
ABSTRACT

EVANS, BRIAN PATRICK. Influence of Mosquito Larvae on Bacterial Diversity and
Abundance, and on the Oviposition Response of Gravid Aedes aegypti (Diptera:
Culicidae). (Under the direction of Charles S. Apperson).

The primary objectives of our study were to determine whether larval Aedes

aegypti alter the bacterial community landscape of laboratory microcosms containing

white oak (Quercus alba) leaf infusion (OLI) and to evaluate the degree to which a

larval-altered bacterial community influences the olfactory/oviposition response of

gravid Ae. aegypti. We found that the feeding activity of Aedes aegypti larvae

influenced the production dynamics of bacterial food sources. Abundance (cells/ml

of infusion) of total bacteria (culturable and unculturable species) declined from 8 to

28 d after addition of larvae while abundances of culturable bacteria were largely

unaffected by the presence of larvae over a 32-d period. On average, abundance of

culturable bacteria accounted for only 2.5% of the abundance of total bacteria in oak

leaf microcosms, which suggests that larvae primarily fed on unculturable bacteria.

Bacterial community structure for microcosms with and without larvae was profiled

with denaturing gradient gel electrophoresis (DGGE) using PCR-amplified 16S

ribosomal DNA fragments from extracted total genomic DNA. Analysis of matrix

distance coefficients between DGGE profiles using non-metric multi-dimensional

scaling demonstrated a larval effect on the bacterial community structure beginning

on days 12 or 16 to the end of the experiment (day 32). Additionally, we discovered

that over consecutive days, particularly prominent DGGE bands (= bacterial

operational taxonomic units) which had appeared in profiles of larval microcosms,

were either absent or found at proportionately lower intensities in corresponding



profiles from microcosms in which larvae had been absent and vice versa. Such

findings provide evidence that mosquito larvae alter the bacterial community

structure in laboratory microcosms.

To determine whether alteration of the bacterial community structure in OLI by

mosquito larvae influenced the olfactory/oviposition response of gravid mosquitoes,

we used a binary bioassay to evaluate the attractant/repellent and

stimulant/deterrent properties of OLI which contained larvae. Each experimental

replicate produced a different olfactory/oviposition response pattern over the 32 d of

the experiment, indicating that larval alteration of the bacterial community structure

had no consistent effect on the olfactory/oviposition response of gravid adults.

However, for some experimental replicates, the occurrence of some DGGE gel

bands or band patterns was associated with an enhanced oviposition response.

Laboratory experiments were also carried out to investigate the fitness of larval

cohorts of Ae. albopictus (Skuse) and Ae. aegypti L. in microcosms containing white

oak leaves as a source of detritus. Some microcosms contained whole leaves while

leaf particulates were added to other microcosms to simulate the activity of leaf-

shredding arthropods in a detritus processing chain. Larval performance variables

(larval survival and development time, and adult emergence) in these microcosms

were separately evaluated for both mosquito species in factorial experiments

involving combinations of larval density (0.5 and 1.0 larvae per mL) and leaf biomass

(4.2 and 16.8 g/L). Ae. albopictus exhibited superior larval fitness relative to Ae.

aegypti at each level of larval density and leaf biomass and for each leaf condition

evaluated. Ae. albopictus and Ae. aegypti responded differently to leaf condition,



which suggests that processing chain interactions between these species and top-

level consumers would vary in nature.
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Chapter 1

A Functional Relationship Between Mosquito Larvae and Bacteria in

Laboratory Microcosms Affects the Oviposition Response of

Gravid Aedes aegypti

Abstract

The presence/absence of microorganisms (protozoa, fungi, bacteria, algae)

and particles such as maize pollen grains have a direct impact on larval mosquito

development and/or adult emergence. Exogenous inputs such as leaf detritus

and stemflow (or its components) can enhance microbial abundance/productivity

and alter microbial diversity within microcosms which, in turn, affect mosquito

growth parameters. While bacteria is an important component of the larval diet,

research has shown that other microbes such as fungi and algae may provide

key nutrients (e.g. polyunsaturated fatty acids) that are absent in a diet consisting

solely of bacteria and yet are necessary for larval mosquito development and/or

adult emergence.

Grazing by mosquito larvae can influence microbial abundance/productivity

and alter the microbial community structure of leaf detritus to an even greater

degree than exogenous inputs of stemflow and/or its components. These

findings raise questions about effects of larval-modified microbial communities on

behaviors such as mosquito oviposition since bacteria and/or their metabolites

have been implicated as oviposition attractants/stimulants for gravid mosquitoes.
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Introduction

Aedes aegypti inhabit water-filled containers in and around human dwellings in

urban and suburban settings. Nutrient inputs of leaf detritus are a critical component

of many container habitats and form the basis of most food webs (Moore et al. 2004;

Merritt et al. 1992). Microorganisms (i.e. bacteria, protozoa, fungi) function as basal

consumers of leaf detritus in larval mosquito habitats (Merritt et al. 1992). Microbial

communities located on the surfaces of leaf detritus are, in turn, necessary food

sources for larval mosquito growth and development (Cochran-Stafira and von Ende

1998, Kaufman et al. 1999, 2001, 2002, Eisenberg et al. 2000, Merritt et al. 1992).

The feeding activity of container-inhabiting larvae alters the microbial community

structure within food webs (Kaufman et al. 1999, 2000). In particular, grazing by

larval Ochlerotatus triseriatus can increase the relative proportion of facultative

anaerobic bacteria, most notably enteric bacteria within laboratory microcosms

(Kaufman et al. 1999, 2000).

Microbial communities within mosquito habitats produce nonvolatile and volatile

chemicals through the decomposition of detritus material (Bentley and Day 1989,

Clements 1999, Millar et al. 1992). Some of these compounds may serve as

semiochemicals that mediate selection of an oviposition site and are largely

responsible for the spatial distribution of mosquito species in nature (Bentley and

Day 1989). Several studies have shown that oviposition site selection is influenced

by bacteria and/or bacterial metabolites (Benzon and Apperson (1988) for

example). We propose that the functional relationship between mosquito larvae and

bacteria affects the oviposition response of gravid Ae. aegypti. This relationship is
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dependent upon the quantity and quality of nutrient inputs from leaf detritus

(Srivastava and Lawton 1998).

The primary objectives of my dissertation research are: (1) to determine

whether larval Ae. aegypti alter the bacterial community landscape of oak leaf

infusions; and (2) to evaluate whether a larval-altered bacterial community

influences the oviposition response of gravid mosquitoes. My hypothesis is that

larval Ae. aegypti alter the bacterial community landscape of oak leaf infusions

which results in marked changes in the oviposition response of gravid Ae. aegypti.

This chapter will lay the foundation for my hypothesis by providing an overview

of the following: (1) the importance of detritus and stemflow on larval growth via the

ingestion of microbes (bacteria, fungi, protozoa, and algae); (2) a review of the

literature on the microbial food of mosquito larvae since the review article by Merritt

et al. (1992); (3) evidence to show that mosquito larvae can modify the bacterial

community structure in microcosms; and (4) evidence that bacteria produce

mosquito oviposition attractants and/or stimulants, with particular emphasis on

Aedes. Finally, I will reintroduce the primary objectives of this dissertation and will

provide an overview of my experimental approach.

Indirect Sources of Larval Mosquito Nutrition

Heterotrophic microorganisms (i.e. bacteria, protozoa, fungi) are the primary

food source for larval mosquitoes (Merritt et al. 1992). Microorganisms found on

detritus material, the surfaces of containers or suspended in water, all contribute

significantly to the diet of container-inhabiting mosquitoes (Merritt et al. 1992).

Indeed, scanning electron micrographs provide illustrative evidence that browsing by
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one particular container-inhabiting species, Oc. triseriatus, reduces microbial

abundance on decaying leaves (Fish and Carpenter 1982). However, studies on the

role of detritus in mosquito development have generally ignored the role of microbes

(Leonard and Juliano 1995 for example). Detritus is a critical component of most

food webs (Moore et al. 2004) and may be in the form of plant material (Merritt et al.

1992) or animal tissue such as invertebrate carcasses (Daugherty et al. 2000, Yee

and Juliano 2006). Since microbial biomass is associated with leaf quantity and

decomposition rate (Srivastava and Lawton 1998), the degree to which larvae grow,

survive and/or emerge into adults in container habitats is dependent on leaf quantity

(Braks et al. 2004, Carpenter 1983, Walker et al. 1997) and leaf quality (i.e. plant

species and age) (Carpenter 1982, Dieng et al. 2002, Fish and Carpenter 1982,

Walker et al. 1997).

Another exogenous input, stemflow (rainwater flowing down tree trunks) or its

component compounds/ions, can have positive effects on specific mosquito

development parameters (Carpenter 1982; Walker et al. 1991; Kaufman et al. 2002,

2006). However, effects of these inputs on microbial abundance and community

structure are much more limited when compared to effects of larval grazing

(Kaufman et al. 1999, 2002). The following two subsections will discuss the roles of

leaf detritus and stemflow (and its components) on the growth and development of

mosquito larvae. While I have partitioned the discussion into two categories, leaf

detritus and stemflow, be mindful that these inputs work in concert with one another

in nature (most especially in treehole microcosms) and that it is their combined effect

that influences larval growth and development and adult emergence. Additionally,
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other factors such as competition (Daugherty et al. 2000, Braks et al. 2004, Yee et

al. 2004), predation (Griswold and Lounibos 2005), and larval density (Braks et al.

2004, Kaufman et al. 2001, Dieng et al. 2002, Fish and Carpenter 1982, Walker et

al. 1997, Leonard and Juliano 1995, Juliano 1998) affect larval growth and

development and/or adult emergence. However, discussion in the next two

subsections is restricted to the indirect effects of detritus and stemflow.

Leaf Detritus

Studies of effects of leaf quantity on larval mosquito growth parameters have

shown higher leaf quantities to be associated with enhanced larval growth and

development (Carpenter 1983, Walker et al. 1997, Braks et al. 2004). In laboratory

microcosms, higher food rations of beech litter (100 or 50 mg/larva versus 25

mg/larva) influence larval Oc. triseriatus growth and development (number of

survivors, number of pupae, average male/female pupal masses, male/female

pupation rates) (Carpenter 1983). High leaf rations (1.0 g per 40 larvae) of

senescent leaves (American beech) result in significantly higher survivorship (larval

survival to adult emergence) of Oc. triseriatus than low leaf rations (0.5 g per 40

larvae) of senescent leaves (Walker et al. 1997). Survivorship (number of pupae

produced by 70 d) in Ae. aegypti and Ae. albopictus is significantly greater at higher

food levels (0.50 g versus 0.25 g avocado leaves/microcosm) while development

time (number of days from hatching to adulthood) is significantly reduced at the

higher food level for Ae. albopictus only (Braks et al. 2004).

The degree of larval growth and development is highly dependent on leaf

quality (Dieng et al. 2002, Fish and Carpenter 1982, Walker 1997). Leaf quality is
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dependent on plant species or the age/condition of detritus. Ae. albopictus displays

higher survivorship and shorter development times in microcosms containing rapidly

decaying leaf litter, such as maple leaves (Acer buergerianum) (Dieng et al. 2002).

Rapidly decomposing leaf litter from the sugar maple, Acer saccharum, supports

greater biomass of Oc. triseriatus larvae than slowly decomposing leaf litter from

beech or black oak, Fagus grandifolia and Quercus velutina respectively (Fish and

Carpenter 1982). In addition to being dependent on the species of plant, larval

growth and development are also dependent on the age of leaf detritus. Larval

growth (survival to adulthood, development time, and body mass at adult

emergence) in Oc. triseriatus is significantly enhanced when larvae are reared in

microcosms containing fresh rather than senescent beech leaves, a response that

can primarily be attributed to differences in nutrient content between the two types of

leaves (Walker et al. 1997). Indeed, higher amounts of nitrogen, soluble protein and

carbohydrates and a lower carbon:nitrogen ratio are found in microcosms containing

fresh leaves than in microcosms with senescent leaves (Walker et al. 1997).

The positive effects of leaf detritus on larval growth parameters are most likely

due to microbes as will be discussed later. Higher leaf quantities allow for greater

substrate availability for microbial growth. In addition, microbial activity influences

the rate of decay of plant material and makes available additional microbial food for

developing larvae. Nutrient-rich fresh litter provides an ideal substrate for the growth

of microbes and for larval mosquito growth and development.
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Stemflow

The semi-sheltered habitat of the eastern treehole mosquito, Oc. triseriatus,

provides an ideal model for studying interactions among stemflow or soluble

nutrients; microbial diversity (productivity, species and abundance); and larval

growth and development (Carpenter 1982; Walker et al. 1991; Kaufman et al. 1999,

2002; Kaufman and Walker 2006). Factorial laboratory studies using such a model

can determine effects of multiple variables on larval mosquito growth and

development. This particular model has been used to evaluate effects of plant

detritus (beech, maple, oak, no detritus) and stemflow (beech, maple, oak, distilled

water) on pupation and survivorship of Oc. triseriatus after 40 d (Carpenter 1982).

Larval growth and development (number of survivors, number of pupae, average

male/female pupal masses, male/female pupation rates) are significantly stimulated

by stemflow components such as nitrates (with the exception of male pupal mass)

and sulfates but inhibited by ammonium which is toxic to insects at low

concentrations (Carpenter 1982). Sulfuric and nitric acids have significantly negative

effects on larval growth parameters (Carpenter 1982).

In general, laboratory microcosm studies involving Oc. triseriatus have

demonstrated that the effects of “bottom-up” inputs of stemflow on microbial

abundance, productivity (rate at which 3[H] leucine is incorporated into protein as a

measure of the growth rate of bacteria), and diversity in microcosms are minimal

compared to the “top-down” effects of grazing (discussed later) by Oc. triseriatus

larvae (Walker et al. 1991, Kaufman et al. 1999, 2002). According to Kaufman et al.

(1999), the addition of stemflow via a funnel equipped with tubing and a syringe
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needle (16 gauge) to control the rate of flow, mainly dilutes the concentrations of all

inorganic ions (chloride, sulfate, and ammonium) and organic compounds (total

dissolved organic carbon, soluble carbohydrates, and total protein) sampled in

laboratory microcosms with the exception of nitrates and nitrites. Bacterial

abundance and concentrations of most FAME (fatty acid methyl ester) groups are

not significantly affected by stemflow (Kaufman et al. 1999). Glucose, a labile

carbon source and a component of stemflow, enhances bacterial productivity in

treehole water samples (Kaufman et al. 2002). In laboratory microcosms, the

addition of a blend of components from stemflow (glucose, phosphate, and nitrate) is

necessary to stimulate bacterial productivity on the surfaces of leaves (Kaufman et

al. 2002). In field microcosms, this particular nutrient blend has little or no effect on

abundance of bacteria, protozoa and rotifers, protozoan cysts, and leaf fungal

biomass (Kaufman et al. 2002).

Stemflow addition increases pupation and adult emergence rates (Walker et al.

1991, Kaufman and Walker 2006). Initially, some authors believed that the increase

in mosquito production was due to addition of nutrient inputs from stemflow and the

removal of toxic metabolites by flushing (i.e. ammonium) (Walker et al. 1991). A

later study by the same laboratory suggested that the experimental design of Walker

et al. (1991) did not take into account the storm event intensity in Michigan during

the spring and early summer which can potentially cause significant dilution of

nutrients in treeholes (Kaufman and Walker 2006). In an attempt to account for

these weather patterns, Kaufman and Walker (2006) diluted and removed

metabolites immediately from microcosms treated with stemflow and found little
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effect of stemflow on adult emergence which contradicts their (Walker et al. 1991)

earlier findings. Kaufman and Walker (2006) argue against the earlier findings of

Walker et al. (1991) that flushing out and dilution of microcosms is a necessary

mechanism to reduce toxic metabolites and to enhance development since their

(Kaufman and Walker 2006) results showed that removal of these metabolites had

no effect on development (survival, adult weight, number of adults, female weight,

number of females, female development time). However, stemflow without flushing

did have a positive effect on mosquito development (Kaufman and Walker 2006).

Weekly additions of nitrates to treehole microcosms increases adult emergence and

overall adult biomass, enhances leaf decay rates, and increases fungal biomass

(Kaufman and Walker 2006). The findings by Kaufman and Walker (2006), which

illustrate a positive role for nitrates in adult emergence and overall adult biomass,

substantiate earlier findings by Carpenter (1982). Kaufman and Walker (2006) note

that in breeding habitats where pulses of nitrogen are readily available to increase

the decay rate of leaf matter, larvae may actually use fungi as a primary dietary

resource.

While stemflow or its components are known to positively influence some

mosquito development parameters (Carpenter 1982, Walker et al. 1991; Kaufman et

al. 2002, 2006), impacts of stemflow inputs on microbial abundance and community

structure are not well-understood (Kaufman et al. 1999, 2002). Additional studies

should examine effects of individual nutrients (i.e. glucose, nitrogen) (Carpenter

1982, Kaufman et al. 2002, Kaufman and Walker 2006) on microbial abundance,

productivity, diversity and mosquito development. The importance of such studies
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need not be restricted to treehole mosquitoes only, but instead should be applicable

to all invertebrates that inhabit aquatic microcosms.

Microbial Food of Mosquito Larvae

While the diet of larval mosquitoes has been reviewed previously by Merritt et

al. (1992), more recent research has revealed that the associations between

microbes and mosquito larvae are more complex than initially presented in the 1992

review. This section reviews the literature from the past 15 years on the microbial

diet of larval mosquitoes.

Four parameters addressed by Merritt et al. (1992) that generally remain

unchallenged in recent mosquito literature involve: (1) the phagostimulant properties

of certain foods (i.e. detritus or microbes); (2) influences of particle size on the rate

of ingestion; (3) effects of particle shape on the rate of ingestion; and (4) effects of

particle concentration on the rate of ingestion (Merritt et al. 1978, Merritt et al. 1992,

Dadd 1971). Nutritive particles tend to be ingested 4 to 6 times more quickly by

Culex tarsalis, Ae. aegypti, and An. albimanus than non-nutritive particles (Merritt et

al. 1978, Merritt et al. 1992, Dadd 1971). Therefore, when evidence suggests that a

particular mosquito preferentially feeds on a particular group of microbes, this choice

is dictated to a large degree by the physical (size, shape, and concentration) and

chemical (nutritive and phagostimulant properties) properties of the particles (Merritt

et al. 1978, Merritt et al. 1992, Dadd 1971). .

While bacteria is consistently thought to be a critical component in the diet of

larval mosquitoes (Merritt et al. 1992), more recently, roles of algae (Gimnig et al.

2002, Kaufman et al. 2006a) and fungi (Kaufman and Walker 2006) in the diets of
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An. gambiae and Oc. triseriatus, respectively have been investigated. Mosquito

larvae can modulate microbial diversity via their feeding activities (Kaufman et al.

1999, 2000). The next few sections discuss a role for protozoa, algae, fungi and

bacteria in the larval diet. Although maize pollen is not a microbe, the preference of

larval An. arabiensis for maize pollen grains is also discussed.

Protozoa

The water-filled leaves of the pitcher plant, Sarracenia purpurea, are host to a

community of organisms consisting of bacteria as the primary decomposer,

protozoans and rotifers as the bacteriovores, and the pitcher-plant mosquito,

Wyeomyia smithii as the top predator (Gray et al. 2006, Kneitel and Miller 2002,

Cochran-Stafira and von Ende 1998). This habitat is ideal for studying food web

interactions (Gray et al. 2006, Kneitel and Miller 2002, Cochran-Stafira and von

Ende 1998). Predation by W. smithii eliminates ciliate populations in laboratory

microcosms (Cochran-Stafira and von Ende 1998), reduces rotifer populations in

field studies (Kneitel and Miller 2002), and significantly reduces abundances of four

dominant bacteriovores (Bodo menges, Poterioochromonas, Colpoda, and

Habrotrocha rosa) in natural systems (Gray et al. 2002). While W. smithii grazes on

bacteria directly in the pitcher plant habitat (Cochran-Stafira and von Ende 1998), its

primary role is that of the keystone predator of protozoa (Gray et al. 2006 and

Cochran-Stafira and von Ende 1998) and rotifer populations (Kneitel and Miller

2002).

Ae. sierrensis larvae have no impact on free-swimming protozoa if the

substrate-bound resources (i.e. some types of bacteria) are sufficient (Washburn et
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al. 1991). However, there is a preferential shift towards filter-feeding as browsing

resources decline, thereby depleting free-swimming protozoan populations

(Washburn et al. 1991). Experiments using laboratory microcosms find that, even

when mosquito larvae are not present, protozoa are more inclined to reside in

resource-rich refugia; the interstitial spaces of leaf litter and the cracks and crannies

of treeholes that are inaccessible to larvae (Eisenberg et al. 2000). When the

amount of substrate-bound particulate food is increased (in this case rabbit chow) or

the refugia volume is increased, the predation pressure on bacteria and protozoa by

mosquito larvae decreases (Eisenberg et al. 2000). Findings also show that An.

quadrimaculatus larvae feed selectively on rotifers in open water relative to

vegetated zones (Wallace and Merritt 2004). The vegetated zones of an An.

quadrimaculatus habitat (Wallace and Merritt 2004) most likely offer interstitial

spaces for protozoa to hide from predators such as mosquito larvae.

In Oc. triseriatus habitats, the abundances of flagellates and ciliates (Paradise

and Dunson 1997, Kaufman et al. 2002) and protozoan cysts, ciliates, and rotifers

(Kaufman et al. 2002) decrease significantly in the presence of larvae. Long-chain

polyunsaturated fatty acids, which are characteristic of protozoa and meiofauna

(microfauna which inhabit algae and rock fissures), decline in abundance when

larvae are present (Kaufman et al. 1999). In fact, polyunsaturated fatty acids are a

necessary component in the diet of aquatic invertebrates (Brett and Muller-Navara

1997).

Protozoa have been found in the larval guts of An. quadrimaculatus (Walker et

al. 1988, Wallace and Merritt 2004), Oc. triseriatus (Walker at al. 1988), and
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Coquilletidia perturbans (Merritt et al. 1990). Protozoa in larval guts are found to be

minimal in number when compared to bacteria (Walker et al. 1988, Wallace and

Merritt 2004, Merritt et al. 1990). However, particle counts do not allow the

biovolume of each microbial group to be estimated. Biovolume may be a more

accurate measure of gut contents (Wetzel and Likens 1991). In addition, ciliates and

other protozoa may be more rapidly digested than bacteria and consequently

underestimated in gut analysis studies (Laird 1988). Although often receiving much

less attention than bacteria, protozoa appear to be a significant food source for larval

mosquitoes, most especially in circumstances where the abundances of substrate-

bound microbes are minimal.

Algae and Cyanobacteria

Anopheline mosquitoes rely heavily on the surface microlayer of temporary

bodies of water (i.e. puddles, tire tracks, footprints) to obtain resources for larval

growth (Minakawa et al. 1999, Gimnig et al. 2001, Minakawa et al. 2004). Two key

components of this microlayer are eukaryotic algae and cyanobacteria (Gimnig et al.

2002, Kaufman et al. 2006). In Kenya, larval feeding by An. gambiae alters the

composition of the algal community (Gimnig et al. 2002). Algal densities (small

green, large green) in the surface microlayer of artificial habitats designed to reflect

natural habitats (20 or 60 larvae per habitat) of An. gambiae decrease by one order

of magnitude in the presence of larvae (Gimnig et al. 2002). Large green algal

groups (colonial forms and/or exceeding 20 um in length) decline more precipitously

in the presence of larvae compared to the small green algae (Gimnig et al. 2002).

However, the relative abundance of cyanobacteria (compared to small green and
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large green algae) actually increases significantly at the lower larval density (20 per

habitat), suggesting that cyanobacteria are relatively indigestible by mosquitoes

(Gimnig et al. 2002). While cyanobacteria do not appear to be as "attractive" a food

source as green algae (Gimnig et al. 2002), some researchers have nevertheless

considered the use of cyanobacteria as a potential means to introduce bacterial

toxins into larval habitats due to the simplistic nature of their genomes, their

abundance in the environment, and their readied consumption by larval mosquitoes

(Thiery et al. 1991, Sangthongpitag et al. 1996, Xiaoqiang et al. 1997).

The importance of algae in the growth of An. gambiae larvae has been

demonstrated in a series of field, greenhouse, and laboratory experiments in Kenya

and the United States (Kaufman et al. 2006). In simulated larval habitats, pupal

production in containers in which the surface microlayer is exposed to sunlight (a

condition ideal for algal growth) and in containers where liver powder is exposed to

either sunlight or shade, is significantly greater than in containers where the surface

microlayers are exposed to shade only (Kaufman et al. 2006). When surface

microlayer bacterial populations of larval An. gambiae habitats are stimulated using

glucose, no pupation is reported suggesting further that algae may be a principle

dietary component of larval anophelines (Wotton et al. 1997). It is important to note

that algae contain nutrients essential for the growth of larvae such as

polyunsaturated fatty acids and sterols (Kaufman et al. 2006).

Algae from the guts of fourth-instar Cq. perturbans (Walker et al. 1988, Merritt et

al. 1990), An. quadrimaculatus (Walker et al. 1988, Wallace and Merritt 2004), An.

pseudopunctipennis (Bond et al. 2005), An. culicifacies (Piyaratne et al. 2005) and
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An. varuna (Piyaratne et al. 2005) have been enumerated using 4’6-diamidino-2-

phenylindole (DAPI) stain and epifluorescence microscopy. However, the relative

abundance of algae varies among studies. Gut content analyses aside, algae

appear to play a dominant role in the diet of larval anopheline mosquitoes (Gimnig et

al. 2002, Kaufman et al. 2006, Wotton et al. 1997).

Maize Pollen Grains

In addition to algae, development of larval anophelines is enhanced in pollen-

rich habitats (Ye-ebiyo et al. 2000, 2003a, 2003b). During the rainy season in sub-

Saharan Africa, habitats of the malaria vector An. arabiensis are covered by a

surface film consisting of maize pollen grains (50-90 µm in diameter) (Ye-ebiyo et al.

2000). Pupal development time is significantly reduced and adult biomass increased

in pollen-rich habitats versus habitats where pollen levels remain low (Ye-ebiyo et al.

2000). Maize pollen grains account for the majority of ingested material in the guts

from larvae collected in nutrient-rich areas (Ye-ebiyo et al. 2000). Presumably,

pollen grains contain water-soluble as well as nonsoluble proteins (Porter 1981,

Shortess 1983) and they contain a phagostimulant that permits larvae to locate

grains even in situations where the water is turbid (Ye-ebiyo et al. 2003b). Addition

of the phagostimulant enhances effectiveness of Bti against larval An. arabiensis

(Ye-ebiyo et al. 2003b), which may potentially lead to improved control of this

malaria vector.

Fungi

Studies on the role of fungi in the larval mosquito diet have been limited in both

number and scope (Fish and Carpenter 1982, Kaufman et al. 1999, 2001, 2002;
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Kaufman and Walker 2006). Presumably, this can be explained by the fact that the

majority of fungi are sequestered within the leaves and not readily available to

mosquito larvae. However, SEM images provided qualitative evidence that leaf-

associated fungi decline in the presence of larvae (Fish and Carpenter 1983). In

addition, more recent evidence has shown that leaf fungal biomass (ergosterol

content) is significantly reduced in the presence of larvae (Kaufman et al. 2002)

although FAME markers show no clear response to larvae (Kaufman et al. 1999).

Based upon estimates of larval biomass accrual and larval respiration, bacterial

biomass and production are insufficient to account for carbon demands of larvae

(Kaufman et al. 2001), which suggests that other microbes such as fungi or protozoa

make up this nutritional shortfall.

Recent evidence suggests that addition of nitrogen in the form of potassium

nitrate to Oc. triseriatus microcosms increases carbohydrase activity, thereby

enhancing the rate of decay of leaf matter and increasing the levels of fungal

biomass (Kaufman and Walker 2006). This exogenous input of nitrogen coincides

with significant positive effects on adult emergence and biomass (Kaufman and

Walker 2006). Larval presence alone causes a significant decrease in leaf mass

which suggests that larvae are consuming fungal biomass along with leaf material.

Since nitrogen fails to stimulate bacterial productivity in microcosms without larvae,

Kaufman and Walker (2006) suggest that fungi may be supplementing the diet of

larval mosquitoes which accounts for the increase in adult biomass and emergence.

While past literature (Merritt et al. 1992) has implicated bacteria as being a

significant dietary resource of mosquito larvae, evidence presented by Kaufman and
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Walker (2006) suggests that fungi are also critical to larval development and growth

(Kaufman and Walker 2006).

Bacteria

The general importance of bacteria in the larval mosquito diet has been

established (Merritt et al. 1992). However, more recent literature has shown that

bacteria may only be secondarily important as a dietary resource for anophelines

(Gimnig et al. 2002, Wotton et al. 1997). In addition, larvae have differential effects

on bacterial populations (Kaufman et al. 1999, 2000).

While anopheline mosquitoes consume bacteria, other microbes such as algae

may contribute more significantly to the diet of anophelines (Kaufman et al. 2006,

Gimnig et al. 2002). Total bacterial densities on the surface microlayer of artificial

habitats designed to reflect natural habitats of An. gambiae are largely unaffected by

the presence of larvae with the exception of filamentous bacteria which decrease

significantly in the presence of larvae but only in habitats where cow dung is added

(Gimnig et al. 2002). In contrast, algal resources are depleted in the presence of

larvae (Gimnig et al. 2002). One study finds that growth (larval length) of An.

gambiae and An. quadrimaculatus is inhibited when bacterial densities are

significantly reduced with an antibiotic (Wotton et al. 1997). However, no pupation

occurs in the presence or absence of an antibiotic which suggests a more significant

role for other microbes (i.e. algae) in the larval diet (Wotton et al. 1997).

The impact of larval culicines on bacterial abundance and productivity in the

water columns of laboratory and field microcosms has been variable (Walker et al.

1991; Kaufman et al. 1999, 2001, 2002; Cochran-Stafira and von Ende 1998), while
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leaf surface bacteria have consistently been shown to decrease in abundance

(using techniques such as DAPI staining and/or culture densities) and productivity in

microcosms containing Oc. triseriatus larvae (Kaufman et al. 1999, 2001, 2002;

Kaufman and Walker 2006). Additionally, bacteria on the walls and sides of

containers are less abundant and significantly less productive in the presence of Oc.

triseriatus larvae (Kaufman et al. 2001). Oc. triseriatus appear to have a greater

tendency towards browsing relative to filter-feeding.

Larval gut analyses using DAPI staining techniques have shown bacteria to be

dominant in the guts of An. quadrimaculatus larvae (Wallace and Merritt 2004,

Walker et al. 1988), Oc. triseriatus (Walker et al. 1988), and Cq. perturbans (Merritt

et al. 1990, Walker et al. 1988). Bacterial culture techniques demonstrate the

presence of large numbers of Bacillus cereus in the larval guts of Ae. aegypti and

Cx. quinquefasciatus (Luxananil et al. 2001) and Enterobacter amnigenus in the

larval guts of An. dirus larvae collected from natural habitats (Khampang et al.

1999). In addition, cell numbers of both B. cereus and E. amnigenus in larval guts

are consistent over a 7-day period without food supplementation suggesting that

these two species colonize larval guts of mosquitoes (Luxananil et al. 2001;

Khampang et al. 1999). However, presence of bacteria within larvae does not mean

that larvae "prefer" bacteria over other microbes. As mentioned previously,

biovolume is likely a more important index to determine larval preference than

bacterial counts. Bacterial counts appear to be more valuable when comparing

changes in bacterial abundance over time.
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Modification of Bacterial Community Structure by Mosquito Larvae

Through their feeding activity, mosquito larvae alter the bacterial community

composition in microcosms. Bacterial community profiles for food webs with and

without W. smithii larvae have been characterized by physical identification of

bacteria in serially-diluted cultures only (Cochran-Stafira and von Ende 1998).

Culturable bacterial community profiles among food webs containing larvae are

found to be more similar than profiles from food webs in which larvae are absent

(Cochran-Stafira and von Ende 1998).

While bacterial abundance and productivity in the water column are largely

unaffected by the presence of larvae (Walker et al. 1991; Kaufman et al. 1999, 2001,

2002), FAME profiles for bacteria associated with the water column and leaf material

are simplified in the presence of larvae (Kaufman et al. 1999). Oc. triseriatus larvae

create more favorable conditions for the growth of facultative anaerobes since the

community structure containing Pseudomonaceae is replaced by

Enterobacteriaceae (Kaufman et al. 1999, Kaufman et al. 2000). These findings

suggest that facultative anaerobes such as enteric bacteria are more resistant to

ingestion/digestion than other bacterial groups (Kaufman et al. 2000). Indeed, Sota

and Kato (1994) find that pseudomonad bacteria are more readily digested by Aedes

larvae than are enteric bacteria, which may partially explain the shift in bacterial

community structure observed by Kaufman et al. (1999). Prior to pupation, fourth

instar Ae. aegypti defecate the food bolus and then the peritrophic membrane (Moll

et al. 2001). This defecation process reduces bacterial counts in the midgut lumen

of fourth instars by 30X from 6.5 x 104 colony forming units (CFUs)/mL before
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defecation to approximately 1.4 x 103 CFUs/mL after defecation. Potentially, the

shift in bacterial community structure in the water column reported by Kaufman et al.

(1999) may be due, in part, to the final defecation that takes place prior to pupation.

Effects of Bacteria on Mosquito Oviposition

Container-inhabiting mosquito larvae clearly have the ability to alter the

bacterial community structure of larval microcosms. How then does this bacterial

community affect oviposition from conspecific gravid females? Are gravid moquitoes

more inclined to deposit their eggs in habitats where larvae have modified the

bacterial community structure? Do females choose oviposition sites based on the

occurrence and/or abundance of microbes? Oviposition behavior or egg-laying

behavior in mosquitoes is modulated by a combination of internal and external

factors (Kennedy 1978). Physiological components (internal factors) such as

insemination, age, and nutritional state modulate oviposition behavior (Klowden

1990). Environmental conditions (i.e. temperature, humidity, photoperiod), physical

attributes of the oviposition site (i.e. texture and color), and chemical cues are some

of the external factors that influence oviposition behavior of females (Bentley and

Day 1989). Additionally, among the major mosquito genera (Aedes, Culex, and

Anopheles), there is variation in habitat choice and the manner in which a female

lays her eggs (Bentley and Day 1989). For example, gravid mosquitoes of the

genus Culex, which tend to inhabit stagnant, organic-rich waters, lay their eggs in

rafts (approximately 125 eggs/raft). Container-inhabiting Aedes generally deposit

their eggs in more than one container, displaying a behavior known as “skip

oviposition” (Chadee et al. 1990, Colton et al. 2003). Consequently, the number of
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Culex females that “prefer” a particular site can be studied based solely on the

number of rafts deposited; the same principle does not hold true for Aedes. So while

I discuss the impact of bacteria on mosquito oviposition, it is important to understand

that there are clear distinctions among genera and even species with regard to

oviposition.

Semiochemical cues are used, in part, by gravid females to select an oviposition

site. These include volatile attractants and repellents along with contact stimulants

and deterrents that most often originate from fermenting or decomposing organic

material (Trexler at al. 2003). Semiochemicals are generally metabolites from the

microbial decomposition of organic material (Millar et al. 1992).

Much of the research on chemically-mediated oviposition has focused on

determining the oviposition attractant/repellent and/or stimulant/deterrent effects of

larval water, organic infusions, or synthetic chemicals on gravid mosquitoes.

Literature on the role of semiochemicals of microbial origin in mediating the

oviposition response has been relatively scarce. The roles of fungi (Geetha et al.

2003) and filamentous algae (Bond et al. 2005) in oviposition have been examined.

The majority of literature on the role of microbes has focused on the oviposition

attractant/repellent and/or stimulant/deterrent effects of bacteria on gravid

Anopheles (Huang et al. 2006, Sumba et al. 2004), Culex (Beehler et al. 1994,

Rockett 1987, Poonam et al. 2002, Ikeshoji et al. 1975, Hazard et al. 1967), and

Aedes (Benzon and Apperson 1988, Trexler et al. 2003, Navarro et al. 2003, Ikeshoji

et al. 1975, Pavlovich and Rockett 2000, Hasselschwert and Rockett 1988,

Ponnusamy et al. unpublished data) mosquitoes.
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Oviposition attraction and/or repellency of bacteria have been evaluated against

Anopheles (Anopheles gambiae) using two different approaches which have

produced markedly different results (Sumba et al. 2004, Huang et al. 2006). Both

studies used a binary choice assay. Sumba and co-workers (2004) use filter paper

to prevent gravid females from making contact with the test /control substrates which

consist of fresh soil/autoclaved soil or non-filtered water/filtered water. Significantly

more eggs (from laboratory or field-caught mosquitoes) are found in fresh soil versus

autoclaved soil and non-filtered water versus filtered water. Additionally, a

concentrated bacterial suspension mixed with autoclaved soil is significantly more

attractive based on egg densities than autoclaved soil alone. However, a diluted

bacterial suspension mixed with autoclaved soil is not significantly more attractive

than autoclaved soil. Interestingly though, when filtered distilled water is mixed with

either of the two bacterial suspensions and tested against filtered water, no

significant response is found (Sumba et al. 2004). While bacterial metabolites may

be responsible for oviposition attraction, the impact of these metabolites on

oviposition attraction may be highly dependent on bacterial concentrations.

Huang and co-workers (2006) use bacterial cultures on nutrient agar to

evaluate oviposition attraction. Their experimental set-up involves placing one

standard Petri dish containing 0.5% nutrient agar atop another Petri dish containing

either agar (control) or bacteria isolates (test) on agar (Huang et al. 2006). A small

hole is cut through the top plate and covered with a piece of fine-mesh filter paper.

This is to prevent gravid females from making contact with the test substrate and is

designed to measure the response to volatiles emanating from the culture.
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Generally, Huang et al. (2006) find that isolates of Pseudomonas putida, Ps.

alcaligenes, and Stenotrophomonas maltophilia either individually or in a mixture are

repellent to gravid An. gambiae (as determined by the number of eggs laid on the

upper Petri dish). A dose-response analysis using various concentrations of the

mixture of bacteria finds that plain nutrient agar is more attractive to gravid females

than any of the bacterial concentrations tested. Whether Huang et al. (2006) would

have observed a similar result if they used a construct analogous to the set-up of

Sumba et al. (2004) is an open question. Clearly, the experiment by Huang et al.

(2006) is novel in its approach.

In general, oviposition studies in Culex have implicated a number of bacterial

species/metabolites as oviposition attractants/stimulants (Beehler et al. 1994, Millar

et al. 1992, Rockett 1987, Poonam et al. 2002, Ikeshoji et al. 1975, Hazard et al.

1967). In a series of dual-choice tests, Poonam et al. (2002) find that specific

concentrations of culture filtrates containing B. cereus, Ps. fluorescens, B.

thuringiensis var. israelensis (mutant and wild-type), or B. sphaericus are more

stimulating/attractive to gravid Cx. quinquefasciatus than distilled water.

Additionally, more rafts are deposited in water containing B.t. var. israelensis (wild-

type) or B. cereus than on 3-methylindole, a known Culex attractant. Rockett (1987)

finds that significantly more gravid Cx. pipiens lay egg rafts on bacterial washes of

Ps. maltophilia and Escherichia coli (combined total from two cages with each cage

containing one of the bacterial washes) than on distilled water in dual-choice studies.

Bacterial washes of P. maltophilia and E. agglomerans produce a similar result when

compared to plain agar washes (Rockett 1987). When B. cereus and Ps. maltophilia
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washes are placed in the same cage as distilled water, significantly more eggs are

laid on the bacterial substrates (Rockett 1987). In upwind flight tests with gravid Cx.

quinquefasciatus, 77 to 82% of the gravid females are attracted to bacterial washes

of Aerobacter aerogenes versus 19 to 23% for distilled water (Hazard et al. 1967).

Lactalbumin hydrosylate solution contaminated with bacteria functions as an

oviposition attractant/stimulant of gravid Cx. quinquefasciatus (Beehler et al. 1994).

However, the administration of the antibiotic neomycin to the solution significantly

reduces this effect, suggesting that bacteria act as oviposition attractants/stimulants

(Beehler et al. 1994). Millar et al. (1992) found that particular blends of compounds

(phenol, 4-methylphenol, 4-ethylphenol, indole and 3-methylindole) or 3-

methylindole from Bermuda grass infusions (with bacteria) stimulate oviposition. An

earlier study has shown that Ps. aeruginosa produce an oviposition

attractant/stimulant for Cx. pipiens molestus from decanoic acid (Ikeshoji et al.

1975). All of these studies suggest that bacteria and/or bacterial metabolites are

oviposition stimulants and/or attractants.

Several studies involving Aedes have determined bacteria to be an

attractant/stimulant (Navarro et al. 2003, Trexler at al. 2003, Hasselschwert and

Rockett 1988, Ikeshoji et al. 1975, Benzon and Apperson 1988, Pavlovich and

Rockett 2000, Ponnusamy et al. unpublished data). When compared to distilled

water, significantly more Ae. aegypti eggs are laid in lagoon and wastewater

(Navarro et al. 2003). When the antibiotic tetracycline is administered to

wastewater, the preference for wastewater is no longer significant, suggesting that

bacteria stimulate egg-laying (Navarro et al. 2003). When compared to washes of E.
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coli, bacterial washes containing B. cereus or Ps. aeruginosa are found to be

significantly more effective in stimulating oviposition by Ae. aegypti (Hasselschwert

and Rockett 1988) and Ae. albopictus (Pavlovich and Rockett 2000). Ae. albopictus

and Ae. aegypti are further able to distinguish between bacteria since Ps.

aeruginosa is a significantly more effective oviposition stimulant than B. cereus in

dual-choice tests (Pavlovich and Rockett 2000, Hasselschwert and Rockett 2000).

Interestingly, in experiments between B. cereus and individual food dyes (black,

blue, green, orange, yellow, red), Ae. albopictus lay significantly more eggs in the

food dye containers than in the B. cereus treatment. When bacterial washes of B.

cereus, E. coli, and P. aeruginosa with red food dye are compared to washes

containing only red food dye, gravid Ae. albopictus lay significantly more eggs in the

bacterial washes containing only red food dye than in bacterial washes without food

dye (Pavlovich and Rockett 2000). While certain bacteria potentially enhance the

oviposition response of mosquitoes, visual cues are more important than olfactory

(microbial metabolites) or contact-stimulant cues (microbes or microbial metabolites)

in oviposition behavior (Bidlingmayer 1994).

Benzon and Apperson (1988) find that significantly more Ae. aegypti eggs are

laid in conspecific larval holding water (up to 2 larvae/ml) than in the water controls.

A series of treatments gradually restricting the growth/presence of bacteria results in

a decreased oviposition response with each additional treatment (Benzon and

Apperson 1988). One particular bacterial species, Acinitobacter calcoaceticus, acts

both as an attractant and a stimulant (Benzon and Apperson 1988). In dual-choice

assays, significantly more eggs are laid in cups that contain Psychrobacter
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immobilis, Sphingobacterium multivorum, and Bacillus spp. than in control cups

containing a bacto nutrient broth (Trexler et al. 2003). In our laboratory,

Ponnusamy and others (unpublished data) find that significantly more eggs are laid

on substrates containing cultivable bacteria (from oak leaf infusion) in R2A medium

than on sterilized R2A medium. Clearly, bacteria play a role in the oviposition

response of gravid Aedes mosquitoes.

Early researchers hypothesized that a substance of larval origin, and not

bacteria, was responsible for the oviposition attractant/stimulant properties of water

that had previously contained Cx. tarsalis (Hudson and McLintock 1967), Oc.

triseriatus (Bentley et al. 1976; McDaniel et al. 1979), Ae. atropalpus (Kalpage and

Brust 1973, Bentley et al. 1976, Maire 1985), or Ae. aegypti (Soman and Reuben

1970, Roberts and Hsi 1977) larvae. Based on their results, they generally

concluded that larvae produced a "factor" that served as an oviposition attractant

and/or stimulant. However, the study by Benzon and Apperson (1988) discussed

previously evidences that bacteria and not a larval "factor" is likely responsible for

the oviposition attractant/stimulant properties observed in the earlier works. One

recent study alleges that heneicosane, discovered from cuticular hydrocarbon

extracts of Ae. aegypti larvae and from larval holding water, acts as an oviposition

attractant pheromone for conspecific females (Mendki et al. 2000). Gravid

mosquitoes lay more eggs in water containing heneicosane (69 ppm) than in water

without heneicosane (on average, 121 eggs versus 61 eggs respectively). However,

Mendki et al. (2000) fail to provide explicit details on the experimental protocol that

was used to arrive at their conclusion.
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While evidence has demonstrated that the oviposition attractant/stimulant

properties of larval holding water are likely due to bacteria (Benzon and Apperson

1988), some of the literature has shown that the repellent/deterrent effects of water

might actually be due to the release of a larval "substance". Some authors have

argued that under more stressful conditions (parasitism, overcrowding), Ae. aegypti

larvae secrete a "substance" that renders water repellent to conspecific gravid

females (Lowenberger and Rau 1994, Zahiri et al. 1997, Zahiri and Rau 1998, Zahiri

et al. 1998). Indeed, growth retardant factors are secreted by at least some strains

of Ae. aegypti larvae (Moore and Fisher 1969, Moore and Whitacre 1972, Kuno and

Moore 1975, Dye 1984) and Cx. quinquefasciatus (Ikeshoji and Mulla 1970).

Perhaps the presence of such factors prevents gravid females from ovipositing into

containers where the per capita food ration is insufficient (i.e. overcrowding) for

larval growth and development (Lowenberger and Rau 1994).

Relationship Among Mosquito Larvae, Bacteria, and Gravid Females

In the preceding discussions, I have presented research which has shown that

mosquito larvae can alter the bacterial community structure of microcosms

(Cochran-Stafira and von Ende 1998, Kaufman et al. 1999, 2000). Additionally,

studies have implicated bacteria and/or its metabolites as effective oviposition

attractants and/or stimulants in mosquitoes (Sumba et al. 2004, Beehler et al. 1994,

Rockett 1987, Poonam et al. 2002, Ikeshoji et al. 1975, Hazard et al. 1967, Benzon

and Apperson 1988, Trexler et al. 2003, Navarro et al. 2003, Pavlovich and Rockett

2000, Hasselschwert and Rockett 1988, Ponnusamy et al. unpublished data). The

primary objectives of my dissertation research are: (1) to determine whether larval
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Ae. aegypti alter the bacterial community landscape of oak leaf infusions; and (2) to

evaluate whether a larval-altered bacterial community influences the oviposition

response of gravid mosquitoes.

In the current study, denaturing gradient gel electrophoresis (DGGE) will be

used to compare bacterial community DNA profiles from artificial microcosms of oak

leaf infusion with Ae. aegypti larvae and without larvae over a time course. DGGE

has been used to analyze spatial and temporal shifts in the diversity of bacterial

communities such as hydrothermal vents, hot springs, activated sludge, estuaries,

lakes and soil (Heuer et al. 2001) and to survey the bacterial diversity in arthropods

such as ticks (Schabereiter-Gurtner et al. 2003) and social wasps (Reeson et al.

2003). DGGE separates DNA sequences of the same length, and which may differ

by as little as one base pair, on a linearly increasing gradient of formamide and urea

(Heuer et al. 2001). I will use universal bacterial primers to amplify bacterial

community DNA from microcosms with and without larvae and the resulting

amplicons will be separated according to their melting behaviors using DGGE in

order to produce bacterial community DNA profiles. The oviposition response of

gravid Ae. aegypti to infusion from microcosms with larvae will be determined using

binary choice assays.

A valid criticism of “artificial microcosm” experiments is their general

applicability to the natural world. However, artificial microcosms can be used to

determine if hypothesized effects are possible while natural microcosms

demonstrate whether effects do occur and have significance (Srivastava et al. 2004).

The current study is more about establishing a biological principle than accounting
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for all of the conditions found in the natural environment (i.e. predation, temperature

fluctuations, rainfall). Artificial microcosm studies on container-dwelling mosquitoes

have contributed significant knowledge on the interactions of nutrient inputs,

microorganisms, and invertebrates (Carpenter 1982, 1983; Walker et al. 1991, 1997;

Kaufman et al. 1999, 2001, 2002, Kaufman and Walker 2006 for example).

Conclusion

Microorganisms (protozoa, fungi, bacteria, algae) and particles such as maize

pollen grains directly impact larval development and/or adult emergence.

Exogenous inputs such as leaf detritus and stemflow (or its components) can

enhance microbial abundance/productivity and alter microbial diversity within

microcosms which, in turn, affect mosquito growth parameters. Fungi and algae

may provide key nutrients that are absent in a diet consisting solely of bacteria (i.e.

polyunsaturated fatty acids) and yet are necessary for larval development and/or

adult emergence.

Grazing by mosquito larvae has a much more significant impact on the

microbial abundance and community structure of leaf detritus than exogenous inputs

of stemflow and/or its components. Such findings raise additional questions about

effects of larval-modified microbial communities on mosquito behaviors such as

oviposition. My dissertation will use DGGE to determine if larval Ae. aegypti are

capable of altering the species structure of bacterial communities in oak leaf

infusions. Since bacteria and/or their metabolites have been implicated as

oviposition attractants/stimulants for gravid Aedes, I will determine whether this

modified bacterial community influences the oviposition response of gravid females.
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Chapter 2

Development of Aedes albopictus and Aedes aegypti Larvae

(Diptera: Culicidae): Effects of Larval Density and Leaf Biomass on

Response to Leaf Condition

Abstract

The mosquitoes Aedes albopictus (Skuse) and Ae. aegypti L. lay eggs and

larvae complete development in water-filled, human-made containers. Container

habitats are ecosystem microcosms that support food webs dependent on

allochthonous detritus. Laboratory experiments were carried out to investigate the

fitness of larval cohorts of each species in microcosms containing white oak

(Quercus alba) leaves as a source of detritus. Some microcosms contained whole

leaves while leaf particulates were added to other microcosms to simulate the

activity of leaf-shredding arthropods in a detritus processing chain. Larval

performance variables (larval survival and development time, and adult emergence)

in these microcosms were separately evaluated for both mosquito species in

factorial experiments involving combinations of larval density (0.5 and 1.0 larvae per

mL) and leaf biomass (4.2 and 16.8 g/L).

In general, main effect variables (larval density and leaf biomass) had additive

effects on larval performance for both mosquito species over the 31 d period of

experimentation. While the addition of leaf particulates did enhance larval fitness in

some cases, responses to leaf condition generally varied between species. High

leaf biomass significantly increased survival of Ae. albopictus and Ae. aegypti larvae

while under conditions of low larval density or addition of particulate leaves
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significantly increased survival of Ae. albopictus larvae only. Adult emergence rates

increased significantly for both species under conditions of high leaf biomass or low

larval density. A significant interaction effect was found for leaf condition and leaf

biomass on larval survival and adult emergence of Ae. aegypti with significant

increases observed in high biomass/leaf particulate microcosms. Median larval-

pupal development times (time to emergence) for both species were gender-

dependent with males emerging earlier than females. The median development

time of Ae. albopictus was shorter at high larval density due most likely to increased

resource availability resulting from density-dependent mortality. Leaf particulates

significantly decreased the median development time of Ae. aegypti. In a separate

experiment, nutrients (glucose with or without magnesium sulfate, dipotassium

phosphate, and casamino acids) added to microcosms had no significant effects on

abundance of culturable bacteria and did not significantly enhance larval

performance characteristics for Ae. aegypti. In general, Ae. albopictus exhibited

superior larval fitness relative to Ae. aegypti at each level of larval density and leaf

biomass and for each leaf condition evaluated. Ae. albopictus and Ae. aegypti

responded differently to leaf condition, which suggests that processing chain

interactions between these species and top-level consumers in nature would vary.
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Introduction

The Asian tiger mosquito, Ae. albopictus (Skuse), first appeared in North

America just over twenty years ago (Hawley 1988, O’Meara et al. 1995) and has

since become well-established throughout much of the southeastern and south

central United States (Moore 1999). Ae. albopictus is a potential vector of dengue

viruses throughout many regions of the world (Hawley 1988, Mitchell 1995) and has

the capacity to transmit other North American arboviruses (Turell et al. 2001).

Expansion of Ae. albopictus within the United States has been met with a paralleled

decline in populations of the yellow fever mosquito, Ae. aegypti (L.), which once

occurred over much of the geographical range currently inhabited by Ae. albopictus

(O’Meara et al. 1995). Density-dependent, interspecific competition for food

resources has been implicated as the primary mechanism for geographical

displacement of Ae. aegypti by Ae. albopictus (Juliano and Lounibos 2005). Indeed,

Ae. albopictus is superior to Ae. aegypti in exploiting food resources from decaying

plant and animal matter in water-filled containers (Barrera 1996, Juliano 1998,

Daugherty et al. 2000, Braks et al. 2004, Yee et al. 2004).

Detritus is a critical component of aquatic food webs, affecting the feeding

dynamics and species interactions within most ecosystems (Kitching 2000).

Container-inhabiting mosquitoes, such as Ae. albopictus and Ae. aegypti, diet on

heterotrophic microorganisms (i.e. bacteria, fungi, protozoa) that colonize detritus

(Hawley 1988, Merritt et al. 1992). Among the bacteria, the nitrifying and denitrifying

bacteria are readily available food resources for mosquito larvae, and larval grazing

stimulates the growth of these bacterial communities in simulated tree hole habitats
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(Kaufman et al. 1999, Kaufman and Walker 2006). Since container-inhabiting

mosquitoes ingest a wide variety of microorganisms associated with leaf detritus,

rates of larval growth and survivorship in such habitats are highly correlated with leaf

biomass (Braks et al. 2004, Carpenter 1983, Walker et al. 1997, Juliano 1998, Yee

and Juliano 2006), leaf species (Carpenter 1982, Fish and Carpenter 1982,

Daugherty and Juliano 2002) and also leaf quality as reflected in decomposition rate

(Walker et al. 1997, Dieng et al. 2002).

In aquatic habitats, decomposition of leaves produces detritus particles that are

more easily consumed by browsing macroinvertebrates, such as mosquito larvae

(Merritt et al. 1992). Plant species, however, vary considerably in the decay rate of

their leaves (Fish and Carpenter 1982), which in turn influences the growth and

development of mosquito larvae. Decomposition of organic matter in some aquatic

environments has been postulated to be mediated through a detritus processing

chain (Heard 1994a) that involves two or more groups of arthropods that feed on

organic detritus but sequentially as the detritus is altered in condition by the feeding

activity of each group. For example, in pitcher plants, production of particles from

insect cadavers by aquatic midges facilitates growth of larvae of the mosquito

Wyeomyia smithii that feed on the detrital particles (Heard 1994b). Significant

increases in mosquito growth rates occurred when midge populations were

increased while increases in mosquito density had no effect on midge growth,

suggesting a mutualistic relationship between the two species. Similarly, activities of

leaf-shredding insects have been reported to increase growth rates of tree hole-

inhabiting mosquito larvae under natural (Bradshaw and Holzapfel 1992) and



48

laboratory conditions (Paradise 1999, 2000). However, effects of processing chains

may be context specific. Daugherty and Juliano (2002) used a simulated processing

chain, involving leaf-shredding scirtid beetles and the tree hole mosquito

Ochlerotatus triseriatus, to test processing chain theory. Consumer-independent

processing rates were manipulated by using crushed leaves to provide particulate

leaf matter independent of primary consumer processing rates. This manipulation

failed to significantly increase the performance of secondary consumer Oc.

triseriatus larvae. In contrast, increasing particulate matter in laboratory microcosms

with leaf-shredding stoneflies significantly increased the growth rates of filter-feeding

black flies (Jonsson and Malmqvist 2005).

In laboratory microcosms, we determined effects of white oak leaf biomass and

larval density on the response of larval fitness parameters (emergence rate of

adults, overall larval survival rate, and larval development time) of Ae. albopictus

and Ae. aegypti to leaf condition. We simulated a detritus processing chain by

adding oak leaf particulates to some laboratory microcosms to increase the

availability of food to larvae. We hypothesized that leaf biomass and larval density

would have additive effects on larval fitness parameters (larval survival and

development time, rates of adult emergence) of both species when whole leaves

were used as detritus. However, when leaf detritus was provided in particulate form,

we hypothesized that main effect variables would have non-additive impacts on

fitness parameters. We also postulated that Ae. albopictus will display greater

overall fitness than Ae. aegypti regardless of the experimental conditions.
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To determine a mechanism for enhanced larval fitness, we evaluated effects of

a glucose treatment and a nutrient combination treatment (containing glucose,

nitrogen, sulfur, and phosphorus) on larval fitness parameters for larval Ae. aegypti.

Kaufman and others (2002) found that the addition of glucose stimulated bacterial

productivity in natural treehole water samples and glucose supplemented with nitrate

and phosphate was necessary to stimulate bacterial productivity on leaf surfaces in

laboratory microcosms. Since bacteria are a food source for mosquito larvae (Merritt

et al. 1992, Kaufman et al. 1999, 2001, 2002; Kaufman and Walker 2006), we

hypothesized that larval performance parameters of Ae. aegypti would be enhanced

by addition of glucose or glucose and a combination of nutrients.

Materials and Methods

Origin and Maintenance of Mosquito Colonies. Ae. albopictus and Ae.

aegypti larvae used in our investigation were hatched from eggs less than 6 wks old.

Eggs were obtained from laboratory colonies that were maintained continuously at

North Carolina State University in Raleigh, NC. The colonies were established from

field-collected eggs from New Orleans, LA in 2003. At least twice annually, adults

from field-collected eggs were introduced into the colonies to preserve genetic

diversity. Species were reared in separate insectaries at ca. 28 C and at a relative

humidity of about 75% under a photo regime of 14:10 h (L:D) provided by

fluorescent lights (35-watt). Crepuscular periods (60 min) simulated by two

incandescent light bulbs (25-watt) were included at the beginning and end of the

photophase. Larvae were fed a mixture of liver:baker’s yeast (2:1, wt:wt) on a

regular schedule (Gerberg et al. 1994). Females were maintained in Plexiglas®
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cages and provided with 10% sucrose ad libitum and a human blood meal for egg

production. Eggs, collected on seed germination paper (Steinly et al. 1994) 4-5 days

post-blood meal, were stored at 15 oC until used in experiments.

Microcosm Construction and Sampling. Senescent white oak (Quercus alba

L.) leaves were collected from a residential site in suburban Raleigh, NC. Leaves

were stored under dry conditions in large plastic bags and within a temperature

range of 24 to 27 C. Leaves were used in experiments from 2 to 6 mo after

collection. Collected leaves were used to prepare 1 L of white oak leaf infusion

(OLI) in well water. OLIs, consisting of two leaf biomasses, 0.5X or 2X (1X = 8.4

g/L) (Trexler et al. 1998), were individually prepared in 2-L wide-mouth, glass jars

(200-series from I-Chem; Rockwood, TN) using whole and particulate leaves. Each

jar was covered by a nylon mesh screen (1 mm pore-size) draped over the mouth of

the jar and held in place with a rubber band. White oak leaf particulates were

formed by grinding leaves using a commercial blender (Waring) with the setting on

LOW for 15s. Microcosms were aged for one week prior to addition of mosquito

larvae.

Ae. aegypti or Ae. albopictus eggs on seed germination paper were hatched

separately in 6.5 d-old, 0.5X OLI. First instars were enumerated and pipetted into

microcosms described above within 8 - 12 h post-hatch. Day 0 represented the day

that larvae were introduced into each microcosm. Effects of larval density and leaf

biomass on larval Ae. albopictus and Ae. aegypti fitness parameters were evaluated

separately using two forms of leaf detritus (whole and particulate leaves) in sets of

microcosms in three replicate experiments. Accordingly, experiments were blocked
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by leaf condition (whole leaf versus particulate leaf). For each leaf condition, a

group of four microcosms was set up in a 2 x 2 factorial experiment involving all

combinations of two levels of larval density (0.5 and 1.0 larvae/mL) and leaf biomass

(0.5X and 2.0X). Water levels marked on the outside of the microcosms were

maintained at this level with well water throughout the experimental period. Adults

that emerged from whole leaf and particulate leaf microcosms were removed daily,

separated by gender, and counted. On Day 31, each microcosm was dismantled

and the remaining total number of larvae and pupae were counted and recorded.

Survivorship. To construct survivorship curves, larvae in microcosms

containing intact leaves were enumerated beginning on Day 3 and every other day

thereafter. Microcosms were sampled by first removing the leaves using a pair of

forceps and placing the leaves temporarily in another glass jar. Care was taken to

ensure that larvae were not attached to the leaves. Larvae were pipetted out of the

infusions and temporarily placed into a 50-ml cup. Larvae and leaves were returned

to the jar as soon as the counting was completed. In microcosms containing leaf

particulates, larvae could not be enumerated until the microcosms were dismantled

on Day 31. A large portion of the larval cohort was obscured by the dark color of the

infusions and flocculent leaf detritus, which would have resulted in an inaccurate

count of the larvae.

Effects of Glucose and Other Nutrients on Development of Ae. aegypti

Larvae. Based on results of the experiments described above, we conducted

experiments to determine if survival and emergence rates of Ae. aegypti could be

increased by addition of nutrients to microcosms. Our intent was to stimulate the
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growth of bacteria and other organisms that are used as food by mosquito larvae.

Microcosms were constructed using six 2-L glass jars. Jars and lids were sterilized

by autoclaving prior to assembling the microcosms. Ventilation was provided by a

hole (3.25 cm dia.) drilled through each polypropylene jar lid. A nylon membrane

filter (4.7 cm dia., 0.22 µm pore size, Millipore) was glued (Krazy glue, 3M) over the

hole to prevent microbial contamination of the infusion. One liter of 2X biomass OLI

was prepared in each jar by adding leaf particulates to sterile well water. Nutrients

were added only once to 4 of the 6 microcosms on the day that microcosms were

set up with all four receiving D-(+)-glucose (400 mg/L) (purity ≥99%; Sigma, St.

Louis, MO) and two of the 4 microcosms receiving an additional supplement of

nutrients. Supplemental nutrients included magnesium sulfate (5 mg/L) (purity =

100.1%; Fisher Scientific, Fair Lawn, NJ), casamino acids (50 mg/L) (Bacto

Laboratories, Sparks, MD) and dipotassium phosphate (30 mg/L) (purity ≥98%;

Sigma, St. Louis, MO). In preliminary studies, we measured concentrations of

glucose (one type of labile carbon source) in particulate OLIs using the phenol-

sulfuric acid method (Gerchakov and Hatcher 1972). Estimated concentrations of

glucose in 2X biomass OLI ranged from approximately 150 to 250 mg/L (Evans et

al., unpublished data). The amount of glucose added to the microcosms would

represent an approximate 1.6 – 2.6 fold increase in the concentration typically found

in 1 wk-old, 2X biomass particulate OLI. Addition of supplemental nutrients to OLI

resulted in concentrations of the component nutrients that would be contained in a

10% solution of R2A medium (Reasoner and Geldreich 1985). R2A is a standard

medium for culturing bacteria from aquatic samples (Reasoner and Geldreich 1985,
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Massa et al. 1998). The two remaining microcosms (controls) did not receive

nutrients.

First instars were added at a density of 0.5 larva/mL to one glucose microcosm,

one nutrient supplement (glucose, magnesium sulfate, casamino acids, and

dipotassium phosphate) microcosm, and one no-nutrient supplement microcosm.

The remaining three microcosms (glucose, supplement, and no-nutrient supplement

microcosms) were used as control microcosms and therefore did not receive larvae.

Microcosms were checked daily for the presence of adults as described above for 32

d after which microcosms were dismantled and live larvae and pupae were counted.

Probability of larval survival and median development time, and probability of adult

emergence were determined for each microcosm as described below. Three

replicates of the experimental design were completed on different dates.

To determine abundance of culturable bacteria in the six microcosms, a 1-mL

sample was taken at approximately 5 cm below the surface of each microcosm after

the contents were gently mixed. The samples were serially-diluted in 15-mL glass

test tubes each containing 9 mL of a peptone solution (0.1% peptone in distilled

water). Test tubes and their contents were autoclaved prior to dilutions. One

hundred microliter aliquots of serially-diluted OLI (10-4 and 10-5 dilutions) were

spread-plated in duplicate onto 10% R2A (w/v) agar plates supplemented with filter-

sterilized, 1 wk-old, 2X OLI (20% of the final volume).

Supplementation of 100%, 10%, or 1% R2A agar medium with OLI (20% v/v)

did not increase overall plate counts of culturable bacteria from OLI samples relative

to R2A of the same concentrations without OLI (Evans et al. unpublished data).
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Bacterial community profiles of culturable species from 1 wk-old OLIs were created

using denaturing gradient gel electrophoresis (DGGE). DGGE of PCR-amplified

16S rDNA was first introduced as a fingerprint method to study bacterial species

dynamics at the community level (Muyzer et al. 1993) and has since been used

extensively to analyze spatial and temporal shifts in the species diversity of bacterial

communities (Boon et al. 2002, Das et al. 2007, Griffiths et al. 2003, Nubel et al.

1999). Analyses of bacterial community profiles showed that 100% R2A medium

without an OLI supplement and 10% R2A medium with OLI both cultured the same

number of species from OLI microcosms (15 species each) (Evans et al.

unpublished data). However, profiles of the bacterial communities cultured in the

two media were only 42.9% similar. Consequently, we decided to use R2A-OLI

culture media to increase the likelihood that bacterial species dependent on OLI

would be successfully cultured. Plates were incubated at 28 °C and colony-forming

units (CFUs/mL) were counted after 4 d. Abundances of culturable bacteria in

microcosms were estimated on Days 0, 8, 16, 24, and 32.

Data Analysis. Probability of mosquito survival for each microcosm was

calculated from the sum of the number of larvae-pupae alive after 31 d and the

number of adults produced over the course of 31 d. This sum was divided by the

initial number of larvae added to the microcosm. Probability of adult emergence for

each microcosm was calculated by dividing the cumulative number of adults that

emerged over 31 d by the initial number of larvae added to each microcosm. Within

each microcosm, median development time was estimated for each gender from the
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time elapsed from Day 0 to the day of adult emergence for all larvae successfully

completing development.

For each species, a factorial analysis of variance (ANOVA) was completed

using a general linear model (PROC GLM, SAS 2000) to determine if main effect

variables (larval density, leaf biomass and leaf condition) and their interactions

significantly influenced larval survival and adult emergence. Probability values for

larval fitness variables were log-transformed to achieve approximate normality prior

to statistical analyses. When an interaction of main effect variables significantly (P 

0.05) affected larval fitness, probability of difference values were calculated in least

significant difference (LSD) tests for each least square mean (LSM) (SAS 2000)

fitness variable under the hypothesis Ho: LSM(i) = LSM (j). Since the data set for

median development time was unbalanced, we used a mixed-effect model (PROC

MIXED, SAS 2000) with trial specified as a random effect to evaluate impacts of

main effect variables on untransformed median development times for each species

in high leaf biomass (2X) microcosms. In estimating the covariance structure of the

data matrix, the TYPE = VC (= variance component) option was specified as the

default structure. To obtain the correct degrees of freedom, the KENWARDROGER

option was used. The KENWARDROGER option consists of the Satterthwaite

adjustment for degrees of freedom with a Kenward-Roger adjustment on standard

errors (SAS 2000). Median development times were not calculated for 0.5X

microcosms because several of these microcosms produced either few or no adults.

In the nutrient input experiment, impact of treatment variables (no-nutrients,

glucose only, nutrient combination) on untransformed data for larval survival and
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adult emergence was evaluated with a one-way ANOVA using a general linear

model (PROC GLM, SAS 2000). Impacts of the main effect variables on median

development times were determined separately for males and females using a

mixed-effect model (PROC MIXED) on untransformed data with Trial specified as a

random effect. The KENWARDROGER option was used to determine the correct

degrees of freedom. To determine effects of time (0, 8, 16, 24, and 32 d) and

treatment (with and without larvae) on abundance of culturable bacteria, a repeated

measures ANOVA was completed using a general linear model (PROC GLM).

Significantly different treatment means were separated using an LSD test at P <

0.05.

Results

Larval Survival. Analysis of variance revealed significant main effects on

survival for leaf condition (P = 0.0029), leaf biomass (P = 0.0006), and larval density

(P = 0.0026) (Table 2.1). No significant interactions between leaf condition and

other main effect variables were found for Ae. albopictus (Table 2.1). Mean survival

of Ae. albopictus was significantly greater in a leaf particulate infusion (56.3% in

particulate versus 30.5% in whole leaf), at high leaf biomass (56.3% at 2X versus

30.6% at 0.5X) and at low larval density (53.9% at 0.5 larva/mL versus 33.0% at 1

larva/mL) (Table 2.2). Leaf biomass had a significant main effect (P = 0.0006) on

Ae. aegypti survival while leaf condition and larval density did not affect survival

(Table 2.1). Under high leaf biomass conditions, survival of Ae. aegypti increased

significantly by two-fold (48.3% at 2X versus 23.9% at 0.5X) (Table 2.2). A leaf

condition x leaf biomass interaction had a significant impact (P = 0.0500) on Ae.
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aegypti survival (Table 2.1). Greater survival of Ae. aegypti occurred in particulate,

high leaf biomass microcosms compared to other microcosm conditions (Fig. 2.1).

In general, larva-pupal survival rates were higher for Ae. albopictus than Ae. aegypti

under all experimental conditions (Table 2.2).

Survivorship Curves. Survivorship curves for low leaf biomass were sigmoid-

shaped for both species. We found a sharp decline in larval survival beginning at

about 15 d after the introduction of Ae. albopictus larvae and 17 d after Ae. aegypti

larvae into whole leaf, low biomass infusions at the low larval density (0.5 larva/mL)

(Fig. 2.2). When the larval density was doubled (1.0 larva/mL), the decline in

survivorship began earlier (11 d for Ae. albopictus and 13 d for Ae. aegypti) and the

slope of the survivorship curve was steeper. At high and low larval densities in

microcosms with low leaf biomass, the proportion of the initial number of larvae that

pupated or emerged was low for both species throughout the 31 d period of

experimentation (Fig. 2.2). When leaf biomass was increased, the larval

survivorship curve assumed a more linear shape for Ae. aegypti larvae at both

densities of larvae and for Ae. albopictus at the high larval density. Minimal

production of adults occurred in these microcosms (Fig. 2.3). However, in

microcosms containing high leaf biomass and the low larval density, Ae. albopictus

larvae began to pupate on Days 7 and 9 (Fig. 2.3). Adults emerged from these

microcosms beginning on Day 9 and some emergence generally continued daily

through day 31 when the trials were terminated (Fig. 2.3).

Development Time. Effects of leaf condition, larval density, and gender on

development times were only determined for high biomass infusions since only a
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small number of larvae of both mosquito species pupated and emerged in low

biomass infusions (Tables 2.3 and 2.4). Median development time of larvae was

significantly related to gender for Ae. aegypti (P = 0.0161) and Ae. albopictus (P =

0.0001) (Table 2.3) with males emerging earlier than females (Table 2.4). Leaf

condition had significant (P = 0.0020) effects on median development time of Ae.

aegypti with more rapid growth achieved in particulate leaf infusions (Table 2.4). In

contrast, for Ae. albopictus, development time increased in response to particulate

leaves, but the effects were marginally significant (P = 0.0531) (Table 2.3). A

decrease in larval density prolonged the median development time of Ae. albopictus

larvae (P = 0.0328) from 15.8 d at the high density to 17.5 d at low density (Tables

2.4). A density x gender x leaf condition interaction was found to be significant (P =

0.0458) for Ae. albopictus (Table 2.3). Median development times of males were not

significantly affected by larval density within whole or particulate leaf microcosms

(Fig. 2.4). However, the median development time increased significantly by

approximately 4 d for larvae reared in low larval density, whole leaf versus high

larval density, particulate leaf microcosms. For females, median development times

were, in general, higher but not always significantly different from males reared

under the same experimental conditions (Fig. 2.4). Notably, however, under whole

leaf, high larval density conditions, the median development time of larvae was

significantly lower than for other experimental conditions.

Adult Emergence. Ae. albopictus males emerged, on average, 6.0 d before

females while Ae. aegypti males emerged 5.4 d before females (Table 2.4). Ae.

albopictus males emerged 5.5 d earlier in whole leaf infusions compared to
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particulate infusions while, interestingly, Ae. aegypti males emerged 8.2 d earlier

from particulate infusions versus whole leaf infusions (Table 2.4). Emergence rates

were not significantly influenced by leaf condition for either species, but larval

density had significant main effects on emergence of both Ae. albopictus (P =

0.0003) and Ae. aegypti (P = 0.0179) (Table 2.5). In general, Ae. albopictus

emerged earlier than Ae. aegypti regardless of leaf condition or biomass, or larval

density (Table 2.6). Emergence rates were higher for Ae. albopictus than Ae.

aegypti under all experimental conditions (Table 2.6). Significantly more adults

emerged at low larval densities relative to high larval densities for Ae. albopictus

(28.6% at 0.5 larva/mL versus 4.6% at 1 larva/mL) and Ae. aegypti (5.7% at 0.5

larva/mL versus 1.6% at 1 larva/mL) (Table 2.5). Leaf biomass also significantly

affected adult emergence of Ae. albopictus (P = 0.0001) and Ae. aegypti (P =

0.0006) (Table 2.5). Under high leaf biomass conditions, emergence was

significantly enhanced for Ae. albopictus (30.3% at 2X versus 2.9% at 0.5X) and Ae.

aegypti (6.8% at 2X versus 0.6% at 0.5X) (Table 2.6). Within leaf condition, leaf

biomass had differential effects on Ae. aegypti emergence (Fig. 2.1). Production of

Ae. aegypti was increased significantly by particulate leaves under high biomass

conditions relative to other leaf form and biomass conditions (Fig. 2.1).

Effects of Nutrients on Survival, Development Time, and Emergence.

Effects of glucose and supplemental nutrients (glucose, casamino acids, magnesium

sulfate, and dipotassium phosphate) on larval survival and development time, and

adult emergence were determined for Ae. aegypti larvae in microcosms containing a

particulate leaf, high biomass infusion and low larval density. Significant differences
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in survival probabilities were found among the three treatments (F = 36.04; df = 2,6;

P = 0.0005) with the highest probability of survival occurring in microcosms not

receiving nutrients (0.651) compared to microcosms receiving glucose (0.225) and

nutrient combination treatments (0.344) (Fig. 2.5).

Both females and males emerged earlier in microcosms without nutrients

compared to the glucose and the nutrient supplement treatments (Table 2.7).

However, none of the treatments had a significant impact on development time of

either female (F = 1.55, df = 2,6; P = 0.2861) or male (F = 1.55, df = 2,6; P = .2864)

Ae. aegypti (Table 2.7).

Differences in emergence rates of adults were not significant among the three

treatments (F = 2.77; df = 2,6; P = 0.1407), indicating that addition of glucose or

supplemental nutrients did not affect emergence rates (Fig. 2.5). While not

significantly different (P > 0.05) from each of the other two treatments, the nutrient

supplement treatment produced the highest emergence rate (11.5% versus 6.7% for

glucose and 3.5% for no-nutrient microcosms) (Fig 2.5). Abundances of culturable

bacteria were not affected over time (F = 1.52; df = 4,40; P = 0.2158) or by the

presence or absence of larvae, addition of glucose or supplemental nutrients (F =

0.71, df = 5,40; P = 0.6320) (Fig. 2.6).

Discussion

We studied the development of two species of container-inhabiting mosquitoes,

Ae. albopictus and Ae. aegypti, and estimated effects of larval density and oak leaf

biomass on larval performance in response to leaf condition. Our experimental

design was similar to a leaf detritus processing chain, in the absence of a top-level
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consumer, in which white oak leaf particulates were added to microcosms as food

substrates for mosquito larvae. Larval growth and development in leaf litter is

density-dependent for container-dwelling mosquitoes, such as Ae. albopictus (Braks

et al. 2004, Dieng et al. 2002, Juliano 1998), Ae. aegypti (Braks et al. 2004, Juliano

1998), and Oc. triseriatus (Carpenter 1983, Kaufman et al. 2001, Fish and Carpenter

1982, Walker et al. 1997, Leonard and Juliano 1995). Addition of leaf biomass has

compensated for density-dependent interactions, achieving increased mosquito

growth rates for Ae. albopictus (Braks et al. 2004, Juliano 1998), Ae. aegypti (Braks

et al. 2004, Juliano 1998), and Oc. triseriatus (Carpenter 1983, Walker et al. 1997,

Juliano 1998, Yee and Juliano 2006). Our study was the first to evaluate the impact

of leaf condition on growth performance of Ae. aegypti and Ae. albopictus larvae.

As we expected, probabilities of survival for Ae. albopictus and adult

emergence for Ae. albopictus and Ae. aegypti were significantly greater in

microcosms with low larval density compared to high larval density microcosms.

Contrary to our predictions, larval density did not significantly affect survival of Ae.

aegypti larvae. However, the finding that survival of Ae. albopictus was more

density-dependent than for Ae. aegypti suggests that crowding may be more of a

key limiting factor to the survival of Ae. albopictus in leaf litter than for Ae. aegypti.

Our findings confirm results of previous field experiments (Braks et al. 2004, Juliano

1998) reporting emergence rates for Ae. albopictus and Ae. aegypti to be

significantly higher at low larval densities relative to high larval densities. In our

investigation, density had significant effects on the median development time of Ae.

albopictus. However, unexpectedly, mean larval-pupal development was extended
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by 1.7 d under low density conditions. Braks et al. (2004) found that the median

development time for females of both species was significantly shorter at low larval

densities. In our study, the highest density (1.0 larva/mL) represented a two-fold

increase above the lowest density (0.5 larva/mL) while in the study by Braks et al.

(2004), the highest density represented a three-fold increase above the lowest

density. Perhaps a larger difference in the lowest and highest density value in our

study would have resulted in an outcome similar to Braks et al. (2004) for both Ae.

aegypti and Ae. albopictus. A more likely possibility is that the decrease in

development time at high larval density for Ae. albopictus might have resulted from

the significant decrease observed in larval survival rate. Greater mortality in high

density microcosms likely resulted in greater per capita food availability and hence

an increase rate of larval growth. In water-storage tanks, Arrivillaga and Barrera

(2004) investigated effects of starvation on growth and survival of Ae. aegypti larvae.

Mortality relaxed density dependent competition for food and resulted in higher

survivorship and production of larger adults than would have occurred under less

food-limited conditions.

As expected, under conditions of high leaf biomass, probabilities of larval and

pupal survival and adult emergence significantly increased for both species.

Positive effects of high leaf biomass on adult emergence have been previously

reported (Braks et al. 2004, Juliano 1998) for field competition studies between Ae.

albopictus and Ae. aegypti. Additionally, under conditions of high leaf biomass,

median development time of females was significantly shortened (Braks et al. 2004)

and female biomass was increased (Juliano 1998) for Ae. albopictus but not for Ae.
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aegypti. Effects of leaf biomass on development time were not evaluated in our

study because few adults emerged under conditions of low leaf biomass. However,

as evidenced by the absence of an interaction between leaf biomass and larval

density, high leaf biomass did not compensate for effects of high larval density on

larval fitness parameters for either species. This finding is contrary to results of

earlier studies of effects of larval density and leaf biomass on mosquito growth and

development (Braks et al. 2004, Juliano 1998, Carpenter 1983, Walker et al. 1997).

We hypothesized that larval performance of Ae. aegypti and Ae. albopictus

would increase as the physical form of white oak leaves was altered from whole to

particulate leaves. While addition of leaf particulates did enhance larval

performance in some cases, responses to leaf form generally differed between

mosquito species. Leaf-shredding arthropods, such as scirtid beetles, aid in the

breakdown of leaves into smaller particles (Paradise 1999, 2000; Bradshaw and

Holzapfel 1992, Daugherty and Juliano 2002). Downstream consumers such as

larval mosquitoes consume fine leaf particles through their filter-feeding and

browsing activities. Development times for Ochlerotatus geniculatus were found to

be shorter in microcosms containing the largest abundance of scirtids (Bradshaw

and Holzapfel 1992). Paradise (1999, 2000) found that the impact of leaf-shredding

scirtid beetles on survival of Oc. triseriatus was dependent on leaf biomass. Leaves

exposed to the shredding activities of scirtids had positive effects on the growth and

survivorship of Oc. triseriatus larvae, but only at a low leaf biomass treatment. Even

though our experiments lacked a top-level detritus consumer, we found that addition

of leaf particulates increased survival of Ae. albopictus larvae and decreased
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development time of Ae. aegypti larvae independent of leaf biomass or larval

density. Similar to results reported in Paradise (1999, 2000), we observed a

biomass effect on larval fitness (adult emergence and larval survival) for Ae. aegypti

in particulate oak leaf microcosms except that larval performance was enhanced

under conditions of high leaf biomass rather than low leaf biomass.

The existence and importance of a detritus processing chain in larval habitats

of either species that we tested remains to be established. As described previously,

we generally found that leaves provided in a particulate form impacted larval growth

and development of Ae. aegypti and Ae. albopictus. Processing chains involve the

sequential use of a detritus resource occurring in several different forms and are

unidirectional in nature. These interactions may either be beneficial or detrimental to

down-stream consumers. Daugherty and Juliano (2002) noted the importance of

context-dependence in describing a processing chain relationship. For example, the

consumer-independent processing rate (i.e. microbial decomposition of leaves) is a

significant component of the processing chain model (Heard 1994a) and is often

insufficiently characterized (Daugherty and Juliano 2002). Strong evidence of

context-dependent interactions in the scirtid beetle – Oc. triseriatus system was not

observed (Daugherty and Juliano 2002). However, Daugherty and Juliano (2002)

suggested that current models of processing chains (Heard 1994a) do not

adequately describe interactions between Oc. triseriatus and scirtids. For example,

behavioral (Paradise 2000, Broadie and Bradshaw 1991) and chemical (Carpenter

1982, Bedhomme et al. 2005) interference may influence the dynamics in these

systems along with a potential overlap in the use of resources between top-level and
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bottom-level consumers at low resource levels (Daugherty and Juliano 2002). They

suggest that biological and ecological characteristics of the leaves, top-level

consumers and bottom-level consumers and their interactions must be taken into

consideration when describing a processing chain relationship.

Accordingly, further research is needed to characterize the abundance and

diversity of detritus consumers in container habitats where Ae. aegypti and Ae.

albopictus larvae are present and to determine the role of leaf condition and leaf

quality on the interactions between top-level and bottom level consumers. Container

habitats in nature include components, such as fecal metabolites (Daugherty and

Juliano 2001) and animal carcasses (Daugherty et al. 2000, Yee and Juliano 2006),

that were not included in our investigation. These sources of nutrients and detritus

have been shown to significantly influence growth and development of mosquitoes

and may potentially alter the population dynamics in larval habitats. Although a top-

level detritus consumer was absent in our study, the fact that the two species of

container-inhabiting mosquitoes evaluated differed in the degree of response to leaf

condition suggests that context-dependence interactions must be considered when

describing any processing chain relationships for these species.

The finding that leaf particulates had a greater overall effect on the survival rate

of Ae. albopictus independent of leaf biomass and larval density compared to Ae.

aegypti suggests that Ae. albopictus is better able to exploit such a resource than

Ae. aegypti. A particulate substrate would have a greater surface area-to-volume

ratio than a whole leaf substrate (Cummins et al. 1979), allowing for increased

microbial growth on the particulate substrate. Indeed, smaller-sized particles are
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more densely populated by microorganisms than larger particles (Cummins et al.

1979). This increase in microbial growth would be expected to have a positive

impact on larval growth parameters (Kaufman et al. 1999, Kaufman and Walker

2006).

Enhanced growth of fungi might also explain the positive effect of leaf

particulates on survival of Ae. albopictus. Kaufman and others (2001) proposed that

fungal biomass in intact leaves is more or less unavailable to larvae because it is

contained within the leaf matrix and grazing larvae rarely gain access to this food

resource. Reducing leaves to a particulate condition would potentially have the

effect of exposing mosquito larvae to additional food resources (i.e.

microorganisms), most probably fungi. Kaufman and Walker (2006) proposed that

fungi fill a “nutritional gap” for steroids in the mosquito diet. Addition of nitrogen,

which can accelerate the decomposition rate of leaves and stimulate fungal growth

on leaves while having no effect on bacterial productivity, has been shown to

significantly increase adult emergence rates and adult mosquito biomass in leaf

microcosms (Kaufman and Walker 2006). Small leaf fragments in particulate

infusions in our study would presumably contain greater fungal biomass than would

normally be found on intact leaves. Based on the conclusions of Kaufman and

Walker (2006), ingestion of fungi or leaf fragments containing fungi (Merritt et al.

1992) by mosquito larvae in our study should have significantly increased adult

emergence rates relative to infusions with intact leaves. However, Kaufman and

Walker (2006) performed their studies with Oc. triseriatus and an earlier study

demonstrated a clear behavioral difference in feeding among container-dwelling
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larvae (Yee et al. 2004). In addition, Kaufman and Walker (2006) based their

conclusions on inputs of nitrogen into leaf microcosms where they actually evaluated

fungal biomass. We observed the presence of fungal mats in particulate leaf

microcosms but not in whole leaf microcosms. Significant increases in larval Ae.

albopictus survival in leaf particulate microcosms relative to microcosms containing

whole leaves suggests that fungal-rich substrates enhanced survival of Ae.

albopictus or else this particular species is more behaviorally-attuned to exploiting

nutrients associated with particulate substrates relative to intact leaves.

Interestingly, the pH of particulate oak leaf microcosms in our study ranged

from 4.4 to 4.9 over the course of the experiment which was 1 to 1.5 pH units lower

than for whole leaf microcosms (data not shown). Acidic conditions prolong the

larval period of Ae. albopictus (Sota 1983) and reduce survival and emergence rates

in Oc. triseriatus (Paradise and Dunson 1997). Ae. albopictus did indeed develop

more slowly in particulate (acidic) microcosms versus whole (less acidic) leaf

microcosms in our study while for Ae. aegypti the opposite appeared to be true.

Effects of larval density and leaf biomass on larval performance of these two

species are apparently highly dependent on food quality since under laboratory

conditions Ae. aegypti was the superior competitor to Ae. albopictus when artificial

food resources were used (Moore and Fisher 1969; Black et al. 1989, Ho et al.

1989). These results demonstrate the importance of using natural food sources in

larval survivorship and development experiments involving these two species.

Under natural conditions larval crowding or low food levels are common in container

habitats. Ae. albopictus exhibits superior larval performance compared to Ae.
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aegypti under these conditions because of differences in its feeding behavior. Both

species spend the majority of their time on leaves when leaves are present (Yee et

al. 2004). However, Ae. albopictus larvae spend significantly more time at leaf

surfaces engaged in feeding activities compared to Ae. aegypti larvae, which are

more often engaged in non-feeding activities (Yee et al. 2004). Therefore, in low

resource environments, Ae. albopictus would be expected to exhibit superior larval

performance relative to Ae. aegypti.

To determine if larval growth and development of Ae. aegypti could be

enhanced by an increase in bacterial productivity, we added glucose or

supplemental nutrients (glucose, magnesium sulfate, dipotassium phosphate, and

casamino acids) to a high biomass infusion containing the low density of Ae. aegypti

larvae. Kaufman and others (2002) showed that a labile carbon source (glucose)

would stimulate bacterial productivity in the water column of laboratory tree hole

microcosms and that glucose, nitrogen, and phosphorus were necessary to enhance

bacterial productivity on leaf surfaces. Surprisingly, we discovered the glucose and

supplemental nutrient treatments resulted in significant increases in larval mortality.

Dense growths of fungal hyphae were associated with microcosms receiving

enrichments of glucose or supplemental nutrients. In an earlier study, Carpenter

(1982) also reported the presence of dense, macroscopic growths of fungi after

glucose enrichment, which entangled “healthy” larvae in fungal hyphae. We

observed mortality of “healthy” fourth instars, which suggests that the larvae died as

a result of some factor unrelated to starvation. We believe that the dense growths of

fungi that we observed were responsible for the observed mortality. While we did
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not measure bacterial productivity, we did find that the addition of glucose or

supplemental nutrient did not enhance abundance of culturable bacteria. However,

it is highly likely that there were changes in the abundance of total bacteria that

would include unculturable bacteria. In a subsequent investigation, we found that

abundances of culturable bacteria in OLI microcosms, on average, make up only a

small fraction (2.5%) of the total bacteria and that significant decreases in

abundances of total bacteria in the presence of larvae occurred on day 8 (Evans et

al. unpublished data). In the presence of larvae, abundances of culturable and

unculturable bacteria were lower relative to microcosms in which larvae were absent

from days 8 thru 28 (Evans et al. unpublished data).

We have shown that Ae. albopictus and Ae. aegypti larvae respond differently

to the physical condition of white oak leaves, which suggests that these mosquitoes

species would respond differently to other invertebrates in a detritus processing

chain. In general, we observed superior performance of Ae. albopictus relative to

Ae. aegypti under all conditions evaluated. Ae. albopictus spends significantly more

time foraging on leaves than Ae. aegypti (Yee et al. 2004) and it is widely known that

microorganisms on leaf detritus are a food source for mosquito larvae (Merritt et al.

1992). Although evidence presented in this study and elsewhere has shown Ae.

albopictus to be the superior performer, Ae. aegypti remains a more significant

vector of urban dengue worldwide (Gratz 2004). In North America, the geographic

spread of Ae. albopictus has been followed by a reduction in Ae. aegypti populations

perhaps due, in part, to resource competition. Such a trend will continue to have



70

implications regarding the potential for disease transmission in North America and in

other parts of the world where Ae. albopictus has been introduced in recent years.
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Table 2.1. Results of factorial ANOVA for effects of leaf condition, leaf biomass, and

larval density on survival of Ae. albopictus and Ae aegypti larvae after 31 d in white

oak leaf infusions.

Ae. albopictus Ae. aegypti

Source df F P > F F P > F

Leaf condition 1 12.37 0.0029 2.82 0.1125

Leaf biomass 1 17.86 0.0006 18.34 0.0006

Density 1 12.66 0.0026 2.16 0.1606

Leaf condition x Leaf biomass 1 0.45 0.5103 4.49 0.0500

Leaf condition x Density 1 0.05 0.8333 0.05 0.8200

Leaf biomass x Density 1 0.04 0.8495 0.87 0.3653

Leaf condition x Leaf biomass x

Density
1 1.52 0.2355 0.00 0.9609

Error 16
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Table 2.2. Effects of larval density, leaf biomass, and leaf condition on

survival of Aedes larvae over 31 d in 1 wk-old, white oak leaf infusions.

For each species, effects of variables were evaluated in a factorial

experiment design involving three replicate experiments.

Ae. albopictus Ae. aegypti

Variable Mean % SE Mean % SE

Larval density

0.5 larva/mL 53.9 7.1 39.9 5.8

1.0 larva/mL 33.0 6.4 32.3 5.4

Leaf biomass

0.5X 30.6 5.6 23.9 3.1

2.0X 56.3 7.1 48.3 5.3

Leaf condition

Particulate 56.3 7.7 42.7 6.5

Whole 30.5 4.0 29.4 3.2
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Table 2.3. Results of ANOVA for effects of leaf condition, leaf biomass,

and larval density on development times (d) for Aedes larvae and pupae

in 1 wk-old, 2X biomass white oak leaf infusions.

Ae. albopictus Ae. aegypti

Source df F P > F df F P > F

Leaf condition 1, 4.01a 7.38 0.0531 1, 10 a 17.16 0.0020

Density 1, 10.1 6.11 0.0328 1, 10 2.00 0.1873

Gender 1, 10.1 78.82 0.0001 1, 10 8.35 0.0161

Leaf condition x Density 1, 10.1 5.19 0.0458 1, 10 4.83 0.0527

Leaf condition x Gender 1, 10.1 1.67 0.2237 1, 10 1.78 0.2114

Density x Gender 1, 10.1 19.76 0.0012 1, 10 0.00 1.0000

Density x Gender x

Leaf condition
1, 10.1 5.19 0.0458 -b - -

aDenominator degrees of freedom calculated using the Kenward-Roger method.

bMissing data precluded determination of a three-way interaction.



Table 2.4. Effects of density, gender, and leaf condition on least squares means of

median development times (d) of Aedes larvae in 1 wk-old, white oak leaf infusions

(2X biomass). For each species, three replicates of four treatments were performed

at each level of each variable in a factorial experiment design.

Ae. albopictus Ae. aegypti

Total No.a Median (d) SE Total No.a Median (d) SE

Density

0.5 larva/mL 387 17.5 1.1 79 23.0 1.0

1.0 larva/mL 134 15.8 1.1 45 26.3 1.8

Gender

Male 326 13.7 1.1 74 22.0 1.0

Female 195 19.7 1.1 50 27.4 1.8

Leaf condition

Whole 195 13.9 1.4 22 28.8 1.8

Particulate 326 19.4 1.4 102 20.6 1.0

aTotal number of adults that emerged over three replicate experiments.
81
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Table 2.5. Results of factorial ANOVA for effects of leaf condition, leaf biomass,

and larval density on emergence of Aedes adults after 31 d in 1 wk-old, white oak

leaf infusions.

Ae. albopictus Ae. aegypti

Source df F P > F F P > F

Leaf condition 1 3.05 0.0997 1.92 0.1853

Density 1 20.89 0.0003 6.95 0.0179

Leaf biomass 1 40.38 0.0001 18.16 0.0006

Leaf condition x Leaf biomass 1 0.00 0.9588 12.22 0.0030

Leaf condition x Density 1 0.01 0.9125 0.23 0.6347

Leaf biomass x Density 1 1.14 0.3022 1.47 0.2430

Leaf condition x Leaf biomass x

Density
1 2.42 0.1393 0.04 0.8524

Error 16
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Table 2.6. Effects of larval density, leaf biomass, and leaf condition on

emergence of Aedes adults over 31 d in 1 wk-old, white oak leaf

infusions. For each species, three replicate experiments were

performed in a factorial experiment design involving three replicate

experiments.

Ae. albopictus Ae. aegypti

Variable Mean % SE Mean % SE

Larval density

0.5 larva/mL 28.6 8.9 5.7 2.8

1.0 larva/mL 4.6 2.3 1.6 0.9

Leaf biomass

0.5X 2.9 1.6 0.6 0.2

2.0X 30.3 8.6 6.8 2.6

Leaf condition

Particulate 20.7 8.3 5.5 2.7

Whole 12.5 6.1 1.9 1.0
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Table 2.7. Effects of nutrient treatments on median development time (d) of Ae.

aegypti larvae and pupae (0.5 larva/mL) in particulate white oak leaf infusion

(2X). ANOVA results indicated that treatments did not significantly affect

development time of each gender (P > 0.05).

Males Females

Treatment No.a Median (d)b SE No.a Median (d)b SE

No-nutrients 40 19.2 2.2 13 20.0 3.2

Glucose only 64 24.7 2.2 41 25.7 3.2

Nutrient supplementc 110 21.7 2.2 62 27.7 3.2

a Total number of adults that emerged over three replicates.

b Mean of three replicates.

c Glucose supplemented with magnesium sulfate, casamino acids, and

dipotassium phosphate.
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Figure 2.1. Effects of leaf form and biomass on larval survival and adult

emergence of Ae. aegypti. Bars marked with the same letter within each

response variable (larval survival or adult emergence) are not significantly

different (P > 0.05) by a least significant difference test.
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Chapter 3

Influence of Mosquito Larvae on Bacterial Diversity and Abundance, and on

the Oviposition Response of Gravid Aedes aegypti (Diptera: Culicidae)

Abstract

In laboratory microcosms containing white oak leaf infusion (OLI), the feeding

activity of Aedes aegypti larvae influenced the production dynamics of bacterial food

sources. Abundance of total bacteria (culturable and unculturable species) declined

from 8 to 28 d after addition of larvae while abundances of culturable bacteria were

largely unaffected by the presence of larvae over a 32-d period. On average,

abundance of culturable bacteria accounted for only 2.5% of the abundance of total

bacteria in oak leaf microcosms, which suggests that larvae primarily fed on

unculturable bacteria. Bacterial community structure for microcosms with and

without larvae was profiled with denaturing gradient gel electrophoresis (DGGE)

using PCR-amplified 16S ribosomal DNA fragments from extracted total genomic

DNA. Analysis of distance coefficients between DGGE profiles using non-metric

multi-dimensional scaling demonstrated a larval effect on bacterial community

structure beginning on days 12 or 16 to the end of the experiment (day 32).

Additionally, we discovered that over consecutive days, particularly prominent

DGGE bands (= bacterial operational taxonomic units) which had appeared in

profiles of larval microcosms, were either absent or found at proportionately lower

intensities in corresponding profiles from microcosms in which larvae had been

absent and vice versa. Such findings provide evidence that mosquito larvae are

able to alter the bacterial community structure in microcosms. To determine whether
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alteration of the bacterial community structure in OLI by mosquito larvae influenced

the olfactory/oviposition response of gravid mosquitoes, we used a binary bioassay

to evaluate the attractant/repellent and stimulant/deterrent properties of OLI which

had contained larvae. Each experimental replicate produced a different

olfactory/oviposition response pattern over the 32 d of the experiment, indicating that

larval alteration of the bacterial community structure had no consistent effect on the

olfactory/oviposition response of gravid adults. However, for some experimental

replicates, the occurrence of some DGGE gel bands or band patterns were

associated with an enhanced oviposition response.

Larval presence had no significant effects on concentrations of inorganic

nitrogen compounds (total ammonia nitrogen, nitrate, nitrites) and soluble

carbohydrates. Concentrations of total ammonia nitrogen, nitrates, and nitrites were

generally found at very low levels and no significant differences were found between

microcosms containing larvae and those without larvae. However, sulfate levels in

microcosms with and without larvae generally increased with time with sulfate levels

being significantly higher in the presence of larvae in the latter days of the

experiments. Additionally, pH was significantly lower in larval microcosms versus

microcosms without larvae on days 28 and 32. Mechanisms surrounding these

observations are discussed.
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Introduction

Aedes aegypti larvae inhabit containers discarded in and around human

dwellings. Leaf detritus is a critical component of many larval habitats and forms the

basis of most food webs (Moore et al. 2004; Merritt et al. 1992). Microorganisms

(i.e. bacteria, protozoa, fungi) are bottom-level decomposers of leaf detritus in larval

mosquito habitats (Merritt et al. 1992). Microbial communities on the surfaces of leaf

detritus contribute significantly to the diet of larval mosquitoes (Cochran-Stafira and

von Ende 1998; Kaufman et al. 1999, 2001, 2002; Eisenberg et al. 2000; Merritt et

al. 1992). The feeding activity of container-inhabiting mosquito larvae, such as

Ochlerotatus triseriatus, alters microbial community structure (Kaufman et al. 1999,

2000). Grazing by Oc. trisieriatus larvae has been shown to increase the relative

proportion of facultative anaerobic bacteria, most notably enteric bacteria (Kaufman

et al. 1999, 2000).

The decomposition of detritus material by microbial communities within mosquito

habitats results in the production of nonvolatile and volatile chemicals (Millar et al.

1992). Some of these chemicals are attractive to gravid mosquitoes and mediate

their oviposition behavior (Benzon and Apperson 1988, Trexler et al. 2003, Navarro

et al. 2003, Ikeshoji et al. 1975, Pavlovich and Rockett 2000, Hasselschwert and

Rockett 1988, Ponnusamy et al. unpublished data). Consequently, oviposition

semiochemicals derived from bacterial decomposition of organic matter potentially

influence the spatial distribution of mosquitoes in the landscape. We hypothesized

that a functional relationship between mosquito larvae and bacteria affects the



94

oviposition response of gravid mosquitoes through larval modification of bacterial

community structure.

In laboratory microcosms containing oak leaf infusion, we determined whether

container-inhabiting Ae. aegypti larvae alter the bacterial community landscape of

oak leaf infusions by using denaturing gradient gel electrophoresis (DGGE) to create

16S rDNA bacterial community profiles of microcosms with and without larvae.

DGGE of PCR-amplified 16S rDNA was first introduced as a fingerprint method to

study bacterial species dynamics at the community level (Muyzer et al. 1993) and

has since been used extensively to analyze spatial and temporal shifts in the

species diversity of bacterial communities (Boon et al. 2002, Das et al. 2007,

Griffiths et al. 2003, Nubel et al. 1999). Additionally, we evaluated effects that

infusions from larval microcosms have on the olfactory and oviposition responses of

gravid Ae. aegypti and determined if DGGE DNA profiles and particular bacterial

species (= operational taxonomic units, OTUs) could be associated with the

oviposition/olfactory response. We hypothesized that bacterial community DNA

profiles from microcosms with larvae would become more closely associated in

structure over time while profiles from microcosms without larvae would not display a

clear association over time. We proposed that some bacterial DNA profiles and

OTUs could be associated with an enhanced oviposition/olfactory response.

Materials and Methods

Mosquito Colony Origin and Maintenance. Ae. aegypti used in

experimentation originated from a laboratory colony maintained at North Carolina

State University in Raleigh, NC. Mosquitoes were colonized from eggs collected in
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New Orleans, LA in 2003. At least twice annually, adults from field-collected eggs

were introduced into the colonies to preserve genetic diversity. Ae. aegypti was

reared at ca. 28 C ± 2 and at a relative humidity of about 75% under a photo regime

of 14:10 h (L:D) provided by fluorescent lights (35-watt). Crepuscular periods (30

min) simulated by an incandescent light bulb (25-watt) were included at the

beginning and end of the photophase. Larvae were fed a mixture of liver:baker’s

yeast (2:1, wt:wt) on a regular schedule (Gerberg et al. 1994). Females were

provided with 10% sucrose ad libitum and a human blood meal. Eggs, collected on

seed germination paper (Steinly et al. 1994) 4-5 days post-blood meal, were stored

at 15 oC until used in experiments.

Microcosm Setup and Sampling. Two-L wide-mouth, glass jars (200-series

from I-Chem; Rockwood, TN) were used as containers. Jars and lids were sterilized

by autoclaving prior to assembling the microcosms. Ventilation was provided by a

hole (3.25 cm dia.) drilled through each polypropylene jar lid. A nylon filter

membrane (4.7 cm dia., 0.22 µm pore size, Millipore) was glued (Krazy glue, 3M)

over the hole to prevent outside microbial contamination of the infusion.

Oak leaf infusion (OLI) was prepared in the glass jars using senescent white

oak (Quercus alba L.) leaves that were collected from a residential site in suburban

Raleigh, NC. The leaves were stored in large garbage bags under dry conditions

within a temperature range of 24 C to 27 C. Leaves were used from 2 to 6 months

after collection to prepare 1 L of OLI in sterile well water. OLIs, each consisting of a

2X leaf biomass (1X = 8.4 g/L well water) (Trexler et al. 1998), were prepared using

leaves that had been ground into particles with a commercial blender (Waring;
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Torrington, CT) set on LOW for 15s. A quantity of particulate oak leaves sufficient

for four experimental replicates was stored in a 1-quart ziplock bag. The bag’s

contents were shaken prior to microcosm preparation. Particulate oak leaves were

used in lieu of whole leaves to promote uniform growth and species diversity of

microbial populations among microcosms. Considerable leaf-to-leaf variation in

species composition has been reported for microbial populations inhabiting the

surfaces of leaves from the same trees (Brunel et al. 1994; Yang et al. 2001; Lambis

et al. 2006). Our approach potentially minimizes microcosm-to-microcosm variation

that might result from use of whole leaves, thereby allowing for any observed

differences (i.e. in microbial community structure and abundance, nutrient

concentrations) to be attributed to a treatment effect (larval presence). Additionally,

survival of larval Ae. aegypti (0.5 larva/ml) was found to be significantly higher in

particulate versus whole OLI (2X) microcosms (62.9% versus 33.7%) over the

course of 31 d (Chapter 2). Therefore, observed treatment (larval presence) effects

(i.e. microbial community structure and abundance of bacteria) would less likely be

attributed to larval mortality if particulate oak leaves were used instead of whole

leaves. Microcosms were aged for one week prior to addition of mosquito larvae

and were placed in the insectary for the duration of experimentation.

A randomized complete block experimental design was used. Eighteen

microcosms were randomly divided into two groups of nine microcosms (designated

as larval and control microcosms) with one set receiving larvae. Eight of the nine

larval microcosms each received 500 Ae. aegypti first instars (0.5 larva/mL), while

control microcosms did not receive larvae. The 9th larval microcosm did not receive
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larvae and was designated as the day 0 microcosm. Early first instars were

acquired by placing strips of seed germination paper, containing approximately 5000

eggs, into 6.5-d-old OLI. These eggs were less than 6 wks old. Within 12 h of

hatching, larvae were enumerated and transferred to the microcosms. The day

when larvae were added to the microcosms was designated as day 0. One larval

and control microcosm were each destructively sampled starting on day 0 and at 4 d

intervals afterward, ending on day 32. Sterile well water was added to each

microcosm every 8 d, if necessary, to maintain a 1 L volume. Microcosms were

inspected daily, beginning on day 4, for the presence of adults, which were removed

and counted.

Microcosms were destructively sampled by first gently mixing the infusion with

a sterile 5-mL plastic pipette. The infusion was carefully poured through a 350-µm

mesh nylon screen to separate the particulate leaf material and/or larvae from the

infusion. Leaf material sieved from OLI in control microcosms was discarded. For

larval microcosms, the leaf material was emptied into a jar of distilled water and,

subsequently, larvae were collected and enumerated. A 250-mL sample of OLI was

either frozen (-80 C) for chemical analyses later or analyzed that same day for

selected water chemistry variables. The remaining OLI was used to estimate the

abundance of total and culturable bacteria, diversity of bacterial species, and to

evaluate the oviposition/olfactory response of gravid mosquitoes.

Abundance of Culturable Bacteria.

(i) Preliminary studies - comparison of plate count media. Preliminary

experiments were conducted to evaluate the following preparations of plate count
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media for culturing bacteria from OLIs: 100% R2A; 10% R2A; 1% R2A; 100% R2A

with 20% (v/v) 1 wk-old, filter-sterilized (0.22 µm filter), particulate OLI; 10% R2A

with 20% (v/v), 1 wk-old filter-sterilized particulate OLI; and 1% R2A with 20% (v/v),1

wk-old filter-sterilized particulate OLI. R2A is a standard medium for culturing

bacteria from aquatic samples (Reasoner and Geldreich 1985, Massa et al. 1998).

Noble agar (Difco Laboratories; Sparks, MD) was added to all 10% and 1% R2A

preparations as a solidifying agent. Preparations of 100% R2A contained sufficient

concentrations of agar to solidify culture media.

To culture bacteria, a 1 mL aliquot of OLI from a 1 wk-old microcosm (2X

particulate white oak leaf biomass) was serially-diluted in 15-mL glass test tubes

containing peptone and distilled water [0.1% peptone (w/v)]. Volumes of 100 µl of

OLI (10-3, 10-4, and 10-5 dilutions) were spread-plated in duplicate onto the R2A plate

count media described above and incubated at 28 °C. Colony forming units

(CFUs/mL) were enumerated at 2, 4, 6, and 8 d. After 8 d, plates (with 10-3 dilutions

only) were washed with 1 mL of DNase-free water, the wash was centrifuged at

5,900 x g for 5 min, and the pelleted bacteria were stored in 300 µl TNE buffer [50

mM Tris (pH 7.5), 140 mM NaCl, 5 mM EDTA] at -80 °C. Subsequently, 16S rDNA

was amplified and bacterial species diversity in these samples was evaluated using

DGGE as described below.

Results of these preliminary experiments showed that supplementation of R2A

agar media (100%, 10%, or 1%) with OLI (20% v/v) did not increase overall plate

counts of culturable bacteria from OLI samples relative to R2A of the same

concentrations without OLI (Fig. 3.1). Additionally, DGGE species profiles of
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bacterial communities demonstrated that 100% R2A medium without an OLI

supplement and 10% R2A medium with OLI each cultured 15 species from OLI

microcosms (Fig. 3.2) However, species profiles determined by DGGE of 16S rDNA

amplified from total community DNA from bacteria cultured in the two media were

only 42.9% similar. Similarity analyses were completed using Jaccard’s similarity

coefficient as described below. Consequently, we decided to use R2A-OLI culture

media to increase the likelihood that bacterial species dependent on OLI would be

successfully cultured. Therefore, 1 mL samples of OLI from destructive sampling of

microcosms were serially-diluted and spread-plated on 10% R2A-OLI culture media

as described above. Plates were incubated at 28 °C and abundances of colony

forming units were determined at 4 d.

(ii) Microcosm studies - abundance of total bacteria. Upon destructive

sampling of each microcosm, a 10-mL volume of OLI was preserved in 37%

formaldehyde (1.8% final concentration). DAPI (4’,6-diamidino-2-phenylindole) was

used to stain bacterial cells for enumeration according to established procedures

(Porter and Feig 1980, Kaufman et al. 1999). DAPI-stained cells were counted at

1000X under oil emersion using an Olympus BH-2 microscope equipped with an

HBO 50-W mercury lamp, a UV filter block (350-nm excitation and 400-nm

emission). Two filter membranes and ten fields per filter membrane were

enumerated for each subsample (Kirchman et al. 1982).

DNA Extraction and Purification. For each microcosm, bacteria from 25 mL

of OLI were filtered through a polycarbonate membrane filter membrane (0.22 µm

pore size, 47 mm dia., Millipore) and the filter membrane was stored in 300 µL TNE
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buffer at -80 °C until DNA extraction. To extract DNA, 300 µL extraction buffer [100

mM sodium phosphate (pH 7.0), 100 mM Tris-HCl (pH 7.0), 100 mM EDTA (pH 8.0),

1.5 M NaCl, 1% hexadecyltrimethylammonium bromide (CTAB) and 4% SDS] (Hurt

et al. 2001) was added to each sample. Samples were incubated at 65 °C for 1 h in

a water bath and genomic DNA was extracted using the chloroform:phenol

extraction method (Miller et al. 1999). DNA samples were purified once with the

FastDNA® SPIN Kit for Soil (Qbiogene; Solon, Ohio) and a second time using the

Wizard® DNA Clean-up Kit (Promega; Madison, Wisconsin). Since a light brown tint

often remained in the samples after purification with the FastDNA® SPIN Kit for Soil,

the additional purification step was necessary to remove potentially interfering

substances (humic contents) prior to polymerase chain reaction (PCR).

PCR Amplification of 16S rDNA. PCR was used to amplify the V3 region of

16S rDNA with universal bacterial primers 357F-GC (5’-GC clamp +

CCTACGGGAGGCAGCAG-3’) and 518R (5’-ATTACCGCGGCTGCTGG-3’) (Yu and

Morrison 2004). A GC clamp (5’-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG-3’) was added

to the forward primer to avoid strand separation during DGGE analysis. PCR

amplification was conducted in a final volume of 25 µL, which included 5 µL of

template DNA and 1 µL (20 pmols) of each primer, 12.5 µL of 2X Taq® Green Master

Mix (Promega), and 5.5 µL of nuclease-free sterile water. Amplification was carried

out in an MJ Mini Personal Thermal Cycler (Bio-Rad; Hercules, CA) under the

following conditions: 94 °C for 3 mins; 10 cycles of 94 °C for 30 s, 61 °C (with a

touchdown step of minus 0.5 °C/cycle) for 30 s and 72 °C for 1 min; 32 cycles of 94
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°C for 30 s, 56 °C for 30 s, and 72 °C for 1 min; and a final elongation step at 72 °C

for 10 min. PCR products were separated by electrophoresis in 1.5% agarose gels

and visualized by ethidium bromide staining and UV illumination. Amplicon size and

quantity were evaluated by comparison with molecular weight standards (Low DNA

Mass Ladder; Gibco BRL).

DGGE. Bacterial species diversity was determined using DGGE (Denaturing

Gradient Gel Electrophoresis), a technique which separates DNA sequences of the

same length based on their melting points. Amplicons that differ by as little as one

base pair can be distinguished by DGGE (Muyzer et al. 1993). Analyses were

performed using the DcodeTM Universal Mutation Detection System (Bio-Rad) with

8% (w/v) acrylamide (40% acrylamide/bis-acrylamide 37.5:1 w/w) gels having a

linear gradient from 45 to 65% (100% denaturant is 7M plus 40% [vol:vol]

formamide). A 45% denaturing solution was prepared by combining 18 mL

deionized formamide (40%), 18.9 g urea, 20 mL acrylamide/bis, 2 mL 50X TAE

buffer, and enough distilled water to make 100 mL. The 65% denaturing solution

was prepared by combining 26 mL deionized formamide (40%), 27.3 g urea, 20 mL

acrylamide/bis, 2 mL 50X TAE buffer, and enough distilled water to make 100 mL.

Both solutions were degassed for 10-15 min and, subsequently, filtered through a

0.45 µm (pore-size) filter. Solutions were stored in the dark at 4 °C for no more than

2 wks until gradient formation.

PCR products (300-500 ng DNA/lane) were electrophoresed in 1X TAE running

buffer [40 mM Tris, 20 mM acetic acid, 1 mM EDTA (pH 7.4)] at a constant

temperature of 60 °C for 18 h at 50 V. After electrophoresis, the gels were stained
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for 30 min in a 1:10,000 dilution of SYBR Green I stain (Invitrogen; Carlsbad, CA ) in

1X TAE buffer and viewed under a UV transilluminator (Spectroline; Westbury, NY).

Gels were photographed using a digital camera (Olympus Model C-5060) equipped

with a yellow 15 filter (Heliopan; Germany). A reference ladder of previously

sequenced amplicons from bacterial species cultured from whole leaf OLI

(Ponnusamy et al. unpublished data) was used to align bands across lanes, and to

ensure that band mobility was consistently interpreted from gel to gel.

Analysis of DGGE Banding Patterns. To evaluate the impact of larvae on

bacterial community structure, we compared DNA banding patterns of DGGE gels

for the presence/absence of bands. Additionally, we determined the relative

intensity of each band within a DGGE gel for a microcosm sample based on the total

intensity of all bands in the sample. Each band was assumed to be a bacterial

species or operational taxonomic unit (OTU) (Hughes et al. 2001) and, the intensity

of a band reflected its relative contribution to the total intensity of all bands in a

DGGE gel lane (=sample) (Murray et al. 1996). Each gel contained all microcosm

samples included in a single experimental replicate. Each replicate was analyzed

separately. Adobe Photoshop CS 2 Version 9.0 (Adobe Systems; San Jose, CA)

was used to straighten each gel without altering the relative location of bands in the

samples. Digital images of banding patterns of each gel were analyzed with 1D

Analysis Software (UVP Inc.; Upland, CA). Presence or absence of bands (OTUs)

was determined manually using reference ladders for comparisons across lanes.

Within each gel (experimental replicate), banding patterns were transformed into a

binary matrix of presence-absence values for each OTU, and a Jaccard’s similarity



103

coefficient (Cj) (Langenheder et al. 2006) was computed for each pair of samples.

Jaccard’s distance coefficient (d = 1 – Cj) was used to measure the proportion of

OTU mismatches between samples (Urdaneta et al. 2001). A matrix of distance

coefficients was analyzed by non-metric multi-dimensional scaling (NMDS) with the

Community Analysis Package (CAP) 3.0 software (Pisces Conservation Limited,

United Kingdom). NMDS has been shown to be a useful tool for the interpretation of

DGGE data (van Hannen et al. 1999, Diez et al. 2001, Fromin et al. 2001, Schafer et

al. 2001). With this technique, samples are plotted as points in a multi-dimensional

plane so that similar samples are plotted close together (Borg and Lingoes 1987,

van Hannen et al. 1999, Fromin et al. 2001). NMDS is a non-parametric technique

that maximizes rank-order correlation between distance measures (i.e. Jaccard’s

distance coefficient) and distance in ordination space (Kruskal and Wish 1977). The

degree of mismatch between Jaccard's distance (for example) and distance in

ordination space is quantified using a measurement known as ‘stress’ (Kruskal and

Wish 1977). Sample points are shifted to minimize stress. The n-dimensional space

is determined by plotting stress as a function of the number of dimensions (or axes).

The appropriate number of dimensions is determined at the point where any

increase in the number of dimensions has little or no effect on reducing the stress

value. We found that an increase in the number of dimensions beyond two had little

effect on the stress value. Therefore, sample points were plotted in two-dimensional

space.

In order to determine which OTUs, if any, might play a significant role in the

feeding dynamics of mosquito larvae, we identified prominent DGGE bands which
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had appeared in profiles of larval microcosms and that were either absent or found

at proportionately lower intensities in corresponding profiles from microcosms in

which larvae had been absent and vice versa. We arbitrarily considered any gel

band from a larval or control DGGE profile with a relative intensity at least one-third

lower than the relative intensity of the same band in the corresponding larval/control

profile to be lower in terms of band intensity.

DGGE bacterial community profiles allowed us to compare OTU diversity

among the samples within each experimental replicate. The relative abundance of

each band (OTU) and/or the numbers of bands in each sample (gel lane) were used

to estimate bacterial OTU richness and evenness, and calculate an index of

diversity, the Shannon-Weaver index. Band richness was determined for each

sample or lane based on the total number of phylotypes (Muller et al. 2001). The

Shannon-Weaver index (H’), which integrates information on the number of bands

and on band intensities, was used to compare how the structural diversity of

bacterial communities varied within and between larval and control microcosms

(Eichner et al. 1999, Nubel et al. 1999). This index is calculated by the equation:

H’= –∑Pi log Pi,

where Pi is the proportion of the overall diversity corresponding to the ith OTU. Pi

was calculated using the equation:

Pi = n i/N,

where ni is the band intensity for individual bands and N is the sum of all band

intensities for a particular lane (= sample). H’ increases with the number of DGGE

bands and is higher when band intensity (or abundance) is distributed more
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uniformly over the banding profile. Evenness (E) is independent of the number of

OTUs (Smith and Wilson 1996). Evenness was used to evaluate uniformity in the

contributions of individual OTUs based on the maximum value of H’ for each

treatment (larval or control) (Nubel et al. 1999, McCaig et al. 2001). E was

calculated using the equation:

E = H’/H’max,

where H’max was the maximum value of H’ for a particular treatment (larval or

control).

Jaccard’s similarity coefficient (Cj) was used in preliminary studies to

determine similarity among DGGE DNA profiles of bacterial species from OLI

cultured on various R2A plate count media described earlier. Cj was expressed as

percent similarity by multiplying Cj by 100.

Oviposition Studies.

i. Attraction/Repellency. The attractant/repellent effects of OLI from

microcosms containing larvae were evaluated with a modified binary sticky screen

bioassay (Trexler et al. 1998). In this bioassay, a sticky screen was placed above

an infusion to trap gravid mosquitoes attracted to the infusion. Two polypropylene

cups (120 mL) were placed in opposite corners of a 30 x 30 x 30 cm Plexiglas®

cage. To eliminate visual cues from dark colored OLI, cups were covered with white

paper. One cup contained 30 mL of larval OLI while the other cup contained the

same amount of control OLI. A wire mesh screen coated with an insect glue

(Tanglefoot®, Tangle Foot Co., Grand Rapids, MI) was inserted into each cup on top

of a polypropylene insert cut from a 120-mL polypropylene cup. Sticky screens were



106

placed above the infusion about 2.5 cm below the cup lip. Ten gravid females were

released into each cage. Cages were placed on racks and held under

environmental conditions similar to the mosquito insectary. After a 24 h exposure,

the numbers of gravid females that were trapped in cups containing larval and

control OLI were counted separately and summed across all ten cages for each

replicate.

ii. Oviposition stimulation/deterrence. The egg-laying response of gravid

mosquitoes to OLI was evaluated as previously described (Trexler et al. 1998). To

determine oviposition stimulation/deterrence, gravid mosquitoes were exposed to

bioassay cups without sticky screens and were allowed to make contact with the

infusion. Each experimental replicate consisted of 8 bioassay cages with 5 gravid

mosquitoes per cage. After a 24 h exposure, the numbers of eggs in cups

containing larval and control OLI were counted separately and summed across all

ten cages for each replicate.

Water Nutrient Analyses.

i. Soluble carbohydrates. On the same day that microcosms were

destructively sampled, a 1 mL aliquot of OLI was filter-sterilized using a

polycarbonate filter membrane (0.22 µm pore size, 47 mm dia., Millipore).

Concentrations of soluble carbohydrates in OLI were determined with the phenol-

sulfuric acid method for sediment samples using glucose as a standard (Gerchakov

and Hatcher 1972). Stock solutions of ß-D-glucose (250 µg/mL) and phenol (5%)

were prepared using distilled water (DW). A standard curve was constructed using

the following glucose concentrations: 10, 25, 50, 100, 150, 200, and 250 µg/mL.
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Absorbance was determined at 485 nm using a Spectramax Plus microplate reader

(Molecular Devices; Sunnyvale, CA).

ii. Inorganic compounds and pH. Additional chemical analyses of samples

were performed by the Biological and Agricultural Engineering Environmental

Analysis Laboratory located at North Carolina State University in Raleigh, NC.

Samples were analyzed for pH, nitrates, nitrites, total ammonia nitrogen (TAN), and

sulfates using established protocols (APHA 1998). Nitrates and nitrites were

determined by automated analysis using the cadmium reduction method. TAN

levels were determined using the ammonia-salicylate method for ammonia analysis.

Sulfates were evaluated using the HACH Sulfa Ver. 4 method (HACH, Loveland,

CO). pH of each sample was determined using an Accument AB15 Plus pH meter.

Statistical Analyses. A repeated measures ANOVA was completed using a

general linear model (PROC GLM, SAS 2000) to determine effects of time (0, 2, 4,

and 8 d) and R2A media preparation (100% R2A, 10% R2A, 1% R2A, 100% R2A

with OLI, 10% R2A with OLI, 1% R2A with OLI) on abundance of culturable bacteria.

A one-way analysis of variance (ANOVA) was performed for each day in the time

course using a general linear model (PROC GLM) to determine if the main effect

variable (larvae) significantly influenced concentrations of organic/inorganic

compounds and abundances of bacteria. A one-way ANOVA was also performed

for each day on indices used to measure diversity and species richness (Shannon

diversity index, evenness, and the number of bands). Differences in larval survival

and adult emergence across days were determined by ANOVA using a general

linear model (PROC GLM) with day as the main effect variable.
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For the oviposition studies, an oviposition activity index (OAI) was calculated

for each replicate using the formula:

where Nt is the total number of adults landing (for attraction/repellence) or eggs

found (for stimulation/deterrence) in the larval cups and Nc is the total number of

adults landing (for attraction/repellence) or eggs found (for stimulation/deterrence) in

the control cups (Benzon and Apperson 1988). OAIs range between -1 and 1 with

zero indicating no preference for either cup. OLI from a larval microcosm was

considered an attractant or oviposition stimulant if the response from gravid

mosquitoes resulted in an OAI value of ≥0.150. Larval OLI was labeled a repellent

or oviposition deterrent if the response resulted in an OAI value ≤-0.150. These

threshold values were arbitrarily established for the purposes of describing treatment

effects and discussing mosquito responses relative to the DGGE DNA banding

patterns.

Results

Effects of OLI on Culture of Bacterial Species on R2A Media. No

significant differences were found among abundances of bacteria cultured on 1%,

10%, and 100% R2A and R2A-OLI media (F = 0.61; df = 3,30; P = 0.6154) (Fig. 3.1).

Abundances of culturable bacteria were not affected by the incubation time of the

plates (2, 4, 6, or 8 d) (F = 1.02; df = 5,30; P = 0.4261). A 100% R2A-OLI medium

was able to support the growth of more species (20 species - based on the number

of DGGE gel bands) than any other medium evaluated (Table 3.1). The least

OAI =
Nt - Nc

Nt + Nc
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number of species (n = 14) was cultured in a 1% R2A-OLI medium (Table 3.1). We

compared the DGGE OTU profile of culturable bacteria grown on 100% R2A media

with profiles from other concentrations of R2A (10% R2A and 1% R2A) and three

concentrations of R2A-OLI (Fig. 3.2, Table 3.1). The OLI supplement did affect

community structure of culturable bacteria since the 100% R2A-OLI was only 66.7%

similar to the 100% R2A DNA profile. In addition, the concentration of R2A also

reduced similarity among DGGE DNA profiles since the profiles from 10% R2A and

1% R2A were only 47.6% and 23.1% similar, respectively, to the 100% R2A profile.

A reduction in concentration from 100% R2A-OLI to 10% R2A-OLI decreased

similarity with 100% R2A from 66.7% to 42.9%. Based on these findings, we

decided to use 10% R2A-OLI culture media to increase the likelihood that bacterial

species dependent on OLI would be cultured.

Abundances of Culturable and Total Bacteria. In general, rod-shaped

bacteria appeared to be the most dominant form in OLIs (Fig. 3.3). Abundances of

total bacteria in larval microcosms were lower than in control microcosms from days

12 thru 32 although differences were not significant (P > 0.05) (Fig. 3.4). No

significant differences (P > 0.05) in abundances of culturable bacteria were found

between larval and control microcosms throughout the 32 d. On average, the

abundance of total bacteria in both types of microcosms was approximately 1.5 logs

higher than the abundance of culturable bacteria (Fig. 3.4). Culturable bacteria

represented about 2.5% of the total bacteria in these microcosms, indicating that

approximately 97.5% of the bacteria in these microcosms were unculturable.
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Diversity and Species Richness. DGGE profiles of bacterial OTUs allowed

us to compare species diversity in larval and control microcosms (Fig. 3.5).

Evenness (E) and Shannon-Weaver indices (H’) were used to describe changes in

dominance among OTUs. A one-way ANOVA found that the presence of larvae did

not significantly impact (P > 0.05) either measure of diversity. Mean evenness

values indicated that the relative abundances (intensity) of OTUs in both larval and

control microcosms were generally uniform (E > 0.900) except on day 4 in control

microcosms which exhibited a large decrease in E relative to other microcosms (E =

0.83 ± 0.10) (Fig. 3.5). However, the low mean E was primarily due to one of the

replicates (Replicate 3, E = 0.63) with low species evenness.

The Shannon-Weaver diversity index was not significantly (P > 0.05) affected

by the presence of larvae (Fig. 3.5). However, there was a large reduction in mean

H’ (although not significant) on day 4 and a large decrease in H’ in larval

microcosms on day 28. In both instances, one of the three replicates was largely

responsible for the observed decrease.

Mean numbers of species (OTUs) ranged from 20 to 27 species across all

microcosms. The mean number of species in microcosms was generally reduced in

the presence of larvae between days 8 and 20 and again on days 28 and 32

although the observed decreases were not significant (P > 0.05) (Fig. 3.5).

Variability among replicates was high on several of the days of the time course for

both larval and control microcosms (Fig. 3.5).
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Non-Metric Multi-dimensional Scale Analyses of DGGE DNA Profiles.

Day 0 samples for larval and control microcosms were clustered in the same

area of the two-dimensional NMDS space (Fig. 3.6). This clustering pattern was

expected since these microcosms did not contain larvae and were equivalent. Over

the time course of the experiment, the locations of samples based on distance

coefficients for control and larval microcosms gradually shifted to the opposite end of

the two-dimensional space, indicating that there was a temporal shift in bacterial

community structure (Fig. 3.6). Additionally, effects of larvae on bacterial community

structure were evident from days 16 thru 32 in replicates 1 and 3 and days 12 thru

32 in replicate 2 (Fig. 3.6). Larval microcosms sampled on these days clustered

together and this cluster was separate from control microcosms. Control

microcosms did exhibit temporal shifts in bacterial structure, since all three replicates

of control microcosms appeared to be randomly distributed over the time course of

the experiments (Fig. 3.6).

Impact of Larvae on the Occurrence of Bacterial OTUs. To evaluate the

impact of larvae on the DGGE band patterns, we identified consecutive occurrences

of specific bands appearing in a control or larval DGGE profile that were also absent

or found at proportionally lower intensities in the corresponding larval or control

DGGE profile from the same day (Figs. 3.7 - 3.9).

In the first replicate, several OTUs were present in control DGGE profiles that

were absent or present at lower intensities in corresponding larval DGGE profiles as

follows: C1 (days 12, 16, 24, 28, and 32); C2 (days 12 thru 20); C3 (days 16 and

20); C4 (days 12 thru 20); C5 (days12 thru 32); and C6 (days 12 thru 20) (Fig. 3.7).
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Only one band (L1) appeared to be present in larval profiles that was absent or at

proportionately lower intensities in corresponding control profiles over consecutive

days (days 12 thru 20). In the second replicate, several bands were observed in

larval DGGE profiles that were either not found or appeared at lower intensities in

corresponding control DGGE profiles (Fig. 3.8). Bands from these particular profiles

were identified as follows: L2 (days 12 and 16); L3 (days 16 thru 28); and L4 (days

16 thru 28). Two control bands, C7 (days 24 and 28) and C8 (days 24 and 28) were

either missing or at lower intensities in corresponding larval profiles. In the third

replicate, two control bands were identified, C9 (days 24 and 28) and C10 (days 28

and 32), that were either not found or present at proportionately lower intensities in

corresponding larval profiles (Fig. 3.9). Several larval bands that were absent or

nearly absent in the control profiles from the same day were as follows: L5 (days 0

thru 8), L6 (days 4 and 8), L7 (days 4, 8, 20, and 24), L8 (days 4, 8, 16, and 20), L9

(days 12 thru 20), L10 (days 16 and 20), L11 (days 4 and 8), and L12 (days 4, 8, 12,

and 20).

Olfactory/Oviposition Response of Gravid Mosquitoes. The olfactory and

oviposition responses of gravid mosquitoes to OLI from microcosms which contained

larvae were evaluated every 4 d (Fig. 3.10). Contrary to our expectations, each

experimental replicate produced a different OAI trend over time (Fig. 3.10).

In the first replicate, larval OLI attracted gravid mosquitoes on days 12 thru 20

and stimulated oviposition on days 12 and 16 (Fig. 3.10). No repellence or

deterrence was observed. In the second replicate, larval OLI was attractive on day

16 and functioned as an oviposition stimulant on day 32. However, on days 20 and
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28, larval OLI deterred oviposition. In the third replicate, larval OLI was attractive to

gravid mosquitoes on days 8, 12, 24, and 28, and stimulated oviposition on days 4

and 8 (Fig. 3.10). Repellence of females was only observed on day 32 of the last

replicate. Oviposition deterrence was observed from days 20 thru 32.

The most repellent (OAI = -0.313), attractive (OAI = 0.326), and deterrent (OAI

= -0.495) infusions were observed in the last replicate. However, the first replicate

larval infusion elicited the greatest oviposition response (OAI = 0.567) on day 12

(Fig. 3.10).

Correlation of Oviposition Response to Band Presence/Absence Patterns.

To determine a relationship between the olfactory/oviposition response of gravid

mosquitoes and a bacterial community DNA profile, the DNA profile of control

microcosms must be examined since both larval and control microcosms influence

the response of gravid mosquitoes. For example, the fact that a larval microcosm

might act as a stimulant to egg-laying might be due to the deterrent/repellent effects

of the microbial community in the control microcosm in addition to the stimulant

effects of microbes in the larval microcosm.

In general, the oviposition or olfactory responses observed over the time course

of the experiments were not associated with specific OTU banding patterns in larval

or control microcosms (Figs. 3.7 - 3.9). Therefore, we examined DGGE band

patterns to determine if the occurrence of individual OTU or small numbers of OTUs

in larval or control microcosms could be associated with a oviposition or olfactory

response. On days 12 and 16 of the first replicate and days 4 and 8 of the last

replicate, there appeared to be some bands associated with an increase in
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oviposition response (Fig. 3.11). The only two microcosms which stimulated

oviposition in the first replicate both contained L1 and their corresponding control

microcosms contained C1 thru C6 (Fig. 3.11). Larval OLI from days 4 and 8 in the

last replicate also stimulated egg-laying (Fig. 3.11). Specific bands from larval

profiles that were absent or present at proportionately lower levels in control

microcosm profiles were similar between the two days (L5 - L8, L11, L12). Control

microcosms for days 4 and 8 also contained a particular band that was not found or

found at low levels in the larval profile (C11) (Fig. 3.10). No presence/absence

patterns could be associated with oviposition deterrents or attractants. Since only

one repellent response was recorded for the three replicates, there was no way of

estimating whether certain banding patterns were associated with repellency.

Water Chemistry Analyses. No significant differences (P > 0.05) in levels of

nitrates, nitrites, ammonia, and soluble carbohydrates were found between larval

and control microcosms for each day (Fig. 3.12). However, sulfate levels were

significantly higher (P < 0.05) in larval microcosms than control microcosms on days

12 (F = 12.05; df = 1,4; P = 0.0256), 16 (F = 15.93; df = 1,4; P = 0.0163), 20 (F =

20.45; df = 1,4; P = 0.0106), 28 (F =96.57; df = 1,4; P = 0.006), and 32 (F = 16.49; df

= 1,4; P = 0.0153) (Fig. 3.12). Sulfate levels generally increased over time in both

control and larval microcosms. Additionally, the pH of control microcosms was

significantly higher than in larval microcosms on days 28 (F = 26.20; df = 1,4; P =

0.0069) and 32 (F = 16.44; df = 1,4; P = 0.0154) (Fig. 3.12). OLI microcosms were

generally moderately acidic. Levels of nitrates, nitrites, and ammonia were

surprisingly very low for both larval and control microcosms (Fig. 3.12).
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Discussion

Since mosquito larvae are keystone predators of microbial communities

(Leibold 1996; Cochran-Stafira and von Ende 1998), we expected that the feeding

activity of larvae would alter abundance (Walker et al. 1991; Kaufman et al. 1999,

2001, 2002; Cochran-Stafira and von Ende 1998) and community structure

(Kaufman et al. 1999) of bacteria in laboratory OLI microcosms. Abundances of

total bacteria (which includes both unculturable and culturable) declined in the

presence of larvae beginning 8 d into the experiment and remained at lower

densities than in microcosms without larvae through 28 d. Our study is the first to

use DGGE to evaluate the influence of larvae on bacterial community structure in

microcosms. Larval alteration of bacterial community structure was clearly observed

as NMDS analyses revealed that bacterial populations in larval microcosms in the

latter half of the experiment clustered separately from control microcosms. Indeed,

further analysis of DGGE DNA profiles showed that larval activity influenced the

presence and absence of certain bacterial OTUs. Our results provide evidence that

Ae. aegypti larvae can alter the bacterial community dynamics in laboratory

microcosms.

Our results showed that abundances of total bacteria generally remained lower

in larval microcosms versus control microcosms from 8 d through 28 d. It is

important to note that even though differences between densities of total bacteria in

larval and control microcosms might appear to be minor on a log10 scale and

statistically insignificant, the differences are likely to be biologically significant. For

example, we observed a decrease from 9.6 to 9.3 on a log10 scale (as on day 28),
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which represents a reduction from 4.04 x 109 cells/ml to 2.02 x 109 cells/ml and is

equivalent to a 50% reduction in total bacterial abundance in the presence of larvae.

The fact that larvae had little or no effect on abundances of culturable bacteria

throughout the 32 d was not surprising since abundances of culturable bacteria

generally represented only a small percentage (2.5% on average) of the total

abundances of bacteria in OLI microcosms. Stated differently, unculturable bacteria

represented about 97.5% of the total abundance of bacteria in these microcosms.

Even when other media were used to culture bacteria from OLI, abundances

remained relatively similar. Ae. aegypti larvae were likely feeding on unculturable

bacteria, which predominated in these microcosms. Protozoa (known bacteriovores)

also contribute to the mosquito diet (Jurgens and Gude 1994; Cochran-Stafira and

von Ende 1998). However, with DAPI staining, we found no evidence of the

occurrence of protozoa in OLI samples from control or larval microcosms. Protozoa

are easily visible in samples stained with DAPI since these organisms stain light blue

and have a distinct nucleus (Walker et al. 1988). In addition, random samples

evaluated under a light microscope from OLIs with and without larvae found no

evidence of protozoa in our infusions.

The impact of larval culicines on bacterial abundance and productivity in the

water columns of laboratory and field microcosms has been variable (Walker et al.

1991; Kaufman et al. 1999, 2001, 2002; Cochran-Stafira and von Ende 1998), while

leaf surface bacteria have consistently been shown to decrease in abundance (using

techniques such as DAPI staining and/or culture densities) and productivity in

microcosms containing Oc. triseriatus larvae (Kaufman et al. 1999, 2001, 2002;



117

Kaufman and Walker 2006). Inconsistencies among studies (including our own) with

regard to the impact of larvae on abundance of water column bacteria are likely due,

in part, to variations in the methodologies used to sample bacteria (Kaufman et al.

1999). Our procedure of mixing the OLI prior to decanting the liquid through a filter

to remove coarse particulate matter assumed that abundances of bacteria were

uniform in relation to depth in these microcosms. By sampling within a few

centimeters of the surfaces of treehole microcosms, Walker et al. (1991)

demonstrated that Oc. triseriatus larvae reduced abundances of bacteria in a

location heavily filtered by larvae. Kaufman and others (1999) mixed the contents of

microcosms prior to sieving the particulate matter in a procedure similar to our own.

Interestingly, abundances of total and culturable bacteria had actually increased

slightly in larval microcosms relative to microcosms without larvae (Kaufman et al.

1999). Quite possibly, top-down regulation of bacterivorous protozoa by Oc.

triseriatus larvae in their study may have led to the observed increases (Kaufman et

al. 1999). Similarly, abundance of water column bacteria was shown to increase in

pitcher plants due to top-down regulation of bacterivorous rotifer populations by

Wyeomyia smithii larvae (Cochran-Stafira and von Ende 1998). Kaufman and

others (1999, 2002) note that larvae may reduce some water column bacteria and

stimulate others resulting in no real detectable effect on overall abundance which is

why perhaps we did not observe a more significant larval effect on abundances of

bacteria. Our microcosms measured no more than 13 cm in depth. However, future

investigations would need to evaluate whether there is a relationship between

abundances of bacteria and depth.
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Our study provides evidence that larvae alter the bacterial community structure

since NMDS analyses of distance coefficients derived from DGGE DNA profiles

indicated that larval microcosms clustered separately from microcosms without

larvae in the latter half of experimentation. Kaufman and others (1999) found that

fatty acid methyl ester (FAME) profiles for bacteria associated with the water column

and leaf material were simplified in the presence of Oc. triseriatus larvae. Larval

presence provided more favorable conditions for the growth of facultative anaerobes

since the community structure containing Pseudomonaceae was replaced by

Enterobacteriaceae (Kaufman et al. 1999, Kaufman et al. 2000). These findings

suggest that facultative anaerobes, such as enteric bacteria, are more resistant to

ingestion/digestion than other bacterial groups (Kaufman et al. 2000). Indeed, Sota

and Kato (1994) found that pseudomonad bacteria are more readily digested by

Aedes larvae than are enteric bacteria, which may partially explain the shift in

bacterial community structure observed by Kaufman et al. (1999). An earlier study

characterized bacterial community profiles for food webs with and without Wyeomyia

smithii larvae by physical identification of bacteria in serially-diluted cultures only

(Cochran-Stafira and von Ende 1998). Culturable bacterial community profiles

among food webs containing larvae were found to be more similar than profiles from

food webs in which larvae were absent (Cochran-Stafira and von Ende 1998).

Since we considered each band to represent a distinct phylotype (Fromin et al.

2002), absence or a proportionately lower abundance in larval microcosms

compared to corresponding control microcosms would suggest that larvae were

digesting these phylotypes allowing for other species that are more resistant to
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digestion to propagate (Sota and Kato 1994). Our analysis assumes that, in the

absence of mosquito larvae, profiles between same-day microcosms for a particular

replicate would be identical. In fact, larval and control microcosms from day 0 (none

of which actually contained larvae) were nearly identical in structure within each

replicate. However, chance alone may prevent physically identical communities

from having the same or sometimes even stable communities (Curtis and Sloan

2006). Dunbar and others (2006) showed that random samples from a lognormal

community may have species compositions that are quite variable. The conditions

under which our experiments were performed were designed to minimize variability

so that jar-to-jar comparisons of bacterial community compositions could be made

with some degree of accuracy.

DGGE has been used extensively to examine microbial community composition

(Boon et al. 2002; Das et al. 2007; Griffiths et al. 2003; Nubel et al. 1999). As with

all molecular procedures that involve DNA extraction and amplification, DGGE has

its limitations. DNA from some bacterial species is difficult to extract under harsh

conditions (Curtis and Craine 1998). The fact that DNA in our study had undergone

two additional purification steps in addition to phenol/chloroform

extraction/purification potentially resulted in the loss of DNA. Preferential

amplification of some DNA templates may lead to a biased view of the community

structure (Reysenbach et al. 1992; Muyzer et al. 1993; Kisand and Wikner 2003). In

general though, possible biases in DNA extraction and amplification become

homogeneous if identical methods are used to process samples, which are then

subject to DGGE analysis (Fromin et al. 2002). We used a shorter amplicon (less
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than 200 bp) for better separation (Ovreas et al. 1997) in the electrophoresis step.

However, with shorter amplicons, there is an increased possibility that more than

one species would have the same sequence in the selected fragment, and would not

be differentiated by DGGE (Zhang and Fang 2000). We compared the

presence/absence of bands across profiles with the assumption that co-migrating

bands generally corresponded to identical sequences (Kowalchuck et al. 1997).

This assumption is supported by the fact that the molecular marker that we loaded in

every 6th lane consistently had bands that co-migrated the same distances across

lanes.

Although all three experimental replicates demonstrated a larval effect on

bacterial community structure in laboratory OLI microcosms based on results of

NMDS analyses and the presence/absence of specific bands, there appeared to be

no significant differences in the Shannon-Weaver and evenness indices, and in the

number of bands from microcosms with larvae and microcosms without larvae.

These results demonstrate the importance of performing analyses on the gel

banding patterns and the presence or absence of specific OTUs to determine larval

effects.

Bacterial decomposition of organic matter results in the production of

metabolites that mediate the olfactory/oviposition responses of gravid mosquitoes

(Benzon and Apperson 1988; Trexler et al. 2003; Navarro et al. 2003; Ikeshoji et al.

1975; Pavlovich and Rockett 2000; Hasselschwert and Rockett 1988; Ponnusamy et

al. unpublished data). Additionally, Benzon and Apperson (1988) found that

significantly more Ae. aegypti eggs were laid in conspecific larval holding water (up
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to 2 larvae/ml) than in the water controls. Alteration of the bacterial community

structure by mosquito larvae would possibly influence the selection of an oviposition

site by gravid mosquitoes. Therefore, we hypothesized that particular bacterial

profiles or possibly OTUs from larval microcosms would be associated with an

olfactory or oviposition response. The response of gravid females to larval OLI

could not be clearly associated with specific DGGE DNA banding patterns of OLIs.

Each experimental replicate produced a different olfactory/oviposition response

pattern over the 32 d of the experiment. Additionally, on most of the days of the time

course of each experimental replicate, the response by gravid mosquitoes to the

larval OLI was neutral. However, within some replicates there appeared to be gel

bands or band patterns that were associated with enhanced oviposition. However,

no common olfactory/oviposition response pattern was found between the three

replicates.

The observed patterns of oviposition response to larval OLI may have been due

to factors of larval origin but this is unlikely primarily because each replicate resulted

in a unique response pattern. Ae. aegypti larvae have been reported to secrete an

oviposition-attractant pheromone (Mendki et al. 2000) although a microbial role in

mosquito attraction was not completely ruled out. There is also evidence that the

repellent/deterrent effects of rearing water might be due to the release of a

substance derived from larvae. Under stressful conditions (parasitism,

overcrowding), Ae. aegypti larvae secrete a "substance" that renders water repellent

to conspecific gravid females (Lowenberger and Rau 1994, Zahiri et al. 1997, Zahiri

and Rau 1998, Zahiri et al. 1998). Indeed, growth retardant factors are secreted by
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at least some strains of Ae. aegypti larvae (Moore and Fisher 1969, Moore and

Whitacre 1972, Kuno and Moore 1975, Dye 1984) and Cx. quinquefasciatus

(Ikeshoji and Mulla 1970). Perhaps the presence of such factors repels gravid

females from ovipositing into containers where conditions would retard larval growth

and development (Lowenberger and Rau 1994). However, in the current study,

there was no evidence to indicate that larvae were stressed in any manner. In our

experiments, 64.0% of the mosquitoes were in the larval stage and 16.3% had

emerged into adults after 32 d. Additionally, if conditions were stressful and larvae

had secreted a repellent or deterrent, we would have expected to observe a

consistent level of repellence or deterrence across the three replicates. While

conditions were moderately acidic in our microcosms (pH 4.5 - 4.9), Clark and others

(2004) show that pH (in the range pH 4 to pH 11) has no significant effect on growth

and development of Ae. aegypti larvae reared on TetraMin flakes.

A well-defined relationship between larval-altered OLI and Ae. aegypti

oviposition was not apparent in our laboratory study. Interestingly, only laboratory

experiments have shown that bacteria/bacterial metabolites mediate the

olfactory/oviposition responses of gravid Ae. aegypti mosquitoes (Benzon and

Apperson 1988; Trexler et al. 2003; Navarro et al. 2003; Ikeshoji et al. 1975;

Pavlovich and Rockett 2000; Hasselschwert and Rockett 1988). The actual role of

larval water and/or bacteria/bacterial metabolites in guiding the olfactory/oviposition

response of gravid mosquitoes in nature may be minimal in comparison to other

environmental conditions (i.e. temperature, humidity, photoperiod), physical

attributes of the oviposition site (i.e. texture, brightness, optical density), and
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chemical cues (i.e. originating from eggs, larvae, and pupae) (Bentley and Day

1989). Egg-laying in Ae. aegypti is also affected by “skip oviposition”, a behavior in

which a female mosquito deposits her eggs in more than one container, thereby

increasing the spatial distribution of eggs in an area (Colton et al. 2003) and

reducing competition among conspecific species (Chadee et al. 1990). If one of the

goals of skip oviposition is to reduce competition among conspecific larvae, then

perhaps the observed ovposition response patterns in our study should have been

expected. There would appear to be no real competitive advantage of a gravid

female laying the majority of her eggs in a container already infused with mosquito

larvae. In addition, while we demonstrate that larvae altered bacterial community

structure, there may have been functional redundancy (Fonseca and Ganade 2001)

in the species that were present in both infusions. Therefore, from the perspective

of a gravid female, there appeared to be no clear distinction between the two

infusions (with and without larvae). So while we did not delineate any clear

relationship between a larval-altered medium and oviposition, this only proves that

oviposition and the behaviors involved in oviposition are much more complex and

that laboratory studies must be interpreted with caution.

Larval presence did not significantly affect concentrations of inorganic nitrogen

compounds (ammonia, nitrate, nitrites) while sulfate concentrations were

significantly higher in larval versus control microcosms for specific days. We had

assumed that concentrations of ammonia (Walker et al. 1991; Wright 1995), and

perhaps nitrates and/or nitrites, would be higher in larval microcosms than control

microcosms due to the excretory products of larvae (Kaufman et al. 1999).
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Interestingly, sulfate levels in both larval and control microcosms generally increased

with time with sulfate levels being significantly higher in the presence of larvae in the

latter days of the experiment. Significantly lower sulfate levels in microcosms

without larvae appeared to be correlated with an increase in pH relative to to

microcosms with larvae. Abundances of sulfur-oxidizing bacteria could have been

responsible for converting organic or inorganic sulfur into sulfates for both larval and

control microcosms (Sharma 1990). However, sulfate concentrations were

significantly higher in larval microcosms for several of the days. Possibly, sulfur-

oxidizing bacteria are less digestible by mosquito larvae relative to other types of

bacteria. Interestingly, sulfate has been shown to stimulate larval Oc. triseriatus

growth (survival, pupation, female pupal mass) in laboratory microcosms which

might explain why mortality was relatively minimal over the course of the experiment

(Carpenter 1982). Another mechanism might be at work that would explain the

significant increases in sulfate concentrations found in larval microcosms. An earlier

study suggested that grazing by larvae may have stimulated the production of

nitrifying bacteria (Kaufman et. al. 1999), which convert ammonia into nitrates.

Significant increases in nitrate and nitrate concentrations were not observed in larval

microcosms in our study which would tend to contradict this speculation. However,

oxidation of reduced sulfur compounds (i.e. hydrogen sulfide) and nitrate/nitrite

reduction are shown to be coupled by certain species of chemoautotophic bacteria

(Yanagita 1990, Sharma 2005) that might actually be found in OLI microcosms.

Some species of chemolithotrophic bacteria play an important role in the oxidation of

sulfur compounds in sediments and water columns of stratified lakes (Hines et al.



125

2002) and these bacterial types might be responsible for increased sulfate

concentrations observed in our study. Quite possibly, these bacteria are unable to

be digested by mosquito larvae. However, the impact of larvae on concentrations of

nutrients in our study cannot be fully determined without measurements of specific

rates of sulfur oxidation and ammonia oxidation, nitrification, and denitrification.

Soluble carbohydrates enhance larval growth and development presumably

through stimulation of microbial growth (Walker et al. 1991; Wetzel 1995; Walker et

al. 2002). We expected that concentrations of soluble carbohydrates in larval

microcosms would increase due to the browsing activity of larvae on oak leaf

particulates (Fenchel and Harrison 1976). No differences in concentrations of

soluble carbohydrates were observed between larval and control microcosms. Quite

possibly, a large proportion of the total pool of soluble carbohydrates from the oak

leaves had already been made available to larvae when whole leaves were ground

into particulates and, therefore, any effects of larval browsing on concentrations of

soluble carbohydrates would have been masked.

Srivastava et al. (2004) noted that while the “external validity” of artificial

microcosm experiments has often been criticized, these microcosms experiments

can at least determine if hypothesized effects can occur. Natural microcosm studies

evaluate whether such effects do occur and are important. The internal validity of

our findings (i.e. larval modification of the bacterial community structure) needs to be

further investigated. Sequencing of selected DGGE bands might help to shed some

light on the functional roles of selected bacterial species in these microcosms.

Although it is still not completely possible to categorize the constituents of a
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community or to thoroughly understand the functional abilities of each organism type

(Franklin and Mills 2006), initial identification of species is a useful first step. DGGE

should be used to examine the bacterial community structure of larval guts from

mosquito larvae in these microcosms since the same technique has been used to

survey the microflora of ticks (Schabereiter-Gurtner et al. 2003), social wasps

(Reeson et al. 2003), and other invertebrates (Sheppard and Harwood 2005).

Our research findings indicate that Ae. aegypti larvae have top-down effects on

bacterial abundance and community structure. Larval feeding alters the bacterial

community structure over time. However, the oviposition response of gravid

females, in general, could not be associated with changes in bacterial community

structure. While a connection is not apparent between larval-modified media and

oviposition behavior of gravid mosquitoes, our investigation provides additional

insight on the dynamics of the relationship between bacteria and larvae.
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Table 3.1. Comparison of 16S rDNA bacterial profiles between

100% R2A and plate count media with and without white oak

leaf infusion (OLI).

aCj (Jaccard’s similarity coefficient) was calculated based on

comparisons between DGGE DNA profiles of 100% R2A with

profiles for other media.

Media
# of DGGE

gel bands
Cj

a (%)

100% R2A 15 ---

10% R2A 16 47.6

1% R2A 17 23.1

100% R2A-OLI 20 66.7

10% R2A-OLI 15 42.9

1% R2A-OLI 14 45.0
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Figure 3.1. Abundance of bacteria from 1 wk-old particulate OLI cultured on various

plate count media. Significant differences (P < 0.05) among days or media were not

found with a repeated measures ANOVA.
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Figure 3.2. 16S rDNA DGGE profiles of bacterial communities

from 1 wk-old particulate OLI cultured on various plate count

media.
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Figure 3.3. DAPI (4',6-diamidino-2-phenylindole)-stained bacterial

rods (in blue) from a 15-d-old particulate OLI (magnified 600X). Photo

was taken with a Spot RT Slider cooled-CCD digital camera with

Vanox AHS-3 digital microscope.
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Figure 3.4. Bacterial abundance in OLI microcosms. Significant

differences (P < 0.05) between larval and control microcosms

were not found for any day in the time course of the experiments

with a one-way ANOVA.
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Figure 3.5. Diversity measures of 16S rDNA DGGE profiles for bacterial

communities from particulate OLI microcosms in which larvae were present or

absent: a) Evenness (H’/H’max); b) Number of 16S rDNA DGGE bands; and c)

Shannon diversity indices (H’). Significant differences (P < 0.05) between larval and

control microcosms were not found for any day in the time course of the experiments

with a one-way ANOVA.
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Figure 3.6. NMDS analyses relating 16S rDNA DGGE profiles based on Jaccard’s

distance matrix for bacterial communities from OLI microcosms in which larvae were

present or absent. Labels for each point indicate the sampling point (in days), type

of microcosm (C = control or L = larvae), and replicate number. Each diagram

represents a separate experimental replicate.
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Figure 3.7. 16S rDNA DGGE profiles of bacterial communities from particulate OLI

microcosms in which larvae were present or absent (Replicate 1). Numbers at the

top of each lane indicate the day each microcosm was sampled. Presence or

absence of larvae in the samples is indicated by an ”L” (larvae) or a “C” (control)

respectively. Effects of larval microcosms on the response of gravid females are

indicated by a letter designation near the top of each larval lane as follows: A

(attractant), D (deterrent), S (stimulant), R (repellent), or N (neutral). Prominent

DGGE bands (= bacterial OTUs) that appeared in profiles of larval microcosms and

that were either absent or found at proportionately lower intensities in corresponding

profiles from microcosms in which larvae had been absent and vice versa were

identified for occurrences over consecutive days. The bands in the marker lanes are

as follows: 1 – Pseudomonas flourescens, 2 – Agrobacterium tumefaciens, 3 -

Porphyrobacter sp., 4 – Bacillus thuringiensis, 5 – uncultured beta –

Proteobacterium, 6 – Caulobacter sp., 7 – uncultured beta– Proteobacterium.
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Figure 3.8. 16S rDNA DGGE profiles of bacterial communities from particulate OLI

microcosms in which larvae were present or absent (Replicate 2). Numbers at the

top of each lane indicate the day each microcosm was sampled. Presence or

absence of larvae in the samples is indicated by an ”L” or a “C” (control)

respectively. A (attractant), D (deterrent), S (stimulant), R (repellent), or N (neutral)

near the top of each larval sample lane indicates the response of gravid mosquitoes

to the larval microcosm. Prominent DGGE bands (= bacterial OTUs) that appeared

in profiles of larval microcosms and that were either absent or found at

proportionately lower intensities in corresponding profiles from microcosms in which

larvae had been absent and vice versa were identified for occurrences over

consecutive days. The bands in the marker lanes are as indicated in Figure 3.7.
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Figure 3.9. 16S rDNA DGGE profiles of bacterial communities from particulate OLI

microcosms in which larvae were present or absent (Replicate 3). Numbers at the

top of each lane indicate the day each microcosm was sampled. Presence or

absence of larvae in the samples is indicated by an ”L” or a “C” (control)

respectively. A (attractant), D (deterrent), S (stimulant), R (repellent), or N (neutral)

near the top of each larval sample lane indicates the response of gravid mosquitoes

to the larval microcosm. Prominent DGGE bands (= bacterial OTUs) that appeared

in profiles of larval microcosms and that were either absent or found at

proportionately lower intensities in corresponding profiles from microcosms in which

larvae had been absent and vice versa were identified for occurrences over

consecutive days. The bands in the marker lanes are as indicated in Figure 3.7.
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Figure 3.10. Olfactory/oviposition response of gravid Ae. aegypti to OLI from

microcosms which contained larvae. Each graph represents one replicate.
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Figure 3.11. 16S rDNA DGGE profiles of bacterial communities from particulate OLI

microcosms which are found to act as attractants (A) or stimulants (S) for gravid Ae.

aegypti mosquitoes. Each bacterial community profile from a larval microcosm is

paired with its corresponding control profile from the same day. Profiles of neutral

(N) microcosms are included. Prominent DGGE bands (= bacterial OTUs) that

appeared in profiles of larval microcosms and that were either absent or found at

proportionately lower intensities in corresponding profiles from microcosms in which

larvae had been absent and vice versa were identified for occurrences over

consecutive days. Similarities in the presence/absence of particular DGGE bands

among larval/control pairs which correspond to a particular response by gravid

females are highlighted with boxes.
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Figure 3.12. Concentrations of inorganic ions, soluble carbohydrates, and pH in

particulate OLI microcosms in which larvae were present or absent. Significant

differences (P < 0.05) between larval and control microcosms for each day with a

one-way ANOVA are indicated by an asterisk*.
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APPENDIX



161

Table A.1. Response of gravid Aedes albopictus to 1 wk-old, 0.5X white oak leaf

microbial infusion (particulate) in black or white cups in a sticky screen bioassay.

a Mean oviposition activity index ± SE of four replicates.
b Significant differences from zero for each color were determined by a

nonparametric signed rank test (PROC UNIVARIATE, SAS 2000). A t-test found no

significant differences between black and white cups (PROC GLM, SAS) (P > 0.05)

Number of females

Color Cages Responders Microbial Sterilized Mean OAIa ± SE Pb

Black 30 290 188 102 0.29 ± .05 0.0001

White 30 285 204 81 0.44 ± .04 0.0001
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Table A.2. Responses of gravid Ae. albopictus to 1 wk-old, homogenate and particulate white

oak leaf infusions fermented in separate jars (A, B, and C) in a sticky screen bioassay.

a Mean oviposition activity index ± SE of four replicates.
b Significant differences from zero for each pair-wise comparison were determined by a nonparametric

signed rank test (PROC UNIVARIATE, SAS 2000) by calculating a mean OAI over all of the cages.

Number of females

Infusion Cages Responders A B C Mean OAIa ± SE Pb

Particulate

A vs. B 24 227 108 119 N/A -0.06 ± .15 0.496

B vs. C 24 224 N/A 120 104 0.02 ± .03 0.680

A vs. C 24 215 110 N/A 105 0.02 ± .06 0.950

Homogenate

A vs. B 24 229 135 94 N/A 0.18 ± .10 0.070

B vs. C 24 229 N/A 113 116 -0.01 ± .13 0.210

A vs. C 24 224 98 N/A 126 -0.13 ± .14 0.790
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