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Abstract

We investigated the bacterial diversity of microbial communities in water-filled, human-made and
natural container habitats of the mosquitoes Aedes aegypti and Aedes albopictus in suburban
landscapes of New Orleans, Louisiana in 2003. We collected water samples from three classes of
containers, including tires (n=12), cemetery urns (n=23), and miscellaneous containers that included
two tree holes (n=19). Total genomic DNA was extracted from water samples, and 16S ribosomal
DNA fragments (operational taxonomic units, OTUs) were amplified by PCR and separated by
denaturing gradient gel electrophoresis (DGGE). The bacterial communities in containers
represented diverse DGGE-DNA banding patterns that were not related to the class of container or
to the local spatial distribution of containers. Mean richness and evenness of OTUs were highest in
water samples from tires. Bacterial phylotypes were identified by comparative sequence analysis of
90 16S rDNA DGGE band amplicons. The majority of sequences were placed in five major taxa:
Alpha-, Beta- and Gammaproteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria,
Firmicutes, and an unclassified group; Proteobacteria and Bacteroidetes were the predominant
heterotrophic bacteria in containers. The bacterial communities in human-made containers consisted
mainly of undescribed species, and a phylogenetic analysis based on 16S rRNA sequences suggested
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that species composition was independent of both container type and the spatial distribution of
containers. Comparative PCR-based, cultivation-independent rRNA surveys of microbial
communities associated with mosquito habitats can provide significant insight into community
organization and dynamics of bacterial species.

Introduction

The mosquitoes Aedes aegypti and Aedes albopictus develop in water-filled, human-made
containers that are distributed in urban and suburban landscapes [16]. Container habitats of
mosquitoes are ecosystem mesocosms, supporting food webs that are dependent on detritus
[20] and microbial communities that metabolize and mineralize organic carbon from detritus
[27,29]. Catabolism of detritus by microbes also produces metabolites that attract gravid
mosquitoes and stimulate egg laying [4]. These semiochemicals are thought to cue female
mosquitoes to the quality of habitats because bacterial enrichment generally increases the
number of gravid females that are attracted to a container as well as the number of eggs that
each female lays in a container [5]. Thus, bacterial communities in container habitats
potentially exert significant effects on the population dynamics of mosquitoes as well as their
spatial distribution in the landscape.

Production of mosquitoes in human-made containers has been extensively investigated (see
[12,47] for reviews), but comparatively little is known about the diversity of bacterial species
in container habitats of mosquitoes, and most investigations have lacked substantial
phylogenetic and taxonomic resolution of microbial communities. The majority of microbes
in environmental samples cannot be cultured in laboratory media [31], and for this reason,
cultivation-independent 16S rRNA surveys represent a powerful approach for characterizing
natural microbial assemblages [2]. Denaturing gradient gel electrophoresis (DGGE), a genetic
fingerprinting technique, has been used in molecular ecology investigations to assess the
diversity of various microbial communities [28], and sequence data have been used to
characterize the phylogenetic relationships of community members [38].

We conducted a DGGE-based survey of the species composition of bacterial communities in
water-filled containers in suburban landscapes in New Orleans, LA, USA. Our hypothesis was
that assemblages of bacterial species would be associated more with specific container types
that supported populations of A. aegypti and A. albopictus and less with the spatial distribution
of the containers. Moreover, although A. albopictus and A. aegypti are sympatric in some
regions, they occupy slightly different ecologic niches [16], suggesting that specific
assemblages of bacterial species would be found in association with each mosquito species.
Accordingly, the objectives of our survey were as follows: (1) to ascertain whether the species
structure of bacterial communities could be associated with specific types of containers that
were utilized as habitats by immatures of both mosquito species; (2) to determine if the
assemblages of bacterial species were spatially dependent; and (3) to characterize the
phylogenetic relationships of bacterial species in water-filled containers based on sequences
of the most abundant DGGE bands.

Materials and Methods

Collection and Processing of Samples

Our survey of field diversity of bacterial communities in human-made containers (n=52) and
natural tree holes (n= 2) was conducted over a 3-day period from September 16-18, 2003.
Container-inhabiting Aedes mosquitoes are most abundant from July to October. By early fall,
mosquito populations would have been well established in container habitats. Water and
mosquito samples were collected from containers in suburban landscapes at 15 separate
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locations in New Orleans, LA (Supplementary Table 1). Sampling sites were distributed over
an area of ~40 km2. When a container was sampled, the water was vigorously homogenized
for ca. 5 s with a sterile pipette and a 20 ml sample, collected for bacterial community analysis,
was transferred to a labeled sterile plastic centrifuge tube (50 ml, Corning No. 430828, Fisher
Scientific). Although this procedure did not specifically sample biofilms, vigorous mixing of
the water probably ensured that biofilms were included in the 20 ml samples. The tube was
immediately placed on wet ice in the field and then shipped on cold packs to laboratory facilities
at North Carolina State University within 2 d of collection. On average, each 20 ml water
sample represented about 5-10% of the total volume of water held in each container.
Immediately after a water sample was collected, the contents of the container were transferred
to an enamel pan, and all mosquito larvae and pupae were transferred to a labeled
WhirlPac® bag (Fisher Scientific, Pittsburg, PA, USA), which was placed on wet ice. Within
3 hours of their collection, mosquitoes were killed in hot water and transferred to labeled vials
containing 80% ethanol. Subsequently, mosquitoes in each sample were identified to species
[41] and counted. In the laboratory, the 20-ml water sample was filtered through a
polycarbonate membrane filter (0.22 um pore size, 47 mm dia., Millipore) and the filter for
each sample was cut into quarters and placed into a single cryovial (3.0 ml, Fisher Scientific)
after which 1 ml of SET buffer [42] was added. After vortexing, the tubes were stored at —80
°C.

Extraction of Genomic DNA and PCR Amplification of Bacterial Small Subunit rRNA Genes

Samples were thawed at room temperature, and total nucleic acids were extracted and purified
using methods described previously by Rivera et al. [36]. Crude DNA was purified with the
WIZARD DNA Clean Up System (Promega). Purified DNA was subsequently used as a
template to amplify the variable VV3 region of 16S rRNA with universal bacterial primers F357-
GC (5'-GC-clamp+CCTACGGGAGGCAGCAG-3') and 518R (5'-
ATTACCGCGGCTGCTGG-3'). A 40-bp GC clamp was incorporated into the forward primer
to prevent dissociation of the DNA double strand during DGGE analysis [28]. DNA extracted
from water samples was amplified with a PCR mixture containing 200 pmol of
deoxynucleoside triphosphates, 0.2 pumol of each primer, 5 pl of 10x PCR buffer, 37.5 mM
magnesium chloride, 1 U of Tag DNA polymerase, 1 pl (about 5-15 ng) of template DNA,
with sterile deionized water added to achieve a final volume of 50 pl. Amplification was made
using a touchdown protocol [37]. PCR was performed as follows: the annealing temperature
was set at 65 °C and was decreased by 1 °C every cycle until reaching a “touchdown” at 55 °
C. The amplification program consisted of 3 min at 94 °C, and 10 touchdown cycles of
denaturation at 94 °C for 1 min, annealing at 65 °C (with the temperature decreasing 1 °C each
cycle) for 1 min, and extension at 72 °C for 3 min, followed by 40 cycles of 94 °C for 1 min,
55 °C for 1 min, and 72 °C for 3 min. During the last cycle, the length of the extension step
was increased to 10 min. Forty amplification cycles was the minimum number needed to yield
sufficient PCR product from the water samples for DGGE analyses. With this number of
amplification cycles, some biases could have been introduced during amplification due to
differences in rRNA gene copy number between bacterial species [10,43]. PCR products were
electrophoresed in a 1.5% agarose gel followed by ethidium bromide staining. Amplicon size
and yield were determined by comparison to molecular weight standards (Low DNA Mass
Ladder; Gibco BRL).

DGGE Analysis

DGGE, based on the methods of Muyzer et al. [28], was performed using a Dcode™ universal
mutation detection system (Bio-Rad) with 8% (wt/vol) acrylamide (acrylamide: bis-
acrylamide, 37.5:1.0, wt./wt.) gels, containing a linear chemical gradient that ranged from 40
to 65% (with 100% denaturant consisting of 7 M urea plus 40% [vol/vol] formamide).
However, other parameters, such as gel running time and chemical concentration gradient,
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were modified to give good separation of DGGE OTUs. PCR products were electrophoresed
in 1X TAE buffer (40 mM Tris, 20 mM acetate, 1 mM NayEDTA, pH 7.4) at a constant
temperature of 60 °C for 18 hat 50 V. Gels were stained in 0.5X TAE buffer containing SYBR
green | and digitally photographed. Each band was considered to be an operational taxonomic
unit (OTU).

Construction of a Reference Ladder of Bacterial Species

So that we could assess the quality of DGGE analyses completed on different dates, we
developed a reference ladder of 18 bacterial species isolated from an organic infusion made
by fermenting senescent white oak leaves (Quercus alba) in well water [45]. Bacteria were
cultured on R2A agar plates [35] and isolates that formed colonies with visually distinct
morphologies were restreaked several times on R2A agar plates. Pure bacterial colonies, picked
from each isolate, were boiled in 50 pl distilled water for 10 min and immediately cooled on
ice for 5 min. After centrifugation (30 s at 5,000xg), 4 ul of supernatant was used as DNA
template in PCR reactions with V'3 primers as described above. Each amplicon was sequenced,
and the bacterial isolate was identified using the GenBank database, its migration pattern in
DGGE was determined, and all the PCR amplicons of known bacterial species were combined
to make a reference ladder consisting of the 18 organisms (see caption for Fig. 1).

Analysis of DGGE Banding Patterns

To determine if the type of container affected the diversity of bacterial species, we classified
the containers that were sampled into 3 types: tires (n=12), plastic and glass flower urns
(n=23), and miscellaneous containers (n=19; including two tree holes). Four different metrics
were used to compare the occurrence and abundance of bacterial species within and between
the types of containers sampled.

1. Abundance of bacterial species: To assess the abundance of bacterial species, digital
images of banding patterns in each gel were analyzed with 1D Analysis Software
(UVP, Upland, CA, USA). Band positions in each sample lane were converted to R¢
values which ranged between 0 and 1 using standard positions on all gels that
encompassed the uppermost and lowermost band in each sample. Evaluation of band
positions for bacterial species in the reference ladder ensured that DGGE analyses
were consistent between replicate gels. An intensity profile of the bands in each lane
was created using 1D analysis software. Band analysis was performed by setting
background band intensity at 10 using the rolling disk method. First, band detection
was automatically performed by the software, and then additional bands were assessed
by eye. The software carries out a density profile analysis for each lane, detects the
bands, and calculates the relative contribution of each band to the total band intensity
in the lane. Bands with intensity values <0.05 were excluded from the analysis. The
relative contribution of each detected band (=OTU) to the summed intensity of all
bands in each lane was calculated separately. In this way, we could estimate the
relative abundance and dominance of each bacterial species in each sample [14].

2. Diversity of bacterial species: The intensity data were used to calculate Shannon—
Weaver diversity indices (H') [40], using the following equation:

H'=- ZP, IOg P,‘,
where Pj, the proportion of the total diversity represented by the ith species, was

calculated as
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Pi=n;/N,

where n; is the band intensity for the ith band and N is the summed intensities of all
bands in a lane. We estimated the evenness (E) of the numbers of bacterial species in
each sample using Pielou’s index [48], which was calculated with the following
equation:

/
max?

E=H'|H

where H'nax Was the maximum value of H' for each class of container (tire, urn, or
miscellaneous).

3. Similarity of bacterial communities: Jaccard’s similarity coefficient (C;) [48], which
measures the likeness between paired samples based on the presence and absence of
bacterial species, was used to assess the similarity of bacterial communities. A
Jaccard’s coefficient was calculated for each sample pair based on the occurrence of
bacterial species in the banding profiles of the water samples within and between each
class of container. Jaccard’s coefficient was converted into a percentage similarity
value by multiplying Cj by 100.

4. Cluster analysis of bacterial communities: DGGE fingerprint data for OTUs were
subjected to cluster analysis to estimate the relative similarity of the bacterial
communities in different container samples. OTUs were converted into presence/
absence (1/0) values for each sample, creating a matrix of 54 samplesx98 OTUs.
Phylotypic distances (d) of samples were calculated from Nei-Li’s similarity
coefficient (s) [30], where d=(1-s). A dendrogram was constructed using UPGMA
(unweighted pair group with mathematical averages) and the distance matrix method
described by Nei and Li [30] (PAUP 4.0b10 software, Sinauer Associates, Publishers,
Sunderland, MA, USA). The resulting UPGMA dendrograms were used to assess the
similarity of bacterial communities in the water samples for the three types of
containers.

Identification of Bacterial Species

DGGE gel bands were excised and the DNA extracted and reamplified for nucleotide sequence
determination. Based on their occurrence among the samples, best representative bands were
chosen. Also, some unique bands in single samples were excised. Only the middle portion of
each band was excised with a sterile razor blade to avoid cross-contamination from an adjacent
band. Each gel slice was placed in a sterile centrifuge tube (1.5 ml) containing sterile DNA
grade water (50 pl) and held overnight at 4 °C to allow passive diffusion of DNA into the water.
An aliquot (1 pl) of eluent DNA was reamplified by using the original primer set. A sample
(2.5 ul) of each PCR product was subjected to agarose gel electrophoresis to confirm
amplification of the appropriate sized DNA fragment and to estimate its concentration. Re-
amplified PCR products were subjected again to DGGE analysis to ensure their purity and
correct migration within the gels. Seventeen (10.9%) of 156 amplicons produced more than
one DGGE band and were discarded. Re-amplified products showing single bands were
purified with the QIAquick PCR purification kit (QIAGEN, Valencia, CA, USA) to remove
primers and short oligonucleotides. Nucleotide sequencing was carried out in an ABI PRISM
377 automated DNA sequencer (North Carolina State University), with the ABI PRISM
BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) with either the 357F
primer (without GC clamp) or the 518R.
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Phylogenetic Analyses

V3 fragment sequences were first checked for chimeras using the CHECK-CHIMERA
program of the Ribosomal Database Project. The sequences were compared to those in the
GenBank database and the Ribosomal Database Project Il [24], using the Basic Local
Alignment Search Tool (BLAST) [1] and sequence match analysis, respectively. Sequences
were aligned with multiple-alignment CLUSTAL X software package [44]. The method of
Jukes and Cantor [17] was used to calculate evolutionary distances between the OTUs and
phylogenetic trees were constructed by the neighbor-joining method [38]. Tree topologies were
evaluated by performing bootstrap analyses [11], consisting of 1,000 iterations with the
MEGAS software package [23].

Statistical Analyses

Scores for each diversity metric [H', the number of bands (OTUs) per sample, E; and; C; for
paired samples within each container class] were ranked for all containers. A separate
nonparametric Kruskal-Wallis test (PROC NPAR1IWAY) for each metric was carried out to
determine if the distributions of the ranked scores for the classes of containers were
significantly different at P<0.05. If a significant difference was detected, pair-wise
comparisons between the types of containers were performed using one-sided Wilcoxon rank
sum tests (PROC NPAR1WAY) and the Bonferroni method to control for experimentwise
error (¢=0.05/3=0.0167). Statistical analyses were performed using SAS statistical analysis
software (version 9.1, SAS Institute, Cary, NC, USA).

Nucleotide Sequence Accession Numbers

Results

The partial sequences obtained in this study have been deposited in the GenBank database
under accession numbers DQ444526 to DQ444615 (see Supplementary Table 2). The partial
sequences of the bacteria used in the reference ladder have been deposited in the GenBank
database under accession numbers EF685163 to EF685180.

Diversity, Abundance, and Similarity of Bacterial Species in Various Container Types

DGGE analysis of 16S rRNA gene PCR products for 54 water samples revealed that DNA
banding patterns were reproducible in replicated analyses. Each band (OTU) was assumed to
represent at least one unique phylotype, so the richness of bacterial species in a sample was
reflected in the number of DGGE-DNA bands. Similarly, the intensity of a band was presumed
to reflect the relative abundance of that species in a sample. Diverse DNA banding patterns
were found in water samples collected from tires (9—36 bacterial species, n=12; Fig. 1), plastic
and glass flower urns (16—33 bacterial species, n=23; Fig. 2), and miscellaneous containers
(including tree holes; 15-52 bacterial species, n=19; Fig. 3). A significant difference in the
mean number of bacterial species, in mean species diversity (H"), in mean species evenness
(E), and in mean similarity (C;) per sample was found among the three types (Kruskal-Wallis
test; df=2; y=10.06-17.33; P=0.0066-0.0001). Generally, mean diversity of bacterial species
found in water samples from tires was always significantly larger than in urns (one-sided
Wilcoxon ranked sum test; P=0.0017-0.0001) but tires did not differ significantly from
miscellaneous containers (P=0.0309-0.001) in all diversity metrics (Table 1). Likewise,
differences in bacterial diversity in water samples collected from urns and miscellaneous
containers were not different for every diversity metric (Table 1).

In general, the abundance of each bacterial species in the water samples did not exceed 10%
with the exception of Pseudomonas putida (= band 4) in tire water sample NO-6, which
accounted for 47.6% of the band intensity profile (Fig. 1). Notably, this species was not detected
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in any other water sample taken from tires. The most abundant bacterial species varied among
containers, even for containers found at the same location. For example, an undescribed
bacterium (band 10, 5.2% of total intensity), Pseudomonas sp. (band 23, 7.3%), and
Pseudomonas fulva (band 30, 8.6%) were predominant in tire sample NO-2, but in tire sample
NO-3 Pseudomonas fluorescens (band 2, 6.7%), and Pseudomonas putida (band 12, 7.3%)
were the most abundant bacterial species. These tires were located at sampling sites that were
approximately 10 km apart.

Cluster Analyses

We generated dendrograms through UPGMA analyses of the matrix of distance coefficients
so that we could determine if the species similarity of bacterial communities in containers
resulted in clustering patterns that could be related to the class of container, sampling location,
or presence—absence of mosquitoes. The dendrogram separated into 6 major clusters at
phylotypic distances ranging from 1.0-0.5 (Fig. 4). Each cluster was composed of 3-14
containers that were grouped into 1-4 subclusters that separated at phylotypic distances from
0.25-0.15. Containers clustered based on the commonality of OTUs independently of the
spatial distribution of the containers. Among subclusters within each major cluster, percentage
similarity of bacterial communities between pairs of containers ranged from 7.1-47.6%. Only
two (4%) of 54 water samples were from natural habitats, and the bacterial communities in
these adjacent pecan tree holes (NO-31 and NO-32) clustered separately, exhibiting only 8%
similarity. Notably, bacterial communities from tires were clustered at opposite ends of the
dendrogram in clusters 1 and 6. Clusters 2-5 were grouped into subclusters composed of urns
and miscellaneous containers (Fig. 4).

Relationship Among Mosquito Species, Bacteria, and Container Types

Overall, 44 (81.5%) of the 54 samples contained mosquito larvae or pupae. A. albopictus
immatures were found most frequently (39 containers, 72.2%), followed by Culex
quinquefasciatus (11 containers, 20.4%) and A. aegypti (8 containers, 14.8%). The three
species were never collected from the same container. Likewise, A. aegypti immatures were
never found with C. quinquefasciatus in the containers that we sampled, but A. albopictus co-
occurred with A. aegypti and C. quinquefasciatus in 8 (14.8%) and 7 containers (13.0%),
respectively.

All three mosquito species were collected from each of the three types of containers
(Supplementary Table 1). However, there was no relationship between the presence—absence
of mosquitoes and either the number of bacterial species or specific assemblages of bacterial
species (Figs. 1-3). Likewise, differences in H’ based on the presence—absence of mosquito
larvae in the different classes of containers were not apparent. Mean H' in tire samples with
mosquitoes (3.06+0.12) and without mosquitoes (3.30+£0.05) was not significantly different
(P=0.0857).

Sequence Analyses

We eluted DNA from 156 excised DGGE gel bands for reamplification by PCR. V3 amplicons
could not be detected for 7 (4.4%), 17 bands (10.9%) represented more than one phylotype and
were discarded, 15 (9.6%) of the remaining 132 amplified sequences had too many ambiguous
nucleotide positions, which prevented these bacteria from being identified, and 6 sequences
were found to be chimeras and were discarded. Twenty-one (15.9%) of 132 bands from
different samples, but with the same R¢ values, were found to contain 100% nucleotide sequence
homology. These amplicons were identified to the same bacterial taxa and have been assigned
the same numbers in Figs. 1, 2, and 3. Partial sequence analysis of the remaining 90 bands,
and their tentative phylogenetic affiliations or species identifications, is given in Table 2 of the
supplementary material. For the sequenced bands, 54 sequences were more than 98% identical
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to sequences in the GenBank database; 20 of the 54 sequences were undescribed species.

Thirty-six (40%) of 90 sequences exhibited 92-97% identity with sequences in the GenBank
database, but these sequences represented unclassified bacterial species. A total of 14 genera
were identified from the band sequences (see Supplementary Table 2). Pseudomonas spp. were
the most abundant bacteria, accounting for 16.6% of the number of cultivable species identified.

Phylogenetic Affiliation of Predominant Bacteria

The phylogenetic relationships between the bacterial taxa identified from 16S rDNA sequences
are shown in Fig. 5a and b. Bacteria were placed in five major taxa: Alpha-, Beta-, and
Gammaproteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and an
unclassified group. However, Proteobacteria were the most prevalent group of bacteria based
on sequence analyses (50% of the total number of sequences), and comprised of 23 bacterial
sequences within the Gammaproteobacteria (6 undescribed bacteria), 18 sequences in the
phylum Alphaproteobacteria (14 undescribed bacteria), and 4 sequences in the
Betaproteobacteria (2 undescribed bacteria). Other phyla were represented by few bacterial
sequences: Actinobacteria (4.4%), Firmicutes (7.7%), and Cyanobacteria (2.2%). The second
most dominant group represented by the phylum Bacteroidetes formed two subclusters (Fig.
5b) with 21 of the 29 (72.4%) sequences belonging to uncultivable bacteria. A small number
of band sequences (3.3%) could not be assigned to any phylum (bootstrap value=21%).

Discussion

Our study is the first investigation of the species structure of bacterial communities in human-
made container habitats of mosquitoes. Container habitats of mosquitoes are ecosystem
mesocosms that are analogous to aquatic ecosystems that naturally occur in tree holes and other
plant cavities [20]. These aquatic habitats support food webs that are dependent on detritus
[8] and microbial communities that metabolize and mineralize organic carbon from detritus
[29]. Based on sequence analysis of 16S rDNA amplicons, our investigation revealed that
human-made water-filled containers and tree holes hold bacterial communities of mainly
undescribed species. Additionally, DGGE banding patterns that were highly variable showed
that species composition was independent of both container type and their spatial distribution.
Although the three types of containers that we evaluated were inhabited by significantly
different numbers of bacterial species, we also found no relationship between the presence of
mosquitoes and either the number of bacterial species or specific assemblages of bacterial
species.

Bacteria are an integral part of the diet of larval mosquitoes [26]. Shifts in the species
composition of bacterial communities have been observed in experimental microcosms when
mosquito larvae were added [19]. Change in community composition was not due to nutrient
enrichment from excretory products of mosquito larvae that stimulated differential growth of
bacterial species [9] but resulted from an increase in the abundance of bacteria that were
recalcitrant to digestion [19]. Nutrient inputs from exogenous sources have been observed to
influence concentrations of inorganic ions and organic compounds in the microcosms but had
less-pronounced effects on microbial community structure than the presence of mosquito larvae
[19]. Similarly, the feeding activity of other bacterial predators has been shown to enhance
bacterial species richness and alter the rates of decomposition of organic matter in experimental
aquatic ecosystems [22]. In view of these studies, it is likely that the mosquito larvae in the
container habitats that we sampled influenced the species structure of bacterial communities.
However, understanding the impacts of mosquito larvae on bacterial community structure in
human-made containers requires experimental research under more controlled conditions.

The relationship between mosquito larvae and bacteria extends beyond trophic interactions.
Bacteria are also a primary functional group of decomposers, catabolizing and recycling
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organic matter, and metabolites derived from the breakdown of detritus act as semiochemicals,
mediating the oviposition behavior of mosquitoes [4] by attracting or repelling gravid
mosquitoes [5,21,34,46], and arresting and stimulating them to lay eggs [5]. Thus, we
hypothesized that the spatial distribution of mosquitoes among available habitats would be
influenced by microbial communities in water-filled containers because the attraction and egg-
laying responses of gravid mosquitoes are mediated in part by the resource status of their
oviposition sites. Because A. albopictus and A. aegypti are thought to occupy slightly different
ecological niches as reflected by the spatial separation of these mosquitoes in some geographic
areas where the species are sympatric [16], we also hypothesized that specific assemblages of
bacterial species would be found in association with each mosquito species inhabiting human-
made containers in suburban landscapes of New Orleans. However, both of these ecologically
appealing hypotheses were not supported by results of our analysis of bacterial and mosquito
species. While bacterial assemblages varied markedly among containers, mosquitoes were
collected from most (~81%) containers examined, suggesting that bacterial communities in
these containers are likely to be composed of species that are functionally similar in terms of
their catabolic activity [13,32]. Moreover, we collected A. albopictus immatures from all of
the containers in which A. aegypti was found, and all three mosquito species were found in
some of the containers comprising each of the six major groups that were separated by cluster
analysis of bacterial OTUs. These findings suggest that the species structure of bacterial
communities in the human-made containers that we sampled was not a critical factor
determining the occurrence of mosquitoes.

The containers that we sampled supported bacterial communities representing a broad
phylogenetic diversity, which provides insight into the functional properties of species that
cannot be gained by enumerating sample OTUs [25]. The Proteobacteria were the predominant
group in our investigation, accounting for 45 (50%) of 90 sequences, consistent with other
investigations reporting high prevalence (20-50%) of Proteobacteria in bacterial communities
in aquatic habitats [2,3,18] such as seawater [15,33], decaying salt marsh grass [7], and
wastewater [7]. In potable water distribution systems, many bacterial species, including
members of the Proteobacteria, Actinobacteria, low-G+C-content gram-positive bacteria, and
Cytophaga- Flavobacterium—Bacterioides group, readily adhere to surfaces to form multi-
species biofilms [39]. It is worth noting that although we vigorously mixed the water in the
containers prior to sampling, we did not explicitly collect biofilms. Bacteria in the phylum
Bacteriodes accounted for 29 (32.2%) of 90 sequences in container habitats that we sampled,
and Flavobacteria (7.7% of band sequences) was the most commonly detected genus. The
genus Bacillus comprised a small number (4.4%) of OTUs, which is surprising since spore-
forming bacilli are common on the surface of green and senescent oak leaves [6], which were
common in the study area.

A noteworthy feature of the bacterial communities in these habitats was the presence of
potentially aerobic phylotypes. In experimental microcosms, the presence of mosquito larvae
contributes to enriched and anoxic conditions favorable to the growth of facultative anaerobes
in the Enterobacteriaceae [19], and Enterobacter cloacae was isolated from larval holding
water that was highly attractive to gravid A. aegypti [5]. Surprisingly, Enterobacteriaceae were
rare in the containers that we sampled in the field, underscoring previous observations that a
variety of bacterial species produce chemicals that attract gravid mosquitoes and may stimulate
them to lay eggs in human-made containers.

Results of cluster analysis suggested a stronger basis for similar bacterial community structure
in tires relative to other types of containers. Bacterial communities from tires clustered into

two groups at opposite ends of the dendrogram. The species structure of bacterial communities
in tires reflected in cluster analysis raises intriguing questions about the ecological processes
that result in certain bacterial assemblages in particular containers and the successional paths

Microb Ecol. Author manuscript; available in PMC 2010 July 16.
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that these communities undergo. This preliminary observation is the foundation of our current
research to measure the time-course of container occupancy by mosquitoes to define physical,

ch

emical, and biological parameters of tire habitats. Measurements of such experimental

mesocosms under natural conditions, coupled with evaluations of their suitability for mosquito

de

velopment will in turn present unique opportunities to formulate new hypotheses on the

interaction of mosquitoes and their microbial environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ae. aegypti
Ae. albopictus
Cx. quinquefasciatus

Figure 1.
16S rDNA-DGGE profiles for bacterial communities in tire habitats of mosquitoes that were

sampled from New Orleans, LA, USA in 2003. Samples from individual tires are shown in
lanes. Lane M contained a DGGE reference ladder of 16S rDNA fragments from bacterial
species isolated from white oak leaf infusion. The bands in the marker lanes are as follows
(from top to bottom): 1, Gammaproteobacterium; 2, Variovorax sp.; 3, Betaproteobacterium;
4, Agrobacterium tumefaciens; 5, Acidovorax avenae; 6, Bacillus thuringiensis; 7,
Betaproteobacterium; 8, Pseudomonas lanceolata; 9, Porphyrobacter sp.; 10, Brevundimonas
vesicularis; 11, Caulobacter sp.; 12, Sphingomonas sp.; 13, Betaproteobacterium; 14,

Microb Ecol. Author manuscript; available in PMC 2010 July 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ponnusamy et al.

Alphaproteobacterium; 15, Rhizobium galegae; 16, Gammaproteobacterium, 17,
Azorhizobium caulinodans; 18, Gammaproteobacterium
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Figure 2.

16S rDNA-DGGE profiles for bacterial communities in water collected from glass and plastic
urn habitats of mosquitoes in New Orleans, LA, USA in 2003. Sites where containers were
located are listed in Supplementary Table 1. The bands in the marker lanes are listed in Fig. 1
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Figure 3.

16S rDNA-DGGE profiles for bacterial communities in water samples collected from
miscellaneous container habitats of mosquitoes in New Orleans, LA, USA in 2003. Sites where
containers were located are listed in Supplementary Table 1. The bands in the marker lanes are
listed in Fig. 1
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Cluster analysis of DGGE-DNA bands for bacterial communities in water samples taken from
human-made containers using UPGMA and Nei-Li’s distance coefficient. Containers clustered

into six major groups
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Figure 5.

B8 Uncultured bacterdum (DQ444533)

B36 Chlorelia vuigaris {DQ444559) Cyancobacteria

a Neighbor-joining tree showing phylogenetic positions of 16S rRNA gene sequences (phyla
Proteobacteria, Firmicutes, and Actinobacteri) from water collected from human-made
container habitats of mosquitoes. Bootstrap values for a total of 1,000 iterations are shown at
the nodes of the tree. Bar=0.05 nucleotide substitution per sequence position. b Neighbor-
joining tree showing phylogenetic positions of 16S rRNA gene sequences (phyla-
Bacteroidetes and Cynobacteria) from mosquito container habitats. Bootstrap values for a total
of 1,000 iterations are shown at the nodes of the tree. Bar=0.05 substitution per sequence

position
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Table 1

Metrics (mean+SD) used to compare bacterial species diversity in water samples collected from container habitats
of mosquitoes in New Orleans, LA during 2003

Metric Container@

Tire (n=12) urn (n=23) Miscellaneous (n=19)

No. DGGE-DNA bands ~ 28.4a (6.70) 23.1b (4.20) 25.9b (7.80)

HY 3.10a (0.36) 2.92b (0.22) 3.07ab (0.27)
0.921a(0.107)  0.865b (0.066)  0.811c (0.071)
G 0.157a(0.080)  0.113b (0.060)  0.133a (0.062)

a_ . . . . . . - .
Paired comparisons between container types for each metric were made using one-sided Wilcoxon ranked sum tests and the Bonferroni method to
control for experimentwise error (¢=0.05/3=0.0167). Means within each row followed by the same letters are not significantly different
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