












chimeras and were discarded. Twenty-one (15.9%) of 132
bands from different samples, but with the same Rf values,
were found to contain 100% nucleotide sequence homolo-
gy. 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 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, Bacter-

oidetes, 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 Betapro-
teobacteria (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 signifi-
cantly different numbers of bacterial species, we also found
no relationship between the presence of mosquitoes and
either the number of bacterial species or specific assem-
blages 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 con-
centrations of inorganic ions and organic compounds in the
microcosms but had less-pronounced effects on microbial
community structure than the presence of mosquito larvae

Figure 4 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 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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[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 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 hypothe-
sized that the spatial distribution of mosquitoes among
available habitats would be influenced by microbial
communities in water-filled containers because the attrac-

tion 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, mosqui-
toes were collected from most (∼81%) containers exam-
ined, 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 contain-
ers comprising each of the six major groups that were

Figure 5 (continued)
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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 occur-
rence 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 preva-
lence (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 con-
ditions 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 dendro-
gram. 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 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, chemical, and biological
parameters of tire habitats. Measurements of such experi-
mental mesocosms under natural conditions, coupled with
evaluations of their suitability for mosquito development
will in turn present unique opportunities to formulate new
hypotheses on the interaction of mosquitoes and their
microbial environment.
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SUPPLEMENTRY TABLE 1.  Collection information for human-made (n = 52) and 

natural containers (n = 2) that were sampled for bacterial species and mosquitoes in New 

Orleans in September 2003. 

  Total Number Larvae/Pupae 
Collected Sample 

No. 
Container Collection Location Ae.  

aegypti 
Ae.  

albopictus 

Cx. quin-
quefasci-

atus 
1 tire Riverbend area 60 2 -§ 

2 tire Riverbend area 63 8 - 

3 tire Jackson Ave. at Russo St. 24 112 - 

4 tire  New Orleans East Tires - 74 - 

5 tire Old Gentilly Rd. - 6 - 

6 tire Old Gentilly Rd. - 46 - 

7 tire City Park - 5 - 

8 tire New Orleans East Tires - 1 26 

9 tire Old Gentilly Rd. - 11 86 

10 tire City Park - - 4 

11 tire City Park - - - 

12 tire City Park - - - 

13 glass urn Metairie Cemetery - 4 - 

14 glass urn  Metairie Cemetery - 15 - 

15 glass urn Metairie Cemetery 7 16 - 

16 glass urn Metairie Cemetery - 4 - 

17 glass urn Metairie Cemetery - 11 - 

18 glass urn St. Louis Cemetery - 3 - 

19 glass urn St. Louis Cemetery - - - 

20 plastic urn Metairie Cemetery - - 1 

21 plastic urn Metairie Cemetery - - - 

22 plastic urn Metairie Cemetery - - - 



23 plastic urn Metairie Cemetery - - - 

24 plastic urn Metairie Cemetery - - 52 

25 plastic urn  Metairie Cemetery - 54 - 

26 plastic urn  Metairie Cemetery - 31 - 

27 plastic urn  Metairie Cemetery - 21 - 

28 plastic urn Metairie Cemetery - 57 - 

29 plastic urn  Metairie Cemetery - 1 - 

33 cement urn  Jackson Ave. Russo St. - 259 - 

38 plastic urn St. Louis cemetery - 10 - 

51 plastic urn Metairie Cemetery - - 262 

52 plastic urn St. Louis cemetery - 10 - 

53 plastic urn Lafayette Cemetery No.1 2 114 - 

54 plastic urn Lafayette Cemetery No.1 - 12 - 
30 tree hole Audubon Science Center - - - 

31 tree hole Audubon Science Center - - - 

32 tire hub cap DeSoto Street 18 9 - 

34 wheelbarrow St. Charles Street - 10 185 

35 clay saucer  Nursery - 7 - 

36 plastic cooler Old Gentilly Road - 121 - 

37 aluminum 

planter 

St Louis cemetery - 99 - 

39 boat  Jackson-Russo Street - 7 32 

40 5-gallon 

bucket 

Tulane Univ. uptown campus - 99 48 

41 plastic 

container 

Garden of Memories Cemetery - 30 262 

42 plastic 

container 

Metairie Cemetery - - - 

43 bird bath  Belle Street 59 4 - 

44 bird bath Belle Street 79 2 - 



45 bird bath  Garden of Memories Cemetery - 91 - 

46 plastic cup Tulane Univ. uptown campus - 9 - 

47 plastic bucket Tulane Univ. uptown campus - - 5 

48 black plastic 

sheet  

St. Charles Street - 13 11 

49 plastic 

container  

Old Gentilly Road - 42 - 

50 plastic pot Nursery - - - 

§No mosquito immatures collected. 
 



SUPPLEMENTARY TABLE 2.  Identification of bacterial species in water samples 

collected from the container habitats of mosquitoes in New Orleans, LA in 2003. 

DGGE 
band 
no. 

Closest Relative (% homology) Taxonomic group Accession nos. 
in GenBank 

1 Bacillus niacini (99) Firmicutes DQ444526 

2 Pseudomonas fluorescens (100) Gamma-
proteobacteria  

DQ444527 

3 Bacillus sp. (96) Firmicutes DQ444528 

4 Pseudomonas putida (100) Gamma-
proteobacteria 

DQ444529 

5 Undescribed bacterium (100) Bacteroidetes DQ444530 

6 Undescribed bacterium (99) Bacteroidetes DQ444531 

7 Flavobacterium succinicans (98) Bacteroidetes DQ444532 

8 Undescribed bacterium (92) Unclassified  DQ444533 

9 Undescribed bacterium (100) Beta-proteobacteria DQ444534 

10 Undescribed bacterium (100) Gamma-
proteobacteria 

DQ444535 

11 Pseudomonas putida (99) Gamma-
proteobacteria 

DQ444536 

12 Pseudomonas putida (98) Gamma-
proteobacteria 

DQ444537 

13 Pseudomonas fulva (100) Gamma-
proteobacteria 

DQ444538 

14 Undescribed bacterium (97) Bacteroidetes DQ444539 

15 Undescribed bacterium (97) Alpha-proteobacteria  DQ444540 

16 Undescribed bacterium (100) Bacteroidetes DQ444541 

17 Flavobacteriales bacterium (100) Bacteroidetes DQ444542 

18 Azorhizobium caulinodans (100) Alpha-proteobacteria DQ444543 

19 Pseudomonas libanensis (100) Gamma-
proteobacteria 

DQ444544 

20 Undescribed bacterium (100) Bacteroidetes DQ444545 

21 Undescribed bacterium (96) Bacteroidetes DQ444546 

23 Pseudomonas sp. (97) Gamma-
proteobacteria 

DQ444547 

24 Acidovorax sp. (97) Beta-proteobacteria  DQ444548 



25 Undescribed bacterium (96) Unclassified DQ444549 

26 Undescribed bacterium (98) Bacteroidetes DQ444550 

27 Undescribed bacterium (99) Gamma-
proteobacteria 

DQ444551 

28 Clavibacter michiganensis (98) Actinobacteria DQ444552 

29 Undescribed bacterium (100) Bacteroidetes DQ444553 

30 Pseudomonas fulva (100) Gamma-
proteobacteria  

DQ444554 

31 Sphingobacterium sp. (97) Bacteroidetes DQ444555 

32 Undescribed bacterium (94) Bacteroidetes DQ444556 

34 Bacillus sp. (97) Firmicutes DQ444557 

35 Undescribed bacterium (97) Alpha-proteobacteria DQ444558 

36 Chlorella vulgaris (100) Cyanobacteria DQ444559 

38 Pseudomonas fluorescens (100) Gamma-
proteobacteria 

DQ444560 

39 Hyphomicrobium denitrificans (99) Alpha-proteobacteria DQ444561 

40 Undescribed bacterium (97) Beta-proteobacteria DQ444562 

41 Undescribed bacterium (94) Bacteroidetes DQ444563 

42 Undescribed bacterium (97) Bacteroidetes DQ444564 

43 Agreia bicolorata (100) Actinobacteria DQ444565 

44 Undescribed bacterium (95) Unclassified DQ444566 

45 Undescribed bacterium (100) Alpha-proteobacteria DQ444567 

46 Undescribed bacterium (99) Alpha-proteobacteria DQ444568 

47 Undescribed bacterium (94) Bacteroidetes DQ444569 

48 Flavobacterium sp. (97) Bacteroidetes DQ444570 

50 Bacillus niacini (99) Firmicutes DQ444571 

64 Undescribed bacterium (96) Bacteroidetes DQ444572 

75 Undescribed bacterium (98) Gamma-
proteobacteria 

DQ444573 

76 Undescribed bacterium (96) Unclassified DQ444574 

77 Undescribed bacterium (97) Alpha-proteobacteria DQ444575 

78 Bosea eneae (100) Alpha-proteobacteria DQ444576 



79 Undescribed bacterium (100) Actinobacteria DQ444577 

80 Sporosarcina macmurdoensis 
(100) 

Firmicutes DQ444578 

81 Flavobacterium sp. (97) Bacteroidetes DQ444579 

83 Sphingomonas sp. (96) Alpha-proteobacteria DQ444580 

84 Marinobacter sp.(97) Gamma-
proteobacteria 

DQ444581 

85 Undescribed bacterium (97) Bacteroidetes DQ444582 

86 Undescribed bacterium (96) Beta-proteobacteria DQ444583 

87 Undescribed bacterium (99) Unclassified DQ444584 

88 Undescribed bacterium (96) Beta-proteobacteria DQ444585 

89 Pseudomonas mendocina (99) Gamma-
proteobacteria 

DQ444586 

90 Undescribed bacterium (99) Unclassified DQ444587 

91 Undescribed bacterium (96) Bacteroidetes DQ444588 

92 Enterobacter asburiae (99) Gamma-
proteobacteria 

DQ444589 

93 Undescribed bacterium (97) Unclassified  DQ444590 

95 Undescribed bacterium (95) Alpha-proteobacteria DQ444591 

96 Undescribed bacterium (99) Unclassified DQ444592 

97 Undescribed bacterium (100) Beta-proteobacteria DQ444593 

99 Undescribed bacterium (96) Beta-proteobacteria DQ444594 

100 Pseudomonas fluorescens ((100) Gamma-
proteobacteria 

DQ444595 

104 Pseudomonas psychrophila (100) Gamma-
proteobacteria 

DQ444596 

105 Undescribed bacterium (100) Gamma-
proteobacteria 

DQ444597 

107 Undescribed bacterium (97) Gamma-
proteobacteria 

DQ444598 

114 Pseudomonas sp. (100) Gamma-
proteobacteria 

DQ444599 

115 Pseudomonas koreensis (98) Gamma-
proteobacteria 

DQ444600 

118 Undescribed bacterium (98) Bacteroidetes  DQ444601 

119 Clavibacter michiganensis (99) Actinobacteria DQ444602 

120 Azorhizobium caulinodans (99) Alpha-proteobacteria DQ444603 



122 Undescribed bacterium (94) Bacteroidetes DQ444604 

125 Undescribed bacterium (100) Unclassified DQ444605 

141 Undescribed bacterium (99) Bacteroidetes DQ444606 

142 Flavobacterium limicola (100) Bacteroidetes DQ444607 

143 Undescribed bacterium (96) Gamma-
proteobacteria 

DQ444608 

144 Pseudomonas pseudoalcaligenes 
(100) 

Gamma-
proteobacteria 

DQ444609 

145 Flavobacterium sp (96) Bacteroidetes DQ444610 

146 Flavobacterium johnsoniae (99) Bacteroidetes DQ444611 

147 Undescribed bacterium (99) Bacteroidetes DQ444612 

150 Undescribed bacterium (93) Bacteroidetes DQ444613 

151 Undescribed bacterium (96) Bacteroidetes DQ444614 

152 Undescribed bacterium (98) Beta-proteobacteria DQ444615 

 


