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ABSTRACT 

Background: Anthropogenic environmental change is among the most 

frequently identified factor linked to emergence of infectious diseases. 

Recently, growing interest in disease ecology has focused on the hypothesis 

that decline in ecological community diversity as a result of human activities 

can mediate infection and disease transmission intensity. The specific 

objective of this study is to characterize the diversity of mosquitoes, their 

associated microbial communities, and potential pathogens along a forest-

agro-urban habitat gradient in Thailand.   

Methods: Adult mosquito trap stations were set-up along a habitat transect to 

capture components of mosquito communities in each characterized habitat. 

Mosquitoes were pooled by species and 16s, 18s rRNA gene sequences 

were sequenced from the pools using 454 pyrosequencing technology to 

assess genetic and taxon-based diversity of the non-eukaryotes and 

eukaryotes associated with vector species from different habitats. The 

presence of flaviviruses, as pathogens of interest in the region, was assayed 

in mosquitoes using Real-time RT-PCR. 

Results: The geatest abundance of mosquitoes was found in the rice field 

habitat; while the forest was found to have the least mosquitoes were found in 

the forest. Based on extrapolated species richness estimators, forest and 

fragmented forest habitats had the most diverse mosquito communities, 

followed by the rural, rice field, suburban and urban habitats. The density of 

two vector species, Ae. aegypti and Cx. quinquefasciatus, were inversely 
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correlated with diversity of mosquito communities using ACE indices. The 

patterns of microbiome community assembly and diversity in vectors across 

habitat types are complex and correlate with specific environmental variables. 

Conclusion: In this study, mosquito community diversity varied across a 

continuum of habtitat types in a pattern reflecting habitat change.  Moreover, 

changes in the abundance of important mosquito vectors tended to follow a 

predictable pattern. Collectively, these findings help illuminate how 

mosquitoes and their associated microbial communities vary across habitat 

types and how these dynamics could contribute to emergence of arboviral 

disease in Thailand.  
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CHAPTER 1. ANTHROPOGENIC ENVIRONMENTAL 
CHANGES, BIODIVERSITY, AND THE EMERGENCE OF 

INFECTIOUS DISEASES 
 

1.1 Anthropogenic environmental changes and emerging infectious 

disease 

 Infectious diseases have been attributed to the development of  

civilizations and the associated social and ecological changes (McNeill 1976). 

For all but the about the past ten thousand years humans lived in widely 

dispersed, nomadic, small populations that minimized the spread of infectious 

diseases. With the agricultural revolution about 10,000 years ago, increasing 

sedentism and larger groupings resulted in the first epidemiological transition 

in which infectious diseases increased. Within the last century some 

populations in developed nations underwent a second epidemiological 

transition in which infectious diseases declined with the advent of public 

health measures, improved nutrition and medicine. However, by the late 

twentieth century, an increase in the emergence and re-emergence of 

infectious diseases was evident in many parts of the world. Morse (Morse 

1995) defined emerging infectious diseases (EIDs) as infections that have 

newly appeared in the population or have existed but are rapidly increasing in 

incidence or geographic range. Loosely, the term can include the resurgence 

of old human diseases representing known agents and diseases truly new to 

humans but caused by pre-existing agent circulating in other animals. In the 

past quarter century we have seen numerous old diseases re-emerge as well 

as the emergence of novel diseases such as Legionnaire’s disease, human 

immunodeficiency virus (HIV)/acquired immune deficiency syndrome (AIDS), 
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Ebola virus, human ‘mad cow disease’, Nipah virus, , severe acute respiratory 

syndrome (SARS) and avian influenza as well as resurgent adversaries such 

as tuberculosis, cholera, malaria, dengue fever.   

 Anthropogenic environmental changes are among the most frequently 

identified factors linked to emergence of EIDs (Morse 1995, Wilcox and 

Gubler 2005, Jones et al. 2008). Nipah virus emergence in Malaysia had been 

linked to agricultural intensification: orchards planted around pig farms 

increased fruit bat-pig contact (Epstein et al. 2006). In Australia, urban 

habituation increased the number of fruit bats in contact with humans and 

domestic animal populations, resulting in the emergence of Hendra virus 

(Plowright et al. 2011). In the eastern United States, forest fragmentation and 

urbanization led to reduced host diversity allowing competent rodent hosts to 

become over-abundant, contributing to Lyme disease emergence (LoGiudice 

et al. 2003). Schistosomiasis emergence in western Africa was driven by dam 

building which changed river flow regimes, salinity, pH, and increased land 

with standing water leading to increased populations of the snail intermediate 

host (N'Goran et al. 1997, Southgate 1997). Human malaria in the Amazon 

basin was linked to deforestation that changed mosquito-breeding habitat, 

leading to an increase in abundance of mosquito vectors; the biting rates were 

hundreds of times higher in deforested habitats than intact forest (Vittor et al. 

2006).  

  Additionally, human activities and anthropogenic environmental 

changes may result in the emergence of many plant and wildlife diseases, 

causing dramatic decline in global populations. A striking example is the 

decline of amphibian populations from a new fungal disease Chytridiomycosis 
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(Daszak et al. 1999). The fungus was detected in bullfrogs produced 

intensively on open-plan frog farms in South America. Each year, these farms 

exported hundreds of thousands of bullfrogs thus served as asymptomatic 

reservoirs of the disease (Mazzoni 2003). Since its discovery in the winter of 

2005-2006, white-nose syndrome has killed over one million little brown bats 

(Myotis lucifugus) in the American northeast (Dzal et al. 2011). Recent 

evidence suggests that the fungus Geomyces destructans, which is the 

causative agent, may have been introduced to the U.S from Europe by human 

trade and traffic (Foley et al. 2011). As with wildlife EIDs, pathogen 

introduction by humans is one of the most important factors contributing to 

plant EIDs, acting in a complex, interrelated way with intensification, 

diversification and globalization of agriculture (Anderson et al. 2004). Plant 

diseases negatively impact human wellbeing through agricultural and 

economic losses, and also contribute to the loss of biodiversity.  

 Ecological changes are often mediated through complex and large-

scale processes, making the links between ecological changes and disease 

emergence difficult to demonstrate at the mechanistic level (Wilcox and 

Gubler 2005). In general, anthropogenic environmental changes disturb 

ecological communities and consequently affect the distribution and 

abundance of organisms involved in disease transmission. This includes 

alteration of ecological barriers that normally prevent disease agents from 

cross-species transmission involving new hosts and/or create new ecological 

niches in which certain pathogens can flourish such that the basic 

reproductive ratio (R0) exceeds one. R0 is defined as the average number of 

secondary infections produced when one infected individual is introduced into 
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a host population where all individuals are susceptible (Dietz 1993). As 

described earlier, a variety of mechanisms have been proposed as 

responsible for disease spread and persistence in host populations. These 

mechanisms are, for example, the increase in density of host and vector 

(N'Goran et al. 1997, Southgate 1997, Vittor et al. 2006), the increase in 

contact rate among host individuals or populations and between hosts and 

vectors (Epstein et al. 2006, Plowright et al. 2011), and the changes in 

genetics of pathogens and the evolutionary relationship between hosts and 

pathogens (Streicker et al. 2010, Smith and Pearson 2011). Recently, growing 

interest in disease ecology has focused on the hypothesis that community 

diversity can mediate infection levels and diseases. The transmission of 

infectious diseases is an inherently ecological process involving interactions 

among many species. Not surprisingly, then, diversity of ecological 

communities can potentially affect the transmission of infectious diseases. 

Although a number of studies have now identified effects of diversity on 

disease prevalence, the mechanisms underlying these effects remain unclear. 

 

1.2 Biodiversity and ecosystem services 

 Biodiversity encompassing the diversity of genes, species, and 

ecosystems is fundamental to ecosystem functioning (Millennium Ecosystem 

Assessment 2005). Abiotic factors such as climate and geophysical conditions 

frame the boundaries of ecosystems (Colwell and Lees 2000). Within  

ecosystems, however, factors such as the abundance, distribution, dynamics, 

and functional variation among biotic components regulate the magnitude and 

variability of ecosystem processes (Cardinale et al. 2002, Hector and Bagchi 
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2007). Together, biotic and abiotic factors determine the properties of an 

ecosystem such as its stability, productivity, or susceptibility to invasion 

(Proulx et al. 2010). The benefits that humans derive from ecosystems are 

known as ecosystem services. These include, for example, food, clean air, 

fertile soils, and clean water, as well as many cultural and inspirational 

benefits (Naidoo et al. 2008). In recent years, new insights have been gained 

from many studies evaluating how biodiversity affects the transmission and 

emergence of infectious disease. The general pattern based on much 

empirical evidence suggests that reduced disease transmission is an 

important ecosystem service provided by high biodiversity.  

 1.2.1 Community species diversity and disease risk. One of the first 

studies that extensively examined the relationship between diversity and 

disease risk described how high species diversity of rodent hosts may help 

regulate Lyme disease transmission (LoGiudice et al. 2003). The immature 

stages of the Lyme disease vector, Ixodes scapularis, are generalists, feeding 

on many mammalian, avian, and reptilian host species. The white-footed 

mouse, which serves as a competent reservoir host, has wide habitat 

tolerances, thriving in degraded natural habitat. In species-rich communities, 

however, other potential hosts with lower reservoir competence ‘dilute’ the 

impact of white-footed mice by feeding but rarely infecting ticks. This dilution 

effect occurs when species diversity within the host community deflects 

pathogen transmission away from the competent reservoirs and toward hosts 

that act as sinks. This results in reduction in rate of encounter between 

susceptible hosts and infected vectors. However, many other mechanisms 

underlying the reverse relationship between diversity and disease risk have 
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also been proposed (Keesing et al. 2006). For example, inter-specific 

competition among host species for limiting resources may constrain the 

abundance of competent hosts, which will reduce density-dependent 

transmission rate (Mitchell et al. 2002, Keesing et al. 2006). Mitchell et al. 

(2002) investigated the effects of plant species richness on the prevalence of 

foliar fungal diseases. In this study, plots with high species richness had lower 

host density, and statistical analysis revealed that it was host density that 

reduced disease severity rather than species diversity per se. Thus, high 

diversity appears to relate to low disease risk through an indirect mechanism: 

reduction in host density. Other proposed underlying mechanisms by which 

high diversity may regulate disease transmission are 1) reduction in 

transmission rates (such as increased immune defence of hosts and reduced 

duration of contacts), and 2) increased mortality or accelerated recovery of 

infected individuals (Keesing et al. 2006).  

 Even though the relationship between high diversity and reduced 

infectious disease risk in hosts has been verified in many studies and disease 

systems (Swaddle and Calos 2008, Dizney and Ruedas 2009, Johnson et al. 

2009, Suzan et al. 2009, Derne et al. 2011, Haas et al. 2011), more evidence 

is needed before this relationship can be generalized. The loss of particular 

species in a community also has the potential to decrease transmission if that 

lost species is a competent host and source of an infectious disease. For 

example, in an experimental plant community (Power and Mitchell 2004), host 

communities containing grass species that were poor reservoirs had low rates 

of infection with barley yellow dwarf virus.  However, more diverse systems 

had higher rates of infection because they contained a highly competent 
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reservoir for the virus – the wild oat, Avena fatua. In general, the change in 

disease transmission patterns in response to changes in community diversity 

depends on the identity of the species composition in that disease system and 

the sequence by which species are lost from communities. If those host 

species least responsible for amplifying the pathogen tend to persist as 

diversity declines, then disease risk can consistently decrease as biodiversity 

declines. Furthermore, theoretical models (Dobson 2004) have indicated that 

the dilution effect will primarily occur in pathogens with frequency-dependent 

transmission. In frequency-dependent transmission, the force of infection (the 

rate at which a susceptible individual becomes infected) increases with the 

fraction of the host population that is infectious but does not increase with 

overall host density. Transmission of sexually transmitted pathgens and some 

vector-borne diseases is thought to be frequency dependent (Anderson and 

May 1979). 

 In contrast to the dilution effect, the amplification effect occurs when 

there is a positive relationship between biodiversity and disease risk (Keesing 

et al. 2006). Which of the two hypotheses better applies to certain disease 

transmission systems depends on the context and the understanding of both 

the non-random sequences by which species are lost from the communities, 

and whether the species that tend to thrive in less species-rich areas tend to 

amplify or buffer pathogen transmission. In addition, a necessary condition for 

high host diversity to decrease disease risk is  a higher rate of disease 

transmission within species than between species (Keesing et al. 2006). This 

assumption appears to be appropriate in many cases (Begon et al. 1999). 

However, in the few cases that disease transmission is higher between 
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species than within species, host diversity may increase disease prevalence. 

For example, Rhodes et al. (Rhodes et al. 1998) found that side-striped jackal 

(Canis adustus) populations in Zimbabwe could not support rabies virus 

unless they were frequently re-inoculated through contact with infected 

domestic dogs. Similarly, bovine tuberculosis in New Zealand (Caley and 

Hone 2004) was being maintained in low-density feral ferrets (Mustela furo) 

only through their contact with brushtail possums (Trichosurus vulpercula). 

 How the different rates of between- and within-species transmission 

results in pathogen establishment in communities can be explored in 

theoretical models (Holt et al. 2003). With only one host species and density-

dependent transmission, there is a threshold density (NT) of that host above 

which the pathogen can become established (R0 > 1). For pairs of hosts, there 

are various combined densities that permit establishment, depending on the 

amount of inter-specific pathogen transmission. At one extreme, when there is 

no inter-specific transmission, at least one of the hosts must occur at or above 

its NT for the pathogen to become established. On the other hand, if between-

species transmission dominates, the combination of host species more readily 

permits pathogen establishment than does either species alone.  

 1.2.2 Genetic diversity and disease risk. Biodiversity is a term that 

describes diversity not only at the species level in communities but also that of 

the genetic level and among functional units (Millennium Ecosystem 

Assessment 2005). There have been numerous studies that have investigated 

the benefits of host genetic diversity on resistance to infection, especially in 

agricultural and plant research. Elton (1958) showed that crops grown in 

genetically homogeneous monocultures are typically more susceptible to 
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severe disease outbreaks than mixtures. Other similar studies with other 

species of plants revealed a similar trend (Leonard 1969, Garrett and Mundt 

1999, Zhu et al. 2000, Hughes and Stachowicz 2004, Reusch et al. 2005, 

Pilet et al. 2006). From these studies, several mechanisms that may underlie 

the observations in which genetically diverse plant populations experience 

reduced disease severity have been proposed. Increased distance between 

plant genotypes, which dilutes inoculum of a given pathogenic race as it is 

dispersed between compatible host varieties, has been considered the most 

important mechanism contributing to disease reduction in variety mixtures 

(Wolfe 1985). Micro-environmental modifications in plots with varieties of 

plants in mixtures may also provide conditions that are less conducive for 

pathogens to spread (Zhu et al. 2000).  

 Support for the effects of host genetic heterogeneity on the spread of 

disease has also been found in insects including social insects such as ants 

(Ugelvig et al. , Hughes and Boomsma 2004), bumble bees (Whitehorn et al. 

2011), honeybees (Tarpy 2003), and other insects such as gypsy moths 

(Dwyer et al. 1997), and water fleas (Altermatt and Ebert 2008, Ebert 2008). 

For social insects, the colony life makes them particularly vulnerable to the 

spread of diseases. These animals live in close proximity, exhibit strong social 

interactions, and are closely genetically related. These conditions may 

facilitate transmission and entail a high risk to the entire population to a 

pathogen. Hence, highly genetically diverse colonies resulting from polyandry 

may be more resistant to disease (Schmid-Hempel and Crozier 1999). The 

impact of a parasite upon such a group may be reduced if a group is made up 

of multiple genotypes, and if these genotypes vary in their resistance to a 
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parasite. There are several ways by which genetically variable individuals may 

benefit the group (Hughes and Boomsma 2004). If all individuals have a 

similar susceptibility to diseases, pathogens will transmit from one individual 

to another without encountering differences in the host genotype affecting 

infection probability. Once a host genotype is infected, subsequent spread is 

facilitated because no genetic or physiological adaptations are required to 

infect another individual. Highly genetically diverse colony could reduce the 

disease spread because the probability of at least some members of the 

group being resistant to, and thus surviving, a parasitic infection will be higher 

in the more genetically diverse population than in the less diverse one.  

1.2.3 Diversity of microorganisms and disease risk. Most studies 

investigating the relationship between biodiversity and pathogen transmission 

examine only the diversity of macro-organisms that are involved in the 

transmission cycle. However, residing within or upon plants and animals are 

diverse microbial species that directly and indirectly interact with pathogens. 

Could changes in biodiversity of these host-associated microorganisms alter 

pathogen transmission? Recent improvements in the ability of researchers to 

detect unculturable microbial species have allowed more accurate and 

sensitive documentation of many microbial species and investigate how these 

organisms may influence disease transmission among hosts.  

Studies on the relationships between microbiome diversity and disease 

risk are still in their initial phases. Most mainly show that infection and disease 

are associated with changes in the composition of microbiomes but not to the 

diversity of the microbiomes per se. For example, bacterial vaginosis results 

from changes in the composition of the vaginal microbial community, and this 
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in turn increases the risk of HIV infection (Holzman et al. 2001, Atashili et al. 

2008). Unfortunately, results from some studies that directly investigated the 

effect of changes in the diversity of microbiome to infection cannot confirm 

whether changes in microbial communities are the cause or the consequence 

of infection. For example, patients with recurrent episodes of infection caused 

by the bacterium Clostridium difficile had significantly lower diversity of 

intestinal microbes than did control patients (Chang et al. 2008). Only a few 

experimental studies clearly demonstrate that increasing microbial biodiversity 

can protect against infection. For example, when mice with persistent 

infections of C. difficile were treated with antibiotics that reduced the diversity 

of intestinal microbes, they began shedding C. difficile spores at high rates 

(Lawley et al. 2009). Similarly, piglets raised in natural environments 

supporting a high diversity of microbes were more resistant to invasion by 

pathogenic microbes than those raised in more sterile environments (Mulder 

et al. 2009). In the study of wheat plants, the more diverse the microbiome 

surrounding the roots of plants, the more protected the plants were against 

invasion by the pathogenic bacterium Pseudomonas aeruginosa (Matos et al. 

2005). In some of these examples, a rich microbial community appears to 

regulate the abundance of endemic microbial species that can become 

pathogenic when overly abundant.  

 

1.3 Mosquito-borne disease ecology 

Globally, flourishing mosquito-borne pathogens sicken and kill millions 

of people each year, impeding social and economic development in many 

tropical countries. According to the World Health Organization (WHO, 2010), 
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malaria continues to afflict much of the world and causes over an estimated 

170 million cases in 2008. About 50 to 100 million cases of dengue are 

estimated to occur annually, and the incidence of dengue hemorrhagic fever 

is increasing rapidly throughout the tropics and sub-tropics (Halstead 2007). 

Many other mosquito-borne diseases including yellow fever (Kebede et al. 

2010, Camara et al. 2011), Chikungunya fever (Rianthavorn et al. 2010, 

Poletti et al. 2011), Japanese encephalitis (Mudur 2005, Olsen et al. 2010), 

West Nile viral infection (Lanciotti et al. 1999, Calzolari et al. 2010), and 

filariasis (Roberts 2010) have demonstrated their abilities to emerge in new or 

previously endemic regions, thereby remaining major human threats. The 

problem of continuing mosquito-borne disease emergence that often arises 

through complex and large-scale processes despite substantial eradication 

efforts (Ooi et al. 2006) indicates the need of research to focus at the level of 

social-ecological factors in order to identify environmental drivers and 

preventive solutions (Wilcox and Gubler 2005).  

 1.3.1 Mosquito population dynamics and disease risk. In the case 

of mosquito-borne infections, ecological conditions can alter disease risk by 

changing vector population dynamics such as mosquito distribution, density, 

diversity, activity and longevity, thereby altering human exposure to vector 

populations. Most empirical evidence has illustrated the importance of 

changing vector distribution and density on disease prevalence outcome 

(Focks et al. 2000, Paul et al. 2004, Hu et al. 2010). For example, human 

malaria in the Amazon basin was linked to intensified deforestation, which led 

to an increase in the abundance and biting rate of a mosquito vector (Vittor et 

al. 2006). A study in Kenya (Carlson et al. 2009) showed that, in recently 
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disturbed habitats, the reduction in aquatic predator diversity was associated 

with greater abundance of Anopheles gambiae, a primary malaria vector in 

Africa. In Hawai’i, avian malaria, originally linked to the introduction of a novel 

mosquito vector to the island, has expanded to higher altitudes where 

susceptible native birds are taking refuge. The expansion is attributed to 

warmer summertime temperatures which led to increased mosquito breeding 

at higher elevations (Freed et al. 2005).  

 Those studies that investigated the impact of biodiversity on vector-

borne disease risks have mainly focused on how species diversity of hosts 

may result in changes of vector infection rates (LoGiudice et al. 2003, 

Kilpatrick et al. 2006). In other words, the dilution effect, the decrease in 

disease risk as a function of increased diversity, has been primarily described 

as a function of vertebrate host diversity. Little to no attention has been given 

to the impacts that vector diversity could have on shaping the risk of vector-

borne disease transmission. Chaves et al. (Chaves et al. 2011) studied the 

impacts of landscape heterogeneity and climatic variability on: 1) the richness 

and diversity patterns of mosquitoes and 2) the abundance and West Nile 

virus (WNV) infection rate of the mosquito vector in Chicago, Culex pipiens. 

They found that heterogeneity in the landscape was the best predictor of 

mosquito diversity, with the most heterogeneous landscapes harbouring the 

largest number of species. Even though, in this study, mosquito WNV 

infection rate was independent of mosquito species richness, the infection 

rate was associated with overall mosquito abundance, which had a convex 

association with species richness (i.e., abundance increases to a point after it 

decreases as function of species richness).  
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 In general, the mechanism underlying the possible relationships 

between vector diversity, vector abundance, and disease risk are not yet 

established. On one hand, diversity loss may reduce predation and 

competition within mosquito communities thereby allowing few species to 

become dominant (Livdahl and Willey 1991, Costanzo et al. 2005, Mercer et 

al. 2005). These dominating species may foster ecological niche spaces 

suitable for certain pathogens to propagate. On the other hand, the species 

that remain in communities with low diversity may often be those that amplify 

pathogen transmission (Keesing et al. 2010). In other words, the species that 

harbour traits that allow them to thrive in species-poor ecosystems may be 

those that are more likely to carry high numbers of pathogens. Even if, for a 

range of reasons, species-poor habitats harbour high abundances of vector 

species and can foster disease transmission, this does not necessarily mean 

that this habitat will be at higher risk for disease transmission. There are many 

other factors that could contribute to the higher infection rate of mosquitoes 

other than their increasing in abundance. Host and pathogen factors play a 

major role in disease transmission outcome. For this reason, it is not trivial to 

illustrate the direct impact of vector diversity on the outcome of disease 

transmission.  

 1.3.2 Impact of mosquito-associated microbiome on disease risk. 

Living within and upon insect vectors such as mosquitoes, ticks, and flies are 

numerous and diverse micro-organisms spanning viruses, bacteria, fungi, 

archeae and protists. They can have various kinds of relationships with their 

hosts. In some insects, symbiotic bacteria are harboured in specialized host 

cells called bacteriocytes constituting obligate mutualistic associations. For 
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example, Wigglesworthia glossinidia is localized in a midgut-associated 

bacteriome of tsetse flies, primary vectors of trypanosomes. The bacteria play 

pivotal roles in biosynthesis of B vitamins that are deficient in the vertebrate 

blood diet of the insects (Akman et al. 2002). These obligate endocellular 

symbionts are often collectively referred to as “primary symbionts”. They are 

vertically transmitted and indispensable for their hosts to survive in unique or 

resource-limited environments (Weiss and Aksoy 2011). In contrast, 

facultative symbiotic microorganisms not essential for their host insects are 

often collectively called “secondary symbionts”. These symbionts can be 

transient in nature or dispensable for their hosts since not every individual in a 

population carries these microbes. Secondary symbionts are acquired through 

parent-offspring relationships (vertically), cohort relationships (horizontally) or 

from the environment (Weiss and Aksoy 2011). For example, many mosquito 

species are known to harbour various facultative symbionts, environmentally 

acquired microbes which belong to lineages in the Gamma- and 

Alpaproteobacteria (Rani et al. 2009).  

 In addition to microbes with commensal and mutualistic associations, 

many insects also harbour parasitic microbes. One of the most extensively 

studied of these belong to the genus Wolbachia (Werren 1997). Wolbachia is 

maternally heritable. Several reproductive abnormalities are associated with 

Wolbachia infections but the most prominent is cytoplasmic incompatibility 

(CI). CI, which results in early embryo death, occurs when a Wolbachia-

uninfected female mates with an infected male. The offspring become 

infected. Because infected females can successfully mate with males, the 

Wolbachia-infected female has a reproductive advantage, and the associated 



   16 

female genotypes, along with the bacterium, can spread quickly through a 

population.  

 Some insects also carry and transmit microbes that are pathogenic to 

their mammalian or plant hosts. Once acquired along with bloodmeals by the 

insect hosts, viruses need to replicate, and protozoan pathogens and worms 

interact with different insect host cells and tissues. The period of pathogen 

development and differentiation inside insects is known as the extrinsic 

incubation period. Interestingly, many vector species exhibit resistance to the 

pathogen they transmit and multiple immunity pathways are implicated in 

vector competence (Abraham and Jacobs-Lorena 2004, Michalski et al. 

2010). Studies have indicated that only a small portion of insects that acquire 

pathogens actually allow for these organisms to establish successful 

infections (Gubler et al. 1979). In addition, only a small number of the 

pathogens can establish successful infection after being introduced to the 

host. For example, of the ten of thousands of Plasmodium gametocytes 

ingested by mosquitoes, it has been calculated that less than five oocysts 

might be produced (Sinden and Billingsley 2001). An impressive body of 

knowledge on insect immunity has been generated from studies in the model 

organism Drosophila and have been presented in many review articles 

(Michel and Kafatos 2005, Hillyer 2010, Blair 2011).    

 Interestingly, microorganisms residing in vectors can influence 

pathogen transmission in many ways and, in this sense, are a part of the 

insect immune response against infection. For example, to understand the 

role of Aedes aegypti mosquito immune response to dengue virus infection, Xi 

et al. (Xi et al. 2008) used high throughput analysis of gene expression and an 
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RNAi approach and reported that an innate immune pathway, toll pathway, 

regulates viral resistance in mosquitoes. Interestingly, regulation of genes in 

this immune pathway was also stimulated by natural gut microbiota. 

Furthermore, in the same study, when mosquitoes were reared aseptically, 

dengue virus was present in the midgut at two-fold higher titers compared to 

wild type mosquitoes. Other studies on mosquito vectors of malaria noted a 

positive correlation between midgut microbiota and inhibition of Plasmodium 

sporozoite development. For example, when Anopheles stephensi were 

offered bloodmeals containing malarial gametocyte along with one of two 

distinct non-native Gram-negative bacteria, all of the Gram-negative, but not 

the Gram-positive, bacteria inhibited oocyst formation partially or totally 

(Pumpuni et al. 1993, Pumpuni et al. 1996). By contrast, in a preliminary study 

(Straif et al. 1998), although Gram-negative bacteria in the midgut of field-

collected Anopheles funestus did not influence the numbers of mosquitoes 

infected with Plasmodium falciparum sporozoites, Gram-positive bacteria 

significantly enhanced the infection rate. In other words, An. funestus females 

that harboured Gram-positive bacteria were more likely to be infected with 

sporozoites compared with those with no cultivable bacteria or Gram-negative 

bacteria in their midguts. Gonzales-Ceron et al. (Gonzalez-Ceron et al. 2003) 

reported that in An. albinamus, co-infections with Serratia marcescens and P. 

vivax resulted in only 1% of mosquitoes being infected with parasites, 

compared with 71% infection for control mosquitoes with no bacteria included 

in the bloodmeal.   

 Another example illustrating how immune priming by microorganisms 

can influence pathogen infection in vectors involves co-infection between 
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parasitic Wolbachia and other pathogens. Until recently, it was thought that 

Wolbachia infections of insects were largely parasitic. However, Teixeira et al. 

(Teixeira et al. 2008) showed that Wolbachia infections in Drosophila can 

confer resistance to viruses and therefore act as mutualists. Subsequently, a 

similar pathogen-blocking phenomenon was shown to affect Ae. aegypti 

(Moreira et al. 2009, Bian et al. 2010), Ae. albopictus (Mousson et al. 2010b), 

Cx quinquefasciatus (Glaser and Meola 2010), and An. gambiae (Kambris et 

al. 2010) mosquitoes.  

 Microbiota can influence the vectorial competence of their hosts by 

means of direct and indirect interaction with parasites. Direct interaction can 

occur through the production of anti-pathogen products such as enzymes or 

toxins. For example, Serratia glossinidius symbionts in tsetse fly midguts 

produce inhibitory sugars that neutralize the anti-trypanosomal activity of the 

midgut lectin, thus enhancing trypanosome development (Welburn et al. 

1993). In contrast, many bacteria-derived toxic factors with potential anti-

parasitic activity were proposed to be applied as novel vector-borne disease 

control strategies (Azambuja et al. 2005). Alternatively, microbiota can induce 

activity of the host immune system that in turn clears the pathogenic 

microbes. There is considerable evidence that the midgut of vector insects is 

an immune reactive organ that can respond to both bacteria and pathogens 

ingested with the bloodmeal by up-regulating specific genes and producing a 

range of antimicrobial peptides (Michel and Kafatos 2005). These peptides 

might have a key role, not only in controlling bacterial symbionts but also in 

the development of pathogen infections (Beard et al. 2001, Boulanger et al. 

2004). Following a bloodmeal, bacteria populations in the vector midgut often 
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undergo massive rapid expansions and it is possible that the vector immune 

system is rapidly enhanced to counter such threats (Demaio et al. 1996, 

Lowenberger et al. 1999, Boulanger et al. 2004).   

 Cleary, microbiota can affect the capacity of an insect host to transmit 

pathogens. However, no research has been done to examine how the 

diversity of vectors’ microbiome impact pathogen infection and disease 

transmission. 

  

1.4 Thesis scope 

1.4.1 Research goal and specific objective. The long-term goal is to 

determine patterns of mosquito distribution and mosquito-related microbial 

communities in their associated habitats, which may enhance arboviral 

disease transmission and emergence. The specific objective is to 

characaterize the diversity of mosquitoes, their associated microbial 

communities, and potential pathogens, along tropical forest-to-urban 

landscape gradients in Thialand.  

1.4.2 Central hypothesis. The central hypothesis of this study is that 

the emergence of potential pathogens involves factors generally related to the 

decline of the vector and associated microbes due to anthropogenic change.  

1.4.3 Specific aims. The specific aims are as follows:  

1)  Characterize vector abundance, species richness and 

diversity across a forest-agro-urban landscape gradient and determine habitat 

drivers for the observed pattern. 

• Hypothesis: Vector abundance, species richness and 

diversity change across the forest-agro-urban landscape 
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gradient as a result of changing habitat characters due to 

different levels of human activities 

• Approach: A range of distinct adult mosquito traps were set 

in different habitats to capture components of the mosquito 

community in each characterized habitat. The field-collected 

mosquitoes are morphologically identified. The abundance, 

species richness and diversity are calculated for each habitat 

and habitat drivers identified for the observed pattern. 

 2)  Characterize diversity of vector-associated microbial 

communities using 16s and 18s amplicon-based next-generation 

sequencing technologies and identify potential pathogens across a 

landscape gradient representing different levels of human activities.	  

• Hypothesis: Diversity and composition of mosquito-

associated microbes change across the gradient, with 

elevated diversity spanning ecotones, and potential 

pathogens will be found more frequently in habitats with 

declined diversity. 	  

• Approach: 16s, 18s rRNA gene sequences are sequenced 

using next-generation sequencing technologies: GS FLX 

System from Roche Applied Science and 454 Life Sciences 

to assess genetic and taxon-based diversity of 

Bacteria/Archaea, and Eukaryotic organisms. Potential 

pathogens are identified and associated with each habitat. 

3)  Characterize arbovirus types and abundance as well as 

vector infection rate across the gradient. 	  
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• Hypothesis: Arbovirus richness and/or abundance changes 

across the gradient and vector infection rate increases as 

biodiversity of the habitat declines. 	  

• Approach: The selected medically important mosquito pools 

are screened with degenerate viral primers targeted to the 

flaviviridae family. The richness and/or abundance and 

vector infection rate are calculated and associated with each 

habitat. 

1.4.4 Innovation, expected output and impact. The study is 

innovative as it combines interdisciplinary approaches from ecology and 

medical microbiology to examine the links between biodiversity and human 

health, integrating a range of ecological to biological data across a zone of 

disease emergence and biodiversity loss. Collectively, we expect the 

outcomes will greatly add to our understanding of the dynamics of mosquitoes 

and their associated microbial communities in different habitat types and how 

these dynamics could contribute to emergence of arboviral disease. Our 

findings will significantly impact public understanding by providing the 

operational link between biodiversity and disease, and indicating the value of 

maintaining an intact landscape for the reduction of human disease. 
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CHAPTER 2. MOSQUITO SPECIES ABUNDANCE, RICHNESS, 

AND COMPOSITION ALONG A HABITAT GRADIENT IN 

RELATION TO HABITAT DRIVERS IN THAILAND 

 

2.1 Introduction 

 2.1.1 Thailand mosquito fauna and mosquito-borne diseases. In 

Thailand, many mosquito borne diseases persist despite intense eradication 

efforts. Dengue accounted for approximately 15% of disability-adjusted life 

years (DALYs) lost to all febrile illnesses in Thailand from 1998 to 2002 

(Anderson et al. 2007). Despite vaccine introduction in 2000, Japanese 

Encephalitis (JE) virus still remains an important cause of encephalitis in 

Thailand. The data from a hospital based surveillance study (Olsen et al. 

2010) indicated that JE was responsible for an estimated 15% of hospitalized 

encephalitis cases. Studies on mosquito communities in Thailand mainly 

focus on either medically important genera such as Aedes spp. (Nagao et al. 

2003, Thammapalo et al. 2005, Koenraadt et al. 2008) or in only one habitat 

type such as rice field (Takagi et al. 1997, Tsuda et al. 1998), swamp forest 

(Apiwathnasorn et al. 2009), and rural villages (Nagao et al. 2003). A 

thorough literature search did not reveal any studies that investigated the 

diversity of mosquito communities, and relative abundances of vectors in 

different habitat types in Thailand. The aim of this chapter was to describe 

and define the pattern of mosquito community diversity and vector density 

across habitat types representing different levels of human-wrought changes 

in central Thailand. Studying ecological communities could form the basis for 
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understanding changes in disease transmission dynamics that lead to the 

emergence and persistence of mosquito borne diseases.  

 

2.2 Materials and Methods 

2.2.1 Development and Characterization of a Forest-Agro-Urban 

Landscape Gradient. Six habitat types (forest, fragmented forest, rice field, 

rural, suburban, and urban) along a forest-agro-urban landscape gradient in 

Nakhon Nayok province (Figure 1) were chosen to represent different levels 

of human-wrought changes in central Thailand. Nakhon Nayok served as a 

suitable area for developing a gradient of habitats ranging from forest areas to 

the urban areas at its town center: the north of the province is a part of Khao 

Yai National Park and the Sankambeng Range while the center of the 

province is a flat river plain formed by the Nakhon Nayok River. The habitat 

types were identified along the landscape gradient first by distant imaging and 

later by close observations. For each habitat type, four sites were picked as 

replicates based on the criteria shown in Table 1. In each site, a combination 

of adult mosquito traps was used and this combination remained constant 

across all sites. In this study, the trapping activity spanning the time when 

each trap was started until it was stopped is referred to as a “trapping event”. 

The trapping activity spanning the time over which all traps were deployed at 

the same site on a given date is referred to as “Trapping session”.  The area 

trapped at each site was approximately 1,000 x 1,000 m2.  

For each trapping session, habitat features were characterized in order 

to determine the level of human activity and habitat type. The observed 

variables were intensity of human settlement (number of houses in the site), 
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intensity of agricultural practice (percent cover of rice field and/or orchard in 

the site), amount of traffic (numbers of cars and people passing by the site in 

30 minutes), pattern and type of vegetation cover, amount of trash and clutter, 

and description of habitat surrounding the site (within 100 meters from the 

study site).      

For each trapping event, the micro-environment surrounding the trap 

(approximately 15-20 meters radius) was characterized, proceeding slightly 

differently for indoor versus outdoor trapping. The complete list of variables 

and their frequency distribution is provided in Appendix A. It is worth noting 

that for certain continuous varibles that were difficult to quantify, such as the 

amount of trash, clutter, vegetation, light, distance, and percent shade, 

categories were used, and two independent estimations from two observers 

were averaged for the value. In addition, the same observers did the 

characterization across all sites.  

2.2.2 Adult Mosquito Sampling and Identification. Mosquito 

collections were done during the rainy season of 2008 (Table 1). Four types of 

adult mosquito traps: BG sentinel, Mosquito Magnet, CDC UV light traps, and 

CDC backpack aspirator, were used in order to maximize the variety of 

mosquitoes captured. Additionally, the number and the distribution of traps, as 

well as the duration of trapping were kept constant across all sites. In general, 

at each site, two Mosquito Magnet traps were placed in desirable locations 50 

meters apart, four CDC UV light traps and four BG sentinel traps were placed 

10-20 meters from each magnet. All traps were at  
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Figure 1. Map of study area in Nakhon Nayok province, Thailand, showing 24 sites (black 

circles) representing six habitat types: forest (F1 to F4), fragmented forest (FFR1 to FFR4), 

rice field (RF1 to RF4), rural (RU1 to RU4), suburban (SU1 to SU4), and urban habitat (UR1 

to UR4). 
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least 10 meters away from each other. CDC UV light traps were hung 

outdoors from trees branches (or from other structures when there were no 

trees) and situated around 1.5 to 2 meters from the ground. BG sentinel traps 

were put inside houses when possible. In each site, mosquitoes were 

collected for 24 hours, with different trapping regimes for day and night. Day 

trapping, from approximately 10 am to 6 pm, consisted of eight BG sentinel 

traps, two Mosquito Magnet traps, and three sessions of 3-10 minute-long 

aspirations. Night trappings, from approximately 6 pm to 10 am, consisted of 

eight BG sentinel traps, two Mosquito Magnet traps, and eight UV light traps. 

Thus the only difference between day and night trapping regimes was the 

replacement of aspiration sessions in the day with the use of UV light traps at 

night.  The timing of the trapping sessions at replicate sites was designed so 

that mosquitoes from at least two sites of the same habitat type were 

collected one day apart (Table 1). The trap contents were collected in the 

evening and in the morning and transported to the field base where the 

mosquitoes were sorted out from other insects and stored at -20°C. 

After the mosquito samples were sent to the laboratory in Bangkok, the 

male mosquitoes were separated out and female mosquitoes were identified 

using available morphological keys (Rattanarithikul et al. 2005a, 

Rattanarithikul et al. 2005b, Rattanarithikul et al. 2006a, Rattanarithikul et al. 

2006b, Rattanarithikul et al. 2007, Rattanarithikul et al. 2011). When species 

identification was not possible, the specimens were grouped together at 

higher taxonomic levels (morphospecies). Specimens in bad condition were 

excluded from later analysis. 3-25 specimens were vouchered for each taxon 

identified.  
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2.2.3 Data analysis. Statistical analyses were performed in R version 

2.13.0 (2011, The R Foundation for Statistical Computing, http://www.R-

project.org). The total abundances of male and female mosquitoes and the 

mean numbers of mosquitoes captured indoors and outdoors per trap were 

calculated across all sites and averaged over each habitat type. To test for 

habitat effects, the Kruskal-Wallis one-way analysis of variance by ranks was 

used to compare the average abundance among habitat types. The 

differences between the mean numbers of mosquitoes captured indoors and 

outdoors per trap in each habitat were compared using the Wilcoxon-Mann-

Whitney rank sum test.  

Mosquito taxa in each site were ranked by their log-transformed 

abundance to assess how equally abundant each of the taxa were. The fit of 

the ranked abundance distribution from each site to ecological and statistical 

models of dominance was tested using the radfit command in R (package 

‘vegan’, version 1.17-12, http://CRAN.R-project.org/package=vegan). 

Function radfit fit some of the most popular models; e.g. Broken stick (in 

‘vegan’, regarded as Null model), Preemption, Log-Normal, Zipf, and Zipf-

Mendelbrot, using maximum likelihood estimation. Akaike’s or Bayesian 

information criteria were used as measures of relative goodness of fit for each 

model.  

Mosquito diversity between habitat types was assessed by combining 

measures of species richness (number of species or taxa), and heterogeneity 

(number of species and their relative abundance). Species richness between 

habitat types cannot be compared directly due to differences in numbers of 

mosquitoes collected. Two strategies used here to correct for unequal sample 
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size were 1) individual-based rarefaction, which allows the calculation of the 

species richness for a given number of sampled individuals (species density 

or SD) and 2) non-parametric extrapolation-based estimation, which 

extrapolates species accumulation curves and estimates ‘true’ species 

richness based on the number of rare species in the sample. Rarefaction-

based estimates and their 95% confidence intervals (CIs) for all sites were 

computed using the command rarefy in R (‘vegan’ package). Individual-based 

rarefaction curves for all sites were constructed from software EstimateS. Two 

estimators of the ‘true’ number of species in each site, Chao1 and ACE 

(Abundance-base Coverage Estimator), were calculated using the command 

estimateR in the ‘vegan’ package. Shannon entropy and Gini-Simpson indices 

were used as a measure of community heterogeneity. 

Average abundance of important vector species was characterized for 

each habitat type. Correlation analysis (Pearson’s test) was used to assess 

the significance of the relationship between the percentage of vector 

abundance in total number of mosquitoes and mosquito community diversity 

indices (Chao1 and ACE). For all statistical analysis, significance was 

considered if p<0.05.  

To assess the effect of both indoor and outdoor habitat characters on 

the abundance and diversity of mosquitoes and vectors we used linear 

regression models. The predicted variables were the number of mosquitoes 

caught per BG trap per hour for indoor habitat type and number of mosquito 

caught per BG trap, Magnet trap, and UV trap per hour for outdoor habitat 

type. The vector species considered in the analysis were the females of Ae. 

aegypti, Ae. albopictus, Cx. quinquefasciatus, and the Culex spp. of the 
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Vishnui subgroup. These mosquito numbers are transformed to account for 

non-constant error variance. The numbers from each trapping event after 

exclusion of outliers (such as broken traps) that were used in each model 

analysis are indicated in Table 4. The ordinal predictors were coded into 

numeric values before incorporation into the model. Other categorical data 

such as house type and day versus night trapping were coded into dummy 

variables. In general, regression was performed using combinations of habitat 

characters presented in Appendix A as the predictor variables. The best 

models were selected using stepwise selection based on Akaike Information 

Criterion (AIC) scores. Parameter estimates were considered to be 

statistically significant when p<0.05.  

 

2.3 Results 

2.3.1 Forest-agro-urban Landscape Gradient. Mosquitoes were 

collected along a forest-agro-urban landscape gradient in Nakhon Nayok 

province, central Thailand (Figure 1). The latitude and longitude for 24 sites 

representing six habitat types, and the habitat characteristics, are listed in 

Table 1. Forest sites with primary growth characteristics were situated along 

the border of Khao Yai National Park and at least 7 km from human 

settlements. No agricultural lands and domestic vertebrates were present in 

the sites or nearby. Fragmented forest sites were situated on the edge of a 

secondary forest patch not far from the National Park where human 

settlements were sparse (1-2 houses within each site) and small-scale, mixed, 

and non-irrigated agriculture was practiced. Most farmers in these sites either 

used water buffalo for pulling farming equipment or as a status symbol. The 
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rice field sites were in the lowland closer to the Nakhon Nayok River to 

facilitate irrigated rice agriculture. Here, the use of water buffalo was replaced 

by industrialized machinery. Large continuous and monotonous rice fields and 

small orchards could be found surrounding the farmers’ houses. The rural, 

suburban, and urban sites were distributed based on the distance from the 

centre of the town. The urban sites were in the centre of Nakhon Nayok town 

where agricultural settings and large natural vegetation patches were absent. 

In the urban sites, the numbers of houses (average 25.5 houses per site), 

human and car traffic, amount of trash and clutter were highest. Vegetation 

and landscaping were found around some houses and in empty lots. 

Suburban sites were 1-3 km from the town. The houses were arranged in 

rows or clusters along the main paved street with an average of 11.75 houses 

per site. There were small patches of active rice fields and empty vegetated 

lots surrounded the sites. Rural sites were at least 7 km from the town. The 

houses were arranged in clusters with an average of 8.25 houses per site. 

The house clusters were situated next to either agricultural land such as rice 

fields and orchards or secondary forest. Rural sites had the lowest amount of 

trash and clutter and human and car traffic. All sites were situated at least 0.5 

km away from each other.   

2.3.2 Mosquito abundance. A total of 83,325 mosquitoes were 

collected over the six-week period from 24 sites representing six habitat types 

in Nakhon Nayok province, central Thailand. Kruskal-Wallis test results 

revealed that the total numbers of mosquitoes caught were significantly 

different among habitat types (chi-squared = 13.2283, df = 5, P = 0.02133). 
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Table 1. Locations, trapping dates, and habitat characteristics for 24 study sites representing six habitat types 

1 The numbers of cars and people passing by each site were counted at around noon for 30 minutes 
2 Amount of trash and clutter around houses were estimated by eyes and then averaged between the same two field workers across all sites; N = none, L = 

low, M = medium, H = high.

Habitat 
type/Site Latitude Longitude

Distance 
(km) to 

UR1

Trapping 
Dates 

(month/date 
2008)

Human 
Settlement

Rice Field 
in the Site

Traffic 
(Human/C

ars)1
Vegetation 

Trash/Cl
utter2

Sourrounding Area                                         
(within 100 m from the study sites)

Forest
F1 NA NA NA 6/9 - 6/10 Absence Absence 0/0 N Forest
F2 N 14° 21.304 E 101° 12.127 16.58 7/2 - 7/3 Absence Absence 0/0 N Forest
F3 NA NA NA 6/10 - 6/12 Absence Absence 0/0 N Forest
F4 N 14° 20.150 E 101° 12.540 14.4 7/3 - 7/4 Absence Absence 0/0 N Forest

Fragmented Forest
FFR1 N 14° 17.203 E 101° 12.492 8.99 6/13 - 6/14 2 Houses Presence 0/0 L Rice field, secondary forest
FFR2 N 14° 16.067 E 101° 13.536 6.88 6/14 - 6/15 1 House Absence 0/0 L Rice field, secondary forest
FFR3 N 14° 15.679 E 101° 12.553 6.19 7/5 - 7/6 1 House Presence 5/3 L Rice field, secondary forest, Human settlements
FFR4 N 14° 15.463 E 101° 12.647 5.77 7/6 - 7/7 1 House Presence NA/NA L Rice field, secondary forest, Human settlements

Rice Field
RF1 N 14° 11.316 E 101° 07.941 9.47 6/25 - 6/26 3 Houses Presence 3/19 L Rice field, Human settlements
RF2 N 14° 12.250 E 101° 07.814 9.5 6/26 - 6/27 3 Houses Presence 0/14 L/M Rice field, Orchard, Human settlements
RF3 N 14° 12.007 E 101° 06.944 11.08 7/17 - 7/18 1 House Presence 14/17 L/M Rice field, Orchard, Human settlements
RF4 N 14° 11.073 E 101° 05.372 14.09 7/18 - 7/19 1 House Presence 17/32 L/M Rice field, Orchard, Human settlements

Rural
RU1 N 14° 15.827 E 101° 11.157 7.28 6/19 - 6/20 9 Houses Absence 1/4 M Rice field, Vegetation patches, Human settlements

RU2 N 14° 17.799 E 101° 06.884 15.01 6/20 - 6/21 12 Houses Absence 6/10 M Rice field, Orchard, Human settlements
RU3 N 14° 15.187 E 101° 08.940 9.11 7/11 - 7/12 7 Houses Absence 4/5 L Rice field, Orchard, Vegetation patch, Human settlements

RU4 N 14° 15.510 E 101° 07.788 11.17 7/12 - 7/13 5 Houses Presence 2/1 L/M Rice field, Orchard, Human settlements
Suburban

SU1 N 14° 12.238 E 101° 13.692 1.1 6/16 - 6/17 10 Houses Absence 36/NA H Rice field, Human settlements
SU2 N 14° 12.892 E 101° 14.244 2.29 6/17 - 6/18 11 Houses Absence 24/70 M/H Rice field, Human settlements
SU3 N 14° 10.821 E 101° 11.922 3.54 7/7 - 7/9 8 Houses Absence 7/62 M Rice field, Human settlements
SU4 N 14° 12.754 E 101° 12.021 2.06 7/9 - 7/10 18 Houses Absence 4/15 M Rice field, Human settlements

Urban
UR1 N 14° 12.362 E 101° 13.094 0 6/22 - 6/23 24 Houses Absence 48/127 H Human settlements
UR2 N 14° 11.811 E 101° 13.037 1.02 6/23 - 6/24 32 Houses Absence 89/561 H Huamn settlements
UR3 N 14° 12.395 E 101° 12.785 0.56 7/14 - 7/15 25 Houses Absence 51/96 H Human settlements
UR4 N 14° 11.899 E 101° 12.749 1.06 7/15 - 7/16 21 Houses Absence 22/211 M/H Human settlements

Forest with primary 
growth 

characteristics, few 
signs of disturbance

Secondary forest, 
trees and brush 

around houses, rice 
field patches

Continuous/multiple 
rice field, trees and 

brush around houses

Disturbed vegetation 
patches, rice field 
patches, trees and 

bushes around 

Trees and bushes 
around houses, rice 

field patches

Trees and bushes 
around houses
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The highest number of female mosquitoes was caught in the rice field habitat 

and the average abundance was 8,922.33 mosquitoes caught within 24 hours 

per site (sd = 2401.81, number of sites = 3). The lowest number of female 

mosquitoes was caught in the forest habitat (1,402.00 mosquitoes per site, sd 

= 582.56, number of sites = 4). The average abundance of male and female 

mosquitoes in each habitat type is shown in Figure 2. Out of all mosquitoes 

captured, 62,126 identifiable female mosquitoes could be morphologically 

identified into 109 taxa spanning 15 genera. Of these 109 taxa, some 

specimens were too damaged to allow further identification to species level. 

Additionally, cryptic species complexes were not identified to species level. 

These specimens were instead labelled as morphotypes. In total, we were 

able to confidently further identify 27,013 individuals into 68 species. 35,113 

individuals were only identified to genus, subgenus, group, or subgroup. 

The most dominant taxa overall were the Culex spp. of the Vishnui subgroup 

(n = 28,967 or 46.63% of all identifiable female mosquito), Cx. gelidus (n = 

6,246 or 10.05%), Cx. sinensis (n = 4,261 or 6.86%), and Cx. 

quinquefasciatus (n = 3,535, or 5.69%). The Culex spp. of the Vishnui 

subgroup were the most dominant species in the fragmented forest habitat (n 

= 4,238 or 53.77% of all identifiable female mosquito from fragmented forest), 

the rice field habitat (n = 17,853 or 65.92%), the rural habitat (n = 2,659 or 

34.01%), and the suburban habitat (n = 3,011 or 34.77%). The most abundant 

taxon for the forest habitat was Uranotaenia spp. (n = 2,694 or 56.68%) and 

the urban habitat was Cx. quinquefasciatus (n = 1,839 or 31.01%). 

Except for the forest habitat where there was no indoor trapping, the only two 

habitats in which the number of mosquitoes caught outdoors per trap was not 
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significantly higher than the number of mosquitoes caught indoors per trap 

were the suburban and urban habitats (Wilcoxon-Mann-Whitney test; Figure 

3). The average number of mosquitoes caught outdoors per trap was highest 

in the rice field habitat and indoors was in the urban habitat. The most 

abundant species indoors were Aedes aegypti in the rural (n=210 or 39.85% 

of all mosquitoes collected indoors in the rural habitat), and the rice field 

habitats (n=31, 44.29%), the Culex spp. of the Vishnui subgroup in the 

fragmented forest (n=20, 28.17%), and Cx. quinquefasciatus in the suburban 

(n=977, 81.48%) and the urban habitats (n=851, 67.43%).  

2.3.3 Evenness and Abundance Models. To examine evenness 

patterns for mosquito communities in each habitat type, rank-abundance data 

were tested with five abundance models (figure 4). The models found to be 

best-fitted with the mosquito abundance curves were Zipf-Mendelbrot model 

(11 out of 24), Zipf model (7 out of 24), log-normal model (4 our of 24), and 

pre-emption model (2 out of 24).  

2.3.4 Diversity Indices, Richness and Rarefaction Curves. The 

average numbers of taxa identified (N), Shannon entropy (H), Gini-Simpson 

diversity (D), Chao1, and ACE indices and their 95% confidence intervals for 

the six habitat types are presented in Table 2. The average diversity indices 

for the six habitat types ranged from 1.21 to 2.30 for Shannon entropy index 

and from 0.51 to 0.82 for Gini-Simpson index. Both indices were highest in the 

rural habitat and lowest in the rice field habitat. Analysis of variance (ANOVA) 

tests revealed significant differences in both diversity indices among the six 

habitat types (F = 5.6795, df = 5, P = 0.0029 for Shannon entropy index and F 

= 4.4975, df = 5, P = 0.0086 for Gini-Simpson index). Tukey multiple  
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Figure 2. Average number of (a) male and female mosquitoes and (b) mosquitoes caught 

indoors and outdoors per trap and their 95% confidence interval. F = forest; FFR = 

fragmented forest; RF = rice field; RU = rural; SU = suburban; and UR = urban. There were 

four sites representing each habitat type except for the rice field habitat where only three 

sites were used in the analysis. Wilcoxon-Mann-Whitney rank sum test was used to test the 

differences between number of mosquito caught indoors and outdoors. Stars indicates P = 

0.029. P-value for the suburban and urban habitat were 0.057 and 0.686, respectively.  
 

a) 

b) 
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Figure 3. To examine evenness patterns for the mosquito community in each site, rank-

abundance data were tested with five abundance models using maximum likelihood estimation. 

Akaike’s or Bayesian information criteria were used as measures of relative goodness of fit of 

each model.  
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Table 2. Mean species richness and diversity indices (±95% Confidence Interval) of mosquito 

communities found in six habitat types of Nakhon Nayok, central Thailand in 2008 

a Number of sites or replicates for each habitat type 

 

Habitat Type Na Species 
Density 

Shannon 
Entropy 

Gini-
Simpson  Chao1 ACE 

Forest 
 

4 
 

21.62 
(5.68) 

 

1.47 
(0.54) 

 

0.60 
(0.21) 

 

35.56 
(13.81) 

 

39.04 
(13.64) 

 
Fragmented 
Forest 
 

4 
 

26.59 
(2.71) 

 

1.59 
(0.29) 

 

0.59 
(0.10) 

 

36.73 
(4.38) 

 

38.65 
(3.78) 

 

Ricefield 
 

3 
 

18.20 
(3.38) 

 

1.21 
(0.06) 

 

0.51 
(0.10) 

 

34.00 
(7.78) 

 

35.03 
(7.66) 

 

Rural 
 

4 
 

28.37 
(3.17) 

 

2.30 
(0.09) 

 

0.82 
(0.03) 

 

35.30 
(4.51) 

 

35.97 
(3.71) 

 

Suburban 
 

4 
 

23.56 
(2.94) 

 

1.80 
(0.13) 

 

0.72 
(0.04) 

 

33.31 
(5.01) 

 

32.91 
(4.01) 

 

Urban 
 

4 
 

22.89 
(5.24) 

 

2.00 
(0.36) 

 

0.78 
(0.09) 

 

29.14 
(6.70) 

 

30.99 
(6.34) 
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Figure 4. Individual-based rarefaction curves for mosquitoes collected from 24 sites representing 

six habitat types (solid lines) and 95% confidence interval (shaded area). The curves are used to 

determine whether the number of mosquitoes collected has reached an asymptote such that new 

species cannot be found anymore. The technique also allows the calculation of the species 

richness for a rarefied number of mosquitoes (species density or SD).  
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comparisons of means revealed significant differences of Shannon entropy 

indices between rural-forest (P = 0.0158), rural-fragmented forest (P = 

0.0452), rural-rice field (P = 0.0030), and urban-rice field (P = 0.0416) and of 

Simpson indices between rural-rice field (P = 0.0177). 

Number of taxa identified was highest in the fragmented forest habitat 

(average number of taxa= 34.25), and lowest in the forest habitat (average 

number of taxa = 26.25). To correct for unequal sample size among sites, 

numbers of species were rarefied to the same number of individuals. At an 

equal sample size of 614, expected number of species or species density (SD) 

was still highest in the rural habitat (SD = 28.37, 95% CI = 25.20 to 31.53) and 

lowest in the rice field habitat (SD = 18.20, 95% CI = 14.82 to 21.57). 

Individual-based rarefaction curves were constructed to determine whether 

the number of mosquitoes collected reached the point where species richness 

is saturated (Figure 6). Overall, the shape of the rarefaction curves for most 

sites indicated that more individuals needed to be collected for the curves to 

reach their plateaus.  

 To estimate the number of rare and undetected species and add them 

to the observed richness, the abundance-based extrapolated richness 

estimate such as Chao1 and ACE were calculated. Even though the ANOVA 

test did not reveal significant differences among these estimates (F = 0.5507, 

df = 5, P = 0.7359 for Chao1 estimate and F = 0.8299, df = 5, P = 0.5451), the 

results showed contradicting patterns with other diversity indices. The highest 

richness was in the fragmented forest habitat for Chao1, and the forest habitat 

for ACE estimate, followed by the rural habitat, the rice field habitat, and the 
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suburban habitat. The lowest richness was in the urban habitat for both 

estimates.  

2.3.5 Vectors and Habitat Types. The average abundance of 

important mosquito vectors was considered in each habitat type (Table 3). Ae. 

aegypti and Ae. albopictus, vectors for dengue, chikungunya, and yellow fever 

virus were most abundant in the urban and rural habitat, respectively. Malaria 

vectors, Anopheles spp., including Barbirostris group, Hyrcanus group, 

Pyretophorus series, Neocellia series, and Neomyzomyia series, were most 

abundant in the rural habitat. Mansonia spp., which transmits Brugia malayi, 

an agent of Malayan filariasis, was most abundant in the rice field habitat. In 

Thailand, bancroftian filariasis, filarial infection with the nematode Wuchereria 

bancrofti, is principally transmitted by Cx. quinquefasciatus. This species was 

found mainly in urban and suburban areas. Other possible vectors of 

Bancroftian filariasis are Cx. bitaeniorhyncus, which was distributed mainly in 

the rice field habitat, and Armigeres subalbatus, which was distributed 

relatively evenly across all habitat types. The principal vector of JE is Culex 

spp. of vishnui supgroup; which was abundant in the rice field habitat. The 

other possible vectors for JE are Cx. fuscocephala, abundant in rural, and 

fragmented forest areas and Cx. gelidus, abundant in rice field and suburban 

area 

2.3.6 Vector abundance and mosquito community diversity. 

Linear correlation analysis (Pearson) revealed a significant correlation 

between the decrease of ACE index and the increase in the fraction of Ae. 

aegypti number in total mosquitoes (r = -0.46, t = -2.35, df = 21, P = 0.0287) 

and of Cx. quinquefasciatus (r = -0.49, t = -2.55, df = 21, P = 0.0185). 



   40 

 2.3.7 Habitat characters and number of mosquitoes collected from 

indoors. For each trapping event, the environment surrounded the trap 

(around 15-20 meters radius) was characterized. A complete list of variables 

and their distribution is presented in Appendix A. A general linear regression 

model was used to identify habitat drivers of the abundance of total 

mosquitoes and vector species: females of Ae. aegypti, Cx. quinquefasciatus. 

 Analysis of the indoor trapping events indicated that the best-fitting 

linear regression model for the prediction of total number of mosquitoes was a 

combination of 13 explanatory variables (Table 4). The model indicated that 

higher amounts of trash and vegetation around the houses, certain house 

types (two-story wooded houses with stucco), the presence of water storage 

inside the houses, and level of urbanization all significantly favor higher 

number of mosquitoes captured per trap per hour. Interestingly, the presence 

of certain larva habitats outside the house (such as stored water and 

temporary or permanent water courses) predicted lower mosquitoes captured 

inside the house per trap per hour.  

  The best-fitting linear regression model for the prediction of Ae. 

aegypti number caught indoors was a combination of 6 explanatory variables 

(Table 4). The model indicated that daytime trappings, presence of water 

storage inside the house, absence of permanent water course, and the 

presence of business attached to the house all significantly predict higher 

numbers of Ae. aegypti caught inside the house. Interestingly, urbanization 

level was not included among predictors for Ae. aegypti abundance. For the 

number of Cx. quinquefasciatus caught inside the houses, 10 variables were 

included in the best model (Table 4). The model indicated that nighttime 
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trappings, amount of trash around the house, absence of water storage 

outside houses, presence of chickens and pets, and level of urbanization all 

significantly contributed to the higher number of Cx. quinquefasciatus 

collected inside the houses.  

   

2.4 Discussion 

 We used a combination of diversity indices in our analyses to compare 

the diversity of mosquito communities with habitats of increasing 

anthropogenic perturbation. The number of species in a local assemblage or 

species richness is an intuitive and natural index of community diversity. 

Unfortunately, species richness is surprisingly difficult to measure due to its 

sensitivity to sample size. Most of the studies on mosquito communities 

compared the numbers of species found in communities without considering 

1) the differences in the numbers of sample collected, and 2) whether the 

numbers of sample collected were high enough that the species accumulation 

curve reached an asymptote (Schafer et al. 2004, Muturi et al. 2006, Eisen et 

al. 2008, Johnson et al. 2008, Muturi et al. 2008). Naturally, the number of 

individuals that must be sampled to reach an asymptote can often be 

prohibitively large especially in the tropics, where species diversity is high and 

most species are rare (Chao et al. 2009). Consequently, collecting enough 

samples is often difficult or technically impossible, and using true richness 

estimators is preferred. From our results, the number of taxa as well as 

indices such as Shannon Entropy index and Gini-Simpson index, calculated 

directly from sampled mosquito communities, showed patterns that were 

different from the one of total richness estimators. 
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Table 3. Average abundance of vector species (±SE) found in the forest (F), fragmented 

forest (FFR), rice field (RF), rural (RU), suburban (SU), and urban (UR) habitat in Nakhon 

Nayok province, Thailand in 2008 

Habitat Type1 
Taxa 

F FFR RF RU SU UR 
Aedes aegypti 0.00 4.00 

(1.87) 
10.00 
(4.92) 

58.00 
(21.79) 

37.00 
(5.34) 

72.25 
(12.30) 

Aedes albopictus 7.25 
(1.49) 

20.50 
(7.58) 

10.25 
(0.48) 

28.75 
(3.68) 

3.25 
(0.75) 

9.75 
(2.78) 

Culex spp. - 
Vishnui subgroup 

12.00 
(7.01) 

1059.50 
(331.88) 

5831.33 
(685.00) 

664.75 
(143.16) 

752.75 
(209.74) 

289.50 
(89.33) 

Culex 
fuscocephala 

0.00 346.00 
(213.09) 

3.75 
(0.25) 

258.50 
(65.96) 

70.25 
(28.55) 

121.50 
(34.21) 

Culex gelidus 2.00 
(1.15) 

41.75 
(19.18) 

533.75 
(184.30) 

212.50 
(134.99) 

524.50 
(122.50) 

247.00 
(60.25) 

Culex 
quinquefasciatus 

0.25 
(0.25) 

1.75 
(0.25) 

2.00 
(0.82) 

48.00 
(23.41) 

372.00 
(258.63) 

459.75 
(74.56) 

Culex 
bitaeniorhynchus 

5.25 
(3.32) 

12.00 
(5.64) 

281.33 
(122.64) 

16.25 
(3.12) 

32.50 
(14.51) 

2.50 
(1.04) 

Armigeres 
subalbatus 

29.00 
(15.29) 

82.75 
(29.54) 

38.25 
(20.98) 

97.75 
(36.52) 

40.25 
(7.74) 

54.75 
(25.62) 

Mansonia spp. 1.25 
(1.25) 

26.50 
(7.58) 

312.00 
(8.66) 

86.50 
(28.10) 

139.00 
(37.95) 

36.75 
(14.11) 

Anopheles spp. 2.25 
(0.85) 

100.75 
(44.67) 

87.75 
(36.66) 

199.75 
(80.61) 

34.50 
(5.55) 

56.75 
(24.97) 

JE: Japanese Encephalitis, DF: Dengue Fever, CHIK: Chikunkunya, YF: Yellow Fever 
1Number of site for each habitat type is 4 except for the rice field habitat which only three sites 

were used in the analysis 
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Table 4. Contribution of habitat factors in explaining total number of all mosquitoes, Ae. aegypti, and Cx. quinquefasciatus (transformed by taking the squared 

root) collected indoors from different habitat type in Nakhon Nayok province as revealed by multiple linear regression model.  

Total number of 
mosquitoes caught per 

trap per hour 
Ae. aegypti caught  
per trap per hour 

Cx. quinquefasciatus 
caught per trap  

per hour  

t-value p-value t-value p-value t-value p-value 
(Intercept) 2.3480 0.0209 4.3500 0.0000 1.1690 0.2451 
Night time trappings   -4.2920 0.0000 4.0500 0.0001 
Trash amount around houses 2.5690 0.0117 1.8040 0.0741 4.0650 0.0001 
Vegetation amount around houses 2.3970 0.0185     
House completely enclosed -1.6610 0.0999     
House type: Two-story 3.8280 0.0002     
House type: Elevated wood  1.3580 0.1776     
House type: Stucco 3.7980 0.0003     
Presence of water storages inside the house 2.4010 0.0183 2.0850 0.0395 1.8760 0.0635 
Presence of water storages outside the house -4.5920 0.0000   -4.0230 0.0001 
Presence of temporary water course -3.1460 0.0022     
Presence of permanent water course -2.5430 0.0126 -2.4050 0.0179 1.5530 0.1236 
Presence of bamboo 1.4260 0.1570     
Presence chicken     -2.2250 0.0284 
Presence of cat   -1.5700 0.1195   
Presence of other pet 1.4960 0.1380   2.3200 0.0224 
Urbanization level  6.8120 0.0000   8.9080 0.0000 
Business attached to house   2.2200 0.0286 -1.5340 0.1281 
Inhabitants often stay home during the day     -2.0760 0.0404 
Model statistics:       
Model selection: AIC score -260.48 -253.86 -267.01 
Adjust R-squared 0.5636 0.2212 0.6475 
F-statistic  11.93 on 13 and 97 DF 6.2 on 6 and 104 DF 21.2 on 10 and 100 DF 
p-value 5.29E-15 1.3522-05 2.20E-16 

DF: degree of freedom; AIC: Akaike’s Information Criterion



   44 

 

Alternatively, the diversity and structure of mosquito communities can be 

represented and compared by using a rank abundance plot. It is the most 

informative diversity representation summarizing the richness and evenness 

measures (Whittaker 1965). Unfortunately, agreement with statistical models 

does not support any particular ecological hypothesis. Nevertheless, some 

conclusions can be tentatively drawn. The models that fitted with our mosquito 

abundance curve most often were Zipf-Mendelbrot model (11 out of 24), Zipf 

model (7 out of 24). The Zipf and Zipf-Mendelbrot model were originally 

developed from information systems, assessing cost of information, and then 

later applied to plant communities by Frontier (Frontier 1985). In these 

models, the presence of a species depends on previous biotic and abiotic 

conditions in the habitat. Pioneer species have low ‘cost’ to occupy an 

environment while the late arrivals have high ‘cost’ to invade and thus be rare 

(Frontier 1985).  

 Variations in mosquito diversity were observed among six habitat 

types. When considering true richness estimators, the least diverse habitats 

were the urban, followed by suburban, rice field, and rural. The most diverse 

habitats were the forest and the fragmented forest. It is also worth noting that 

the mosquito species found in the forest habitats such as those in genus 

Uranotaenia are very small and the characteristics used in species 

identification are often tedious or indistinctive. In addition, when compared to 

other habitat types, the adverse conditions of the forest habitat such as rain 

and high humidity destroyed mosquito appearance, preventing some species 

identifications. This resulted in doubtful identification; hence some species 
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were instead grouped together as morphogroups. We expect that the diversity 

of mosquito communities in the forest habitat could be even higher if species 

identification was more accurate or possible as in other habitats. Even under 

these less than ideal conditions, richness estimator results support our 

hypothesis that urban/suburban habitats are less diverse in terms of 

mosquitoes than forest/fragmented forest habitats.  

Even though the differences in standard diversity measures of 

mosquito communities among habitat types were not significant, some of the 

patterns observed here are similar to other studies. Researchers have 

compared mosquito communities within landscapes classified on gradients of 

human influence mostly including urban, semi-urban, and rural environments 

(Pecoraro et al. 2007, Johnson et al. 2008, Cardoso Jda et al. 2011, 

Mwangangi et al. 2011). These studies showed that the urban environment is 

less diverse compared to other environments. The mechanisms underlying 

this pattern are, however, not well understood. Previous studies have reported 

a positive relationship between habitat diversity and mosquito species 

diversity (Shililu et al. 2003, Muturi et al. 2007). In our case, urban 

environments may have fewer kinds of aquatic habitats that female 

mosquitoes can exploit. Additionally, some studies suggested that increasing 

stress and pollution level in urban habitats allows some genera such as 

Culex, which is more adaptable to a variety of habitats, to become more 

dominant (Chaves et al. 2009, Pires and Gleiser 2010). This may lead to 

competitive exclusion of some other mosquito species that may not survive as 

well in the urban environment.  
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In comparing different types of agricultural settings, the rice field 

habitat, where irrigated and intensive rice cultivation is practiced, was less 

diverse than the rural and fragmented forest habitat where small, non-

irrigated, and mixed agriculture is practiced. Interestingly, rarefied species 

richness, Shannon entropy index, and Gini-Simpson index indicated that the 

rural habitat was the most diverse habitat, although this was not the case with 

richness projects. A study in Kenya (Muturi et al. 2006) comparing mosquito 

communities between planned, unplanned, and non-irrigated riceland 

agroecosystem found higher diversity in non-irrigated agroecosystem and this 

was linked with higher habitat diversity in this environment. Even though we 

did not try to quantify habitat diversity between sites in our study, we 

postulated that there were more types of aquatic habitat in the rural and 

fragmented forest environment than in the rice field environment. In fact, the 

rural and fragmented forest habitat presented here can be seen as a system 

of ecotones, or transition zones between two or more adjacent ecological 

systems (Odum 1971). Ecotones could be characterized by elevated number 

of species. This is because ecotones are actually multiple habitats favored by 

their respective species that cross adjacent habitats. Interestingly, a review of 

the literature suggests that ecotones play a role in a number of the most 

important emerging infectious diseases (Despommier et al. 2006). 

The distribution of medically important mosquito species along the 

habitat gradient may have implications for disease transmission in Thailand. 

Our results show that Cx. quinquefasciatus was found most abundant in the 

urban habitat both indoors and outdoors. Cx. quinquefasciatus has been 

known to use dirty and polluted urban habitats (Chaves et al. 2009, Pires and 
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Gleiser 2010). Identification based on morphology of females of the closely 

related species Cx. vishnui, Cx. tritaeniorhynchus, and Cx. pseudovishnui 

based on morphology is not fully reliable and they are thus reported together 

as Culex spp. of the Vishnui subgroup. The Vishnui subgroup was found in all 

habitats especially in the rice field habitat. In Thailand, Cx. quinquefasciatus 

and the Vishnui subgroup are the main vectors of Filariasis and Japanese 

Encephalitis, respectively (Gould et al. 1974, Thi-Kim-Thoa et al. 1974, 

Jitpakdi et al. 1998). Ae. aegypti was mainly collected in the urban sites, some 

in the suburban and rural sites, and very few or none were collected in the 

other habitat sites. Ae. albopictus, on the other hand, was collected mostly 

from the rural and fragmented forest habitats, with some collected in other 

habitats. These findings are similar to some studies showing that the average 

number of Ae. aegypti was higher in the urban area than in the rural area, 

whereas the opposite was found for Ae. albopictus (Mogi et al. 1988, Braks et 

al. 2003, Tsuda et al. 2006). 

Pearson’s correlation analysis revealed that study sites that have 

mosquito communities with high diversity tend to have lower numbers of Ae. 

aegypti and Cx. quinquefasciatus. However, it is uncertain whether the high 

diversity of these mosquito communities is a causative factor in influencing a 

particular vector density, or whether habitat components influence both 

mosquito diversity and vector density. Both Ae. aegypti and Cx. 

quinquefasciatus are considered to be urban mosquitoes. Ae. aegypti is highly 

anthropogenic and prefers to feed on human blood (Halstead 2008). In 

addition, both species, especially Cx. quinquefasciatus, can be found in 

bodies of water containing a high degree of organic pollution resulted from 
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human habitation (Burke et al. 2010). In this case, human activities could 

result in the decrease in both mosquito diversity and vector abundance. Other 

important vectors in Thailand such as Ae. albopictus and the Culex spp. of the 

Vishnui subgroup were found mainly in the rural and the rice field habitat, 

respectively. The relative abundance of these two species did not correlate 

significantly with the diversity index, suggesting that other habitat factors such 

as availability of suitable hosts and larval habitat are the main factor 

influencing vector relative abundance.  

In summary, most published studies on Thai mosquito communities are 

not completed, and examined only a few habitats or only important vector 

species. As the result, current knowledge of mosquito community diversity 

and the relative abundance of disease vectors in different habitat types is 

limited. Our results illustrate how mosquito abundance, community diversity 

and composition changed along a habitat gradient with different levels of 

human activity in Thailand. In addition, the relative abundance of certain 

vector species may correlate with the changes in mosquito community 

diversity. The results may be particularly relevant for understanding the 

dynamics of mosquito communities, relative abundance of disease vectors, 

entomological risk, and important vector-borne diseases such as dengue, JE, 

and filariasis in landscapes of Thailand.  
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CHAPTER 3. VECTOR-ASSOCIATED MICROBIOME AND 
IMPLICANTION IN DISEASE TRANSMISSION REGULATION 

 
3.1 Introduction 

 3.1.1 Mosquito-associated microbiome. Mosquitoes harbor a rich 

community of microorganisms in their bodies. These microbes inevitably 

impact host reproduction, survival, and protect against natural enemies and 

vectorial competence (Mourya et al. 2002, Moya et al. 2008, Mousson et al. 

2010a). Little is known about the natural composition of mosquito-associated 

microbiomes. Investigations have been performed to screen bacterial and 

fungal communities in mosquitoes reared under laboratory conditions or 

collected in the fields, using culture and non-culture methods. 

 Most studies that investigated the bacterial communities of Culex and 

Anopheles mosquitoes focused on the midgut compartment. In the early 

1960s, a few studies were carried out on the midgut microbiota of laboratory-

bred Cx. tarsalis, Cx. quinquefasciatus, and Cx. fratigans (Chao and Wistreich 

1959, 1960, Ferguson and Micks 1961). A study of wild-caught Ae. triseriatus, 

Cx. pipiens, and Psorophora columbiae using aerobic bacterial cultures to 

examine dissected midguts indicated the presence of Serratia marcescens, 

Klebsiella ozonae, Pseudomonas aeruginosa, and Enterobacter agglomerans 

(Demaio et al. 1996). For the larvae of Cx. quinquefasciatus, few studies 

indicated the presence of bacteria represented by Bacillus spp., 

Staphylococcus spp., and Pseudomonas spp., while Aspergillus and 

Streptomyces spp. represented the fungal and actinomycete inhabitants in the 

midgut, repectively (Chao and Wistreich 1960, Vasanthi and Hoti 1992). 

Another study investigated the bacteria community of wild adult Cx. 
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quinquefasciatus mosquito midgut using both culture technique and analysis 

of a 16s ribosomal RNA (rRNA) gene library (Pidiyar et al. 2004). In this study, 

the culturable microbiota were identified as Acinetobacter junii, Ac. 

calcoaceticus, Aeromonas culicicola, Bacillus thuringiensis, Microbacterium 

oxydans, Pantoea agglomerans, Pseudomonas aeruginosa, Staphylococcus 

epidermidis, Stenotrophomonas maltophila. The 16S rRNA gene library was 

composed of 46% unidentified and uncultured bacteria, 41% Acinetobacter 

spp., and 13% Lactococcus spp.  

 Some studies have been performed to investigate bacterial species in 

field-collected Anopheles mosquitoes, using culture-dependent and 

independent techniques. Using only the culture-dependent technique, Straif et 

al. (Straif et al. 1998) identified 20 different genera in over 2,000 midguts from 

An. gambiae and An. funestus caught in Kenya and Mali. They identified 

Pantoea agglomerans as the most common species identified. Gonzalez-

Ceron et al. (Gonzalez-Ceron et al. 2003) isolated Enterobacter amnigenus, 

Enterobacter cloacae, Enterobacter sp., Serratia marcescens, and Serratia 

sp. from An. albimanus mosquitoes caught in southern Mexico. Lindh et al. 

(Lindh et al. 2005), using both culture-dependent and independent 

techniques, identified 14 genera from 116 midguts of field-caught An. 

gambiae and An. funestus. Rani et al. (Rani et al. 2009) studied midguts of 

both lab-reared and field-collected larvae and adults of An. stephensi using 

both culture-dependent and independent and identified over 68 genera of 

bacteria in total. In this study the dominant bacteria in the field-caught adult 

males were uncultured Paenibacillaceae while in females and in larvae it was 

Serratia marcescens.  
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 For Aedes-associated bacteria, Demaio and co-workers (Demaio et al. 

1996) were the first to report midgut bacterial flora of wild Aedes triseriatus. 

However, the study by Gusmao et al. (Gusmao et al. 2007) showed for the 

first time that the ventral diverticulum of the mosquito gut harbors 

microorganisms. In this study, the predominant culturable microbial isolate 

identified was Serratia sp. while the yeast species was Pichia caribbica. 

Another study (Gusmao et al. 2010) investigated bacteria component in the 

midguts of adult Ae. aegypti by culture-dependent and independent methods. 

The main bacteria genera identified were: Serratia, Klebsiella, Asaia, Bacillus, 

Enterococcus, Enterobacter, Kluyvera, and Pantoea while two yeast genera 

identified were Pichia and Candida. Enterobacter was observed only in eggs 

while Asaia and Pantoea were also identified in eggs and ovaries, 

respectively. 

 Lastly, bacterial components of Ae. albopictus reproductive and 

somatic tissues were investigated. Zouache et al. (Zouache et al. 2009) used 

culturing, diagnostic, and quantitative PCR, as well as in situ hybridization, to 

detect and locate bacteria in dissected tissues and whole individual 

laboratory-reared mosquitoes. Wolbachia, Acinetobacter, Comamonas, Delftia 

and Pseudomonas co-occurred and persisted in the bodies of both males and 

females of Ae. albopictus. In dissected tissues, Wolbachia and Acinetobacter 

were detected in the salivary glands while other bacteria are commonly found 

in the gut. Hybridization using specific fluorescent probes localized Wolbachia 

in all germ cells and in the salivary glands, whereas the Acinetobacter was 

mostly located in the gut. 
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 3.1.2 Transmission of mosquito-associated microorganisms. 

Microorganisms participate in many types of interactions with their mosquito 

hosts, ranging from parasitism (one species benefits at the expense of the 

other), commensalism (one species benefits from the interaction, while the 

other neither positively nor negatively affected), to mutualism (both species 

benefit from the interaction). Regardless of the types of interaction, the 

perpetuation of microorganisms through host generations or the spreading 

across a host population relies on mircroorganisms transmission. Despite 

growing evidence that microbial associations are present in diverse animals 

and plants in virtually every environment, our knowledge of the mechanisms 

of their transmission is restricted. Two fundamentally different modes of 

transmission can be distinguished: horizontal (that is, from an environmental, 

free-living microorganism source, other hosts) and vertical (that is, inheritance 

of the symbiont from the mother or, more rarely, from both parents). However, 

there is a great variation, and transmission can also be mixed, involving both 

vertical and horizontal transfers from the environment and intraspecific or 

interspecific host switching. For mosquitoes, the information on how their 

associated microorganisms become established in the bodies and the source 

of the transmission is very scarce and focuses on certain species of 

microorganisms.  

 When considering mosquito midgut microbiomes, they can be very 

dynamic, because mosquitoes shift from aquatic to terrestrial habitats during 

metamorphosis from larvae through pupae to adults. Unfortunately, 

transstadial transfer of microorganisms in mosquitoes is still a controversial 

topic. Mosquitoes in the field are known to harbour bacteria in their gut, 
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although the frequency of mosquitoes with bacteria varies between studies 

(Pumpuni et al. 1996, Straif et al. 1998, Gonzalez-Ceron et al. 2003, Lindh et 

al. 2005). It is not known where the mosquitoes obtain the bacteria. However, 

it is known that many mosquito species feed on bacteria in the larval stage 

because the larvae could not be reared in sterile media (Rozeboom 1935, 

Merritt et al. 1992, Wotton et al. 1997). Whether the bacteria ingested during 

the larval stages survive and can colonize the adult gut is uncertain. Few 

investigations have shown transstadial transmission of bacteria from larval 

stage to adult. For example, Jadin et al. fed Anopheles quadrimaculatus 

larvae with a Pseudomonas sp. and later isolated the same bacterial species 

from adult guts (Jadin et al. 1966). In another study, when Escherichia coli 

HS5 was introduced into water with An. Gambiae larvae, the adults were later 

found with the bacteria (Pumpuni et al. 1996). However, recent studies have 

indicated otherwise. Lindh et al. (Lindh et al. 2008) investigated transstadial 

and horizontal transfer of bacteria in an An. gambiae colony using a GFP-

marked Pseudomonas stewartii strain. In this study, P. stewartii-GFP is 

transstadially transmitted from larvae to pupae, but not from pupae to adults. 

Moll et al. (Moll et al. 2001) presented a model of bacterial reduction or 

elimination in newly emerged adults that involved confinement of the bacteria 

by the meconial peritrophic membranes (MPMs) formed during 

metamorphosis. They suggested that MPMs may be important in the 

sterilization of the adult mosquito midgut by enveloping and sequestering the 

meconium along with microorganisms ingested during larval stage. However, 

in this study, some bacterial colonies isolated from the newly emerged adult 

were identified and the authors suggested that they could have been from 
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contamination. Interestingly, Lindh et al. (Lindh et al. 2008) also found P. 

stewartii-GFP in newly emerged adults and in the pupal-water they emerged 

from. However, their experiments suggested that these bacteria came from 

uptake of water after the adult emerged and the “transstadial transmissions” 

observed earlier in other studies were actually the result of this pathway. 

 If in nature, bacteria ingested during the larval stages are not 

transferred to the adult stage of mosquitoes, the question becomes, where 

adult mosquitoes get their midgut microorganisms? Unfortunately, there are 

no studies that directly illustrate the origin of mosquito gut symbionts. Lindth 

et al. showed that mosquitoes could take up bacteria from the water they 

emerge from and also can transfer bacteria to their oviposition water (Lindh et 

al. 2008). This implied that bacteria could spread through mosquito 

populations via oviposition-water sharing. Overall, 21% of the newly emerged 

adults and 34% of the females after oviposition had bacteria in their gut that 

was also present in the pupal- and oviposition-water, respectively. In addition, 

they showed that mosquitoes could transfer bacteria to sugar solutions hence 

it is possible that mosquitoes can re-infect themselves with the bacteria via 

sugar/water feeding in the laboratories. In nature, the most commonly 

recorded sugar sources for mosquitoes are floral nectaries (Foster 1995). 

Less often recorded are extrafloral nectaries, honeydew, tree sap, rotting or 

damaged fruit, sugar cane trash, and portions of leaves damaged by 

phytophagy (Foster 1995). Rarely, mosquitoes were recorded feeding on 

undamaged plant parts; the insects clearly pierced plant tissue (Foster 1995). 

 Bacteria of the genus Wolbachia and Asaia are stably associated with 

many species of mosquitoes and their modes of transmission are studied 
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extensively. Asaia are associated with different species of malaria vectors and 

are located in the midgut, salivary glands, and reproductive organs of female 

and male mosquitoes (Favia et al. 2007). Colonization experiments performed 

by feeding An. stephensi, An. gambiae, and Ae. aegypti with green 

fluorescent protein- or DsRed-labeled Asaia sp. showed a horizontal 

transmission route with rapid colonizatin of the gut, salivary glands, and 

reproductive organs (Crotti et al. 2009). Asaia sp. can also be passed 

horizontally through feeding between insects that belong to phylogenetically 

distant species. For instance, it was shown that Asaia sp. from Anopheles 

spp. is able to cross colonize other sugar-feeding insects like Ae. aegypti and 

the hemipteran Scaphoideus titanus (Crotti et al. 2009). Environmental 

acquisition appears to be an important way of transmission, aided by the 

ubiquitous nature of the symbiont. However, vertical transmission from the 

mother to the offspring (Favia et al. 2007) and paternal transmission to the 

progeny, by the way of venereal transfer from male to female during mating 

was also observed (Damiani et al. 2008).  

 The bacteria in the genus Wolbachia, however, employ a special 

mechanism in order to spread themselves within a mosquito population. 

Wolbachia are a group of maternally inherited intracellular bacteria that were 

first described in Culex pipiens mosquitoes (Hertig 1936) but over the last 

decade have been shown to be remarkably widespread (Werren et al. 1995). 

Wolbachia are capable of a variety of forms of reproductive manipulation. 

Cytoplasmic Incompatibility (CI), the only phenotype known in mosquitoes, is 

the induction of patterns of crossing sterility within or between populations 

(Werren et al. 1995). In males infected with CI-inducing Wolbachia, sperm is 
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modified such that it can no longer successfully fertilise uninfected eggs, while 

sperm from either infected or uninfected males can fertilize infected eggs. 

Therefore, infected females will produce a greater mean number of offspring, 

and because Wolbachia is only inherited maternally, the frequency of infection 

increases with each generation. Unidirectional CI can allow Wolbachia to 

spread rapidly through uninfected populations. 

 3.1.3 Application of next-generation sequencing in 

characterization of mosquito-associated microbiomes. In recent years 

there has been renewed interest in the understanding of insect 

microorganisms. This diverse microbiota is a potential source of novel 

bioactive compounds such as antimalarials, antivirals, enzymes and novel 

metabolites (Chernysh et al. 2002). In addition, manipulating these mibrobial 

symbionts is thought to be an effective strategy for controlling the spread of 

pathogens that use insects as hosts (Gonzalez-Ceron et al. 2003, Moreira et 

al. 2009, Bian et al. 2010). Approaches for studying microbial community 

structure have changed phenomenally over the last decade. Methods like 

bacterial culturing, 16s rDNA cloning and sequencing, denaturant gradient gel 

electrophoresis (DGGE), single strand conformation polymorphism (SSCP), 

and terminal restriction fragment length polymorphism (T-RFLP) are being 

replaced by cheaper and faster metagenomic studies using next generation 

sequencing (NGS; as opposed to the automated Sanger method as the ‘first-

generation’ technology). This new technology constitutes various strategies 

that rely on a combination of template preparation, sequencing and imaging, 

and data analysis. Moreover, multiple platforms of NGS such as Roche/454’s 

GS FLX Titanium, Illumina/Solexa’s GA, and Life/APC’s SOLiD 3 coexists in 



   57 

the marketplace, with some having clear advantages for particular 

applications over others.  

 For the analysis of 16s rRNA of microbial communities, Roche/454’s 

GS FLX’s pyrosequencing is the most popular technology being used among 

researchers mainly because of its capability to sequence longer reads. It is a 

single-molecule technique, the heterogeneous 16s rDNA PCR products can 

be characterized directly without cloning, thus saving immense amounts of 

time and labour. The mechanisms underlying template preparation and 

pyrosequencing were described in detail elsewhere (Margulies et al. 2005). In 

short, the fragments in the 16s and 18s rDNA (or any other genes of interest) 

amplicon libraries are bound to beads under conditions that favour one 

fragment per bead. The beads are emulsified in a PCR mixture in oil, and 

PCR amplification occurs in each droplet (hence the name emPCR), 

generating over 10 million copies of a unique DNA template. After breaking 

the emulsion, the DNA strands are denatured, and beads carrying single-

stranded DNA clones are deposited into wells on a PicoTiterPlate (454 Life 

Sciences), one bead per one well. Smaller beads, which were coated with 

enzymes necessary for the reactions of pyrosequencing, were also loaded 

into wells surrounding the template beads. The plate is then loaded into a 

sequencing machine. The pyrosequencing is a non-electrophoretic, 

bioluminescence method that measures the release of inorganic 

pyrophosphate by proportionally converting it into visible light using a series of 

enzymatic reactions. During the sequencing steps, individual dNTPs are 

streamed across the wells and dispensed in a predetermined sequencial 

order. When a dNTP is added, the incorporation of the complementary dNTP 
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results in polymerase extension and pause, and the light is generated. DNA 

synthesis is reinitiated following the addition of the next complementary dNTP 

in the dispensing cycle. The order and intensity of the light peaks are 

recorded as flowgrams, which reveal the underlying DNA sequence.  

 Roche/454 recently released a titanium-coated PTP design, which 

substantially increases read length and improves data quality by reducing 

crosstalk between adjacent wells (Metzker 2010). The mode read length is 

450 bp with the longest read is up to 600 bp. Furthermore, Multiplex Idenfiers 

(MIDs) can be used to combine several samples into a single run on one PTP 

device, which results in ~700,000 reads per run. 

 The aim of the study described in this chapter is to characterize vector-

associated microbiomes and viral communities of Ae. aegypti, Ae. albopictus, 

and Cx. quinquefasciatus, three important vector species in Thailand, using 

16s and 18s rDNA amplicon-based pyrosequencing and real time RT-PCR. 

The objectives are to characterize the diversity of microbial and viral 

communities as well as identify potential pathogens across a landscape 

gradient representing different levels of human activity. We hypothesized that 

diversity and composition of microbes change across habitat types and the 

potential pathogens and arboviruses will be found more frequently in habitats 

with reduced diversity.  

 

3.2 Materials and Methods 

 3.2.1 DNA and RNA extraction from mosquito pools. Female 

mosquitoes of the same species were grouped according to their sites of 

collection. Ten mosquito pools of three important vector species from different 
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habitat types were picked for the analysis (Table xx). The maximum number 

of mosquitoes per pool is 25. The mosquitoes were triturated in 250 µl of 1X 

Phosphate Buffer Saline (PBS) by using Tissue Lyser II (QIAGEN, CA). 1-2 

stainless steel beads (5 mm diameter) were mixed in with the samples and 

the trituration was done at 30 Hz for 3 minutes with a break in the middle to 

cool down the samples on ice for one minute. Half of the homogenate were 

aliquoted and mixed with 875 µl of TRIzol LS (Invitrogen CA). The samples 

were stored at -80°c or kept at around -20°c during transportation until used.  

 Total RNA was extracted using TRIzol LS reagent (Invitrogen CA) as 

per the manufacturer’s instructions and combined with an RNA extraction kit 

(RNeasy Mini kit; QIAGEN, CA). In brief, the samples were incubated at the 

room temperature for 5 minutes and centrifuged at 12,000 g for 5 minutes at 

4°c. The supernatant was transferred to a new clean tube and mixed 

vigorously with 200 ul of chloroform. After a 10-minutes incubation period at 

the room temperature, the RNA were separated out by centrifugation step at 

12,000 g for 15 minutes at 4°c and the top aqueous phase containing RNA 

were collected. Next, the equal volume of 70% ethanol was added to and 

mixed with the aqueous solution. The solution was then transferred to a spin 

cartridge provided by commercially available RNA extraction kit. The RNA-

membrane binding steps and the two rounds of washing steps were 

performed according to the manufacturer’s protocol. In between the washing 

steps, DNase solution (QIAGEN, CA) was incubated for 15 minutes with the 

silica membrane of the spin cartridge to digest any contaminating DNA. 

Finally, the RNA was eluted into 40 µl of RNase-free water and stored at -80 

°C until used. 
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 Total DNA from samples was isolated from the interphase/organic 

phase using back extraction buffer (BEB; 4 M guanidine thiocyanate, 50 mM 

sodium citrate, and 1 M Tris free base). In short, after RNA extraction and 

phase separation, the remaining aqueous phase overlying the interphase was 

removed and 500 µl of BEB was added to the intephase/organic phase. The 

solution was vigorously mixed and incubated at the room temperature for 10 

minutes. After a 10-minutes centrifugation step at 4°c and 12,000 g, the upper 

aqueous phase was collected. Next, DNA was washed by incubating with 400 

µl of isopropanol at the room temperature for 5 minutes. The DNA pellet was 

collected from the solution by centrifugation at 12,000 g for 10 minutes at 4 °c. 

Finally, the DNA pellets were washed with 75% ethanol twice, air-dried, and 

dissolved in 50-100 ul of 8mM NaOH. Additionally, appropriate amount of 

0.1M HEPES was added to the sample to obtain a neutral solution and the 

DNA was stored at -30 °c until used. 

 3.2.2 16s and 18s amplicon library preparation and 

pyrosequencing. Microbiome composition was surveyed by using sequences 

of taxon proxy 16s and 18s rRNA gene fragments. Variable region V3 of the 

16s rRNA gene was amplified with gene-specific primers U341F 5’ CCT ACG 

GGR SGC AGC AG 3’ and U800R 5’ CCR GGG TAT CTA ATC C 3’. A region 

of the 18s rRNA gene was amplified with gene-specific primers Euk82F 5’ 

GAA ACT GCG AAT GGC TC 3’ and Euk516R 5’ ACC AGA CTT GCC CTC 

C 3’. Additionally for 454 Titanium chemistry, the forward primer also 

contained the primer A sequence (5’ CGT ATC GCC TCC CTC GCG CCA 

TCA G 3’) used in the 454 Genome Sequencer FLX instrument (Roche, 

Switzerland), a ten-base MID tag (Appendix 2), and the gene-specific primer. 
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The reverse primer contained the primer B sequence (5’ CTA TGC GCC TTG 

CCA GCC CGC TCA G 3’), a ten-base MID tag (Appendix 2), and the gene-

specific primer.  

 A 50 µl PCR reaction contained 5 µl of 10x FastStart High Fidelity 

Reaction Buffer, 200 µM of each dNTP, 0.4 µM of each primer pair, 5% 

DMSO, and 2.5 U of FastStart High Fidelity Enzyme Blend (Roche, 

Switzerland). The PCR conditions in most experiment were 94°c for 3 

minutes, 35 cycles at 94°c for 30 seconds, 50°c (for the 16s rRNA primer pair) 

or 54°c (for the 18s rRNA primer pair) for 30 seconds, and 72°c for 45 

seconds, followed by 72°c for 8 minutes. In few cases where the samples 

cannot be amplified with 16s primer pairs in this condition, 10% DMSO, the 

annealing time of 45 seconds, and 40 cycles were used instead. 

 Amplicons were purified using a PCR purification kit and purification 

steps followed the protocol provided by the company (Nucleospin ExtractII; 

MACHEREY-NAGEL, Germany). DNA concentrations and the distributions of 

amplicon length were measured by Agilent Bioanalyzer 2100 instrument using 

Agilent DNA 1000 reagent and kit (Agilent Technologies, CA). Based on DNA 

concentration, amplicons were combined in equimolar ratios. Pyrosequencing 

was carried out on one-forth of a PicoTiterPlate (PTP) using primer B on a 

454 Genome Sequencer FLX instrument (Margulies et al. 2005).  

 3.2.3 Sequences data analysis. Although the per base error rates 

from 454 pyrosequencing are comparable to those from Sanger sequencing 

(Huse et al. 2007), the large read numbers obtained mean that the absolute 

number of noisy reads can be substantial. These may lead to inflated 

estimates of Operation Taxonomic Unit (OTU) number (Kunin et al. 2010). 
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Consequently, it is critical to distinguish true diversity in the sample from noise 

introduced by experimental procedures. In order to control for noise, strict 

filtering procedures were adopted prior to sequence analysis using Mothur 

(http://www.mothur.org). First, exact matches to the primers and MID tags 

were checked. Second, reads where the first noisy flow (signal intensities 

between 0.5-0.7) occurred before flow 360 were discarded. Third, since the 

level of noise increases towards the ends of reads, the last 25% of flows were 

truncated. Fourth, to remove noise associated with PCR and pyrosequencing 

step, the command that based on PyroNoise algorithm (Quince et al. 2009) in 

Mothur was used to deplete sequences associated with errors. Fifth, 

sequences associated with chimera were removed using Perseus (Quince et 

al. 2009). Sixth, any non 16s- and 18s-rRNA sequences were removed. 

Seventh, since pyrosequencing is likely to introduce errors in homopolymer 

lengths, any sequences that have more than six homopolymer were removed. 

And lastly, the minimum length of sequences accepted was 200 bp.    

 Sequences passing the quality control criteria were assigned to each 

sample based on their MID tags. To estimate species richness and diversity 

across communities, the OTU-based analysis was used and implemented. 

The sequences were aligned against SILVA reference alignment and 

clustered into groups of defined sequence variation that ranged from 3% to 

10% differences. These clusters served as OTUs for generating rarefaction 

curves and for making calculations with the species diversity indices such as 

Shannon Entropy, Gini-Simpson, their number equivalent (Jost 2007) and 

diversity estimator such as Chao1. To assess the microbiome component 

associated with mosquito vectors. All sequences that passed quality control 
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measures were compared to the NCBI public nucleotide collection database 

(March 2012) using Basic Local Alignment Search Tool or BLAST 

(http://blast.ncbi.nlm.nih.gov/). 

 To determine difference between samples, we used pairwise distances 

calculated using the Morisita Horn index (Taylor 1986) and the UniFrac metric 

(Lozupone and Knight 2005). In brief, UniFrac distance between two given 

samples was calculated as the ratio of the length of all sample specific 

branches over the total branch length, after the reads from the two samples 

were assigned to a phylogenetic tree. While normalized weighted UniFrac 

distance uses abundance of each OTU as a quantitative value, unweighted 

UniFrac distance uses only presence or absence of each OTU as a qualitative 

value. Both UniFrac distance values range between 0 and 1 and a smaller 

distance means that the two samples shared more bacteria. For this study, 

unweighted UniFrac were only used because it can better detect the effects of 

different founding populations and other factors that are restrictive for 

microorganism survival (Lozupone et al. 2007). All UniFrac analyses were 

performed using Fast UniFrac web-based software (http://bmf.colorado.edu 

/fastunifrac/). The phylogenetic trees were constructed using FastTree 

algorithm (Price et al. 2010). FastTree infers approximately-maximum-

likelihood phylgenetic trees and the GTR+CAT model was used.  

In addition, the UniFrac metric can be used to measure whether the 

microbial communities in the samples are significantly different. Samples are 

significantly different if the UniFrac value for the real tree is greater than would 

be expected if the sequences were randomly distributed between the 

samples. To test this, the samples are randomly permuted across the 
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sequences in the tree and a new UniFrac value is calculated. This is repeated 

1,000 times. The reported p-value is the fraction of permuted trees that have 

UniFrac values greater or equal to that of the real tree. Furthermore, Jackknife 

analysis of sample clusters can be used to determine how often the cluster 

nodes are recovered when smaller sets of sequences are sampled from the 

samples. To perform this, a specified number of sequences was randomly 

sampled from each sample and re-cluster the data for 100 times. The fraction 

of times that each node in the cluster was recovered was then calculated.  

 3.2.4 Viral genetic material detection. Mosquito samples were tested 

for the presence of flaviviral genetic material by using flavivirus-specific 

primers in two-step Real-time Reverse-transcriptase polymerase chain 

reaction (PCR). First, RNA was converted to cDNA using commercially 

available cDNA synthesis kit (iScriptTM cDNA Synthesis Kit, BIO-RAD, CA) 

and following the protocol provided. Then, the Real-time PCR reactions were 

performed by using iQTM SYBR® Green Supermix kit (BIO-RAD, CA) with 0.2 

µM of each primers, and 1 µl of cDNA in a 25 µl total reaction volume. Primer 

sequences forward 5’-TGY RTB TAY AAC ATG ATG GG-3’ and primer 

sequence reverse 5’-GTG TCC CAI CCN GCN GTR TC-3’ were used. 

Samples were subjected to 40 cycles of amplification in an iCycler iQ Real-

Time PCR Detection System instrument (BIO-RAD, CA). The following cycling 

times and temperatures were used: one cycle of 95°c for 3 minutes, followed 

by 40 cycles of 95°c for 15 seconds, 50°c for 30 seconds, and 72°c for 45 

seconds. Serially diluted positive controls as well as negative controls were 

also tested along with all samples. Samples were interpreted as positive if the 

cycle threshold unit was < 34. 
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3.3 Results 

 3.3.1 Analysis of sequences from pyrosequencing. From 10 

mosquito pools, 112,586 PCR amplicons of the16s rRNA gene and 146,464 

PCR amplicons of the 18s rRNA gene were sequenced. The average length 

of the sequences was about 424 bp before they were trimmed and qualified.  

A total of 57,328 16s rRNA sequences with an average length of 297 bp and 

97,124 18s rRNA sequences with average sequence length of 379 bp passed 

quality control. However, of these sequences, 6,572 16s rRNA sequences 

and 4,318 18s rRNA sequences were considered “unique” and the 

representations of the rest. The numbers of 16s rRNA and 18s rRNA gene 

sequences for each sample are shown in Table 5. Interestingly, the numbers 

of sequences were not equally distributed among samples. This was 

unexpected because the same amount of DNA was used for preparing the 

library for pyrosequencing. It can be assumed that the biased sequence 

numbers among samples was because of an inefficiency in the emPCR 

technique for different species of microorganisms and the impurities or 

unknown component disturbed the accurate measurement of DNA quantity 

(Binladen et al. 2007). 

 3.3.2 Diversity of non-eukaryotic and eukaryotic microbiomes 

associated with mosquito vectors. The numbers of OTUs detected in a 

sample at any given level of sequence similarity threshold are strongly 

affected by the number of sequences used in the analysis. Hence rarefaction 

analysis is preferred because it can depict whether the number of OTUs is 

saturated or more sampling effort is needed. Rarefaction curves were 

generated for 3% and 10% sequences dissimilarities for both 16s rRNA 
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sequences and 18s rRNA sequences and are shown in Figure 5 and 6, 

respectively.  

 When comparing the three Ae. albopictus pools collected from the 

same site but with different pool size (different mosquito numbers in the 

pools), the numbers of non-eukaryotic OTUs at 3% genetic divergence 

increased as the pool size increased (Figure 5b and 5e). However, this trend 

was not true for eukaryotes (Figure 6b and 6e). The richness of non-

eukaryotic OTUs at 3% genetic divergence associated with Ae. aegypti pools 

of the same size (25 mosquitoes) were higher in the rural habitat than in the 

suburb (Figure 5a). These two pools, however, cannot be compared with Ae. 

aegypti pools from the urban habitat because one pool has under-represented 

numbers of sequences and one is of the smaller size (10 mosquitoes instead 

of 25). In contrast to the non-eukaryotes, eukaryotes associated with 25 Ae. 

aegypti collected from the suburban has the lowest numbers of OTUs at 3% 

genetic distance (Figure 6a). Unfortunately for Cx. quinquefasciatus, two out 

of three 16s rRNA sequence pools (Figure 5c and 5f) and all three 18s rRNA 

sequence pools (Figure 6c and 6f) have under-represented sequence 

numbers. When compared the rarefaction curves by habitat types, rural 

habitat was the most informative site. Interestingly, the most diverse non-

eukaryotes communities were associated with Ae. albopictus (pool size =25; 

Figure 5b and 5e), and the most diverse eukaryotes communities were also 

found in Ae. albopictus (pool size = 9; Figure 6b and 6e).  

 Rarefaction curves only take into account the number of OTUs and not 

the relative abundance of samples. To assess the diversity of communities 
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Table 5 Number of 16s rRNA and 18s rRNA sequences derived from 454 pyrosequencing of 10 samples of three vector species 

collected from diiferent habitat. 
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Figure 5. Rarefaction curves for 16s rRNA sequence-based OTUs from 10 mosquito samples (solid lines) and 95% confidence interval (shaded 

area). Expected number of OTUs defined at 3% and 10% sequence divergence derived from Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus 

are shown in top panels (a, b, and c) and bottom panels (d, e, and f) respectively.  
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Figure 6. Rarefaction curves for 18s rRNA sequence-based OTUs from 10 mosquito samples (solid lines) and 95% confidence interval (shaded 

area). Expected number of OTUs defined at 3% and 10% sequence divergence derived from Ae. aegypti, Ae. albopictus, and Cx. quinquefasciatus 

are shown in top panels (a, b, and c) and bottom panels (d, e, and f) respectively.  
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using both the richness and the relative abundance of OTUs, diversity indices 

such as Shannon entropy, Gini-Simpson, their equivalence numbers, and 

Chao were calculated and presented in Table xx. These indices are sensitive 

to sample size, so an equal amount of sequences was randomly selected 

from each of the original ones: 5,133 sequences for 16s rRNA sequence and 

11,181 sequences for 18s rRNA sequence. Consequently, the samples that 

did not have enough sequences were excluded from later analysis.  

 Comparing samples of the same size (25 mosquitoes), bacterial and 

archaea communities associated with Ae. albopictus from the rural habitat 

was the most diverse, followed by Ae. aegypti from the rural, Cx. 

quinquefasciatus from the rural, and Ae. aegypti from the suburban habitat 

was the least diverse. When comparing between non-eukaryote and 

eukaryote communities, even though in all samples the numbers of eukaryotic 

OTUs were higher, they tended to be less even: four out of six eukaryotic 

samples had lower Shannon-even indices despite higher OTU number. This 

trend could also be observed when considering Gini-Simpson and Shannon 

entropy index and their number equivalents: these indices tend to be higher 

for non-eukaryote communites. It is also worth nothing that richness and 

diversity indices could lead to different conclusions. For example, when using 

richness, the eukaryotes communities associated with Ae. aegypti collected 

from the urban habitat were more diverse in the pool with 10 mosquitoes than 

in the pool with 25 mosquitoes but other diversity indices gave an opposite 

trend. 

 3.3.3 Changes in microbiome structure across vector species 

collected from different habitat types. To assess for differences in 



   71 

Table 6. Number of OTUs defined at 3% divergence and diversity indices derived from mosquito-associated microbial communities.  

 

Species Habitat 
Mosquito 

Number 
Gene 

Number 

of OTUs 
Chao1 

Shannon-

even 

Gini-

Simpson 

Gini-

Simpson's 

numbers 

equivalents 

Shannon 

Entropy 

Shannon 

Entropy's 

numbers 

equivalents 

16s 12 12.0000 0.1457 0.1294 1.1486 0.3620 1.4363 
Ae. albopictus Rural 3 

18s 27 30.0000 0.1374 0.1691 1.2036 0.4529 1.5728 

16s 18 18.0000 0.4780 0.6294 2.6980 1.3817 3.9816 
Ae. albopictus Rural 9 

18s 62 83.0833 0.1639 0.2375 1.3115 0.6764 1.9668 

16s 41 59.3333 0.6634 0.8816 8.4454 2.4635 11.7455 
Ae. albopictus Rural 25 

18s 26 36.0000 0.0992 0.0995 1.1105 0.3233 1.3817 

16s 22 32.0000 0.6883 0.8143 5.3845 2.1276 8.3944 
Ae. aegypti Rural 25 

18s 30 41.2500 0.2591 0.3252 1.4820 0.8813 2.4139 

16s 14 14.0000 0.1408 0.1502 1.1767 0.3714 1.4498 
Ae. aegypti Suburb 25 

18s 23 24.0000 0.1053 0.1163 1.1317 0.3303 1.3914 

16s 11 11.0000 0.0683 0.0480 1.0504 0.1638 1.1780 
Ae. aegypti Urban 10 

18s 30 34.0000 0.1492 0.1799 1.2194 0.5075 1.6611 

Ae. aegypti Urban 25 18s 28 55.5000 0.1987 0.2548 1.3420 0.6621 1.9389 

Cx. quinquefasciatus Rural 25 16s 24 27.3333 0.3795 0.4599 1.8517 1.2061 3.3405 
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microbiome structure across samples, two beta-diversity measurements were 

used: Morisita-Horn index and UniFrac metric. Unweighted Pair Group 

Method with Arithmetic Mean (UPGMA) algorithm was adopted to cluster 

samples based on these two metrics (Figure 7 to 10). In general, both 

Morisita-Horn index and UniFrac metric gave similar clustering pattern.  

 The communities of non-eukaryotic microbiome associated with Ae. 

albopictus clustered together, and separated from those associated with Ae. 

albopictus and Cx. quinquefasciatus, which clustered together. The same 

observation was also found with eukaryotic microbiome, where the 

communities of eukaryotes clustered together depend on the species of their 

host and not the habitat type. This indicated that the structures of microbiome 

were determined mainly by the species of their host and not by the habitat 

type of the host.  

 3.3.4 Microbiome composition of the mosquito vectors. To assess 

the microbiome composition associated with mosquitoes. All sequences that 

passed quality control measures were compared to the NCBI nucleotide 

collection database using BLAST. In total, 55,213 16s rRNA and 96,107 18s 

rRNA sequences classified were at least affiliated to 5 bacterial phyla, 9 

bacterial classes and to 10 eukaryote phyla, 23 classes (excluded mosquitoes 

and vertebrate sequences), respectively (Table 7 and 8). The dominant 

bacterial classes across all samples were Gammaproteobacteria (60.54%) 

and Alphaproteobacteria (29.61%). The dominant bacterial genera across all 

samples were Wolbachia (21.40%), Morganella (18.59%), and Pantoea 

(16.53%). For Eukaryotes, the dominant phyla cross all samples were 

Apicomplexa (89.98%) and Ascomycota (4.00%). The dominant eukaryotic  
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Figure 7. Heat map showing the abundance of 16s rRNA-based OTUs defined at 

10% sequence divergece associated with mosquito vectors collected from 

different habitat types. The same amount of sequences was randomly sampled 

from each origial pool of sequences and the abundance for each OTU was 

transformed using logarithm (base 10). The clustering pattern on the top of the 

heat map was based on distances calculated using Morisita-Horn index which 

take into account the relative abundance of OTUs. ru = rural, su = suburban, ur = 

urban, aegy = Ae. aegypti, albo = Ae.albopictus, quin = Cx. quinquefasciatus, the 

number after the species indicated the pool size. 
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Figure 8. Heat map showing the abundance of 18s rRNA-based OTUs defined at 

10% sequence divergece associated with mosquito vectors collected from different 

habitat types. The same amount of sequences was randomly sampled from each 

origial pool of sequences and the abundance for each OTU was transformed using 

logarithm (base 10). The clustering pattern on the top of the heat map is based on 

distances calculated using Morisita-Horn index which take into account the relative 

abundance of OTUs. ru = rural, su = suburban, ur = urban, aegy = Ae. aegypti, albo 

= Ae.albopictus, quin = Cx. quinquefasciatus, the number after the species indicated 

the pool size. 
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genera across all samples were Ascogregarina (89.94%) and Cladosporium 

(2.79%). 

 The relative abundances of dominant microbial taxa varied between 

samples. The dominant taxa for bacteria associated with Ae. aegypti, Ae. 

albopictus, and Cx. quinquefasciatus were Gammaproteobacteria (Pantoea 

spp., 29.01%; Morganella spp., 28.66%; Providencia spp., 13.82%), Alpha-

proteobacteria (Wolbachia spp., 53.22%; Morganella spp. 13.76%) and 

Gamma-proteobacteria (Enterobacteriacea bacterium, 28.08%; Pantoea spp., 

15.50%; and Novispirillim spp. 12.70%), respectively. The dominant taxa for 

eukaryotes associated with Ae. aegypti, Ae. albopictus was Ascogregarina 

spp. (91.55%, 94.75% respectively). The doiminat eukaryote taxa associated 

with Cx. quinquefasciatus were Furia spp. (63.18%), Cladosporium spp. 

(7.47%).  

 The dominant taxa of bacteria associated with Aedes aegypti collected 

from the urban, suburb, and rural habitat were Morganella spp. (90.69%), 

Pantoea spp. (87.57%) and Providencia spp. (41.91%), respectively. The 

dominant taxa associated with Cx. quinquefasciatus collected from the urban, 

suburban, and rural habitat were Novispirillum spp. (95.15%), Wolbachia spp. 

(87.12%), and Enterococcaceae bacteria (36.92%), respectively. Bacterial 

composition associated with Ae. albopictus collected from the same rural 

habitat but with different pool sizes were similar but the relative abundance of 

the taxa were not. For example, sequences derived from Wolbachia 

represented 17.62% of all sequences in the sample with 25 mosquitoes but 

79.88% in the sample with 9 mosquitoes and 79.66% in the sample with 3 
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mosquitoes. The dominant eukaryptic taxa associated with Aedes spp. was 

the same across habitat types: Ascogregarina spp. (average abundance = 

83.2%, minimum = 42.3%, maximum = 97.9%). The dominant eukaryotes 

associated with Cx. quinquefasciatus collected from the urban, suburban, and 

rural habitat were fungi in the order Entomopthorales (99.71%), Capnodiales 

(37.71%), and Entomopthorales (76.99%), respectively. 

 3.3.5 Viral genetic material detection. All ten mosquito samples 

tested were negative for the primer used. 

 

3.4  Discussion 

 This is the first study using 454 pyrosequencing to characterize non-

eukaryotic and eukaryotic rRNA sequences associated with field-collected Ae. 

aegypti, Ae. albopictus, and Cx. quinquefasciatus. Previous studies mainly 

focused on bacterial compenents in the midgut using either culture-dependent 

or culture-independent methods (Chao and Wistreich 1960, Demaio et al. 

1996, Pidiyar et al. 2004, Rani et al. 2009, Gusmao et al. 2010). One study 

that used pyrosequencing to characerize mosquito-associated microbiomes 

investigated only gut bacterial communities across larvae, pupae and adults 

of Anopheles gambiae reared in semi-natural settings (Wang et al. 2011). 

Interestingly, the numbers of bacterial OTUs defined at 5% genetic 

divergence found in adult An. gambiae mosquitoes exceeded the numbers of 

the OTUs defined at 3% genetic divergence in this study by at least 50 OTUs. 

This could be due to differences between An. gambiae to Culex and Aedes or 

due to differences in sequence quality filtering processes. For example, if the 

sequences were assigned to OTUs without passing through the denoising  
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Figure 9. Hierachical cluster (below) showing clustering pattern of samples based 

on 16s rRNA sequences. A matrix (above) shows distances between all pairs of 

samples using unweight UniFrac algorithm. The quartiles of UniFrac values have 

different colors allowing visual comparison of similarities. All pairs of samples were 

significantly different (P-value < 0.001), using UniFrac significant test. This matrix is 

then used in the construction of hierachical clustering. The numbers at the nodes 

indicated how often the clusters are recovered when smaller sets of sequences are 

sampled from the samples. 

 

0.05

rur.alb.9

rur.qui.25

urb.aeg.10

rur.alb.25

sub.aeg.25

rur.alb.3

rur.aeg.25

85 

100 

<50 

<50 

<50 

<50 



   78 

 

 

 

 

 

 

aeg.rur.25 aeg.sub.25 aeg.urb.10 aeg.urb.25 alb.rur.25 alb.rur.3 alb.rur.9 qui.rur.25 qui.sub.25 qui.urb.25
aeg.rur.25 0 0.5817* 0.6855 0.6601 0.6499 0.6830 0.7388 0.6991 0.7480 0.7297

aeg.sub.25 0 0.6083 0.5774* 0.6270 0.6224* 0.7159 0.6776 0.7379 0.7022
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* P-value > 0.05

Figure 10. Hierachical cluster (below) showing clustering pattern of samples based 

on 18s rRNA sequences. A matrix (above) shows distances between all pairs of 

samples using unweight UniFrac algorithm. The quartiles of UniFrac values have 

different colors allowing visual comparison of similarities. Stars indicated pairs of 

sample that were not significantly different (P-value > 0.05), using UniFrac 

significant test. This matrix is then used in the construction of hierachical clustering. 

The numbers at the nodes indicated how often the clusters are recovered when 

smaller sets of sequences are sampled from the samples. 
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Table 7. Number of 16s rRNA sequences from each sample that were found to be similar to sequences in the NCBI database using BLAST. 

Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Urban Urban Suburb Rural Rural Rural Rural Rural Suburb Urban Taxon 

10 25 25 25 25 9 3 25 25 25 
Total 

Actinobacteria                       
Streptomyces       384             384 
Mycobacterium 22     30             52 
Corynebacterium 4                   4 
Kocuria   2                 2 
Micrococcus   1                 1 
Unclassified Propionibacterium               1     1 

Alphaproteobacteria                       
Wolbachia 4     130 1505 8589 709 17 859 1 11814 
Pseudomonas 2   11 819 11 862   20     1725 
Novispirillum                   1216 1216 
Acetobacter       607             607 
Asaia   2   1 1 2   431 15 2 454 
Gluconobacter   2       408 11 15 4 1 441 
Zymomonas               34     34 
Brevundimonas         31           31 
Commensalibacter         10           10 
Rhizobium           7         7 
Paracoccus         3     2     5 
Sphingomonas             4       4 

Bacilli                       
Lactococcus         392     197     589 
Leuconostoc       341             341 
Weissella       198         101   299 
Enterococcus     5   44           49 
Fructobacillus         36           36 
Staphylococcus   8                 8 
Bacillus                 2   2 
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Table 7. Cont. 

Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Urban Urban Suburb Rural Rural Rural Rural Rural Suburb Urban Taxon 

10 25 25 25 25 9 3 25 25 25 
Total 

Bacteroidetes                       
Unclassified Bacteroidetes         3     524     527 
Chryseobacterium     474               474 
Unclassified Porphyromonadaceae         195           195 
Hymenobacter       32             32 
Elizabethkingia   3                 3 
Siphonobacter     3               3 

Betaproteobacteria                       
Unclassified Burkholderiales       309             309 
Burkholderia       250             250 
Unclassified Betaproteobacterium 1     209             210 
Delftia         43           43 
Ralstonia     14               14 
Pandoraea   7                 7 
Deltaproteobacteria                       
Bacteriovorax               44     44 
Erysipelotrichi                       
Streptococcus       7             7 
Lactobacillus               1     1 

Gammaproteobacteria                       
Morganella 7469     3 2794           10266 
Pantoea     7572   68     1462 3 20 9125 
Providencia       3602 24     3   2 3631 
Unclassified Enterobacteriaceae     3 22 317 63   2690     3095 
Stenotrophomonas   204 9 613 1068 22 43 251   27 2237 
Enterobacter 1 111 2 1 119     1000     1234 
Unclassified Enterococcaceae         658           658 
Escherichia 3 251 2 361   3 1 7     628 
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Table 7. Cont. 

Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Urban Urban Suburb Rural Rural Rural Rural Rural Suburb Urban Taxon 

10 25 25 25 25 9 3 25 25 25 
Total 

Gammaproteobacteria (Cont.)                       
Unclassified Gammaproteobacterium 1 1   3 64 495 1 8     573 
Acinetobacter 20   6 345 26 2 26 139     564 
Serratia 4   4 368 4 11 1 102     494 
Orbus         467           467 
Pantoea     90   1     46   1 138 
Citrobacter 19   68 43 3     2     135 
Halomonas   1     62 2   7     72 
Zymobacter           40   16     56 
Flavobacterium               23     23 
Klebsiella   6           3   5 14 
Cronobacter     3         4     7 
Rahnella     1 1   1         3 
Aeromonas   2                 2 
Salmonella   1                 1 
Unclassified Oceanospirillales    1                 1 

Spirochaetes                       
Spironema           28         28 

Unclassified non-eukaryote 95 10 380 330 593 217 94 238 2 3 1962 
Total 7623 613 8647 8595 8542 10752 890 7287 986 1278 55213 
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Table 8. Number of 16s rRNA sequences from each sample that were found to be similar to sequences in the NCBI database using BLAST. 

Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Rural Suburb Urban Urban Rural Rural Suburb Urban Taxa 

25 25 10 25 25 3 9 25 25 25 
Total 

Apicomplexa                       
Ascogregarina taiwanensis 1   2 1530 22251 1816 8534       34134 
Ascogregarina culicis 975 36383 1167 13799 4   1       52329 
Gregarina coronata         11           11 

Arthropoda                       
Aedes spp. 13 57   772   2         844 
Culex spp.                 7   7 

Chordata                       
Homo sapiens 214       9       5   228 

Oomycota                       
Halophytophthora sp.                 20   20 

Ascomycota                       
Capnodiales 18 1799 27 334 89 29 8 20 353 1 2678 
Eurotiales 228 141 98     12 2   3   484 
Saccharomycetales 118   39   110 6 61 43 21   398 
Unclassified Ascomycota 2   9   13 44 2   21   91 
Pleosporales   5       34 15   16   70 
Xylariales   2       10     11   23 
Hypocreales           9     10   19 
Pleosporomycetidae           17         17 
Capnodiales           11         11 
Unclassified Dothideomycete 2 1   3         5   11 
Microthyriales           9         9 
Hypocreales                 8   8 
Sordariales         6           6 
Unclassified Scolecobasidium                 5   5 
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Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Rural Suburb Urban Urban Rural Rural Suburb Urban Taxa 

25 25 10 25 25 3 9 25 25 25 
Total 

Ascomycota (Cont.)                       
Botryosphaeriales             4       4 
Unclassified Pezizomycotina                 3   3 
Pleosporales                 1   1 
Chaetothyriales                 1   1 
Helotiales                 1   1 

Basidiomycota                       
Agaricales 216 53       26   51 48   394 
Wallemiales 297                   297 
Polyporales 91   20     4 10 9 6 2 142 
Ustilaginales 6               109   115 
Agaricostilbales       25         36   61 
Cantharellales                 49   49 
Unclassified Basidiomycota 1   28   13   6       48 
Corticiales       38             38 
Platygloeales                 33   33 
Unclassified Agaricomycetes     7 22             29 
Microstromatales                 21   21 
Hymenochaetales   3             13   16 
Sporidiobolares                 13   13 
Trechisporales                 12   12 
Russulales           6     1   7 
Tremellales             5       5 
Atheliales                 3   3 
Unclassified Basidiomycete 1                   1 

Table 8. Cont  
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Table 8. Cont. 

Ae. aegypti Ae. albopictus Cx. quinquefasciatus 
Rural Suburb Urban Urban Rural Rural Suburb Urban Taxa 

25 25 10 25 25 3 9 25 25 25 
Total 

Blastocladiomycota                       
Coelomomyces sp.              979       979 

Chytridiomycota                       
Spizellomycetales                 6   6 

Glomeromycota                       
Glomerales       1       1 1   3 
Diversisporales                 1   1 

Zygomycota                       
Entomophthorales     10   12   6 415   1411 1854 
Mortierellales 72 1             9   82 
Mucorales             3       3 

Nematoda                     0 
Dirofilaria sp. 1                   1 

Myxomycota                     0 
Protostellium sp.   1                 1 

Unclassified fungus   16 1 66   19 1   24 1 128 
Unclassified eukaryote     46 68 170 2 6   60   352 

Total 2306 38512 1474 16708 22738 2062 9661 589 986 1465 96107 
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process, the numbers of OTUs at 3% divergence were 2-5 times higher than 

those resulting from denoised sequences (data not shown).  

 The bacteria found commonly associated with Ae. aegypti, Ae. 

albopictus, and Cx. quinquefasciatus in this study were similar to findings in 

other studies. Some bacteria species that have not been described in 

mosquitoes before were mainly found sporadically in only one or a few 

samples, though the density of these sequences could be abundant. This 

indicated that these uncommon bacterial species were facultative and may be 

acquired more by chance from the environment. Perhaps like many 

pathogenic organisms, they are distributed heterogeneously amongst hosts. 

Conversely, it could not be inferred that bacteria that were found commonly 

associated with mosquitoes were permanent symbionts since these bacteria 

may be those that were also broadly distributed in the environment and 

mosquitoes could pick up easily.  

 The most abundant bacterial species found in Ae. albopictus was 

Wolbachia. In two out of three Ae. albopictus pools (those that had pool size = 

3 and 9), around 80% of all reads belong to this bacteria. In the last sample 

(pool size = 25), Wolbachia sequences represented only 18% of all 

sequences. Interestingly, this sample also has the most diverse bacterial 

community. Hence, the lower density of Wolbachia sequences in this pool 

could be due to competitive binding to primers used.  

 Even though natural Wolbachia infection has never been detected in 

Ae. aegypti, we found Wolbachia 16s rRNA sequences in these mosquitoes 

from the rural and urban habitat. Preliminary analysis of these sequences 
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indicated that Wolbachia found in the urban samples were more similar to 

those that infect nematodes than insects. This finding agrees with the fact that 

Dirofilaria 18s rRNA sequence was also recovered in that particular pool. 

Interstingly, the Wolbachia sequences found in the other pool of Ae. aegypti 

were more similar to those of insects. This observation, however, could be the 

result of cross-contamination and needs to be follow-up on to confirm whether 

this is a new record of infection by Wolbachia of Ae. aegypti, or an artifact.  

 Ascogregarina spp. were the most abundant micro-eukaryptic species 

found associated with Aedes mosquitoes. Ascogregarina taiwanensis 

(Apicomplexa: Lecudinidae) and A. culicis are 2 protozoan parasites of Ae. 

albopictus and Ae. aegypti, respectively (Lien and Levin 1980). However, 

cross-infections between the two hosts are possible since the two mosquito 

species often share the same larva habitat (Dos Passos and Tadei 2008). 

Moreover, A. taiwanensis has been found in other insect vector, Lutzomyia 

longipalpis (McCarthy et al. 2011). This indicated that host specificity may not 

be as strict. Our result showed that Ae. aegypti and Ae. albopictus were 

mainly infected with A. culicis and A. taiwanensis, respectively, with some 

cross-infections occur.  

 Most species of fungus that have been extensively studied in 

mosquitoes are those that could be applied in mosquito control (Scholte et al. 

2004, Kanzok and Jacobs-Lorena 2006). In this study, three fungus species, 

Coelomomyces, Conidiobolus, and Erynia, shown to be entomopathogenic, 

were found in Ae. albopictus collected from the rural habitat. Interestingly, 

human 18s rRNA sequences were discovered in a few mosquito pools. We 

intentially removed visibly engorged blood-fed mosquitoes from our samples, 
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however, it is possible that some mosquitoes had blood-fed a few days prior 

to sampling and traces remained. This slightly engourged state cannot be 

observed precisely under the microscope but remnants of human DNA are 

still detectable. These slightly engourged mosquitoes could pose a problem in 

comparing microbiomes between species because others have shown that 

mosquito midgut bacterial communities are dynamic and varied significantly 

with respect to blood-fed state (Wang et al. 2011). 
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CHAPTER 4. CONCLUSION 

 

 The specific objective of this study is to characterize the diversity of 

mosquitoes, their associated microbial communities, and potential pathogens 

along habitat gradients in Thailand. This is done with an incentive to identify 

structural patterns of mosquito communities and mosquito-related microbial 

communities as found in certain habitat types, which enhance arboviral 

disease transmission and emergence. The hypothesis is that the emergence 

of mosquito-borne pathogens involves factors generally related to the decline 

of the mosquito and associated microbe diversity due to anthropogenic 

change, allowing certain vector and pathogen species to become dominant. 

To this end, we characterized adult mosquito communities along a forest-

agro-urban habitat gradient. Adult mosquito traps were set along the habitat 

transect to assay mosquito communities in each characterized habitat. The 

mosquito samples were then identified using morphological characters. The 

abundance of mosquito and vector species as well as the communities’ 

richness and diversity down to the microbiome level were assessed.  

 Mosquito communities varied between habitat types. Using the same 

type and amont of trapping effort, the most abundant number of mosquitoes 

were found in the rice field habitat and the least in the forest. The highest 

number of mosquitoes caught indoors was in the urban habitat. Based on 

extrapolated species richness estimators such as Chao1 and ACE, forest and 

fragmented forest had the most diverse mosquito communities, despite the 

lower number of individuals, followed by the rural, rice field, and suburban 

habitats. The urban habitat had the least diverse mosquito communities. 
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Interestingly, the densities of two important disease vector species, Ae. 

aegypti and Cx. quinquefasciatus, were found to inversely correlate with 

diversity of mosquito communities using ACE index. Some habitat drivers that 

contributed to the high number of these two vectors, caught primarily indoors, 

were also identified.  

 In Thailand, Ae. aegypti is the main vector for dengue and Cx. 

quinquefasciatus for Japanese encephalitis. Both arboviral diseases are of 

major public health concern with high numbers of reported cases each year. It 

is worth noting that this finding does not imply that the high diversity of 

mosquito communities resulted in the abundance of the two vector species. 

Rather, there was correlation between low diversity of mosquito community in 

the urban habitat and the high density of vector. As mentioned earlier, disease 

transmission outcomes that may result from changes in community diversity 

depend on the species compostion in that ecosystem after perturbation. If 

those host species most responsible for amplifying the pathogen tend to 

persist as diversity declines, then disease risk will increase as the total 

community diversity decreses. This seems to be the case for arthropod-borne 

viral disease systems in Thailand, where an important vector species 

increased as diversity of mosquito community declined.  

 The reasons for this relationship cannot be drawn from the present 

study. However, recall that vector competence is just one of the suite of 

characters that define vector ability or "capacity" to transmit a pathogen. 

Competence includes a vector's susceptibility to infection with a pathogen, 

and the capacity of the infected vector to transmit that pathogen to a 

susceptible host. In addition to competence, vector capacity includes a variety 
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of other essential traits, i.e., host preference, longevity, extrinsic incubation 

time, and abundance, all critical to determining whether a species is an 

efficient disease vector. The mosquito species that persist in degraded, less 

diverse habitats may serve as efficient disease vectors due to either their 

competence (susceptibility to infection and capacity to transmit pathogens) or 

their vector capacity (such as their density). Interestingly, the two vector 

species that persist in the most degraded, least diverse habitat in this study, 

Ae. aegypti and Cx. Quinquefasciatus, are not necessarily the best vectors in 

term of vector competence. Hence, it could be inferred that their roles as 

important vectors for arboviral diseases in Thailand is also aided by their 

vectorial capacity, including their abundance. As the diversity of mosquito 

community decreases along an anthropogentic habitat gradient, it is 

interesting to observe the rise of one or two mosquito vector species in a way 

that could promote higher vector capacity.  

 It is worth noting that other factors that may have an important role in 

the arboviral disease transmission pattern were not characterized in this 

study, For example, the density of hosts, immune status of hosts, and viral 

genetic factors have not been characterized and could play significant roles in 

determining disease transmission risk in certain areas.    

 We also characterized the vector-assocaited microbial communities 

using 16s and 18s amplicon-based next-generation sequencing and screened 

for flaviviruses using Real-time RT-PCR. Pathogens interact both directly and 

indirectly with microbiomes in their environment. Interestingly, it has been 

shown that diversity of microbial communities could have impact on disease 

transmission outcomes. We chose to characterize 10 mosquito samples from 
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rural, suburban, and urban habitats, each composed of pooled individuals of 

one of the three vector species: Ae. aegypti, Ae. albopictus, and Cx. 

quinquefasctiatus. Since pools of mosquitoes may not have the same size 

(number of individuals composing the pooled samples), we also chose to 

characterize pools of the same species that were collected from the same 

habitat with varied sizes to determine the effect of pool size on the diversity of 

microbiomes. 

 We were limited by the number of samples that could be run on the first 

try and the unequal distribution of number of reads that resulted from 

pyrosequencing, as well as the ability to detect the rare arboviral infection in 

mosquitoes. Our hypothesis cannot be statistically tested and our findings 

could not be genearized in this study. However, some interesting patterns 

could be observed from the 10 samples. For example, the prokaryptic OTUs 

increased as the pool size increased. However, this trend was not true for 

eukaryotes. When comparting bacterial diversity from Ae. aegypti samples the 

same pool size using Chao1 index, the diversity was higher in the rural habitat 

than in the suburb. In contrary, the diversity of eukaryotes associated with Ae. 

aegypti was highest in urban, followed by rural, and suburban habitat. When 

compared diversity between species in rural habitat, which is the most 

informative site, the most diverse non-eukaryote and eukaryotic communites 

were associated with Ae. albopictus with pool size of 25 and 9, respectively. 

Lastly, determined from sample clustering pattern based on beta-diversity 

indices, structures of microbiomes were determined mainly by the species of 

their host and not by the habitat type of the host. This could suggest that there 

were some constraints put forth by hosts that determine which microbes could 
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be established or associated with them, and this could be due to either 

genetic or behavioural factor of the hosts. This inference, however, is based 

on the assumption that each habitat type has different microbial community 

structure and composition. 

 Furthermore, some pathogenic species for either vertebrate hosts or 

vectors were identified from vector samples using pyrosequencing. For 

example, Dirofilaria 18s sequence was recovered from Ae. albopictus 

collected from the rural habitat. A few entomopathogenic fungus species were 

also found in Ae. albopictus from the rural habitat. Wolbachia, one of the most 

widespread and common bacterial parasites of insects was found associated 

with both Cx. quinquefasciatus and Ae. albopictus from all habitats. In 

general, most bacterial species that were commonly found in most mosquito 

samples have also been previously identified elsewhere. Those that have not 

been described in mosquitoes before were generally rare among host 

samples. However, this is the first study to completely characterize 

eukaryotes associated with mosquitoes based on 18s-rRNA sequences. 

 The study is innovative as it combines interdisciplinary approaches 

from ecology and medical microbiology to examine the links between 

biodiversity and human health, integrating a range of ecological to biological 

data across a zone of disease emergence and biodiversity loss in Thailand. 

We were able to characterize mosquito communities and vector-associated 

microbiomes across habitat types and observed the distribution of important 

vector species in relation to community diversity. However, in order to 

generalize how microbiome diversity across habitat types may relate to the 

distribution of viral pathogens, more samples need to be characterized.  
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 Collectively, we expect these outcomes will greatly add to our 

understanding of the dynamics of mosquitoes and their associated microbial 

communities in different habitat types and how these dynamics could 

contribute to emergence of arboviral disease. We hope that this study will 

impact public understanding by providing the operational link between 

biodiversity and disease, and indicating the value of maintaining an intact 

landscape for the reduction of human disease. 
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APPENDIX A. INDOOR AND OUTDOOR HABITAT VARIABLES 

CHARACTERISED AT THE TRAPPING EVENT LEVEL 

Variables and their respective values Number of 
TE 

 Indoor trapping event: total number 187 
House Type  

2 story wood 39 
cement block 20 
stucco 35 
elevated wood 64 
tin 2 

People number  
1 12 
2 29 
3 28 
4 35 
5 26 
6 12 
7-12 10 

Inhabitants stay home during the day  
Often 128 
Sometimes 24 
Rarely 2 

Business attached to the house  
Yes 26 
No 136 

The house is completely enclosed (screened window, sealed wall)  
Yes 4 
No 158 

Amount of natural light inside the house  
High 18 
Medium 46 
Low 94 

Presence of stagnant water under the house  
Yes 32 
No 126 

Amount of trash around the house  
High 30 
Medium 54 
Low 70 

Amount of clutter around the house  
High 34 
Medium 74 
Low 46 

Amount of vegetation around the house  
High 14 
Meidum 89 
Low 57 

Presence of ant traps inside the house  
Yes 40 
No 122 
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Variables and their respective values Number of 
TE 

Indoor trapping event: total number 187 
Presence of cement cisterns inside the house  

Yes 60 
No 102 

Presence of water storages inside the house  
Yes 106 
No 56 

Presence of vase inside the house  
Yes 17 
No 145 

Presence of water storage outside the house  
Yes 146 
No 16 

Presence of temporary water course outside house  
Yes 66 
No 96 

Presence of permanent water course outside house  
Yes 73 
No 89 

Presence of bamboo outside house  
Yes 100 
No 62 

Presence of dogs  
Yes 82 
No 51 

Presence of cats  
Yes 55 
No 78 

Presence of caged birds  
Yes 13 
No 120 

Presence of chicken  
Yes 32 
No 101 

Presence of cow or buffalo  
Yes 0 
No 153 

Presence of other animal  
Yes 13 
No 149 

Outdoor trapping event: total number 553 
Amount of Tree  

0-5 trees 119 
5-15 trees 184 
>15 trees 194 

Presence of bamboo  
Yes 232 
No 275 

Distance from rice field  
- mean = 34.63 m, median = 30.00, min = 0, max = 200 301 
- categorical 'far'  196 
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Variables and their respective values Number of 
TE 

Outdoor trapping event: total number 553 
    Distance from the nearest house (meters)  

- mean = 19.04 m, median = 15, min = 0, max = 90  389 
- chategorical 'far' 119 

Distance from the nearest light (meters)  
- mean = 19.90, median = 15, min = 0, max = 90  388 
- chategorical 'far' 119 

Percent shade at the trap placement  
mean = 71.33, median = 75, min=0, max=100 507 

Trees with fruit presence  
Yes 241 
No 266 

Permanent water course presence  
Yes 290 
No 218 

Temporary water course presence  
Yes 127 
No 378 

Presence of coconut husks  
Yes 149 
No 361 

Presence of tree holes  
Yes 238 
No 272 

Presence of rock puddles  
Yes 56 
No 454 

Presence of leaf axils  
Yes 99 
No 411 

Presence of mud puddles  
Yes 218 
No 292 

Presence of snail shells  
Yes 76 
No 434 

Numbers of artificial larval habitat  
None 243 
1 to 5 132 
5 to 10 65 
10 to 15 38 
>15, lots 33 
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APPENDIX B DNA SEQUENCES OF MULTIPLEX IDENTIFIERS, 

ADAPTER, AND GENE-SPECIFIC PRIMERS USED IN THE STUDY  

 

Description Sequence (5' to 3') 
MID 1 ACGAGTGCGT 
MID 2 ACGCTCGACA 
MID 3 AGACGCACTC 
MID 4 AGCACTGTAG 
MID 5 ATCAGACACG 
MID 6 ATATCGCGAG 
MID 7 CGTGTCTCTA 
MID 8 CTCGCGTGTC 
MID 9 TAGTATCAGC 
MID 10 TCTCTATGCG 
Adapter A CGTATCGCCTCCCTCGCGCCATCAG 
Adapter B CTATGCGCCTTGCCAGCCCGCTCAG 
forward primer for 16s rRNA gene CCTACGGGRSGCAGCAG 
forward primer for 18s rRNA gene GAAACTGCGAATGGCTC 
reverse primer for 16s rRNA gene CCRGGGTATCTAATCC 
reverse primer for 18s rRNA gene ACCAGACTTGCCCTCC 
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