bacillus 

subtilis, Priestia aryabhattai, Aeromonas enteropelogenes, Enterobacter cloacae, 

Rahnella aquatilis, Rahnella aceris, Bacillus wiedmannii, Stutzerimonas kunmingensis, 

Klebsiella quasivaricola and Mycolicibacterium vaccae. After the initial screening with 

culture-dependent strategies, here we implemented the molecular strategies including 

16SrRNA sequencing for the identification of microbial population and the results 

unveiled that the microbes are fall under the following genera; Aeromonas, 

Mycolicibacterium, Enterobacter, Rahnella, Bacillus, Klebsiella, Priestia and 

Stutzerimonas. 

Characterization of microbial consortia through molecular strategies 

The molecular characterization using Maximum Likelihood (ML) method with the 

Tamura-Nei model permits to verify the phylogenetic relationships of the isolated 

microbial consortia inhabited in the Aedes aegypti larvae. The phylogenetic tree 

constructed for each microbe possessed high similarity towards the respective 

sequences retrieved from NCBI. 

The phylogenetic tree for the Bacillus genus with 28 nucleotide sequences revealed 

maximum log likelihood (-6384.86). The generated phylogenetic tree for the Bacillus 

genus showed strong bootstrap support.  The phylogenetic tree for the Enterobacter 

genus constituting 33 nucleotide sequences followed by 809 positions unveiled a log 

likelihood value of -12882.34. Both of the aforesaid trees produced significant genetic 

diversity within the studied genus.  
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The phylogenetic analysis of Rahnella genus with 47 nucleotide sequences followed by 

804 positions produced a log likelihood of -5082.62. The diverse branching patterns 

indicated the evolutionary history of various microbes fall under the genus of Rahnella. 

Similar to this observation, the Stutzerimonas genus showed distinct genetic diversity 

with had a log likelihood of -4950.08. The phylogenetic analysis of Stutzerimonas 

genus consisted 635 positions and 17 nucleotide sequences. 

The phylogenetic analysis of bacteria falls under the genus of Aeromonas with 18 

nucleotide sequences followed by 769 positions produced a log likelihood of -4905.65. 

A found in earlier observations, here also found significant genetic diversity within the 

Aeromonas genus. The phylogenetic tree for the microbial consortia belonging to the 

genus Klebsiella depicted strong link towards the microbes under the same genus with a 

log likelihood of --2385.51. 

Altogether, the phylogenetic analysis of the respective isolated strains in this study 

verified the taxonomic profiles of each strains with strong nucleotide similarities 

towards the known species reported across the globe. The phylogenetic tree of each 

microbes offers valuable insights concerning the genetic diversity and evolutionary link 

between the microbial inhabitants that supports the characterization and identification 

of each isolates.  
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Figure 3.2 Evolutionary analysis of bacteria belongs to Bacillus genera by 

Maximum Likelihood method 

 

Figure 3.3 Evolutionary analysis of bacteria belongs to Enterobacter genera by 

Maximum Likelihood method 

 MN394834.1:22-574 Bacillus subtilis strain ljkom697 16S ribosomal RNA gene partial sequence
 MN394822.1:24-576 Bacillus subtilis strain APE 16S ribosomal RNA gene partial sequence
 MN394377.1:45-597 Bacillus subtilis strain IADCA-MB-R-S5 16S ribosomal RNA gene partial sequence
 MN386244.1:35-587 Bacillus subtilis strain ARMHF6 16S ribosomal RNA gene partial sequence
 MN385620.1:9-561 Bacillus subtilis strain SRJ-Sa-A1 16S ribosomal RNA gene partial sequence
 MN305769.1:77-629 Bacillus subtilis strain AF13 16S ribosomal RNA gene partial sequence
 MN252543.1:23-575 Bacillus subtilis strain bacs2 16S ribosomal RNA gene partial sequence
 CP041757.1:9458-10010 Bacillus sp. KBS0812 chromosome complete genome
 MN044861.1:75-627 Bacillus subtilis strain ANK04 16S ribosomal RNA gene partial sequence
 MN197770.1:130-682 Bacillus subtilis strain PS-26 16S ribosomal RNA gene partial sequence
 MN176503.1:17-569 Bacillus subtilis strain MXR1709B03 16S ribosomal RNA gene partial sequence
 MK279521.1:29-581 Bacillus sp. (in: Bacteria) strain BSNB-0730 16S ribosomal RNA gene
 MN103955.1:28-580 Bacillus sp. (in: Bacteria) strain SVK37 16S ribosomal RNA gene
 MN382369.1:26-578 Bacillus subtilis strain SBTS18 16S ribosomal RNA gene partial sequence
 MN087785.1:24-576 Bacillus subtilis strain LB16 16S ribosomal RNA gene partial sequence
 MN203709.1:8-560 Bacillus subtilis strain PJHBT3 16S ribosomal RNA gene partial sequence
 FWZB01000056.1 Bacillus pacificus strain 16-00191 genome assembly contig: scfd 61 whole genome shotgun sequence
 ASPZ01000096.1 Bacillus cereus strain FSL R5-860 Contig096 whole genome shotgun sequence
 AATPO2- Bacillus cereus
 AATP1- Bacillus subtilis

 ASPZ01000063.1 Bacillus cereus strain FSL R5-860 Contig063 whole genome shotgun sequence
 ASPZ01000093.1 Bacillus cereus strain FSL R5-860 Contig093 whole genome shotgun sequence

 FWZB01000005.1 Bacillus pacificus strain 16-00191 genome assembly contig: scfd 60 whole genome shotgun sequence
 ASPZ01000089.1 Bacillus cereus strain FSL R5-860 Contig089 whole genome shotgun sequence

 ASPZ01000086.1 Bacillus cereus strain FSL R5-860 Contig086 whole genome shotgun sequence
 AATPO1-Bacillus pacificus
 AATM1 SR1846-Bacillus wiedmannii-RSR1 B04

 MH029496.1 Bacillus cereus strain ABT/MVC/Bacillus cereus/Raw milk 1 hemolysin gene partial cds
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 MF682046.1:34-839 Pseudarthrobacter siccitolerans strain F78 16S ribosomal RNA gene partial sequence
 MN006223.1:62-867 Enterobacter hormaechei strain NB331 16S ribosomal RNA gene partial sequence
 MN006205.1:61-866 Enterobacter hormaechei strain NA321 16S ribosomal RNA gene partial sequence
 KF224910.1:33-838 Enterobacter hormaechei strain BCC3 16S ribosomal RNA gene partial sequence
 KF224915.1:37-842 Enterobacter hormaechei strain BCG5 16S ribosomal RNA gene partial sequence
 OP476396.1:55-860 Enterobacter hormaechei subsp. xiangfangensis strain YS202 16S ribosomal RNA gene partial sequence
 CP104284.1:895207-896012 Enterobacter hormaechei subsp. steigerwaltii strain JT.WLB1A chromosome complete genome
 AP025903.1:276975-277780 Enterobacter hormaechei FUJ80374 DNA complete genome
 CP171274.1:281471-282276 Enterobacter hormaechei strain L3004 chromosome complete genome
 CP147668.1:1193131-1193936 Enterobacter hormaechei strain RH3 chromosome complete genome
 OR975913.1:27-831 Enterobacter hormaechei subsp. xiangfangensis strain ABN 41 16S ribosomal RNA gene partial sequence
 MK348807.1:38-846 Enterobacter hormaechei subsp. xiangfangensis strain NC7A15 16S ribosomal RNA gene partial sequence
 AATPO4-Enterobacter hormaechei
 OQ629875.1:27-834 Enterobacter hormaechei strain EA 16S ribosomal RNA gene partial sequence

 AB774361.1 Enterobacter cloacae subsp. cloacae rpoB gene for DNA-directed RNA polymerase subunit beta partial cds strain: ATCC 13047
 D88980.1 Enterobacter cloacae gyrA gene for GyrA subunit of Enterobacter cloacae DNA gyrase partial cds
 CP115672.1:4695337-4696142 Enterobacter hormaechei strain 2020CK-00203 chromosome complete genome
 CP104284.1:4382374-4383179 Enterobacter hormaechei subsp. steigerwaltii strain JT.WLB1A chromosome complete genome
 AY370838.1 Enterobacter cloacae subsp. dissolvens strain CIP 105586 gyrase B (gyrB) gene partial cds

 AP025847.1:3681086-3681891 Enterobacter hormaechei FUJ80063 DNA complete genome
 AJ862869.1 Enterobacter cloacae partial hsp60 (GroEL) gene for 60 kDa heat-shock protein strain EN-600
 DQ859854.1 Enterobacter cloacae subsp. dissolvens strain ICMP 1570 recombinase A (recA) gene partial cds
 AATP6- Enterobacter cloaca
 CP128618.1:4780894-4781442 Enterobacter roggenkampii strain WL374 chromosome complete genome
 AP026873.1:4420456-4420991 Enterobacter roggenkampii KAM546 DNA complete genome
 AP025907.1:3715375-3716180 Enterobacter hormaechei FUJ80375 DNA complete genome

 NR 103226.1 Enterobacter cloacae subsp. cloacae ATCC 13047 strain ATCC 13047 5S ribosomal RNA complete sequence
 CP109727.1:127393-127928 Enterobacter roggenkampii strain 2017-45-51-04-01 chromosome complete genome

 AP026873.1:365243-365791 Enterobacter roggenkampii KAM546 DNA complete genome
 AATPO3- Enterobacter roggenkampii
 OQ977011.1:54-602 Enterobacter quasiroggenkampii strain L-B2 16S ribosomal RNA gene partial sequence
 AB774339.1 Enterobacter cloacae subsp. cloacae pyrG gene for CTP synthase partial cds strain: ATCC 13047

 AP025903.1:4574160-4574965 Enterobacter hormaechei FUJ80374 DNA complete genome
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Figure 3.4 Evolutionary analysis of bacteria belongs to Rahnella genera by 

Maximum Likelihood method 

 

Figure 3.5  Evolutionary analysis of bacteria belongs to Stutzerimonas genera by 

Maximum Likelihood method 

 OR782827.1:30-793 Rahnella aquatilis strain C1 16S ribosomal RNA gene partial sequence
 MW237798.1:12-775 Rahnella aquatilis strain GW9-79 16S ribosomal RNA gene partial sequence
 OR898789.1:33-796 Rahnella aquatilis strain CM-F5050-6 16S ribosomal RNA gene partial sequence
 OK136208.1:53-816 Rahnella aquatilis strain YL-117 16S ribosomal RNA gene partial sequence
 MZ572917.1:29-792 Rahnella aquatilis strain BJ1-1-1-2-29 16S ribosomal RNA gene partial sequence
 OL348489.1:33-796 Rahnella aceris strain C2-0-24 16S ribosomal RNA gene partial sequence
 OQ445609.1:53-816 Rahnella aceris strain CEMTC 6356 16S ribosomal RNA gene partial sequence
 ON222814.1:49-812 Rahnella aceris strain FGX2 16S ribosomal RNA gene partial sequence
 ON933846.1:56-819 Rahnella aceris strain dhj-29 16S ribosomal RNA gene partial sequence
 OQ445610.1:53-816 Rahnella aceris strain CEMTC 6465 16S ribosomal RNA gene partial sequence
 OK136243.1:51-814 Rahnella aquatilis strain YL-252 16S ribosomal RNA gene partial sequence
 OM442956.1:50-813 Rahnella aquatilis strain 2020GS270 16S ribosomal RNA gene partial sequence
 OP102595.1:33-796 Rahnella aquatilis strain ST1 1 RN2 16S ribosomal RNA gene partial sequence
 ON072234.1:45-808 Rahnella aquatilis strain S5CC2 16S ribosomal RNA gene partial sequence
 OR098465.1:42-805 Rahnella aquatilis strain DG-1 16S ribosomal RNA gene partial sequence
 OK036348.1:44-807 Rahnella aquatilis strain JU-21 16S ribosomal RNA gene partial sequence
 OQ845841.1:29-792 Rahnella aceris strain CV260 16S ribosomal RNA gene partial sequence
 OR831414.1:32-795 Rahnella aquatilis strain 22STR052 16S ribosomal RNA gene partial sequence
 OM422728.1:22-785 Rahnella aquatilis strain 2020GS23 16S ribosomal RNA gene partial sequence
 MW959087.1:32-795 Rahnella aquatilis strain SE36 16S ribosomal RNA gene partial sequence
 OP102639.1:43-806 Rahnella aquatilis strain STL1 1 RN5 16S ribosomal RNA gene partial sequence
 ON933847.1:52-815 Rahnella aceris strain dhj-30 16S ribosomal RNA gene partial sequence
 OQ845860.1:16-779 Rahnella aceris strain LJ7.7 16S ribosomal RNA gene partial sequence
 OQ845865.1:27-790 Rahnella aceris strain LJ9.7 16S ribosomal RNA gene partial sequence
 OM442959.1:52-815 Rahnella aquatilis strain 2020GS272 16S ribosomal RNA gene partial sequence
 OQ845861.1:4-767 Rahnella aceris strain LJ7.8 16S ribosomal RNA gene partial sequence
 OQ236252.1:29-792 Rahnella aquatilis strain RLuc2021 16S ribosomal RNA gene partial sequence
 ON113104.1:45-808 Rahnella aquatilis strain S5CC11 16S ribosomal RNA gene partial sequence
 PP795097.1:68-831 Rahnella aceris strain WL72 16S ribosomal RNA gene partial sequence
 KC752435.1:66-829 Rahnella aquatilis 16S ribosomal RNA gene partial sequence
 KJ877661.1:44-807 Rahnella aquatilis strain MSSRF QS77 16S ribosomal RNA gene partial sequence
 MW990103.1:33-796 Rahnella aquatilis strain H 6 2 1910140577Q.seq.Contig1 16S ribosomal RNA gene partial sequence
 GU204974.1:80-843 Rahnella aquatilis strain TW4 16S ribosomal RNA gene partial sequence
 PP572861.1:27-790 Rahnella aquatilis strain Haikou15 16S ribosomal RNA gene partial sequence
 GU204973.1:80-843 Rahnella aquatilis strain TW5 16S ribosomal RNA gene partial sequence
 OP546123.1:27-790 Rahnella aquatilis strain OM2 16S ribosomal RNA gene partial sequence
 KC622045.1:30-793 Rahnella aquatilis strain RAA01 16S ribosomal RNA gene partial sequence
 OP546122.1:32-795 Rahnella aquatilis strain OM 1 16S ribosomal RNA gene partial sequence
 KC840866.1:35-798 Rahnella aquatilis strain W24 16S ribosomal RNA gene partial sequence
 LC191553.1:65-828 Rahnella aquatilis gene for 16S rRNA partial sequence strain: 6bw
 KC840865.1:29-792 Rahnella aquatilis strain W22 16S ribosomal RNA gene partial sequence
 KF017365.1:31-796 Rahnella aquatilis strain w29 16S ribosomal RNA gene partial sequence
 JQ014184.1:45-813 Rahnella aquatilis strain JS1210 16S ribosomal RNA gene partial sequence

 AATM3 SR1846-Rahnella aquatilis-RSF1 C01
 KC752434.1:38-803 Rahnella aquatilis strain ASH-1 16S ribosomal RNA gene partial sequence
 AATM4 SR1846-Rahnella aceris -RSR1 D02
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 NZ JACXXG010000109.1 Stutzerimonas kunmingensis strain 28M-8 NODE 110 length 266 cov 60.1655 whole genome shotgun sequence

 NZ JACXXG010000112.1 Stutzerimonas kunmingensis strain 28M-8 NODE 113 length 254 cov 132.709 whole genome shotgun sequence

 NZ JACXXG010000111.1 Stutzerimonas kunmingensis strain 28M-8 NODE 112 length 254 cov 132.409 whole genome shotgun sequence

 NZ JACXXG010000113.1 Stutzerimonas kunmingensis strain 28M-8 NODE 114 length 246 cov 71.5546 whole genome shotgun sequence

 AATP5- Stutzerimonas stutzeri

 AATP2 SR2181-Stutzerimonas kunmingensis-RSR1 A12.ab1

 NZ JACXXG010000108.1 Stutzerimonas kunmingensis strain 28M-8 NODE 109 length 357 cov 25.4913 whole genome shotgun sequence

 NZ BCAJ01000101.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence

 NZ JACXXG010000110.1 Stutzerimonas kunmingensis strain 28M-8 NODE 111 length 266 cov 71.482 whole genome shotgun sequence

 NZ BCAJ01000108.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence

 NZ BCAJ01000110.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence(2)

 NZ BCAJ01000110.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence

 NZ BCAJ01000115.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence

 NZ JAAMQS010000054.1 Stutzerimonas kunmingensis strain 57B2 NODE 54 length 290 cov 71.460123 whole genome shotgun sequence

 NZ BCAJ01000093.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence

 BCAJ01000077.1 Stutzerimonas stutzeri NT-I NT-I DNA contig: PSNT00077 whole genome shotgun sequence

 NZ BCAJ01000077.1 Stutzerimonas stutzeri strain NT-I whole genome shotgun sequence
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Figure 3.6 Evolutionary analysis of bacteria belongs to Aeromonas genera by 

Maximum Likelihood method 

 

Figure 3.7 Evolutionary analysis of bacteria belongs to Klebsilla genera by 

Maximum Likelihood method 

 CP083625.1:1454711-1455478 Aeromonas enteropelogenes strain FDAARGOS 1510 chromosome complete genome

 PP617050.1:503-1270 Aeromonas sp. strain LyDe62 16S ribosomal RNA gene partial sequence

 PP617305.1:503-1270 Aeromonas sp. strain RiDe36 16S ribosomal RNA gene partial sequence

 OK217131.1:575-1342 Aeromonas sp. strain BCP-2 16S ribosomal RNA gene partial sequence

 MN784474.1:536-1303 Aeromonas hydrophila strain 9 KVR CIFE 16S ribosomal RNA gene partial sequence

 MG737563.1:543-1310 Aeromonas caviae strain T25-40 16S ribosomal RNA gene partial sequence

 AP026403.1:122825-123592 Aeromonas caviae KAM643 DNA complete genome

 OM714804.1:547-1314 Aeromonas sp. strain 20-1 16S ribosomal RNA gene partial sequence

 FJ821600.1:555-1323 Aeromonas sp. TPS4 16S ribosomal RNA gene partial sequence

 CP095328.1:4374694-4375461 Aeromonas sp. 19NY04SH05-1 chromosome complete genome

 CP065937.1:4954327-4954370 Aeromonas caviae strain Aero21 chromosome complete genome

 AP026896.1:4866231-4866997 Aeromonas caviae KAM479 plasmid pKAM479 3 DNA complete sequence

 AATP3-Aeromonas enteropelogenes

 AP026403.1:4619644-4620411 Aeromonas caviae KAM643 DNA complete genome

 CP065937.1:4839651-4840418 Aeromonas caviae strain Aero21 chromosome complete genome

 CP083625.1:538319-539086 Aeromonas enteropelogenes strain FDAARGOS 1510 chromosome complete genome

 CP083625.1:843566-844333 Aeromonas enteropelogenes strain FDAARGOS 1510 chromosome complete genome

 CP083625.1:1127444-1128211 Aeromonas enteropelogenes strain FDAARGOS 1510 chromosome complete genome
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 OP393820.1:662-1301 Klebsiella sp. strain Oin1-ST-51 16S ribosomal RNA gene partial sequence
 ON845429.1:696-1335 Klebsiella sp. strain 215 42 z 1 16S ribosomal RNA gene partial sequence
 CP153962.1:1209897-1210536 Klebsiella variicola subsp. variicola strain KP NORM BLD 62512 chromosome complete genome
 OP393822.1:662-1301 Klebsiella sp. strain Oin1-ST-71 16S ribosomal RNA gene partial sequence
 MN559051.1:662-1301 Klebsiella sp. strain HSTU-ASh10 16S ribosomal RNA gene partial sequence
 MN658477.1:659-1298 Klebsiella sp. strain P5 16S ribosomal RNA gene partial sequence
 OM149858.1:658-1297 Klebsiella sp. strain pnk01 16S ribosomal RNA gene partial sequence
 ON845432.1:696-1335 Klebsiella sp. strain 218 42 z 7 16S ribosomal RNA gene partial sequence
 MW674660.1:242-881 Klebsiella sp. strain HSTU-AM51 16S ribosomal RNA gene partial sequence
 OP379419.1:78-717 Klebsiella sp. strain XFCS54 16S ribosomal RNA gene partial sequence
 MW990109.1:640-1279 Klebsiella sp. strain S3 16S ribosomal RNA gene partial sequence
 PQ448302.1:624-1263 Klebsiella pneumoniae strain XA2A 16S ribosomal RNA gene partial sequence
 OQ830660.1:690-1329 Klebsiella pneumoniae subsp. pneumoniae strain DSM 30104(T) 16S ribosomal RNA gene partial sequence
 OP133246.1:438-1077 Klebsiella sp. strain LFG1 16S ribosomal RNA gene partial sequence
 MW479984.1:718-1357 Klebsiella variicola strain F3 16S ribosomal RNA gene partial sequence
 OP990107.1:437-1076 Klebsiella sp. strain MBWS31.(7) 16S ribosomal RNA gene partial sequence
 MW186661.1:646-1285 Klebsiella sp. strain LEA1 16S ribosomal RNA gene partial sequence
 CP153789.1:450822-451461 Klebsiella variicola subsp. variicola strain KP NORM BLD 114482 chromosome complete genome
 CP129755.1:4995492-4996131 Klebsiella variicola strain 2020C01-081 chromosome complete genome
 CP153962.1:5224138-5224777 Klebsiella variicola subsp. variicola strain KP NORM BLD 62512 chromosome complete genome
 CP152766.1:5444016-5444655 Klebsiella variicola subsp. variicola strain NK H2 019 chromosome complete genome
 CP153339.1:5481146-5481785 Klebsiella variicola subsp. variicola strain KP NORM URN 56847 chromosome complete genome
 CP153789.1:4432102-4432741 Klebsiella variicola subsp. variicola strain KP NORM BLD 114482 chromosome complete genome
 AATM2 Klebsiella quasivaricola
 CP153776.1:4448690-4449329 Klebsiella variicola subsp. variicola strain KP NORM BLD 115706 chromosome complete genome
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Figure 3.8 Evolutionary analysis of bacteria belongs to Priestia genera by 

Maximum Likelihood method 

 

 

 

 

 

 

 

 

 

 

 

 

 

 OR431268.1:830-1308 Priestia aryabhattai strain 22288 16S ribosomal RNA gene partial sequence
 OQ073488.1:836-1314 Priestia aryabhattai strain DET502 16S ribosomal RNA gene partial sequence
 MF662245.1:827-1305 Bacillus aryabhattai strain HBUM03311 16S ribosomal RNA gene partial sequence
 OR429310.1:827-1305 Priestia aryabhattai strain 23266 16S ribosomal RNA gene partial sequence
 OL757854.1:841-1319 Priestia aryabhattai strain AK1 16S ribosomal RNA gene partial sequence
 MT272042.1:831-1309 Bacterium strain FT1 16S ribosomal RNA gene partial sequence
 OP623493.1:313-791 Priestia aryabhattai strain M25 10 16S ribosomal RNA gene partial sequence
 OL721888.1:836-1314 Priestia aryabhattai strain KEX513 16S ribosomal RNA gene partial sequence
 OR431575.1:840-1318 Priestia aryabhattai strain 22360 16S ribosomal RNA gene partial sequence
 OL872259.1:822-1300 Priestia aryabhattai strain PD22 16S ribosomal RNA gene partial sequence
 PP962687.1:831-1309 Priestia aryabhattai strain V5090 16S ribosomal RNA gene partial sequence
 OR754988.1:821-1299 Priestia aryabhattai strain V3309 16S ribosomal RNA gene partial sequence
 OR755126.1:806-1284 Priestia aryabhattai strain V3639 16S ribosomal RNA gene partial sequence
 OR426882.1:835-1313 Priestia aryabhattai strain 22155 16S ribosomal RNA gene partial sequence
 ON479649.1:857-1335 Priestia aryabhattai B8W22 strain SWIH-9 16S ribosomal RNA gene partial sequence
 PP257424.1:836-1314 Priestia aryabhattai strain V5970 16S ribosomal RNA gene partial sequence
 PQ013946.1:840-1318 Priestia aryabhattai strain V7197 16S ribosomal RNA gene partial sequence
 OR453569.1:798-1276 Priestia aryabhattai strain 24946 16S ribosomal RNA gene partial sequence
 PQ632477.1:840-1318 Priestia aryabhattai strain dy 16S ribosomal RNA gene partial sequence
 MW740090.1:740-1218 Priestia aryabhattai strain PMIC 1B9B.2 16S ribosomal RNA gene partial sequence
 MN620499.1:817-1295 Bacillus aryabhattai strain CN3-4 16S ribosomal RNA gene partial sequence
 OR453572.1:778-1256 Priestia aryabhattai strain 24956 16S ribosomal RNA gene partial sequence
 MK318765.1:831-1309 Bacillus aryabhattai strain EK2N7 16S ribosomal RNA gene partial sequence
 MT789216.1:840-1318 Bacillus aryabhattai strain IN 610 16S ribosomal RNA gene partial sequence
 MW092312.1:810-1288 Bacillus sp. (in: Bacteria) strain HJ4 16S ribosomal RNA gene partial sequence
 OR623209.1:870-1348 Priestia aryabhattai strain NIOT.B2TS6 16S ribosomal RNA gene partial sequence
 MK575008.1:829-1307 Bacillus aryabhattai strain PF83X 16S ribosomal RNA gene partial sequence

 AATP4-priestia aryabhattai
 CP064098.1:20547-21025 Priestia aryabhattai strain B2 plasmid pB2.1 complete sequence
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Nucleotide sequences of respective isolates 

1. > AATP3- Enterobacter roggenkampii 

GCTACTTTGCCGGCGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCC

TGATGGAGGGGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCG

CAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCAGATGTGCCCAGA

TGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAG

CTGGTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACT

CCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATG

CACCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAG

CGGGGAGGAAGGTGCTGAGGTTAATAACCTCAGCGATTGACGTTACCCGCA

AAAAAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGT

GCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTCTGTC

AAGTCAGATGTGAGATCCCCGGGCTCAACCTGGAAACTGC 

 

2. > AATM3-Bacillus pacificus 

ATCCGCGATTACTAGCGATTCCAGCTTCATGTAGGCGAGTTGCAGCCTACAA

TCCGAACTGAGAACGGTTTTATGAGATTAGCTCCACCTCGCGGTCTTGCAGC

TCTTTGTACCGTCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATG

ATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCACCTT

AGAGTGCCCAACTGAATGATGGCAACTAAGATCAAGGGTTGCGCTCGTTGC

GGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCAC

CTGTCACTCTGCTCCCGAAGGAGAAGCCCTATCTCTAGGGTTGTCAGAGGAT

GTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCC

ACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGCCTTGCGGCCGT

ACTCCCCAGGCGGAGTGCTTAATGCGTTAACTTCAGCACTAAAGGGCGGAA
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ACCCTCTAACACTTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCT

AATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGACCAGA

AAGTCGCCTTCGCCACTGGTGTTCCTCCATATCTCTACGCATTTCACCGCTA

CACATGGAATTCCACTTTCCTCTTCTGCACTCAAGTCTCCCCAGTTTTCCAAT

GACCCTCCACGGTTGAGCCGTGGGG 

 

3. > AATPO3-Enterobacter hormaechei 

CTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGG

GGGATAACTACTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAA

AGAGGGGGACCTTCGGGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAG

CTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGA

GAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGA

GGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCATGC

CGCGTTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAA

GGCGTTAAGGTTAATAACCTTGTCGATTGACGTTACCCGCAGAAGAAGCAC

CGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAA

TCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTCTGTCAAGTCGGATGT

GAAATCCCCGGCTCAACCTGGGAACTGCATTCGAAACTGGCAGGCTAGAGT

CTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATC

TGGAGGAATACCGGTGGCGAAGGCGGCCCCCTGGACAAAGACTGACGCTC

AGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCAC

GCCGTAAACGATGTCGACTTGGAGGTTGTGCCCTTGAGGCGTGGCTTCCGG

GAGCTAACGCGTTAAGTCGACCGCCTGGGGAGTACGGGCCGCA 
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4. > AATPO1- Bacillus cereus 

AGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCCATAAGACTG

GGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGAACCGCAT

GGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGCGT

CGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGC

CGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTC

CTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGG

AGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTT

AGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAAC

CAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGG

CAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTA

AGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGG

GAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAAT

GCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTGGTCTGTA

ACTGACACTGAGGCGCGAAAGCGTGGGAGCAAACAGGATTAGATACCCTG

GTAGTCCACGCCGTAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTT

AGTGCTGAAGTTAACGCATAAGCACTCCGCCTGGGGAGTACGGC 

 

5.  > AATM4- Stutzerimonas stutzeri 

ACTAGCGATTCCGACTTCACGCAGTCGAGTTGCAGACTGCGATCCGGACTA

CGATCGGTTTTATGGGATTAGCTCCACCTCGCGGCTTGGCAACCCTTTGTAC

CGACCATTGTAGCACGTGTGTAGCCCAGGCCGTAAGGGCCATGATGACTTG

ACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCCTTAGAGTGCC

CACCTTAACGTGCTGGTAACTAAGGACAAGGGTTGCGCTCGTTACGGGACT

TAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTGT
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CAGAGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTCTGCATGTCAA

GGCCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGC

TTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCC

CCAGGCGGTCGACTTAATGCGTTAGCTGCGCCACTAAGATCTCAAGGATCC

CAACGGCTAGTCGACATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCT

GTTTGCTCCCCACGCTTTCGCACCTCAGTGTCAGTATTAACCCAGGTGGTCG

CCTTCGCCACTGGTGTT 

 

6. > AATP02- Bacillus subtilis 

TGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCCTGTAAGACTG

GGATAACTCCGGGAAACCGGGGCTAATACCGGATGGTTGTTTGAACCGCAT

GGTTCAAACATAAAAGGTGGCTTCGGCTACCACTTACAGATGGACCCGCGG

CGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAGC

CGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTC

CTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGG

AGCACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTA

GGGAAGAACAAGTACCGTTCGAATAGGGCGGTACCTTGACGGTACCTAACC

AGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACTAGGTGGCA

AGCGTTGTCCGGAATTATTGGGCGTAAAGGGCTCGCAGGCGGTTTCTTAAG

TCTGATGTGAAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGA

ACTTGAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCG 

 

7.  > AATP01-Priestia aryabhattai 

TCCGCGATTACTAGCGATTCCAGGCTTCATGTAGGCGAGTTGCAGCCTACAA

TCCGAACTGAGAATGGTTTTATGGGATTGGCTTGACCTCGCGGTCTTGCAGC
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CCTTTGTACCATCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATG

ATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCACCTT

AGAGTGCCCAACTAAATGCTGGCAACTAAGATCAAGGGTTGCGCTCGTTGC

GGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCAC

CTGTCACTCTGTCCCCCGAAGGGGAACGCTCTATCTCTAGAGTTGTCAGAGG

ATGTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCT

CCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGACC

GTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCAGCACTAAAGGGCGG

AAACCCTCTAACACTTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTAT

CTAATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAACGTCAGTTACAGACCA

AAAAAGCCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCG

CTACACGTGGAATTCCGCTTTTCTCTTCTGCACTCAAGTTCCCCAGTTTCCAT

GACCCTCCACGGTTGAGCCGTGGGGCTTTCC 

 

8.  > AATP4-Aeromonas enteropelogenes 

TCTGATTTGCGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACT

CCAATCCGGACTACGACGCGCTTTTTGGGATTCGCTCACTATCGCTAGCTTG

CAGCCCTCTGTACGCGCCATTGTAGCACGTGTGTAGCCCTGGCCGTAAGGG

CCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTC

TCCCTTGAGTTCCCACCATTACGTGCTGGCAACAAAGGACAGGGGTTGCGC

TCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCAT

GCAGCACCTGTGTTCTGATTCCCGAAGGCACTCCCGCATCTCTGCAGGATTC

CAGACATGTCAAGGCCAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCA

CATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTT

GCGGCCGTACTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCAC
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GTCTCAAGGACAAGCCTCCAAATCGACATCGTTTACGGCGTGGACTACCAG

GGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTG

TCCAGGGGGCCGCCTTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTC

ACCGCTACACCTGGAATTCTACCCCCCTCTACAAGACTCTAGCTGGACAGTT

TTAAATGCAATTCCACGGTTGAGCCCGGGGCTTTCACATCTAACT 

 

9.  > AATM1- Enterobacter cloaca 

CTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATC

CGGACTACGACATACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTC

TTTGTATATGCCATTGTAGCACGTGTGTAGCCCTGGTCGTAAGGGCCATGAT

GACTTGACGTCATCCCCACCTTCCTCCAGTTTATCACTGGCAGTCTCCTTTGA

GTTCCCGGCCTAACCGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGG

GACTTAACCCAACATTTCACAACACGAGCTGACGACAGCCATGCAGCACCT

GTCTCACAGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTGTGGATGT

CAAGACCAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCA

CCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTA

CTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACGCCTCAAGG

GCACAACCTCCAAATCGACATCGTTTACAGCGTGGACTACCAGGGTATCTA

ATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGGG

GGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTAC

ACCTGGAATTCTACCCCCCCTCTACAAGACTCTAGCCTGCCAGTTTCGAATG

CAGCTCCCAGGTTGAGCCCGGGGATTTCACATCCGACTTGAAAGACCGCCT

GCGTGCGCTTTACGCCAGTAATTTCCGATTAA 
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10. > AATPO4 SR1846-Rahnella aquatilis 

ACTTTGCCGGCGAGCGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGA

TGGAGGGGGATAACTACTGGAAACGGTGGCTAATACCGCATAACGTCGCAA

GACCAAAGTGGGGGACCTTCGGGCCTCACGCCATCGGATGTGCCCAGATGG

GATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTG

GTCTGAGAGGATGACCAGCCACACTGGAACTGAGACACGGTCCAGACTCCT

ACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCA

GCCATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGCG

AGGAGGAAGGCATCATACTTAATACGTGTGGTGATTGACGTTACTCGCAGA

AGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCA

AGCGTTAATCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAG

TCAGATGTGAAATCCCCGCGCTTAACGTGGGAACTGCATTTGAAACTGGCA

AGCTAGAGTCTTGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGC

GTAGAGATCTGGAGGGAATACCGGTGGCGAAGGCGGGCCCCCTGGACAAA

GACTGACGCTCAGGTGCGAAAGCGTGGGGAGCAAACAGGGATTAGATACC

CTGGTAGTCCACGCTGTAAACGATGTCGACTTTGGAGTTGTGCCCTTGAGGC

GTGG    

 

11.  > AATP2 Rahnella aceris  

TCTACGATTACTAGCGATTCCGAACTTCATGGAGTCGAGTTGCAGACTCCAA

TCCGGACTACGACGTACTTTATGAGGTCCGCTGGCTCTCGCGAGTTTGCTTC

TCTTTGTATACGCCATTGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATG

ATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCTTT

GAGTTCCCACCCGTAGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGC

GGGACTTAACCCAACATTTCACAACACGAGCTGACGACAGCCATGCAGCAC
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CTGTCTCACGGTTCCCGAAGGCACCAAGCCATCTCTGGCAAGTTCCGTGGAT

GTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCC

ACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGT

ACTCCCCAGGCGGTCGACTTAACGCGTTAGCTCCGGAAGCCACGCCTCAAG

GGCACAACCTCCAAGTCGACATCGTTTACAGCGTGGACTACCAGGGTATCT

AATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGG

GGGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTA

CACCTGGAATTCTACCCCCCTCTACAGACTCTAGCTTGCCAGTTTCAAATGC

AGTTCCCACGTTAAGCGCGGGGATTTCACATCTGACTTAACAAACCCGCCTG

CGTGCGCTTTACGCCCAGTAATTTCCG 

 

12. > AATP5-Bacillus wiedmannii 

ATCCGCGATTACTAGCGATTCCAGCTTCATGTAGGCGAGTTGCAGCCTACAA

TCCGAACTGAGAACGGTTTTATGAGATTAGCTCCACCTCGCGGTCTTGCAGC

TCTTTGTACCGTCCATTGTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATG

ATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCACCTT

AGAGTGCCCAACTTAATGATGGCAACTAAGATCAAGGGTTGCGCTCGTTGC

GGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACCAC

CTGTCACTCTGCTCCCGAAGGAGAAGCCCTATCTCTAGGGTTTTCAGAGGAT

GTCAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCC

ACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGCCTTGCGGCCGT

ACTCCCCAGGCGGAGTGCTTAATGCGTTAACTTCAGCACTAAAGGGCGGAA

ACCCTCTAACACTTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCT

AATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGTGTCAGTTACAGACCAGA

AAGTCGCCTTCGCCACTGGTGTTCCTCCATATCTCTACGCATTTCACCGCTA
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CACATGGAATTCCACTTTCCTCTTCTGCACTCAAGTCTCCCAGTTTCCAATG

ACCCTCCACGGTTGAGCCGTGGGCTTTCACATCAGACTTAAGAAACCACCT

GCGCGCGCTTTACGCCCAATAAATTC 

 

13. > AATP6-Stutzerimonas kunmingensis 

ACTAGCGATTCCGACTTCACGCAGTCGAGTTGCAGACTGCGATCCGGACTA

CGATCGGTTTTATGGGATTAGCTCCACCTCGCGGCTTGGCAACCCTTTGTAC

CGACCATTGTAGCACGTGTGTAGCCCAGGCCGTAAGGGCCATGATGACTTG

ACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCCTTAGAGTGCC

CACCTTAACGTGCTGGTAACTAAGGACAAGGGTTGCGCTCGTTACGGGACT

TAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTGT

CAGAGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTCTGCATGTCAA

GGCCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGC

TTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCC

CCAGGCGGTCGACTTAATGCGTTAGCTGCGCCACTAAGATCTCAAGGATCC

CAACGGCTAGTCGACATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCT

GTTTGCTCCCCACGCTTTCGCACCTCAGTGTCAGTATTAACCCAGGGGTCGC

CTTCGCCACTGGTGTT    

 

14. > AATM5-Klebsiella quasivaricola 

CTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATC

CGGACTACGACATACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTC

TTTGTATATGCCATTGTAGCACGTGTGTAGCCCTGGTCGTAAGGGCCATGAT

GACTTGACGTCATCCCCACCTTCCTCCAGTTTATCACTGGCAGTCTCCTTTGA

GTTCCCGGCCTAACCGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGG
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GACTTAACCCAACATTTCACAACACGAGCTGACGACAGCCATGCAGCACCT

GTCTCACAGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTGTGGATGT

CAAGACCAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCA

CCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTA

CTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACGCCTCAAGG

GCACAACCTCCAAATCGACATCGTTTACAGCGTGGACTACCAGGGTATCTA

ATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGGG

GGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTAC

ACCTGGAATTCTACCCCCCCTCTACAAGACTCTAGCCTGCCAGTTTCGAATG

CAGCTCCCAGGTTGAGCCCGGGGATTTCACATCCGACTTGAAAGACCGCCT

GCGTGCGCTTTACGCCCAGTAATTTCCGATTAA   

 

15.  > AATM6-Mycolicibacterium vaccae 

ACTCGAGTGGCGAACGGGTGAGTAACACGTGGGTGATCTGCCCTGCACTTT

GGGATAAGCCTGGGAAACTGGGTCTAATACCGAATACACCTTGCTGGATGC

ATGTCTGGTGGGGGAAAGCTTTTGCGGTGTGGGATGGGCCCGCGGCCTATC

AGCTTGTTGGTGAGGTTACGGCTCACCAAGGCGACGACGGGTAGCCGGCCT

GAGAGGGTGTCCGGCCACACTGGGACTGAGATACGGCCCAGACTCCTACGG

GAGGAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGAC

GCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCGCCAGGGAC

GAAGCGCAAGTGACGGTACCTGGAGAAGAAGCACCGGCCAACTACGTGCC

AGCAGCCGCGGTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCG

TAAAGAGCTCGTAGGTGGTTTGTCGCGTTGTTCGTGAAAACTCACAGCTTAA

CTGTGGGCGTGCGGGCGATACGGGCAGACTGGAGTACTGCAGGGGCGACTG

GAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGGTG
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GCGAAGGCGGGTCTCTGGGCAGTAACTGACGCTGAGGAGCGAAAGCGTGG

GGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGGTGGGTA

CTAGGTGTGGGTTTCCTTCCTTGGGATCCGTGCCGTAGCTAACGCATTAAGT

ACCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGAAATTGACG

GGGGCCCGCACAAGCGGCGGAGCATGTGGATTAATTCGATGCAACGCGAA

GAACCTTACCTGGGTTTGACATGCACAGGACGCTGGTAGAGATATCAGTTC

CCTTGTGGCCTGTGTGGGGGTGGTGCATGGCTGTCGTCAGCTCGTGTCGTAG

GATGTTGGGTTAAGTCCCGCAACGAGCAGTTCCCTTGTGGCCTGTGTGGGG

GTGGTGCATGGCTGTCGTCAGCTCGTGTCGTAGGATGTTGGGTTAAGTCCCG

CAACGAG  

 

Species composition revealed through metagenomic analysis 

The Metagenomics analysis of the fourth instar larvae of Aedes aegypti revealed the 

presence of a plethora of bacterial strains (Figure 3.9 – 3.17; Table 3.3 -3.5) across the 

seasons. The number of reads of the analysed strains such as AAMA, AAMB and 

AAMC was detected to be 292254, 202272 and 238910 respectively; while the  Q20 

values of AAMA,  AAMB and AAMC were reported as 99.73, 99.72, and 99.78. The 

higher values of Q20, specifically more than 90% represent that the gene assembly had 

maximum integrity along with good quality. 

The season-wise distribution of the reported phylum was given in Figure 3.9. The 

AAMA, AAMB and AAMC strains designated in Figure 3.9 correspond to the various 

seasons such as monsoon, pre-monsoon, and post-monsoon respectively. According to 

the monsoon season and post-monsoon, the Firmicutes was found to be the majority 

while the pre-monsoon season detected the presence of Proteobacteria in greater 
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intensity. As given in Figure 3, the species abundance distribution accounted the 

presence of several species. 

Diversity Analysis 

The composition pattern of all the selected strains of microbial consortia such as 

AAMA, AAMB and AAMC was analysed using the Alpha diversity matrices (Table 

3.1). The Shannon diversity analysis indicates that the AAMB strain (H′ = 3.11813661) 

was the most abundant than the AAMA (H′ = 2.58097801)  and AAMC (H′ = 

2.29624848). It may assign that the climate change and seasonal factors are may be 

responsible for this variation in population diversity.  

Table 3.1 Composition profile 

Sample Observed Chao1 se.chao1 ACE se.ACE Shannon Simpson InvSimpson Fisher 

AAMA 671 873.843373 39.8991837 838.233284 14.4863412 2.58097801 0.76289486 4.21753821 98.5758471 

AAMB 632 831.105263 37.8071371 844.500761 15.4236605 3.11813661 0.88626298 8.7922121 95.2304462 

AAMC 603 772.166667 33.7856416 766.229948 13.8074396 2.29624848 0.71246356 3.47782007 90.3457864 

 

Table 3.2  O for OUT 
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Figure 3.9  Top 10 phyla abundance distribution 

 

Figure 3.10 Diversity profile 
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Figure 3.11 Distribution of top 20 significant OTU 
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Figure 3.12 Season wise Distribution 
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Figure 3.13 Season wise Distribution 
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Figure 3.14 20 different phyla 

Table 3.3 Microbial population according to Phylum 

 Frequency Percent 
Valid 

Percent 

Cumulative 

Percent 

Valid Acidobacteria 2 .6 .6 .6 

Actinobacteria 84 24.0 24.0 24.6 

Bacteroidetes 18 5.1 5.1 29.7 

Chloroflexi 1 .3 .3 30.0 

Cyanobacteria 2 .6 .6 30.6 

Euryarchaeota 2 .6 .6 31.1 

Firmicutes 112 32.0 32.0 63.1 

Nitrospirae 1 .3 .3 63.4 
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Planctomycetes 3 .9 .9 64.3 

Proteobacteria 121 34.6 34.6 98.9 

Thermotogae 1 .3 .3 99.1 

Verrucomicrobia 3 .9 .9 100.0 

Total 350 100.0 100.0  

 

Table 3.4 Microbial population according to Class 

 Frequency Percent 
Valid 

Percent 

Cumulative 

Percent 

Valid [Saprospirae] 3 .9 .9 .9 

Acidimicrobiia 1 .3 .3 1.1 

Acidobacteriia 1 .3 .3 1.4 

Actinobacteria 78 22.3 22.3 23.7 

Alphaproteobacteria 66 18.9 18.9 42.6 

Bacilli 44 12.6 12.6 55.1 

Bacteroidia 9 2.6 2.6 57.7 

Betaproteobacteria 18 5.1 5.1 62.9 

Chloroplast 1 .3 .3 63.1 

Clostridia 61 17.4 17.4 80.6 

Coriobacteriia 4 1.1 1.1 81.7 

Deltaproteobacteria 9 2.6 2.6 84.3 

Epsilonproteobacteria 1 .3 .3 84.6 

Erysipelotrichi 7 2.0 2.0 86.6 

Flavobacteriia 3 .9 .9 87.4 
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Gammaproteobacteria 27 7.7 7.7 95.1 

Holophagae 1 .3 .3 95.4 

Ktedonobacteria 1 .3 .3 95.7 

Methanobacteria 1 .3 .3 96.0 

Methanomicrobia 1 .3 .3 96.3 

Nitrospira 1 .3 .3 96.6 

Oscillatoriophycideae 1 .3 .3 96.9 

Planctomycetia 3 .9 .9 97.7 

Sphingobacteriia 3 .9 .9 98.6 

Thermoleophilia 1 .3 .3 98.9 

Thermotogae 1 .3 .3 99.1 

Verrucomicrobiae 3 .9 .9 100.0 

Total 350 100.0 100.0  

 

Table 3.5 Microbial population according to Order 

 Frequency Percent 

Valid 

Percent 

Cumulative 

Percent 

Valid [Saprospirales] 3 .9 .9 .9 

Acidimicrobiales 1 .3 .3 1.1 

Acidobacteriales 1 .3 .3 1.4 

Actinomycetales 75 21.4 21.4 22.9 

Aeromonadales 2 .6 .6 23.4 

Alteromonadales 3 .9 .9 24.3 

Bacillales 37 10.6 10.6 34.9 
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Bacteroidales 9 2.6 2.6 37.4 

Bdellovibrionales 2 .6 .6 38.0 

Bifidobacteriales 3 .9 .9 38.9 

Burkholderiales 13 3.7 3.7 42.6 

Campylobacterales 1 .3 .3 42.9 

Caulobacterales 3 .9 .9 43.7 

Chlorophyta 1 .3 .3 44.0 

Chroococcales 1 .3 .3 44.3 

Clostridiales 61 17.4 17.4 61.7 

Coriobacteriales 4 1.1 1.1 62.9 

Desulfobacterales 1 .3 .3 63.1 

Enterobacteriales 5 1.4 1.4 64.6 

Erysipelotrichales 7 2.0 2.0 66.6 

Flavobacteriales 3 .9 .9 67.4 

Gaiellales 1 .3 .3 67.7 

Gemmatales 3 .9 .9 68.6 

Holophagales 1 .3 .3 68.9 

Ktedonobacterales 1 .3 .3 69.1 

Lactobacillales 7 2.0 2.0 71.1 

Legionellales 1 .3 .3 71.4 

Methanobacteriales 1 .3 .3 71.7 

Methanomicrobiales 1 .3 .3 72.0 

Methylophilales 1 .3 .3 72.3 

Myxococcales 5 1.4 1.4 73.7 
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Neisseriales 1 .3 .3 74.0 

Nitrosomonadales 2 .6 .6 74.6 

Nitrospirales 1 .3 .3 74.9 

Pasteurellales 3 .9 .9 75.7 

Pseudomonadales 5 1.4 1.4 77.1 

Rhizobiales 30 8.6 8.6 85.7 

Rhodobacterales 8 2.3 2.3 88.0 

Rhodocyclales 1 .3 .3 88.3 

Rhodospirillales 14 4.0 4.0 92.3 

Sphingobacteriales 3 .9 .9 93.1 

Sphingomonadales 11 3.1 3.1 96.3 

Syntrophobacterales 1 .3 .3 96.6 

Thermotogales 1 .3 .3 96.9 

Verrucomicrobiales 3 .9 .9 97.7 

Xanthomonadales 8 2.3 2.3 100.0 

Total 350 100.0 100.0  

 

Species composition revealed through metagenomic analysis 

Pre-monsoon 

Metagenomic analysis revealed a diverse bacterial community dominated by 

Stutzerimonas stutzeri and Bacillus cereus, alongside Enterobacter species and the 

intracellular parasite Candidatus Protochlamydia naegleriophila. The profile included 

clinically relevant species like Streptococcus sanguinis and Actinomyces pacaensis, as 

well as environmental bacteria such as Acinetobacter junii, reflecting multiple 

microbial acquisition routes.  Metagenomic analysis revealed a diverse microbial 
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community dominated by the following bacteria; Stutzerimonas stutzeri, Candidatus 

Protochlamydia naegleriophila and Bacillus cereus. The taxonomic profile of microbial 

inhabitants revealed the clinically relevant microbes such as Streptococcus sanguinis 

and Actinomyces pacaensis. Furthermore, the presence of environmental bacteria such 

as Acinetobacter junii indicating multiple routes of accretion. The complex ecological 

relation and interactions allied with the bacteria belongs to the Bacillus and Oligella 

genus recognized as a significant contribution towards the scientific community since it 

can deliver the information concerning the role of microbial consortia against the vector 

biology, vector competence, mosquito physiology and pathogen transmission. 

 

Figure 3.15 Species wise Hierarchical visualization of gut bacterial communities 

[Pre-monsoon] through metagenomic analysis 
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Figure 3.16 Metagenomic Profile of Top 10 Bacterial Species in Pre-Monsoon 

Monsoon 

The implementation of Metagenomic sequencing strategies in the present study showed 

distinct profile for microbial consortia according to the species level in Monsoon 

season. According to the Metagenomic analysis of monsoon season, Priestia 

aryabhattai, Bacillus subtilis and Aeromonas enteropelogenes was recognized to be the 

most predominant microbiome constituting  14.0%, 7.5% and 6.0% respectively, while 

the Rahnella aquatilis, Enterobacter cloacae and Enterobacter hormaechei was 

accounted to be the least dominated microbes fall under the family of 

Enterobacteriaceae. As observed in the earlier seasons (premonsoon), here we 

witnessed the distribution of Bacillus as well as Priestia, which possibly Justifying the 

possible dynamics of microbial uptake from the environment or other sources during 

the monsoon season. In addition to this, the Gemella morbillorum, Ruminococcus 
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bromii and Brevibacterium casei contributed 4.5%, 4.0% and 4.0% respectively for the 

whole microbial population. The metagenomic data for the monsoon season can give 

significant information concerning the influence and ecological interaction of microbes 

along with the transmission potential of the target mosquito vector, Ades aegypti. 

 

Figure 3.17 Species wise Hierarchical visualization of gut bacterial communities 

[Monsoon] through metagenomic analysis 
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Figure 3.18 Metagenomic Profile of Top 10 Bacterial Species in Gut Microbiome 

 

Figure 3.19 Species wise Hierarchical visualization of gut bacterial communities [Post-

Monsoon] through metagenomic analysis 
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Post monsoon 

The Metagenomic analysis for the post-monsoon season also produced distinct 

microbial consortia at species level. This season demonstrate a slightly different shift in 

microbial composition and Bacillus wiedmannii has been known to be the most 

predominant species. Furthermore the presence of Stutzerimonas kunmingensis, 

Fusobacterium nucleatum, Klebsiella variicola and Ruminococcus bicirculans 

revealing the possible adaptation to altered environmental conditions and potential 

exchange of microbes from the environment towards the vector. 

 

Figure 3.20 Metagenomic Profile of Top 10 Bacterial Species in Post-Monsoon Gut 

Microbiome 

The post-monsoon gut microbiota of showed a distinct shift in composition, with 

Bacillus wiedmannii emerging as the dominant species. Gram-negative proteobacteria 
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such as Stutzerimonas kunmingensis and Klebsiella variicola were prominent, along 

with anaerobic bacteria including Fusobacterium nucleatum and Ruminococcus 

bicirculans, suggesting adaptation to altered environmental conditions following 

monsoon rains. Notable findings included the presence of Mycobacterium vaccae and 

Nitrosomonas nitrosa, species associated with soil and water ecosystems, reflecting 

potential microbial exchanges with post-monsoon breeding habitats. The gut 

community also contained gut-associated bacteria like Bacteroides plebeius and 

Sutterella wadsworthensis, indicating possible interactions with vertebrate hosts. The 

persistence of Acinetobacter junii across seasons suggests its stable colonization in the 

mosquito gut. 
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DISCUSSION 

The role of microorganisms in ecosystems and the physiology of many organisms 

belonging to humans, plants and animals have been acknowledged in metagenomics 

focused studies (Xu, 2006).   Because of the epidemiological significance and other 

various reasons associated with the transmission of deadly diseases, insects, especially 

mosquitoes are considered the central focus of many studies. Their ability to fight 

against complex environmental factors through many symbiotic microorganisms 

enhanced their population rate day by day. Hence, to reduce their population rate, recent 

studies largely focused on the profiling of microbiome settled in the various stages of 

the mosquito development cycle (Alfano et al., 2019; Coon et al., 2014; Duguma, Hall, 

Smartt, & Neufeld, 2017). In which the larval stages were accounted as the easiest and 

most approachable stage for microbiome profiling. The various microbial species 

symbiotically live in the mosquito population either directly or indirectly regulate the 

reproduction, growth and several physiological activities associated with the immune 

defence. Usually, the term “autochthonous communities” was used to designate the 

major microorganisms which having physiological functions. The studies focused on 

the profiling of mosquito midgut microbiota using metagenomics can provide sufficient 

information to fight against the mosquito vectors and various diseases impacts spread 

by the Aedes mosquitoes. It was obvious that the findings of this study could be 

considered as significant information because of the presence of microbial species 

belonging to the following phyla in the Aedes mosquitoes gut; Acidobacteria, 

Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, 

Gemmatimonadetes, Planctomycetes, Proteobacteria, and Verrucomicrobia. The 

presence of microorganisms belonging to these phyla in high-altitude freshwater was 

reported by (Y. Liu, Zhang, Zhao, Zhang, & Xie, 2014). In addition to this, (Duguma et 
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al., 2013)  characterized the microbiome associated with the Culex mosquito vectors 

with special reference to the wetland habitats. Validation of the predominant phyla in 

Aedes aegypti mosquitoes from Guadeloupe and French Guiana was accomplished 

through a study by (Hery et al., 2021), revealing the presence of Proteobacteria, 

Actinobacteria, Firmicutes, and Bacteroidetes as the primary phyla. The findings of the 

present study verified the application of advanced strategies like metagenomics in 

mosquito control research with special reference to the microbial population exists in 

the Aedes mosquito populations of kole wetland. Duguma et al., 2013 reported that the 

mosquitoes usually consume the microbial consortia during the various life cycle stages 

according to the pre monsoon, monsoon and Post-Monsoon seasons. As inferred in the 

present study, Ramos-Nino et al., 2020 observed that bacteria was the most 

predominant microbiome constituent exists within the Aedes aegypti. As per the 

discussed observation, it was clear that Proteobacteria is the most dominant bacteria in 

Aedes aegypti. 

The significance of Proteobacteria in both studies underscores its crucial involvement in 

the mosquito life cycle. In line with these findings, a prior investigation conducted by 

(Adegoke et al., 2020) revealed that Firmicutes, Bacteroidetes, Proteobacteria, and 

Actinobacteria stood out as the most prevalent phyla. The fact is that none have piloted 

as study on these aspects according to the various seasons in Aedes aegypti mosquito 

vectors. To date, no studies have been conducted to explore these aspects specifically 

across different seasons such as Pre-monsoon, monsoon and post-monsoon in Aedes 

aegypti mosquito vectors. Nonetheless, previous studies, including an investigation by 

(Parab, Jagtap, Meena, & Manohar, 2022) from the Indian region, have reported a 

prevalent abundance of Firmicutes during both the monsoon season and the post-

monsoon season. In a study  (Hery et al., 2021) encompassing diverse urban areas in 
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Guadeloupe and French Guiana, Firmicutes were identified as the dominant phylum. 

Likewise, (Zouache et al., 2011) successfully identified the organisms from two phyla, 

namely Firmicutes and Proteobacteria, which are acknowledged as the major findings 

of the current research. A study conducted by (R. Samson et al., 2023) reported that 

Bacteroidetes and Chloroflexi demonstrated an increase in abundance during the pre-

monsoon season compared to other investigated seasons such as monsoon and post-

monsoon seasons. These findings support the results of (Maestre et al., 2015) that 

specific factors have an impact on the composition of Chloroflexi and Acidobacteria. 

Upon completing the analysis at phylum level, the subsequent strand of the study 

detected the top 10 genera present in Aedes aegypti mosquito larvae.  

Notably, in a study conducted by (Arévalo-Cortés et al., 2020), numerous species were 

found to belong to the following genera: Parabacteroides, Bifidobacterium, 

Ruminococcus, Alistipes, Macellibacteroides, Campylobacter, Mucispirillum, 

Pseudomonas, Bacteroides, and Clostridium. Among the various reported genera, the 

organisms belonging to the Clostridium are widely acknowledged as the predominant 

genus in the present investigation and this highlights the notable contribution of the 

Clostridium genus to the Aedes aegypti mosquito vectors, emphasizing its significant 

role. Nevertheless, as evident in this research, a study conducted by (Arévalo-Cortés et 

al., 2020) revealed notable variations in the abundance levels across distinct seasons.  

The Clostridium genus mentioned above is primarily allied with the degradation of 

fenpropathrin (H. Wang et al., 2021) revealed that Hydrogenophaga exhibited the 

highest richness. Similarly to the results of this study, a research conducted by (Coon, 

Brown, & Strand, 2016a) reported that Leucobacter was identified as major microbial 

genera found in the gut of  Aedes aegypti mosquito vectors. To date, no studies have 

documented the presence of Rhodoplanes genus microbes within the gut of Aedes 
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aegypti mosquito larvae worldwide. The previous study conducted by  (Hery et al., 

2021) has already established a significant association between xanthobacter and Aedes 

aegypti mosquito larvae. This underscores the importance of documenting the presence 

of xanthobacter in Aedes aegypti mosquito larvae. As previously stated, this particular 

strain of Clostridium is known for its involvement in the degradation of newly 

developed synthetic pyrethroids, which are commonly used to control various insects 

like fenpropathrin. Consequently, it is probable that Clostridium bifermentans play a 

role in supporting the mosquito vectors in their ability to withstand and adapt to diverse 

toxic circumstances and their associated effects. Findings by (Qureshi, Chawla, 

Likitvivatanavong, Lee, & Gill, 2014) highlight a captivating observation that the 

Clostridium bifermentans were renowned for their capacity to elicit harmful effects on 

various mosquito vectors.  

Notably, no previous reports have documented the presence of Anaerospora 

hongkongensis and Listeria weihenstephanensis in any part of the world. This absence 

further underscores the unique nature of the current research.  In this study, another 

major microorganism identified was Rhodoplanes elegans. Similar to the previously 

said strains, there is a dearth of research on Rhodoplanes elegans specifically within the 

gut microbiota of Aedes aegypti in the current context. However, earlier studies 

exploring metagenomic analysis of soil have confirmed the presence of microbial 

species from the Rhodoplanes genus (N. Singh, Singh, Rai, Vamanu, & Singh, 2022), 

underscoring the novelty of this current investigation. In addition, the study highlighted 

the striking involvement of Xanthobacter flavus in certain insects or blowflies 

(Tomberlin et al., 2017), surpassing its role in vector control research. The unique 

aspect of the current research is further enhanced by the identification of Xanthobacter 

flavus in Aedes aegypti mosquito larvae using metagenomics. This detection was 
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conducted across different seasons, including pre-monsoon, monsoon, and post-

monsoon, emphasizing the dynamic nature of Xanthobacter flavus presence in the 

mosquito larvae. The season-specific diversity analysis also illustrated the prominent 

diversity of microbiome in the Aedes aegypti mosquito larvae. 

The gene profile obtained from the analysis served as the input for calculating the 

Simpson 1-D index and Shannon (H), which are widely recognized as the Alpha 

diversity metrics. (Hery et al., 2021) emphasized the reliability and integrity of 

employing these approaches for diversity analysis in metagenomics. The mosquito 

strain corresponds to the Pre-monsoon (AAMB strain (H′ = 3.11813661) season was 

noted as the most abundant than the AAMA (H′ = 2.58097801)  and AAMC (H′ = 

2.29624848). 

Previous studies have primarily concentrated on either the diversity of vector 

mosquitoes (Chaves et al., 2011; Forrester, Coffey, & Weaver, 2014) or the distribution 

of microbes (Guégan, Zouache, Démichel, Minard, Van Van, et al., 2018). However, 

none have explored the concept of seasonal variations. The high diversity of 

microbiome inhabited in the Aedes aegypti mosquito vectors revealed through the alpha 

and beta diversity matrices assign that the climate change and seasonal factors are may 

be responsible for this variation in population diversity.  

As reported by  (L. E. Villegas et al., 2018), the diversity analysis based on operational 

taxonomic units (OUTs) was notably associated with the presence of singletons and 

doubletons. In this regard here the operational taxonomic units (OUTs) based diversity 

analysis and is depicted in Figure 3.13 -17. Altogether, the results of the present study 

highlight the significant influence of the microbiome on the life cycle of mosquito 

vectors. One significant impact of microbes on the mosquito life cycle is their 
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involvement in larval development through enhancing the development growth and 

survival rate. Similar finding were reported by (L. M. Villegas & Pimenta, 2014).  

Some of the microbial consortia also possessed the capability to influence the various 

mechanisms allied with the reproduction in the target. Moreover, they can also impact 

the host-seeking potential followed by the feeding preferences and diseases 

transmission ability. For instance, some of the bacteria can modulate the mosquito 

vectors approach against the human hosts by forming certain specific efficient 

compounds that alter the host seeking preferences. This circumstance indicates that 

studying the strong link between the abovesaid microbial consortia and the mosquito 

vectors is vital for developing efficient approaches for mosquito control thereby 

mitigate the complications instigated by the mosquito borne diseases. The unique 

findings reported here hence can be recognized to be a strong base for future research 

targeting the specific mechanisms behind the interactions discussed above and to 

explore the same for the development of effective control strategies through the 

microbiota manipulations.  

Species Richness and Community Composition 

When compared to the pre-monsoon (632 OTUs) and post-monsoon (603 OTUs) 

samples, the monsoon sample (AAMA) had the highest observed richness (671 OTUs). 

The existence of more uncommon and unrecognised taxa in the mosquito gut 

microbiome during the monsoon season is also indicated by richness estimators like 

Chao1 (873.84) and ACE (838.23), which were likewise highest during this time. 

Elevated environmental humidity, more breeding sites, increased microbial proliferation 

in aquatic larval habitats, and increased mosquito exposure to environmental 

microorganisms could all contribute to this rise in richness during the monsoon. Similar 
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findings from earlier research on the gut microbiota of Aedes aegypti have shown that 

environmental factors have a significant impact on the acquisition of bacteria 

throughout larval development and adult emergence. According to studies by Coon and 

his colleagues in seasonal environmental changes dramatically change microbial 

diversity, and larval habitat water is a primary source of gut microbial colonisation. 

 Diversity and Evenness of Bacterial Communities 

The pre-monsoon sample (AAMB) had the best bacterial diversity and evenness despite 

the monsoon sample having the highest richness: Shannon index = 3.118, Simpson 

index = 0.886, Inverse Simpson = 8.79. These numbers show that the pre-monsoon gut 

microbiome's bacterial taxa were more uniformly distributed, with fewer bacterial 

species dominating. On the other hand, the post-monsoon sample had the lowest 

diversity (Shannon = 2.296), while the monsoon sample had intermediate diversity 

(Shannon = 2.58). The reduced diversity in post-monsoon settings may indicate that 

dominant bacterial species have survived selectively after seasonal transition-related 

environmental disruptions. Similar trends have been shown in earlier studies on Aedes 

aegypti and other mosquito vectors: seasonal ecological fluctuations, nutrition 

availability, and environmental stress all affect the stability and dominance of microbial 

communities.  

 Seasonal Variation 

The observed seasonal shifts in bacterial diversity suggest that the gut microbiome of 

Aedes aegypti is highly dynamic and environmentally responsive. Monsoon (AAMA) 

showed highest richness and estimated diversity which indicates extensive acquisition 

of environmental bacteria and favors colonization by transient and rare microbial taxa 

due to abundant breeding waters and organic matter accumulation. Pre-monsoon 
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(AAMB) had highest Shannon and Simpson diversity and it suggests a more stable and 

balanced microbial ecosystem which reflects optimal ecological conditions supporting 

coexistence of multiple bacterial taxa without dominance. Post-monsoon (AAMC) had 

the lowest richness and diversity which Indicates reduction in microbial heterogeneity 

and possible competitive exclusion by dominant taxa and it may result from 

environmental stabilization after monsoon flooding and nutrient fluctuations.  

Research by Dada and his colleagues in 2018 demonstrated that increased 

environmental microbial exposure during rainy seasons significantly enhances bacterial 

richness in Aedes aegypti. Similarly, several studies reported that members of 

Enterobacteriaceae, Bacillus, Pseudomonas, and Ruminococcaceae fluctuate 

seasonally and contribute to mosquito nutrition, digestion, immunity, and vector 

competence. 
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CONCLUSION 

The present study isolated, characterized and identified the predominant 15  microbial 

consortia inhabited in the Aedes aegypti mosquito larvae. Molecular characterization of 

these microbial population using 16S rRNA sequencing produced notable similarities 

towards the sequences reported across the globe. The Phylogenetic analysis of the 

isolated sequences with Maximum Likelihood unveiled the extensive genetic diversity 

towards the  Enterobacter, Bacillus, and Rahnella genus. The metagenomic analysis 

justified the seasonal variation of microbial consortia within the same mosquito vector, 

validating that the composition of Firmicutes, Actinobacteria and Proteobacteria  are 

strongly influenced by the various seasons such as pre-monsoon, monsoon, post 

monsoon. Precisely, while Proteobacteria was reported as the most predominant 

bacteria during monsoon in Aedes aegypti, Firmicutes was dominated within the same 

mosquito vector during monsoon and post-monsoon rather than pre-monsoon. In 

agreement with this, we have reported significant differences between the various 

strains (AAMA, AAMB, and AAMC) of the same species through the Shannon and 

Simpson indices analysis. Altogether, here we investigated the richness of microbial 

population inhabited in the Aedes aegypti mosquito larvae  according to the various 

seasons and ecological inferences. 
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CHAPTER 4 

TO ISOLATE, CHARACTERIZE AND IDENTIFY FUNGI FROM 

FOURTH INSTAR AEDES AEGYPTI LARVA COLLECTED FROM 

KOLE WETLANDS BY CULTURE DEPENDENT AND 

METAGENOMIC ANALYSIS. 
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INTRODUCTION 

The Aedes aegypti mosquitoes are primarily considered to be the major vector of many 

diseases such as Zika, yellow fever, and chikungunya and it instigates severe health 

concerns across the globe as reported by (Leta et al., 2018). The control of aforesaid 

diseases primarily rely on the most common vector control approaches, particularly 

targeting the larval population.  Recent studies indicated that microbial population, 

especially the fungal population may critically impacts the survival and development of 

Aedes mosquito vectors (H. Ranasinghe & Amarasinghe, 2020; Dighton, 2018). 

Because of this reason, the research trends now has been directed towards unveiling the 

function and composition of fungal strains across the globe in a regions specific 

manner.  

As reported earlier, the wetlands were opted as the study site for the present 

investigation since the Wetlands usually offers a strong base with standing water for 

mosquito vectors. The Kole wetlands of Thrissur, Kerala, India also known to exhibit 

extensive distribution of biodiversity along with distinct and unique aquatic ecosystems 

that sustains the life fungal populations.  

Fungi are ubiquitous in both terrestrial and aquatic ecosystems, playing critical roles in 

nutrient cycling, plant-microbe interactions, and symbiotic relationships with other 

organisms (Bahram & Netherway, 2022). Some fungi are entomopathogenic, meaning 

they infect and kill insects, including mosquito larvae. These fungi produce various 

biochemicals that can disrupt the normal physiology of the host, leading to disease and 

eventual death of the larvae. 
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Several genera of fungi, such as Beauveria, Metarhizium, and Lecanicillium, are well-

known entomopathogens that have been studied for their ability to infect and kill 

mosquito larvae (Perumal, Kannan, Pittarate, & Krutmuang, 2024). These fungi 

produce conidia or other spores that can penetrate the exoskeleton of the larvae, 

proliferating inside and eventually killing the host. Furthermore, fungi can also produce 

secondary metabolites with insecticidal properties, adding another layer of complexity 

to their interactions with mosquito larvae. Understanding the diversity of these fungi in 

natural environments like the Kole Wetlands could help identify new species or strains 

with potential for development into biocontrol agents for Aedes aegypti. 

The fungal strains populated across the wetland ecosystems are prominently impacted 

by various environmental factors including the organic matter availability, quality of 

water followed by the variations across the seasons. According to (Scolari, Casiraghi, & 

Bonizzoni, 2019), the potential role of microbial population in mosquito vector is 

multifaceted in Aedes aegypti, since they verified the role of microbes in nutrient 

acquisition, digestion, immunity and resistance towards pathogens.  

The isolation, characterization, and identification of fungi traditionally rely on culture- 

dependent methods. In these approaches, samples from the larval environment are 

cultured on selective media that promote the growth of fungi, which can then be 

identified based on their morphological, biochemical, and molecular characteristics. 

Although culture-dependent methods have been instrumental in identifying fungi in 

various ecosystems (H. Zheng, Qiao, Xu, & Yu, 2021), they are limited by the fact that 

not all fungal species can be cultured in laboratory conditions. Some fungi require 

specific environmental conditions or symbiotic interactions with other organisms that 

are difficult to replicate in the lab. From this point of view, to get deeper understanding, 
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here the present implemented both culture-dependent strategies and advanced 

approaches including metagenomic analysis. 

MATERIALS AND METHODS 

Study Area 

The Kole Wetlands of Thrissur district of Kerala, India was chosen for the current study 

site (10.52°N, 76.21°E). The Kole wetlands of Thrissur district were selected as the  

study area for mosquito larval collection. The total wetland area was divided into differ

ent sampling zones based on geographical location, habitat characteristics, and accessibi

lity. Zone I – Puthenchira Kole region, Zone II – Mala–Annamanada Kole region, and 

Zone III –Puzhakkal Kole region. Within each zone, potential mosquito breeding habita

ts such as shallow stagnant water collections, marshy areas, and vegetation-associated 

water bodies were identified. Sampling sites were randomly selected from each zone to 

obtain representative larval populations. A total of nine sampling sites were selected,  

with three sites from each zone. Mosquito larvae were collected using a standard larval  

dipper from different breeding habitats. Approximately 10–15 fourth instar mosquito  

larvae were collected from each sampling site. Three collections were made from each  

zone. Thus, a total of approximately 90–135 fourth instar larvae were collected during  

the study period. The collected larvae were transferred into sterile containers containing 

habitat water and transported to the laboratory for further processing. Larvae collected  

from each sampling zone were pooled together   and used for culture-dependent and me

tagenomic analyses. Mosquito larvae were collected and identified using taxonomic  

keys during different seasons: Monsoon (AAMF), Pre-monsoon (AAPF1), and Post-mo

nsoon  (AAPOF1). 
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Culture-Dependent Isolation of Fungi from Mosquito Gut 

In an aseptic environment, the larvae were surface sterilized using 70% ethanol. After 

fungal growth, 50 µL of the fungal broth was spread onto Sabouraud Dextrose Agar 

(SDA) plates supplemented with 0.06 g of chloramphenicol. These plates were 

incubated in the dark at 25°C for 2–14 days, with regular monitoring. 

DNA Barcoding Using Universal LSU Primers 

DNA Isolation 

DNA was extracted using the NucleoSpin® Plant II Kit (Macherey-Nagel). 

Approximately 100 mg of fungal tissue or mycelium was homogenized in liquid 

nitrogen (Chauhan, Sharma, Modgil, & Siddappa, 2018). The powdered sample was 

transferred to a microcentrifuge tube, and 400 µL of buffer PL1 was added, followed by 

vortexing for 1 minute. RNase A (10 µL) was added, and the mixture was incubated at 

65°C for 10 minutes. The lysate was filtered through a Nucleospin filter and 

centrifuged. The flow-through was collected, and subsequent washing steps were 

performed with buffer PC, PW1, and PW2. After drying the silica membrane, 50 µL of 

buffer PE was added to elute the DNA. The final DNA solution was stored at 4°C. 

DNA Quality Check 

The quality of the isolated DNA was verified using agarose gel electrophoresis. A 1 µL 

aliquot of 6X gel loading buffer was mixed with 5 µL of the DNA sample and loaded 

onto a 0.8% agarose gel. The gel was run at 75V in 0.5X TBE buffer and stained with 

ethidium bromide. DNA was visualized under UV light using a Gel Documentation 

System. 

PCR Analysis 

PCR amplification was performed using the following reaction mixture: 

 5 µL 2X Phire Master Mix 
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 4 µL distilled water 

 0.25 µL forward primer (LROR) 

 0.25 µL reverse primer (LR7) 

 1 µL DNA template 

The PCR amplification conditions were as follows: 

 Initial denaturation at 98°C for 30 seconds 

 Denaturation at 98°C for 5 seconds, annealing at 54°C for 10 seconds, extension 

at 72°C for 15 seconds (40 cycles) 

 Final extension at 72°C for 60 seconds 

 Hold at 4°C 

The PCR products were analyzed by electrophoresis on a 1.2% agarose gel, using 0.5X 

TBE buffer and visualized under UV light. 

ExoSAP-IT Treatment 

PCR products were purified using ExoSAP-IT to remove primers and dNTPs. A 5 µL 

sample of PCR product was mixed with 0.5 µL of ExoSAP-IT and incubated at 37°C 

for 15 minutes. The enzymes were inactivated by heating at 85°C for 5 minutes. 

Sequencing Reaction 

DNA sequencing was performed using the BigDye Terminator v3.1 Cycle Sequencing 

Kit. The sequencing reaction mix contained: 

 6.6 µL distilled water 

 1.9 µL 5X sequencing buffer 

 0.3 µL forward primer 
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 0.3 µL reverse primer 

 0.2 µL sequencing mix 

 1 µL ExoSAP-IT-treated PCR product 

Sequencing was carried out using the following cycle conditions: 

 Initial denaturation at 96°C for 2 minutes 

 Denaturation at 96°C for 30 seconds, annealing at 50°C for 40 seconds, 

extension at 60°C for 4 minutes (30 cycles) 

 Hold at 4°C 

 Post-Sequencing Clean-Up 

After sequencing, the reaction products were cleaned up using sodium acetate and 

ethanol precipitation. The samples were incubated at room temperature for 30 minutes 

and centrifuged at 3700 rpm for 30 minutes. After washing with 70% ethanol, the 

samples were air-dried and sequenced on an ABI 3500 DNA Analyzer. 

Sequence Analysis 

The sequencing quality was checked using Sequence Scanner Software. The sequences 

were aligned and edited using Geneious Pro (v5.1). 

Phylogenetic Analysis 

BLAST searches were performed in GenBank to identify the closest matches to the 

obtained sequences. 
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Fungal Metagenomic Analysis:  

Fungal community profiling was performed using high throughput sequencing of the 

Internal Transcribed Spacer (ITS) region, a universal DNA barcode for fungi.  

Quality Control of Raw Reads 

Raw sequencing data in FASTQ format is subjected to quality control using FastQC. 

This step assesses various quality parameters such as base quality scores, GC content, 

sequence length distribution, duplication levels, and the presence of adapter 

contamination. Summary statistics and per-read metrics are carefully reviewed to 

ensure data integrity before further processing. 

Trimming and Filtering of Reads 

To eliminate low-quality bases (Phred score < 20) and adapter sequences, trimming is 

performed using tools like Trimmomatic. Parameters such as sliding window trimming 

and minimum read length thresholds are applied to retain only high-quality data. For 

paired-end reads, orphaned or unpaired sequences are removed after trimming, ensuring 

consistency in the dataset. 

Host DNA Depletion 

To remove host (mosquito) DNA contamination, the trimmed reads are aligned against 

a reference mosquito genome using Bowtie2. The alignment results in SAM/BAM files, 

and only unmapped reads (representing microbial origin) are retained for further 

microbial analysis. 

Metagenome Assembly 

Unmapped high-quality microbial reads are assembled into longer contiguous 

sequences (contigs) using MEGAHIT. These assemblers are optimized for 
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metagenomic data and reconstruct partial or complete microbial genomes, enhancing 

both taxonomic and functional resolution. 

Binning of Metagenome-Assembled Genomes (MAGs) 

Contigs are grouped into metagenome-assembled genomes using automated binning 

tools like MetaBAT2,. Binning relies on sequence composition and coverage profiles. 

The resulting genome bins are evaluated using CheckM to assess their completeness 

and contamination. 

Taxonomic Classification of Assembled Reads 

For taxonomic profiling, assembled or unassembled reads are classified using Kraken2, 

a fast k-mer–based classifier, and MetaPhlAn3, which leverages clade-specific marker 

genes for accurate species-level profiling. These tools generate relative abundance 

tables of fungal taxa across all hierarchical levels, from phylum to species. The relative 

abundance of taxa at the phylum, class, genus, and species levels is visualized through 

separate plots, providing a detailed view of the microbial composition. 

Fungal Taxonomic Visualization Using Krona 

The output from Kraken2 or MetaPhlAn3 is converted into a format compatible with 

KronaTools. Krona generates interactive, multi-layered radial plots that display the 

taxonomic composition of microbial communities in a hierarchical manner, enabling 

clear visualization of dominant and rare fungal taxa.  
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RESULTS  

Identification of fungal strains  

The initial strand of the present study used the applicability of culture dependent 

strategies to unveil the presence of various fungal strains inhabited in the Aedes aegypti 

mosquito vector. Under controlled environment along with specific selected media, this 

study have examined and differentiated the various fungal isolates. Moreover, the 

subsequent implementation of molecular strategies  allowed us the conform the identity 

of the isolated fungi strain. The following are the most predominant fungal strain 

reported in the current study; Trichoderma erinaceum, Mucor varisporus, Aspergillus 

niger, Candida tropicalis, Penicillium ochrochloron,  Wickerhamomyces anomalus, 

Mucor irregularis and Aspergillus tubingensis. The reported findings of the present 

study unveil the extensive abundance of the fungal community inhabiting the Aedes 

aegypti, justifying the significant ecological interactions formed between the mosquito 

vector host and the fungal strains. The fungal species identified included Aspergillus 

niger, Candida tropicalis, Wickerhamomyces anomalus, Mucor varisporus, Penicillium 

ochrochloron, Mucor irregularis, Aspergillus tubingensis, and Trichoderma erinaceum.  

Morphological differences among the identified fungal species were evident and are 

presented in Figure4.1. 
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Figure 4.1. Morphological differences among the identified fungal species 
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 Aspergillus niger 
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Trichoderma erinaceum 

Figure 4.2 SEM analysis of the isolated fungal strains 
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Mucor varisporus 

 

Candida tropicalis 

Figure 4.2 Cont. SEM analysis of the isolated fungal strains 

Molecular identification  

Identification of Fungal Species 

As reported earlier the this study have isolated and identified the predominant fungal 

strains  inhabited in the  Aedes aegypti mosquito vector. With the aid of molecular 

strategies and Scanning Electron Microscopy, the following fungal strains were 

successfully characterized from the Aedes aegypti mosquito vector;  Aspergillus niger 

(AABF1-SR3114-BI-LSUR_D04), Candida tropicalis (AAYF1-SR3114-YI-

LSUF_G03),  Wickerhamomyces anomalus (AADF1- SR3114-01-LSUF_C05-), Mucor 

varisporus (AATPF3-SR3699-P3-LSUR_A02),  Penicillium ochrochloron (AAMF5-- 

SR3699-M5-LSUR_E02-), Mucor irregularis (AAMF6-SR3699-M6-LSUF_D01-), 

Aspergillus tubingensis (AATPF1-SR3699-P1-CAITSR_F06), Trichoderma erinaceum 

(AATPF2- SR3699-P2-LSUF_A09). The identification of these fungal species 

highlights a rich microbial diversity associated with Aedes aegypti, which may have 

significant ecological and functional implications, including interactions with the 

mosquito host and its environment. 
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1. Aspergillus Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of -4068.66 for the generated tree. The analysis comprised 30 nucleotide 

sequences followed by 812 positions in the final data set. As per the substitutions per 

site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Aspergillus genus.  

2. Mucor Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of - 2637.45 for the generated tree. The analysis comprised 23 nucleotide 

sequences followed by 797 positions in the final data set. As per the substitutions per 

site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Mucor genus.  

3. Penicillium Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of -5787.05 for the generated tree. The analysis comprised 18 nucleotide 

sequences followed by 699 positions in the final data set. As per the substitutions per 

site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Penicillium genus.  

4. Candida Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of -4008.31 for the generated tree. The analysis comprised 17 nucleotide 

sequences followed by 824 positions in the final data set. As per the substitutions per 
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site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Candida genus.  

5. Trichoderma Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of - 2668.06 for the generated tree. The analysis comprised 19 nucleotide 

sequences followed by 772 positions in the final data set. As per the substitutions per 

site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Trichoderma genus.  

6. Wickerhamomyces Genus 

The phylogenetic analysis through the Maximum Likelihood method produced a log 

likelihood of -1980.51 for the generated tree. The analysis comprised 12 nucleotide 

sequences followed by 815 positions in the final data set. As per the substitutions per 

site, the branch lengths were determined. The results from this strand exhibited 

prominent variation within the Wickerhamomyces genus.  

The molecular characterization of fungi inhabited within the Aedes aegypti offers 

critical insights towards the microbial ecology of the prominent mosquito vector Aedes 

aegypti, indicating the ecological significance of the present study. The identified fungi 

could possess significant role in transmission of infectious agents through the Aedes 

aegypti and its surrounding environment. The genomic variations observed in the 

current study highlights the complexity of the characterized fungi, unveiling direct way 

for the further research targeting the mosquito hosts, interaction s and their 

environment. Hence, understanding the diverse dynamics allied with the microbial 

consortia and the mosquito vectors can contribute significantly for the development of 
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advanced and efficient strategies for the control of such mosquito vectors and infectious 

agenesis, primarily for the disease management.  

 

Figure 4.3 Evolutionary analysis of fungi belongs to Aspergillus genus by 

Maximum Likelihood method 

 

Figure 4.4 Figure Evolutionary analysis of fungi belongs to Mucor genus by 

Maximum Likelihood method 

 

 KP412253.1:32-564 Aspergillus tubingensis isolate ZJ12 18S ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 KY926852.1:35-565 Aspergillus tubingensis small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 MW789023.1:68-601 Aspergillus tubingensis isolate 63 1 4 2nd small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 MT609909.1:33-566 Aspergillus tubingensis strain HM64 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 KP725001.1:35-568 Aspergillus tubingensis isolate 27L05I1 18S ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 OQ830475.1:15-548 Aspergillus tubingensis strain C3 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 OR392781.1:31-564 Aspergillus tubingensis strain SFC20230725-M136 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 MN839771.1:20-553 Aspergillus tubingensis isolate HSA51 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 OR392779.1:31-564 Aspergillus tubingensis strain SFC20230725-M132 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 and 5.8S ribosomal RNA gene complete sequence and internal transcribed spacer 2 partial sequence
 OW988507.1:19-553 Aspergillus tubingensis genomic DNA sequence contains 18S rRNA gene ITS1 5.8S rRNA gene ITS2 28S rRNA gene
 PP574319.1:10-544 Aspergillus tubingensis isolate JY14 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence

 AM270052.1:7317-8128 Aspergillus niger contig An03c0110 genomic contig
 AM270052.1:15276-16087 Aspergillus niger contig An03c0110 genomic contig
 AM270051.1:75739-76550 Aspergillus niger contig An03c0100 genomic contig
 Aspergillus niger contig An03c0110
 AM270051.1:67780-68591 Aspergillus niger contig An03c0100 genomic contig

 AM270052.1:1-169 Aspergillus niger contig An03c0110 genomic contig
 SR3699-P1-CAITSR F06.ab1

 MW789023.1:6-62 Aspergillus tubingensis isolate 63 1 4 2nd small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 XR 004775239.1:586-1397 Aspergillus tubingensis 28S ribosomal RNA (AtWU r56) partial rRNA
 MH423841.1:516-1326 Aspergillus niger strain ANG-1 large subunit ribosomal RNA gene partial sequence
 MK114162.1:386-1196 Aspergillus niger isolate JAD1 large subunit ribosomal RNA gene partial sequence
 KP115818.1:532-1343 Eurotiomycetes DC485 large subunit ribosomal RNA gene partial sequence
 PP939785.1:518-1329 Aspergillus niger isolate SJ24624 large subunit ribosomal RNA gene partial sequence
 XR 009468002.1:586-1397 Aspergillus niger 28S ribosomal RNA (28S rRNA) partial rRNA
 XR 009468005.1:202-1013 Aspergillus niger 28S ribosomal RNA (28S rRNA) partial rRNA
 MH169234.1:221-1032 Aspergillus niger isolate TJM-F4 large subunit ribosomal RNA gene partial sequence
 MT536778.1:517-1325 Aspergillus niger isolate Cu-17 large subunit ribosomal RNA gene partial sequence
 MK273552.1:511-1318 Aspergillus niger strain ACSI large subunit ribosomal RNA gene partial sequence
 MH454361.1:515-1321 Aspergillus niger strain ANO-5 large subunit ribosomal RNA gene partial sequence
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 NG 244096.1:861-1399 Mucor chlamydosporus CGMCC 3.16138 28S rRNA gene partial sequence from TYPE material
 NG 244098.1:861-1399 Mucor hyalinosporus CGMCC 3.16145 28S rRNA gene partial sequence from TYPE material
 PQ432562.1:858-1396 Mucor sp. strain SAUCC 2520-2 large subunit ribosomal RNA gene partial sequence
 NG 088246.1:852-1390 Mucor chiangraiensis MFLUCC 21-0042 28S rRNA gene partial sequence from TYPE material
 MZ433250.1:852-1390 Mucor chiangraiensis strain MFLUCC 21-0042 large subunit ribosomal RNA gene partial sequence
 NG 057972.1:864-1402 Mucor variisporus CBS 837.70 28S rRNA gene partial sequence from TYPE material
 XR 005086075.1:938-1476 PREDICTED: Bradysia coprophila large subunit ribosomal RNA (LOC119068001) rRNA
 ON668117.1:213-751 Mucor irregularis isolate SR2443-DP2-LSUR E02 large subunit ribosomal RNA gene partial sequence
 PQ399928.1:862-1400 Mucor moniliformis strain CGMCC 3.16147 large subunit ribosomal RNA gene partial sequence
 NG 244097.1:862-1400 Mucor homothallicus CGMCC 3.16144 28S rRNA gene partial sequence from TYPE material
 NG 057970.1:862-1400 Mucor endophyticus CBS 385.95 28S rRNA gene partial sequence from TYPE material
 NG 244094.1:861-1399 Mucor abortisporangium CGMCC 3.16133 28S rRNA gene partial sequence from TYPE material
 MN685273.1:857-1395 Mucor sp. isolate KMG405 large subunit ribosomal RNA gene partial sequence

 SR3699-P3-LSUR A02.ab1
 JX976200.1:5-801 Mucor irregularis strain CMFCCC B 50i 28S ribosomal RNA gene partial sequence
 JX976217.1:5-801 Mucor irregularis strain CMFCCC B 50e 28S ribosomal RNA gene partial sequence
 SR3699-M6-LSUF D01.ab1
 PP381529.1:5-801 Mucor irregularis strain SH02C02 large subunit ribosomal RNA gene partial sequence
 PP381088.1:53-849 Mucor irregularis strain JX04D02 large subunit ribosomal RNA gene partial sequence
 JX976207.1:5-801 Mucor irregularis strain CMFCCC B 50m 28S ribosomal RNA gene partial sequence
 JX976214.1:5-801 Mucor irregularis strain CBS 977.68 28S ribosomal RNA gene partial sequence
 ON911814.1:2-798 Mucor irregularis isolate AJ 10 large subunit ribosomal RNA gene partial sequence
 JX976221.1:5-801 Mucor irregularis strain CMFCCC B 50o 28S ribosomal RNA gene partial sequence
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Figure 4.5 Evolutionary analysis of fungi belongs to Pencilium genus by Maximum 

Likelihood method 

 

 

Figure 4.6 Evolutionary analysis of fungi belongs to Candida genus by Maximum 

Likelihood method 

 

 NG 054834.1:19-840 Candida tropicalis ATCC 750 28S rRNA partial sequence from TYPE material

 MK026302.1:6-827 Candida tropicalis strain 4 22 large subunit ribosomal RNA gene partial sequence

 MK691414.1:42-863 Candida tropicalis strain YHJ1 large subunit ribosomal RNA gene partial sequence

 MK026314.1:8-829 Candida tropicalis strain 10 5 large subunit ribosomal RNA gene partial sequence

 MK026299.1:4-825 Candida tropicalis strain 13 29 large subunit ribosomal RNA gene partial sequence

 MG720231.1:621-1442 Candida tropicalis strain VIT-NN03 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence

 ON838650.1:62-883 Candida tropicalis isolate LT4-1 large subunit ribosomal RNA gene partial sequence

 KY106836.1:38-859 Candida tropicalis culture CBS:10256 large subunit ribosomal RNA gene partial sequence

 KY106841.1:41-862 Candida tropicalis culture CBS:7162 large subunit ribosomal RNA gene partial sequence

 KJ651197.1:17-840 Candida viswanathii strain ATCC 20962 28S ribosomal RNA gene partial sequence

 KT596909.1:3-826 Candida sp. Y574 large subunit ribosomal RNA gene partial sequence

 MK026358.1:268-1079 Candida tropicalis strain 12 4 5.8S ribosomal RNA gene partial sequence internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence

 MK026284.1:1-821 Candida tropicalis strain 13 23 large subunit ribosomal RNA gene partial sequence

 MK026283.1:1-820 Candida tropicalis strain 10 16 large subunit ribosomal RNA gene partial sequence

 MK611777.1:1-820 Candida dubliniensis strain Al-Sabri-Y3 large subunit ribosomal RNA gene partial sequence

 JN940624.1:1-820 Candida tropicalis strain Ph123 28S ribosomal RNA (LSU) gene partial sequence

 OL873587.1:1-820 Candida tropicalis isolate INDB3 large subunit ribosomal RNA gene partial sequence
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Figure 4.7 Evolutionary analysis of fungi belongs to Trichoderma genus by 

Maximum Likelihoodmethod 

 

Figure 4.8 Evolutionary analysis of fungi belongs to Wickerhamomyces genus by 

Maximum Likelihood method 

 

 

 

 

 

 

 PP380912.1:53-822 Trichoderma nordicum strain JS06B01 large subunit ribosomal RNA gene partial sequence
 OM515056.1:717-1486 Trichoderma sp. GHSP-2022a strain CEN221 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OM515037.1:717-1486 Trichoderma atroviride strain CEN875 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OP179140.1:41-810 Trichoderma atroviride strain HF2P32 large subunit ribosomal RNA gene partial sequence
 MT156318.1:11-780 Trichoderma sp. strain GLMC 512 large subunit ribosomal RNA gene partial sequence
 MK431460.1:43-812 Trichoderma paraviridescens isolate JAC12708 large subunit ribosomal RNA gene partial sequence
 JN938878.1:9-778 Paecilomyces variotii strain DAOM 216375 28S ribosomal RNA (LSU) gene partial sequence
 MK981537.1:47-816 Trichoderma erinaceum isolate PUFNI18730 large subunit ribosomal RNA gene partial sequence
 MH874605.1:109-878 Trichoderma caribbaeum var. caribbaeum culture CBS:119093 strain CBS 119093 internal transcribed spacer 2 and large subunit ribosomal RNA gene partial sequence
 OR835273.1:33-802 Trichoderma erinaceum strain DUCC15708 large subunit ribosomal RNA gene partial sequence
 OM515070.1:715-1484 Trichoderma koningiopsis strain CEN209 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OM515069.1:715-1484 Trichoderma koningiopsis strain CEN203 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 PQ321306.1:10-779 Trichoderma sp. JS-2024a strain URMicro 11733 large subunit ribosomal RNA gene partial sequence
 OM515066.1:715-1484 Trichoderma koningiopsis strain CEN1301 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OM515064.1:715-1484 Trichoderma koningiopsis strain CEN1257 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OM515057.1:716-1485 Trichoderma erinaceum strain CEN1558 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence
 OM515086.1:731-1500 Trichoderma peberdyi strain CEN256 small subunit ribosomal RNA gene partial sequence internal transcribed spacer 1 5.8S ribosomal RNA gene and internal transcribed spacer 2 complete sequence and large subunit ribosomal RNA gene partial sequence

 SR3699-P2-LSUF A09.ab1
 NG 069884.1:42-813 Trichoderma intricatum CBS 119059 28S rRNA gene partial sequence from TYPE material
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Isolated nucleotide sequences 

1.AABF1  >SR3114-BI-LSUR_D04.ab1 

Aspergillus niger contig An03c0110 

AAGGCTTCGTCACGGACCCCCACGCCTGCCTACTCGTCGGGGCATCGTTTCTACCCC

GACGGCGAGGTATGGGTAGCACGCTTGAGCGCCATCCATTTTCAGGGCTAGTTCAT

TCGGCCCGTGAGTTGTTACACACTCCTTAGCGGATTCCGACTTCCATGGCCACCGTC

GGGCTGTCTAGATGAACTAACACCTTTTGTGGTGTCTGATGAGCGTGCATTCCGGC

ACCTTAACCTCGCGTTCGGTTCATCCCGCATCGCCAGTTCTGCTTACCAAAAATGGC

CCACTAGTAACGCTCCATTCTAATGCCCACGTTCAACTAAGCAACAAGGGCTTCTT

ACATATTTAAAGTTTGAGAATAGGTTAAGGTTGTTTCAACCCCAATGCCTCTAATCA

TTCGCTTTACCTCATAAAACTGATTTTGCGTTACTGCTATCCTGAGGGAAACTTCGG

CAGGAACCAGCTACTAGATGGTTCGATTAGTCTTTCGCCCCTATACCCAAATTTGAC

GATCGATTTGCACGTCAGAACCGCTGCGAGCCTCCACCAGAGTTTCCTCTGGCTTC

GCCCTATTCAGGCATAGTTCACCATCTTTCGGGTCCCCACAGCTACGCTCTTACTCA

AATCCATCCGAAGACATCAGGATCGGTCGATGGTGCGCCCCGCAAGGGGGCTCCC

ACCTCCGTTCGCTTTCACTGCGCGCACGGGTTTGACACCCGAACACTCGCGTAGAT

GTTAGACTCCTTGGTCCGTGTTTCAAGACGGGTCGTTTACGACCATTATGCCAGCGT

CCGTGCCGAAGCGCGTTCCTC 

 

2.AAYF1 Candida tropicalis strain MYA-3404 

>SR3114-YI-LSUF_G03.ab1 

TTGCCTTAGTAGCGGCGAGTGAAGCGGCAAAAGCTCAAATTTGAAATCTGGCTCTT

TCAGAGTCCGAGTTGTAATTTGAAGAAGGTATCTTTGGGTCTGGCTCTTGTCTATGT

TTCTTGGAACAGAACGTCACAGAGGGTGAGAATCCCGTGCGATGAGATGATCCAG

GCCTATGTAAAGTTCCTTCGAAGAGTCGAGTTGTTTGGGAATGCAGCTCTAAGTGG

GTGGTAAATTCCATCTAAAGCTAAATATTGGCGAGAGACCGATAGCGAACAAGTA

CAGTGATGGAAAGATGAAAAGAACTTTGAAAAGAGAGTGAAAAAGTACGTGAAAT
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TGTTGAAAGGGAAGGGCTTGAGATCAGACTTGGTATTTTGTATGTTACTTCTTCGGG

GGTGGCCTCTACAGTTTATCGGGCCAGCATCAGTTTGGGCGGTAGGAGAATTGCGT

TGGAATGTGGCACGGCTTCGGTTGTGTGTTATAGCCTTCGTCGATACTGCCAGCCTA

GACTGAGGACTGCGGTTTATACCTAGGATGTTGGCATAATGATCTTAAGTCGCCCG

TCTTGAAACACGGACCAAGGAGTCTAACGTCTATGCGAGTGTTTGGGTGTAAAACC

CGTACGCGTAATGAAAGTGAACGTAGGTGGGGGCCCGTATGGGTGCACCATCGAC

CGATCCTGATGTCTTCGGATGGATTTGAGTAAGAGCATAGCTGTTGGGACCCGAAA

GATGGTGAACTATGCCTGAATAGGGTGAAGCCAGAGGAAACTCTGGTGGAGGCTC

GTAGCGGGTTCTGACGTGCAAATCGATCGTCGAATTTGGGT 

 

3. AAD1-  >SR3114-01-LSUF_C05.ab1  

Wickerhamomyces anomalus  

GCTTCGTCACTGACCTCCACGCCTGCCTACTCGTCAGGGCATCATATCAACCCTGAC

GGCGAAGTATAAGTAACACGCTTGAGCGCCATCCATTTTCAGGGCTAGTTCATTCG

GCCGGTGAGTTGTTACACACTCCTTAGCGGATTCCGACTTCCATGGCCACCGTCCG

GCTGTCTAGATGAACTAACACCTTTTGTGGTGTCTGATGAGCGTGTATTCCGGCACT

TTAACTTC 

ACGTTCGGTTCATCCCGCATCGCCAGTTCTGCTTACCAAAAATGGCCCACTAAAAG

CTCTTCATTCAAATGTCCACGTTCAATTAAGCAACAAGGACTTCTTACATATTTAAA

GTTTGAGAATAGGTTAAGGTCATTTCAACCCCAATACCTCTAATCATTCGCTTTACC

TCATAAAACTGATACGAGCTTCTGCTATCCTGAGGGAAACTTCGGCAGGAACCAGC

TACTAAATGGTTCGATTAGTCTTTCGCCCCTATACCCAAATTCGACGATCGATTTGC

ACGTCAAAACCGCTACGAGCCTCCACCAGAGTTTCCTCTGGCTTCACCCTATTCAG

GTATAGTTCACCATCTTTCGGGTCCCAACAGCTATGCTCTTACTCAAATCCATCCGA

AGACATCA 
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4. AATPF3- Mucor varisporus 

>SR3699-P3-LSUR_A02.ab1 

CCTACTCGTTATTGCTTCGCTTTTACAATAACGGGGAAGTATGGGTAACACGCTTAA

GCGCCATCCATTTTCAGGGCTAGTTCATTCGGCAGGTGAGTTGTTACACACTCCTTA

GCGGATTCCGACTTCCATGGCCACCGTCCTGCTGTCTAGATGAACTAACACCTTTTG

TGGTGTCTGATGAGCGTGTATTCCGGCACCTTAACTTCCCGTTCGGTTCATCCCGCA

TCGCCAGTTCTGCTTACCAAAAATGGCCCACTAGAAACTCTGCATTCAATGACCTG

CTTCAATTAAGCAAACAGGTCGTCTTACATATTTAAAGTTTGAGAATAGGTTAAGG

ACATTTCGTCCCCAAGGCCTCTAATCATTCGCTTTACCTCATAAAACTGCTTATAAG

TTTCTGCTATCCTGAGGGAAACTTCGGCAGGAACCAGCTACTAGATGGTTCGATTA

GTCTTTCGCCCCTATACCCAAATTTGACGATCGATTTGCACGTCAGAATCGCTACGA

GCCTCCACCGGAGTTTCCTCCGGCTTCAC 

 
5. AAMF5 – Penicillium ochrochloron 

>SR3699-M5-LSUR_E02.ab1 

ACCAGAGTTTCCTCTGGCTTCGCCCTATTCAGGCATAGTTCACCATCTTTCGGGTCC

CAACAGCTACGCTCTTACTCAAATCCATCCGAAGACATCAGGATCGGTCGATGGTG

CGCCCCGAGGGGTTCCCACCTCCGTTCGCTTTCACTGCGCGCACGGGTTTGACACCC

GAACACTCGCGTAGATGTTAGACTCCTTGGTCCGTGTTTCAAGACGGGTCGCTTAC

GACCATTATGCCAGCGTCCGAGCCGAAGCGCGTTCCTCGGTCCGGGCTGGCCGC 

ATGGCACCCTTGGCTATAAGCCGCCCCGGGGGGCGGTACATTCCAAGGGCCTTTGA

CCGGCCGCCCAAACCGACGCTGGCCCGCCCGCGGGGAAGTACACCGGCACGAATG

CCGGCTGAACCCCGTGGGCGAGTCTGGTCGCAAGCGCTTCCCTTTCAACAATTTCA

CGTGCTGTTTAACTCTCTTTTCAAAGTGCTTTTCATCTTTCGATCACTCTACTTGTGC

GCTATCGGTCTCCGGCCAGTATTTAGCTTTAGATGAAATTTACCACCCATTTAGA 

GCTGCATTCCCAAACAACTCGACTCGTCGAAGGAGCTTCACACGGGCGTGGGCACC

CCATCCCAGACGGGATTCTCACCCTCTATGACGGCCCGTTCCAGGGCACTTAGATG

GGGGCCACTCCCGAAGCATCCTCTGCAAATTACAATGCGGACCCCGAGGGGGCCA

GCTTTCAAATTTGAGCTCTTGCCGCTTCACTCGCCGTTACT 
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6. AAMF6- Mucor irregularis 

>SR3699-M6-LSUF_D01.ab1 

AACGGCGAGTGAAGAGGAAAGAGCTCAAAGTTGGAACCTGTTTGGCTTAGCTAAA

CCGGATTGTAAACTGTAGAAGTGTTTTCCAGACACGCCTGGTAAAAAAGTCCTTTG

GAACAGGGCATCATAGAGGGTGAGAATCCCGTCATTGGCCAGAGCTGTTGTCTTTT

GTGATACATTTTCAAAGAGTCAGGTTGTTTGGGAATGCAGCCTAAATTGGGTGGTA

AATCTCACCTAAAGCTAAATATTTGCGAGAGACCGATAGCGAACAAGTACCGTGA

GGGAAAGATGAAAAGAACTTTGAAAAGAGAGTTAAACAGTATGTGAAATTGTTAA

AAGGGAACCGTTTGGAGCCAGACTGGCTTGATCGTAATCACTCTAGGCTTTGGCCT

GGATGCACTTGCGGTCTATGCCGGCCAACGACAGTTTTGTTTGAGGGAAAAAATTA

CATTGAATGTGGCCCTTCGGGGTGTTATAGCTTTGTAAAAAATACCTTGGACGGGA

CTGAGGAACGCAGCGAATGCCTTTAGGCGAGATTGCTGGGTGCTTGCGCTGATACA

TGCTAGAATTTCTGCTTTGGGTGGTGCTAGTGTGTAAAGGAGTAACCCGCTTAGTAT

ATTTTTTATTCGCTTAGGTTGTTGGCTTAATGACTCTGAATGACCCGTCTTGAAACA

CGGACCAAGGAGTCCACCATTAGTGCAAGTATTTGGGTGACAAACCCATATGCGCA

AGGAAACTGATTGATACGAAAGCGCAAGCTGGCAGTATCACCCGGCGTTGACGTTT

TATACTGAAACTGAC7.  

 

AATPF2 – Trichoderma erinaceum 

>SR3699-P2-LSUF_A09.ab1 

CCCAGTAACGGCGAGTGAAGCGGCAACAGCTCAAATTTGAAATCTGGCCCCTAGG

GTCCGAGTTGTAATTTGTAGAGGATGCTTTTGGTGAGGTGCCGCCCGAGTTCCCTG

GAACGGGACGCCACAGAGGGTGAGAGCCCCGTCTGGCTGGCCACCGAGCCTCTGT

AAAGCTCCTTCGACGAGTCGAGTAGTTTGGGAATGCTGCTCAAAATGGGAGGTATA

TGTCTTCTAAAGCTAAATATTGGCCAGAGACCGATAGCGCACAAGTAGAGTGATCG

AAAGATGAAAAGCACCTTGAAAAGAGGGTTAAACAGTACGTGAAATTGTTGAAAG

GGAAGCGCTTGTGACCAGACTTGGGCGCGGCGGATCATCCGGGGTTCTCTCCGGTG

CACTTCGCCGCGTTCAGGCCAGCATCAGTTCGGCGCGGGGGAAAAAGGCTTCGGG
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AACGTGGCTGCTCCGGCAGTGTTATAGCCCGTTGCATAATACCCTGCGCTGGACTG

AGGACCGCGCATCTGCAAGGATGCTGGCGTAATGGTCACCAGCGACCCGTCTTGAA

ACACGGACCAAGGAGTCGTCTTCGTATGCGAGTGTTCGGGTGTCAAAACCCCTACG

CGTAATGAAAAGTGAACGCAGGTGAGAGCTTCGGCGCATCATCGACCGATCCTGAT

GTTCTCGGATGGATTTGAGTAAGAGCATACGGGGCCGGACCCGAAAGAAGGTGAA

CTATGCCTGTATAGGGTGAAGCCAGAGGAAACTCTGGTGGAGGCTCGCA 

Seasonal distribution of fungal strains revealed through Metagenomic strategies 

Monsoon season 

The monsoon seasons for Aedes aegypti was dominated by the fungal strain Phlyctis 

speirea. Moreover, Biatora pontica and Ramalina spp. constituted nearly 20% of the 

total population as a prevalent fungal strain, while the Aspergilli  has been reported to 

occur consistently throughout the seasons including the  pre-monsoon. The relative 

abundances relative abundances of A. tubingensis and A. fumigatus similarly augmented 

across the seasons.  The presence of Candida albicans during the study period justifying 

the potential associations with the vertebrate hosts and the environment. Also, the 

seasonal shift observed across the fungal strains and their composition indicates that the 

studied variables could have significant influence in vector competence and mosquito 

biology during the disease transmission eras.   
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Figure. 4.9 Species specific distribution according to the monsoon season 

 

Figure. 4.10 Top ten Species distribution  according to the monsoon season 
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Seasonal distribution of fungal strains revealed through Metagenomic strategies 

Pre-monsoon season 

The pre-monsoon seasons for Aedes aegypti was dominated by the fungal strain 

Phlyctis speirea, as found in the monsoon seasons. Similar to the earlier pattern, the 

fungi fall under Aspergilli was constituted major portion of the total population with   

Aspergillus tubingensis and Aspergillus tubingensis as the most dominant fungal 

strains, while Aspergillus fumigatus and Aspergillus flavus showed almost similar 

proportions. Furthermore, the presence of Penicillium ochrochloron,  Alternaria 

alternata, Rhizopus oryzae, Cladosporium cladosporioides and demonstrated the 

possibilities of acquisition of the fungal strains from its surrounding environmental 

settings. The dominance of specific species fall under Aspergillus having the potential 

of drought resistance may depicting the adaptation towards the various seasons 

including the pre-monsoon season.  

 

Figure 4.11 Species specific distribution  according to the pre-monsoon season 
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Figure 4.12 Species specific distribution  according to the pre-monsoon season 

Seasonal distribution of fungal strains revealed through Metagenomic strategies 

Postmonsoon season  

The post-monsoon seasons for Aedes aegypti was predominantly dominated by the 

fungal strain Trichoderma erinaceum. As found in the earlier observations and seasons, 

here the follwong  Aspergillus spp. contributed  significantly (42%) towards the whole 

population; Aspergillus tubingensis, Aspergillus terreus, Aspergillus niger, Aspergillus 

fumigatus and  Aspergillus flavus. The presence of Ramalina biatora, Penicillium 

ochrochloron, Alternaria alternata and Phlyctis speirea indicating the potent 

acquisition of  microbial consortia from the environmental setting during the post-

monsoon seasons. The dominance of certain microbes fall under Aspergillus with the 

potential of drought resistance may indicates its adaptative nature towards various 

seasons including the pre-monsoon season. 
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Figure 4.13 Species specific distribution according to the post-monsoon season 

 

Figure 4.14 Species specific distribution according to the post-monsoon season 
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The table summarizes the alpha diversity (Table 4.1) indices of fungi isolated from 

three seasons of the Aedes aegypti mosquito vector, providing insights into species 

richness and diversity. Observed fungal species richness was highest during the 

AAPOFI season (1701 species), followed by AAMFI (1521 species), and AAPFI (1411 

species). Chao1 and ACE estimates, which account for unseen species, confirmed this 

trend, with AAPOFI showing the highest estimated richness (Chao1: 1792.31, ACE: 

1834.01), followed by AAMFI (Chao1: 1576.65, ACE: 1609.09) and AAPFI (Chao1: 

1550.61, ACE: 1590.90). 

Table 4.1 Alpha diversity indices of fungi 

Sample Observed Chao1 se.chao1 ACE se.ACE Shannon Simpson InvSimpson Fisher 

AAMFI 152 1576.64527 11.59740204 1609.099031 31.87 18.03014187 4.730695243 0.95547588 22.45973658 

AAPFI 141 1550.606061 22.37911939 1590.902402 48.02 18.68283148 4.889781116 0.967147676 30.43924686 

AAPOFI 170 1792.313665 15.9671481 1834.007125 25.75 19.50511675 4.933870764 0.972983719 37.01471736 

 

Shannon and Simpson indices, which measure species diversity, were highest in the 

AAPOFI season (Shannon: 19.51, Simpson: 4.93), indicating greater fungal diversity 

and evenness compared to the other seasons. The inverse Simpson index and Fisher's 

alpha also supported this pattern, with AAPOFI exhibiting the highest values 

(InvSimpson: 0.97, Fisher: 327.16). AAMFI exhibited the lowest diversity indices 

(Shannon: 18.03, Simpson: 4.73, InvSimpson: 0.95, Fisher: 288.35), suggesting 

relatively lower diversity compared to the other two seasons. Overall, these results 

highlight the seasonal variability in fungal richness and diversity associated with Aedes 

aegypti, with the AAPOFI season showing the highest diversity and richness. These 

findings emphasize the dynamic nature of fungal communities in response to seasonal 

variations in mosquito habitats. 
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The composition of microbial population for three seasons (Monsoon - AAMFI, Pre-

Monsoon- AAPFI and Post -Monsoon- AAPOFI) according to the phylum indicated 

that  the predominant phylum across all the three strains such as Monsoon - AAMFI, 

Pre-Monsoon- AAPFI and Post -Monsoon- AAPOFI is Ascomycota. Some of the 

following phylums contributed minimally towards the whole population; 

Basidiomycota, Chytridiomycota, Blastocladiomycota and Monoblepharomycota. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 145 

DISCUSSION 

The results of the present study indicates the extensive diversity of fungal strains allied 

with the mosquito vector Aedes aegypti, justifying the significant role of the identified 

fungal strains in the target mosquito vector (Radl, 2024). The present study is 

recognized as one of the major investigation that  combines various advanced strategies 

such as culture-based methods, molecular characterization and phylogenetic analysis for 

precise results.  

As reported by S. Sharma et al., (2019), the presence of various fungal strains such as 

Candida tropicalis, Trichoderma erinaceum and Aspergillus niger indicates that the 

mosquito vector Aedes aegypti acquired the microbiome from its surrounding 

environmental settings. The pattern of dominance of fungi strains fall under the phylum 

Ascomycota in this study was reported in earlier observations and it justifying the 

adaptive potential of the phylum Ascomycota towards drastic environmental conditions. 

The prominent role of microbes under Ascomycota in decomposition verified in earlier 

studies remind that they may also engaged in nutrient cycling within the mosquito 

vector habitat. In addition to the aforesaid inferences, the presence of certain genera 

such as Penicillium and Mucor illustrates the significant role of the characterized fungi 

in nutrient cycling and adaptation towards threaten conditions within the mosquito 

vector habitat (Tobias, 2023). 

The alpha diversity analysis completed in this study showed diverse richness across the 

various seasons because of strong possible environmental factors such as temperature 

and humidity followed by the habitat alterations. The elevated diversity observed during 

the AAPOFI season may directed towards a significant increase in interactions formed 

between the mosquito and the fungi.  
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The observed characteristic features of the reported fungal species along with the 

possible link need further investigation, since certain species like Wickerhamomyces 

anomalus has been previously known to produce entomopathogenic potential (Martin, 

2018; Malassigné et al., 2020). The potential of Wickerhamomyces anomalus to 

produce toxic elements may recognized to be an added advantage for the mosquito 

vectors.  Similar to this inference, the fungi fall under the genera Candida and 

Aspergillus already registered to produce secondary metabolites with the potential to 

impact the survival and pathogen transmission  as reported by P Tawidian et al., (2019). 

The characterization of Trichoderma and Penicillium generates specific questions 

concerning their ability to make antagonistic interactions with the mosquito vector 

Aedes aegypti and the allied pathogens. The ability of them to produce compounds with 

potent toxicity against microbiome including bacteria and virus are witnessed in earlier 

studies. However, the presence Candida tropicalis within Aedes aegyptiI instigating 

risks towards other organisms inhabiting the habitat animals (Cordeiro et al., 2014), 

indicating possible zoonotic infections.   

Prominent range of genomic divergence has been observed in phylogenetic analysis. 

Precisely, niche specialization followed by adaptive radiation has been witnessed 

through the branching patterns and log likelihood values for the phylogentic trees of 

Aspergillus and Mucor genera. These findings directed towards the evolutionary forces 

that may possible reshaped the link between the mosquito vector Aedes aegypti and the 

investigated fungi groups (Girard et al., 2021). The clustering observed during the  
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phylogenetic analysis of diverse fungal strains from different niches suggests that the 

mosquito vector Aedes aegypti facilitates the dissemination of the studied fungal 

population. The genetic divergence reported in the present study within the same group 

of fungi suggesting its ability to fight against the drastic environmental conditions 

through adaptations.  

Many of the earlier studies are strongly focused on the bacterial community while.  The 

studies on the same inference towards fungi found scanty in the current scenario. The 

findings of the present study shed light on the principal role of the fungi with special 

reference to the mosquito vector Aedes aegypti. When we compare the fungal 

population against the bacteria, it was inferred that, rather than acts like endosymbionts, 

the fungi characterized in this study are primarily associated with the environmental 

elements.  

The strong link between the bacterial and fungal communities could significantly 

impacts the various mechanisms and process allied with the vectorial capacity, 

physiology and immune responses of mosquito vectors (Cansado-Utrilla et al., 2021). 

Also, the secondary metabolites produced by the microbial consortia may form direct 

link with the various pathways within the mosquito metabolism. Therefore, studying 

these interactions could offers advantageous insights regarding the role of the 

chracterised microbial consortia in altering or manipulating the susceptibility.  

As mentioned earlier, here we characterized and reported certain species fall under  

Trichoderma and Wickerhamomyces having the potential to represent as a strong 

candidates for the development of biocontrol approaches, hence they can surely be 

exploited as an alternative to synthetic elements.  
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The present study highlights the significance of certain fungi as a predominant 

constituent of mosquito microbial consortia. Moreover, the implications concerning the 

ecological dynamics of the mosquito vector Aedes aegypti along with its possible 

impact towards transmission of pathogen and habitat preferences has been unveiled in 

this investigation. The molecular characterization of various fungal taxa along with the 

complexity of the microbial consortia towards the mosquito vectors provides a novel 

way for the development of an efficient vector control strategy. Investigating the 

ecological roles of microbial consortia, especially the fungi, could offers diverse 

information to manage the microbial communities inhabited in other arthropod borne 

diseases vectors.  By bridging the research gaps allied with the interactions of microbial 

consortia and mosquito vectors, specifically the Aedes aegypti, this study form a base 

for the future investigations targeting the microbial interactions to mitigate the 

mosquito born diseases and its impacts.  

The identification of Candida species in both metagenomic and culture-dependent 

analysis is in line with earlier findings demonstrating the significance of yeasts in 

mosquito microbiome. It has been documented that the guts of Aedes aegypti, 

Anopheles, and Culex mosquitoes contain yeasts such Candida tropicalis and 

Wickerhamomyces anomalus. According to Ricci et al. (2011), W. anomalus can form 

long-lasting relationships with mosquitoes and may affect microbial interactions by 

generating antimicrobial chemicals. A notable finding of the present study is the 

dominance of Phlyctis speirea, Bilatora pontica, and unclassified Ramalinaceae 

members, particularly during the monsoon season. Reports of these lichen-associated 

fungi from Aedes aegypti are extremely limited or absent in the literature. Most 

previous studies have focused on gut-associated yeasts, environmental molds, and 

entomopathogenic fungi, whereas lichen-forming fungi have rarely been documented in 
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mosquito microbiomes. Their high abundance may reflect environmental acquisition 

from vegetation, tree bark, or lichen-rich habitats surrounding mosquito breeding sites. 

This observation suggests that the fungal diversity associated with Aedes aegypti may 

be broader than previously recognized. The high abundance of Trichoderma erinaceum 

during the post-monsoon season also differs from many earlier studies, where 

Trichoderma species were detected only at low frequencies. Species of Trichoderma are 

known for producing antifungal metabolites and may influence the structure of 

microbial communities through competitive interactions. Their seasonal enrichment 

during post-monsoon could be linked to favorable moisture conditions that promote 

their growth in breeding habitats. 

Overall, the present findings corroborate previous studies showing that Aedes aegypti 

harbors a diverse assemblage of environmental fungi, yeasts, and saprophytes. 

However, the marked seasonal dominance of lichen-associated fungi (Phlyctis speirea 

and Bilatora pontica) and the abundance of Trichoderma erinaceum represent 

distinctive features of the current study. These results highlight the influence of 

seasonal environmental conditions on fungal community structure and suggest that local 

ecological factors may shape the mosquito mycobiome in ways not fully captured by 

earlier investigations.  

Such seasonal fungal associations may have implications for mosquito ecology, 

microbial interactions, and potentially vector competence, warranting further functional 

studies. 

Seasonal variations  

The alpha diversity analysis revealed marked seasonal variations in the fungal 

communities associated with Aedes aegypti.  
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The AAPOFI sample recorded the highest number of observed taxa (170) and the 

highest richness estimates, with Chao1 (1792.31) and ACE (1834.01) values, indicating 

the presence of a highly diverse fungal community with many rare taxa. It also 

exhibited the highest diversity values, including Shannon (19.51), Simpson (4.93), 

Inverse Simpson (0.973), and Fisher’s alpha (37.01), demonstrating greater species 

diversity and a more even distribution of taxa. 

The AAMFI sample contained 152 observed taxa, with estimated richness values of 

Chao1 (1576.65) and ACE (1609.10). Although it showed considerable fungal richness, 

its diversity indices (Shannon = 18.03; Simpson = 4.73; Inverse Simpson = 0.955; 

Fisher’s alpha = 22.46) were the lowest among the three samples, suggesting 

comparatively lower diversity and evenness. 

The AAPFI sample had the lowest observed richness (141 taxa) but displayed moderate 

diversity, with Shannon (18.68), Simpson (4.89), Inverse Simpson (0.967), and Fisher’s 

alpha (30.44) values. These results indicate that despite having fewer observed taxa, the 

fungal species were more evenly distributed than in AAMFI. 

Overall, the alpha diversity analysis indicates that AAPOFI harbored the most diverse 

and species-rich fungal community, followed by AAPFI, while AAMFI exhibited the 

lowest fungal diversity among the samples. The consistently high richness estimators 

and diversity indices suggest that all three samples support complex fungal ssemblages, 

with notable differences in community structure and species distribution. 

These findings are broadly consistent with previous studies demonstrating that 

mosquito-associated microbial communities are strongly influenced by seasonal 

environmental conditions. Studies on Aedes aegypti and other mosquitoes have shown  
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that changes in rainfall, temperature, humidity, and breeding-site characteristics 

significantly affect microbial diversity and composition. For example, Gusmão et al. 

(2010) reported that the microbiota of Aedes aegypti reflects environmental microbial 

pools acquired during larval development and adult feeding. Similarly, Tchioffo et al. 

(2016) and Angleró-Rodríguez et al. (2017) observed that mosquito-associated 

microbial communities undergo substantial fluctuations in response to environmental 

conditions and habitat characteristics. 

The higher fungal diversity observed during the premonsoon season may indicate 

increased opportunities for environmental acquisition of fungi from breeding waters, 

vegetation, and organic substrates. Conversely, the lower diversity during the post-

monsoon period suggests that environmental conditions following heavy rainfall may 

favor the proliferation of a few highly adapted taxa, resulting in reduced community 

complexity. Similar seasonal shifts in fungal diversity have been documented in aquatic 

ecosystems and insect-associated microbiomes, where environmental disturbances lead 

to changes in species dominance and community structure. 
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      CONCLUSION 

This chapter investigated the diversity and possible ecological role of the various fungi 

inhabited. In the Aedes aegypti mosquito vector. This study have integrated both 

culture-dependent strategies and molecular approaches to characterize and identify the 

fungal species fall under the genera Aspergillus, Candida and Trichoderma. The 

phylogenetic analysis of the characterized fungal genera produced extensive genetic 

diversity within the same genera. The statistical approaches including Shannon 

diversity analysis and Simpson diversity analysis revealed maximum diversity during 

the studied period, justifying the seasonal variation across the strains.  The direct link 

between the characterized fungi and mosquito vector may impacts the transmission of 

pathogen, mosquito biology and interaction with surrounding setting. Hence, unveiling 

this dynamics can provide a strong way for the development of an efficient tool for 

mosquito diseases control. 
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CHAPTER 5 

TO FIND OUT THE INTER AND INTRASPECIFIC GENETIC 

DIVERGENCE BETWEEN BACTERIAL AND FUNGAL 

ISOLATES FROM THE FOURTH INSTAR AEDES AEGYPTI 

LARVAE COLLECTED FROM KOLE WETLANDS. 
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INTRODUCTION 

As introduced in the former strands, the Aedes aegypti mosquito vectors are primarily 

considered to be the health threatening element as it spread many diseases such as Zika, 

yellow fever, and chikungunya towards the human population (Leta et al., 2018).  

Furthermore, it is vital to unveil the predominant role of microbial population towards 

the Aedes aegypti mosquito vector since the earlier studies have witnessed the 

multifaceted potential of microbial populations. The microbial consortia includes both 

the bacteria and fungi and they can be transmitted to the mosquito vector either through 

the food or by means of certain elements allied with the habitat as reported by (Guégan, 

Zouache, Démichel, Minard, Tran Van, et al., 2018). 

According to the earlier studies, none of them have investigated the inferences 

concerning the genetic divergence of bacteria and fungi strains with special reference to 

the Aedes aegypti mosquito vector from the current study site (Zouache et al., 2022). 

The microbial populations of current study site, precisely, the wetland ecosystems are 

prominently impacted by a plethora of environmental factors  including the organic 

matter availability, quality of water followed by the variations across the seasons 

(Faulwetter et al., 2009).  The potential role of microbial population including both the 

fungal and bacterial strains in  mosquito vector is multifaceted in Aedes aegypti, since 

they have significant role in nutrient acquisition, digestion, immunity and resistance 

towards pathogens as verified by (Scolari, Casiraghi, & Bonizzoni, 2019), 

Investigating the genomic variation within and between both the fungus and bacteria 

can provide significant information regarding the ecological function towards the 

mosquito vector population. From this point of view, here the present study focused to 

investigate the genetic divergence within and between the various fungal and microbial 

strains according to the seasons.  
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MATERIALS AND METHODS 

Data Collection and Microbial Isolation 

The current study aimed to investigate the genomic diversity flowed by functional role 

of microbial consortia (Bacteria and Fungi) inhabited in the Aedes aegypti mosquito 

larvae, collected from the Kole Wetland ecosystem of Thrissur, Kerala, India. Sterile 

conditions were maintained in the laboratory to dissect the Aedes aegypti mosquito 

larvae, which were proceeded for culture defendant analysis of fungal and bacterial 

strains. The following microbial population were isolated from the aforesaid steps;  

Bacillus, Enterobacter, Stutzerimona, Aspergillus, Penicillium, and Mucor. 

DNA Extraction and Sequencing 

After the isolation of specific microbial population using culture dependant manner, 

they were proceeded for further molecular analysis including DNA Extraction and 

Sequencing. The DNA of bacteria and fungal population was extracted using the 

QIAamp DNA Mini Kit (Qiagen) and GeneJET Kit (Thermo Fisher) respectively. 

NanoDrop spectrophotometer was used to determine the purity and concentration of the 

extracted DNA. This study have preferred (ITS) region and 16S rRNA gene for fungal 

strain and bacterial strain respectively. With unique and species specific primers, PCR 

has been completed.  

Sequence Quality Control 

To ensure the quality, the raw sequences were trimmed and processed.  Sequences with 

relatively low-quality was removed. Phylogenetic analysis was completed once the 

alignment has been completed.  Also the duplicate sequences were removed.  
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Sequence Alignment and Genetic Analysis 

The genetic variation was determined according to the NJ-K2P method (Kimura 2-

parameter model), Needleman-Wunsch algorithm with R and MEGA 10 software 

(Malesu, Mishra, & Ojha, 2015) . The genetic divergence or genomic differences within 

and between the bacteria and fungi was determined. The means genetic difference was 

calculated for each bacterial and fungal strains to get significant information regarding 

the genetic diversity within and between the microbial consortia. 

Visualization and Statistical Analysis 

Heat map was constructed to visualize the genetic diversity observed within and 

between the microbial populations. All the analysis has been completed with MEGA X, 

SPSS version 27.0 and Software 4.0. 
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RESULTS 

This study investigated the inter and intra genomic variation between fungus and 

bacteria and the corresponding  observations has been given in Figure 5.1 to Figure 5.3. 

Among the various bacteria investigated, the Bacillus species showed moderate intra-

specific genetic distances of 0.25–0.30. Moreover, the Bacillus wiedmannii and Bacillus 

cereus produced strong genomic relationship compared to the Bacillus subtilis. Similar 

to this observation, Enterobacter species (0.20 to 0.25) and Rahnella species (0.22 to 

0.27) reported with moderate genetic divergence.  Among the various fungi 

investigated, Aspergillus niger formed strong genomic similarity with Penicillium 

ochrochloron, while the W. anomalus exhibited elevated genetic divergence. The 

reported findings highlights the significant role of evolutionary forces in altering the 

genomic diversity in mosquito vector population. 

For fungi, Aspergillus niger exhibited close genetic similarity to Penicillium 

ochrochloron, reflecting potential phylogenetic overlap, while W. anomalus and Mucor 

species showed higher levels of genetic divergence, highlighting unique evolutionary 

trajectories. These findings illuminate the evolutionary pressures shaping genetic 

diversity among microbial species in mosquito microbiomes. 

Bacillus spp.  

The variation observed within the Bacillus species may indicates its evolutionary 

adaptations towards diverse ecological niches allied with the mosquito vector. The 

mosquito vector usually serve as a base for the bacterial colonization and offers specific 

forces that may have principal impact towards the genetic divergence.  The differences 

in genetic variation could represent diverse ecological role with some of the microbial 
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population showing extensive adaptations that make fit for the specific environment 

within the mosquito vector.   

Enterobacter spp. 

The analysis of genomic variation for the genera Enterobacter consists Enterobacter 

cloaca, Enterobacter hormaechei and Enterobacter roggenkampii with 808 bp, 808 bp 

and 549 bp respectively and the finding indicated that the genetic distance within 

studied genera was ranged from 0.20 to 0.25, justifying moderate divergence. In 

addition to this, the  Enterobacter cloaca and Enterobacter hormaechei produced 

comparatively more close genetic relationship than the Enterobacter roggenkampii. The 

identical sequence length exhibited by both the Enterobacter cloaca and Enterobacter 

hormaechei unveils a strong conservation of genomic characteristic feature between 

these two organism, possibly indicating the fact that both of them, may shares the 

pattern of ecolgocal functions within the mosquito vector populations. Relatively the 

Enterobacter roggenkampii would show a shorter sequence length and it indicating the 

unique way towards the evolutionary path and probably it may assists the same to adapt 

to altering drastic conditions. 
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Figure 5. 1 Genetic variation both within and between bacterial strains 

Stutzerimonas spp. 

The analysis of genomic variation for the genera Stutzerimonas consists Stutzerimonas 

stutzeri, and Stutzerimonas kunmingensis with 635 bp and 635 bp respectively and the 

finding indicated that the genetic distance within studied genera was found to be vey 

low from 0.15 to 0.20. As found earlier, the organisms under Stutzerimonas shares close 

similarity. The low genomic variation followed by identical sequence length between 

these species indicates a possible recent divergence or strong external or internal 

pressure  maintaining the reported genomic similarity. 
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Rahnella spp. 

The analysis of genomic variation for the genera Rahnella encompassed Rahnella 

aquatilis and Rahnella aceris with 767 bp and 804 bp respectively and the finding 

indicated that the genetic distance within studied genera was found to be moderate from 

0.22 to 0.27. The variation in sequence length indicates that there may be a possible 

deletion or insertion may happened during the process of divergence. Except the 

variation in sequence length, both of them may maintained intra specific similarity.  

The reported evolutionary mechanisms and the genomic variation may slightly allied 

with their adaptation to specific unique conditions within the studied mosquito vector 

Aedes aegypti. 

 

Figure 5.2 Genetic distance for major bacterial genera 

Inter-specific Genetic divergence 

Inter-specific Genetic divergence in Enterobacteriaceae Family 

Enterobacter, Klebsiella, and Rahnella showed close genetic relationships, with an 

average genetic distance ranging from 0.35 to 0.45. This suggests a common ancestral 
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origin for these genera and reflects their evolutionary path within the larger 

Enterobacteriaceae family. 

Bacillus-Enterobacteriaceae Relationship 

A higher genetic distance (0.65-0.75) was observed between Bacillus species and 

members of the Enterobacteriaceae family. This deeper genetic divergence is consistent 

with the distinction between Gram-positive and Gram-negative bacteria and reflects 

ancient evolutionary events that have shaped their separate biological functions and 

ecological adaptations. 

Mycolicibacterium vaccae 

Mycolicibacterium vaccae exhibited the highest genetic divergence (>0.80) and 

possessed the longest sequence length (1078 bp), indicating a distant evolutionary 

relationship from the other genera analyzed. This divergence may point to a unique 

evolutionary trajectory that is not closely tied to the ecological niches occupied by the 

other bacteria isolated from mosquitoes. 

Stutzerimonas-Other Genera 

Stutzerimonas showed moderate to high genetic distances (0.50-0.70) when compared 

with other genera, suggesting that it follows a unique evolutionary trajectory within the 

mosquito microbiome. These distances highlight Stutzerimonas' distinct genetic history, 

which may be shaped by specific selective pressures encountered within the mosquito 

host. 

The analysis concerning the inter-specific genetic divergence of Enterobacteriaceae 

Family revealed that Klebsiella, Enterobacter and Rahnella produced extensive 

genomic relationships ranging from 0.35 to 0.45. The reported findings clearly indicates 
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that they shares the common ancestral origin earlier and hence this pattern has been 

observed within the Enterobacteriaceae family. 

Bacillus and Enterobacteriaceae  

There exists an extensive genetic divergence between the organisms fall under Bacillus 

and Enterobacteriaceae ranging from 0.65 to 0.75. The wide genetic divergence is 

aligned with their broad group (Gram positive and Gram negative) and justifying the 

role of evolutionary events happened in ancient times that makes these two groups as 

separate with diverse ecological and biological functions. 

Mycolicibacterium vaccae 

It revealed elevated genetic divergence of >0.80 along with highest sequence length 

(1078 bp). The aforesaid findings distinguish the same from other in terms of the 

evolutionary characteristic features.  

Stutzerimonas and other significant groups 

The Stutzerimonas exhibited relatively elevated genetic distance raging from 0.50 to 

0.70 and this finding unveils the unique phylogenetic track of Stutzerimonas. 

Furthermore, the elevated genetic distance illustrate its genomic history which may be 

altered by the specific environmental or genetic forces allied with the mosquito vector. 
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Figure 5.3 Genetic variation both within and between fungal strains 

The least intra specific genomic variation was witnessed in Stutzerimonas while 

moderate intra specific genomic variation has been observed in Enterobacter species 

ranging from 0.20 to 0.25. The highest intra specific genomic variation ranging from 

0.25 to 0.30 was reported in Bacillus species. These observations suggest that various 

levels of genetic divergence has been observed within each genus, while some of them 

showing relatively more rapid divergence primarily driven by the ecological  

parameters allied with the adaptations to the environment inhabited by the mosquito 

vectors.  
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Inter-specific Genomic variation  

The inter-specific genomic variation clearly distinguish both the Gram-positive and 

Gram-negative bacteria followed by an average genetic distance of 0.78. The maximum 

genetic divergence was observed between the Enterobacteriaceae and Bacillus. 

The variation in sequence length across the various studied organisms indicates that the 

evolutionary mechanisms including gene rearrangement, deletion and insertion may 

alter the genetic diversity of the studied microbial population. Also, the specific strong 

forces or pressures within the mosquito vector may recognized to be the major driving 

force behind this genetic divergence. The genetic variation observed in the present 

study unveils a plethora of  evolutionary patterns among the microbial consortia and the 

differences observed in distances and sequence length offers valuable insights 

concerning the evolutionary history of the studied bacteria, consisting both recent and 

ancient events. 

Genomic variation across selected fungal strains 

Aspergillus niger 

The Aspergillus niger has been recognized as one of the predominant fungi identified 

from the Aedes aegypti mosquito vector and it exhibited strong similarity of 84% 

towards the Penicillium ochrochloron. This circumstance justified the phylogenetic 

overlap between the studied   Aspergillus niger and Penicillium ochrochloron. The inter 

specific genetic variation observed in Aspergillus niger was ranging from 15.39% to 

49.63%. The least inter specific genetic variation was observed between Aspergillus 

niger and Penicillium ochrochloron while the highest inter specific genetic variation 

was observed with Aspergillus tubingensis. Furthermore, the evolutionary analysis of 

Aspergillus niger reveals a close association with Penicillium than  others fall under the 
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Aspergillus genera and this pattern may suggest a possible divergence within the 

Aspergillus.  

Wickerhamomyces anomalus 

The Wickerhamomyces anomalus showed considerable range of genomic variation 

(29.08% to 50.80%) with strong association towards the Mucor irregularis, while the 

distant species was reported to be the Aspergillus tubingensis (50.80%). The reported 

unique genetic profile of  Wickerhamomyces anomalus justifying the capability of the 

same to manage drastic environmental condition through evolutionary process.  

Mucor species 

The Mucor species produced moderate range of inter-specific genomic variation within 

a range of 28.18% to 49.33% with strong association towards the Mucor irregularis, 

while the distant species was reported to be the Wickerhamomyces anomalus (49.33%). 

These findings indicated that the the fungi fall under Mucor genera are principally 

shows high degree of genetic diversity, even if they also shares similarity with 

Penicillium ochrochloron. 

Penicillium ochrochloron 

The Penicillium ochrochloron formed noticeable inter-specific genomic variation 

within a range of 15.39% to 45.49% with strong association towards the Aspergillus 

niger, while the distant species was reported to be the Aspergillus tubingensis (45.49%). 

These findings indicated that the fungi fall under Penicillium genera are principally 

shows genetic diversity and it may shares common anestor origin in ancient times with 

Aspergillus. The strong genetic relationship of Penicillium ochrochloron with 

Aspergillus offers the insights towards the genomic dynamics of the studied fungal 

isolates along with their environmental settings inhabited by the mosquito vectors.   



 167 

DISCUSSION 

This study contributes the scientific community to explore genetic variation followed 

by the evolutionary relationships of both fungal and bacterial isolates retrieved from the 

Aedes aegypti mosquito vectors. The reported findings are not only revealing the 

microbial ecology but also showing the possibilities of exploiting the prominent 

applications of these isolated microbial consortia for the development of efficient 

mosquito vector control approaches. The variable genetic diversity observed across the 

microbial consortia directs the way for the researchers to track the evolutionary 

inferences and ecological significance influenced by the environmental or genetic 

forces allied with the surrounding environment of mosquito vectors. 

Both the Bacteria as well as the fungi possessed significant roles in altering the ecology 

and biology of the mosquito vector Aedes aegypti, predominantly by impacting the 

survival, vector competence and reproduction of the target mosquito vector Aedes 

aegypti (Zouache et al., 2022).  

The microbial consortia, especially the reside inside the mosquito vector Aedes aegypti 

is always recognized to be  predominant element of its physiology by contributing 

assistance for various following processes required for its life cycle; pathogen 

resistance, acquisition of nutrients from surrounding and modulation of immune 

systems (Gabrieli et al., 2021). Similarly, the fungi inhabited within the mosquito vector 

Aedes aegypti can impact the various developmental cycles of its larvae and serving as 

a biocontrol agents of natural origin (Paula, Ribeiro, Lemos, Silva, & Samuels, 2019). 

The aforesaid strong associations between the microbial consortia and the mosquito 

vector illustrates the ecological importance of the both the fungi and bacteria.  



 168 

The variation in genomic characteristic features reported between and within the 

bacterial population in this study offers insights towards the adaptive nature managed 

through the evolutionary processes.  The microbes fall under the Stutzerimonas genus 

showed relatively very low genetic divergence  with potent genetic conservation. This 

circumstance indicates either the incidence of recent divergence or prominent 

environmental genomic-environment forces maintain the genetic stability. This genetic 

conservation unveiled that Stutzerimonas may usually occupy the almost similar niches 

inside the mosquito vector, with genomic forces supporting the genetic elements 

retention that are principally essential for the survival. 

According to the findings of earlier studies (Frankel-Bricker, Buerki, Feris, & White, 

2020; Luis et al., 2019) the fungal species are strongly associated with the Aedes 

aegypti mosquito vectors and are known to produce extensive genetic diversity, that 

helps the mosquito vectors to persists in the same habitat. As reproved earlier, the 

Aspergillus niger has been recognized as one of the predominant strain isolated from 

the Aedes aegypti mosquito vector.  The strong similarity of 84% towards the 

Penicillium ochrochloron justified the phylogenetic overlap between the studied   

Aspergillus niger and Penicillium ochrochloron. The reported phylogenetic overlap 

between Aspergillus niger and Penicillium ochrochloron justifies the significant 

similarities according to their functions, especially either in contributing the nutrient 

cycling or in degrading the organic elements exists in the mosquito environment. 

The predominant role of certain fungal strains fall under the genera Wickerhamomyces 

and Mucor in mosquito physiology extend beyond to nutrient acquisition to consider 

Signiant application s in mosquito vector control.  For example, the fungal strains can 

be serve as a prominent pathogen targeting the mosquito larvae or adults thereby 

disrupting their life cycle and diminishing the mosquito populations diversity.   
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The evolutionary inferences concerning the genomic variation across both the  bacterial 

and fungal strain evident in this study indicated the significance of this study in the 

current scenario (Leducq, 2014). The reported genetic variation observed between the 

different genera and groups of microbial consortia indicates the possible incidence of 

evolutionary events recently through the gene rearrangements or deletion or mutation 

that make fit the same to adapt towards specific environmental or genomic forces. The 

elevated genetic distance observed between the organisms fall under Enterobacteriaceae 

and Bacillus justifies the evolutionary split happens during ancient times between the 

Gram- positive and Gram-negative bacteria  by the altered ecological adaptation.  

The genetic variation reported across the fungal strains offers novel insights regarding 

the predominant role of evolution in altering the diversity of microbial consortia within 

the mosquito vector and the surrounding (Naranjo‐Ortiz & Gabaldón, 2019). Among 

the various fungal strains characterized in this study, the Aspergillus niger followed by 

the Penicillium ochrochloron exhibited  strong genomic association (84.61%). The 

important phylogenetic overlap may suggests that Aspergillus niger and Penicillium 

ochrochloron may have exposed to evolutionary forces that changed their genetic 

profile and makes fit for the new environment.  

The potential  of the isolated fungal strains to persists across  diverse settings within the 

mosquito vector may varied according to the mosquito vector species and the 

surrounding environment. Moreover, certain species like Penicillium ochrochloron may 

share close genomic relationship with Aspergillus niger and posses their own unique 

adaptations that may allow them to fit for the changing environments.  The genetic 

divergence found between the Aspergillus tubingensis and Aspergillus niger  indicated 

that the evolutionary and environmental pressures can drive specific events thereby the 

selected species can co-exists within the same organisms while possessing diverse 
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ecological role. Understating the dynamics allied with aforesaid perspectives with 

special inference on host biology, environmental elements and microbial diversity is 

vital for developing efficient strategies for mosquito control. The strong genomic 

association between the Penicillium ochrochloron and Aspergillus niger underscore the 

significance of investigating the microbial consortia allied with the mosquito vectors.   

The specific genetic and environmental factors shaping diversity of microbial consortia 

inhabiting the  Aedes aegypti illustrates  the complex link found between the studied 

microbial strains and the mosquito vectors. This circumstance emphasize the 

importance of novel and advanced approaches in  mosquito vector biology studies. 

The relatively low genetic distance observed among Enterobacter, Klebsiella, and 

Rahnella indicates that these genera share a recent common ancestral lineage within the 

family Enterobacteriaceae. Since all three belong to the γ-proteobacterial clade, 

conservation in their 16S rRNA gene sequences is expected, resulting in shorter branch 

divergence in phylogenetic analysis. Members of Enterobacteriaceae generally retain 

homologous ribosomal regions because they have evolved from a similar enteric 

bacterial stock and continue to occupy nutrient-rich host-associated environments. 

Mosquito microbiome studies repeatedly report that members of Enterobacteriaceae 

constitute one of the dominant and stable fractions of the mosquito midgut microbiota, 

particularly in Aedes, Culex, and Anopheles (Yadav et al., 2015). The significantly 

greater genetic distance observed between Bacillus species and Enterobacteriaceae 

isolates reflects a deep phylogenetic separation at the phylum level.  Bacillus belongs to 

the phylum Firmicutes and is Gram-positive, whereas Enterobacter, Klebsiella, and 

Rahnella belong to Proteobacteria and are Gram-negative. This distinction is ancient in 

bacterial evolution and is accompanied by major differences in:cell wall architecture, 

GC content, ribosomal gene organization, sporulation genes, metabolic pathways. 
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Because 16S rRNA sequence divergence accumulates over long evolutionary periods, 

members from these two phyla naturally show wider branch distances in phylogenetic 

reconstruction. Previous mosquito gut analyses also observed that although both 

Enterobacteriaceae and Bacillaceae are common in mosquitoes, they occupy distinctly 

separate phylogenetic clades, indicating independent evolutionary recruitment into the 

mosquito gut microbiome. Bacillus species are spore-forming environmental bacteria 

with exceptional stress resistance. Their presence in mosquito gut often originates from 

breeding water, detritus, and nectar sources. Unlike enteric Gram-negative bacteria, 

Bacillus survives via endospore formation and extracellular enzyme production rather 

than epithelial biofilm-based colonization. Thus, despite sharing the same host 

environment, Bacillus and Enterobacteriaceae represent ecologically coexisting but 

evolutionarily distant lineages (Pidiyar et al, 2004). Mycolicibacterium vaccae showed 

the highest genetic distance and the longest aligned sequence, suggesting a markedly 

independent phylogenetic placement. This organism belongs to the phylum 

Actinobacteriota, which is evolutionarily distant from both Proteobacteria and 

Firmicutes. Its cell wall contains mycolic acids, giving it a distinct molecular identity, 

high GC-rich genome organization, and unique ribosomal signatures. Its detection in 

mosquito gut may indicate acquisition from larval breeding substrates. However, its 

strong divergence suggests that it has followed an independent evolutionary trajectory 

unrelated to the core enteric bacteria. Hence, M. vaccae likely represents a 

phylogenetically ancient, ecologically opportunistic, non-core but stress-adapted 

associate within the mosquito microbiome (Mancini et al.,2018). The lowest genetic 

distance recorded between Aspergillus niger and Penicillium ochrochloron indicates a 

close phylogenetic affinity because both are filamentous ascomycetous fungi belonging 

to evolutionarily related Eurotiomycete lineages. Their ITS regions commonly retain 
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conserved ribosomal motifs, resulting in higher sequence similarity. Both species are 

saprophytic environmental colonizers frequently associated with sugar-rich decaying 

substrates from which mosquitoes acquire fungal propagules. This low divergence 

suggests recent lineage separation with partial conservation of ancestral genomic 

characters. Both fungi may survive in the mosquito gut through similar mechanisms 

such as:carbohydrate utilization, extracellular enzyme secretion, tolerance to fluctuating 

pH. Thus their clustering indicates functional as well as evolutionary similarity. 

Although both belong to the same genus, the unexpectedly high divergence with 

Aspergillus tubingensis suggests marked species-level ITS polymorphism. Black 

Aspergilli are known to possess cryptic genetic diversification despite morphological 

resemblance, and their ribosomal spacers often evolve rapidly under environmental 

selection. This represents intra-generic but inter-specific molecular divergence, where 

same-genus taxa follow distinct adaptive histories. It indicates that all Aspergillus 

members isolated from mosquitoes are not evolutionarily equivalent; some may be 

transient contaminants while others may be gut-adapted associates. Mucor species 

showed intermediate genetic separation, confirming their placement in a different 

fungal lineage (Mucoromycota) compared with the dominant ascomycetous fungi. The 

comparatively lower distance with Penicillium ochrochloron may reflect partial ITS 

conservation, whereas greater divergence from yeast forms indicates distant ancestry. 

Mucor represents an early diverging non-ascomycetous lineage recruited into the 

mosquito gut from moist breeding habitats. Its occurrence suggests environmental 

acquisition through larval water sources rather than permanent gut specialization. 

Moderate divergence indicates ecological coexistence but phylogenetic independence. 

Penicillium ochrochloron showed closest similarity with A. niger because both belong 

to related saprophytic Ascomycota with conserved ribosomal ancestry. However, its 
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high divergence from A. tubingensis indicates that mosquito-associated filamentous 

fungi are composed of multiple independent ascomycete branches rather than one 

uniform clade. This demonstrates phylogenetic sub-clustering among filamentous fungi 

based on ancestral ribosomal conservation. Penicillium species are known for strong 

secondary metabolite production and substrate decomposition; therefore their 

persistence in mosquito gut may be linked with nutrient transformation and competition 

with other microbes. Wickerhamomyces anomalus displayed substantial divergence 

because it is a saccharomycetous yeast, taxonomically distant from the filamentous 

molds analyzed. Unlike Aspergillus, Penicillium, and Mucor, this yeast belongs to a 

unicellular fermentative lineage with distinct ITS architecture and separate evolutionary 

history. Importantly, previous studies have specifically reported W. anomalus as a 

stable mutualistic symbiont in mosquitoes with nutritional, protective and antimicrobial 

roles.Its high divergence reflects functional specialization rather than accidental 

occurrence. Because W. anomalus is known to persist through mosquito developmental 

stages, tolerate blood meal conditions, produce antimicrobial killer toxins. Its separate 

phylogenetic position suggests a specialized yeast symbiont lineage within mosquito 

mycobiota rather than a simple environmental mold contaminant (Cappelli et al., 2021).  
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CONCLUSION 

This study exploits the genomic variation observed across the fungal and bacterial 

strains within the Aedes aegypti mosquito vectors with special reference to ecological 

adaptations as well as evolutionary inferences. The following bacteria genera were 

reported to exhibit diverse range of genetic variation; Bacillus, Enterobacter and 

Stutzerimonas. Among the various bacteria investigated, the Bacillus cereus and 

Bacillus wiedmannii showed potent genetic similarity while the Bacillus subtilis 

produced more genetic divergence, justifying the unique functional role of Bacillus 

subtilis. Similar to this observations, Enterobacter species unveiled moderate genomic 

variability and revealing the possible genetic elements conservation according to the 

ecological role. The fungal strains also produced prominent  genomic variation in which  

Aspergillus niger was reported to show the maximum similarity with Penicillium 

ochrochloron indicating the  phylogenetic overlap. Moreover, the fungi under the 

Mucor genera also exhibited elevated genetic divergence towards the W. anomalus and 

it validating their unique track on evolutionary path. Altogether, the genomic 

differences reported in this study illustrates the possibilities of occurring both ancient 

and recent events allied with their evolutionary track that shaped by the environmental 

setting s of mosquito vector Aedes aegypti.  
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SUMMARY 

This study collectively assessed the diversity of microbial consortia inhabited in the 

fourth instar larvae of Aedes aegypti collected from the Kole wetlands, Thrissur, Kerala, 

India. The cuklture dependent approaches followed by the molecular strategies 

including the 16S rRNA sequencing and metagenomic analysis allow us to differentiate 

15 different microbial species including Enterobacter roggenkampii, Bacillus pacificus, 

Rahnella aquatilis, and Klebsiella quasivaricola. The Phylogenetic analysis conducted 

for the aforesaid selected strains with the aid of Maximum Likelihood method 

illustrated prominent genetic diversity within each selected genera especially in 

Enterobacter, Rahnella and Bacillus. The metagenomic analysis constituting the 

diversity matrices for the selected strains (AAMA, AAMB, and AAMC) of microbes 

according to various seasons identified predominant bacterial population according to 

the following phyla: Proteobacteria, Firmicutes, and Actinobacteria Proteobacteria. This 

study also implemented the heatmap analysis to illustrate the relative abundance of 

most dominant genera including the Clostridium and Listeria. Based on the major 

findings regarding the fungal community, Aspergillus niger, Candida tropicalis and 

Trichoderma erinaceum are reported to be the diverse fungal population inhabited in 

the Aedes aegypti. The metagenomic analysis combined with the Shannon and Simpson 

analysis validated the seasonal dynamics of fungal and bacterial population. 

Furthermore, both the bacterial population and fungal strains showed significant range 

of genetic divergence, indicating their unique way in evolutionary paths. The results 

from the present study offers significant information concerning the role of microbial 

evolution within the mosquito vectors and the potential implications towards the 

mosquito vector biology and transmission dynamics. 
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RECOMMENDATIONS  

The current study shed light on different microbes, especially bacteria and fungi present 

inside the gut of fourth instar larvae of Aedes aegypti. But a lot of research gaps are to 

be addressed in the study which includes,  

 The role of bacteria and fungi in the survival of mosquito larvae is least studied 

which should be addressed in future studies.  

  More studies on role of bacteria in the development of insecticide resistance in 

mosquitoes and the gut can be used as a source of insecticide degrading bacteria. 

 Accurate study on different mosquitoes surviving in a habitat like kole wetlands, 

because the kole wetlands are most avoided habitat of mosquitoes in their 

control strategies.  

 Use of isolated bacteria from the gut as a weapon against the mosquito itself is 

more useful to be used as a biological control method. 

 More detailed study on microorganisms inside Aedes aegypti larval gut other 

than bacteria and fungi and their phylogenetic relationships to unveil the 

evolutionary relationships between them as most studies ignore the fact that it 

may harbor them too.  

 Novel strategies to control mosquitoes in their larval stage itself in kole 

wetlands as it will be more difficult to use the current methods in a vast area like 

kole wetlands. 
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